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effect of reserpine on platelet 


adherance, 149 
Apomorphine, 
effect on adenylate cyclase in 
median eminence, 1719 
hydrolysis of diester prodrugs of, 
1749 
Aprobarbital, 
binding to hepatic microsomes, 988 
9-B-D-Arabinofuranosyl-adenine, 
antiviral activity of 0'-methylated 
derivatives, 794 
1-P-D-Arabinofuranosylcytosine, 


retention in vitro, 477 


9-f-D-Arabinofuranosyl-2-fluoroadenine, 


biological activity, 2193 
Arabinosylcytosine 5'-methylphosphon- 
ate, 
synthesis and biological properties, 
1291 
Armin, 
effect on acetylcholine and cholin- 
esterase in ponto-medullary 
region of rat brain, 601 
Armyworm(Spodoptera eridania), 
epoxidase in gut, steric factors in 


Armyworm(contd, ) 
effect of imidazoles, 1039 
Aroclor 1254, 
effect on metabolism and hepato- 
toxicity of chloroethylenes, 369. 
Arteparon, 
effect on collagenolytic activity 
of cathepsin Bl, 2121 
Artereosclerosis, 
K-elastin induced, effect of 
calcitonin, 2129 
Aryl acylamidase, 
in brain, inhibition by 6-hydroxy- 
tryptamine and acetylcholine ,2163 
Arylhydrocarbon hydroxylase, 
in cultured human lymphocytes, 
3-methylcholanthrene inducibility 
1831 
fetal and maternal extra-hepatic 
tissues, transplacental induction 
by 2,3,7,8-tetrachlorodibenzo-p-= 
dioxin, 1383 
liver microsomes, — 
effect of pentachlorophenol ,1549 
regenerating liver, induction 
by polycyclic hydrocarbons, 1501 
in ovary, genetic differences, 909 
Aryl sulphatase, 
release from lysosomes, effect of 
tinoridine, 11 
Ascorbic acid, 
effect of dietary supplementation 
on hepatic drug metabolism, 2037 
Ascorbic acid deficiency, 
effect on heme synthesis in guinea 
pig liver, 797 
Asparagine synthetase inhibitors, 
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Asparagine synthetase inhibitors, 
effects on asparaginase resistant 
tumours, 1405 
Aspartate, 
induced convulsions and activation 
of epileptic foci, 253 
metabolizing enzymes, effects of 
alanosine and hadacidin, 1353 
Aspartate + glutamate, 
effect on glutamate, glutamine and 
aspartate in brain, serum and 
retina, 443 
Aspartate transcarbamylase, 
inhibition by N-(phosphonacetyl)-L- 
aspartate, 81 
B-Aspartyl methylamide, 
effect on asparaginase resistant 
tumours, 1405 
Aspirin, 
binding to human serum albumin, 
circular dichroism studies, 283 
effect on oxidative phosphorylation 
in rat liver mitochondria, 2101 
Atropine, 
inhibition of rat brain and heart 
monoamine oxidase, 871 
effect on phosphatidylinositol 
metabolism in sympathetic 
ganglia, 448 
AY-9944, 
plus zuclomiphene, effect on neural 
sterol biosynthesis, 1169 
22-Azacholesterol , 
inhibition of cholesterol side- 
chain cleavage, 1109 
5-Azacytidine, 


as substrate for uridine-cytidine 


5-Azacytidine(conta, ) 
kinase, 64 
5-Azacy tidine-5 '-triphosphate, 
kinetic interaction with DNA- 
dependent RNA polymerases, +03 
Azide, 
inhibition of cytochrome c oxidase, 
effect of methemoglobin, 2247 
Azodyes, 
inhibition of protein synthesis and 
carcinogenic potency, 929 
Azoreductase, 


in human tissues, 1715 


Baclofen, 
effect on plasma prolactin in male 
rats, 645 
Barbiturate-induced narcosis, 
involvement of GABA system, 699 
Barbiturates, 


binding to hepatic microsomes, 988 


Kg values, relationship between 


lipophilicity and metabolic 
clearance, 2117 
BaSal metabolic rate, 
effects of clofibrate, 301 
Bencyclane, 
effect on oxidative phosphorylation 
in heart and liver mitochondria, 
2125 
Benserazide, 
effect on tryptophan metabolism in 
the mouse, 1619 
Benzamidine derivatives, 
inhibition of haemolytic complement 
activity, 325 


Benzene, 
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Benzene, 
effect of toluene on metabolism 
and toxicity of, 293 
Benzimidazole, 
N-methylation by catechol-0- 
methyltransferase, 377 
Benzodiazepines, 
effect on nucleic acid and protein 
synthesis in &.coli, 1205 
Benzo(a)pyrene, 
differences in metabolism in lung 
and liver homogenates, 671 
genetic differences in mouse ovarian 
metabolism, 909 
metabolism in fetal tissues, trans- 
placental induction by 2,3,7,8- 
tetrachlorodibenzo-p-dioxin,1383 
metabolism in liver microsomes, 
effect of dietary lipids, 1423 
effect of ketamine, 2445 
regenerating liver, effect of 
polycyclic hydrocarbons, 1501 
netabolism by short-term organ 
cultures of hamster lung, 1481 
Benzo(a)pyrene hydroxylase, 
distribution in rainbow trout liver, 
1395 
in fetal and neonatal rat liver, 


induction of, 567 


in liver microsomes of pregnant rats, 


induction, 577 
Benzo(a)pyrene, phenols, dihydrodiols 
and quinones, 
enzymatic conversion to sulphate 
conjugates, 1825 
Benzo[a|pyren-9yl hydrogen sulphate, 
formation from 9-hydroxybenzo[a]- 


} 


Benzo[a]pyren-9yl hydrogen sulphate 
(contd, } 
pyrene, 551 
Benzphetamine, 
metabolism by liver microsomes, 
effect of ketamine, 2445 
Benzphetamine demethylase, 
in puffin liver microsomes, effect 
of DDE, 1000 
Benztropine, 
interaction with phosphatidyl- 
cholines, 2441 
Benzyl alcohol, 
effect on ATPase, 791 
1-Benzyl-3-indazoleoxyacetate, 
interaction with serum albumin, 659 
Betamethasone-17-valerate, 
effect on collagen synthesis 
in vitro, 875, 1961 
BHK cells, 
sensitivity to amphotericin B and 
the cholesterol: phospholipid 
ratio of, 705 


Bikaverin, 


effect on purine nucleotide synth- 


esis and catabolism in Ehrlich 
ascites tumour cells, 1973 
Bile acids, 
effect of cholestatic steroids on 
uptake, 2433 
Biliary excretion, 
of amphopterin, 1235 
of bucolome, 2453 
of heavy metals, effect of 
spironolactone, 279 
Biliary excretory function, 


effect of kepone on hepatic 
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Biliary excretory function(contd. ) 
mitochondrial ATPase, 1155 
Bilirubin, 
hepatic glucuronidation and 
clearance in clofibrate-treated 
rats, 547 
1-(4-Biphenylyl )pentyl hydrogen 
fumarate, 
effect on serum cholesterol, 2443 
1-(4-Biphenylyl )pentyl hydrogen 
3-hydroxy-3-methylglutarate, 
effect on serum cholesterol, 2443 
1-(4-Biphenylyl )pentyl hydrogen 
makeate, 
effect on serum cholesterol, 2443 
1(4-Biphenylyl )pentyl hydrogen 
succinate, 
effect on serum cholesterol, 2443 
4=-[1-(4-Biphenylyl )pentyloxy] butyric 
acid, 
effect on serum cholesterol, 2443 
Bismuth, 
binding in kidney, 257 
Blood flow, 


liver, effect on bromosulphophthalein 


transport, 1867 


Blood pressure, 


Brain, 


ethanol-induced conformational 
changes in microsomal membranes, 
2181 

nicotine binding, 1631 


effect of o)-tetrahydrocannabinol 


perfusion on SEG, 2307 


Bromocryptine, 


effect on noradrenaline-sensitive 
adenylate cyclase in mouse 


limbic forebrain, 1877 


Bromosulphophthalein, 


inhibition of biliary excretion of 
its glutathione conjugate, 1951 

inhibition of mitochondrial 
respiration, 461 

effect on mitochondrial ion 
transport, 825 

transport in carbon tetrachloride- 
intoxicated rats, pharmacokinetic 
aspects, 1867 

uptake by liver mitochondria, 457 


Bronchodilator, 


activity of Sch 15280 and effect on 


phosphodiesterase, 951 


Bucolome, 


biliary excretion in the rat, 2457 


mechanism of action of B-blockers,171 putaclamol, 


in relation to glucocorticoid 
sulfation, 1033 


Bone, 


organ culture, lead transport in,650 


Bone marrow, 
benzene metabolites in, 293 
sensitivity to phenylbutazone, 
oxyphenbutazone and J-hydroxy- 
phenylbutazone, 847 


sites of action, 1741 


Butylated hydroxyanisole, 


inhibition of mixed-function oxidase 
system and increase in potency of 


carbaryl in the housefly, 2315 


Butylated hydroxytoluene, 


effects on biomembranes, 2145 
interaction with phospholipid 
bilayer membranes, 2259 
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2,tert-Butyl,4+-methoxyphenol, 
effects on biomembranes, 2145 
¥-Butyrolactone, 
effect on plasma prolactin in male 
rats, 645 
Butyrophenones, 
sites of action, 1741 


Butyrylcholinesterase, 


in retina, 1441 


yadmium, 
biliary excretion, effect of 
spironolactone, 279 
binding to metallothionein, effect 
effect of selenium, 2191 
Sadmium-thionein, 
toxicity and metabolism, 25 
saffeine, 
enhancement of growth inhibitory 
effects of antimetabolites in 
lymphoma L5178Y cells, 1533 
effect on locomotive activity and 
brain cyclic GiMiP/cyclic AMP 
ratio in mice, 1723 


effect on valine incorporation into 


proteins and albumin secretion in 


liver cells, 553 


Salcitonin, 


prevention of immun-artereosclerosis, 


2129 
salcium, 
accumulation and release in sub- 
mandibular microsomes, effect of 
autonomic agents and cyclic AMP, 


125 


in aorta extracts from K-elastin and 


calcitonin-treated rabbits, 2129 


Caleium(contd, ) 
binding to rat heart plasma membr- 
ane, effect of dl-propranolol 
analogues, 2283 
binding in rat heart sarcolemma, 
effects of acebutolol, practolol 
and propranolol, 2055 
in brain, role in morphine action, 
1183 
dependent secretion of noradrenaline 
and GABA, effect of pentobarbital 
159 
movement through mitochondrial 
membranes, effect of P13, 1775 
protein kinase-stimulated transport, 
effect of ethanol, 393 
effect on renal gluconeogenesis ,1089 
transport by chondrocyte mitochondr- 
ia, effect of tetracycline, 595 
transport of metabolically active 
forms of vitamin D, 563 
transport in pancreatic B-cells, 
effects of verapamil, 735 
D,L=<Camphor, 
induction of hydroxylase in liver 
microsomes, 1885 
Cannabinoids, 
effect on neurotransmitter uptake, 
ATPase activity and morphology 
of synaptosomes, 1327 
Cannabis extract, 
effect on uterine glycogen 
metabolism, 859 
Carbamates, 
inhibition of acetylcholinesterases 
from honey bee and cotton 


leafworm, 2187 
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Carbamates (contd. ) 
interaction with acetylcholinester- 


ase, 757 
methods for measuring inhibition of 


acetylcholinesterase in blood,1263 


Carbamyl-DL-aspartate, 
effect on toxicity and antitumour 
activity of N-(phosphonacetyl )-L- 
aspartate, 81 
Carbaryl, 
increase in potency by butylated 
hydroxtanisole in the housefly, 
2315 
mechanism of teratogenic effect in 
chicken embryo, 2251 
Carbohydrate, 
metabolism in cultured glial cells, 
effect of pentobarbital, 1307 
B-Carbolines, 
inhibition of monoamine oxidase in 
brain and liver, 1991 
carbon disulphide, 
effect on 1,2-dimethylnydrazine 
metabolism in vivo, 1763 
effect of subacute exposure on 
mouse liver, 1521 
effect on turnover of blood glucose 
and free fatty acids in the rat, 
1625 
Carbon tetrachloride, 
effect on bromosulphophthalein 
transport, 1867 
effect on extrahepatic drug 
metabolism, 749 
induced fatty liver, effect of 
3-amino-1,2,4-triazole on catal- 


ase and triglycerides in, 625 


Carbon tetrachloride(contd. ) 
induced lipid peroxidation in liver 
microsomes in vitro, 2275 
Carboxylesterases, 
in liver, inhidition by triortho- 
tolyl phosphate, 1791 
DD-Carboxypeptidases-transpeptidases , 
bacterial, interaction with 
penicillin, properties, 2203 
Cardiac glycosides, 
influence of unsaturated phosphat- 
idyl-choline on effects of, 381 
Carnitine acetyltransferase, 
in liver, absence of increase with 
proliferation of smooth endo- 
plasmic reticulum, 1451 
in liver peroxisomes, mitochondria 
and microsomes from clofibrate- 
fed rats, 1697 
Carrageenin granuloma, 
effect of cycloheximide on vascular 


permeability, 1131 


effects of prostaglandin Po. on 


vascular permeability and 
collagen and non-collagen protein 
synthesis, 2049 
Catalase, 
in fatty liver, effect of 3-amino-~ 
1,2,4-triazole, 625 
Catechol, 
synthesis in brain, control by 
tyrosine concentration, 1137 
Catecholaminergic transmission, 
presynaptic receptor systems in,259 
Catecholamines, 
effect on ATPase in brain 


microsomes, 1221 
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Satecholamines (contd. ) 

effect on ATPase in synaptosomes, 
2029 

in brain, 
effect of (-)-amphetamine induced 
changes in seizure threshold, 799 
effect of intraventricular 
injection of 6-hydroxydopamine on 
regional levels, 2211 


catabolism in brain, effect of 


thyrotropin-releasing hormone ,1817 


depletion from rat brain in vivo, 


effect of antidepressants, 1083 


effect on 5-{hydroxytryptamine release 


from mast cells induced by N-(2- 
ethylhexyl )-3-hydroxy-butyramide, 
197 


Catecholamines (contd. ) 
p-hydroxyamphetamine, 1367 
role in mechanism of action of 
inosine and uridine in heart ,1585 
role of pterins in synthasis of ,1009 
synaptosomal uptake, effect of 
phencyclidine, 1435 


Catechol-0-methyltransferase, 


N-methylation of benzimidazole, 377 


Cathepsin Bl, 
effect of antirheumatic drugs on 
collagenolytic activity of, 2121 
Cathepsin D, 
in bovine spleen, 2237 
Caulosides, 
effect on protein synthesis in cells 


from rat marrow, 2113 


hypersensitivity to adenylate cyclase Cellulose, 


after chemical denervation in 
rat heart, 1448 

induced hyperglycaemia, relative 
contribution of gluconeogenesis, 
2231 

interaction with sulphur in brain, 
1251 

metabolic responses in rabbits, 
effects of nourishment and 


alloxan diabetes, 1065 


metabolism in liver and brain, effect 


of disulfiram and chloral 
hydrate, 741 

18, in measuring the formation of, 

1271 

release from adrenal, effect of 
prostaglandin B5 and phenyl- 
ephrine, 351 


release in brain, role of 


interactions with aflatoxins A, and 
Gi» 863 
Cerebellum, 
effect of harmaline and its sulphur 
analogue on cyclic GMP in, 1303 
Cerebrospinal fluid, 
acetaldehyde in during ethanol 
oxidation, 237 
effect of antihistaminic drugs on 
monoamine metabolites in, 133 
effect of probenecid-on acidic 
metabolites of amines, 629 
Cerium, 
biliary excretion, effect of 
spironolactone, 279 
Ceruloplasmin, 
human, effect of histamine on 
activity of, 975 
Chelating agents, 
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Chelating agents, 


effect on noradrenaline storage in 
synaptic vesicles in vitro, 1703 
Chick embryo, 
kynurenine formamidase inhibition as 


a possible mechanism for terato- 


genic effects of insecticides ,2551 


Chick embryo liver cells, 
allylisopropylacetamide-induced 
porphyrin biosynthesis, effects 
of hydrocortisone and cyclic AMP, 
1389 
effect of B-blockers on protein 
synthesis, 867 
Chick embryo muscle, 
acetylcholinesterase recovery from 
paraoxon treatment, 1955 


' Chick embryo tendon cells, 


effect of anti-inflammatory drugs on 


collagen synthesis, 875, 1961 
Chloral hydrate, 
effect on catecholamine metabolism 
in liver and brain, 741 
Chlorambucil, 


inhibition of thymidylate synthetase 


of Walker carcinoma, 1027 


Chlorhexidine, 


effect on anaerobic fermentation and 


protein release of Saccharomyces 





cerevisiae, 2365 
Chlorimipramine, 
effects on depletion of biogenic 


amines from rat brain in vivo,1083 


membrane interactions, fluorescence 
studies, 511 
Chlorinated dibenzo-p-dioxins, 
hepatic effects, 1549 


6<-Chloro-2-aminotetralin, 
effect on 5-hydroxytryptamine 
metabolism in brain, 1333 
p-Chloroamphetamine, 
analogues, effect on 5-hydroxy- 
tryptamine metabolism in brain, 
1333 
effect on 5-hydroxytryptamine uptake 
and release by blood platelets, 
497 
induced monoamine depletion in 
brain and heart, effect of 4-(3- 
indolyl-alkyl )piperidine 
derivatives, 505 
N-(2-Cchloroethyl-l '-cyclohexyl-N- 
nitrosourea, 
properties of metabolites of, 2331 
Chloroethylenes, 
metabolism and hepatotoxicity, 369 
p-Chloromercuribenzene sulphonate, 
effect on platelet aggregation and 
transport processes, 319 
2=Cchlorophenothiazine, 
effect on nucleic acid and protein 
synthesis in E.coli, 1205 
p-Chlorophenoxyisobutyrate, 
effect on mitochondrial respiration 
301 
p-Chlorophenylalanine, 
effect on brain catechol synthesis, 
1137 
Chloroquine, 
membrane absorption and internaliz- 
ation by cultured human 
fibroblasts, 7 
Chlorpromazine, 


effect on adenylate cyclase in 
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Chlorpromazine (contd. ) 
heart and on myocardial 
contractility, 1315 
effect on dopamine-sensitive 
adenylate cyclase, 1719 


effect on glycerol and k* 


- ion across red cell membrane, 779 


inhibition of dopamine-stimulated 
ATPase activity in synaptosomes, 
2029 | 

membrane interactions, fluorescence 
studies, 511 

effect on L=methionine transport in 


rat intestine, 1411 


effect on nucleic acid and protein 


synthesis in E.coli, 1205 
and quaternary analogue, asymmetric 
distribution over erythrocyte 
membrane, 241 
sites of action, 1741 
Chlorpropamide, 
effect on ketogenesis from 
endogenous lipids, 789 
chlorpyrifos oxon, 
effect on adrenal cholesteryl ester 
and steroid metabolism, 1902 
chlortetracycline, 
effect on mitochondrial respiration, 
433 
choleresis, 
bucolome induced, mechanism, 2453 
cholestatic steroids, 
effect on taurocholate uptake into 
hepatocytes, 2433 
Cholesterol, 
effect on ATPase, 791 


biosynthesis in brain, effect of 


translocat- 


Cholesterol (contd. ) 
AY-9944 and zuclomiphene, 
1161, 1169 
biosynthesis in liver, effect of 
drugs affecting microsomal drug 
metabolism, 481 
dietary, 
effect on benzo[a]pyrene 
metabolism by liver microsomes, 
1423 
effect on oxidative drug metabol- 
ism in liver, 1417 
inhibition of side-chain cleavage 
by 22-azacholesterol, 1109 
membrane interactions using 
liposome system, 2319 
in serum, lowering activity of 
B-hydroxy-B-methylglutaryl 
coenzyme A reductase inhibitors, 
2449 
Cholesterol hydroperoxides, 
dietary, effect on oxidative drug 
metabolism in liver, 1417 
Cholesterolsphospholipid ratio, 
of mammalian cells, relationship 
with sensitivity to polyenes ,705 
cholesteryl ester, 
metabolism in adrenal, effect of 
organophosphate insecticides, 
1901 
Choline, 
in blood, effect of cholinergic 
drugs, 1607 
in brain, 
effect of cholinergic drugs ,1607 
effect of S 1432, 1517 
incorporation into 2-methylthiamine 





BIOCHEMICAL PHARMACOLOGY 


Choline (contd, ) 
-like substance in nerve tissue, 
1321 


effect on tetraethylammonium trans- 


port in mouse kidney cortex 


slices, 1935 
transport in brain, effect of lead, 
397 
Sholine acetyltransferase, 
inhibition in vitro and protection 
against organophosphate poisoning 
in vivo, 1821 
in monkey placenta, 1281 
in striatum, effect of alcohol, 653 
Cholinergic drugs, 
effect on acetylcholine and choline 
in mouse brain, 1607 
Cholinergic receptor, 
role in tolerance to oxotremorine, 
1681 
role in tolerance to phencyclidine 
derivatives, 1671 
Cholinesterase, 
acute and chronic inhibition, effect 
on synthesis and distribution of 
acetylcholine, 633 
in porito-medullary region of brain 
in rats treated with armin and 
obidoxime, 601 
Cholinomimetic agents, 
effect on phagocytosis by and 
release of lysosomal enzymes from 
neutrophils, 2001 
Chondrocytes, 
effect of tetracycline on calcium 
transport in mitochondria, 595 


Ciclazindol, 


Ciclazindol, 
binding by human plasma, 1361 
Circular dichroism, 
inhibitory effect of oleic acid on 
binding of diazepam to human 
serum albumin, 2157 
Salicylate binding to human serum 
albumin, 283 
cCitrovorum factor, 
reversal of methotrexate-induced 
immunosuppression in mice, 203 
Clofibrate, 
effect on biochemistry in normal 
and thyroidectomized rats, 301 
effect on carnitine acetyltrans- 
ferase in liver, 1451,1697 
effect on ethanol and sorbital 
metabolism in rats, 331 
effect on fatty acid chain elongat- 
ion synthesis, 1401 
effect om fatty acid oxidation by 
liver mitochondria, 222 
effect on hepatic glucuronidation 
and clearance of bilirubin, 547 
influence on metabolic effects of 
ethanol, 425 
clomipramine, 
effects on amine uptake and release 
by synaptosomes and platelets, 
497 
effect on 5-hydroxytryptamine 
turnover in brain, 505 
Clophen A, 
effect on drug metabolism in 
rabbits and rats, 783 
Clorgyline, 
inhibition of monoamine oxidase in 
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Clorgyline(contd. ) 
beef brain mitochondria, 1637 
inhibition of monoamine oxidase in 
mouse brain and liver, 1991 
inhibition of monoamine oxidase in 
rat liver, 2269 
interaction with pethidine in 
rabbits, 806 
Clozapine, 
effect on dopamine-sensitive adenyl- 
ate cyclese, 1719 
sites of action, 1741 
JOASSH, 
and its derivatives in liver, effect 
of clofibrate, 425 
Jobalt chloride, 
effect on cholesterol biosynthesis | 
in liver, 481 


jJockroach ; 


effect of fire ant venom on respirat- 


ion and oxidative phosphorylation 
of muscle mitochondria, 1179 
coformycin, 
effect on adenosine toxicity in 


lymphoid cells, 2371 


inhibition of muscle 5'=AMP deaminase 


663 


effect on purine metabolism in intact 


Schistosoma mansoni, 1849 





effect on purine metabolism in 
mammatian cells, 1967 
Jollagen, 
effect of reserpine on platelet 
adherence, 140 
synthesis in carrageenin granuloma, 
effect of prostaglandin Fo. 
synthesis in chick embryo tendon 


12049 


Collagen(contd. ) 
cells, effect of anti-inflamm- 
atory steroids, 875, 1961 
Coliagen galactosyltransferase, 
in liver and skin, effect of 
prednisolone, 1295 
Sollegen glucosyltransferase, 
in liver and skin, effect of 
prednisolone, 1295 
collateral sensitivity, 
problems of demonstration in murine 
leukemia cells, 1094 
contaminating inhibitors, 
in radioactive substrates, 1525 
Contraceptive steroids, 
effects of neomycin on biliary 
excretion and enterohepatic 
circuletion, 943 
Convulsions, 
induced by glutamate and related 
compounds, 253 
Jordycepin, 
inhibition of protein kinases, 1287 
corticosteroids, 
effect on phagocytic release of 
lysosomal enzymes from neutro- 
phils, 2001 ° 
Corticosterone, 
in plasma, effect of organophosphate 
insecticides, 1901 
cortisol sulfotransferase, 
in liver, effects of hypertension 
in rats, 1033 
cotinine, 
detection of nicotinamide nucleotide 
analogues formed in vitro, 1841 


formation of NAD and NADP analogues 
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Cotinine (contd. ) 
1853 


Cotton leafworm(Spodoptera iittoralis } 





acetylcholinesterase inhibition by 
carbamates, 2187 
Coumarin 3-hydroxylase, 
in liver microsomes, effect of 
progesterones, 1495 
Creatine kinase, 
in pig myocardium, effect of P13,1021 
Cyanamide, 
effect on acetaldehyde in CSF during 
ethanol oxidation, 237 
Cyanide, 
inhibition of cytochrome c oxidase, 
effect of methemoglobin, 2247 
cyclic nucleotide vhosphodiesterase, 
in fat cells, effect of dimethyl- 
sulfoxide, 775 
interaction with 4-alkyl-2,6,7-trioxa 
-1-phosphabicyclo[ 2,2,2]Joctanes, 
887 
in liver fluke, 2325 
in lung, effect of Sch 15280 and 
aminophylline, 951 
in Walker carcinoma cells, effect of 
cyclophosphamide and its 
metabolites, 1469 
Cyclic nucleotides, 
role in action of opiates, 1183 
Cyclohexamine, 
tolerance in mice, in vivo and 
in vitro studies, 1671 
Cyclohexane, 
induction of hydroxylase in liver 
microsomes, 1885 


Cycloheximide, 


Cycloheximide, 
effect on gastric secretion in rats, 
979 
inhibition of vascular permeability 
in granulomatous inflammation, 
1131 
Cyclophosphamide, 
and its metabolites, interaction 
with cyclic AMP binding proteins, 
1469 
a mixed hepatocyte-fibroblast 
culture system as a test for 
toxicity, %9 
toxicity and immunosuppression, 
effect of N-acetylcysteine, 1015 
Cyproheptadine, 
induced alterations in rat insulin 
synthesis, 2021 
Cyproterone acetate, 
effect on proteinase in testis and 
epididymus, 5 
oysteamine, 
inhibition of mouse brain 
glutamate decarboxylase, 345 
cysteine, 
effect on alcoholic liver injury, 
1529 
Cysteine, 
inhibition of mouse brain 
glutamate decarboxylase, 345 
Cysteine oxidase, 
in rat muscle, 1101 
Cytochrome bs, 
in liver microsomes, 
effect of amino acid deficiencies 
667 
effect of griseofulvin, 1125 
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Zytochrome c oxidase, 


inhibition by cyanide, sulfide or 
azide, effect of methemoglobin, 
2247 

cytochrome ¢ reductase, 

in cultured glial cells, effect of 
pentobarbital, 13067 


distribution in rainbow trout liver, 


liver microsomes, 
effect of carbon disulphide, 1521 
fetal and neonatal rats, 567 
effect of griseofulvin, 1125 
effect of ketamine, 2445 
pregnant rats, induction, 577 
1 lung and kidney microsomes, effect 
of factors known to affect 
hepatic activity, 749 
Sytochrome P=450, 
in adrenal mitochondria, effect of 
22emazacholesterol on optical 
and magnetic properties, 1109 
barbiturate affinity, 2117 
catalysed NADH-dependent N-oxide 
reduction, 489 
in fetal liver, induction, 567 
effect of inhibition on electron 
transport chain, 389 
a kinetic model for the determination 
of the multiple forms, 549 
in liver microsomes, 
effect of acetaminophen, 893 
effect of amino acid deficiencies, 
667 
effect of androgens on turnover 
of, 1979 
effect of carbon disulphide, 1521 


Cytochrome P-4+50, 


in liver microsomes (contd, ) 


effect of carbon tetrachloride- 


induced lipid peroxidation, 2275 


combined effects of low doses of 
DvT and phenobarbital, 1299 
effect of cyclohexane and camphor, 
1885 
effect of dietary lipid peroxides, 
sterols and oxidized sterols ,1417 
effect of dimethyl sulfoxide in 
phenobarbital pretreated rats ,902 
fluroxene mediated destruction, 
1601 
effects of FSH and LH, 66 
effect of griseofulvin, 1125 
interaction with pilocarpine ,2072 
effect of ketamine, 2445 
lack of effect of dietary 
ascorbic acid, 2037 
effect of pentachlorophenol ,1549 
effect of polychlorinated 
biphenyls, 783, 2043 
pregnant rats, 577 
effect of steric factors on 
imidazole binding, 1039 
lung and kidney microsomes, 
effect of factors known to affect 
hepatic activity, 749 

in reconstituted microsomal 
systems, 2061 

reduced, interaction with 
nitromethane, 963 

reduction of nitroxide to hydroxyl- 
amine, 675 

a reverse type I spectral change 


observed with hemin, 1543 
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Sytochrome P-450(contd. ) 
role in mutegenicity of 2,4-diamino- 
anisole in vitro, 729 
Cytochrome P-450 reductase, 
in liver microsomes, role in mixed- 


function oxidase activity, 1803 


D600, 
effect on renal gluconeogenesis ,1089 
Daunomycin, 
effect on DNase I from bovine 
pancreas, 1953 
interaction with tRNA, spectroscopic 
studies, 1729 
Daunorubicin, 
transport and binding in Ehrlich 
ascites tumour cells, 215 
Daunorubicin reductase, 
in rat liver, 1117 
DDE, 
effect on hepatic microsomal mixed- 
function oxidases in the puffin, 
1000 
DDT, 
plus phenobarbital in low doses, 
induction of drug metabolism,1299 
7-Deaza-adenosine, 
effect on purine metabolism in 


intact Schistosoma mansoni, 1849 





Decarbofuran, 
interaction with acetylcholinesterase 
757 
Demethylation, 
in liver microsomes, effect of 
dietary lipid peroxides, sterols 
and oxidized sterols, 1417 


2'-jDeoxyadenosine, 


2'-~Deoxyadenosine, 
enhancement by caffeine of growth 
inhibitory effects in lymphoma 
L1578Y cells, 1533 
toxicity in L-cells treated with 
adenosine deaminase inhibitors, 
71 
Deoxycoformycin, 
inhibition of adenosine deaminase, 
359 
inhibition of muscle 5'=-AMP 
deaminase, 663 
effects on purine metabolism, 1967 
effect on toxicities of adenosine 
and 2'-deoxyadenosine in L-cells, 
71 
Deoxyribonuclease I, 
from bovine pancreas, :ffect of 
daunomycin, adriamycin and its 
congener AD 32, 1953 
Deoxyribonucleic acid, 
cross linking in furazolidone 


treated Vibrio cholerae cell ,1453 





liver, repair of damage caused by 
ethylene dibromide, 1941 

synthesis in E.coli, effect of 
tranquilizer drugs, 1205 

synthesis in human lymphocytes, 
effect of phytohemagglutinin and 
l-tetramizole, 1358 

synthesis in liver, effect of 
nafenopin, 939 

utilization of deoxyuridine and 
thymidine for synthesis in rat 
organs, 59 


Deoxyribonucieoside triphosphate pools, 


in relation to adenosine toxicity, 
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Deoxyribonucleoside triphosphate 


pools (contd. ) 


2371 
Deoxyribonucleoside triphosphates, 
in human lymphocytes, effects of 
2,4-diamino-5-(3',4+'-dichloro- 
phenyl )-6-methylpyrimidine and 
2,4-diamino..5-(3',4'-dichloro- 
phenyl )-6-ethylpyrimidine, 543 
Deoxyuridine, 
incorporation of label into 
macromolecules in rat organs, 59 
Deprenyl, 
inhibition of monoamine oxidase in 
beef brain mitochondria, 1637 
inhibition of monoamine oxidase in 
human platelets, 853 
inhibition of monoamine oxidase in 
mouse brain and liver, 1991 
interaction with pethidine in 
rabbits, 806 
Desipramine, 
effect on noradrenaline-sensitive 
adenylate cyclase in mouse limbic 
forebrain, 1877 
effect on uptake of mescaline by 
cortical synaptosomes, 207 
Deslanatoside C, 
subcellular distribution in heart 
and liver of conscious guinea 
pigs, 2437 
Desmethylimipramine, 
effects on depletion of biogenic 
amines from rat brain in vivo, 
1083 
effect on 6<hydroxytryptamine 


induced changes in cerebral 


Desmethylimipramine (contd, ) 
catecholamines, 2211 
effect on melatonin production by 
pineal gland, 904 
Development, 
estrogen binding protein in liver, 
923 
effect of ethanol on ornithine 
decarboxylase in heart and brain, 
523 
gastric histamine metabolism, 585 
kinetics of p-aminohippurate 
transport in kidney slices, 1809 
monoamine oxidase in heart, effect 
of adrenalectomy, 407 
Dexamethasone , 
effect on collagen synthesis 
in vitro, 19%1 
Dexamethasone acetate, 
effect on phagocytic release of 
lysosomal enzymes from neutro- 
phils, 2001 
Diacridines, 
effect on nucleolar RNA synthesis, 
269 
inhibition of processing of precur- 
sor rRNA and inhibition of 
methylation of E.coli tRNA, 275 
Diamine oxidase, 
in placenta, 121 
2,4-Diaminoanisole, 
role of cytochrome P-450 metabolism 
in mutagenicity in vitro, 729 
2,4-Diamino-5-(3',4'-dichlorophenyl )- 
6-ethyl pyrimidine, 
effect on deoxyribonucleoside tri- 


phosphate in human cells, 543 
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2,4-Diamino-5-(3',4'-dichlorophenyl1 )-- 


6-methylpyrimidine, 
effects on deoxyribonucleoside 
triphosphate in human cells, 543 
Diazepam, 
binding to human serum albumin, 
effect of oleic acid, circular 
dichroism studies, 2157 
Diazinon, 
mechanism of teratogenic effect in 


chick embryos, 2251 


NV ,N-Di (2-bromo-n-propyl )anino-3-methyl 


-2'-carboxy-azobenzene , 
clinical pharmacology, 1715 


Dibucaine, 


effect on glycerol anf Kt translocat- 


ion across red cell membrane, 779 


interaction with phospholipid 
bilayer membranes, 51 
pibutyryl cyclic AMP, 
stimulation of dopamine synthesis 
by striatal slices, effect of 
ethanol, 559 
2,2'=-Dichlorobiphenyl, 
interaction with rabbit liver 
monooxygenase, 2043 
Dichloromethane, 
effect on hemoglobin function, 557 
2,3-Dichloro-a-methylbenzylamine, 
effect on adrenaline in rat brain, 
2087 
2,6-Dichlorophenol indophenol, 


reduction by bovine methemoglobin 


Dichlorvos (contd. ) 
and steroid metabolism, 1901 
effect on glutathione in liver,997 
cis-Dicrotophos, 
mechanism of teratogenic effect in 
chick embryos, 2251 
Diethyldithiocarbamate, 
effect on 1,2-dimethylhydrazine, 
metabolism in vivo, 1763 
biflumidone, 
mechanism of action, 307 
Digitoxin, 
influence of unsaturated phosphat- 
ildycholine on cardiac effect of, 
381 
subcellular distribution in heart 
of conscious guinea pigs, 2427 
7 »8=Dihydro-7 , 8-dinydroxybenzo(a)- 
pyrene, 
metabolism by short-term organ 
cultures of hamster lung, 1481 
9,10-Dihydro-9,10-dihydroxybenzo(a)- 
pyrene, 
metabolism by short-term organ 
cultures of hamster lung, 1481 
7,8-Dihydrofolate, 
biosynthesis in bacteria, inhibition 
by sulphonamido-trimethoprin 
combinations, 451 
Dihydrofolate reductase, 
in rabbit brain, 1507 
in Walker carcinoma, effect of 


chlorambucil, 1027 


reductase, effect of non-steroidal 1,6-Dihydro-6-hydroxymethyl purine 


anti-inflammatory compounds ,685 
Dichlorvos, 


effect on adrenal cholesteryl ester 


ribonucleoside, 


inhibition of adenosine deaminase, 


359 
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3,4-Dihydroxyphenylacetic acid, 


in brain in rabbits made tolerant 


Dioxane (contd, ) 


1539 


to 3.coli lipopolysaccharide,1613 Diphenylhydantoin, 


SSF of schizophrenics, effect of 


probenecid, 629 


plasma, effects of nigrostriatal ° 


pathway stimulation and tropolone, 


2197 
Dimaprit, 


inhibition of histamine N-methyl- 


transferase and histaminase, 2075 


N,N-Dimetnylaniline, 
hepatic microsomal N-oxidation, 2449 
N,N-Dimethylaniline N-oxide, 
reduction by liver microsomal 
cytochrome P=450, 489 
1,2-Dimethylnydrazine, 
effects of disulfiram and related 
compounds on metabolism in vivo, 
1763 
2=(2,2-Dimethylhydrazino )-4+-(5-nitro- 
2-furyl )thiazole, 
mutagenicity in Salmonella, 896 
Dimethylnitrosamine, 
metabolism by rat liver, 809 
Dimethylsulfoxide, 


effect on drug metabolizing enzymes 


in phenobarbital pretreated rats, 


902 
effect on fat cell metabolism, 775 
Dioxane, 


metabolism in vivo, 


identification of p-dioxane-2-one 


as the major urinary metabolite, 


~ 1535 


effect of inducers and inhibitors 


on excretion of p-dioxane-2-one, 


in vitro hydroxylation, 1929 
Diphenylhydramine, 
effect on brain monoamine 
metabolism, 133 
Dipyridamole, 
effect on cyclic AMP-elevating 
action of adenosine, 37 
and its monoglucuronide, effect on 
adenosine uptake by human 
platelets and ADP-induced 
platelet aggregation, 906 
Disophenol , 
effects on isolated perfused rat 
heart, 2297 
Disulfiram, 
effect on catecholamine metabolism 
in liver and brain, 741 
effect on 1,2-dimethylhydrazine 
metabolism in vivo, 1763 
effect on a-naphthylisothiocyanate 
hepatotoxicity, 1857 
5',5=-Dithiobisnitrobenzoic acid, 


effect on platelet aggregation and 


transport processes, 319 


Dithiothreitol, 
effect on platelet aggregation and 
transport processes, 319 
Dog, 
papaverine-induced metabolic 
alterations in perfused liver, 
1339 
Dopa, 
formation from phenylalanine in 


human brain, 900 
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Dopa (contd. ) Dopamine (contd. ) 


synthesis in brain, effect of brain alcohol preference, 841 


tyrosine concentration, 1137 189, in measuring the formation of, 


Dopamine, 129% 
acidic metabolites in CSF, effect of in striatum, effect of ethanol and 
probenecid, 629 reserpine, 653 
activation of synaptosomal ATPase, synapse=-blocking actions of 
2029 neuroleptics, 1741 
effect on ATPase in brain synaptosomal uptake, 
microsomes, 1221 effect of cannabinoids, 1327 
binding sites in synaptic membranes, effect of phencyclidine, 1435 
2011 synthesis by striatal slices, effect 
brain, of ethanol, 559 
effect of (-)-amphetamine induced Dopamine B-hydroxylase, 
changes in seizure thresholdi,799 in adrenal, inhibition by anti- 
effect of intraventricular thyroid agents, 1092 
injection of 6-hydroxydopamine on endogenous inhibitors in rat liver, 
regional levels, 2211 1985 
in rabbits made tolerant to E.coli release from adrenal, effect of 
lipopolysaccharide, 1613 prostaglandin 3, and phenyl- 
effect of thyrotropin-releasing ephrine, 351 
hormone on depletion induced by in serum, rapid changes and half- 
a-methyltyrosine, 1817 life, effect of glucagon, 986 
depletion from rat brain in vivo, Dopamine receptors, 
effect of antidepressants, 1083 on dopaminergic neurons, 259 
formation from phenylalanine in noradrenergic neurons, 259 
human brain, 900 Dopaminergic agonists, 
induced accumulation of cyclic AMP effect on noradrenaline-sensitive 
in retina, effect of lithiun,167 adenylate cyclase in mouse 
metabolism in brain, limbic system, 1877 
effect of antihistaminic drugs,133 Dopaminergic areas of brain, 
effect of disulfiram and chloral action of antipsychotic drugs on 
hydrate, 741 adenylate cyclase in, 1719 
metabolism in liver, effect of Dopaminergic neurons, 
disulfiram and chloral hydrate, functional activity reflected in 
741 DOPAC concentration in plasma, 
metabolism in rats in relation to 2197 
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Dopaminergic neurons (contd. ) 
effect of picrotoxin on Y¥-hydroxy- 
butyrate action, 2079 
presynaptic receptors, 259 
Drug-membrane interactions, 
characterization using the liposome 
system, 2319 
Drug-receptor interaction, 913 
Drug resistance, 


collateral sensitivity, 1094 


RDTA, 
effect on rate of NADPH oxidation, 
389 
Enrlich ascites tumour cells, 
metabolism and effects of dialdehyde 
derivatives of inosine, 1197 
specificity of adenosine deaminase 
inhibitors, 1967 
transport and binding of anthra- 
cycline antibiotics, 215 
K-Blastin, 
effect of calcitonin on immun- 
artereosclerosis, 2129 


Slectrophorus electricus, 





soman and receptor-ligand interaction 


t 
in electroplaque, 337 


Ellipticine, 
hydroxylation by liver microsomes, 
2126 
Energy state, 
in brain, effect of hyperammonemia, 
2397 
Epileptic foci, 
activation by glutamate and related 
compounds, 253 


Epididymal fat pads, 


Epididymal fat pads, 
effects of morphine on lipolysis, 
143 
Epididymis, 
effect of cyproterone acetate on 
proteinase activity, 5 
Epilepsy, 
role of folates, 1009 
Epoxidase, 
in liver microsomes and armyworm 
gut, steric factors in effect of 
imidazoles, 1039 
Epoxide hydrase, 
in liver microsomes, effect of 
phenobarbital and 3-methyli- 
cholanthrene, 891 
Epoxide hydratase, 
in fetal and maternal tissues, 
transplacental induction by 
2,3,7;8-tetrachlorodibenzo-p- 
dioxin, 1383 
in rat organs, 603 
Ergocornine, 
effect on noradrenaline-sensitive 
adenylate cyclase in mouse limbic 
forebrain, 1877 
Ergosterol, 
conferred sensitivity to amphoteric- 
in B in L1210 leukemia cells ,177 
Erythrocytes, 
effect of anaesthetics on glycerol 
and Kt translocation, 779 
asymnetric distribution of chlor- 
promazine and its quaternary 
analogue over the membrane, 2411 
inhibition of orotidylate 
decarboxylase, 19+7 
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Erythrocytes (contd. ) 
irreversible inactivation of ATPase 
activity by tetracaine, 2241 
effect of monocyclic compounds ,2145 
Erythro-9-(hydroxy=3-nonyl )adenine, 
inhibition of adenosine deaminase, 
359 
effect on purine metabolism, 1967 
effect on toxicities of adenosine 
and 2'=deoxyadenosine in L-cells, 
71 


Escherichia coli, 





effect of diacridines in methylation 
of tRNA, 275 

effect of tranquilizer drugs on 
protein and nucleic acid synthesis 
1205 


Escherichia coli entertoxin, 





assay, mechanism of action, 
pharmacology, 1103 
Estradiol, 
biliary excretion and enterohepatic 
circulation, effects of 
neomycin, 943 
specific macromolecular binding in 
mammalian liver supernatant, 
919, 923 
effect on taurocholate uptake into 
hepatocytes, 2433 
treated rats, effects of cannabis 
extract on uterine glycogen 
metabolism, 859 
Estrogen receptor, 
in mammalian liver, 923 


Ethacrynic acid, 


effect on sodium and potassium 


transport in kidney, 711 


Ethanol, 


effect on acetaldehyde in CSF, 237 
acetaldehyde distribution in liver, 
brain, :blood and breath during 

oxidation of, 241 

acetaldehyde regulation in liver 
during oxidation of, 249 

effect on alcohol dehydrogenase in 
mouse liver, 441 

effect on catecholamine-induced 
changes in glucose homeostasis, 
2231 

effect on dibutyryl cyclic AMP and 
theophylline stimulation of 
dopamine biosynthesis in striatal 
slices, 559 

effect on dopaminergic and cholin- 
ergic striatal systems, 653 

induced conformational changes in 
rat brain microsomal membranes, 
2181 

induced fatty liver, 
effect of 3-amino-1,2,4-triazole 
on catalase and triglycerides in, 
625 
effect of aminotriazole on 
triglyceride formation, 1255 
mechanism of effect of clofibrate 
425 

liver metabolism in clofibrate- 
treated rats, 331 

effect on neonatal rat brain and 
heart ornithine decarboxylase ,523 

effect on noradrenaline metabolism 
in rat brain, 1147 

possible protective role for 


sulphydryl compounds against 
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Ethanol (contd, ) 


toxicity, 1529 
effect on propranolol metabolism by 
rat liver microsomes, 2447 
effect on protein kinase-stimulated 
calcium transport, 393 
Ethanolamine-Q-sulphate, 
effect on GABA metabolism in regions 
of mouse brain, 1569 
Ethinyl estradiol, 
effect on oleate incorporation into 
triglyceride and ketone bodies 
by liver, 77 
effect on plasma renin substrate 
levels, 923 
Sthionine, 
induced fatty liver, effect of 
3-amino-1,2,4-triazole on catalase 
and triglycerides in, 625 
Ethosuximide, 
inhibition of in vitro hydroxylation 
of diphenylhydantoin, 1929 
7-Ethoxycoumarin deethylase, 
in liver microsomes, effect of 
carbon disulphide, 1521 
2-(N-Ethylcarnamoylhydroxymethyl )furan, 
toxicity and covalent binding, 1909 
Ethylene dibromide, 
repair of liver DNA damage, 1941 
N-(2-Sthylhexyl )-3-hydroxybutyramide, 
induced release of 5-hydroxytrypt- 
amine from mast cells, 197 
1-Ethnyl-4-(isopropylidenehydrazino)- 
lH-pyrazolo-(3,4-b)pyridine-5- 
carboxylic acid, ethyl ester,HCl, 
inhibition of phosphodiesterase in 
liver fluke, 2325 


N-ithylmaleimide, 

effect on platelet agzregation and 
transport processes, 319 

effect on sodium and potassium 
transoort in kidney, 711 

Ethylmorphine, 

N-demethylation by liver microsomes, 
effect of acetaminophen, 893 
effects of FSH and LH, 66 
effect of nitromethane on 
kinetics of, 963 

Ethylmorphine N-demethylase, 

in fetal and maternal rat liver, 
induction of, 567 

in liver microsomes, 
androgen-induced imprinting ,1979 
kinetics at low substrate 
concentrations, 1803 
pregnant rats, induction of, 577 

Ethylumbelliferone dealkylase, 
relative activity characterizing 
the effect of inducers on 
hydroxylase sysyem in liver 
microsomes, 1885 
bis (Bthylxanthogen), 

effect on 1,2-dimethylhydrazine 

metabolism in vivo, 1763 
Extrahepatic drug metabolisn, 
alteration by factors known to 


affect hepatic activity, 749 


Fat cells, 
effect of adrenaline on phosphatidyl- 
choline synthesis, 1475 
effects of dimethylsulfoxide on 
metabolism of, 775 
Fatty acids, 
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Fatty acids, 
effect on binding of quinidine and 
warfarin in plasma, 229 
chain elongation synthesis in liver 
microsomes, reduction in 
clofibrate-fed rats, 14Cl 
concentration-dependent effects on 
warfarin binding to albumin,1143 
dietary, 
effect on benzo[a]pyrene metabol- 
ism by liver microsomes, 1423 
effect on oxidative drug metabol- 
ism in liver, 1417 
oxidation by liver mitochondria, 
effect of clofibrate, 2225 
in plasma, effect of carbon disulph- 
ide on turnover of, 1625 
release from fat nad, effect of 
morphine, 143 
in serum, effect of aminotriezole, 
1255 
Fatty acid desaturase, 
in liver microsomes, effect of 
griseofulvin, 1125 
Fatty acid synthetase, 
in liver, effect of clofibrate, 141 
Fatty liver, 
ethanol induced, 
ATP metabolism in, 1299 
effects of clofibrate, 425 


ethanol, carbon tetrachloride or 


ethionine induced, effect of 


aminotriazole on catalase activity 


and triglyceride level, 625 
Fenclorac, 
in vitro inhibition of prostaglandin 
synthetase, 1051 


Ferrochelatase, 
in liver, effect of ascorbic scid 
deficiency, 797 
Fetal placenta, 
biosynthesis and metabolism of 
putrescine, 12] 
Fetus, 
induction of hepatic mono-oxygenase 
systems in rats, 567 - 
transplacental induction of mixed- 
function oxygenases in extra- 
hepatic tissues by 2,3,7,8-tetra- 
chlorodibenzo-p-dioxin, 1383 
Fever, 
response in lipopolysaccharide- 
treated rabbits, biogenic amines 
in brain, 1613 
Fibroblasts, 
human, cultured, membrane adsorption 
and internalization of chioro- 
quine, 7 
mouse, cultured, purification of 
kinin-forming acid protease 
from, 1187 
toxicities of adenosine and ?'.- 
deoxyadenosine after treatment 
with adenosine deaminase 
inhibitors, 71 
rat cultured, effect of pentobarb- 
ital on carbohydrate metabolism, 
1307 
Fire ant venom, 
effect on ATPase from brain, 983 
effect on respiration and oxidative 
phosphorylation of cockroach 


muscle, 1179 


Fish, 
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Fish, 
fractionation and subcellular local- 
ization of marker enzymes in 
liver, 1395 
Flavomycin, 
effect on mitochondrial respiration, 
433 
Flufenamic acid, 
effect on collagenolytic activity 
of cathepsin Bl, 2121 
effect on oxidative phosphorylation 
in rat liver mitochondria, 2101 
Qa-Fluoro-11f ,17a,21-trihydroxy -pregn- 
4-ene=3 ,20-dione, 
cortisol sulfation and hypertension, 
1033 
Flupenthixol, 
sites of action, 1741 
Fluphenazine, 
effect on dopamine-sensitive 


adenylate cyclase, 1719 


sites of action, 1741 


Flurbiprofen, 
effect on collagenolytic activity 
of cathepsin Bl, 2121 
Fluroxene, 
metabolism and degradation of 
cytochromes P=450 in vitro, 1601 
Folate analogues, 
incorporation of sulphonamido 
compounds in bacteria, 451 
Folates, 
role in neurotransmitter metabolism, 
1009 
Follicle stimulating hormone, 
effect on hepatic drug metabolism in 


gonadectomized rats, 66 


Formycin, 
effect on purine metabolism in 


intact Schistosoma mansoni, 1849 





Freund's adjuvant, 
effect on liver N-acetyltransferase 
activity and elimination of 
sulphadimidine in urine, 69 
Furans , 
toxicity and covalent binding of 
2-(N-ethylcarbamoylhydroxymethyl1 ) 
furan, 1909 
Furazolidone, 


treated Vibrio cholerae cell, 





cross linking of DNA, 1453 


Ganglia, 
muscarinic and nicotinic effect on 
phosphatidylinositol metabolism, 
4L8 
Gastric mucosa, 
inhibition of ATPase by phenyl- 
butazone and indomethacin, 1241 
Gastric secretion, 
correlation with gastric protein 
kinase, 991 
inhibitory effect of cycloheximide, 
979 
Gastrointestinal flora, 
importance in metabolism of 
estrogens, 943 
Genetic mechanisms, 
in trans-synaptic induction of 
tyrosine hydroxylase, 817 
Glial cells, 
cultured, effect of pentobarbital 
on carbohydrate metabolism in, 


1307 
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Glucagon, 
effect on dopamine B-hydroxylase in 
serum in Shy-Drager syndrome , 986° 
Glucocorticoid, 
effect on prostaglandin production 
during simulated shock conditions 
in perfused cat liver, 1463 
sulfation in relation to blood 
pressure, 1033 
Gluconeogenesis, 
contribution to catecholamine- 
induced hyperglycemic response 
in rats, 2231 
in kidney, stimulation by verapamil 
and D-600, 1089 


Glucose, 


in blood, effect of carbon disulphide 


on turnover of, 1625 
metabolism in brain, effect of 
hyperammonemia, 2397 
metabolism in fat cells, effect of 
dimethylsulfoxide, 775 
oxidation in platelets, effects of 


reserpine and 5-hydroxytryptamine, 


1667 
in plasma, effects of isoproterenol 
and adrenaline, 1065 
uptake by myocardium, effects of 
inosine and uridine, 1585 
Glucose-6-phosphatase, 
in kidney microsomes, effect of 
p-aminophenol, 2069 
B-Glucosidase, 
release from liver lysosomes, effect 
of Y¥-hexachlorocyclohexane ,1377 
p-Glucuronidase, 


effect of alkyl phosphates on 


B-Glucuronidase(contda, ) 
release from liver microsomes 
into serum, 881 
distribution in rainbow trout 
liver, 1395 
release from neutrophils, effect of 
corticosteroids, autonomic neuro- 
hormones and cycli¢ nucleotides, 
2001 
Glucuronidation, 
of antithyroid drugs by guinea pig 
liver microsomes, 617, 833 
generation of reactive metabolites 
of N-hydroxy=-phenacetin, 189 
Glucuronyltransferase, 
in liver, effect of pentachloro- 
phenol, 1549 
Glutamate, 
in brain, effect of pentobarbital, 
699 
induced convulsions and activation 
of epileptic foci, 253 
and structural analogues, inhibition 
of mouse brain glutamate 
decarboxylase, 345 
Glutamate-ammonia system, 
in brain, effect of hyperammonenia, 
2397 
Glutamate + aspartate, 
effect on glutamate, glutamine and 
aspartate in brain regions, 
serum and retina, 443 
Glutamate decarboxylase, 
in brain, 


inhibition by structural analog- 


ues of L-glutamic acid, 345 


effect of pentobarbital, 699 
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Glutamate dehydrogenase, 
in cultured glial cells, effect of 
pentobarbital, 1307 
Glutamine, 
production in brain, effect of 
hyperammonemia, 2397 
jlutarate, 
inhibition of mouse brain glutamate 
decarboxylase, 345 
Glutathione, 
in liver, 
effect of dichlorvos, 997 
paracetamol induced depletion,31 
effect of sulphydryl compounds 
on ethanol toxicity, 1529 
Glutathione S-aryl transferase, 
in liver, effects of dietary 
ascorbic acid, 2037 
Glutathione S-transferase B, 


in rat liver, induction by pheno- 


barbital and 3-methylcholanthrene, 


555 
Glutathione S-transferases, 
as a possible detoxification system 
of rat intestinal epithelium,2359 
Glyeerol, 
in plesma, effect of isoproterenol 
and adrenaline, 1065 
translocation across red cell 
membrane, effect of anaesthetics, 
779 
Glycine, 
effect of folates on metabolism in 
nervous system, 1009 
Glycogen, 
in heart, effect of disophenol 
perfusion, 2297 


Glycogen(contad, ) 
metabolism in uterus, effect of 
cannabis extract, 859 
Glycoprotein, 
in human plasma, ciclazindol 
binding, 1361 
Glycosides, 
subcellular distribution in heart 
and liver of conscious guinea 
pigs, 2427 
Glycyrrhizin, 
protective action against saponin 
toxicity, 643 
Gold, 
binding in kidney, 1819 
distribution in rat liver cells 
after administration of sodium 


aurothiomalate, 2417 


Granulocyte/monocyte precursor cells, 


sensitivity to phenylbutazone, 
oxyphenbutazone and Y-hydroxy- 
phenylbutazone, 847 
Griseofulvin, 
alteration of hepatic microsomal 
enzymes in mice, 1125 
Grollman hypertension, 
effect on cortisol sulfotransferase 
in rat liver, 1033 
Guanosine-3',5'-monophosphate, 
in cerebellum, effect of harmaline 
and its sulphur analogue, 1303 
effect on phagocytosis by and 
release of lysosomal enzymes from 
neutrophils, 2001 
Guanylate kinase, 
interaction with 6-thioguanosine 
5'-phosphate, 1573, 1577 
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Gunn rats, 
p-aminobenzoic acid conjugation in, 


535 


Hadacidin, 
effect on enzymes using aspartic 
acid as a metabolite, 1353 
Hageman factor, 
inhibition of formation by peptide 
fragments from kininogen, 115 
Haloperidol, 
sites of action, 1741 
Halothane, 
biotransformation and hepatotoxicity, 
2091 
Harmaline, 
inhibition of monoamine oxidase in 
beef brain mitochondria, 1637 
inhibition of monoamine oxidase in 
orain and liver, 1991 
and its sulphur analogue, effect on 


monoamine oxidase in brain and 


Heart(contd, ) 


denervation, 1448 

effects of chlorpromazine and 
molindone on adenylate cyclase 
activity and contractility, 1315 

effect of disophenol perfusion,2297 

influence of unsaturated pvhosphatid- 
yicholine on effects of cardio-~ 
active drugs, 381 

mechanism of action of B-blockers 
in hypertension, 171 

metabolic effects of inosine and 
uridine, 1585 

ornithine decarboxylase in, effect 
of perinatal exposure to 
ethanol, 523 

effect of pargyline on amine 
oxidases in, 2107 

effect of 213 on energy stcres in, 
1¢21 

uptake and distribution of 


glycosides in situ, 2427 


liver and cyclic GMP in cerebellum Hedereginins, 
1303 


Harman, 


inhibition of monoamine oxidase in 
brain and liver, 1991 
Heart, 
effect of acebutolol, practolol and 


propranolol on sarcolemma, 2055 


effect of bencyclane on mitochondrial 


function, 2125 

calcium binding to plasma membranes, 
effect of propranolol analogues, 
2283 

catecholamine hypersensitivity of 


adenylate cyclase after chemical 


effect on protein synthesis in 


cells from rat marrow, 2113 


HeLa cells, 


effect of diacridines on nucleolar 
RNA synthesis, 269 

effect of diacridines on processing 
of precursor rRNa, 275 

sensitivity to amphotericin 8 and 
the cholesterol:phospholinid 
ratio of, 705 


Heme, 


lysis of bloodstream forms of 


Trypanosoma brucei, 1923 


synthesis in liver of ascorbic acid 
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Heme (contd. ) 
deficient guinea pigs, 797 
Hemin, 
reverse type I spectral change 
observed with, significance with 
respect to cytochrome P=450,15%43 
Hemoglobin, 


effect of dichloromethane on 


function of, 557 


Hemolytic complement activity, 


inhibition by benzamidine derivatives 


325 
Heparin, 
effect on binding of quinidine and 
warfarin in plasma, 229 
release of histaminase from intest- 
inal cells and vasculature, 2343 
Yepatocytes, 
effect of cholestatic steroids on 
taurocholate uptake, 2433 
ketcgenesis from endogenous lipids, 
789 


» 


Hepatocyte-fibroblast culture systems, 
a test for metabolism-mediated 
cytotoxicity, 969 
Hepatoma-specific alkylating agent, 
3310-252, clinical pharmacology ,1715 
Hexachlorobenzene, 
effect on metabolism and hepato- 
toxicity of chloroethylenes, 369 
Hexachlorobiphenyl, 
interaction with rabbit liver 
monooxygenase, 2043 
y-Hexachlorocyclohexane , 
effect on rat liver lysosomes, 1377 
Hexamethylmelamine, 


in vitro studies, 2385 


Hexobarbital, 
binding to hepatic microsomes, 988 
pregnant rats, 577 
metabolism by liver microsomes, 
effect of microsomal enzyme 
inducers, 467 
effect of pilocarpine, 2072 
Sleeping time, 
effect of microsomal enzyme 
inducers, 467 
effect of polychlorinated 
biphenyls in rabbits and rats,783 
Hexobendine, 
effects of bis(p-nitrophenyl)- 
phospnate on disposition and 
metabolism, 223 
Histaminase, 
ileum, inhibition by dimaprit,2075 
localization in rat small intestinal 
mucosa, site of release by 
heparin, 2343 
Histamine, 
lack of effect on oxidative 
properties of ceruloplasmin, 975 
effect on lung cyclic AMP levels in 
pertussis-vaccinated mice, 529 
metabolism in stomach of aging rat, 
585 
release from mast cells induced by 
N-(alkyl )-3-hydroxybutyramide ,197 
release from sensitized and anaphyl- 
actic guinea pig lungs, changes 
in cyclic AMP, 181 
Histamine N-methyltransferase, 
in brain, inhibition by dimaprit, 
2075 


Homovanillic acid, 
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Homovanillic acid, 
in brain of rabbits made tolerant to 

Eecoli lipopolysaccharide, 1613 
SSF, effect of antihistaminic 
drugs, 133 
CSF of schizophrenics, effect of 
probenecid, 629 

Honey bee(Apis mellifera), 





acetylcholinesterase inhibition 
by carbamates, 2187 
Housefly, 
inhibition of mixed-function oxidase 


system by butylated hydroxyanisole 


2315 
Hydrocortisone, 
effect on allylisopropylacetamide- 
induced porphyrin biosynthesis in 
chick embryo liver cells, 1389 
effect on collagen synthesis 
in vitro, 1961 
Hydrocortisone hemisuccinate, 
ffect on phagocytic release of 
lysosomal enzymes from neutro- 
phils, 2001 
N-Hydroxy-2-acetylaminofluorene, 
role of sulfotransferase from rat 


liver on mutagenicity in 


Salmonella typhimurium, 1356 





p-Hydroxyamphetamine, 
accumulation by brain homogenates, 
role in release of catecholamines 
1367 
3-Hydroxybenzo(a)pyrene, 
enzymatic formation and properties 
of a conjugate of sulphate, 679 
7- and 9-Hydroxybenzo(a)pyrenes, 


organic solvent soluble sulphate 


7- and 9-Hydroxybenzo(a)pyrenes (cont4.) 
ester conjugates of, 551 
-Hydroxybutyrate, 
incorporation into neural lipids of 
zuclomiphene treated rats, 1161 
Y-Hydroxybutyrate, 
effect of picrotoxin on action on 
dopaminergic neurons, 2079 
effect on plasma prolactin in male 
rats, 645 
2—Hydroxy-3-deoxyestradiol, 
metabolism by rat liver microsomes, 
769 
3-(2'-Hydroxy<4!,5 '=diethoxybenzoyl )- 
propionic acid, 
effect on cyclic AMP denendent 
protein kinase in smooth muscle, 
994 
6<Hydroxydopamine, 
effect on catecholamine sensitivity 
of adenylate cyclase in heart, 
1448 
induced monoamine depletion in 
brain and heart, effect of 4-(3- 
indolyl-alxyl )niperidine 
derivatives, 505 
intraventricular injection, effect 
on catecholamine levels and 
tyrosine hydroxylase activity in 
brain regions, 2211] 
Hydroxyethylhydrazide of cyanoacetic 
acid, 
modification of brain mitochondrial 
monoamine oxidase activity,1059 
Hydroxyethyl-9' ,purinyl 6'-l-benzhyd- 
ryl-+-piperazine dihydrochloride 


action on cholinergic system, 1517 
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5-iydroxyindoleacetic acid, 
in brain, effect of LSD, 1085 
» effect of antihistaminic 
drugs, 133 
Hydroxylamine, 
oxidation by microsomes to nitroxide 
675 
jydroxylase systen, 
in liver microsomes, relative ethyl- 
umbelliferone dealkylase activity 
characterizing effect of inducers, 
1885 
p-Hydroxymandeliec acid, 
of schizoynhrenics, effect 
of probenecid, 629 
8 miydroxy=B-methylglutaryl coenzyme A 
reductase inhibitors, 
serim cholesterol lowering activity 
in rats, 2443 
N-Hydroxypnenacetin, 
generation of reactive metabolites 
by glucuronidation and sulfation, 
189 
Hy droxypnenobarbital, ' 
conjugation by rat liver microsomes, 
induction by phenobarbital ,1345 
pe-Hydroxyphenylacetic acid, 
effect 


in CSF of schizophrenics, 


f 


of probenecid, 629 
¥ -Hydroxyphenyloutazone, 
sensitivity of human bone marrow, 
847 
iydroxyohenylhydantoin, 
conjugation in rat liver microsomes, 
induction by phenobarbital, 1345 
5-Hydroxytryptamine, 


effect on adenine nucleotide 


5S-Hydroxytryptamine (contd, ) 

metabolism and glucose oxidation 
in platelets, 1667 

in brain, effect of isd, 1085 

effect on cyclic AMP formation in 
liver fluke, 2325 

cytoplasmic and vesicular compart- 
ments in platelets, 517 

deamination in rat skeletal muscle, 
45 

effect of 4-(3-indolyl-alkyl )piper- 
idine derivatives on uptake and 
release by synaptosomes, heart 
and platelets, 497 

inhibition of brain aryl acylamidase 
2163 

metabolism in brain, 
effect of antihistaminic drugs, 
133 
effects of 6-chloro-j2-amino- 
terralin and Org 6582, 1333 

metabolism in rats in relation to 


alcohol preference, 841 
18 


0, in measuring the formation of, 


1271 
release from mast cells induced by 
N-(2-ethylhexyl )-3-nydroxy- 

butyramide and catecholamines, 
197 
synaptosomal 


uptake, 


effect of cannabinoids, 1327 


effect of phencyclidine, 1435 


transport in platelets, 1645 


effect of methoxyamphetamines ,647 


effect of thio reagents, 319 
turnover in brain, effect of 4-(3- 


indolyl-alkyl )piperidine 
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5-Hydroxytryptamine(contd. ) 
derivatives, 505 


Hydroxyurea, 


enhancement by caffeine of growth 


inhibitory effects in lymphoma 
L5178¥ cells, 1533 
Hyperammonemia, 
effect on metabolism and cerebral 
energy state in beagle dog, 2397 
Hypertension, 
central vasopressor action of 
angiotensin, 1 
effect on cortisol sulfotransferase 
in rat liver, 1033 
mechanism of action of f-blockers, 
171 
renal prostaglandin metabolism in 
rats, 485 
Yypothalamus, 
ethanolamine=0-sulphate binding,1569 
Hypoxia, 
orostaglandin-glucocorticoid 
interaction in perfused cat liver 


1463 


Ibuprofen, 
effect on oxidative phosphorylation 
in rat liver mitochondria, 2101 
Imidazoles, 
effect on aging of phosphylated 
acetylcholinesterase, 656 
innibitory interaction with micro- 
somal enzymes, steric factors, 
1039 
Imipramine, 
antimuscarinic activity, 1559 


effect on 5-hydroxytryptamine 


Imipramine (contd, ) 
transport and storage in 
platelets, 1645 
Imipramine N-oxide, 
reduction by liver microsomal 
eytochrome P-450, 489 
Imauneartereoscierosis, 
prevention by calcitonin, 2129 
Immunosuppression, 
methotrexate-induced, reversal by 
citrovorum factor, 203 
Indocyanine green, 
effect of pnenobarbital on factors 
responsible for hepatic 
clearance of, 1247 
4-(3-Indolyl-alkyl )piperidine 
derivatives, 
effect on amine uptake and release 
by synaptosomes, neart and 
platelets, 497 
effects on brain 5-hydroxytryptamine 
turnover and cardiac and brain 
noradrenaline depletion, 505 
Indomethacin, 
binding to hunan serum albumin, 
circular dichroism study, 283 
effect on collagenolytic activity 
of cathepsin 31, 2121 
inhibition of gastric x*-aTPase ,1241 
in vitro inhibition of prostaglandin 
synthetase, 1051 
effect on lysosome stability, 11 
effect on oxidative phosphorylation 
in rat liver mitochondria, 2101 
effect on reduction of 2,6-dichloro- 
phenol indophenol by bovine 


methemoglobin reductase, 685 
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Induction of drug metabolism, Intestine (contd. ) 


by natural diets, 1299 N-methyl-scopolamine transport ,763 


Inflammation, role of glutathione 5-transferases 
inhibition of vascular permeability in detoxification, 2359 
by cycloheximide, 1131 Iodoacetate, 
stimulation of biosynthesis of effect on platelet aggregation and 
anti-inflammatory proteins, 693 transport processes, 319 
Inosine, Ionophorus properties, 
dialdenyde derivative, metabolism of narasin in rat liver 
in Sarlich ascites tumour cells, mitochondria, 1373 
1197 Iron, 
netabolic effects in rabbit heart. incorporation into red cells, effect 
and rat skeletal muscle, 1585 of benzene, 293 
Insulin, inhibition of ATPase, effect of 
effect of cyproheptadine on catecholamines, 1221 
synthesis of, 2021 Isethionic acid, 
suppression of release, effect on inhibition of taurocholic acid 
metabolic response to isoproteren- synthesis in liver, 1175 
ol and adrenaline, 1065 3-Isobutyl-l-methyl-xanthine, 
Insulin/glucagon ratio, effect on allylisopropylacetamide- 
decrease in clofibrate-treated rats, induced porphyrin biosynthesis 
425 in chick embryo liver cells ,1389 
Insulin protease, elevation of ornithine decarboxylase 
in rat liver, inhibitors of, 2349 and RNA polymerase I in liver, 
intestinal loop, 2379 
apsorption and metabolism of inhibition of phosphodiesterase in 
perazine, 1275 liver fluke, 2325 
Intestinal mucosa, - Isoleucine deficiency, 


34 from deoxyuridine effect on mixed function oxidase 


incorporation of 
and thymidine into RNA, 59 enzymes, 667 
transport of monoguaternary ammonium Jsopropylmethylphosphonylated 
compounds, 99 acetylcholinesterase, 
Intestine, effect of imidazoles and pH on 
cellular localization of histaminase aging of, 656 
site of release by heparin, 2343 Isoproterenol, 


effect of chlorpromazine on effect on calcium accumulation and 


methionine transport, 1411 release in submandibular 
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Isoproterenol (contd. ) 
microsomes, 125 
induced hyperglycemic response in 
rats, contribution of gluconeo- 
genesis, 2231 
metabolic response in the rabbit, 


influence of nourishment, alloxan 


diabetes and propranolol, 1065 


Jejunal epithelium, 


N-emethyl-scopolamine transport, 763 


Kallikrein, 
human urine, kinin-generating 
esterolytic activity, 1893 
in urine from rabbits infected with 
Trypanosoma brucei, 417 
Kepone, 


inhibition of hepatic mitochondrial 


Mg°t-aTPase, 1155 


Ketamine, 
induction of hepatic microsomal 
drug metabolism, 2451 
Ketogenesis, 
from endogenous lipids, effect of 
oleate and chlorpropamide, 789 


Ketones, 


in liver, effect of ethinyl estradiol 


on incorporation of oleate, 77 
as substrates for rat liver 
aldehyde reductase, 1117 
sidney, 


effect of p-aminophenol on microsom- 


al glucose-6-phosphatase, 2069 
binding of bismuth, role of 


metallothionein-like proteins ,257 


binding of gold, 1819 


Kidney (contd. ) 
effect of choline on tetraethyl- 
ammonium transport, 1935 
drug metabolism in, effect of 
factors known to affect hepatic 
activity, 749 
kinetics of p-aminohippurate 
transport in slices during 
development, 1809 
mercury accumulation, effect of 
spironolactone, 1823 
effect of neomycin on phospholipid 
metabolism in, 1769 
nicotine binding, 1631 
prostaglandin metabolism in 
spontaneously hypertensive rats, 
485 
relationship between trichloro- 
phenoxyacetate and organic base 
transport system, 1709 
sodium and potassium transport in 
cortex and medulla, 711 
stimulation of gluconeogenesis by 
varapamiJ. and D-600, 1089 
Kinin-forming acid protease, 
from mouse fibroblasts L-929, 
purification and characterization, 
1187 
Kininogen, 
high molecular weight, role of 
peptide fragments from, 115 
Kynureninase, 
in liver, inhibition by benserazide, 
1619 
Kynurenine formamidase, 
inhibition by organophosphorus and 
methylcarbamate insecticides ,2251 
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Labetalol, Leukemia cells, 
effect on metabolism of noradrenaline L1210(contd. ) 
released frot cat spleen by nerve ergosterol-conferred sensitivity 
stimvlation, 2137 to amphotericin B, 177 
feLactam antibiotics, L5187Y, 
mechanism of action at molecular effect of acronycine on surface 


level, 2203 properties, 1077 


lactate, adenosine toxicity, 2371 


in heart, effect of disophenol collateral sensitivity to 
perfusion, 2297 methotrexate, 1094 
Lactate dehydrogenase, inhibition of proliferation by 
in cultured glial cells, effect of Virazole, 1071 
pentoharbital, 1307 L5178Y/A, collateral sensitivity to 
Lamprene, methotrexate, 1094 
inhibition of mushroom tyrosinases, Libriun, 

1345 effect on nucleic acid and protein 
cells, synthesis in E.coli, 1205 
sensitivity to amphotericin 3 and Lidocaine, 

the cholesterol:phospholipid ratio effect on protein synthesis in chick 

of, 705 embryo liver cells ,867 

Lead, Linoleate, 
transnort in bone marrow culture ,650 dietary, effect on oxidative drug 
Lead acetate, metabolism in liver, 1417 
inducec alteration of central Lipid peroxidation, 
cholinergic function, 397 in kidney, effect of p-aminophenol, 
Lecithin, 2069 
soya, effect on lipolytic enzymes in in liver, 
the rabbit, 2393 effect of anti-inflammatory drugs, 
Leukemia cells, Aas 
human, isolation and characterization carbon tetrachloride induced 

of uridine-cytidine kinase, 64 in vitro, 2275 
L1210, effect of phenobarbital, 164 

effect of acronycine on surface effect of Silymarin, 2405 

properties, 1077 effect of subacute carbon 

adenosine toxicity, 2371 disulphide exposure, 1521 

effect of 9-P-D-arabinofuranosyl-~ effect of Q?-tetrahydrocannabinol, 

2-fluoroadenine, 2193 1797 
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Lipid peroxides, 
dietary, effect on oxidative drug 
metabolism in liver, 1417 
Lipids, 
effects of benztropine and trihexyl- 
vhenidyl on phase transiticn 
temperature, 2441 
dietary, effect on 3,4-benzo[a] pyrene 
metabolism in liver, 1423 
metabolism in alcoholic fatty liver, 
effects of clofibrate, 425 
in serum, effect of clofibrate in 
normal and thyroicectomized rats, 
301 
Lipolysis, 
in adipose tissue, 
inhibition by suloctidil, 1429 
effects of morphine, 143 
in fat cells, effect of dimethyl- 
sulfoxide, 775 
thyroid hormone induced, effect of 
pyruvate, 1783 
Lipolytic enzymes, 


in rabbit serum, aorta and liver, 


effect of intravenous phosphatidyl 


choline preparations, 2393 
Lipopolysaccharide, 

E.coli, tolerance in rabbits, febrile 
response and biogenic amines in 
brain, 1613 

Liposomes, 

effect of butylated hydroxytoluene 
on sodium transport, 2259 

characterization of drug-=membrane 
interactions, 2319 

chlorpromazine and chlorpromazine 


methoiodide binding, 2411 
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Liposomes (contd, } 
dibuecaine and propranolol interact- 
ion, 51 
Liposomes-nitrogen mustard mixture, 
effect on ANA and protein 
synthesis in mitochondria, 85 
Lithium, 
inhibition of cyclic AMP accumulat- 
jon induced by dopamine in 
retina, 167 
Liver, 
nafenopin-induced growth, biochemic- 
al changes associated with, 939 
Liver blood flow, 
effect of inducing agents, 1247 
role in sulfobronophthalein 
transport, 1667 


Liver fluke(Fascicla hepatica), 





phosphodiesterase in, 2325 
Local anaesthetics, 


effect on ATPase, 791 


Locomotive activity, 


effects of caffeine and theobromine, 
cyclic GMP/cyclic AMP ratio 
in brain, 1723 
Loxapine, 
effect on dopamine-sensitive 
adenylate cyclase, 1719 
Lumazine, 
pteridine metabolite in urine, 2217 
Lung, 
benzo(a)pyrene metabolism by, 671 
benzo(a)pyrene metabolism by 
short-term cultures, 1481 
drug metabolism in, effect of 
factors known to affect hepatic 


activity, 749 
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Lung (contd, ) 
fetal and maternal, transplacental 
induction of mixed-function 


oxidases by 2,3,7,8-tetrachloro- 


dibenzo-=p-dioxin, 1383 


monoamine oxidase in mitochondria, 
935 

nicotine binding, 1631 

perfused, effect of ventilation on 
removal of mescaline, 1444 

prostaglandin and histamine release 
in anaphylaxis, changes in 
cyclic,AMP levels, 181 


retinoid acid esterase in, 947 


effect of Sch 15280 and aminophylline 


on cyclic AMP in, 951 
effect of thioureas on acetylcholin- 
esterase activity, 313 
Luteinizing hormone, 
effect on hepatic drug metabolism in 
gonadectomized rats, 66 
Lymphocytes, numan, 
effects of 2,4-diamino-5-(3',4'- 
dichlorophenyl )-6-methyl (ethyl )- 
pyrimidines, 543 
3-methylcholanthrene induction of 
aryl hydrocarbon hydroxylase ,1831 
phy tohemagglutinin-stimulated, 
effect of l-tetramizole, 1358 
effect of trimethoprim on blasto- 
genic transformation, 1593 
Lymphoma L5178Y cells, 
asparagine-independent subline, 
effect of asparaginase synthetase 
inhibitors, 1405 
enhancement by caffeine of growth 


inhibitory effects of anti- 


Lymphoma L5178Y cells(contd. ) 
metabolites, 1533 
specificity of adenosine deaminase 
inhibitors, 1967 
Lysergic acid diethylamide, 
effect on 5=hydroxytryptamine and 
5-hydroxyindoleacetic acid in 
brain regions, 1085 
Lysosomal enzymes, 
phagocytic release from neutrophils, 
2001 
Lysosomal membrane stabilizing proteins 
role in inflammation, 693 
Lysosomes , 
kidney, effect of tinoridine on 
stability of, 11 
liver, 
effect of Y-hexachlorocyclo- 
hexane, 1377 
effect of tinoridine on 
stability of, 11 
Lysyl hydroxylase, 
in liver and skin, effect of 


prednisolone, 1295 


Macrophages , 
peritoneal, modulation of cyclic AMP 
contents mediated by Bo-adrenerg- 
ic receptors, 1813 
effect of platinum(IV) ion on 
superoxide radical production,4+73 
Malate, 
inhibition of mouse brain glutamate 
decarboxylase, 345 
Malate dehydrogenase, 
in cultured gkial cells, effect of 
pentobarbital, 1307 
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Marrow cells, 
sensitivity to pentacyclic triterp- 
inoids, 2113 
Mast cells, 
release of 5-hydroxytryptamine 
induced by N-(2-ethylhexyl )-3- 
hydroxybutyramide and catechol- 
amines, 197 
Mastocytoma cells P-815, 
release of 5-hydroxytryptamine 
induced by N-(2-ethylhexyl )-3- 
hydroxybutyramide and 
catecholamines, 197 
Mecamylamine, 
effect on phosphatidylinositol 
metabolism in sympathetic ganglia, 
448 
Median eminence, 
action of antipsychotic drugs on 
dopamine-sensitive adenylate 
cyclase, 1719 
Melatonin, 
production by pineal glands, effect 
of desmethylimipramine, 904 
Membranes, 
erythrocytes, interactions of 
chlorpromazine and chlorimipramine 
511 
effects of monocyclic compounds ,2145 
Mephentermine, 
metabolism in vitro, 1455 
fp-Mercaptoethylamine-HCl, 
effect on alcoholic liver injury, 
1529 
3-Mercaptopicolinic acid, 
effect on catecholamine-induced 


changes in glucose homeostasis, 


3-Mercaptopicolinic acid(contd. ) 


2231 
a-Mercaptcpropionylglycine, 
effect on hepatotoxicity of 
paracetamol in mice, 31 
Mercury, 
biliary excretion, effect of 
spironolactone, 279 
biliary excretion and renal 
accumulation, effect of 
spironolactone, 1823 
binding to metallothionein, effect 
of selenium, 2191 
Mescaline, 
uptake by cortical synaptosomes, 
effect of desipramine, 207 
effect of ventilation on removal bv 
by perfused rabbit lung, 1444 
Mesenteric artery, 
effect of pargyiine on amine 
oxidases in, 2107 
4estranol, 
biliary excretion and enterohepatic 
circulation, effects of neomycin, 
943 
Metallothionein, 
preparation and toxicity, 25 
effect of selenium on cadmium and 
mercury binding, 2191 
Metallothionein-like proteins, 
in kidney, increase following 
bismuth administration, 257 
Methemoglobin, 
effect on inhibition of cytochrome 
c oxidase by cyanide, sulfide or 
azide, 2247 


Methemoglobin reductase, 
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Methemoglobin reductase, 
reduction of 2,0-dichlorophenol 
indophenol, effect of anti- 
inflammatory drugs, 685 
Methimazole, 
glucuronide conjugation by guinea 
pig liver microsomes, 617 
inhibition of dopamine B-hydroxylase 
1092 
Methionine, 
effect.on alcoholic liver injury, 
effect of chlorpromazine on 
intestinal transport, 1411 
vL=Methionine hydroxamate, 
inhibition of mouse brain glutamate 
decarboxylase, 345 
jethotrexate, 
collateral sensitivity of murine 
leukemic cells, 1094 
comparison with effects of 2,4- 
diamino-5-(3',4'-dichloropheny]l )- 
6-mnethyl (ethyl pyrimidines, 543 
enhancement by caffeine of growth 
inhibitory effects in lymphoma 
L5178Y¥ cells, 1533 
induced immunosuppression in mice, 
reversal by citrovorum factor,203 
Methotrexate diglutamate, 
accumulation in human liver during 
methotrexate therapy, 2311 
dethoxyamphetamines, 
effect on 5-hydroxytryptamine uptake 
and release by human platelets, 
64-7 
3-Methoxy-4-hydroxyphenylglycol 


sulphate, 


3-Methoxy=4-hydroxyphenylglycol 
sulphate, 
brain regions, effect of morphine 


2335 


6-Methoxy=1 ,2,3,4-tetrahydro-8- 


carboline, 
inhibition of monoamine oxidase in 


brain and liver, 1991 


N-“ethylamphetamines , 


metabolism by liver homogenate ,1043 


Methylcarbamate insecticides, 


Kynurenine formamidase inhibition 
as 2 possible mechanism for 
teratogenic effects in chick 


embryos, 2251 


3=Methylcholanthrene, 


effect on cytochrome P-450 in fetal 
and neonatel rat liver, 567 

effect on enzymes in regenerating 
liver, 1501 

effect on epoxide hydrase in liver 
microsomes, 891 

effect on extrahepatic drug 
metabolism, 749 

genetic differences in effect on 
ovarian aryl hydrocarbon 
hydroxylase, 909 

induction of aryl hydrocarbon 
hydroxylase in cultured human 
lymphocytes 5° 1831 

induction of drug metabolism, effect 
of polychlorinated biphenyls ,783 

induction of hepatic glutathione 
S-transferase B, 555 

induction of hepatic mono-oxygenase 


systems of pregnant rats, 577 


effect on metabolism and hepato-~ 
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3-Methylcholanthrene (contd, ) 
toxicity of chloroethylenes, 369 
effect on metabolism of warfarin 
enantiomers, 109 
effect of a-naphthylisothiocyanate 
hepatotoxicity, 1857 
effect on nitromethane induced 
difference spectra, 963 
effect on 45S rRNA in liver, 955 
3 '.Methyl-4-dime thylaminoazobenzene , 
inhibition of in vitro cell-free 
protein synthesis, 929 
a=-Methyldopa, 
stereochemical requirements for 
decarboxylation in brain in vivo, 
1757 
4-Methyl-a-ethylmetatyramine, 


induced monoamine depletion in brain 


and heart, effect of 4-(3-indolyl- 


alkyl)piperidine derivatives, 505 
Methylglyoxal-bis(guanylhydrazone), 
effect on development of anti-body 
forming cells in mice, 723 
Methyl iodide, 
effect on dichlorvos toxicity, 997 


Methylmelamines , 


structure-activity relationships, 


2385 


6-Methylmercaptopurine rivonucleoside, 


are 
aii 


enhancement by c eine of growth 


inhibitory effects in lymphoma 
L5178Y cells, 1533 
N'-Methylnicotinamide, 
intestinal transport, 99 
Methylphenidate, 
effect on amine uptake by 


synaptosomes, 1435 


Metnyl phenidate (contd. ) 


effect on lead-induced alteration 
of central cholinergic function, 
397 
315-2,6-Methyl piperidine, 
effect on respiration and oxidative 
phosphorylation of cockroach 
muscle, 1179 


5(4-(N-Methyl )-pineridylidene j5#-(1)- 
henzopyrano(2,3,6)pyridine 
maleate, 

> 


effect on cyclic AMP in lung, 951 
Methylprednisolone, 
effect on prostaglandin production 
during simulated shock conditions 
in perfused cat liver, 1463 
Methylprednisolone hemisuccinate, 
effect on phagocytic release of 
lysosomal enzymes from 
neutrophils, 20Cl 
N-Methyl-scopolamine, 
intestinal transport, 99, 763 
2=-Methyl thiamine, 
fornation in nerve tissue, 1321 
a-Methyltyrosine, 
induced depletion of brain catechol- 
amines, effect of thyrotropin- 
releasing hormone, 1817 
Methylxanthines , 
antagonism of cyclic AMP-elevating 
effect of adenosine, 37 
elevation of ornithine decarboxylase 


- 


I in liver, 


and RNA polymerase 
2379 

induced lipolysis, effect of 
pyruvate, 1783 


Metiamide, 
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Metiamide, 
effect on gastric protein kinase,991 
Metyrapone, 
effect on cholesterol biosynthesis 
in liver, 481 
jevalonic acid, 
inhibition of 
by Ay-9944 
1161, 1169 


and zuclomipnene, 


‘iconazole, 
effects on rat liver mitochondria,541 
‘icrosomes , 
brain, ethanol-induced conformational 
‘nanges in membranes, 2181 
(itochondria, 
brain, heterogeneity of monoamine 
oxidase in distinct populations, 
289 
effect of bromosulfophthalein on 
ion transport, 825 
chondrocyte, effect of tetracycline 
on calcium transport, 595 
heart, effect of bencyclane on 
function of, 2125 
liver, 
effect of anti-inflammatory drugs 
on oxidative phosphorylation, 2101 
effect of bencyclane on function 
of, 2125 
bromosulfophthalein uptake, 457 
jonophorus properties of narasin, 
1373 
effects of Miconazole, 541 
effect of nutritive antibiotics 


‘on respiration of, 433 


neural sterol formation 


Mitochondria, 
liver(contd. ) 
effect of phthalic esters on 
respiration, 19 
respiratory inhibition by 
bromosulfophthalein, 461 
effect of tributyltin derivatives 
on function of, 1997 
Mitochondria=lysosome suspensions, 
effects of monocyclic compounds ,2145 
Mixed-function oxidase system, 
changes in enzyme activities in 
amino acid deficiencies, 667 
lack of effect of dietary ascorbic 
acid, 2037 
in puffin liver microsomes, effect 
of DDE, 1000 
species differences in induction 
after polychlorimated biphenyl 
treatment, 783 
Mobam, 
interaction with acetylcholin- 
esterase, 757 
Molindone, 
effect on adenylate cyclase in 
heart and on myocardial 
contractility, 1315 
Monensin, 
ionophorus properties, comparison 
with narasin, 1373 
Monkey, rhesus, 
cholinergic system in placenta,1281 
Monoamine, 
metabolism in brain, effect of 


antihistaminic drugs, 133 


effects of phenylethylbiguanide on Monoamine oxidase, 


respiration, 717 


in brain, 
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Monoamine oxidase, 
in brain, 
bovine, 1637 
effect of harmaline and its 


sukphur analogue, 1303 


heterogeneity in distinct populat- 


ions of mitochondria, 289 
inhibition by atropine, 871 
inhibition by BP-carbolines, 1991 
modification of activities, 1059 
effect of B-propionolactone and 
Penitropropionic acid, 62 
regional effects of morphine,211 
subcellular localization of 
types A and 3, 2337 

heart, 

influence of age and adrenalect- 
omy, 407 

inhibition by atropine,. 871 
pargyline sensitivity, 21C7 
human platelets, 

effect of subcutaneous injection 
of adrenaline, 2065 

substrate and inhibitor related 
characteristics, 853 


human whole blood fractions, 353 


human whole blood, particle bound, 


properties, 1444 
liver, 
inhibition by B-carbolines, 1991 
inhibition by clorgyline, 2269 
neonatal androgen-induced 
imprinting, 1979 
in mouse lung mitochondria, 935 
radiorespirometry for determination 
in vivo, 1917 
in skeletal muscle, 45 


Monoamine oxidase inhibitors, 
interaction with pethidine, 806 
Monocyclic compounds, 
effect on biomembranes, 2145 
Mono-woxygenase systems, 
induction in fetal and neonatal 
rats, 567 
induction in pregnant rats, 577 
in liver, effect of polychlorinated 
biphenyls, 2043 
role of glycerol in reconstruction 
by means of self-assembly, 2061 
Monosomes , 
production in vivo by sparsomycin, 
255 
Morphine, 
effect on ATPase in mouse brain, 89 
effect on carbohydrate metabolism 
in cultured glial cells, 1307 
effect on lipolysis in rat 
epididymal fat pads, 143 
effect on monoamine oxidase in 
brain regions, 211 
effect on noradrenaline turnover in 


rat brain regions, 2355 


effect on 3254 and (3H]eholine 


incorporation into synaptic 
plasma membrane phospnolipids, 
1087 
peroxide-catalysed irreversible 
binding to protein, 1267 
role of brain calcium in action of, 
1183 
Morphine receptors, 
noradrenergic neurons, 259 
Muscarine, 


effect on choline and acetylcholine 
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fuscarine(contd. ) 
in brain, 1607 
ifusearinic receptor, 
in brain, 
binding of antidepressant drugs, 
1559 
role of phospholipids, 1689 
on dopaminergic neurons, 259 
ituscle, 
skeletal, 
characterization of ménoamine 
oxidase, 45 
cysteine oxidase in, 1101 
metabolic effects of inosine and 
uridine, 1585 
smooth, effect of 3-(2'-hydroxy=+', 
5 '-diethoxybenzoyl )propionic acid 
on cyclic AMP dependent protein 
kinase in, 994 
fUshHrooms , 
inhibition of tyrosinases by lamprene 


and thiambutosine, 1345 


‘yocardial membranes, 


polyflavane P13 binding, 1775 
‘yocardium, 
effect of P13 on energy stores, 1021 
dycophenolic acid, 
enhancement by caffeine of growth 
innibitory effects in lymphoma 
L5r78Y cells, 1533 
NAD™, 
in brain of acrylamide intoxicated 
rats, 2151 
NADH, 
synergistic effect on metabolism of 


aniline, 137 


NADH-dependent N-oxide, 
reduction by liver microsomal 
cytochrome P=4+50, 489 
NAD?H oxidation, 
in liver microsomes, analysis of 
effects of inhibitors, 389 
Nafenopin, 
induced liver growth, biochemical 
changes associated with, 939 
Naloxone, 
effect on ATPase activity in brain, 
89 
a=-Naohthylisothiocyanate, 
hepatotoxicity and irreversible 
binding to rat liver microsomes, 
1857 
4-(a-Naphthylvinyl )pyridinium 
hydrochloride, 
orotection against organophosphate 
poisoning in vivo and inhibition 
of choline acetyltransferase 
in vitro, 1821 
Narasin, 
ionophorous properties in rat liver 
mitochondria, 1373 
Neomycin, 
effects on biliary excretion and 
enterohepatic circulation of 
estradiol and mestranol, 943 
effect on polyphosphoinositide 
metabolism in guinea pig kidney, 
1769 
Neuroblastoma cells, 
elevation of cyclic AMP by adenosine 
37 
effect of pentobarbital on carbo- 


hydrate metabolism, 1307 
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Neuroleptic drugs, 
membrane receptor sites of action, 
1741 
specific in vivo binding in rat 
brain, 1003 


Neurotransmitters, 


catecholamines, presynaptic receptor 


systems, 259 


roles of folate and pteridine 


derivatives in metabolism of,1009 
effect on synaptosomal ATPase, 2029 


synaptosomal uptake, effect of 
cannabinoids, 1327 
Neutrophils, 
phagocytic release of lysosomal 
enzymes, 2001 


Nicotinamide nucleotide analogues, 


detection by radioimmunoassay in 


tissues of rabbits injected with 


nicotine and cotinine, 1841 


of cotinine and nicotine, character- 


ization, 1853 


Nicotine, 


factors affecting tissue binding in 


various species, 1631 
metabolism by hepatic microsomes, 
effect of pilocarpine, 2072 

Nicotine receptors, 
on dopaminergic neurons, 259 
Nigrostriatal pathway, 
effects of stimulation on plasma 
concentration of 3,4-dihydroxy- 
phenylacetic acid, 2197 


p-Nitroanisole demethylase, 


in housefly, inhibition by butylated 


hydroxyanisole, 2315 


Nitrofurans, 
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Nitrofurans, 
mutagenicity in 35almonella 


typhimurium, 896 





N-(4-(5-Nitro-2-furyl )-2-thiazcolyl ) 
formamide, 
mutagenicity in Salmonella, 896 
Nitrogen mustard, 
activation by liposomal transport, 
85 
Nitrome thane, 
interaction with reduced hepatic 
microsomal cytochrome P=450, 963 
4-Nitro-2=phenoxymethane sulfonanilide 
mechanism of action, 307 
p-Nitrophenylphosphatase, 
in gastric mucosa, inhibition by 
phenylbutazone and indomethacin, 
1241 
bis-(p-itrophenyl )-phosphate, 
effects on disposition and metabol- 


ism of hexobendine, 223 


B-Nitropropionic acid, 


effect on monoamine oxidase in 
rat brain, 62 
Nitroxide radical, 
formation and reduction by liver 
microsomes, 675 
Noradrenaline, 
acidic metabolites in CSF, effect of 
probenecid, 629 
activation of synaptosomal ATPase, 
2029 
effect on ATPase in brain microsomes 
1221 
in brain, 
effect of (-)-amphetamine induced 


changes in seizure threshold,799 
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Noradewenaline, 

in brain(contd. ) 
effect of intraventricular inject- 
ion of 6<hydroxydopamine on 
regional levels, 2211 
in rabbits made tolerant to &.coli 
lipopoylsaccharide, 1613 
effect of thyrotropin-releasing 
hormone on depletion induced by 
a-methyltyrosine, 1817 

effect on calcium accumulation and 
release in submandibular 
microsomes, 125 

depletion from rat brain in vivo, 
effects of antidepressants, 1083 

metabolism in brain, 
effect of acute ethanol or 
acetaldehyde administration, 1147 
effect of disulfiram and chloral 
hydrate, 741 
using a double label technique, 
1251 

metabolism in liver, effect of 
disulfiram and chloral hydrate, 
741 

release from brain, relationship with 
p-hydroxyamphetamine uptake, 1367 

release from cat spleen by nerve 
stimulation, effect of labetalol, 
2137 

release from Synaptosomes, effect of 
pentobarbital, 159 

sensitive adenylate cyclase in 
mouse limbic forebrain, 1877 

storage by synaptic vesicles, effect 
of metal chelating agents, 1703 


synaptosomal uptake, 


Noradrenaline, 
synaptosomal uptake(contad. ) 
effect of cannabinoids, 1327 
effect of desipramine, 207 
effect of phencyclidine, 1435 
turnover in rat brain regions, 
effect of morphine, 2355 
Noradrenaline N-methyltransferase, 
in brain, effect of 2,3-dichloro- 
a=methylbenzylamine, 2087 
inhibition in vitro by 2-amino- 
tetralins, 446 
Noradrenaline oxidase, 
in cardiovascular tissue, 2107 
Noradrenergic neurons, 
presynaptic receptors, 259 
Norethandrolone, 
effect on taurocholate uptake into 
hepatocytes, 2433 
Norharman, 
inhibition of monoamine oxidase in 
brain and liver, 1991 
Nortriptyline, 
antimuscarinic activity, 1559 


Nourishment, 


effect on metabolic responses to 


isoprotereno] and adrenaline,1065 
Nucleotides, 
transport in murine leukemia cells, 


effects of ecronycine, 1077 


Obidoxime, 
effect on acetylcholine and choline 
esterase in pons-medullary region 
of rat brain, 601 
Octopamine, 


acidic metabolites in CSF, effect 
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Cetopamine (cont, ) 


of probenecid, 629 


(11 joctylamine, 


radiorespirometry for determination 
of monoamine oxidase activity 
in vivo, 1917 
Oleandomycin, 
effect on mitochondrial respiration, 
433 
Oleate, 
incorporation into triglyceride and 
‘Ketone bodies in liver, effect of 


ethynyl estradiol, 77 


Crganophos phates (contd, ) 
protection against poisoning in vivo 
and inhibition of choline acetyl- 
transferase in vitro, 1821 
Ornithine decarboxylase, 
in developing rat placenta, 12] 
in liver, 
effect of nafenopin, 939 
regulation of RNA polymerase I, 
<379 
in neonatal rat brain and heart, 
effect of maternal ethanol 


injection, 523 


effect on ketogenesis from endogenous Qrotate phosphoribosyltransferase, 


lipids, 789 
Oleic acid, 
effect on binding of diazepam to 
human serum albumin, circular 
dichroism studies, 2157 
Oocyte, 
strain differences in 3-methyl- 
cholanthrene toxicity, 909 
Org 6582, 
effects on depletion of bicgenic 
amines from rat brain in vivo, 
1083 
effect on 5-hydroxytryptamine 
metabolism in brain, 1333 
Organophosphates, 
effect on adrenal cholesteryl ester 
and steroid metabolism, 1901 
Kynurenine formamidase inhibition as 
a possible mechanism for terato- 
genic effects in chick embryos, 
2251 
effect on membrane function in 


Electrophorus electroplaque, 337 


in Ehrlich ascites cells, inhibitors 
of, 2291 
Crotidine-5'-phosphate decarboxylase, 
in Ehrlich ascites cells, inhibitors 
of, 2291 
Crotidylate decarboxylase, 
in human erythrocytes, inhibition 
of, 1947 
Quabain, 
influence of unsaturated phosphat~ 
idylcholine on effect on heart, 
381 
effect on sodium and potassium 
transport in kidney cortex and 
medulla, 711 
subcellular distribution in heart 
and liver of conscious guinea 
pigs, 2427 
Ovary, 
genetic differences in metabolism 
of benzo[a]pyrene, 909 
Oxidative phosphorylation, 
in brain mitochondria, effect of 
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Oxidative phosphorylation(contd. ) 
acetaldehyde, 1349 
cockroach muscle mitochondria, 
effect of fire ant venom, 1179 
heart mitochondria, effect of 
pencyclane, 2125 
kidney mitochondria, effect of 
acetaldehyde, 1349 
liver mitochondria, 
effect of acetaldehyde, 1349 
effect of anti-inflammatory 
drugs, -l0l 
effect of bencyclane, 21<5 
N-Oxides, 
reduction by liver microsomal 
cytochrome P=450, 489 
Oximes, 
reactivation of phospnonylated 
acetylcholinesterase, 439 
Oxipurinol, 
inhibition of urate production, 355 
ribonucleotide derivatives, inhibit- 
ion of human erythrocyte 
orotidylate decarboxylase, 1947 
Oxotremorine, 
effect on choline and acetylcholine 
in brain, 1607 
tolerance in mice, in vivo and 
in vitro studies, 1681 
effect of tricyclic antidepressants 
on hypothermia and tremorgenic 
activity of, 1559 
Oxprenolol, 
effect on protein synthesis in chick 
embryo liver cells, 667 
oxygen-18, 


in measuring formation of biogenic 


Oxygen-lo(contd. ) 


amines, 1271 


Oxygen consumption, 


analysis of effects of inhibitors 
on NADPH=dependent electron 
transport, 389 
Oxypnenbutazone, 
sensitivity of human bone marrow, 
847 
Oxytetracyclin, 
effect on mitochondrial respiration, 


433 


Palythoa caribaeorun, 





ATPase inhibition by extracts of ,589 
2,3 and 4-PAM, 
reactivation of phosphonylated 
acetylcholinesterase, 439 
Pancreas, 
effect of verapamil on islet 
function, 735 
Papaverine, 
induced metabolic alterations in 
perfused canine and porcine 
liver, 1339 
Paracetamol, 
induced hepatic necrosis in the 
mouse, 31 
raramethasone acetate, 
effect on phagocytic release of 
lysosomal enzymes from neutro- 
phils, 2001 
Paraoxon, 
acetylcholinesterase recovery from 
in cultured chick embryo 
muscle, 1955 


effects of acute and chronic 
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Paraoxon(contda. ) 
administration on cholinergic 
mechanisms, 0335 
Parathyroid hormone, 
effect on lead transport in bone 
organ culture, 050 
Parenchymal cells, 
liver, effect of tinoridine on 
stability of, 11 
Pargyline, 
inhibition of amine oxidases in 
heart and mesenteric artery, <107 
inhibition of monoamine oxidase in 
beef brain mitochondria, 1037 
inhibition of monoamine oxidase in 
brain and liver, 1991 
inhibition of monoamine oxidase in 
human platelets, 853 
inhibition of monoamine oxidase 
in vivo, radiorespirometry for 
determination of, 1917 
effect on monoamine oxidase in heart 


of adrenalectomized rats, 407 


preferential inhibition of low a, 


aldehyde dehydrogenase, 1151 
Parietal cells, 
stomach, accumulation of salicylate 
derivatives during absorption, 
1735 
b-Penicillamine, 
inhibition of mouse brain glutamate 
decarboxylase, 345 
Penicillin binding components, 
hacterial, properties of, <<03 
Pentachlorophenol, 
hepatic effects, 1549 


Pentacyclic triterpenoids, 


Pentacyclic triterpenoids, 
effect on protein synthesis in cells 
from rat marrow, 2113 
rentagastrin, 
effect on gastric protein kinase,991l 
stimulated gastric secretion, effect 
of cycloheximide, 979 
stimulation of adenylate cyclase in 
rat gastric mucosa, <083 
Pentobarbital, 
binding to hepatic microsomes, 988 
effect on carbohydrate metabolism 
of cultured glial cells, 1307 
depression of stimulus-secretion 
coupling in brain, 159 
effect on GABA system in brain, 699 
effect on phospholipid synthesis in 
brain regions, <095 
effect on 3<pi and [5x]choline 
incorporation into synaptic 
plasma membrane phospholipids, 
1087 
effect on regulation of acetyl- 
choline content and release in 
brain regions, 609 
Pentylenetetrazol, 
effect of (-)-ampnetamine on seizure 
threshold and catecholamines in 
brain, 799 
Pepstatin, 
inhibition of pseudorenin, 639 
rerazine, 
intestinal metabolism, 1<¢75 
Perchloroethylene, 
enhancement of metabolism and 
hepatotoxicity, 369 


Peroxidase, 
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vyeroxidase, 
catalysed irreversible binding of 
morphine to protein, 1267 
reroxisomes, 
liver, 
effect of clofibrate on carnitine 
acyltransferases in, 1697 
drug-induced proliferation, effect 
on carnitine acetyltransferase 
in liver, 1451 
Pertussis-vaccinated mice, 
oharmacologic blockade of the effects 
of histamine on lung cyclic AMP 
levels, 529 
vethidine, 
interaction with monoamine oxidase 
inhibitors, 506 
Phagocytosis, 
by neutrophils, effect of cortico- 
steroids, autonomic neurohormones 
and cyclic nucleotides, <00l1 
polymorphonuclear leuxocytes, 
TOA cycle and cytochrome system 
as energy sources, 1489 
2hencyclidine, 
effect on catecholamine and 5-hydroxy- 
tryptamine uptake by synaptosomes 
1435 
Phencyclidine derivatives, 
tolerance in mice, in vivo and 
in vitro studies, 1671 
Phenelzine, 
interaction with pethidine in 
rabbits, 806 
Phenindamine, 
effect on brain monoamine metabolisn, 


133 


Phenobarbital, 

binding to hepatic microsomes, 988 

effect on cholesterol biosynthesis 
in liver, 481 

effect on dimethylsulfoxide action 
on drug metabolizing enzymes ,902 

effect on enzymatic and non-enzymat- 
ic lipid peroxidation in liver 
microsomes, 164 

effect on epoxide hydrase in liver 
microsomes, 891 

effect on extrahepatic drug 
metabolism, 749 

effect on hepatic clearance of 
indocyanine green, 1247 

induction of glutathione S-trans- 
ferase B in liver, 555 

induction of glutathione 5-trans- 
ferases in intestinal epithelium, 
<359 

induction of hepatic mono-oxygenase 
systems in fetal and neonatal 


rats, 567 


induction of hepatic mono-oxygenase 


systems of pregnant rats, 577 

induction of hydroxyphenylhydantoin 
and hydroxyphenobarbital conjug- 
ation in rat liver microsomes, 
1354 

effect on metabolism and hepato- 
‘toxicity of chloroethylenes, 369 

effect on metabolism of warfarin 
enantiomers, 109 

effect on a-naphthylisothiocyanate 
hepatotoxicity, 1857 

effect on nitromethane induced 


difference spectra, 963 
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Phenobarbital (contd. ) 
plus DDT in low doses, induction of 


drug metabolism, 1299 

plus pregnenolone-loa-carbonitrile, 
effect on drug metabolism, 467 

effect on propranolol metabolism by 
rat liver microsomes, 2447 

effect on 45S r&Na in liver, 955 

Phenobarbitone, 

inhibition of in vitro hydroxylation 

of diphenylhydantoin, 19<¢9 


effect on tissue uptake and metabol- 


ism of §-aminolevulinic acid, 802 


Phenothiazines, 
intestinal metabolism, 1275 
effect on nucleic acid and protein 
synthesis in E.coli, 1205 
sites of action, 1741 
Phenoxybenzamine, 
effect on noradrenaline-sensitive 
adenylate cyclase in mouse 
limbic forebrain, 1877 
Phentolamine, 
effect on noradrenaline-sensitive 
adenylate cyclase in mouse 
limbic forebrain, 1577 
y°-Phenyladenosine , 
effect on purine metabolism in intact 
Schistosoma mansoni, 1849 
Phenylalanine, 
dopa and dopamine formation from 
in human brain, 900 
Phenylbutazone, 
binding to human serum albumin, 
circular dichroism studies, 283 
effect on collagenolytic activity of 
cathepsin Bl, 2121 


Phenylbutazone (contd. ) 


inhibition of gastric «x*-ATPase ,1241 
effect on lysosome stability, 11 
effect on oxidative phosphorylation 
in rat liver mitochondria, <10l 
effect on reduction of ¢,0-dichloro- 
phenol indopnenol by bovine 
methemoglobin reductase, 085 
sensitivity of human bone marrow, 
847 
Phenylephrine, 
effect on catecholamine release from 
adrenal in vitro, 351 
<-Phenylethylamine, 
in brain, gas-liquid chromatographic 
estimation, 1513 
<-Phenylethylamine oxidase, 
in cardiovascular tissue, <107 
Phenylethylamines, 
inhibition of noradrenaline 
Ne-methyltransferase, 446 
Phenyletnylbiguanide, 
effect on mitochondrial respiration, 
717 
Phenylglycolsulfates, 
noradrenaline incorporation, effect 
of probenecid, 1251 
¢-Phenyl-1 ,3-indandione, 
effect on reduction of 2,6-dichloro- 
phenol indophenol by bovine 
methemoglobin reductase, 685 
Phenyl methylcarbamates, 
inhibition of acetylcholinesterase 
from honey bee and cotton 
leafworm, 2187 
Phosphatidylcholines, 
interaction with trihexylphenidyl 
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Phos phatidylcholines (contd. ) 
and benztropine, 2447 
effect on lipolytic enzymes in 
rabbits, 2393 
synthesis in fat cells, effect of 
adrenaline, 1475 
unsaturated, influence on effects of 
cardioactive drugs, 381 
Phosphatidylinositol, 
metabolism in sympathetic ganglia, 
effect of nicotine and muscarinic 


antagonists, 448 


Phospholipids, 


in kidney, effect of neomycin on 
labelling of, 1709 

in liver, effect of carbon disulphide 
1521 

role in muscarinic binding by neural 
membranes, 1689 

in synaptic plasma membranes, effect 
of morphine or pentobarbital on 
32pi and [3H] choline incorporation 
1087 

synthesis in brain regions, effect 
of pentobarbital, 2095 

Synthesis in liver microsomes, 
effect of progesterones, 1495 

Phospholipid bilayer membranes, 

characterization of drug-membrane 
interactions, 2319 

chlorpromazine and chlorpromazine 
methoiodide binding, <411 

interaction with butylated hydroxy- 
toluene, <<59 

interaction with dibucaine and 
propranolol, 51 


N-(Phosphonoacetyl )-L-aspartate, 


N-(Phosphonoacetyl )-L-aspartate, 
reversal of toxicity and antitumour 
activity by uridine or carbamyl- 
vL-aspartate in vivo, 81 
Phosphorylated sarcoplasmic reticulum, 
ethanol sensitivity, 393 
Phthalic esters, 
effect on liver mitochondrial 
respiration, 19 
Phylloquinone epoxidase, 
in rat tissues, 804 
Physostigmine, 
interaction with acetylcholinester- 
ase, 757 
Phy tohemazgglutinin, 
stimulated human lymphocytes, effect 
of l-tetramizole, 1358 
Picrotoxin, 
effect on ¥-hydroxybutyrate action 
on dopaminergic neurons, 2079 
Pig, 
papaverine-induced metabolic 
alterations in perfused liver, 
1339 
Pilocarpine, 
nature of inhibition of hepatic 
drug-metabolizing enzymes, 2072 
Pimozide, 
in vivo binding in rat brain, 1003 
effect on noradrenaline-sensitive 
adenylate cyclase in mouse 
limbic forebrain, 1877 
sites of action, 1741 
Pineal gland, 
effect of desmethylimipramine on 
melatonin production, 904 
Piperidines, 
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Piperidines, 
effect on ATPase from brain, 983 
Piperonyl butoxide, 
effect on cholesterol biosynthesis 
in liver, 481 
effect on a-naphthylisothiocyanate 
hepatotoxicity, 1857 
Placenta, 
biosynthesis and metabolism of 
putrescine, l¢l 
cholinergic system in, 1281 
trinitroglycerine metabolism in, l6¢ 
Plasma membranes, 
heart, calcium binding, <<83 
Platelets, 
effect of anti-inflamnatory drugs 
on aggregation of, 307 
cytoplasmic and vesicular 5-hydroxy- 
tryptamine compartments, 517 
determination of monoamine oxidase 
in whole blood, 353 
effect of dipyridamole and its mono- 
glucuronide on adenosine uptake 
and ADP-induced aggregation, 906 
5-nydroxytryptamine transport and 


storage, effects of imipramine 


and reserpine, 1645 


effect of 4-(5-indolyl-alkyl )piperid- 


ine derivatives on amine uptake, 
497 

effects of methoxyamphetamines on 
5-hydroxytryptamine uptake and 
release, 647 

release of 5-hydroxytryptamine 
induced by N-(2-ethylhexyl )-3- 
hydroxybutyramide and 
catecholamines, 197 


Platelets (contd. ) 
effect of reserpine on adenosine 
uptake and ATP transport, 1657 
effect of reserpine on aggregation 
and adherance to collagen or 
injured aorta, 149 
effects of reserpine and 5-hydroxy- 
tryptamine on adenine nucleotide 
metabolism and glucose oxidation, 
1667 
effect of subcutaneous injection of 
adrenaline on monoamine oxidase 
activity in, <065 
substrate- and inhibitor-related 
characteristics of monoamine 
oxidase, 853 
effect of thio reagents on transport 
processes and responses to 
stimuli, 319 
Platinum(1V)ion, 
Stimulation of superoxide radical 
production, 473 
Platycodosides, 
effect on protein synthesis in cells 
from rat marrow, <113 
Polyamines, 
evidence against view that central 
actions are indirectly mediated, 
1450 
metabolism in developing heart and 
brain, effect of ethanol, 523 
Polychlorinated biphenyls, 
effect on drug metabolism in rabbits 
and rats, 783 
interaction with rabbit liver 
monooxygenase, 2043 


Polycyclic hydrocarbons, 
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Polycyclic hydrocarbons, 
induction of hepatic monooxygenase 
systems in fetal and neonatal 
rats, 567 
effect on ovarian metabolism, 909 
Polyflavane P13, 
binding in pig myocardial membranes, 


1775 


effect on pig myocardium ATP synthes- 


is, ATPases and creatine kinase, 
1021 
Polymorohonuclear leucocytes, 
accumulation in lungs of pertussis- 
vaccinated mice, 529 
Toa cycle and cytochrome systems as 
energy sources for phagocytosis, 
1489 
Polyphosphoinositide, 
metabolism in guinea pig sidney, 
action of neomycin, 1769 
polysaccharides, 
effect of functional groups on 
interactions with aflatoxins B) 
and G,, 863 
polysome , 
disaggregation produced by sparso- 
mycin, 255 
Ponto-medullary region of brain, 
acetylcholine and cholinesterase in, 
effect of armin and obidoxime ,601 
Porphyria, 
induced by pentachlorophenol and 
its contaminants, 1549 
Porphyrin, 
biosynthesis in chick embryo liver 
cells, effects of hydrocortisone 


and cyclic AMP, 1389 


Porphyrin(contd. ) 
lysis of bloodstream forms of 


Trypanosoma brucei, 1923 





effect of phenobarbitone on metabol- 
ism of precursors, 802 
Potassiun, 
induced release of acetylcholine, 
effect of lead, 397 
translocation across red cell 
membrane, effect of anaesthetics, 
779 
transport in Kidney cortex and 
medulla, 711 
Practolol, 
effect on calcium accumulation and 
release in submandibular 
microsomes, 125 
effect on rat heart sarcolemma, 2055 
Prednisolone, 
effect on collagen synthesis 
in vitro, 19ol 


effect on intracellular enzymes of 


collagen biosynthesis in liver, 


1295 
effect on lysosome stability, 11 


pregnanediol, 
effect on hepatic microsomal 
enzymes, 1495 
pregnanolone, 
effect on hepatic microsomal 
enzymes, 1495 
Pregnant rats, 
induction of hepatic monooxygenase 
systems, 577 
Pregnenolone-l6a-carbonitrile, 
effect on cholesterol biosynthesis 


‘in liver, 481 
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Pregnenolone-l6a-carbonitrile(contd. ) 
effect on hepatic microsomal 
enzymes, 1495 
effect on metabolism and hepato- 
toxicity of chloroethylenes, 369 
and spironolactone or phenobarbital, 
effect on drug metabolism, 467 
Presynaptic receptor systems, 
in catecholaminergic transmission, 
<59 
Probenecid, 
effect on acidic metabolites of 
amines in lumbar CsF, 629 
effect on noradrenaline incorporation 
into phenylglycolsulfates in 
brain, 1251 
Procaine, 
effect on ATPase, 791 
potentiation of toxicity by triortho- 
tolyl phosphate, 1791 
Prochlorperazine, 
sites of action, 1741 
Progesterone, 
effect on hepatic microsomal 
enzymes, 1495 
effect on taurocholate uptake into 
hepatocytes, 2433 
Proinsulin, 
inhibition of synthesis by 
cyproheptadine, 2021 
Prolactin, 


in rat plasma, efrect of Y¥-butyro- 


lactone and baclofen, 645 


Prolyl hydroxylase, 
in chick embryo tendon cells, effect 
of betamethasone-17-valerate ,875 


Promazine, 


Promazine, 
sites of action, 1741 
Promethazine, 
effect on nucleic acid and protein 
synthesis in &.coli, 1205 
rropantheline, 
effect on gastric protein kinase,99l 
f-Propiolactone, 
effect on monoamine oxidase in rat 
brain, 62 
Propranolol, 
effect on calcium accumulation and 
release in submandibular 
microsomes, 125 
effect on histamine-induced cyclic 
AMP accumulation in lungs of 
pertussis-vaccinated mice, 529 
interaction witn phospholipid 
bilayer membranes, 51 
effect on metabolic responses to 
isoproterenol and adrenaline ,1065 
metabolism by liver microsomes, 
effects of ethanol and pheno- 
barbital, 2453 
effect on noradrenaline-sensitive 
adenylate cyclase in mouse 
limbic forebrain, 1877 
effect on protein synthesis in chick 
embryo liver cells, 067 
effect on rat heart sarcolemma ,<055 
structural analogues, inhibition of 
calcium binding by rat heart 
plasma membranes, 2283 
Propyl hydroxylase, 
in liver and skin, effect of 
prednisolone, 1295 


o-n-Propyl-¢-thiouracil, 
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6-n-Propyl-<-tniouracil, 
glucuronide conjugation by guinea 
pig liver microsomes, 617 
inhibition of dopamine p-nydroxylase 
1094 
site of glucuronide conjugation, 833 
vrostaglandin, 
effect of diflumidone and k-505 on 
synthesis of, 307 
release from sensitized and anaphyl- 
actic guinea pig lungs, changes 
in cyclic aMr, 151 
renal metabolism in spontaneously 
nypertensive rats, 435 
Prostaglandin i , 
effect on catecholamine release from 
adrenal in vitro, 351 
production in perfused cat livers 
subjected to hypoxia, ischaemia 
or acidosis, effect of gluco- 
corticoid, 1463 
Prostaglandin F.,, 
production in perfused cat livers 
subjected to hypoxia, ischaemia 
or acidosis, effect of gluco- 
corticoid, 1463 
effect on vascular permeability and 
collagen and non-collagen protein 
synthesis in granuloma, <049 
Prostaglandin -9-hydroxy dehydrogenase, 
in Kidney of spontaneously hyper- 
tensive rats, 485 
Prostaglandin-l15-hydroxy dehydrogenase, 
in sidney of spontaneously hyper- 
tensive rats, 485 
Prostaglandin receptors, 


noradrenergic neurons, 259 


Prostaglandin synthetase, 
inhibition in vitro by fenclorac 
and indomethacin, 1051 
Proteases, 
role in inflammatory disease, 693 
Proteins, 
cyclic AMP binding, interaction with 
cyclophosphamide and its 
metabolites, 1469 
inhibition by 3'-methyl-4+-dimethyl- 
aminoazobenzene of in vitro 
cell-free synthesis, 929 
inhibition of synthesis by sparso- 
mycin, <55 
peroxide-catalysed irreversible 
binding of morphine, 1267 
release from 5.cerevisiae, effect 
of chlorhexidine, 2365 


Synthesis in chick emoryo liver 


cells, effect of B-blockers, 867 


synthesis in E.coli, effect of 
tranquillizer drugs, 1205 
synthesis in Ehrlich cell mitochon- 
dria, effect of nitrogen mustard- 
liposome mixture, 35 
Proteinase, 
in testis and epididymus, effect 
of cyproterone acetate, 5 
Protein kinase, 
cyclic AMP dependent, in smooth 
muscle, effect of 3-(2'=hydroxy- 
4! ,5'-diethoxybenzoyl )propionic 
acid, 994 
cyclic nucleotide dependent and 
independent, inhibitory effect 
of cordycepin, 1287 


in gastric mucosa, effect of 
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Protein kinase(contd. ) 
anti-secretory agents, 991 
role in trans-synaptic induction of 
tyrosine hydroxylase, 817 
stimulated calcium transport by 
cardiac sarcoplasmic reticulun, 
effect of ethanol, 393 
in Walker carcinoma cells, effect of 
cyclophosphamide and its 
metabolites, 1469 
Pseudorenin, 
in bovine spleen, purification, 2237 
inhibition by pepstatin, 639 
Pteridines, 
oxidation in mice, <¢217 
role in neurotransmitter metabolism, 
1009 


Puffin(Fractercula artica), 





Pyridine nucleotides, 
effect of acrylamide intoxication on 
concentration and function in 
rat brain, <151 
pyridinium salts, 
protection against organophosphate 
poisoning in vivo and inhibition 
of choline acetyltransferase 
in vitro, 1821 
ryridostigmine, 
interaction with acetylcholin- 
esterase, 757 
methods for measuring inhibition of 
acetylcholinesterase in blood, 
1<63 
Pyridoxal phosphate, 
reaction with mercapto-compounds, 


345 


vDE-induced microsomal mixed-function <-pyridylthioacetamide, 


oxidases, 1000 
Pulmonary edema, 
effect of thioureas on acetylcholin- 
esterase activity, 313 


Purine, 


metabolism in intact mammalian cells, 


effect of adenosine deaminase 
inhibitors, 1967 
metabolism in intact Schistosoma 
mansoni, 1847 
Purine nucleotides, 
effect of bikaverin on synthesis and 
catabolism of Ehrlich ascites 
tumour cells, 1973 
Putrescine, 
biosynthesis and metabolism in 
rat placenta, 121 


Pyridine nucleotides, 


effect on gastric protein kinase,991 
Pyrimidine biosynthesis, 

procedure for analysing inhibition 

of a multi-enzyme complex, <291 
Pyrogens, 

E.coli, tolerance in rabbits, 
febrile response and biogenic 
anines in brain, 1613 

pyruvate, 

oxidation by mitochondria from 
liver, kidney, brain and muscle, 
sensitivity to acetaldehyde ,1349 

effect on thyroid hormone-induced 
lipolysis in rat adipose tissue 
in vitro, 1783 

Pyruvate kinase, 

in cultured glial cells, effect of 

pentobarbital, 1307 
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Quaternary ammonium compounds, 
intestinal transport, 99, 763 
Quercitin, 
elevation of cyclic AM? level in 
Shrlich ascites tumour cells,1259 
Quinicine, 
plasma protein binding, effect of 
neparin and fatty acids, <<9 
effect on protein synthesis in chick 
embryo liver cells, 367 
3-Quinuclidinyl benzilate, 
binding to neural membranes, effect 


of phospholipids, 1689 


Radicactive substrates, 
detection of inhibitory contaminants, 
1525 


Radicrespironetry , 


for detection of monoamine oxidase 


in vivo, 1917 
Rainbow trout, 
fractionation and subcellular 
localization of marker enzymes in 
liver, 1395 
Receptor-drug interaction, 913 
Regenerating liver, 
enzyme induction, 1501 
Renin, 
inhibition of secretion by f-adreno- 
ceptor blocking agents, role in 
aypertension, 171 
in plasma after estrogen administrat- 
ion, 923 
Renin-angictensin system, 


WHI 


in WitK 9 bs 
response in adrenal cortex and 


sidney, mediation by 


Renin-angiotensin system(contd. ) 
angiotensin Ill, 93 
Reserpine, 
effect on adenine nucleotide metah- 
olism and glucose oxidation of 
platelets, 1667 
effect on adenosine uptake and 
ATP transport in platelets, 1657 
effect on catecholamine sensitivity 
of adenylate cyclase in heart, 
1448 
effect on j-hydroxytryptamine 
transport and storage in 
platelets, 1645 
effect on platelet aggregation, 149 
Retina, 
effect of glutamate and aspartate 
administration on their tissue 
levels, 443 
lithium inhibition of dopamine- 
sensitive adenylate cyclase, 167 
separation of acetylcholinesterase 
from butyrylcholinesterase by 
affinity chromatography, 1441 
Retinoid acid esterase, 
tissue and subcellular distribution 
in mice, 9+7 
Rheumatic disease, 
endogenous anti-inflammatory protein 
693 
Ribonucleic acid, 
effect of diacridines on maturation 
of, 275 
incorporation of 34 from deoxy- 
uridine and thymidine, 59 
synthesis in Ehrlich cell mitochon- 


dria, effect of nitrogen mustard- 
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Ribonucleic acid(contd, ) 
liposome mixture, 85 
Synthesis in nucleoli, effect of 
diacridines, 269 
453 rribonucleic acid, 
in liver, effects of phenobarbital 
and 3-methylcholanthrene, 955 
tribonucleic acid, 
interaction with daunomycin, 
spectroscopic studies, 1729 
Ribonucleic acid polymerase, 
kinetic interaction with 5-azacyt- 
idine-5'-triphosphate, 403 
in liver, regulation by ornithine 
decarboxylase, 2379 
nubidazone, 
transport and binding in “#hrlich 


ascites tumour cells, 215 


Saccharomyces cerevisiae, 





effect of chlorhexidine on anaerobic 
fermentation and protein release, 
2365 
Salicylates, 
accumulation by parietal cells of 
the stomach, 1735 
effect on acetyl-Coa carboxylase in 
liver, 898 
binding to human serum albumin, 
circular dichroism study, 283 
effect on reduction of 2,6-dichloro- 
phenol indophenol by bovine 
methemoglobin reductase, 685 
Salmonella typhimuriun, 
mutagenicity of nitrofurans, 896 


role of sulphotransferase from rat 


liver in the mutagenicity of 


Salmonella typhimurium(contd. ) 





N-hydroxy-2-acetylaminofluorene, 
1356 
Sanocrysine, 
effect on collagenolytic activity of 
cathepsin 81, 2121 
saponin, 
induced hemolysis, glycyrrhizin 
inhibition, 643 
sarcolemma, 
heart, effects of acebutolol, 
practolol and propranolol, 2055 
oarin, 
inhibited acetylcholinesterase, new 
reactivators of, 439 
ochistosoma mansoni, 
purine metabolism in intact worms, 
1847 
schizophrenia, 
effect of probenecid on acidic 
metabolites of amines in CSF,629 
role of folates, 1009 
sites of action of neuroleptic 
drugs, 1741 
effect of subcutaneous injection of 
adrenaline on monoamine oxidase 
in platelets, 2065 
secobarbital, 
binding to hepatic microsomes, 988 
Seizures, 
effects of (-)-amphetamine on 
threshold and catecholamines in 
brain, 799 
seleniun, 
effect on cadmium and mercury 
binding to metallothionein, 2191 


sex differences, 
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Sex differences, 
in liver N-acetyltransferase 
activity and elimination of 
sulphadimidine in urine, 69 


Shy-Drager syndrome, 


soman(contd. ) 
and inhibition of choline 
acetyltransferase in vitro, 1821 
receptor-ligand interaction in 


Slectrophorus electroplaques ,337 





changes in serum dopamine f-hydroxyl- Sorbitol, 


ase, effect of glucagon, 986 
Silymarin, 
effect on lipid peroxide formation 
in liver mitochondria and 
microsomes, 2405 
DeIMAs 
effect on extranepatic drug metabol- 
ism, 749 
effect on a-naphthylisothiocyanate 
1epatctoxicity, 1°57 
oKin, 
fetal, transplacental induction of 
nmixed-function oxygenases by 
-55,7,5-tetrachlorodibenzo-p- 
dioxin, 1383 
effect of prednisolone on intra- 
cellular enzymes of collagen 
biosynthesis, 1<95 
Sodiun, 


efflux from liposomes, effect of 


dibucaine and propranolol, 51 


transoort in kidney cortex and 
medulla, 711 
transport in phospnolipid bilayer 
membranes, effect of butylated 
hydroxytoluene, <259 
Sodium aurothiomalate, 
jistribution of gold in liver cells 
after administration of, 2417 
Soman, 


protection against poisoning in vivo 


liver metabolism in clofibrate- 
treated rats, 351 

oparsomycin, 

production in vivo of falloff 
monosomes in mouse liver, 255 
spermatogenesis, 

effect of cyproterone acetate, 5 
spermidine, 

CNS effects, directly mediated, 1450 
spermidine diacridines, 

effect on ANA Synthesis, 269, 275 
spermine, 

CNS effects, directly mediated, 1450 
Spermine diacridines, 

effect on XNA Synthesis, 269, 275 
spinal cord, 

c-methylthioamine formation in,1321 
opiperone, 


in vivo binding in rat brain, 1003 
Spironolactone, 
effect on biliary excretion of 
heavy metals, 279 
effect on biliary excretion and 
renal accumulation of inorganic 
mercury in the rat, 1823 
effect on drug metabolism in vivo 
and in vitro, 467 
Spleen, 
pSeudorenin activity in, <237 
Spleen cells, 


selective effects of methylglyoxal- 
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Spleen cells(contd. ) 
bis(guanylhydrazone), 723 
Spontaneously hypertensive rats, 
cortisol sulfotransferase in liver, 
1¢33 
renal prostaglandin metabolism in,485 
Squaline, 
dietary, effect on oxidative drug 
metabolism in liver, 1417 
Starch, 
interaction with aflatoxins 4, and 
G,, 863 
Starvation, 
effect on extrahepatic drug 
metabolism, 749 
Steroidogenesis, 
in adrenal, effect of organophospnate 
insecticides, 1901 
Sterols, 
biosynthesis in brain, effect of 
AY-9944 and zuclomiphene,1161,1169 
dietary, effect on oxidative drug 
metabolism in liver, 1417 
Stomach, 
accumulation of salicylates by 
parietal cells during absorption, 
1735 
correlation between gastric protein 
kinase and secretion, 991 
effect of cycloheximide on gastric 
secretion, 979 
histamine metabolism in the aging 
rat, 585 
stimulatory action of pentagastrin 
on adenylate cyclase, 2083 
Striatun, 


effect of alcohol on dopaminergic 


Striatum(contd. ) 
and cholinergic systems in, 653 
Submandibular gland, 
calcium accumulation and release in 
microsomes, effect of autonomic 
agents and cyclic AMP, 1<¢5 
Sulfonamido-trimethoprim combinations, 
bacteriostatic mechanisms, 451 
Sulfonanilides, 
effect on prostaglandin biosynthesis 
and platelet aggregation, 307 
Sulphadimidine, 
urinary excretion, effect of sex 
and Freund's adjuvant, 09 
Sulphation, 
of catecholamines in brain, 1251 
generation of reactive metabolites 
of N-hydroxy-phenacetin, 189 
Sulphide, 
inhibition of cytochrome c¢ oxide, 
effect of methemoglobin, 2247 
Sulphotransferase, 
from rat liver, role in mutagenicity 
of N-hnydroxy-<¢-acetylamino 


fluorene in Salmonella typhimurium 





1356 
Sulphydryl compounds, 
possible protective role in alcohol- 
ic liver injury, 1529 
Sulphydryl groups, 
in brain microsomes, effect of 
ethanol on exposure of, 2181 
Suloctidil, 


antilipolytic action in rat adipose 


tissue, 1429 


Sulthiamine, 


inhibition of in vitro hydroxylation 
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Sulthniamine(contd. ) 
of diphenylhydantoin, 1929 
Superior cervical ganglion, 
muscarinic and nicotinic effects on 
phosphatidylinositol metabolism, 
448 
Superoxide radical, 
effect of platinum(IV)ion on 
production of, 473 
Surugatoxin, 
effect on phosphatidylinositol 
metabolism in sympathetic ganglia 
GL8 
Synaptic membranes, 
dopamine binding sites, <-0Qll 
effect of morphine or pentobarbital 


on incorporation of 3¢pi and 


(3H]choline into phospholipids, 


1087 
Synaptic vesicles, 
effect of metal chelating agents on 
norelrenaline storage, 1703 
Synaptosomes , 
effect of cannabinoids on neuro- 
transmitter uptake, aTPase activ- 
ity and morphology, 1327 
catecholamine sensitive aTPase in, 
2029 
effect of desipramine on mescaline 
uptake, <07 
p-hydroxyamphetamine accumulation, 
1367 
effect of 4-(3-indolyl-alkyl)- 
piperidine derivatives on amine 
uptake, 497 
monoamine oxidases A and 3B in 


subfractions of, 2337 


Synaptosomes (contd. ) 
pentobarbital depression of 
inhibitory transmitters, 159 
effect of pentobarbital on phospho- 
lipid synthesis, 2095 
effects of phencyclidine on 
catecholamine and 5-hydroxy- 
tryptamine uptake, 1435 
Synergisn, 
butylated hydroxyanisole and 
carbaryl, 2315 


3T3 cells, 
sensitivity to amphotericin 8 and 
the cholesterol:phospholipid 
ratio of, 705 
Taurine, 
structural analogues, inhibition of 
taurocholic acid synthesis in 
liver, 1175 
Taurocholate, 
uptake into hepatocytes, effect of 
cholestatic steroids, 2433 
Taurocholic acid, 
syntnesis in liver, inhibition by 
structural analogues of taurine, 
1175 
Tendon cells, 
effect of betamethasone-17-valerate 
on collagen synthesis in, 875 
Testis, 
effect of cyproterone acetate on 
proteinase activity, 5 
Testosterone, 
induced imprinting of rat hepatic 
microsomal monooxygenases, 1979 


Tetracaine, 
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Tetracaine, 
irreversible inactivation of numan 
red cell ATPase, 241 
Tetrachlorobiphenyl, 
interaction with rabbit liver 
monooxygenase, 2043 
é,3,7,3-Tetrachlorodibenzo-p-dioxin, 
transplacental induction of mixed- 
function oxygenases in extra- 
nepatic tissues, 1383 
Tetracycline, 
effect on chondrocyte 
595 


Tetraethylammoniun, 


mitocnondria, 


intestinal transport, 99 

renal transport, 
effect of choline, 1935 

effect of 2,4,5-trichlorophenoxy- 


acetate, 1709 


qi-Tetrahydrocannabinol, 


effect on neurotransmitter uptake, 
ATPase activity and morphology 
of synaptosomes, 1327 
perfusion of isolated rat brain, 
effect on skG, 2307 
A?-Tetrahydrocannabinol, 
effect on hepatic functions, 1797 
5 56,7,0-Tetranydrofolate, 
bacterial synthesis, inhibition by 
sulfonamido-trimethoprim 
combinations, 451 
1-Tetramizole, 
effect on phytohemagglutinin- 
stimulated human lymphocytes ,1358 
Theobromine, 
effect on locomotive activity and 


cyclic nucleotides in brain,1723 


Theophylline, 
stimulation of dopamine synthesis by 
striatal slices, effect of 
ethanol, 559 
effect on valine incorporation into 
protein and albumin secretion in 
liver cells, 553 
Thiambutosine, 
inhibition of mushroom tyrosinases, 
1345 
Thiamine, 
metaylation in nerve tissue, 13¢1 
o-Thioguanosine 5'-phosphate, 
interaction with guanylate kinase, 
1573, 1577 
Thiomalate, 
inhibition of mouse drain glutamate 
decarboxylase, 345 
Thiomerin, 
effect on sodium and pnotassiui 
transport in kidney , 711 
Thioridazine, 
sites of action, 1741 
Thiouracil, 
glucuronide conjugation by guinea 
pig liver microsomes, 617 
Tnioureas, 
effects on acetylcholinesterase in 
rat tissues in vivo and in vitro, 
Thrombin, 
effect on platelet 5-hydroxytrypt- 
amine stores, 517 
Thymidine, 
incorporation of label into macro- 
molecules in rat organs, 59 
in serum and urine of man and other 


animals, microbiological method, 
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Thymidine (contd. ) 
2175 
Thymidylate synthetase, 
in walker carcinoma, effects of 
chlorambucil, 1027 
Thyroidectomized rats, 
effect of clofibrate on fatty acid 
oxidation by liver mitochondria, 
2225 
effect of clofibrate on several 
biochemical parameters, 301 
Thyrotropin-releasing hormone, 
effect on catabolism of catechol- 
amines in brain of thyroid- 
ectomized rats, 1817 
Tiaramide N-oxide, 
reduction by liver microsomal 
cytochrome P=450, 489 
Tight-binding inhibitor, 
inhibition of adenosine deaminases, 
359 
of xanthine oxidase, 355 


Tinoridine, 


effect on stability of lysosomes and 


parenchymal cells, 1l 
TMB=4, 
reactivation of phosphonylated 
acetylcholinesterase, 439 


Toluene, 


effect on metabolism and toxicity of 


benzene, 293 
Iranquilizers, 
effect on protein and nucleic acid 
synthesis in &.coli, 1205 
Transmethylation, 
role of folates, 1009 


Transpeptidases, 


Transpeptidases, 
bacterial, interaction with 
penicillin, 2203 
Transplacental induction, 
by 2,3,7,8-tetrachlorodibenzo-p- 
dioxin, 1383 
Trans-synaptic induction, 
tyrosine hydroxylase biosynthesis 
in adrenal medulla, 817 
Triamcinolone, 
effect on phagocytic release of 
lysosomal enzymes from 
neutrophils, 2001 
Tri-n-butyltin derivatives, 
action on mitochondria and toxicity 
of metabolites, 1997 
Trichloroethylene, 
enhancement of metabolism and 
hepatotoxicity, 369 
2,4,5-Trichlorophenoxyacetate, 
relationship with renal organic 
base transport system, 1709 
Trifluoperazine, 
sites of action, 1741 
N-Trifluoro-acetyl-adriamycin~14- 
valerate, 
effect on DNase I from bovine 
pancreas, 1953 
Triglyceride lipase, 


in adipose tissue, effect of 


suloctidil, 1429 


Triglycerides, 
in fatty liver, effect of 3-amino- 


1,2,4-triazole, 625 


in liver, effect of ethinyl estradiol 


on incorporation of oleate, 77 


in vivo formation in liver, effect 
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Triglycerides (contd. ) 
of 3-amino-1,2,4-triazole, 1255 
Trihexylphenidyl, 
interaction with phosphatidyl- 
cholines, 2441 
Triiodo-L-thyronine, 
induced lipolysis, effect of 
pyruvate, 1783 
Trimethoprin, 
effect on blastogenic transformation 
of human lymphocytes, 1593 
Trinitroglycerin, 
metabolism in liver of rat, mouse 
and man, 162 
Triorthotolyl phosphate, 
inhibition of carboxylesterases and 
potentiation of procaine toxicity, 
1791 
Tripelennamine, 
effect on histamine induced cyclic 
AMP accumulation in lungs of 
pertussis-vaccinated mice, 529 


Trypanosoma brucei, 





heme lysis by bloodstream forms ,1923 
infected rabbits, urinary kallikrein, 
417 
Tryptophan, 
metabolism in the mouse, effect of 
benserazide, 1619 
Tryptophan deficiency, 
effect on mixed-function oxidase 
enzymes, 667 
Tryptophan hydroxylase, 
in brain, effect of p-chloroamphet- 


amine analogues, 1333 


Tubocurarine, 


effect on phosphatidylinositol 


Tubocurarine(contd. ) 
metabolism in sympathetic ganglia, 
LS 
Tubulin, 
displacement of vinblastine binding 
by other Vinca alkaloids, 1213 
Tylosin, 
effect on mitochondrial respiration, 
433 
Tyramine, 
acidic metabolites in oSF, effect 
of probenecid, 629 
enzymatic dehydroxylating system in 
brain, 1725 
Tyramine derivatives, 
depletion of brain catecholamines, 
effect of antidepressants, 1083 
Tyrosinases, 
from mushrooms, inhibition by 
lamprene and tniambutosine ,1345 
Tyrosine, 
in brain, control of brain 
catechol synthesis, 1137 
Tyrosine hydroxylase, 
in adrenal, trans-Synaptic induction 
817 
brain, 
effect of intraventricular 
injection of 6-<hydroxydopamine 
on regional activity, 2211 
effect of picrotoxin on action 
of J-hydroxybutyrate, 2079 
in striatum, effect of alcohol, 


653 


Urate, 


inhibition of production by 





BIOCHEMICAL PHARMACOLOGY 


Jrate(contd. ) 


allopurinol, 


Uridine, 
metabolic effects in rabbit heart 
and rat skeletal muscle, 1585 


effect on toxicity and antitumour 


activity of N-(phosphonacetyl )-L- 


aspartate, 81 
Uridine-cytidine kinase, 
isolation and characterization from 


human leukemic cells, 64 


Uridine diphosphate-N-acetylglucosamine, 


activation of UvP-glucuronyl- 

transferase, 129 
Jridine diphosphate glucuronyl- 

transferase, 

distribution in rainbow trout liver, 
1395 
liver microsomes, 
effect of carbon disulphide, 1521 
conjugation of antithyroid drugs, 
617 
conjugation of hydroxyphenyl- 
hydantoic acid and hydroxypheno- 
barbital, 1354 
mechanism of activation by UbDP- 
Neacetylglucosamine, 129 
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COMMENTARY 


CENTRAL VASOPRESSOR ACTIONS OF ANGIOTENSIN 


JOsEPH P. BUCKLEY 
Department of Pharmacology, University of Houston, Houston, Tex. 77004, U.S.A. 


The role of the renin—angiotensin system in the patho- 
genesis of cardiovascular hypertensive disease has 
been extensively studied by many investigators; how- 
ever, there has been little correlation between the con- 
centration of angiotensin II in plasma and the blood 
pressure of essential hypertensive patients [1]. The 
possibility that the renin—angiotensin system might 
alter cardiovascular activity via the central nervous 
system was first suggested by the studies of Bickerton 
and Buckley in 1961 [2]. Their initial studies, utilizing 
the dog cross-circulation preparation in which the 
head of the recipient was neurally intact but vascu- 
larly isolated from the trunk, suggested that angioten- 
sin II, in sufficient dosage, was capable of stimulating 
structures within the central nervous system, thereby 
producing an increase in peripheral blood pressure 
and that this effect appeared to be due to an increase 
in sympathetic outflow from the central nervous sys- 
tem. Further studies demonstrated that the centrally 
induced pressor effects were not due to an action of 
the peptide on baro- and/or chemoreceptors [3, 4] 
and were not due to hypoxia in the central circulation 
of the recipient [4]. The administration of angiotensin 
II into the cerebrospinal fluid (CSF) via the lateral 
ventricles in doses as low as 0.01 yg produced marked 
pressor effects accompanied by an increase in heart 
rate and contraction of the nictitating membrane 
[5, 6]. These pressor effects were markedly attenuated 
by the administration of an alpha-adrenergic blocker 
to the peripheral circulation, further implicating in- 
creased sympathetic outflow from the central nervous 
system as a major mechanism of action. Additional 
evidence for an increase in sympathetic outflow in- 
duced by an action of angiotensin on central nervous 
system centers has been presented by other investiga- 
tors [7-13]. 


Possible sites of action 

Preliminary experiments reported by Severs et al. 
[9] demonstrated that bilateral lesions in the mid- 
brain of alpha-chloralose anesthetized cats abolished 
the centrally induced pressor effects of angiotensin II 
administered via the lateral ventricles. Deuben and 
Buckley [14] found that small electrolytic lesions 
placed within the periaqueductal gray, 4mm anterior 
to Horsley-Clarke Zero, significantly reduced the 
pressor response obtained from the intraventricular 
administration of angiotensin II, whereas similar 
lesions placed 1 mm caudal did not alter the pressor 
response. Administration of the polypeptide into the 
aqueduct of Sylvius, 6 or 5mm anterior to Horsley 
Clarke Zero, produced marked pressor effects, 
whereas administration of identical doses of angioten- 


sin II 4 or 3mm anterior to Horsley—Clarke Zero 
produced significantly lower pressor effects [14, 15]. 
These data suggested that a central site of action of 
angiotensin II was located in the periaqueductal gray 
region of the mesencephalon, between 4 and 5mm 
anterior to Horsley-Clarke Zero and that the subnuc- 
leus medialis of the periaqueductal gray [16,17] is 
one of the sites of action of angiotensin II within 
the central nervous system. This area lies in close 
proximity to the aqueduct and the pathway has been 
shown to be functionally involved with the control 
of systemic peripheral resistance. This intrinsic pres- 
sor pathway turns abruptly lateral after synapsing in 
the subnucleus medialis and, therefore, lesions below 
this area would not be expected to disrupt these 
tracts. Finkielman et al. [18] have identified a poly- 
peptide similar to angiotensin I in cerebrospinal fluid 
and found a significant correlation between the con- 
centration of this peptide and the degree of hyperten- 
sion in essential hypertensive patients. Therefore, an 
angiotensin sensitive site, which can easily be reached 
via the cerebrospinal fluid, may be of physiological 
importance. 

Minute doses of angiotensin II perfused via a ver- 
tebral artery of cats [11,15,19], dogs [20-24] and 
rabbits [25, 26] have been shown to produce marked 
pressor effects. Gildenberg [20] localized the site of 
action of angiotensin II administered via a vertebral 
artery to be the area postrema. The area postrema 
lies in the caudal medulla and is composed of paired 
mounds of loose vascular tissue that bulge into the 
lumen of the fourth ventricle [27]. 

Gildenberg et al. [22] infused angiotensin II into 
both vertebral arteries of anesthetized dogs, as well 
as via the lateral ventricles. The pressor response to 
perfusion of angiotensin into the vertebral arteries 
was abolished by destruction of the area postrema, 
using heat cautery. Infusion of angiotensin II via the 
vertebral arteries after transection of the midbrain at 
the level of the tentorium rather than destroying the 
area postrema did not alter the pressor response in- 
duced by angiotensin II administered via the vertebral 
arteries. Administration of small doses of angiotensin 
II via the cerebral lateral ventricles produced pressor 
responses which were unaltered by heat coagulation 
of the area postrema. Transection of the midbrain 
eliminated the pressor effect induced by intraventricu- 
lar administration of the peptide, suggesting that 
there are at least two sites of action in the dog brain 
by which angiotensin can induce pressor effects. 
Administration of the peptide into the cerebrospinal 
fluid (administration via the lateral ventricles) stimu- 
lates an area of the midbrain, namely the subnucleus 
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medialis, whereas administration of the peptide via 
the bloodstream (vertebral arteries) affects the area 
postrema. 


Interaction with central adrenergic receptors 

The central administration of alpha-receptor 
agonists, clonidine [28,29] and norepinephrine [5], 
antagonized the centrally induced pressor effects of 
angiotensin II. The alpha-adrenergic blocking agents, 
phentolamine, tolazoline and phenoxybenzamine, per- 
fused intraventricularly for a period of 30 min differ- 
entially affected the pressor responses to centrally 
administered angiotensin II [30]. Vollmer and Buck- 
ley [30] reported that phentolamine markedly poten- 
tiated the pressor effects of angiotensin II, whereas 
tolazoline did not effect this response and phenoxy- 
benzamine markedly attenuated the centrally induced 
pressor effect. The authors could not propose a direct 
relationship between the central alpha-adrenergic 
blockade and enhancement of the angiotensin II pres- 
sor responses. However, the dose of phentolamine 
was well within the range reported to block the hypo- 
tension induced by clonidine [31] and alpha-methyl- 
dopa [32,33] and it was assumed to be related to 
the ability of phentolamine to block central alpha- 
adrenergic receptors. These authors also found that 
phentolamine markedly attenuated the reflexogenic 
bradycardia induced by the intravenous administ- 
ration of norepinephrine. In contrast to phentola- 
mine, neither tolazoline nor phenoxybenzamine 
altered reflex bradycardia induced by norepinephrine. 

Intraventricular perfusion of either the d- or 


l-isomer of propranolol failed to alter the central 


hypertensive responses induced by angiotensin II. 
These data [30] suggest that the centrally mediated 
pressor activity of angiotensin II in the cerebrospinal 
fluid may be closely associated with central alpha- 
adrenergic receptor mechanisms involved in the regu- 
lation of blood pressure, whereas beta-adrenergic 
mechanisms do not appear to be involved in this acti- 
vity. 


Hemodynamic effects 

Ferrario et al. [34] measured cardiac output with 
chronically implanted flowmeters and found that the 
increased blood pressure induced by infusion of 
angiotensin II via a vertebral artery was usually due 
entirely to an increase in total peripheral resistance 
with cardiac rate and output remaining practically 
unchanged. This suggested that the sympathetic 
rather than the parasympathetic nervous system was 
the effector pathway. Jandhyala et al. [35] investi- 
gated the hemodynamic effects of angiotensin II 
administered via intraventricular administration in 
chioralose anesthetized cats. They found that the 
pressor effects were not accompanied by any signifi- 
cant alterations in heart rate or cardiac output, but 
the result of an elevation of total peripheral resist- 
ance. Therefore, whether angiotensin II is adminis- 
tered centrally via intravertebral artery infusion to 
mongrel dogs [34] or via the cerebrospinal fluid in 
cats [35] the pressor effects were due to the increased 
peripheral vascular resistance. Administration of the 
peptide via the lateral ventricles did not produce a 
general increase in peripheral resistance, but rather 
a specific increase in resistance of selective beds [35]. 


For example, there was a significant increase in vascu- 
lar resistance in mesenteric and renal vasculature, but 
only a slight increase in the resistance in skeletal 
muscle vasculature. Intraventricular infusion of the 
polypeptide produced a significant increase in left ven- 
tricular isometric pressure; however, the index of con- 
tractility was unchanged, indicating no alteration in 
ventricular contractility and that the alteration in 
ventricular pressure and dp/dt were mainly due to an 
increase in afterload or total peripheral resistance. 


Physiological significance 

Finkielman et al. [18] have found a pressor sub- 
stance in the cerebrospinal fluid of normotensive and 
hypertensive patients. They reported the substance to 
be a polypeptide similar to angiotensin I; however, 
they did not exclude the possibility that this pressor 
polypeptide could be a precursor of angiotensin II 
different from angiotensin I in plasma. These investi- 
gators have found a significant correlation between 
the concentration of this polypeptide and the blood 
pressure of essential hypertensive patients and raised 
the question of the role of the central nervous system 
in the pathogenesis of essential hypertension. Other 
investigators have reported the presence of renin and 
angiotensin, mainly angiotensin I, in the central ner- 
vous system of rats and dogs [36-38]. Fuxe et al. 
[39] identified angiotensin II containing nerve ter- 
minals in the central nervous system of the rat using 
immunohistochemical procedures. Scattered terminals 
were found in the periventricular mesencephalic gray, 
especially in the anterior part. Single terminals were 
found in various parts of the hypothalamus, the pre- 
optic area, subcortical limbic structures, limbic cortex, 
thalamus, ventral midbrain, reticular formation, vagus 
area of the medulla oblongata and the periventricular 
area of the pons and medulla oblongata. The location 
of the angiotensin II in the nerve terminals correlated 
with the presence of brain iso-renin in synaptosomes 
[40]. Schelling et al. [41] using tritiated angiotensin 
II] concluded that intact angiotensin does not cross 
the blood-CSF barrier and that the increase in 
radioactive uptake by the brain was due to nonim- 
munoreactive degradation products of angiotensin II. 
This is contradictory to Volicer and Loew [42] who 
found intact '*C-labeled angiotensin II in brain tissue 
shortly after intravenous adminstration of the com- 
pound. ’ 

The present data suggest that angiotensin I and 
II can be biosynthesized within the central nervous 
system [36~—38, 43] and that both renin [38] and renin 
substrate [44] have been identified within the central 
nervous system. Printz and Lewicki [44] have 
reported that the concentration of renin substrate in 
the brain is sufficient to permit significant amounts 
of angiotensin to be generated. Although the exact 
role of the brain iso-renin—angiotensin system is still 
unclear, it would appear that angiotensin II and poss- 
ibly angiotensin I, produced within the central ner- 
vous system, affects structures in the midbrain and 
perhaps other areas of the central nervous system, and 
that these actions may be significant from both a phy- 
siological and pathological standpoint. In addition, 
there is the strong possibility that the central vaso- 
pressor activity of angiotensin may be related to its 
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ability to release antidiuretic hormone [45] and/or 
its dipsogenic activity [46]. 


28. F. Katic, H. Lavery and R. Lowe, Br. J. Pharmac. 44, 
779 (1972). 
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Abstract 


The effects of in vivo and in vitro administration of the antiandrogen cyproterone acetate 


(CA) on different proteinase activities in adult male rats were studied. Acid proteinase activities in- 
creased in both testis and epididymis, but the inhibition of neutral and alkaline proteinase activities 
was more pronounced in epididymis than testis, after long- and short-term CA treatment. As the 
neutral and alkaline proteinases were more functionally involved than acid proteinase during the process 
of fertilization and sperm maturation, it may be concluded from our result that CA might act by 
inhibiting epididymal function although it has also a slight inhibitory influence on spermatogenesis. 


Cyproterone acetate (1,2 a-methylene-6-chloro- 
pregn-4,6-diene-17x-01-3, 20-dione-17x-acetate), an 
antiandrogenic compound, has been claimed by 
several investigatiors to induce “functional sterility” 
in the male gonadal system [1, 2]. Several studies also 
indicate that although CA causes a marked reduction 
in the weights of accessory sex glands as well as the 
motility and viability of spermatozoa, it has only a 
slight inhibitory influence on spermatogenesis [3-7]. 
Although a number of papers have been published 
dealing with clinical [3, 4,8] and experimental studies 
[5,6] of the effects of CA in relation to reproductive 
endocrinology and physiology, much less attention 
has been paid to the effects of CA on enzyme systems 
connected with spermatogenesis and sperm matu- 
ration phenomena. 

Previous observation made from this laboratory 
indicates the role of proteinases in rat testis and epidi- 
dymis during spermatogenesis and maturation pro- 
cesses, and that neutral (pH 7.5) and alkaline (pH 8.8) 
proteinases are more functionally involved in the pro- 
cess of fertilization [9]. The present paper describes 
the in vivo and in vitro effects of CA on the proteinase 
activities in epididymal and testicular spermatozoa in 
male albino rats. 


MATERIALS AND METHODS 


Male albino rats (CIBA strain, 100-120 g body wt) 
were used throughout the experiment. CA (lot No. 
50402, Schering AG) was injected intramuscularly at 
a dose of 50 mg/kg which is equivalent to 5 mg/rat 
(in a suspension of benzyl benzoate-olive oil, 1:1) 
daily for 10, 20 and 30 days. The control group of 
animals received equivalent amount of the vehicle 
suspension. The animals were killed 24 hr after the 
administration of the final dose. After decapitation, 
testis and epididymis were quickly removed and 
homogenized in ice-cold physiological saline to a 10%, 
homogenate. The homogenates were centrifuged 





* A part of the present work has already been presented 
at the 44th Annual General Meeting of the Society of Bio- 
logical Chemists (India) in Calcutta on 28th October, 1975. 


(0-4) at 1500 g for 15 min and the supernatants were 
used for the enzyme assay. For in vitro experiment, 
the 1500g supernatants were incubated at 37° for 
30 min with CA at a concentration of 5, 10 and 20 mg 
per g of tissue weight basis. Proteinases were assayed 
as described by Nag et al. [9] using acid-denatured 
haemoglobin as substrate. Protein was estimated 
according to the method of Lowry et al. [10]. Specific 
activity of the enzyme was expressed as change in 
optical density at 570 nm/mg of protein/hr. 


RESULTS AND DISCUSSION 


Results of both in vivo and in vitro experiments 
(Table 1) indicate that in CA-treated animals, there 
is more marked inhibition in the neutral and alkaline 
proteinase activities in epididymis (57-85 and 62-100 
per cent) than the testis (18-28 and 15-36 per cent). 
Acid proteinases, on the other hand, are increased 
in both testis (166-208 per cent) and epididymis 
(195-230 per cent). Maximum changes either in the 
inhibition or stimulation of the enzyme activities are 
generally observed after 20 days treatment. In view 
of the fact that acid proteinases, which are generally 
lysosomal enzymes, are involved in the hydrolytic 
degradation and removal of proteins and peptides 
from the cellular environment, whereas alkaline and 
neutral proteinases generally being arylamidase or 
trypsin-like [11], are more involved in the turnover 
and synthesis of free amino acids and smaller pep- 
tides, it may be concluded that CA exerts its effects 
not only by increasing cathepsin-type breakdown, but 
also by preventing transport and turnover of amino 
acids and thereby preventing storage and matura- 
tional phemomena. 

It has already been pointed out by several investi- 
gators that androgens can influence certain changes 
in “effective concentrations” of some hydrolytic 
enzymes [12-14]. Therefore another possibility can 
not be ruled out that after CA treatment, decreased 
activities of neutral and alkaline proteinases may be 
due to the decreased accumulation of androgen in 
the target organs. As the CA-induced inhibition of 
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Table 1. In vivo and in vitro effects of cyproterone acetate upon the proteinase activi- 
ties of rat testis and epididymis 





Treatment and 
dose of CA : 7.5 


Testis 


Sp. act. at different pH 


Epididymis 
8.8 4.5 7.5 





In vivo 

(5 mg/rat/day) 

Control 

Treated 

Control 

Treated 

Control 

Treated 

In vitro* 

(mg/100 mg 

tissue wt) 

Control 0.45 0.82 
0.5 0.85 0.62 
1.0 0.64 0.36 
2.0 0.83 


10 days 
20 days 


30 days 


N.D. 


0.62 1.1 0.93 
0.52 1.32 0.72 
0.43 ‘3 0.28 
0.40 2.1 0.08 





Values are the mean of five separate determinations. The assay mixture contained 
(final vol 1.0 ml), 0.05 M respective buffers, 2 mg acid-denatured haemoglobin (sub- 
strate) and 200-300 ug of protein equivalent and incubated at 37° for 30 min. 

* Conditions as given in Materials and Methods section. 


N.D. 


neutral and alkaline proteinases is more pronounced 
in the epididymis than in testis, it may be additional 
evidence supporting the idea that the inhibitory effect 
of CA is more prominent on maturation and fertiliz- 
ation processes than on the spermatogenesis. Thus 
the result of this study confirms the working hypoth- 
esis that the antiandrogenic effect of CA is due to 
its effect on the maturational processes in the epidi- 
dymis by selective inhibition of androgen action than 
the testicular spermatogenesis [15-19]. 

Although the exact mechanisms of the inhibitory 
effect of CA on the maturation of spermatozoa 
remains unknown, it may be speculated that (i) CA, 
by its well-known blocking action of FSH [20], de- 
creases androgen supply in the epididymis and/or (ii) 
CA might have its action at the level of the function 
of androgen-binding protein (ABP) probably by 
degradating ABP [20-22]. Whether the CA-induced 
activation of acid proteinase may inactivate the ABP 
by proteolytic breakdown, thereby preventing the 
ABP to function properly in the subsequent matura- 
tional process in the epididymis, remains to be estab- 
lished. Further studies are in progress to elucidate 
the biochemical mechanism of action of CA during 
long- and short-term administration on the formation 
and maturation of spermatozoa. 
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Abstract—['*C]chloroquine, added in concentrations between | to 104M to the medium of normal 
cultured fibroblasts, is rapidly adsorbed and taken up by the cells. At pH 7.40 about 15 per cent 
of the total uptake can be removed by washing the cells with Hank’s solution, up to 24 per cent 
can be detached from the surface by trypsin and about 50 per cent appears to be intracellular. At 
an extracellular pH of 7.4 the adsorption of chloroquine to the cell surface is the highest; it approaches 
saturation at concentrations in the medium exceeding to 10 uM. Both at pH 6.7 and 8.1 less chloroquine 
is adsorbed. On the other hand the apparent intracellular uptake of chloroquine rises with increasing 
pH. Incubation at 6° greatly reduces both surface binding and even more intracellular uptake. The 
data suggest adsorption and accumulation of chloroquine at the cell membrane before entering the 


cells. 


Chloroquine, a lysosomotropic antimalaria drug is 
efficiently taken up by cultured Hela cells [1], rat 
fibroblasts [2] and human fibroblasts [3]. Human 
fibroblasts in culture, when exposed to chloroquine 
show striking changes both morphological [3] and 
biochemical [3, 4]. Incubation with | to 5 4M chloro- 
quine at pH 7.4 for 8 hr produces granular cytoplas- 
mic inclusions, a dose-dependent release of lysosomal 
enzymes into the medium and decrease of intracellu- 
lar lysosomal enzyme activities [4], thus mimicking 
part of the genetically determined biochemical alter- 
ations observed in fibroblasts of patients with muco- 
lipidosis II or III [5,6]. Chloroquine also inhibits the 
uptake of exogenous arylsulfatase A from the culture 
medium into fibroblasts genetically deficient in this 
enzyme [4], although the endocytosis of other macro- 
molecules like macromolecular dextran is preserved 
[7]. Since the drug seemed to interfere with the bind- 
ing of lysosomal enzymes to the cell membrane, it 
was suggestive that it might bind to the cell surface. 
We present evidence in favor of that hypothesis. The 
binding is dependent on extracellular pH, drug con- 
centration and incubation temperature. 


MATERIALS AND METHODS 


Cultures of normal human fibroblasts were grown 
in Eagle MEM supplemented with 10°, fetal calf 
serum buffered at pH 7.4 with bicarbonate as pre- 
viously described [5]. Fibroblasts were subcultured 
into 100-mm Falcon plastic Petri dishes and grown 
to confluency. Protein was measured by the method 
of Lowry et al. [8], DNA was determined by the 
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indole method [9]. Experiments were performed by 
incubation of the cultures with 6.0 ml of the growth 
medium modified in that 20mM HEPES HCI (Serva 
Chemical Comp. Heidelberg, Germany) replaced 
bicarbonate/CO, as the buffer in the presence of 
['*C]chloroquine. Incubations were performed at pH 
6.7, 7.4 and 8.1 respectively. ['*C]chloroquine (sp. act. 
3 mCi/m-mole) was purchased from NEN Chemicals 
(Dreichenhain, Germany). At the end of the incuba- 
tion periods the medium was collected and the cul- 
tures were washed three times for 1 min (washing 
1,2,3) with 6.0 ml of Hank’s solution buffered to the 
PH of the incubation medium with 20mM HEPES 
at 37° except where stated otherwise. Cells were har- 
vested at 10 min incubation at 37° with 6 ml of 0.25%, 
trypsin (Bactotrypsin Difco) in Hank’s solution buf- 
fered with 20mM HEPES to the pH of the incuba- 
tion medium and the washing solutions. The suspen- 
sion was centrifuged for 3 min at 2000g and an ali- 
quot of the supernatant was counted by liquid scintil- 
lation spectrometry. The pelleted cells were washed 
by resuspending them in 6ml Hank’s solution buf- 
fered with 20 mM HEPES at the pH of the incubation 
medium and then centrifuged at 2000g for 3 min 
(washing 4). The cells were finally suspended in 2 ml 
of distilled water, cooled in an ice bath and homo- 
genized by sonication for 1 min with a Branson ultra- 
sonicator (Danbury, Conn. USA). Aliquots of the 
sonicated cells were used for determinations of 
radioactivity, of protein and of DNA. 


RESULTS 


Distribution of ['*C]chloroquine in cultures. Table 
1 illustrates the distribution of the drug in cultures 
exposed to 2, 6 and 104M ['*C]chloroquine at pH 
7.4. Up to 50 per cent of the chloroquine disappeared 
from the medium during the first 2 hr incubation. We 
refer to this as “total uptake”. Repeated washing of 
the cultures with Hank’s solution removed between 
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Table 1. Distribution of drug in cultures exposed to ['*C]chloroquine at pH 7.4 





Dpm ['*C]chloroquine applied/plate 
Total uptake* 
Washings in situ 

J 


5 


3 
Pericellular poolt 
Washing 4 
Cellular poolt 
Recovery§ (°%) 


196,000 
97,000 


584,000 
280,000 


953,000 
407,000 
7,000 31,000 
3,000 
1,500 
66,000 


40,000 
5,000 
2,000 

83,000 
10,000 15,000 

144,000 226,000 

88 91 





Replicate confluent cultures containing approximately 1 mg of cell protein were 
incubated for 2hr in HEPES-buffered medium, pH 7.4 at 37°. The cultures were 
labelled for 2 hr with 2, 6 and 10 uM ['*C]chloroquine respectively. ['*C]chloroquine 
was measured in aliquots of the original media, the media after incubation, the wash- 
ings, the supernatant of the trypsin and the cell homogenate. All values represent 
the mean of duplicate cultures. The results are expressed as dpm/mg cell protein. 

* Amount of ['*C]chloroquine lost in 2 hr from the incubation medium. 

+ ['*C]chloroquine recovered in the supernatant of the trypsin. 


+ 


t ['*C]chloroquine in the cell homogenate. 


§ Per cent recovery of the drug referred to total uptake. 


8 and 15 per cent of the chloroquine. Trypsinization 
of the cells released up to 24 per cent in soluble form 
(“pericellular pool”). About 50 per cent of the radioac- 
tivity was found in the sonicated suspension of the 
cells (“intracellular pool”). All fractions added up to 
about 90 per cent of the total uptake. If the cells 
were exposed to chloroquine, 24M at pH 8.1, the 
total uptake was much higher than at pH 7.4. More- 
over when the cells were incubated prior to trypsini- 
zation Hank’s solution at a lower pH than that main- 
tained during the exposure to the drug and the wash- 
ings, additional chloroquine could be eluted, reducing 
both pericellular and intracellular pools (Table 2). 
Kinetics of the distribution of ['*C]chloroquine. 
['*C]chloroquine was rapidly taken up into the peri- 
cellular as well into the intracellular pool (Fig. 1). 
Half-maximal uptake was reached within 30 min, at 
1 and 2 uM chloroquine. A steady state was reached 
in both pools after 2 hr. In the incubation medium, 
['*C]chloroquine decreased proportionally. Medium 
incubated in plastic Petri dishes without cells did not 
lose its radioactivity, thus non-specific binding of 
['*C]chloroquine to the plastic could be excluded. 


At incubation with 64M chloroquine, although a 
steady state was reached in the pericellular pool after 
2 hr, the intracellular pool increased further in the 
6-hr incubation period. 

Effect of the pH and the temperature on the distribu- 
tion of ('*C]chloroquine. In 10-min incubation exper- 
iments at 37° with 2 uM ['*C]chloroquine, the effect 
of pH on the rate of uptake was measured. With re- 
spect to the cellular pool the rate of uptake rose with 
increasing pH, while in respect to the pericellular pool 
it was maximal around pH 7.4 (Table 3). 

Incubation of cultures at 37° for 2hr with 2 uM 
['*C]chloroquine at pH 6.7, 7.4 and 8.1 respectively 
demonstrated a striking increase in the total uptake 
of chloroquine with increasing pH (Fig. 2). Lowering 
the temperature to 6° markedly reduced the intracel- 
lular uptake at pH 6.7 and 7.4, but less at pH 8.1. 
The adsorption of chloroquine to the surface of the 
cells (pericellular pool) at 37° displayed an apparent 
pH optimum around pH 7.4 that was not seen when 
the incubations were performed at low temperature 
(Fig. 2). Incubations with 1-10 4M chloroquine for 
2 hr (Fig. 3) at 37° resulted in a linear dose-dependent 


Table 2. Effect of the pH of the washing solution on the distribution of ['*C]chloroquine 





Control 
plates 


Plates with additional washing 





Hank’s Hank’s 
pH 8.1 pH 7.4 
(nmole/mg cell protein) 


Hank’s 
PH 6.7 





Total applied ['*C] chloroquine/plate 12.5 
Total uptake 0 
Washings 
Additional washing 
Pericellular pool 
Cellular pool 


12.5 
10.1 
0.4 
0.1 
0.9 
7.6 





Replicate confluent cultures were incubated 2hr at 37 


in presence of medium pH 8.1 


and 24M chloroquine, ['*C]chloroquine distribution was determined in control plates as 
described in Table 1. Test plates were incubated for 15 min in situ, prior to trypsinizaticn 
with 20mM HEPES buffered Hank’s solutions of pH 6.7, 7.4 and 8.1 respectively (additional 
washing). Test plates were processed otherwise as control plates. The results were expressed 
as nmole ['*C]chloroquine per mg cell protein. 





Membrane adsorption and internalization of ['*C]chloroquine 





PERCENT DISTRIBUTION 

















z_ 





60 120 240 360 


INCUBATION TIME (MIN) 


60 120 


T I 


240 = 360 60 120 240 360 


J 





Fig. 1. Kinetics of the distribution of ['*C]chloroquine. Replicate confluent cultures were incubated 
for 2 hr at 37° in buffered medium, pH 7.4 containing 1(A), 2(B) and 6(C) uM ['*C]chloroquine respect- 
ively. ['*C]chloroquine was determined in an aliquot of the original media, the media after incubation, 
the supernatant of the trypsin and the cell homogenate. The results of the radioactivity were corrected 
for cellular proteins of the cultures and expressed as per cent of the total dose of chloroquine applied. 


All values are the mean of duplicate cultures. & 


@ Medium, A A Intracellular, @ e 


Pericellular. 


increase of the intracellular uptake at each pH tested, 
being the highest at pH 8.1. The uptake into the peri- 
cellular pool at 37° was linear only at pH 6.7 and 
8.1 and at 6 for all three pH. It was the highest 
at pH 7.4 and approached saturation above 10 uM 
chloroquine in the culture medium (Fig. 3). 


DISCUSSION 


The release of chloroquine after trypsinization of 
the cultures is not explained by cell damage or broken 
cells. Fibroblasts exposed to chloroquine for 6—8 hr 
and replated by trypsinization as used in our exper- 
iments were fully viable and showed no loss of protein 
and DNA. In addition the differences between the 
pericellular pool and the intracellular pool at various 
incubation pH speak against cell damage as a major 
source of the “pericellular” pool. Because of the pK,» 
of 8.1 chloroquine exists at pH 7.4 in aqueous solu- 
tions in a mono- and in a double-protonated form 
and only in negligible amounts in a non-protonated 
form [10]. The theoretical amounts of the monopro- 
tonated form at pH 6.7, 7.4 and 8.1 are 4, 18 and 


incubation and 
['*C]chloroquine 


Table 3. pH of rate of uptake of 





Cellular pool Pericellular pool 
(nmole/10 min/mg cell protein) 





0.5 0.3 
2.0 0.8 
6.5 0.7 





Replicate sultures were incubated at 37° for 10 min in 
medium (pH 6.7, 7.4 and 8.1 respectively) containing 2 uM 
['*C]chloroquine. 


50 per cent respectively of the total chloroquine con- 
centration. The ratios of the intracellular uptake 
(Table 3) as well of the intracellular pools (from Fig. 
3) at pH 6.7, 7.4 and 8.1 reflect well the theoretical 
values for the monoprotonated form. This suggests 
that chloroquine is taken up in the monoprotonated 
form. 
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Fig. 2. Effect of the pH and the temperature on the distri- 
bution. Replicate confluent cultures containing approxi- 
mately 1 mg of protein were incubated at 6° (broken line) 
and at 37° (solid line in buffered medium, pH 6.7, 7.4 and 
8.1 respectively containing 2 uM chloroquine, 120 min. The 
washings were also performed at 37° and 6° respectively. 
At the end of each incubation time duplicate cultures were 
analyzed for ['*C]chloroquine as described in Fig. 1. The 
values were expressed as nmole of ['*C]chloroquine cor- 
rected for cellular protein. 
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+ INTRACELLULAR 4+ “SURFACE” BOUND 


“CHLOROQUNE nMol/mg PROTEIN 


-- 


emmnminine SESS S= === 
2 4 6 a 10 4 6 a 0 

pM “C-CHLOROQUINE IN MEDIUM 

Fig. 3. Effect of pH and dose. Replicate cultures were incubated for 2hr at pH 6.7, 7.4 and 8.1 in 
HEPES-buffered media containing | to 10 uM ['*C]chloroquine. After the incubation ['*C]chloroquine 
was measured in the cell homogenate and in the supernatant of the trypsin and expressed as nmole 


['*C]chloroquine per mg cell protein. All values are mean of duplicate cultures. A-—A, A——A 


pH 8.1; O--O, @ @ pH 74; O--0O, & 


incubations performed at 6, 


The biological effect of chloroquine to interfere 
with the uptake of lysosomal enzymes [4] as well 
as the fact that trypsin releases chloroquine from cell 
surfaces indicates adsorption of chloroquine to the 
cell membrane itself. This adsorption has an apparent 
pH optimum around pH 7.4 with adsorption capacity 
that can be partially saturated at 7 nmole/mg protein. 
This would account for an approximate 10” molecules 
of chloroquine adsorbed per cell. 

The fact that lowering the incubation temperature 
to 6 reduced the adsorption could suggest an energy 


requiring mechanism for the binding. The nature of 


the binding appears to be non-covalent but rather 
a loose bond as evidenced by dissociation at low pH 
(Table 2). It could be speculated that chloroquine in 
the medium is adsorbed and concentrated at the cell 
membrane by an active process. Thus a local concen- 
tration gradient is formed and maintained between 
surface and inside of the cells that allows rapid per- 
meation of chloroquine into the lysosomes of the cells 
as demonstrated by many investigators [11]. 


@ pH 6.7: broken lines and open symbols refer to 
solid and closed symbols to incubations at 37°. 
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Abstract—The stabilizing activity of tinoridine hydrochloride on biomembranes was estimated by means 
of determining the rate of release of acid phosphatase and aryl sulfatase from lysosomes, or of trans- 
aminases from liver parenchymal cells. Tinoridine hydrochloride (10-100 uM), benzydamine hydro- 
chloride (10-100 4M) and phenylbutazone (1-100 4M) stabilized significantly intact lysosomes 
(700-3500 g fraction), while indomethacin and prednisolone showed only moderate activity. The lyso- 
somes treated with 0.3% hydrogen peroxide were stabilized by tinoridine hydrochloride, phenylbutazone 
and indomethacin, but not by benzydamine in the concentration range of 1-100 uM. On the fragile 
liver lysosomes prepared from rats pretreated with carbon tetrachloride and on kidney lysosomes 
(650-3500 g), only tinoridine hydrochloride had marked stabilizing activity at 1-100 4M among the 
tested nonsteroidal anti-inflammatory drugs. Prednisolone showed the same activity on these lysosomes 
as tinoridine hydrochloride. Both tinoridine hydrochloride and prednisolone also stabilized the liver 
parenchymal cells at 10-100 uM. The elevation of the free activity of lysosomal enzymes in the liver 
fraction of rats caused by the intraperitoneal injection of carbon tetrachloride (0.5 ml/kg) was really 


inhibited by the oral treatment with tinoridine hydrochloride (100 mg/kg). 


Since the discovery of lysosomes as_ subcellular 
organelles by De Duve et al. [1], the lysosomal con- 
tents such as acid hydrolytic enzymes or cationic pro- 
teins are postulated to play an important role as the 
mediators of inflammation [2-4]. On the other hand, 
clinically beneficial anti-inflammatory drugs have 
been reported to stabilize the lysosomes prepared 
from the liver [5-7] or polymorphonuclear (PMN) 
leukocytes [8,9]. However, Brown and Schwartz [10] 


have reported that anti-inflammatory drugs such as | 


indomethacin labilize rat liver lysosomes. 

In our previous paper, it was reported that tinori- 
dine hydrochloride,* an anti-inflammatory drug, stabi- 
lizes the rat liver lysosomes [11], rabbit PMN leuko- 
cyte lysosomes [9], platelets [12] and erythrocytes 
[11] in vitro. The mode of action of this drug on 
lysosomes, however, was suggested to be different 
from that of steroidal anti-inflammatory drugs, for 
tinoridine hydrochloride and phenylbutazone stabi- 
lize only intact lysosomes but steroidal anti-inflam- 
matory drugs stabilize both intact and unstable lyso- 
somes prepared from rabbit PMN leukocytes [9]. 

The purpose of the present paper is to study, under 
various experimental conditions, the effect of tinori- 
dine hydrochloride on liver lysosomes, kidney lyso- 
somes and liver parenchymal cells in comparison with 
that of other anti-inflammatory drugs, and to deter- 
mine the effect of this drug on biomembranes. 

The data presented in this report illustrate that 
tinoridine hydrochloride stabilizes the liver and kid- 





* This paper corresponds to “Studies on Anti-inflamma- 
tory Agents—XL.” 

+ 2-Amino-3-ethoxycarbonyl-6-benzy]-4,5,6,7-tetrahydro- 
thieno[2,3-c]pyridine hydrochloride. 


ney lysosomes and the liver parenchymal cells in all 
experimental conditions employed in vitro and in vivo, 
and has a different property from drugs such as 
benzydamine hydrochloride, indomethacin or predni- 
solone. 


MATERIALS AND METHODS 


Drugs. Tinoridine hydrochloride, Y-3923 (debenzy] 
tinoridine; 2-amino-3-ethoxycarbonyl-4,5,6,7-tetra- 
hydrothieno[2,3]pyridine) hydrochloride, benzyda- 
mine hydrochloride, flufenamic acid, indomethacin 
and phenylbutazone were supplied by our labora- 
tories. Hydrocortisone and prednisolone were pur- 
chased from Sigma Chemical Co., Ltd. In the exper- 
iments with lysosomes, all drugs were dissolved in 
ethanol (EtOH). In the experiments with parenchymal 
cells, the drugs tested were dissolved in dimethylsul- 
foxide (DMSO), which was used as solvent in the ex- 
periment using intact cells such as erythrocytes [11] 
or platelets [12]. A small amount of EtOH or DMSO 
employed as vehicle did not influence the stability 
of lysosomes or parenchymal cells in vitro. 

Animals. Wistar male rats, weighing between 200 
and 250 g, were used in all experiments. 

Preparation of liver fraction. Nonfasted rats were 
decapitated and exsanguinated. The liver was _per- 
fused in situ with 10ml1 of ice-cold 0.25M_ sucro- 
se-0.04 M Tris-acetate buffer (pH 7.4) via the portal 
vein at a rate of approximately 5 ml/min, and then 
quickly excised and rinsed in the same cold buffer. 
After weighing, the tissue was cut into small pieces 
and dispersed in ice-cold 0.25 M sucrose—0.04 M Tris- 
acetate buffer in a homogenizer. Homogenization was 
carried out by ten strokes of the Teflon pestle in ice- 
water. The volume was adjusted to.give a 10° (w/v) 
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homogenate, which was centrifuged at 700g for 
10 min at 4°. The resultant supernatant (700g super- 
natant fraction) was centrifuged at 3500g for 15 min 
at 4°, and the sediment was rinsed once (700-3500 g 
lysosome fraction). This lysosome fraction was sus- 
pended to give 0.2 or 0.4g of the liver equivalent/ml 
in the above buffer solution. The lysosome-stabilizing 
activity of certain anti-inflammatory drugs is shown 
to be more prominent when this fraction is used by 
Tanaka and Iizuka [6]. 

In certain experiments, rats were sacrificed 3 hr 
after intraperitoneal treatment with carbon tetra- 
chloride (0.5 ml/kg), or rats, intraperitoneally injected 
with carbon tetrachloride (0.5 ml/kg) | hr after oral 
treatment with tinoridine hydrochloride suspension 
(100 mg/kg) or vehicle (0.5°% methylcellulose solution), 
were sacrificed 3 hr later. The preparation of the liver 
fractions from these rats was also carried out by the 
procedures described above. 

Preparation of kidney fractions. Since the free acti- 
vity of lysosomal enzymes in the kidney fraciion, 
obtained by the same method of preparation used 
for the liver fraction, is higher than that in the liver 
fraction, it appears that the lysosomes in the kidney 
fractions become unstable during their preparation. 
Therefore, the preparation method of the liver frac- 
tion was slightly modified for preparing the kidney 
fractions. Rats were decapitated and exsanguinated. 
The kidney was quickly excised and rinsed in ice-cold 
0.25M_ sucrose-0.04M Tris-acetate buffer (pH 7.4). 
After weighing, the tissue was cut into small pieces 
and dispersed in the same ice-cold buffer in a 
homogenizer. Homogenization was carried out by 
five strokes of the Teflon pestle in ice-water. The 
volume was adjusted to give a 10% (w/v) homo- 
genate. All subsequent procedures were carried out 
by the method described above. The 650—3500g or 
650-—12,000 g fraction was prepared and suspended to 
give 0.2g of the kidney equivalent/ml in 0.25M 
sucrose—0.04 M Tris-acetate buffer (pH 7.4). The 650 
12,000 g fraction in the rat kidney has already been 
demonstrated to be rich in lysosomal enzymes, such 
as acid phosphatase, by Shibko and Tappel [13]. 

Preparation of liver parenchymal cells. The liver 
parenchymal cells were prepared according to the 
method of Howard and Pesch [14]. Briefly, the per- 
fused liver with 15 ml of ice-cold enzyme solution 
(0.05% collagenase and 0.01% hyaluronidase dissolved 
in Ca**-free Hanks’ solution, pH 7.4) was cut into 
slices. The slices (2-3 g) were placed in flasks each 
of which contained 10 ml of the enzyme solution. The 
flasks were incubated at 37° with shaking in an at- 
mosphere of 95% O, and 5% CO, for 70min. At 
the end of the incubation period, the contents of the 
flasks were filtered through a single layer of nylon 
stocking. The filtrate was centrifuged at 50g for 
| min. The supernatant was removed with a pipette, 
and the cells were washed twice. After washing, the 
cells were sedimented by centrifugation at 20g for 
| min. After the final centrifugation, the cells were 
resuspended to give 10mg of the protein equiva- 
lent/m! in the incubation medium. 

Assays of lysosome membrane stability. The effects 
of test drugs on lysosome membranes were studied 
by determining the release of lysosomal marker 
enzymes such as acid phosphatase or aryl sulfatase. 


None of the drugs tested inhibited directly the activity 
of the marker enzymes. The test solution (20 yl) or 
EtOH as solvent was added to a 25-ml conical flask 
containing 2.0ml of the lysosome suspension (0.2 g 
of the liver equivalent/ml) in 0.25M _ sucrose-0.04 M 
Tris-acetate buffer (pH 7.4). After the incubation mix- 
ture was kept for 5 min at 25°, 1.0-ml aliquots were 
removed to determine the initial activity of free 
enzymes in the supernatant. The residual mixtures 
were incubated at 37° for 30 or 60 min with shaking 
at an agitation cycle of 75/min. After the end of the 
incubation period, the supernatant obtained by high 
speed centrifugation at 27,000 g for 15min at 4° was 
used for the measurement of the marker enzymes 
released from lysosomes. The total activity of these 
enzymes was assayed using the supernatant obtained 
by centrifuging the lysosome suspension incubated at 
37° for 30 min in 0.2% (v/v) Triton X-100—0.25 M suc- 
rose-0.04 M Tris-acetate buffer (pH 7.4). 

The effects of hydrogen peroxide and test drugs on 
lysosomes were ascertained by the following pro- 
cedures. The test solution (40 yl) was added to a 25-ml 
conical flask containing 2 ml of the lysosome suspen- 
sion (0.4g of the liver equivalent/ml). This mixture 
was kept at 25° for 5 min. Immediately after the addi- 
tion of 2.0ml of 0.6% (v/v) hydrogen peroxide in 
0.25M_ sucrose-0.04M _ Tris-acetate buffer to the 
above mixture, 2.0-ml aliquots were removed to deter- 
mine the initial activity of free enzymes and lipid per- 
oxides in the supernatant. The residual mixtures were 
incubated at 37° for 30 min with shaking, and centri- 
fuged at 27,000 g for 15 min at 4. 

The liver fractions obtained from rats treated with 
tinoridine hydrochloride or vehicle, and with carbon 
tetrachloride or olive oil as vehicle in vivo were incu- 
bated alone without addition of the test solution in 
vitro at 37° for 15 or 30 min with shaking. The result- 
ing supernatants were used for the measurement of 
enzyme activity and lipid peroxides. 

Assay of parenchymal cell-membrane stability. The 
stability of parenchymal cell-membranes was ascer- 
tained by determining the release of transaminases. 
The test solution (10 ul) or DMSO as solvent was 
added to a 25-ml conical flask containing 2.0 ml of 
the cell suspension. After the incubation mixtures 
were kept for 10min at 25°, 1.0-ml aliquots were 
removed and then centrifuged at 300g for 10 min at 
4°. The residual mixtures were incubated at 37° for 
15, 30 or 60 min with shaking at an agitation cycle 
of 75/min. Incubation was terminated by centrifuga- 
tion at 300g for 10 min at 4°. The resulting superna- 
tants were used for the measurement of transa- 
minases. 

The data showing latency of the marker enzyme 
of lysosomes and parenchymal cells used in each ex- 
periment are in the table or its footnote. 

Enzyme assays. Acid phosphatase (EC 3.1.3.2, ortho- 
phosphoric monoester phosphohydrolase) and aryl 
sulfatase (EC 3.1.6.1, aryl sulfate sulfohydrolase) ac- 
tivities were assayed using sodium p-nitrophenyl 
phosphate or dipotassium p-nitrocatechol sulfate as 
substrate by the methods described previously [15]. 

Glutamic-oxaloacetic transaminase (GOT, EC 
2.6.1.1, L-aspartate: 2-oxoglutarate aminotransferase) 
and glutamic-pyruvic transaminase (GPT, EC 2.6.1.2, 
L-alanine: 2-oxoglutarate aminotransferase) activities 
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Table 1. Effect of drugs on spontaneous release of acid 
phosphatase from liver lysosomes in vitro* 





Per cent inhibition of release of acid 
phosphatase 


Drug 100 uM 





Tinoridine 43.6 + O.8F 
HCl 

Y-3923 HCl 

Benzydamine 
HCI : 

Phenylbutazone 

Indomethacin 

Prednisolone 


13.8 + L.1t 
38.9 + 3.8T 


54.7 + 1.4t 
22.6 + 1.8T 
13.8 + 1.7 





* The lysosome suspension (2.0 ml) was incubated with 
each test solution (20 yl) in 0.25M_ sucrose-0.04 M Tris- 
acetate buffer (pH 7.4) at 37° for 30 min. Results are shown 
as the means + S. E. of four to six separate experiments. 
Enzyme activity in controls: before incubation, 2.7; after 
incubation, 15.2; total activity, 109.9 ug p-nitrophenol 
formed. 

+P < 0.01 (significant). 


were determined according to the method of Reitman 
and Frankel [16], and expressed as Karmen units. 

Assay of lipid peroxide formation. The formation of 
lipid peroxides was determined by the method of 
Desai et al [17]. Briefly, thiobarbituric acid (TBA) 
reactants were measured on the supernatant obtained 
by precipitating the supernatant of the above incuba- 
tion mixtures with 10°% (w/v) trichloroacetic acid and 
incubating with 0.67% (w/v) TBA in 0.1 N HCl at 
100° for 10 min. The red color was read spectrophoto- 


metrically at 530 nm and expressed in terms of TBA 
values. 

Calculation of per cent inhibition. The per cent inhi- 
bition of the enzyme release or lipid peroxidation by 
test drugs was calculated by the following formula: 
(A — B)/A x 100 (A, the free activity of marker 
enzymes or TBA value increased during the incuba- 
tion of controls; B, the free activity of marker 
enzymes or TBA value increased during the incuba- 
tion of test drugs). 


RESULTS 


Effects of drugs on stability of intact lysosomes in 
vitro. The data in Table 1 indicate that tinoridine 
hydrochloride, benzydamine hydrochloride and 
phenylbutazone inhibited the spontaneous release of 
acid phosphatase from the intact lysosomes in the 
700-3500 g liver fraction. The inhibitory effects of 
Y-3923 hydrochloride, indomethacin and predniso- 
lone were less potent than those of the above anti- 
inflammatory agents in this experimental condition. 

As shown in the footnote of Table 2, the addition 
of hydrogen peroxide (0.3% in a final concentration) 
accelerates the release of enzymes from lysosomes and 
the formation of lipid peroxides. Under these condi- 
tions, some of the above drugs showed different 
results. Tinoridine hydrochloride, Y-3923 hydrochlo- 
ride, flufenamic acid, phenylbutazone and indometha- 
cin prevented the release of acid phosphatase or aryl 
sulfatase, and lipid peroxidation at concentrations of 
1-100 uM. Of the drugs tested, only benzydamine hy- 
drochloride showed no effect on either at the above 
concentrations. At a high concentration of 1000 uM, 


Table 2. Effect of drugs on enzyme release and lipid peroxidation from or in liver lysosome fraction induced by hydrogen 
peroxide in vitro* 





Per cent inhibition of enzyme release and lipid peroxidation 


Drug Markert 1 uM 


10 uM 100 uM 1000 uM 





\o 


Tinoridine HCl 


Y-3923 HCl 


Benzydamine HCl 


Flufenamic acid 
Indomethacin 
Phenylbutazone 


Prednisolone 


all po ol oo oe el ll ll ll al 
eee at ‘ 


19.0 + 3.4t 
25.3 +2 


32.2 + 2.0t 
40.9 + 0.5t 
50.0 + 2.1t 


— 68.9 - 
61.9 


y+ 
4.2t 
9+ 
2.2t 


to 
> 
NI 
+ 


HEHE EEE EE HEHE HEH 
te te te te 


I+ I+ I+ I+ 14+ 14+ 14+ 1+ 1+ 14+ 4+ H+ dH I 


I+ I+ I+ 14+ 14+ 14+ 1+ I+ 
ie tee Ss = 5 
A= DOW DOW 


te tt tt 





* The lysosome suspension (1.0 ml) containing each test solution (20 ul) was incubated with 0.3% hydrogen peroxide 
solution (in final concentration, 1.0 ml) in 0.25 M sucrose-0.04 M Tris-acetate buffer (pH 7.4) at 37° for 30 min. Results 
are shown as the means + S. E. of four separate experiments. The negative sign preceding certain numbers means 


the per cent increase of the enzyme release. 


+ AP, acid phosphatase. Activity in controls: before incubation, 4.1; after incubation, 30.4; total activity, 109.9 ug 
p-nitrophenol formed. AS, aryl sulfatase. Activity in controls: before incubation, 4.1; after incubation, 31.7; total activity, 
116.9 ug p-nitrocatechol formed. LP, lipid peroxidation. TBA value (O.D.;30) in controls: before incubation, 0.093; 


after incubation, 0.387. 
t P < 0.01 (significant). 
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tinoridine hydrochloride, flufenamic acid, indometha- 
cin and phenylbutazone inhibited the latter alone, and 
they actually increased the former. Prednisolone inhi- 
bited significantly both the enzyme release and lipid 
peroxidation at a high concentration of 1000 uM. The 
TBA color reaction was not modified significantly 
with the anti-inflammatory agents tested. 

Effects of drugs on stability of unstable liver lyso- 
rats treated with carbon tetrachloride in 
vitro. The free activity of acid phosphatase or aryl 
sulfatase before incubation in the intact lysosome sus- 
pension. shown in Table 2 was 3-4 per cent of the 
total activity. On the other hand, the free activity of 
these enzymes before incubation in the liver lysosome 
suspension prepared 3 hr later from rats treated with 
50°, (v/v) carbon ‘tetrachloride in olive oil was 13-16 


somes of 


per cent of the total activity (Table 3). The release - 


of acid phosphatase and aryl sulfatase, during the in- 
cubation period of 30min, from the unstable lyso- 
somes thus obtained was inhibited significantly by 
tinoridine hydrochloride to a degree that was propor- 
tional to the drug concentration. In this experiment 
with. the unstable lysosomes, however, phenylbuta- 
zone and indomethacin failed to inhibit the release 
of enzymes. 

Anti-inflammatory steroids such as prednisolone or 
hydrocortisone did inhibit markedly the release of 
acid phosphatase and aryl sulfatase from the unstable 
lysosomes at concentrations in the range from | to 
100 uM for incubation periods up to 60 min. 

Effect of tinoridine hydrochloride on the stability of 
rat liver lysosomes in vivo. The data presented in 


Table 4 indicate the stability of lysosomes prepared 
from the liver of rats treated with or without tinori- 
dine hydrochloride | hr before the treatment with car- 
bon tetrachloride as a labilizer. The significant in- 
crease of free activities of lysosomal enzymes before 
incubation or after incubation for 15 or 30min in 
the 700g supernatant fraction and the 700—3500g 
fraction was observed by the treatment with carbon 
tetrachloride 3 hr before the preparation of the lyso- 
some fraction. Tinoridine hydrochloride inhibited sig- 
nificantly the increase of free activity of the above 
enzymes and showed a tendency to prevent the signi- 
ficant decrease of the total acid phosphatase. 

Effects of drugs on the stability of kidney lysosomes 
in vitro. The data in Table 5 indicate that the release 
of acid phosphatase and aryl sulfatase from two lyso- 
some fractions of the kidney is time-dependent for 
periods up to 60 min. The free activity of acid phos- 
phatase or aryl sulfatase, before incubation, in the 
650-3500 g kidney fraction is 14-15 per cent of the 
total activity, which is higher than that in the 
700-3500 g liver fraction shown in the first footnote 
of Table 1. Tinoridine hydrochloride showed a 
marked inhibitory activity on the release of aryl sulfa- 
tase from the kidney lysosomes in the 650-3500g 
fraction during the 30-min incubation period. How- 
ever, this drug failed to inhibit the enzyme release 
from the 650—12,000 g fraction. 

Table 6 shows the effects of drugs on the stability 
of the kidney lysosomes in the 650-3500 g fraction. 
Tinoridine hydrochloride inhibited the release of aryl 
sulfatase from the lysosomes to a degree that was 


Table 3. Effect of drugs on enzyme release from liver lysosomes of rats treated with carbon tetrachloride in vitro* 





Per cent inhibition of release of: 


Acid phosphatase 
Concn 
(uM) 


Drug 30 mint 


60 mint 


Aryl sulfatase 


30 mint 60 mint 


z, 





Tinoridine HC] 0.1 6.8 
l 21.6 
10 34.3 + 
100 44.9 + 
Phenylbutazone l 4.5 4 
10 9.5 + 
100 10.8 
Indomethacin l 
10 
100 
0.1 
| 
10 
100 
0.1 
| 
10 
100 


I+ I+ I+ I+ I+ | 


MmMNN SY wehNit 
+ 


— 
re PP Pr it 


Prednisolone 


Ir I+ 
‘Oo 


t I 
+ |+ I+ 


Hydrocortisone 


I+ I+ |+ |+ 


I+ I+ I+ 4 


NN 


tw wn DS Ww DD 


1.9 
10.3 
17.8 
20.4 

0.3 

6.3 

—3.0 

5.0 

5.3 
12.4 
14.7 
28.8 
ey 
64.8 
10.4 
14.3 
28.9 
40.0 


10.5 
30.8 


\o 
=> 
) 


eononn~ 


MmMMmMNMNNWHNYN 


3.78 
5.4§ 
7.9§ 
3.4 

3.8 

4.28 
7.78 


t wn o > 
He He EE EE HH HH HH + H+ + 
be Ve HE HE HH 


WwWwUNdwWwUaNnNN NN WN dw nNnbd 





* Rats were sacrificed 3 hr after intraperitoneal treatment with carbon tetrachloride (0.5 ml/kg) and the liver lysosome 


fraction (700 


3500 yg) was prepared. The lysosome suspension (2.0ml) was incubated with each test solution (20 pl) 


in 0.25M_ sucrose-0.04 M Tris-acetate buffer (pH 7.4) at 37°. Results are shown as the means + S. E. of separate 
experiments. Enzyme activity in controls for acid phosphatase: before incubation, 16.8; after incubation, 30.5 (30 min) 
and 42.4 (60 min); total activity, 107.5 ug p-nitrophenol formed. Enzyme activity in controls for aryl sulfatase: before 


incubation, 13.2; 


+ Incubation time. 
t Numbers of separate experiments. 
§P < 0.01 (significant). 


after incubation, 33.6 (30 min) and 54.7 (60 min); total activity, 101.6 zg p-nitrocatechol formed. 
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Table 4. Effect of tinoridine hydrochloride on stability of rat liver lysosomes in vivo* 





Marker 


Treatment enzymet 


0 mint 


Per cent of total activity 
Total 
activity§ 


15 mint 30 mint 





700 g Supernatant fraction 
Vehicle + olive oil 
Vehicle + CCl, in olive oil 
Tinoridine HCl + CCl, in olive oil 
700-3500 g Lysosome fraction 
Vehicle + olive oil 


AP 
AP 
AP 


AP 
AS 
AP 
AS 
AP 
AS 


Vehicle + CCl, in olive oil 


Tinoridine HC] + CCl, in olive oil 


SIH 
Ww Oo oO 
I+ 14+ I+ 


Sinn 
~ 
I+ I+ 1+ 


I I+ HH I+ I+ I+ 


Sroresf 
SIENNA L 


I+ I+ I+ 4+ 1+ I+ 





* Carbon tetrachloride (0.5 ml/kg) was injected intraperitoneally into ten rats/group | hr after oral treatment with 
vehicle or tinoridine hydrochloride (100 mg/kg), and the rat liver was obtained 3 hr thereafter. The two fractions of 
liver homogenate were incubated in 0.25 M sucrose—0.04 M Tris-acetate buffer (pH 7.4) at 37° for 15 or 30 min. Results 


are shown as the means + S. E. of ten rats. 
+ AP, acid phosphatase; AS, aryl sulfatase. 
t Incubation time. 


§ Amount of p-nitrophenol formed for AP or p-nitrocatechol formed for AS (in jg). 


|| P < 0.01 (significant) vs control. 


proportional to the drug concentration. The rela- 
tive order of the inhibitory activity on the release of 
the above enzyme was found to be tinoridine hydro- 
chloride > prednisolone > indomethacin = phenyl- 
butazone. 

Effects of drugs on stability of liver parenchymal cells 
in vitro. The data in Table 7 illustrate the rate of 
release of transaminases from parenchymal cells sus- 
pended in each of the incubation medium. Incuba- 
tion at 37° for 60 min results in the release of 15 per 
cent of the total GOT activity in Hanks’ solution, 
of 59 per cent of that in Ca?*-free Hanks’ solution 


and 3 per cent of that in Ca?*-free Hanks’ solution 
containing 1% albumin, while 13, 25 and 11 per cent 
of the total activity are released spontaneously prior 
to any incubation (0 min) in the respective incubation 
medium. As long as parenchymal cells were incubated 
in Ca**-free Hanks’ solution, tinoridine hydrochlo- 
ride inhibited significantly the release of GOT for in- 
cubation periods up to 60min. On the other hand, 
incubation at 37° for 15min results in the release of 
20-31 per cent of the total GPT activity in the above 
three incubation media, while 36-43 per cent of the 
total GPT activity is released spontaneously prior to 


Table 5. Effects of incubation time and tinoridine hydrochloride on stability of two 
lysosome fractions of rat kidney in vitro* 





Per cent of total activity 


Marker Test 


enzymet drugt 0 ming 


30 min§ 


Total 


60 min§ activity 





650-3500 g Fraction 
AP 14.3 + 0.7 


14.1+ 08 


+ 


+ 


AS 14.0 + 08 


14.5 + 0.7 
650—12,000 g Fraction 

AP ~ : 
+ 


AS 


38.0 + 1.6 
28.3 + 1.49 


43.4419 


60.1 + 1.4 


60.6 + 1.7 


39 +49 





* Results are shown as the means + S. E. (N = 4) of two separate experiments; 
the numbers in parentheses show the per cent inhibition. 

+ AP, acid phosphatase; AS, aryl sulfatase. 

¢ Key: —, control; +, tinoridine hydrochloride (30 uM). 

§ Incubation time at 37° in 0.25 M sucrose-0.04 M Tris-acetate buffer (pH 7.4). 

|| Amount of p-nitrophenol formed for AP or p-nitrocatechol formed for AS (in 


). 
© P < 0.01 (significant) vs control. 


B.P. 26/1—B 
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Table 6. Effect of drugs on enzyme release from kidney 
lysosomes (650-3500 g fraction) in vitro* 





Per cent inhibition of release of aryl 
sulfatase 
10 uM 


Drug 100 uM 





Tinoridine 53.6 + 2.9t 
HCl 

Phenylbutazone 

Indomethacin 


Prednisolone 


15.0 
19.0 
ES 


2.8 
2.47 
1.9% 


22+ 





* The lysosome suspension (2.0 ml) was incubated with 
each test solution (20 ul) in 0.25 M_ sucrose—0.04 M Tris- 
acetate buffer (pH 7.4) at 37 for 30 min. Results are shown 
as the means + S. E. of six to eight separate experiments. 
Enzyme activity in controls: before incubation, 7.8; after 
incubation, 14.6; total activity, 57.1 ug p-nitrophenol 
formed. 

+ P < 0.01 (significant). 


any incubation. The release of GPT during a 15-min 
incubation period was inhibited significantly by tinor- 
idine hydrochloride at a concentration of 304M in 
any incubation medium employed. 

Table 8 indicates the effects of drugs on the stability 
of the liver parenchymal cells. The release of both 
GOT and GPT was inhibited by tinoridine hydro- 
chloride for the incubation period up to 15 min. In 
this system, hydrocortisone and prednisolone pre- 
vented markedly the release of GOT rather than that 
of GPT. Similar data were obtained on the release 
of GOT during a 30-min incubation period. The in- 
hibitory activity of prednisolone on the release of 
transaminases was more potent than that of hydro- 
cortisone. 


DISCUSSION 


The results in this report, under all experimental 
conditions employed, illustrate that tinoridine hydro- 


Table 7 


chloride possesses the ability to stabilize lysosomes 
in vitro contained within a crude mitochondrial frac- 
tion of both liver and kidney, lysosomes in vivo of 
the rat liver and the liver parenchymal cells in vitro. 
This property of tinoridine hydrochloride on these 
biomembranes is distinct from that of benzydamine 
hydrochloride, phenylbutazone, indomethacin or 
prednisolone, which have only the capacity to stabi- 
lize biomembranes in vitro under specific experimen- 
tal conditions. 

In our previous paper [11], tinoridine hydrochlo- 
ride has been reported to prevent markedly the labili- 
zation of lysosomes in the 800—20,000 g liver fraction 
caused by the incubation with 2.5% EtOH. The stabi- 
lizing activity of the drug in this system was found 
to be the most potent among nonsteroidal anti- 
inflammatory drugs tested. On the other hand, 
Tanaka and lizuka [6] have reported that the lyso- 
some-stabilizing activity of certain nonsteroidal anti- 
inflammatory drugs is more prominent when the 
heavy lysosomal fraction (700-3500 g) is used. The 
same results have been reported by Ignarro [7] that 
specific experimental conditions are necessary to 
measure drug-induced stabilization of lysosomes. 
Specifically, the 600-3500 g liver fraction in sucrose- 
Tris-acetate buffer (pH 7.4) was found to be the most 
suitable source of the lysosomes. In this system, both 
steroidal and nonsteroidal anti-inflammatory drugs 
exhibit the lysosome-stabilizing activity. 

The data in Table 1 suggest that tinoridine hydro- 
chloride, benzydamine hydrochloride and phenyl- 
butazone stabilize the lysosomes in the 700—3500g 
liver fraction in 0.25M_ sucrose—0.04 M Tris-acetate 
buffer (pH 7.4), while indomethacin shows only 
moderate activity, which is similar to the results 
reported previously by Ignarro [7]. Under these ex- 
perimental conditions, however, prednisolone failed 
to stabilize the lysosomes, which is not in accord with 
the results described by Ignarro [7]. 


Effects of incubation medium, incubation time and tinoridine hydrochloride on enzyme release from rat liver 


parenchymal cells in vitro* 





Marker 


enzymet 


Test 


drugt 


Incubation 


medium 0 min§ 


Per cent of total activity 
Total 


15 min§ 30 min§ 60 min§ activity || 





12.9 
12.7 
35.7 
33.8 
24.8 
24.0 
43.3 
41.8 
10.5 
10.2 
, 36.1 
+ 34.7 


0.4 
0.5 
0.7 
0.8 


Hanks’ solution 


Ca~*-free Hanks’ 
solution 


Ca**-free Hanks’ 
solution containing 
1°, BSA 


be + E+ ES ++ I+ 14+ I+ 


28.2 + 2.4 


13.44 1.1 2. 
25.0 + 2.0 


13.0 


470 + 12 
279 + 18 


84.0 
67.3 


422 + 
243 + 


17.6 


: 489 + 
16.6 RK 


CK ONO we eOPN WwW 


238 


Ve IR IE UE OI + +s + I+ 4+ I 


Ie +E E+ er I+ J+ 4+ 4+ I+ 
ot 2 fe be he ht Od 


— 
YS 





* The cell suspension (2.0 ml) was incubated with each test solution (10 pl) at 37°. Results are shown as the means 


+ §. E. of three separate experiments. 


+ GOT, glutamic-oxaloacetic transaminase; GPT, glutamic-pyruvic transaminase. 


t Key , control; +, tinoridine hydrochloride (30 4M). 
$ Incubation time 

Karmen units/ml/hr for GOT and GPT. 
* P < 0.01 (significant) vs control. 


** P < 0.05 (significant) vs control. 





Effects of tinoridine on stability of rat lysosomes 


Table 8. Effect of drugs on enzyme release from rat liver parenchymal cells in vitro* 





Incubation 


time (min) Drug 


Marker 
enzymet 


Per cent inhibition of enzyme release 


1 uM 10 uM 100 uM 





Tinoridine HCl GOT 
GPT 
GOT 
GPT 
GOT 


GPT 


Hydrocortisone 
Prednisolone 
Tinoridine HC] 


Hydrocortisone 
Prednisolone 


GOT 
GOT 
GOT 


13.8 + 43 
27 

2.4 

+32 


+ 09 


I+ i+ I+ I+ I+ I+ 
PN pr 


4 


+ hi 
L. 





* The cell suspension (2.0 ml) was incubated with each test solution (10 yl) in Ca?*- 
free Hanks’ solution at 37°. Results are shown as the means + S. E. of three separate 
experiments. Enzyme activity (Karmen units) in controls: before incubation, 85.1 
(GOT) and 123.9 (GPT); after incubation for 15 min, 186.7 (GOT) and 226.2 (GPT): 
after incubation for 30 min, 295 (GOT); total activity, 486.2 (GOT) and 226.2 (GPT). 

+ GOT, glutamic-oxaloacetic transaminase; GPT, glutamic-pyruvic transaminase. 


t P < 0.01 (significant). 


Interesting findings have been reported by Desai 
et al. [17] that isolated rat liver lysosomes peroxidize 
at a comparatively slower rate than either mitochon- 
dria or microsomes, but when subjected to induced 
free radical systems, such as hydrogen peroxide, the 
lysosomal membranes are extremely labile to such 
damage as indicated by the release of bound enzymes 
like aryl sulfatase. Therefore, hydrogen peroxide was 
used as a labilizer of lysosomes. In the incubation 
system indicated in Table 2, hydrogen peroxide was 
found to increase the rate of enzyme release and to 
cause lipid peroxidation. The data in Table 2 clearly 
show that nonsteroidal anti-inflammatory drugs, 
except for benzydamine hydrochloride and Y-3923 
hydrochloride, which is one of the metabolites of 
tinoridine hydrochloride [18], prevented both the 
labilization of intact lysosomes and lipid peroxidation 
in the liver fraction. The above findings suggest that 
benzydamine hydrochloride prevents only mild 
damage of the intact lysosomes such as that which 
occurs in incubation alone. The lysosome-stabilizing 
activity of certain drugs like tinoridine hydrochloride 
or flufenamic acid is not necessarily proportional to 
the inhibitory activity on lipid peroxidation. There- 
fore, it seems likely that the lysosome-stabilizing acti- 
vity is not due to the prevention of lipid peroxidation, 
and that lipid peroxides derive mainly from peroxida- 
tion of mitochondrial membranes in the 700-3500 g 
fraction employed. 

On the mode of action of anti-inflammatory drugs, 
recent studies of u.v.- and hydrogen peroxide-induced 
lipid peroxidation and haemolysis in caine erythro- 
cytes have suggested that certain anti-inflammatory 
drugs may inhibit haemolysis by stabilizing lipopro- 
tein of the membrane, or by absorbing and destroying 
free radical or peroxides [19,20]. Tinoridine hydro- 
chloride has been reported by Fugita et al. [21,22] 
to have the same protective effect as x-tocopherol on 
changes with fatty acid composition in the liver lyso- 
somal lipids and microsomal lipids obtained from 
4-tocopherol-deficient rats. It is interesting that both 
tinoridine hydrochloride and its metabolite (Y-3923) 


inhibit potently lipid peroxidation rather than the 
release of lysosomal enzymes (Table 2). Consequently, 
the mode of action of this agent on biomembranes 
may be somewhat different from that of the other 
anti-inflammatory drugs listed in Table 2. 

The results of recent studies [9] in our laboratories 
suggest that both steroidal and nonsteroidal anti- 
inflammatory drugs have a membrane-stabilizing acti- 
vity on intact lysosomes, and the former also stabilize 
the unstable lysosomes prepared from rabbit peri- 
toneal PMN leukocytes in vitro. However, the differ- 
ence between the effects of tinoridine hydrochloride 
and nonsteroidal anti-inflammatory drugs such as 
phenylbutazone on these lysosomes remains unclear. 
In this paper, it is also revealed that only tinoridine 
hydrochloride among the nonsteroidal anti-inflamma- 
tory drugs tested stabilizes the unstable liver lyso- 
somes caused by pretreatment with carbon tetra- 
chloride. The steroidal anti-inflammatory drugs such 
as prednisolone stabilize also the unstable lysosomes. 
However, the data in Table 3 suggest that the mode 
of action of tinoridine hydrochloride is different from 
that of steroidal anti-inflammatory drugs. 

It has already been proven that tinoridine hydro- 
chloride given to rats is distributed highly in the liver 
and kidney in the form of unchanged tinoridine and 
debenzylated metabolite (Y-3923) [18]. In preliminary 
experiments in our laboratories, the increase of both 
lysosomal enzymes (i.e. aryl sulfatase) and transa- 
minases in sera of rats treated with carbon tetra- 
chloride was found to be inhibited by pretreatment 
with tinoridine hydrochloride. Therefore, additional 
experiments were carried out to reveal the effect in 
vivo of this drug on liver lysosomes and the effect 
in vitro on kidney lysosomes and liver parenchymal 
cells. 

The kidney lysosomes in the 650-3500 g fraction 
were found to be more sensitive to tinoridine hydro- 
chloride than those in the 650—12,000g fraction, as 
is apparent from Table 5. Consequently, this fraction 
was used as lysosomes of the kidney for determining 
the effects of drugs on their stability. These lysosomes 
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were stabilized more potently by tinoridine hydro- 
chloride, moderately by prednisolone and slightly by 
phenylbutazone and indomethacin (see Table 6). 
Therefore, it is concluded from the above data that 
nonsteroidal acidic anti-inflammatory drugs such as 
phenylbutazone stabilize only intact lysosomes, and 
steroidal anti-inflammatory drugs such as predniso- 
lone stabilize markedly the unstable lysosomes rather 
than the intact lysosomes. These conclusions are the 
same as those reported previously [9]. 

On the mechanism of action of these drugs on bio- 
membranes, Mizushima et al. [23] have proposed 
that the stabilizing action of nonsteroidal acidic anti- 
inflammatory drugs on the caine erythrocytes is due 
to a stabilizing effect of the drugs on certain proteins 
in the membranes. On the other hand, Lewis et al. 
[24] have reported recently that the stabilizing action 
of steroidal anti-inflammatory drugs on lysosomes is 
due to drug-phospholipid interactions rather than 
drug-protein interactions. All of these findings sug- 
gest that nonsteroidal acidic anti-inflammatory drugs 
stabilize the intact lysosomes by preventing the dena- 
turation of certain proteins in the membranes and 
that steroidal anti-inflammatory drugs, although 
being sensitive to unstable lysosomes rather than in- 
tact lysosomes, stabilize membranes by preventing the 
denaturation of certain phospholipids in the mem- 
branes. 

In contrast, tinoridine hydrochloride was found to 
stabilize both the intact and unstable lysosomes of 
the liver or kidney, and inhibit the lipid peroxidation 
in the liver fraction. Therefore, this drug may prevent 
injury of the liver or kidney in vivo. In fact, tinoridine 
hydrochloride does prevent labilization of the liver 
lysosomes in vivo (Table 4) and suppresses the in- 
crease of both lysosomal enzymes and transaminases 
as described above. The data in Tables 7 and 8 sug- 
gest that this drug actually stabilizes not only lyso- 
somes but also the liver parenchymal cells in vitro. 

Steroidal anti-inflammatory drugs, such as hydro- 
cortisone, administered to rats have been shown to 
have a preventive action of leakage of GPT from the 
liver cells [25]. In the experiments in vitro, as shown 
in Table 8, hydrocortisone and prednisolone pre- 
vented the release of transaminases. However, the 
property of these drugs seems to be different from 
that of tinoridine hydrochloride. 

The conclusion drawn from these experiments was 
that tinoridine hydrochloride has a membrane-stabi- 
lizing activity on the liver and kidney lysosomes in 
vitro or in vivo, and on the liver parenchymal cells 
in vitro. In addition, the effect of this drug on bio- 


membranes was suggested to be different from that 
of benzydamine hydrochloride, phenylbutazone, indo- 
methacin or prednisolone. The mode of membrane- 
stabilizing action of tinoridine hydrochloride may be 
due to a stabilizing effect of this drug on both certain 
proteins and phospholipids in the membranes. 
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Abstract—The effects of dialkyl and monoalkyl phthalates and some related compounds on mitochon- 
drial respiration of rat liver were investigated. In a series of dialkyl phthalates, di-n-propyl phthalate 
showed the most remarkable inhibition on the state-3 respiration. The inhibitory effects were reduced 
with either decreasing or increasing chain length for this compound. Di-(2-ethylhexyl)phthalate had 
no effect. On the other hand, in a series of monoalkyl phthalates the inhibition was increased as 
the alkyl group was lengthened up to heptyl. Relationship between chemical structure and inhibitory 
effect was also studied using some phthalate analogs and related compounds. It was shown that the 
length of alkyl chains was more important than aromatic ring structure for the inhibitory effects 
of phthalates. Mechanisms of inhibitory effects by phthalates were discussed, and it was suggested 
that dialkyl and monoalkyl phthalates mainly acted as energy-transfer inhibitors and blocked the 
point before the DNP-sensitive site in the energy-transfer pathway. 


Because of the wide distribution of phthalic ester plas- 
ticizers in our environment, there are many possible 
pathways through which these compounds can be in- 
troduced into the human body. So, recently consider- 
able attention has been paid to the biological effects 
of these chemicals, especially of di-(2-ethylhexyl)ph- 
thalate (DEHP), a representative plasticizer. 

On the distribution studies of DEHP in rats, some 
investigators reported preferential localization of 
phthalate in the liver in a short time after intravenous 
injection [1-6]. The same localization was also 
observed in feeding studies [6,7]. In other exper- 
iments with rats, it was observed that high dosages 
of DEHP were associated with growth retardation 
and increase of liver weight [6, 8-12]. 

Most of the urinary metabolites of DEHP were 
those to be expected from the w- or w-1 oxidation 
and the subsequent f-oxidation of the alkyl side chain 
of mono-(2-ethylhexyl)phthalate (MEHP) [6, 13]. 
These metabolic changes are believed to occur mainly 
in the liver. 

On the-.other hand, Nazir et al. have observed the 
specific localization of DEHP in bovine heart muscle 
mitochondria [14], although the biological signifi- 
cance of this phenomenon is not clear. Recently, 
Ohyama reported the effect of dialkyl phthalates on 
the respiration of rat liver mitochondria and con- 
cluded that phthalic esters were electron and energy 
transport inhibitors but not uncouplers [15]. 

This paper deals with the effects of dialkyl and 
monoalkyl phthalates on mitochondrial respiration of 
rat liver. 





di-(2-ethylhexyl)phthalate; 
MEHP, mono-(2-ethylhexyl)phthalate; BPBG, butylphtha- 
ly! butylglycolate; DBP, di-n-butylphthalate; DPP, di-n- 
propylphthalate; DNP, 2,4-dinitrophenol. 


Abbreviations: DEHP, 


MATERIALS AND METHODS 


Preparation of mitochondrial fraction. Mitochon- 
drial fraction was prepared from the liver of male 
Wistar rats (150-250 g), according to the method 
modified by Hagihara [16]. The medium for this 
preparation contained 0.21 M mannitol, 75 mM suc- 
rose, 10mM Tris—HC! buffer (pH 7.4) and 0.1 mM 
EDTA. One ml of the final suspension contained the 
mitochondrial fraction isolated from 1 g of wet liver. 

Protein determination. Protein was determined by 
the Biuret reaction [17] using crystalline bovine 
serum albumin as a standard. 

Assay of oxidative phosphorylation. In some cases, 
the oxygen consumption was measured by the War- 
burg manometric technique in air as the gas phase. 
The main compartment contained 75mM Tris-HCl 
buffer (pH 7.4), 20mM _ phosphate buffer (pH 7.4), 
10mM KCl, 5mM MgCl, 10mM KF, 2.5mM ATP, 
1 mM phthalates (in ethanol) and 0.2 ml of mitochon- 
drial suspension. The final concentration of ethanol 
was 2%. The reaction volume was adjusted to 2.0 ml 
with 0.25 M sucrose. The center well contained 0.2 ml 
of 20% (w/v) KOH. After equilibration for 10 min at 
30°, the reaction was started by tipping in 20mM 
sodium succinate, 20mM _ glucose and | mg of hexo- 
kinase from a side-arm. After measurement of the O, 
uptake for 10 min, the reaction was stopped by the 
addition of trichloroacetic acid in final concentration 
of 5% (w/v). Orthophosphate remaining in the super- 
natant was determined by the method of Fiske and 
Subbarow [18]. The disappearance of phosphate was 
taken as a measure of the amount of high-energy 


. bond formation. However, in most cases, the oxygen 


consumption was measured polarographically by an 
oxygen electrode apparatus with a rotating platinum 
electrode (Model PO 100A, Yanagimoto Co. Ltd.) at 
25°. The reaction vessel contained 0.25 M mannitol, 
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Table 1. Effects of dialkyl phthalates on mitochondrial respiration by manometric determination 





Phthalate 


Number of 
experiments 


Uptake of O, 
(uatoms/10 min) 


Uptake of P 


(umoles/10 min) 


v 
‘e) 





Dimethyl- 
Diethyl- 
Di-n-propyl- 
Di-n-butyl- 
Di-n-amyl- 
Di-n-hexyl- 
Di-n-heptyl- 
Di-n-octyl- 
Di-(2-ethylhexyl)- 


5 


6.54 + 0.14* 
5.84 + 0.33 
4.03 + 0.17 
3.36 + 0.20 
5.33 + 0.37 
5.49 + 0.29 
5.39 + 0.22 
5.90 + 0.24 
6.13 + 0.24 
6.56 + 0.25 


11.26 + 0.20 
9.10 + 0.42 
5.10 + 0.48 
0.69 + 0.38 
2.21 + 0.54 
6.89 + 0.46 
8.33 + 0.23 
9.48 + 0.52 
9.68 + 0.37 

10.97 + 0.57 


BPBG 5.35 + 0.34 


eee OO 
WANDAUNNENN WN 
wreooanneK IAN 
Ie HE EE HE HE HE HH + H+ 
coososososooscss 
SRRRRERSSSES 


7.14 + 0.55 





* Values represent means + S. E. for the number of experiments listed. 


10mM Tris-HCl buffer (pH 7.4), 10mM_ phosphate 
buffer (pH 7.4), 10mM KCl, 2mM MgCl,, 0.2mM 
EDTA and 2.0-2.8 mg of mitochondrial protein. The 
total volume of reaction mixture was 2 ml. The state-4 
and state-3 respirations were initiated by the addition 
of 3mM sodium succinate and 375 uM ADP respect- 
ively. One mM phthaiates (in ethanol) was added.at 
each state. The final concentration of ethanol was 1%. 
The respiratory control ratio (R.C.) was obtained ‘as 
the ratio of the respiration rate of state-3 to that of 
state-4, and the phosphorylative activity (ADP/O 
ratio) was calculated from the concentration of ADP 
and oxygen consumed at state-3 as described by 
Chance et al. [19]. 

Reagents. MEHP and phthalic monoesters from 
methyl to n-octyl, except for ethyl ester, were synthe- 
sized by condensation of the corresponding alcohols 
with phthalic anhydride [20], and its chemical purity 
was checked by gas chromatography after methyla- 
tion. Dialkyl phthalates and monoethyl phthalate 
were purchased from Tokyo Kasei Co., butyl phthalyl 
butyl glycolate (BPBG) and hexokinase from Wako 
chemical Co., ATP from Sigma, ADP from P-L Bio- 
chemicals, and oligomycin was the kind gift of the 
late Dr. S. Muraoka. Other chemicals were of the 
highest purity commercially available. 


RESULTS 


Effects of dialkyl phthalates on mitochondrial respir- 
ation. In Table 1 are shown the effects of dialkyl 


phthalates on mitochondrial respiration and oxidative 
phosphorylation measured by the manometric deter- 
mination. A series of phthalates having alkyl group 
from methyl to n-octyl were tested, and all of them 
inhibited the O, uptake, the phosphorylation and 
P:O ratio in greater or lesser degree. The inhibition 
of the phosphorylation was more extensive than that 
of the O, uptake. As the most remarkable example, 
in the case of di-n-propyl phthalate (DPP), the O, 
uptake was inhibited about 50 per cent, and the phos- 
phorylation almost completely. The inhibitions by 
dialkyl phthalates were enhanced sharply as the alkyl 
chains were increased from methyl to propyl, but 
reduced reversely as the chains further increased from 
butyl to octyl. It is noteworthy that the most common 
plasticizer, DEHP, showed no inhibition. The inhibi- 
tion by BPBG was the same extent as di-n-amyl 
phthalate. 

As shown in Table 2, the inhibitory effects of dial- 
kyl phthalates on the state-3 respiration measured by 
the polarographic method were similar to the above- 
mentioned manometric results in the order of the 
length of alkyl chains, but the degree of the inhibition 
was generally more potent. On the other hand, the 
state-4 respiration was scarcely inhibited, or rather 
stimulated in some cases. Di-n-butyl phthalate (DBP) 
stimulated considerably the state-4 respiration and in- 
hibited the state-3 respiration, but DPP showed little 
effect on the state-4 respiration and strongly inhibited 
the state-3 respiration. In both DBP and DPP the 
respiratory controls were lost completely. The inhibi- 


Table 2. Effects of dialkyl phthalates on mitochondrial respiration by polarographic 
determination 





Uptake of O, (uM/min) 


Phthalate State-4 


State-3 





Dimethyl- 
Diethyl- 
Di-n-propyl- 
Di-n-butyl- 
Di-n-amyl- 
Di-n-hexyl- 
Di-n-heptyl- 
Di-n-octyl- 
Di-(2-ethylhexyl)- 
BPBG 
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Fig. 1. Inhibition of mitochondrial respiration by dialkyl 
phthalates. Relative respiratory rate means the ratio of the 
respiratory rate in the presence of phthalates to that in 
the absence of phthalates. O——-O, manometric determina- 
tion; @——®, polarographic determination (state-3); n, 
carbon number of alkyl chain in dialkyl phthalate. 


tory effects of dialkyl phthalates measured by two 
methods are summarized in Fig. 1. 

Figure 2 shows the effect of DBP concentration 
on the respiration. The state-3 respiration and the 
respiratory control ratio were decreased with increas- 
ing the concentration of DBP, but the stimulation 
of the state-4 respiration was not so severely affected 
as in the case of the state-3 respiration. 

In Fig. 3, the inhibition of respiration by DBP was 
compared with the effects of 2,4-dinitrophenol (DNP) 
and oligomycin. Oligomycin inhibited the state-3 res- 


DBP or 


Po 
oligomycin pie 


oligomycin 


100 





EM/min 
Db 


w 
R:C ratio 


O, uptake, 





| 1 L 
0.2 04 0.6 0.8 1.0 
DBP concn., mM 








Fig. 2. Effect of DBP concentration on respiration and 

respiratory control ratio. @ @, state-3 oxygen uptake; 

oO O, state-4 oxygen uptake: © ©, respiratory con- 
trol ratio. 


piration to the level of state-4, and the inhibition was 
reversed by DNP. The inhibition of the state-3 respir- 
ation by DBP exhibited little difference from that by 
oligomycin in the time course of the inhibition and 
it was not reversed by DNP (Fig. 3a). This result 
suggests that DBP has the property somewhat differ- 
ent from a typical energy transfer inhibitor and its 
blocking site is located before the DNP-sensitive site. 
Oligomycin had no effect on DNP-stimulated respir- 
ation, but DBP showed the inhibition which was 
comparable to its inhibitory effect on the state-3 res- 
piration (Fig. 3b). This observation also supports the 
assumption concerning the blocking site of DBP de- 
scribed above. 

Effects of some related compounds. In order to eluci- 
date the correlation between the inhibitory effect and 
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Fig. 3. Polarographic traces showing oxygen utilization by liver mitochondria. Each composite curve 

consists of a series of superimposed traces of individual experiments in which the amount of inhibitor 

added at the points indicated was varied. Traces a and c are comparison of inhibitory effect of DBP 

or MEHP with oligomycin. Trace showing effect of oligomycin was indicated by the dotted line. 

At the indicated point, DNP was added to test its effect in releasing the respiratory inhibition. Traces 

b and d show the effect of DBP or MEHP on the DNP-stimulated respiration. Concentration: DNP., 
0.1 mM; oligomycin, 10 pg/ml. 
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Table 3. Comparison of inhibitory effects of di-(2-ethylhexyl) and di-n-butyl esters on mitochondrial 
respiration 





Compound 


Inhibition at 
state-3 (%) 





Diethyl cyclohexane-1,2- 
dicarboxylate 


Di-n-butyl cyclohexane-1,2- 
dicarboxylate 


Di-(2-ethylhexyl) cyclohexane- 
1,2-dicarboxylate 


Di-(2-ethylhexyl) tetrahydro- 
phthalate 

Di-(2-ethylhexyl) phthalate 
Di-n-butyl phthalate 
Di-n-butyl isophthalate 
Di-n-butyl terephthalate 
Di-n-butyl maleate 
Di-n-butyl fumarate 


Di-(2-ethylhexyl) maleate 


Di-(2-ethylhexyl) fumarate 
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* Concentration was 1°%. 


chemical structure of phthalic esters, the several 
related compounds were tested, as seen in Table 3. 
The inhibitions of the state-3 respiration by dialkyl 
cyclohexane-1,2-dicarboxylates were similar to those 
by dialkyl phthalates, in decreasing order for di-n- 
butyl, diethyl and di-(2-ethylhexyl) groups. Di-n- 
butyl cyclohexane-1,2-dicarboxylate was the strongest 
inhibitor of all the related compounds tested. Di-(2- 
ethylhexyl) cyclohexane-1,2-dicarboxylate was the 
nost effective, when compared with the other two 
di-(2-ethylhexyl) esters, that is, of tetrahydrophthalate 
and of phthalate. 

Di-n-butyl esters of iso and terephthalic acid were 
also effective and the inhibitory effects of these three 
isomers were decreased in the order of DBP, di-n- 
butyl isophthalate and di-n-butyl terephthalate. 

Di-n-butyl maleate, which structure is identical 
with the partial structure of DBP, inhibited about 
50 per cent of the respiration, but the trans isomer 
of this compound, di-n-butyl fumarate was little effec- 
tive. When butyl group of these compounds was re- 
placed by 2-ethylhexyl group, the cis isomer was more 
effective than the trans isomer. 


Phthalic acid showed some inhibitory effect on res- 
piration, but 2-ethylhexanol gave little effect at the 
concentration of 1%. 

Effects of monoalkyl phthalates. As shown in Table 
4, the inhibitory effects of monoalkyl phthalates on 
the state-3 respiration and the respiratory control 
ratios were enhanced, and ADP:O ratios were 
reduced with increasing the length of alkyl chains up 
to heptyl group. In the case of the monophthalates 
with alkyl groups longer than butyl, the respiratory 
control was lost and ADP:O ratio could not be 
obtained. MEHP showed approximately the same in- 
hibition as mono-n-heptyl phthalate, the strongest in- 
hibitor of di- and monoalkyl phthalates tested, and 
its presence of 100 uM concentration was enough to 
cause 50 per cent inhibition of the state-3 respira- 
tion. 

In Figs. 3c and 3d, the inhibition of respiration 
by MEHP was compared with the effects of DNP 
and oligomycin as shown in the case of DBP. The 
inhibitory effect of MEHP was similar to that of DBP 
but more potent, so that MEHP inhibited the state-3 
respiration to the level lower than state-4 at the high 
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Table 4. Effects of monoalkyl phthalates on mitochondrial respiration 





Uptake of O, (uM/min) 


Phthalate 


State-4 


State-3 





Monomethyl- 
Monoethyl- 
Mono-n-propyl- 
Mono-n-butyl- 
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Mono-n-hexyl- 
Mono-n-heptyl- 
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Mono-n-octyl- 
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concentration. This result suggests that MEHP shares 
the property as an inhibitor of electron transport. 


DISCUSSION 


The toxicological evaluation of dialkyl phthalates 
has been done by many workers [21-23] and it has 
been indicated that the inverse relationship existed 
between the toxicity and the molecular weight, and 
that the toxicity in experimental animals and tissue 
culture cells was parallel to their water solubility. 
However, recently other workers [24, 25] reported the 
different observation on tissue culture cells from that 
mentioned above. 

The difficulty encountered in our experiment was 
low solubility of phthalates in aqueous media. There- 
fore phthalates were dissolved in ethanol and added 
to the mitochondrial system. However, it has been 
reported that ethanol was not suitable as a vehicle, 
since ethanol had some inhibitory effect on the respir- 
ation of freshly isolated mitochondria with succinate 
[26, 27]. In fact this finding agreed with our prelimi- 
nary experiment. Then, in order to minimize the effect 
of ethanol, the addition of ethanol was restricted to 
the final concentration of 1°% in most cases, and not 
exceed 2% in any case. 

In our results, the inhibition of mitochondrial res- 
piration by dialkyl phthalates was not always fol- 
lowed in the order of the length of alkyl chains, but 
the maximum inhibitory effect on the state-3 respir- 
ation was observed in DPP. 

On the other hand, monoalky! phthalates exhibited 
an increase in inhibitory effect with increase in the 
length of alkyl chains. 

It was noteworthy that the inhibitory effect of 
MEHP, a metabolic intermediate of DEHP, was the 
strongest among the dialkyl and monoalkyl phtha- 
lates tested, whereas DEHP had no effect. This fact 
reminds us of the report [12] that MEHP produced 
liver enlargement accompanied by depression of the 
activity of mitochondrial enzyme such as succinate 
dehydrogenase and by mitochondrial swelling. 
MEHP may play an important role in the hepato- 
toxic effect associated with DEHP as well as its effect 
on mitochondria. 


Rowland has pointed out the strain difference 
between Wistar and Sprague-Dawley rats on the 
metabolism of DEHP by the contents of alimentary 
tract [28]. However, such a marked difference 
between two strains was not found in our mitochon- 
drial experiments with DBP or DEHP. 

In comparative studies on the effects of the com- 
ponents of phthalic ester, phthalic acid inhibited the 
respiration to some extent, while 2-ethylhexanol was 
little effective. With regard to normal alcohols, it has 
been reported that alcohols from methyl to octyl inhi- 
bited the mitochondrial respiration proportionally to 
the length of the chains [29]. We have found also 
the similar result with alcohols from methyl to butyl. 

From the viewpoint of structure-inhibitory effect 
relationships, the effect of positional isomers of DBP 
was compared. The effect of DBP (ortho-substituted 
ester) was the strongest, followed by that of di-n-butyl 
isophthalate (meta) and di-n-butyl terephthalate 
(para). Di-n-butyl maleate showed a remarkable effect 
in contrast to the corresponding fumarate. From 
these results, it was concluded that the ortho or cis 
form of dialky! phthalate was more effective than the 
others. Furthermore, cyclohexane-1,2-dicarboxylate 
also gave the strong inhibitory effect, so it seemed 
that aromatic ring was not always essential to this 
kind of inhibition. A similar tendency was seen in 
both cyclohexane-1,2-dicarboxylates and phthalates 
with regard to the effect of alkyl groups on the respir- 
atory inhibition. 

Various inhibitors of respiration have been used 
to analyze the mechanism of oxidative phosphoryla- 
tion [30]. Then, in order to elucidate the nature of 
respiratory inhibition by phthalates, DBP or MEHP 
was compared with several well known inhibitors. . 
The inhibitory effects of these phthalates were 
observed mainly on the state-3 respiration and P:O 
ratio, and this fact suggests that phthalates have the 
property of energy-transfer inhibitor. When these 
phthalates were compared with oligomycin, a typical 
energy-transfer inhibitor, their inhibitions were some- 
what different in the time course of inhibition, and 
entirely different in subsequent stimulation by DNP. 
Another difference between MEHP and oligomycin 
was observed in their effects on DNP-stimulated res- 
piration. DBP showed the effect somewhat similar to 
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uncoupling agents, but was not so potent as DNP, 
a representative uncoupler. 

When compared with oligomycin and DNP, it may 
be supposed that the blocking site of these phthalates 
lies before the DNP-sensitive site of respiratory chain. 
Superficially, the inhibitions of phthalates were differ- 
ent from those of malonate and rotenone, electron 
transfer inhibitors, while in higher concentration and 
prolonged reaction time, MEHP seemed to inhibit 
even the endogenous respiration. Consequently, the 
effect of phthalates would be also associated with the 
electron transfer inhibition. 

With regard to the inhibitory effects of di-n-alkyl 
phthalates on the state-3 respiration, our present 
result was agreed with Ohyama’s report except DPP 
was the most potent instead of DBP. On the other 
hand, the inhibition of the state-4 respiration was 
apparently different between the two _ authors. 
Ohyama showed the clear parallel relationship 
between per cent inhibition in state-3 and state-4 and 
the carbon number of the alkyl groups of phthalic 
esters, whereas we could find no inhibition of the 
state-4 by a series of dialkyl phthalates and rather 
stimulating effect of DBP. This discrepancy might be 
attributable to the difference of the amount of mito- 
chondrial fraction added to the reaction mixture: 
there may have been differences in morphological 
purity, and the amount of protein added was differ- 
ent-——2.0-2.8 mg in our case, and 1.0 mg in the work 
of Ohyama. 

Recently we ascertained that the effect of DBP on 
the state-4 respiration was changed from stimulatory 
to inhibitory when the amount of mitochondrial pro- 


tein was decreased stepwise from 4.5mg to 1.0 mg. 
This fact shows that DBP acts as an uncoupler when 
the concentration of mitochondrial protein was high, 
but it acts reversely as an electron transport inhibitor 
when the concentration was low. However, real 
mechanism of the inhibition by phthalates is 
remained to be determined in future. 
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Abstract—Cadmium, when bound to thionein from either rat or rabbit liver, was 7 to 8 times more 
toxic for the rat than was ionic Cd?*. Zinc-thionein was not only non-toxic at a dose level of 2.4mg 
protein-bound-Zn?*/kg, but also protected the animals against a subsequent, normally lethal dose 
of cadmium-thionein. In contrast with the free cation, Cd?* administered intravenously as the metal- 
lothionein accuriulated to its highest concentration in the kidney and, at a lethal dose, caused severe 
tubular damage. After administration of non-lethal doses of '°*Cd?*-labelled cadmium-thionein to rats 
thionein-bound-!°°Cd?* accumulated in the kidneys, but in animals that were dosed with either the 
35§- or 7H-labelled metalloprotein, little or none of the radioactive isotope was recovered in the renal 
metallothionein at 48 hr. The *°S and *H isotopes, however, were incorporated into high molecular 
weight proteins of the kidney soluble fraction and also were excreted in the urine, both as the metalloth- 
ionein and as smaller, diffusible molecules. In vitro, *H-labelled cadmium-thionein was degraded to 
acid-soluble products by homogenates of rabbit kidney cortex. It is suggested that parenterally adminis- 
tered cadmium-thionein is taken up by the renal tubules and catabolized, probably by the lysosomes 
of the tubular cells, with the liberation of Cd?* ions. These cations, if present in sufficiently high 
concentration, cause acute renal damage. Exposure of rats, with high hepatic concentrations of cad- 
mium-thionein, to the hepatotoxins, carbon tetrachloride and retrorsine, did not cause the transfer 


of Cd?* from the liver to the kidney. 


Since appreciable amounts of Cd?* can be stored in 
the mammalian liver and kidney as cadmium-thionein 
without toxic manifestations [1], concentrations of 
the inducible metalloprotein below certain limits 
usually are regarded as biologically inert. Recent 
reports, however, have indicated that Th-Cd?**, 
when administered to the rat [2] and mouse [3], is 
5-7 times more toxic than the “free” cation. Also 
when given in this protein-bound-form, Cd?** ac- 
cumulates preferentially in the kidney, where it pro- 
duces severe tubular damage. Nordberg et al. [3] con- 
clude that this renal damage is the main cause of 
death, and regard the accumulation of Cd?* in the 
kidney to be in agreement with an earlier hypothesis 
of Piscator [4], that cadmium-thionein is synthesized 
in the liver, transported in the blood and accumulated 
by glomerular filtration followed by tubular reabsorp- 
tion in the kidney. In apparent agreement with this 
hypothesis Tanaka et al. [5] observed rapid accumu- 
lation of thionein-bound '°°Cd?* in the kidneys of 
rats after injection of !°°Cd?*-labelled cadmium- 
thionein. In short-term studies, with appropriately 
labelled preparations of rat liver cadmium-thionein, 
Cherian and Shaikh [6], however, observed some 
catabolism of the protein within 3hr. As a result of 
this degradation there was unequal incorporation of 
the Cd** and protein moieties of the administered 
hepatic cadmium-thionein into the renal metallopro- 
tein. 

The results of the present work confirm the high 
toxicity of the metalloprotein, but suggest that Cd?*, 
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liberated from the latter, is the renotoxic agent. The 
catabolism of an intravenously administered, non- 
lethal dose of cadmium-thionein, as implied by the 
short-term experiments of Cherian and Shaikh [6], 
appears to be complete within 48hr, and only the 
Cd?* of this metalloprotein is retained in the metal- 
lothionein of the kidney. 


MATERIALS AND METHODS 


Chemicals. Radioactive compounds were obtained 
from The Radiochemical Centre, Amersham, Bucks, 
Sephadex G75 and DEAE Sephadex A-25 from Phar- 
macia (Great Britain) Ltd., 75 Uxbridge Road, Lon- 
don WS SSS, BioGel P10 from Bio-Rad Laboratories, 
Valley Road, St. Albans, Herts, and polyethylenegly- 
col (mol. wt 6000) from Koch-Light Laboratories 
Ltd., Colnbrook, Bucks, SL3 OBZ. Retrorsine was 
provided by Dr. A. R. Mattocks of this Unit. 

Analytical methods. Protein was estimated by a 
Biuret method [7] with bovine serum albumin as 
standard. Thiol groups were detected with Ellman’s 
reagent [8]. The Cd** and Zn?* cations were deter- 
mined by atomic absorption, tissue samples being 
digested by the method of Thompson and Blanch- 
flower [9]. Urine was analysed for Cd?* by the 
method of additions [10]. Radioactive isotopes in 
solution were measured in a Packard Tri-Carb Liquid 
Scintillation Spectrophotometer (Model 3324), the 
samples being incorporated into either Instagel (Pack- 
ard Instrument Co., Caversham, Bucks), or a 
toluene-2-ethoxyethanol solution of chemical scintil- 
lators [11]. Corrections for colour-quenching of *°S 
and 3H activities in urine samples were determined 
by the channels-ratio method. Contents of '!°"Cd?* 
in whole organs were determined in a J & P Modular 
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Counter (J & P Engineering (Reading) Ltd., Cardiff 
Road, Reading, Berks). 

'nduction and isolation of metallothioneins. Cad- 
mium-thionein was induced in the livers of female 
Wistar rats (200-250 g body wt) and rabbits (New 
Zealand White x Sandy Half Lop, first generation 
progeny; 2.5-3.5kg body wt) by repeated subcu- 
taneous (s.c.) injection every 48 or 72 hr of increasing 
doses (0.5-4.0 mg/kg body wt) of Cd?* as a solution 
of CdCl, made isotonic with NaCl over periods of 
3-6 weeks. The animals were killed by either cervical 
dislocation (rabbits) or decapitation (rats), usually 
48 hr after the last injection of the cation, their liver 
(200-300 ng Cd?*/g wet wt) being homogenized, in 
100-150 g portions, with 2 vol of 20mM Tris-HCl 
buffer, pH 8.0 in a Waring blender at 4° for about 
2 min. Each homogenate was centrifuged at 10,000 g 
for 10min, the supernatant solution being treated 
with ethanol and chloroform [12] to remove haemo- 
globin and other proteins of higher mol. wt. The 
ethanol concentration then was increased to 75% (v/v) 
to precipitate the metallothionein fraction. This was 
dissolved in 10mM Tris-HCl buffer, pH 8.0 (10 ml), 
and dialysed for 20hr at 4° against two changes of 
the same buffer (21) to remove ethanol, then against 
polyethyleneglycol at 4° to reduce the volume to 
about 5 ml. Cadmium-thionein was recovered from 
this solution by gel filtration on Sephadex G75 (see 
Fig. 1) and was purified by further gel filtration on 
Bio-Gel P10 (Fig. 2; see Bremner and Davies [12]). 
The product (e.g. peak c in Fig. 2) was concentrated, 
de-salted by dialysis against distilled water and fro- 
zen-dried. 

Preparations of rabbit liver zinc-thionein (5.5°% 
Zn**) and of cadmium-thionein, in which the apopro- 
tein was labelled with either *H or *°S, were isolated 
by the same method after the administration of either 
Zn**. (4 x 40mg Zn’*/kg, as (CH,;COO),Zn at 
24-hr intervals), or two s.c. doses of Cd?* (1.5 mg kg) 
followed intravenously (i.v.), 3 hr after the second dose 
of Cd**, by (a) L-[*°S]cysteine hydrochloride 
(150 wCi/umole; 250 uCi/ml; 1.0 ml), (b) L-[3,3’-3H]- 
cystine hydrochloride (630 uCi/umole; 1 mCi/ml: 
0.25ml) or (c) Lt-[U-*H]proline (500 wCi/umole: 
600 Ci/ml; 1.0 ml). These animals were killed at 20 hr 
(group a), Shr (group b) and 17hr (group c) after 
the administration of the labelled amino acids. Yields 
and specific activities were as follows: 





Yield 


Labelled Thionein- Sp. act 


precursor Protein bound Cd (cpm pg 


amino acid (mg) (ug) Cd°*) 


Preparation 





*’Sjeystine 5.35 450 
-[ 3,3'-*H Jcystine 200 1230 
*H proline 680 300 


2050 





For use in some of the following experiments, these 
preparations were supplemented with unlabelled cad- 
mium-thionein. 

'15mCq?*- and '°°Cd?*-labelled cadmium-thionein 
(950 and 5000 cpm/ug Cd?*) were prepared from the 
livers of female rats (250 g body wt) that were dosed 
s.c. with Cd** (1.0 mg/kg body wt), followed after 4 
days by the iv. injection of ''°"Cd?* (20 Ci and 
250 wg Cd** /animal) or '°°Cd?* (25 wCi and 250 yg 


Cd?* /animal), the animals being killed after a further 
24 hr. 

Metabolism of cadmium-thionein in vivo. The 
labelled preparations of cadmium-thionein were in- 
jected i.v. as solutions in 0.15 M NaCl into either rats 
or rabbits at the dose levels given in the “Results” 
section. The rats were kept in metabolism cages, for 
the collection of two 24-hr samples of urine, and then 
were killed. Rabbits were killed after 48 hr. Soluble 
fractions were prepared from homogenates of the kid- 
neys (or of the kidney cortex) in 3vol, 20mM 
Tris-HCI buffer, pH 8.0, and were fractionated by gel 
filtration on columns (85 x 2.3 cm) of Sephadex G75 
at a flow rate of 17ml/hr. In one experiment (see 
“Results” section) the concentrated non-diffusible 
components of the urine also were fractionated by 
gel filtration on a column (85 x 1.5cm) of Sephadex 
G75 at a flow-rate of 12 ml/hr. 

Metabolism of rabbit liver cadmium-thionein by rab- 
bit kidney cortex in vitro. Cortical tissue from the 
kidneys of an adult female rabbit was homogenised 
at 0° in 8 vol of Krebs—Ringer-phosphate (pH 6.0) in 
a motor-driven homogenizer [14]. Portions of the 
homogenate (4.5 ml), with (experimental) and without 
(control) the addition of a solution of [3,3’-*H]cys- 
teine-labelled cadmium-thionein (984 cpm/ug Cd?*; 
80 ug Cd?*/ml; 0.5 ml), were shaken at 37° with free 
access of air, the pH of each suspension being main- 
tained between 5.8 and 6.4 by the addition of 0.1 N 
NaOH. At intervals, experimental and control sus- 
pensions were transferred to ice and the metalloth- 
ionein solution (0.5 ml) added to the latter. The sus- 
pensions were centrifuged and portions (2.1 ml) of the 
supernatant solutions were treated with a 20% (w/v) 
aqueous solution of trichloroacetic acid (0.7 ml) and 
centrifuged after 15 min at 0°. Samples of the superna- 
tant solutions (1.5 ml) were treated with concentrated 
HCI (0.05 ml) and extracted three times with water 
saturated ether (4.0 ml) to remove trichloroacetic acid. 
After the removal of residual ether at 40°, measured 
volumes (1.0 ml) of the aqueous solutions were incor- 
porated into Instagel (10.0ml) and assayed for *H 
activity. 

Similar experiments were done in Krebs-Ringer 
phosphate (pH 7.4) with slices (0.3 x 0.3 x 4.0mm; 
200 mg wet wt tissue) of kidney-cortex tissue, that 
were prepared in a MclIlwain and Buddle [15] tissue- 
chopper. A soluble fraction was prepared from resi- 
dual tissue fragments after incubation for 4hr with 
the metallothionein, and fractionated by gel filtration 
on a column (85 x 1.5 cm) of Sephadex G75. Portions 
of each fraction (2.0 ml in vol) were analysed for Cd?* 
and °H. 

Toxicity measurements and histology. LD59-values 
were determined by the method of Weil [16] in young 
(100 g body wt) male rats of the Porton strain. For 
i.v. injections, the metallothioneins were dissolved in 
0.154M NaCl. Solutions of Cd?* were prepared by 
dilution of 0.103 M CdCl, with 0.154M NaCl. Mix- 
tures of bovine serum albumin and Cd?* (60:1, by 
wt) were prepared from solutions of the protein and 
of Cd**, both in 0.154M sodium acetate buffer, 
pH 5.8, and were adjusted to pH 7.0—7.2 with 0.1 N 
NaOH. “Cadmium-serum” (92 ug Cd?*/ml) was 
obtained as described by Weinzierl and Webb [17]. 
For histology, organs (kidney, liver, heart, lung and 
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brain) were removed from the animals immediately 
after death, and fixed in formol—alcohol. Preparations, 
mounted in paraffin wax, were sectioned at 5 um and 
stained with haematoxylin-eosin. 


RESULTS 


Preparation and properties of the metallothioneins. 
Cadmium-thionein preparations that were isolated by 
gel filtration on Sephadex G75, after preliminary frac- 
tionation of the soluble components of the livers of 
either Cd?*-exposed rabbits of rats with ethanol, 
were free from contaminating polysaccharide (c.f. 
[18]) and contained 7.0-7.6°,, Cd?*. Further purifica- 
tion by gel filtration on Bio-Gel P10 increased the 
Cd?* content to 8.0-8.4%. In both gel-filtration steps 
some Cd** was associated with minor protein com- 
ponents of higher mol. wt (Figs. 1 and 2). Although 
these were not investigated in detail, all contained 
-~SH groups that were detectable after replacement 
of Cd?* by H*, and probably were polymers of the 
low mol. wt metallothionein. In addition to Cd?*, 
cadmium-thionein usually, if not invariably, also con- 
tains Zn?* (e.g. [2]) which is bound less firmly by 
the protein moiety [12]. That polymerization occurs 
through partial loss of Zn?*, followed by intermole- 
cular disulphide formation from the liberated —SH 
groups is suggested by the decrease in Cd?*/Zn?* 
ratio with molecular size of the three metalloprotein 
fractions (a, b and c) from the Bio-Gel P10 column 
(Fig. 2). 

Although the preparations of cadmium- and zinc- 
thioneins, that were used in the toxicity and metabolic 
studies, appeared homogeneous by gel filtration (e.g. 
Fig. 2) they could be resolved into the “a” and “b” 
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Fig. 1. Isolation of rabbit liver cadmium-thionein by gel 
filtration on Sephadex G75. The metallothionein-rich frac- 
tion that was obtained by precipitation with ethanol (see 
“Materials and Methods”) was applied to a column 
(85 x 5cm) of Sephadex G75, equilibrated with 20mM 
Tris-HCI buffer, pH 8.0. The column was eluted with the 
same buffer at a flow-rate of 23 ml/hr and fractions of 
7.5 ml in volume were collected. 
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Fig. 2. Purification of cadmium-thionein from rabbit liver 
by gel filtration on Bio Gel P10. The product (peak “b”) 
from the Sephadex G75 column (see Fig. 1) was concen- 
trated and applied to a column (113 x 4.5 cm) of Bio Gel 
P10, equilibrated with 20 mM Tris-HCI buffer pH 8.0. The 
column was eluted with the same buffer at a flow-rate of 
25 ml/hr. The eluate fractions (7.5 ml in volume) were ana- 
lysed by atomic absorption for Cd?* (—O—) and Zn?* 
(—@—). The molar ratios of Cd**:Zn?* in the resolved 
fractions were (a) 4.8:1, (b) 3.5:1 and (c) 2.4:1. 


components by chromatography on DEAE-Sephadex 
A25 [19]. 

Toxicity of the metallothioneins. In the rat, the LDs5 
values for the rat and rabbit hepatic cadmium- 
thioneins were 0.28 (0.22-0.35) mg. Th-Cd?* /kg, and 
0.32 (0.25—-0.37) mg Th-Cd?* /kg, respectively, whereas 
that of ionic Cd?* was 2.24 (1.78-2.82) mg Cd?*/kg. 
The difference in toxicities of the rat and rabbit metal- 
lothioneins may have been due to differences in either 
purity or the relative proportions of Cd?* and Zn?*, 
and probably is not significant. Zinc-thionein was not 
only non-toxic at 2.4mg protein bound Zn?*/kg but 
also protected the animals against a subsequent, nor- 
mally lethal dose (0.4 mg Th-Cd?*/kg) of cadmium- 
thionein. Protection against 1.0 mg Th—Cd?*/kg also 
occurred when the animals were pretreated with 
either ionic Cd?* (2.0mg/kg) or cadmium-thionein 
(0.16 mg Th-Cd?* /kg). 

Administration of bovine serum albumin with 
Cd?* had no effect on the toxicity of the cation. In 
such mixtures however, the cation was not firmly 
bound by the protein since, on dialysis against 
0.154 M NaCl, more than 95 per cent of the former 
was diffusible. “Cadmium-serum”, in which the cation 
is complexed more firmly, but with both proteins and 
diffusible molecules [16] was not toxic at doses of 
less than 1.5 mg (bound) Cd? * /kg. 

Rats that were given a lethal dose of cadmium- 
thionein did not display the ataxia of gait and weak- 
ness of the hind limbs that were early responses to 
the administration of a toxic dose of Cd?*. Initially, 
no toxic manifestations were observed but, after 12 hr, 
the animals became increasingly lethargic and died, 
usually between 24 hr and 30 hr. In animals that were 
examined immediately after death from a lethal dose 
of Th-Cd?*, Cd?* was present in all tissues that were 
analysed (Table 1), a low but reasonably constant 
concentration being found in the brain. No abnor- 
malities were detected, however, in the brains, as well 
as the lungs, livers and hearts of these animals on 
histological examination. In the kidneys the concen- 
tration of Cd?* was much higher than in any other 
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Table 1. Distribution of Cd?* in tissues of the male rat at death after the administration of lethal 
doses of cadmium-thionein 





Time of 
death 
(hr after 


Dose 
(mg thionein- 
bound Cd?* /kg) 


Sources of 
cadmium- 


thionein administration) 


Cd?* concn (ug/g wet wt tissue) 


Brain Liver Kidney 





2.06 
2.06 


Rabbit liver 


1.58 
1.00 
1.00 
0.63 
0.40 
0.40 
0.40 


Rat liver 


4.82 
3.50 
2.94 
2.10 
2.64 
1.95 
2.04 
3.84 
3.14 


0.14 
0.14 
0.13 
0.13 
0.10 
0.17 
0.13 





Cadmium-thionein was isolated from the livers of Cd?*-treated female rabbits and rats, the metallo- 
protein from the latter source being labelled with ''*"Cd** (see “Materials and Methods”). The prep- 
arations were dissolved in isotonic NaCl solution and administered to young (100g body wt) male 
rats by iv. injection. The results recorded above were obtained on tissues that were removed from 
animals immediately after death. Animals in which death occurred, but was not observed, were dis- 
carded. Cadmium contents of the weighed whole organs from rats that were dosed with the [''°"Cd**]- 
cadmium-thionein were determined from measurements of the radioactivity in a well-shaped Nal scintil- 
lation counter. Concentrations of Cd** in the organs from animals that received rabbit liver cadmium- 
thionein were determined by atomic absorption after acid-digestion of the weighed tissue-samples. 


organ, and appeared to be more dependent on sur- 
vival time, than on dose (Table 1). The lining epithe- 
lial cells of the proximal convoluted tubules were nec- 
rotic and, in many regions, had disintegrated to leave 
a bare basement membrane. Most of the tubules con- 
tained abundant basophilic material but, as observed 
previously in mice [3], there was little or no local 
inflammatory response and no spread of basophilic 
material outside the tubules. Other parts of the neph- 
rons (distal tubules and glomeruli), as well as inter- 
stitial connective tissue and blood vessels, appeared 
normal. Such tubular damage was not observed in 
the kidneys of rats that either were given a lethal 
dose of the cation alone, or were killed 72 hr after 
the injection of “cadmium-serum” (1.0mg Cd?*/kg 
body wt). Also in the latter animals the cation accu- 
mulated to a higher concentration in the liver 
(13.1 + 0.2 ug/g wet wt) than in the kidney 
(3.6 + 0.4 yg/g wet wt). 

Metabolism of cadmium-thionein in vivo. In agree- 
ment with the work of Cherian and Shaikh [6] and 
of Tanaka et al. [5], injection of '°°Cd?*-labelled 
cadmium-thionein (0.25 mg Th-Cd?* /kg) into the rat 
led to the accumulation of '°°Cd?* in the kidney 
as a metallothionein. If, however, rats were dosed 
with the cadmium-thionein preparations, the protein 


moieties of which were labelled with *°S or *H, very 
little radioactivity was recovered in the renal metal- 
lothionein (Table 2, Fig. 3). The metalloprotein that 
was isolated from the kidneys 48 hr after the i.v. injec- 
tion of [*°S]cysteine labelled cadmium-thionein 
(2050 cpm/ug Cd?*) for example, had only 55 cpm/yg 
Cd?*. In this, as in the experiment with L-[U-*H]pro- 
line-labelled cadmium-thionein (Fig. 3), radioactivity 
was distributed throughout the elution profile, the 
greatest amount being present in the high mol. wt 
proteins, a pattern of distribution that suggests meta- 
bolism of the thionein moiety and partial re-utiliza- 
tion of the component amino acids. 

A similar pattern of *H-distribution was observed 
in the soluble fraction of the kidney after the 
administration of rabbit liver cadmium-thionein, , 
labelled with L-[3,3’-*H]-cysteine (100g Cd?*; 
1230 cpm/ug Cd’*) to the rabbit, with the exception 
that, in addition to 93H, some Cd?* also was located 
in the proteins of higher mol. wt. This fraction, 
however, had only 144cpm/yg Cd?*, and thus did 
not contain a polymer of the administered metallo- 
thionein. 

After injection of rats with the labelled cadmium- 
thioneins, a variable percentage of the protein label, 
together with some Cd?*, was excreted in the urine 


Table 2. Renal incorporation and urinary excretion of Cd?* and “protein” in rats after the administration of rabbit 
liver cadmium-thionein 





Administered cadmium-thionein 
Radioactive Total 
Cd?* 


(yg) 


Total 
cpm 


precursor 


Sp. act 


amino acid (cpm/ug Cd?*) 


Urinary excretion 


Total cpm 


Renal cadmium-thionein 
ca** 
er 
(ug) 


Specific 
activity 
(cpm/yg Cd?*) 


Total Cd?* 


(ug) Total cpm 





2050 442800 
369000 


57270 


216 
180 
189 


L-[*°S]cysteine 
L-[°°S jcysteine 
L-[U-*H proline 


2050 


303 


88032 (19.9)* 
42470 (11.5)* 
44645 (77.9)* 


32.4 (15.0)t 1795 (0.41)* 32.9 (15.2)* 55 


6.7 (3.7)* 
18.8 (10.0)+ 


610 (1.1)* 21.1 (11.2)* 29 





* Per cent of total counts administered to three rats. 
+ Per cent of total Cd-* administered to three rats. 


The labelled preparations of cadmium-thionein, in doses of 240-290 yg thionein-bound Cd**/kg body weight were 
administered i.v. to groups of three female rats (230-250 g body wt) which were then housed in metabolism cages 
for the collection of urine. The animals were killed after 48 hr and the cadmium-thionein was isolated from the pooled 
kidneys of each group (see Figs. 3 and 4). Measurements of radioactivity and of Cd?*-concentration in the urine 
and column fractions were made as described in “Materials and Methods”. 
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Fig. 3. Distribution of *H (—O—) and of Cd** (--@~ -) 

in the elution profile, obtained on gel filtration of the solu- 

ble fraction from the pooled kidneys of 3 rats, 48 hr after 

the injection of .-[U-*H]-proline-labelled cadmium- 

thionein (63 zg Cd? * /animal; 303 cpm/ug Cd?*) from rab- 
bit liver. 


(Table 2). About 40 per cent of the urinary Cd?* 
of animals that had been dosed with L-[*°S]cysteine- 
labelled cadmium-thionein (2050 cpm/ug Cd?*) was 
recovered by gel filtration as the metalloprotein of 
essentially unchanged sp. act. (1880 cpm/yg Cd?*), 
but the remainder was present either as the free 
cation, or as complexes of low mol. wt and, together 
with 34.5 per cent of the radioactivity, was lost on 
dialysis against 10 mM Tris HC! buffer, pH 7.8. 
Metabolism of cadmium-thionein in vitro. Only 


limited degradation (<10 per cent) occurred when 
L-[3,3’-7H ]cysteine-labelled cadmium-thionein was 


incubated for 4.5 hr with slices of kidney cortex. The 
metallothionein was not incorporated into the tissue 
fragments, but was recovered, with unchanged sp. act., 
from the medium at the end of this period. When 
the labelled metalloprotein was incubated with a kid- 
ney homogenate, however, there was a time-depen- 
dent hydrolysis to acid-soluble products (Table 3). 
Treatment of Cd?*-exposed animals with CCl, and 
retrorsine. Rats that had received total doses of 8 and 
32mg Cd?*/kg body wt by repeated s.c. injection 
over periods of 5 days and 3 weeks, and which had 


Table 3. Degradation of L-[3,3’-*H]cysteine labelled rabbit 
liver cadmium-thionein in homogenates of rabbit kidney 
cortex 





Period of 
incubation at Thionein rendered 
acid-soluble Hydrolysis 


(cpm/ml) (°.) 





716 96 
1324 17.8 
3074 414 





L-[3,3’-*H]-cysteine labelled rabbit liver cadmium- 
thionein was supplemented with a preparation of the unla- 
belled metalloprotein to a sp. act. of 984 cpm/ug Cd?* 
and was added to homogenates of rabbit kidney cortex 
(0.1 g wet wt tissue/ml) to a concentration of 8 zg thionein- 
bound Cd?*/ml. The suspensions were shaken at 37° for 
the times shown below and then were processed as de- 
scribed in “Materials and Methods”. Hydrolysis of the 
cadmium-thionein was calculated from measurements of 
acid-soluble 3H. The results have been corrected for the 
presence in the substrate of counts (6.6% of the total) that 


were not precipitated in 5%, (w/v) trichloroacetic acid. 


accumulated high hepatic stores of Cd?* (160-170 
and 415-430 ug Cd?*/g wet wt tissue, respectively) 
were exposed to CCl, (32 mg/l air) in inhalation 
chambers for 4hr (L. Magos, personal communica- 
tion) or to retrorsine (32 and 38 mg/kg body wt) by 
i.p. injection [20], to determine if subsequent liver 
damage resulted in the liberation of the hepatic metal- 
lothionein with the transfer of Cd?* from the liver 
to the kidney. Neither of these hepatotoxins caused 
urinary excretion of Cd** during the following 72 hr 
and, when the animals were killed after this time, no 
significant changes were detected in the Cd**-con- 
centrations of the livers and kidneys. In the exper- 
imental groups the histological changes in the livers 
were similar to those of normal animals that were 
treated with the hepatotoxins under identical condi- 
tions as controls. 


DISCUSSION 


Low mol. wt proteins are known to pass through 
the glomerulus of the kidney and to be taken up and 
catabolized in the convoluted tubular cells. In tubular 
proteinuria the linked uptake-catabolic function fails, 
with the result that urinary excretion of these proteins 
is increased [21]. 

The present results, coupled with those of Nord- 
berg et al. [3] and of Cherian and Shaikh [6] show 
that i.v. injected cadmium-thionein also is taken up 
and catabolized in the kidney; the metallothionein, 
however, is highly renotoxic, and urinary excretion 
of the protein occurs even at low dose levels. The 
renal metabolism of the metalloprotein seems to in- 
volve complete degradation of the thionein moiety, 
followed by at least partial re-utilization of the amino 
acids. Thus at 3hr after the administration of 
3°§-labelled cadmium-thionein to the rat, most of the 
radioactivity in the soluble fraction of the kidney is 
present in peptides of lower mol. wt [6] whereas, as 
shown by the present results, at 48 hr it is associated 
predominantly with proteins of higher mol. wt. The 
low levels of radioactivity that are found in the metal- 
lothionein of the kidney at this time (e.g. Table 2) 
probably are due to recycling of the labelled amino 
acid, rather than to residual precursor protein since, 
at least in the liver, there is continual turnover of 
Cd?*-induced thionein [32]. 

Enzymes which, in kidney cortex homogenates, 
catalyse the hydrolysis of the protein moiety of cad- 
mium-thionein to acid-soluble products (Table 3), 
probably originate from lysosomes. In vivo, the cata- 
bolism of various intravenously administered pro- 
teins, that are taken up from the lumen of the proxi- 
mal renal tubules, appears to be a lysosomal process 
[23], and a progressive increase in number of these 
bodies has been observed in the proximal renal 
tubules of rats exposed to Cd?* in their drinking 
water [24] or when given a single i.v. injection of 
cadmium-thionein [25]. As, after gastrointestinal 
absorption or parenteral administration, Cd** is 
transported in blood initially as complexed with 
plasma proteins [26] particularly serum-albumin (see 
e.g. [27]), the mechanisms of kidney uptake of “ionic” 
Cd?* and of thionein-bound-Cd** may be qualitati- 
vely the same. 
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The observation that, at 3hr after the administ- 
ration of the metalloprotein to the rat, only 45 per 
cent of the Cd?* in the kidney was recovered as cad- 
mium-thionein [6], implies that more than half of the 
total renal Cd?* at this time is not thionein-bound, 
and suggests that cation is liberated rapidly from the 
metallothionein once it reaches the kidney. Although 
at the low pH of the lysosome, the liberation of Cd?* 
may precede the catabolism of the protein, it is im- 
probable that the induced synthesis of new thionein 
would be initiated within 3 hr (see e.g. [28]). Thus 
the greater incorporation of Cd?* than of thionein 
into the renal metallothionein, observed by Cherian 
and Shaikh [6] at this time, may be due to displace- 
ment by Cd?* of Zn** from zinc-thionein, which nor- 
mally seems to be present at low concentration in 
the rat kidney (M. Webb, unpublished observations). 

Renal damage, that follows the injection of a toxic 
dose of cadmium-thionein, thus seems to be due to 
the Cd?* cation and not to the intact metalloprotein. 
Since, at death from a lethal dose of cadmium- 
thionein, the renal concentration of Cd?* is only 
10-15 g/g wet wt (Table 1), renal failure is more 
likely to be explained by the rapid transport and libe- 
ration of Cd?* in specific locations in the kidney, 
than by the total content of the cation in this organ 
(cf. [26]). The greater toxicity of cadmium-thionein, 
in comparison with ionic Cd**, “cadmium-serum” or 
mixtures of Cd** and serum albumin, therefore, may 
be related to preferential absorption, since glomerular 
filtration favours smaller molecules or to differences 
in content and strength of binding of the cation in 
the metalloprotein, which facilitate transport of the 


cation to the kidney. In this respect thionein may 
resemble cysteine and penicillamine, both of which 
increase the kidney uptake and nephrotoxicity of 


Cd?* [29-31]. The assumption that the liberated 
Cd’* ion is the toxic species is supported by the 
observation that pretreatment with ionic Cd** pro- 
tects against a normally lethal dose of cadmium- 
thionein. Such protection, although unexplained, is 
well known in the toxicology of Cd?* (see e.g. [32)]). 

The high toxicity of cadmium-thionein suggests 
that the accumulation of the metalloprotein in the 
livers of human beings and other mammalian species, 
environmentally exposed to Cd** may be potentially 
dangerous. In man, for example, it is possible that 
subsequent exposure, either environmental or indus- 
trial, to other agents could cause liver damage with 
the liberation of the metallothionein. Although in 
Cd?*-exposed rats, that contained high hepatic con- 
tents of cadmium-thionein, no evidence was obtained 
that exposure to the hepatotoxins, carbon tetra- 
chloride and retrorsine, caused the transfer of Cd?* 
from the liver to the kidney, the rat in this instance 
may not be an appropriate model for man. 
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Abstract—The severity of hepatic necrosis in mice dosed with 3.31 m-mole/kg paracetamol was signifi- 
cantly greater than after a 2.65m-mole/kg dose, and the quantity of a reactive metabolite of the 
drug bound to hepatocyte macromolecules was significantly greater after the higher dose. x-Mercapto- 
propionylglycine (z-MPG), a sulphydryl group-containing compound, together with 3.31 m-mole/kg 
paracetamol afforded significant protection against hepatic necrosis, as assessed histologically, but had 
no significant effect on the quantity of paracetamol metabolite bound within the liver. MPG did 
not increase levels of reduced glutathione in the liver, nor did it prevent the fall in hepatic glutathione 
content observed in animals receiving hepatotoxic doses of paracetamol without the protective agent. 
Furthermore, the compound had no effect on the metabolism of paracetamol, as judged by the urinary 
excretion of conjugates of the drug. It is concluded that binding of the reactive metabolite of paraceta- 
mol to hepatocyte macromolecules need not lead to hepatic necrosis provided that sulphydryl groups 
are present in the liver to prevent the deleterious effects of such binding. This appears to be the 


mode of action for «-MPG. 


It is now well established that the hepatotoxicity of 
paracetamol is related to the cytochrome P-450- 
linked metabolism of the drug to a reactive metabo- 
lite, which binds to liver cell proteins [1,2]. Such 
binding occurs when hepatic levels of reduced glu- 
tathione have become depleted [3], as a result of in- 
creased production of the cysteine and mercapturic 
acid conjugates of paracetamol [4], which have as 
their precursor a reactive intermediate which binds 
to glutathione in the liver. 

This has provided the rationale for administering 
precursors of glutathione, or sulphydryl group-con- 
taining compounds, on the basis that these will either 
increase hepatic stores of reduced glutathione or sub- 
stitute for this substance in the liver. Thus, cys- 
teine [5], methionine [6], and cysteamine [7] have all 
been shown to diminish hepatocellular necrosis after 
high doses of paracetamol in rats and mice. Initial 
clinical experience with cysteamine has been encour- 
aging [8], although the compound is not without un- 
pleasant side-effects and, as it is not available as a 
pharmaceutical preparation, infusions have to be 
made up for individual patients. Our preliminary 
studies have shown that another sulphydryl-con- 
taining compound.  4-mercaptopropionylglycine 
(a-MPG) also reduces the hepatotoxicity of paraceta- 
mol in mice. This substance is widely used on the 
continent for the treatment of various hepatic dis- 
orders, without reported side-effects. The present 
paper reports an investigation into its mode of action. 


MATERIALS AND METHODS 


Male albino mice (30-35 g) from an inbred colony 
at King’s College Hospital were used throughout. 
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Paracetamol (Sigma) dissolved in saline (150 
m-mole/l) was given orally after a 23-hr fast in 
doses of 2.65 or 3.31 m-mole/kg. Food was restricted 
for a further 2 hrs, and the effect of «-mercaptopro- 
pionylglycine (Santen Pharmaceuticals Ltd., Japan) 
was investigated in a further group of mice given a 
3.31 m-mole/kg dose of paracetamol. z-MPG was 
given intraperitoneally (i.p.) at 0.2.4, and 6hr after 
paracetamol in a dose of 2.63-mole/kg diluted in 
saline (150 mmol/l) to give a final injection volume 
of 0.3 ml. 

The mice were killed 48 hr after the administration 
of paracetamol by cervical dislocation. Livers were 
immediately removed, sliced, and fixed in formol 
saline prior to histological assessment. The extent of 
hepatic necrosis was graded into four categories by 
a histopathologist (B.P.), who was unaware of the 
treatment groups. Liver lesions were sometimes 
patchily distributed, and at least six sections from dif- 
ferent parts of each liver were examined to establish 
an overall grading. Thus, animals classified as Grade 
0 had normal hepatic histology on all sections exam- 
ined, while those with Grade I had centrilobular 
necrosis affecting less than 25 per cent of the lobule 
as their most severe lesion. Those with confluent 
necrosis joining adjacent centrilobular areas were 
classified as Grade II, and Grade III indicated pre- 
dominantly massive necrosis, with survival of only a 
thin rim of periportal hepatocytes. 

Covalent binding studies. Covalent binding of the 
reactive metabolite of paracetamol to hepatocyte 
macromolecules was investigated in three groups 
of mice. One group was given paracetamol 
3.31 m-mole/kg with i.p. saline (0.3 ml) at 0,2,4, and 
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6hr after paracetamol alone, a second received 
paracetamol 3.31 m-mole/kg with ip. 2-MPG 
(2.63 m-mole/kg) at 0,2,4, and 6hr after paracetamol, 
and a third received paracetamol in a dose of 
2.65 m-mole/kg with intraperitoneal saline as above. 
In all these animals, the administered paracetamol 
was given with 2 wCi of the chromatographically pure 
'$C_ ring-labelled drug (prepared by Dr. R. S. 
Andrews of Sterling-Winthrop Group Ltd). Animals 
were killed at 0.5, 1.2.4.6, and 24hr after adminis- 
tration of paracetamol, and covalent binding deter- 
mined as described by Jollow et al. [1], after protein 
precipitation and multiple solvent extractions. 

The protein precipitate (200 mg) was dissolved in 
2m! Packard Soluene and 10m! scintillation fluid 
containing 80°,, Toluene, 20°, Triton, 2.5-diphenoxa- 
zole (PPO: 5 g/l) and 0.5 g/l bis-MSB in a Packard 
Tricarb Scintillation Counter. Radioactivity was cor- 
rected for background and quench (internal stan- 
dardisation with ['*C]toluene) and reproducibility 
was +10°,. The quantity of paracetamol metabolite 
covalently bound was calculated by reference to the 
specific activity of the administered drug. 

Hepatic glutathione concentrations. Two groups of 
mice received paracetamol (3.31 m-mole/kg), with 
either ip. s-MPG at 0,2.4, and 6hr, or ip. saline. 
Mice were killed at 1,2,4,5,6, and 24 hr after paraceta- 
mol for estimation of hepatic reduced glutathione, by 
the method of Tietze [9]. The presence of z-MPG was 
shown not to interfere with the glutathione assay. 

Glutathione was also determined in two further 
groups of animals, which did not receive paracetamol, 
but were given four 2-hourly i.p. injections of z-MPG 
(2.63 m-mole/kg), or saline. 


Urinary paracetamol conjugates. Two groups of 


mice were given ‘'*C_ labelled paracetamol 
(3.31 m-mole/kg, 2 wCi per mouse) with and without 
a-MPG in the same doses as above, and were housed 
in metabolic cages for 24hr so that urine could be 
collected. Total urinary paracetamol conjugates were 
determined by counting 0.1 ml aliquots of each speci- 
men after the addition of 0.9 ml distilled water, and 
9 ml of the scintillation medium above. Individual 
conjugates were isolated using two-dimensional thin- 
layer chromatography (Andrews et al.[10] and fol- 
lowing location under short-wave u.v. light, each con- 
jugate was scraped off the plate into a counting vial 
containing the scintillation fluid. Background and 
quench corrections were made as above, and the 
relative proportions of each metabolite calculated. 


Student’s t test or the chi-square test were used for 
statistical analysis. 


RESULTS 


z-Mercaptopropionylglycine afforded significant 
protection against the hepatotoxicity of paracetamol 
when given in doses of 3.31 m-mole/kg (Table 1). The 
extent of hepatic necrosis following a lower dose of 
paracetamol (2.65 m-mole/kg) was less severe than 
after the 3.31 m-mole/kg dose, but slightly greater 
than that associated with the high dose given together 
with the protective agent. 

The quantity of '*C labelled paracetamol bound 
to hepatocyte macromolecules increased progressively 
with time in all groups of animals studied to reach 
peak values at 2-4hr after the administration of the 
drug. In keeping with the less severe hepatic necrosis 
produced by 2.65 m-mole/kg paracetamol, covalent 
binding was significantly less after this dosage than 
that observed after 3.31 m-mole/kg dose (Fig. 1). 
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4 
Time after dosing paracetamol, hr 
Fig. 1. The effect of «MPG (2.63 m-mole/kg at 0,2,4,6, hr) 
on covalent binding following oral paracetamol administ- 
ration. Each point represents mean + S.E.M. for four 
animals. 


Table 1. Hepatic histology in mice given paracetamol with and without x-mercaptopropionylglycine 





Paracetamol (m-mole/kg) 





3.31 + a-MPG 2.63 
3.31m-mole/kg at 0,2,4,6 hr 





Hepatic necrosis 
Grade 0-1 
Grade II 


15 (62.5% 
Ill 9 (37.5 
N 


Number and (°,) of animals 





20 (100%)tt 
0 (0%) 
N = 24 





* p < 0.01 compared with 2.65 m-mole/kg. 


+ p < 0.005 compared with 3.31 m-mole/kg without «-MPG. 


t p < 0.05 compared with 2.65 m-mole/kg. 
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Time after dosing paracetamol, hr 
Fig. 2. The effect of a-MPG (2.63 m-mole/kg at 0,2,4,6 hr) 
on hepatic glutathione levels following oral paracetamol 
administration (3.31 m-mole/kg). Each point represents 
mean + S.E.M. for four animals. 


However, despite the significant histological protec- 
tion afforded by «-MPG, covalent binding in animals 
receiving this agent did not decrease in proportion, 
and values at 2 and 4hr, although slightly lower 
in the «-MPG treated group, were not significantly 
different from those’ receiving paracetamol 
(3.31 m-mole/kg) alone (1.30 + 0.02 m-mole/kg pro- 
tein and 1.50 + 0.20, respectively, at 4 hr). Similarly, 
the quantity of reactive metabolite bound after para- 
cetamol 3.31 m-mole/kg and «-MPG was at all times 
significantly greater than that observed after a 
2.65 m-mole/kg dose of paracetamol given without 
a-MPG. When covalent binding was measured at 
24 hr, however, significantly lower levels were seen in 
mice given paracetamol (3.31 m-mole/kg) together 
with a-MPG than in those receiving this dose of para- 
cetamol alone (0.30 + 0.06m-mole/g protein and 
0.70 + 0.06 respectively, p < 0.001). 


Serial measurements of hepatic-reduced glutathione 
showed that levels had fallen to less than 15 per cent 
of control values an hour after giving the larger dose 
of paracetamol, and a similar precipitous drop was 
observed in those who also received a-MPG 
(0.50+1S.E.M. 0.05umole/g wet liver and 
0.54 + 0.04 respectively, p > 0.1) (Fig. 2). However, 
while these low levels were maintained for Shr in 
the group receiving paracetamol alone, in the animals 
treated with «-MPG hepatic glutathione content had 
increased significantly after 4hr to 1.30+40.15 
umole/g wet liver (p < 0.005) compared with the 
group not receiving «-MPG. Twenty-four hr after the 
administration of paracetamol, concentrations had 
returned to 48 per cent of initial values in mice given 
a-MPG (2.40 + 0.14 umole/g wet liver), whereas in 
those controls given paracetamol alone, levels were 
only 25 per cent of normal (1.05 + 0.09 umole/g wet 
liver, p < 0.001). 

Hepatic glutathione concentrations in animals not 
receiving paracetamol were not significantly altered 
by the administration of a«-MPG (controls 
4.20 +1S.E.M. 0.16umole/g wet liver, o-MPG- 
treated 4.90 + 0.50, p > 0.1). 

The urinary excretion of total paracetamol conju- 
gates during the first 24 hr after administration of the 
drug was similar in the control animals and in those 
given a-MPG, at 85-90 per cent of the administered 
dose. Administration of «-MPG did not give rise to 
any new urinary conjugates of paracetamol, and the 
pattern of urinary metabolites was similar to that seen 
in animals receiving paracetamol alone (Fig. 3). 
Although there was a slight increase in the proportion 
appearing as cysteine and mercapturic acid conju- 
gates in the a-MPG group compared with controls 
16 and 12 per cent of the total drug excreted respect- 
ively), and there was a concomitant decrease in the 
proportion of free paracetamol (13 and 17 per cent 
respectively), in neither instance did these differences 
reach statistical significance. 


DISCUSSION 
The pattern of events observed after hepatotoxic 


doses of paracetamol in the present study is similar 
to that previously described [1,3] with rapid deple- 
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Fig. 3. The percentage excretion of paracetamol conjugates in controls and animals treated with 
a-MPG. 
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tion of reduced glutathione in the liver, associated 
with the binding of a metabolite of the drug to hepa- 
tocyte macromolecules. Similarly, the higher, more 
hepatotoxic doses of the drug, when given without 
the protective agent, gave rise to a greater degree of 
binding than the lower dose, which produced less 
liver damage. It is of considerable interest, therefore, 
that while x-MPG protected significantly against 
hepatic necrosis, it had little effect on covalent bind- 
ing. If this had been reduced in proportion to the 
degree of protection conferred, binding comparable 
to, or even less than, that seen after the lower dose 
of paracetamol would have been expected. These find- 
ings contrast markedly with those of Mitchell er 
al. [7] for cysteamine, as the protective effect of this 
compound was parallelled by a decrease in the quan- 
tity of the reactive paracetamol metabolite bound 
within the liver. 

The nature of the paracetamol metabolite which 
binds to liver cell macromolecules is not known, but 
it is thought to be an unstable oxide of the drug [1], 
and its formation appears to be mediated by microso- 
mal P-450-dependent mixed function oxidases [2]. 
Both x-MPG and cysteamine are sulphydryl group- 
containing compounds and similar substances have 
been shown to be capable of combining with, 
and inhibiting the action of, haem-containing 
enzymes[11] such as cytochrome P-450, and the 
effect of this would be to diminish the formation of 
the reactive metabolite of paracetamol. Alternatively, 
such compounds could act, by virtue of their sulphyd- 
ryl groups, as reducing agents to convert the reactive 
metabolite back to the parent drug. However, while 
both these mechanisms could explain the action of 
cysteamine, they are unlikely to be important for 
4-MPG. Not only would a decrease in the binding 
of the reactive metabolite within the liver have been 
expected, but also a decrease in the proportion of 
the drug excreted as the cysteine and mercapturic acid 
conjugates, which are formed via this intermediate, 
and neither of these changes were observed. Further- 
more, the failure to demonstrate any new urinary con- 
jugates after administration of %-MPG excludes the 
possibility that the compound was conjugating di- 
rectly with the reactive metabolite of paracetamol. 

Previous studies have shown that administration 
of cysteamine to mice results in an increased hepatic 
content of reduced glutathione [12], either by acting 
as a precursor of this compound, or by stimulating 
its release from stores, such as mixed disulphide com- 
plexes with liver proteins. In marked contrast, no in- 
crease in hepatic glutathione content was observed 
in the present studies after the administration of 
4-MPG indicating a further difference in action 
between this compound and cysteamine. Further- 
more, a-MPG failed to prevent the fall in hepatic glu- 
tathione concentration observed in animals receiving 
paracetamol without this protective agent. In con- 
trast, studies using cysteamine have indicated that this 
compound apparently leads to a preservation of glu- 
tathione levels within the liver [5]. However, in these 
latter studies no information was given on the poten- 
tial interference of cysteamine in the assay used 
for glutathione and, because of this, artefactually 
high estimates for hepatic glutathione cannot be 
excluded. 


It appears from the present study, therefore, that 
4-MPG acts by preventing deleterious effects on 
hepatocellular function caused by binding of the reac- 
tive paracetamol metabolite, rather than by modifying 
its production or elimination. Such a mode of action 
would allow hepatocytes to continue glutathione and 
protein synthesis at more normal rates than those 
damaged by the reactive paracetamol metabolite. This 
would explain why the rates of decrease in covalent 
binding and restitution of glutathione levels were 
more rapid and complete in the livers of animals 
receiving 2-MPG. 

It has previously been assumed that the factor 
determining the degree of hepatocellular injury after 
paracetamol overdose is the total quantity of reactive 
metabolite of the drug which becomes bound to mac- 
romolecules within liver cells. However, the present 
findings indicate that this concept must be an over- 
simplification. One explanation for our results is that 
only a very small proportion of the reactive metabo- 
lite bound to certain macromolecules, is responsible 
for initiating cell necrosis, and «-MPG may act 
specifically by preventing binding at these sites. 
Alternatively, the compound may act by stabilising 
cell constituents against the effects of binding, in a 
manner analogous to that proposed for reduced glu- 
tathione after administration of carcinogens [13] and 
carbon tetrachloride [14]. 

Indeed, it is possible that hepatic reduced glutath- 
ione itself might have the capacity to afford such pro- 
tection after paracetamol overdose. This would 
explain an earlier experimental observation that a 
small quantity of bound paracetamol metabolite 
could be detected in the livers of rats given doses 
of the drug which did not lead to histological evi- 
dence of hepatic necrosis [15]. However, following 
hepatotoxic doses of paracetamol, glutathione is pre- 
dominantly utilised for conjugation with the reactive 
metabolite of paracetamol, and the depleted levels of 
this compound may then be inadequate to afford sig- 
nificant protection. One possible mode of action for 
4-MPG would be to substitute for hepatic reduced 
glutathione in this latter function. 
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Abstract—Adenosine, in the presence of the phosphodiesterase inhibitor, Ro 20-1724, produces large 
increases in the intracellular content of cyclic adenosine 3',5’-monophosphate of murine neuroblastoma 
cells (clone N2a). This response is not blocked by dipyridamole, an antagonist of adenosine uptake, 
but is antagonized by certain methylxanthines. The structure activity relationships for agonistic and 
antagonistic activity were determined and the following observations made: (1) the N° is necessary 
for the binding of adenosine to its receptor, but not for antagonist activity; (2) the substitution of 
a methyl group at the | position increases antagonistic activity of xanthines (from no activity to 
measurable activity) but greatly decreases the affinity of adenosine for its receptor; and (3) the sugar 
moiety is important for the binding of adenosine to its receptor, but not for antagonistic activity. 
The dissimilarities in the structure-activity relationships for agonistic activity and antagonist activity 
are interpreted to indicate that this antagonism is not competitive in nature. 


The ability of adenosine to elevate the cyclic adeno- 
sine 3',5’-monophosphate (cyclic AMP) content of 
slices of guinea pig cerebral cortex was first reported 
by Sattin and Rall in 1970[1]. Similar findings have 
been reported for slices of cerebral cortex of the 
rat [2-4], mouse [4] and human [5]. Studies in tissue 
culture have shown that the intracellular content of 
human astrocytoma cells[6], but not that of rat 
glioma cells [7,8], is elevated by adenosine. 

Gilman and Nirenberg[9] reported that four 
clones of mouse neuroblastoma C-1300 were unre- 
sponsive to the cyclic AMP-elevating effect of adeno- 
sine. More recent work from other laboratories has 
shown that, while the cyclic AMP content of this cell 
line is minimally affected by adenosine alone, it is 
markedly elevated by adenosine in the presence of 
certain phosphodiesterase inhibitors [10,11]. Blume 
et al.[10] showed that, in the clones they studied, 
the cyclic AMP elevation in response to adenosine 
in the presence of the phosphodiesterase inhibitor, 
Ro 20-1724, was antagonized by theophylline. The 
ability of theophylline to antagonize the cyclic AMP- 
elevating effect of adenosine was first reported by Sat- 
tin and Rall[1] for the guinea pig cerebral cortex, 
and has been reported in other systems [6, 12, 13]. 
While this antagonistic effect of theophylline 
is usually thought to be competitive in 
nature [6, 10, 13,14], other workers have presented 
evidence that theophylline and other methylxanthines 
are not specific competitive antagonists of adeno- 
sine [15, 16]. The present report of studies on the N2a 
clone of murine neuroblastoma gives further evidence 
that the cAMP-elevating effect of adenosine is 
mediated by an extracellular receptor. In addition, a 
comparison between the structure—activity relation- 
ships of adenosine analogs (agonists) and xanthine 
derivatives (antagonists) gives a further indication 
that this antagonism is not via a competitive 
mechanism. 


MATERIALS AND METHODS 


Materials. Dipyridamole was a gift from Geigy Phar- 
maceuticals to Dr. Harold Feinberg in this depart- 
ment. Ro 20-1724 [4-(3-butoxy-4-methoxybenzyl)-2- 
imidazolidinone] was kindly supplied by Dr. H. Shep- 
pard of Hoffmann-LaRoche, Inc. Prostaglandins were 
provided by Dr. J. E. Pike of the Upjohn Co.; 1,3-di- 
n-propylxanthine (SC-2627) and 1,3-diallylxanthine 
(SC-4572) were provided by Dr. K. J. Rorig of G. 
D. Searle & Co. All other unlabeled chemicals and 
drugs were purchased from commercial sources 
(Sigma, P-L Biochemicals, Inc., Cyclo Chemicals, 
ICN Pharmaceuticals, Inc., Schwarz/Mann, and 
Gibco). Adenosine[8-*H] and adenosine 3’,5’-mono- 
phosphoric acid[8-*H] were purchased from 
Schwarz/Mann. Where indicated the compound was 
purified on cellulose thin-layer chromatography with 
1.0 M ammonium acetate-95°, ethanol (30:75, v/v) 
as the solvent [17]. 

Cell line and culture methods. The neuroblastoma 
cell line (clone Neuro-2a, N2a) was derived from the 
spontaneous mouse C-1300 neuroblastoma by Klebe 
and Ruddle [18] and was a gift from Dr. Alvin Tesler, 
Northwestern University. Cells were grown to mono- 
layer in Falcon plastic culture dishes (100 x 20 mm) 
containing Dulbecco’s Modified Eagle’s Medium 
(DMEM) (4.5 g glucose/liter) supplemented with peni- 
cillin G, 50 units/ml; streptomycin sulfate, 10 ug/ml; 
and 10°, gamma globulin-free newborn calf serum in 
a humidified 5°, CO, atmosphere at 37°. Under these 
conditions, the cells had a doubling time of approxi- 
mately 20 hr. Cultures were passaged weekly by incu- 
bation with 0.25% Viokase in Modified Eagle 
Medium (MEM). Fresh medium was added every 2-3 
days. 

Cultures used in these experiments were obtained 
from stock cultures by incubation with 0.25°, Viokase 
in DMEM for 5 min at 37°, triturated, and centri- 
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Fig. 1. Concentration:effect curve of adenosine on cyclic 
AMP. All cultures were pre-exposed to 0.7 mM Ro 
20-1724. Adenosine incubation time was 15 min. The 
+t §.E.M. is shown for each point (n = 4) except 


where the S.E.M. is too small to show. 


mean 


fuged with an equal volume of DMEM with 10%, 
serum at 1000 rev/min for 2 min. The pellet was resus- 
pended in DMEM with 10°, serum and the cell 
number estimated with a hemocytometer. Dishes were 
inoculated with 5 x 10° cells (10 ml) and grown for 
4-5 days: 5 ml of fresh medium was added 2 days 
prior to use. Most plates contained between | and 
3 mg protein at the time of use. 

Experimental protocol. Cell cultures were washed 
twice with serum-free DMEM and 5 ml of serum-free 
DMEM was added to each culture. Ro 20-1724 (0.7 
mM) was added to the appropriate cultures at this 
time and the dishes were returned to the incubator. 
As it was necessary to dissolve some compounds, in- 
cluding Ro 20-1724, in ethanol, ethanol was added to 
other plates where necessary so that all plates within 
a given experiment were exposed to the same concen- 
tration of ethanol. The experiment was resumed ap- 
proximately 30 min after adding the Ro 20-1724. The 
time of this initial preincubation period with 
Ro 20-1724 was not critical, as preincubation periods 
between 10 and 90 min gave similar results. The con- 
centration of Ro 20-1724 used (0.7 mM) was deter- 
mined in preliminary experiments to be at least twice 
that necessary to maximally potentiate the effect of 
adenosine on the N2a cells. 

Most compounds studied were dissolved in distilled 
water and added to the cultures in microliter quanti- 
ties. In a few cases, due to solubility limitations, the 
compound to be studied had to be directly dissolved 
in serum-free DMEM. Incubations were carried out 
in the tissue culture incubator and were terminated 
by removing the medium and adding 2 ml of 10% 
trichloroacetic acid (TCA). The samples were trans- 
ferred to tubes, centrifuged, and the pellet was saved 
for a protein determination. The supernatants were 
made 0.1 N with HCl, extracted five times with water- 
saturated ether, purified on Dowex formate columns 
according to the method of Murad et al. [19], lyophy- 
lized and stored at —20° until assayed. Samples were 
redissolved in 50 mM sodium acetate buffer, pH 4, 
and assayed by a protein-binding assay similar to that 


described by Gilman [20]. The protein precipitates 
were redissolved in 1 N sodium hydroxide, and the 
protein content determined by the method of Lowry 
et al. {21}. Cyclic AMP levels are given in terms of 
pmoles/mg of protein. The recovery of cyclic AMP 
assessed by the addition of [*H]cyclic AMP at the 
beginning of the extraction procedure averaged 80 per 
cent. Values given are not corrected for recoveries. 


RESULTS 


Concentration effect relationship for adenosine. Cul- 
tures were preincubated in serum-free DMEM con- 
taining 0.7 mM Ro 20-1724, and the intracellular cyc- 
lic AMP levels measured after 15-min incubations 
with various concentrations of adenosine (Fig. 1). The 
ECs, Of adenosine was slightly greater than 10°° M 
and the maximum elevation was produced by 107° 
M. Other experiments in which higher concentrations 
of adenosine were studied showed a clear descending 
limb of the adenosine concentration effect curve. 

Time course of effect of adenosine. Both the intracel- 
lular and medium concentrations of cyclic AMP were 
determined at varying times after exposure to 107° 
M adenosine. In order to directly relate the relative 
increases in the cells and the medium, both values 
are expressed in terms of cell protein (Fig. 2). The 
intracellular concentration of cyclic AMP rose 
rapidly after exposure to adenosine and reached a 
peak at about 15 min. The cyclic AMP content of 
the medium rose slowly over a period of 30 min, but 
never approached that in the cells. Some of the cyclic 
AMP assayed as “medium” cyclic AMP may be due 
to cyclic AMP contained in the few cells that lost 
their attachment during the experiment. In any event, 
it is clear that the rapid rise in the intracellular cyclic 
AMP content does not lead to a rapid diffusion or 
transport of cyclic AMP out of the cells. 
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Fig. 2. Time course of effect of adenosine (10~* M) on 
cyclic AMP. All cultures were pre-exposed to 0.7 mM 
Ro 20-1724. Key: (@ @) intracellular cyclic AMP; and 
(O-—-O) “media cyclic AMP.” At the termination of the 
incubations, the media were collected into beakers contain- 
ing 1.0 ml of 50% TCA and processed in the same manner 
as cell extracts. The mean +S.E.M. is shown for each point 
except where the S.E.M. is too small to show. 
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Table 1. Effect of dipyridamole on adenosine uptake* 





Adenosine uptake+ (pmoles/mg protein/15 min) 


Treatment 


Control 


Dipyridamolet 


10°° M 10°° M 10°* M 





Adenosine, 10°° M + 
Ro 20-17248 

Adenosine, 10~> M + 
RO 20-1724§ 

Adenosine, 10° ° M 


63.7; 64.4 


430 + 56 
891 + 83 


475+45 126422 


sm  W4 





* Cells were washed with serum-free DMEM and incubated with [*H]adenosine 
under conditions identical to those used when cyclic AMP was to be assayed. At 
the end of the incubation period, the cultures were rapidly washed five times with 
physiological saline solution and TCA was added. The TCA soluble radioactivity 
was determined after the TCA was extracted and the samples were lyophylized; it 


is expressed in terms of [*H]adenosine. 


+ Individual values or mean +S.E.M., N = 3. 


t Fifteen min preincubation. 
§ 0.7 mM. 


Effect of dipyridamole on adenosine uptake and on 
the cyclic AM P-elevating effect of adenosine. Dipyrida- 
mole has been reported to inhibit adenosine uptake 
in several systems[22-24]. In rat astrocytoma 
cells [6] and guinea pig cerebral cortical slices [25], 
it inhibits adenosine uptake while it has no effect 
(astrocytoma) or a potentiating effect (cortical slices) 
on the cyclic AMP-elevating effect of adenosine. The 
effects of Ro 20-1724 and dipyridamole on adenosine 
uptake were therefore determined. The results of this 
experiment, along with those of a companion exper- 
iment in which cyclic AMP levels were determined, 
are summarized in Tables | and 2 respectively. It is 
clear that 10°* M dipyridamole markedly inhibits 
adenosine uptake but does not inhibit the cyclic 
AMP-elevating effect of adenosine. Ro 20-1724 also 
decreases adenosine uptake. 

Effects of analogs of adenosine and other related 
compounds on the intracellular cyclic AMP concen- 
tration and on the elevation of cyclic AMP in response 
to adenosine. The intracellular concentrations of cyclic 
AMP after 15 min of exposure to 10°* M of a test 
compound or to the combination of the test com- 
pound and 10°° M adenosine were determined. The 
purpose of these experiments was: (1) to define the 
structural requirements necessary for the cyclic AMP- 
elevating effect of adenosine, and (2) to determine if 
compounds devoid of agonist activity have any 
affinity for the “adenosine receptor,” i.e. possess anta- 
gonist activity. The results of these experiments are 
summarized in Table 3. Many compounds devoid of 
significant agonist or antagonist activity are listed in 
the footnote to the table. [Some of the inactive com- 
pounds listed (adenosine-5’-propionate, adenosine-5’- 
monoacetate, 2’-AMP and 3’-AMP) appeared to have 
significant activity before purification by thin-layer 
chromatography. | 

The agonist activity of adenylyl(3’— 5’jadenosine 
was surprising in view of the lack of activity of the 
adenosine monophosphates. In an additional exper- 
iment 10°° and 10°* M adenylyl(3’— 5’)jadenosine 
elevated cyclic AMP from 63.3 + 0.8 pmoles/mg of 
protein to 1071 + 60 and 2662 + 30 pmoles/mg of 
protein respectively. As this compound was chroma- 
tographically free of adenosine and the adenosine 


monophosphates are inactive, it must be concluded 
that this compound is a potent agonist at the “adeno- 
sine receptor.” 

The cultures exposed to exogenous cyclic AMP 
were rapidly washed five times with physiological 
saline at the termination of the incubation. In a simi- 
lar experiment, the uptake of *H (expressed as cyclic 
AMP) after exposure to [*H]cyclic AMP was 
120 + 52 pmoles/mg of protein. Further experiments 
with cyclic AMP purified by thin-layer and Dowex 
formate chromatography gave similar elevations in 
cyclic AMP. As the response to exogenous cyclic 
AMP could not have been due to the formation of 
5’-AMP (phosphodiesterase was inhibited and _ this 
compound, even if formed, is inactive), it is likely that 
cyclic AMP can combine with the “adenosine recep- 
tor” to elicit an elevation in the intracellular concen- 
tration of cyclic AMP. Chasin et al.[26] have 
reported similar results in a preparation of guinea 
pig hippocampus. 

5'-Deoxyadenosine produced a small elevation in 
cyclic AMP when added alone and inhibited the ele- 
vation in cyclic AMP in response to 10°° M adeno- 
sine (Table 3). A complete dose-response curve (Fig. 
3) showed this compound to produce a maximal effect 
which was much less than that of adenosine, Le. it 


Table 2. Effect of dipyridamole on cyclic AMP-elevating 
effect of adenosine 





Cyclic AMP? 


Treatment* (pmoles/mg protein) 





Ro 20-1724 93:40 
Adenosine, 10~*> M 84+ 14 
Dipyridamole, 10° * M 73+6 
Ro 20-1724 + adenosine, 10°° M 523 + 31 
Ro 20-1724 + adenosine, 10~°> M 1467 + 305 
Ro 20-1724 + adenosine, 10°° M + 

dipyridamole, 10~* M 725 + 124 
Ro 20-1724 + adenosine, 10°> M + 

dipyridamole, 10°* M 2591 + 106 


+ I+ 1+ 4+ 





* Cultures were pre-exposed to Ro 20-1724 (0.7 mM) 
and/or dipyridamole. Incubations with adenosine were for 
15 min. 

+ Individual values or mean +S.E.M., N = 3. 
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Table 3. Effects of adenosine analogs and related compounds on the cyclic AMP 
concentration in mouse neuroblastoma and on the elevation of cyclic AMP in response 


to 10 


© M adenosine 





Cyclic AMP (pmoles/mg protein) 





Test compounds* 


Plus adenosinet 
(10-° M) 


Alonet 
(10-* M) 





None 

2-Chloroadenosine 
Adenylyl-(3' — 5’jadenosine 
V°-methyladenosine 

\ °-yy-dimethyladenosine 
Cyclic-AMP 
1-Methyladenosine 
5'-AMP 

Adenine 

Inosine 

5'-Deox yadenosine 


40 + 3.6 (26)t 


1200 + 74 (25)t¢ 
2008, 1534 2500,.2672 
1538, 2068 
677, 1192 1687, 1194 
950, 778 1125, 1569 
475, 2601, 2515 
145, 824, 877 
130, 16: 816, 1406 
324 1250, 1434 
56, 5 1133, 1364 
412, 2 414, 545 





* The following compounds were devoid of clear agonist or antagonist activity when 
tested at 10°* M: adenosine-5’-propionate, adenosine-5'-monoacetate, 1,N°-etheno- 


adensine, guanosine, 


N°,O? -dibutyrylcyclic-A MP, 


6-mercaptopurine __riboside, 


S'-adenylyl imidodiphosphate, 5’-guanylylimidodiphosphate, puromycin, D(-)ribose, 


2',3’-isopropylidene 


3'-AMP. 
+ Fifteen min incubation. 


adenosine, 


allopurinol, 


2'-O-methyladenosine, 2'-AMP, and 


t All individual values or mean +S.E.M.; the number of determinations is given 


in parentheses. 


is a partial agonist. Although the effect of 5’-deoxya- 
denosine on the dose-response curve of adenosine 
was characteristic for the interaction between a full 
and partial agonist (Fig. 4), a similar interaction was 
seen between PGE, and 5’-deoxyadenosine (Fig. 5). 
Experiments with 2’- and 3’-deoxyadenosine showed 
these compounds to have minimal agonist activity at 
10°* M but to antagonize both adenosine and PGE, 
at this concentration (data for 2’-deoxyadenosine is 
given in Table 4). It is clear that more work must 
be done in order to determine the nature of the in- 
hibitory actions of the deoxyadenosines. 

Effects of methylxanthines on the cyclic AM P-elevat- 
ing effect of adenosine. 1,3-Dimethylxanthine, theo- 
phylline, has been reported to antagonize the cyclic 
AMP-elevating effect of adenosine in several sys- 
tems[1,6,10,12] including murine _ neuroblas- 
toma [10]. The effects of 1,3-dimethylxanthine (theo- 
phylline), 3,7-dimethylxanthine (theobromine), and 
|,3,7-trimethylxanthine (caffeine) on the cyclic AMP- 
elevating effect of adenosine were therefore deter- 
mined. The results of these experiments are shown 
in Fig. 6. The concentration effect curve to adenosine 
was shifted to the right by theophylline and caffeine, 
but was unaffected by theobromine. These results in- 
dicated that the |-methyl group is important for the 
antagonistic activity. Experiments with xanthine, 
l-methylxanthine and 3-methylxanthine (Fig. 7) 
showed this to be the case. In addition, 1-methyl-3- 
isobutylxanthine was found to be equipotent with the 
other l-methylxanthines in this respect (data not 
shown). Similar experiments with 1-methyladenine, 
1-methyladenosine, 1-methylhypoxanthine, and 
l-methylinosine (l-methylhypoxanthine __ riboside) 
showed these compounds to be completely devoid of 
antagonistic activity. Theophylline did not affect the 
cyclic AMP elevations in response to PGE, or PGE. 


DISCUSSION 


The cyclic AMP content of murine neuroblastoma 
clone N2a is rapidly elevated by adenosine in the 
presence of the  phosphodiesterase inhibitor 
Ro 20-1724. The marked potentiation of the cyclic 
AMP-elevating effect of adenosine by the phospho- 
diesterase inhibitor strongly suggests that this effect 
of adenosine is primarily due to the activation of 
adenylate cyclase rather than the inhibition of phos- 
phodiesterase. In this regard, two recent studies have 
shown that the adenylate cyclase activities of cell- 
free[27] or permeabilized cell preparations [16] of 
the NS 20 clone of murine neuroblastoma are sensi- 
tive to the stimulatory effect of adenosine. The finding 
that dipyridamole antagonizes the uptake of adeno- 


7S 


Cyclic AMP 
oO 
re) 


(pmoles/mg_ protein) 


Nm 
oO 


CONTROL 16,5 +2.5 
Adenosine 1331.2 + 1638 
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-log 5 '- deoxyadenosine 


Fig. 3. Concentration: effect curve of 5’-deoxyadenosine on 
cyclic AMP. All cultures were pre-exposed to 0.7 mM 
Ro 20-1724. 5'-Deoxyadenosine incubation time was 15 
min. The mean +S.E.M. is shown for each point (n = 3). 
Adenosine response was to 10°* M. 
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Cyclic AMP 


(pmoles /mg protein) 








-1og,, ADENOSINE (M) 

Fig. 4. Effect of 10°* M/5’-deoxyadenosine on concentra- 

tion:effect curve of adenosine. All cultures were 

pre-exposed to 0.7 mM Ro 20-1724. Incubations were for 

15 min. Adenosine and 5’-deoxyadenosine were added 

simultaneously. Individual determinations are shown. 
Key: (e ®) adenosine; and (x x) 

adenosine + 5’-deoxyadenosine. 


sine but does not antagonize the elevation in cyclic 
AMP in response to adenosine indicates that the cyc- 
lic AMP-elevating effect of adenosine is mediated by 
an extracellular “adenosine receptor.” 

We have tested a fairly large number of adenosine 
analogs for their ability to elevate cyclic AMP, and 
also for their ability to antagonize the cyclic AMP- 
elevating effect of adenosine (see Table 3). Except 
where noted, our results are generally in agreement 
with studies on other systems [1,6, 25,28]. Inosine, 
guanosine and 6-mercaptopurine riboside all have 
little or no agonist activity and do not antagonize 
the effect of adenosine when present in a 100:1 molar 
ratio. In an additional experiment, inosine at 
3 x 10°? M did not elevate cyclic AMP or anta- 
gonize the effect of 10°° M adenosine. Since these 
compounds are devoid of the N° nitrogen, it is clear 
that this group is of great importance for binding 
to the receptor and for agonist activity. 

The importance of the sugar moiety is equally 
apparent. Adenine at 10°* M is completely devoid 
of agonist and antagonist activity. At 3 x 10°? M 


iO - 
CONTROL 43,5+5,6 
5 deoxyadenosine (10™) 
199+56 


Cyclic AMP 
(pmoles/mg protein) 








-log,, PGE, 


Fig. 5. Effect of 10°* M 5’-deoxyadenosine on concen- 

tration: effect curve of PGE). All cultures were pre-exposed 

to 0.7 mM Ro 20-1724. PGE, and 5’-deoxyadenosine were 

added simultaneously and incubations were for 15 min. 

The mean +S.E.M. is shown for each point (n = 3) except 

where S.E.M. is too small to show. Key: (@——-@) PGE,; 
and (x x ) PGE, + 5’'-deoxyadenosine. 


adenine does not elevate cyclic AMP but does slightly 
depress the elevation in cyclic AMP in response to 
10~° M adenosine (data not shown). Various modifi- 
cations of the sugar moiety result in drastic reduc- 
tions in activity; 2’-, 3’- and 5’-deoxyadenosine all 
have minimal agonist activity and antagonize the cyc- 
lic AMP-elevating effects of both adenosine and the 
E prostaglandins. Blume and Foster[27] have 
reported that 2’- and 5’-deoxyadenosine inhibit the 
stimulatory effects of both PGE, and 2-chloroadeno- 
sine on the adenylate cyclase activity in cell-free prep- 
arations of NS 20 neuroblastoma. 

5’-AMP is largely, if not completely, devoid of acti- 
vity. In an experiment (not shown) similar to those 
shown in Figs. 6 and 7, 10°* M 5’--AMP produced 
very small elevations in cyclic AMP and did not 
antagonize the effect of adenosine. Similar results 
have been reported from studies on cell-free prep- 
arations of NS 20 neuroblastoma [27]. The adenylate 
cyclase activity of permeabilized cells of the same 
clone is inhibited by 5’-AMP. These results are in 
contrast to those guinea pig cerebral cortex slices [1 ] 
and human astrocytoma cells [6] where 5-AMP is 
a potent agonist. Clark et al. [6] presented convincing 
evidence that the response to 5’--AMP in human 
astrocytoma cells cannot be accounted for by the 
conversion of 5'-AMP to adenosine. It would seem, 
therefore, that qualitative differences occur in the 
“adenosine receptors” present in different biological 
materials. 

It is fairly well accepted that methylxanthines such 
as theophylline antagonize the cyclic AMP-elevating 
effect of adenosine which is seen in several prep- 
arations by a competitive mechanism. This conclusion 
is based on experiments which show the ability of 
increasing concentrations of adenosine to overcome 
the antagonism due to theophylline [1,6, 10], and on 
Lineweaver—Burk plots of the relationships between 
the adenosine concentration and the cyclic AMP con- 
tents of whole cells [13], and of the stimulatory effects 
of adenosine on adenylate cyclase activity in broken- 
cell preparations [27]. It should be kept in mind that 
adenosine is a moderator of adenylate cyclase activity 
and not a substrate for the enzyme. Lineweaver—Burk 
plots which have been interpreted to show competi- 
tive antagonism merely show that the relationship 


Table 4. Effect of 2'-deoxyadenosine on cyclic AMP- 
elevating effects of adenosine and PGE, 





Cyclic AMP* (pmoles/mg protein) 





2'-Deoxyadenosine 


Agonist Control (2 x 10-* M) 





44.1 + 3.9¢ (2) 
92.3 + 15.9 (3) 
Adenosine, 
10°° M 
PGE,, 
3.* 167% 
M 860 + 16.1 (5) 


762.9 + 33.7 (5) 466.0 + 53.7 (3) 


541.4 + 98.5 (3) 





* All incubations were for 15 min. 

+ Mean +S.E.M.; the number of determinations is given 
in parentheses. 

t Significantly different from control, P < 0.01. 
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Fig. 6. Effects of xanthines on concentration: effect curve of adenosine (15-min exposure). All plates 
were pre-exposed to 0.7 mM Ro 20-1724 and the xanthine for a minimum of [5 min. The mean 


+ S.E.M. is shown for each point except where the S.E.M. is too small to show. Key: (@ 
10°-* M. Panel A, theophylline (1,3-dimethylxanthine); panel B, caffeine 


> 


and ( » x) xanthine, 3 


@) control; 


(1,3.7-trimethylxanthine); and panel C, theobromine (3,7-dimethylxanthine). 


between adenosine concentration and adenylate cyc- 
lase activation (or cyclic AMP concentration) is 
roughly hyperbolic and that the dose-response curve 
to adenosine is shifted by methylxanthines in a 
roughly parallel manner. While more complete analy- 
ses such as the generation of “Schild Plots” could 
give support to the hypothesis that the antagonism 
is competitive in nature. even this procedure would 
not eliminate other types of antagonism based on 
other models [ 29]. 

There are several observations that do not fit well 
with the hypothesis that theophylline antagonizes 
adenosine competitively. Shimizu et al.[15] have 
reported that elevations in cyclic AMP in slices of 
guinea pig cortex in response to glutamate or adeno- 
sine are antagonized by methylxanthines. They also 
reported that 2’-deoxyadenosine specifically anta- 
gonized adenosine, while 2,3-diaminopropionic acid 
specifically antagonizes glutamate. Similar results 


(pmoles/mg protein) 








have recently been reported for rat and mouse cere- 
bellar cortex [30]. Schultz et al. [8] have reported 
studies on the N4GT3 clone of murine neuroblastoma 
in which 3-isobutyl-l-methylxanthine (IBMX) was 
used for its phosphodiesterase inhibitor action to 
potentiate adenosine. While they state that methyl- 
xanthines do not antagonize adenosine in this clone, 
it is possible that their dose-response curves to 
adenosine may have been shifted to the right due to 
the antagonistic action of the methylxanthine. The 
dose-response curve of the stimulatory effect of 
adenosine on the adenylate cyclase activity in permea- 
bilized NS 20 cells is both shifted to the right and 
depressed by theophylline [16]. 

Theophylline antagonized the cyclic AMP-elevating 
effect of adenosine in the present experiments. The 
experiments summarized in Figs. 6 and 7 clearly show 
that the substitution in the | position is important 
for the antagonistic action of xanthines in N2a neuro- 
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Effects of xanthines on concentration:effect curve of adenosine (15-min exposure). All plates 


were pre-exposed to 0.7 mM Ro 20-1724 and the xanthine for a minimum of 15 min. The mean 


+ S.E.M. is shown for each point except where the S.E.M. is too small to show. Key: (@ 


> 


and (x x) xanthine, 3 


@) control; 


< 10°* M. Panel A, xanthine; panel B, I-methylxanthine; and panel C, 


3-methylxanthine. 
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blastoma (!-methylxanthine did not antagonize the 
cyclic AMP-elevating effect of adenosine in guinea pig 
cortical slices under the conditions studied [28]). Pre- 
liminary studies with 1,3-di-n-propylxanthine and 
i ,3-diallylxanthine indicate that these compounds are 
roughly equipotent with theophylline with regard to 
their ability to antagonize adenosine. 1-Methyla- 
denine, !-methyl-6-hydroxypurine (1-methylhypoxan- 
thine) and 1-methylinosine (1-methylhypoxanthine 
riboside) had no agonist or antagonist action at 
3 x 10°* M. At this same concentration, |-methyl- 
adenosine may have had a small amount of agonist 
activity (this compound was not purified and may 
have been contaminated with a trace amount of 
adenosine), but did not antagonize adenosine. 

While there are many competitive antagonists that 
are structurally dissimilar to the substances they anta- 
gonize, there are many other competitive antagonists 
which are structurally similar to the substances they 
antagonize. As both agonist and antagonist activity 
depend on the affinity of the compound for the recep- 
tor site, chemically similar agonist:antagonist pairs 
often share common structure activity relationships. 
The importance of the N-isopropyl group in 
imparting selectivity to beta-receptor agonists and 
antagonists is a striking example of such a situation. 
It is, therefore, not unreasonable to assume that 
adenosine analog agonists and methylxanthine-type 
antagonists, both of which are purine derivatives, 
should share some common structure activity rela- 
tionships if indeed they both compete for the same 
receptor site. In this regard, the following should be 
noted: (1) the N® is necessary for the binding of 
adenosine to its receptor and, thus, for agonist acti- 
vity, but is not necessary for antagonist activity; (2) 
the sugar moiety is important for the binding of 
adenosine to its receptor, but is not necessary for 
antagonistic activity; and (3) the substitution of a 
methyl group at the | position increases the anta- 
gonistic activity of the xanthines, but greatly de- 
creases the affinity of adenosine for its receptor. We 
interpret these dissimilarities in the structure activity 
relationships to indicate that the antagonism is allos- 
teric rather than competitive in nature, i.e. to indicate 
that the xanthines act at a site distinct from adeno- 
sine. Obviously, more studies are necessary to deter- 
mine the exact nature of the interactions between 
these agents. 
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Abstract 


Optimal conditions for deamination of 5-hydroxytryptamine in rat skeletal muscle were 


determined. The presence of monoamine oxidase (MAO) A and MAO B isozymes was demonstrated 
by the use of tyramine (a substrate of both forms), specific substrates (serotonin and benzylamine), 
and specific inhibitors (clorgyline and deprenyl) of MAO A and B respectively. A 6.5:3.5 ratio of 
MAO A to B was found using a whole muscle homogenate, while a 7.5:2.5 ratio was found with 
isolated mitochondria. Thermal inactivation studies demonstrated that skeletal muscle MAO A is more 
susceptible to heat inactivation than MAO B. The approximate proportion of muscle homogenate 
MAO which is present in sympathetic nerves was found to be 18 per cent, as determined by treating 
rats with 6-hydroxydopamine and quantifying the decrease in activity. Significant inhibition of MAO 
activity was observed after administration in vivo of the MAO inhibitors pargyline, tranylcypromine 


and harmaline. 


There has been considerable recent interest in the role 
of bioamines in the pathogenesis of Duchenne-type 
muscular dystrophy (DMD). Specifically, the possibi- 
lity that serotonin (S-HT) or monoamine oxidase 
(MAO, EC 1.4.3.4) is relevant to the etiology of DMD 
has been proposed on the basis of myopathies which 
develop in rats after the administration of 5-HT to 
aortic-ligated or imipramine-pretreated rats [1,2] or 
after the administration of the MAO inhibitor, pargy- 
line [3]. The latter treatment produced much greater 
pathology in the soleus, a distal muscle, than in the 
vastus lateralis, a proximal muscle. 5-HT may be di- 
rectly toxic to skeletal muscle, as originally proposed 
by O’Steen er al., [4] or via its effects on the vascula- 
ture [1,2]; inhibition of MAO or a genetically deter- 
mined deficiency of MAO could potentiate the toxic 
effects or vascular effects of 5-HT and thereby pro- 
mote muscle damage. 

There has been very little biochemical study of ske- 
letal muscle MAO. in several studies, the deamination 
of tryptamine by muscle homogenates has been used 
as a marker for mitochondrial MAO [5-7]. However, 
there are no studies which differentiate the enzyme 
present in mitochondria from muscle fibers from that 
in other components of muscle homogenates, e.g. 
sympathetic nerve endings, connective tissue, blood 
vessels, etc. Since it has not yet been possible to 
demonstrate muscle fiber MAO histochemically by 
techniques which demonstrate MAO in other tissues 
(Ref. 8 and H. Y. Meltzer, unpublished data), it is 
conceivable that MAO activity in muscle fibers is low. 
MAO activity has been studied in homogenates of 
muscle from DMD patients and controls; no appar- 
ent difference in total activity was noted but there 
was no examination of possible difference in the iso- 
zymes of MAO, kinetic constants, inhibitor sensitivity 
or other parameters [9]. 





* Supported in part by USPHS MH 25116 and USPHS 
DA-000250. 
+ Dr. Meltzer is recipient of USPHS RCDA MH 47,808. 


45 


We, therefore, decided to study MAO in rat skeletal 
muscle homogenates in order to further characterize 
it and to establish its localization in skeletal muscle 
fibers. 

METHODS AND MATERIALS 


Animals. The rats used in this study were Sprague 
Dawley males, obtained from Sprague-Dawley, Inc., 
Madison, Wis. They weighed 150-200 g at the time 
of study. Rats were housed in a room at 24° with 
a 12hr light-dark cycle. 

Reagents. Tyramine HCl, tryptamine HCl, benzyl- 
amine HCl and serotonin creatinine sulfate were pur- 
chased from Sigma Chemical Co. The radioactive 
substrates, [2-'*C]5-HT binoxalate (sp. act. 27 mCi 
m-mole), and [1-'*C]tyramine hydrochloride (sp. act. 
55 mCi/m-mole) were purchased from Amersham 
Searle Corp.; [2-'*C]benzylamine HCl (sp. act. 
4.0 mCi/m-mole) was purchased from ICN Isotope 
and Nuclear Division, Cleveland, Ohio and [2-'*C]- 
tryptamine bisuccinate (sp. act. 47.0 mCi/m-mole) was 
purchased from New England Nuclear, Boston, Mass. 
Tranylcypromine and pargyline were gifts of Smith, 
Kline & French, Inc., Philadelphia, Pa., and Abbott 
Laboratories, Chicago, IIl. respectively. Harmaline 
HCl and 6-hydroxydopamine (6-OH-DM) were pur- 
chased from Sigma Chemical Co. All the other chemi- 
cals used were of analytical grade quality. 

Enzyme assay. Adult rats were killed by decapi- 
tation and quadriceps muscle was taken and im- 
mersed in relaxing media (0.1 M KCl, 2 mM MgCl,, 
2 mM EGTA, 10 mM Tris, and | mM Na-pyrophos- 
phate, adjusted to pH 7.4) [10]. After 5 min, fatty 
material was removed and the muscle was homogen- 
ized in the same media (5%, w/v) with a glass 
homogenizer. 

Monoamine oxidase activity was determined by the 
modified ratioisotopic method of McCaman et 
al.[11] using ['*C]5-HT, tryptamine, tyramine and 
benzylamine as substrates. In brief, the reaction mix- 
ture, containing enzyme activity (0.1 to 0.6mg pro- 
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tein), sodium phosphate buffer (25 mM, pH 7.4) and 
0.65mM [!4C]5-HT, ['*C]tryptamine, ['*C]tyra- 
mine or ['*C]benzylamine in a total volume of 0.2 ml, 
was incubated at 37° for 20min with shaking. The 
reaction was terminated by the addition of 50 yl of 
3N HCI. The '*C-deaminated products formed were 
extracted by shaking with 5ml toluene for 10 min. 
A |-ml aliquot of the extract was added to a scintilla- 
tion vial containing 10 ml of scintillation fluid [tolu- 
ene, containing 2.5g of 2,5 diphenyloxazole (PPO) 
and 1|.4-bis-2(4-methyl-5-phenyloxazolyl)-benzene, (di- 
methyl POPOP) 43.6 mg/liter] and the radioactivity 
was determined in a Nuclear Chicago scintillation 
counter. The blank experiments were done with buffer 
and amine, without the addition of homogenate. 

Isolation of mitochondria. Mitochondria were iso- 
lated following the procedure of Zak et al. [10] and 
resuspended in the relaxing buffer. MAO activity was 
determined as described above. 

Determination of pH optimum for MAO activity. The 
pH optimum for deamination of serotonin was deter- 
mined by the radioisotopic method described above. 
The reaction mixture was as previously described and 
included [2-'*C]5-HT binoxalate (0.65 mM) as the 
substrate. Sodium phosphate was used in the range 
PH 6.4 to 7.8, while sodium pyrophosphate was used 
to obtain pH 7.4 to 8.4. All subsequent assays of 
MAO activity were done at pH7.4 using sodium 
phosphate buffer. 

Thermal inactivation of MAO activity. The heat sta- 
bility of muscle MAO activity were determined by 
heating the tissue homogenate (7 mg/ml) in buffer at 
50 . Aliquots were removed at various times for deter- 
mination of enzyme activity as described above. 

Inhibition studies. Studies in vitro were performed 
by incubating the homogenate with inhibitor at 37 
for 15 min prior to the addition of substrate. The mix- 
ture was then incubated for an additional 30 min. The 
degree of inhibition was calculated from the difference 
in the number of counts/min in the sample with and 
without inhibitor. Studies were also performed in vivo. 
Pargyline (75 mg/kg), tranyleypromine (10 mg/kg), 
harmaline (50 mg/kg), or saline was injected intraperi- 
toneally into groups of three rats daily for 7 days. 
The rats were killed 2 hr after the last dose; quadri- 
ceps muscle was taken and MAO activity with 5-HT 
as the substrate was determined. 

Skeletal muscle fiber MAO vs sympathetic nerve 
MAO. Skeletal muscle homogenates were made from 
four muscles which differ in the proportion of type 
I fibers: abductor longus > soleus > lateral gastroc- 
nemius > tensor fascia[12]. Type I fibers have more 
mitochondria than type II fibers [13]. MAO activity 
with 5-HT as substrate was determined in all four 
muscles. 

Further, six 80 to 100-g male rats were injected 
intravenously with 6-hydroxydopamine (6-OH-DM), 
100 mg/kg, dissolved in 0.1 N HCI containing 100 mg 
ml of ascobic acid on days | and 6. This treatment 
destroys sympathetic nerve endings [14]. Control rats 
received vehicle injections. Both groups were sacri- 
ficed 2 days after the last injection. Lateral gastrocne- 
mius and soleus muscle specimens were taken and 
the deamination of serotonin was studied in the 
homogenates. 


Protein determination. Protein concentration was 


determined following the method of Lowry et al. [15] 
using bovine serum albumin as standard. 


RESULTS 


Comparison of substrates. After incubation of the 
muscle homogenate with radioactive amines. '*C-dea- 
minated metabolites were extracted with toluene and 
the results are shown in Table 1. As evident from 
the table, 5-HT was found to be the best substrate 
followed by tyramine, benzylamine and tryptamine. 
Extraction of the product was also done by ether, 
but no significant difference in the enzymatic value 
and the blank value, which was much higher than 
that with 5-HT, was observed (data not presented). 
The radioactivity extracted into toluene from the 
blanks was less than 0.2 per cent of the amount of 
5-HT, tryptamine, tyramine or benzylamine. The 
blank value with 5-HT as substrate was equivalent 
to 0.02 per cent of the amount of 5-HT in the buffer 
substrate mixture. The radioactivity extracted in the 
enzymatic reaction was 75-80 per cent of the metabo- 
lite formed. Hence, in all experiments, toluene was 
used for the extraction of the metabolite. 

Relation between incubation time and enzyme acti- 
vity. The reaction mixture was incubated for different 
time intervals with 5-HT as a substrate. Results were 
plotted as enzyme activity vs time of incubation. The 
MAO activity was found to be linear up to 40 min. 
After 75 min, no increase in activity was observed. 
Similarly, deamination of benzylamine was found to 
be linear up to 40 min, while deamination of tyramine 
was found to be linear up to 60min. Hence, in all 
experiments, the incubation was performed for 
30 min. 

Effect of substrate concentration. Muscle homo- 
genate MAO activity was determined using 5-HT as 
a substrate at different concentrations (0.13 to 
1.3mM). The results were plotted as reciprocal of 
substrate concentrations vs reciprocal of velocity 
(Lineweaver—Burk plot). The intercept at the abscissa 
yielded a K,, value of 9 x 10°° M. When MAO acti- 
vity was determined with isolated mitochondria, the 
K,, was found to be 4 x 107° M. 

Effect of enzyme concentration. For the study of the 
effect of enzyme concentration, MAO activity was 
determined as a function of concentration of protein 
in the homogenate. It was found that the reaction 


Table 1. Comparison of muscle homogenate MAO activity 
with various substrates* 





MAO activity 


Substrate (nmoles/mg protein) 





Serotonin 
Tyramine 
Benzylamine 
Tryptamine 


on Eee 
— - 0 
Ee ft fe FE 





*Homogenate (0.32 mg protein) was incubated with 
0.65mM (sp. act. 1.12mCi/m-mole) of ['*C]serotonin, 
['*C]tryptamine, ['*C]tyramine or ['*C]benzylamine. 
The metabolite was extracted and counted as described 
in the text. Each experiment was done in duplicate and 
the values represented are mean + S. D. and expressed as 
nmoles of products formed/mg of protein/hr. 
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Fig. 1. Effect of pH on enzyme activity. The pH optimum 
for muscle homogenate was determined for 5-HT as the 
substrate. The reaction mixture contained 0.65mM 5-HT 
(sp. act. 1.12 mCi/m-mole) and 0.32 mg enzyme in 0.1 mM 
phosphate or pyrophosphate buffer. Enzyme activity was 
determined as described in the text. 


was linear up to 0.5mg homogenate protein with 
5-HT as a substrate for a 30-min incubation period. 
However, with benzylamine and tyramine as the sub- 
strates, reaction was found to be linear up to 0.8 mg 
of the protein. 

pH Requirement. The optimum pH for the dea- 
mination of 5-HT was found to be 7.4 (Fig. 1). No 
significant difference in enzyme activity was observed 
on increasing the pH to 7.8; however, enzyme activity 
decreases with pH greater than 7.8. Similarly, no dif- 
ference in enzyme activity was found with sodium 
phosphate or sodium pyrophosphate as buffers. No 
significant difference in enzyme activity was observed 
from changing the pH 7.4~-9.4 for benzylamine dea- 
mination studies, while pH 7.4 was found to be opti- 
mum for tyramine deamination studies. Hence, in all 
experiments sodium phosphate buffer (pH 7.4) was 
used. Similarly, when MAO activity was determined 
with mitochondria, a pH of 7.4 was found to be opti- 
mum. 


100-4 


Activity, %o 
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Fig. 2. Effect of heat treatment on MAO activity. Muscle 
homogenate (7 mg/ml) in buffer was incubated at 50°. 
Samples were taken at time intervals indicated and assayed 
for MAO activity. The reaction mixture contained 
0.65mM of serotonin or benzylamine and homogenate 
(0.35 mg). Results are plotted as activity remaining vs time 
of incubation. The substrates used were benzylamine (A) 
and 5-HT (@). 


B.P. 26/1—b 


Heat stability of MAO activity. The effect of heat 
denaturation on MAO activity was determined using 
serotonin and benzylamine as substrates. 5-HT is con- 
sidered to be a specific substrate for MAO A isoen- 
zyme [16, 17], while benzylamine is specific for MAO 
B isoenzyme [18]. As evident in Fig. 2, MAO A was 
more heat sensitive than MAO B. After 10 min of 
heating, MAO A loses 67 per cent of its original acti- 
vity, while MAO B loses 43 per cent. MAO A activity 
is entirely lost whereas MAO B still retains 24 per 
cent of the original activity after 120 min of heating. 

Inhibition studies in vitro. With tyramine as sub- 
strate and clorgyline as inhibitor, a plot of the per 
cent of inhibition vs the log of inhibitor concentration 
revealed increasing inhibition, a plateau, and then 
further increase in inhibition (Fig. 3), rather than a 
simple sigmoid curve. This is indicative of the pres- 
ence of more than one isozyme or form of MAO. 
Following the view of Johnston [19], there is a 6.5:3.5 
ratio of MAO A to B in rat skeletal muscle. Similar 
results were obtained when inhibition studies were 
performed with mitochondria. However, the ratio of 
MAO A to B was 7.5:2.5. The presence of MAO A 
and B in muscle homogenate was also studied using 
their specific inhibitors, i.e. clorgyline for MAO A and 
deprenyl for MAO B. Inhibition of the deamination 
of 5-HT by clorgyline could be detected at a very 
low concentration, i.e. 26 per cent at 10°'°M (Fig. 
4). Complete inhibition occurred at a concentration 
of 10-7 M. Similarly the presence of MAO B was 
confirmed by studying the effect of deprenyl on the 
deamination of benzylamine. Deprenyl inhibits dea- 
mination of benzylamine at a low concentration, e.g. 
25 per cent at 10°? M; a maximum inhibition of 59 
per cent was obtained at 10~*M (Fig. 5). The pres- 
ence of MAO A was further confirmed by studying 
the effect of deprenyl on 5-HT metabolism. As 
expected, deprenyl does not inhibit the oxidation of 
5-HT at a low concentration but it does inhibit at 
a higher concentration, ic. 42 per cent at 10°°M 
(Fig. 4). At a higher concentration, deprenyl has been 
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Fig. 3. Inhibition of the deamination of tyramine by in- 

creasing the concentration of clorgyline. Muscle homo- 

genates (0.35 mg) were preincubated with clorgyline at 37 

for 15min and then tyramine was added (0.65mM). The 

incubation was continued for an additional 30 min. Data 

are presented as a mean (duplicate) of percentage inhibi- 
tion of MAO activity. 
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Fig. 4. Inhibition of 5-HT deamination by increasing the 
concentration of clorgyline and deprenyl. Muscle homo- 
genate (0.35 mg) was preincubated for 15 min at 37° with 
the drugs after which serotonin (0.65 mM) was added and 
the incubations were continued for an additional 30 min. 
Data are reported as mean (duplicate) percentage inhibi- 
tion of MAO activity: MAO activity without inhibitors 
was 3.6nmoles 5-HT deaminated/hr/mg of protein. Key: 
clorgyline (@), and deprenyl (A). 


reported to inhibit both forms of MAO [20]. Similar 
results were reported earlier for rat brain[21] and 
bovine brain homogenate [22]. 

Inhibition in vivo. Complete inhibition of 5-HT 
deamination was found after pargyline treatment, 
while tranylcypromine and harmaline inhibited the 
deamination of 5-HT by 85 and 50 per cent, respect- 
ively (data not presented). 

MAO activity in skeletal muscles vs sympathetic 
nerve. MAO activity of homogenates of different 
muscles toward 5-HT as a substrate is shown in Table 


2. As evident from the table, the specific activity of 
MAO in these four muscles parallels the proportion 
of type I (mitochondrial-rich) muscles. These results 


that MAO is localized in skeletal muscle 
fibers rather than in blood vessels, connective tissue 
or nerves, since the red and white muscles differ from 
each other mainly in the number of mitochondria and 
the activity of glycolytic enzymes rather than the pres- 
ence of other tissues. The observation that administ- 
ration of 6-OH-DM to produce sympathetic nerve 
denervation caused only a 10-20 per cent loss of 


suggest 


% INHIBITION 








- Log conc.M 


Fig. 5. Inhibition of benzylamine deamination by increas- 
ing the concentration of deprenyl. Muscle homogenate 
(0.35 mg) was preincubated with deprenyl for 15 min at 37 
before the addition of benzylamine (0.65mM). Enzyme 
activity was determined as described in the text. Data are 
presented as mean (duplicate) percentage inhibition of 
MAO activity. MAO activity without the inhibitor 
deprenyl was 1.5 nmoles benzylamine deaminated/hr/mg of 
protein. 


Table 2. Comparison of MAO activity in different muscle 
homogenates* 





Enzyme 
source 


% Type I 
muscle fiberst 


MAO activity 
(nmoles/mg protein) 





Abductor longus 88 

Soleus 8&4 

Lateral 5 
gastrocnemius 

Tensor 0 
fasiae latae 





* Each muscle homogenate (0.4 to 0.5 mg protein) was 
incubated with ['*C]serotonin (0.65 mM) as described in 
the text. Each experiment was done in duplicate and the 
values are mean + S. D. and expressed as nmoles metabo- 
lized/mg of protein/hr. 

t See Ref. 12. 


MAO activity in the lateral gastrocnemius and soleus 
muscle also indicates that MAO in skeletal muscle 
homogenates is mainly muscle fiber MAO (Table 3). 


DISCUSSION 


The studies reported here identified the optimum 
pH, duration of incubation and extraction conditions 
for determination of rat skeletal muscle MAO acti- 
vity. It was demonstrated that rat skeletal muscle has 
at least two isozymes of MAO which have many fea- 
tures, such as pH optimum, heat stability and inhibi- 
tor sensitivity, in common with the isozymes of MAO 
previously reported in brain [18] and liver [23]. In 
accordance with current nomenclature, this would in- 
dicate the presence in rat skeletal muscle of an MAO 
A which is active toward 5-HT as substrate, is inhi- 
bited by clorgyline and is relatively heat sensi- 
tive [16,24] and an MAO B which is active toward 
benzylamine as substrate, is sensitive to inhibition by 
deprenyl and is relatively heat stable [18,25]. The 
apparent K,, (4 x 10~° M) found for serotonin dea- 
mination by skeletal muscle mitochondria was identi- 
cal to that reported earlier for rat liver mitochondria 
(4 x 10°° M)[26] and purified human brain MAO 
(4 x 1075 M) [27]. 

Studies in vitro with clorgyline inhibition of tyra- 
mine oxidation suggest that there is roughly twice 


Table 3. Effect of chemical sympathectomy on MAO 
activity* 





MAO activity 
(cpm/mg protein) 
Control 6-OH-DM 


Enzyme 


source ® Inhibition 





3068.0 
3440.0 
2721.0 
2725.0 


2677.0 
2581.0 
2527.0 
2528.0 


Soleus 


Lateral 
gastrocnemius 





* Groups of six male rats were injected intravenously 
with 6-OH-DM, 100 mg/kg, dissolved in 0.1 N HCl con- 
taining 100 mg/ml. ascorbic acid on days | and 6. Control 
rats received vehicle injections. Both groups were sacrificed 
2 hr after the last injection. Each muscle was homogenized 
separately and MAO activity with ['*C]serotonin as sub- 
strate was determined as described in the text. Each exper- 
iment was done in duplicate and the values are the average. 
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as much MAO A as MAO B in rat skeletal muscle. 
In light of the small decrease in MAO activity pro- 
duced by 6-OH-DM treatment, it appears that ‘most 
of the MAO A in skeletal muscle is muscle fiber 
MAO rather than sympathetic nerve MAO, unless 
the 6-OH-DM did not entirely destroy sympathetic 
nerves. It seems unlikely that the 6-OH-DM would 
affect skeletal muscle fibers without destroying the 
sympathetic nerve endings first. Lowe et al. [28] 
found no significant loss of MAO activity in rat heart 
after 6-OH-DM treatment, indicating the presence of 
extraneuronal MAO in cardiac muscle. The correla- 
tion of muscle homogenate MAO activity with the 
relative amount of mitochondrial-rich type I fibers 
in each muscle also suggests the extraneuronal loca- 
tion of MAO in skeletal muscle, since it is unlikely 
that the various fiber types differ markedly in sym- 
pathetic nerve supply. Thus, the difficulty in demon- 
strating MAO activity with histochemical methods in 
frozen sections of skeletal muscle is not the result 
of lack of MAO activity, particularly toward MAO 
A substrates such as tyramine and serotonin. 

The reported toxicity of pargyline for soleus 
muscle [3] could be based on MAO inhibition as we 
observed complete inhibition of MAO under the con- 
ditions employed. However, since pargyline produced 
complete inhibition of MAO of vastus lateralis muscle 
as well as soleus, it is curious that no morphologic 
pathology developed in the vastus lateralis [3]. Con- 
ceivably, MAO inhibition leads to an increase in the 
levels of bioamines in the circulation which are di- 
rectly or indirectly (perhaps via vascular effects) more 
toxic to the soleus muscle than the vastus lateralis 
muscle. 
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Abstract—Sodium 22 efflux was measured, at various temperatures both in the presence and absence 
of dibucaine or propranolol, in multilamellar liposomes composed of different phosphatidylcholines 
and dicetylphosphate. Such vesicles display a marked increase in sodium permeability in the tempera- 
ture region of the phase transition of the component phospholipid. Both local anesthetics lower the 
temperature of onset of this permeability increase, the extent of the reduction being dependent upon 
the anesthetic concentration. The liposomes used in these experiments possess a negative charge due 
to the presence of dicetylphosphate. When exposed to dibucaine, these vesicles develop a significant 
positive surface potential at the same temperature at which this anesthetic increases ?*Na efflux. In 
a parallel series of experiments, a spin-labeled fatty acid ester was incorporated into similar liposomes 
and the mobility of the label used as a measure of lipid hydrocarbon chain motion. The phase transition 
of a phospholipid is associated with a marked increase in fatty acyl chain motion. Both anesthetics 
lower the temperature at which the lipid chains display significant motional freedom. These observations 
indicate that dibucaine and propranolol interact with liposomes so as to bring about the phase transi- 
tion (i.e. melt the hydrocarbon chains) of the membrane lipids at a temperature below that at which 


this event normally occurs. 


Local anesthetics block nerve conduction by interfer- 
ing with the increased sodium conductance associated 
with the rising phase of the action potential [1]. Even 
though their mechanism of action is not completely 
understood, a number of studies have drawn attention 
to a correlation between anesthetic potency and the 
ability to interact with phospholipids [2]. Although 
biological membranes, such as that of the nerve cell, 
are complex structures, current evidence suggests that 
a phospholipid bilayer forms the backbone of the 
membrane with proteins embedded to a_ variable 
depth in this lipid matrix [3]. The correlation noted 
above, together with the important role of phospho- 
lipids in cell membrane structure, suggests that the 
main site of action of these agents is the lipid matrix 
of the nerve cell membrane. Cationic local anesthetics 
display a rather complex interaction with phospho- 
lipid membranes. These agents can adsorb onto both 
neutral and negatively charged membranes, resulting 
in marked changes in both surface charge and ion 
permeability [4]. However, other observations indi- 
cate that these same agents can also significantly per- 
turb the hydrocarbon core of such membranes so as 
to “fluidize” this region of the bilayer [5,6]. It is this 
perturbation that is explored more fully in this paper. 


MATERIALS AND METHODS 


Materials. Egg phosphatidylcholine (PC) was 
extracted from fresh eggs and purified by alumina and 
silicic acid chromatography [7]. Dimyristoyl and 
dipalmitoy! PC were purchased from CalBiochem, 
Calif. Each of these phospholipids showed a single 
spot on thin-layer chromatography. All three phos- 
pholipids were stored as stock chloroform solutions 
under N, at —20°. Dicetylphosphate (DCP) was 


obtained from Sigma Chemical Co., St. Louis, MO, 
and ?*Na as the chloride salt from Amersham/Searle. 
Dibucaine was purchased from K & K Laboratories 
while propranolol was generously supplied by Ayerst 
Laboratories, Montreal, Canada. All other chemicals 
were of reagent grade wherever possible. Twice dis- 
tilled water was used for all experiments. 

Preparation of lipid vesicles (liposomes). Egg 
PC-DCP liposomes were prepared by previously de- 
scribed methods [7]. Briefly, appropriate aliquots of 
stock chloroform solutions of egg PC and DCP to 
give a mole ratio of 95° PC, 5°, DCP, were dried 
under vacuum in a glass tube. The required salt solu- 
tion in a volume of 1 ml/15 moles lipid and contain- 
ing tracer amounts of ??NaCl if efflux measurements 
were to be made, was then pipetted into the tube 
and the mixture mechanically shaken on a rotamixer. 
This step was carried out at room temperature and 
continued until all of the lipid was suspended. The 
resulting milky dispersion was left overnight at room 
temperature under N). 

The preparation of dimyristoyl or dipalmitoyl PC 
(95°.)}-DCP (5%) liposomes required a modification 
of the above described method. These saturated phos- 
pholipids form characteristic vesicles only when the 
temperature exceeds their phase transition tempera- 
ture (23° for dimyristoyl PC, 41° for dipalmitoyl PC). 
Hence, the salt solution, in which the lipid was dis- 
persed, was pre-heated to 50° and the tube, when not 
applied to the rotamixer, was immersed in a water 
bath also at 50°. The final suspensions were left over- 
night under N, at either room temperature for dipal- 
mitoyl! PC-DCP vesicles or at 5 for dimyristoyl 
PC-DCP vesicles. 

Measurement of ?*Na efflux. After overnight equlib- 
ration, a given lipid dispersion was passed down a 
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column of Sephadex G-50 coarse (Pharmacia, Mon- 
treal) to remove excess tracer not trapped within the 
liposomes. Dimyristoy! PC-DCP vesicles are very 
leaky in the temperature region of their phase transi- 
tion, which is close to room temperature. Therefore, 
these liposomes were eluted from “chilled” Sephadex 
using a salt solution previously cooled to 5. This 
was done to reduce the loss of trapped isotope while 
this particular lipid was still on the column. One-ml 
portions (about | ymole) of eluted lipid were pipetted 
into dialysis bags, which were then sealed and 
dropped into stoppered-glass tubes containing 10 ml 
of aqueous solution. All tubes were placed in a shak- 
ing water bath maintained at the desired temperature. 
The efflux rate was measured over a 3-hr period. At 
the termination of each experiment, the 77Na content 
of the various tubes and bags was counted on a Nuc- 
lear-Chicago gamma scintillation counter. Effluxes 
are expressed as the percentage of initial trapped 
radioactivity lost over the 180 min. This 3-hr flux 
period was chosen primarily to allow sufficient counts 
to collect in the bulk aqueous phase in those exper- 
iments performed at low temperatures and hence in- 
volving small leakage rates. 

Electrophoretic .measurements. The electrophoretic 
mobility of different liposome populations was 
measured at various temperatures in a cylindrical 
microelectrophoresis chamber [8]. Under the in- 
fluence of an electric field, the vesicles will migrate 
toward the electrode of opposite polarity. For a given 
lipid particle, the mobility is expressed as the velocity 
(um-sec”')/unit potential gradient (V-cm~'). For 
each sample, the mobility of at least ten to fifteen 
liposomes was measured and the results were aver- 
aged. The range of values was never greater than 
+ 10 per cent of the mean. 

Electron spin resonance (ESR) spectroscopy. Two 
spin-labeled fatty acid esters, with the following gen- 
eral formula, were obtained from Syva Corp., Palo 
Alto, Calif. 

CH,(CH,) 


m 


~C—(CH,),—COOCH, 
™ 


in which I (m,n) = I (12,3) and II (m,n) = II (5,10). 

The label in a stock chloroform solution was added 
to the lipid prior to drying at a concentration of 1 
mole/100 moles total lipid. Hence, the composition 
of the liposomes by mole ratio was PC 94°, DCP 
5°, and probe 1%. Electron spin resonance spectra 
were recorded on a Varian E3 X-band spectrometer 
with 100 kHz modulation using a special quartz flat 
cell placed in a custom-designed quartz temperature 
control probe [9]. The temperature of the sample was 
maintained at better than +1° during the measure- 
ment. 


RESULTS 


Permeability experiments. Dimyristoyl, dipalmitoyl, 
and dimyristoyl-dipalmitoy] PC-DCP membranes 
show a sharp increase in permeability in the region 
of their phase transition temperatures (Figs. 1 and 
2). When dibucaine or propranolol is present, the in- 
crease in ??Na efflux appears at a temperature about 
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Fig. 1. Effect of dibucaine and propranolol on ?7Na efflux. 
Liposomes composed (by mole ratio) of dimyristoyl PC 
95°, DCP 5%, (upper half) or dipalmitoyl PC 95%, DCP 
5°, (lower half) were dispersed in 50 mM NaCl, ??NaCl 
and 6 mM Tris-HCl, pH 7.5. Each liposome preparation 
was divided into three portions to measure 7?Na efflux, 
at a specific temperature, in the absence (control) and in 
the presence of either dibucaine (1 mM) or propranolol 
(1 mM). The ordinate refers to the percentage of initial 
trapped isotope lost over 3 hr. Experimental points for 
each temperature represent a separate experiment per- 
formed in quadruplicate. The results illustrated are the 
means with error bars indicating the range of values 
obtained. To simplify the’ figure the error bars have been 
given for only some of the points. 


5° lower than that which occurs in untreated lipo- 
somes. 

Vesicles containing egg PC, which is above its tran- 
sition temperature over the whole temperature range 
examined, show no permeability maximum either in 
the presence or absence of the two local anesthetics 
(Fig. 2). 

The experiments described above were all per- 
formed at a fixed anesthetic concentration of 1 mM. 
This concentration was chosen on the basis of pre- 
vious work carried out in this laboratory [4]. Figure 
3 summarizes a series of experiments illustrating the 
effects of higher concentrations of dibucaine on the 
?2Na permeability of dimyristoyl! PC-DCP lipo- 
somes. Dibucaine (1 mM), as already noted, causes 
a significant increase in ??Na efflux at 20° but not 
at 15°. A 2 mM concentration significantly increases 
sodium transport at 20°, but also produces a modest 
increase at 15°. Dibucaine (4 mM) markedly enhances 
sodium permeability even at 15°. 
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Fig. 2. Effect of dibucaine and propranolol on ?*Na efflux. 
Liposomes composed (by mole ratio) of dimyristoyl PC 
47.5%, dipalmitoyl PC 47.5°;, DCP 5% (upper half) or egg 
PC 95%, DCP 5% (lower half) were dispersed in 50 mM 
NaCl, ?*NaCl, and 6 mM Tris-HCl, pH 7.5. Each lipo- 
some preparation was divided into three portions to 
measure **Na efflux, at a specific temperature, in the 
absence (control) and in the presence of either dibucaine 
(1 mM) or propranolol (1 mM). The ordinate refers to 
the percentage of initial trapped isotope lost over 3 hr. 
Experimental points for each temperature represent a sep- 
arate experiment performed in quadruplicate. The results 
illustrated are the means with error bars indicating the 
ranges of values obtained. To simplify the figure the error 
bars have been given for only several points. 


Electrophoretic mobility measurements. Negatively 
charged liposomes of identical composition to those 
used in the permeability experiments were electro- 
phoresed at different temperatures both in the pres- 
ence and absence of dibucaine (Fig. 4). Both dimyris- 





*Unfortunately, neither of these two parameters, 2T, or 
t,, could be used throughout the whole temperature range. 
Actually the spectra obtained from labeled dipalmitoyl or 
dimyristoy! PC-DCP liposomes at temperatures below the 
phase transition temperature appear to be a composite of 
two populations of spin probes. For example in the spectra 
of Fig. 5, measured at 20°, the low and high field deflec- 
tions measured by the separation 2T, are characteristic 
of a highly immobilized nitroxide group. The sharper lines 
encompassed by the low and high field extrema, however, 
are more characteristic of a mobile nitroxide group. Most 
likely, when the lipid is in the gel state, some of the probe 
molecules partition into the water phase, giving rise to 
this mobile population. 


toyl and dipalmitoyl PC-DCP “control” liposomes 
become slightly more negatively charged as the tem- 
perature is increased. However, no significant discon- 
tinuities occur over the temperature ranges examined. 
In the presence of dibucaine, an abrupt change in 
electrcphoretic mobility occurs at about 18° for 
dimyristoyl! PC-DCP vesicles and at about 37° for 
dipalmitoyl PC-DCP vesicles. In both cases, the lipo- 
somes develop a significant positive charge over a 
narrow temperature interval. It is also evident from 
Fig. 4 that at temperatures below the phase transition 
temperature some anesthetic molecules still adsorb 
onto the membrane surface since the electrophoretic 
mobility of the lipid particles is less negative in the 
presence of dibucaine than in its absence. 

Spin probe experiments. Two different spin probes 
were used to label the liposomes. Assuming that the 
probe molecules align themselves parallel to the phos- 
pholipid hydrocarbon chains with their polar groups 
at the membrane—water interface, then the two spin 
labels will monitor motion at different planes within 
the bilayer. The nitroxide group of probe I (12,3) will | 
lie close to the lipid—water interface, while the nitrox- 
ide group of II (5,10) will be buried deeper within 
the hydrocarbon core. The main information sought 
from the ESR spectra was the effect of the two local 
anesthetics on probe, and hence fatty acyl chain, 
motion. Since only relative changes in mobility were 
examined, two empirical parameters were used to 
semi-quantitate spin label motion. For ESR spectra 
performed at low temperatures the separation 
between the low and high field extrema (2T,) was 
measured. Increasing molecular motion is character- 
ized by a narrowing of this separation [10]. With 
sufficient probe motion, however, the high field deflec- 
tion disappears making it impossible to measure 2T,. 
For these spectra the rotational correlation time 1, 
was calculated according to the following formula 
Bake 
t. = 6.5 x 107!° Wo[(ho/h — 1)'/? — 1] 


c 


where Wo, ho, h — 1 are all defined in Fig. 5. 

This equation is only valid for times less than about 
2 nsec [12]. Increasing probe mobility is associated 
with a smaller value for t,.* 

Figure 5 illustrates some representative spectra 
obtained with dipalmitoyl PC-DCP vesicles labeled 
with II (5,10) and measured in the presence and 
absence of dibucaine. The “motion parameters” 2T 
and t, for all of the spectra are summarized in Fig. 
6. 

In the case of dipalmitoyl] PC-DCP liposomes, 
both probes display a moderate increase in mobility 
(as indicated by a decrease in 2T,) over the tempera- 
ture range of 10-30. Above this temperature, probe 
mobility significantly increases as manifested by a dis- 
appearance of the upper field deflection and by a pro- 
gressive decrease in t,. Label II (5,10) shows a rather 
marked increase in motion between 35 and 40°. The 
deeper probe, II (5,10), displays more molecular 
motion than the superficial one. In the presence of 
the two anesthetics, the above described changes in 
probe motion occur at a lower temperature. In the 
case of I (12,3), the upper field deflection disappears 
after 25° and in the case of II (5,10) it disappears 
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Fig. 3. Effect of different concentrations of dibucaine on 
?2Na efflux. Liposomes composed (by mole ratio) of dimyr- 
istoyl PC 95°, DCP 5%, were dispersed in 50 mM NaCl, 
?2NaCl, and 6 mM Tris-HCl. pH 7.1. Each liposome prep- 
aration was divided into four portions to measure ??Na 
efflux, at a specific temperature, in the absence (control) 
and in the presence of three different concentrations of 
dibucaine, These experiments were performed at pH 7.1, 
since a 4 mM solution of dibucaine could not be prepared 
at a higher pH. The ordinate refers to the percentage of 
initial trapped isotope lost over 3 hr. Experimental points 
for each temperature represent a separate experiment per- 
formed in quadruplicate. The results illustrated are means 
with error bars indicating the ranges of values obtained. 


after 20° with propranolol and 25° with dibucaine. 
The rotational correlation times are lowered by the 
anesthetics but become equal to those of control lipo- 
somes by 45°. 

Dimyristoyl PC-DCP vesicles display qualitatively 
similar results. Probe motion increases modestly over 
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the range 10-20°. Above this temperature, the upper 
field deflection disappears and t, decreases with rising 
temperatures. Again the deeper probe possesses more 
motion than the superficial one at all temperatures. 
The parameter 2T,, decreases significantly for I (12,3) 
between 15 and 20° in the presence of both anesthe- 
tics. In the case of II (5,10), the upper field deflection 
disappears after 15° in the presence of propranolol 
and after 10° in the presence of dibucaine. Above 20 
both anesthetics have no consistent significant effect 
on probe motion. 


DISCUSSION 


The purpose of this study was to examine the inter- 
action of cationic local anesthetics with phospholipid 
bilayer membranes and in particular with the hydro- 
carbon interior of such membranes. The two anesthe- 
tics used in these experiments were chosen for several 
reasons. First, the pK values of these two agents are 
different [4]. In the case of dibucaine the pK is 8.5, 
while for propranolol it is 9.45. Hence at pH 7.5, 
which is the pH at which most of the permeability 
and all the spin label experiments were performed, 
the concentration of uncharged dibucaine molecules 
will be about ten times greater than the concentration 
of uncharged propranolol molecules. The observation 
that dibucaine and propranolol were equally effective 
in both the permeability and ESR spectroscopic ex- 
periments would exclude the possibility that only the 
uncharged molecule is the active species. However, 
it is possible that either the charged species alone 
or that some combination of charged and uncharged 
forms is responsible for the observed effects. Second, 
space filling models of these two molecules [4] are 
remarkably similar except for the presence of a 4-car- 
bon group projecting from the ring structure of dibu- 
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Fig. 4. Effect of dibucaine on electrophoretic mobility. Liposomes composed (by mole ratio) of dimyr- 


istoyl PC 95%, DCP 5% 


or dipalmitoyl PC 95%, DCP 5% were dispersed in 50 mM NaCl and 


6 mM Tris-HCl, pH 7.5. The electrophoretic mobility of the lipid vesicles was measured at different 
temperatures both in the absence (open symbols) or presence (closed symbols) of 1 mM dibucaine. 
Each point represents the mean of at least ten to fifteen measurements with the range of values being 


within + 10 per cent of the mean. The ordinate has the units jum sec 
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Fig. 5. Effect of dibucaine on spin-labeled dipalmitoy! PC-DCP vesicles. Liposomes composed (by 

mole ratio) of dipalmitoyl PC 94°, DCP 5%, spin label II (5,10) 1°, were dispersed in either 50 

mM NaCl and 6 mM Tris-HCl, pH 7.5 (control) or 50 mM NaCl, 6 mM Tris-HCl, pH 7.5, and 
1 mM dibucaine. Electron spin resonance spectra were recorded at the indicated temperatures. 


caine. Most likely these molecules are oriented with 
their polar ends at the membrane-—water interface and 
their “lipophilic” portion extending into the bilayer. 
By virtue of this 4-carbon tail, dibucaine should pene- 
trate more deeply into the membrane than proprano- 
lol. Again the observation that these two anesthetics 
were equally effective in the permeability and spin 
label experiments implies that the deeper penetration 
of dibucaine is not essential to bring about the effects 
described in this study. 

The model system used in these experiments con- 
sists of an aqueous suspension of lipid vesicles or lipo- 
somes. The physical characteristics and properties of 
liposomes have recently been reviewed by Bangham 
et al. [13]. Each of these vesicles consists of a series 
of concentric unbroken bimolecular phospholipid 
membranes, separated by discrete and. isolated inter- 
nal aqueous compartments. One particularly attrac- 
tive feature of this model membrane is that it lends 
itself to a number of different physical measurements. 
In this study for instance, identical liposome popula- 
tions were used to measure 77Na efflux, to assess 
changes in surface charge, and to monitor hydro-car- 
bon chain motion via the spin label technique. Since 
the same membrane system was used for all of these 
different measurements, the results become directly 
comparable. 

Liposomes were formed from three phosphatidyl- 
cholines differing in their fatty acyl composition. 
Dimyristoyl PC has a phase transition temperature 
(T.) of 23° while the T, values for dipalmitoyl and 


egg PC are 41 and about —10° respectively [13, 14]. 
An equimolar mixture of dimyristoyl and dipalmitoy] 
PC possesses a single transition temperature interme- 
diate between that of the two individual phospho- 
lipids [14]. The T, of a phospholipid represents the 
temperature at which the gel to liquid crystal phase 
transition occurs. In the gel condition, the lipid chains 
are in a quasi-crystalline state while these same chains 
become much more mobile and “fluid” above the 
transition temperature. In essence, the fatty acyl 
chains “melt” as the lipid is heated above its T,. 
Recent studies [15,16] have demonstrated the exist- 
ence of a maximum in the permeability of both elec- 
trolytes and non-electrolytes in the vicinity of the 
transition temperature of the membrane lipids. This 
permeability increase is a function of such variables 
as the length of the hydrocarbon chains being less 
marked for dipalmitoyl than dimyristoy! PC mem- 
branes. In the region of the T, some of the lipid will 
be present in the gel state, while some will already 
be melted and present in the liquid crystal form. It 
is postulated that the increased permeability is due 
to enhanced diffusion across discontinuities present 
at the boundary regions between liquid and solid lipid 
domains. Dimyristoyl, dipalmitoyl and dimyristoyl 

dipalmitoy! PC-DCP liposomes all display a local 
maximum in ?*Na efflux in the region of their phase 
transition temperatures. In the presence of the two 
local anesthetics, the onset of the increase in ??Na 
transport is shifted to a lower temperature, the shift 
being greater, the higher the anesthetic concentration. 
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Fig. 6. Effect of dibucaine and propranolol on the “motion 
parameters” 2T, and t,. Upper half: Liposomes composed 
(by mole ratio) of dimyristoyl PC 94°,, DCP 5° and either 
spin label I (12,3) or IH (5,10) 1%, were dispersed in 50 
mM, NaCl and 6 mM Tris-HCl, pH 7.5. Electron spin 
resonance spectra were recorded at the temperatures indi- 
cated on the abscissa both in the absence (control) and 
presence of dibucaine (1 mM) or propranolol (1 mM). The 
parameters 2T, and t, are described in the text. Symbols 
used are as follows: open symbols: liposomes containing 
probe I (12,3); closed symbols: liposomes containing probe 
II (5,10); circles: no anesthetic (control); triangles: dibu- 
caine | mM; and squares: propranolol 1 mM; Each point 
is the mean value obtained from five separate spectra. 
Error bars denote the ranges of values obtained and to 
simplify the figure have been given for only some of the 
points. However, in the case of the parameter t, the data 
were reproducible to within 8 per cent. Lower half: These 
spectra were recorded from spin-labeled liposomes con- 
taining dipalmitoyl PC. Otherwise, experimental details 
and symbols used are the same as those described above. 


These observations indicate that the anesthetics have 
caused the lipid fatty acyl chains to melt at a lower 
temperature than that which normally occurs. This 
conclusion is supported by the results of the spin label 
experiments. Two fatty acid ester spin probes were 
incorporated into liposomes to monitor lipid chain 
motion. The underlying assumption of this technique 
is that the mobility of the spin-labeled probe is a 
valid measure of the molecular motion of the sur- 
rounding phospholipid fatty acyl chains. Spin-labeled 
dimyristoyl! PC-DCP vesicles show a large increase 
in probe mobility as the temperature exceeds 20°. 
This change corresponds closely with the T, of dimyr- 
istoyl PC of 23°. At all temperatures, molecular 
motion increases toward the centre of the membrane 


consistent with the fluidity gradient hypothesis [17]. 
Dipalmitoy! PC-DCP liposomes display an increase 
in probe mobility above 30° with the deeper probe 
showing a rather marked increase in mobility between 
35 and 40°. These changes occur at a slightly lower 
temperature than the T, of dipalmitoyl PC, which 
is 41°. As with dimyristoy! PC-DCP liposomes, the 
deeper probe possesses more molecular motion than 
the superficial one. For both types of liposomes, 
probe motion increases at a lower temperature in the 
presence of the anesthetics than in their absence. 

In the case of dimyristoy! PC-DCP liposomes, 
there is good agreement between the spin label studies 
and the permeability experiments. Anesthetic-treated 
vesicles demonstrate an increase in probe motion 
above 15° and an increase in 7*Na efflux between 
15 and 20°. For dipalmitoy! PC-DCP liposomes the 
correlation is not as good. The anesthetics induce an 
increase in probe motion above 25°, yet 7*Na permea- 
bility does not change until a temperature between 
35 and 40° is reached. These results indicate that, at 
least in this lipid, the anesthetics begin to “melt” the 
hydrocarbon chains at a temperature about 10° below 
that at which these agents increase ?7Na efflux. 

The surface adsorption of anesthetic molecules was 
monitored by measuring changes in electrophoretic 
mobility. The term “surface adsorption” refers chiefly 
to the position of the charged group. However, as 
already discussed, these molecules are most likely 
oriented with their polar ends at the membrane—water 
interface and their non-polar part extending into the 
bilayer. In essence, the charged end is used in these 
experiments as a “marker” for the whole molecule. 
No attempt has been made to quantitate the change 
in electrophoretic mobility in terms of the number 
of dibucaine molecules adsorbed. It should be recalled 
that the electrophoretic mobility measures the electri- 
cal potential not at the actual membrane—water inter- 
face, but rather a finite distance away at the hydro- 
dynamic slip plane of the lipid particle. In addition, 
the surface area of multilamellar liposomes is difficult 
to define precisely. 

An abrupt increase in the surface concentration of 
anesthetic molecules occurs at about the same tem- 
perature at which these agents increase ?7Na efflux. 
The mechanism underlying this. temperature-depen- 
dent process is probably as follows. At low tempera- 
tures a small number of anesthetic molecules adsorb 
onto the surface. At a certain temperature, dependent 
upon the lipid, the anesthetic begins to induce a 
“melting” of the bilayer. This change would result in 
an enhancement of the adsorption process perhaps 
by permitting more hydrophobic interactions between 
the non-polar part of the molecule and the membrane 
interior. The enhanced adsorption would result in 
more melting, which in turn would lead to more 
adsorption, etc. The melting—adsorption sequence is 
similar to an “autocatalytic” process. In the case of 
dipalmitoy! PC-DCP vesicles, the spin label studies 
support this mechanism. The anesthetics begin to in- 
crease lipid chain motion at 25°, about 10-12° below 
the temperature at which the electrophoretic mobility 
abruptly changes. Associated with the change in elec- 
trophoretic mobility, a further “melting” of the bilayer 
occurs as manifested by a marked increase in motion 
of probe II (5,10) between the temperatures 35 and 
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40°. For dimyristoyl PC-DCP liposomes the same 
mechanism probably applies, although the anesthetic- 
induced changes in spin label motion and electro- 
phoretic mobility appear to occur, within experimen- 
tal error, at the same temperature. 

The adsorption of anesthetic molecules results in 
the development of a significant positive membrane 
surface charge. The charge reversal observed in the 
presence of dibucaine indicates that this agent binds 
to the membrane by forces other than those of purely 
electrostatic origin. As already alluded to, these non- 
electrostatic forces probably represent hydrophobic 
interactions between the non-polar part of the dibu- 
caine molecule and the hydrocarbon interior of the 
bilayer. In addition, the observation that dibucaine 
renders the liposomes positively charged yet increases 
?2Na permeability implies that the increased 7*Na 
movement occurs across regions of the membrane 
relatively unaffected by the surface charge. On the 
basis of charge considerations alone, sodium efflux 
should have been reduced. 

The relationship between the capacity of these 
anesthetics to lower the phase transition temperature 
of saturated phospholipids and their ability to block 
nerve conduction must remain speculative at the 
moment. However, it is interesting that inhalation 
anesthetics also depress the phase transition tempera- 
ture of bilayer membranes composed of dipalmitoyl 
PC [18]. As noted in the beginning, of this paper, 
the proteins of biological membranes are embedded 
to variable depths in a phospholipid bilayer matrix 
which can be viewed as a solvent system for these 
proteins. Furthermore, the state of fluidity of this sol- 
vent appears to be important for the proper function- 
ing of these proteins, many of which are involved in 
transport processes [19]. Anesthetics, by changing the 
transition temperature of the phospholipids and 
hence the fluidity of the lipid solvent, might secondar- 





*It should be recalled that the conductance of a phos- 
pholipid bilayer is extremely small when compared to the 
conductance of the usual biological membrane. Hence, a 
reduction in ion flow through the “sodium channel” will 
overshadow any small increase in permeability that may 
occur in the surrounding lipid bilayer. 


ily impair the function of those proteins which consti- 
tute the so-called sodium channel.* 
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SHORT COMMUNICATIONS 


Utilization of 7H from deoxyuridine and thymidine for synthesis of DNA 
and other macromolecules in various organs of the rat 


(Received 21 April 1976; accepted 21 May 1976) 


It has gradually become recognized that *H or '*C from 
isotopically labeled thymidine can appear in macromol- 
ecular species other than DNA, among them glycogen [1], 
lipid [2], protein [2-4] and even RNA [5,6]. Appearance 
of label in these molecules represents utilization of prod- 
ucts of thymidine catabolism, the initial step being reversi- 
bly catalyzed by thymidine phosphorylase (EC 2.4.2.4, thy- 
midine: orthophosphate deoxyribosyltransferase) or uri- 
dine phosphorylase (EC 2.4.2.3, uridine: orthophosphate 
ribosyltransferase), two different enzymes with overlapping 
substrate specificities [7-9]. 

Among the rat organs which we have examined, only 
those reported to have thymidine or uridine phosphorylase 
activities, the liver, intestinal mucosa, and bone marrow 
[10,11], incorporated significant amounts of *H from 
deoxyuridine-[6-2H] or thymidine[methyl-3H] within | hr 
into an RNA fraction obtained by alkaline hydrolysis of 
acid precipitated tissue homogenates (see Table 1). In intes- 
tinal mucosa, the radioactivity in the RNA fraction was 
15 per cent of that in the DNA when [*H]deoxyuridine 
was injected and 2 per cent when [*H]thymidine was in- 
jected. In adult rat liver, where the rate of cell proliferation 
is much lower than for intestinal mucosa, the radioactivity 
in the RNA fraction was five times that in DNA when 
the precursor was [*H]deoxyuridine, and two times that 
in DNA when the precursor was [7H ]thymidine. 

RNA and DNA were extracted separately by an adap- 
tation[12] of the procedures of Schmidt and Thann- 
hauser [13] and of Schneider [14] employing hydrolysis of 
the RNA in | N NaOH and extraction of the DNA with 
5% trichloroacetic acid at 90°. DNA was measured by the 
method of Burton [15] with calf thymus DNA as the stan- 
dard and radioactivity was measured in mixtures described 
by Patterson and Greene [16]. Deoxyuridine[6-*H] (17 Ci 
m-mole) and thymidine[methyl-7H] (3 Ci/m-mole) were 
obtained from Schwarz/Mann, Orangeburg, N.Y. Rats 
were killed | hr after intraperitoneal injection of 50 uCi 
of the *H-precursor. 


Significantly more radioactivity was in the RNA fraction 
of bone marrow when [*H]thymidine was given than when 
[*H]deoxyuridine was given. This was found for both 
hepatoma bearing (Table 1) and normal rats (H. Hopkins 
and J. Wakefield, unpublished observations). This result 
suggests that rat bone marrow contains thymidine phos- 
phorylase and little or no uridine phosphorylase, or that 
bone marrow uridine phosphorylase has different substrate 
specificity than the liver or intestine enzymes. It should 
be noted in Table | that the 3H activity in RNA fractions 
from liver, intestine, spleen and thymus did not differ for 
the two precursors. 

The occurrence of *H from deoxyuridine in the RNA 
fraction of liver and intestinal mucosa is not surprising, 
since the uracil formed by the phosphorylase catalyzed 
reaction may be further metabolized to UMP either by 
consecutive reactions involving uridine phosphorylase and 
uridine kinase (EC 2.7.1.48, ATP: uridine 5’-phosphotrans- 
ferase) or directly by a _ phosphoribosyltransferase 
[17]However, the radioactivity in the RNA fraction after 
[*H]thymidine injection is surprisingly high, in view of 
the minor occurrence of thymine in RNA[5,6] and the 
possibility that the thymine in RNA is formed by methyla- 
tion after RNA synthesis. It is likely that the radioactivity 
observed in this RNA fraction after injection of [*H]thy- 
midine or [*H]deoxyuridine resides in a macromolecule 
other than RNA, such as an alkali-solubilized, trichloro- 
acetic acid-soluble protein or in lipid. Glycogen labeling 
[1] cannot be responsible for the radioactivity, since 
homogenization with the Polytron homogenizer (Kinema- 
tic GmbH., Lucerne, Switzerland) and the two extractions 
with 10%, trichloroacetic acid remove all glycogen from 
liver samples prior to alkaline hydrolysis [18]. A protein 
determination [19] on the RNA fraction from liver indi- 
cated that approximately 25 per cent of the protein precipi- 
tated with cold 10% trichloroacetic acid is rendered soluble 
in this acid by incubation with | N NaOH for 1hr at 
37°. Extraction of lipid was not carried out prior to 


Table |. Incorporation of 7H from deoxyuridine and thymidine into DNA and RNA fraction of rat organs and hepatoma 
3924A 





Deoxyuridine[6-°H] 
RNA fraction 
(dis./min) 


DNA 
(dis. 


min) 


3H/mg DNA 
Thymidine[methyl-*H] 
RNA fraction DNA 
(dis./min) (dis./min) 





18,700 + 480 (45)* 


+ 3,600 + 
4.180 + 330 (44) 


28,300 + 


Liver 
Intestinal 
mucosa 
Tibial bone 
marrow 
Spleen 
Thymus 
Hepatoma 
3924A 


740 + 34 (13) 33,100 + 
(13) 
(46) 


(44) 


6,160 + 
640 + 
14,800 + 


26 
870 + 


210 


1,840 (13) 


720 


(46) 
2,260 (44) 


(13) 
(46) 
1,240 (45) 


16,100 + 470 (3) 
3,560 + 240 (3) 


8,820 + 1,470 (3) 
199,000 + 1,390 (3) 
2,180 + 970 (3)* 114,000 + 8,670 (3) 


500 + 25 (3) 
190 + 11 (3) 


39,400 + 5,710 (3) 
9,530 + 450 (3) 





* Number of rats comprising the mean. 


+ Means having the same footnote symbol differ significantly (P < 0.01). 
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hydrolysis of the RNA, since protein, RNA and DNA are 
all soluble to some extent in lipid solvents (see Ref. 12 
for discussion). Therefore, lipid substances solubilized by 
1N alkali would be extracted along with the RNA. 
Schneider and Greco [2] observed °H in lipid, RNA and 
protein fractions from liver after injection of thymidine 
[methyl-7H] and established that the labeling was from 
thymidine, not from radiolysis products. These workers 
located the 7H in the glyceryl portion of glycerides and 
in serine, aspartic acid, glutamic acid, alanine and meth- 
ionine of protein; the molecule responsible for the radioac- 
tivity in the RNA fraction was not identified by these 
workers: Further investigations will be necessary in order 
to identify the macromolecules which are responsible for 
the radioactivity in the RNA fractions obtained by our 
methods. For this reason we have used the term RNA 
fraction rather than RNA. 

Incorporation of *H from [*H]deoxyuridine into the 
DNA and RNA fractions of liver and intestinal mucosa 
represents competition for a single substrate by opposing 
pathways in vivo, regardless of whether the *H is in RNA 
or some other macromolecule in this fraction. Therefore, 
it was of interest to determine whether a decrease in utili- 
zation by the DNA synthetic pathway would be accom- 
panied by’ increased incorporation in the RNA fraction. 
Rats given the LD,9 dose of 5-fluorouracil (5-FU), 150 
mg/kg body weight, exhibit 67 per cent inhibition of 
{*H]deoxyuridine incorporation into liver DNA and 
greater than 95 per cent inhibition of incorporation into 
DNA of intestinal mucosa, spleen, thymus, tibial bone 
marrow and heptoma 3924A [20,21]. In addition, 
enhanced incorporation of this precursor into DNA occurs 
at characteristic times for each organ during recovery from 
5-FU toxicity. Inhibition of DNA synthesis by 5-FU 
resulted in increases of 60-80 per cent in radioactivity of 
RNA fractions of intestinal mucosa and bone marrow 
(compare Tables | and 2). Radioactivity in the RNA frac- 
tions of the other organs and hepatoma 3924A was not 
affected by inhibition of DNA synthesis. During recovery 
from the toxic effects of S-FU, when DNA synthesis was 
enhanced, *H activity in the RNA fractions was increased 
16 per cent in liver and 2- to 4-fold in other host organs 
but not in hépatoma 3924A. This increased incorporation 
into both DNA and the RNA fraction may reflect an in- 
crease in availability of the precursor to both catabolic 
and DNA synthetic pathways, or there may be increased 
utilization of the catabolic products during these periods 
of rapid cellular proliferation. In any event, there was no 
indication of decreased catabolism of [*H]deoxyuridine 
during the periods of increased utilization for DNA syn- 
thesis. Extramedullary hematopoeises in spleen and liver 


after loss of bone marrow probably accounts for much 
of the enhanced [*H]deoxyuridine incorporation into 
DNA for these organs during recovery after 5-FU adminis- 
tration (H. Hopkins, J. Wakefield, M. Stuart and W. 
Looney, unpublished observations). 

There was greater utilization of thymidine than of deoxy- 
uridine for DNA synthesis in all the organs (Table 1), 
related perhaps to the greater specificity of thymidine 
kinase (EC 2.7.1.2, ATP: thymidine 5’-phosphotransferase) 
for thymidine as substrate [22]. Although cellular prolifer- 
ation in thymus is rapid [23], incorporation of the *H-pre- 
cursors into DNA is low for this organ in comparison 
with the other rapidly proliferating organs. This observa- 
tion was first made by Nygaard and Potter [24] using 
['*C]thymidine and was attributed to differences in pool 
size for one or more of the intermediates between the in- 
jected precursor and DNA. Although differences in pool 
size may be a factor in this discrepancy, other factors such 


‘as cellular levels of thymidine kinase and the reported dif- 


ferences in kinetic properties of the enzyme purified from 
calf thymus [25] versus other sources should be more fully 
explored. 

In hepatoma 3924A, the labeling index [26] and the 
radioactivity in DNA | hr after administration of [*H]thy- 
midine increase after treatment with 5-FL. Maximum 
values are reached approximately 24hr after the drug is 
given. This result is consistent with the known action of 
5-FU in inhibiting thymidylate synthetase, resulting in 
cellular arrest at the G,-S boundary of the cell cycle [27]. 
However, normalization of the [*H]thymidine in DNA to 
the labeling index for each respective tumor (Table 3) 
revealed that incorporation per labeled cell at 24 hr was 
not different from that during hr | after drug treatment 
although the size of intermediate pools would be expected 
to be smaller at 24hr. It is possible that the amount of 
[°H]thymidine which has entered the cell and is available 
for DNA synthesis does not differ for the three conditions 
in Table 3. A more rapid utilization of the [*H]thymidy- 
late phosphates in the absence of de novo thymidylate syn- 
thesis would then account for the 40 per cent increase in 
[*H]thymidine in DNA when 5-FU treated tumors are 
compared with control (Table 3). In regenerating rat liver, 
cells which become labeled within | hr continue to incor- 
porate [*H]thymidine into DNA for 2 additional hr [28]. 
The decreasing availability of the labeled thymidine for 
DNA synthesis in vivo contrasts with that which is possible 
in vitro where the concentration of thymidine available to 
the cell can be held virtually constant during the labeling 
period. For cells in culture, the use of 5-FU or its deoxy- 
riboside, 5-fluorodeoxyuridine, greatly enhances incorpor- 
ation of thymidine or its analogs [29] into DNA. 


Table 2. Incorporation of *H from deoxyuridine[6-*H] into the RNA fraction of rat organs and hepatoma 3924A 
after perturbation of DNA synthesis with 5-FU 





DNA synthesis inhibited 





RNA 
fraction 
(dis./min) 


Hours 
after 


5-FU 


DNA 


dis./min) 


3H/mg DNA 


DNA synthesis enhanced 





RNA 
fraction 
(dis./min) 


Days 
after 
5-FU 


DNA 
(dis./min) 





18,600 + 1,450 (10)* 
6,570 + 520 (11) 


1,330 + 77 
Intestinal 
mucosa 
Tibial bone 
marrow , 
Spleen 36 
Thymus 36 
Hepatoma 36 
3924A 


1.250 + 200 (11) 
440 + 27 
210 + 25 
880 + 92 


(10) 
(11) 
(10) 


280 + 43 


(11) 6 
1,000 + 240 (11) 4 


3,500 + 670(11) 
(10) 


820 + 25 (11) 
1,070 + 180(11) 


21,700 + 580 (3) 
9,700 + 2,840 (3) 


35,200 + 1,480 (3) 
202,000 + 10,500 (3) 
ND+ 69,500 + 25,500 (3) 
1,790 + 590 (3) 

825+35 (3) 

880 + 140 (3) 


69,700 + 18,300 (3) 
9,450 + 3,200 (3) 
19,300 + 5,200 (3) 





* Number of rats comprising the mean. 
+ Not determined. 
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Table 3. Comparison of 1-hr cell labeling index and [*H]thymidine incorporation 
into DNA of Morris hepatoma 3924A for rats treated with 5-FU* 





Hours after 
5-FU No. of Labeling 


(150 mg/kg) rats index (dis., 


[°H]TdR incorporation 
min/mg DNA) 


Incorporation 
L.I. 10* 





| 
24 
Control 


296,800%§ 1.76t 
504,400+¢ 1.808 
214,1004§ 1.26t8 





* The labeling index data appearing here is a part of that summarized in Ref. 
26. Means having the same footnote symbol differ significantly, as shown in the sub- 


sequent footnotes. 
+P < 0.01. 
[P< 065. 
§P < 0.10. 
P < 0.01. 
©P < 0.05. 


Continued evaluation of thymidine metabolism in vivo 
is desirable in view of the important role which this com- 
pound serves in biological investigations. In particular, the 
relationship between thymidine kinase levels and incorpor- 
ation of [*H]thymidine into DNA among different organs 
deserves study. Correlation coefficients of 0.84 to 0.94 have 
been observed for [*H]thymidine in DNA versus thymi- 
dine kinase activity in regenerating rat liver, and injection 
of non-radioactive thymidine along with the radioactive 
thymidine had no significant effect on the radioactivity of 
the DNA over a considerable range of nmoles [30]. 

On summary, liver and intestinal mucosa, but not spleen 
or thymus of ACI strain rats incorporated significant 
amounts of *H from deoxyuridine[6-*H] and thymidine- 
[methyl-*H] into an RNA fraction obtained by alkaline 
hydrolysis of tissue homogenates. In bone marrow, *H 
from thymidine but not from deoxyuridine was incorpor- 
ated into this fraction. Inhibition of DNA synthesis by 
5-FU increased 7H in this RNA fraction for only intestinal 
mucosa and bone marrow, while enhancement of DNA 
synthesis during recovery from 5-FU toxicity was associ- 
ated with an increase in 7H for the alkali-solubilized frac- 
tions of liver, intenstinal mucosa, spleen and thymus but 
not Morris hepatoma 3924A. 
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Effect of B-propiolactone and f-nitropropionic 
acid on rat brain monoamine oxidase 


(Received 26 April 1976; 


The chemical and biological uses of 6-propiolactone have 
gained wide interest and the compound is now considered 
to be a carcinogen [1]. The lactone was found to be muta- 
genic to N. crossa, to be an effective alkylating agent [2], 
and to react with RNA and various guanine derivatives 
as well as with DNA and mouse skin chromatin [1]. The 
compound f-nitropropionic acid is easily derived from 
f-propiolactone by reaction with sodium nitrite [3]. It was 
found to be responsible for the toxic symptoms produced 
in dairy cattle [4], it is also fatal to adult rats at a dose 
of 100 mg/kg within | hr [5]. B-Nitropropionic acid was 
isolated from four higher plants, Hiptage madablota Gertn., 
Corynacarpus laevigate Forst., Indigofera endecaphylla 
Jcap. and Viola odorata; and three fungi, Aspergillus flavus, 
{spergillus orysae and Penicillium atroventum [6]. The 
present study describes the effect of B-propiolactone and 
f-nitropropionic acid on rat brain monoamine oxidase. 


MATERIALS AND METHODS 


Chemicals were purchased as follows: 5-hydroxytrypta- 

“ mine creatinine sulphate (containing 43.5% of 5-hydroxy- 
tryptamine), May and Baker Ltd., Dagenham, England; 
Antemovis ampoules (each containing 5 mg of 5-hydroxy- 
tryptamine creatinine double sulphate), Vister, Casatenovo, 
Italy; B-propiolactone, BDH Chemicals Ltd. Poole Eng- 
land. f-nitropropionic acid was prepared from f-propio- 
lactone according to Gresham et al. [3]. B-Nitropropionic 
acid was repeatedly crystallized from chloroform, m.p. 66°. 

Brain MAO was prepared according to the method de- 
scribed by Roth and Gillis [7]. Albino rat brains (20 g), 
were homogenized in 2 vol of potassium phosphate buffer 
(w/v; pH 7.4, 0.1 M) containing sucrose (0.25 M) in a War- 
ing blender (5 sec, two times) and then in a motor-driven 
Teflon-glass homogenizer. The resulting homogenate was 
centrifuged twice at 600g for 10min to remove cellular 
debris. The supernatant solution from the second centrifu- 
gation was centrifuged at 10,000g for 20min and the 
resulting mitochondrial precepitate was resuspended by 
homogenization in the phosphate buffer (10 ml; pH 7.4; 
0.1 M). The protein content was determined by the method 
of Lowry et al. [8]. The enzyme activity was assayed 
chemically by the method of Udenfriend et al. [9], using 
5-hydroxytryptamine as substrate. 

In this method the assay mixture contained 5-HT, 
0.124 umole/ml; Na, HPO,: NaH,PO,, pH 7.4, 375 umole 
ml, and an amount of enzyme equivalent to 200 mg brain 
tissue. The incubation time was continued for 5 min (the 
rate of deamination of 5-HT by MAO was found to be 
linear up to 8 min, Mohammed er al. [10]) at 37°, after 
which the residual substrate was estimated. 

Different concentrations of B-propiolactone (50, 100, 150 
and 200 uM) as well as f-nitropropionic acid (50, 100, 150 
and 200 uM; these amounts made no significant change 
in the pH of the incubation mixture) were added to the 
above assay mixture to evaluate the 50 per cent inhibition. 

For the determination of the type of inhibition and the 
enzyme inhibitor dissociation constant (K;), the substrate 
concentration was varied (62, 94, 124, 185 and 247 uM). 
The inhibitors f-propiolactone as well as f-nitropropionic 
acid were kept at constant concentration for each exper- 
iment (50, or 100 or 150 uM for f-propiolactone and 25 


accepted 13 July 1976) 


or 50 or 100 uM for f-nitropropionic acid) and the mixture 
was then incubated for 5 minutes at 37°. 

Dialysis. The enzyme (0.1 ml), with inhibitor concen- 
trations of 150 uM for f-propiolactone and 100 uM for 
f-nitropropionic acid, was dialyzed overnight against 
phosphate buffer at 4° with occasional change of buffer. 
Controls of enzyme without inhibitors dialyzed and undia- 
lyzed were also taken. 


RESULTS AND DISCUSSION 


Using 5-hydroxytryptamine as substrate, the inhibition 
of rat brain monoamine oxidase by increasing concen- 
trations of f-propiolactone or -nitropropionic acid was 
found to give a sigmoid curve (Fig. 1). This behaviour of 
rat brain monoamine oxidase inhibition is comparable to 
the results obtained by Mantle and Wilson [11] in their 
study on the effect of 5-phenyl-3-(N-chloropropyl)ethyl- 
amine 1,2,4-oxidiazole derivatives on rat liver monoamine 
oxidase. It is noted that at a critical inhibitor concen- 
tration, a further slight increase in its concentration gives 
an abrupt increase in the inhibition of the enzyme activity 
(from 20 to 80 per cent inhibition), Fig. 1, with both 
B-propiolactone (1 x 10°*M) and f-nitropropionic acid 
(0.5 x 10> *M). 

By dialysis of the inhibited enzyme it was found that 
with f-propiolactone the inhibition was irreversible and 
the enzyme did not recover its original activity. This is 
expected since B-propiolactone is known to be an effective 
alkylating agent. In the case of f-nitropropionic acid the 
enzyme recovered its original activity after dialysis suggest- 
ing that its inhibitory effect is reversible. 


% 





Inhibition , 








—log [I] 
Fig. 1. Effect of B-propiolactone (O) and f-nitropropionic 
acid (@) on the activity of brain monoamine oxidase. 
Enzyme was incubated for Smin at 37° with concen- 
trations of 50, 100, 150 and 200 uM for both f-propiolac- 
tone and f-nitropropionic acid, final concentration of the 
substrate (5-hydroxytryptamine) was 124 uM. 
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Fig. 2. Instantaneous inhibition of brain monoamine oxi- 

dase by f-propiolactone using 5-hydroxytryptamine as 

substrate. A double reciprocal plot of the initial rate of 

5-hydroxytryptamine deamination against substrate con- 

centrations in the presence of 50 uM (0), 100 uM (A) and 
150 uM (@) of B-propiolactone, and control (©). 








Fig. 3. Instantaneous inhibition of brain monoamine oxi- 

dase by f-nitropropionic acid using 5-hydroxytryptamine 

as substrate. A double reciprocal plot of the initial rate 

of 5-hydroxytryptamine deamination against substrate 

concentrations in the presence of 25 uM (02), 50 uM (A) 
and 100 uM (@), and control (0). 


Table 1. The enzyme-inhibitor dissociation constant (K;) for brain monoamine oxidase in the pres- 
ence of £-propiolactone and f-nitropropionic acid. 





Inhibitor 


K; 





B-Propiolactone 
B-Nitropropionic acid 


1.86(+0.16) x 10°*M 
7.8 (+0.07) x 10°°M 





K,, is the Michaelis constant. 


As regards the type of inhibition exerted by f-propio- 
lactone on rat brain monoamine oxidase and using 5-hy- 
droxytryptamine as substrate, the double reciprocal curves 
of 1/v plotted against 1/[s], keeping the inhibitor at con- 
stant concentration in each experiment and changing the 
substrate concentration, were in accordance with those 
mentioned by Dixon [12] for the non-competitive type of 
inhibition (Fig. 2). This would suggest that although f-pro- 
piolactone alkylates or slightly modifies the enzyme mol- 
ecule, its effect does not invlove the enzyme active centre 
and Michaelis constant remained unchanged. With f-nitro- 
propionic acid and under the analogous condition, the 
plots resulted a non-competitive type of inhibition (Fig. 
3) and similarly to f-propiolactone, the effect of this acid 
does not involve the enzyme active centre. The values of 
the enzyme-inhibitor dissociation constant (K;) and 
Michaelis constant (K,,) are given in Table 1. 
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Characteristics of the enzyme uridine—cytidine kinase isolated 
from a cultured human cell line 


(Received 2 April 1976: accepted 25 June 1976) 


Uridine—cytidine (U—C) kinase catalyzes the phosphoryla- 
tion of the nucleosides uridine and cytidine to their nucleo- 
tide forms. This enzyme has been previously isolated from 
rat liver [1], murine tumor cells [2, 3], 5-azacytidine resist- 
ant murine leukemic cells [4], and calf thymus [5]. Pre- 
vious studies [6] concluded that U-C kinase was respon- 
sible for the phosphorylation of the antileukemic agent 
5-azacytidine and that partial deletion of this enzyme was 
responsible for resistance to 5-azacytidine in the murine 
leukemia line [4]. Because of the important role of this 
enzyme in the activation of 5-azacytidine, and in resistance 
to this drug, we have undertaken its isolation and kinetic 
characterization from human leukemia cells. 
5-Azacytidine[4-'*C] (204 mCi/mg), 5-azacytidine (NSC 
102816) and tetrahydrouridine (NSC _ 112907) were 
obtained from the Drug Research and Development Pro- 
gram, National Cancer Institute. 5-Azacytidine[4—'*C] 
was judged to be 96 per cent pure by thin-layer chromato- 
graphy on cellulose plates with water-ethanol (7:3) as sol- 
vent. Cytidine[2-'*C] (25 mCi/m-mole) and uridine [*H] 
(4000 mCi/m-mole) were obtained from Schwarz/Mann, 
Orangeburg, N.Y. Non-radiolabeled nucleotides, pig 
muscle myokinase (2250 units/mg), pyruvate kinase (450 
units/mg), alkaline phosphatase (43 units/mg), and the 
sodium salt of phosphoenolpyruvate were from the Sigma 
Chemical Co., St. Louis, Mo. AG-1—X2 ion exchange resin 


was purchased from BioRad, Richmond, Calif. DEAE 
cellulose discs (Whatman 52) were purchased from H. 
Reeve Angle, Clifton, N.J. Disposable plastic columns, 
0.8 x 20 cm, were from Kontes Glass Co., Vineland, N.J. 


Thin-layer PEI and DEAE cellulose chromatography 
plates were obtained from Analtech Inc., Newark, Del. 

A human lymphoblastic leukemia cell line, CEM [7], 
previously isolated at the Children’s Cancer Research 
Center in Boston, Mass. and maintained in continuous cell 
culture, was obtained from Dr. Ivor Royston formerly of 
the Bureau of Biological Standards, Bethesda, Md. The 
cell line was grown in spinner culutre in RPMI series 1640 
medium containing penicillin, streptomycin, and glutamine 
plus 5°,, heat inactivated fetal calf serum, with a starting 
concentration of 3 x 10° cells and a final concentration 
of 3 x 10° cells/ml. Approximately 2 x 10° cells were har- 
vested by centrifugation at 500 g at 5S’ for 10 min, and 
washed free of media with two changes of phosphate- 
buffered saline. The cell button was then diluted with 6-10 
ml of 0.05 M Tris-HCI buffer, pH 8, freeze-thawed twice 
and homogenized with 20 strokes of a Dounce homogen- 
izer. After centrifugation at 20,000 g for 30 min, the super- 
natarit fraction containing U-C kinase activity of 900-5000 
units*/ml and a specific activity of 285-1580 units/mg of 
supernatant protein was removed and stored at 4° until 
further use. This crude cell supernatant fraction also con- 
tained CMP kinase activity in the range of 2000 units/mg 
of protein. 

Phosphorylation of uridine and cytidine was assayed as 
previously described [8], separating the product from the 
substrate by adherence of the nucleotide to DEAE discs. 
Phosphorylation of 5-azacytidine[4-'*C] was assayed 
using the previously described incubation mixture (ATP, 
10 mM; MgCl,, 10 mM; Tris-HCl, pH 8, 50 mM; NaF, 





*Units of U-C kinase = nmoles of nucleotide product 
formed/hr with uridine as the substrate. 


15 mM; 5-azacytidine[4—'*C], 0.01 pCi in a final substrate 
concentration of 0.05 to 6.0 mM: and 5-40 ul of enzyme 
preparation in a total volume of 120 yl). The reaction was 
stopped with 1 ml of ice-cold water, and the solution was 
immediately passed onto a disposable plastic column 
(0.8 x 20 cm) containing 2 ml of AG—I—X2 ion exchange 
resin (previously washed with 15 vol. of distilled water). 
The substrate was selectively eluted with 25 ml of distilled 
water and the nucleotide products with 6 ml of 1 M 
ammonium chloride (see Fig. 1). Two ml of the 1 M 
ammonium chloride wash, containing the phosphorylated 
product, was then added to 18 ml of Aquasol and counted 
in a Packard Tri Carb liquid scintillation counter. By using 
this method, the phosphorylation of 5-azacytidine was 
shown to be linear with supernatant protein concentrations 
of 50-200 yg/0.120 ml of reaction volume and was linear 
with respect to time for a period of 60 min. 

In control experiments, 96 per cent of the substrate, 
5-azacytidine[4—'*C], was recovered from the AG-1-X2 
columns in the distilled water fraction, while 4 per cent 
eluted in the 1 M ammonium chloride fraction (corre- 
sponding to the background rate of the assay). Cytidine 
mono-, di-, and triphosphates were used to assess the likely 
migration pattern of 5-azacytidine nucleotides, and the 
results are shown in Fig. 1. There was complete recovery 
of the cytidine nucleotides in the 1 M NH,ClI wash. In 
the disc assay, 77 per cent of nucleotide standards added 
directly to the disc was recovered. , 

The phosphorylated product of 5-azacytidine was chro- 
matographed on DEAE cellulose plates with a water sol- 
vent and on PEI cellulose plates with a 1 M LiCl solvent 
along with the known standards: 5-azacytidine, cytidine, 
CMP, CDP and CTP. As a second proof of the product, 
the previously described reaction mixture, containing 
1.7 x 10° M 5-azacytidine as the substrate and 120 units 
of enzyme, was preincubated at 37° for 2 hr to form the 
nucleotide product. Nucleotide formation was confirmed 
by elution from an AG-1—X2 column. In a duplicate tube, 
prior to passage over a column, the reaction mixture was 
incubated for an additional 15 min at 37° in the presence 
of 2 units of alkaline phosphatase and then passed onto 
an AG-1—X2 column to determine if the nucleoside could 
be reformed from the product by phosphatase activity. 

In order to be certain that the CEM cell line was sensi- 
tive to the antineoplastic activity of 5-azacytidine, a series 
of 20 ml cultures containing 1 x 10° cells/ml in RPMI 
1630 medium with 5°, fetal calf serum was incubated in 
the presence of 5-azacytidine, 10° ° to 10~” M, for a period 
of 48 hr, and inhibition of growth in treated cultures as 
compared to controls lacking 5-azacytidine was deter- 
mined. 

Our initial experiments were directed at characterizing 
the affinity and relative velocity of 5-azacytidine as a sub- 
strate for human U-C kinase. A double reciprocal plot 
of substrate concentration vs product formation (Fig. 2) 
yielded a K,, value of 75 uM for cytidine, 140 uM for 
uridine, and 11 mM for 5-azacytidine. Table | presents 
approximate relative velocities for the three substrates and 
shows that the maximum velocity for the analog, 5-azacyti- 
dine, was only 26 per cent that of the physiologic substrate 
cytidine. The limited solubility of S5-azacytidine prevented 
our obtaining substrate concentrations above the K,, of 
11 mM; thus the maximum velocity for this substrate was 
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Fig. 1. Elution of 3 x 10~* M (80,000 cpm !4C) 5-azacyti- 

dine ( ), cytidine monophosphate (O ©), cytidine 

diphosphate (- ‘), and cytidine triphosphate (A A) 

from a 0.8 x 20 cm column containing 2 ml AG-1-X2 
resin. 
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estimated from the Lineweaver—Burk plot. The K; value 
for 5-azacytidine was 17 mM with cytidine as the substrate, 
a value in good agreement with the previously determined 
K,,, for 5-azacytidine. 
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Fig. 2. Lineweaver-Burk plots of the reciprocals of sub- 
strate concentration vs reaction velocity, with uridine, cyti- 
dine and 5-azacytidine as substrates, as noted. 


Table 1. Relative velocities for 5-azacytidine, cytidine and 
uridine 





kK. 
(mM) 


Substrate Relative velocity 





0.26 
1.00 
0.92 


5-Azacytidine 11 
Cytidine 0.075 
Uridine 0.140 





It was considered important to determine whether the 
uridine—cytidine kinase from CEM cells had the same 
affinity for 5-azacytidine as did enzyme from cells obtained 
from patients with acute myelocytic leukemia (AML). Cir- 
culating myeloblasts were obtained by leukapheresis from 
a previously untreated patient with AML, and cells were 
disrupted by Dounce homogenization in 0.05 M Tris, pH 
7.5. K,, values of 16 mM for 5-azacytidine phosphorylation 
and 183 uM for uridine phosphorylation were determined 
by double reciprocal plots of substrate concentration vs 
nucleotide formation. These results using enzyme from 
AML cells were in good agreement with the previously 
determined K,,, values for the uridine cytidine kinase from 
CEM cells. 

The reaction product of 5-azacytidine, when chromato- 
graphed on DEAE cellulose in a water solvent, remained 
at the origin as a nucleotide, while 5-azacytidine itself 
migrated to the solvent front. This same product, when 
chromatographed on PEI cellulose in a 1 M LiCl solvent, 
gave two u.v. absorbing spots with R, values of 0.29 and 
0.14 which corresponded to standards of cytidine diphos- 
phate and cytidine triphosphate respectively. In this latter 
system, 5-azacytidine migrated with cytidine (R, 0.80). 
When the reaction product was incubated with 2 units 
of alkaline phosphatase for 15 min at 37° and passed over 
AG-1—X2 resin, no radioactivity above background was 
found to elute in the 1 M ammonium chloride wash, indi- 
cating that the PO, groups added during the reaction had 
been removed and the parent nucleoside reformed. 

Studies of the cytotoxic effects of 5S-azacytidine on CEM 
cells in tissue culture were undertaken to determine the 
sensitivity of this cell line to this agent. A drug concen- 
tration of 10°° M produced 50 per cent inhibition of cell 
growth at 48 hr, a concentration comparable to the 50 
per cent inhibitory level of this drug for the sensitive L1210 
leukemia cell line (0.6 x 10° M) [9] (Fig. 3). 

The foregoing studies suggest that 5-azacytidine has a 
low affinity for U-C kinase as indicated by its high K,, 
(11 mM) and K; (17 mM) values. This enzyme is present 
in levels comparable to those of deoxycytidine kinase [8], 


--—-- Control 

a—a 1x 10-7 M 5-Azacytidine 
o—o 1x 10-6M 5-Azacytidine 
O—O 1 x 10-5 M 5-Azacytidine 


CELLS/ML 








HOURS 
Fig. 3. Growth curves of CEM cell cultures containing 
various concentrations of 5-azacytidine. 
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but considerably lower than those of the primary catabolic 
enzyme cytidine deaminase in the leukemic cell. High levels 
of 5-azacytidine would have to be achieved in order to 
approach the K,, of U-C kinase, and in view of its rapid 
metabolism by cytidine deaminase [10] and its chemical 
lability, a high dose infusion schedule would seem justified. 
However, recent data [11] indicate that high dose therapy 
with 5-azacytidine may be associated with neurotoxicity 
as well as the extreme nausea and vomiting often seen 
at lower doses of this agent. 

The affinity of U-C kinase from human leukemic cells 
for 5-azacytidine appears to be substantially lower than 
that previously reported by Liacouras and Anderson [2] 
for the murine mast cell tumor enzyme and by Lee et 
al. (K,, = 200 pM) for the calf thymus enzyme. The 
Michaelis constants for cytidine and uridine using all three 
sources of enzyme, mast cell tumor, calf thymus and CEM 
cell line, were quite similar, in the 10~* to 10°* M range. 
Lee et al. [5], in their studies of the calf thymus U-C 
kinase, estimated the relative maximum velocities for 
5-azacytidine, cytidine, and uridine were approximately 
0.25 :0.75:1.0, respectively, values which are similar to 
those of the CEM enzyme except for reversal of the relative 
velocities of cytidine and uridine. Further studies will be 
required to establish whether the enzyme from human tis- 
sues has other properties differing from those of the murine 
and calf thymus enzymes. 

It is noteworthy that despite the poor affinity of sub- 
strate for this enzyme in the human leukemic cells, the 
CEM cell line remained responsive to 5-azacytidine in 
vitro. 

U-C kinase levels have been measured in extracts of 
myeloblasts obtained from previously untreated patients 
with acute non-lymphocytic leukemia [12], and averaged 
16.4 + 19.4 units/mg of protein (median value of 11.1 
units/mg of protein), with variation over a three log range 
(0-75 units/mg of protein). The levels of U-C kinase in 
myeloblasts were considerably lower than the levels of the 
degradative enzyme, cytidine deaminase, in the human 
myeloblastic cells (mean concentration, 377 + 530 units 
mg of protein) 

The poor affinity of U-C kinase for 5-azacytidine as 
a substrate and the low activity of the enzyme in leukemic 
cells in comparison to cytidine deaminase raise the possi- 
bility that metabolism of 5-azacytidine to the nucleotide 
form and subsequent incorporation into RNA [13] may 


not be the only mechanism responsible for its cytotoxicity. 
Other possible routes of metabolism, such as deamination 
to 5-azauridine [10] or ring cleavage, might be responsible 
for formation of an active antimetabolite. Further studies 
of the metabolism of 5-azacytidine in intact cells and in 
the whole animal are needed to determine the relative 
importance of nucleotide formation as compared to alter- 
nate transformations of this agent under physiologic condi- 
tions. 

James C. DRAKE 
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Effects of luteinizing hormone and follicle stimulating hormone on hepatic 
drug metabolism in gonadectomized male and female rats 


(Received 28 February 1976; accepted 11 June 1976) 


Many hormones participate in the regulation of drug and 
steroid metabolism by rat liver microsomes [1-3]. The 
actions of gonadal hormones have been particularly well 
investigated [4-10]. Androgens increase the oxidative 
metabolism of various substrates including ethylmorphine, 
hexobarbital and testosterone [4-7]. As a result, hepatic 
oxidation of many substances proceeds far more rapidly 
in male than female rats. In contrast, reductive steroid 
metabolism (A*-hydrogenase activity) is inhibited by tes- 
tosterone and enhanced by estradiol, producing a sex dif- 


ference in A*-hydrogenase activity opposite that in oxida- 
tive metabolism [8-10]. 

Until recently, gonadal hormones were thought to act 
directly and independently on the liver to alter the activi- 
ties of drug- and steroid-metabolizing enzymes. However, 
Colby et al.{11] demonstrated that the actions of both 
testosterone and estradiol on hepatic corticosteroid meta- 
bolism in rats and hamsters were not demonstrable in 
hypophysectomized animals, indicating a dependence on 
the pituitary gland. Subsequently, other investigators 
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reported a similar pituitary requirement for the develop- 
ment and maintenance of sex-dependent patterns in steroid 
metabolism [12-14]. In addition, we have recently noted 
that androgenic effects on hepatic ethylmorphine demethy- 
lation are also manifested only in the presence of the pitui- 
tary gland [15]. These observations suggest that pituitary 
factors have an important role in the regulation of hepatic 
drug and steroid metabolism. However, relatively little 
attention has been given to possible direct effects of pitui- 
tary hormones on hepatic enzymes. Only the actions of 
growth hormone on drug metabolism have been studied 
in detail [16-18]. The effects of follicle stimulating hor- 
mone (FSH) and luteinizing hormone (LH) are of particu- 
lar interest in relation to gonadal hormone actions on 
hepatic mixed function oxidases, since the secretion of both 
is acutely influenced by testosterone and estradiol. The 
studies presented in this report indicate that both FSH 
and LH affect drug metabolism in gonadectomized rats 
and that the effects are substrate dependent. 

Male and female Sprague-Dawley rats (obtained from 
Zivic-Miller Laboratories, Pittsburgh, Pa.) were main- 
tained under standardized conditions of light (0600-1800) 
and temperature (22°) on a diet of Purina Laboratory 
Chow and water ad lib. Orchiectomies and ovariectomies 
were performed on rats approximately 60 days of age and 
hormonal treatment was initiated approximately 48 hr 
later. Follicle stimulating hormone (FSH) (NIH-FSH-BI, 
0.49 units/mg) and luteinizing hormone (LH) (NIH-LH-B9, 
0.70 units/mg) were administered by subcutaneous injec- 
tion in 0.9% saline at a dose of 125 yg/rat twice daily. 
All rats were sacrificed after 7 days of hormonal treatment. 

Animals were decapitated between 9:00 and 10:00 a.m. 
and livers quickly removed and homogenized in cold 
1.15°%% potassium chloride. Homogenates were centrifuged 
at 9000g for 20min in a Sorvall refrigerated centrifuge. 
Aliquots of the supernatant were removed for enzyme 
assays and the remainder was centrifuged at 105,000 g for 
60 min in a Beckman preparative ultracentrifuge. All steps 
in the preparation of microsomes were performed with the 
tissue kept at 0-4°. Microsomal pellets were resuspended 
immediately prior to use in 1.15°% potassium chloride con- 
taining 0.05M Tris-HCl (pH 7.4) at a concentration of 
3-4 mg protein/ml. Microsomal cytochrome P-450 was 
measured as described by Omura and Sato[19] using a 
millimolar extinction coefficient of 91. NADPH-cytoch- 
rome c reductase activity was assayed by the method of 
Phillips and Langdon [20] using a millimolar extinction 
coefficient of 18.7. Microsomal protein was determined by 
the method of Lowry et al. [21]. All assays (except protein 
determinations) were performed on the same day the ani- 
mals were sacrificed. 


The demethylation of ethylmorphine or aminopyrine 
and the hydroxylation of aniline were assayed as the rates 
of formation of formaldehyde[22] or paramino- 
phenol [23], respectively, by 0.5ml of the liver 9000g 
supernatant (200 mg/ml) incubated with glucose-6-phos- 
phate (9.0umoles), MgSO, (24.2 umoles), Tris-HCl 
(0.02 M, pH7.4) and ethylmorphine-HCl (12 pumoles), 
aminopyrine (12 umoles) or aniline-HCI (6 wmoles) in a 
final volume of 3.0ml. Semicarbazide-HCl (25 ymoles) 
served as a trapping agent for formaldehyde produced 
from ethylmorphine and aminopyrine. Incubations were 
carried out in a Dubnoff metabolic incubator at 37° for 
15 min in air. All samples were read against appropriate 
tissue blanks and standards. Enzyme activities are 
expressed as nmoles product formed/min/g of liver. How- 
ever, since none of the treatments affected hepatic microso- 
mal protein concentration, the effects reported are equally 
valid when expressed as nmoles product/mg of microsomal 
protein. The data presented in Tables | and 2 each rep- 
resent the pooled observations from two different experi- 
ments. 

Administration of either LH or FSH to orchiectomized 
male rats had no effects on body or liver weights (Table 1). 
Similarly, neither microsomal protein nor cytochrome 
P-450 content was significantly affected by either hormone. 
Nonetheless, both LH and FSH, when given to castrated 
male rats, increased the rate of ethylmorphine demethyla- 
tion (Table 1). The rates of aniline hydroxylation and 
aminopyrine demethylation were not affected by administ- 
ration of either hormone. 

Treatment of castrated female rats with FSH or LH did 
not affect body weight, liver weight, microsomal protein 
concentration, cytochrome P-450 content or NADPH- 
cytochrome c reductase activity (Table 2). Aniline hy- 
droxylation was also unaffected by either hormone. In con- 
trast, FSH treatment increased the rates of metabolism of 
both ethylmorphine and aminopyrine. LH increased ethyl- 
morphine demethylase activity in females but did not affect 
aminopyrine metabolism. Direct addition of FSH or LH 
to hepatic tissue in vitro, in concentrations as high as 
1.5 ug/ml, had no effect on the metabolism of aniline, ethyl- 
morphine or aminopyrine. 

These observations indicate that LH and FSH have 
effects on hepatic microsomal mixed function oxidases in- 
dependent of the gonadal hormones. The actions of FSH 
and LH are probably not mediated by adrenal androgens, 
since recent studies indicate that neither hormone affects 
adrenal testosterone production in rats [24]. The effects 
of both hormones clearly depend upon the substrate 
employed and the sex of the experimental animal. Aniline 
hydroxylation was not affected by either hormone in males 


Table 1. Effects of FSH and LH administration on hepatic oxidative metabolism in gonadectomized 
male rats* 





Saline LH FSH 





Body weight (g) 
Liver weight (g) 
Microsomal protein 
(mg/g liver) 
Cytochrome P-450 
(nmoles/mg protein) 
Aniline metabolism 
(nmoles/min/g liver) 
Ethylmorphine metabolism 
(nmoles/min/g liver) 
Aminopyrine metabolism 
(nmoles/min/g liver) 


258.3 + 6.0 
10.9 + 0.4 
34.0 + 0.9 
0.64 + 0.02 
41.2+19 

410.4 + 40.0 


374.9 + 16.5 


258.8 + 4.5 
10.6 + 0.3 
32.35: + U7 
0.69 + 0.02 


42.4+ 


Dt. £39 
10.1 + 0.4 
+ 08 


+ 0.02 
o£ 
+ 24.5+ 


382.7 + 17.8 





* Values are expressed as mean + S.E.; there were 16 animals/group. 


+P < 0.05 (vs saline-treated group). 
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Table 2. Effects of FSH and LH administration on hepatic oxidative metabolism in gonadectomized 
female rats* 





- 
= 





Body weight (g) 

Liver weight (g) 

Microsomal protein 
(mg/g liver) 

Cytochrome P-450 
(nmoles/mg protein) 

Cytochrome c reductase 
(nmoles/min/g liver x 10>?) 

Aniline metabolism 
(nmoles/min/g liver) 

Ethylmorphine metabolism 
(nmoles/min/g liver) 

Aminopyrine metabolism 
(nmoles/min/g liver) 


204.2 


126.3 + 5 


to 

ws) 
Ow 
ON 
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a 
agl 
+ 


I+ I+ + 


te 


> 
—whr 


eo 
.= 
+ 


10.87 + 9.0t 


14.4 289.4 + 16.47 





* Values are expressed as mean + S.E.: there were 11 animals/group. 


+P < 0.05 (vs saline-treated group). 


or females. Ethylmorphine metabolism, in contrast, was 
enhanced by both hormones in animals of both sexes. FSH 
and LH had differing effects only with aminopyrine as sub- 
strate. Demethylation of aminopyrine was increased by 
FSH but not LH and only in female rats. The divergence 
of hormonal effects on ethylmorphine and aminopyrine 
metabolism is consistent with the existence of multiple mic- 
rosomal demethylases. 

Gustafsson and Stenberg [25] have recently noted that 
FSH and LH administration to castrated rats also affects 
androgen metabolism by hepatic microsomes. They con- 
cluded that FSH increased the activity of androgen-depen- 
dent hydroxylases but not  androgen-independent 
enzymes. Our findings are consistent with that conclusion, 
since the metabolism of ethylmorphine and aminopyrine 
is profoundly affected by testosterone in rats whereas regu- 


lation of aniline hydroxylation is relatively independent of 


Furthermore, some of the effects 
reported by Gustafsson and Stenberg were also dependent 
upon the sex of the animal being treated. In contrast to 
our observations, Gustafsson and Stenberg [25] found that 
LH decreased the activity of several steroid-metabolizing 
enzymes, further illustrating the substrate dependence of 
hormonal actions. 

The actions of FSH and LH on hepatic oxidative meta- 
bolism may be evenrgreater than reported here or by Gus- 
tafsson and Stenberg, since in both studies hormones were 
administered under conditions of already elevated gonado- 
tropin secretion, i.e. in castrated animals. Administration 
of FSH and LH to hypophysectomized-gonadectomized 
rats may result in changes of greater magnitude. In any 
case, these observations indicate that care must be taken 
to consider the effects of changes in gonadotropin secretion 
when studying the effects of testosterone or estradiol on 
hepatic drug metabolism in animals with intact pituitary 
glands. Depending upon the relative effects of FSH, LH, 
testosterone and estradiol on metabolism, gonadotropins 
may enhance or obscure the direct actions of androgens 
and estrogens on liver. Further studies are now needed 
to determine the mechanism(s) of action of FSH and LH 
on hepatic drug- and steroid-metabolizing enzymes and 
,to study possibie interactions between the gonadal hor- 
mones and gonadotropins in the regulation of 
enzymes. 


gonadal hormones. 
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Influence of sex and Freund’s adjuvant on liver 
N-acetyltransferase activity and elimination 
of sulphadimidine in urine of rats 


(Received 25 May 1976. Accepted 17 July 1976) 


lwo distinct acetylation phenotypes, characterized by high 
or low percentage of acetylated product of isoniazid and 
sulphadimidine eliminated in urine, can be distinguished 
in man [1-6] and rabbits [7-10]. The difference between 
them is believed to be due to differences in the activity 
of N-acetyltransferase [10-16]. In these two species no sex 
difference in the two phenotypes exists, but in rats we have 
found [17] that the high elimination of acetylsulphadimi- 
dine (Ac-S) occurs in females (about 75 per cent of sulpha- 
dimidine in urine is present as Ac-S), and low elimination 
in males (about 46 per cent). The aim of this work was 
to investigate whether this sex difference is also associated 
with corresponding differences in liver N-acetyltransferase 
activity. It has been found in rats [18] that Freund’s adju- 
vant which is a potent stimulant of the reticuloendothelial 
system, presumably the main site of drug acetylation [19], 
increases the percentage of Ac-S in urine of males, but 
not of females. Similar elevation of Ac-S only in males 
was observed also after castration and treatment by 
estrogen [20]. Therefore, it was of interest to find out 
whether these changes in males were also accompanied 
by corresponding changes in enzyme activity. 

Animals and experimental conditions. Random-bred 
albino rats (10 to 16 weeks old) obtained from the Institute 
of Organic Chemistry and Biochemistry, Prague, were 
used. They were divided into five groups (see Table 1) as 
follows: (1) untreated females; (2) untreated males; (3) cas- 
trated males: castration was performed when they were 
6 weeks old and sulphadimidine was administered 10 
weeks later; (4) estrogen-treated males: oestradiol dipro- 
pionate in oil solution (Agofollin, Spofa) was given subcu- 
taneously in five daily doses, each containing 10,000 i.u. 
of the hormone, and sulphadimidine was then administered 
2 days after the last dose of estrogen; (5) Freund’s adju- 
vant- (FA-) treated males: 0.1 ml of complete FA (5 mg 
of Mycobacterium tuberculosis, strain H37Rv/1 ml of 
mineral oi!) was injected into the skin of the foot pad and 
then sulphadimidine was given 21 days later when effect 
of the adjuvant was fully developed [21, 22]. 

Sulphadimidine was always administered intravenously 
in a dose of 40 mg/kg and in a volume of 0.2 ml/100g 
body wt. Following the procedure described elsewhere 
[17], urine samples collected during a 24-hr interval after 
drug administration were analysed and sulphadimidine 
determined according to the method of Varley [23]. The 
ratio (percentage) of Ac-S to the total sulphadimidine elim- 
inated in the urine was then calculated and statistically 
evaluated. 

Preparation of liver cytosol. Since cells of the liver reticu- 
loendothelial system have been shown to represent the 
most important site of drug acetylation [19], only this tis- 
sue was used for preparation of the cytosol. Fresh liver 


tissue was obtained from rats immediately after sacrifice. 
All samples were chilled and weighed and then homo- 
genized at 4° in 5-10 vol of Sérensen phosphate buffer 
(pH 7.4) in a Teflon homogenizer. Homogenates were cen- 
trifuged at 105,000 g for 50 min in a Spinco ultracentrifuge. 
The resulting supernatant was used in the enzyme assay 
which allowed the estimation of total N-acetyltransferase 
activity in the absence of competing microsomal enzymes. 

Incubation procedure. The method of Jenne [16] was 
modified to suit our purpose. The incubation mixture con- 
tained the following in a final vol of 2.0ml: 2 m-mole of 
sulphadimidine as substrate, 0.5 m-mole of aqueous acetyl- 
CoA and liver cytosol suitably diluted in 0.2M Sorensen 
phosphate buffer (pH 7.4) to contain 10 mg of supernatant 
protein per ml. The reaction was initiated by the addition 
of liver cytosol and allowed to proceed at 37° for 15 min. 
The reaction was terminated by adding 4.9 ml of 8°, (w/v) 
trichloracetic acid. Enzyme activity was estimated from the 
amount of Ac-S produced in the incubation mixture [23]. 
Protein concentration was determined by the technique of 
Lowry [24] using bovine serum albumin as a standard. 
Enzyme activity was expressed as ymoles of substrate 
acetylated per mg of supernatant protein per 15 min incu- 
bation. 

The results are summarized in Table 1. The percentage 
of Ac-S eliminated by untreated animals corresponds well 
with our previous data [17, 18] showing that females elim- 
inate a high and males a low percentage of Ac-S. The 
difference between untreated females and males is statisti- 
cally highly significant (t;;6, = 15.96, p < 0.01). The in- 
crease in Ac-S elimination in all the groups of treated 
males is also statistically highly significant: t,,3, = 5.12, 
p < 0.01 for castration; t;,4, = 13.49, p < 0.01, for estrogen 
treatment; and t;3, = 14.12, p < 0.01 for FA treatment. 

The activity of N-acetyltransferase is about three times 
higher in untreated females than in males, the difference 
being statistically highly significant (t,;5) = 18.16, 
p < 0.01). However, no increase of N-acetyltransferase acti- 
vity was brought about by castration (t;,3, = 1.33, 
p > 0.10), estrogen treatment (t,4, = 1.38, p > 0.10) or 
administration of FA (t,,;3, = 0.47, p > 0.50). 

It should be pointed out that while all experimental 
treatments employed increase the percentage of Ac-S in 
the urine of males, they do not affect the activity of liver 
N-acetyltransferase. Obviously, the proportion of metabo- 
lized and unchanged sulphadimidine in urine is influenced 
by various mechanisms. The role of N-acetyltransferase 
activity seems to be decisive mainly under normal condi- 
tions, i.e. in untreated animals. The nature and interaction 
of other mechanisms is rather poorly understood at present 
but our preliminary data (unpublished results) suggest the 
importance of differences in the distribution of sulphadimi- 
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Table 1. Percentage of eliminated acetylsulphadimidine in urine and activity of N-acetyltransferase in liver of untreated 
and castrated, estrogen-and Freund’s adjuvant-treated rats 





Females 
Untreated 


Untreated 


Males 
Oestradiolt 
dipropionate 


Freund’s§ 


Castration adjuvant 





Number of 
animals 
Percentage of 
eliminated Ac-S 
N-acetyltransferase 
activity? 


8 


46.8 + 3.14 


10.8 + 1.50 


7 8 7 


65.7 + 8.43 69.6 + 2.50 73.4 + 3.45 


9.8 + 0.84 12.0 + 1.40 11.2 + 1.36 





* 95°. limits of confidence. 


+ Enzyme activity is expressed as xmoles of substrate acetylated by 1 mg of supernatant protein per 15 min of incuba- 


tion. 


t Five daily subcutaneous doses containing 10,000 i.u. of the hormone each, were applied. 
§ Intradermal injection of 0.1 ml of an adjuvant mixture (5 mg of Mycobacterium tuberculosis/ml of mineral oil) into 


the foot pad, was applied. 


dine in the body of both sexes and in the body of untreated 
vs treated males. 

These findings also bear on the question of the proper 
nomenclature of the acetylation status of an organism. 
Even when it is true that the acetylation status in man 
and rabbits is not linked to the sex as it is in rats, it 
appears for reasons given above that the frequently used 
terms “rapid” or “slow acetylator”, based on fractional 
amount of metabolite present in urine might not be, gener- 
ally, the most appropriate ones. It is therefore suggested 
that unless the activity of N-acetyltrarsferase is determined 
directly—this cannot be done routinely either in man or 
animals—the terms “high” or “low eliminator of Ac-S” 
should be preferred. 

Summary. Relatively high activity of liver N-acetyltrans- 
ferase was found in control, untreated females and on the 
other hand low enzyme activity in males of rats. This dif- 
ference is accompanied with relatively high percentage of 
Ac-S eliminated in urine of females whereas it is low in 
males. Castration, estrogen and Freund’s adjuvant treat- 
ment increase the percentage of Ac-S in males, but do not 
affect the activity of N-acetyltransferase. 
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PRELIMINARY COMMUNICATIONS 


TOXICITIES OF ADENOSINE AND 2'-DEOXYADENOSINE IN L CELLS 
TREATED WITH INHIBITORS OF ADENOSINE DEAMINASE* 


Lillie Lapi* and Seymour S. Cohent 
Department of Microbiology, 
University of Colorado School of Medicine, 


Denver, Colo. 80262, U.S.A. 
(Received 20 September 1976; accepted 26 October 1976) 


Effective inhibitors of mammalian adenosine deaminase first became available within 
the past 3 years. The first of these, synthesized by Schaeffer and Schwender (1), was 
erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA). This is a reversible inhibitor with K; of 
about 107° M (1). This compound was shown in this laboratory (2) to protect 9-g-D-arabino- 
furanosy] adenine (ara-A) from very extensive deamination by mouse fibroblasts (L cells) 
and thereby increases the lethality of ara-A at least 20-fold. The combination was 
effective in mice bearina Ehrlich ascites tumor also, markedly increasing the survival of 
the mice as compared to the effects of ara-A alone (3). It was demonstrated that 107° to 
10°” M EHNA potentiated the toxicity of 107° M 3-deoxyadenosine (cordycepin) as well (3); 
in the presence of EHNA, this nucleoside became extremely lethal and completely inhibited 
the synthesis of both RNA and DNA in growing L adie. 

Another even more recently recognized inhibitor of the deaminase is 2'-deoxycoformycin 


(DCF), which is essentially irreversible in its inactivation of the mammalian enzyme, the 


-10 
K; being less than 10 M (4). Wot only has UCF been observed to potentiate the antitumor 


_6 
and antiviral effects of ara-A, as summarized in Ref. 5, but at 0.5 mg/kg, i.e. 2x 10 M, 
it also significantly increased the anticellular toxicity of cordycepin, as well as the 
antitumor activity of the latter in mice bearing P 398 ascites leukemia (6). A comparison 


of the structures of EHiJA and DCF is presented in Fiq. 1. 


*This work was supported by Grant 1-PR01-11636 from the iiational Institute of Allergy 


and Infectious Diseases. 


Miss L. Lani, Commander, U.S. Naval Reserve itursing Corns, died on July 16, 1976. 
tThe new address of this author is Department of Pharmacological Sciences, Scnool 


of Basic Health Sciences, State University of New York, Stony Brook, Long Island, N.Y. 
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Fiq. 1. Structures of the inhibitors of adenosine deaminase, erythro-9-(2-hydroxy-3-nony] )- 
adenine (EHNA) and 2'-deoxycoformycin (DCF). 

We have concluded, therefore, that the deamination of analogues of adenine nucleosides 
is a major reason for the limited activity in vivo of many of these substances given alone 
(2) and suppose that with the use of these deaminase inhibitors it may be possible to 
obtain insights concerning the true toxic potential of compounds such as ara-A and cordy- 
cepin in the chemotherapy of viruses and tumors. At this point, however, we should ask 
several questions concerning the use of such inhibitors of the deaminase in conjunction 
with the presumed chemotherapeutic agent. An obvious question is that of the toxicity of 
such a combination in man. Will the protection by EHNA or DCF of a toxic nucleoside, such 
as ara-A and cordycepin, markedly affect the therapeutic index and convert these nucleo- 
sides into agents whose lethal and toxic action is heightened far more than their thera- 
peutic action? We have not addressed ourselves to this question but have asked some re- 


lated questions approachable in tissue culture systems. 


We now have an embarrassment of riches, in possessing two potent inhibitors of the 


adenosine deaminase. In addition to the apparent irreversibility of the action of DCF on 
the enzyme, we have wondered if its deoxynucleoside structure also confers a toxicity to 
this inhibitor as a result of possible incorporation into cellular nucleic acid. In 
studies on the growth of L cells in liquid suspension culture (2) in the presence of 
either inhibitor, it was shown that such cells will grow and multiply as well in the 
presence of 107° M LHNA or DCF as in the absence of these substances. In addition to 
following cell number and cell size with measurements in a Coulter counter (7), the 


ability of individual cells to form colonies (2) was determined. iio significant change 


was detected in number, size or in the efficiency of plating of the cells; the latter 
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value remained between 60 and 70 per cent of cell number in cultures, which continued to 
increase exponentially from 5 x 10° viable cells/ml to 2 x 10° viable cells/ml in a 3l-hr 
interval after the addition of the deaminase inhibitors. 

In a 25-hr interval, the same cells continued to enlarge in the presence of 107M 
ara-A, although this substance had killed 40-50 per cent of the cells. However, in the 
presence of 10°" M ara-A plus 107° M EHNA or DCF, the cells were killed at a much greater 
rate; in 25 hr only 1 per cent of the originally viable cells were able to produce colonies, 
although cell number and the distribution of sizes of the cells were essentially the same 
in cultures containing ara-A with or without deaminase inhibitor. In this experiment, 
therefore, it appeared that, although both deaminase inhibitors were equally effective at 
107° M in exacerbating ara-A toxicity for L cells, neither appeared toxic alone on a short- 
term or long-term basis for the growth and multiplication of these cells. 

It was demonstrated also that under the conditions of these experiments in which the 
deaminase inhibitors were added simultaneously with the ara-A, EHNA or DCF similarly pro- 
tected exogenous radioactive ara-A from deamination. These metabolic experiments were 
carried out as described earlier (2,8). In the normal culture (10° cells/ml), 30 per cent 
of the ara-A disappeared from the medium in a 6-hr interval, with the concurrent appearance 
of 25 per cent of the radioactivity as ara-Hx. Less than a fourth of this deaminase was 
due to serum deaminase in the presence of EHNA or DCF; only 10-14 per cent of the ara-A 


left the medium with the accumulation of 4-7 per cent of the radioactivity as ara-Hx. 


_6 
Although the K. of ara-ATP in inhibition of mammalian DNA polymerase is about 10 M 


(9), ara-A is barely toxic to L cells at 107° M and unable to sustain lethality after 30-hr, 
when all the ara-A in the medium has disappeared. These cells are rich in an active 
adenosine deaminase (2), and it is thought likely that the normal role of the enzyme may 
be the inactivation of the "normal" nucleosides, 2'-deoxyadenosine and adenosine. After 
conversion to the triphosphate, the former is a powerful inhibitor of ribonucleotide 
reductase and mimics the toxicity of hydroxyurea in this respect. Adenosine is toxic to 
several tissue culture lines in the absence of exogenous uridine (10) and is also inhibi- 
tory as such to cAMP phosphodiesterase, to platelet aggregation and causes vasodilatation 
of the mammalian heart. These toxic effects are markedly decreased by deamination. In 
some as yet obscure way, genetically determined immunoincompetence has been found to 
correlate with the absence of adenosine deaminase. It appeared desirable, therefore, to 
explore the effects of EHNA and DCF on the toxicities of these “normal” metabolites. 


4 
As shown in Fig. 2, the "normal" nucleosides at 10 M are not inhibitory to the growth 
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2s 
of deaminase-rich L cells. However, these substances are toxic in the presence of 10 M 
inhibitor of the deaminase. In the presence of EHNA, both adenosine and deoxyadenosine 
are found to be inhibitory but do not kill. In the presence of DCF, 2'-deoxyadenosine is 


quite lethal, whereas adenosine is cytostatic. 


10° 10° 
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Growth and viability of mouse fibroblasts exposed to adenosine and 2'-deoxyadeno- 
sine in the presence or absence of inhibitors of adenosine deaminase. Adenosine 


4 
(Ado) and 2'-deoxyadenosine (dAdo) were initially present at 10 MM. The 


inhibitors were present at 107° M. 
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Growth and viability of L cells in the presence of inhibitors of adenosine 
deaminase (EHNA and OCF) and subsequent challenge of the washed cells by nucleo- 


a” . 
sides (Ado and dAdo). The inhibitors were present initially at 10 M. Adenosine 


_4 
(Ado) and 2'-deoxyadenosine (dAdo) were present initially at 10 M. 
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We then asked if this more pronounced effect of DCF was potentiaily hazardous, in the 
sense that treated cells might not easily regain the enzymatic activity which is protective 
against this type of challenge by "normal" nucleosides. Cells were exposed to EHNA or DCF 


for 24-hr and were washed to reduce the external concentration of inhibitor greater than 


an 
1000-fold. These cells, as well as a control culture, were then exnosed to 10 M nucleo- 


side. In Fia. 3, it can be seen that cells exnosed to EHNA could, after washing, then 
grow normally in the presence of adenosine or deoxyadenosine. On the other hand, cells 
exposed to DCF and washed were nevertheless killed in the presence of 2'-deoxyadenosine 
and were markedly inhibited by adenosine. It can be concluded then that DCF is not easily 
eliminated from the cellular system and may present a hazard with respect to a possible 
later challenge by these “normal" toxic nucleosides. 

In making a decision, then, as to which deaminase inhibitor should be explored in 
increasing the theraneutic efficacy of compounds such as ara-A, it should be asked if 
hazards such as these, including that of immunoincomnetence, may not be introduced in the 


test animal by DCF or EHNA. 
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Hypertriglyceridemia in women has been reported to result from prolonged administration 


1,2 


of a combined estrogen-progestin oral contraceptive. The increase in concentration of 


serum triglyceride was proportional to the estrogen content of the drug.° In recent years 


several investigators observed that administration of estrogen alone to humans rats,>~/ 


8 


and birds” produced a hypertriglyceridemia. Since the liver is the major organ contributing 


9 


to serum triglyceride in the postabsorptive state~ and since isolated perfused livers from 


female rats treated with ethynyl estradiol secreted more triglyceride than did livers from 


10 it was essential to study further the mechanism(s) by which ethyny]l 


control animals, 
estradiol acted. We therefore investigated the incorporation of [1-'4cJoleate (18:1) into 
triglyceride and ketone bodies by perfused livers isolated from normal fasted female rats and 
from rats treated with ethynyl estradiol. 


Material and methods 





Virgin female rats of the Sprague-Dawley strain weighing 195-240 g at the time of sacri- 
fice were obtained from the Charles River Breeding Laboratories, Wilmington, Mass. The 
animals were maintained in separate metabolic cages and were given ethyny] estradiol, 15 ug/kg 
body weight, for a period of 14 days as described previously. !? Livers were removed from the 


rats 14-16 hours after deprivation of food, were placed in an apparatus’! and cyclically 


perfused. The perfusion medium consisted of washed bovine erythrocytes suspended in Krebs- 
13 


Henseleit bicarbonate buffer, pH 7.4 containing 3 g purified bovine serum albumin ~ and 100 mg 
glucose/100 ml buffer. The hematocrit was 30% at the start of the experiment. After a period 


of equilibration a complex of bovine serum albumin and fatty acid (10 ve fi-!4q oleic acid; 


77 
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150 mg oleic acid) was prepared as described previously and infused into the perfusion 


medium under experimental conditions identical to those utilized by Soler-Argilaga et 3." 


The experiment was maintained for a period of 3 hours. Aliquots of perfusate were obtained 
after 1 and 3 hours of perfusion. Samples of liver were taken at the end of the experimental 
period. Triglycerides and fatty acids were extracted from the erythrocyte-free perfusate 

and from the liver and purified by thin layer chromatography on silicic acid. / Chemical 
analyses of fatty acid and radioactivity in triglyceride, fatty acid and ketone bodies were 
measured as described previously. !> Calculation of specific activity of precursor free 

17 


fatty acid and incorporation into triglyceride and ketone bodies was reported earlier. 


Results and discussion 





The increased rate of secretion of triglyceride by liver resulting from treatment of the 
rat with ethynyl estradiol 9 is accompanied by increased incorporation of (1-!4cJoleate into 
hepatic and perfusate triglyceride (Table 1). 

Table 1 
Effects of ethynyl estradiol on incorporation of (1-!4c]-oleate 


into triglyceride and ketone bodies by the liver 





Triglyceride Ketone Bodies 





Liver Perfusate Perfusate 





Control (4) 2.92+0.22 2.71+0.39 4.96+0.26 
Ethynyl Estradiol (5) 6.16+1.25* 6.73+0.63° 0.75+0.18¢ 














Number of experiments is shown in parentheses. The values given are means 
+ SE and are umoles of oleic acid (18:1) taken up/g liver/hr and incorporated 
into triglyceride or ketone bodies. Details of calculations are presented 
in reference 17. Statistics indicate significance of differences from controls. 
*P<0.05 
+P<0.005 
+P<0.001 
In contrast, incorporation of (1-!4¢] oleate into ketone bodies was inhibited approximately 80%. 
These differences in metabolic disposition of oleate were not due to differences in uptake 
of oleate by the liver. Uptake of the fatty acid was 19.7+1.9 and 18.8+2.0 umoles/g liver/hr 
by livers from control and estrogen treated rats respectively. The exogenous free fatty 
acid supplied to the livers from estrogen treated rats appears to be chanelled preferentially 
into triglyceride at the expense of oxidative pathways. The estrogens may inhibit hepatic 
pathways for oxidation of fatty acid, thus making more fatty acid available for synthesis 


of triglyceride; alternatively, estrogens may stimulate the rate of biosynthesis 
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of triglyceride directly. Both actions may possibly be involved. The increased rate of 
secretion of triglyceride by the liver produced by ethynyl estradiol, regardless of mechanisms, 
was probably the result of a net increase in the rate of biosynthesis of triglyceride. 
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REVERSAL OF TOXICITY AND ANTITUMOR ACTIVITY OF N-(PHOSPHONACETYL)-L-ASPARTATE BY 


URIDINE OR CARBAMYL-DL-ASPARTATE IN VIVO 


Randall K. Johnson 
Laboratory of Experimental Chemotherapy, National Cancer Institute, NIH 


Bethesda, Maryland 20014 


(Received 24 September 1976; accepted 1 October 1976) 


N-(phosphonacetyl)-L-aspartate (PALA) is a potent transition-state inhibitor of as- 
partate transcarbamylase (1), and, as such, is an effective inhibitor of de novo pyrimidine 
nucleotide biosynthesis (2,3). We have recently shown that PALA has antitumor activity in 
vivo and that its spectrum of activity is unusual, particularly for an antimetabolite (4). 
PALA is curative in the treatment of mice bearing transplanted Lewis lung carcinoma, a 
tumor system refractory to most antineoplastic agents including 6-azauridine and pyrazo- 


furin*, inhibitors of de novo pyrimidine nucleotide biosynthesis at the level of orotidy- 


late decarboxylase (5,6). Blockade of de novo pyrimidine nucleotide biosynthesis can be 


circumvented by utilization of exogenous uridine through the salvage pathway (7). The 
growth inhibitory effects of PALA in cultured mammalian cells can be reversed by addition 
of uridine to the culture medium (2). In order to establish that the in vivo antitumor 
activity of PALA is due to inhibition of aspartate transcarbamylase rather than to some 
other unknown effect of the drug we attempted to reverse the effects of PALA in tumor- 
bearing animals by concurrent administration of either uridine or carbamyl aspartate, the 
product of the aspartate transcarbamylase reaction. 


Materials and Methods. PALA was kindly provided by Dr. George R. Stark, Stanford 





University. Uridine and carbamyl-DL-aspartate were purchased from Sigma Chemical Company 
(St. Louis, Mo.). PALA and uridine were dissolved in 0.85% NaCl solution for injection. 
Carbamyl-DL-aspartate was suspended in 0.85% NaCl solution and dissolved by dropwise ad- 
dition of 5 N NaOH to pH 7.5. Drug solutions were made at an appropriate concentration so 
that the desired dose was administered in a volume of 0.01 ml/gm body weight. The drugs 

6 


were administered to male B6D2F, mice beginning 24 hours after the sc implantation of 10 


Lewis lung carcinoma cells as previously described (4). PALA was administered ip daily 





*Unpublished screening data of the National Cancer Institute. 
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for 3 days. Uridine or carbamyl-DL-aspartate was administered sc at 350 mg/kg twice 
daily (8 AM and 5 PM) for 18 days. On days when both antimetabolite and metabolite were 
given, PALA was administered immediately prior to the morning injection of the metabolite. 
Mice were weighed daily and tumors were measured 3 times/week throughout the course of the 
experiment. 

Results. Lewis lung carcinoma grew rapidly in untreated controls. The local tumors 
grew to a mass of 2 gm in 12.4 days and all mice succumbed to progressive tumor growth 
with a mean survival time of 24.9 days (Table 1). Administration of either uridine or 
carbamyl-DL-aspartate alone gave no evidence of toxicity and had no significant influence 
on tumor growth or survival of tumor-bearing mice. 


Table 1. Effects of carbamyl-DL-aspartate and uridine on the toxicity and antitumor activ- 
ity of PALA in B6D2F, mice bearing sc Lewis lung carcinoma 





PALA Metabolite Toxicity Antitumor Activity* 





mg/kg/day, 350 mg/kg, bid, Max. wt Toxic deaths Time to reach Lifespan Cures~ 
b 
ip,days 1-3 sc, days 1-18 loss (%) (total) 2 gm (days) (days)” (total) 





Untreated Control 0/10 . 12.4+1.5 24.9+4.9 0/10 


Carbamyl-DL-aspartate 6. 0/10 12.5+2.8 23.0+4.8 0/10 
Uridine 0/10 12.6+1.7 27.14%7.7 0/10 


- 10/10 toxic toxic toxic 
Carbamyl-DL-aspartate 10/10 toxic . toxic - toxic 
Uridine s/t. ~ 23. 7+2.3 40.6+15.0 0/5 


~ 4/10 >73° >73° 4/6 
Carbamyl-DL-aspartate 6/10 15.0+1.9, 31. 2+6.3, 0/4 
Uridine 0/10 18. 8+2.1 34.5+5.9° 0/10 


- 2/10 >73° >73° 6/8 
Carbamyl-DL-aspartate 0/9 15.6+3.2, 27.443.8, 0/9 
Uridine 0/10 18. 8+2.7 32. 8+6.3 0/10 





“excludes toxic deaths. PMean + S.D. “Tumor-free survivors on day 73. qeight loss at 


the time of death. “significantly different from untreated control (p<0.01). 


The highest dose of PALA, 880 mg/kg on days 1-3, was lethal when administered alone; 
the mice succumbed within 7 days with progressive weight loss. The administration of 
carbamyl~DL-aspartate with this lethal dose of PALA did not protect against the toxicity. 
On the other hand, uridine administration protected half of the animals from the lethal 
effects of this dose of PALA, even though weight loss parallelled that of mice treated 
with 880 mg/kg of PALA alone. Tumors grew and killed the 5 mice which did not die from 
toxicity following treatment with uridine plus the highest dose of PALA. There was, 


however, a significant delay in tumor growth and a corresponding increase in survival 


time, 
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PALA at 528 mg/kg caused extensive weight loss and was lethal to 4 of 10 mice. Two 
of the 6 remaining animals developed tumors and died on days 45 and 50; 4 mice were sacri- 
ficed on day 73 and showed no evidence of local or metastatic tumor. Carbamyl-DL-aspartate 
decreased the weight loss but did not protect from the lethal toxicity of this dose of 
PALA. However, there was a complete block of the effects of PALA on the tumor. Uridine 
administration prevented the lethal toxicity of 528 mg/kg of PALA and also reversed the 
antitumor activity as all animals succumbed to progressive tumor growth. 

The lowest dose of PALA (317 mg/kg, daily for 3 days) was lethal to only 2 of 10 mice 
and cured 6 of the 8 remaining animals. Both carbamyl-DL-aspartate and uridine prevented 
both the toxicity and antitumor activity of this dose of PALA. 

Discussion. The finding that carbamyl-DL-aspartate can completely reverse the effects 
of PALA on Lewis lung carcinoma provides strong evidence that the antitumor activity of 
this agent is due to its inhibition of aspartate transcarbamylase, as carbamyl-L-aspartate 
is the end product of this enzymatic reaction. Reversal of the toxic and antineoplastic 
effects of PALA by uridine is in agreement with studies in tissue culture which showed 
that the growth inhibitory activity of PALA was antagonized by uridine (2). The effects 
of uridine also correspond to the alleviation of symptoms of hereditary orotic aciduria 
(8) and prevention of toxicity of pyrazofurin (9) by administration of this nucleoside. 

Effective tissue levels of PALA are maintained for long periods (3) and were re- 
flected in this experiment by a weight loss of greater than 10 percent which persisted for 
20 days after treatment with PALA at 528 or 317 mg/kg/day x 3. This prolonged weight loss 
prompted the continued administration of the metabolites for 18 days. Animals treated 
with the lower two doses of PALA plus either of the metabolites regained their pretreat- 
ment weights by day 12. It is possible that higher doses or infusions of the metabolites 
would have been more effective in preventing the toxicity and antitumor activity of PALA. 

In this study it appeared that carbamyl-DL-aspartate was more effective in blocking 
the antitumor activity of PALA than in preventing toxicity to the host, whereas uridine 
prevented toxicity to a greater degree without completely reversing the antitumor activity 
as there was a statistically significant delay in tumor growth and prolongation of survi- 
val in animals treated with PALA plus uridine. Selective protection of the host with 
retention of antitumor activity has been obtained with appropriate timing of leucovorin 
administration following antifol therapy (10). Whether selective protection from PALA 
toxicity can be obtained will be the subject of further studies in which dose level and 


timing of administration of uridine, carbamyl aspartate, and other potential protective 


agents, such as orotate or dihydroorotate, will be manipulated. 
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ACTIVATION IN VITRO OF NITROGEN MUSTARD BY LIPOSOMAL TRANSPORT 


Robert J. Rutman, Narayan G. Avadhani and Carl Ritter 


Department of Animal Biology 
School of Veterinary Medicine 
University of Pennsylvania 
Philadelphia, Pa. 19174, U.S.A. 


(Received 3 May 1976; accepted 4 October 1976) 


We have already reported that macromolecule synthesis in 
Ehrlich cell mitochondria is strongly inhibited by chemotherapeutic 
doses of the alkylating agent nitrogen mustard (HN2), when RNA and 
protein synthesis are measured in either the intact cells, or in the 
mitochondria isolated from these cells after HN2 treatment (1). 
However, even at high concentrations isolated mitochondria themselves 
are resistant to HN2. Table 1 shows that a concentration of 2.5 x 
10-3 M had no significant effect on RNA or protein synthesis, whereas 
a dose in vivo of as little as 0.4 mg/kg, produced a 40 per cent 


inhibition of protein and RNA synthesis. A dose of 0.4 mg/kg is 


equivalent to a maximum intraperitoneal concentration of %v 10-°M and 


a maximum intracellular concentration of 5 x 107% M (2,3). 


TABLE 1. Comparative effects in vivo and ip. vitro of 
nitrogen mustard on RNA and protein synthesis 





% of Control Incorporation 
HN2 
(mg/kg) [J] 





In vivo* In vitrot 
Protein RNA Protein RNA 








-00 61 60 
- 50 63 59 
25 44 48 
- 50 == ta 





In vivo - HN2 was administered i.p. After 30 min ascites 
cells were removed and mitochondria prepared according to 
Avadhani et al. (1). Protein (10-12 mg) was incubated at 35° 
in 25 mM Tris-HCl (pH 7.5), 40 mM KCl, 10 mM KHoPO,, 7-mM 
Mg (CH3C00~)9, 5 mM 2-mercaptoethanol and 0.25 M sucrose 
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containing 10 wuCi 3H-leucine (sp. act. 20 Ci/m-mole) or 
3H-cytidine (25 Ci/m-mole), 6 wmoles/ml phosphoenolpyruvate, 
3 umoles/ml each of ATP and GTP, and 4 ug/ml of pyruvate 
kinase. For protein synthesis, 100 ug/ml each of emetine 
and cycloheximide were included. Protein was precipitated 
with trichloracetic acid and assayed by scintillation 
counting. The control value for protein synthesis was 

9.9 x 109 cpm/mg of protein/30 min, and for RNA synthesis, 
18.6 x 10% cpm/mg of protein/60 min. 


"In vitro - Mitochondria were prepared from untreated 
cells as in (*) above and preincubated with HN2 for 30 minin the 
basic 0.25 M sucrose medium. Then 3H-leucine or 3H-cytidine, 
enzymes and cofactors were added and the incubation was con- 
tinued for 30 min for protein and 60 min for RNA. Appropriate 
control values are: protein, 8.8 x 103 epm/mg, and RNA, 
14.1 x 109 cpm/mg of protein. 
The striking contrast between mitochondria exposed to HN2 in vivo 
and in vitro suggested a difference in permeability to HN2 under 
the two conditions. We therefore decided to test the effect of a 
hydrophobic carrier on HN2 action and selected simple phospholipid 
vesicles (liposomes) (4,5) for this purpose, since these vesicles 
are known to carry hydrophobic drugs on their surface, within their 
lipid double layer, or inside the vesicle proper (6-8). Sonicates 
were prepared using 10 mg/ml of L-a-lecithin in 0.9% NaCl. These 
sonicates were mixed with equimolar concentrations of HN2, based 
on phospholipid P. The effects of the drug-phospholipid (HN2-PL) 
combination on RNA and protein synthesis are presented in Figs. l 
and 2 respectively. In both cases, 10-5 M HN2-PL produced an 


almost complete inhibition of biosynthetic activity. Our currently 


available data indicate that the 50 per cent inhibition index for 


HN2-PL lies between 5 x 107? and 1076 M, but we have not yet 


completed detailed titrations. The activity of HN2-PL against 
isolated mitochondria is several orders of magnitude greater than 
that of HN2 alone in vitro and between 10 and 100 times as great 


as the effects in vivo of the drug. 
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Fig. 1. RNA synthesis in isolated mitochondria. Conditions as 
listed in Table l. 3H-cytidine incorporation into RNA after treat- 
ment with phospholipid (PL) or nitrogen mustard-phospholipid mixture 

HN2-PL. -O-Control; —@-nmoles PL/m1;-3#€ 100 nmoles PL/m1;nmoles 
HN2-PL/m1 3-100 nmoles HN2-PL/ml. 

Fig. 2. Protein synthesis in isolated mitochondria. Conditions 
listed in Table 1, symbols as in Fig. 1. 3H-leucine incorporation 
into protein after treatment with PL or HN2-PL. 

As yet we have no explanation of whether the phospholipid 
effects on HN2 action are simply a reflection of non-specific perme- 
ability changes or are specific transport effects. Experiments 
using a 0.05 to 0.075% non-ionic detergent (NP-40) show 50-60 per 
cent increases in RNA and protein synthesis but no stimulation of 
HN2-inhibitory action in vitro. Since the phospholipid concentration 
used is < 0.01 per cent, it is unlikely that a non-specific detergent 
effect is involved. Phospholipids present in liposomes are known 
to fuse with cell membranes as well as to traverse the membranes, 
enter the interior of cells and fuse with lysosomes (6-9). Thus, a 
direct localization by fusion with the outer mitochondrial membrane 
is conceivable, although there are no previous reports of fusion of 
liposomesin vivo or in vitro with mitochondria (C. D. deDuve, personal 
communication). If it is assumed that 10 per cent of the mitochondrial 
phospholipid is present in its outer membrane, exclusive incorporation 
of the added phospholipid into this membrane on random basis would 
effect only 1 in a 1000 sites. We are currently examining specific 


permeability changes, since evidence of the potentiation in vivo of 


drug action by liposomes (10,11) makes this an attractive possibility. 
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EFFECT OF MORPHINE ON MOUSE BRAIN ATPase ACTIVITIES 


Durisala Desaiah and Ing K. Ho 
Department of Pharmacology and Toxicology, University of Mississippi Medical Center, 


Jackson, Miss. 39216 U.S.A. 


(Received 30 August 1976; accepted 4 October 1976) 


The effect of morphine on well-recognized ATPases involved in the active ion transport 


(1) and in oxidative phosphorylation (2,3) is not clearly understood. Ghosh and Ghosh (4) 


2+ 


showed that, in the absence of Nat, Kt and Mg ions in the reaction medium, morphine 


inhibits the total ATPase activity in rat brain microsomes. Kaku et al. (5) showed a 23 


per cent inhibition of mouse brain synaptosomal Mg2t, Ca2t ATPase in naive animals but not 


in morphinized mice. On the other hand, Jain et al. (6) have reported stimulation of mouse 


+ 2 


brain Na* - Kt - and Mg +_dependent ATPase activity. Because of the above discrepancy, we 
have studied the effects of morphine on three ATPase activities in mouse brain after acute 
and chronic administration of the drug and during naloxone-precipitated withdrawal. 

Male ICR mice (weighing 23-26 g) obtained from Charles River, Wilmington, Mass., 
U.S.A., were used. All the chemicals used for the enzyme assay were obtained from Sigma 
Chemical Co., St. Louis, Mo. For acute treatment of morphine, 10 or 30 mg/kg was injected 
s.c. and 30 min later the mice were sacrificed. For chronic treatment, mice were rendered 
tolerant and physically dependent by the pellet implantation technique (7). A specially 
formulated pellet containing 75 mg of morphine base was implanted in the lower back s.c. 
for 72 hr. The control mice in the acute group received saline and in the chronic group 
the control mice received placebo pellets. Various doses of naloxone hydrochloride were 
administered 10 min prior to the sacrifice of the animals. 

Mouse brain tissue was homogenized and fractionated as described by Koch (8). The 
homogenate was centrifuged at 900 g for 10 min (A-fraction) to remove nuclei and cellular 
debris. The supernatant was then centrifuged at 13,000 g for 20 min (B-fraction) and the 
pellet was resuspended in sucrose solution, divided into small aliquots and quickly frozen 
in liquid nitrogen for ATPase assay. The frozen samples were stored at -20° until used for 
ATPase assay. This B-fraction contained nerve ending particles and mitochondria (8). The 


presence of 1 mM EDTA in the sucrose solution in which our samples were suspended elim- 


inated the effect of tissue calcium upon the ATPase activities. 
89 


ATPase activities were 
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determined essentially according to the enzymatic procedure described previously (3,9). 


A 3-ml reaction mixture contained: 4.3 mM ATP, 5 mM Mg2t, 100 mM Nat, 20 mM Kt, 135 


mM imidazole-Cl buffer (pH 7.5), 0.2 mM NADH, 0.5 mM phosphoenol pyruvate, 0.02% bovine 


serum albumin, approximately 9 units of pyruvate kinase and 12 units of lactic acid dehydro- 
genase. A 20-1 (enzyme) tissue preparation was used with a protein content of 20-30 ug. 
Absorbance changes in the reaction mixture were measured at 340 nm using a Beckman Acta III 
recording spectrophotometer with temperature controlled at 37°. The change in 0.D. at 340 


nm over a period of 10 min was used in calculating the specific activity. Enzyme activities 


1 1 


were expressed as moles Pi mg ~ protein hr ~. Total ATPase activity was measured with 


Mg2t, Nat and kt present in the reaction mixture. Mg2t ATPase activity was measured in the 
+ + 


presence of 1 mM ouabain, which is a specific inhibitor of Nat - Kt ATPase (10). Na -K 


ATPase activity was obtained by determining the difference between total ATPase activity 


2+ 2+ 


and Mg ATPase activity. Mg ATPase was further delineated into oligomycin-sensitive and 
insensitive ATPase activities by adding 5 x 10-6 » oligomycin (based upon a combined mol. 

wt of 401.20 from 15% oligomycin A and 85% oligomycin B) in ethanol to the reaction mixture. 
Proteins were determined by the method of Lowry et al. (11). The specific activities in 
controls as well as in treated groups were the mean of three separate fractions (N = 3). 
Each fraction was assayed 2-3 times and the average was taken. The mean of three determina- 
tions was used for checking the statistical significance between control and treated pairs. 


Student's t-test was employed in calculating the P values as indicated in the tables. 


Table 1. Effect of acute morphine administration and naloxone on ATPase 
activities in mouse brain 





Specific activity + S.E.M. (ymoles Pi mg~1l protein hr71) 





Nat - xt Mg2t ATPase 
Oligomycin 
Treatment ATPase Sensitive Insensitive 








Saline 29.0 ° ° 0.38 


Morphine Sulfate (10 mg/kg) 31. 


Morphine Sulfate (30 mg/kg) 37. 9.20 + 0.37 + 0.28 
(NS) 0.0005) 


Naloxone (5 mg/kg) iO 3. s ve S 


Y ee. 


(P 


Naloxone + Morphine Sulfate 


Morphine Sulfate + Naloxonet 28. 
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*Not significant. 


*Naloxone, 5 mg/kg, was injected, immediately followed by 30 mg/kg, s.c., morphine sulfate 
administration. 


$ Naloxone, 5 mg/kg, s.c., was administered 15 min after the injection of morphine sulfate, 
30 mg/kg, s.c. 


In the in vitro experiment, up to 1 mM morphine sulfate added to the reaction mixture showed 
no effects on all three types of ATPase activities determined (results not shown). However, 
as shown in Table 1, in mice receiving morphine, 30 mg/kg, s.c., 30 min prior to the sacri- 
fice, both Nat - Kt-stimulated and oligomycin-insensitive Mg2+ ATPase activities in brain 
fraction were significantly increased by more than 25 per cent in comparison with those of 
the control group receiving saline. This increase in ATPase activities by morphine was 
antagonized by naloxone. The administration of naloxone, 5 mg/kg, s.c., alone has no 

effect on ATPase activities. However, it is interesting to note that in mice receiving 


naloxone (5 mg/kg, s.c.) immediately followed by morphine sulfate (30 mg/kg, s.c.) Nat - x*- 


stimulated and oligomycin-sensitive Mg2+ ATPases were significantly inhibited instead. 
Table 2. Effect of chronic administration of morphine on brain ATPase activities 


in the mouse 





Specific activities + S.E.M. (umoles Pi mg~} protein hr7l) 








Nat - xt Mg2+ ATPase 
Oligomycin 
Treatment ATPase Sensitive Insensitive 





Normal 
Placebo 


Morphine 





In mice rendered tolerant to morphine by s.c. implantation of a morphine pellet for 3 
days, the treatment conveys about a 10-fold tolerance to the antinociceptive response to 
morphine (7,12,13). Brain Na* - Kt and oligomycin-insensitive Mg2+ ATPase activities at 
this time point were further significantly increased to 54 and 44 per cent, respectively 
(Table 2), as compared to control animals implanted with placebo pellets. Brain Nat - xt 
and oligomycin-insensitive Mg2+ ATPase activities in morphine-tolerant animals were about 2- 
fold higher than those of the animals acutely treated with morphine. 

In mice rendered dependent on morphine by pellet implantation, an injection of naloxone, 
ranging from 0.05 to 2 mg/kg, s.c., invariably provoked precipitated withdrawal signs within 


2-10 min. Measurement of brain ATPase activities at 10 min after the administration of 


different doses of naloxone revealed that naloxone prevented the stimulation of ATPase 
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activities induced by chronic morphine administration. The decrease in brain levels of 
Nat - K* ATPase activity in morphine-dependent animals affected by naloxone was dependent 
on the dose of naloxone. Figure 1 shows the brain ATPase activities at 10 min after the 
injection of various doses of naloxone in morphine-dependent animals; only 0.05 mg/kg was 
required to produce a significant effect of Nat - KT ATPase activity over control (P < 
0.0005). Doses higher than the 0.1 mg/kg dose, that is, 0.5 and 2 mg/kg, did not produce a 
further reduction of Nat - Kt ATPase activity. Mg2* ATPase activities, on the other hand, 
did not exhibit a dose-dependent response with naloxone administration (Fig. 1). 
preliminary studies indicate that both dopamine and norepinephrine enhance the 
ATPase activity in naive but not in morphine tolerant-dependent mouse brain. The 
dopamine stimulatory effect was not observed in chronic morphine-treated animals. These 
findings provide an incentive to seek a possible relationship between morphine, neurotrans- 


mitters and ATPase systems. 


50k Na’-K* ATPase 
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Fig. 1. Effect of naloxone-precipitated 

withdrawal on morphine-dependent brain 
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the mean of four (N = 4) brain fractions. 
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ERRATUM 


Youcer M. RustuM and Herpert S. SCHWARTZ: Organ-specific differences in the metabolism of N°-(A?-iso- 
pentenyl)-adenosine. Biochem. Pharmac. 25, 2059 (1976). 
On p. 2065, at the bottom of column 1, a few lines of text were omitted from the article. It should read 


. . . [26]. In S-180 cells in culture, IPAR also produced a drop in ATP concentrations [27]. These effects 
were transient, returning .. . 
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COMMENTARY 


THE OTHER ANGIOTENSINS 


James O. Davis and RONALD H. FREEMAN 
Department of Physiology, University of Missouri School of Medicine, Columbia, MO. 65201, U.S.A. 


For more than three decades, the octapeptide, angio- 
tensin II, has been considered as the mediator of 
renin-angiotensin responses. In 1971, two new find- 
ings raised the question of the importance of..other 
angiotensins. Blair-West et al.[1] found that [des- 
Asp']-angiotensin II had aldosterone-stimulating 
activity similar to angiotensin II in sheep, and Peach 
[2] reported significant direct activity of angiotensin 
I on the adrenal medulla to increase catecholamine 
release. 

Available data on the synthesis and metabolism of 
the angiotensins indicate that several pathways are 
involved (Fig. 1). The tetradecapeptide component of 
renin substrate is necessary for full activity. Renin 
splits the tetradecapeptide at the leucine—leucine 
bond to form the decapeptide, angiotensin I. The 


well-established conventional pathway for formation 


of angiotensin II is presented in the right side of the 
diagram. The initial product of aminopeptidase action 
on angiotensin II is [des-Asp' ]-angiotensin II (angio- 
tensin III); this designation indicates that the hepta- 
peptide fragment has biological activity. Further 
degradation of [des-Asp']-angiotensin II yields the 
hexapeptide, an inactive fragment. Endopeptidases 
and carboxypeptidases also degrade angiotensin II 
and angiotensin III with the formation of several in- 
active fragments. 

An alternative pathway for the formation of angio- 
tensin III is presented in the left side of Fig. 1. Plasma 
aminopeptidases compete with converting enzyme for 
the substrate angiotensin I; these aminopeptidases 
hydrolyze the decapeptide to the nonapeptide, [des- 
Asp']-angiotensin I. After the N-terminal aspartyl 
residue has been split off, aminopeptidases fail to 
attack the nonapeptide further. On the contrary, [des- 
Asp' J-angiotensin I is an excellent substrate for con- 
verting enzyme which cleaves off the histidyl-leucine 
fragment to form ‘angiotensin III [3]. 

Several approaches have been used to demonstrate 
the physiological or pathophysiological importance of 
the other angiotensins (angiotensin I, [des-Asp’]- 
angiotensin I and angiotensin III). First, the qualita- 
tive and quantitative responses to these peptides have 
been compared to angiotensin II. Second, the charac- 
teristics of specific cellular receptors for the angioten- 
sins including their relative affinity for angiotensins 
in comparison with angiotensin II have been studied. 
Third, angiotensin blockade has been employed ex- 
tensively; several specific angiotensin analogs (both 
octapeptide and heptapeptide) have been used as well 
as converting enzyme inhibitors. Fourth, the plasma 
levels of the angiotensins have been measured. The 
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first three approaches have been applied both in vivo 
and in vitro. 


COMPARATIVE ACTIONS OF THE ANGIOTENSINS 


The actions of angiotensin II and angiotensin III 
have been compared at several physiologically impor- 
tant receptor sites. The importance of the angioten- 
sins in arterial pressure homeostasis was first revealed 
in one of the early studies with a specific competive 
antagonist of angiotensin II, [Sar', Ala*]-angiotensin 
II; Johnson and Davis [4] found a striking decrease 
in arterial pressure with angiotensin II blockade in 
dogs with thoracic caval constriction and in sodium- 
depleted dogs. Angiotensin II appears to be twice as 
potent as the heptapeptide in its action on the peri- 
pheral arterioles to increase arterial pressure [5, 6]. 

In contrast, the comparative actions of angiotensin 
II and III on the adrenal cortex, the renal arterioles 
and the renal JG cells are very similar. Most of the 
studies on the adrenal cortex have dealt with the 
aldosterone response. Blair-West et al.[1] reported 
similar stimulatory actions for angiotensin II and III 
on aldosterone secretion in sheep. In adrenal cortical 
cell suspensions, Peach and Chiu [7] found angioten- 
sin III to be more potent than angiotensin [I in stimu- 
lating aldosterone biosynthesis. Campbell et al. [8] 
obtained almost identical dose-response curves for 
plasma aldosterone concentration during infusions of 
angiotensin II and III in conscious rats. To evaluate 
the qualitative as well as the quantitative responses 
to these two angiotensins (II and III), Lohmeier er 
al. [5] studied the steroid profile of adrenocortical 
secretion for aldosterone, corticosterone and cortisol 
in dogs. They found that both angiotensin II and III 
increased secretion of all three steroids and the quan- 
titative responses were not significantly different. In 
this same study, the heptapeptide was only half as 
effective in increasing arterial pressure as angiotensin 
II, but the decline in adrenal plasma flow was essen- 
tially the same for the two peptides. In studies with 
[Sar', Ala*]-angiotensin II, Johnson and Davis [4,9] 
demonstrated a striking fall in cortisol secretion after 
angiotensin II blockade which provides strong evi- 
dence for the presence of functional angiotensin 
receptors in the zonae fasciculata and reticularis of 
the adrenal cortex. These results suggest a common 
pathway for the action of these two angiotensins on 
adrenocortical biosynthesis, and it seems likely that 
there are common angiotensin receptor sites in the 
zona glomerulosa for aldosterone and in the two in- 
ner zones of the adrenal cortex for cortisol. 
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Fig. 1. Possible pathways for the formation of [des-Asp’]-angiotensin II (angiotensin III). The abbrevia- 
tions des-Asp'-A-I and des-Asp'-A-II are for [des-Asp']-angiotensin I and [des-Asp']-angiotensin II 
respectively. 


Similar responses in the renal blood flow and in 
renin secretion have been observed with angiotensin 
Il and III [10]. The importance of the angiotensins 
in the control of renal blood flow was demonstrated 
by angiotensin II blockdade in several experimental 
situations including sodium depletion, thoracic caval 
constriction and experimental high output heart fail- 
ure [11,12]. Freeman et al.[10] infused angiotensin 
II and III into the renal artery in normal dogs at 
rates which increased the renal blood levels by only 
7.ng/100 ml. The decreases in renal blood flow and 
renin secretion were essentially the same for the two 
peptides. At this dose, neither peptide altered arterial 
pressure, glomerular filtration rate or the rate of renal 
sodium excretion. When similar studies were con- 
ducted in sodium-depleted dogs, renin secretion de- 
creased about the same for the two peptides, but renal 
blood flow as well as arterial pressure, glomerular 
filtration rate and renal sodium excretion failed to 
change. Failure of renal blood flow to fall in sodium- 
depleted animals has been interpreted to reflect the 


occupancy of renal arteriolar receptor sites with endo- 
genous angiotensin. Comparable dose-response 
curves for renal blood flow were also obtained after 
single intra-arterial injections of angiotensin II and 
III in normal and sodium-depleted dogs but, again, 
the sensitivity of the renal vasculature was less in the 
sodium-depleted animals. In a recent preliminary 
report, Taub et al. [13] have obtained similar thresh- 
old doses and dose-response curves for renal blood 
flow for angiotensin II and III during intrarenal arter- 
ial infusions; cross tachyphylaxis was also observed 
after infusion of each peptide. These findings on the 
kidney show that angiotensin II and III have similar 
actions on the renal vasculature and on renin se- 
cretion. The results provide support for the concept 
that angiotensin III] mediates, at least in part, the 
renal response of the renin-angiotensin system. 
Several other studies show that cellular receptor 
sites for the heptapeptide are present in other tissues. 
Blumberg et al. [14] reported that angiotensin III in- 
creased prostaglandin release from perfused rabbit 
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mesentery and was more potent that either angioten- 
sin I or II. Both angiotensin II and III have been 
reported to exert a positive inotropic action on the 
myocardium [15], to activate the enzyme tyrosine 
hydrolyase[16] and to inhibit lung converting 
enzyme [17]. 

Other possible receptor sites for the angiotensins 
need to be studied. Both angiotensin II and III given 
intracranially in rats[18] and in goats [19] induced 
drinking, but angiotensin II was more potent. Angio- 
tensin II given intravenously provoked thirst in the 
rat, and the response appeared to be mediated by 
the subfornical organ since its presence was found 
necessary for the response [20]. Similar studies with 
angiotensin III have not been reported. 

A possible physiological role for both angiotensin 
I and its nonapeptide fragment has been considered. 
Peach [2] demonstrated that angiotensin I was equi- 
potent to angiotensin II in inducing catecholamine 
release from the isolated perfused adrenal; conversion 
of angiotensin I to II was carefully and convincingly 
excluded. However, evidence is lacking tc demon- 
strate a physiological role for angiotensin I in the 
control of adrenal medullary secretion. There is some 
evidence that angiotensin I contributes to the release 
of norepinephrine from the peripheral sympathetic 
neurons. Also, centrally administered angiotensin I 
has been reported to produce directly a pressor re- 
sponse and to stimulate drinking, but both the peri- 
pheral and central actions of angiotensin I need 
further study and clarification. Specific competitive 
antagonists for angiotensin I might help in resolving 
the question of the physiologic role of this peptide. 

Another attractive proposal for the action of angio- 
tensin I is in the control of intrarenal blood flow. 
The vasoconstrictor response to angiotensin I was not 
blocked by the nonapeptide converting enzyme in- 
hibitor (SQ 20881) and a selective decrease in inner 
cortical and medullary flow has been reported [21]. 
It should be pointed out, however, that this convert- 
ing enzyme inhibitor does not inhibit all the enzymes 
capable of converting angiotensin I to II [22]. It is 
well-known that angiotensin I biockade with 
SQ 20881 is seldom if ever complete. 

The C-terminal nonapeptide is formed from angio- 
tensin I by aminopeptidases (Fig. 1) and there is evi- 
dence [23, 24] to show that an alternative pathway 
for the formation of angiotensin III may exist. Indeed, 
recent preliminary reports [23, 24] indicate that [des- 
Asp']-angiotensin I has biological activity. Schmitz 
et al.[{23] found that [des-Asp']-angiotensin I in- 
creased plasma aldosterone concentration and arterial 
pressure in conscious rats and pretreatment of the 
animals with a converting enzyme inhibitor signifi- 
cantly impaired the responses. The data suggest that 
the biological activity was dependent upon conver- 
sion of the nonapeptide to the heptapeptide by con- 
verting enzyme. Bravo et al. [24] have also reported 
that the nonapeptide had about half the steroidogenic 
potency of angiotensin II or III, but was devoid of 
pressor activity at the dose given. Also, in a cat 
adrenal glomerulosa cell preparation, [des-Asp']- 
angiotensin I has steroidogenic activity which was 
completely blocked by SQ 20881 [24]. Both of these 
reports lend support to the occurrence of an alterna- 
tive pathway for the formation of angiotensin III in 


vivo and make it unnecessary to postulate a direct 
action of the nonapeptide. 


CHARACTERISTICS OF CELLULAR RECEPTORS 
FOR THE ANGIOTENSINS 


Evidence from studies both in vitro and in vivo has 
been purported to suggest a greater affinity of cellular 
receptors for angiotensin III than angiotensin II. Chiu 
and Peach [25], in studies of rabbit adrenal cell sus- 
pensions, found that a 25-fold higher dose of the com- 
petitive antagonist [Sar!-ile*]-angiotensin II was 
required to block angiotensin III induced-aldosterone 
biosynthesis compared with angiotensin II-induced 
aldosterone production. In the conscious rat, Camp- 
bell et al. [8] found that [Sar'-ala*]-angiotensin II 
was more effective in blocking the aldosterone-stimu- 
lating action of angiotensin II than the heptapeptide. 
Similarly, during measurement of the aldosterone se- 
cretion rate in the rat, Spielman et al. [6] found that 
a larger dose of [Sar'-ala*]-angiotensin II was 
required to block the response to angiotensin III than 
angiotensin II. Finally, studies by Sarstedt et al. [26] 
with a heptapeptide angiotensin antagonist, [des- 
Asp’, Ile*]-angiotensin II, showed that a lower dose 
than the effective dose of [Sar'-ile*]-angiotensin II 
was needed to achieve equal blockade of the aldoster- 
one responses to both angiotensin II and III. Thus, 
the results, both in vitro and in vivo, can be inter- 
preted to support the concept of greater receptor 
affinity for the heptapeptide than for angiotensin II. 
On the other hand, data obtained from binding 
studies have revealed that angiotensin II and III were 
approximately equally potent in displacing isotopi- 
cally labeled angiotensin II from adrenal cortex or 
from various preparations of adrenal cortical tissue 
[27-29]. 

There are several findings which suggest that the 
cellular receptors for the angiotensins in the zona glo- 
merulosa are functionally different from vascular 
smooth muscle receptors. First, angiotensin II has 
been found to be twice as potent as angiotensin III 
in increasing arterial pressure whereas the angioten- 
sins are about equally potent in steroidogenic activity 
in vivo. Second, smaller doses of [Sar', Ala*]-angio- 
tensin II were required to block the pressor responses 
to both angiotensin II and III than were required 
to block the aldosterone-stimulating action of these 
peptides [6]. In studies in vitro, Williams et al. [30] 
found that the dose of the analogue, [Phe*, Tyr*]- 
angiotensin II, which blocked the action of angioten- 
sin II in the isolated rabbit aortic strip preparation 
failed to block angiotensin II-induced aldosterone 
production in adrenal cortical cell suspensions from 
the rat. Third, Bravo et al. [31,32] observed blockade 
of the pressor response to angiotensin II with an octa- 
peptide antagonist, [Sar’, Ile*]-angiotensin II, while 
angiotensin I]-induced aldosterone biosynthesis was 
not blocked by this antagonist. When, however, a 
heptapeptide antagonist, [des-Asp’, Ile*]-angiotensin 
II, was given, it failed to block the pressor response 
to angiotensin II but significantly decreased the aldos- 
terone response to angiotensin II [32, 33]. 

These observations on the efficacy of antagonists 
to produce blockade of exogenous synthetic angioten- 
sin II raise the question of their effectiveness against 
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endogenous angiotensin II in conditions with hyper- 
angiotensinemia. This type of information is critical 
for more complete evaluation of receptor character- 
istics as well as for the determination of the relative 
importance of angiotensin II and III in homeostasis. 
The only data of this type have been provided by 
Sarstedt et al. [26]. They found that the octapeptide 
antagonist [Sar', Ile*]-angiotensin II reduced arterial 
pressure in sodium-depleted rats but urinary aldoster- 
one excretion was unchanged, while the opposite type 
of response occurred with a heptapeptide antagonist 
in rats depleted of sodium. Since the principal route 
for aldosterone excretion in the rat is fecal and only 
a small percentage of secreted aldosterone is excreted, 
this type of study needs to be repeated with measure- 
ments of either aldosterone secretion or the plasma 
aldosterone concentration. 


EVIDENCE FOR A HOMEOSTATIC ROLE FOR 
ANGIOTENSIN I 


Many of the findings cited above are consistent 
with the concept that angiotensin III mediates, at 
least in part, the renin-angiotensin response. First, 
angiotensin II] was more potent than angiotensin II 
in stimulating aldosterone production in vitro and 
was equipotent in vivo. Similarly, the two peptides 
were equipotent in decreasing renal blood flow and 
renin secretion. It is clear from studies with angioten- 
sin II blockade that both peptides exert a physiologi- 
cal action on the adrenal cortex and the kidney. 
Second, larger doses of the angiotensin II analogues 
which act as specific competitive antagonists were 
required for blocking the aldosterone-stimulating 
action of the heptapeptide than were needed for 
blockade of angiotensin II. Third, angiotensin III 
antagonists such as [des-Asp', Ile*]-angiotensin II 
were more effective than octapeptide antagonists in 


blockade of aldosterone production produced by | 


either angiotensin II or III. These data have been 
interpreted as evidence that the adrenal zona glomer- 
ulosa receptors have a greater affinity for angiotensin 
lil than II and, thus, as favoring a physiological role 
for angiotensin III. Fourth, the observations of func- 
tionally different receptors with angiotensin II being 
selective for smooth muscle in the peripheral arter- 
ioles and with angiotensin III acting on the adrenal 
zona glomerulosa, the renal vasculature and the JG 
cells might be interpreted to support the concept of 
a physiological role for angiotensin III in the adrenal 
cortex and the kidney. Finally, it should be pointed 
out, however, that it is surprising that the potency 
of angiotensin III is not substantially greater than 
that of angiotensin II, if indeed angiotensin III plays 
an important role physiologically. 

These considerations raise the question of the rela- 
tive plasma levels of angiotensin II and III. Several 
reports have provided estimates which suggest that 
most of the circulating angiotensin is the octapeptide 
in normal man, dog and sheep. In the most complete 
study, Semple and Morten [34] reported that ap- 
proximately 85-88 per cent of the plasma levels of 
the angiotensins was II and 12-15 per cent was III 
in normal man and dog; in contrast, the ratio of 
angiotensin II and III in normal rat plasma was 1:1. 
In normal animals, therefore, it seems unlikely that 


the circulating plasma level of angiotensin III contrib- 
utes sugstantially to the action of the angiotensins 
at cellular receptor sites in the target tissues. It is 
possible, however, that angiotensin III is generated 
locally and there is substantial evidence for such a 
mechanism. Angiotensin III has been identified 
[35, 36] as a metabolite of [*H]-angiotensin II in the 
effluent from both the coronary and renal circulations 
in the rat; this finding is consistent with the known 
actions of angiotensin III on both the myocardium 
and the kidney. Also, ['*C]-angiotensin II. was 
degraded to angiotensin III in adrenal cortical cell 
suspensions [37] and angiotensin III has been found 
intracellularly in adrenal cortical cells exposed to 
labeled angiotensin II [22]. And, as with the myocar- 
dium and the kidney, the adrenal cortex is an impor- 
tant site of action of angiotensin III. Finally, it should 
be pointed out that no data are available yet on either 
the plasma level or the rates of local generation of 
angiotensin III in experimental or clinical states with 
increased activity of the renin-angiotensin system; 
either or both mechanisms for influencing the avail- 
ability of angiotensin III at receptor sites might be 
altered. In this regard, the finding that the anoxic 
myocardium is more sensitive to angiotensin III than 
the normal myocardium emphasizes the need for data 
in pathophysiological conditions [15]. 

The possibility has also been suggested [22, 38] that 
angiotensin III acts as an intracellular hormone. It 
is conceivable that the action of angiotensin II is to 
bind to the cell membrane of the target cell with the 
subsequent formation of angiotensin III which induces 
the intracellular response. Indeed, there is evidence 
for aminopeptidases in various tissue preparations. 
This is an important area for investigation, and a final 
solution to the question of the physiologic and patho- 
physiologic role of angiotensin II] must await the 
results of future research. A blocking agent specific 
for angiotensin III might be helpful in determining 
the role of the heptapeptide in homeostasis. 

In summary, biological activity has been demon- 
strated for three angiotensins (angiotensin I, [des- 
Asp']-angiotensin I and angiotensin III) other than 
angiotensin II. Although a number of tissues respond 
to angiotensin I, evidence is lacking to demonstrate 
a physiologic role for this peptide. Available data in- 
dicate that [des-Asp']-angiotensin I is converted to 
angiotensin III which accounts for the observed re- 
sponses. Angiotensin II and III exert actions in 
several areas including all three zones of the adrenal 
cortex, the renal arterioles and JG cells in thé kidney 
and the peripheral arterioles. Angiotensin I] appears 
to mediate the renin-angiotensin response in the peri- 
pheral arterioles, while potency studies in vivo have 
revealed that angiotensin II and III were equally 
effective in their actions on receptors in the adrenal 
cortex and the kidney. Considerable indirect evidence 
indicates that angiotensin III mediates, at least in 
part, the renin-angiotensin response in the adrenal 
cortex and kidney. This includes: (1) apparent greater 
receptor affinity of zona glomerulosa cells for the 
heptapeptide than the octapeptide, (2) heptapeptide 
analogues are better antagonists than octapeptide 
analogues in inhibiting aldosterone-stimulating acti- 
vity induced by either angiotensin II or III, (3) equal 
potency of angiotensin II and III in their action on 
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the adrenal cortex and the kidney, and (4) local gener- 
ation of angiotensin III in the renal circulation and 
in adrenal cortical cell suspensions. A more complete 
solution to this intriguing problem awaits additional 
study of the plasma levels of the angiotensins in differ- 
ent experimental and clinical situations and in the 
elucidation of the intracellular functions of the angio- 
tensins. 
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Abstract—The transepithelial permeation and the cellular uptake of N-methylscopolamine (NMScop), 
N'-methylnicotinamide (NMN), and tetraethylammonium (TEA) were studied in the isolated jejunal 
mucosa of the guinea pig. (1). The permeation rate, corrected for the fraction passing through the 
mucosa via an extracellular route (corr. permeation), was significantly higher in the direction blood-to- 
lumen than in the direction lumen-to-blood with concentrations below 500 uM. The corr. permeations’ 
ratio at concentrations of 0.1 and 14M NMScop was 12, the corresponding values for 1 uM NMN 
and 50 uM TEA were 2.5 and 2, respectively. The corr. permeation blood-to-lumen decreased with 
increasing concentrations administered, and with the highest concentrations (1000-2000 uM) the differ- 
ences in permeation in the two directions were insignificant. During anaerobiosis the corr. permeation 
ratios approached | with all concentrations, and the corr. permeations were not dependent on the 
concentrations administered. (2). The kinetics of cellular uptake displayed similar characteristics: the 
uptake from the blood side was significantly larger than that from the lumen side of the mucosa. 
This difference decreased with increasing concentrations or anaerobiosis without being abolished com- 
pletely. (3). The three monoquaternary ammonium compounds were transported uphill, creating a 
concentration ratio lumen-side/blood-side greater than 1, which was highest with NMScop (1.65 within 
180 min). The establishment of this gradient was prevented by anaerobiosis. (4). Rising concentrations 
of NMScop progressively inhibited the corr. permeation from blood to lumen and the cellular uptake 
of NMN from the blood side of the mucosa. The results demonstrate the existence of an active secretory 
system for monoquaternary ammonium compounds in the jejunal epithelium. The experimental data 
are consistent with a cell model, which has two transport systems in series, one in the basal and 
one in the luminal cell membrane and both directed towards the intestinal lumen, plus a non-saturable 
pathway in each of the two cell membranes. 


their permanent positive charge. Therefore passive 
permeation of these compounds through aqueous 


The intestine is usually considered to be an absorptive 
organ with numerous transport systems for the 


transfer of nutrients against a concentration gradient 
from the lumen into the circulation. In contrast, dur- 
ing the last few years it has been demonstrated that 
the mucosal epithelium is capable of transporting car- 
diac glycosides in the reverse direction and concen- 
trating them in the intestinal lumen [2-5], thus 
revealing an excretory function of the intestine. Fur- 
thermore an intestinal transport system for cardiac 
glycosides constitutes an exception to the theory pro- 
posed by Brodie, Hogben, Schanker and Shore that 
drugs and other foreign compounds permeate the in- 
testinal wall by simple diffusion of the unionized 
forms through the lipoid membranes of the mucosal 
cells [6, 7; reviews: 8,9]. 

The quaternary ammonium ions are another class 
of compounds whose absorptive behaviour does not 
conform to the theory of non-ionic diffusion. These 
substances are absorbed to a_ considerable 
extent [10-17] in spite of the fact that they mostly 
have an extremely low lipoid solubility because of 





*Part of this paper was presented at the Joint Meeting 
of the German and Scandinavian Pharmacological Socie- 
ties, Copenhagen 1971 [1]. 

+ Present address: Department of Physiology, University 
of Pittsburgh School of Medicine, Pittsburgh 15261, U.S.A. 
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pores has been suggested as their mechanism of 
absorption [18-20]. However this concept cannot 
explain the time course or the dose-dependence of 
the absorption of quaternary ammonium compounds. 
Levine and coworkers observed that after a rapid in- 
itial phase, absorption came to a complete halt 
although 70—90 per cent of the administered dose still 
remained in the intestine [10-14], and that there was 
a non linear correlation between the dose adminis- 
tered and the amount absorbed [21 ]. 

On the basis of the previous experiments with car- 
diac glycosides it has been proposed that the peculiar 
absorptive behaviour of quaternary ammonium com- 
pounds may be due to the existence of a secretory 
mechanism in the intestinal epithelium, specific for 
quaternary ammonium compounds [5, 22]. Prelimi- 
nary experiments in vivo showed that following i.v. 
administration to rats and guinea pigs tetraethylam- 
monium ions were concentrated in the intestinal 
lumen substantiating this hypothesis [5, 22]. 

In order to study the permeation mechanism of 
quaternary ammonium compounds, the isolated 
mucosa of guinea pig small intestine seemed es- 
pecially well suited. It allows the determination of 
tissue uptake and transepithelial fluxes not only in 
the absorptive but also in the secretory direc- 
tion [4,23]. The transepithelial permeation and the 
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cellular uptake of N-methylscopolamine bromide 
(NMScop), N'-methylnicotinamide chloride (NMN) 
and tetraethylammonium bromide (TEA) were stud- 


ied over a concentration range of 10°’M to 
2x 10°?M. 


MATERIALS AND METHODS 


Materials. Guinea pigs of both sexes (inbred 
strain. Fa Rost, D 581 Witten), ranging in weight 
from 335 to 580g and fed with a diet (Altromin 
3022/MS®, Altromin GmbH, D 4910 Lage/Lippe) 
enriched with vitamins (Multivitaminsaft Lappe, 
Lappe-Arzneimittel, D 5060 Bensberg), were used in 
the experiments. [1-'*C]Tetraethylammonium bro- 
mide (1-5 mCi/m-mole) and N'-['*C]methylnicotina- 
mide chloride (1-5 mCi/m-mole) were obtained from 
New England Nuclear Corp. (N.E.N.), Boston, Mass. 
\-[°H]methylscopolamine bromide (107 mCi/m- 
mole) was supplied by C. H. Boehringer Sohn, D 6507 
Ingelheim. The radiochemical and chemical purity of 
the substances was tested by thin-layer chromato- 
graphy on Silica gel and aluminium oxide using 
n-butanol-water—acetic acid (4:5:1, by vol). All other 
chemicals were analytical grade. [Carboxy-'*C]inulin 
(1-3 mCi/g) and [methoxy-*H]inulin (50-150 mCi/g) 
were obtained from N.E.N. 

Experimental procedure. The method of isolating 
the mucosa has been described in detail in another 
paper [23], and therefore only the principles of the 
procedure will be discussed. 

Guinea pigs were anaesthetized with 130 mg/kg 
phenobarbital sodium intraperitoneally and anaes- 
thesia was sustained with ether given intermittently. 
Pieces of jejunum, |-2 cm length, were excised start- 
ing from the flexura duodeno-jejunalis and opened 
along the mesenterial insertion. The sheet of gut was 
gently spread out, serosal side down, on a glass plate 
and the entire epithelium was scraped off with a razor 
blade held at the appropriate angle. The isolated 
jejunal mucosa was floated in isotonic buffered saline 
and placed on a thin nylon meshwork, which was 
then mounted between two polyvinyl chloride sheets, 
where it occluded a window of 5mm diameter. The 
mucosa and the sheets together served as a separating 
membrane between two methyl methacrylate (Plexi- 
glas®) chambers, which were firmly locked together 
with a clamp. The chamber was then submerged half- 
way in a water bath at 37°; the edge of both the 
sheets and the chambers had been coated with a thin 
layer of vaseline to keep the compartments watertight. 
Both chambers were filled with 0.2 ml of buffered phy- 
sidlogical salt solution (composition in mM: 
98.3 NaCl, 7.0 KCI, 3.0 CaCl,, 1.0 MgSO,, 0.9 sodium 
phosphate buffer (pH 7.4), 29.4 tris-(hydroxymethyl)- 
aminomethane buffer (pH 7.4), 14.0 glucose, 14.0 man- 
nitol) and oxygenated through holes in the chamber 
wall. The Tris-buffer did not influence the transfer 
characteristics of the compounds used, as was shown 
in control experiments with bicarbonate buffered 
saline. 

In the standard experiments the labelled monoqua- 
ternary ammonium compound was administered to 
one side of the mucosa and the other side served as 
the countercompartment in which the permeated 
amount was determined after a given period of incu- 


bation. One hundred yl of the incubation medium of 
both sides were counted in 9 ml of Bray’s scintillator 
for aqueous solutions [24] with a Packard Scintilla- 
tion Spectrometer, Tri-Carb, Model 3380. Thin-layer 
chromatography was performed with the remaining 
portion of the incubation medium to examine the 
possible formation of metabolites of the compound. 
At the end of the experiment the mucosa was cut 
out, weighed and soaked in 0.2 ml of distilled water 
for 2 hr at room temperature to recover the radioacti- 
vity in the tissue. Control experiments with mucosae 
containing labelled quaternary ammonium com- 
pounds and solubilized with Soluene 100 (Packard) 
revealed that the extraction with water was complete. 
The extracellular space and the leakiness of the 
mucosa were determined from one side of the mucosa 
with '*C- or *H-labelled inulin, depending on the 
radionuclide of the quaternary ammonium com- 
pound. All those experiments with an inulin permea- 
tion greater than | per cent within 45min were 
rejected as not being intact; this was the case in ap- 
proximately 10 per cent of all mucosae mounted. 

Calculations. Total permeation was defined as the 
amount in the countercompartment at the end of the 
experiment in per cent of the amount of drug ori- 
ginally administered. Since the volumes of the incuba- 
tion media on both sides of the mucosa were identi- 
cal, the calculated total permeation equals the con- 
centration in the countercompartment in per cent of 
the concentration offered. 

For the investigation of a transport mechanism the 
transcellular permeation is of prime interest; therefore 
the fraction passing through the epithelium via an 
extracellular route has to be subtracted from the total 
amount translocated. The existence of an extracellu- 
lar pathway is apparent from the fact that the isolated 
jejunal mucosa was not completely impermeable to 
inulin, as observed previously [4, 23]. Within 45 min 
a mean of 0.34 per cent (S.E.M. + 0.02; n = 131) of 
the inulin administered permeated in the direction 
lumen-to-blood during aerobic conditions, and 0.52 
per cent (+0.02; n = 143) in the direction blood-to- 
lumen and this difference is significant (P < 0.001). 
This asymmetry of the inulin permeation in the two 
directions has been discussed elsewhere [23]. These 
‘inulin leaks’ apparently become more numerous or 
widen during anaerobiosis, since the inulin permea- 
tion from lumen to blood rose significantly 
(P < 0.001) to 0.54 per cent (+ 0.03; n = 113), and 
that from blood to lumen increased to 0.65 per cent 
(+ 0.02; n = 111), when the incubation media were 
equilibrated with N,. However the-significance of the 
difference between the inulin permeations in the two 
directions was not abolished (P < 0.005). 

In the case of equal percentage permeations of in- 
ulin and substrate through the extracellular pathways, 
the correlation between inulin permeation and total 
substrate permeation should yield a regression line 
with a slope of 1. But a regression coefficient of | 
was obtained only with relatively high inulin permea- 
tion values, whereas with small inulin permeations 
the slope of the regression increased (Fig. 1), suggest- 
ing that the extracellular permeation of the small sub- 
strate molecules was higher than the inulin permea- 
tion, when the number or the size of the inulin-perme- 
able leaks was small. This phenomenon, which is 
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B=0.98 


NMScop, % total permeation 








Inulin permeation, %o 
Fig. 1 Correlation of NMScop and inulin permeation 
across the isolated mucosa. [7H]NMScop and [!*C]inulin 
were administered on the luminal side. Incubation time 
45 min; O,; 37°. Concentration on the blood side in per 
cent of the concentration initially administered for inulin 
(abscissa) and NMScop (ordinate), respectively. Each point 
represents one single experiment. B = slope of the regres- 
sion line. 


similar to that of ‘restricted diffusion’ described by 
Pappenheimer et al. and Renkin for capillary walls 
and porous membranes [25, 26], may be explained by 
molecular sieving and/or differences in the free diffu- 
sion coefficients of the large inulin molecules and the 
small substrate molecules. Thus, the substrate per- 
meation through extracellular shunt pathways was 
calculated as the product of the inulin permeation 
times the slope of the regression line between the in- 
ulin and the total substrate permeations, determined 
for low, high, and in some cases intermediate inulin 
permeation values separately, under both aerobic and 
anaerobic conditions. The fraction of the substrate 
transferred through the cells (total substrate permea- 
tion minus extracellular substrate permeation) will be 
termed corrected permeation (corr. permeation). 

The cellular amount of a drug was defined as the 
difference between total amount in the wet tissue and 
the amount in the extracellular space (inulin space) 
on the side of administration. 

The mean extracellular space from the lumen side 
of the mucosa was 14.48 per cent (+ 0.03; n = 244) 
and that from the blood side 12.49 per cent (+ 0.04; 
n = 254). Therefore, the cellular concentrations of the 
compounds tested were calculated by dividing the 
cellular amount by 75 per cent of tissue wet weight. 
Because of the high degree of constancy of the inulin 
spaces and of the wet weights of the punched out 
mucosae—12.01 mg (+ 0.01; n = 276) during aero- 
biosis, and 13.68 mg (+ 0.01; n = 228) during anaero- 
biosis—there were only negligible differences between 
the cellular amounts and concentrations. Therefore 
only the cellular concentrations, expressed in per cent 
of the concentration administered, will be dealt with 
as the parameter of cellular uptake. 


RESULTS 
Permeation and cellular uptake of monoquaternary 
ammonium compounds during aerobiosis and anaero- 
biosis 
In the first set of experiments the permeation 
through the jejunal mucosa and the cellular uptake 


of monoquaternary ammonium compounds were 
studied as a function of the concentration of substrate 
used, the side of the epithelium on which the indivi- 
dual substances were administered and the avail- 
ability of oxygen. 

Permeation during aerobiosis. The changes in corr. 
permeation with increasing concentrations adminis- 
tered during aerobiosis and anaerobiosis are pre- 
sented in figures 2-4. The transepithelial fluxes per 
unit area and unit time have been calculated from 
the total permeation and are given for the aerobic 
as well as for the anaerobic experiments in Table 1. 
Both the total and the corr. permeation of the three 
monoquaternary ammonium compounds tested were 
characterized by several common features: 

1. The permeation from blood to lumen was signi- 
ficantly larger than that in the reverse direction with 
concentrations lower than 500 uM. 

2. The permeation from blood to lumen was 
dependent on the concentrations administered: With 
increasing concentrations the corr. permeation from 
blood to lumen of the three substances decreased and 
at the highest concentrations administered 
(2000 uM NMScop, 1000 4M NMN, and 1600 uM 
TEA) the corr. permeations in both directions 
through the mucosa were not significantly different 
from one another. 

3. The permeation, both total and corrected, in the 
direction lumen-to-blood did not exhibit nearly as 
marked a concentration dependence as was observed 
with the permeation from blood to lumen. Only with 
NMN and TEA there was a small, statistically insig- 
nificant increase in corr. permeation with rising con- 
centrations. 

Aside from these common features there were some 
quantitative differences among the corr. permeations 
of the three monoquaternary ammonium compounds 
tested. NMScop had the highest transport rate in the 
direction blood-to-lumen at low concentrations: 3 per 
cent corr. permeation with 0.1 and | uM, as compared 
to 2.4 per cent with | uM NMN and 0.8 per cent 
with 50 uM TEA. The corr. permeation from lumen 
to blood on the other hand was lowest with NMScop, 
ranging between 0.16 and 0.26 per cent; the corres- 
ponding values for NMN were 0.92 to 1.09 per cent 
and for TEA 0.37 to 0.44 per cent. Consequently a 
ratio of permeation from blood to lumen to that from 
lumen to blood of 12 was calculated for 0.1 and 
1 uM NMScop (5.5 for the total, uncorrected permea- 
tion). The corr. permeation ratios were lower with 
the other two compounds: 2.5 with | uM NMN and 
2 with 50 uM TEA. 

Thin-iayer chromatography revealed that NMScop 
and TEA appeared metabolically unchanged in the 
countercompartment, whereas up to 30 per cent of 
the transported NMN was metabolized to a chroma- 
tographically faster-moving substance. 

In order to examine whether the decreased permea- 
tion from blood to lumen with the highest concen- 
trations of the monoquaternary ammonium com- 
pounds was due to a toxic effect on the epithelial 
cells, the intracellular concentrations of Na* and K°* 
were measured with a flame photometer (Eppendorf) 
after the mucosal preparations had been incubated 
for 45 min in the usual manner (aerobic conditions) 
with the same drug concentrations as were used for 
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lable |. Dependence of the fluxes of NMScop, NMN, and TEA on the concentration given, the side of administration, 
and the gas supply 





Side of administration 





Blood 
Gas supply O, N O, 





NMScop (uM) 


0.1 0.016 + 0.001 0.024 + 0.007 0.081 + 0.008 0.028 + 0.004 


l 


10 


100 


500 


1000 


2000 


NMN (uM) 
1 


10 


100 


1000 


TEA (uM) 


50 


100 


200 


400 


1600 


(4) 
0.156 + 0.027 
(6) 
1.69 + 0.27 
(5) 
16.2 + 3.8 
(7) 

92 + 51 
(2) 

162 + 27 
(4) 

227 + 120 
(2) 


0.344 + 0.073 
(5) 
4.00 + 0.31 


380 + 39 
(9) 


(4) 
0.316 + 0.069 
(4) 
1.89 + 0.29 
(3) 
24.0 + 6.4 
(4) 

107 + 47 
(2) 

275 + 76 
(5) 

471 + 44 
(2) 


0.631 + 0.096 
(5) 
6.16 + 0.64 
(11) 
62.7 + 2.7 
(9) 
515 + 136 
(5) 


78.7 + 15.6 
(6) 

160 + 31 
(9) 
786+ 82 
(9) 


(8) 
0.855 + 0.113 
(7) 
7.18 + 0.87 
(5) 
66.4 + 12.7 
(6) 

257 + 117 
(2) 

367 + 53 
(6) 
635.+ 175 
(2) 


0.731 + 0.044 
(5) 
6.58 + 0.42 


84.9 + 8.0 
(9) 

164 + 10 
(9) 

501 + 32 
(8) 


(6) 
0.267 + 0.036 
(5) 
3.20 + 0.16 
(4) 
26.9 + 5.6 
(3) 

131 + 12 
(2) 

387 + 44 
(5) 

853 + 13 
(2) 


0.715 + 0.096 

(6) 

6.73 + 0.47 
(10) 

65.8 + 5.1 
(10) 

635 + 66 
(6) 


22.2 + 0.9 
(6) 
43.1 + 3.1 
(10) 
88.4 + 16.9 
(5) 

172 + 20 
(10) 
892 + 39 
(9) 





Isolated intestinal mucosae were incubated 45 min at 37°. Fluxes are calculated from the total permeation and are 
expressed in units of pmole cm~? min~'. Mean values + S.E.M.; number of experiments in parenthesis. 


the permeation study. The intracellular concen- 
trations of both electrolytes were unaffected even by 
the highest concentrations of the organic bases 
administered. Therefore, it may be concluded that the 
decrease im permeation, both total and corrected, 
from the blood to the lumen side of the mucosa was 
not brought about by a deterioration of the cells but 
rather by saturation of a transport mechanism of the 
intact epithelium. 

Cellular uptake during aerobiosis. The aerobic cellu- 
lar uptake of the three monoquaternary ammonium 
compounds is depicted in the lower left portion of 
Figs. 2-4. 

The cellular uptake exhibited a pattern similar to 
that of the corr. permeation: the uptake of all three 
ammonium compounds was significantly higher from 
the blood side than from the lumen side. Again a 
dependence of the cellular uptake on the external con- 
centration was common to all three substances, as 
was observed in the permeation data. When increased 
concentrations were administered from the blood side 
the cellular uptake decreased. Although the difference 
in uptake from the two sides of the mucosa decreased 


with increasing concentrations administered, it was 
not abolished completely even with the highest con- 
centrations. 

The cellular uptake from the lumen side did not 
display as striking a concentration dependence as was 
observed with the uptake from the blood side. The 
luminal uptake seemed to decrease somewhat with 
higher concentrations of NMN and TEA, while that 
of NMScop remained practically unchanged. Quanti- 
tatively, the uptake from the blood side was 79: per 
cent with | uM NMScop and 50 uM TEA, but only 
21 per cent with 1 uM NMN. Similarly, the uptake 
from the lumen side was higher with NMScop (11-14 
per cent) and TEA (13-18 per cent) than with NMN 
(4-8 per cent). Evidently there is no parallelism 
between the cellular uptake and the corr. permeation. 
None of the compounds tested was accumulated 
above 100 per cent of the concentrations administered 
under these conditions. 

Permeation and cellular uptake during anaerobiosis. 
In order to investigate whether the observed differ- 
ences in permeation in the two directions and the 
discrepancy in celiular uptake from the two sides of 
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Fig. 2 Corr. permeation (a) and cellular uptake (b) of 
NMScop from the bloodside (@) and from the lumen side 
(O) during aerobiosis (O,) and anaerobiosis (N). Abscissa: 
concentration of NMScop administered (logarithmical 
scale); ordinate: corr. permeation (a) and cellular uptake (b) 
within 45 min. Each point represents the mean + S.E.M. 


the mucosa were dependent on aerobic metabolism, 
the same experiments as described above were 
repeated under anaerobic conditions by bubbling the 
incubation media with N,. It is apparent from the 
upper right portions of Figs. 2-4 that the permeation 
ratios for the three tested substances approached | 
at all concentrations during anaerobiosis. Addi- 
tionally, the dependence of the permeation on the 
concentration was abolished. The increase in permea- 
bility of the mucosa observed with the highest con- 
centrations of TEA and NMScop may be due to a 
toxic effect of the administered bases in combination 
with the oxygen lack. 
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Fig. 3 Corr. permeation (a) and cellular uptake (b) of 
NMN from the blood side (@) and the lumen side (0) 
during aerobiosis (O,) and anaerobiosis (N;). Abscissa: 
concentration of NMN administered (logarithmical scale); 
ordinate: corr. permeation (a) and cellular uptake (b) 
within 45 min. Each point represents the mean + S.E.N. 
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Fig. 4 Corr. permeation (a) and cellular uptake (b) of TEA 
from the blood side (@) and from the lumen side (O) during 
aerobiosis (O,) and anaerobiosis (N;). Abscissa: concen- 
tration of TEA administered (logarithmical scale); 
ordinate: corr. permeation (a) and cellular uptake (b) 
within 45 min. Each point represents the mean + S.E.M. 


A permeation ratio of | during anaerobiosis was 
reached both by a decrease in corr. permeation from 
blood to lumen and an increase in corr. permeation 
from lumen to blood as compared to aerobic condi- 
tions. Which of these two effects contributed more 
to a permeation ratio of | varied among the indivi- 
dual compounds: with NMN and TEA _ both 
mechanisms were approximately equally effective 
whereas with NMScop it was primarily the corr. per- 
meation from blood to lumen which was greatly de- 
creased as compared to aerobic conditions, whilst the 
corr. permeation from lumen to blood was elevated 
only by a small amount. 

The cellular uptake of the three monoquaternary 
ammonium compounds was still higher under anaero- 
bic conditions from the blood side than from the 
lumen side (Figs. 2-4, lower right portions) but the 
difference in uptake from the two sides was reduced 
as compared to aerobiosis. This decrease was accom- 
plished by a significant reduction in uptake from the 
blood side (with 50-400 uM TEA), by a significant in- 
crease in uptake from the lumen side (NMScop), or 
by both (low concentrations NMN). With NMScop 
the uptake from the blood side was unchanged; with 
TEA the luminal uptake remained practically unal- 
tered during anaerobiosis in comparison to aerobiosis 
(the measured reduction was small and statistically 
insignificant). In contrast to the permeation the con- 
centration dependence in uptake from the blood side 
was not totally abolished by anaerobiosis. Therefore, 
adsorption cannot be excluded as being involved. 


Uphill transport 


In the experiments under aerobic conditions de- 
scribed above it was demonstrated that the permea- 
tion from the blood to the lumen side is higher than 
that from the lumen to the blood side at suitable 
concentrations. This saturable, metabolically depen- 
dent mechanism could represent a secretory system 
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capable of creating a gradient between the blood and 
the lumen side. In order to show uphill transport 
the following experiments were carried out: | uM 
NMScop, a concentration at which the corr. permea- 
tion blood-to-lumen was twelve times that in the 
reverse direction (Fig. 2), was given simultaneously 
to both the lumen and the blood side of the mucosa 
under aerobic conditions and a concentration gra- 
dient developed between both sides which increased 
with time (Fig. 5). After 180 min the luminal concen- 
tration reached 122 + 4 per cent of the initial value, 
whereas.on the blood side the NMScop concentration 
had decreased to 74 + 3 per cent. This distribution 
corresponds to a concentration ratio lumen/blood of 
1.65. 

The establishment of this gradient was linked to 
oxidative metabolism, since it was reduced practically 
to zero when the same experiments were carried out 
during anaerobiosis (Fig. 5). The remaining small dif- 
ference was statistically insignificant (P > 0.1). 

A similar, but somewhat smaller gradient was 
established with NMN. The concentration ratio 
lumen/blood after 180min was 1.20. This pheno- 
menon was least readily shown with TEA, which 
barely exceeded 100 per cent on the lumen side after 
180 min, with 86 per cent on the blood side, yielding 
a concentration ratio lumen/blood of 1.15. But the 
luminal concentration was still rising at 180 min, so 
it is likely that higher values would be reached at 
a later time. This observation was also made with 
the other substrates tested, so the given concentration 
ratios do not reflect the true equilibria. 


Inhibition of permeation and cellular uptake of NMN 
by NMScop 

Another set of experiments was carried out to study 
whether monoquaternary ammonium compounds are 
transported by a common mechanism. 

Ten uM '4C-labelled NMN_ was administered 
alone and together with 10, 100, and 1000 uM of unla- 
belled NMScop on the blood or the lumen side of 
the jejunal preparation, which was supplied with O, 
and incubated for 45min. NMScop was chosen to 
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180 
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Fig. 5 Distribution of NMScop between the lumen side 
(O,A) and the blood side (@,A4) during aerobiosis (circles) 
and anaerobiosis (triangles) after simultaneous administ- 
ration of | uM NMScop on both sides of isolated jejunal 
epithelium. Abscissa: time after NMScop administration; 
ordinate: concentration of NMScop in per cent of the con- 
centration originally administered. Each point represents 
the mean + S.E.M. of four experiments. 
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Fig. 6 Inhibition of the corr. permeation (a) and the cellu- 
lar uptake (b) from the lumen side (light columns) and 


‘from the blood side (dark columns) of 10 uM NMN by 


10, 100 and 1000 4M NMScop. All columns represent the 
mean + S.E.M. Incubation: 45 min at 37°, aerobiosis. 


inhibit the transport of NMN because according to 
the evidence presented earlier, NMScop seems to pos- 
sess a relatively high affinity for the transport 
mechanism. From Fig. 6 it is apparent that both the 
secretion of NMWN and the uptake from the blood 
side were progressively inhibited by increasing con- 
centrations of NMScop. 


The influence of K* on the intestinal transport of 
monoquaternary ammonium compounds 

In order to test whether a secretory system for K * 
interferes with the demonstrated secretion of mono- 
quaternary ammonium compounds, the permeation 
from blood to lumen of TEA was examined with 
varying K~* concentrations. There was no significant 
difference in TEA permeation with 7, 14, or 28mM 
K* in the incubation medium. 


DISCUSSION 


Intestinal secretion of monoquaternary ammonium 
compounds. The present results demonstrate the exist- 
ence of a secretory system for monoquaternary 
ammonium compounds in the intestinal mucosa. This 
has been established by the following observations: 

1. The permeation ratio blood-to-lumen/lumen-to- 
blood was far greater than | for all three compounds 
tested at concentrations below 500 uM. Certainly a 
permeation ratio greater than | has to be expected 
with positively charged compounds, since the lumen 
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side of the epithelium is negatively charged in com- 
parison to the blood side. A potential difference of 
2-4 mV has been measured on the preparation used 
in this study[4,23] which agrees well with the 
3-6 mV in guinea pig jejunum obtained by other in- 
vestigators [27,28]. But the corr. permeation ratios 
obtained in the present experiments—12 with | uM 
NMScop, 2.5 with 1 uM NMN, and 2 with 50 uM 
TEA—far exceed the values to be expected for passive 
distribution of charged species according to Ussing’s 
flux ratio test[29]. With a potential difference of 
3mV the calculated flux ratio is only 1.12, whereas 
a potential difference of 66mV would be necessary 
for a flux ratio of 12. 

2. The transport system was concentration depen- 
dent and exhibited saturation kinetics; the permea- 
tion ratios approached | with high concentrations. 

3. The establishment of permeation ratios greater 
than | and the concentration dependence of the per- 
meation from blood to lumen were abolished by a 
decrease in oxidative energy. 

4. In accordance with the preferential flux direction 
blood-to-lumen, the system was capable of uphill 
transport, creating a concentration gradient between 
the lumen and the blood side of the mucosa. The 
establishment of this gradient was also abolished by 
anaerobiosis. 

Therefore, this seeretory mechanism must be classi- 
fied as an active transport system. The fact that one 
monoquaternary ammonium compound inhibited the 
transport of another in a concentration-dependent 
manner is consistent with a common transport system 
for these substances. 

Since the demonstration of an active secretory sys- 
tem for cardiac glycosides [2-5], the intestinal trans- 
port of monoquaternary ammonium compounds rep- 
resents a second system which secretes compounds 
of a chemically distinct group of substances into the 
intestinal lumen. But whereas an active transport sys- 
tem for cardiac glycosides has been additionally 
demonstrated only in the liver [30, 31], and, possibly, 
in the kidney [32, 33] that for quaternary ammonium 
compounds seems to be widely distributed through- 
out the body. Quaternary ammonium compounds are 
reported to be actively transported by the 
liver [34-37; reviews: 8, 38,39], the kidney [40-43; 
reviews: 44,45], the choroid plexus [46,47], nervous 
tissue [48, 49], myocardial cells[50], and erythro- 
cytes [51, 52]. 

Close similarities of the transport system for qua- 
ternary ammonium compounds seem to exist between 
the intestine and other tissues with respect to sub- 
strate affinity. In the present study NMScop was most 
readily transported. Compounds with a chemical 
structure similar to that of NMScop (a highly polar 
group at one end of the molecule and a lipophilic 
structure at the opposite end) are also most rapidly 
excreted in bile, for instance mepiperphenidol (Dar- 
stin®), benzomethamine, oxyphenonium or procaine 
amide ethobromide [37, 39]. In the kidney substances 
with an asymmetrical charge distribution like Darstin, 
other dialkyl-piperidinium compounds, and tetraalkyl- 
ammonium derivatives with one longer alkyl substi- 
tuent have a relatively high affinity for the organic 
base transport system, measured by inhibition stud- 
ies [53-55]. Those quaternary ammonium com- 


pounds which lack the nonpolar component in their 
structure, for example TEA, are slowly excreted in 
bile [37] and possess a relatively low affinity for the 
renal transport system [53-55]. These results agree 
well with the present findings, in which TEA was also 
the substrate least transported by the active 
mechanism described. The lipoid solubilities of the 
tested compounds (chloroform—water partition coeffi- 
cient: 0.06 for TEA, 0.06 for NMN, and 0.10 for 
NMScop) are consistent with the suggestion that a 
nonpolar side chain facilitates the interaction with 
binding sites at the cell wall [53, 54]. 

Furthermore the molecular weight may also con- 
tribute to the quantitative differences in transport. 
Quaternary ammonium compounds with relatively 
low molecular weights (< 200-300) tend to be poorly 
excreted in bile, but biliary excretion increases as the 
molecular weight of the compounds rises [56, 57]. 
Similarly in the present study NMScop, which has 
a molecular weight of 318, was far better transported 
than NMN and TEA with molecular weights of 137 
and 130, respectively. 

Differentiation of permeation into a saturable and a 
nonsaturable component. The permeations in the secre- 
tory direction decrease more or less rapidly with in- 
creasing concentrations (Figs. 2-4). This kind of curve 
is to be expected when a carrier system reaches its 
saturation. But even with high concentrations there 
is no tendency of the permeation from blood to lumen 
to approach zero, indicating the participation of a 
second, nonsaturable permeation mechanism. The lat- 
ter is more clearly apparent from Fig. 7, in which 
the absolute amount of NMScop secreted per unit 
time and unit area is plotted versus the concentration, 
both for the total permeation (Fig. 7a) and the corr. 
permeation (Fig. 7b). In both cases the flux may be 
described as the sum of a saturable term displaying 
Michaelis-Menten kinetics plus a second nonsatur- 
able term, since the flux tended to become propor- 
tional to the concentration offered as the latter was 
increased. Thus the flux from blood to lumen can 
be described by the equation 


Fats ee 
 K+8 ; () 


where: Y= amount secreted/(time - area), V = maxi- 
mum velocity of transepithelial carrier-mediated 
transport, K,, = half-saturation constant of trans- 
epithelial carrier-mediated transport, P = permeabi- 
lity coefficient (proportionality constant for nonsatur- 
able process), S = substrate concentration offered. 

V, K,,, and P were calculated by approximating 
the parameters of eq. (1) to the experimental data 
for the NMScop permeation from blood to lumen 
by an iteration procedure [58]. The values obtained 
are given in the legend to Fig. 7. The satisfactory 
fit of the calculated curves to the values measured 
is illustrated in Fig. 7. 

The values obtained for Vand K,, by using either 
the total or the corr. permeation for the approxima- 
tion procedure were not significantly different from 
one another. Only the permeability coefficient was ap- 
proximately four times higher, when the values for 
total permeation were used. This fact may be con- 
sidered as additional evidence for the practicability 
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Fig. 7 Permeation from blood to lumen of NMScop in 
absolute terms as a function of the concentration adminis- 
tered. Abscissa: concentration administered (linear scale); 
ordinate: total (a) and corr. permeation (b) in nmoles 
min’ 'cm ’. Insets: permeations with low concentrations 
offered. Curves correspond to the equations 


V-S ' 
- ~+- P-$( 
K,, + § 
V-S ( 
K,, + § 
and P-SC-— 
calculated by use of the constants obtained by approximat- 


ing the parameters of eq. (1) to the experimental data. The 
constants used were: 





Kn ?P 
(nmoles min~ ' cm~ ”) (uM) (10~° cm min~') 





(a) 0.268 445 
(b) 0.277 467 


20.94 
5.84 





of the correction method employed for the extracellu- 
lar substrate permeation described above. However, 
the values obtained for the transport parameters are 
only approximations, since they are based on permea- 
tion rates which also include a non-steady-state 
period. 

Cellular localization of the transport system. The 
proof of the intestinal secretion of monoquaternary 
ammonium compounds by a saturable, metabolically 
dependent transport system poses the question where 
is this mechanism located within the epithelial cell. 

The existence of a transport mechanism in the 
basolateral membranes is suggested by the saturabi- 


lity of the uptake from the blood side of the epithe- 
lium (Figs. 2-4). If no further transport system is 
assumed to be involved in the transepithelial permea- 
tion, a decrease in cellular uptake from the blood 
side would be expected with inhibition of secretion. 
Yet with NMScop the cellular uptake from the blood 
side was unchanged in anaerobiosis, although the se- 
cretion is markedly decreased in comparison to aero- 
bic conditions. These experimental findings may be 
explained by the assumption of a second transport 
system in the luminal membrane, secreting monoqua- 
ternary amines toward the lumen. If less substrate 
enters and leaves the cells in anaerobiosis, the cellular 
concentration may remain unchanged in comparison 
to aerobic conditions, although the secretion is inhi- 
bited. Thus, the cell model which fits all experimental 
data is that of two transport mechanisms in series, 
paralleled by diffusional pathways across both mem- 
branes. Analogous cell models have been derived pre- 
viously from studies of the secretion of cardiac glyco- 
sides [4,5] and the absorption of 3-O-methyl-p-glu- 
cose [59] by the isolated mucosa. 

The existence of the luminal system is substantiated 
by the increase in cellular uptake from the lumen side 
in anaerobiosis in comparison to aerobiosis as 
observed with NMScop and NMN. A decrease in 
basal efflux cannot be responsible for this finding, 
because the basal efflux coefficient is unchanged un- 
der these conditions (Turnheim and Lauterbach, in 
preparation). The unaltered luminal uptake of TEA 
in anaerobiosis might be attributed to an especially 
low affinity to this pump, which is in good agreement 
with the demonstrated low secretory rate of TEA 
when placed on the blood side. The unsaturability 
of the luminal uptake may be explained by a low 
affinity of the substrates for this system, as would 
be expected from the preferential direction of trans- 
port. Therefore the concentrations studied in which 
the basal uptake exhibited saturation were probably 
less than the saturation range of the transport system 
on the outside of the luminal membrane. 

Intestinal transfer of non-quaternary amines. In a 
number of organs a common transport system is 
shared by quaternary and non-quaternary amines, as 
shown by inhibition studies [41, 43, 52, 55, 60,68]. It 
is quite conceivable, therefore, that non-quaternary 
amines in their cationic form are also substrates for 
the intestinal secretory system demonstrated for qua- 
ternary ammonium compounds. As a matter of fact, 
the tertiary amine atropine (pK, 9.9) has been shown 
to be a potent inhibitor of NMScop transport in the 
isolated jejunal mucosa (Sund, Lauterbach, Turn- 
heim; unpublished). Intestinal secretion may thus be 
responsible for the finding of Hogben et al. [69] that 
the distribution ratio intestinal lumen/plasma of 
organic bases was higher than that which had been 
expected on the assumption that only the unionized 
form transgresses the cell boundaries. The dose- 
dependence of the absorption of the tertiary amines 
quinine and quinidine which has been observed under 
certain conditions by Ragozzino and Malone [70] 
and which is very similar to that recorded for benzo- 
methamine [21] may also be due to saturable intes- 
tinal secretion. 

Therefore the demonstration of a secretory system 
for quaternary ammonium compounds not only 
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emphasizes the excretory function of the intestine but 
may also provide an explanation for the peculiarities 
in absorption kinetics of drugs, which thus far could 
not be fully explained by the non-ionic diffusion 
theory. 
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Abstract—The hepatic microsomal metabolism of R and S warfarin by normal Wistar and Sprague 
Dawley rats was compared with that of phenobarbital (PB) and 3-methylcholanthrene (3-MC)-pre- 
treated animals. In all the microsomal systems examined, R warfarin was metabolized faster than 
the S enantiomer. Induction of microsomal mixed-function oxidase activity with PB, and especially 
3-MC, caused significant alterations in the normal stereochemical pattern of R and S warfarin hydroxyl- 
ation which were independent of the method of microsomal preparation and the technique employed 
in the quantitation of hydroxylated products. PB pretreatment of Sprague-Dawley rats resulted in 
an increase in all hydroxylated products but to differing extents. Similar results were obtained from 
Wistar rats except for the processes of 4’ and benzylic hydroxylation of (S) warfarin. 3-MC pretreatment 
resulted in the selective induction of 6- and 8-hydroxylation in both species. These results suggest 
that liver microsomes from normal animals contain at least two major, A and B, and two minor, 
C and D, mono-oxygenases which differ in their stereoselectivity (as measured by the rates for the 
formation of two enantiomeric products), regioselectivity (as measured by the ratio of any two isomeric 
products from the same substrate), and inducibility. In this model, normal animals have hydroxylase 
activity enzyme A which is not inducible by PB or 3-MC and which is stereoselective for the R 
enantiomer of warfarin in 7- and benzylic hydroxylation and for the S enantiomer in 4’-hydroxylation. 
Microsomes from normal and PB-induced animals contain additional hydroxylase activity, enzyme 
B, which catalyzes both the 6- and 8-hydroxylation of warfarin and which has low stereoselectivity 
but is regioselective for 6-hydroxylation. Enzyme B may also be responsible for some 4’-hydroxylation. 
PB-induced animals have additional mono-oxygenase activity, enzyme C, which displays the opposite 
stereoselectivity compared to enzyme A for benzylic and less stereoselectivity for 7-hydroxylation. 
3-MC-induced animals have greatly enhanced levels of 6- and 8-hydroxylase activity, enzyme D, which 
is stereoselective for the R enantiomer and regioselective for 8-hydroxylation of R warfarin and 6-hyd- 
roxylation of S warfarin. 


The existence of multiple forms of cytochrome P-450 
associated with liver microsomes resulting from pre- 
treatment with inducing agents is well estab- 
lished [1-8]. Both qualitative and quantitative differ- 
ences in the spectral properties of microsomal prep- 
arations and their ability to hydroxylate various sub- 
strates after pretreatment with either 3-methylcho- 
lanthrene (3-MC) or phenobarbital (PB) have been 
documented [1, 2,9-12]. Recent biochemical investi- 
gations have focused on the isolation, purification and 
characterization of the various inducible forms. Lu 
et al.[{13-17], utilizing chromatographic, electro- 
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phoretic and immunologic techniques, have succeeded 
in separating and purifying the microsomal forms of 
cytochrome P-450 obtained from immature Long 
Evans rats after induction with either 3-MC or PB. 
The enzymes thus obtained not only have different 
spectral, catalytic and immunologic properties but 
also have different molecular weights. Similarly, Van 
der Hoeven et al. [18-20] have separated and demon- 
strated multiple forms of cytochrome P-450 from rab- 
bit liver. The question of whether or not the inducible 
forms of the enzymes are present in normal liver is 
unsettled, but evidence exists which suggests they are, 
although in much lower concentration. Comai and 
Gaylor [21], using Sprague-Dawley rats, were suc- 
cessful in chromatographically separating three dis- 
tinct forms (I, II and III) of cytochrome P-450 from 
untreated animals. These results have been confirmed 
by Welton and Aust [22], Alvares and Siekevitz [23] 
and more recently by Muna [24], who used Sprague- 
Dawley rats obtained from the same breeding colony 
employed in this study. Thus, normal microsomes 
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apparently contain at least three distinct forms of 
P-450 whose relative concentrations and _ therefore 
whose catalytic properties are altered by inducing 
agents. 

The study of multiple products produced from a 
single substrate should increase our understanding of 
the individual catalytic properties of the various mic- 
rosomal hydroxylases. Selander et al. [25] have stud- 


ied the ratio of o-, m-, and p-chlorophenol obtained - 


from the biotransformation of chlorobenzene and 
concluded that at least three cytochrome P-450s oper- 
ating by two distinct mechanisms were involved in 
the hydroxylation reactions. PB induced the levels of 
all the enzymes without significantly altering the 
product ratio whereas 3-MC induction resulted in a 
large selective increase in the formation of the ortho 
isomer. Careful studies by Burke and Bridges [26] of 
the metabolism of biphenyl revealed that PB preferen- 
tially induced the formation of 4-hydroxybipheny]l, 
while 3-MC induced the formation of 4- and 2-hyd- 
roxybiphenyl almost equally. Other workers have 
demonstrated preferential hydroxylation at aliphatic 
sites as a function of the nature of the inducing 
agent [27,28]; but to our knowledge, no study has 
appeared which involves both aliphatic and aromatic 
hydroxylation within the same substrate. 

In a previous paper [29], we reported that the 
hepatic mixed-function oxidase system in normal rats 
was stereoselective in both the aromatic and benzylic 
hydroxylation of R and S warfarin (Fig. 1). A Michae- 
lis-Menton analysis of the various products derived 
from this system allowed us to conclude that the nor- 
mal microsomal preparation catalyzed at least three 
kinetically distinct groups of hydroxylations. As a 
result of this finding, we have studied the effects of 
the inducing agents, PB and 3-MC, on the metabo- 
lism of the warfarin enantiomers in order to further 
probe the possible multiplicity and stereoselectivities 
of the microsomal mixed-function oxidase system. 
Microsomes were prepared from both Wistar and 
Sprague-Dawley rats to examine strain-dependent 
factors and to gain some information as to the poss- 
ible generality of the effects of induction on the meta- 
bolism of warfarin. 


MATERIALS AND METHODS 
Experiments performed in Albany 

Materials. 3-Methylcholanthrene was _ obtained 
from either K & K Laboratories (Albany, N.Y.) or 
CalBiochem (La Jolla, Calif.). Phenobarbital was 
obtained through the New York State Department 
of Health. Other materials utilized in the study were 
as previously described [29]. 

Tissue preparation, incubations and isolation pro- 
cedures. Male Wistar rats (200-250 g) were used 
throughout this study and were allowed food and 
water ad lib. Induced mixed-function oxidase activity 
was achieved by pretreatment of animals with either 
PB (80 mg/kg, i.p., in physiological saline once daily 
for 3 days) or 3-MC (25 mg/kg, i.p., corn oil once 
daily for 3 days). Control animals received compar- 
able doses of either corn oil or physiological saline. 
Twenty-four hr after the last injection, ten similarly 
treated animals were sacrificed by a blow to the head 


R (+) WARFARIN 
S (—) WARFARIN 


HYDROXYWARFARINS 


BENZYLIC OH 


1. Structure of warfarin and its 
metabolites. 


Fig. hydroxylated 


and their livers were excised and combined in cold 
1.15%, KCl. Microsomes were prepared, incubations 
conducted and products isolated and quantified as 
previously described [29]. 

Protein and cytochrome determinations. The concen- 
tration of microsomal protein was determined from 
the 105,000 g pellet by the biuret method [30] 
employing bovine serum albumin as standard. 


Experiments performed in Seattle 


Materials. 3-Methylcholanthrene was obtained 
from Sigma Biochemicals (St. Louis, Mo.). Phenobar- 
bital (Luminal, Winthrop Laboratories) was obtained 
from Drug Services, School of Pharmacy, University 
of Washington. Other materials utilized in the study 
were as previousiy described. 

Tissue preparation, incubations, isolation procedures 
and protein determinations. Six male Sprague-Dawley 
rats (130 + 2 g) were employed for the control and 
each induction experiment. After 4 days of acclima- 
tion, the treated animals were given, i.p., either 
sodium phenobarbital (100 mg/kg in normal saline) 
or 3-methylcholanthrene (20 mg/kg in corn oil) for 
3 days at 9:30 am. On the following day at 9:30 
a.m., the animals were weighed (range 140-180 g), 
decapitated and exsanguinated. All other procedures 
were as previously described [29]. 
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Table 1. Comparative oxidation in vitro of R and S warfarin by normal, and phenobarbital- and 3-methylcholanthrene- 
induced hepatic microsomes from Sprague-Dawley rats 





Warfarin metabolites 


Product formed from rat microsomes* 
(nmoles/mg protein/10 min) 





Normal microsomes 


Phenobarbital-induced 


3-Methylcholanthrene-induced 





R warfarin 


S warfarin 


R warfarin 


S warfarin 


R warfarin 


S warfarin 





6-Hydrox ywarfarin 
7-Hydroxywarfarin 
8-Hydroxywarfarin 
4'-Hydroxywarfarin 
Benzylic 
hydroxywarfarin 
Total 
R/S (total) 


0.69 + 0.05 
1.92 + 0.13 
0.43 + 0.02 
0.38 + 0.02 


0.26 + 0.03 
3.68 
1.89 


0.64 + 0.02 
0.43 + 0.01 
0.13 + 0.01 
0.64 + 0.04 


0.11 + 0.01 
1.95 


ONndAN 
He HE H+ H+ 
ooo 


Sof-> 
COD WwW 
SER 


0.40 + 0.01 
792 
1.46 


0.94 + 0.04 
5.41 


2.78 + 0.17 
0.94 + 0.13 
4.91 + 0.09 
0.16 + 0.02 


0.09 + 0.01 
8.88 
2.96 


1.70 + 0.06 
0.40 + 0.02 
0.54 + 0.03 
0.27 + 0.04 


0.09 + 0.01 
3.00 





Data are expressed as the means + standard deviations and represent three analyses. A warfarin concentration of 
0.26 mM was employed in these studies. 


for biotransformation of S warfarin, the most appar- 
ent difference was the 3- to 4-fold increase in the 
amount of 7- and 8-hydroxywarfarin obtained from 
this enantiomer. Further, a 9-fold increase in the 
amount of benzylic hydroxywarfarin was observed 
from the S isomer as compared to the approximate 
2-fold increase in the amount of the remainder of the 
products produced from both R and S warfarin. The 
apparent preferential induction of 7- and 8-hydroxyla- 
tion of S warfarin did not reverse the normal pattern 
of stereochemical preference, since larger quantities 
of 7- and 8-hydroxywarfarin were still obtained from 
the R enantiomer (see Table 1). However, induction 
did result in a reversal of the stereochemical prefer- 


RESULTS 


The incubation of normal hepatic microsomes from 
Sprague-Dawley or Wistar rats with a single concen- 
tration of R or S warfarin yielded the same product 
distribution as reported previously [29] (Tables 1 and 
2). When the values from the two laboratories were 
corrected for the differences in length of incubation, 
the stereochemical hydroxylation patterns obtained 
by the metabolism of the warfarin enantiomers were 
in good agreement irrespective of the species utilized, 
the method of microsomal preparation, the concen- 
tration of substrate, and the technique employed in 
the quantitation of hydroxylated products (Fig. 2). 


The influence of stereochemistry on product forma- 
tion is demonstrated by the fact that 7- and 8-hydrox- 


ence for benzylic hydroxylation. 
Hepatic microsomes from PB-pretreated Wistar 


ylation occurred preferentially with R warfarin [29] 


(see Tables 1 and 2 and Fig. 2). 


Pretreatment of Sprague-Dawley rats with PB 
resulted in an increase in the rate of formation of 
all the R and § hydroxylation products/mg of micro- 
somal protein, but the R/S ratio of total metabolism 
remained essentially normal (see Table 1). However, 
the increases in the rate of formation of the various 
metabolites were not equivalent. In addition to the 


rats displayed a very similar but not identical pattern 
of R and S warfarin hydroxylation to that of induced 
Sprague-Dawley microsomal preparations (see Table 
2 and Fig. 1). For example, 7-hydroxylation was the 
major metabolic pathway for S warfarin and there 
was also an abnormal increase in the rate of 8-hyd- 
roxylation of this isomer. In contrast to Sprague— 
Dawley rat, however, phenobarbital induction of 
Wistar rat mixed-function oxidase activity resulted in 


an approximately 4-fold increase in the normal 7-hyd- 


fact that 7-hydroxylation became the major pathway 


Table 2. Comparative oxidation in vitro of R and S warfarin by normal, and phenobarbital- and 3-methylcholanthrene- 
induced hepatic microsomes from Wistar rats 





Product formed from rat microsomes 
(nmoles/mg protein/20 min) 





Normal microsomes 


Phenobarbital-induced 


3-Methylcholanthrene-induced 





Warfarin metabolites R warfarin S warfarin 


R warfarin 


S warfarin 


R warfarin 


S warfarin 





6-Hydrox ywarfarin 

7-Hydroxywarfarin 

8-Hydroxywarfarin 

4'-Hydroxy + 
benzylic warfarint 

Total 

R/S (total) 


1.54 + 0.02 
6.80 
1.58 


3.41 + 0.61 
13.41 + 1.09 
1.95 + 0.28 


3.21 


1.83 + 0.067 
2.80 + 0.56 
0.97 + 0.37 


1.46 + 0.42 
7.06 


8.16 + 0.23 
1.65 + 0.41 
9.30 + 1.46 


0.10 + 0.10 
19.11 


3.2 £036 


0.92 + 0.15 
0.64 + 0.09 


3.16 


1.28 + 0.48 


6.04 





* Data are expressed as the means + standard deviations and represent three analyses. A warfarin concentration 
of 0.60 mM was employed in these studies. 
+ 4’-Hydroxy and benzylic warfarin were not separately quantitated. 
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® Sprague-Dawley rats 

Fig. 2. Comparison of rate of metabolite formation by 

microsomes from Wistar and Sprague-Dawley rats. The 

data reported in Tables 1 and 2 were converted to the 

same units (nmoles metabolite formed/mg of microsomal 
protein/min of incubation time). 


roxylation of R warfarin. This acceleration in 7-hyd- 
roxylation was primarily responsible for an R/S total 
metabolism ratio of 3.21; ie. at least twice as large 
as that observed from PB-induced microsomes from 
Sprague-Dawley rats. Induced Wistar rat microsomes 
also possessed an apparent reduced capability to pro- 
duce S-4’-hydroxy and/or benzylic warfarin. Due to 
the lack of an accurate extinction coefficient for ben- 
zylic warfarin, however, this observation requires 
further confirmation. 

The mixed-function oxidases induced by 3-MC dis- 
played less sensitivity to species variation and/or in- 
trinsic factors that influence the synthesis of these 
hepatic enzymes than did those which were induced 
by PB. That is, the stereochemical hydroxylation pat- 
terns obtained from the incubation of R and S war- 
farin with 3-MC-induced microsomes from either spe- 
cies more closely resembled one another than did 
those obtained from PB induction (see Tables 1 and 
2 and Fig. 2). The incubation of R and S warfarin 
with microsomes from 3-MC-treated rats resulted in 
a markedly different stereochemical pattern of hy- 
droxylation than was obtained from normal micro- 
somes. The most striking difference was that the R 
isomer was biotransformed primarily to 6- and 8-hyd- 
roxywarfarin at a rate of, respectively, four to six and 
eleven to sixteen times faster than normal. Con- 
versely, the amount of 7-hydroxywarfarin was less 
than normal as were the concentrations of benzylic 
and 4’-hydroxywarfarin in Sprague-Dawley rats (see 
Table 1). Overall, R warfarin was metabolized ap- 
proximately three times faster than the S$ enantiomer 
or nearly twice as fast as normal. The major biotrans- 
formation product obtained from S warfarin was 
6-hydroxywarfarin,’ which was increased by a factor 


of two, while the concentration of 8-hydroxywarfarin 
was increased 3- to 4-fold. For the R enantiomer, the 
amount of 6-hydroxywarfarin was less than the 
amount of 8-hydroxywarfarin, whereas with the S 
isomer the amount of 6-hydroxywarfarin was greater 
than that of 8-hydroxywarfarin. The amount of 7-hyd- 
roxywarfarin produced from the S isomer was essen- 
tially normal. Microsomes from Sprague-Dawley rats 
also produced normal quantities of S benzylic war- 
farin, and less than the normal amount of 4’-hydroxy- 
warfarin. 


DISCUSSION 


The data can most readily be analyzed in terms 


_ of the following regiospecific or kinetically dis- 


tinguishable [29] hydroxylation pathways: ortho (8) 
and para (6) hydroxylation of the coumarin ring, meta 
(7) hydroxylation, para (4) hydroxylation of the 
phenyl ring and benzylic hydroxylation. 


Ortho, para hydroxylation 


It has been suggested [21-24] that induction by 
3-MC merely alters the relative proportions of multi- 
ple forms of cytochrome P-450. If the results from 
normal rats are considered as a control and are sub- 
tracted from the 3-MC results, the residual quantities 
must be due to the 3-MC-induced enzyme(s). When 
the data are viewed in this way, it is clear that the 
3-MC-inducible enzyme(s) are stereoselective for the 
R enantiomer and regioselective for ortho hydroxyl- 
ation of the R isomer and para hydroxylation of the 
S enantiomer. It is perhaps noteworthy that if the 
results for the R and S enantiomers are summed, the 
apparent regioselectivity is greatly reduced. These 
results illustrate the utility of enantiomers as probes 
of microsomal systems. 

If the PB induction data are considered in the same 
manner, the PB-induced enzyme(s) are found to be 
both less stereoselective and less regiospecific. The 
metabolism of the R enantiomer still predominates, 
while para hydroxylation occurs preferentially with 
both the R and S enantiomers. 

The stereoselectivity and regiospecificity observed 
for normal enzymes are intermediate to those 
observed for 3-MC- and PB-induced microsomes and 
are, therefore, on first analysis, consistent with the 
postulate that normal microsomes are comprised of 
a mixture of 3-MC- and PB-inducible enzymes (Fig. 
3). However, the contribution of the 3-MC-inducible 
enzyme(s) must be minor on the following grounds: 
the stereoselectivity of the normal enzymes for 8-hyd- 
roxylation is close to that displayed by the PB- 
induced system and vastly different than the 3-MC 
system. Moreover, the regio-selectivity of the 3-MC 
system for ortho hydroxylation of the R isomer is in- 
consistent with the preferential formation of the para 
hydroxy metabolite in the normal system. Thus, the 
results are consistent with the 6- and 8-hydroxylase 
activity of normal microsomes being comprised pri- 
marily of PB-inducible enzyme(s). The possibility of 
a minor contribution from 3-MC- and/or non-induc- 
ible enzyme(s) cannot be excluded. 
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Fig. 3. Effect of inducing agents on the stereoselectivity 
of warfarin metabolism by microsomes from Sprague- 
Dawley and Wistar rats. The data in Tables 1 and 2 for 
the metabolites of both enantiomers were summed. The 
vertical bars indicate the percentage of each hydroxylated 
product derived from R-(+) or S-(—) warfarin. 


Meta hydroxylation 


The enzymatic processes responsible for the forma- 
tion of 7-hydroxywarfarin can be distinguished from 
the coumarin ortho, para hydroxylases on the grounds 
of the differences of stereoselectivity in both strains 
of rats produced by induction with 3-MC and PB. 
This behavior is in marked contrast to the similarity 
in stereoselectivity between the strains for orth—para 
hydroxylation. These results clearly suggest that meta 
hydroxylase activity is dissociated from ortho—para 
hydroxylase activity and represents a distinct enzyma- 
tic process, confirming our prior conclusions based 
on kinetic evidence [29]. 

The alterations in stereoselectivity after induction 
suggest that normal microsomes contain a meta hy- 
droxylase system which is not inducible and which 
is distinct from the PB-inducible meta hydroxylase. 
Changes in regioselectivity of the hydroxylation of the 
coumarin ring of warfarin caused by induction paral- 
lels those reported for simpler aromatic  sys- 
tems [25, 26], in that 3-MC induction favors ortho hy- 
droxylation while PB induction favors para hydroxyl- 
ation. The existence of arene oxides as intermediates 
in the formation of ortho- and para-hydroxylated 
products has been firmly established [31]. Moreover, 
Selander et al. [25,32] have demonstrated that in at 
least several systems the 3,4 or 2,3 epoxides open, 
respectively, to yield either the para or ortho phenol, 
exclusively. Meta hydroxy products are apparently 
derived from an independent enzymatic process in- 
volving a direct insertion mechanism [25, 33] or per- 
haps via a nucleophilically catalyzed epoxide ring 
opening, as has been recently demonstrated by John- 
son and Bruice [34] for a nonenzymatic reaction. In 
the case of warfarin, the latter possibility would seem 
less probable, since it would require, for example, the 
formation of the same 6,7 epoxide by two discrete 
enzymes, one of which leads to the production of the 
6-hydroxy product in a normal fashion and the other 
of which leads to preferential generation of the 7-hyd- 
roxy product via catalysis by some critical nucleo- 
phile present at the enzymatic site. 


4'’-Hydroxylation 

The enzymatic activity parallels that of the PB- 
inducible coumarin ortho—para hydroxylase system, 
but the reduced stereo-selectivity suggests that non- 
PB-inducible and non-3-MC-inducible 4’-hydroxylase 
activity is present in normal microsomes. 


Benzylic hydroxylation 

The preferential formation of R-benzylic hydroxy- 
warfarin at high substrate concentrations employing 
microsomes obtained from either strain has been 
reported previously [35]. As noted above, the benzylic 
hydroxy metabolite was not studied separately with 
induced microsomes from Wistar rats. However, in 
the Sprague-Dawley rats, 3-MC induction failed to 
increase the synthesis of this metabolite from either 
enantiomer, whereas PB induction causes a greater 
increase in hydroxylation at this position than at any 
of the aromatic positions, except 7. Moreover, PB in- 
duction reverses the observed stereoselectivity (see 
Fig. 3), and a similar observation has been reported 
for another aliphatic hydroxylation [28]. This finding 
demonstrates that normal microsomes contain a non- 
inducible benzylic hydroxylase which is stereo-selec- 
tive for the R enantiomer and which is kinetically 
different from normal coumarin hydroxylase [29]. 

Differences in the stereochemical preferences 
observed for the microsomal enzymes prepared from 
normal, PB-, or 3-MC-pretreated Sprague-Dawley 
and Wistar rats permit several classes of hemopro- 
teins to be distinguished. The simplest but not unique 
hypothesis consistent with our findings is that liver 
microsomes from normal animals contain at least 
four hemoprotein mono-oxygenases, enzymes A-D, 
differing in their stereoselectivity and regiospecificity 
toward the enantiomers of warfarin. 

These are classified as follows: (1) enzyme A, which 
is present in normal animals but is not inducible by 
PB or 3-MC, is stereoselective and regioselective for 
7- and benzylic hydroxylation of R warfarin and 
4’-hydroxylation of S warfarin; (2) enzyme B, which 
is present in normal animals, is inducible only by PB 
and is regioselective for 6-, 8-, and some 4’-hydroxyla- 
tion; (3) enzyme C, which is present to a limited 
extent in normal animals, is inducible only by PB, 
and is regioselective for 7- and benzylic hydroxylation 
and more stereoselective for S warfarin than enzyme 
A; and (4) enzyme D, which is present in normal ani- 
mals to a limited extent, is inducible only by 3-MC, 
and is stereoselective and regioselective for 6- and 
8-hydroxylation of R warfarin. 

The differences in regioselectivity displayed by the 
four enzymes are consistent with the hypothesis that 
two distinct hydroxylation mechanisms are operative. 
The first involves the formation of an arene oxide, 
which subsequently rearranges to the observed prod- 
ucts (enzymes B and D, yielding primarily 6-, 8-, and 
4’-hydroxylated metabolites). The second involves a 
direct insertion of oxygen between the carbon—hyd- 
rogen bond in either a stepwise or concerted fashion 
(enzymes A and C, yielding primarily 7, 4’, and benzy- 
lic hydroxylated metabolites). 

These conclusions are supported in part by electro- 
phoretic evidence [21,24] and studies on simple aro- 
matic systems [25, 26, 32, 33, 36]. The confirmation of 
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this hypothesis awaits the purification and characteri- 
zation of all the catalytically active microsomal 
mono-oxygenases, and in this regard, the enantiomers 
of warfarin may serve as useful probes of the stereo- 
selectivity and regiospecificity of such purified enzyme 
preparations. 
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Abstract—The possibility of a physiological role for two new peptides, Fragment 1-2 and Fragment 
2 (histidine-rich peptide), released from bovine plasma high molecular weight (HMW) kininogen by 
the action of plasma kallikrein was examined. The former peptide, which was liberated at the same 
rate as bradykinin, and the latter peptide, which was derived from Fragment 1:2 on subsequent incuba- 
tion with plasma kallikrein, showed negligible kinin-like activities. However, the peptides strongly 
inhibited kinin formation in bovine plasma exposed to glass ballotini, and prolonged the calcium 
clotting-time of citrated rat plasma in a manner similar to hexadimethrine bromide. Also, they inhibited 
the activation of Hageman factor by kaolin. The above three types of experiments showed the potency 
of Fragment 1-2 to be approximately three times that of Fragment 2 on a molar basis. Neither fragment 
showed inhibition of already activated Hageman factor, nor of the esterase activities of plasma kallik- 
rein, plasmin and thrombin. These results suggest that liberation of these polypeptides from HMW 
kininogen represents a negative feedback mechanism for the contact activation of Hageman factor. 


A potent vasoactive peptide, bradykinin, is known to 
be released by plasma kallikrein from bovine high 
molecular weight (HMW) kininogen [1]. Plasma kal- 
likrein is present in plasma as an inactive precursor 
and is activated directly by activated Hageman fac- 
tor [2], which is also in an inactive form in plasma 
and thought to be activated by contact with nega- 
tively charged surfaces [3,4]. Thus when Hageman 
factor is activated, bradykinin is released. Further- 
more, active Hageman factor acts on Factor 
XI (PTA) [5] and plasminogen proactivator [6], thus 
initiating blood clotting and fibrinolysis as well. 

Recent findings on genetic deficiency in plasma 
prekallikrein show another role of plasma kallikrein 
in activation of Hageman factor [7]. Thus prekallik- 
rein is required for activation of Hageman factor, in- 
dicating a positive feedback mechanism. An acceler- 
ated enzyme system is known to be suppressed by 
several proteinase inhibitors in plasma [8]. Also, there 
are several recent reports on a deficiency of HMW 
kininogen which strongly indicate that it is also essen- 
tial to the surface activation of Hageman fac- 
tor [9-13]. 

As previously reported, on incubation of bovine 
HMW kininogen with plasma kallikrein, two new 
peptides besides bradykinin are liberated [14, 15]. 
One of the peptiides, Fragment 2, contains an un- 
usually high level of histidine and was, therefore, pre- 
viously called “histidine-rich peptide”; its complete 
amino acid sequence of 41 residues has been esiab- 
lished [14], and a part of the work on its biological 
activity was reported[16]. The other fragment, 
named Fragment 1, is a glycopeptide also with a high 


content of histidine [17]; the entire sequence compris- 


ing 69 residues has recently been established [18]. 
During these studies, we found that these two pep- 


tides were not directly produced from HMW 
kininogen, but a larger fragment, consisting of 110 
amino acid residues, named Fragment 1-2, is released 
concomitantly with bradykinin and subsequently 
cleaved into Fragments | and 2[18, 19]. Moreover, 
recent studies have indicated that Fragment 1-2 is 
located adjacent to the C-terminus of the bradykinin 
moiety of HMW kininogen [20]. 

The present work was undertaken to determine 
whether these peptides, Fragment 1:2 and Fragment 
2, played a physiological role in plasma kallikrein 
kinin and blood clotting systems. We have found that 
Fragments 1:2 and 2 have the following effects in 
vitro: (1) inhibition of kinin formation in glass- 
exposed plasma, (2) prolongation of clotting time and 
(3): inhibition of formation of active Hageman factor. 
But these peptides had negligible kinin-like activities 
and did not interfere at high levels with kinin assays. 


MATERIALS AND METHODS 


Biological preparations 


Isolated guinea pig ileum. Contraction of the ileum, 
suspended in a 5-ml organ bath at 37 in Tyrode 
solution aerated by 95% O, and 5% CO, was 
recorded by an isotonic transducer (Medical Elec- 
tronics Commercial, ME-4012). Standard bradykinin 
and samples were added to the organ bath every 
5 min, and contact time was 90 sec. 
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Isolated rat uterus. Virgin rats weighing 120-200 g 
were injected with 7.5 mg i.p. and s.c. of hexesterol 
(Hexron, Teikoku Zoki) 12-24hr before assay. One 
horn of the separated uterus was suspended at 28 
in a 5-ml organ bath filled with aerated Munsic solu- 
tion [21]. Contraction of the uterus was measured as 
described above. 

Rat systemic blood pressure. The systemic arterial 
pressure of rats weighing 375-400 g was measured by 
a high pressure transducer (Nihon Kohden MPU-0.5) 
connected to a thin cannula (PE-60) inserted into the 
femoral artery under pentobarbital sodium anesthesia 
(50 mg/kg, i.p.), and recorded on an ink-writing os- 
cillograph. Another PE-60 cannula was put into the 
carotid artery for intra-arterial injection. Bradykinin 
and sample solutions (0.1-0.5ml) were injected 
through the cannula. 

Vascular permeability increase in rabbit skin. Five 
min after intravenous injection of pontamine sky blue 
(50 mg/kg) in 0.43°, saline solution (1.2 ml/kg), 0.1 ml 
of the peptide fragments or bradykinin solution was 
injected into the shaved abdominal skin of albino rab- 
bits under pentobarbital sodium anesthesia (30 mg/kg, 
i.p.). The diameter of the blueing spot was measured 
30 min after the intradermal injection. 


Kinin formation by glass activation 


Bovine blood, collected in sodium citrate (0.38% 
final concentration) at the slaughterhouse, was centri- 
fuged at 1000g at room temperature. The bovine 
plasma thus obtained was kept at —20° until use. 
Glass contact was strictly avoided during preparation 
of the plasma. The bovine plasma (0.5 ml) was incu- 
bated with glass ballotini (Jencons Ltd, No. 14 
H102/1, approximately 0.1mm _ in_ diameter) 
(0.5 g/0.5S ml of plasma) in a plastic tube containing 
1,10 phenathroline (10~* g/ml) and 0.1 M phosphate 
buffer (pH 7.4) to 2.0 ml final volume. Incubation was 
started when glass ballotini were added, and 0.05-ml 
aliquots of the incubation mixture were taken at 
10-min intervals and added to the organ bath. The 
kinin formed was assayed on the rat uterus. Synthetic 
bradykinin was used as a standard. 

Given doses of hexadimethrine bromide, Fragment 
1-2 and Fragment 2 were preincubated for 16-50 min 
with glass ballotini before the addition of plasma. In- 
cubation was started upon the addition of plasma. 
Incubation with the inhibitors was carried out in par- 
allel with control incubation. The per cent of inhibi- 
tion was calculated from the maximum kinin levels 
formed within 60 min in the presence or absence (con- 
trol) of test agents by the following equation: 


Inhibition per cent = 
kinin of control plasma — kinin with test agents 


—t—— ( 
kinin of control plasma oes 





Calcium clotting time 

A slight modification in the method described in 
Ref. 22 was.made. Blood was collected from Sprague 
Dawley rats weighing 400-500 g into a plastic tube 
(Falcon No. 2006) containing 0.1 vol. of 3.8°% sodium 
citrate solution. Plasma was obtained by centrifuga- 
tion at 1000g for 10min. Fifty ul of 0.15M NaCl 
or test agents in 0.15M NaCl, and 100 yl of rat 


plasma were mixed in a glass tube (10 x 105 mm) and 
kept at 37° for exactly 2 min. The time interval from 
the addition of 50 yl of 0.05 M CaCl, until clot forma- 
tion was regarded as the clotting time. The end point 
of clot formation was inspected by gently tilting the 
tubes every 15sec at 37°. 


Radiochemical assays for Hageman factor activation 
and for esterolytic activities of other plasma enzymes 

Formation of active Hageman factor or prekallikrein 
activator. Citrated human plasma was diluted (1 :200) 
with 0.15 M NaCl solution in a plastic tube (Falcon 
No. 2006) containing 1 mg/ml of kaolin and incubated 
for 1 hr at 37° [23]. The test agents were mixed with 
kaolin before addition of diluted plasma. 

Measurement of the activity of active Hageman fac- 
tor. Twenty pl of the above solution and 10,1 of 
0.5 M Tris, pH 8.0, were incubated for 10 min at room 
temperature with or without partially purified human 
plasma prekallikrein fraction (20yul, 0.2 TAME 
units/ml) [23], and the [7H]TAME (100,000 dis./min) 
was added as a substrate for plasma kallikrein acti- 
vated by active Hageman factor. After a 30-min incu- 
bation at room temperature, the split [7H]MeOH 
was counted in a scintillation counter (Mark II, Nuc- 
lear-Chicago). Each sample was run in duplicate and 
the difference of the mean counts between mixtures 
with and without prekallikrein was calculated as the 
active Hageman factor formed (HFa). Inhibition per 
cent was calculated as: 


Inhibition per cent = 


HFa of control plasma — HFa with test agent 


HFa of control plasma «9 





Assay of the effect of test agents on the activated 
Hageman factor. Twenty pl of activated Hageman fac- 
tor solution (as described above in the section on the 
formation of active Hageman factor) from control 
plasma was preincubated with the test agents for 
10min at room temperature. Then partially purified 
prekallikrein was added and assayed in the same 
manner described in the preceding section. [*H]- 
TAME assay used here is more precisely described 
in Ref. 23, which is a modification of an original 
radiochemical assay developed by Beaven et al. [24], 
and reviewed in Ref. 25. 

TAME-esterase activities of plasma_ kallikrein, 
thrombin and plasmin. The esterase activities of these 
plasma enzymes were determined by [*H]TAME 
assay. Human plasma kallikrein, human plasmin or 
bovine thrombin was incubated in 0.1 M Tris buffer, 
pH 8.0, with [7H]TAME for 30 min at room tempera- 
ture. The released [7H]MeOH was counted as de- 
scribed above. The test agents were preincubated with 
esterases for 10min at room temperature before the 
addition of [7H]TAME. Each sample was run in 
duplicate and the mean counts in dis./min were calcu- 
lated. 


Peptide fragments and other agents used 


Fragment 1:2 and Fragment 2 were prepared from 
highly purified bovine plasma HMW kininogen [26] 
incubated with highly purified bovine plasma kallik- 
rein by the method previously described [18, 19]. 
Hexadimethrine bromide (Aldrich, Wisc.), kaolin 





Role of peptide fragments from bovine HMW kininogen 


Table 1. Biological activities of Fragment 1-2 and Fragment 2 in comparison with bradykinin* 





Fragment 1:2 Fragment 2 





Isolated rat uterus (contraction) 
Isolated guinea pig ileum (contraction) 
Systemic blood pressure in rat (decrease) 


Vascular permeability increase in rabbit skin (increase) 


0.00025-0.001 
< 0.0004 
0.002 ~ 0.003 
0.001 


0.0001 

< 0.0001 
0.001 ~ 0.01 

0.001 





* Values indicate the potencies in comparison with bradykinin (= 1) on a weight basis. 


(Fisher, N.J.), bovine thrombin (Parke—Davis, Mich.), 
bradykinin (Protein Research Foundation, Minoh, 
Osaka, Japan) and [H]Tosyl-L-arginine methyl ester 
((S;H]TAME. 125mCi/m-mole, Calatomic, Calif.) 
were purchased. Fragment 1:2, Fragment 2, HMW 
kininogen and hexadimethrine bromide were dis- 
solved in 0.15 M NaCl solution as 1 mg/ml, and bra- 
dykinin as 100 ug/ml. [7H]TAME solution was pre- 
pared as 100,000 dis./min/10 yl in distilled water. All 
solutions were stored at —20° until used. Plasmin 
was prepared from human plasminogen (KABIJ), acti- 
vated by streptokinase (Varidase, Lederle-Japan, 
Tokyo) as follows: plasminogen [3 casein units (cu)] 
and streptokinase (10 units) in 500 ul of 0.02 M phos- 
phate buffer, pH 7.4, and 500 yl glycerol were mixed 
in a plastic tube and stored at room teniperature for 
48 hr. 


RESULTS 


Biological activities of Fragment 1-2 and Fragment 2 
on pharmacological preparations 


As shown in Table 1, the peptide fragments showed 
nearly negligible biological effects on several prep- 
arations which are very sensitive to ng amounts of 
bradykinin. 

Whereas bradykinin contracts the rat uterus at a 
threshold dose of 3 x 10° '° g/ml, Fragment 1-2 and 
Fragment 2 showed only slight contractions in 
100,000- and 400,000-fold larger doses, respectively, 
on a weight basis (two preparations). On the guinea 
pig ileum, bradykinin showed contraction at the mini- 
mal dose level of 10~° g/ml, whereas these peptides 
caused only slight contraction at a dose level 
20,000-fold higher (two preparations). The fragments 
neither potentiated nor inhibited the responses of the 
rat uterus or the guinea pig ileum to bradykinin. 

The peptide fragments decreased the systemic 
blood pressure of anesthetized rats as bradykinin did, 
when injected intra-arterially, but the potencies were 
very low again, compared with the threshold doses 
of bradykinin (10-20 ng/kg). Three to 30 pg/kg of 
Fragment 1-2 was required to produce the same effect 
and the larger dose (30 ug/kg) lowered the pressure 
by only 8mm Hg. Thus, the potency of Fragment 
1.2 was only 0.01, when compared with bradykinin. 
Fragment 2 also showed low potency. Three to 
11 g/kg of the peptide decreased the pressure by only 
8-28 mm Hg. Therefore, the activity of Fragment 2 
was 0.003 of bradykinin. 

In the rabbit skin vascular permeability test, the 
activity of both peptides was so low that the potency 
was only 0.001, when compared with bradykinin on 
the weight basis. 


Kinin formation by glass activation 

After the addition of glass ballotini to the incuba- 
tion mixture, kinin formation occurred slowly in 
bovine plasma and reached a plateau after approxi- 
mately 30 min. The maximum levels of kinin formed 
were 512-1200 ng/ml of plasma. In the presence of 
hexadimethrine bromide, a known inhibitor of Hage- 
man factor activation[27], the time to reach the 
maximum in kinin formation was delayed and the 
levels were suppressed. The inhibition with 15 ug/ml 
of the agent was 73.2 + 5.9 per cent of the control 
kinin formation (Fig. 1). 

When Fragment 1:2 or Fragment 2 was preincu- 
bated with glass ballotini, the rate of kinin formation 
slowed and its maximum level was lowered, depend- 
ing on the concentration of the fragments. Fifty ug/ml 
of Fragment 1-2 and Fragment 2 inhibited kinin for- 
mation 86.2 + 2.3 and 99.2 + 0.8 per cent respectively 
(see Fig. 1). Preincubation time did not significantly 
affect the inhibition rate. There was no marked differ- 
ence in the potencies of the two peptides. Thus, Frag- 
ment 1:2 is considered to be three times as potent 
as Fragment 2, since the ratio of the molecular 
weights is three (12,600 and 4,600 respectively). On 
a weight basis, hexadimethrine bromide was three 
times as effective as the peptide fragments. 


Calcium clotting time of citrated rat plasma 


The calcium clotting time of citrated rat plasma 
without the addition of the test agents was deter- 


100 DFr2 


$Fri.2 








wa/ml 
Fig. 1. Inhibition of glass-activated kinin formation by 
Fragment 1:2, Fragment 2 and hexadimethrine bromide. 
Ordinate: per cent inhibition of the formed kinin level by 
test agents. Abscissa: final concentration of the test agents 
in the incubation mixture. Fr 1-2: Fragment 1.2; Fr 2: 
Fragment 2; Hx: hexadimethrine bromide. 
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Fig Prolongation of calcium clotting time of citrated 
rat plasma by Fragment 1:2, Fragment 2 and hexadimeth- 


rine bromide. Each point indicates the mean of six exper-: 


iments with vertical bars showing S.E.M. The concen- 

tration is expressed as the final concentration in the incu- 

bation mixture. The calcium clotting time in the absence 

of the test agent is shown as control level. Abbreviations 
are the same as in Fig. 1. 


mined through eight experiments to be 101 + 12sec. 
his is the control level depicted in Fig. 2. The clot- 
ting times were markedly prolonged by Fragments 
i-2 and 2, as well as hexadimethrine bromide. There 
was not much difference between the two peptides, 
although the Fragment 2 curve had a lower slope. 
However, by rough estimate, Fragment 1:2 was three 
times as potent as Fragment 2 on a molar basis, as 
seen also in kinin formation. The potencies of both 
fragments were about one-third that of hexadimeth- 
rine bromide on a weight basis (Fig. 2). 


Inhibition of activation of Hageman factor 

Figure 3 depicts the inhibition of the formation of 
Hageman factor. The formation of active Hageman 
factor .or prekallikrein activator (PKA) of human 
plasma by kaolin was inhibited significantly by Frag- 
ments 1:2 and 2 as well as by hexadimethrine bro- 
mide. The inhibition was dose dependent in the con- 
centration range of 5—30 yxg/ml. Almost complete inhi- 


Table 2. 

















pg/ml 
Fig. 3. Inhibition of the formation of active Hageman fac- 
tor by Fragment 1-2, Fragment 2 and hexadimethrine bro- 
mide. Each point shows the mean from four human plasma 
samples. Ordinate: per cent inhibition of the formation 
of active Hageman factor determined as the activity of 
prekallikrein activation. Abscissa: concentration of the test 
agents in the incubation mixture for activation of Hage- 

man factor. Abbreviations are the same as in Fig. 1. 
bition was found at 100 zg/ml of ali three agents. On 
a weight basis, the two peptides had about the same 
effect as already seen for kinin formation and blood 
clotting. The average count of the formed active 
Hageman factor of control plasma was determined 
from four individuals to be 13,932 + 2,990 dis./min. 

In the same series of experiments, as shown in 
Table 2, no inhibition of the formation of active 
Hageman factor was observed after addition of HMW 
kininogen (50 g/ml), the mother protein of these frag- 
ments. Nor did bradykinin, concomitantly released 
with Fragment 1-2, inhibit the activation of Hageman 
factor up to a concentration of 50 ug/ml. 

Effect on already activated Hageman factor, plasma 
kallikrein, plasmin and thrombin. There was no signifi- 
cant difference between the counts with or without 
Fragment 1-2, Fragment 2 or HMW kininogen (as 
shown in Table 3) if they were added to a mixture 
of already activated Hageman factor and prekallik- 
rein up to a concentration of 100 ug/ml. Moreover, 
these peptide fragments did not show any effect on 
the esterolytic activities of human plasma kallikrein, 
human plasmin and bovine thrombin, as shown in 
the same table. 


Effect of HMW kininogen and bradykinin on the formation of active 


Hageman factor* 





HMW kininogen 
(50 ug/ml) 


Control 


Bradykinin 


(10 ug/ml) (50 ug/ml) 





18,776 
11,150 
24,476 
27,420 


25,334 
30,772 


99% 280t (485)t 


20,214 
11,600 





* Numbers represent amounts of active Hageman factor formed expressed as dis. 


min of [*H]MeOH. 
+ Dis./min formed without kaolin. 


t Value in parentheses was found in the absence of plasma but in the presence 


of HMW kininogen. 
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Table 3. Effect of Fragment 1-2, Fragment 2 and HMW kininogen on already activated Hageman factor and on plasma 
esterases* 





Fragment 1:2 
(100 pg/ml) 


Control 


HMW kininogen 
(100 g/ml) 


Fragment 2 
(20 ug/ml) (100 g/ml) 





Already activated Hageman factor 
(+ preKK) 
PreK Kt 
0.001 units 
0.004 units 
Plasma esterases 
Human plasma kallikreint 
0.001 units 
0.0012 units 
Plasmin 
0.005 cut 
0.01 cu 
Thrombin 
0.001 NIH units 
0.01 NIH units 


8,226 
22,222 


11,286 
11,104 


6,442 
14,784 


8,458 
46,932 


15,910 
7,080 
15,624 


6,844 
51,210 


13,230 
7,344 
12,900 


6,980 
47,224 





* Numbers indicate means of duplicates of counts of released [*H]MeOH in dis./min. 
+ Partially purified prekallikrein and plasma kallikrein [23] expressed as a TAME unit. 


t Casein unit. 
DISCUSSION 


Fragment 1-2 is released from HMW kininogen by 
plasma kallikrein along with bradykinin [15]. Frag- 
ment 2 is split later from Fragment 1-2, by plasma 
kallikrein. The fact that the peptide fragments are 
released simultaneously with bradykinin led us to 
assume that the three might share similar biological 
activities, such as smooth muscle stimulation, vasodi- 
latation, vascular permeability increase and so forth. 

However, bradykinin-like activities found in Frag- 
ment 1:2 and Fragment 2 were so low as to be neglig- 
ible, as shown in Table 1. Furthermore, the biological 
activities of bradykinin were neither potentiated nor 
inhibited by the peptide fragments. 

The kinin formation of mammalian plasma by con- 
tact activation with glass ballotini is known to be 
mediated by activation of Hageman factor [28, 29]. 
Fragments 1-2 and 2, like hexadimethrine bromide, 
markedly depressed kinin formation in bovine plasma 
if the glass ballotini were preincubated with the pep- 
tide fragments. This inhibition was not due to anta- 
gonism to bradykinin on the rat uterus preparation, 


Hageman foctor 
& 
f a 


a Active PrePTA 
proactivator Hageman factor ' 
{ PTA 


Plasminogen | 
activator 
Prekallikrein Clotting 


| Plasminogen 
\ ' +} 
: Plasmin} tka likrein} 


= 























HMW-kininogen ——*Bradykinin+ pore Sh B 


Fragment 2 
+ 
Fragment | 


Fig. 4. Proposed scheme for a_ negative feedback 
mechanism on contact activation of Hageman factor. 


since the fragments did not affect the response of bra- 
dykinin. 

Intrinsic blood coagulation is also known to be in- 
itiated by the activation of Hageman factor [29, 30], 
and calcium clotting time could be prolonged by any 
defect in coagulation factors. The addition of Frag- 
ments 1:2 and 2 was found to prolong the calcium 
clotting time of citrated rat plasma in a glass tube, 
as shown in Fig. 2. 

When Fragment 1:2 or Fragment 2 was added 
before the formation of active Hageman factor, the 
release of [7H]MeOH was suppressed. This suppres- 
sion, however, did not exclude the possibility that the 
fragments would inhibit plasma kallikrein itself or 
already activated Hageman factor, since the Hageman 
factor activation was measured by the esterolytic acti- 
vity of the plasma kallikrein formed. However, this 
possibility was unlikely, since these fragments inhi- 
bited neither active Hageman factor, itself, nor plasma 
kallikrein (Table 3). This inhibition, therefore, was 
due to inhibition of the formation of active Hageman 
factor in a manner similar to that shown by hexadi- 
methrine bromide [23, 27]. 

These facts suggest the following hypothesis regard- 
ing activation of the kinin system as a scheme shown 
in Fig. 4. When Hageman factor is activated, it con- 
verts prekallikrein to kallikrein, which in turn acts 
on HMW kininogen to release bradykinin, which 
exerts potent biological activities on surrounding tis- 
sues [31,32]. Plasma kallikrein further activates 
Hageman factor in a positive feedback mechanism as 
reported by several authors [4, 7, 29, 31]. Meanwhile, 
Fragment 1:2 and later Fragment 2 are released from 
HMW kininogen along with bradykinin, by the 
action of plasma kallikrein. These peptides may in- 
hibit the further activation of Hageman factor. Thus, 
a negative feedback mechanism may occur during ac- 
tivation, besides the inhibition of active enzymes by 
plasma proteinase inhibitors [8]. Consequently, the 
kallikrein—kinin system may have a self-control sys- 
tem in its own cascade. 

These observations, taken with generally accepted 
views of the mechanisms involving contact activation 
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of Hageman factor [28, 30], suggest that these pep- 
tides exert the observed effects by interfering with the 
surface activation of Hageman factor, presumably by 
blocking negative charges on the surface, in analogy 
to hexadimethrine bromide and other polyvalent, 
positively charged molecules [24, 27, 33]. 

On the other hand, recent reports on genetic defi- 
ciency in HMW kininogen suggested that HMW 
kininogen could be a cofactor in contact activation 
of the Hageman factor in addition to plasma kallik- 
rein [9-13]. A functional role for the histidin-rich 
moiety (Fragment 1-2) of the HMW kininogen mol- 
ecule remains to be studied. 

Subsequent to submission of this manuscript, Frag- 
ment | was determined to have almost negligible ac- 
tivity in rat uterus contraction (<0.00025 of brady- 
kinin on a molar basis), in inhibition of formation 
of prekallikrein activator and in prolongation of cal- 
cium clotting time. 
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Abstract—High levels of ornithine decarboxylase are found in the developing rat placenta. Peak activi- 
ties are observed around day 17 of pregnancy, after which there is a slight decline in activity up 
to the time of parturition. Most of the ornithine decarboxylase activity is found in the fetal placenta, 
whereas in the maternal placenta the activity declines steadily throughout the latter part of pregnancy. 
At term over 90 per cent of the placental ornithine decarboxylase is found in the fetal segment. The 
putrescine content of the fetal placenta is three to ten times higher than that of the maternal tissue 
from day 15 onward. In contrast to the pattern of distribution for ornithine decarboxylase, diamine 
oxidase is found mainly in the maternal placenta, and the activity remains high throughout pregnancy. 
S-adenosyl methionine decarboxylase is also present in the placenta with significantly higher levels 
being found in the fetal tissue. The activity of this enzyme, however, was at all times much lower 
than that of ornithine decarboxylase and diamine oxidase. The alignment of the metabolic pathways 
favoring the metabolism of putrescine via oxidative deamination rather than through conversion to 
spermidine suggests that putrescine may have a role to play in the developing rat placenta. The results 
also indicate that the high levels of diamine oxidase activity found in the placenta are probably associ- 
ated more with putrescine than with histamine metabolism. 


The increasing use of plasma diamine oxidase deter- 
minations as a diagnostic tool both for the detection 
of pregnancy [1-4] and as a monitor of fetal health 
[5] has accelerated the urgency for establishing the 
functional significance of this enzyme. Indirect sup- 
port for histamine being the physiological substrate 
for diamine oxidase has been provided by the sugges- 
tions that histamine is involved in decidual forma- 
tion [6-8], as a mediator of estrogen action [9, 10] 
and also by the marked changes in histamine biosyn- 
thesis occurring during pregnancy in rodents [11, 12]. 
There are some difficulties, however, in seeking a 
closer correlation between histamine and diamine oxi- 
dase during pregnancy. In the human, for example, 
there is very little histamine biosynthesis in the fetus, 
although high levels of diamine oxidase are found in 
the tissues and in the plasma [13]. On the other hand, 
high histidine decarboxylase activity is found in the 
rat during pregnancy but it is restricted almost com- 
pletely to the fetal liver, whereas high levels of dia- 
mine oxidase are found in the uterus, placenta and 
amniotic fluid as well as the plasma[13]. Further- 
more, the high levels of diamine oxidase in both the 
tissues and the plasma do not prevent substantial 
amounts of histamine made by the fetus from escap- 
ing in the urine unchanged [11]. Changes in diamine 
oxidase during pregnancy, therefore, may be related 
to some amine other than histamine. In this report, 
we present evidence that diamine oxidase in the pla- 
centa is closely allied to changes in ornithine decar- 
boxylase and suggest that putrescine, rather than his- 
tamine, is probably the substrate for diamine oxidase 
in this tissue. A preliminary report has been pub- 
lished [14]. 
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MATERIALS AND METHODS 


Animals. Female Sprague-Dawley rats (Charles 
River) weighing between 120 and 150g were used in 
these experiments. The animals were housed in light- 
and temperature-regulated quarters and fed a diet of 
commercial rat chow. The stage of the cycle was 
determined by microscopic examination of vaginal 
smears, and animals in estrus were mated for 24 hr. 
Males were then removed and this was taken as day 
1 of pregnancy. 

Animals were killed by cervical dislocation and the 
tissues removed and cleaned. The tissues were minced 
with scissors and diluted 9:1 in assay buffer for 
ornithine decarboxylase and S-adenosyl methionine 
decarboxylase or 49:1 for diamine oxidase assays as 
described below. The tissue was homogenized in a 
Polytron (Brinkmann) and centrifuged at 10,000 g for 
50min. The supernatant solution was strained 
through nylon gauze and used for analysis. 

Chemicals. pL{1-'*C]ornithine monohydrochloride 
(1.0 mCi/m-mole), pL[5-'*C]ornithine monohydro- 
chloride (2.7 mCi/m-mole), S-adenosyl-L-[1-'*C]meth- 
ionine (9.1 mCi/m-mole) and ['*C]putrescine dihyd- 
rochloride (26.4mCi/m-mole) were obtained from 
New England Nuclear Co. Non-isotopic chemicals 
were obtained either from CalBiochem or Nutritional 
Biochemicals. 

Ornithine decarboxylase was assayed by measuring 
the rate of '*CO, evolution from carboxyl-labeled 
substrate using minor modifications of methods pre- 
viously described [15]. The reaction is carried out in 
a Warburg flask and the evolved carbon dioxide is 
trapped on NCS-impregnated filter paper strips. The 
assay medium contained tissue extract, 0.2 umole 
pL[1-'*C]ornithine, 0.2 umole pyridoxal phosphate, 
2 umoles ethylenediamine tetra-acetic acid (EDTA), 
5 umoles dithiothreitol and 0.1. M phosphate buffer, 
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pH 7.2, in a final volume of 2 ml. Incubation was car- 
ried out in air at 37° for 30min. The reaction was 
stopped with 0.2ml of 1M _ citric acid injected 
through a rubber septum in the side arm and shaken 
for a further 30 min. The filter paper was then trans- 
ferred to a counting vial containing 10ml of a 
toluene/ethanol scintillator and counted. Production 
of '*CO, was linear with time over at least 60 min 
and for both fetal and maternal placenta enzyme acti- 
vity was proportional to the amount of tissue over 
the dilution range 4:1 to 39:1. Samples were routinely 
assayed at two dilutions, usually 9:1 and 19:1 and 
the corrected values did not differ by more than 10 
per cent. 

S-adenosyl-L-methionine decarboxylase was 
assayed using a procedure identical to that described 
for ornithine decarboxylase, except that the incuba- 
tion mixture contained 0.2ymole  S-adenosyl- 
L[1-'*C]methionine in place of the labeled ornithine 
and the addition of 2.5 umoles putrescine. 

For the assay of histidine decarboxylase, the 
labeled substrate was [carboxyl-'*C]t-histidine 
(0.2 umole) and incubation was carried out for 2 hr. 
Other conditions were the same as for ornithine 
decarboxylase. Enzyme activity for all three decarbox- 
ylases is expressed as nmoles CO, g™' hr’. 

Diamine oxidase was assayed as described pre- 
viously [16]. The reaction is carried out in screw cap 
culture tubes at 37° for 2 hr. Each tube contains 1 ml 
of enzyme extract, 0.57 umole ['*C]putrescine and 
0.1 M phosphate buffer, pH 7.2, to a final volume of 
2.0 ml. At the end of the incubation period a mixture 
of aminoguanidine sulfate (227 wg) and sodium bicar- 
bonate (200 mg) is added to stop the reaction and 
adjust the pH. The end product, A'-pyrroline, is 
extracted into 2 x 10 ml aliquots of a toluene-PPO 


Table 1. Distribution of ornithine and histidine decarboxy- 
lases between the fetus and the placenta on day 17 of 
pregnancy* 





Enzyme activity 
(nmoles g~' hr~' + S. E. M.) 





Histidine 
decarboxylase 
activity 


Ornithine 
decarboxylase 


Tissue activity 





Fetus 16 + 3.5 133.4 + 31.3 
Placenta 536 + 131 12.1 + 1.3 





* Placentas from each litter were pooled and each value 
is the mean obtained from five different litters. 


Table 2. Development of ornithine decarboxylase activity 
in rat placenta* 





Day of 
pregnancy 


Ornithine decarboxylase activity 
(nmoles g-' hr~' + S. E. M.) 





13 125 + 23 
15 517 + 75 
17 560 + 90 
19 390 + 54 





* Placentas from each litter were pooled. Each value is 
the mean obtained from five different litters. 





Maternal 








OD ACTIVITY (nmoles xlO~? g™! hr!) 


1 4 





15 17 
DAY OF GESTATION 

Fig. 1. Ornithine decarboxylase activity in the fetal and 

maternal placenta during pregnancy. Each result is the 
mean of five animals. 


(i.e. 2,5-diphenyloxazolyl) counting solution. The 
aqueous phase is removed by freezing and the two 
toluene extracts are pooled and counted in a scintilla- 
tion counter. 

Putrescine was assayed using a modification of the 
enzyme method originally outlined by Harik and 
Snyder [17]. Briefly, the procedure takes advantage of 
the findings reported by Janne et al. [18] that the 
S-adenosyl-L-methionine decarboxylase from baker’s 
yeast requires putrescine for its activity to be 
expressed. Enzyme activity, expressed as ‘'*CO, 
evolved from S-adenosyl-L[1-'*C]methionine, is plot- 
ted against known concentrations of putrescine and 
sample content determined by comparison with the 
standard curve. The standard curve of '*CO, produc- 
tion against putrescine concentration is linear up to 
1 nmole and the sensitivity is about 20 pmoles. The 
incubation volume is 120 yl and the reaction is car- 
ried out in the side arm of a Warburg flask in a 
shaking water bath at 37° for 30min. The '*CO, 
evolved is trapped on NCS-impregnated filter strips 
placed in the center well. The procedure for stopping 
the reaction and counting is the same as described 
earlier for the other decarboxylase assays. 


RESULTS 


When ornithine decarboxylase activities of the rat 
embryo and the placenta were determined at day 17 


Table 3. Putrescine levels in the fetal and maternal pla- 
centa at different days of pregnancy* 





Putrescine content (nmoles g~' + S. E. M.) 
Maternal Fetal 
placenta placenta 


Day of 
pregnancy 








*Each result is the mean obtained from five different 
animals. 





Biosynthesis and metabolism of putrescine 


Table 4. Diamine-metabolizing enzymes in the placenta on day 18 of pregnancy* 





Enzyme activity (nmoles g~' hr~' + S. E. M.) 


Ornithine 


Tissue decarboxylase 


S-adenosy] 
methionine decarboxylase 


Diamine 
oxidase 





Whole placenta 
Fetal placenta 
Maternal placenta 


60,000 + 5,500 
4,200 + 390 
70,000 + 8,540 


192+ 4.1 
46.3 + 7.0 
92 + 3.1 





* Placentas from each litter were pooled. Each value is the mean of four animals. 


of pregnancy, most of the enzyme activity was found 
in the placenta (Table 1). During the latter third of 
pregnancy, the activity of the whole embryo remained 
low, a finding in agreement with earlier observa- 
tions [19]. In contrast most of the histidine decarbox- 
ylase activity was found in the fetus. Ornithine decar- 
boxylase activity in the placenta rose steadily up to 
about day 17 and then declined before parturition 
(Table 2). The values at day 19 were consistently and 
significantly (P < 0.01) lower than those observed at 
day 17 of pregnancy. The activity of ornithine decar- 
boxylase in the placenta represents the highest levels 
of activity of this enzyme that we have found in any 
tissue. It is some ten times higher than that found 
in the ovary after stimulation with human chorionic 
gonadotrophin [20]. 

When the fetal and maternal placenta were studied 
separately, most of the ornithine decarboxylase acti- 
vity was found in the fetal placenta (Fig. 1). The acti- 
vity in this tissue increased up to about day 18 of 
gestation. The growth of the fetal placenta is also 
rapid during this period. From day 15 the ornithine 
decarboxylase activity in the maternal placenta de- 
clined steadily throughout pregnancy and at term 
constituted less than 10 per cent of the ornithine 
decarboxylase found in the whole placenta. From day 
15 the distribution of ornithine decarboxylase is in- 
creasingly in favor of the fetal placenta. 

The marked difference in the putrescine-synthesiz- 
ing capability between fetal and maternal placenta is 
also reflected in the difference in putrescine content 
between the two tissues (Table 3). At each of the 3 
days examined, i.e. 15, 17 and 19 days of pregnancy, 
the putrescine content of the fetal placenta ranged 
from three to eight times that of the maternal pla- 
centa. 

Rat placenta also contains large amounts of dia- 
mine oxidase [21]. The changes in activity during 
pregnancy are similar to those described for ornithine 
decarboxylase, i.e. a peak around 18 days followed 
by a slight decline before parturition. As shown in 
Table 4, over 80 per cent of the activity is found in 
the maternal placenta. S-adenosyl methionine decar- 
boxylase was also studied during this period. More 
activity was found in the fetal placenta than in the 
maternal placenta, but the levels of activity were low 
compared to ornithine decarboxylase activity. 


DISCUSSION 


In mammals, putrescine is formed after decarboxy- 
lation of ornithine by the enzyme ornithine decarbox- 
ylase and this is a key enzyme in the biosynthesis 
of the polyamines spermidine and spermine. Putres- 
cine is incorporated directly into spermidine, and the 


propylamine moiety is derived from the decarboxyla- 
tion of S-adenosyl methionine. Many studies have 
sought to establish a relationship between polyamines 
and nucleic acids but their precise role is uncer- 
tain [22]. 

Ornithine decarboxylase is widely distributed in 
tissues, and high levels of activity are found in the 
regenerating rat liver [23], in certain tumors [15] and 
in several tissues after hormonal  adminis- 
tration [24, 25]. The high levels of ornithine decarbox- 
ylase in the rat placenta and its localization to the 
fetal segment of that tissue provide, therefore, another 
example of the association of a rapidly growing tissue 
and high rates of polyamine biosynthesis. In most 
mammalian systems, putrescine serves mainly as a 
precursor for spermidine. However, the activity of 
S-adenosyl methionine decarboxylase, and hence the 
synthesis of spermidine, was very low compared to 
the activity of ornithine decarboxylase. Since high 
levels of diamine oxidase are found in the maternal 
placenta, and putrescine but not spermidine is a sub- 
strate for this enzyme, the alignment of metabolic 
pathways indicates a preference for the metabolism 
of putrescine via oxidative deamination rather than 
conversion to spermidine. There is a possibility, there- 
fore, that putrescine may be functionally operative in 
addition to or in preference to serving as a precursor 
for spermidine. If this is correct, then spermidine, 
spermine and putrescine should be regarded as a 
group of compounds each of which may, under condi- 
tions as yet ill-defined, have its own specific function 
in the regulation of cellular activity. 

A similar situation to that observed here for the 
rat placenta has been reported by Atkins and 
Beaven [26] in the thymus gland. In that tissue high 
levels of ornithine decarboxylase are found in the 
lymphocytes, and diamine oxidase is found in the thy- 
mic stroma. These studies, together with those 
reported in this paper, indicate that diamine oxidase 
in some instances is probably associated more with 
putrescine metabolism than it is with histamine meta- 
bolism, since in both the thymus [27] and the rat pla- 
centa histidine decarboxylase activity is low. 
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Abstract—A microsomal fraction isolated from dog submandibular gland can actively accumulate and 
release calcium ions. Isoproterenol, norepinephrine and epinephrine inhibited calcium accumulation 
at concentrations ranging from 10~’ to 10° *M without an effect on calcium release. The beta-adrenergic 
antagonists, practalol and propranolol, also inhibited calcium uptake at concentrations of 3x 10°*M 
and greater but failed to block adrenergic agonist-induced depression of such uptake. Cyclic AMP 
(cAMP) and dibutyril cAMP did not effectively inhibit calcium accumulation or affect release, nor 
did addition of protein kinase (0.1 mg/ml) alter the responses to cAMP. These results suggest that 
autonomic agents may affect secretory processes via changes in calcium movements across vesicular 


membranes. 


Stimulation of submandibular glands initiates a com- 
plex series of events which results in secretion of fluid, 
electrolytes and protein. However, at this time the 
intracellular control mechanisms of the secretory pro- 
cess are not completely understood. Many recent in- 
vestigations of stimulus-secretion coupling in exocrine 
glands have been centered on the possible involve- 
ment of ionic calcium [1]. Several physiological pro- 
cesses can be activated or inactivated by changes in 
free intracellular or cytoplasmic levels of calcium 
made available from the extracellular environment as 
well as from internal stores [2,3]. It has been shown 
that microsomal fractions prepared from rat [4] and 
dog [5] submandibular glands can actively accumu- 
late calcium ions. It has been postulated that these 
vesicular membranes may function in a manner ana- 
logous to sarcoplasmic reticulum in bringing the tis- 
sue to rest prior to the next stimulus for secretion [6]. 

Since secretion from salivary tissues can be elicited 
by stimulation of autonomic innervation to the 
glands [7] or by drugs that mimic the actions of the 
autonomic nervous system, the purpose of this study 
was to examine the effects of various adrenergic and 
cholinergic agonists and antagonists and cyclic AMP 
(cAMP) on ATP-dependent calcium accumulation 
and release in isolated dog submandibular micro- 
somes. 


MATERIALS AND METHODS 


Dog submandibular glands were removed from 
adult male animals anesthetized with 3 mg/kg of pen- 
tobarbital and immediately placed in cold 0.3 M suc- 
rose solution containing 0.2 ug/ml of diphenyl-p- 
phenylene diamine and adjusted to pH7.5 with 
Na,CO,. Diphenyl-p-phenylene diamine, an antioxi- 
dant, was included in the solution to prevent lipid 
peroxidation [8]. The gland was cut into small seg- 
ments and homogenized using a glass homogenizer 
with a loosely fitting teflon pestle as described by 
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Schramm and Danon [9]. All procedures were carried 
out at 0°-4°. The homogenate was centrifuged at 
250.g for 5min and the supernatant decanted. The 
procedure was repeated, and the combined superna- 
tants were recentrifuged at 10,000 g for 20 min. The 
resulting pellet was resuspended in 0.3M_ sucrose 
solution, and the supernatant was recentrifuged at 
105,000 g for 1 hr. The resulting microsomal pellet 
was resuspended in homogenization media and 
frozen. These preparations were used for a maximal 
period of 1 week. 

The uptake of *°CaCl, into dog submandibular 
microsomes was measured by a Millipore filtration 
technique as described by Martonosi and Fer- 
etos[10] for muscle microsomes. Incubation flasks 
contained 30 mM imidazole buffer (pH 6.8), 100 mM 
KCl, 5mM MgCl,, 4.55mM Tris-ATP, 100 uM 
*5CaCl,, and 3mM K oxalate. The reaction was 
started by the addition of microsomes (50 yg pro- 
tein/ml of assay medium) and terminated by pipetting 
2 ml of assay medium through a Millipore filter (type 
HA, 0.45 um average pore diameter) under slight 
negative pressure. The filters were washed twice with 
10 ml of 100 mM nonradioactive CaCl, solution and 
measured in a liquid scintillation counter. Samples 
of particle-free filtrates (10 yl) were also counted. Mic- 
rosome-free solutions were filtered, and the amount 
of *°CaCl, adhering to the filter disks was subtracted 
from values obtained in the presence of microsomes. 
The amount of calcium uptake was, therefore, calcu- 
lated from the difference in radioactivity of the partic- 
le-free filters and filters containing microsomes. 
Duplicate samples were taken throughout the exper- 
iments. A 20-min incubation period was chosen for 
studying the effects of drugs on calcium uptake 
because over this period of time calcium uptake is 
linear [5]. 

Release was measured after incubating microsomes 
in the uptake incubation medium for 90 min at 37°. 
The medium was then diluted 25-fold with a release 
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Fig. 1. Effect of isoproterenol, epinephrine and nore- 
pinephrine on calcium accumulation by dog submandibu- 
lar microsomes. In each determination, 50 ng/ml of mem- 
brane protein was incubated for 20 min as described under 
methods. Each point represents the mean value (+S.E.M.) 
for five experiments. 


medium containing 30 mM imidazole buffer (pH 6.8), 
100mM KCl, 5mM MgCl,, and 1 mM ethylenegly- 
col-diamine tetra-acetic acid (EGTA). The amount of 
calcium remaining on the microsomes at different 
time intervals after dilution was determined by the 
Millipore filtration and liquid scintillation techniques 
mentioned above. 

Microsomes were assayed for protein content 
according to the method of Lowry et al. [11]. 


RESULTS 


Effects of adrenergic and cholinergic agonists and anta- 
gonists on calcium accumulation and release. Isolated 
dog submandibular microsomes actively accumulate 
calcium at a rate of 10-20 nmoles/min/mg of protein 
and release calcium with a first-order rate constant 
of 0.015 min~' [5]. The adrenergic agonists, isopro- 
terenol, epinephrine and norepinephrine, inhibited the 
ATP-dependent calcium uptake process in a dose- 
dependent manner (Fig. 1). The three agonists were 
equally effective in reducing calcium uptake; inhibi- 
tion was consistently achieved at concentrations as 
low as 10°’M. The alpha-adrenergic agonists, 
phenylephrine and methoxamine, however, did not 
affect uptake’at concentrations as high as 10~*™M. 
Higher concentrations were not tested. None ofthe 
five adrenergic agonists affected the rate of release 
of calcium from the microsomal preparatjon over the 
range of 10°” to 10°*M. Carbamylchofine, a cho- 
linergic agonist, did not affect calcium uptake at 
3 x 10°*M, but there was approximately a 30 per 
cent reduction in uptake at 10°*M. This concen- 
tration (10~* M) did not affect calcium release. 


Table 1. Effect of beta-adrenergic blocking agents on cal- 
cium accumulation* 





*% Depression of 
calcium 
accumulation 


Concn 
of drug 


Drug (M) 





3x 10-4 
10-3 
10-* 
10-3 


Practalol 


Propranalol 


= 
= 
It 
+ 


91.1 





*Each value represents the mean +S.E.M. for three 
preparations. 


The results in Table 1 demonstrate that practalol, 
at concentrations of 3 x 10°*M and greater, and 
propranolol, at concentrations of 10~* M and greater, 
inhibit calcium uptake. Neither of these beta-adrener- 
gic antagonists affected the release process. Neither 
practalol (Table 2) nor propranolol, at 10~*M and 
10°°M, respectively, was an effective antagonist of 
the inhibition of calcium uptake caused by isoproter- 
enol. These beta-adrenergic antagonists also did not 
affect the inhibition caused by epinephrine. Phentola- 
mine, an alpha-adrenergic antagonist, at concen- 
trations up to 10~* M, had no effect on either calcium 
uptake, calcium release, or the depression of uptake 
caused by 10°-° M norepinephrine. 

Effects of cAMP and dibutyril cAMP on calcium 
accumulation and release. Since it has been reported 
that adrenergic agonists, such as isoproterenol, can 
affect secretion via a change in cAMP tissue 
levels [12], the effects of both cAMP and dibutyril 
cAMP were investigated. cAMP was ineffective in 
altering calcium uptake and dibutyril cAMP was only 
slightly effective. Dibutyril cAMP inhibited calcium 
accumulation by 14.4 + 8.5 per cent at 10°’ M. Inhi- 
bition was similar at 10°°M, 10°°M and 10°*M, 
ie. 12.5 + 3.5, 11.4 + 3.7 and 15.1 + 5.6 per cent, re- 
spectively. Neither agent affected calcium release. 
Preincubation of microsomes with protein kinase 
(0.1 mg/ml) or pretreatment of microsomes with pro- 
tein kinase plus cAMP or dibutyril cAMP also did 
not affect calcium accumulation. Similarly, addition 
of theophylline (10°*M) plus cAMP or dibutyril 
cAMP to the incubation medium did not affect cal- 
cium uptake. 


DISCUSSION 


Selinger et al. [4] and Watson and Siegel [5] have 
reported that vesicular membranes isolated from sub- 
mandibular glands can actively accumulate calcium 
ions and that accumulated calcium is released at a 
constant rate. The present study describes the effects 


Table 2. Effect of practalol on isoproterznol-induced inhibition of calcium uptake by isolated dog 
submandibular microsomes 





% Inhibition 





Experiment Isoproterenol (107 > M) 


Isoproterenol + practalol (10° * M) 





64.7 
58.0 
71.0 
71.5 


72.0 
60.9 
74.7 
79.1 
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of autonomic agents on these processes. Our results 
using a microsomal fraction derived from dog sub- 
mandibular gland differ from the results obtained in 
a similar preparation from dog myocardium [13]. 
Our studies indicate that the adrenergic agonists, iso- 
proterenol, epinephrine and norepinephrine, decrease 
calcium uptake, whereas White and _ Shine- 
bourne [13], using isolated sarcoplasmic reticulum, 
found that isoprenaline at concentrations of 
5 x 10°°M and 2 x 10°M failed to affect calcium 
uptake. Shinebourne et al. [14] also noted that nor- 
adrenaline (10° * M) produced a 10 per cent increase 
in calcium uptake. 

We also examined the effects of beta-adrenergic 
antagonists, practalol and propranolol. Scales and 
McIntosh [15], White and Shinebourne [13] and 
Temple et al.[16] have shown that beta-adrenergic 
antagonists inhibit calcium accumulation by isolated 
sarcoplasmic reticulum. Temple et al.[16] also 
showed that 1mM_ propranolol inhibited ATP- 
induced calcium efflux. Our results are similar to the 
work reported in that both propranolol and practalol 
inhibited salivary microsomal calcium accumulation 
at similar concentrations. We were, however, unable 
to demonstrate an effect on calcium release under 
conditions similar to those utilized by Temple et 
al.[16]. In addition, we were unable to antagonize 
the effects of isoproterenol and epinephrine with these 
agents. Scales and McIntosh [15] previously reported 
a lack of antagonism between beta-adrenergic block- 
ing agents and isoprenaline in isolated sarcoplasmic 
reticulum. They suggested that perhaps beta-adrener- 
gic agonists and antagonists act at different sites. 

Both cAMP and dibutyril cAMP failed to affect 
calcium uptake in our system. Similarly, Tomiyama 
et al.[17] reported that cAMP does not alter calcium 
uptake by microsomes prepared from guinea pig 
taenia caecum. However, an increase in the rate of 
calcium accumulation by sarcoplasmic reticulum 
when exposed simultaneously to both cAMP and pro- 
tein kinase has been reported [18]. We were unable 
to demonstrate enhancement of calcium uptake in our 
system using this method. The reason for this discre- 
pency may be related to our use of 100 uM calcium 
in the uptake medium, whereas Tada et al.[18] used 
only 2 uM calcium. 

Williams [19] has described secretory systems con- 
trolled by the intracellular calcium concentration that 
may fall into two categories: one utilizing only cal- 
cium as the intracellular control for secretion and the 
other utilizing both calcium and cAMP. Within either 
of these proposed categories, an increase in intracellu- 
lar calcium would lead to secretion. A drug, to cause 
secretion, might increase intracellular calcium by 
altering cell membrane characteristics or by prevent- 
ing uptake or causing release from intracellular stor- 
age sites. Our results demonstrating inhibition of mic- 
rosomal calcium uptake by certain agents are consis- 
tent with these proposed mechanisms. Thus, potent 
initiators of secretion, such as isoproterenol, epineph- 
rine and norepinephrine, are also potent inhibitors 
of microsomal calcium uptake. Phenylephrine and 
methoxamine, which did not reduce uptake in our 
experiments, have been shown by others to be rela- 
tively ineffective as sialogogues [20]. 


Carbamylcholine, on the other hand, is a potent 
initiator of secretion but is not effective in inhibiting 
calcium accumulation. Thus, it does not appear that 
there is a simple relationship between the effects of 
agents on microsomal calcium accumulation and se- 
cretion. Calcium accumulation from extracellular 
sources must also be considered in the initiation of 
secretion. Selinger et al.[21] has demonstrated this 
in isolated rat parcotid gland where extracellular cal- 
cium is required for the action of carbamylcholine 
in potassium release. 

It must also be noted that a microsomal fraction 
is an operationally defined term and consists of 
various cell membranes including plasma membranes 
and endoplasmic reticulum. Further purification of 
this fraction would provide more information as to 
the sites of action of the various autonomic agents 
studies. 
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Abstract—UDP-N-acetylglucosamine, in vitro, increases the rate of glucuronidation of p-nitrophenol 
by microsomal UDP-glucuronyltransferase. In contrast, UDP-N-acetylglucosamine inhibits the reverse 
reaction. Inhibition is competitive with respect to UDP. UDP-N-acetylglucosamine does not compete, 
however, with UDP-glucuronic acid in assays in the forward direction. Inhibition of the reverse reaction 
by UDP-N-acetylglucosamine must be due, therefore, to an allosteric effect. This was verified in studies 
of the extent of end-product inhibition by UDP in the presence and absence of UDP-N-acetylglucosa- 
mine. The mechanism of activation by UDP-N-acetylglucosamine is suited ideally for efficient function 


of this enzyme. 


Usually a variety of non-physiological agents can 
modify the properties of an enzyme in vitro. It is often 
difficult to determine whether modifiers of enzyme 
activity in vitro are significant for function in vivo. 
This is especially true with regard to the activity of 
microsomal UDP-glucuronyltransferaset (EC 2.4.1.17), 
an enzyme which is important for the detoxification 
of many compounds [1]. The activity of the enzyme 
in vitro is relatively low and its affinity for UDP-glu- 
curonic acid is poor [2-4]. It is potentially of great 
importance, therefore, that a variety of different treat- 
ments increase the activity of UDP-glucuronyltrans- 
ferase several-fold in vitro [2-9]. Certain of these acti- 
vators may be important in vivo for the maintenance 
of adequate rates of conjugation. Not all activators 
produce forms of the enzyme, however, that would 
function well under conditions presumed to exist in 
vivo. Understanding of the exact kinetic basis of acti- 
vation is essential for assessing the physiological use- 
fulness of treatments that modulate the activity of 
UDP-glucuronyltransferase. 
UDP-N-acetylglucosamine, a naturally occurring 
metabolite, is an activator of UDP-glucuronyltrans- 
ferase in vitro [5, 7,9]. Treatment with this compound 
increases the apparent affinity of UDP-glucuronyl- 
transferase for UDP-glucuronic acid [9]. Since the 
concentration of this substrate in vivo is quite low 
as compared with the concentration needed in vitro 
for half-maximal rates of glucuronidation [3], activa- 
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tion by UDP-N-acetylglucosamine seems important 
for the function of UDP-glucuronyltransferase under 
conditions presumed to exist in vivo. In view of the 
potential importance of this type of activation we 
considered it essential to study in more detail changes 
in the properties of UDP-glucuronyltransferase in- 
duced by UDP-N-acetylglucosamine. We have inves- 
tigated accordingly the effects of UDP-N-acetylgluco- 
samine on product inhibition by UDP and on the 
rate of the reverse reaction catalyzed by UDP-glucur- 
onyl-transferase. 


MATERIALS AND METHODS 


Liver microsomes from retired male breeder guinea 
pigs were used as the source of UDP-glucuronyltrans- 
ferase. Microsomes were isolated in 0.25M_ sucrose 
and stored as described previously [10]. UDP-glucur- 
onic acid (ammonium salt), p-nitrophenyl-f-b-glucur- 
onide, and UDP-N-acetylglucosamine were pur- 
chased from Sigma Chemical Co., and UDP from 
PL Biochemical. Trace amounts of heavy metals were 
removed from the nucleotides by treatment with an 
ion exchange resin [4]. 

Enzyme assays were carried out in 50mM 
Tris-HCl, pH 7.6, at 37°. The concentrations of UDP- 
glucuronic acid, UDP-N-acetylglucosamine, UDP, 
p-nitrophenol and p-nitrophenylglucuronic acid are 
indicated in the legends of Fig.1 and Table 1 and 
in the text. Assays contained approximately | mg of 
microsomal protein. Initial rates of activity were mea- 
sured for each assay by removal of serial aliquots 
from the assay media and determination of the rate 
of disappearance of p-nitrophenol (forward reaction) 
or the rate of appearance of p-nitrophenol (reverse 
reaction), using standard colorimetric techniques [10]. 
Glucaro acid-1,4-lactone was added to assays of the 
reverse in order to inhibit -glucuronidase [11]; 
10 mM lactone gave complete inhibition of #-glucur- 
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onidase at concentrations of p-nitrophenylglucuronic 
acid as high as 20mM. Activities are expressed as 
nmoles substrate metabolized/min/mg of protein. 
Protein was determined by the biuret method [12]. 


RESULTS 


Liver microsomes from most animals contain an 
active pyrophosphatase which hydrolyzes the pyro- 
phosphate bond of UDP-glucuronic acid. Many other 
nucleotide-sugars and nucleotides are either sub- 
strates or inhibitors of this enzyme[13]. Assays of 
UDP-glucuronyltransferase may be invalidated by 
failure to consider that modifiers of the pyrophospha- 
tase-catalyzed reaction can appear to alter the activity 
of UDP-glucuronyltransferase. This technical pro- 
blem is avoided by using microsomes from guinea 
pig liver as the source of UDP-glucuronyltransferase, 
because these microsomes have negligible pyrophos- 
phatase activity with UDP-glucuronic acid as sub- 
strate [14], and by measuring initial rates of activity. 

In contrast to its effect on the forward reac- 
tion [5, 7,9], UDP-N-acetylglucosamine decreases the 
rate of the reverse reaction. Inhibition of the reverse 
reaction by UDP-N-acetylglucosamine is competitive 
with respect to UDP (Fig. 1). Bisubstrate kinetic ana- 
lysis [15] of the reverse reaction revealed that Kypp 
was 2.0mM in untreated microsomes, and 6.0mM 
in the presence of 2.5 mM UDP-N-acetylglucosamine. 
Addition of this modifier had no effect on the activity 
at V,,.,, of the reverse reaction. 

There are two possible explanations for the pattern 
of inhibition in Fig. 1. UDP-N-acetylglucosamine 
could compete directly with UDP for binding at the 
active site of UDP-glucuronyltransferase. Alterna- 
vely, prior binding of UDP-N-acetylglucosamine at 
an allosteric site could decrease the affinity of UDP- 


ff 


a 








0.4 0.8 


[upp], mM 

Fig. 1. Effect of UDP-N-acetylglucosamine on the rate of 
the reverse reaction of UDP-glucuronyltransferase. Initial 
rates of activity of UDP-glucuronyltransferase were deter- 
mined with 4mM p-nitrophenylglucuronic acid and the 
indicated concentrations of UDP as substrates, as des- 
cribed in Materials and Methods, in the presence (@) or 
absence (O) of 2.5 mM UDP-N-acetylglucosamine. Activi- 
ties are expressed as nmoles p-nitrophenol liberated 

min/mg of protein. 


glucuronyltransferase for subsequent binding of UDP 
at the active site. The data in Fig. 1 cannot differen- 
tiate between these mechanisms. Data from other 
experiments exclude the possibility that UDP and 
UDP-N-acetylglucosamine compete for binding at 
the active site. UDP-N-acetylglucosamine does not 
compete with UDP-glucuronic acid for binding at the 
active site in assays in the forward direction [9]. The 
effect of UDP-N-acetylglucosamine on the binding of 
UDP results, therefore, from allosteric modification 
of UDP-glucuronyltransferase. This is compatible 
with UDP-N-acetylglucosamine-induced activation of 
the forward reaction. 

The conformation of UDP and UDP-glucuronic 
acid in solution is unknown. It is not possible to con- 
clude with certainty the mechanism by which UDP- 
N-acetylglucosamine alters the binding of UDP-glu- 
curonic acid to UDP-glucuronyltransferase. If it is 
assumed, on the other hand, that the UDP and glu- 
curonic acid moieties contribute to binding, then 
UDP-N-acetylglucosamine would appear to increase 
the affinity of the enzyme for the glucuronic acid por- 
tion of UDP-glucuronic acid, i.e. UDP-N-acetylglu- 
cosamine decreases Kyppga [9] but increases Kypp. 

The extent of end-product inhibition of the forward 
reaction by UDP depends on the relative affinities 
of UDP-glucuronyltransferase for substrate and pro- 
ducts. The data in Fig. 1 predict, therefore, that UDP- 
N-acetylglucosamine should limit the extent of end- 
product inhibition of the forward reaction by UDP 
in addition to increasing the rate of the forward reac- 
tion. The data in Table 1 show that UDP-N-acetyl- 
glucosamine reduces the extent of end-product inhibi- 
tion of UDP-glucuronyltransferease by UDP from 70 
to 10 per cent. 


DISCUSSION 


The relationship between activations observed in 
vitro and regulation of an enzyme under conditions 
likely to exist in vivo is a question that is difficult 
to resolve directly. It is possible to examine the bio- 
logical significance of enzyme activations observed in 
vitro by careful study of all the changes in kinetic 
properties associated with activation. Activation of 
UDP-glucuronyltransferase by treatment with phos- 
pholipase A is associated, for example, with a loss 


Table 1. Effect of UDP-N-acetylglucosamine on the rate 
of synthesis of p-nitrophenyl-glucuronic acid* 





Addition Activityt 





None 

UDP-N-acetylglucosamine 

UDP 

UDP plus UDP-N-acetylglucosamine 





* Initial rates of activity of UDP-glucuronyltransferase 
were determined as described in Materials and Methods 
in 10mM UDP-glucuronic acid and 0.2mM_p-nitro- 
phenol. When added, the concentrations of UDP-N-ace- 
tylglucosamine and UDP were 2.5 and 1.0mM respecti- 
vely. 

+ Activity is expressed as nmoles p-nitrophenol metaboli- 
zed/min/mg of protein. 
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of substrate specificity of the UDP-glucuronic acid 
site [16], enhanced affinity of the enzyme for products 
of the reaction relative to substrates, and an increase 
in activity at V,,,, of the reverse reaction, which is 
greater than the increase in activity at V,,,, of the for- 
ward reaction [16,17]. Activation of this type is un- 
likely to enhance the efficiency of function under con- 
ditions presumed to exist in vivo. In contrast, activa- 
tion of UDP-glucuronyltransferase by UDP-N- 
acetylglucosamine enhances the affinity of the enzyme 
for UDP-glucuronic acid, but decreases affinity for 
the UDP-moiety. This mechanism should allow for 
efficient function even when the concentration of 
UDP is relatively high. Certainly, the most useful 
manner for modulating the interactions between 
UDP-glucuronyltransferase and UDP-glucuronic 
acid is to maximize affinity for the glucuronic acid 
portion, and minimize affinity for UDP. A practical 
limitation to the physiological usefulness of this type 
of regulation is retention of specificity for the sugar 
moiety of the sugar nucleotide because the total con- 
centration of UDP-sugars in liver is greater than the 
concentration of UDP-glucuronic acid [18]. Acti- 
vation of UDP-glucuronyltransferase by UDP-N-ace- 
tylglucosamine does not alter enzyme—glucuronic acid 
interactions sufficiently to reduce specificity of the 
binding of UDP-sugars [16]. The properties of the 
UDP-N-acetylglucosamine-modified form of UDP- 
glucuronyltransferase are suited ideally for function 
under conditions presumed to exist in vivo. Affinity 
for substrate is enhanced, specificity is conserved, and 
affinity for end-product is diminished. It is not certain 


as yet whether this is a general mechanism for UDP- 
N-acetylglucosamine-induced activation of UDP-glu- 
curonyltransferase, or whether it applies only to the 
glucuronidation of p-nitrophenol in microsomes from 
guinea pig liver. 
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Abstract—Diphenhydramine and phenindamine were administered in various doses to cats and the 
time course of changes in monoamine metabolite levels in cerebrospinal fluid was determined. Diphen- 
hydramine at a sedative dose did not alter 5-hydroxytryptamine or dopamine metabolism. Excitant 
doses of diphenhydramine elevated 5-hydroxyindolacetic acid levels, while homovanillic acid levels 
remained unchanged. At a convulsant dose, diphenhydramine lowered rectal temperature while elevating 
both 5-hydroxyindolacetic acid and homovanillic acid levels. Phenindamine, which reportedly produces 
only central nervous system (CNS) excitation and convulsions, caused excitation, tremor and stereotypy, 
while elevating 5-hydroxyindolacetic acid and homovanillic acid levels in cerebrospinal fluid. These 
data suggest that antihistaminic-induced sedation is not due to an alteration in brain 5-hydroxytrypta- 
mine or dopamine metabolism and that only 5-hydroxytryptamine metabolism is increased during 
CNS excitation. Stereotypic behavior after phenindamine may occur through a dopaminergic system 
as reflected by elevated levels of homovanillic acid in cerebrospinal fluid. 


Antihistaminic drugs have been shown to produce 
sedation[1], excitation and tremor, or convul- 
sions [2] depending upon the dose administered. It 
has been suggested that central monoamines play a 
role in the production of sedation [3], excitation [4], 
tremor [5] and convulsions [6]. We hypothesize that 
antihistamines produce these behavioral states 
through an alteration in the balance of central mono- 
amine metabolism. To test this hypothesis we have 
followed the concentrations of 5-hydroxytryptamine 
and dopamine metabolites in feline cerebrospinal 
fluid (CSF) for extended periods of time after single 
injections of drugs. Monoamine metabolite concen- 
trations in the CSF are thought to reflect central 
monoamine turnover rates of brain amines [7-10]. 


METHODS 


Cats (2.5 to 5.0kg) were maintained in individual 
cages with a 12-hr light-12-hr dark schedule. Behav- 
ior was observed and rectal temperature was moni- 
tored for an 8-hr period during experiments. Cannu- 
lae were implanted into the cisterna magna to permit 
serial collection of CSF [11]. CSF samples of 1.0 ml 
were collected at 2-hr intervals throughout control 
and experimental periods, and the major metabolites 
of 5-hydroxytryptamine (5-HT) and dopamine, 5-hyd- 
roxyindolacetic acid (5-HIAA) and homovanillic acid 
(HVA), respectively, were assayed fluorometri- 
cally [12,13]. Diphenhydramine hydrochloride 
(Sigma), dissolved in saline, was administered intra- 
peritoneally in doses producing sedation (0.7 mg/kg), 
excitation and tremor (10 and 20 mg/kg), and convul- 
sion (30 mg/kg). Phenindamine tartrate (gift from 
Hoffmann-La Roche), was dissolved in saline, and 
administered in a dose producing excitation, tremor 
and stereotypy (10 mg/kg). All doses are expressed in 
terms of free base. As a control, saline was adminis- 
tered i.p. on the day preceding antihistaminic injec- 
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tion. CSF samples were collected |-hr prior to injec- 
tion and at 1-, 3-, 5-, 7- and 24-hr post-injection inter- 
vals. Cats were grouped according to drug and dose 
received, and the individual metabolite levels at each 
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Fig. 1. Effects of diphenhydramine on 5-HIAA concen- 
trations in feline CSF. Solid line ( ) represents response 
to diphenhydramine, dashed line ( ), response to 
saline injection. Each point represents the average of five 
or six cats + S. E. Significant differences from control 
values have been labeled with an asterisk (*) where P is 
at least less than 0.05. Arrow (7) indicates time of injection. 
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time point after the drug were paired with the re- 
sponse to saline in the same animal and analyzed 
with the paired Student’s t-test; thus, each animal 
served as his own control. 


RESULTS 


Diphenhydramine, administered at 0.7 mg/kg, i-p., 
produced sedation and EEG synchrony, but no 
changes from control levels of 5-HIAA or HVA or 
in rectal temperature. Doses of 10 and 20 mg/kg pro- 
duced excitation, increased sympathetic nervous sys- 
_ tem activity, and induced tremor beginning minutes 
after injection and remaining 4-6hr after injection, 
while significantly elevating 5-HIAA levels at 3 and 
Shr post-injection. No change occurred in HVA 
levels or rectal temperature (Fig. 1). A dose of 
30 mg/kg of diphenhydramine produced tonic-clonic 
convulsions, elevated both 5-HIAA and HVA levels, 
and decreased rectal temperature 1.5 to 2.5°. Convul- 
sions occurred within 20 min of injection and tem- 
perature decrease occurred within 45 min of injection 
and returned to control within 25 hr (Fig. 2). 

Phenindamine at a dose of 10 mg/kg produced exci- 
tation, increased sympathetic nervous system activity, 
and induced tremor (similar to the behaviors and time 
course seen at 10 and 20 mg/kg of diphenhydramine). 
It also induced stereotyped behaviors such as repeti- 
tive licking or scratching. This dose elevated both 
5-HIAA and HVA with no change in rectal tempera- 
ture (Fig. 3). 
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Fig. 2. Effects of diphenhydramine on HVA (0) and 
5-HIAA (@) concentrations in feline CSF. Solid line ( ) 
represents response to diphenhydramine; dashed line 
( ), response to saline injection. Each point represents 
the average of five or six cats + S. E. Significant differences 
from control values have been labeled with an asterisk 


(*) where P is at least less than 0.05. Arrow (7) indicates - 


time of injection. 
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Fig. 3. Effects of phenindamine on HVA (0) and 5-HIAA 
(@) concentrations in feline CSF. Solid line (——) rep- 
resents response to phenindamine; dashed line (-—-—-), 
response to saline injection. Each point represents the aver- 
age of five or six cats + S. E. Significant differences from 
control values have been labeled with an asterisk (*) where 
P is at least less than 0.05. Arrow (7) indicates time of 
injection. 


DISCUSSION 


The inability of low doses of diphenhydramine 
(0-7 mg/kg) to affect the CSF levels of 5-HIAA or 
HVA suggests that sedation and EEG-synchroniza- 
tion are unrelated to an alteration in the balance of 
5-HT or dopamine metabolism. It is known that 
diphenhydramine has anticholinergic properties [14] 
and anticholinergic drugs have been shown to pro- 
duce sedation and EEG synchrony [15]. It may be 
that these effects are associated with the anticholiner- 
gic properties of diphenhydramine [1, 16]. 

Doses of diphenhydramine and phenindamine that 
produced excitation and tremor elevated levels of 
5-HIAA, indicating increased 5-HT metabolism. 
These data are in harmony with the findings of Gra- 
hame-Smith [4], who suggested increased serotoner- 
gic activity in a hyperactive syndrome seen after 
l-tryptophan administration in the presence of a 
monoamine oxidase inhibitor, and Kelly and Nay- 
lor [5], who suggested a possible serotonergic role in 
the production of tremor by harmine. The increased 
5-HT metabolism which is temporally related to the 
production of excitation and tremor (see Figs. 1 and 
3) after diphenhydramine and phenindamine suggests 
a serotonergic interaction in these behaviors. Unfor- 
tunately our experimental design does not permit a 
distinction between an excitatory role for S-HT under 
these conditions or excitation of an inhibitory system 
in response to behavioral activation. 





Effects of antihistaminic drugs on 


After a convulsant dose of diphenhydramine 
(30 mg/kg, i.p.), there followed an increase in both 
5-HIAA and HVA levels, as well as a fall in rectal 
temperature. These data agree with the findings of 
Cooper et al.{17] and Schildkraut and Dras- 
koczy [18], who reported an increase in 5-HT and 
dopamine metabolism after electroconvulsive shock, 
and of McMillen and Isaac[{19], who reported in- 
creased 5-HT and dopamine metabolism after penty- 
lenetetrazole convulsions. The time course of 5-HIAA 
elevation after convulsion with diphenhydramine is 
of longer duration than the elevation after excitant 
doses (10 and 20 mg/kg). This persistence of increased 
5-HT metabolism may be a reflection of decreased 
rectal temperature. Isaac [20] has reported that there 
is an increase in CSF 5-HIAA levels in cats after a 
lowering of body temperature. 

Phenindamine, at a dose of 10 mg/kg, i.p., produced 
excitation and tremor similar to that seen at 10 or 
20 mg/kg of diphenhydramine, as well as producing 
stereotypic behavior. This effect occurs while both 
5-HT and dopamine metabolism are increased. 
Chiueh and Moore[21] have suggested that 
d-amphetamine and methylphenidate, drugs which 
produce stereotypy, release dopamine from brain, 
leading to increased metabolism of dopamine. The 
increased HVA levels found after phenindamine sug- 
gest that the stereotypy may be due to an action on 
dopaminergic systems. 
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NADH SYNERGISM OF MICROSOMAL ANILINE 
METABOLISM IN THE PRESENCE OF 
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Abstract—NADH, which normally has no effect upon the NADPH-dependent metabolism of aniline 
by the microsomal fraction, exerted a synergistic effect in the presence of various enhancing agents, 
including acetone. Acetone enhanced the rate of aniline metabolism but inhibited the NADPH-depen- 
dent reduction of cytochrome P-450, showing that this is not the rate-limiting step in the metabolism 
of aniline. It is suggested, however, that acetone might facilitate the transfer of the second electron 
to cytochrome P-450 and that this may normally be the rate limiting step in the metabolism of aniline. 
The increase in metabolism did not, of itself, appear to be responsible for the synergistic effect exhibited 


by NADH in the presence of enhancing agents. 


Various compounds have been found to enhance the 
metabolism of aniline, a type II substrate, by the 
hepatic microsomal fraction in vitro, following their 
addition to the reaction mixture [1,2]. The metabo- 
lism of type I substrates is however, unaffected or 
even inhibited by these enhancing agents. 

The metabolism of type I substrates by the micro- 
somal fraction in the presence of an excess of 
NADPH is further stimulated by the addition of 
NADH [3,4]. The metabolism of type II substrates, 
on the other hand, does not exhibit this rate-increas- 
ing synergism between NADH and NADPH [5]. It 
has been suggested that the synergistic effect of 
NADH may be explained by NADH supplying the 
second electron to the oxygenated cytochrome P-450- 
substrate complex preferentially to, and more rapidly 
than, NADPH [6, 7], or that it may represent an elec- 
tron-sparing effect by NADH for NADPH [8, 9]. 

The present work suggests that there may be more 
than just a casual relationship between these two 
apparently unrelated phenomena, the enhancement of 
aniline metabolism and NADH synergism. In the 
presence of enhancing agents NADH exerts a syner- 
gistic effect on the metabolism of a type II substrate, 
and this may not simply be a consequence of the 
increased rate of metabolism. It is suggested that 
enhancing agents might be producing their effect on 
the metabolism of type II substrates by facilitating 
the transfer of the second electron to the cytochrome 
P-450 complex. 


MATERIALS AND METHODS 


Preparation of the microsomal fraction. The micro- 
somal fraction from the livers of male Wistar albino 
rats, weighing between 200 and 250g, was prepared 
by the method of Ernster et al. [10] in 0.25 M sucrose 
containing 0.05M Tris-HCl buffer, pH 7.4, and 
adjusted to give a protein concentration of around 
8 mg/ml. Protein was determined by the method of 
Lowry et al. [11] with crystalline bovine serum albu- 
min as a standard. 
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Assay. The metabolism of foreign compounds by 
the freshly prepared hepatic microsomal fraction was 
measured over 30 min at 37° with a reaction mixture 
containing 4mg of microsomal protein, Tris-HCl 
buffer, pH 7.4 (112 umole), MgCl,(10 umole), nico- 
tinamide (50 umole), KCN (0.8 umole), glucose-6- 
phosphate (25 umole), glucose-6-phosphate: NADP* 
oxidoreductase (EC 1.1.1.49) (2 units), NADP* 
(1 umole), NADH (2 smole) as appropriate, and either 
ethylmorphine HCl (10umole) or aniline HCl 
(5 umole), all in a final incubation vol of 2 ml. For- 
maldehyde formed from ethylmorphine was trapped 
with semicarbazide HCI (10 umole) and measured by 
the method of Nash [12]. The formation of p-amino- 
phenol from aniline was measured by the method of 
Schenkman et al. [13]. The enhancing agent paraoxon 
interferes with the colour reaction for p-aminophenol 
and in these studies p-aminophenol was first extracted 
with organic solvent as described by Mazel [14]. In 
some studies the disappearance of aniline from the 
reaction mixture was measured directly by the 
method of Bratton and Marshall [15]. The oxidation 
of NADH and NADPH by the microsomal fraction 
was measured at 340 nm by the method of Netter 
and Illing [16] in the presence of 0.2mM EDTA to 
inhibit the microsomal nucleotide pyrophospha- 
tase [17]. NADPH-cytochrome P-450 reductase was 
measured by a modification of the method of Gigon 
et al.[{18] as described previously [19]. The enhanc- 
ing agents employed were acetone [20], 2,2’-bipyri- 
dyl[21], metyrapone [22],  paraoxon[23], and 
1,10-phenanthroline [21], all at concentrations pre- 
viously found to produce the maximum increase in 
aniline metabolism [24]. 


RESULTS 


Effects of acetone and cyanide upon the synergistic 
effect of NADH. Figure 1 shows that NADH failed 
to exert a synergistic effect upon the metabolism of 
aniline, a type II substrate, thus confirming previous 
reports [5,25]. The addition of acetone to the reac- 





G. Powis, L. LYon and D. McKILLop 


ana 


1 





- 


mg. 30 min~ 


Aniline hydroxylation nmol 





ea 





= 
10°3 





KCN ([M] 
Fig. 1. Effect of acetone and cyanide upon the synergistic 
effect of NADH on the metabolism of aniline. Metabolism 
was determined as described in the text at various cyanide 
concentrations O, with a NADPH-generating system; @, 
with a NADPH-generating system and 1 mM NADH; CO, 
with a NADPH-generating system in the presence of 
0.75 M acetone; @, with a NADPH-generating system and 
1mM NADH in the presence of 0.75M acetone. Each 
point is the mean of four observations and bars represent 

S.E.M. 


tion mixture resulted in the enhancement of aniline 
metaboiism, as expected[1,2], and also in the 
appearance of a synergistic effect by NADH. Similar 
effects were noted when aniline metabolism was 
measured over a much shorter period, 10 min, when 
the rate of metabolism was linear. For convenience 
and ease of measurement, however, a 30-min incuba- 
tion period was routinely employed. Acetone also 
produced an inhibition in the metabolism of ethyl- 
morphine, a type I substrate, and produced no further 
increase in the synergistic effect of NADH upon the 
metabolism of ethylmorphine (Fig. 2). 

Cyanide had no effect upon the metabolism of 
aniline, apart from a small inhibition at higher con- 
centrations, nor upon the enhancement of aniline 
metabolism by acetone, nor upon the synergistic effect 
of NADH in the presence of acetone (Fig. 1). This 
contrasts with the small potentiation of the synergistic 
effect of NADH upon the metabolism of ethylmor- 
phine by cyanide, an effect attributed to an inhibition 
of the microsomal stearate desaturase system [5] and 
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Fig. 2. Effect of acetone and cyanide upon the synergistic 
effect of NADH on the metabolism of ethylmorphine. 
Metabolism was determined as described in the text at 
various cyanide concentrations O, with a NADPH-generat- 
ing system; @, with a NADPH-generating system and 
1mM NADH; 0D, with a NADPH-generating system in 
the presence of 0.75 M acetone; M, with a NADPH-gener- 
ating system and 1mM NADH in the presence of 0.75 
acetone. Each point is the mean of four observations and 
bars represent S.E.M. 


an inhibition of ethylmorphine metabolism in the 
absence of acetone above 0.3mM KCN (Fig. 2). The 
effects of cyanide were, however, somewhat variable 
and in this series of experiments cyanide had less of 
an inhibitory effect upon ethylmorphine metabolism 
than in another series of experiments shown in Table 
L. 

Effect of various enhancing agents upon the synergis- 
tic effect of NADH. Table 1 shows the effect of various 
enhancing agents upon the synergistic effect of 
NADH upon the metabolism of aniline and ethylmor- 
phine. KCN was included in the reaction mixture at 
a concentration, 0.4mM, known to produce almost 
a 90 per cent inhibition of the microsomal stearate 
desaturase pathway [25] although it had no observ- 
able effect upon aniline metabolism. In the presence 
of all the enhancing agents tested, excepted for metyr- 
apone, NADH exerted a synergistic effect upon the 
metabolism of aniline, of a similar magnitude to its 
effect upon the metabolism of ethylmorphine. This 
suggests therefore that enhancing agents produce 
their effect by stimulating the transfer of electrons to 


Table 1. Effect of enhancing agents upon the NADH-mediated synergism of the hepatic microsomal mixed function 
oxidase 





Aniline hydroxylation 


Ethylmorphine demethylation 





NADPH 


(nmole/mg 30 min“! 


NADPH + NADH 
) (nmole/mg 30 min~') 


NADPH + NADH 
(nmole/mg 30 min~') 


NADPH 
(nmole/mg 30 min~*) 





Control 

Acetone 0.75 M 
2.2'-bipyridyl 2.5 mM 
Metyrapone | mM 
Paraoxon 5mM 
1,10-phenathroline 4mM 


11.1 +10 
44.14 1.2 
28.9 + 1.7 
13.8 +03 
31.0 + 3.7 
21.9 + 0.3 


12.5 + 1.0 
58.5 + 0.9t 
35.0 + 0.7* 
14.5 +09 
52.8 + 2.4t 
26.0 + 0.3+ 


131.3 + 4.5 
104.5 + 3.0 
97.8 + 4.5 
72.8 +99 
85.3453 
79.5 + 3.0 


179.3 + 9.9t 
146.0 + 9.9+ 
123.0 + 3.5t 
93.8 + 5.3 
114.8 + 4.5t 
62.8 + 8.6 





Metabolism was determined as described in the text, in the presence of 0.4mM KCN, with a NADPH-generating 
system. NADH was added at a concentration of 1 mM. Values are the mean + S.E.M. of four observations. *P < 0.05, 


+P < 0.01 compared to the value in the absence of NADH. 





Microsomal aniline metabolism in the presence of enhancing agents 


Table 2. Effect of enhancing agents upon the oxidation of NADPH and NADH by 
the hepatic microsomal fraction 





NADH metabolism 
(nmole/mg min~') 


NADPH metabolism 
(nmole/mg min~') 





Control 

Acetone 0.75 M 
2,2'-bipyridyl 2.5 mM 
Paraoxon 5mM 


7.7414 
1S.7 + 1.7° 
11.6 + 0.4* 
16.5 + 0.St 


18.4 + 0.8 
25.6 + 1.4t 
25.8 + 1.1t 
29.7 + 0.5t 





The metabolism of NADH or NADPH, at an initial concentration of 33 uM, was 
measured by the decreased absorption at 340 nm over 90s, at 25°. The reaction mix- 
ture contained Tris-HCI buffer pH 7.4, 0.1 M, nicotinamide 0.4mM, EDTA disodium 
0.2 mM, potassium cyanide 0.4mM, MgCl, 3 mM, and a microsomal protein concen- 
tration of 0.5 mg/ml. Values are the mean +S.E.M. of four determinations. *P < 0.05, 
+P < 0.01 compared to the appropriate control. 


cytochrome P-450 rather than through an action on 
the stearate desaturase pathway, as has been sug- 
gested by Soliman et al. [26]. A similar effect of ace- 
tone and NADH was observed when the disappear- 
ance of aniline from the reaction mixture was 
measured directly (results not shown). The synergistic 
effect of NADH upon the metabolism of ethylmor- 
phine was relatively unaffected by the presence of ace- 
tone, 2,2’-bipyridyl and paraoxon but was inhibited 
by metyrapone and 1,10-phenanthroline. 

Effect of enhancing agents upon the oxidation of 
NADH and NADPH by the hepatic microsomal frac- 
tion. The enhancing agents tested all produced an in- 
crease in the oxidation of both NADH and NADPH 
by the microsomal fraction in the absence of any sub- 
strate for the mixed function oxidase (Table 2) 
although of course the concentration of nucleotides 
used was much lower than those employed in the 
studies on ethylmorphine and aniline metabolism. 
Similar changes were found in the presence of either 
5mM aminopyrine or 5mM aniline, both of which 
themselves produced a small increase in the metabo- 
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Fig. 3. Effect of acetone on hepatic microsomal NADPH- 
cytochrome P-450 reductase. Cytochrome P-450 reductase 
was determined as described in the text, 0 in the absence 
of any added substrate, I, in the presence of a type I sub- 
strate (3mM aminopyrine) and II, in the presence of type 
II substrate (12mM aniline). The broken line shows the 
effect of 0.75M acetone. Each line represents the mean 
of four determinations. 


lism of NADH and NADPH (these results are not 
shown). 

Effect of acetone upon NADPH-cytochrome P-450 
reductase. Type II substrates such as aniline have 
been found to inhibit the NADPH dependent reduc- 
tion of microsomal cytochrome P-450 [18] which, it 


‘has been suggested, may represent the rate-limiting 


step in the microsomal metabolism of foreign com- 
pounds [27]. Vainio and Hanninen [8] have reported 
that acetone partly reverses the inhibition of 
NADPH-cytochrome P-450 reductase produced by 
aniline and they have suggested that this might 
explain, at least in part, the enhancing effect of ace- 
tone. We have been unable to confirm this finding 
and we have found that acetone inhibits NADPH 

cytochrome P-450 reductase, in the absence and in 
the presence of a type I substrate such as aminopyrine 
(Fig. 3). The inhibitory effects of aniline and acetone 
do not however, appear to be additive. 

Relationship between the rate of metabolism and 
NADH synergism. There appears to be no direct rela- 
tionship between the rate of ethylmorphine metabo- 
lism and the magnitude of the synergistic effect of 
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Fig. 4. The synergistic effect of NADH upon the microso- 

mal metabolism ethylmorphine. Metabolism was measured 

as described in the text over a period of 30 min with either 

O, a NADPH-generating system or @, a NADPH-generat- 

ing system and NADH added at an initial concentration 

of 1 mM. Each point is the mean of six observations and 
bars represent S.E.M. 
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Fig. 5. The synergistic effect of NADH upon the intial 
rate of ethylmorphine metabolism. Metabolism was 
measured over a period of 5 min with either O, a NADPH- 
generating system or @, a NADPH-generating system and 
NADH added at an initial concentration of 1 mM. 


NADH. When the concentration of ethylmorphine 
was lowered and became rate-limiting NADH still 
exerted a synergistic effect, even at the lowest rates 
of metabolism (Fig. 4). These lower rates are compar- 
able with the control rates of aniline metabolism 
where NADH exerted no synergistic effect. Fig. 5 is 
included to show the effect of NADH upon the initial 
rates of ethylmorphine metabolism, measured over 
the first 5 min when the rate of metabolism is linear. 
NADH had no effect upon the affinity of ethylmor- 
phine for the enzyme system but increased the maxi- 
mal rate of metabolism. The synergistic effect of 
NADH was apparent even at the lowest rates of 
metabolism. NADH exerted no synergistic effect upon 
the initial rate of aniline metabolism measured in a 
similar manner (these results are not shown). 


DISCUSSION 


NADPH-cytochrome P-450 reductase has been 
suggested to be the rate-limiting step in the microso- 
mal metabolism of foreign compounds [27] and it is 


thought that the binding of type I substrates to cyto- 


chrome P-450 may change the oxidation—reduction 
potential of the complex to a level where it can more 
readily accept electrons at the first and also the 
electron transfer sites [5]. NADPH-cyto- 
chrome P-450 reductase is, however, unlikely to be the 
rate-limiting step in the metabolism of aniline since 
the results obtained in the present study show that 
acetone, which enhances the metabolism of aniline, 
fails to stimulate NADPH-cytochrome P-450 reduc- 
tase. Correia and Mannering[5] have pointed out 
that there is evidence from work on cytochrome 
P-450...m [29] that the overall rate of hydroxylation 
reactions may be controlled by the rate of introduc- 
tion of the second rather than the first electron. Ani- 
line normally appears to inhibit the transfer of the 
first electron, as shown by a decreased rate of reduc- 
tion of cytochrome P-450 by NADPH, and it might 
be having a similar inhibitory effect upon the transfer 
of the second electron. Enhancing agents possibly act 
to overcome this inhibition. 


second 


it has been suggested that NADH can supply the 
second electron to the oxygenated cytochrome P-450 
substrate complex preferentially to, and more rapidly 
than NADPH [6,7], and the appearance of a syner- 
gistic effect of NADH upon the metabolism of aniline 
in the presence of enhancing agents argues for a facili- 
tation of the transfer of the second electron being 
the mechanism of action of enhancing agents. There 
is however a caveat to such a suggestion for it is 
implicit in the original suggestion that NADH may 
supply the second electron at a faster rate than 
NADPH [5, 6, 7] that the synergistic effect of NADH 
is dependent upon the rate of turnover of cytochrome 
P-450. With a type II substrate, such as aniline it 
was suggested that the rate of metabolism would not 
be sufficient to increase the demand for the second 
electron above that which could be supplied by 
NADPH [5]. An increase in the rate of metabolism 
of aniline leading to an increased turnover of cyto- 
chrome P-450 would therefore be expected to lead 
to an increased synergistic. effect of NADH. Results 
obtained in the present study would suggest however, 
that there is no simple relationship between the rate 
of metabolism and the extent of NADH synergism, 
at least for the metabolism of ethylmorphine and the 
same may be true for aniline. The simplest explana- 
tion for the effect of enhancing agents in promoting 
NADH synergism and aniline metabolism is that they 
act at a point common to both processes, that is by 
facilitating transfer of the second electron. 

The synergistic effect of NADH upon the metabo- 
lism of type I substrates has also been explained as 
an electron sparing effect by NADH for NADPH 
when the substrate is a partial uncoupler of the mic- 
rosomal mixed function oxidase [8]. On the basis of 
this theory it might be expected that substrates such 
as aniline, which exhibit no synergistic effect by 
NADH, are tightly coupled and that enhancing 
agents can promote an uncoupling leading to the 
appearance of a synergistic effect. It would also be 
expected that uncoupling by enhancing agents would 
then lead to a decrease in the rate of aniline metabo- 
lism rather than an increase, as is observed. It is only 
possible to reconcile the findings of both enhance- 
ment and synergism with this theory if it is assumed 
that they are two completely independent pheno- 
mena. 

There remains the problem of the relationship of 
the type I binding site on the cytochrome P-450 to 
the phenomenon of enhancement. It is known that 
enhancing agents require an intact type I binding site 
to produce their effect [24,2] and Vainio and Han- 
ninen [28] have suggested that there might be a corre- 
lation between the enhancement of aniline metabo- 
lism by acetone and their observation of an increased 
type I spectral change produced by a mixture of ani- 
line and acetone. We have, however, been unable to 
repeat this observation. Netter and Illing[16] have 
suggested that the second electron is preferentially 
donated by NADH only to a type I substrate-cytoch- 
rome P-450-oxygen complex, which can be detected 
by its absorption at 440 nm [28]. Type II substrates, 
such as aniline, do not form such intermediary com- 
plexes. There is however, no evidence for the forma- 
tion of an intermediary complex by aniline in the 
presence of acetone, or by acetone itself (Powis, un- 
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published observations). Thus, although a type I site 
is required for the enhancing action of acetone it does 
not appear that aniline is transformed into a type 
I substrate. 

In conclusion therefore it has been shown that 
enhancing agents lead to an increase in the rate of 
aniline metabolism and the appearance of a synergis- 
tic effect by NADH, but indirect evidence suggests 
that the increase in the rate of metabolism may not 
be directly related to the appearance of NADH syner- 
gism. Rather, it is suggested, enhancing agents act to 
facilitate the transfer of the second electron to the 
cytochrome P-450 complex, by a mechanism as yet 
unknown but probably involving an interaction with 
the type I binding site, and that this accounts for 
the observed increase in the rate of aniline metabo- 
lism and the synergistic effect of NADH. 
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Abstract 


The effects of morphine and adrenaline on lipolysis have been studied. In vivo studies show 


that both acute and chronic morphinization enhance lipase activity. In vitro addition of morphine 
produces a “dose-dependent” increase in the rate of fatty acid release, maximal activation being pro- 
duced by 2.5mM morphine. Chronically morphinized fat pad is insensitive to morphine added in 
vitro. However chronic morphinization does not completely abolish the sensitivity of the tissue to 
adrenaline. When normal fat pad is incubated in the presence of 2.5mM morphine and submaximal 
concentrations of adrenaline (1-50 uM), there is an additive effect. Results from this study indicate 
that morphine may exert its effect via the same mechanism as adrenaline and suggest that the receptor 
on the plasma membrane has higher affinity for adrenaline than for morphine. 


In a recent publication, it was reported that both 
acute and chronic morphinization enhanced the ac- 
tivities of two gluconeogenic enzymes in rat liver in 
vivo [1]. This effect may be explained on the basis 
that morphine, having a structure which is analogous 
to both adrenaline and hydrocortisone, may mimic 
the effects of the two hormones on the gluconeogenic 
enzymes. Since it is well established that adrenaline 
enhances lipolysis [2], it is therefore of interest to 
examine if morphine has a similar effect on adipose 
tissue. 

In this paper, we report the results of a study of 
the in vivo effects of morphine on lipolysis in both 
acute and chronically treated animals, and the in vitro 
effects of morphine on the rate of fatty acid release 
by epididymal fat pads of both normal and chroni- 
cally morphinized rats. Acute additive effect of 
adrenaline and morphine has also been investigated 
in normal rats. 


MATERIALS AND METHODS 


Animals. Male albino rats weighing 200-250 g were 
used throughout the experiment. They were allowed 
free access to food and water. Chronically mor- 
phinized animals received intraperitoneal (i.p.) injec- 
tion of morphine according to the method of Gourley 
[3] for 17 days while control animals received the 
same volume of saline injection. Chronic morphiniza- 
tion had no effect on the well-being of the animal. 
Size of fat pads from chronically morphinized animals 
was not significantly different from those of normal 
control. Animals under acute treatment received only 
a single injection of morphine (30 mg/kg body wt) i.p. 
1.5 hr before sacrifice. 

Chemicals. All chemicals used were of analytical 
grade. Glycerol [1-'*C]trioleate was obtained from 
the Radiochemical Centre, Amersham. Tween 80, 
bovine serum albumin (fraction V), TEAE (Triethyla- 
minoethyl)-cellulose, diethyldithiocarbamic acid 
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(sodium salt) and adrenaline were obtained from 
Sigma Chemical Co. (St. Louis, Mo.). 

Preparation of extract and determination of lipolytic 
activity. Rats were decapitated and their epididymal 
fat pads were immediately removed and washed in 
a solution of Krebs-Ringer bicarbonate buffer pH 7.4 
which contained 3°, “treated albumin” poor in fatty 
acid content [2]. Bovine serum albumin (fraction V) 
was pre-treated by the method of Goodman [4] to 
remove the endogenous fatty acid present in the prep- 
aration. 

Tissue extracts were obtained by homogenizing the 
fat pads in 3 vol. of ice-cold 0.25 M sucrose solution 
in a glass chamber with a Teflon pestle and the super- 
natant was obtained by centrifugation at 16,000 g for 
10 min [5]. Lipolytic activity in the supernatant was 
measured by the modification of the method of Zieve 
[6] in which the substrate was prepared by suspend- 
ing 200 mg [1-'*C]triolein (sp. act. 0.15 wCi/umole) 
in 10 ml of 100 mM Tris-HCl (pH 7.4) containing 5°, 
bovine serum albumin, 20mM CaCl, and 0.125% 
Tween 80 and sonicating for | min at room tempera- 
ture. Reaction mixture contained 20 yl substrate in 
a final volume of 50 yl. The tubes were incubated for 
50 min at 37° and stopped by addition of | ml of 
chloroform—methanol (5:1). The entire mixture was 
applied to a TEAE-cellulose column (0.5 x 3 cm). 
The column was washed with 20 ml of chloroform 
methanol (5:1) and labelled fatty acid was then eluted 
with 3 ml of 0.2°%% acetic acid in methanol. The 3-ml 
eluate was collected directly into scintillation vial. 
The whole chromatographic procedure took 
10-15 min. 

For in vitro experiments, epididymal fat pads of 
size 0.35-0.50g were incubated in Krebs-Ringer 
bicarbonate medium pH 7.4 containing 3° albumin 
(poor in fatty acids) for | hr in the presence of varying 
concentrations of morphine or adrenaline or both. As 
Rizack [5] has pointed out that preincubation of fat 
pads in a medium without glucose leads to inactiva- 
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Table |. The in vitro effects of morphine on lipolysis 





State of rats 


No. of rats 


Lipase activity 


(Mean + S.E.M.) Difference 





Saline-treated (control) 5 


Morphine-treated for 
1.5 hr (acute effect) 
Saline-treated (control) 


Chronically morphinized 4 


0.355 + 0.026 
0.262 + 0.09 
(P < 0.02) 
0.617 + 0.073 


0.362 + 0.017 
0.204 + 0.06 
(P < 0.02) 

0.566 + 0.062 





Lipase activity is expressed as ymoles fatty acid released from [1-'*C]triolein per g tissue per hr. 


tion of lipase activity in the tissue extract, we adopted 
a more direct method for assaying lipolytic activity 
in vitro by measuring the amount of fatty acids 
released into the incubation medium by the method 
of Duncombe [7]. There is no direct evidence that 
endogenous reesterification of fatty acid in the fat pad 
is always negligible in the present experiment but 
from Vaughan and Steinberg’s [8] study of hormone- 
sensitive lipase activity in adipose tissue, we can 
deduce that the rate of reesterification is very slow 
comparing to lipolysis. Vaughan and Steinberg 
assayed lipase activity by two different methods 

determinations of glycerol produced and release of 
fatty acids. The ratio of fatty acid released to glycerol 
produced per g tissue per hr was approximately 3 
(Lipase activity assayed by the 2 methods at pH 7.0 
was 10.8 ymoles glycerol produced per g per hr and 
31.8 eq fatty acid released per g per hr respectively). 


RESULTS 


Acute and chronic effects of morphine administration 
on lipase activity in vivo. Acute treatment of rats with 
morphine | hr prior to sacrifice has no effect on lipase 
activity (data not presented here) but as the period 
of exposure to the drug is prolonged to 1.5 hr, there 
is a significant increase of lipase activity (74% eleva- 
tion) as shown in Table |. The lipase activity from 
chronically treated animals is significantly higher than 
that of normal control but the extent of increase after 
chronic treatment is only 56 per cent. 


Effects of varying morphine concentration on fatty 
acid release by isolated epididymal fat pads of normal 
and of chronically morphinized rats. Our results show 
that morphine enhances the rate of fatty acid release 
from epididymal fat pads, maximal rate being 
attained with a morphine concentration of 2.5mM 
(Table 2). On the other hand, fat pads from chroni- 
cally morphinized animals have lost their sensitivity 
to morphine added in vitro. Though the rate of fatty 
acid release by epididymal fat pads from chronically 
morphinized rats is significantly greater than that of 
normal (difference being 0.92 + 0.09, P < 0.001), 
there is no further increase in the release of fatty acids 
upon in vitro addition of morphine. 

In vitro effects of adrenaline on fatty acid release 
by epididymal fat pads of normal and of chronically 
morphinized rats. Our results show that in normal 
rats, the saturating dosage of adrenaline is 100 uM. 
Further increase of the albumin in the assay to 6% 
does not enhance fatty acid release (Table 5). How- 
ever, with epididymal fat pads from chronically 
treated animals, the stimulatory effect of adrenaline 
still persists but the maximal activity achieved has 
dropped by 53 per cent (Table 3). Thus chronic mor- 
phinization has not completely abolished the sensi- 
tivity of the tissue to adrenaline but the extent of 
increase of fatty acid release is lower than that 
demonstrated in normal rats. 

Combined effects of morphine and adrenaline on fatty 
acid release by epididymal fat pads of normal rats. 
Morphine does not modify the effect of adrenaline 


Table 2. The in vitro effects of morphine on fatty acid release by epididymal fat pads of normal 
and of chronically morphinized rats 





Normal Rats 


Chronically 
morphinized rats 





Concn. of 
Morphine 
(mM) 


No. of 
rats 


release 


Rate of fatty acid 


(Mean + S.E.M.) 


Rate of fatty acid 
release 
(Mean + S.E.M.) 





0) 4 0.95 + 0.04 
0.50 1.46 + 0.31 
1.25 1.62 + 0.10 
2.50 3.05 + 0.13 
3.75 1.77 + 0.12 
5.00 1.47 + 0.11 


1.87 + 0.08 


1.98 + 0.20 
1.93 + 0.14 


6 2.16 + 0.13 





Fat pads of size 0.35—-0.50 g were incubated at pH 7.4 and 37° for 1 hr in oxygenated Krebs-Ringer 
bicarbonate medium (2 ml) containing 3% albumin + morphine at varying concentrations. Rate of 
fatty acid release is expressed as ymoles of fatty acids released per g tissue per hr. 
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Table 3. The in vitro effects of adrenaline on fatty acid release by epididymal fat pads of normal 
and of chronically morphinized rats 





Normal Rats 


Chronically 
morphinized rats 





Concn. of 
Adrenaline No. of 


rats 


release 


Rate of fatty acid 


(Mean + S.E.M.) 


Rate of fatty acid 
release 
(Mean + S.E.M.) 





hRODAOxALhN 
DADHMwWNO 
eee eS 

NRIa— 
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CODWHhLNIN 


weno 
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1.53 + 0.14 
2.19 + 0.23 
3.25 + 0.30 
3.00 + 0.13 
3.27 + 0.33 





Fat pads of size 0.35—0.50 g were incubated at pH 7.4 and 37° for | hr in oxygenated Krebs-Ringer 
bicarbonate medium (2 ml) containing 3° albumin + adrenaline at varying concentrations. Rate of 
fatty acid release is expressed as ymoles of fatty acid released per g tissue per hr. 


in stimulating fatty acid release from adipose tissue. 
Since 2.5mM morphine has been shown to be the 
concentration that produced maximal effect (Table 2), 
it is chosen as the concentration for additive studies. 
At submaximal concentrations of adrenaline (from 
1 uM to 50 uM), addition of 2.5mM morphine pro- 
duces additive results, but when solution of this con- 
centration of morphine is added to a 100 uM adrena- 
line solution (saturating dosage), the effects are not 
additive (Table 4). Increasing albumin concentration 
in the incubation medium to 6% does not alter the 
result of this investigation (Table 5). 


DISCUSSION 


It is obvious that a single dose of morphine does 
increase the lipolytic activity in rat adipose tissue 
(Table 1). Though injections of morphine generally 
promote the release of adrenaline from the adrenal 
medulla [9,10], rats are much less sensitive than 
other animals. Outschoorn [11] reported that after 
only one injection of morphine, there was no appreci- 
able change of adrenaline content in the adrenal 
gland within 20 hr while a significant depletion to 43 
per cent of the original value was achieved with four 


Table 4. Effect of in vitro addition of morphine and adrenaline on fatty acid release by epididymal fat pads of normal 
rats 





Concn. of 
Adrenaline 
(uM) 


Difference 
(Mean + S.E.M.) 


+2.5mM Morphine 
(Mean + S.E.M.) 


Control 
(Mean + S.E.M.) 





2.03 + 0.14 
(P < 0.001) 
1.62 + 0.20 
(P < 0.01) 

1.35 +615 
(P < 0.001) 
0.07 + 0.30 

(N.S.) 


0 0.95 + 0.3 2.98 + 0.12 


I 2.06 + 0.18 3.68 + 0.14 
10 4.94 + 0.40 6.49 + 0.62 


100 6.45 + 0.58 6.52 + 0.47 





Fat pads of size 0.35-0.50g were incubated at pH 7.4 and 37° for | hr in oxygenated Krebs-Ringer bicarbonate 
medium (2 ml) containing 3°%% albumin + morphine final concentration 2.5 mM and in which the adrenaline concentration 
was varied. In each experiment one fat pad served as a control for the other. Mean + S.E.M. are expressed as pmoles 
fatty acid released per g tissue per hr. 


Table 5. Effects of different concentrations of albumin on fatty acid release by epididymal fat pads of normal rats 





Rate of fatty acid release 

(Mean + S.E.M.) 

Difference 
(Mean + S.E.M.) 





No. of rats Drugs added 3% Albumin 6°, Albumin 





6.31 + 0.90 — 0.45 + 0.41 
(N.S.) 

— 0.23 + 0.67 
(N.S.) 


- + 100 uM Adrenaline 6.76 + 0.78 


4 + 100 uM Adrenaline 6.19 + 1.01 


+ 2.5mM Morphine 


6.42 + 0.90 





Fat pads of size 0.35-0.50g were incubated at pH 7.4 and 37° for | hr in oxygenated Krebs-Ringer bicarbonate 
medium (2 ml) containing adrenaline final concentration 100 uM + morphine final concentration 2.5 mM and in which 
the albumin concentration was varied. In each experiment, one fat pad served as a control for the other. Mean + S.E.M. 
are expressed as ymoles fatty acid released per g per hr. 
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injections of the drug at hourly intervals. This was 
later confirmed by Crawford [12] who found that 
four injections of morphine at 1-hr intervals evoked 
a definite rise in excretion of adrenaline in the 24-hr 
urine sample although a single injection of the drug 
did not have any effect. Since the present in vivo study 
is done with a single injection of morphine, it is unlik- 
ely that the activation of lipase activity is due to an 
increased release of adrenaline from the adrenal 
medulla. This dose of morphine (30 mg/kg body wt) 
can usually produce analgesia in 30min (tested by 
hot-plate technique). In the present study, it is found 
that there is a lag period of 1.5 hr before an effect 
on lipase activity can be demonstrated. Thus it is not 
certain whether this increase in lipase activity is a 
consequence of the direct action of morphine or is 
secondary to some other primary action in the whole 
animal. It is therefore desirable to investigate the 
effect of morphine on isolated fat pads. 

It can be seen from Table 2 that morphine does 
increase the amount of fatty acid release from isolated 
epididymal fat pads. This suggests that morphine has 
a direct effect on adipose tissue. The stimulatory effect 
of morphine in vitro is “dose-dependent”, with a maxi- 
mum being attained at 2.5 mM. Upon further increase 
in morphine concentration the rate reverts to normal. 
However this stimulatory effect of morphine in vitro 
is completely lost after chronic treatment. It appears 
that cells of adipose tissue have become adapted dur- 
ing chronic morphinization so that they no longer 
respond to morphine added in vitro. Cellular adap- 
tation to morphine in rats had been reported by many 


workers on various aspects [13-18]. Takemori [13] 


reported that morphine at a concentration of 
1 x 10°3M_ inhibited the K*-stimulated oxygen 
uptake of cerebral cortical slices from normal rats 
but failed to alter the stimulatory respiratory rate of 
slices from chronically treated animals. Hano et al. 
[14, 15] also showed cellular adaptation to morphine 
in rats made tolerant to 120 mg/kg body wt. Walsh 
et al. [16] also reported that the stimulatory effect 
of insulin on glucose-uptake by diaphragm of normal 
rats was lost after chronic morphinization. Besides, 
sensitivity of glucose-uptake by diaphragm to extra- 
cellular magnesium and potassium has also been 
abolished after chronic morphinization [17,18]. The 
present finding is in accordance with the idea of cellu- 
lar adaptation during chronic treatment. Though the 
rate of fatty acid release by epididymal fat pads from 
chronically morphinized rats is significantly greater 
than that of normal, it is not certain whether this 
is a result of an increase in amount of enzyme synthe- 
sized or activation of preformed enzyme molecules. 
Inhibitors of protein synthesis have not been used 
in the present study because Loh et al. [19] have 
shown that concomitant administration of protein 
synthesis inhibitors with morphine prevent the devel- 
opment of tolerance and physical dependence. 

It might therefore be expected that the chronically 
morphinized fat pads would be insensitive to the sti- 
mulatory effect of adrenaline. Our results show that 
this is not the case: the chronically morphinized fat 
pads still possess sensitivity to adrenaline, but the 
effect, compared with that of normal tissue, is greatly 
reduced and being saturated at a lower concentration 
of adrenaline (Table 3). Thus we were confronted with 


the problem whether adrenaline and morphine act 
differently. The problem may be resolved by testing 
the additivity of the effects of the two compounds. 
Our experimental results (Table 4) provide suggestive 
evidence that the two compounds may have a similar 
site of action, because at saturated concentration of 
adrenaline (100 uM), addition of morphine cannot 
produce any further increase in fatty acid release. This 
claim is valid only if the acceptor sites on the albumin 
are not saturated. Goodman [20] in studying the 
binding properties of serum albumin has reported 
that there are seven strong binding sites and more 
than twenty weaker sites for long chain fatty acids. 
We further confirm that the albumin present in the 
incubating medium is not rate-limiting by our finding 
that on increasing the concentration of albumin from 
3 to 6%, no further increase in fatty acid release can 
be demonstrated (Table 5). 

Since a much lower concentration of adrenaline can 
stimulate fatty acid release to the same extent as that 
by morphine (fatty acids released in the presence of 
5 uM adrenaline is being equivalent to that in the 
presence of 2.5mM morphine), it is speculated that 
the receptor has a much higher affinity for adrenaline 
than for morphine. Dunnick and Marinette [21] have 
shown that the two hydroxy groups of the benzene 
ring of adrenaline are important in the binding of 
the hormone to the plasma membrane thereby aug- 
menting the cyclic AMP level. As morphine also pos- 
sesses two hydroxy groups and a benzene ring, it may 
bind to the same site on the membrane and may also 
affect the cyclic AMP level. Morphine has been 
shown to potentiate the cyclic AMP level in the brain 
by many workers. Costa et al. [22] reported an in- 
crease in striated cyclic AMP level by acute morphine 
administration. Chou et al. [23] found that morphine 
significantly increased the activity of adenylate cyclase 
in mouse cerebral cortex. A recent study by Puri et 
al. [24] has shown that i.p. administration of mor- 
phine (30 mg/kg 1 hr before sacrifice) caused a signifi- 
cant increase in the striatal adenylate cyclase activity. 
The same authors found that morphine did inhibit 
phosphodiesterase both in vitro and in vivo when a 
high substrate concentration (3.3 x 10°*M_ cyclic 
AMP) was used. It is therefore speculated that mor- 
phine may promote an increase of cyclic AMP con- 
tent in the adipose tissue. However the present study 
does not rule out other possible mechanisms whereby 
morphine can exert its effects. 

Since chronic morphinization may have induced 
changes in the membrane structure [18], the recep- 
tor’s affinity of both adrenaline and morphine would 
be altered. As a consequence of chronic morphiniza- 
tion, the receptors may have lower affinity than those 
from normal tissue. Hence only adrenaline can bind 
to the receptor on the membrane of adipose tissue 
from chronically morphinized rats while morphine is 
withcut effect. This may offer an explanation for the 
differential effect of chronic morphinization on the 
sensitivity to adrenaline and morphine when given 
in vitro. 
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OR INJURED RABBIT AORTA* 
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Abstract—Effects of reserpine in vivo and in vitro on rabbit platelets in citrated platelet-rich plasma 
and in suspensions of washed platelets have been studied. Administration of reserpine (5 mg/kg) intra- 
peritoneally 18 hr before platelets were isolated caused inhibition of collagen-induced aggregation but 
not of aggregation induced by ADP or thrombin. Thrombin-induced aggregation was slightly enhanced. 
Platelets from reserpine-treated rabbits were less adherent than control platelets to collagen-coated 
glass surfaces or to the subendothelium of the rabbit thoracic aorta. Similar effects on aggregation 
were obtained when reserpine (0.2 to 104M) was added to suspensions of washed rabbit platelets 
as little as 2 sec before the addition of collagen. Collagen-induced release of nucleotides and ['*C]sero- 
tonin from prelabeled washed rabbit platelets was not affected by the presence of reserpine, whereas 
thrombin-induced release was slightly enhanced. Inhibition by reserpine (2-10 uM) of platelet adherence 
to a collagen-coated surface or to the subendothelium was also observed within a time interval too 
short for the reserpine to have caused depletion of platelet granule contents. Thus, reserpine has an 
immediate effect on the plasma membrane of the platelets which is responsible for inhibition of platelet 
adherence to collagen and hence of collagen-induced aggregation. This inhibitory effect differs from 
a much slower effect of reserpine at the granule membrane which results in the depletion of the 
granule contents of serotonin and adenine nucleotides. The effect of reserpine is not abolished by 
washing and resuspending platelets that have been exposed to reserpine in vivo. By inhibiting the 
interaction of platelets with collagen, reserpine may interfere with one of the components of hemostatic 


plug and thrombus formation. 


Reserpine is a lipid-soluble drug which is known to 
affect the membrane of the amine storage organelles 
of platelets, and to inhibit the transport of serotonin 
into these organelles[1,2]. Thus, reserpine depletes 
platelets of the serotonin that is normally present in 
their amine storage granules. A lipid-soluble drug 
would be expected to affect the plasma membrane 
also, and tritiated reserpine has been shown to bind 
to the plasma membrane of platelets in vitro [3]. It 
therefore seemed possible that reserpine might affect 
the response of platelets to some of the aggregating 
or release-inducing agents. Several investigators have 
reported that reserpine has little or no effect on plate- 
let aggregation induced by ADP or thrombin in 
vitro [4,5] or after administration in. vivo [6]. It has 
been found[6,7] to decrease platelet retention in 
glass bead columns, indicating that reserpine may 
have an effect on the interaction of platelets with sur- 
faces. Effects on collagen-induced aggregation do not 
seem to have been investigated previously. 

In this paper we report the effect of reserpine on 
the interaction of rabbit platelets with collagen, ADP 
and thrombin, and with the subendothelium of the 
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rabbit aorta. In some experiments, reserpine was 
added to washed platelets in vitro. In other exper- 
iments, washed platelets were prepared from rabbits 
given reserpine intraperitoneally 18 hr before collec- 
tion of the blood. In two experiments, reserpine was 
given intraarterially. 


MATERIALS AND METHODS 
Reserpine 

Reserpine used for the experiments in vitro and in 
vivo was a commercial product (Serpasil, Ciba). This 
product is solubilized in a diluent that contains a 
number of components. To ensure that none of these 
affected platelet function, control studies were done 
with the diluent obtained from Dr. R. Ellis, Ciba 
Pharmaceuticals, Dorval, Québec. The diluent was 
not responsible for the inhibition of collagen-induced 
platelet aggregation observed with Serpasil. Pure 
reserpine powder was also obtained from Ciba and 
dissolved in absolute ethanol at a concentration of 
1mM. When 0.01 ml of this solution was added to 
1 ml of platelet suspension, collagen-induced platelet 
aggregation was inhibited compared with the ethanol 
control. 

For studies in vitro, the Serpasil solution was 
diluted before use with unbuffered 0.85°% saline. After 
addition to the platelet suspension the pH was 7.3. 
Unbuffered 0.85% saline was added to the control 
sample. Serpasil was also used for studies in vivo and 
injected intraperitoneally (5 mg/kg) into rabbits. This 
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dose was based on that used by Shore et al. [1]. Con- 
trol rabbits received intraperitoneally an equal 
volume of distilled pyrogen-free water. Blood was col- 
lected 18 hr later as described below. Reserpine or 
Serpasil (0.5 mg/kg) was also injected in the carotid 
artery of two anesthetized rabbits and blood was col- 
lected before injection, at 2 and at 30 min after injec- 
tion. 


Blood 


Blood was collected from 2- to 2.5-kg rabbits 
through a palyethylene cannula in the carotid artery. 
The rabbits were anesthetized with sodium pentobar- 
bital (30 mg/kg). Platelet-rich plasma (PRP) was pre- 
pared from blood collected into 0.1 vol. of 3.8% 
sodium citrate dihydrate by centrifugation at 77g for 
15 min at room temperature. 


Preparation of washed rabbit platelets 


Suspensions of washed platelets in Tyrode solution 
containing 0.35 or 4% bovine albumin and apyrase 
were prepared from blood collected into acid citrate 
dextrose according to the method of Ardlie et al. [8]. 
Unless otherwise stated, the platelet count was 
adjusted to 700,000/mm?. 


Platelet aggregation 

Platelet aggregation was studied by a turbidimetric 
method [9] using 1-ml aliquots of PRP or platelet 
suspension. The solution to be tested (0.1 ml reserpine 
or saline) was added to a prewarmed (5 min) sample 
of PRP or suspension and the mixture was incubated 
for 2sec-15 min. It was transferred to the aggreg- 
ometer, stirred at 37° and 0.1 ml of the aggregating 


agent was added. The aggregating agents used were, 


adenosine diphosphate (ADP, Sigma Chemical Co., 
St. Louis, Mo.), topical bovine thrombin (Parke, 
Davis & Co., Detroit, Mich.) or bovine tendon col- 
lagen (Sigma Chemical Co.). Collagen suspen- 
sions [10] and acid-soluble collagen [11] were pre- 
pared as previously described. 


Platelet labeling 

Platelets were labeled in the first washing fluid as 
described previously[12] using ['*C]serotonin 
({'4C]5-HT), 5-hydroxytryptamine[3’-'*C]creatinine 
sulfate, 55 wCi/umole (Amersham/Searle, Arlington 
Heights, Ill.), or °'Cr (sodium chromate, 1 pCi/yl, 
Amersham/Searle). 


Release of platelet constituents 

Platelet constituents were measured in the superna- 
tant fluid obtained by centrifuging the platelet suspen- 
sion in an Eppendorf centrifuge 4 min after the addi- 
tion of an aggregating agent. The release of '*C from 
['*C]5-HT prelabeled platelets was measured as de- 
scribed previously [13]. The release of adenine nu- 
cleotides was measured by their light absorbance at 
259nm in a spectrophotometer, as described else- 
where [14]. In some experiments, the released ATP 
and ADP were measured by the firefly luciferase 
assay [15]. In both instances, the amount of released 
material was expressed as a percentage of its total 
content in the platelets. 


Piatelet adherence to a collagen-coated surface or to 
damaged aorta 

The adherence of *'Cr-labeled rabbit platelets to 
collagen-coated glass tubes was examined as pre- 
viously described [11] or by a modification of the 
method in which collagen-coated glass rods are 
rotated at 200 rev/min for 10 min in a platelet suspen- 
sion. Adherence to damaged everted thoracic aorta- 
segments from rabbits was studied as previously de- 
scribed [16]. The segments were mounted on rods 
and rotated at 200 rev/min for 10 min in the platelet 
suspension. 
Electron microscopy 

Platelets for electron microscopy were fixed in 1% 
osmium tetroxide (4°, 30min) and washed in Mil- 
lonig’s buffer. The fixed platelets were dehydrated in 
increasing concentrations of ethanol, and embedded 
in Spurr’s resin. Sections were cut with an LKB 
microtome, stained with uranyl acetate and lead 
citrate, and examined on a Philips 300 electron micro- 
scope. 


RESULTS 

Effects of administration in vivo of reserpine 

Collagen-induced aggregation. Platelets in citrated 
platelct-rich plasma from rabbits given reserpine in- 
traperitoneally aggregated less extensively upon the 
addition of acid-soluble collagen than platelets from 
control rabbits (Fig. 1). The lag phase before aggrega- 
tion began was also prolonged by reserpine treatment 
of the rabbits. The inhibitory effect of reserpine was 
most apparent when low concentrations of collagen 
were used. Collagen-induced aggregation of washed 
platelets also was inhibited by intraperitoneal reser- 
pine treatment of the rabbits (Fig. 2), indicating that 
separation of the platelets from plasma did not 
remove the inhibitory effect. 

In two experiments, collagen-induced aggregation 
(collagen dilution 1/1800) of platelets in citrated plate- 


_let-rich plasma was inhibited by about 35 per cent 


when reserpine (0.5 mg/kg) was injected intraarterially 
2 or 30 min before collection of blood. 

ADP-induced aggregation. In contrast, in citrated 
platelet-rich plasma prepared from rabbits given 
reserpine intraperitoneally, both ADP-induced aggre- 
gation and the onset of deaggregation were similar 
to aggregation and deaggregation in citrated platelet- 
rich plasma from control rabbits. Likewise, ADP- 
induced aggregation of washed rabbit platelets was 
similar in platelet suspensions prepared from either 
control or reserpine-treated rabbits (Fig. 3). However, 
it was consistently observed that when high concen- 
trations of ADP were used, deaggregation occurred 
more rapidly with washed platelets from the reser- 
pine-treated rabbits (see Fig. 3). 

Thrombin-induced aggregation. Although the extent 
of thrombin-induced aggregation was similar in plate- 
let suspensions prepared from either control or rab- 
bits given reserpine intraperitoneally, the lag phase 
before aggregation began was shorter with platelets 
from reserpine-treated rabbits (Fig. 4). 

Platelet adherence to surfaces. Platelets in suspen- 
sions prepared from rabbits given reserpine intraperi- 
toneally were less adherent than control platelets to 
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Fig. 1. Effect of intraperitoneal administration of reserpine on collagen-induced aggregation of rabbit 

platelets in citrated PRP. The rabbits were given 5 mg/kg of reserpine 18 hr before collection of blood; 

the control rabbits received an equal volume of pyrogen-free water. The four dilutions of acid-soluble 

collagen used to induce aggregation are indicated beside the aggregation curves. Typical of two 
experiments. 


collagen-coated glass surfaces or to the subendothe- 
lium of the rabbit thoracic aorta (Table 1). 


Effects of addition in vitro of reserpine 

Addition of reserpine (0.2 to 10 uM) to suspensions 
of washed rabbit platelets did not cause a change in 
the normal disc shape of the platelets (Fig. 5), nor 
was °'Cr lost from prelabeled platelets, indicating 
that cytoplasmic constituents were not lost. 

Collagen-induced aggregation. The addition of reser- 
pine (10 uM) to a suspension of washed rabbit plate- 
lets 2 sec before the addition of acid-soluble collagen 
completely inhibited collagen-induced aggregation 
(Fig. 6 and Table 2). The addition of reserpine also 
inhibited aggregation caused by a suspension of col- 
lagen particles (see Table 2). This was more apparent 


LIGHT 
TRANSMISSION 





in platelet-rich plasma than in suspensions of washed 
platelets, with the high concentration of collagen sus- 
pension that was used (see Table 2). Reserpine inhi- 
bited low concentrations of collagen more effectively 
than high concentrations of collagen (see Tables 2 
and 3). When collagen was used at a concentration 
which was not completely inhibited by 10 uM reser- 
pine, increasing the time of incubation of the platelets 
with reserpine before the addition of acid-soluble col- 
lagen from 3 to 10 min increased the extent of inhibi- 
tion of aggregation (Table 3). 

Collagen caused the release of ['*C]serotonin from 
prelabeled platelets, and material absorbing at 259 nm 
also appeared in the suspending fluid of platelets 
exposed to collagen; this material, when measured by 
the firefly luciferase assay, is largely released ATP and 








MINUTES 


Fig. 2. Effect of intraperitoneal administration of reserpine on collagen-induced aggregation of washed 
rabbit platelets. See legend of Fig. 1 for further details. Typical of eight experiments with two control 
rabbits and two reserpine-treated rabbits/experiment. 
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Table 1. Effect of intraperitoneal administration of reserpine on the adherence of rabbit platelets labeled with °*'Cr 
to collagen-coated glass or everted scraped segments of rabbit aorta. 





Per cent of Albumin 
in suspending 
medium* 


Surface exposed 
to platelets 


No. of platelets/mm?+ 





Control Reserpinet 2P§ 





Collagen-coated 0.35 
glass tubes 
Collagen-coated 4 
glass rods 
Collagen-coated 4 
glass rods 

4 Everted scraped t 


70,700 + 3,700 53,500 + 4,200 < 0.02 


30,200 + 4,400 13,600 + 1,000 < 0.005 


28.900 + 900 25,900 + 1,000 < 0.05 


104,500 + 13,800 67,400 + 6,800 < 0.05 





* Labeled rabbit platelets were washed and resuspended in Tyrede solution containing albumin and apyrase. Final 


platelet concentration 700,000/mm*. 
+ Means + standard errors of the means. 


t Reserpine (5 mg/kg) was injected intraperitoneally 18 hr prior to collection of blood. Controls were injected similarly 


with an equal volume of water. 


§ Compared with control in each experiment. Unpaired two-tailed t-test. 
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Fig. 3. Effect of intraperitoneal administration of reserpine 
on ADP-induced aggregation of washed rabbit platelets. 
See legend of Fig. | for further details. The final concen- 
trations of ADP in the platelet suspension are indicated 
on the aggregation curves. Typical of eight experiments. 
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ADP (see Table 3). Although reserpine inhibited the 
extent of aggregation caused by collagen, it did not 
affect the amounts of ['*C]serotonin or adenine nu- 
cleotides that appeared in the platelet-suspending 
fluid upon stimulation with collagen at concen- 
trations that caused less than 25 per cent release of 
['*C]serotonin. 

No loss of ['*C]serotonin from prelabeled platelets 
was detectable within 4.5 min of reserpine addition; 
about 6 per cent of the platelet ['*C]serotonin was 
lost within 15 min of the addition of reserpine (2 uM). 
Without reserpine, addition of serotonin (10-100 uM) 
to the platelet suspension did not inhibit collagen- 
induced aggregation; some potentiation of collagen- 
induced aggregation was observed when serotonin 
was added (130-160 per cent of control). 

ADP-induced aggregation. Addition of reserpine (0.2 
to 10 uM) 30sec before ADP (1-5 uM) did not affect 
the extent of aggregation of washed rabbit platelets. 
Deaggregation occurred sooner in the presence of 
reserpine. 


0.045 u/ml 


0.045 u/mi 


0.042 u/mi 


0.042 u/mi 


0.034 u/ml 


0.034 u/ml 
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Fig. 4. Effect of intraperitoneal administration of reserpine on thrombin-induced aggregation of washed 
rabbit platelets. See legend of Fig. | for further details. The final concentrations of thrombin in the 
platelet suspensions are indicated beside the aggregation curves. Typical of eight experiments. 
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Table 2. Effect of addition in vitro of reserpine on collagen-induced aggregation of 
washed rabbit platelets or rabbit citrated platelet-rich plasma 





Reserpine* 





Incubation 
(sec) 


Aggregation 
at 4 min 
(°% of total) 


Collagen 
dilutiont 





30 


No collagen 
No collagen 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
1666 
‘1666 
833 
833 


100 
100 
100 
100 


100 
100 
100 
100 





* Final concentration of reserpine which was incubated with the platelets before 


addition of collagen. 


+In Expt. 1, acid-soluble collagen was used. In Expts. 2 and 3, a suspension of 


collagen was used. 
t Platelet suspension 700,000/mm’. 
§ Platelet suspension 510,000/mm’. 


| Citrated platelet-rich plasma 430,000/mm*. 


Thrombin-induced aggregation. Addition of reser- 
pine (0.2 to 10 uM) 30sec before thrombin shortened 
the lag phase before aggregation began. The observa- 
tions were similar to those obtained in the exper- 
iments in which the platelet suspension was prepared 
from the blood of rabbits given reserpine. Reserpine 
also increased the amount of ['*C]serotonin in the 
suspending medium of the washed rabbit platelets 
exposed to thrombin (Table 4). When low concen- 
trations of thrombin were used, reserpine also in- 
creased the amount of material absorbing ‘at 259 nm 
in the supernatant (see Table 4). 

Platelet adherence to surfaces. The presence of 
reserpine (0.2 to 104M) in the platelet-suspending 
medium reduced the number of platelets that adhered 
to collagen-coated glass surfaces or to the subendoth- 
elium of the rabbit thoracic aorta (Table 5). 


DISCUSSION 


Administration of reserpine (5 mg/kg) intraperi- 
toneally to rabbits 18 hr before collecting blood inhi- 
bited collagen-induced platelet aggregation, tested in 
vitro. The inhibition was evident in suspensions of 
washed platelets as well as in citrated platelet-rich 
plasma, indicating that the reserpine affected the 
platelets rather than constituents of the plasma and 
that the effect was not removed by washing the plate- 


lets. This inhibitory effect of reserpine may be attribu- 
table to the diminished ability of platelets from the 
reserpine-treated rabbits to adhere to collagen, since 
fewer platelets from reserpine-treated rabbits than 
from control rabbits adhered to collagen-coated glass 
surfaces. 

Zweifler [6] found that reserpine inhibited platelet 
interaction with glass surfaces. He reported that 24 hr 
(but not 4hr) after intravenous administration of 
0.2 mg/kg of reserpine to rabbits, platelet retention 
in glass bead columns was reduced. 

The ability of the platelets to adhere to subendothe- 
lial structures of the damaged thoracic aorta of rab- 
bits was decreased by reserpine treatment of the rab- 
bits from which suspensions of washed platelets were 
prepared. This effect may be due to inhibition of 
platelet adherence to collagen in the subendothelial 
tissue, but inhibition of platelet adherence to other 
structures, such as the microfibrils around elas- 
tin [17], may also play a part. 

The inhibition of collagen-induced aggregation was 
not due to inhibition of the effect of ADP on platelets, 
since ADP-induced aggregation was now impaired by 
reserpine treatment of the rabbits. It is likely, how- 
ever, that less ADP and ATP were present in the 
amine storage granules of platelets from the reserpine- 
treated animals[18] and hence less ADP would be 
released upon addition of collagen. Since ADP and 





J.-P. CAZENAVE et al. 


Fig. 5. Electron micrographs of washed rabbit platelets. A, control platelets; B, platelets incubated 
for 4hr at 37° with 2 uM reserpine. Magnification: x 15,000. 


low concentrations of collagen act synergistically in 
platelet aggregation [19], diminished release of ADP 
would also reduce the extent of collagen-induced 
aggregation. 

In the experiments in vitro, inhibition of collagen- 
induced aggregation was not due solely to depletion 
of releasable ADP. Reserpine inhibited collagen- 
induced aggregation when added at as short a time 
as 2 sec before collagen. This is far too short a time 
for depletion of the storage granules of serotonin or 
adenine nucleotides. No loss of serotonin was demon- 
strable at 30sec, and even at 15min only a 6 per 
cent loss was observed after addition of 2 uM reser- 


pine. Depletion of the adenine nucleotides in the stor- 
age granules of rabbit platelets requires an even 
longer exposure to reserpine; 18hr after administ- 
ration of 5 mg/kg of reserpine the releasable adenine 
nucleotides are diminished by 20-30 per cent [18]. Jn 
vitro, over a 3-hr period, 24M reserpine causes the 
accumulation in the suspending fluid of only 9.5 per 
cent of the total platelet material absorbing at 
259 nm. Since serotonin does not inhibit collagen- 
induced aggregation (but actually potentiates it), any 
small amount of serotonin lost from the platelets un- 
der the influence of reserpine in the experiments in 
vitro cannot be responsible for inhibition of collagen- 
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Table 3. Effect of addition in vitro of reserpine on collagen-induced aggregation and release of ['*C]serotonin or 
adenine nucleotides from prelabeled washed rabbit platelets* 





Amount in suspending 
fluid at 4 min§ 
(°% of total) 





Reserpinet 2 : 
P Aggregation Material 
Incubation Collagen at 4 min absorbing 
(sec) dilutiont (% of control) ['*C]serotonin at 259 nm 








30 1/2500 
30 1/2500 
30 1/1666 
30 1/1666 
30 1/833 
30 1/833 


180 2400 
180 2400 
300 2400 
300 2400 
600 2400 5: 
600 2400 5.9 
ATP + ADP 
30 1666 13.1 4.6 
10 30 1666 14.3 4.3 





* Platelet count 700,000/mm*. 

+ Final concentration of reserpine which was incubated with the platelets before the addition of collagen. 

t Acid-soluble collagen was used to induce aggregation. This batch of collagen was not the same as was used for 
the experiment in Table 1; it had a stronger aggregating effect at the same dilution. 

§ Rabbit platelets were prelabeled with ['*C]serotonin, washed and resuspended in Tyrode solution containing 0.35°, 
albumin and apyrase. The amount of '*C was measured in the supernatant fluid prepared from the platelet suspension 
4 min after the addition of collagen. Light absorbance at 259nm of the supernatant fluid is mainly due to adenine 
nucleotides released from the platelets. 

One of four experiments that gave similar results. 

“ Rabbit platelets were washed and resuspended at a platelet count of 1,000,000/mm? in Tyrode solution containing 
0.35% albumin and in the absence of apyrase. The amount of ATP and ADP released in the supernatant fluid prepared 
from the platelet suspension 2 min after the addition of collagen was measured by the firefly luciferase assay [15]. 
Mean values of four determinations in two experiments. 


Table 4. Effect of addition in vitro of reserpine on thrombin-induced aggregation and release of ['*C]serotonin and 
adenine nucleotides from washed rabbit platelets* : 





Amount in suspending fluid 
at 4 mint 
(% of total) 





Reserpine 

Material ab- 

Incubation Thrombin Lag phaset ['*C]- sorbing at 
(sec) (units/ml) serotonin at 259 nm 








30 0.013 
30 0.013 
30 0.013 
30 0.013 


900 0.03 
900 0.03 
900 0.04 
900 0.04 
900 0.05 
900 0.05 
900 0.07 
906 0.07 
900 0.1 
900 0.1 
900 0.5 
900 0.5 





* Rabbit platelets were prelabeled with ['*C]serotonin, washed and resuspended in Tyrode solution containing 
0.35°,, albumin and apyrase. Final platelet concentration 700,000/mm?. 

+ Lag phase was expressed as the number of seconds, after addition of thrombin, for the aggregation tracing to 
return to the baseline level. 

t See footnote § of Table 3. 
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Fig. 6. Effect of addition of reserpine (RES, final concen- 

tration 10 uM) to a suspension of washed rabbit platelets 

on aggregation induced by acid-soluble collagen diluted 

1/3600. Reserpine was added 2sec before collagen. An 

equal volume of saline (SAL) was added to the control 
tube. Typical of eight experiments. 


induced aggregation. In the experiments in vitro; 
reserpine inhibited collagen-induced aggregation 


without detectable inhibition of adenine nucleotide 
release. We have shown previously [20] that collagen 
can induce platelet aggregation without the partici- 
pation of ADP. Since reserpine does not inhibit ADP- 
induced aggregation, it seems most likely that reser- 
pine inhibits some other mechanism involved in colla- 
gen-induced aggregation. In vitro, reserpine also 


caused immediate inhibition of platelet adherence to 
collagen. 


We have concluded that reserpine has a rapid effect 
on the plasma membrane of the platelets which is 
responsible for inhibition of platelet adherence to col- 
lagen and hence of collagen-induced platelet aggrega- 
tion. This effect is apparent within seconds, in con- 
trast to the much slower effect of reserpine at the 


_granule membrane, which results in the depletion of 


the granule contents of serotonin and adenine nucleo- 
tides. 

The finding that collagen-induced aggregation (but 
not aggregation induced by ADP or thombin) was 
inhibited by reserpine in vitro and in vivo either 2 
or 30min after intraarterial injection or 18 hr after 
intraperitoneal injection raises the possibility that the 
same mechanism is responsible for the observed 
effects. This could involve an effect of reserpine on 
the platelet plasma membrane. This is in accord with 
the findings that reserpine is readily taken up by 
platelets [21] and apparently remains in the platelets 
throughout their lifetime in the circulation. It has 
been shown recently [3] that tritiated reserpine gives 
the same platelet survival curves as °*'Cr. However, 
it is also possible that the mechanism of inhibition 
of collagen-induced aggregation observed after 
administration in vivo of reserpine differs from that 
observed in vitro. Reserpine could exert its effect in 
vivo indirectly by influencing secretion of hormones 
or liberation of biogenic amines from other cells. In 
addition, biotransformation of reserpine may give rise 
to metabolites which inhibit the interaction of plate- 
lets with collagen. 

Reserpine has no demonstrable effect on blood coagu- 
lation [22,23] nor on the bleeding time of normal 
rabbits [1,23]. However, combinations of reserpine 


Table 5. Effect of addition in vitro of reserpine on the adherence of rabbit platelets labeled with '*°Cr to collagen-coated 
glass or everted scraped segments of rabbit aorta 





Per cent of 
albumin in 


Surface exposed 
to platelets 


suspending 
medium* 


Reserpinet 


(uM) No. of platelets/mm7t{ 





Collagen-coated 


0.35 


glass tubes 


Collagen-coated 
glass tubes 
Everted scraped 
aorta 
Collagen-coated 
glass rods 


Everted scraped 
aorta 


awn 


awn 


awn 


67,800 + 
18,500 + 
20.400 + 

3,600 + 


5,900 
3,100 
1,400 
300 


< 0.001 
< 0.001 
< 0.001 


1,000 
250 


112,700 + 


68,200 + < 0.02 


538,500 + 104,500 


75,000 + 12,400 < 0.001 


1,000 
3,500 
1,600 
2,800 


3,300 
6,500 
5,100 
5,300 


33,500 + 
35,000 + 
26,600 + 
19,000 + 


< 0.80 
< 0.01 
< 0.905 


0 40,300 + 
0.2 31,500 + 
2 16,700 + 
10 20,300 + 


< 0.30 
< 0.01 
< 0.02 





* Labeled rabbit platelets were washed and resuspended in Tyrode solution containing albumin and apyrase. Final 


platelet concentration 700,000/mm‘°. 


+ Final concentration of reserpine, which has been incubated with the platelet suspension (Expts. 1, 3 and 4: 10 min 


of incubation. Expt 2.: 30 min of incubation). 
t Means + standard errors of the means. 


§ Compared with control in each experiment. Unpaired two-tailed t-test. 





Effects of reserpine on rabbit platelet aggregation 


. J. R. O’Brien, J. clin. Path. 15, 446 (1962). 
. J. R. A. Mitchell and A. A. Sharp, Br. J. Haemat. 10, 


and heparin or reserpine and other anticoagulants do 
prolong the bleeding time, undoubtedly because these 


combinations interfere with two of the aspects of 
hemostatic plug formation [22,23]. Similar observa- 
tions have been made in hemophilic dogs given 
phenylbutazone, which inhibits platelet interaction 
with collagen [24], and the difficulties experienced by 
hemophilic patients upon aspirin ingestion are well 
recognized [25]. It seems possible that reserpine, like 
aspirin or phenylbutazone, may inhibit platelet inter- 
action with subendothelial structures and thus could 
interfere with one of the components of hemostatic 
plug formation. 

However, since interaction of platelets with the 
subendothelium is also thought to be one of the first 
steps in thrombus formation, reserpine may have 
some inhibitory effect on arterial thrombosis. It has 
been shown to inhibit thrombus growth in rabbit car- 
otid arteries [6] but Baumgartner et al. [26] reported 
that it had no effect on thrombus formation in injured 
ear veins of rabbits. It has been suggested that release 
of materials from platelets during their interaction 
with damaged vessel walls may contribute to the de- 
velopment of atherosclerotic lesions [27, 28]. Reser- 
pine has been reported [29, 30] to inhibit the develop- 
ment of cholesterol-induced atheromatous lesions in 
rabbits; although this may be partly attributable to 
the ability of reserpine to interfere with collagen syn- 
thesis in the arterial wall by inhibiting prolyl hydroxy- 
lase activity [31], it could also be related to an effect 
of reserpine on platelets. 
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SHORT COMMUNICATIONS 


Pentobarbital depression of stimulus-secretion coupling in brain— 
Selective inhibition of depolarization-induced calcium-dependent release* 


(Received 12 April 1976; accepted 28 June 1976) 


A synaptic locus of action is favored for the actions of 
barbiturates in producing anesthesia [1-10]. Most investi- 
gators agree that the local anesthetic action of barbiturates 
upon axonal conduction is not required for their general 
anesthetic action [cf. Ref. 1]. However, both pre- and post- 
synaptic effects have been described for anesthetic concen- 
trations of barbiturates that could result in the commonly 
observed decrement in synaptic excitability [11-14]. 

A selective barbiturate inhibition of excitatory (depolar- 
izing) post-synaptic conductance changes appears to con- 
stitute the bases for barbiturate depression of synaptic 
transmission in vertebrate neuromuscular and invertebrate 
systems [1, 5,11]. But in the mammalian central nervous 
system, barbiturates inhibit excitatory synaptic transmis- 
sion by a predominantly pre-synaptic mechanism which 
results in a decrease in the amount of transmitter 
released [3, 6, 8-10]. On the other hand, inhibitory synap- 
tic transmission appears to be enhanced by pentobarbi- 
tal (5, 15]. 

We investigated the effects of pentobarbital (PB, 
20-200 4M) upon Ca-dependent secretion of norepineph- 
rine (NE) and y-aminobutyric acid (GABA), two presum- 
ably inhibitory transmitters in brain [16,17], from synap- 
tosomes isolated from mammalian brain. Isolated synapto- 
somal fractions provide an ideal preparation to investigate 
drug effects upon transmitter secretion. Isolation pro- 
cedures, in addition to eliminating direct interneuronal in- 
teractions, allow rapid and accurate control of extracellular 
fluid composition by minimizing diffusional barriers. 

Mouse forebrain synaptosomal fractions were prepared 
and incubated with [*H](-)-NE (3.7 Ci/m-mole, NEN), 
['*C]GABA (232 mCi/m-mole, Amersham) or both as pre- 
viously described [18]. After loading, tissue aliquots were 
washed with a Ca-deficient, HEPESt-Ringer solution (see 
Fig. 1 legend) every 30 sec in a negative pressure filtration 
system [19,20]. Release was stimulated by 1.5mM CaCl,, 
added to the seventh-wash solutions. Depolarizing agents 
(KCI and veratridine[21,22]) and the ionophore 
A23187t [23], known to increase Ca permeability in excit- 
able tissue [22-25], were added either during the seventh 
wash (stimulation period) or during washout and stimu- 
lation (maximum exposure 210 sec) to facilitate Ca-depen- 
dent release. PB was also added either during stimulation 
or during prior washout and stimulation. 

Efflux is expressed as the percentage of the dis./min in 
the seventh wash with respect to the total dis./min present 
in the tissue immediately prior to the seventh wash. 
Release is expressed as the Ca-induced increase in per cent 
efflux of tissue treated equivalently with the exception of 
Ca addition [18, 20]. 





* This work was supported by Research Grant NS 08597 
from NINCDS to C.W.C. and UCR Research Grant 
07427-5 to W.B.L. C.W.C. is the recipient of a Research 
Scientist Award from the National Institute of Drug 
Abuse. 

+ N-2-hydroxyethylpiperzine-N’'-2-ethanesulfonic acid. 

{A gift from Dr. Robert Hamill, Eli Lilly. 


Blaustein and Ector[13] have recently suggested that 
a primary pentobarbital action in brain is the depression 
of depolarization-dependent Ca influx into nerve terminals. 
In that Ca influx provides the trigger for transmitter secre- 
tion [18, 26-29], a reduction of depolarization-triggered Ca 
entry by pentobarbital might be sufficient to result in a 
decrease in transmitter secretion. Depolarizing conditions 
were studied to determine whether the PB-induced depres- 
sion of Ca uptake reported by Blaustein and Ector [13] 
might be sufficient to result in a decrease in transmitter 
release. Non-depolarizing conditions that promote Ca in- 
flux were also studied to determine whether the actions 
of PB upon depolarization-sensitive Ca ionophores were 
selective. 

Pentobarbital depression of K-facilitated, Ca-dependent 
release. As shown in Fig. 1, pretreatment of K * -depolar- 
ized synaptosomal tissue with PB for 180sec (200 uM, 
210 sec total washout and stimulation exposure) decreased 
the efflux of both [7H]NE and ['*C]GABA in the pres- 
ence of Ca. Efflux in the absence of Ca was, however, unaf- 
fected by the prior exposure to PB. In other similar exper- 
iments, 20 1M PB pretreatment significantly decreased Ca- 
dependent efflux of both [7H]NE and ['*C]GABA, but 
the depression was much smaller than the approximately 
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Fig. 1. Effects of pentobarbital pretreatment upon [*H]NE 
and ['*C]GABA efflux. Synaptosomal fractions were 
resuspended in a HEPES—Ringer medium (150mM NaCl, 
20mM HEPES, 10mM p-glucose, 5mM KOH, 1.2 mM 
MgSO,, 1.2mM Na,HPQOg,, | mM L-ascorbic acid, 1 mM 
aminooxy acetic acid, and 0.1 mM pargyline HCl; pH 7.4 
with Tris). Tissue suspensions were incubated with 0.26 uM 
[7H]NE and 0.43 pm ['*C]GABA for 10 min at 37. After 
incubation, tissue was aliquoted onto filter units and 
washed with elevated KCI (+50mM) HEPES~Ringer 
media either with or without 200 1M pentobarbital added. 
After six consecutive washes at room temperature (22-24 ) 
over 3 min, a seventh 20-sec wash was administered which, 
for half of the samples in each condition, contained added 
CaCl, (1.5mM). Radioactivity in the filters and seventh- 
wash filtrates was determined by liquid scintillation spec- 
troscopy, and the per cent efflux from each sample was 
determined [dis./min (filtrate)/dis./min(filter + filtrate)]. 
Open bars indicate non-drug efflux; stipled bars indicate 
efflux in the presence of 200 uM pentobarbital. Values rep- 
resent the means and S.E.M. for four determinations. The 
asterisk (*) indicates P < 0.05, two-tailed t-test. 
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35 per cent inhibition observed in Fig. 1. Thus, the depres- 
sion of Ca-dependent release of NE and GABA was dose- 
dependent and, in contrast to previous reports for PB 
effects upon transmitter release from brain [30,31], the 
dose range for the effect in the present study is within 
the range for general anesthesia [6], yet below local anes- 
thetic concentrations for pentobarbital [6, 7, 9, 32] 
Selectivity of the PB effect upon Ca-dependent efflux, 
but not the “K-dependent” efflux, suggests an interference 
by PB at some reaction within the depolarization-secretion 
sequence subsequent to depolarization. (Note: Cutler et 
al. [33] report a PB-induced decrease in K-dependent 


[7H]GABA release from brain slices in the presence of 


Ca, but do not distinguish Ca- vs K-dependent effects.) 
One possibility, as supported by Blaustein and Ector [13] 
is a selective PB inhibition of Ca permeation through the 
depolarization-sensitive pre-synaptic Ca ionophore gener- 
ally associated with transmitter secretion systems 
[ 18, 26, 34, 35]. Another possibility, previously untested, is 
that PB deosianie one of the several subsequent reactions 
in the secretion processes (e.g. transmitter availability or 
transmitter extrusion) thus leading to a decrease in trans- 
mitter released. 

Selectivity of pentobarbital depression of Ca-dependent 
release. Generality of PB depression of Ca-dependent 
transmitter release to other facilitating depolarizers, such 
as veratridine [22], would support the interpretation that 
PB exerts its inhibitory actions subsequent to depolariza- 
tion. However, use of an artificial Ca ionophore such as 
A23187 [23] should allow distinction between Ca permea- 
tion and some other reaction (subsequent) as a locus for 
PB effects. Conceptually, A23187 (which over time periods 
investigated in these studies would not be expected to be 
depolarizing [36]) provides a bypass to the normal mem- 
brane selectivity against Ca permeation. Thus, if PB acts 
at some step subsequent to the depolarization-triggered Ca 
influx, PB should depress Ca-dependent release in the pres- 
ence of the artificial ionophore. 

Thus, we investigated the ability of PB to influence Ca- 
dependent release in the presence of either elevated KCl, 
veratridine or A23187. In these experiments, the duration 
of exposure to both PB and the facilitating agents was 
decreased to minimize the possibility of influencing intra- 
terminal ‘mitochondrial Ca metabolism. After incubation 
with labeled transmitter, synaptosomal tissue was washed 
in HEPES-Ringer medium (low K*, Ca-deficient). Facili- 
tating agents were administered either during the stimu- 


Table | 


lation period alone or during the stimulation period and 
60 sec preceding stimulation. PB was administered only 
during the stimulation period (20sec). In order to deter- 
mine the interactions of PB with the ability of the facilitat- 
ing agents alone to promote Ca-dependent release, parallel 
samples were run in the absence of the facilitating agent, 
and the resulting per cent release values were substracted 
as appropriate (see Tables 1 and 2). 

As demonstrated in Table 1, a 20-sec exposure to PB 
(200 4M) depressed the Ca-dependent release of both 
[°H]NE and ['*C]GABA in the presence of both 50 mM 
KCI and 100M _ veratridine. Thus, the ability of PB to 
depress Ca-dependent release was general to depolariza- 
tion-facilitated release in that KC! and veratridine depolar- 
ize in characteristically different fashions [22]. Further, 
these data demonstrate that pretreatment with PB is not 
necessary to antagonize the effects of Ca and that PB fails 
to antagonize K-dependent efflux (Ca-independent) even 
when K is pulsed. 

In a separate set of experiments, we also compared the 
effects of PB upon KCI- and A23187-facilitated, Ca-depen- 
dent release of [*H]NE. Facilitating agents were adminis- 
tered 60 sec prior to Ca stimulation in order to allow time 
for A23187 to take effect. PB (200M) and Ca were 
administered only during the stimulation period. As before, 
PB depressed Ca-dependent release in the presence of ele- 
vated KCI (Table 2). More importantly, A23187-facilitated 
Ca-dependent release was unaffected by PB. And, in other 
experiments (not presented), 200 14M PB failed to inhibit 
Ca-dependent release of [H]NE and ['*C]GABA in the 
presence of 2 4M A23187 even when the PB was adminis- 
tered during both washout and stimulation. 

The results of these experiments provide demonstration 
that PB inhibits the depolarization-triggered secretion of 
accumulated neurotransmitters from brain at PB concen- 
trations a 200 4M) within anesthetic ranges. The depres- 
sion of Ca-dependent [*H]NE and psc ]GABA release 
was somewhat surprising following the findings of Nicoll 
et al. [5,15] that inhibitory synaptic transmission in brain 
is enhanced and prolonged by PB. This discrepancy is not 
trivially resolved, however, in that: (1) cortical slices also 
demonstrate a similar decrease in [7H]GABA release [33], 
and (2) the Ca-dependent release of [2H]JNE and 
['*C]GABA from synaptosomes closely mimics the se- 
cretion of endogenous transmitter in similar situa- 
tions [18]. 

The depression of release by PB was restricted to situa- 


Effects of pentobarbital aon calcium-dependent release facilitated by depolarizing agents* 





Agent-specific calcium-dependent release 


Per cent [*H]NE release 
With PB 
(200 uM) 


Agent Without PB 


KCI (50 mM) 5.22 
Veratridine =e 4.93 


0.48 
+ (29 


7 Secubeeenal eee were are ited wid ohh ited onto filter units as in Fi ig. 1. 
Ca-deficient), the seventh wash, or stimulation period, 


Ringer medium (3mM K’°* 
media: 





Per cent ['*C]GABA release 
With PB 


Without PB (200 uM) 





+ 0.707 
+ 0.407 


3.78 + 0.32 
4.09 + 0.44 


+ 0.134 
+ 0.187 





After six washes with HEPES 
consisted of one of the following 


with or 
without 
PB 200 uM 


with or 
without 
CaCl, 1.5mM 


HEPES-Ringer 
HEPES-Ringer + KCI (S50 mM) 
HEPES~ Ringer + veratridine (100 uM) 


Ca-dependent efflux (release) was calculated as the difference between per cent efflux in the presence of Ca and per 
cent efflux in the absence of Ca for otherwise identically treated tissue. To obtain Ca-dependent release resulting 
specifically from the addition of KCI or veratridine, per cent release in the absence of the depolarizing agent was 
subtracted from release in the presence of agent. The release values in HEPES~-Ringer alone were as follows: [7H]NE, 
3.50 + 0.28 and 2.85 + 0.18 per cent with PB; ['*C]GABA, 1.04 + 0.36 and 0.92 + 0.10°,, with PB. All values represent 
the mean +S.E.M. of four determinations. 

+ P < 0.05, two-tailed t-test for inherently paired samples, compared to odie in the absence of PB. 
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Table 2. Comparison of pentobarbital effects upon depo- 
larization- and ionophore-facilitated calcium-dependent 
release* 





Agent-specific calcium- 
dependent release 





(per cent [*H]NE release) 
With PB 


Agent Without PB (200 uM) 





KCI (50 mM) 
A23187 (10 uM) 


8.04 + 0.86 5.62 + 0.407 


Pi 
7.14 + 0.66 7.60 + 0.64 





* Synaptosomal tissue was prepared and treated essen- 
tially as in Table 1. After incubation with [*H]NE, tissue 
was washed in either HEPES-Ringer or HEPES~—Ringer 
with 0.1%, dimethylsulfoxide (DMSO). Facilitating agents 
were administered where appropriate during the 5-7 
washes (90-sec total exposure). Ca and PB were added only 
during the seventh, or stimulation, wash as in Table 1. 
Ca-dependent release resulting specifically from the addi- 
tion of KCI or A23187 was obtained by subtracting per 
cent release in the absence of the facilitating agent (respect- 
ively, HEPES—Ringer with or without 0.1°,, DMSO). The 
release values without agent were as follows: HEPES 
Ringer, 3.10 + 0.12 and 2.54 + 0.28 per cent with PB; 
HEPES-Ringer with 0.1%, DMSO, 3.73 + 0.36 and 
2.38 + 0.16 per cent with PB. All values represent the 
mean and S.E.M. of four determinations. 

+P < 0.05, two-tailed t-test for inherently paired 
samples, compared to release in the absence of PB. 


tions in which depolarizing agents (KCI and veratridine) 
were used to facilitate Ca influx, delimiting a selective locus 
of action for this PB effect: the voltage-sensitive pre-synap- 
tic Ca ionophore associated with transmitter secretion. The 
failure of PB to modify Ca-dependent release in the pres- 
ence of A23187 demonstrates the viability of secretion pro- 
cesses subsequent to Ca permeation. And, in combination 
with PB inhibition of release in the presence of elevated 
KCI or veratridine, this brackets the locus’ of action 
sequentially within the postulated sequence of stimulus- 
secretion coupling processes to the depolarization-trig- 
gered Ca permeation step. 

General membrane effects of PB (e.g. alteration of sur- 
face charge or fluidity) seem unlikely as a mechanism, since 
such general effects would be expected to alter the efficacy 
of A23187 for facilitating Ca-dependent release as well. The 
ability of PB to affect the coupling of [Ca]o to release 
specifically by depolarizing agents could, however, result 
from a selective PB effect on membrane fluidity or surface 
charge at specialized regions of the pre-synaptic membrane 
(i.e. the voltage-sensitive, or “late,” Ca ionophore [34, 35]). 

The present experiments suggest that investigation of PB 
effects at the level of such “late” Ca ionophores may be 
useful for further distinguishing molecular mechanisms 
contributing to PB action. That is, PB may inhibit the 
ability of depolarization to activate the ionophores, per- 
haps by reducing the number of activated ionophores or 
the duration of activation, or it may inhibit the permeabi- 
lity offered by the ionophores by decreasing the mobility 
of Ca through the ionophores or the concentration of Ca 
in the ionophores. 
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A species and developmental comparison of trinitroglycerin 
metabolism in vitro 


(Received 8 May 1976; accepted 6 July 1976) 


Nitroglycerin (glyceryl trinitrate, trinitroglycerol, TNG) is 
used clinically to treat angina pectoris and industrially in 
the preparation of explosives. TNG is metabolized in vivo 
through a pathway which includes a stepwise denitration 
to glycerol [1], oxidation to carbon dioxide [1], and conju- 
gation with glucuronic acid [2]. TNG is not metabolized 
as extensively in vitro and the isomers of dinitroglycerin 
(1.3-DNG and 1,2-DNG) are the major denitration prod- 
ucts [3]. The denitration reaction, which occurs primarily 
in the liver[4]. is catalyzed by a glutathione-dependent 
organic nitrate reductase [3]. The metabolism of TNG has 
been the subject of several recent reviews [5,6]. Since a 


previous species comparison of the metabolism in vitro of 


TNG [7] did not include samples of human liver, the pres- 
ent study was undertaken to extend these observations to 
humans. In addition, livers from developing rodents and 
placentas from rodents and humans were included to pro- 
vide information on the metabolism of TNG during devel- 
opment 

Male and female CD rats. Swiss Webster mice (compara- 
tive study), CD-1 mice (developmental study), New Zea- 
land albino rabbits, beagle dogs, and rhesus monkeys were 
Animals were sacrificed by decapitation (rats), cervi- 
cal dislocation (mice), injection of air (rabbits), or an over- 
dose of magnesium sulfate (dogs and monkeys). Autopsy 
samples of human liver were obtained from a 65-year-old 
Negro male who died of a dissecting aneurism of the aorta, 
a 2i-year-old male Caucasian who died of a gunshot 
wound, a 67-year-old female Caucasian who died with cen- 
tral nervous system seizures, and a 60-year-old female Cau- 
casian who died with a metastatic lung carcinoma. These 
samples were obtained 4-13 hr after death and immediately 
used 

Livers and term placentas were homogenized in 3 vol. 
of 1.15°,, KCl and added to an in vitro system. The in 
vitro system as modified from Needleman and Krantz [8], 
contained either 1 mM TNG-1,3['*C] or 1 mM 1-mononi- 
troglycerin-1,3['*C] (1-MNG-1,3['*C]) which were both 
purchased from New England Nuclear (Boston, Mass.), 
8 mM glutathione, 8mM_ potassium cyanide, 
homogenate equivalent to 125 mg tissue, and 75 mM phos- 
phate buffer for a final volume of 2 ml with a pH of 7.4. 
The incubations were conducted at 37° for 10 min and ter- 
minated with 0.5 ml of 5°, mercuric chloride and 2.5 ml 
of absolute ethanol. When ['*C]TNG was incubated, the 


used 


reduced 


supernatant fluid, which was obtained following centrifuga- 
tion, was co-chromatographed with authentic nitroglycerin 
standards on Silica gel t.l.c. plates. The metabolites were 
resolved in a solvent system of benzene and ethyl acetate 
(4:1), as previously described [2]. Nitroglycerins were 
visualized, after spraying with 5°, diphenylamine, and 
quantified using liquid scintillation counting. In this sys- 
tem, TNG, 1,3-DNG, and 1,2-DNG migrate with R, values 
of 0.84, 0.59 and 0.33, respectively, while MNG isomers 
(1-MNG and 2-MNG), glycerol, and glucuronides remain 
at the origin. When ['*C]MNG was the substrate, MNG 
and glycerol were resolved with R, values of 0.58 and 0, 
respectively, in ethyl acetate and n-heptane (9:1). Protein 
determinations [9] were made on the homogenates using 
bovine serum albumin as the standard. Control reactions, 
which contained 1.15°, KCl instead of the homogenate, 
were conducted to measure non-enzymatic denitration. 
The enzymatic formation of metabolites was corrected for 
non-enzymatic denitration which did not exceed 25 per 
cent of the total radioactivity. The results were expressed 
as nmoles metabolite/mg of protein. : 

TNG, as reported by others [3-6], was metabolized pri- 
marily to 1,3-DNG and 1,2-DNG after a 10-min incuba- 
tion. The enzyme activity was relatively stable, since livers 
from rats which were sacrificed and stored for 18 hr in 
the refrigerator produced the same amount of DNG 
isomers as fresh liver. The radioactivity at the origin repre- 
sented 5 per cent or less of the total radioactivity and 
was excluded from further consideration. This radioactivity 
probably represented isomers of MNG, since ['*C]MNG 
was not metabolized to glycerol in any of the species 
tested. This conclusion was also supported by the observa- 
tion that ['*C]glycerol, but not ['*C]TNG, was metabo- 
lized to ['*C]CO, [4]. As a result, it was proposed that 
the liver was unable to catalyze the complete denitration 
of TNG to glycerol. 

A comparison of the metabolism of TNG by livers from 
various species is presented in Table |. Since there was 
no apparent sex difference, the values obtained for both 
males and females were combined. The parameters which 
were used to evaluate TNG metabolism permitted the spe- 
cies to be divided into several groups. If the formation 
of 1,3-DNG was the basis for comparison, then rats pro- 
duced more of this metabolite than other species. In con- 
trast, if the comparison was made in terms of 1,2-DNG 


Table 1. Metabolism of ['*C]TNG by livers from various species 





1,3-DNG 
(nmoles/mg protein) 


Species determinations 


1,2-DNG 
1,3-DNG/1,2-DNG 





Rat 40.6 
Mouse 16.7 
Rabbit 18.3 
Dog 21.1 
Monkey : 16.3 
Human 12.5 


H+ + + + + 4+ 


HHH +H 





*Mean +S.E. values for males and females were combined. 
162 
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Table 2. Metabolism of ['*C]TNG during development in mice and rats 





Days after 


Species Tissue birth 


1,3-DNG 1,2-DNG 
(nmoles/mg protein) 





Mouse 
Embryo 
Liver 
Carcass 


Liver 
Liver 
Liver 
Liver 
Liver 





* Mean + S.E. for three determinations. 


Table 3. Metabolism of ['*C]TNG by placentas from 
various species 





1,3-DNG 1,2-DNG 
(nmoles/mg protein) 


Gestational 


Species age 





x 


Mouse Day 12 
Day 18 
Day 19 


Term 


im toe Of 
He HE HE He 


Rat 
Human 


~I 00 NO 
He He He 
—-OoSoS 
wrk Oo 


OoONwW 
Seee 
& HA — oo 
oe Le tA 


~ 





* Mean + S.E. for three determinations. 


formed, then the species were classified as low producers 
(mice), intermediate producers (rats and humans), or high 
producers (rabbits, dogs and monkeys). A comparison of 
the total amount of denitrated metabolites produced indi- 
cated that rats, rabbits, dogs and monkeys produced more 
isomers of DNG than did humans. Mice, in contrast, had 
the lowest activity for denitrating TNG. A qualitative com- 
parison between species, in terms of the DNG isomers pro- 
duced, indicated that rats and mice produced more 
1,3-DNG relative to 1,2-DNG than other species. 
Although none of the species metabolized TNG exactly 
like humans, there were some similarities to humans in 
terms of 1,3-DNG formed (mouse, rabbit, dog and mon- 
key), 1,2-DNG formed (rat) and ratio of 1,3-DNG to 
1,2-DNG (rabbit, dog and monkey). The results of the 
present study are qualitatively similar to those obtained 
for rats, rabbits and dogs [7]. 

A previous measure of organic nitrate reductase acti- 
vity [10], which used erythrityl tetranitrate as the substrate 
and the formation of inorganic nitrate as the measure of 
activity, concluded that livers from both humans and rats 
had the same capacity for denitration. The present study 
does not support this conclusion. There may be both quali- 
tative and quantitative differences between species in their 
capacity to denitrate this class of nitrate ester containing 
compounds. 

Since the metabolism of many compounds changes dur- 
ing development, studies were undertaken to measure 
organic nitrate reductase activity in developing tissues. 
Low levels of activity were found in mouse embryos on 
day 12 of gestation and in mouse livers and carcasses on 
day 18 of gestation (Table 2). The activity was also low 
in fetal rat livers but increased between | and 7 days of 
age. Although there were no further changes in activity 
between | and 3 weeks of age, rats at 3 weeks of age 
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tended to produce less 1,3-DNG than adults. The ratio 
of 1,3-DNG to 1,2-DNG for the weanling and adult rats 
was 1.17 and 1.45 respectively. Placentas from mice, rats 
and humans had poor ability to denitrate TNG (Table 
3). These developmental studies indicate that both imma- 
ture livers and placentas have a poor capacity to metabo- 
lize TNG. 

In summary, homogenates of livers from various species 
metabolized TNG primarily to 1,3-DNG and 1,2-DNG. 
None of the livers from the various species tested metabo- 
lized TNG exactly like human liver, although there were 
some similarities in the various parameters examined. 
Embryos, fetal liver, and placentas had poor ability to 
metabolize TNG. Increased ability to metabolize TNG was 
acquired during the postnatal period. 
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Phenobarbital-induced enzymatic and non-enzymatic lipid peroxidation 
in rat liver microsomes* 


(Received 2 April 1976; accepted 14 June 1976) 


Our laboratory has recently shown that phenobarbital 
(PB) administration produced triglyceride accumulation in 
rat liver [1, 2]. Since peroxidative decomposition of hepatic 
polyunsaturated lipids is currently believed to be a 
mechanism responsible for the development of a fatty liver 
and cell necrosis [3,4], we have investigated the effect of 
PB on hepatic lipid peroxidation. In a recent report [5], 
we have established that PB enhances lipid peroxidation 
in the liver as reflected by increased hepatic malonic dial- 
dehyde (MDA) concentrations and diene conjugation. 

Oxidative degradation or peroxidation of phospholipids 
in hepatic microsomes is produced by two different sys- 
tems. One of these is an NADPH-dependent enzyme which 
involves ADP and the reduction of Fe?* to Fe** [6]. The 
other is a non-enzymatic, ascorbate-dependent reac- 
tion [7]. Since it has been established that PB elevates 
hepatic lipid peroxidation, the present study was con- 
ducted to determine whether this drug induces hepatic mic- 
rosomal enzymatic (NADPH-dependent) lipid peroxida- 
tion or non-enzymatic (ascorbate-dependent) lipid peroxi- 
dation or both. 

Male Sprague-Dawley rats (250 g) were maintained on 
a synthetic diet as previously described [1]. This diet con- 
tained 35°, fat, 24°, protein and 2.1°% choline dihydrogen 
citrate. One group of rats was injected intraperitoneally 
with 50 mg/kg body weight of PB every 12 hr for 5 days. 
Control rats received injections of equal volumes of saline. 
Rats in the control and PB groups were pair-fed and given 
water ad lib. The animals were killed by decapitation and 
their livers were removed and weighed. The fresh liver was 
homogenized in 0.174M KCl, 0.25M Tris-HCl buffer at 
pH 7.4 according to Hunter et al. [8]. Sucrose was avoided, 
since it has been reported to interfere with MDA deter- 
minations [9]. Microsomes from liver homogenate were 
prepared according to the method of Noguchi et al. [10]. 

Since it was shown in an earlier report [5] that enhanced 
hepatic lipid peroxidation induced by PB could be demon- 





* Veterans Administration Project No. 0804-04. 


strated either with MDA production or diene conjugation, 
lipid peroxidation in this study was measured as MDA 
production according to Tappel and Zalkin [11]. Previous 
investigators have shown [12-15] that the cofactor com- 
plex Fe?* + ADP is essential for maximum lipid peroxida- 
tion. These cofactors in the presence of adequate reducing 
agents were added to both control and PB-treated homo- 
genates in the following manner: Fe**(2 uM) + ADP 
(0.5 mM) + NADPH (0.5mM) and Fe?* (24M) + ADP 
(0.5 mM) + ascorbate (0.5 mM). Enzymatic peroxidation in 
the microsomes was determined according to a modifica- 
tion of the incubation procedures of Fukuzawa and 
Uchiyama [12]. The reaction mixture contained 0.5 ml of 
microsomal suspension and the total volume was adjusted 
to 4ml with phosphate buffer at pH 7.4. This mixture 
was incubated at 37°C for 30min. Non-enzymatic lipid 
peroxidation was performed under the same conditions 
except that the microsomes were boiled for 5 min to inacti- 
vate microsomal enzymes. 

In agreement with our previous report [5], hepatic mic- 
rosomes of PB-treated animals in this study (Table 1) 
showed an increased capacity for enzymatic lipid peroxida- 
tion when compared to controls. In control microsomes 
and microsomes from PB-treated animals, enzymatic lipid 
peroxidation was increased significantly upon the addition 
of Fe?* and ADP with either NADPH or ascorbate. In 
each case, however, the microsomes from PB-treated ani- 
mals contained more peroxidative activity than the micro- 
somes from untreated animals. 

As shown in Table 1, the lipid peroxidation of non- 
enzymatic microsomes was also increased by PB administ- 
ration. Ascorbate but not NADPH further stimulated con- 
trol was well as PB-induced lipid peroxidation. 

An NADPH-dependent lipid peroxidation system was 
first described in rat liver microsomes by Hochstein et 
al. [14,16]. Recent publications [17-25] have suggested 
that cytoch. me c reductase (EC 1.6.99.3) is the enzyme 
which mediates lipid peroxidation, and it has been postu- 
lated that NADPH via this enzyme maintains the iron 
of the Fe?* + ADP complex in the reduced state [15]. 


Table 1. Effect of phenobarbital (PB) on the NADPH-linked enzymatic and ascorbate-linked non-enzymatic lipid peroxi- 


dation in rat liver microsomes (yg 


MDA produced/mg protein)* 





Enzymatic 


Control PB-treated 
Supplementation (8)* (8)* 


Non-enzymatic 


Control PB-treated 
(8)t (8)t Pt 





Nil 0.06 + 0.01 0.11 + 0.03 
Fe’ + ADP + NADPH 1.69 + 0.298 2.43 + 0.208 
Fe?* + ADP + Ascorbate 1.91 + 0.268 2.37 + 0.358 


0.09 + 0.02 0.21 + 0.04 < 0.001 
O11 + 0.02 0.27 + 0.04¢ < 0.001 
1.37 + 0.148 1.55 + O.118 < 0.025 





* Mean values + S. D. 

+ Number of animals. 

t PB-treated compared to controls 

§ P < 0,001 compared to nil supplementation. 
Not significant compared to nil supplementation. 

€ P < 0.01 compared to nil supplementation. 
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This study demonstrates that hepatic microsomes from 
PB-treated animals, whether stimulated with cofactors or 
not, exhibit increased enzymatic peroxidative activity when 
compared to controls. This is in agreement with previous 
observations [26] that PB is an inducer of microsomal 
cytochrome c reductase (EC 1.6.99.3). 

These data further demonstrate that non-enzymatic lipid 
peroxidation, whether stimulated by cofactors or not, is 
also increased by PB. The explanation for this increased 
activity is not readily apparent. It is possible that the PB- 
induced increase in microsomal phospholipid [27, 28], with 
its resultant high level of unsaturated fatty acids, could 
furnish increased available substrate for lipid peroxidation. 
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Biochemistry, MICHAEL F. SORRELL* 
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PRELIMINARY COMMUNICATION 


LITHIUM INHIBITION OF CYCLIC AMP ACCUMULATION 
INDUCED BY DOPAMINE IN ISOLATED RETINAE OF THE 
RABBIT 


Michel Schorderet 
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CH 1211 Geneva 4 


(Received 5 November 1976; accepted 8 November 1976) 


Lithium is used for the management of affective 


disorders’, although its mechanism of action remains obscure’. 


Several lines of evidence suggest that the dopaminergic system is 
involved in mania“ and possibly in schizophrenia’. We present here 
the first experimental evidence that in intact cells belonging to 
brain structures (retina), lithium can inhibit a dopamine-sensitive 
adenylate cyclase. 


Materials and Methods. 





The methods employed for the dissection and isolation 
of the rabbit retina and for the measurement of cyclic AMP have 
been described elsewhere’. A standard concentration of O.1 mM 
dopamine (or dopamine-mimetic agents) was used in all experiments 
with drugs, since it has been previously found that at this 
concentration, a maximal accumulation of cyclic AMP is produced *. 
Lithium was added in solution as the chloride salt before the 
final incubation (10 min, 35°). 


Results and Discussion. 





Figure 1 shows that more than 50 % inhibition of the 
dopamine effect was obtained when 5 mM lithium was present. 
Complete inhibition was achieved in the presence of 50 mM lithium. 
The range of effective concentrations of lithium is comparable to 
that used by other investigators, who have found a 80 % inhibition 


by 50 mM lithium of noradrenaline induced formation of cyclic AMP 


: ; 7 ; ; 
in slices of rat cerebral cortex . Therapeutic concentrations of 
167 
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lithium in human plasma can easely reach 2 mM during the treatment 


io ; : 
. At this concentration, a 


In the 


of acute mania with lithium salts 
27 % inhibition of the dopamine effect was also measured. 
latter experiments, absolute values of cyclic AMP concentrations 
in control-, dopamine- or dopamine plus 2 mM lithium-retinae were 
18.5 + 2.1(6), 57.1 + 7.1(5) and 41.4 + 3.3(5), respectively (pmol 
per mg protein, mean + s.e.m., number of retinae in parenthesis). 
Inhibition by lithium of basal adenylate cyclase 
Since the absolute values of 


5 and 50 mM lithium (in the 


activity appears to be unlikely, 
cyclic AMP in the presence of O.5, 
absence of dopamine) were not significantly different from basal 
values (i.e. in the absence of drugs). Column c (Figure 1) appears 
to indicate an inhibition of basal activity at 50 mM lithium con- 
centration, as the percentage of maximal dopamine response is 


shown. However, the absolute values of cyclic AMP in the presence 
of both dopamine and lithium were not significantly different from 
basal values (no drugs). The specificity of the lithium effect is 
supported by similar experiments using dopamine-mimetic agents 
(Table 1). 


and apomorphine act at dopamine receptors of the CNS, which are 


It is well established that N-methyl-dopamine (epinine) 


different from either a- or §-adrenoceptors 


Table 1. Blockade by 50 mM lithium of the cyclic AMP production* 


induced by dopamine-like drugs in isolated retinae of the rabbit. 





Drug, O.1 mM Drug-treated retinae control retinae 


epinine 
apomorphine 


ergometrine 





Without Li 





a 
60.7 + 10.7(5) 
79.6 8.5(5) 
23.4 + 2.4(6) 


With Li 

b 
19.8 + 2.7(5) 
20.9 + 2.3(5) 
16.1 + 0.6(5) 





20.4 + 


17.2 
14.8 


+ 


aa 





* 
pmol per mg protein, mean + s.e.m. The number of retinae 


dicated in parenthesis. 


For each experiment, 


values given 


column a are significantly different from values given in 


b or c (0.05 > P 


> O.OO1). 


in 


column 


No significant differences were found 


between values given in column b and values given in column c 


(P > 0.05). 
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Figure 1. The effect of lithium (Li) on stimulation of cyclic AMP 
production induced by dopamine (DA) in isolated retinae of the 
rabbit. 








% maximal DA response 











Cc 
a* 





0.5 5.0 50.0 
0.1 0.1 0.1 


(mM) 


The increments of cyclic AMP production induced by dopamine alone 
in experiments a, b and c were 30.6 + 3.0, 48.1 + 10.5 and 

26.9 + 1.5 respectively (pmol per mg protein, mean + s.e.m., n = 
and normalised to 100 %. The same number of retinae (n = 5) were 
exposed to both Li and dopamine, for each experiment a, b and c. 
The increments of cyclic AMP production were then expressed as the 
percentage of the corresponding maximal dopamine response (ordi- 
nate). 


* P< 0.05 ; < 0.001 ; NS = not significantly different. 
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As for dopamine, the accumulation of cyclic AMP induced by O.1 mM 
epinine or apomorphine is completely abolished by 50 mM lithium. 
Complete inhibition was also achieved when the stimulating agent 
is an ergot alkaloid, ergometrine. The latter drug belongs to a 
new class of potential dopamine-agonists’. It is conceivable that 
due to a high degree of structural specificity for agonist acti- 
vity?’”, all three agents would stimulate the same population of 
retinal dopamine receptors and that one of the cellular effects of 
lithium is a specific inhibition of dopamine-sensitive adenylate 
cyclase. 
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MECHANISM OF ACTION OF $-BLOCKERS 
IN HYPERTENSION 
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Mead Johnson Research Center, Evansville, Ind. 47721, U.S.A. 


Although the f-adrenoceptor blocking drugs are 
now recognized as effective antihypertensive agents, 
none of the hypotheses advanced to explain the 
mechanism by which they lower arterial pressure is 
entirely satisfactory. On_ strict pharmacological 
grounds, these agents could be expected to raise, 
rather than lower, arterial pressure by blockade of 
the vasodilation-mediating vascular f-adrenoceptors. 
In many animal models of hypertension, f-adrenocep- 
tor blockers are devoid of antihypertensive activity 
[1-4] and were shown in fact to be hypertensive both 
in animals [5,6] and in certain groups of hypertensive 
patients [7]. The excellent antihypertensive profile of 
these agents in the majority of hypertensives, how- 
ever, continues to stimulate the search for 


mechanisms that could adequately explain their anti- 
hypertensive effects. These mechanisms include the 


following four. 

Inhibition of renin secretion. Most investigators 
agree that inhibition of renin secretion is probably 
a primary mechanism via which f-adrenoceptor block- 
ing agents lower blood pressure in the small group 
of younger hypertensive patients characterized by an 
elevated renin-sodium index. High renin hypertensive 
patients generally respond to the intravenous 
administration of the angiotensin II antagonist, “Sar- 
alasin,” with a significant fall in blood pressure [8], 
a test that can be used to identify those patients with 
renin-dependent hypertension and in whom 
B-blockers are most effective [9,10]. The antihyper- 
tensive activity of f-adrenergic blockers in these 
patients correlated well with the degree of inhibition 
of renin release, and with the initial level of plasma 
renin activity [10,11]. When f-blockers are added to 
a regimen of direct vasodilator agents which raise 
plasma renin activity, the f-blockers may again act 
primarily by inhibiting the elevated renin secretion. 
Here again, correlation between the antihypertensive 
activity and the inhibition of renin release is obtained 
[12]. Such a correlation apparently does not hold, 
however, in the diuretic-induced rise in plasma renin 
activity when combined with f-adrenergic blocker 
therapy [13]. 

The vast majority of hypertensive patients have a 
normal or low renin-sodium index and the situation 
is more complex. Although the f-adrenoceptor 
blockers still lower blood pressure in most of these 
patients, albeit to a lesser extent than in those with 
high renin, no correlation with basal renin activity 
or a decrease in plasma renin levels is obtained. The 
effects on renin release occur almost immediately after 
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the administration of f-adrenoceptor blockers, while 
the reduction in blood pressure may take from days 
to several weeks to develop. In addition, the doses 
needed to lower pressure are several-fold greater than 
those needed to inhibit renin release [14,15]. Some 
B-blockers, e.g. pindolol, significantly lower arterial 
pressure while having no inhibitory [16], and some- 
times even a stimulatory [17], effect on renin release. 
Thus, in the majority of hypertensive patients, inhibi- 
tion of the renin—angiotensin system is probably not 
the main mechanism of the antihypertensive activity 
of these agents. 

Inhibition of cardiac output. The most studied and 
described effect of B-blockers, i.e. inhibition of cardiac 
B-adrenoceptors and the associated decreases in car- 
diac output, has been proposed as the long-sought 
mechanism for their antihypertensive activity in man. 
This is not a convincing explanation, however, since 
intravenous propranolol produces an immediate fall 
in cardiac output with almost no effect on arterial 
pressure due to autoregulatory compensatory increase 
in peripheral resistance [18]. Chronic f-blocker ther- 
apy is usually associated with decreased cardiac out- 
put which occurs well before a decrease in arterial 
pressure is observed [19]. Several f-blockers with in- 
trinsic sympathomimetic activity, e.g. pindolol, 
alprenolol and oxprenolol, are effective antihyperten- 
sive agents but produce only minimal effects on car- 
diac output. Furthermore, high cardiac output hyper- 
tensive states are not particularly sensitive to the anti- 
hypertensive activity of f-adrenoceptor blockers 
[19-21]. Also, patients that do not respond to 
f-blockade by a lowering of pressure still exhibit sig- 
nificant decreases in cardiac output similar in magni- 
tude to that observed in the responders [22]. 

Inhibition of sympathetic outflow—central effects. A 
central site for the antihypertensive activity of 
B-adrenoceptor blockers has also been suggested. This 
was triggered by the discovery of the strong antihy- 
pertensive activity of the a-adrenoceptor agonist 
clonidine (Catapres) [23]. If central «-adrenoceptor 
stimulation lowers arterial pressure, central /-adreno- 
,ceptor antagonists may also lower pressure via block- 
ade of central S-receptors resulting in unopposed cen- 
tral «-adrenoceptor stimulation. Although adequate 
characterization of central f-adrenoceptors is still lac- 
king, this hypothesis was supported by animal studies 
which indicated that: (a) central administration of the 
B-adrenoceptor stimulant, isoproterenol, in cats [24] 
was associated with hypertensive effects, (b) intraven- 
tricular administration of the /-isomers of a number 
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‘ of B-blockers to conscious rabbits [25], cats [26] and 
rats [27] reduced arterial pressure, while the 
d-isomers which possess minimal f-blocking activity 
were inactive, and (c) impulse traffic decreased in the 
splanchnic nerve in conscious rabbits after B-adreno- 
ceptor blockade [28], an effect similar to that 
observed after clonidine administration. It should be 
noted, however, that practolol, an effective antihyper- 
tensive f-blocker, was inactive in the latter test [28]. 
Studies with rabbits are also open to question since 
the antihypertensive effects of B-blockers in this spe- 
cies differ significantly from their antihypertensive 
effects in man in time of onset and other character- 
istics [29]. In addition, B-blockers do not generally 
lower arterial pressure in the normotensive man. 

The central-site hypothesis does not explain the 
long time-lag between the 
B-blockers and the appearance of their antihyperten- 
sive effects, since no accumulation of propranolol in 
the brain appears to occur with time [30]. Also, it 
does not explain the good antihypertensive activity 
of a number of f-adrenoceptor antagonists, e.g. sota- 
lol [31], practolol, atenolol and metoprolol [32], that 
seem to cross the blood/brain barrier very poorly, 
if at all. Although some f-blockers do cross the 
blood/brain barrier, as shown by their centrally 
mediated side effects, e.g. the frequent bizarre dreams, 
no good correlation appears to exist between the anti- 
hypertensive activity of f-blockers and their ability 
to enter the central nervous system, as determined 
by lipid partition coefficients. In addition, intraventri- 
cularly administered sotalol, an effective antihyperten- 
sive f-blocker, failed to lower arterial pressure in 
anesthetized cats [33]. 

Various modifications of this central hypothesis 
were advanced by placing the site of action on the 
same pathway either at the baroreceptor [34-36] or 
at the afferent limb [37] with the net result of de- 
creased sympathetic outflow. However, most of the 
difficulties plaguing the main hypothesis still remain. 
Studies with pindolol failed to show a decrease in 
plasma norepinephrine levels concomitant with its 
antihypertensive effects, as was shown to occur with 
clonidine [38]. 

Regression of cardiac hypertrophy. Fitzgerald [39] 
suggested that prolonged cardiac f-adrenoceptor 
blockade, blocking the sympathetic component to 
cardiac activity without necessarily lowering cardiac 
output, would result in a reduction in the hyperten- 
sion-associated cardiac hypertrophy and consequent 
readjustments of the circulation necessary for ade- 
quate perfusion of the kidney at significantly reduced 
pressures. In effect, this amounts to a reversal of the 
cascade of events suggested by Borst and Geus [40] 
to explain the vascular adjustments in hypertension. 
Although this hypothesis could explain the time-lag 
between the administration of f-blockers and the 
onset of their antihypertensive effects, such a hypoth- 
esis, aS pointed out by Lewis [37], would not explain 
the rapid return of pressure to hypertensive levels 
after cessation of f-blocker therapy, since cardiac re- 
hypertrophy would be expected to be a much more 
gradual process. In addition, there is evidence that 
propranolol reduces cardiac hypertrophy with no 
effect on blood pressure in severe renal hypertension 
in rats [41]. 


administration of 


REQUIREMENTS IN A NEW HYPOTHESIS 


A hypothesis that could explain the mechanism of 
the antihypertensive activity of B-adrenoceptor block- 
ing agents in the majority of hypertensives should 
take into consideration certain observations: 

(1) The only pharmacological property of these 
compounds that correlates well with their antihyper- 
tensive activity is B-adrenoceptor blockade. None of 
the ancillary pharmacological effects, such as intrinsic 
sympathomimetic activity, cardioselectivity, or mem- 
brane stabilization, which may influence certain side 
effects, appears to play a major role in the antihyper- 
tensive action of these agents. 

(2) Onset of antihypertensive activity requires from 
2 days to several weeks after initiation of chronic 
therapy. 

(3) Doses several-fold greater than those needed for 
B-adrenoceptor blockade are required to reduce 
blood pressure. 

(4) The antihypertensive effects disappear at vari- 
able rates after cessation of therapy. 

(5) Lowering of blood pressure by these agents 
occurs concomitantly with a decrease in the initially 
elevated peripheral resistance. 

(6) There is a lack of antihypertensive activity in 
many animal models of hypertension. 


B-ADRENERGIC RECEPTORS IN HYPERTENSION 


Although the normal physiological role played by 
vascular f-adrenoceptors in the control of blood pres- 
sure is not well understood, decreased responsiveness 
of these receptors, both functionally and pharmacolo- 
gically (as shown by decreased cyclic AMP synthesis), 
in hypertension is known. Decreased sensitivity of 
cardiac [42] and vascular [43,44] f-adrenergic recep- 
tors in hypertension has been described. In three 
forms of chronic hypertension in rats, a study of cyclic 
nucleotide metabolism in the heart and blood vessels 
revealed a lessened sensitivity of the f-adrenergic 
receptor, mediating cyclic AMP synthesis, to agonist 
stimulation [45,46]. This observation was corrobor- 
ated by studies in other laboratories [47,48] and 
agreed well with the generalized decreased f-adrener- 
gic receptor responsiveness in this disease. Since a 
decreased f-receptor sensitivity was also observed in 
the heart and vessels of acute, neurogenically hyper- 
tensive rats [49], it appeared that it could be 
mediated via excessive sympathetic stimulation. Based 
on these and other studies, the hypothesis was 
advanced [50] that increased sympathetic outflow 
early in the development of hypertension, possibly 
during periods of stress or emotionality, elicits de- 
creased f-adrenergic receptor sensitivity. This results 
in predominant x-adrenergic receptor activity, in- 
creased vascular resistance and elevated arterial pres- 
sure. This could also occur at the f-receptors in the 
sympathetic nerve endings that stimulate norepineph- 
rine release [51]. The f-receptor sensitivity slowly 
recovers in periods of normal or decreased sympathe- 
tic tone and results in the normalization of arterial 
pressure. These reversible changes of f-adrenoceptor 
sensitivity, therefore, could characterize labile hyper- 
tension. Sustained increases in sympathetic tone, 
resulting in continuously elevated norepinephrine 
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Fig. 1. Adenylate cyclase complex in vascular smooth 
muscle. Binding between the specific agonists and their 
specific receptor subunits [f: f-adrenergic; PGE: prosta- 
glandin E; H: histamine; Ad: adenosine; and 5-HT: 5-hyd- 
roxytryptamine (serotonin)] activates the coupler subunit 
which in turn activates the catalytic subunit that catalyzes 
the conversion of ATP to cyclic AMP. f-Adrenoceptor 
blockers block the f-adrenergic receptor without blocking 
the effects of other hormonal vasodilators on the system. 
Cyclic AMP mediates vascular smooth muscle relaxation 
via a number of steps probably involving Ca** and protein 
phosphorylation. 


concentrations at the receptor sites, could elicit 
almost permanent loss of f-adrenoceptor sensitivity. 
This could involve permanent structural as well as 
functional modifications that ultimately result in sus- 
tained hypertension which usually follows the initial 
labile stages of the disease. 

That hypothesis explained, among other things, the 
hypertension-associated increased contractile sensi- 
tivity of vascular smooth muscles and its decreased 
sensitivity to hormonal vasodilating agents. The two 
effects are inter-related and indicate that in hyperten- 
sion there is a decreased responsiveness (relaxation) 
of the vasculature not only to /-adrenoceptor 
agonists but also to other hormonal vascular smooth 
muscle relaxants as well. Since cyclic AMP appears 
to mediate vascular smooth muscle relaxation to all 
these agents, an abnormality in the cyclic AMP-syn- 
thesizing system was thus strongly suspected. 

As can be seen in Fig. 1, the f-adrenergic receptor 
is only one of a variety of hormonal receptors that 
trigger cyclic AMP synthesis via the same adenylate 
cyclase enzyme complex which is thought in most sys- 
tems to consist of multiple receptor subunits, a 
coupler subunit and a catalytic subunit. It has been 
shown repeatedly in other systems [52] that if adeny- 
late cyclase is maximally stimulated via any one of 
the receptors, e.g. via B-adrenoceptor stimulation, no 
additive effects could be produced via stimulation of 
another receptor, e.g. the histamine receptor; this 
emphasizes that we are dealing with a single enzyme 
responsive to a variety of specific agonists acting on 
their specific receptors. Specific blockade of one of 
the receptors, e.g. the f-receptor by f-adrenoceptor 
blockers, does not interfere with stimulation of cyclic 
AMP synthesis and the relaxation induced via 
another receptor. 


Reduced activity in the coupler or catalytic units 
of the enzyme could be translated into decreased re- 
sponsiveness of the system to all various stimuli act- 
ing via adenylate cyclase. Decreased responsiveness 
of the cyclic AMP relaxation system could be affected, 
independently of the catecholamines, e.g. by sustained 
increases in the levels of angiotensin II early in the 
development of hypertension. Decreased receptor re- 
sponsiveness to any agonist, e.g. f-adrenergic stimu- 
lants or angiotension II, if it occurs at a level beyond 
the receptor subunit itself, could be associated with 
decreased responsiveness to other agonists as well. 

In hypertension, the decreased f-adrenergic recep- 
tor responsiveness appears to occur at the level of 
the coupler unit (Fig. 1), since binding of norepineph- 
rine to the vascular f-receptor is normal [53] and 
the enzyme adenylate cyclase is fully responsive to 
sodium fluoride which acts directly on the catalytic 
subunit [45-49]. Therefore, the defect in f-receptor 
responsiveness is reflected in decreased sensitivity to 
natural hormonal vasodilator agents other than 
epinephrine and norepinephrine, e.g. those involved 
in reflex vasodilation, as histamine and PGE,. This 
may explain the observed decreased reflex vasodila- 
tion in hypertension. It must be recognized, however, 
that the coupler unit represents more of a conceptual 
than a structural component of the adenylate cyclase 
receptor complex and should be viewed widely 
enough to include membrane components that modu- 
late receptor to enzyme coupling. Variations in the 
composition and structure of vascular cell membranes 
in hypertension are widely recognized; changes in 
coupling efficiency may be a result of such disease- 
related lesions. 

Decreased receptor sensitivity after excessive expo- 
sure to specific stimulants is a well known pharmaco- 
logic phenomenon [54-60]. Studies in vivo, ex vivo 
and in vitro indicate that this process is only slowly 
reversible. Thus, the receptor slowly recovers its re- 
sponsiveness in the absence of the specific agonist. 
It may take longer for the receptor sensitivity to 
recover in the presence of smaller concentrations of 
the agonist. After it regains its responsiveness, the 
receptor becomes exquisitely conditioned to loss of 
responsiveness which now occurs at agonist concen- 
trations lower than were needed before [61]. As dis- 
cussed earlier, this correlates well with the decreased 
responsiveness of the f-adrenergic receptor in hyper- 
tension. In sustained hypertension, the responsiveness 
of the cyclic AMP relaxation system to other hor- 
monal vasodilator agents could be kept in a lower 
sensitivity state by the normal or abnormal amounts 
of norepinephrine released at the sympathetic nerve 
endings. 


NEW HYPOTHESIS—A VASCULAR SITE FOR THE 
ACTION OF £-BLOCKERS IN HYPERTENSION; 
RESTORATION OF VASCULAR RELAXATION 

SENSITIVITY 


To explain the antihypertensive activity of 
B-blockers, it is proposed that f-adrenoceptor block- 
ade, if maintained, would protect the vascular 
f-adrenergic receptor from the insult of the reinforc- 
ing levels of the catecholamines that maintain the 
subsensitivity of the relaxing apparatus mediating 
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cyclic AMP synthesis. Chronic f-blockade therapy 
would allow, therefore, the adenyl cyclase—relaxation 
complex to slowly regain its responsiveness to other 
agents that normally mediate vasodilation, e.g. hista- 
mine and PGE), to balance the otherwise unopposed 
vasoconstricting x-adrenergic tone. This would allow 
the blood pressure to fall to near normotensive levels 
and may provide the basis for the antihypertensive 
activity of B-adrenoceptor blockers as a class. 

This hypothesis agrees well with most of the 
properties and actions of f-adrenoceptor blockers as 
antihypertensive agents. Furthermore, it explains 2 
number of observations hitherto poorly explained by 
other hypotheses: 

(1) The only important property of these agents 
that correlates well with their antihypertensive acti- 
vity is their B-adrenoceptor blocking property, and 
all B-adrenoceptor blocking agents as a class are 
active antihypertensive agents [62]. By definition, 
f-adrenoceptor blockade is the only property needed 
in the present hypothesis. 

(2) The delay in onset of the antihypertensive effects 
of B-adrenoceptor blocking agents occurs because the 
recovery of the relaxation apparatus and receptor re- 
sponse is a time-consuming process. This could vary 
depending on the degree of receptor sensitivity loss 
and reversibility. 

(3) Higher doses than those required for f-adreno- 
ceptor blockade are needed to produce antihyperten- 
sive effects. Maintenance of adequate and continuous 
B-adrenoceptor blockade to prevent reinforcing con- 
centrations of norepinephrine from reaching the 


receptor may explain the need for higher doses. This 
may also explain why f/-blocking agents that are not 
excessively metabolized and which possess longer 
half-lives, e.g. sotalol [63], are relatively more effec- 
tive antihypertensive agents than would be predicted 
based on f-adrenoceptor blocking potency alone. 


(4) The antihypertensive activity of various 
B-adrenoceptor blockers is brought about primarily 
via a decrease in peripheral vascular resistance 
[18,19,64]. This hypothesis localizes the effects of 
these agents in hypertension to the peripheral vascu- 
lature, via a mechanism that would directly result in 
decreased vascular smooth muscle tone. 

(5) Blood pressure returns to pretreatment levels 
at a variable rate after cessation of f-adrenoceptor 
blockade. According to this hypothesis, the B-adrener- 
gic receptor returns to its subsensitive state as a result 
of exposure to catecholamines after cessation of 
f-blockade; the rate of return is dependent on the 
rate of release of catecholamines and the state of the 
vascular p-adrenergic receptors. 

(6) The lack of antihypertensive activity in many 
animal models of hypertension could be due to quali- 
tative and quantitative differences in the factors 
mediating vascular relaxation and the relative contri- 
bution of vascular f-adrenergic receptors to the con- 
trol of vascular smooth muscle tone [65]. 

A number of other observations may also be 
explained by the present hypothesis. First, older 
patients with presumably less responsive adenylate 
cyclase [66] are less responsive to f-adrenoceptor 
blocking drugs [11]. Second, high doses of 
B-blockers with relatively strong intrinsic sympatho- 
mimetic properties, e.g. pindolol, may actually elevate 


arterial pressure [67] since excessive /f-receptor 
stimulation would induce decreased receptor respon- 
siveness. This is also true for propranolol [68] which, 
although devoid of intrinsic sympathomimetic acti- 
vity, is metabolized to 4-hydroxy-propranolol which 
has strong agonist properties [69]. Third, the lack 
of antihypertensive activity of the d-isomers that also 
lack -adrenergic blocking activities would be 
expected. Fourth, cardioselective f-blockers, e.g. prac- 
tolol, are less effective antihypertensive agents 
[70-72] than would be expected on the basis of car- 
dio—f-blockade, since their antihypertensive effects 
would result from their vascular rather than their car- 
diac actions. It should be noted that most of the so- 
called non-selective $-adrenoceptor blockers, e.g. pro- 
pranolol and sotalol, are more active in blocking the 
effects of isoprenaline on the vasculature than on the 
heart. Fifth, since f-blockers would only restore the 
normal ability of the vascular smooth muscles to 
relax, excessive dosage of these drugs would not lead 
to severe hypotension [73]. 

This hypothesis can be tested by experiments 
designed to study vascular responsiveness to various 
hormonal vasodilator stimuli before and after chronic 
B-blockade in responsive animal models of hyperten- 
sion and in hypertensive patients [74]. In fact, reser- 
pine treatment, which reduces the concentrations of 
catecholamines at the receptor sites and thus catecho- 
lamine f-receptor interaction, improved the ability of 
the vascular smooth muscles from spontaneously 
hypertensive rats to relax [44]. This can be viewed 
as an indirect support for the proposed hypothesis. 

If the present hypothesis is proven correct, it may 
help orient research programs directed toward the de- 
velopment of better adrenoceptor antagonists for the 
treatment of hypertension by focusing attention on 
the long known, poorly understood and meagerly 
studied vascular f-adrenoceptors as the most likely 
site of the lesion in hypertension. 
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Abstract—The sensitivity of cellular membranes to disruption by amphotericin B (AMP-B) depends 
on the sterol content of such membranes. L1210 murine leukemia cells, grown in medium containing 
ergosterol and then briefly treated with AMP-B, were more sensitive to the antibiotic than control 
populations. Cell lysis and damage were assessed by estimation of cell number, trypan blue uptake 
and cell viability by cloning in soft nutrient-agar. Cells grown in ergosterol required less than half 
the AMP-B needed for equivalent damage to controls, and were reduced in number and viability 
by over 99.9 per cent at an AMP-B concentration which barely affected the reproductive capacity 


of control cell populations. 


Amphotericin B (AMP-B) is a polyene antibiotic 
which creates aqueous pores in thin lipid membranes 
[1,2] and whose activity depends upon the sterol 
content of membranes [3]. It has been used with equi- 
vocal success in the treatment of astrocytoma [4, 5]. 
Thin lipid membranes containing ergosterol are more 
sensitive to polyene antibiotics than those containing 


cholesterol [6]. Depending upon the liposomal sys- 
tem employed, ergosterol confers more or less 
AMP-B sensitivity than cholesterol [7, 8]. Ergosterol 
content is critical for membrane disruption by 
AMP-B in fungal [9], protozoal [10] and mycoplas- 
mal [11] membranes. 

The antibiotic, its methyl ester, or a water-soluble 
complex with desoxycholate, Fungizone (Squibb), as 
well as other polyenes have shown variable cytotoxic 
activity in cultures of normal or neoplastic cells 
[12-17]. Since the structure of mammalian cell mem- 
branes can be altered by incubation with sterols 
which are dissolved in growth medium [10], or con- 
tained in phospholipid vesicles [18], we have exposed 
L1210 murine leukemia cells in culture to ergosterol 
and examined the subsequent effects of AMP-B treat- 
ment. 


EXPERIMENTAL 


AMP-B was purchased from CalBiochem; ergos- 
terol and cholesterol from the Sigma Chemical Co. 
The L1210 mouse leukemia cells were kindly pro- 
vided by Dr. V. Bono of the National Cancer Institute 
and RPMI 1630 medium was supplied by the 
National Institutes of Health Media Unit. All media 
were supplemented with 20°, fetal calf serum (Flow 
Laboratories), and gentamicin (Schering), 40 ug/ml. 
Cell number was estimated with a Coulter counter. 

Cholesterol and ergosterol were freshly prepared in 
absolute ethanol to give an 8 mg/ml stock solution. 
Ethanol concentration in incubation mixtures did not 
exceed 0.5%, (v/v). AMP-B was freshly prepared in 
dimethylsulfoxide (DMSO) to give a 20 mg/ml stock 


solution. The DMSO concentration in incubation 
mixtures did not exceed 0.1°, (v/v). 

Two sequential incubations were carried out at 37. 
During the first incubation period, cells which had 
been in stationary phase for Shr were seeded at 
2.5 x 10* to 1 x 10° cells/ml in 20ml medium con- 
taining ethanol, cholesterol or ergosterol in Falcon 
flasks, 75 cm?. Sterols were present as fine dispersions 
at levels of 5—40 yzg/ml. Cells were harvested after 
4-44 hr, centrifuged at 300 g for 5 min, and washed 
twice with fresh medium. During the second incuba- 
tion period, the cells were seeded at 1 x 10° cells/ml 
in 10ml medium containing | to 12.5 g/ml of 
AMP-‘B in Falcon flasks, 25 cm”. They were harvested 
0-3 hr after treatment, centrifuged at 300g for 5 min 
and washed twice with fresh medium. 

After treatment with AMP-B, one or more of the 
following techniques was used to assess cell survival: 
(1) cell number determined immediately after incuba- 
tion in medium containing AMP-B; (2) trypan blue 
exclusion (washed cells in 0.5 ml medium were mixed 
with 0.1 ml of 0.4%, trypan blue in normal saline. After 
5 min, 200 cells were counted and the number of cells 
excluding the stain was determined); (3) cell number 
determined after resuspension in fresh medium and 
45 hr of additional incubation at 37 ; and (4) colony 
number as demonstrated by clonal growth for 2 
weeks at 37° in RPMI 1630 medium containing 0.1", 
Noble agar (DIFCO). 

The procedure for clonal growth in soft agar was 
based upon a previously described technique [19]. 
Noble agar (DIFCO) was suspended in distilled water 
at a concentration of 40mg/ml and autoclaved at 
120° and 15-20 psi for 15 min. This concentrated agar 
solution was added to RPMI 1630 complete medium 
to give an agar concentration of 0.133°,. Three ml 
of the nutrient-agar was dispensed into 12 x 75mm 
Falcon tubes and allowed to equilibrate at 37. Ten- 
fold dilutions (10°-10? cells/ml) were prepared from 
control and drug-treated cell populations and 1 ml 
of the appropriate cell dilution was added to the tubes 
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containing 3 ml nutrient-agar. Three tubes were pre- 
pared for each dilution. The tubes were mixed by in- 
version, placed in an ice bath for 15min and kept 
at room temperature for 45 min. Tubes containing 
25-100 colonies were scored after 14 days of incuba- 
tion at 37. Cloning efficiency was 95-100 per cent. 


RESULTS 


Cells which had been grown in ergosterol were 
more sensitive to lysis during a 2-hr treatment with 
AMP-B than those which had been grown in choles- 
tero! or the solvent alone, ethanol (Fig. 1A). The slight 
growth at the lower levels of AMP-B which occurred 
during this 2-hr period accounts for the values of 
greater than 100 per cent of cells resisting lysis shown 
in Fig. 1A. Further support that growth in ergosterol 
potentiated membrane damage by AMP-B is seen in 
Fig. 1B, where an estimate is given of the cells surviv- 
ing lysis which could be stained with trypan blue. 
No cells were found adherent to vessel surfaces. Phase 
contrast microscopy of treated cells revealed many 
that were deformed and in various stages of disrup- 
tion with much cellular debris. 

Cells first grown in ergosterol, then exposed to 
AMP-B, washed and permitted to grow in the 
absence of AMP-B either in liquid medium (Fig. 2) 
or as colonies in soft nutrient-agar (Fig. 3) for 
extended time periods were markedly sensitive to the 
earlier action of the antibiotic. Ergosterol-grown cells 
exhibited greater than a three log kill (99.9 per cent 
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Fig. 1. Effect of growth in sterol on cell lysis and exclusion 
of trypan blue after a 2-hr incubation with AMP-B. L1210 
cells were grown for 22 hr in medium containing the sol- 
vent ethanol, 0.5°, v/v, or sterol, 40 ug/ml, and harvested 
in log phase. After washing twice with fresh medium, they 
were incubated for 2hr in medium containing AMP-B. 
They were washed twice again, one aliquot was counted 
immediately (A) and another aliquot was stained with try- 
pan blue (B). One hundred per cent equals 1 x 10° 
cells/ml. Key: (& A) ethanol; (@ ®) cholesterol; 
and (@ @) ergosterol. 
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Fig. 2. Effect of growth in sterol and AMP-B treatment 
on lysis of L1210 cells during 45 hr of incubation in fresh 
medium. Cells were grown for 22 hr in medium containing 
the solvent ethanol, 0.5% v/v, or sterol, 40 ug/ml, and har- 
vested in log phase. After washing twice with fresh 
medium, cells were incubated for 2 hr in medium contain- 
ing AMP-B. After washing twice more in fresh medium, 
they were incubated for 4Shr in fresh medium and 
counted. Key: (A——A) ethanol; (™——) cholesterol; 
and (@——®) ergosterol. 
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Fig. 3. Effect of growth in sterol and AMP-B treatment 
on clonal growth of L1210 cells. Cells were grown for 22 hr 
in medium containing the solvent ethanol, 0.5% v/v, or 
sterol, 40 ug/ml, and harvested in log phase. After washing 
twice with fresh medium they were incubated for 2hr in 
medium containing AMP-B. After washing twice more 
with fresh medium, they were incubated for 2 weeks in 
nutrient-agar and individual colonies were counted. One 
represents 10° cells/ml present before incubation with 
AMP-B. Key: (A—<A) ethanol; (™——) cholesterol; and 
(@——®) ergosterol. 





Ergosterol-conferred sensitivity to AMP-B 


Table 1. Effect of growth 


in various levels of ergosterol on amphotericin-B 


cytotoxicity* 





AMP-B 


Ergosterol level (ug/ml) 





concn 
(ug/ml) 


10 20 





Cells excluding trypan blue (%) 


97.7 100 
-99.4 98.8 
50 16.1 

0 0 
90,300 104,700 
96,000 112,300 
56,300 21,300 
217 11 





* 11210 cells were grown for 22 hr in medium containing the solvent, ethanol (0.5%, 
v/v) or ergosterol and harvested in log phase. After washing twice with fresh medium, 
they were incubated for 2hr in medium containing DMSO (0.1%, v/v) or AMP-B 
and then washed twice more. One aliquot of cells was stained with trypan blue and 
another was incubated for 2 weeks in soft nutrient-agar and individual colonies were 


counted. 


mortality) at an AMP-B concentration of 8 «g/ml, 
which barely affected the reproductive capacity of 
control cell populations. 

The cloning technique gives a more accurate assess- 
ment of cell viability than the other methods used, 
since its endpoint of visible colony formation esti- 
mates the reproductive ability of the cells. Cell 
number, determined immediately after AMP-B expo- 
sure or after 45 hr of additional growth, gives no indi- 
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Fig. 4. Effect of time of growth in ergosterol on AMP-B- 
induced cell lysis during 45hr of incubation in fresh 
medium. L1210 cells were grown for various time periods 
in medium containing ergosterol, 40 ug/ml, and harvested 
in log phase. After washing twice with fresh medium, cells 
were incubated for 2hr in medium containing AMP-B. 
After washing twice more in fresh medium, they were incu- 
bated for 45hr in fresh medium and counted. Key: 
(4——A) 4 hr; (@——@) 22 hr; and (@—@) 44 hr. 


cation whether some of the cells counted have sus- 
tained membrane damage, thus rendering them un- 
able to reproduce. Trypan blue dye exclusion may, 
under certain conditions, underestimate the degree of 
cell kill, when compared with cloning (Table 1, 10 yg 
AMP-:B level). 

Increasing either the level of ergosterol in which 
the cells were grown or the time of growth in ergo- 
sterol conferred greater sensitivity to AMP-B (Table 
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Fig. 5. Effect of duration of AMP-B treatment on cell lysis 
during 45 hr of incubation in fresh medium. L1210 cells 
were grown for 22hr in medium containing ergosterol, 
40 ng/ml, and harvested in log phase. After washing twice 
with fresh medium, cells were incubated for various time 
periods in medium containing AMP-B. After washing twice 
more in fresh medium, they were incubated for 45 hr in 
fresh_ medium and counted. Key: (O——O) 15min; 
(4——A) | hr; (@——-@) 2 hr; and (@——®) 3 hr. 
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1, Fig. 4). Also, increasing either the AMP-B concen- 
tration or the time cells were incubated with the anti- 
biotic caused a corresponding increase in cell lysis 
(Table 1, Fig. 5). 


DISCUSSION 


The precise nature of the membrane-sterol associ- 
ation, and the characteristics of the membrane-sterol 
polyene complex, have not yet been fully delineated. 
It has been suggested that a rigid or more ordered 
membrane configuration is a prerequisite for the acti- 
vity of AMP-B and that the role of the sterol may 
be to confer increased membrane rigidity [8, 20]. 
Such rigidity is also dependent on the number and 
distribution of unsaturated sites in the acyl chains 
of the membrane phospholipids [21] as well as in 
the sterol nucleus and side chain [22, 23]. 

We have demonstrated that AMP-B sensitivity can 
be conferred by first treating cells with the phyto- 
ergosterol. The mechanism of action of 
ergosterol might involve the production of a stiff 
membrane substrate upon which AMP-B may subse- 
quently act. It has been shown previously that ergo- 
sterol is capable of increasing membrane order [22]. 
A unique interaction between AMP-B and ergosterol 
(or the ergosterol-membrane complex) may also 
account for the effect of ergosterol. Indeed, according 
to one theory, advanced to explain the mechanism 
of AMP-B activity, sterol is an integral part of the 
AMP-B sterol-membrane pore [1,2]. Other workers 
have shown that amphotericin has higher affinity for 
ergosterol than for cholesterol, both in solution and 
natural membranes [24]. . 

Data from our experiments do not indicate whether 
ergosterol, relative to cholesterol (1) was more effi- 
ciently transferred from growth medium to cell mem- 
brane, (2) more effectively prepared the membrane for 
association with AMP-B, or (3) interacted with the 
AMP-B in a manner to cause cell membrane damage. 
Differences in sterol transport systems, membrane 
concentrations and_ structural distinctions 
between ergosterol and cholesterol could account for 
any of-these possibilities. 

Shinitzky and Inbar [18] have reported that 
plasma membranes of malignant murine and human 
lymphocytes were cholesterol poor and had one-half 
the microviscosity of corresponding normal forms. 
Both the cholesterol level and microviscosity of the 
surface membrane lipid layer of mouse lymphoma 
cells could be raised to levels characteristic of normal 
lymphocytes by incubation with lecithin-cholesterol 
liposomes. Such treatment significantly reduced 
ascites tumor development when the cells were inocu- 
lated into mice [25]. The membrane modification 
could be effected by a 2-hr incubation at 4°, and was 
the result of an equilibrium between cholesterol of 
cell membranes and liposomes, rather than choles- 
terol incorporation during cell growth and membrane 
formation. The optimization of ergosterol incorpor- 
ation into cell membranes under conditions approxi- 
mating those in vivo and the possibility that such in- 
corporation may be more dependent on membrane 
structure and sterol availability than on membrane 
growth and development require further study. 

Of possible major significance has been the obser- 


sterol, 


sterol 


vation that plant sterols, previously thought to be 
confined to the plant kingdom, have been found in 
certain human malignant tumors [26, 27]. The sterols 
presumably originated from dietary sources, and were 
absorbed from the blood stream. 

Because some tumor cell membranes are sterol defi- 
cient, or have affinity for certain forms of sterol, it 
may be possible to preferentially sequester ergosterol 
in membranes of such tumor cells after oral or paren- 
teral administration and thereby confer AMP-B sensi- 
tivity. Even if this two-step schedule were not cytoci- 
dal, by selectively altering such tumor cell membranes 
it may be possible to potentiate the activity of certain 
chemotherapeutic agents [28], which when used alone 
are poorly transported into the cell. 
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Abstract—Healthy control, antigen-sensitized and anaphylactic guinea pig lungs were perfused with 
Tyrode’s solution, and immuno reactive prostaglandins E and F,, (PGE, PGF;,), 15-keto-13,14- 
dihydro-PGF,/E, (metabolite) and histamine measured in the outflows. Histamine and cyclic AMP 
were also determined in the lung tissue. Significantly more PGE, PGF,,, metabolite and histamine 
were spontaneously released from sensitized lungs than control lungs. Anaphylaxis further increased 
the release of these compounds and also raised the tissue levels of cyclic AMP. The largest amounts 
of PGE and PGF,, in the perfusate were found during min 2 and of histamine during min 1 after 
antigen administration. Pretreatment of the sensitized lungs with indomethacin, di-isopropylfluorophos- 
phate (DFP) and epinephrine blocked the anaphylactic release of mediators. Indomethacin and DFP 
also reduced the cyclic AMP levels, while epinephrine pretreatment only marginally affected the rise 
in cyclic AMP induced by anaphylaxis. When given after the antigen, epinephrine had a minimal 
effect on the release of prostaglandins (PGs) and histamine, but enhanced the effect of anaphylaxis 
on cyclic AMP. The data indicate that sensitization with antigen may change the biological properties 
of the organism, as evidenced by the increased outflow of PGs and histamine. The differentiation 
of the effects of blockers points to an intricate relationship between the release of PGs and histamine 


and the tissue levels of cyclic AMP in sensitized and anaphylactic lungs. 


Nearly half a century ago histamine was identified 
as a “mediator” released during the anaphylactic reac- 
tion [1,2]. The histological localization of histamine 
and the conditions necessary for its synthesis, storage 
and participation in the antigen-antibody response 
have since been extensively investigated [3-5]. On the 
other hand, the discovery that sensitized, challenged 
lungs also release prostaglandins (PGs) is of relatively 
recent origin[6]. This finding was confirmed and 
extended by discovering 15-keto-13,14-dihydro- 
PGF,,/E>, the main lung metabolites in anaphylactic 
lung perfusates and in urines from anaphylactic 
guinea pigs [7, 8]. As far as sensitized, non-challenged 
lungs are concerned, the release of PGs was either 
not investigated previously or not detected when 
bioassay was used. At this time there are many indica- 
tions that PGs may have a significant role in the res- 
piratory and non-respiratory lung function. Thus, ac- 
tivities of PG synthetase and the metabolizing 
enzymes are high in the lung [9, 10]; PGs affect the 
cyclic nucleotide system in the lung tissue and iso- 
lated bronchi [11-13], and PGs influence the tone of 
airways [14-20]. 

Adenylate cyclase is hyper-reactive to epinephrine 
in homogenates from antigen-sensitized guinea pig 
lungs as compared to control guinea pig lungs. Fur- 
thermore, accumulation of cyclic AMP in response 
to both epinephrine and histamine is diminished in 
the whole perfused lungs from sensitized guinea 
pigs [21-23]. In anaphylaxis, elevated levels of cyclic 
AMP have been reported [24] and the regulatory role 
of cyclic AMP in the release of mediators has been 
amply demonstrated [25-27]. Epinephrine raises the 


cyclic AMP levels in lung and inhibits the antigen 
antibody reaction [28-31]. Consequently, in the pres- 
ent study, the release of PGs and histamine from lung, 
the changes in the cyclic AMP levels in the lung tis- 
sue, and the effects of epinephrine on these were in- 
vestigated. 

Histamine, slow reacting substance of anaphylaxis, 
eosinophil chemotactic factor of anaphylaxis and pla- 
telet-activating factor are regarded as “primary” 
mediators of the antigen—antibody reaction, and it has 
been hypothesized that the release of PGs in anaphy- 
laxis is dependent upon these mediators [27]. While 
the outflow of PGs can be increased by exogenous 
histamine [7, 32, 33], the converse relationship might 
also be true [11], and the conditions of mutual regu- 
lation have not been worked out. Therefore, we have 
investigated the effects of indomethacin, a known pro- 
staglandin synthetase inhibitor [34], and di-isopropyl- 
fluorophosphate (DFP), an enzymatic blocker of his- 
tamine liberation [35, 36], on the release of histamine 
and PGs, and on the tissue levels of cyclic AMP in 
control, antigen-sensitized and anaphylactic guinea 
pig lungs. Since the antigen-antibody release of hista- 
mine is an energy-dependent process, the effect of 
2-deoxyglucose (2-DG), a metabolic blocker [37], on 
the same variables was also studied. 


MATERIALS AND METHODS 


Animal preparation. Male guinea pigs weighing 
350-450 g were injected with 100mg ovalbumin in 
1ml of 0.9°%% saline (SOmg administered intraperi- 
toneally and 50 mg subcutaneously) on day 1. A boos- 
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ter dose of 50mg ovalbumin was injected intraperi- 
toneally on day 3. Control animals were similarly in- 
jected with the vehicle only. Four to six weeks later 
the animals were stunned and exsanguinated, the 
thoracic cavity was opened, and catheters were in- 
serted in situ via the right ventricle into the pulmon- 
ary artery and via the left atrium into the pulmonary 
vein. The lungs were perfused with Tyrode’s solution 
(37° bubbled with 5°, CO, in O,) at a rate of 
5ml/min using a Harvard pulsatile pump, model 
1405. A bubbletrap was used in order to prevent air 
emboli. A side-arm from the inflowing catheter was 
connected to a Statham pressure transducer, P23 DC, 
and the pressure in the pulmonary artery con- 
tinuously recorded on a Grass polygraph. As in our 
other experiments [7, 38], only animals with a basal 
perfusion pressure below 20mm Hg were used. 

The experiments were carried out according to the 
following general schedule. After a 15-min rinse 
period, the perfusates were continuously collected for 
an appropriate period of time. Ali drugs and the vehi- 
cle (0.9°,, NaCl) were infused directly into the pul- 
monary artery using a Harvard 940 syringe pump. 
Immediately after the procedure, lung was frozen in 
liquid nitrogen and kept at —70° until analyzed for 
cyclic AMP and histamine. The different perfusate 
samples were also kept at —70° until analyzed for 
PGs and histamine as described below. 

In the first series of experiments, infusion of indo- 
methacin (10 uM), DFP (5mM), 2-DG (15mM, no 
glucose added to the Tyrode’s solution) or 0.9% NaCl 
at a rate of 0.5 ml/min was started 5 min before the 
antigen challenge. Anaphylactic reaction was elicited 
by a 30-sec infusion of 50mg ovalbumin in | ml of 
0.9°, NaCl: in sensitized control animals | ml of 0.9% 
NaCl was infused. Perfusates were collected for 4 min 
after the end of dvalbumin or NaCl administration. 

In experiments with epinephrine, anaphylaxis was 
provoked by 100 mg ovalbumin infused over a period 
of 60sec. Continuous infusion of epinephrine (1 or 
10 g/ml) was started 60sec before, or immediately 
after, the end of ovalbumin administration. Perfusates 
for assay of histamine and PGs were collected from 
60 sec before until 4 min after ovalbumin infusion. 

Prostaglandins. As reported elsewhere [7, 33], im- 
munoreactive prostaglandins E,/E,;, F2,/F,,, and 
15-keto-13,14-dihydro-PGF,,/E, were determined by 
the radioimmunoassay procedure developed by 
Levine et al. [39,40]. Appropriate buffer controls 
without antiserum were run with every assay. The 
sample binding was calculated as per cent inhibition 
(total binding representing 0 per cent), and the im- 
munoreactive PG content obtained by referring to the 
standard curve. Each sample was assayed in duplicate 
and the means were calculated. The rabbit antiserum 
used for determination of E-type prostaglandins was 
not sufficiently specific to distinguish between PGE, 
and PGE,; thus 50 per cent inhibition was obtained 
with either 0.13 ng PGE, or 0.15ng PGE,. Conse- 
quently, although it is probable that PGE, and not 
PGE, is predominantly released from the lung, no 
attempt was made to distinguish between the two 
PGs, and the notation PGE is used. In contrast, the 
specificity of the PGF,, antibody allowed for a 
reasonable differentiation between PGF,, and 
PGF,,; thirty times more PGF,, than PGF, was 


needed to achieve 50 per cent inhibition. Moreover, 
using a PGF,, antiserum on a few samples, no PGF ,, 
was detected. Therefore, the notation PGF, is used. 
As far as anti-15-keto-13,14-dihydro-PGF,,/E,, 50 
per cent inhibition was achieved with 0.3 ng 15-keto- 
13,14-dihydro-PGF,, and 20 ng 15-keto-13,14-dihyd- 
ro-PGE,. In view of equal or higher concentrations 
of PGF,, than PGE in lung outflows and the rela- 
tively small cross-reactivity (0.3ng vs 20ng), it 
appears that the bulk of metabolites measured was 
of the F-type. Nevertheless, since the determinations 
were not carried out before and after alkali treat- 
ment, the immunoreactive metabolites are denoted as 
15-keto-13,14-dihydro-PGF,,/E>. 

Histamine. Histamine in tissues and perfusates was 
determined according to the fluorometric method of 
Hakansson and RoOnnberg [41] and is based on the 
extraction of histamine and its reaction with o-phthal- 
dialdehyde (OPT) to produce a fluorescent condensa- 
tion product. Fluorescence readings were made on 
a Perkin-Elmer MPF-2A set at 350/440 nm and con- 
verted to histamine units from the standard curve. 
In order to decrease variability due to different con- 
tent of histamine/g of lung tissue, all results were 
expressed as per cent of histamine released, that is, 
histamine in perfusate/histamine in lung and perfu- 
sate. 

Cyclic AMP. The tissue was homogenized in 0.4 N 
perchloric acid containing tracer amounts of 
[8-'*C]cyclic AMP and centrifuged at 5000g for 
20 min. An aliquot of the supernatant was neutralized 
with 3M Tris base and the cyclic nucleotide separ- 
ated by a modification of the method of Mao and 
Guidotti [42]. The lyophilized eluate was reconsti- 
tuted in sodium acetate buffer (0.05 M, pH 6.2) and 
the concentrations of cyclic AMP were measured by 
radioimmunoassay according to the method of 
Steiner et al.[43] using the commercially available 
kit (Schwarz/Mann, Orangeburg, N.Y.). The results 
were corrected for recovery, which varied from 62 to 
80 per cent. The data were also corrected for the 
amount of [8-'*C]cyclic AMP added. The purity of 
the cyclic AMP was checked by determination of the 
nucleotide in aliquots incubated with phosphodiester- 
ase. 

Drugs. Epinephrine  bitartrate, indomethacin, 
2-deoxyglucose and ovalbumin were obtained from 
Sigma Chemical Co., and DFP from Aldrich Chemi- 
cal Co. Other reagents and solvents were analytical 
grade from ordinary commercial sources. 


RESULTS 


The basal outflows of PGE, PGF,,, 15-keto-13,14- 
dihydro-PGF,, and histamine from control, sensit- 
ized and anaphylactic guinea pig lungs are presented 
in Fig. 1. Small amounts of PGs and histamine were 
found in the perfusates from control lungs. The 
amounts of PGF,,, the metabolite and histamine 
were significantly larger (P values <0.01) in the out- 
flows from the sensitized than from the control lungs. 
Since the increase in PGF, was larger than that of 
PGE, the ratio of PGE to PGF, decreased from 
2.05 + 0.07 in control to 0.55 + 0.18 in sensitized ani- 
mals. Anaphylaxis increased PGE, PGF;,, the meta- 
bolite and histamine in the perfusates (P values 
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Fig. 1. Efflux of PGE, PGF,,, 15-keto-13,14-dihydro-PGF,,/E, (15-keto-PG) and histamine from 
healthy control (H), sensitized (S) and anaphylactic (A) guinea pig lungs. Lungs from control and 
ovalbumin-sensitized guinea pigs were perfused with Tyrode’s solution via the pulmonary artery. Oval- 
bumin, 50 mg in Iml of 0.9% NaCl, or 0.9% NaCl was infused for 30sec and perfusates were collected 
for an additional 4min. The results are expressed as means + S. E., prostaglandins as ng released 
and histamine as per cent released. N = eight animals/group. Since ovalbumin had no effect in control 
animals, only results from control + NaCl, sensitized + NaCl and sensitized + ovalbumin are shown. 


<0.01). The ratio of PGE to PGF, further decreased 
to 0.20 + 0.05. 

The effects of indomethacin, DFP and 2-DG on 
cyclic AMP levels in the lung tissue and release of 
PGs and histamine from sensitized and anaphylactic 
lungs are shown in Table 1. Anaphylaxis caused an 
approximately 4-fold elevation in cyclic AMP levels. 
As in other experiments, the release of PGs and hista- 


diminished the rise in cyclic AMP in the anaphylactic 
lungs (P < 0.01). The outflows of PGE, PGF, and 
the metabolite from both sensitized and anaphylactic 
lungs were decreased (P values < 0.01). The release 
of histamine was not changed in sensitized but was 
reduced in anaphylactic lungs (P < 0.01). 

DFP did not change the cyclic AMP levels in the 
sensitized lungs. In the anaphylactic lungs, the levels 


were markedly reduced (P < 0.01). The amounts of 
PGE, PGF,, and the metabolite in the outflows were 
diminished both in the sensitized (P values < 0.05) 


mine was increased during the antigen—antibody reac- 
tion. Indomethacin did not affect the cyclic AMP 
levels in the sensitized lungs, but it significantly 


Table 1. Effect of enzyme and metabolic blockers on tissue levels of cyclic AMP and release of PGE, 
PGF;3,, 15-keto-13,14-dihydro-PGF,,/E, (15-keto-PG) and histamine from sensitized and anaphylactic 
guinea pig lungs* 





Control IND 2-DG 





Sensitized 
Cyclic AMP 
PGE 
PGF, 
15-Keto-PG 
Histamine 


14+ 0.1 
1.5 + 0.4 
19+ 0.3 
7.9 + 3.3 
1.4+ 0.2 


1.1+0.3 
1.0 + 0.3 
1.7+0.2 
7.0 + 3.5 
3.0 + 0.4 


wid 


a di. aie 


He He H+ H+ H+ 
He He H+ H+ + 


wae) 
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Anaphylactic 
Cyclic AMP 3.5 
12.8 
25.7 
96.7 
20.0 


3.2 + 0.6 
2.3 + 0.77 
5.0 + 3.4t 
98+ 4.7} 


11.7 + 2.2¢ 


41.8t 
3.2t 


HHH HH 
He HE HE HE HE 
H+ + HH 
4 t 


Histamine 





* Lungs from ovalbumin-sensitized guinea pigs were perfused with Tyrode’s solution via the pulmon- 
ary artery. Ovalbumin, 50 mg in | ml of 0.9% NaCl, or 1 ml 0.9% NaCl, was infused for 30sec and 
the perfusates were collected for an additional 4 min. Infusion of indomethacin (IND, 10 4M) di-isopro- 
pylfluorophosphate (DFP, 5 mM), or 2-doexyglucose (2-DG, 15 mM) was started 5 min before administ- 
ration of ovalbumin or saline and continued until the end of the experiment. Results are expressed 
as mean + S. E., cyclic AMP as nmoles/g of lung wet weight, prostaglandins as ng released and 
histamine as per cent released. N = eight and five lungs/group, for control and treated lung preparations 
respectively. Statistical differences of most interest, from sensitized controls and anaphylactic controls, 
are indicated in the subsequent footnotes. For complete statistical analysis, see the text. 

+ Sensitized control, P values < 0.01. 

t Anaphylactic control, P values < 0.01. 
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lable 2. Effect of epinephrine on tissue levels of cyclic AMP and release of PGE, PGF, and histamine from sensitized 
and anaphylactic guinea pig lungs* 





Treatment Cyclic AMP 


PGE PGF 3, Histamine 





I NaCl 1.8 + 
If Ovalbumin 8.1 + 
Ill Epinephrine, 5 min 

Epi | NaCl 

Epi 10 + NaCl 

Epi | + ovalbumin 

Epi 10 + ovalbumin 


IV Epinephrine, 3 min 
Epi | 

Epi 10 

Epi | 
Epi 10 


NaCl 4 
NaCl 4 
Ovalbumin + 
Ovalbumin 4 


4.7 +10 + 0.8 


14.3 + 3.4 0.0 +61 


I+ I+ 


0.6 1 + 0.2t 
0.2 : 0.37 
0.74 9 + 2.3¢ 
1.5¢ 4.0% 


> 


I+ I+ I+ I+ 
I+ 1+ I+ I+ 


ie 
eS 


4.3 
0.8 4.5 
16.7 + 
114424 


0.9 4+ 0.2 
0.8 3.9 + 1.3 
5.3 39.0 + 4.9 
27.9 + 6.3 


rrr) 
> He it 


+ 2.1 


49 +09 





* Lungs from ovalbumin-sensitized guinea pigs were perfused with Tyrode’s solution via the pulmonary artery. Perfu- 
sates were collected for 5min and 0.9°, NaCl (1) or 100mg ovalbumin in 0.9% NaCl (II) was infused during min 
2 of collection. Epinephrine (1 or 10 g/ml) was infused during the entire 5-min period (III) or only the last 3 min 
(IV). The results are expressed as means + S. E., cyclic AMP as nmoles/g of lung wet weight, prostaglandins as ng 
released and histamine as per cent released. N = five animals/group. Statistical differences of most interest, from sensit- 
ized controls (I, NaCl) and anaphylactic controls (II, ovalbumin) are indicated in the subsequent footnotes. For complete 


statistical analysis, see the text. 
+ Sensitized control, P values < 0.01. 
t Anaphylactic control, P values < 0.01. 


and anaphylactic (P values < 0.01) animals. The libe- 
ration of histamine was inhibited in a similar manner. 

2-DG had no effect on the cyclic AMP levels in 
the sensitized lungs. In anaphylactic lungs, the eleva- 
tion of cyclic AMP levels was decreased (P < 0.05). 
In the sensitized animals, 2-DG diminished the 
release of PGE, PGF,, and _ histamine (P 
values < 0.05). However, in anaphylaxis, the changes in 
PG and histamine did not reach the conventional 
levels of significance. 

The effects of epinephrine and anaphylaxis on cyc- 
lic AMP levels and the release of PGs and histamine 
are shown in Table 2. The anaphylactic reaction 
(ovalbumin infusion), as compared to the sensitized 
non-challenged control state (NaCl infusion), elevated 
the cyclic AMP levels and also increased the outflows 
of PGE, PGF, and histamine (P values < 0.01). 

Infusion of epinephrine, | or 10 pg/ml, over a 
period of Smin in sensitized non-challenged lungs 
suppressed (P < 0.05) the spontaneous release of his- 
tamine without influencing that of the PGs. The 
higher epinephrine concentration also increased the 
tissue levels of cyclic AMP. In anaphylactic lungs 
(ovalbumin was given | min after the start of epineph- 
rine infusion), both epinephrine concentrations 
reduced (P values < 0.05 and 0.01) the release of his- 
tamine and PGs but had no clear-cut effect on cyclic 
AMP accumulation. 

Infusion of epinephrine, 1 or 10 pg/ml, over a 
period of 3 min had no effect on the release of PGs 
and histamine in sensitized non-challenged lungs. 
However, the higher epinephrine concentration raised 
the cyclic AMP levels (P < 0.01). In anaphylactic 
lungs (epinephrine administration was started im- 
mediately after the end of ovalbumin injection), the 
lower concentration of epinephrine had a potentiating 
action on the cyclic AMP accumulation (P < 0.05). 
The release of PGs and histamine, however, was not 
significantly modified. The higher epinephrine con- 
centration had an additive effect on the cyclic AMP 


rise caused by the anaphylactic reaction. The mean 
release of mediators was decreased, reaching signifi- 
cance (P < 0.05) for PGE only. In conclusion, the 
effects of epinephrine were dose dependent. They also 
differed when given before or after ovalbumin. A dis- 
sociation between the action on cyclic AMP and the 
release of mediators was also found. In the sensitized 
non-challenged lungs, only the higher epinephrine 
concentration, regardless of the duration of administ- 
ration, elevated the cyclic AMP levels. The outflow 
of PGs was not influenced. In anaphylactic lungs, 
both the lower and higher epinephrine concentrations 
raised the cyclic AMP levels when administered after 
the ovalbumin challenge. In contrast, the release of 
PGE, PGF,, and histamine was inhibited only by 
preinfused epinephrine. 

The inhibitory effect of epinephrine on the anaphy- 
lactic release of PGs was abolished by preinfusion 
of propranolol in the final concentration of 1 pg/ml. 

A correlation matrix for the data presented in 
Table 2 was done according to Snedecor and Coch- 
ran [44]. The sensitized and anaphylactic groups were 
analyzed separately. In the sensitized lungs, the out- 
flow of histamine was negatively correlated to that 
of PGE (P < 0.05), whereas the outflows of PGE and 
PGF, gave a positive correlation (P < 0.01). In ana- 
phylactic lungs, there was a positive correlation 
between the release of histamine and PGE (P < 0.01), 
histamine and PGF,, (P < 0.001), and PGE and 
PGF,, (P < 0.001). In these lungs, a positive correla- 
tion between cyclic AMP levels and the release of 
both PGF, (P < 0.05) and histamine (P = 0.06) was 
also found. The correlation between cyclic AMP and 
PGE was not significant. 

The time course of the appearance of PGs in the 
outflows from anaphylactic lungs and its relation to 
that of histamine as well as the influence of epineph- 
rine on these events are presented in Figs. 2 and 3. 
The largest amount of PGE was found 1 min after 
the infusion of ovalbumin (Fig. 2). Preinfusion of 





Prostaglandins and histamine in anaphylaxis 


PGE 


ng 





Prostaglandin efflux, 





i 


Ovalbumin 


PGF 





Ovalbumin 


Histamine 


% 








Histamine efflux, 











ss Ss > 


Ovalbumin 


Fig. 2. Spontaneous and ovalbumin-elicited release of PGE, PGF, (PGF) and histamine from sensit- 

ized guinea pig lungs. Lungs from ovalbumin-sensitized guinea pigs were perfused with Tyrode’s solu- 

tion via the pulmonary artery. Ovalbumin, 100 mg in 1 ml of 0.9% NaCl, was infused for 1 min. Shaded 

area represent experiments in which epinephrine, 10 ug/ml, was infused from 1 min before ovalbumin 

until the end of perfusate collection. The results are expressed as means + S. E., prostaglandins as 
ng released and histamine as per cent released. N = five animals/group. 


epinephrine, 10 ug/ml, did not change the basal out- 
flow of PGE but effectively suppressed the anaphylac- 
tic release of PGE (P < 0.01). The highest concen- 
tration of PGF, in the outflows was also reached 
1 min after ovalbumin challenge. Preinfusion of 
epinephrine raised the mean baseline PGF, concen- 
tration, but the differences were not significant. The 
anaphylactic outflow of PGF,, was inhibited by 
epinephrine (P < 0.01). The highest concentrations of 
histamine were found in the perfusate concurrent with 
the infusion of ovalbumin. Epinephrine antagonized 
both the spontaneous and anaphylactic release of his- 
tamine (P < 0.01 for the anaphylactic release). As 
shown in.Fig. 3, the maximal outflows of PGF, and 
PGE were simultaneous and occurred | min after the 
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maximal outflow of histamine. More PGF,, than 
PGE was found in the total perfusates, as the concen- 
trations were higher and the duration of elevated 
release was somewhat longer. Maximal mean per cent 
increase elicited by antigen challenge was approxi- 
mately 700, 800 and 400 for histamine, PGF,, and 
PGE respectively. 


DISCUSSION 


In previous investigations, either no PGs and hista- 
mine [45], or only traces of PGs in lung perfusates 
from healthy animals have been reported [6,7]. In 
this study, using an improved assay, PGs in outflows 
could be quantified. Significantly more PGs were 
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Fig. 3. Time course of histamine and prostaglandin appearance in guinea pig lung perfusates during 

anaphylactic reaction. Lungs from ovalbumin-sensitized guinea pigs were perfused with Tyrode’s solu- 

tion via the pulmonary artery. Ovalbumin, 100 mg in 1 ml of 0.9% NaCl, was infused for 1 min. The 

results are expressed as means + S. E., prostaglandins as ng released and histamine as per cent released. 
N = five animals/group. 
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found in the perfusates from sensitized than control 
lungs. Moreover, since PGF , was increased more 
than PGE, the ratio of PGE to PGF;, decreased. 
Histamine was also significantly augmented in the 
same perfusates. Similar results were also obtained 
in experiments with guinea pig lung fragments incu- 
bated in Tyrode’s solution (unpublished data). The 
levels of PGs were not measured in the lung tissue, 
since it is generally assumed that they are not stored 
in tissues but are synthesized de novo. However, the 
level of histamine, which is prestored, was determined 
in the lungs. No differences were found between the 
control and sensitized guinea pigs (means + S. E.: 
13.08 + 2.71 and 14.2 + 3.1 ug/g of lung wet weight. 
N = 18 lungs/group. Thus, the increased amounts of 
histamine found in the outflows were not simply a 
reflection of an increase in lung content. This was 
even more apparent when histamine data were 
expressed as per cent release, which is obtained by 
taking into account the lung histamine content. The 
results would seem to suggest an enhanced ability to 
synthesize and release PGs and an increased turnover 
of histamine in the sensitized lung. Bronchial hyper- 
reactivity to histamine and to PGF,, has been 
reported [18, 19, 46, 47]. In animals, an increased 
mortality to injected histamine and an altered pattern 
of cyclic nucleotide system response to the autonomic 
nervous system transmitters and autacoids after im- 
munization’ with Bordetella pertusis or ovalbumin 
have been described [21—23, 48-50]. These investiga- 
tions and the data reported here indicate that antigen 
sensitization may change the metabolic and enzyma- 


tic properties of an organism. 

Anaphylaxis further increased the outflows of PGs 
and histamine, which agrees with other reports in the 
literature [6, 7,45, 51]. It is of interest that the PGE 
to PGF, ratio declined in sensitized compared to 
control lungs, and again in anaphylactic compared © 
to sensitized lungs, as there was a larger increase in 


PGF,, than PGE. Whether this is due to a larger 
increase in synthesis of PGF,, than PGE or conver- 
sion of PGE to PGF, is not known. Our preliminary 
data (unpublished) indicate a faster conversion of 
PGE to PGF,, in anaphylactic and sensitized lungs 
as compared to control lungs. 

Indomethacin abolished the increased outflows of 
PGs during anaphylaxis and also decreased the 
release of histamine. This is in agreement with the 
results obtained on human lung tissue [51], but not 
with the data from another study on guinea pig 
lung [45]. Intradermally injected PGE, and PGE, in 
man and rat appear to liberate histamine [52]. Pro- 
staglandins can also release histamine from human 
and guinea pig lung preparations [11, 53]. Thus, the 
effects of indomethacin on histamine release could 
have been secondary either to its general membrane- 
stabilizing property, or to its inhibition of PG syn- 
thesis. 

It has been demonstrated in several preparations 
that cyclic AMP analogs and substances raising the 
endogenous levels of cyclic AMP diminish the sub- 
sequent release of mediators. Conversely, low cyclic 
AMP levels enhance the release of mediators in ana- 
phylaxis [4, 27, 29, 30]. In the present experiments, 
low cyclic AMP levels after pretreatment with indo- 
methacin did not result in enhanced release of PGs 


and histamine, suggesting that the release was inhi- 
bited primarily and that the decrease in cyclic AMP 
change by anaphylaxis was at least in part secondary 
to this inhibition. Consistent with such an explana- 
tion is the finding that indomethacin, in the concen- 
tration used, had no effect.on adenylate cyclase or 
phosphodiesterase activity in guinea pig lungs (data 
not shown). It should be kept in mind that the cyclic 
AMP levels were measured 4.5 min after the introduc- 
tion of antigen challenge. Thus, the possible early 
changes in cyclic AMP, preceding or simultaneous 
with the major release of mediators, would not be 
detected. The results presented here reflect a state 
when most of the histamine and PGs had already 
been released and could have acted to change the 
tissue levels of cyclic AMP. 

DFP blocks the anaphylactic release of histamine 
from guinea pig, rat and human tissues, possibly by 
inhibiting activation of a serine esterase [35, 36, 54]. 
In this experiment, DFP also markedly inhibited the 
release of PGE, PGF, and the metabolite in sensit- 
ized and anaphylactic lungs. While activation of ser- 
ine esterase could be as important for the release of 
PGs as it is for histamine, other known effects of 
DFP, such as inhibition of a variety of enzymes, could 
constitute the mode of action. The inhibition of cyclic 
AMP rise during anaphylaxis by DFP indicates 
further that the cyclic AMP elevation several minutes 
after the beginning of the antigen-antibody reac- 
tion [24] may be predominantly due to the release 
of mediators. 

Anaphylactic release of histamine is blocked by 
metabolic inhibitors, e.g. 2-~DG [37, 54, 55]. In this in- 
vestigation, 2-DG had only a minor inhibitory effect 
on the liberation of histamine. The mean release of 
PGF,, and the metabolite was not significantly de- 
creased. These results are in agreement with a 
report [56] that the release of PGs from rabbit heart 
was not modified by 2-DG and lack of glucose. How- 


- ever, rat mast cells incubated without metabolic sub- 


strates can keep up their energy production by utiliz- 
ing endogenous sources and thereby allowing for .a 
maximal histamine release [57]. The absence of a 
2-DG effect, therefore, is not per se a proof of inde- 
pendence from energy requirements. Further exper- 
iments are necessary to elucidate this issue. 
Epinephrine markedly diminished the anaphylactic 
release of PGs, confirming our previous finding [7]. 
It is noteworthy that the mean inhibitions of PGE, 
PGF,, and histamine in the outflow were quite simi- 
lar [58,62 and 54 per cent respectively]. The signs 
and symptoms of the antigen—antibody reaction in 
lungs and other organs are alleviated by epinephrine. 
These effects are presumably mediated via the beta- 
adrenergic receptors. The inhibitory effect of epineph- 
rine on the release of PGs, which was also anta- 
gonized by propranolol, is probably mediated via the 
beta-adrenergic receptor as well. It has been claimed 
that bronchoconstriction or distortion of the cell 
membrane induces synthesis and release of PGs [58]. 
As epinephrine counteracts bronchoconstriction, this 
effect could at least partially account for the results 
obtained. Another property of epinephrine is inhibi- 
tion of the antigen-induced release of hista- 
mine [3, 4, 28]. If release of PGs is secondary to that 
of histamine, as some data suggest [7, 32, 33 45], then 
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suppression of histamine release should also be fol- 
lowed by a decrease in PG release. The high correla- 
tions, with and without epinephrine treatment, 
between anaphylactic release of histamine and PGs 
are consistent with such a possibility. The mechanism 
of histamine inhibition by epinephrine is by elevation 
of cyclic AMP leveis[29]. Other substances which 
raise cyclic AMP also inhibit the release of hista- 
mine [11, 30, 59]. Subsequently, dibutyryl cyclic AMP 
was found to decrease not only the release of hista- 
mine but also that of PGs from both whole perfused 
and sliced anaphylactic guinea pig lungs (data not 
shown). Thus, an additional possibility is that the 
same process may lead to the release of histamine 
and PGs and that the intracellular levels of cyclic 
AMP control this process. 

Epinephrine given 60sec after the start of anaphy- 
lactic challenge had no effect on the outflow of hista- 
mine and PGs. It is possible that the anaphylactic 
process had already been fully developed, and the lar- 
gest proportion of histamine and PGs released before 
epinephrine could exert its effect. In contrast, the 
effect of anaphylaxis on cyclic AMP accumulation 
was enhanced by epinephrine. As previously sug- 
gested [24], the “late” rise of cyclic AMP during ana- 
phylaxis could be predominantly due to the release 
of histamine and PGs. An additional increase in cyclic 
AMP by a low concentration of epinephrine, which 
did not affect the anaphylactic release of mediators 
and does not change the cyclic AMP levels in sensit- 
ized non-challenged lungs, requires an explanation. 
In sensitized as compared to control animals, adeny- 
late cyclase in lung homogenates is hypersensitive to 
stimulation with epinephrine, while in whole perfused 
lungs the accumulation of cyclic AMP in response 
to the same stimulus is diminished [2!, 22]. Further- 
more, altered uptake and metabolism of catechola- 
mines have been found in anaphylactic lung [38, 60]. 
On the basis of these data it.is suggested that the 
bio-availability of epinephrine at the appropriate 
receptor sites may be increased as a consequence of 
decreased catecholamine metabolism or increased 
membrane permeability secondary to the antigen- 
antibody binding [61,62]. Epinephrine thus made 
available would act on the hypersensitive adenylate 
cyclase to raise cyclic AMP levels. 

Changes in the time course of the outflow of hista- 
mine, PGE and PGF,, would seem to indicate that 
the release of histamine preceded that of PGE and 
PGF,,, the latter two appearing simultaneously. This 
is consistent with the notion that histamine is a 
“primary” mediator of the antigen-antibody reac- 
tion [27] and that PGs are the “secondary” media- 
tors, possibly released by the primary media- 
tors [7, 32, 33]. However, the converse may also be 
true: under some circumstances PGs may release his- 
tamine [11, 52,53, 63]. Another possibility is that the 
initial release is simultaneous, reflecting an identical 
underlying mechanism, but the time required to reach 
the pulmonary circulation and be washed out is dif- 
ferent for histamine and PGs. 

In conclusion, while previous investigation of 
mediators and cyclic nucleotides have dealt with the 
differences between the control and anaphylactic lung, 
one of the aims of this study was to compare the 
control and sensitized animals. The increased spon- 
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taneous outflow of PGs and histamine after antigen 
sensitization found in this study, taken together with 
other experimental work, supports the view that 
sensitization alters biological properties of the 
organism [22,23], and indicates that the state of 
sensitization in itself is different from both the healthy 
state and anaphylaxis. Differences in cyclic AMP ac- 
cumulation after epinephrine stimulation in sensitized 
and anaphylactic lungs, as presented here, and in con- 
trol and sensitized guinea pig lungs [22] are consis- 
tent with such a hypothesis. 
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Abstract—Several xenobiotics exert their toxic effects in mammals through the formation of reactive 
metabolites that combine with cellular macromolecules. Thus, N-hydroxy-2-acetylaminofluorene 
becomes covalently bound to various cellular macromolecules after sulfation of the N-hydroxy group. 
A method is presented for the indirect measurement of the rate of formation of the N,O-sulfate conjugate 
of this compound, which is too unstable to be measured directly. In this assay 3’,5’-adenosine diphos- 
phate and p-nitrophenylsulfate were used as a 3’-phosphoadenosine 5’-phosphosulfate-generating system 
(PAPS-GS); the release of p-nitrophenol (which was measured spectrophotometrically) was used to 
estimate the sulfation rate of N-hydroxy-2-acetylaminofluorene. The PAPS-GS was also used in study- 
ing the role of N-O-sulfate conjugates as intermediates in the formation of reactive metabolites that 
become covalently bound. Using this method we found that N-hydroxy-phenacetin became rapidly 
covalently bound after sulfation of the N-hydroxy group. N-hydroxy-2-acetylaminonaphthalene also 
became covalently bound after sulfation, but the N-O-sulfate derivatives of N-hydroxy-p-chloroacetani- 
lide and N-hydroxy-acetanilide did not bind covalently, although their rates of sulfation were similar 
to that of N-hydroxy-phenacetin. Glucuronidation of the N-hydroxy group of N-hydroxy-phenacetin 
resulted in a glucuronide conjugate that was bound covalently to protein at pH 7.4, but at a slower 
rate than the N-O-sulfate conjugate. The N-O-glucuronides of the other N-hydroxy-N-arylacetamides 
investigated did not become covalently bound to protein at pH 7.4. Characteristics of the conjugation 


of N-hydroxy-phenacetin, and of the covalent binding of its conjugates, were determined. 


The hepatic carcinogenicity caused by 2-acetyl- 
aminofluorene (2-AAF) is thought to be mediated by 
a series of chemically reactive metabolites [1,2]. The 
2-AAF first undergoes N-hydroxylation to form 
N-hydroxy-2-AAF, which in turn is converted either 
to an N-O-sulfate conjugate by a sulfotransferase in 
liver cytosol [3,4] or to an N-O-glucuronide by UDP 
glucuronyltransferase in liver endoplasmic reticulum 
[5]. Since these conjugates are more chemically reac- 
tive than N-hydroxy-2-AAF, their formation increases 
the rate of covalent binding of the toxicant to cellular 
macromolecules, but the reactivity of the N-O-glucur- 
onide conjugate is lower than that of the N-O-sulfate 
conjugate as measured by their relative rates of cova- 
lent binding to macromolecules [5]. 

Since phenacetin and p-chloroacetanilide are also 
N-hydroxylated by hamster liver microsomes [6—8]*, 
we have studied the effect of sulfation and glucuroni- 
dation on the covalent binding of their N-hydroxy 
derivatives to protein. The results indicate that the 
formation of N-O-sulfate and N-O-glucuronide deri- 
vatives increases the covalent binding of N-hydroxy- 
phenacetin but does not lead to the covalent binding 
of the N-hydroxy derivatives of p-chloroacetanilide 
and acetanilide. 

In the course of this work we developed an easy 
method for sulfation of the N-hydroxy group by a 
sulfotransferase from rat liver postmicrosomal super- 
natant, based on the method described by Gregory 





* J. A. Hinson and J. R. Mitchell, submitted for publica- 
tion. 


and Lipmann [9]. In this assay p-nitrophenylsulfate 
is used to convert 3’,5’-adenosine diphosphate to 


3'’-phosphoadenosine 5’-phosphosulfate (PAPS), a 
reaction catalyzed presumably by phenolsulfotransfer- 
ase in the postmicrosomal supernatant of rat liver 
[10]. The sulfate in PAPS is then transferred to the 
N-hydroxy group and the rate of p-nitrophenol 
release (after donation of the sulfate group) is a 
measure of the sulfation rate. 


MATERIALS AND METHODS 


Chemicals. The N-hydroxy-N-arylacetamides were 
synthesized by reduction of the nitro analogue in the 
presence of zinc to the hydroxylamine, followed by 
acetylation with acetylchloride, as previously de- 
scribed [7, 11, 12]. For the preparation of '*C-labeled 
N-hydroxy-N-arylacetamides, [1-'*C ]Jacetylchloride 
(New England Nuclear, Boston, Mass., U.S.A.) was 
used. Specific radioactivities of the compounds were 
about 4mCi/m-mole. Identity of the N-hydroxy-N- 
arylacetamides was confirmed by electron impact 
mass spectrometry and their purity was established 
by thin-layer chromatography on Silica gel plates 
with ether as solvent. 3’,5’-Adenosine diphosphate 
(PAP, UDP glucuronate, Triton X-100 and p-nitro- 
phenylsulfate were obtained from Sigma Chemical 
Co., St. Louis, Mo., U.S.A. The other organic sulfates 
used in this study were purchased from ICN Pharma- 
ceuticals, Cleveland, Ohio, U.S.A. Bovine serum albu- 
min (fraction V from bovine plasma) was obtained 
from Armour Pharmaceuticals, Chicago, Ill., U.S.A. 
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NADH and phosphoenolpyruvate were obtained 
from CalBiochem, Los Angeles, Calif., U.S.A., and the 
enzymes for the NADH-linked UDP glucuronyltrans- 
ferase assay [13] were purchased from Boehringer, 
Mannheim, Germany. [p-Glucuronic acid-'*C(U)]- 
UDP glucuronic acid was obtained from New Eng- 
land Nuclear, Boston, Mass., U.S.A. 

Rats and enzyme preparations. Adult male Sprague 
Dawley rats (Charles River CDS), 200-300 g, had free 
access to food and water. The animals were decapi- 
tated and the livers were removed and homogenized in 
a Potter-Elvehjem homogenizer with 3 vol. of 0.15 M 
KCl, buffered with 20mM Tris-HCl, pH 7.4. The 
homogenates were centrifuged at 9000g for 30min 
to remove nuclei, lysosomes and mitochondria, and 
the supernatants were then centrifuged at 100,000 g 
for 60 min to sediment the microsomes. The micro- 
somes were washed once by resuspending them in 
buffered KCI and centrifuging them at 100,000 g for 
60 min. The pellets were resuspended in the buffered 
KCI to give a protein concentration of about 10 mg 
ml. Unless otherwise indicated, the microsomes were 
treated with Trityn X-100 described previously [14]. 

The postmicrosomal supernatant was chromato- 
graphed over Sephadex G-25 (45 x 2.5cm column) 
with 50mM_ sodium phosphate buffer, pH 7.4, as 
eluent, to remove glutathione or other low molecular 
weight substances which may interfere with the assay 
of covalent binding. The chromatographed postmic- 
rosomal supernatant was used as the source of sulfo- 
transferase and contained about 25 mg protein/ml. 

Protein determination. Protein was determined 
according to the method of Lowry et al. [15] using 
bovine serum albumin as standard. 

Sulfotransferase assay. The incubation mixture in 
a l-cm light-path cuvette contained (final concen- 
trations) 100 mM Tris-HCl, pH 8.0; 10mM p-nitro- 
phenyl-sulfate; 20M 3’,5’-adenosine diphosphate; 
and 0.5mM N-hydroxy-2-AAF (or one of the other 
substrates) added as an ethanol—water (1:1) solution 
such that 5°, ethanol (v/v) was present in the incuba- 
tion medium. After addition of the postmicrosomal 
supernatant (about 600 ng protein/ml of incubation 
medium) the cuvette was placed in a spectrophot- 
ometer and the rate of increase in absorbancy at 
405 nm was recorded at 31°. The rate of formation 
of p-nitrophenol in control incubation mixtures, 
which did not contain the acceptor substrate, was 
subtracted from the values of the experimental mix- 
tures. The rate of sulfation was calculated from the 
amount of p-nitrophenol released using a molar 
extinction coefficient of 17,500 M~' cm~! (at pH 8.0). 
The difference between duplicates was always less 
than 10 per cent. 

UDP glucuronyltransferase assay. The UDP glucur- 
onyltransferase assay was performed as previously de- 
scribed [13] using the NADH-linked assay. Sub- 
strates were added in an ethanol-water (1:1) solution. 
The substrate concentration was 0.3 mM in the incu- 
bation, and UDPGA was present at 2.0mM. Triton 
X-100-activated microsomes [14] were usually used 
as a source of UDP glucuronyltransferase. 

Covalent binding assay. The incubation medium for 
assay of covalent binding of the N-hydroxy-arylaceta- 
mides contained (final concentrations): 5mM MgCl, ; 
20mM_ sodium phosphate buffer, pH 7.4; 75mM 


KCl; 5mM Tris-HCl buffer, pH 7.4; and 0.5mM of 
the '*C-labeled N-hydroxy-arylacetamide. When the 
effect of glucuronidation on covalent binding of the 
N-hydroxy-arylacetamide was studied, the incubation 
medium also contained 2.0mM UDP glucuronate 
and about 2.0 mg/ml of microsomal protein (treated 
with Triton X-100 unless otherwise indicated); in 
some experiments postmicrosomal supernatant 
(7.5 mg protein/ml) was also included. When the effect 
of sulfation on covalent binding was studied, the incu- 
bation mixtures contained 10mM _p-nitrophenylsul- 
fate, 20 u«M PAP and about 7.5 mg/ml of postmicroso- 
mal supernatant protein. 

In the experiment of Table 2, covalent binding was 
measured under the same incubation conditions as 
the sulfotransferase assay, except that radiolabeled 
substrates were used and bovine serum albumin (to 
6 mg/ml) was added to provide binding sites for cova- 
lent binding. In the experiment reported in Table 4, 
the concentration of postmicrosomal supernatant 
protein was higher than it was in the sulfotransferase 
assay (see footnote to Table 4). 

The mixtures were incubated at 37 a for 


‘5-10 min. The reactions were terminated by the addi- 


tion of methanol (final concentration 80%) and the 
denatured protein was washed twice with 40% (v/v) 
methanol—water and five times with ethyl ether—eth- 
anol (60:20) or until the radioactivity of the 


wash fluid was no more than 30cpm/2ml above 
background. The protein from 1 ml of incubation 
medium was suspended in 0.3 ml of 1 N NaOH and 
dissolved by warming the tubes. Radioactivity in the 


solution was determined in a liquid scintillation 
counter. The amount of metabolite covalently bound 
to protein was calculated from the specific radioacti- 
vity of the N-hydroxy-N-arylacetamides. All exper- 
iments were run in duplicate, and repeated at least 
once, to make sure that the results were reproducible. 
The differences between duplicates were always less 
than 10 per cent. 

As described above, covalent binding is assumed 
to have taken place when radioactivity derived from 
the substrate cannot be removed from protein by 
extensive washing with 80° methanol and ethyl eth- 
er—-ethanol. Jollow et al. [16] have shown that cova- 
lent binding of acetaminophen to liver protein as 
determined by this method indeed represented cova- 
lent binding of a reactive metabolite to amino acids 
in protein. 

Thin-layer chromatography of the N-hydroxy-N-aryl- 
acetamides and their glucuronides. The substrates 
were separated from their glucuronides by thin-layer 
chromatography at room temperature on DEAE 
cellulose plates (Avicel F; 250 um) with n-pro- 
panol-0.4M ammonium hydroxide (80:20) as the 
developing solvent. The R, value of N-hydroxy- 
phenacetin was 0.85, that of its glucuronide conjugate 
0.50. Similar values were found for N-hydroxy-p- 
chloroacetanilide and its glucuronide conjugate. 
Plates were scanned for '*C radioactivity by a Pack- 
ard 7301 Radiochromatogram scanner. The radioac- 
tive spots were scraped from the plate and the com- 
pounds were extracted in 80% (v/v) methanol—water 
overnight at room temperature. Recovery of '*C 
radioactivity applied to the plate was between 85 and 
95 per cent. 





Generation of metabolites of N-hydroxy-phenacetin 


p- nitrophenylsulfate 
PAP+ p- nitrophenylsulfate 
PAPS+2-AAF-NOH 

PAPS 


2-AAF-N-O- sulfate 


Hydrolysis (1) 
PAPS +p -nitrophenol (2) 
PAP +2-AAF-N-O-sulfate (3) 
Hydrolysis (4) 


Covalent binding, 5) 
rearrangement, other 


Fig. 1. Reactions occurring under the conditions of the sulfotransferase assay. 


RESULTS AND DISCUSSION 


Rapid assay for sulfation of the N-hydroxy group. 
We used the assay of phenolsulfotransferase as de- 
scribed by Gregory and Lipmann [9] for measure- 
ment of the sulfation rate of the N-hydroxy-N-aryl- 
acetamides. The reactions of this assay are given in 
Fig. 1. In the presence of an acceptor substrate for 
the sulfate group, in this case N-hydroxy-2-AAF, 
there is a rapid release of p-nitrophenol as the sulfate 
group is transferred from p-nitrophenylsulfate to the 
N-hydroxy group of the substrate (Fig. 2). In the 
absence of N-hydroxy-2-AAF, there is an initial rapid 
rate of increase in the yellow color of the sulfotrans- 
ferase assay medium (Fig. 2) caused by the accumu- 
lation of PAPS (Fig. 1, reaction 2); after about 2 min 
this rate becomes slower and constant. The addition 
of N-hydroxy-2-AAF greatly increased the rate of 
appearance of the yellow color of p-nitrophenol (Fig. 
2; Fig. 1, reactions 2 and 3). Since a similar increase 
did not occur when PAP was omitted from the incu- 


bation (Fig. 1, Table 1), the sulfate group of p-nitro- 
phenylsulfate is not transferred directly to N-hydroxy- 
2-AAF. Similarly, when the postmicrosomal super- 
natant, p-nitrophenylsulfate or other components 


COMPLETE 


ABSORBANCE AT 405 nm 








INCUBATION TIME (min.) 


Fig. 2. Effect of N-hydroxy-2-AAF on the formation of 
free p-nitrophenol from p-nitrophenylsulfate, catalyzed by 
rat liver postmicrosomal supernatant. The assay medium 
was as described in Materials and Methods. Absorbance 
at 405nm was measured continuously. When PAP or 
N-hydroxy-2-AAF (S) was deleted, only a slow increase 
in the yellow color occurred. The bar indicates the period 
in which measurement of reaction rate was made. 


were deleted, little or no p-nitrophenol was formed 
(see Table 1). Thus, the rate of hydrolysis of p-nitro- 
phenylsulfate by sulfatases was small. For determina- 
tion of the sulfation rate of a substrate we used rou- 
tinely the period of 3—6 min after the start of the incu- 
bation since by then the rate of increase of the yellow 
color had stabilized. Within any series of measure- 
ments the variation between duplicates was always 
less than 10 per cent, usually about 5 per cent. 

The sulfation rate seemed not to be limited by the 
rate of PAPS generation, because phenol was sulfated 
at an 8- to 10-fold higher rate when it was used as 
the acceptor (however, phenol sulfation occurred 
without PAP being added; see below). The reaction 
rate was linear with postmicrosomal protein concen- 
tration up to 1200 ug/ml and was about 2.7 nmoles 
p-nitrophenol formed/min/mg of postmicrosomal 
supernatant protein (at 31°). These results suggest that 
the N-O-sulfate of N-hydroxy-2-AAF had_ been 
formed, but the isolation of this metabolite is imposs- 
ible because of its instability. The finding that the 
sulfation of N-hydroxy-2-AAF depended on the pres- 
ence of PAP was surprising because sulfation of 
phenol in our system was completely independent of 
PAP even though this reaction occurs more rapidly 
than does sulfation of N-hydroxy-2-AAF. However, 
the results of Gregory and Lipmann [9] suggest that 
impure enzyme preparations may be independent of 
added PAP, presumably because they contain trace 
amounts of PAP. 

Evidence that an N-O-sulfate conjugate was formed 
in the incubation mixtures was obtained by showing 
that the covalent binding of N-hydroxy-2-AAF (Fig. 
1, reaction 5) increased dramatically during incuba- 


Table 1. Effect of deletion of various cofactors from the 
sulfotransferase assay medium on increase of yellow color 
(extinction at 405 nm)* 





Conditions AEgo5/5 min 





Complete system 

Minus S 

Minus NPS 

Minus PAP 

Minus enzyme 

Minus PAP and S 

Minus PAP and pNPS 
Minus pNPS and S 

Minus S + phenol (0.5 mM) 





*S = N-hydroxy-2-AAF; pNPS = p-nitrophenylsulfate; 
enzyme = postmicrosomal supernatant. Incubation was as 
indicated in Materials and Methods. 

+ This velocity is based on the initial rate. 





G. J. MuLDeER, J. A. Hinson and J. R. GILLETTE 


Table 2. Effect of sulfation on covalent binding of N-hydroxy-2-AAF* 





Concentration of 
postmicrosomal protein 
(mg/ml) 


N-hydroxy-2-AAF 
(nmoles bound/ml) 





0.6 





* The incubation medium (1 ml) contained either 0.05 or 0.3 ml of the postmicroso- 
mal supernatant (Sephadex G-25 treated) to give the indicated protein concentrations, 
500 nmoles of N-hydroxy-2-AAF substrate/ml] and 6 mg/ml of bovine serum albumin. 
In separate tubes either p-nitrophenylsulfate (pNPS: 10mM) or PAP (20M) was 
deleted from the incubation medium. The incubation was for 10 min at 31°. 


tion with p-nitrophenylsulfate and PAP (Table 2). 
DeBaun et al. [4] have extensively studied this effect 
of sulfation on covalent binding of N-hydroxy-2-AAF. 
The dependence of the reaction on PAP decreased 
when more of the, postmicrosomal supernatant was 
added, suggesting that PAP was not completely 
removed by the Sephadex G-25 chromatography. 

We have used this system to measure sulfation rate 
of several N-hydroxy-N-arylacetamides and to syn- 
thesize the N-O-sulfates of these compounds for cova- 
lent binding studies. 

Effect of sulfation on covalent binding of N-hydroxy- 
N-arylacetamides. All of the N-hydroxy-arylaceta- 
mides tested can form sulfate derivatives, at rates 
comparable to that of N-hydroxy-2-AAF (Table 3). 
Sulfation of all but one of the substrates was com- 
pletely dependent on the presence of PAP; the sulfa- 
tion of N-hydroxy-p-chloroacetanilide was only about 
70 per cent dependent on PAP. 

In accordance with the finding of Hinson and Mit- 
chell,* N-hydroxy-phenacetin did not bind covalently 
to protein at pH 7.4 in the absence of p-nitrophenyl- 
sulfate. In the presence of p-nitrophenylsulfate and 
PAP, however, considerable amounts of N-hydroxy- 
phenacetin became bound when it was incubated with 


* Submitted for publication. 


a postmicrosomal supernatant fraction (Table 4), as 
was also the case with N-hydroxy-2-AAF. Covalent 
binding of N-hydroxy-2-acetylaminoaphthalene was 
increased to a lesser extent after N-O-sulfation in 
agreement with the results of DeBaun et al. [4]. Sulfa- 
tion of N-hydroxyarylacetamides does not always 
result in appreciable covalent binding; there was little 
or no increase in the covalent binding of N-hydroxy- 
acetanilide and N-hydroxy-p-chloroacetanilide after 
addition of PAP and p-nitrophenylsulfate. 

Several other phenylsulfates were tested as possible 
donors of the sulfate group to PAP. Only 4-methyl- 
umbelliferylsulfate increased the covalent binding of 
N-hydroxy-phenacetin, but only to about 20 per cent 
of the binding measured with p-nitro-phenylsulfate as 
donor; phenolphthalein-disulfate, 2-hydroxy-5-nitro- 
phenylsulfate and 6-benzoyl-2-naphthylsulfate had no 
effect (all sulfates were tested at 1 mM final concen- 
tration). At a low concentration of postmicrosomal 
supernatant (0.6 mg protein/ml), covalent binding of 
N-hydroxy-phenacetin was nearly completely depen- 
dent on the presence of PAP; omission of PAP from 
the incubation mixture decreased the covalent bind- 
ing by about 85 per cent. However, at a higher con- 
centration of postmicrosomal supernatant (7.5 mg 
protein/ml), the omission of PAP decreased this bind- 
ing only 30 per cent (Fig. 3), an effect similar to that 
shown in Table 2 with N-hydroxy-2-AAF. 


Table 3. Conjugation rates of some N-hydroxy-N-arylacetamidest 





Substrate 


Sulfation rate 
(nmoles/min/mg 
postmicrosomal 

supernatant 

protein) 


Glucuronidation rate 
(nmoles/min/mg 
microsomal protein) 








N-hydroxy-phenacetin 
N-hydroxy-acetanilide 
N-hydroxy-p-chloroacetanilide 
N-hydroxy-2-AAF 
N-hydroxy-2-acetylaminonaphthalene 
(4-Bromophenol) 





+ Sulfation rates were measured with p-nitrophenylsulfate as sulfate donor in the presence of PAP, and postmicrosomal 
supernatant as enzyme preparation (about 600 ug/ml of protein in the incubation) at pH 8.0. The acceptor substrates 
were present at 0.5 mM. Rates were corrected for the increase in yellow color in the absence of the acceptor substrate. 
The glucuronidation rates were measured with Triton X-100-activated microsomes (400 ug microsomal protein/ml) at 
pH 7.4. The substrate concentration was 0.03 mM. 
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Fig. 3. Time course of covalent binding of N-hydroxy- 

phenacetin. The concentration of p-nitrophenylsulfate was 

10mM and that of PAP was 0.02mM. The incubation 

was at pH 7.4. The amount of nmoles bound to protein/ml 

of incubation medium (containing 7.5 mg/ml of postmicro- 
sosomal supernatant protein) is given. 


Characteristics of the effect of sulfation on covalent 
binding of N-hydrox y-phenacetin. Several facts indicate 
that the increase in covalent binding of N-hydroxy- 
phenacetin in the presence of PAP and p-nitrophenyl- 
sulfate is due to the enzyme sulfotransferase: (1) the 
increase was dependent on the presence of both 
p-nitrophenylsulfate and PAP; (2) at 0°, p-nitro- 
phenylsulfate and PAP did not increase covalent 
binding of N-hydroxy-phenacetin; and (3) a boiled 
postmicrosomal supernatant (2 min at 100°) did not 
increase covalent binding, nor did an equivalent 
amount of bovine serum albumin in the presence of 
both p-nitrophenyl-sulfate and PAP. Therefore, a di- 
rect chemical transfer of sulfate from p-nitrophenyl- 
sulfate to PAP or N-hydroxy-phenacetin seems 
unlikely. 

The rate of covalent binding of N-hydroxy-phena- 
cetin was nearly linear during the first 10 min. How- 
ever, after 10min of incubation at 37°, the reaction 
rate decreased rapidly (see Fig. 3). During the first 
5 min the rates of both covalent binding and sulfation 
showed a similar dependence on N-hydroxy-phenace- 
tin concentration (Fig. 4): a K,, of 0.5 mM was found 
for covalent binding measured at pH7.4, and of 
0.25mM for sulfation (measured at different condi- 
tions). Because we were unable to measure sulfation 
rates at concentrations of postmicrosomal superna- 
tant protein over 1 mg/ml (due to a high absorbancy 
of the enzyme preparation at 405 nm), we could not 
determine whether the sulfation rate was linear with 
enzyme concentration up to 7.5 mg protein/ml and 
thus could not determine the relationship between the 
V max Value for sulfation and covalent binding from 
these data. In another experiment in which the sulfa- 
tion rate and the covalent binding were measured un- 
der exactly the same conditions, we found that at least 
65 per cent of the amount of N-hydroxy-phenacetin 
and N-hydroxy-2-AAF that became sulfated, became 
covalently bound to protein. 


The increased rate in covalent binding of N-hyd- 
roxy-phenacetin by the PAPS-generating system was 
strongly inhibited by p-nitrophenol (80 per cent inhi- 
bition at 0.1 mM), presumably because p-nitrophenol 
competes with N-hydroxy-phenacetin either for PAPS 
or for the sulfotransferase (see DeBaun et al. [4]). 
Glutathione also markedly inhibited covalent binding 
(90 per cent at 0.1 mM) not only by competing with 
protein for the reactive metabolite but also by inhibit- 
ing the rate of sulfation (30 per cent inhibition at 
1.0mM). Finally, methionine (up to 20mM) did not 
affect the degree of covalent binding to protein of 
the sulfate conjugate of N-hydroxy-phenacetin, 
whereas it reduced this covalent binding of the N-O- 
sulfate of N-hydroxy-2-AAF to less than 7 per cent 
(at 20 mM methionine) of that in the absence of meth- 
ionine. For N-hydroxy-2-AAF this is to be expected, 
since methionine and protein are competing for trap- 
ping of the reactive metabolite[4]. The fact that meth- 
ionine does not inhibit covalent binding to protein 
of the N-hydroxy-phenacetin N-O-sulfate conjugate 
suggests, however, that the mechanism of covalent 
binding may be different for the sulfate conjugates 
of N-hydroxy-2-AAF and hydroxy-phenacetin. 

The present results clearly show that N-hydroxy- 
phenacetin can become covalently bound when its 
N-hydroxy group is sulfated. Since N-O-sulfates of 
this type usually are very unstable in aqueous media 
[5, 17, 18] it presumably would be impossible to iso- 
late this conjugate from the incubation medium. 
However, substituents in the phenyl ring determine 
the chemical reactivity of the N-O-sulfate conjugates, 
as measured by covalent binding. Thus, the presence 
of a chlorine atom instead of the ethoxy group in 
the para-position alters the chemical reactivity of the 
N-O-sulfate conjugate to such an extent that it no 
longer can act as an arylating metabolite. However, 
since the '*C label is in the acetyl group, only binding 
of those metabolites in which this group is conserved 
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Fig. 4. Lineweaver-Burk plot of covalent binding 
(@——®) and sulfation (O ©) of N-hydroxy-phenacetin. 
Sulfation was measured at pH 8.0 at 600 g/ml of postmic- 
rosomal supernatant protein at 31°. Covalent binding was 
measured at pH 7.4 at 7.5 mg/ml of postmicrosomal super- 
natant protein at 37°. Incubation for covalent binding was 
for 5min. V is expressed as nmoles/min/mg of protein. 
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Table 4. Effect of sulfation on covalent binding of some N-hydroxy-N-arylacetamides* 





Substrate 


Amount covently bound (nmoles/ml) 





With pNPS Without pNPS 





N-hydroxy-phenacetin 
N-hydroxy-acetanilide 
N-hydroxy-p-chloroacetanilide 
N-hydroxy-2-AAF 
N-hydroxy-2-acetylaminonaphthalene 





*The incubation 


medium contained 7.5mg/ml of postmicrosomal supernatant 


protein and 


500 nmoles substrate/ml. The incubation was for 10min at pH 8.0. PAP was present at 20 uM. 
pNPS = p-nitrophenylsulfate (10 mM). The total amount of nmoles bound to protein/ml of incubation 


medium is given. 


was measured. The lack of covalent binding of N-hyd- 
roxy-acetanilide and N-hydroxy-p-chloroacetanilide 
in the presence of the PAPS-generating system may 
indicate that either their N-O-sulfate conjugates are 
unusually stable, or rearrange preferentially to a non- 
reactive metabolite, or lose their N-acetyl group in 
the process of covalent binding to the protein. 

The chemical mechanism involved in the covalent 
binding of the N-O-sulfate of N-hydroxy-phenacetin 
is unknown, but it may be similar to the mechanism 
postulated by Miller and Miller [1] for the covalent 


binding of the N-O-sulfate of N-hydroxy-2-AAF. . 


Another possible mechanism would involve the spon- 
taneous formation of the arylating species acetimi- 
doguinone, which has been shown by Calder et 
al. [19] to be spontaneously formed from N-hydroxy- 
phenacetin in aqueous acid media. 


Effect of glucuronidation on covalent binding of 


N-hydroxy-phenacetin. The N-hydroxy-N-arylaceta- 
mides used in the present study were glucuronidated 
in vitro by rat liver microsomal UDP glucuronyl- 
transferase activated with Triton X-100. Table 3 
shows that the glucuronidation rates were compar- 
able, but lower than that of 4-bromophenol used as 
a reference [13]. 

The effect of glucuronidation on covalent binding 
of N-hydroxy-phenacetin to rat liver protein is shown 
in Table 5. After incubation with Triton X-100-acti- 
vated microsomes, N-hydroxy-phenacetin became 
covalently bound only when UDPGA was present. 
Without Triton X-100 activation the activity of the 


enzymes in vitro was much lower and only little cova- 
lent binding took place. The presence of postmicroso- 
mal supernatant had no effect upon glucuronidation, 
but stimulated covalent binding considerably, pre- 
sumably by presenting more sites for covalent bind- 
ing. Thin-layer chromatography (t.l.c.) of a sample of 
the incubation medium (after deproteinization with 
methanol) revealed the presence of the glucuronide 
of N-hydroxy-phenacetin, confirming the results of 
the NADH-linked UDP glucuronyltransferase assay. 
Experiments in which we used UDP glucuronate that 
was labeled in the glucuronate group with '*C, to 
glucuronidate N-hydroxy-phenacetin, confirmed the 
identity of the glucuronide on the t.l.c. plate. When 
N-hydroxy-2-AAF was glucuronidated under identi- 
cal conditions no covalent binding took place; thus, 
the N-O-glucuronide conjugate of N-hydroxy-phena- 
cetin is more reactive than that of N-hydroxy-2-AAF, 
which binds to a considerable extent to protein only 
under alkaline conditions [20]. When N-hydroxy-ace- 
tanilide, N-hydroxy-p-chloroacetanilide or N-hydroxy- 
2-AAF was incubated with Triton X-100-treated 
microsomes, no covalent binding occurred either in 
the presence or absence of UDP glucuronate. Since 
thin-layer chromatography showed that the N-O-glu- 
curonide of N-hydroxy-p-chloroacetanilide was 
formed even more rapidly than the glucuronide of 
N-hydroxy-phenacetin, the lack of covalent binding 
Suggests that the N-O-glucuronides of these sub- 
stances have low chemical reactivity. 

A time course of glucuronidation and covalent 


Table 5. Glucuronidation of N-hydroxy-phenacetin and covalent binding of the conjugate* 





Amount 


covalently bound 


(nmoles/ml) 


Percent of N-hydroxy-phenacetin 
glucuronidated 





After 


Incubation medium 30 min 


After 
60 min 


After 
30 min 


After 
60 min 





6.3 
0.5 


Complete 

Without UDP glucuronate 

Without postmicrosomal 
supernatant 

Without Triton X-100 


aa 
0.7 


18.0 


74 84 


0.5 0 0 


78 


“ 


73 
23 


86 
40 





* The concentration of N-hydroxy-phenacetin was 500 nmoles/ml. Microsomal protein concentration was 2.4 mg/ml; 
the microsomal preparation was activated with Triton X-100 unless indicated otherwise. Postmicrosomal supernatant 
was present at a concentration of 6.9 mg/ml, unless otherwise indicated. The total amount of nmoles bound to protein/ml 


of incubation medium is given. 
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Fig. 5. Glucuronidation and covalent binding of N-hyd- 
roxy-phenacetin by rat liver microsomes. The microsomal 
protein concentration was 2.3 mg/ml (Triton X-100 acti- 
vated), and 6.9 mg/ml of postmicrosomal supernatant pro- 
tein was present. The percentage of glucuronidation was 
estimated by separation of N-hydroxy-phenacetin and its 
glucuronide on a t.l.c. plate and subsequent elution and 
measurement of the radioactivity in the spots. Covalent 
binding is expressed as nmoles bound/ml of incubation 
medium. The concentration of N-hydroxy-phenacetin was 
500 nmoles/ml. 


binding (Fig. 5) showed that the rate of covalent bind- 
ing shows a lag phase as compared with the rate of 
glucuronidation. First the glucuronide conjugate of 
N-hydroxy-phenacetin accumulated and _ covalent 
binding accelerated as the concentration of the glu- 
curonide increased to a steady state value. About 0.03 
to 0.04nmole/min/mg of protein was bound during 
the linear part of the curve (see Fig. 5). By contrast 
there was no lag phase in the binding of the N-O-sul- 
fate conjugate, which seems to bind almost as rapidly 
as it is formed.” 

In order to show that the covalent binding of the 
glucuronide of N-hydroxy-phenacetin is independent 
of the presence of microsomal protein, once it is 
formed, we synthesized the glucuronide conjugate by 
incubation of N-hydroxy-phenacetin with microsomes 
and UDP glucuronate, and removed all protein by 
precipitation with methanol. About 80 per cent of the 
N-hydroxy-phenacetin initially present was converted 
to the glucuronide after incubating the mixture for 
1 hr at 37°. The methanol—water layer was evaporated 
with a stream of nitrogen at room temperature and 
the residue was dissolved in the original volume of 
water. Addition of bovine serum albumin to this solu- 
tion and incubating the mixture at 37° resulted in 
the binding of the metabolite covalently to albumin 
(Fig. 6). The rate of binding to albumin was 
0.03 nmole/min/mg of protein. At a lower albumin 
concentration the rate of covalent binding decreased 
during the incubation, possibly due to a decrease in 
available binding sites. When UDP glucuronate was 
omitted from the incubation mixture, no N-O-glucur- 
onide was formed and no covalent binding occurred. 
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Fig. 6. Binding of the N-O-glucuronide conjugate of 

N-hydroxy-phenacetin to bovine serum albumin. A solu- 

tion of the N-O-glucuronide conjugate of N-hydroxy- 

phenacetin (about 0.4 mM;; see legend to Fig. 3) was incu- 

bated with bovine serum albumin (b.s.a.) at 37° at pH 7.4. 

Covalent binding is expressed as nmoles bound/ml of incu- 
bation medium. 


Glucuronide conjugates of the N-hydroxy group 
are usually less stable than phenolic hydroxyl group 
conjugates [5,21]. Thus, the glucuronide of N-hyd- 
roxy-phenacetin was unstable at 100°; when it was 
heated for 2min at pH 7.4 in a boiling water bath 
the glucuronide peak disappeared from the thin-layer 
chromatogram and a rapid moving peak with an R, 
of about 0.9 appeared. Since the glucuronide of 
N-hydroxy-p-chloroacetanilide was not hydrolyzed 
under these conditions, it presumably is more stable 
than its phenacetin analogue. Moreover, when a solu- 
tion of the glucuronide of N-hydroxy-phenacetin was 
heated for 2 min at 100° in the presence of protein, 
the amount covently bound to protein was markedly 
increased (Table 6). But under these conditions, the 
glucuronide of N-hydroxy-p-chloroacetanilide was 
still not covalently bound. Therefore, the stability of 
the glucuronide of N-hydroxy-p-chloroacetanilide 
may prevent its becoming bound covalently, whereas 
the instability of the glucuronide conjugate of N-hyd- 
roxy-phenacetin favors covalent binding. In conclu- 
sion, the N-O-glucuronide of N-hydroxy-phenacetin 
seems to be unusually reactive at pH 7.4 as measured 
by its covalent binding to protein. 

General comments. These results suggest that 
p-nitrophenylsulfate and PAP may be used to 
measure sulfation rates of N-hydroxy-arylacetamides. 
DeBaun et al. [4] have used methionine to capture 
the reactive N-O-sulfate conjugate of N-hydroxy-2- 
AAF and have based their sulfotransferase assay on 
the production of the methionine-bound AAF. How- 
ever, other degradation products of this N-O-sulfate 
are possible and the actual sulfation rate may be 
much higher than the rate of binding to methionine. 
Moreover, N-O-sulfate conjugates of other N-hydroxy- 
arylacetamides might not bind at all to methionine 
(as seems the case with the N-O-sulfate conjugate of 
N-hydroxy-phenacetin) and thus might seem to be 
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Table 6. Effect of temperature on covalent binding of N-O-glucuronides* 





Glucuronide 


Amount covalently bound (nmoles/ml) 





Without heating After heating at 100 





N-hydroxy-phenacetin glucuronide 
N-hydroxy-p-chloroacetanilide glucuronide 


2.4 18.4 
0.0 0.0 





* After a normal covalent binding incubation for 60min at 37°, the reaction was stopped with 
methanol in the tubes “without heating”; the tubes “after heating at 100°” were put in a boiling 
water bath for 2 min, and thereafter methanol was.added on ice. The microsomal protein concentration 
was 2.0mg/ml and no postmicrosomal protein was present during the incubation. The amount of 
nmoles bound to protein/ml of incubation medium is given. 


not sulfated according to the covalent binding assay. 
We feel that the present assay offers a tool to measure 
sulfation rates more directly than the methionine- 
binding assay. Moreover, with the present method the 
rate of sulfation and the rate of covalent binding can 
be evaluated separately. Further, p-nitrophenylsulfate 
and PAP may be used to synthesize the N-O-sulfate 
conjugates of N-hydroxy-arylacetamides in situ for 
covalent binding studies, avoiding the need of PAPS, 
which is not commercially available in the unlabeled 
form and the synthesis of which is lengthy. 

The present results clearly show that the N-O-sul- 
fate of N-hydroxy-phenacetin binds covalently to pro- 
tein as soon as it is synthesized. Since phenacetin is 
N-hydroxylated by microsomal enzymes [6-8],* it 
seems likely that the sulfation and glucuronidation 
pathways provide a reactive intermediate for covalent 
binding. At the present time, however, it is not clear 
whether either reaction plays a role in causing the 
toxic effects of high doses of phenacetin in vivo. 

Although glucuronidation seems less important for 

covalent binding in liver, it may be important in kid- 
ney and bladder, because many glucuronides are 
highly concentrated in urine. The fact that the degree 
of iatency of UDP glucuronyl-transferase in vivo is 
unknown [22] makes it difficult to assess its impor- 
tance in vivo relative to sulfation. A more detailed 
study on pharmacokinetics and metabolism of all 
phenacetin metabolites in vivo may answer the ques- 
tion whether the N-hydroxylated metabolites are in- 
volved in its toxic effects. 
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Abstract 


A release of serotonin (5-HT), but not that of histamine, from rat peritoneal mast cells, 


mouse mastocytoma P-815 cells, and rabbit platelets induced by N-(2-ethylhexyl)-3-hydroxybutyramide 
(butoctamide) in vitro was synergistically augmented by epinephrine or norepinephrine. In the presence 
of 2.3mM _ butoctamide and 270 uM epinephrine, the 5-HT release was optimal at pH 7.4 and 37, 
and was suppressed by various enzymic and metabolic inhibitors. A viability test and microscopy 
indicated that, on exposure to butoctamide and epinephrine, normal mast cells were degranulated, 
but most of the cells still retained viability. In contrast, neoplastic mast cells showed more severe 


morphological alterations, and became non-viable. 


Although the concentration of serotonin (5-HT) in rat 
and mouse mast cells is considerably lower than that 
of histamine [1-4], 5-HT is released, often simul- 
taneously with histamine, from mast cells in response 
to various histamine liberators, such as compound 
48/80[1], polymyxin B[1], antigen (to sensitized 
cells) [2], nicotin [3], and heat stable factors in alka- 
line tissue extracts[5], or by a surface active agent 
like n-decylamine [1]. 

If both biogenic amines are bound similarly in the 
mast cell granules as proposed by Uvnis et al. [4,6,7], 
these two amines are expected to be released in direct 
proportion to their relative concentrations in the 
granules. However, the per cent release of one amine 
induced by some agents under certain conditions is 
somewhat higher than that of the other [2,3]. There- 
fore, the search for a selective releaser for either amine 
might be of value in elucidating the overall releasing 
mechanism of these two amines. 

In this report, we describe the stimulatory effect 
of N-(2-ethylhexyl)-3-hydroxybutyramide (butocta- 
mide), which was reported to be an inducer of para- 
doxical sleep in cats [8], on the release of 5-HT from 
normal and neoplastic mast cells, and from platelets 
in the presence of catecholamines. Butoctamide is a 
synthetic analogue of 1-methylheptvl-y-bromoaceto- 
acetate, which was isolated from human cerebrospinal 
fluid by Yanagisawa and Yoshikawa [9], and also 
reported to induce paradoxical sleep in cats [10]. 


METHODS AND MATERIALS 


Isolation and incubation of mast cells and platelets. 
Mast cells were collected from the peritoneal fluids 
of six or more normal Wistar rats (250-350 g) by a 
modification of the method of Chakravarty and 
Zeuthen [11]. Mixed peritoneal cells were suspended 
in the phosphate-buffered saline [PBS: 137mM 
NaCl, 2.6mM KCl, 8.1mM Na;HPO,, 1.4mM 
KH,PO,, 0.9mM CaCl,, and 0.5mM MgCl, (pH 
7.4)] of Dulbecco and Vogt [12] containing heparin 
(300 g/ml), and isolated, according to Thon and 


Uvnias [13], by Ficoll density gradient (30 and 40°, 
in PBS) centrifugation at 0-4’. The cells were washed 
three times with PBS, and resuspended in the same 
medium (2-5 x 10° cells/ml). The cell population 
consisted of 90 per cent or more viable mast cells. 

Neoplastic mast cells (mouse mastocytoma line 
P-815) [14] were kindly supplied by Dr. M. Potter, 
National Cancer Institute, NIH, Bethesda, Maryland, 
and were maintained in the ascitic form in (BALB/c 
x DBA/2)F, hybrid mice. The cells were harvested 
in the ascitic fluids of the mice inoculated with 10° 
cells 1 week earlier. The cells were washed and resus- 
pended in PBS as above (3-10 x 10° cells/ml). 

Platelets were isolated from the blood of a hepar- 
inized rabbit by the method of Dillard et al [15]. 
The washed platelets were suspended in PBS as above 
(S x 10° platelets/ml). 

Aliquots (1 ml) of the mast cell or platelet suspen- 
sion containing the compounds to be tested were 
placed in plastic (10 x 50mm) or siliconized glass 
(9 x 10mm) tubes, and incubated at 37° usually for 
30 min with gentle shaking. 

The reaction was terminated by cooling the incuba- 
tion mixture to ice-cold. After centrifuging at 350g 
for 3 min at 0-4’, histamine in the supernatant fluids 
was estimated by the method of Shore et al. [16], 
and 5-HT by that of Snyder et al. [17]. Lactic de- 
hydrogenase (LDH) was assayed by measuring the 
decrease in absorbancy at 340nm of NADH in the 
presence of pyruvate [18]. One unit of the enzyme 
activity catalyzed the oxidation of | nmole NADH/ 
min at 25°. 

The total contents of histamine and 5-HT, and the 
total activity of LDH in intact cells and platelets were 
estimated in the extracts of the cells or platelets which 
had been freeze-thawed at least three times. 

The total LDH activity was much higher in neo- 
plastic mast cells (395 units/10° cells) than in normal 
mast cells (21.2 units/10° cells). The values calculated 
from the data reported by Diamant and Glick [19] 
and by Ellis et al. [20] were 270 units/10° mouse mas- 
tocytoma cells and 53.5 units/10° rat mast cells. 
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To study the effect of pH, the cells were washed 
once with a 10mM barbital buffer of desired pH (6.2 
to 9.0) containing 0.15M NaCl, 0.1 mM KCl and 
| mM CaCl,, and resuspended in that buffer. 

When the effects of inhibitors were examined, the 
cells were preincubated with inhibitor for 10 min at 
37° prior to the addition of the amine releaser. 

Cell viability. The nigrosin (0.2%, in Hank’s solu- 
tion) staining test of Kaltenbach et al. [21] was used 
to determine the cell viability. In addition, the dis- 
charge of the cellular protein and of LDH into the 
medium during incubation was also estimated accord- 
ing to Diamant [22] and Ellis et al. [20]. Protein 
was determined colorimetrically by the method of 
Lowry et al. as described by Layne [23]. 

Materials. Butoctamide and its related N-(alkyl)-3- 
hydroxybutyramidés [24], and alkylamines were 
kindly supplied by Dr. A. Sakuma, Research Labora- 
tory of Lion Dentifrice Co. Ltd. Tokyo, Japan. 
Butoctamide derivatives were dissolved in a small 
volume of 0.25°%% Tween 80 in 0.9% NaCl and diluted 
properly with PBS. 

Solutions of L-epinephrine-HCl and _ DL-nor- 
epinephrine (1 mg/ml) were obtained from Sankyo 
Pharmaceutical Co., Tokyo, Japan. Compound 48/80 
was purchased from Burroughs Wellcome & Co., 
Tuckahoe, N.Y. Cyclic adenosine 3’,5'-monophos- 
phate (cyclic AMP) was obtained from Seishin Phar- 
maceutical Co., Tokyo, Japan. Other reagents were 
obtained commercially. 


RESULTS 

Effect of N-(alkyl)-3-hydroxybutyramide and alkyl- 
amine on the release of histamine and serotonin from 
normal mast cells. As shown in Table 1, of the various 
alkylamines tested, n-hexylamine showed some acti- 
vity to release both histamine and 5-HT from normal 
mast cells, while its lower analogues showed only 
slight activities. The releasing activity was markedly 
increased with n-octyl- [25] and n-decyl- [1] amines. 


In contrast, the activities of their corresponding 
3-hydroxybutyramide derivatives were generally 
much lower than those of the alkylamines. 

Of these analogues, the N-(2-ethylhexyl)-derivative 
(butoctamide) was unique in that its releasing activity 
for 5-HT, but not that for histamine, was tremen- 
dously augmented by epinephrine, resulting in the 
release of about 90 per cent of the total 5-HT. Butoct- 
amide alone, like most other analogues, showed only 
a weak releasing activity for both amines. 

The amine releases by these agents were accom- 
panied with similar per cent discharges of LDH from 
the cells. However, the addition of epinephrine, which 
increased 4-fold the 5-HT release by butoctamide 
(19.8 + 89.7 per cent), did not significantly enhance 
the LDH discharge by this amine (18.1 — 22.9 per 
cent). 

N-(n-decyl)-3-hydroxybutyramide was very effective 
in releasing 5-HT and LDH without added epineph- 
rine, but its releasing activity for histamine was much 
lower than that for 5-HT or LDH. Furthermore, its 
histamine releasing activity was not significantly aug- 
mented by the catecholamine (39.6— 45.7 per cent). 

2-Ethylhexylamine, the amino moiety of butoct- 
amide, also showed some releasing activity for both 
amines, but it was not augmented by epinephrine. 

Epinephrine or norepinephrine had practically no 
effect on the basal release of either amine from mast 
cells. Histamine retained by the cells which had been 
exposed to butoctamide with epinephrine was almost 
completely liberated by a subsequent treatment with 
compound 48/80 (10 ug/ml) after washing the cells 
once with PBS. 

Of two adrenergic blocking agents tested, phenoxy- 
benzamine (POB) and dichloroisoproterenol (DCI), at 


~ a concentration of 700 uM, caused less than 10 per 


cent release of 5-HT from mast cells. POB did not 
affect the 5-HT release induced by 2.3mM _ butoct- 
amide with 270 uM epinephrine (82—> 78 per cent), 
while DCI slightly enhanced it (82 — 95 per cent). The 


Table |. Release of histamine and serotonin from normal rat mast cells by alkylamine or N-(alkyl)-3-hydroxybutyramide 
with or without epinephrine* 





Per cent release 





Histamine 
Alkylamine or cabanas 


Serotonin Lactic dehydrogenase 





\-(alkyl)-3-hydroxy- Without 
butyramide epinephrine 


With 
epinephrine 








Without 
epinephrine 


With 
epinephrine 


With 
epinephrine 


Without 
epinephrine 





n-Butylamine §.3+ 
n-Pentyl- 98 + 
n-Hexyl- 32.5 
n-Heptyl- 40.3 + 
2-Ethylhexyl- 45.0 + 
n-Octyl- 7 85.3 + 
n-Decyl- 92.5 + 
None 
N-(n-butyl)-3-hydroxy- 

butyramide + 0.3 
0.5 
0.4 
0.4 
0.4 


N-(n-pentyl) + 0.3 
N-(2-methylpentyl)- + 0.4 
N-(n-hexyl)- + 0.3 
N-(2-ethylhexyl)- 

(butoctamide) 
N-(1-methylheptyl)- 29.0 + 0.4 
N-(n-decyl)}- 39.6 + 0.3 


H+ I+ + I+ I+ 


§$+03 


0.3 
0.6 


H+ + 


16.0 + 0.8 
25.1 3 
45.0 + 0.5 42.5 
63.2 
75.2 


3.2 


HHH HHH 


H+ HH HH 


6.8 


H+ + + 


22.0 + 04 
89.7 + 0.8 


H 


3+02 36.7 + 0.5 
7+0.5 96.7 + 0.5 





* Rat peritoneal mast cells were incubated at 37° for 30 min in 1.0 ml of PBS containing | mM alkylamine or 2.3 mM 
N-(alkyl)-3-hydroxybutyramide (previously dissolved in 0.1 ml of 0.25% Tween 80 in 0.9% NaCl) and with or without 
270 uM epinephrine. The values are the mean + S. E. of three incubations with duplicate samples. The total content 
of amines was: 20.5 + 0.42 ug histamine and 0.73 + 0.12 wg 5-HT/10° cells. The total activity of lactic dehydrogenase 


was: 21.2 + 0.5 units/10° cells. 
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Table 2. Release of histamine and serotonin from normal and neoplastic mast cells, and from platelets by butoctamide 
and catecholamine* 





Per cent release 





Histamine 


Serotonin Lactic dehydrogenase 











Butoctamide + 
epinephrine 


Cell Butoctamide (norepinephrine) 


Butoctamide 


Butoctamide + 
epinephrine 
(norepinephrine) 


Butoctamide + 


Butoctamide epinephrine 





20.5 + 0.2 25.2 + 0.3 
(23.8 + 0.6) 
128 + 0.2 


(10.9 + 0.6) 


Mast cells (rat) 

Mastocytoma P-815 10.1 + 0.1 
cells (mouse) 

Platelets (rabbit) 


19.8 + 0.2 
20.7 + 0.3 79.5 + 0.5 


40.5 + 0.4 92.5 + 0.5 


89.7+ 98 11.5 +03 
(80.3 + 0.3) 
20.8 + 2.5 
(65.3 + 0.8) 
5.8 + 0.2 
(95.2 + 0.2) 





* Mase cells and platelets were incubated in the presence of 2.3mM _ butoctamide and 270 uM epinephrine or nor- 
epinephrine at 37° for 30 min. The total content of histamine and 5-HT (yg/10° cells or platelets) was: 10.5 and 0.86 
in mast cells; 0.21 and 0.12 in mastocytoma cells; and 80 (5-HT) in platelets. The total activity of LDH (units/10° 
cells or platelets) was: 28.5 in mast cells; 395 in mastocytoma cells; and 20.8 in platelets. The values are the mean 


+ S. E. of three incubations with duplicate samples. 


basal release of 5S-HT by butoctamide alone was also 
not affected by POB, and slightly elevated by DCI 
(20 — 37 per cent). 

Effect of butoctamide and catecholamine on_ the 
release of amines from neoplastic mast cells and plate- 
lets. The augmenting effect of epinephrine or nor- 
epinephrine on 5-HT release induced by butoctamide 
was also observed with neoplastic mast cells and 
platelets (Table 2). Platelets seemed to be more sensi- 
tive than mast cells to the action of butoctamide with 
or without epinephrine. On the other hand, the per 
cent discharge of LDH was higher in mastocytoma 
cells (45 per cent) than in normal mast cells (24 per 
cent) or platelets (29 per cent) when exposed to 
butoctamide with epinephrine at 37° for 30 min. 

Influence of the dose of butoctamide and epinephrine 
upon the release of 5-HT and histamine. In the pres- 
ence of 270 uM epinephrine, the magnitude of 5-HT 
release from normal mast cells was dependent upon 
the concentration of butoctamide. A near maximal 
response (at 37° and pH 7.4, and for 30min) was 
obtained with 2.3mM _ butoctamide (Fig. 1A). Con- 
versely, in the presence of 2.3mM _ butoctamide, a 
near maximal release of 5-HT was obtained with 


o 5-HT 

@ Histamine 

4 LDH 
+Epinephrine 270 uM 


@ 
o 


bez) 
Oo 


NR 
oO 


Percent release 
> 
oO 








- +Butoctamide 23mM 


270 uM epinephrine, and its minimum effective dose 
was about 54 uM (Fig. 1B). 

Under these optimal conditions for 5-HT release, 
the per cent release of histamine was much lower, 
and about § to 4 of that of 5-HT. Similarly, the per 
cent discharge of LDH was lower than that of 5-HT, 
and close to that of histamine. 

The response of neoplastic mast cells to the amine- 
releasing action of butoctamide with epinephrine was 
similar to that of normal mast cells. However, the 
LDH discharge induced by these two agents was 
higher in neoplastic mast cells than in normal ones 
(40 per cent vs 20 per cent, 30 min). 

Time course of 5-HT release. In contrast to the 
rapid amine release from mast cells induced by com- 
pound 48/80 [1,7,26-28] and antigen [29], 5-HT 
release by butoctamide with epinephrine proceeded 
rather slowly. At the optimal pH (7.4) and tempera- 
ture (37°), the per cent release of 5-HT from both 
normal and neoplastic mast cells was linear for at 
least 30 min in the presence of 2.3mM_ butoctamide 
and 270 uM epinephrine (Fig. 2). 

Under these conditions, the discharge of LDH and 
protein from the cells was also linear for about 


— Mast cell 


--- Mastocytoma cell 








0.58 115 
Butoctamide (mM) 
Fig. 1. 


Epinephrine (uM) 


Effect of concentration of butoctamide and epinephrine on the release of 5-HT, histamine 


and LDH from normal and neoplastic. mast cells. Cells were incubated at pH 7.4 and 37° for 30 min. 

The total contents of histamine and 5-HT (yg/10° cells) were: 8.7 and 0.78 in mast cells, and 0.18 

and 0.15 in mastocytoma cells. The total activity of LDH (units/10° cells) were: 25.2 in mast cells, 

and 375 in mastocytoma cells. Each point is the mean of percentual release of 5-HT (0), histamine 
(@), and LDH (A) in two experiments. 
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Fig. 2. Time course of the release of S-HT, LDH and pro- 
teins from mast cells and mastocytoma P-815 cells induced 
by butoctamide and epinephrine. Normal rat mast cells 
(A) and mouse mastocytoma P-815 cells (B) were incubated 
at 37 and pH 7.4 for up to 60min in the presence of 
2.3mM_ butoctamide with (open symbols) or without 
(closed symbols) 270 uM epinephrine. Key: O, @ 5-HT; 
A, A LDH: and (©. @ protein. 


30 min. However, in contrast to neoplastic mast cells, 
the per cent discharge of both LDH and protein from 
normal mast cells was much lower than that of 5-HT 
and was close to that of histamine. 

Effect of pH upon 5-HT release. As in the case of 
histamine release induced by compound 48/80 [1,30, 
31], 5-HT release from both normal and neoplastic 
mast cells induced by butoctamide with or without 
epinephrine was optimal around pH 7.4. Figure 3 
shows the results with neoplastic mast cells. 

In this respect, the action of butoctamide with or 
without epinephrine was different from that of n- 
decylamine, a non-specific surface active agent. The 
amine-releasing action of n-decylamine with cell dis- 
ruption was known to be weak in acidic media, and 
steadily elevated with increasing alkaline pH, without 
showing any distinct pH optimum [30.31]. 


Butoctamide 


100 +Epinephrine 


80 
60 


40 


* 5-HT release 








Fig. 3. Effect of pH on S5-HT release from mastocytoma 

P-815 cells induced by butoctamide and epinephrine. 

Neoplastic mast cells were incubated with 2.3 mM butocta- 

mide with or without 270M epinephrine, or with the 

vehicle at 37° for 30min in 10mM barbital buffers (pH 

6.2 to 9.0). To produce pH 5.8 or 10.0, 0.2 N HCl or 
NaOH was added to the medium. 


Effect of temperature. The 5-HT release induced by 
butoctamide with epinephrine from both types of 
mast cells was enhanced with increasing temperature 
from 20° up to 40°, but it was abruptly decreased 
above 40°. Pre-incubation below 40° for 10 min did 
not inhibit 5-HT release by the subsequent incubation 
of the cells with butoctamide and epinephrine at 37°. 
However, pre-heating of the cells above 45° irrevers- 
ibly inhibited the action of butoctamide and epineph- 
rine. Figure 4 shows the results with mastocytoma 
P-815 cells. 

Therefore, so far as the effect of temperature was 
concerned, the action of butoctamide with epineph- 
rine was similar to that of compound 48/80 [1,26] 
or of antigen [30], but was different from that of 
n-decylamine, which was not affected by pre-heating 
the cells up to 50° [1,30]. 

Effect of inhibitors. The action of butoctamide with 
epinephrine was not Ca** dependent [30]. Omission 
of Ca** from the incubation medium or addition of 
2mM EDTA to the PBS- or barbital-medium did 
not affect 5-HT release from mast cells. 

In contrast, the preincubation (10 min, 37°) of the 
cells with 5mM Zn’*, Cu?* or Ni?*, or | mM NaF 
resulted in a strong inhibition of 5-HT release by 
butoctamide with epinephrine (Table 3). 

Zn** and Cu?* are known to inhibit phospho- 
lipase A, which disrupts mast cells in vitro [30-32], 
and NaF is an inhibitor for phospholipase C, another 
lytic enzyme conceivably involved in the amine 
release [30]. 

The 5-HT releasing action of butoctamide with 
epinephrine was also suppressed by preincubation of 
the cells with 0.5mM_ ninhydrin, an NH,-blocking 
agent [26,30,31], or N-ethylmaleimide, an alkylating 
agent [31]. 

Preincubation with |mM_ 2,4-dinitrophenol or 
NaCN [30] was also inhibitory for 5-HT release, and 
this inhibition was not overcome by the addition of 
glucose to the incubation medium. However, 
anoxia [30] (N, atmosphere) did not affect the action 
of butoctamide with epinephrine. 

In addition, cyclic AMP, a potent inhibitor of hista- 
mine release from mast cells induced by inorganic 
pyrophosphate or ATP (about 50 per cent inhibition 
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Fig. 4. Effect of temperature on 5-HT release from mast 

cells induced by butoctamide and epinephrine. Neoplastic 

mast cells were incubated at different temperatures for 

30 min with 2.3 mM butoctamide and 270 uM epinephrine 

(@—@), or preincubated at different temperatures for 

10min prior to the incubation with the releasers at 37 
(O—O). 
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Table 3. Effect of inhibitors on 5-HT release induced by 
butoctamide and epinephrine* ~ 





Per cent release 


of 5-HT 





Mastocytoma 
Mast cell cell 


Concen 


Inhibitors (mM) 





None (butoctamide + 100 100 
epinephrine) 
Pb[INO;], 5.0 90 
ZnCl, 5.0 49 
CuCl, 5.0 13 
NiCl, 5.0 10 
NaF 0.1 55 
1.0 
Ninhydrin 0.5 
N-ethylmaleimide 0.5 
2,4-Dinitrophenol 1.0 
NaCN 0.1 
1.0 
Cyclic AMP 10.0 70 





* Cell suspensions (1.0 ml) were incubated with or with- 
out inhibitors for 10min at 37°, and then for another 
20 min after the addition of 2.3mM_ butoctamide and 
270 uM epinephrine. The values are the mean of two incu- 
bations. 


by 0.1 to 1.0mM cyclic AMP) [33], was less effective 
in suppressing 5-HT release by butoctamide and 
epinephrine (about 30 per cent inhibition after prein- 
cubation with 10mM cyclic AMP). This moderate 
suppressive effect of cyclic AMP on 5-HT release by 
butoctamide with epinephrine was accompanied with 


} 


Fig. 5 


the decrease in discharge of LDH (about 68 per cent 
inhibition). However, cyclic AMP did not suppress 
at all the release of 5-HT or LDH induced by n-decyl- 
amine. 

Morphological alteration. Light microscopy 
revealed that the surface of normal mast cells became 
somewhat irregular when exposed to 2.3 mM _ butoct- 
amide at 37°C for 30 min, but most of the cells were 
neither degranulated (Fig. 5b) nor stainable with 
nigrosin. 

On exposure to 2.3mM _ butoctamide and 270 uM 
epinephrine, many cells were swollen and degranu- 
lated (Fig. 5c). In spite of a nearly 90 per cent release 
of 5-HT under these conditions (Table i), the per cent 
of cells stained with nigrosin was 30-40 per cent, 
roughly in accord with the 20 per cent discharge of 
LDH (Tables 1 and 2, and Fig. 2). 

No detectable morphological changes were 
observed when the cells were incubated with epineph- 
rine or with the vehicles. 

In contrast, on exposure to butoctamide, mastocy- 
toma cells were swollen (Fig. 5e), and about 50 per 
cent of them became stainable with nigrosin. When 
incubated with butoctamide and epinephrine, a con- 
siderable number of cells were disrupted (Fig. 5f). 
About 60-70 per cent of the cell population became 
stainable with nigrosin, roughly in parallel to the 
40-45 per cent discharge of LDH (Table 2 and Fig. 


2). 


yneal mast cells; (b) mast 

cells treated with 2.3 mM butoctamide; and (c) mast cells treated with 2.3 mM _ butoctamide and 270 uM 

epinephrine at 37° for 30 min. (d) Mouse mastocytoma P-815 cells, untreated; (e) treated with 2.3 mM 

butoctamide; and (f) treated with 2.3mM _ butoctamide and 270 uM epinephrine at 37° for 30 min. 
The marker (1.94cm) represents approximately 10 um. 
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DISCUSSION 

Our observations indicate that N-(2-ethylhexyl)-3- 
hydroxybutyramide (butoctamide), an inducer of 
paradoxical sleep in cats[8], acts as a releaser for 
5-HT rather than for histamine from mast cells in 
vitro in the presence of epinephrine or norepineph- 
rine. 

Although butoctamide is a derivative of a C,-alkyl- 
amine, the releasing action of this amide with 
epinephrine was much different, in several respects, 
from that of n-octylamine or n-decylamine, a surface 
active agent able to disrupt mast cells in a non-enzy- 
matic way [30]. 

The activity of butoctamide with epinephrine was: 
(1) fairly specific for 5-HT release; (2) optimal around 
pH 7.4; (3) irreversibly inhibited by pre-heating the 
cells above 45°; and (4) suppressed by various enzy- 
mic and metabolic inhibitors (Table 3). 

It is known that the disruptive amine release from 
mast cells by n-decylamine was steadily elevated with 
increasing alkaline pH, but showed no definite pH 
optimum [30,31]. Also its action was not inhibited 
by pre-heating the cells up to 50° [30], and practically 
not influenced by most of inhibitors of the typical 
amine releasers [30,31 ]. 

Specificity of butoctamide was further emphasized 
by the fact that epinephrine did not augment the 5- 
HT releasing action of N-(1-methylheptyl)-3-hydroxy- 
butyramide, a closely related analogue of butoctamide 
(Table 1). 

Epinephrine and norepinephrine are known to be 
not only ineffective in releasing histamine from mast 
cells, but also inhibitory to histamine release induced 
by compound 48/80 or antigen [34]. Therefore, the 
mechanism of the enhancing effect of catecholamine 
on 5-HT release induced by butoctamide is not clear 
yet. 

As in the case of compound 48/80, a selective hista- 
mine-releasing agent [35], the release of 5-HT from 
mast cells induced by butoctamide with epinephrine 
coincided with degranulation (Fig. Sc), but it was also 
accompanied by some discharges of LDH and protein 
(Figs. 1 and 2). 

About 20 per cent of both LDH and protein was 
discharged from normal mast cells for 30 min under 
the optimal conditions for 5-HT release (Fig. 2), and 
during this period 30-40 per cent of the cell popula- 
tion became non-viable as judged by the nigrosin 
staining test. 

Since degranulation and histamine release induced 
by compound 48/80 (1 ug/ml) did not affect the basal 
discharge of LDH and the stainability with trypan 
blue of mast cells [20,35], our results indicated a cer- 
tain loss of the integrity of cellular membrane on 
exposure to butoctamide with epinephrine. 

So far as dose-response relationship, pH optimum, 
temperature sensitivity and effects of various inhibi- 
tors are concerned, responses of neoplastic mast cells 
to the 5-HT releasing action of butoctamide with 
epinephrine were similar to those of normal mast 
cells. However, on exposure: to these two agents, 
neoplastic mast cells showed more severe morpho- 
logical alterations (Figs. Se and Sf) and gave higher 
discharges of LDH and protein than normal cells 
(Fig. 2). 

Since our results indicated that 5-HT and histamine 
could be released selectively from mast cells under 


certain conditions, it seems to be necessary to know 
more about the detailed structure of granular matrix 
and cellular membrane with regard to the storage and 
discharge of the two amines. 
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Abstract—Methotrexate was found to inhibit both the complement-dependent and the complement- 
independent cellular cytotoxicity of spleen cells from mice immunized with sheep erythrocytes. The 
inhibition was essentially complete when a single dose of 100 mg/kg (about one-half the LD<9) was 
given 2 days after antigen administration, and the response was measured on day 4. Recovery from 
this inhibition was incomplete on days 5-7 and complete on day 14. The inhibition measured on 
day 4 could be partially prevented by citrovorum factor (200 mg/kg), but only if this compound was 
administered 1—5 hr before methotrexate. In contrast, the residual inhibition measured during recovery, 
on day 7, was completely reversed if citrovorum factor was injected even as late as 6 hr after methotrex- 
ate on day 2. The data suggest that protection of the majority of the rapidly proliferating, antigen-stimu- 
lated, spleen lymphoid cells from the effects of methotrexate can be provided only by preloading 


these cells with citrovorum factor. 


The immunosuppressive effects of methotrexate 
(MTX) have been studied extensively in a number of 
different experimental systems utilizing a variety of 
soluble and cellular antigens [1-4]. The reversal of 
the antiproliferative effects of MTX by citrovorum 
factor (CF) was demonstrated long ago in toxicity 
studies as well as in experimental tumor models [5, 6]. 
More recently, the reversal of the immunosuppressive 
effects of MTX by CF was shown in mice immunized 
with TAB (typhoid-paratyphoid A and B vaccine) 
vaccine [7] or grafted with allogeneic skin [8]. In 
these studies, it was found that the effect of the antifo- 
late on the immune responses could not be reversed 
by CF unless this compound was given 1 hr before 
or within 1—2 hr after the administration of the inhibi- 
tor. This was in contrast to the greater latitude offered 
in the case of MTX effects on body weight. 
Recently, the reversal of MTX toxicity by CF has 
been exploited clinically in antitumor treatments in- 
volving high doses of MTX followed by CF res- 
cue [9-11]. In view of the possibility that host 
defenses play a role in the therapeutic effects of cer- 
tain antitumor treatments, and considering the known 
potential for immunosuppression of most anticancer 
agents, it is important to design treatments with 
limited suppression of host defenses [12, 13]. In view 
of the clinical interest in MTX-—CF rescue treatments, 
it was considered desirable to re-investigate the kin- 
etics of reversal by CF of MTX-induced immunosup- 
pression, utilizing methodology developed recently in 
this laboratory which allows measurement of im- 
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munosuppressive effects of drugs based on an evalu- 
ation of the function of effector cells [14, 15]. 

The results presented herein indicate that unex- 
pected time-dependent restrictions exist in the ability 
of CF to reverse the inhibitory effects of MTX on 
complement-dependent and complement-independent 
cellular cytotoxicity responses of mouse spleen cells 
to sheep erythrocytes. These restrictions are much 
greater than those illustrated in previous studies uti- 
lizing other cell proliferation model systems. 


MATERIALS AND METHODS 


Mice. The C3Hf/HeHa and C3Hf/HeJ female mice 
used in this study were obtained from the Roswell 
Park mouse breeding colony and from Jackson 
Laboratories respectively. They were used when 
weighing 18-22 g, at approximately 6-8 weeks of age. 
No differences in results were noted in the two mouse 
sublines used. 

Drugs. In order to ensure strict reproducibility of 
dosing, the MTX used (Nutritional Biochemicals 
Corp., Cleveland, Ohio) was purified by DEAE cellu- 
lose column chromatography using a linear gradient 
of 0.05 to 2.0M ammonium acetate according to the 
procedures reported previously [16]. The purified 
MTX was suspended in saline and then dissolved by 
the addition of measured amounts of 1 N NH,OH; 
care was taken to maintain the pH of the solution 
within 7.0 to 7.5. Aliquots of MTX solutions were 
kept frozen at —15° in the dark and individually 
thawed shortly before use. The single dose of 
100 mg/kg of MTX given intraperitoneally was 
chosen for these studies based on preliminary toxicity 
tests in the mouse lines used and represented less than 
one-half the LDs9 (250 mg/kg). The d,l-CF (Lederle 
Laboratories, Pearl River, N.Y.) was dissolved in 
saline shortly before injection. The dose of 200 mg/kg 
of CF was selected for intraperitoneal administration 
in this study. 
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Fig. 1. Inhibition of complement-dependent (CDCC) and 
complement-independent (CICC) cellular cytotoxicity by 
methotrexate (MTX) as a function of the time of MTX 
administration when evaluated on day 4 after antigen 
administration. The data shown are the results of ten 
CDCC and twelve CICC experiments. The points represent 
an average of three to five experiments where standard 
deviations (S.D.) are indicated by vertical bars, or single 
experiments where no S.D. is indicated. At each experimen- 
tal point, effector cells were obtained from pooled spleens 
(three to fifteen mice). E:T = ratio of the number of effec- 

tor cells to target cells. 


Antigen and ‘immunization. Sheep erythrocytes 
(SRBC) in 50°, Alsevers solution were purchased 
from Grand Island Biological Co. (GIBCO) and were 
washed three times using saline and centrifugation for 
5 min at 100g before counting in a haemocytometer. 
Immunization was by a single intraperitoneal injec- 
tion of 5 x 10° SRBC in 0.5 ml saline. 

Effector cells and cytotoxicity assays. Spleen cells 
were obtained at various times after immunization, 
as indicated in the text. The procedures used for the 
preparation of single-cell suspensions were identical 
to those reported previously [17]. The complement- 
dependent (CDCC) and complement-independent 
(CICC) cellular cytotoxicity assays are based on 

100 r 


(E:T=30:1) 
CcDCC 


a 
°o 


MTX 


CONTROL 


measurements of *'Cr release from SRBC prelabeled 
with sodium chromate. The assay procedures were 
identical to those recently reported in detail from this 
laboratory [14]. In short, the CDCC response was 
measured after incubation of a certain number of 
spleen effector cells with °*'Cr-labeled target SRBC 
in RPMI 1640 medium with 5°, fetal calf serum (total 
volume 0.2 ml) for 45min at 37° in 10% CO,, fol- 
lowed by a further 45-min incubation under the same 
conditions in the presence of 0.4ml of guinea pig 
complement (GIBCO) diluted 1:40 with RPMI 1640. 
The reaction was stopped by adding 2ml of cold 
RPMI 1640 medium. The CICC assay was carried 
out in the same way except that complement was 
omitted and the incubation period was 20hr. After 
centrifugation for 5 min at 800 g in the cold, the label 
present in both the supernatant and the pellet was 
measured in a gamma-counter (Packard model 3375) 
and the per cent release was computed as follows: 
“% Telease 
cpm in supernatant 


cpm in supernatant + cpm in pellet 
Specific release is equal to the per cent release 
obtained with sensitized spleen cells minus the per 
cent release with non-sensitized spleen cells. 


RESULTS 


The effects of MTX on CDCC and CICC were in- 
itially evaluated on days 4 and 7 after antigen 
administration in order to identify the optimal time 
of MTX administration. As shown in Fig. 1, when 
the responses were evaluated on day 4 after antigen 
administration, it was found that MTX was most in- 
hibitory when given on day 2 after antigen. Drug 
administration before antigen was not significantly 
effective. When the responses were measured on day 
7 at high ratios of the number of effector cells to 
target cells (E:T = 30:1-100:1), MTX was again 
most effective when given on day 2 (data not shown). 

The kinetics of the inhibition of CDCC and CICC 
caused by a single injection of MTX given on day 


(E:T =100:1) 
cicc 


CONTROL 





(E:T#lO+1) 
cocc 


% SPECIFIC 5!cr RELEASE 





2457 10 14 2i 28 


ie) 4 4. 
02457 10 


(E:T=30:1) 
cicc 


CONTROL 


MTX 





fe) 
02457 10 
DAY OF ASSAY 


ie) A 
02457 10 14 2 28 
DAY OF ASSAY 


Fig. 2. Kinetics of the inhibition of CICC and CDCC caused by MTX. The drug was given intraperi- 
toneally at the dose of 100 mg/kg on day 2 after antigen administration. E:T = ratio of the number 
of effector cells to target cells. The data points represent an average of five to fifteen experiments 
(fifteen to forty-five mice/point). The day of assay was counted from the day of antigen administration. 
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Fig. 3. Reversal by citrovorum factor (CF) of the inhibition 
of CDCC caused by MTX. Sheep erythrocytes (SRBC) 
(5 x 10°) were given intraperitoneally on day 0; MTX and 
CF were given on day 2. The assay was carried out on 
day 4. E:T = ratio of the number of effector cells to target 
cells. Each experimental point represents an average of 
three individual mice. Control and MTX treatment groups 
represent an average of twenty-four mice. 


2, at the time of maximum effectiveness, are shown 
in Fig. 2. The peak of the responses could be best 
identified when low E:T ratios (10:1—30:1) were used 
in the assays: that of the CICC was around day 10, 
that of the CDCC on days 4-5. For both responses, 
the MTX-induced inhibition was complete on day 4, 
regardless of the E:T ratio used in the assays. After- 
ward; both responses showed comparable tendencies 
toward recovery. In view of the complete inhibition 
observed on day 4, this time of assay was initially 
chosen for studies on CF reversal. 

As shown in Fig. 3, at the doses used, CF was 
unable to completely reverse the effects of MTX on 
CDCC regardless of the time it was given, from 5 hr 
before MTX to 3hr after it. In order to achieve ap- 
proximately a 50 per cent reversal, it was necessary 
to give CF at the same time as MTX or before it. 
In the case of the CICC (Fig. 4), the restriction in 
time of CF administration was even stricter than in 
the case of the CDCC. In fact a 50 per cent reversal 
of MTX-induced inhibition could be obtained only 
when CF was given 2 or 3 hr before MTX. With this 
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Fig. 4. Reversal by CF of the inhibition of CICC caused 
by MTX. Sheep erythrocytes (SRBC) (5 x 10%) were given 
intraperitoneally on day 0; MTX and CF were given on 
day 2. The assay was carried out on day 4. E:T = ratio 
of the number of effector cells to target cells. Each exper- 
imental point represents an average of three individual 
mice. Control and MTX treatment groups represent an 
average of twenty-four mice. 


response, however, essentially a complete reversal was 
seen when CF was given 5 hr before MTX. 

In view of the limitations in CF reversal of MTX 
effects seen when the responses were measured on day 
4, and the fact that a tendency toward recovery from 
MTX effects was noted on day 7 (see Fig. 2), it was 
considered desirable to see whether CF would be able 
to accelerate this recovery, as possibly a more sensi- 
tive measure of reversal. As shown in Fig. 5, when 
the responses were measured on day 7, the effects 
of MTX were completely reversed by CF given as 
late as 6hr after the drug. When the responses were 
measured on day 5, results were intermediate between 
those found on day 4 and those found on day 7. 


DISCUSSION 

As demonstrated in this study, MTX inhibits com- 
pletely the CDCC and CICC responses to SRBC in 
mice when it is given on day 2 after antigen adminis- 
tration and the responses are measured on day 4 using 
spleen cells as effectors. Recovery from this inhibition 
occurs within 7-14 days. At this time it is not possible 
to say whether the recovery is the result of prolifer- 
ation of cell population(s) which was/were not 
affected by MTX on day 2, or the result of cells which 
were stimulated by residual antigen after the MTX 
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Fig. 5. Reversal by CF of the inhibition of CDCC and CICC caused by MTX. Sheep erythrocytes 

(SRBC) (5 x 10°) were given intraperitoneally on day 0; MTX was given on day 2 followed 6hr 

later by CF. The assay was carried out on the days indicated after antigen administration. E:T = ratio 

of the number of effector cells to target cells. The data represent an average of three experiments 
(nine mice/value). 
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concentration in blood had already decreased to inef- 
fective levels. The possibility of a differential sensi- 
tivity to MTX of early and late responses to antigen 
cannot be ruled out in the case of CDCC, which 
measures concurrently both IgM and IgG production. 
Nevertheless, a greater inhibition of the IgG response 
by drugs is common [18, 19] and has been attributed 
in some cases to interference with the regulatory 
mechanism concerned with the switch from IgM to 
IgG production. Specifically, inhibition of both IgM 
and IgG responses by MTX with selective recovery 
of the IgM response was found to occur in 
humans [20]. In the case of the CICC, however, dif- 


unlikely due to the very nature of the response. In 
fact, this assay measures an antibody-dependent cellu- 
lar cytotoxicity response where the IgG antibody is 
released by sensitized spleen cells during the assay 
incubation and is subsequently bound to the target 
cell, which then can be lysed by a killer cell. Thus, 
in the CICC response, only IgG appears to be in- 
volved [21]. It is possible that both a differential sen- 
sitivity of early and late responses and a late stimu- 
lation by residual antigen are involved in the recovery 
of CDCC but that only the latter phenomenon is in- 
volved in that of CICC. 

The complete inhibition of both CDCC and CICC 
by MTX can be attributed to the antiproliferative 
effects of the drug. In fact on day 2 there is no 
measurable immune response, thus suggesting that 
among the rapidly proliferating sensitized cells the 
number of those which have already differentiated 
into antibody-producing cells is insufficient to give 
measurable responses. MTX had no significant effect 
when given on day 4, at the time when the responses 
are well developed as a result of differentiation of 
the antibody-producing cells. Therefore, in consider- 
ing the reversal of MTX-induced effects by CF, one 
can assume that the majority of the cells proliferating 
on day 2 would have to be protected by CF in order 
for a complete reversal of MTX effects to be seen 
on day 4. The data shown in Figs. 3 and 4 indicate 
that only a partial protection could be achieved and 
that this could be done only if CF were given before 
MTX. These results suggest that the rapidly prolifer- 
ating clones of lymphoid cells on day 2 have a great 
dependence upon newly formed reduced folate cofac- 
tors, possibly as a result of the presence of unusually 
small pools of these cofactors and/or preformed pur- 
ines and thymidine in these cells, relative to prolifer- 
ation requirements. Thus, it may be necessary to pre- 
load these cells with CF in order to allow enough 
of them to survive after exposure to MTX to subse- 
quently develop a partial response on day 4. It cannot 
be said with certainty whether this restricted time re- 
guirement is also related to the possibility that pre- 
treatment with CF may reduce the effects of MTX 
by competing with MTX uptake [22, 23], or whether 
it is related to restrictions in the rate of uptake of 
CF or in the rate of metabolic interconversion of CF 
into reduced folate cofactor pools. These alternatives 
require further investigation. 

The recovery of responses on day 7, from the inhi- 
bition caused by MTX given on day 2, is greatly acce- 
lerated when CF is given as late as 6hr after the 
drug. This finding is consistent with the observations 
by Berenbaum and Brown [7] in mice sensitized with 
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TAB vaccine and with the known reversal of MTX 
toxicity by CF reported by others [5]. It is conceiv- 
able that the delayed administration of CF may have 
protected a quantity of cells which was not sufficient 
to give rise to a response on day 4 but was sufficient 
to provide a full response on day 7, perhaps in con- 
junction with those cells responsible for the spon- 
taneous partial recovery seen on that day. 

It is apparent that rapidly proliferating clones of 
antigen-sensitized lymphoid cells may provide a use- 
ful system to study in vivo the effects of agents on a 
population of cells whose functional expression is en- 
tirely dependent on the integrity of its total proliferat- 
ing capability. Thus, the systems described herein may 
be developed for the study of the target cell deter- 
minants involved in the selective toxicity of antimeta- 
bolites. 
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Abstract—The uptake of '*C-labelled noradrenaline and mescaline into a synaptosome-rich preparation 
from the rat cerebral cortex was studied. Noradrenaline was accumulated by the synaptosome-rich 
preparation by a temperature-dependent: process which was competitively inhibited by desipramine. 
Mescaline was accumulated by a temperature- and sodium-dependent process. The uptake of mescaline 
was not affected by desipramine. The uptake of noradrenaline was inhibited by mescaline in a non-com- 
petitive manner; this suggests that the uptake of mescaline is not brought about by the noradrenaline 


uptake mechanism. 


The uptake blockade hypothesis of potentiation pro- 
poses that the potentiation of responses to mono- 
amines by tricyclic antidepressant drugs (e.g. desipra- 
mine) results from the ability of these drugs to block 
the accumulation of monoamines by presynaptic 
nerve terminals [1]. There are observations in the 
central nervous system which are consistent with this 
hypothesis. For example, it is known that desipramine 
can block the uptake of the monoamine noradrena- 
line (NA) into nerve terminals in the brain [2], and 
it has been shown that responses of single cortical 
neurones to NA can be potentiated by desipramine 
[3]. 

Using the technique of microelectrophoresis we 
have shown that the hallucinogenic monoamine mes- 
caline (3, 4, 5-trimethoxyphenylethylamine) can evoke 
responses in cortical neurones which are similar to 
those evoked by NA [4]. Furthermore, responses of 
single cortical neurones to mescaline can be poten- 
tiated by desipramine [5]. It would be of interest to 
determine whether this potentiation of neuronal re- 
sponses to mescaline by desipramine can_ be 
accounted for by the blockade of uptake into nerve 
terminals. In the experiments reported in this paper 
we have examined whether mescaline can be accumu- 
lated into synaptosomes prepared from the rat cere- 
bral cortex. As a control the uptake of NA was also 
studied. 


MATERIALS AND METHODS 


Preparation of synaptosomes. Experiments were per- 
formed using male albino Wistar rats weighing 
250-350 g. The rat was sacrificed by decapitation, the 
brain removed and the cerebral cortex dissected from 
the rest of the tissue on ice. The cerebral cortex was 
immediately homogenised in 0.32M _ sucrose (10 ml) 
using a loose-fitting Teflon pestle and glass vessel. 
The blood and cellular debris were separated by cen- 
trifugation at 1000 g for 10 min at 4°. The supernatant 
was removed and centrifuged at 17,000g for 5 min 
at 4°. The resultant synaptosome-rich pellet (see [6]) 


was suspended in cold mammalian Ringer solution 
(70 ml) [7]. 

Incubations. Synaptosome-rich Ringer solution 
(4.9 ml) was added to each incubation flask. In addi- 
tion, “control” flasks contained a 0.9% w/v solution 
of NaCl (0.05 ml) while “test” flasks contained a solu- 
tion of the test drug (0.05 ml). The synaptosomes were 
pre-incubated for 5 min, after which a solution of 
‘$C labelled monoamine (0.05 ml) was added to each 
flask. The monoamine added was either NA 
(( — }-noradrenaline—carbinol ['*C]bitartrate, sp. 
act. 5.0 m Ci/m-mole: Radiochemical Centre Ltd.) or 
mescaline (mescaline-8-['*C]hydrochloride, sp. act. 
5.2 m Ci/m-mole; New England Nuclear Corporation 
Inc.). Preliminary experiments showed that the rate 
of uptake of both mescaline and NA was constant 
over 20 min (see also [8].) Consequently, the incuba- 
tion period used in these experiments was 10 min. 

Incubations were performed at both 37° and 4°. 
The difference between the uptake at these two tem- 
peratures was considered to be the temperature- 
dependent (active) uptake of the monoamine. 

Incubations were stopped by pouring the contents 
of each flask into chilled tubes followed immediately 
by centrifugation at 15,000g for S5min at 4°. The 
resulting pellet was washed by resuspending in 0.9% 
w/v NaCl (5 ml) and the centrifugation repeated. The 
supernatant was discarded and the pellet blotted dry. 

Assay procedures. The washed pellet was homo- 
genised in 0.4 N perchloric acid (1 ml) and the homo- 
genate allowed to stand for 30 min at room tempera- 
ture. The protein thus precepitated was removed by 
centrifugation at 15,000g for 5 min at 4°. An aliquot 
of the supernatant (0.5 ml) was added to a glass scin- 
tillation vial, containing | N NaCl (0.2 ml) to neutra- 
lise the acid, and scintillation fluid added (10 ml). The 
scintillation fluid contained 0.267% 2,5-diphenoxyl- 
oxazole (PPO) and 0.0067% 1,2 bis-(5-phenoxyloxa- 
zole) benzene (POPOP) in toluene with 33% Triton 
X-100. Radioactivity was measured using a Packard 
liquid scintillation spectrometer where counting effi- 
ciency was monitored by the channel-ratio method. 

The precipitated protein was dissolved in 2 N NaCl 
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(5 ml) by heating at 100° for 30 min. The protein con- 
tent of this solution was estimated according to the 
method of Lowry, Rosebrough, Farr and Randall [9]. 

Graphical treatments. For the analysis of the rela- 
tionship between uptake velocity and concentration 
of monoamine (NA or mescaline), rectangular hyper- 
bolae were fitted to data using non-linear regression 
analysis [10]. An estimate of the goodness of fit of 
the curve to the data is given by the index of deter- 
mination (p?) (p? expresses the proportion of the vari- 
ance of the y-values (ordinate) which can be 
accounted for in terms of the x-values (abscissa) in 
a curvilinear function [11].) Using Wilkinson’s 
method [10], estimates for the maximum uptake vel- 
ocity (V,,) and for the monoamine concentration giv- 
ing rise to the half-maximum uptake velocity (K,,). 
along with the respective standard errors of these esti- 
mates, could be obtained. The estimated values of 
these ‘parameters could be compared statistically 
using the normal t-distribution. 


RESULTS 

Uptake of noradrenaline. Figure 1(a) (open circles) 
shows, for different NA concentrations in the incuba- 
tion medium, the temperature-dependent initial vel- 
ocity of NA uptake into the synaptosome-rich prep- 
aration. The NA uptake velocity was an increasing 
negatively accelerating function of the NA concen- 
tration. The estimated values for V,, and K,, are 
shown in Table 1. 

Uptake of mescaline. Figure 1(b) (open circles) shows, 
for different mescaline concentrations in the incuba- 
tion medium, the temperature-dependent initial vel- 
ocity of mescaline uptake. The mescaline uptake was 
an increasing negatively accelerating function of the 
mescaline concentration. The estimated values for V,, 
and K,, are shown in Table 1. The sodium depen- 
dency of mescaline uptake was investigated by incu- 
bating the synaptosome rich pellet in a sodium-free 
mammalian Ringer solution. Table 2 shows that the 
removal of sodium from the incubation medium 
resulted in a_ statistically significant reduction 
(P < 0.001, Student’s f-test) in the uptake velocity of 
mescaline at both mescaline concentrations tested. In- 
deed, the uptake velocity of mescaline at 37° in 
sodium-free Ringer -solution did not differ signifi- 
cantly (P > 0.2, Student’s t-test) from the uptake of 
mescaline at 4 in normal (physiological) Ringer solu- 
tion. 

Effect of desipramine on the uptake of noradrenaline. 
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Fig. 1..Plot of the temperature-dependent uptake velocity 
(V) against the substrate concentration (S). Each point rep- 
resents the mean of at least 4 determinations. Vertical bars 
indicate S.E.M. Curves were fitted by regression analysis 
[10]. 
(a) The effect of desipramine on the uptake of noradrena- 
line. Open circles: NA control; index of determination (see 
Methods) p* = 0.999. Closed circles: NA in the presence 
of 0.05 uM desipramine; p? = 0.999. 
(b) The effect of desipramine on the uptake of mescaline. 
Open circles: mescaline control; p? = 0.996. Closed circles: 
mescaline in the presence of 0.05uM_ desipramine; 
p? = 0.994. 


in the incubation medium was 0.05 uM. Figure 1A 
(closed circles) shows that, in the presence of desipra- 
mine, the uptake of NA could still be described by 
a rectangular hyperbola. From this curve the appar- 
ent kinetic constants (V,, and K,,’) for the uptake 
of NA in the presence of desipramine could be calcu- 
lated. Table 1 shows that desipramine did not affect 
the maximum velocity of NA uptake (P > 0.2); how- 


ever, the K,,,’ was significantly different from the K,, 


In these experiments the concentration of desipramine 


Table |. Kinetic constants for noradrenaline and mescaline uptake 





Treatment Noradrenaline Mescaline 





Control 0.63 + 0.05 
19.2 + 0.7 
0.83 + 0.06* 
17.8 + 0.8 
0.48 + 0.08 


8.48 + 0.7* 


1.24 + 0.27 
2.63 + 0.87 
1.43 + 0.58 
2.88 + 0.59 


Desipramine 
Mescaline 





Estimates (+S.E.) for the kinetic constants K,, (uM) and V,, (pmoles 
min/mg. protein) were obtained according to the method described by Wilkin- 
son [10]. 

* P < 0.001. See text for details. 





Desipramine and mescaline uptake 


Table 2. The uptake of mescaline in sodium-free conditions 





Mescaline uptake velocity 
V (pmoles/min/mg protein) 





Mescaline 
concentration 4 
S (uM) Normal Ringer 


37 37 
Na*-free Ringer Normal Ringer 





0.500 
0.066 


0.65 + 0.04 
0.06 + 0.01 


0.69 + 0.03 
0.08 + 0.01 


1.29 + 0.07 
0.21 + 0.02 





Each value of V is the mean (+ S.E.M.) of at least 4 determinations. 


(P < 0.001) for NA uptake. Thus, desipramine com- 
petitively inhibited the uptake of NA, and, using the 
analogy of enzyme kinetics [12], the K; for desipra- 
mine was calculated to be 0.049 + 0.003 uM. 

Effect of desipramine on the uptake of mescaline. 
Figure 1B (closed circles) shows that, in the presence 
of 0.05 uM desipramine, the uptake of mescaline can 
be described by a rectangular hyperbola. From this 
curve the apparent kinetic constants for mescaline 
uptake in the presence of desipramine were calculated 
(see Table 1). Neither the K,, nor the V,, for the 
uptake of mescaline were significantly changed 
(P > 0.2) by the presence of 0.05 uM desipramine in 
the incubation medium. 

Subsequently, the effect on the uptake of mescaline 
of increasing concentrations of desipramine was stud- 
ied. The concentration of mescaline in the incubation 
medium was either 0.1 or 1.0 uM and the desipramine 
concentration was in the range 0.5—5.0 uM. Figure 2 
is a plot of the reciprocal of the uptake velocity of 
mescaline against the desipramine concentration [13]. 
At both mescaline concentrations tested, the uptake 
velocity of mescaline was not affected by desipramine; 
linear regression analysis showed the two lines to be 
approximately parallel to the abscissa. 

Thus, desipramine, within the concentration range 
0.05—5.0 uM, did not inhibit the temperature-depen- 
dent uptake of mescaline. 

Effect of mescaline on the uptake of noradrenaline. 
Figure 3 shows that, in the presence of 10 uM mesca- 


14; 
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I, uM 
Fig. 2. The effect of increasing concentrations of desipra- 
mine on the uptake of mescaline. Plot of the reciprocal 
of the temperature-dependent uptake of mescaline (V~') 
against the concentration of desipramine (J) [13]. Each 
point is the mean of at least 4 determinations (as in pre- 
vious figures). Open circles: mescaline (0.1 4M); correlation 
coefficient, r = 0.279. Closed circles: mescaline (1.0 4M); 

r = 0.412. 
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Fig. 3. The effect of mescaline on the uptake of noradrena- 
line. Plot of the temperature-dependent uptake against the 
NA concentration (as in Fig. 1). Open circles: NA control; 
p* = 0.999. Open squares: NA in the presence of 10 uM 
mescaline; p? = 0.991. 


line, the uptake of NA can be described by a rec- 
tangular hyperbola. From this curve, the apparent 
kinetic constants for the uptake of NA in the presence 
of mescaline (V,,” and K,,”) were calculated. Table 
1 shows that K,,” did not differ significantly 
(P > 0.05) from K,, for NA uptake. However, mesca- 
line decreased the maximum velocity of NA uptake, 
as V,,” was significantly different from V 
(P < 0.001). This is consistent with the criteria for 
non-competitive inhibition, and, using the analogy of 
enzyme kinetics [12], the K; for mescaline was calcu- 
lated to be 10.55 + 0.81 uM. 


m 


DISCUSSION 


The results show that NA is accumulated into a 
synaptosome rich preparation from the rat cerebral 
cortex by an active uptake mechanism; The K,, for 
this uptake mechanism was 0.62 uM. This is in good 
agreement with previous reports; for example Wong, 
Horng and Fuller [14] found that the K,, for the 
active uptake of NA into synaptosomes was 0.63 uM. 
Similarly, Coyle and Snyder [8] reported that the K,, 
for NA uptake was 0.4 uM. 

Desipramine competitively inhibited the uptake of 
NA in these experiments; the apparent K,, was in- 
creased whilst the V,, remained unchanged. In agree- 
ment with other authors (see [1]), the K; for desipra- 
mine was found to be 0.049 uM. Shah and Himwich 
[15] reported that rat brain homogenates (whole 
brain less cerebellum) could accumulate small amouts 
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of mescaline, but concluded that the mechanism was 
probably a process of simple binding. This was later 
confirmed by Shah and Gulati [16] who were also 
unable to detect an active uptake process for mesca- 
line. 

The results presented in this paper show that a 
preparation from the rat cerebral cortex, rich in 
synaptosomes, may accumulate mescaline by a tem- 
perature- and sodium-dependent process. The K,, for 
this active process was found to be 1.24uM. Thus, 
when compared with NA, the uptake process for mes- 
caline is very weak. 

Desipramine competitively inhibited the uptake of 
NA, but did not affect the uptake of mescaline. There 
was no change in the K,, or V,, for mescaline uptake 
when 0.05 uM desipramine was present in the incuba- 
tion medium. Indeed, no effect of desipramine on 
mescaline uptake could be detected even when desi- 
pramine concentrations ranging from 0.05 to 5.0 uM 
were present in the incubation medium. In contrast, 
however, the binding of mescaline by rat brain homo- 
genates was inhibited by high concentrations 
1.33 mM) of desipramine [16.] 

It would appear, then, that the NA uptake and 
mescaline uptake mechanisms could be different: the 
NA uptake mechanism is desipramine-sensitive, 
whereas the mescaline uptake mechanism is not. 
More evidence for a difference between NA and mes- 
caline uptake processes is provided by the observa- 
tion that the inhibition of NA uptake by mescaline 
is of a non-competitive nature. If NA and mescaline 
were accumulated by the same uptake mechanism one 
would expect mescaline to inhibit competitively the 
accumulation of NA. 

It has recently been demonstrated that responses 
of single cortical neurones to mescaline can be poten- 
tiated by desipramine [5]. The results presented here, 


however, suggest that desipramine does not block the 
uptake of mescaline into cortical synaptosomes. We 
can conclude, therefore, that the potentiation by desi- 
pramine of neuronal responses to mescaline is not 
brought about by the blockade of mescaline uptake. 
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Abstract—The effect of chronic administration of morphine on the activity of monoamine oxidase 
in specific regions of the brain of rats has been investigated. It was found that, shortly after the 
last administration of morphine, brain monoamine oxidase (EC 1.4.3.4) was drastically reduced in 
rats which had been chronically treated with morphine and which had exhibited a hyperactivity syn- 
drome manifested by compulsive gnawing and spasmodic jumping. The lowest values were seen at 
approximately 30 min and they returned to nearly normal levels by 6hr after the last injection. In 
contrast, no significant changes were observed in the activity of this enzyme in animals that did not 
exhibit this syndrome after morphine administration. 


Morphine increases the rate of catecholamine syn- 
thesis in the brain of rats and mice[1, 2] suggesting 
that catecholamine-containing neurons may be in- 
volved in some of the effects of morphine on the func- 
tion of the central nervous system. After repeated 
administration of morphine or levorphanol to mice, 
tolerance and cross-tolerance develops to the effects 
of these narcotics on brain catecholamine syn- 
thesis [3]. Furthermore, the development of tolerance 
to and physical dependence on morphine is not as- 
sociated with an increase in the activity of brain tyro- 
sine hydroxylase (tyrosine 3-hydroxylase, EC 
1.14.3.a) [4]. On the basis of these findings it has been 
suggested that morphine does not enhance the bio- 
synthesis of catecholamines by a direct effect on tyro- 
sine hydroxylase [3, 4]. 

The possible role of serotonin in the pharmacologic 
actions of morphine has been the subject of consider- 
able interest. Evidence on the effects of morphine on 
this neurotransmitter has been circumstantial and 
contradictory [5-8], but more recent findings confirm 
that serotonin is involved, in, at least, some of the 
effects of morphine and that its turnover rate in- 
creases after chronic administration of the 
drug [9,10]. Several investigators[11,12] have 
reported that narcotic analgesics induce locomotor 
hyperactivity in mice and that this effect is associated 
with changes in brain biogenic amines [12,13]. We 
have observed that during the development of toler- 
ance to the drug, a number of rats showed an acti- 
vation reaction which was manifested by hyperacti- 
vity, spasmodic jumping and compulsive gnawing 
within the first 20-30 min after the last administration 
of morphine, while other rats did not exhibit this 
hyperactivity reaction. This study was set up to deter- 
mine if, and to what extent, the activity of brain 
monoamine oxidase (monoamine: oxygen oxidore- 
ductase, EC 1.4.3.4) is influenced by chronic adminis- 
tration of morphine to these two types of rats. 
Monoamine oxidase (MAO) activity was measured 
in hypothalamus, hippocampus, thalamus, cerebellum 
and cerebral cortex. These brain areas were selected 


for study because of (1) known effects on catechol- 
amine synthesis in these areas [1, 3]; (2) their involve- 
ment in the development of tolerance [14]; and/or (3) 
evidence that they may be involved in the regulation 
of a number of brain functions affected by mor- 
phine [1]. 


MATERIALS AND METHODS 


Materials. Chemicals utilized in this study were 
obtained from Sigma Co., St. Louis, Mo. Morphine 
sulfate (15 mg/ml) was obtained from Eli Lilly Co., 
Indianapolis, Ind. 

Animals. A total number of 120 Sprague-Dawley 
(AFRRI colony) male rats from 9 to 10 weeks old, 
weighing 240-260 g, were used. The animals were kept 
in a temperature-controlled room at 22 + 0.5°, and 
were individually housed in cages with free access to 
food (Wayne Lab Blox) and water. Of these animals, 
85 were used for morphine administration and the 
rest served as controls. 

Morphine administration. The experimental animals 
were given morphine by injecting the drug, 40 mg/kg 
body weight of morphine sulfate/injection, i.p., twice 
daily for 8 days. Control animals were injected with 
sterile physiologic saline in volumes corresponding to 
those of the morphine solution. After day 6 or 7 of 
morphine administration, a number of rats (approxi- 
mately 40 per cent of the experimental animals) exhi- 
bited an activation response which was manifested 
by hyperactivity, spasmodic jumping and compulsive 
gnawing (“responsive” rats) for the first 20-30 min 
after each injection of the drug. The remaining rats 
did not show this hyperactivity reaction (“unrespon- 
sive” rats). Of the 85 experimental animals, 28 respon- 
sive rats and 42 unresponsive rats were used in this 
study. The remaining 15 rats could not meet required 
criteria and were not used. The experimental animals 
were divided into seven groups of 4 animals éach for 
the responsive and seven groups of 6 rats each for 
the unresponsive animals. Control animals were 
divided into seven groups of 5 animals each. 
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Assessment of tolerance. The degree of tolerance to 
morphine was determined by the hot plate technique 
of Eddy and Leimbach [15] as modified by Johannes- 
son and Woods [16]. 

Preparation of enzyme systems. At the end of day 
8, one group of the responsive and one group of the 
unresponsive rats were sacrificed just before receiving 
the last morphine injection and were used as baseline 
controls. The other groups were given the last mor- 
phine dose and were sacrificed at 5, 15, 30 and 60 min 
and 6 hr or 24 hr after the last injection. Experimental 
animals as well as saline controls were sacrificed by 
decapitation and their heads instantly frozen in liquid 
nitrogen in a Dewar flask. The heads were later 
removed from the liquid nitrogen and stored at —90 
until the time of assay. Storage at this temperature 
for as long as 5 days was found to cause no detectable 
loss in enzymatic activity. Enzymatic activity deter- 
minations were performed within 24 hr after sacrific- 
ing the animals. Rapid freezing of the rats’ heads in 
liquid nitrogen usually resulted in bilateral splitting 
of the skull and brain, facilitating removal of the 
brain areas under investigation. The frozen heads 
were partially thawed in a cold room, kept at 2-3”, 
and the thalamus, hypothalamus, cerebral cortex, cere- 
bellum and hippocampus were dissected out and 
homogenized in 10 vol. of 0.25M _ sucrose containing 
0.001 M MgCl, using glass homogenizers of the Pot- 
ter-Elvehjem type with Teflon pestle, kept in crushed 
ice. Each of the homogenates was centrifuged (Sorvall 
(RC-2B)) at 1,500 g for 10 min and the resultant super- 
natant fluid was centrifuged at 10,000g for 30 min. 
After carefully decanting the supernatant fluid, the 
mitochondrial pellet was suspended in an equal 
volume of homogenization medium and was used for 
the assay. No monoamine oxidase activity was found 
to be present in the 10,000 g supernatant. 

Monoamine oxidase. Monoamine oxidase activity 
was assayed by a modification of the method of 
Weissbach et al.[17]. The assay mixture contained 
0.05 M Tris-HCl buffer, pH 7.4, 0.22 mM kynuramine 
dihydrobromide, 0.08mM MgCl, and the enzyme 
preparation (0.6 to 1 mg protein). The final volume 
of the incubation mixture was made up to 3 ml with 
water and the reaction was stopped by the addition 
of 0.2 ml of 0.5 M NaOH and 0.4 ml of 10% ZnSO,. 
The mixture was then shaken, heated in a boiling 
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water bath for 5 min, and centrifuged at 10,000 g for 
10min. The concentration of the reaction product 
4-hydroxyquinoline was determined in the superna- 
tant spectrophotometrically by measuring the absor- 
bance (appearance of the peak) at 330nm[18]. A 
blank cuvette was prepared by replacing kynuramine 
with water. When various, increasing concentrations 
of 4-hydroxyquinoline were used as standards, the 
height of the peak at 330 nm was found to be directly 
proportional to the amount of 4-hydroxyquinoline 
present in the solution [18]. Measuring the increase 
in absorbance at 330nm instead of decrease at 
360 nm [17], at least a 3- to 4-fold increase in the 
sensitivity of the reaction can be achieved. Enzymic 
activities were expressed per mg of protein. Protein 
determinations were performed according to the 
method of Lowry et al. [19]. 

Data presentation. Data are presented as the 
mean + standard error. Values are expressed as 
umoles 4-hydroxyquinoline produced/90 min/mg of 
protein. Student’s two-tail t-test was used for statisti- 
cal analysis. 


RESULTS 


The effects of chronic administration of morphine 
on MAO activity in rats showing the hyperactivity 
reaction (responsive rats) are presented in Table 1. 
Within minutes after the last administration of the 
drug, MAO activity decreased in all brain areas inves- 
tigated, reaching lowest levels at approximately 
15-30 min post-injection. In rats sacrificed at 60 min, 
the morphine-induced changes in MAO activity were 
less pronounced and this activity was found to return 
to nearly normal levels in animals sacrificed at 6 or 
24 hr after the last morphine injection. 

Table 2 shows the results obtained with rats, 
chronically treated with morphine, which did hot 
exhibit the hyperactivity reaction (unresponsive rats). 
In contrast to the results with the responsive animals, 
no appreciable changes or some increases in brain 
MAO activity occurred. 

To decide whether a correlation exists between be- 
havioral and MAO activity changes, rats that were 
chronically treated with morphine and did not exhibit 
the hyperactivity syndrome (unresponsive rats) were 
injected with the MAO inhibitor, pargyline (20 mg/kg, 


Table 1. Changes in monoamine oxidase activity in responsive rats chronically treated with morphine 





Hypothalamus 


Thalamus 


Time after last % of % of 


morphine injection Activity* control Activity control 


Brain areas 





Hippocampus Cerebellum Cerebral cortex 





, of % of % of 


Activity control Activity control Activity control 





Controls 0.49 + 0.02 0.56 + 0.03 


Morphine-treated 
0 min 
(baseline 


0.41 + 0.01t 0.49 + 0.03 


controls) 


5 min 0.39 + 0.02t 79.5 0.38 + 0.02+ 67.8 


0.52 


0.38 


+ 0.03 0.42 + 0.02 0.44 + 0.04 


+ 0.04t 0.36 + 0.03 0.42 + 0.01 


75.0 0.32 + 0.03+ 76.2 


0.39 + 0.03+ 
0.40 + 0.02+ 
0.35 + 0.02+ 
0.41 + 0.04+ 
0.48 + 0.02 
0.45 + 0.04 


0.30 
0.29 
0.38 
041 
0.44 


0.02+ 
0.03+ 
0.02+ 
+ 0.01F 
0.03 


61.2 
59.1 
17.5 
83.6 
89.8 


0.29 
0.35 
0.43 + 
0.42 
0.48 


0.02+ 
- 0.03+ 

0.04+ 

0.03+ 
+ 0.05 


$1.7 
62.5 
76.7 
75.0 
85.7 


76.9 
67.3 
78.8 
92.3 
86.5 


0.34 
0.29 
0.32 
0.35 
0.39 + 


80.9 
69.0 
76.2 
83.3 
92.8 


15 min 
30 min 
60 min 
6 hr 
24 hr 


t+ I+ I+ I+ I+ 


\+ 





* Expressed as ymoles 4-hydroxyquinoline/90 min/mg of protein. Values are means + S. E. 


+ Values significantly different from their respective controls (P < 0.005). 





Effect of morphine on MAO activity in rats 


Table 2. Changes in monoamine oxidase activity in unresponsive rats chronically treated with morphine 





Brain areas 





Thalamus Hypothalamus 


Hippocampus Cerebellum Cerebral cortex 





Time after last % of % of 
morphine injection Activity* control Activity control 


% of *. of 


tivity control Activity control Activity control 





Controls 0.43 + 0.03 0.46 + 0.03 
Morphine-treated 
0 min 
(baseline 
controls) 
5 min 
15 min 
30 min 
60 min 
6hr 
24 hr 


0.40 +,.0.04 0.39 + 0.03 


93.4 
95.6 
106.5 
97.8 
91.3 
108.6 


0.38 
0.41 
0.47 
0.29 
0.39 
0.44 


88.4 
95.3 
109.3 
90.7 
90.7 
102.3 


0.02 
0.04 
0.03 
0.04 
0.03 
0.05 


0.43 + 0.03 
0.44 + 0.04 
0.49 + 0.02 


0.45 + 0.03 
0.42 + 0.02 


1+ I+ I+ I+ I+ H+ 


0.50 + 0.03 


+ 0.04 0.36 + 0.03 0.41 + 0.02 


+ 0.04 0.33 + 0.02 0.45 + 0.03 


97.2 
100.0 
105.5 
116.0 

94.4 
102.7 


100.0 
109.7 
117.1 
102.4 

90.2 
119.5 


0.39 
0.44 
0.42 
0.45 


+ 0.04 
+ 0.02 
+ 0.04 
+ 0.03 


0.35 + 0.03 
0.36 + 0.03 
0.38 + 0.03 
0.42 + 0.02 
0.34 + 0.02 
0.37 + 0.02 


0.41 + 0.05 





* Expressed as ypmoles 4-hydroxyquinoline/90 min/mg of protein. Values are means + S. E. 
+ Value significantly different from its respective control (P < 0.05). 


i.p.), at approximately 5 min before administration of 
the last dose of morphine. These rats became beha- 
viorally responsive, i.e. they developed the stereotyped 
hyperactivity syndrome within 10—-20min after the 
morphine injection. The syndrome lasted 20-30 min. 
The animals were sacrificed at approximately 45 min 
after administration of the drug, while the syndrome 
was still present, and MAO activity and catechol- 
amine and serotonin level determinations were per- 
formed in their brains. Up to a 90 per cent decrease 
in MAO activity was observed, while the levels of 
catecholamines and serotonin increased to 130 and 
160 per cent, respectively, of controls. 

A new series of experiments was conducted to 
determine whether the decreases in MAO activity 
observed in responsive rats were due to the presence 
of an inhibitor metabolite of morphine or to oxygen 
deficiency in the brain homogenates because of the 
known respiratory depressant characteristics of mor- 
phine. Brain homogenates from morphine-treated rats 
were either pre-incubated (30 min at 37°) in air before 
addition of the substrate, or dialyzed (1 hr at 4°) 
against the homogenization medium. They were then 
compared for MAO activity to corresponding homo- 
genates that had not been pre-incubated or dialyzed. 
No significant differences were found. 


DISCUSSION 


Previous experiments with mice have indicated that 
brain catecholamines are involved in the mechanism 
by which morphine-like drugs induce motor acti- 
vity [12]. In addition, agents, such as pargyline, which 
prevent the oxidative deamination of catecholamines 
enhance the locomotor activity-increasing effect of 
levorphanol in mice, whereas reserpine, which de- 
pletes brain catecholamines, diminishes it [20]. In 
agreement with these results, our rats, which when 
treated chronically with morphine exhibited the 
hyperactivity syndrome, had a drastically reduced 
brain monoamine oxidase activity. Thus, a hyperactiv- 
ity syndrome results whether the activity of mono- 
amine oxidase was inhibited by monoamine oxidase 
inhibitors or by chronic administration of morphine. 
The fact that development of tolerance to morphine 


is not associated with an increase in the activity of 
brain tyrosine hydroxylase [4] supports the idea that 
the hyperactivity syndrome is not linked to an 
enhanced synthesis of brain catecholamines but rather 
to a decrease in the rate of their oxidative deamina- 
tion. 

A similar hyperactivity syndrome has been 
observed in rats after administration of monoamine 
oxidase inhibitors and tryptophan, and the rate of 
development of this hyperactivity correlated with the 
rate of accumulation of brain serotonin [21]. Since 
chronic administration of morphine produces no 
change in the activity of the soluble form of brain 
tryptophan hydroxylase and only minor increase in 
the activity of the particulate enzyme [22], it is very 
likely that this hyperactivity syndrome is, at least 
partly, due to a decrease in brain MAO activity, and 
this agrees with our results. Compulsive gnawing and 
hyperexcitability were found to result from direct 
deposition of morphine-like drugs to the central thal- 
amic region of the brain of rats [23]. Our results sug- 
gest that these effects might also be due to MAO 
inhibition. 

The findings [24, 25] that high levels of catechol- 
amines and indolamines in the brains of rats chroni- 
cally treated with morphine are associated with mor- 
phine-induced hyperactivity behavior are in agree- 
ment with our results and could be partly explained 
by our finding that the hyperactivity syndrome is as- 
sociated with decreased levels of brain monoamine 
oxidase activity. Furthermore, the observation that 
intraventricular injection of norepinephrine [25] or 
direct implantation of dopamine into the corpus stria- 
tum of rats [26] elicited hyperactivity behavior is also 
consistent with our results. It is also of interest to 
note that chronic administration of methadone to rats 
induces gnawing and other symptoms of stereotyped 
behavior and that the suggestion was made that in- 
creased dopamine production may be the cause of 
this behavior [27]. Our observation that when MAO 
inhibitors were injected in unresponsive rats chroni- 
cally treated with morphine, these animals exhibited 
hyperactivity behavior upon administration of a 
single dose of morphine, supports the idea that a link 
exists between behavior and brain MAO activity 
changes. 
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In chronically treated rats which did not exhibit a 
hyperactivity reaction after the last dose of morphine 
(unresponsive rats), monoamine oxidase activity either 
did not change appreciably or it was somewhat in- 
creased (see Table 2). These observations also tend 
to support the existence of a relationship between the 
appearance of the hyperactivity syndrome and the de- 
crease in the activity of brain monoamine oxidase. 
Monoamine oxidase in the brain of the rat exists in 
several forms with different substrate specifici- 


ties [28, 29]. Experiments are in progress to determine 
to what extent each of these forms contributes to 
the observed hyperactivity syndrome. 
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Abstract—The determinants of cellular net uptake of three anthracyclines—daunorubicin, adriamycin, 
and rubidazone—were studied in Ehrlich ascites tumour cells in vitro. A striking finding was the 
marked effect of the pH on net uptake in the way that lowering of the pH decreased the rate of 
uptake and steady-state level. As pK, of the drugs proved to be 8-15~8-45, this finding suggests a 
penetration of the drugs by passive transport of the unionized form of the molecules. Several findings 
indicated an uphill efflux of the drugs from the cells. (1) The estimate of the cytoplasm/medium concen- 
tration ratio at steady-state for daunorubicin and rubidazone was considerably below that predicted 
when assuming passive distribution. (2) The cellular accumulation of the drugs was significantly 
enhanced by sodium azide. (3) The cellular release of the drugs was inhibited by sodium azide. Together 
these findings suggest a membrane transport of the drugs as a “leak-and-pump” system. Studies of 
the intracellular binding showed that the affinity of adriamycin for isolated nuclei and for total cellular 
homogenate was about SO per cent higher than that of daunorubicin; rubidazone possessed the lowest 
affinity for cellular binding sites. The affinity of the drugs for intracellular binding sites was not in- 
fluenced by the pH. 

The results indicate that the net uptake of anthracyciine derivatives in these tumour cells is deter- 
mined by: (1) the permeability of the membrane to the unionized form of the molecule; (2) the specificity 
of the drug for the mechanism of active efflux; (3) the relationship between intracellular and extracellular 
pH; (4) the pK, value of the drug; (5) the affinity of the drug for the intracellular binding sites. 


The anthracycline antibiotics play a prominent role 
in the treatment of leukemias and solid tumours in 
man [1-4]. The mechanism of their cytotoxic action 
is attributed mainly to an interaction with DNA 
[5, 6]. As the therapeutic target is localized intracellu- 
larly, cellular uptake is a decisive factor in the biologi- 
cal and therapeutic effect of drugs belonging to this 
group. Thus, in vitro the inhibitory effect of daunoru- 
bicin on nucleic acid synthesis has proved higher than 
that of adriamycin in equimolar concentrations; but 
if the inhibition is adjusted for cellular uptake, the 
effect of adriamycin was at least equal to that of 
daunorubicin [7]. Acquired resistance to anthracyc- 
lines in vitro [8] as well as in vivo [9-12] has been 
shown to be accompanied by decreased cellular 
uptake. Although the anthracyclines have been exten- 
sively investigated, little is known about the exact 
mode of cellular uptake [7, 13-15]. In a subline of 
the Ehrlich ascites tumour resistant to daunorubicin 
there are indications of an active efflux of this drug 
[16]. 

The present study is concerned with details of 
membrane transport and intracellular binding of the 
anthracyclines in Ehrlich ascites tumour cells and 
with evaluating the importance of chemical modifica- 
tion of the molecule in this respect. As representative 
compounds of the anthracycline group, three deriva- 
tives now on clinical trial were chosen, viz. daunoru- 
bicin, adriamycin, and rubidazone (Fig. 1). 


MATERIALS AND METHODS 


Tumour cells. A hypotetraploid Ehrlich ascites 
tumour was maintained by weekly transplantation of 


0.2ml undiluted ascitic fluid into first-generation 
hybrids of female random-bred Swiss mice and male 
inbred DBA mice. The mice were killed by cervical 
dislocation 6-8 days after tumour inoculation, ascitic 
fluid was removed with a Pasteur pipette and placed 
on ice. To eliminate contamination with plasma and 
red cells, pooled ascitic fluid was washed four times 
in ice-cold Ringer solution. Cell agglutination was 
prevented by addition of heparin (100 IE/ml) to the 
initial washing fluid. Washing was followed by centri- 
fugation 900g for 4min. Packed cell volume was 
determined by centrifugation of samples at 5500 g for 


Rubidazone 


R= C=N-NHOC -CeHg 
CH3 


R= COCH, 


Daunomycin 


Adriamycin R= COCH,OH 


Fig. 1. Structural formulae of daunorubicin, adriamycin, 
and rubidazone. 


215 





216 


8 min in a haematocrit centrifuge. Suspensions of cells 
with a density of 1° by volume were prepared and 
preincubated 5-10 min before exposure to drug. Cell 
viability was estimated by the ability to exclude 0-1%, 
nigrosin. After incubation for | hr in the phosphate 
medium, the uptake of dye was 10, 6, and 9 per cent 
at pH 6.4, 7.4, and 7.8 respectively. 

Nuclei. Isolated nuclei were prepared by a method 
described by Dano [9] by homogenization after swell- 
ing of the cells in a hypotonic buffer. The preparation 
contained 1-3 per cent apparently intact cells. The 
loss of nuclei during the preparation (20-30 per cent) 
is compensated for by the use of a higher cell concen- 
tration initially to make the DNA content in the sus- 
pension of nuclei comparable to the DNA content 
in a 1°, cell suspension [16]. 

Cell homogenate. The homogenization was per- 
formed as described for isolated nuclei except that 
no compensation for loss of nuclei was included, and 
no washing procedure was performed after homo- 
genization. The cell content in the final suspension 
of homogenate corresponds to a 1°, cell suspension. 

Buffers, incubation and sampling procedure. For all 
washing procedures a Ringer solution was used con- 
taining: 148mM Na‘, 5.2mM K”, 151mM Cl 
1.7mM Ca?*, 1.2mM Mg?*, 1.2mM SOj” and 


3.0mM orthophosphate (pH adjusted to 7.45). The 
standard medium was a phosphate buffered medium 
(modified after Bloch—-Frankenthal er al. [17]), which 
at pH 7.45 contained 57.0mM NaCl, 5.0mM KCl, 
1.3mM MgSO, and 60mM sodium phosphate; at 
other pH levels NaCl was adjusted so that isotonia 


was majntained. To reduce the tendency of the cells 
to form clumps during the incubation, calcium was 
omitted from the suspending medium. In specific ex- 
periments with long-term incubation, glucose was 
added to a concentration of 10mM. Isolated nuclei 
and cell homogenate were incubated in a buffer of 
the following composition: Tris-HCl 50mM, NaCl 
92mM, KCI 5.0mM, MgSO, 1.3mM and CaCl, 
4.0 mM. 

Incubation was carried out in a water-thermostated 
shaking incubator in air atmosphere. The suspensions 
were incubated at 37° for varying periods in Ehrlen- 
meyer flasks. In each experiment the pH in the sus- 
pensions was followed by a pH meter (PHM 27 Radi- 
ometer, Copenhagen). During the incubation of cells 
the pH in the suspension decreased by 0.04-0.20 unit 
per hour if glucose was present. The most pronounced 
drop was seen when the initial pH in the solution 
was high (7.8), as a consequence of the small buffer 
capacity at this pH-level. In suspensions without glu-; 
cose and in suspensions of nuclei or cell homogenate 
pH remained essentially unchanged during the incu- 
bation. After incubation the suspensions were cooled 
to 0-4 and pelleted by centrifugation at 2000g for 
4min. Unless otherwise stated cells and nuclei were 
washed twice with ice-cold Ringer solution, whereas 
no washing procedure was performed for cell homo- 
genate. Before determination of drug in the medium 
from the cell homogenate the supernatant was further 
centrifuged 15000 g for 20 min. 

Determination of drug uptake. Two methods were 
used. (1) In most experiments drug uptake was calcu- 
lated by subtraction of drug in medium and wash 
fluid from the amount added to the suspension. The 
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concentration of drug in medium and wash fluid was 
determined spectrophotometrically at 480nm (Un- 
icam SP 1800 spectrophotometer); the drug content 
of the combined wash fluids (“weakly adsorbed frac- 
tion”) was for cells less than 10 per cent and for iso- 
lated nuclei less than 20 per cent of that of the 
medium. (2) In some experiments the drug uptake was 
determined by measuring the total drug fluorescence 
extracted from the drained cell pellet after two cold 
washes. Drug was extracted with 0.3 N HCI-50", eth- 
anol solution according to Bachur et al. [18]. The 
fluorescence of the supernatant solution was deter- 
mined in Aminco Bowmann spectrofluorometer (exci- 
tation, 470 nm; fluorescence 585 nm). No significant 
difference could be demonstrated between the results 
of the two methods for determination of drug content. 
For spectrophotometric and fluorometric measure- 
ments standards were used. The standards were 
adjusted by means of spectrophotometric measure- 
ments of dilutions in methanol using the maximums: 
daunorubicin at 490nm E}.2, = 218, adriamycin at 
479nm E}2,= 219, and rubidazone at 480nm 
E}%, = 190. In all cases the weight statements for the 
drugs refer to the hydrochloride. 

Efflux experiments. Suspensions of cells were pre- 
loaded with drug at varying concentrations for 30 min 
at 37° in the phosphate medium without glucose. 
After incubation the cells were washed twice at 0-4 
to remove extracellular drug. The cells were sus- 
pended in the same medium at 0 and the volume 
per cent of ceils determined. From this suspension 
aliquots containing 5 yl packed cells were transferred 
to 10 ml drug-free medium at 37. After varying incu- 
bation times the cells were pelleted by cold centrifuga- 
tion (2000 g for 4 min). 

Metabolism. To evaluate the extent of cell metabo- 
lism during the incubation, drugs were extracted from 
cells, which had been incubated for 1 hr with 10 ug/ml 
and then were washed twice. To prevent hydrolysis 
of the drug molecules after incubation, no acidifica- 
tion was used in the subsequent procedure. Drugs 
were extracted from cells by chloroform—methanol 
(2:1 by vol). After centrifugation the organic phase 
was evaporated to dryness. The residue was dissolved 
in n-butanol and chromatographed on Silica gel 
plates in chloroform—methanol-water (80:20:3 by 
vol). The quantification of the conversion of drugs 
was determined according to Cradock er al. [19]. The 
spots were localized under 366 nm light by compari- 
son with spots obtained with controls of the authentic 
compound. The spots identified as the authentic com- 


- pound as well as the residue of the chromatogram 


were carefully scraped from the plate and extracted 
separately with 0.3 N HCI-50°, ethanol. After centri- 
fugation, fluorescence of the supernatant solutions 
was determined, and the percentage of metabolites 
was related to total drug fluorescence. In extracts 
from cells 89-91 per cent was recovered; no major 
difference was found between the three analogues. 
The hydrolysis of rubidazone to daunorubicin was 
investigated by incubation in water at 37 for 
15 min-4 hr. By the procedure described above, but 
with acetone-formamide (95:5 by vol) as mobile 
phase, no significant hydrolysis occurred within the 
incubation period. 

Chloride distribution. Ten-ml cell suspensions of 1°% 
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by vol were incubated with *°Cl~ for 30min at 37°. 
[*H]methoxyinulin was added to the suspensions as 
a marker of extracellular space in the cell pellet. After 
centrifugation the medium was preserved for analysis, 
and the wet weight of the samples was determined. 
Dry weight of the cell pellet was determined after 
drying overnight at 65°. Intracellular water was calcu- 
lated from the difference between the wet weight and 
dry weight less the [*H]inulin space in the cell pellet. 
Appropriate correction for *°CI~ in trapped medium 
was made in calculations of intracellular *°Cl~. Dried 
samples were digested by addition of 2000 ul 0.5 N 
KOH and incubation at 80° for 1 hr. Two-hundred-yl 
samples from medium and cell extract were trans- 
ferred to scintillation vials containing 10 ml hyamine- 
toluene-ethanol scintillation solution (composition: 
POP: 3.5 g: POPOP: 70 mg, toluene: 700 ml, ethanol 
(96% by vol) 300ml; hyamine 75 ml). 7H and *°CI~ 
were counted simultaneously in a Beckman LS-250 
liquid scintillation spectrometer. 

Determination of pK, values. To determine the pK , 
value for the three anthracyclines titration was per- 
formed at 25° by a research pH-meter (PHM 64 Radi- 
ometer, Copenhagen) with metrohm combined pH- 
electrode. The pK, values were determined from the 
titration curves after titration with 0.1 M KOH. pK,, 
was for daunorubicin 8.25, for adriamycin 8.15, and 
for rubidazone 8.45. pK 42 was for all drugs > 9.5 and 
pK,43 > 10.1. For comparison, pK, of adriamycin 
was found to be 8.22 in another study [20]. 

Chemicals. Daunorubicin and adriamycin, both as 
hydrochlorides, were obtained from Farmitalia Co., 
Milan. Rubidazone (benzoyl-hydrazone daunorubi- 
cin) was kindly supplied by Rhone-Poulenc Research 
Laboratory, Paris, France. According to the analysis 
performed by the Rhone-Poulenc laboratory, the 
rubidazone product contained 3-9 per cent daunoru- 
bicin. Sodium azide was obtained from Merck, Darm- 
stadt, Germany. [*H]methoxyinulin (55.5 wCi/mg) 
was obtained from New England Nuclear, Germany, 
3°C]~ was added as 0.5 N HCI (7.4 wCi/mg Cl) from 
AEK Riso, Roskilde, Denmark. 


RESULTS 


Time-course of uptake. Figure 2 shows the time- 
course of net uptake of daunorubicin, adriamycin, 
and rubidazone. The drugs were added to the cell 
suspension to a concentration of 10 g/ml at zero 
time. A considerable difference in the time-course of 
net uptake for the three drugs was demonstrated. 
Thus, the uptake of daunorubicin was much more 
rapid than that of rubidazone and adriamycin. For 
daunorubicin and rubidazone a steady state was 
reached within 30 and 90 min respectively, while with 
adriamycin the cell content was increasing during the 
whole period of incubation. For all drugs a pro- 
nounced intracellular accumulation took place; at 
steady state the cell/medium concentration was 380 
for daunorubicin compared to about 75 for rubida- 
zone. As illustrated for daunorubicin (the dashed line) 
a minor part of the drug was removed by the two 





*The relationship between ionized molecules (I) and 
unionized molecules (U) is expressed in the Henderson 
Hasselbalch equation (1): pH = pK, + log ([U]/[I)). 


Cellular content 


(ug /10 yl packed cells ) 








Time (min ) 


Fig. 2. Time-course of net uptake of daunorubicin (DR), 
adriamycin (ADR), and rubidazone (RB) in Ehrlich ascites 
tumour cells. Suspension of cells (10 yl/ml) were incubated 
at 37° in standard medium (pH 7.45) containing 10 mM 
glucose. Drug, 10 ug/ml, was added at time 0. Drug 
remaining in medium and in two batches of wash fluid 
obtained at 0-4" was determined spectrophotometrically, 
and the cellular drug content was calculated by subtraction 
from the total amount added. The dotted line indicates 
the uptake of daunorubicin uncorrected for drug in wash 
fluid. Average of results from two experiments done on 
different days. 


cold washes included in the procedure; this com- 
ponent is referred to as the “weakly adsorbed frac- 
tion”. 

For transport across the cell membrane an impor- 
tant point is the extent of ionization of the penetrat- 
ing molecules, as it is generally agreed that ionized 
molecules penetrate the membrane poorly by simple 
diffusion [21]. Concerning the anthracyclines, a gen- 
eral chemical characteristic is the amino group in the 
sugar moiety which implies that these drugs behave 
as weak bases. As the pK, of the analogues was deter- 
mined as 8.2-8.5 (see Materials and Methods), the 
fraction of positively charged molecules will increase 
when the pH in the solution is decreased.* As the 
phenolic hydroxy groups at positions 5 and 12 have 





content 


Cellular 
(ug /10 wl packed cells) 





30 60 90 120 150 180 


Time (min) 
Fig. 3. Effect of the pH of the medium on time course 
of uptake of daunorubicin. Cells were incubated in stan- 
dard medium containing 10mM glucose and with pH 
adjusted to specified values, and 10 ug/ml was added at 
time 0. Experimental conditions as described in Fig. 2. 
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Fig. 4. Binding of daunorubicin to isolated nuclei from 
Ehrlich ascites tumour cells at varying pH of the media. 
Suspension of isolated nuclei was prepared from a cell sus- 
pension of 13 yl whole cells/ml, resulting in a final suspen- 
sion of nuclei with a DNA content corresponding to a 
cell suspension of 10 yl/ml. The suspension of nuclei was 
incubated at 37° in Tris-HCI buffer at pH 7.8( x), 7.4(@) 
and 6.4(A). Daunorubicin at 10 »g/ml was added at time 
0, and the uptake was determined by fluorometric 
measurements of the extracts of the nuclei. 


a pK, about 10, the dissociation of these groups plays 
no role at physiological pH. To investigate the impor- 
tance of the dissociation in cellular uptake, the time- 
course of the uptake of daunorubicin was studied at 
varying pH levels. Figure 3 illustrates the time-course 
of uptake of daunorubicin at pH 7.8, 7.4, 6.8, 6.4, 
and 5.8. At these pH levels the percentage of total 
drug in the unionized form was calculated as 26.2, 
12.4, 3.4, 1.4, and 0.4 respectively. The uptake is seen 
to be considerably influenced by pH in the medium, 
in the way that lowering of the pH decreased the 
rate of uptake and the steady-state level. Thus, the 
cell/medium concentration ratio at pH 7.8 was about 
800, whereas the corresponding ratio at pH 5.8 was 
about 50. In repeated experiments the cell content 
of daunorubicin at pH 7.8 showed a maximum, fol- 
lowed by a slightly descending slope, probably a con- 
sequence of the inevitable drop in pH in medium with 
time (see Materials and Methods). A corresponding 


influence of pH on cellular uptake was found for 
adriamycin and rubidazone (results not shown). 

Binding of anthracyclines. Several investigations 
have shown that the anthracyclines after penetration 
of the cell membrane bind mainly to DNA in the 
nucleus [5, 22-24]. To test whether pH influences the 
nuclear binding of the anthracyclines, the time-course 
of binding to isolated nuclei was studied at varying 
PH levels. As illustrated for daunorubicin (Fig. 4), the 
binding was not found to be influenced by a change 
in pH in the medium from 7.8 to 6.4. The ionized 
and the unionized molecules, therefore, seem to have 
the same affinity for DNA. 

Table | shows the nuclear binding at pH 7.45 for 
the three drugs at equilibrium. The results demon- 
strate a significantly (P < 0.01) higher binding of 
adriamycin than of daunorubicin and rubidazone. 
Expressing the affinity by the ratio (amount of drug 
bound)/(concn of free drug), the affinity of adriamycin 
for isolated nuclei was about 50 per cent higher than 
that of daunorubicin. At low drug concentration the 
nuclear affinity of rubidazone was close to that of 
daunorubicin, but if 10 ~g/ml were added the affinity 
of rubidazone was found to be 36 per cent below 
that of daunorubicin. 

Figure 5 shows the amount of drug bound to cell 
homogenate (including the “weakly adsorbed frac- 
tion”) as a function of the concentration of the drug 
in the medium at equilibrium (free drug). It appears 
that when the binding to cell homogenate was below 
7-9 g/10 ul packed cells, there was for each of the 
drugs proportionality between the amount of drug 
bound and the corresponding concentration of free 
drug. Consequently, differences in the binding in this 
interval reflect differences in the affinity between drug 
and cell components. As demonstrated with nuclei, 
the affinity of adriamycin was significantly stronger 
than that of daunorubicin, and rubidazone possessed 
the weakest affinity of the three drugs investigated. 
At a binding to cell homogenate above 9 yg/10 pl 
packed cells, a saturation gradually occurred. As com- 
plete saturation was not obtained, this experiment 
does not permit any conclusion concerning differences 
in total binding capacity between the three drugs. To 
estimate the fraction of drug bound to nuclei, the 
binding (including the “weakly adsorbed fraction”) of 
the three drugs to isolated nuclei is plotted on the 
same figure. It appears that the nuclear binding may 
account for about 70 per cent of the total cellular 


Table 1. Nuclear binding of daunorubicin, adriamycin, and rubidazone 





Initial concn in 
suspending medium 
(ug/ml) 


Nuclear binding at equilibrium, vg drug 
in nuclei corresponding to 10 ul packed 
cells (mean + S.E.M.) 





0.25 
10.0 

0.25 
10.0 

0.25 
10.0 


Daunorubicin 
Adriamycin 


Rubidazone 


0.138 + 0.003 
5.33 + 0.07 


0.160 + 0.002 
6.43 + 0.22 
0.132 + 0.003 
4.32 + 0.09 





Suspension of isolated nuclei prepared from 13 ul whole cells/ml (see Material and Methods) incu- 
bated at 37° with drugs for | hr in Tris buffer adjusted to pH 7.45. After incubation the nuclei were 
washed twice, and the amount of drug taken up was determined by fluorometric measurements of 
the extraction medium. The mean value is based on five determinations. 
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Fig. 5. Binding of daunorubicin (DR), adriamycin (ADR), 
and rubidazone (RB) to cell homogenate corresponding to 
a 1% cell suspension plotted (closed symbols) as a function 
of drug concentration in the medium at equilibrium. Open 
symbols represent nuclear binding when 10 g/ml drug was 
added to the suspension at time 0, including “weakly 
adsorbed fraction”. The concentration of drug in medium 
was determined spectrophotometrically, and the amount 
of drug bound was calculated by subtraction from the total 
amount added. The suspending medium was buffered with 
Tris-HCI and adjusted to 7.45. The incubation time was 
60 min (a separate experiment had shown equilibrium at 
that time). Each point represents the mean of duplicate 
determinations from two separate experiments done on dif- 
ferent days. 


binding at a certain equilibrium concentration in the 
medium. No significant effect on binding of the drugs 
to cell homogenate could be demonstrated by sodium 
azide (10mM) or by a change in the pH in the 
medium from 6.4 to 7.8 (results not shown). 

When comparing Figs. 2 and 5, the distribution 
of drug across the membrane at steady state may be 
estimated. At 10 ug/ml added to the suspension of 
cells the cell/medium concentration ratio at steady 
state (including the “weakly adsorbed fraction”) was 
400 (corresponding to an uptake of 8.0 yg/10 yl 
“packed cells” at 2.0 ug/ml in the medium (Fig. 2)). 
Fig. 5 shows that an uptake of 8.0 ug/10 ul “packed 
cells” in cell homogenate equilibrates with 1.20 ug/ml. 
Assuming that the drug determined in the superna- 
tant of the homogenate represent free drug this is 
the best obtainable estimate of the drug concentration 
on the cytoplasmic side of the membrane. The finding 
in one study [15] of a high intralysosomal accumu- 
lation of the anthracyclines was considered. In our 
cells, however, this could be ruled out as differential 
centrifugation according to de Duve et al. [25] 
showed less than 10 per cent of the drug present in 
the lysosomal fractions. That is, the cytoplasm, 
medium distribution ratio C;/C, (using the subscripts 
i and e for intracellular and extracellular respectively) 
for daunorubicin at steady state is estimated to be 
0.60; for rubidazone the corresponding ratio is esti- 
mated to be 0.29. 


B.P. 26/3—pD 


According to Milne et al. [26] the theoretical distri- 
bution ratio of a weak base at equilibrium (assuming 
free permeability of the unionized molecules (U) and 
complete impermeability to the ionized molecules (I)) 
is: 

CG (UjJ+i) 1+ 10(PK.4- PHO 


R= —= = : ' 
C. [U,] 7 [1.] 1+ 1Q{Pk 4~ pHe) (2) 





Assuming that both chloride and hydrogen ions are 
distributed passively, pH; may be determined by using 
the Gibbs—Donnan relationship: 


(Cl; ]/(Cl. J = [H-)/(CHi'). (3) 


According to Lassen et al. [27] chloride is distri- 
buted passively in Ehrlich ascites tumour cells. The 
distribution of H”® is still subject to discussion, but 
there is indication of a passive distribution across the 
erythrocyte membrane [28]. 

The distribution ratio [Cl; ]/[Cl, ] was measured 
to 0.52 + 0.02 (S.E.M.) at pH, = 7.25 (pH in medium 
containing glucose after one hour’s incubation). The 
corresponding pH, is calculated to 6.97 which is in 
accordance with the value measured by the DMO 
method in Ehrlich ascites tumour cells [29, 30]. Using 
pK, determined by titration (see Material and 
Methods) the ratio C;/C,, assuming passive distribu- 
tion (equation (2)), is 1.8 for daunorubicin as well 
as rubidazone. 

The distribution ratio C,;/C, at equilibrium of 
daunorubicin and rubidazone, assuming a passive 
process, thus exceeds that obtained by estimating the 
intracellular free drug by factor 3.0 and 6.2 respect- 
ively. This finding suggests an uphill outward trans- 
port against the concentration gradient. 

Energetics of cellular uptake. Figure 6 shows the 
importance of energy requirement for the time-course 
of uptake. As illustrated for rubidazone, omission of 
glucose from the medium did not significantly in- 
fluence the uptake during | hr of incubation. How- 
ever, if sodium azide, an uncoupler of the oxidative 
phosphorylation, was added to the suspension a signi- 
ficant enhancement of net uptake was seen (for 


Daunorubicin 
——-- 
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Rubidazone 
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Cellular content 
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30 
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Fig. 6. The effect of inhibition of cell metabolism on time- 

course of uptake of rubidazone and daunorubicin. Exper- 

imental conditions as described in Fig. 2. Symbols: (A) 

standard medium containing 10 mM glucose, (A) standard 

medium without glucose, ( x ) standard medium containing 

10 mM sodium azide, and (O) standard medium containing 
10mM glucose and 10 mM azide. 
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daunorubicin the cell/medium concentration ratio in- 
creased from 380 to 900 at equilibrium). For adriamy- 
cin a corresponding effect of sodium azide was 
demonstrated (data not shown). 

The effect of sodium azide could be a consequence 
of an acidification of the intracellular compartment 
which, according to equation (2) would result in an 
increased intracellular drug accumulation. To evalu- 
ate this point the distribution ratio of chloride across 
the membrane was measured in standard medium and 
in the same medium including 10mM sodium azide 
(30 min incubation). In standard medium [Cl; ] 
[Cl>] was 0.62+0.02 (S.E.M.) compared to 
0.68 + 0.02 (S.E.M.) if sodium azide was added. This 
difference is significant (P < 0.05) and corresponds 
(equation (3)) to an increase in pH; of 0.03 unit caused 
by sodium azide. A corresponding effect of azide on 
the chloride distribution ratio has been shown for 
L1210 leukemia cells [31]. The enhancement of net 
uptake by sodium azide is compatible with an energy- 
dependent active efflux. As addition of glucose 
reversed the effect of sodium azide, glycolysis and oxi- 
dative phosphorylation may probably substitute one 
another in providing energy for this mechanism. 

Efflux experiments. Figure 7 demonstrates the uni- 
directional efflux of daunorubicin, adriamycin and 
rubidazone from Ehrlich ascites tumour cells pre- 
loaded to nearly equal drug content and resuspended 
in a large volume of drug-free medium at 37°. For 
each of the drugs biphasic curves were obtained with 
an initial rapid loss after which the rate of release 
became essentially constant for at least 10min. In 


comparison of the linear phase of the efflux of the 
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Fig. 7. Efflux of daunorubicin (DR), adriamycin (ADR), 
and rubidazone (RB) from Ehrlich ascites tumour cells. 
Cells were incubated for 30 min at 37° in standard medium 
without glucose containing drugs at 5-20 ug/ml, so that 
comparable levels of uptake were obtained with the three 
drugs (3.1-3.6 yg/10 yl packed cells). Cells were collected, 
then resuspended in a large volume of the same medium 
without additions (closed symbols) or in a medium con- 
taining 10 mM sodium azide (open symbols). Cellular con- 
tent of drug was measured fluorometrically at intervals and 
data are plotted as per cent of cellular content present 
at end of preloading. 
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Fig. 8. Efflux of daunorubicin at pH 7.6 and 6.8 in stan- 

dard medium. Experimental conditions as described in 
Fig. 7. 


three drugs in standard medium the release of 
daunorubicin and rubidazone was nearly equal (1.5% 
per min) whereas the release of adriamycin was con- 
siderably slower (0.7°%, per min). In a similar exper- 
iment with release of daunorubicin from isolated nu- 
clei (data not shown) the rate of release was of the 
same order of magnitude as for whole cells, indicating 
that the release from the nuclei in this medium is 
the rate-limiting process. 

For all the drugs the release was significantly inhi- 
bited by 10mM sodium azide. This finding may be 
expressive of inhibition of an energy-dependent efflux 
resulting in a higher cytoplasmic concentration and 
consequently a slower release from the nuclei. Figure 
8 shows that apart from the initial rapid phase, the 
efflux was nearly equal at pH, 7.6 and 6.8. 

If the unidirectional efflux was continued by 
repeated resuspensions in fresh standard medium, the 
intracellular drug content after 2hr was reduced to 
8 per cent for daunorubicin and rubidazone and to 
27 per cent for adriamycin (duplicate experiments). 
These data indicate that although the anthracycline 
binds with strong affinity to intracellular binding 
sites, most of the drug is freely exchangeable. 


DISCUSSION 


The data in the present study suggest that the mem- 
brane transport of the anthracyclines in Ehrlich 
ascites tumour cells consitutes a “leak-and-pump” 
system, the leak being a passive transport of the un- 
ionized form of the molecules and the pump an uphill 
efflux. 

The lack of effect of pH on cellular binding and 
release of the drugs indicates that the marked effect 
of pH on the net rate of uptake is mainly due to 
an effect on influx. This finding is compatible with 
a diffusion mechanism of the penetration, mainly in 
the unionized form, in accordance with the pH parti- 
tion theory [26,32]. The hypothesis of penetration 
by a diffusion process is supported by the finding of 
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a linear rate-concentration relationship for daunoru- 
bicin in a previous study in our Laboratory [16]. As 
pointed out by Wilbrandt er al. [33], however, a 
transport which follows diffusion kinetics may reflect 
a carrier transport with a high value of Km. If this 
is the case, the effect of pH on the rate of uptake 
must indicate that the specificity of the carrier for 
the drug is considerably influenced by the ionization 
of the amino group in the sugar moiety of the mol- 
ecule. 

The effect of pH on the steady-state level (Fig. 3) 
is probably in the main a consequence of displace- 
ment of the relation between pH, and pH;,. As the 
anthracyclines are weak bases, they tend to accumu- 
late in the more acidic compartment (equation 2). 
According to determinations performed by Poole et 
al. [30] on Ehrlich ascites tumour cells, pH, is higher 
than pH; when pH, is higher than 6.9, whereas pH; 
is higher than pH, when pH, is below 6.9. In other 
words the drug concentration in cytoplasm (which 
determines intracellular binding) is expected to de- 
crease when pH, decreases. 

In a previous study from this laboratory [16] indi- 
cations have been provided for an active efflux of 
daunorubicin from cells of a subline of Ehrlich ascites 
tumour cells resistant to this drug. The studies de- 
scribed in the present report provide indications of 
an uphill outward transport of the anthracycline anti- 
biotics also in the wild-type tumour cells, viz: (1) The 
estimate of the cytoplasm/medium concentration 
ratio for daunorubicin and rubidazone at steady state 
was considerably below that predicted when assuming 
passive distribution. (2) The cellular accumulation of 
the drugs was significantly enhanced by the metabolic 
inhibitor sodium azide. (3) The cellular release of the 
drugs was inhibited by sodium azide. 

However, the effect of azide on net uptake and 
efflux may also be explained by a fall of pH; although 
measurements of chloride distribution ratio do not 
support this interpretation. On the other hand with 
another inhibitor of the oxidative phosphorylation as 
2,4-dinitrophenol Pool [34] could demonstrate a fall 
of pH;. 

If the results obtained in the daunorubicin-resistant 
subline are compared with the present data, it appears 
that a much more pronounced efflux probably takes 
place in the resistant subline. This finding might sug- 
gest that the resistant subline has arisen by selection 
of a small population with a more pronounced acti- 
vity of the efflux mechanism in the wild-type tumour. 
The results concerning energy dependence for the 
uptake (Fig. 6) indicate that the energy for the efflux 
is probably supplied by both glycolysis and oxidative 
phosphorylation. The present study does not permit 
any conclusion concerning differences in the speci- 
ficity of the drugs for the mechanism of active efflux. 

Like others [12, 14,15], we found a considerably 
slower net uptake of adriamycin than of daunorubi- 
cin. This finding cannot be explained by a difference 
on the level of the binding, as the affinity of adriamy- 
cin exceeds that of daunorubicin. Neither can the 
efflux process, as the release of adriamycin was con- 
siderably slower than daunorubicin in the medium 
without inhibitor. Considering that adriamycin is a 
more polar drug than daunorubicin (as a consequence 
of the hydroxyl group at C-14), the difference in net 
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uptake might reflect a difference in the diffusion re- 
sistance in the membrane. However, the results may 
also reflect a carrier transport with a higher value 
of K,, for adriamycin than for daunorubicin. The 
lower steady-state level of rubidazone compared to 
daunorubicin is probably partly expressive of the 
lower binding affinity of rubidazone compared to 
daunorubicin. However, the slower release of rubida- 
zone compared to daunorubicin in the medium in- 
cluding inhibitor (Fig. 7) suggests that a slower mem- 
brane penetration of rubidazone also plays a role. 

The degree of intracellular metabolic transforma- 
tion of the anthracyclines has proved to vary widely 
in different tissue [35]. In our system the intracellular 
transformation of the three derivatives investigated 
was negligible within the incubation time. A corre- 
spondingly low metabolism has also been demon- 
strated in other studies [7, 14-16]. 

The high nuclear binding demonstrated for each 
of the drugs is compatible with a binding mainly to 
DNA in the nucleus, in agreement with other studies 
[5, 22-24]. Calorimetric data have revealed that at 
small amounts bound (the ratio antibiotic 
DNA < 0.12) the drugs are strongly bound to DNA 
by intercalation; if more drug is bound, the binding 
is probably due to weaker electrostatic forces [36]. 
In the present study it was demonstrated that modifi- 
cation of the molecule, both at C-13 (rubidazone) and 
at C-14 (adriamycin) significantly influenced the bind- 
ing properties. Comparing daunorubicin and adria- 
mycin the difference in nuclear affinity was demon- 
strated both at low binding (the ratio antibiotic/DNA 
in the range of 0.07) and at high binding indicating 
that the modification of the molecule must influence . 
both types of binding forces. In other studies, however 
the binding to calf thymus DNA has proved almost 
equal for daunorubicin and adriamycin [6, 14]. This 
discrepancy may be due to the difference in the prep- 
arations. Thus for ethidium bromide, which also bind 
to DNA by intercalation, a lower number of binding 

.sites and a lower affinity was found to deoxyribonuc- 
leoproteins compared to naked DNA [37]. 

According to the results of the present study, the 
net uptake of the anthracycline derivatives in Ehrlich 
ascites tumour cells is determined by: (1) The permea- 
bility of the membrane to the unionized form of the 
molecule. (2) The specificity of the drug for the 
mechanism of active efflux. (3) The relationship 
between the intracellular and the extracellular pH. (4) 
The pK, value of the drug and (5) the affinity of 
the drug for the intracellular binding sites. 

As demonstrated in this study, small chemical 
modifications in the molecule may exert a consider- 
able influence on several of the factors determining 
cellular uptake. By utilizing such information in cre- 
ating new anthracycline, derivatives with a better 
therapeutic value of these drugs may be obtained. 


Acknowledgements—Supported by grants from the Danish 
Medical Research Council, the Danish Cancer Society and 
the Daell Foundation. The author is indebted to J. Chris- 
toffersen and M. R. Christoffersen (Institute of Chemistry, 
Faculty of Medicine, University of Copenhagen) for deter- 
mination of pK,-values. The technical assistance of Miss 
M. Knudsen, Mrs. I. Kobbernagel, and Mr. J. Dusing is 
gratefully acknowledged. 





T. SKOVSGAARD 


REFERENCES 


. C. Tan, H. Tasaka, K.-P. Yu, M. L. Murphy and D. 
A. Karnofsky. Cancer 20, 333 (1967). 

. M. Weil, O. J. Glidewell, C. Jacquillat, R. Levy, A. 
A. Serpick, P. H. Wiernik, J. Cuttner, B. Hoogstraten, 
L. Wasserman, R. R. Ellison, S. Gailani, K. Brunner, 
R. T. Silver, V. B. Rege, M. R. Cooper, L. Lowenstein, 
N. I. Nissen, F. Haurani, J. Blom, M. Boiron, J. Ber- 
nard and J. F. Holland, Cancer Res. 33, 921 (1973). 
. T. Skovsgaard and N. I. Nissen, Danish med. Bull. 22, 
62 (1975). 

. C. Jacquillat, M. Weil, M. F. Gemon, V. Izrael, G. 
Schaison, M. Boiron and J. Bernard, Br. Med. J. 4, 
468 (1972). 

. E. Calendi, A. Di Marco, M. Reggiani, B. Scarpinato 
and L. Valentini, Biochim. biophys. Acta 103, 25 (1965). 
. F. Zunino, R. Gambetta, A. Di Marco and A. Zaccara, 
Biochim. biophys. Acta 277, 489 (1972). 

. W. D. Meriwether and N. R. Bachur, Cancer Res. 32, 
1137 (1972). 

. H. Riehm and J. L. Biedler, Cancer Res. 31, 409 (1971). 
. K. Dano, S. Frederiksen and P. Hellung-Larsen, 
Cancer Res. 32, 1307 (1972). 

. K. Dano, Proc. Am. Ass. Cancer Res. 13, 69 (1972). 
. T. Skovsgaard and N. I. Nissen, Proc. Am. Ass. Cancer 
Res. 14, 99 (1973). 

. D. Chervinsky and J. J. Wang, Proc. Am. Ass. Cancer 
Res. 13, 51 (1972). 

. A. Rusconi and A. Di Marco, Cancer Res. 29, 1507 
(1969). 

. K. Tatsumi, T. Nakamura and G. Wakisaka, GANN. 
65, 237 (1974). 

. G. Noel, A. Trouet, A. Zenebergh and P. Tulkens, in 
EORTC Int. Symp. Adriamycin Review (Eds. M. Sta- 


quet, H. Tagnon, Y. Kenis, G. Bonadonna, S. K. 
Carter, G. Sokal, A. Trouet, M. Ghione, C. Praga, L. 
Lenaz and O. S. Karim) p. 99. European Press 
Medikon, Ghent, Belgium (1975). 
16. K. Dano, Biochim. biophys. Acta 323, 466 (1973). 

. L. Bloch-Frankenthal and S. Weinhouse, Cancer Res. 
17, 1082 (1957). 


18. 


19. 


20. 


N. R. Bachur, A. L. Moore. J. G. Bernstein and A. 
Liu, Cancer Chemother. Rep. 54, 89 (1970). 

J. C. Cradock, M. J. Egorin and N. R. Bachur, Archs 
int. Pharmacodyn. 202, 48 (1973). 

F. Arcamone, G. Cassinelli, G. Franceschi, S. Penco, 
C. Pol. S. Redaelli and A. Selva, in Int. Symp. on 
Adriamycin (Eds. S. K. Carter, A. Di Marco, M. 
Ghione, I. H. Krakoff and G. Mathé) p. 9. Springer, 
Berlin, Heidelberg, New York (1972). 


. P. A. Shore, B. B. Brodie and C. A. M. Hogben, J. 


Pharmac. exp. Ther. 119, 361 (1957). 


. R. Silvestrini, C. Gambarucci and T. Dasdia, Tumori 


56, 137 (1970). 


. T. Negishi and H. Takahira, Yakugaku Zasshi 93, 1498 


(1973). 


. M. J. Egorin, R. C. Hildebrand, E. F. Cimino and N. 


R. Bachur, Cancer Res. 34, 2243 (1974). 


. C. de Duve, B. C. Pressman, R. Gianetto, R. Wattiaux 


and F. Applemans, Biochem. J. 60, 604 (1955). 


. M. D. Milne, B. H. Scribner and M. A. Crawford, Am. 


J. Med. 24, 709 (1958). 


. U. V. Lassen, A.-M. T. Nielsen, L. Pape and L. O. 


Simonsen, J. Membrane Biol. 6, 269 (1971). 


. J. Warth and J. F. Desforges, Br. J. Haematol. 29, 369 


(1975). 


. D. T. Poole, T. C. Butler and W. J. Waddell, J. natn. 


Cancer Inst. 32, 939 (1964). 


. D. T. Poole, J. biol. Chem. 242, 3731 (1967). 
. L. D. Goldman, J. biol. Chem. 244, 3779 (1969). 


3 . D. J. Jollow and B. B. Brodie, Pharmacology 8, 21 


(1972). 


. W. Wilbrandt and T. Rosenberg, Pharmac. Rev. 13, 


109 (1961). 


. D.T. Poole, T. C. Butler and M. E. Williams, Biochim. 


biophys. Acta 266, 463 (1972). 


5. N. R. Bachur and J. C. Cradock, J. Pharmac. exp. Ther. 


175, 331 (1970). 


. F. Quadrifoglio and V. Crescenzi, Biophys. Chem. 2, 


64 (1974). 


. L. M. Angerer and E. N. Moudrianakis, J. molec. Biol. 


63, 505 (1972). 





Biochemical Pharmacology, Vol. 26, pp. 223-228. Pergamon Press, 1977. Printed in Great Britain. 


EFFECTS OF THE CARBOXYLESTERASE 
INHIBITOR BIS-(p-NITROPHENYL)-PHOSPHATE 
ON DISPOSITION AND METABOLISM 
OF HEXOBENDINE 


NORBERT KOLASSA, ELISABETH TUISL and OTTO KRAUPP 


Department of Pharmacology, University of Vienna, Waehringerstr. 13a, 
A-1090 Vienna, Austria 


(Received 14 April 1976; accepted 31 August 1976) 


Abstract—The effect of pretreatment with the carboxylesterase inhibitor bis-(p-nitrophenyl)-phosphate 
(BNPP) on the disposition and metabolism of intravenously-administered ['*C]hexobendine was stud- 
ied in rats. Inhibition of hexobendine ester cleavage by BNPP produced a marked diminution in 


the concentrations of the hexobendine hydrolysis products, 


3,4,5-trimethoxybenzoic acid and 


N,N’-dimethyl-N-[3-(3’,4’,5’-trimethoxybenzoxy)-propyl ]-N’-3-hydroxypropyl-ethylendiamine in plasma 
and in the liver and kidneys. A simultaneous elevation occurred in the levels of demethylated metabo- 
lites following BNPP pretreatment. The concentration-time relationship of non-metabolized ['*C]hexo- 
bendine was not significantly altered by BNPP pretreatment. The results suggest that BNPP pretreat- 
ment produced a shift towards the dealkylating pathway in hexobendine metabolism. Consequently, 
esterase inhibition did not significantly affect the hexobendine plasma and tissue levels. 


Studies on the disposition and metabolism of hexo- 
bendine, a potent coronary and cerebral vasodilatory 
substance [1-3], have shown that the cleavage of the 
two ester bonds is an essential process in hexobendine 
biotransformation in rats, leading to a rapid decline 
in plasma and tissue levels of the drug [4]. The ques- 
tion arises whether the metabolism and disposition 
of hexobendine can be influenced by administration 
of an esterase inhibitor in an attempt to increase the 
duration and intensity of the drug effects. 

Among the inhibitors of carboxylesterases de- 
scribed in the literature [5,6], BNPP* proved to be 
a relatively non-toxic, specific and irreversible inhibi- 
tor of liver and kidney carboxylesterases from differ- 
ent species [7]. Moreover, BNPP has been success- 
fully used to inhibit amide cleavage of phenacetin and 
acetanilide in vivo with a consequent reduction in 
methaemoglobin formation by deacylated metabolites 
[8]. 

Since preliminary experiments showed a 90 per cent 
inhibition of hexobendine ester cleavage in a crude 
liver homogenate by 5 x 10°° M BNPP (unpublished 
results), a study has been made of the effects of this 
esterase inhibitor on the metabolism and disposition 
of hexobendine in vivo. 


MATERIALS AND METHODS 


Materials. Male Wistar rats weighing 160-200g 
were used in the experiments. They received a stan- 





* Abbreviations used—BNPP, bis-(p-nitrophenyl)-phos- 
phate; ST 7255, N,N’-dimethyl-N-[3-(3’-hydroxy-4’,5’-di- 
methoxybenzoxy)- propyl] - N’- [3-(3’,4’,5’- trimethox ybenz- 
oxy)-propyl]-ethylendiamin; ST 7221, N,N’-dimethyl-N[3- 
(3',4’,5’-trimethoxybenzoxy)-propyl ]- N’ -3-hydroxypropyl- 
ethylendiamin; TMBA, 3,4,5-trimethoxybenzoic acid; 3- 
OH-DMBA, 3-hydroxy-4,5-dimethoxybenzoic acid; 4-OH- 
DMBA, 4-hydroxy-3,5-dimethoxybenzoic acid. 


dard diet (T-79, ‘Taco’ Tagger & Co., Graz, Austria) 
and tap water ad lib. The rats were starved for about 
18 hr before ['*C]hexobendine administration. Hexo- 
bendine-[carboxyl-'*C] with a sp. act. of 10mCi/g 
and unlabelled hexobendine, m-monodemethylated 
hexobendine (ST 7255), partially hydrolyzed hexoben- 
dine with cleavage of one of the two ester bonds (ST 
7221), the benzoic acid derivatives TMBA, 3-OH- 
DMBA and 4-OH-DMBA and all other reference 
substances of possible hexobendine metabolites were 
kindly provided by Chemie-Linz AG, Linz, Austria. 
BNPP was purchased from Merck AG, Darmstadt, 
Germany. 

Drug administration and dosage. Pretreatment with 
BNPP (50 mg/kg) was given i.p. 18 hr and again 3 hr 
before hexobendine administration, and once more 
iv. half an hour before drug administration. The 
BNPP solution, 5 mg/ml saline (0.9% w/v) was neu- 
tralized by addition of the appropriate amount of 
0.15 N NaOH. The control rats received an equival- 
ent volume of saline. ['*C]Hexobendine (0.5 mg/kg) 
was injected via the tail vein, the solution containing 
0.1 mg/ml saline. 

Measurement of '*C disposition. As previously de- 
scribed [4], the rats were anaesthetized with ethyl- 
chloride either 3, 9, 27 or 81 min after ['*C]hexoben- 
dine administration. The abdomen and thorax were 
opened, the right ventricle was punctured and about 
6 ml blood were withdrawn into a syringe filled with 
0.1 ml heparin solution (40 mg/ml). The blood was im- 
mediately centrifuged (14000g, 10min, 2°); plasma 
and erythrocytes were separated and each fraction 
treated with 4vol of methanol. The organs were 
excised and weighed in the following order: heart, 
lungs, liver, kidneys, spleen, skeletal muscle (M.quad- 
riceps fem.) and brain. Homogenization (knife hom- 
ogenizer, Biihler, Tiibingen, Germany) was performed 
at high speed (40000 rpm for 30 sec) following the 
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addition of 20ml methanol. The '*C activity was 
measured in I ml supernatant together with 9 ml 
dioxane scintillator [9] in a Packard liquid scintilla- 
tion spectrometer, model 3330. External standardiza- 
tion was undertaken to determine and correct for 
quench. The amount of methanol added together with 
the water content of the individual organs [10] was 
taken as extract volume for the calculation of the 
total '*C activity in each organ. 

Separation of metabolites. Depending on_ the 
'$C-concentration of the individual samples 
0.05-1.0 ml of the extracts were chromatographed on 
Silica gel 60-F-254 thin-layer plates (Merck, Darm- 
stadt, Germany) together with unlabelled reference 
substances in two solvent systems: n-butanol/methyl 
ethyl ketone/acetone/NH ,(33°%%)/H,O (40:40:25:8: 13, 
by vol) was used for the determination of radioacti- 
vity in hexobendine (R, = 0.92), ST 7255 (R, = 9.80) 
and ST 7221 (R, = 0.71). No measurable amount of 
'4C was found in p-monodemethylated hexobendine 
(R, = 0.47), mym’-bisdemethylated —_ hexobendine 
(R, = 0.64) and m-demethylated ST 7221 (R, = 0.55). 
TMBA (R, = 0.36), 3-OH-DMBA (R, = 0.23) and 
4-OH-DMBA (R, = 0.15) could not be separated 
from other demethylated and conjugated metabolites 
in this solvent. Hence, chloroform/ethyl acetate/n-hex- 
ane/formic acid (70:40:35:10, by vol) was used for 
the determination of radioactivity in TMBA 
(R, = 0.75), 3-OH-DMBA (R, = 0.57) and 4-OH- 
DMBA (R, = 0.52). Since a clear-cut separation of 
the two OH-DMBAs was not achieved in each run, 
they were determined together and treated as one 


entity in this study. The amount of '*C in 3,5-dihyd- 


roxy-4-methoxy-benzoic acid (R,=0.32) and 
3,4-dihydroxy-5-methoxy-benzoic acid (Ry, = 0.29) 
was below the detection level. In this second solvent 


Total radioactivity 





all other above-mentioned hexobendine metabolites 
with at least one intact ester bond as well as any 
conjugates remained at the origin. 

The individual spots on the thin-layer plates were 
visualized under u.v.-light and scraped into counting 
vials. Radioactivity was measured following the addi- 
tion of | ml methanol/H,O (2:1, by vol) together with 
9 ml scintillation solution. 


RESULTS 


(1) Total '*C distribution. The decay curves of total 
'4C concentrations in the investigated organs of con- 
trol and BNPP-pretreated rats following the iv. 
administration of 0.5mg/kg ['*C]hexobendine is 
shown in Fig. 1. The obtained pattern of '*C distribu- 
tion in the control rats is qualitatively and quantita- 
tively comparable with previously-reported results 
[4]: the total '*C activity in lungs, kidneys, spleen, 
liver, heart and skeletal muscle exceeded the plasma 
'4C level; the erythrocytes and brain displayed a 
lower activity than the plasma. A considerable part 
of the '*C measured in the brain extract was presum- 
ably due to '*C in the extracellular space; hence, the 
true tissue content of '*C in brain may be even 
smaller than the apparent values. The '*C concen- 
tration in the spleen increased up to 27 min following 
['*C]hexobendine administration, whilst in the other 
tissues the maximum '*C values were recorded 3 or 
9 min after drug administration and this was followed 
by a gradual decline. Pretreatment with 3 x 50 mg/kg 
BNPP did not produce any significant effect on '*C 
levels in the different organs. However, the plasma 
'$C concentrations were found to be markedly lower 
in BNPP-pretreated rats compared with control 
values (Fig. 1). 


erythrocytes 
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Fig. 1. Total '*C concentrations in plasma and tissues as a function of time after i.v. ['*C]hexobendine 

administration in controls (O) and in BNPP-pretreated rats (@). Each point represents the mean value 

of three experiments. The standard error of the mean value is depicted in all cases in which a significant 

difference is obtained between mean values in controls and BNPP-pretreated rats at any particular 
time. 
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Fig. 2. ['*C]Hexobendine concentrations in plasma and tissues as a function of time after i.v. ['*C]hexo- 

bendine administration in controls (O) and in BNPP-pretreated rats (@). Each point represents the 

mean value of three experiments. The standard error of the mean value is depicted in all cases in 

which a significant difference is obtained between mean values in controls and BNPP-pretreated rats 
at any particular time. 


(2)['*C] Hexobendine distribution. Figure 2 shows 
the distribution of ['*C]hexobendine in the investi- 
gated organs. The ['*C]hexobendine concentration- 
time relationship was similar to that of total '*C. Cal- 
culated tissue/plasma ratios were as follows: about 
80 for the lungs, 30 for the kidneys, 8 for the heart, 
5 for skeletal muscle, 4 for the liver, 0.8 for the eryth- 
rocytes and 0.4 for the brain throughout the observa- 
tion period. The spleen was an exception in so far 
as the tissue/plasma ratio of ['*C]hexobendine rose 
from 6 at 3 min to 30 at 27 min after drug administ- 
ration, in parallel with the prolonged accumulation 
already seen with total '*C. 

No major differences were observed between the 
tissue ['*C]hexobendine levels in control and BNPP- 
pretreated rats, except in the case of the liver, in 
which BNPP pretreatment led to somewhat higher 
['*C]hexobendine levels 3min following the 
administration of the labelled drug. Since the decay 
curves in Fig. 2 show no significant differences 
between the control and the BNPP-pretreated rats 
with regard to mean ['*C]hexobendine levels in any 
of the investigated tissues, it may be inferred that 
BNPP pretreatment did not significantly change 
hexobendine distribution and elimination during the 
observation period. 

(3) Distribution of '*C-labelled metabolites. Between 
80 and 95 per cent of the total '*C activity in control 
rats were identified as hexobendine in lungs, spleen, 
heart, and skeletal muscle and less than 5 per cent 
of total '*C as TMBA. BNPP pretreatment induced 
only a small increase in the proportion attributable 
to hexobendine and a decrease in that due to TMBA 
in these organs. Other metabolites could not be iden- 
tified with sufficient precision. Additional '*C-labelled 
metabolites of ['*C]hexobendine were found in 


plasma, kidneys and liver; the appropriate activity 
curves are depicted in Figs. 3-5. 

The significant difference in plasma total '*C levels 
in control and BNPP-pretreated rats is mainly 
accounted for by the great difference in ['*C]TMBA 
concentrations, which were found to be reduced to 
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Fig. 3. Plasma levels of '*C-metabolites as a function of 
time after i.v. ['*C]hexobendine administration in controls 
(blank symbols) and in BNPP-pretreated rats (solid sym- 
bols). Mean values of three experiments: total '*C (O @), 
['*C]hexobendine (O ), ['*C]TMBA (A A), 
('*C]ST7221 (VY W) and ['*C]OH-DMBAs ( <4). The 
standard error of the mean value is depicted in all cases 
in which a significant difference is obtained between mean 
values in controls and BNPP-pretreated rats at any par- 
ticular time. 
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Fig. 4. Concentrations of '*C-metabolites in the kidneys 
as a function of time after i.v. ['*C] hexobendine adminis- 
tration in controls (blank symbols) and in BNPP-pre- 
treated rats (solid symbols). Mean values of three experi- 
ments: total '*C (Oo @), ['*C]hexobendine (O W), 
['*C}TMBA (A A), ['*C]ST7221 (V W), ['*C]ST7255 (© 
) and ['*C]OH-DMBAs (<j 4). The standard error of 
the mean value is depicted in all cases in which a signifi- 
cant difference is obtained between mean values in controls 
and BNPP-pretreated rats at any particular time. 


about one sixth of the control by BNPP pretreatment, 
whilst the levels of ['*C]hexobendine were not signifi- 
cantly influenced (Fig. 3). In control rats the plasma 
['*C]TMBA level exceeded that of ['*C]hexobendine 
27 min after drug administration; the relatively steady 
levels between 27 and 81 min indicate a state of equi- 
librium between the formation and elimination of 
TMBA during this period. By contrast, in BNPP-pre- 
treated animals, the plasma ['*C]TMBA levels 
remained consistently far below those of ['*C]hexo- 
bendine and, moreover, the other hydrolysis product 
of hexobendine, namely ST 7221, was also signifi- 
cantly diminished. Three to six per cent of the total 
‘$C activity in the plasma of the control rats were 
identified as ['*C]OH-DMBAs originating from the 
demethylation of TMBA or, more probably, from the 
hydrolysis of a demethylated hexobendine metabolite 
(Fig. 6). In BNPP-pretreated rats the level of 
['*C]OH-DMBAs was significantly elevated during 
the initial period; following administration of hexo- 
bendine. 

In the kidneys the main features, apart from the 
accumulation of ['*C]hexobendine, are the 3-4-fold 
higher ['*C]TMBA concentrations and the 20-fold 
higher ['*C]ST 7221 concentrations compared with 
the respective plasma values (Fig. 4). Whilst the com- 
bined ['*C]OH-DMBAs concentrations were found 
to be twice that in plasma, about one per cent of 
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Fig. 5. Concentrations of '*C-metabolites in the liver as 
a function of time after iv. ['*C]hexobendine adminis- 
tration in controls (blank symbols) and in BNPP-pre- 
treated rats (solid symbols). Mean values of three exper- 
iments: total '*C (O @). ['*C]hexobendine (0 WM), 
['*C]TMBA (A 4A), ['*C]ST7221 (V W), ['*C]ST7255 
(© @) and ['*C]OH-DMBAs ( <j 4). The standard error 
of the mean value is depicted in all cases in which a signifi- 
cant difference is obtained between mean values in controls 

and in BNPP-pretreated rats at any particular time. 


total '*C in the kidneys was identified in the form 
of ['*C]ST 7255, a metabolite arising from demethy- 
lation of hexobendine (Fig. 6) which was not detect- 
able in plasma by the method used. The influence 
of BNPP pretreatment presented a similar pattern to 
that in plasma: the levels of ['*C]TMBA and 
['*C]ST 7221 were significantly depressed to about 
one fifth of the control values, whereas the levels of 
the demethylated metabolites, ['*C]ST 7255 and 
['*C]OH-DMBAs, increased somewhat. 

The concentration—-time relationship of the different 
metabolites in the liver is given in Fig. 5. The 
['*C]TMBA and combined ['*C]OH-DMBAs levels 
were of the same order as found in plasma. On the 
other hand, the concentrations of ['*C]ST 7221 were 
3-6 times higher than in plasma and, in addition, 
['*C]ST 7255 was present in a concentration of up 
to double that in the kidneys. Again, as in the kid- 
neys, BNPP pretreatment produced a marked de- 
crease in ['*C]TMBA levels in the liver, together with 
a slight fall in ['*C]ST 7221 and an increase in 
['*C]ST 7255 and ['*C]OH-DMBAs. 


DISCUSSION 


This study of the distribution pattern of '*C in the 
tissues following the i.v. administration of ['*C]hexo- 
bendine accords well with previously-reported results 
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Fig. 6. Metabolic scheme of hexobendine. 


[4]. The drug accumulated in the lungs, kidneys, 
spleen, heart, skeletal muscle and liver at concen- 
trations exceeding the plasma level. ['*C]labelled 
metabolites were detected to a minor extent in the 
lungs, spleen, heart and skeletal muscle—organs with 
presumably low metabolic activity—but these meta- 
bolites contributed towards a high proportion of total 
‘4C-activity in the plasma, kidneys and liver. 

The identified metabolites can be arranged in a 
metabolic scheme (Fig. 6) with two alternative path- 
ways of hexobendine biotransformation: first, by clea- 
vage of one ester bond of hexobendine, a partially 
hydrolyzed product of hexobendine (ST 7221) and 
TMBA are formed. Secondly, on dealkylation of 
hexobendine, demethylated products such as ST 7255, 
are formed, which are probably further metabolized 
by conjugation or ester cleavage yielding conjugates 
or OH-DMBAs. 

The higher ST 7221 and ST 7255 concentrations 
in the kidneys and liver as compared with plasma 
levels point to the predominant role of these two 
organs in hexobendine ester cleavage and dealkyla- 
tion. The accumulation of TMBA and OH-DMBAs 
in the kidneys is in agreement with the assumption 
that the benzoic acid derivatives formed may leave 
the organism by renal filtration and secretion as 
already shown in the case of TMBA [11]. On the 
other hand, the dealkylated hexobendine metabolites 
are probably excreted in the conjugated form by the 
liver analogous to the elimination pattern of dilazep 
[12], a drug which closely resembles hexobendine. 

Pretreatment with BNPP, which was expected to 
retard hexobendine elimination by carboxylesterase 
inhibition, did not markedly change the disposition 
of total '*C nor that of ['*C]hexobendine in the in- 
vestigated organs, but significantly lowered the 
plasma '*C level. A pronounced effect of BNPP was 
seen on the plasma and tissue levels of ['*C]TMBA 
and ['*C]ST 7221; these metabolites were reduced 
to one sixth of the respective control values as a con- 
sequence of esterase inhibition (Figs. 3-5). However, 
the goal of the present investigation to increase the 


hexobendine plasma and tissue levels over a pro- 
longed period by esterase inhibition was not achieved. 
Consequently, other metabolic reactions, for instance 
dealkylation, should be taken into consideration as 
essential pathways in hexobendine metabolism. 

Demethylated metabolites of hexobendine were 
demonstrated in the course of these experiments, viz. 
ST 7255 and the OH-DMBAs. The concentrations 
of these metabolites were markedly elevated by 
BNPP pretreatment. The increased formation of 
['*C]OH-DMBAs may arise partly as a result of the 
higher level of ST 7255 and partly from an incomplete 
inhibition of ST 7255-splitting esterases by the partici- 
pation of BNPP-insensitive species of carboxylester- 
ases, as reported in the case of the cleavage of alipha- 
tic amides [13]. Moreover, the poor penetrability of 
BNPP on account of its strong acidic properties (pK 
value = 2.48 [7]) may prevent the substance from 
reaching the intracellular sites, possibly involved in 
the formation and splitting of demethylated hexoben- 
dine metabolites. 

It may be concluded that BNPP pretreatment pro- 
duced a shift towards the dealkylating metabolic 
pathway in hexobendine biotransformation with the 
consequence that esterase inhibition did not markedly 
affect the hexobendine plasma and tissue levels. 
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Abstract—After an intravenous injection of heparin, the plasma protein binding of warfarin was greatly 
increased while the binding of quinidine seemed to be less affected. The increased binding of warfarin 
seemed partly due to the release of plasma non-esterified fatty acids, NEFA, but the level of NEFA 
alone could not explain the interindividual variations of plasma warfarin binding. Addition in vitro 
of palmitic acid to serum demonstrated an increased binding of warfarin and an unaltered binding 
of quinidine up to a serum NEFA level of 3.0meq/l. Albumin isolated from post heparin plasma 
revealed an increased binding affinity for warfarin at the warfarin high affinity binding sites, and 
a slightly depressed affinity for quinidine. The low affinity binding sites on the albumin molecule 
for both drugs did not seem to be influenced by NEFA. 


Lipids as non-esterified fatty acids (NEFA), steroids 
and many drugs are transported in blood bound to 
albumin. However, the binding of various drugs and 
other substances by human serum albumin was 


reported to be decreased by an addition in vitro of 
NEFA [1-5]. In the rabbit, the binding of several 
drugs was depressed both in serum and in an albumin 


fraction of serum after an elevation in vivo of 
NEFA [6]. 

It is well documented that the enzyme lipoprotein 
lipase (LPL) is released into plasma after heparin in- 
jection [7-10], but the exact nature of this releasing 
prosess is not known in detail. The function of LPL 
is to hydrolyse the circulating triglyceride molecules 
which are mainly transported by chylomicrons and 
low density lipoproteins. A decreased amount of chy- 
lomicrons and very low density lipoproteins was 
observed[11] in plasma after heparin injection. 
Simultaneously the concentration of NEFA and gly- 
cerol increased while the concentration of triglycer- 
ides declined [12, 13}. 

The protein binding of quinidine. and warfarin at 
different levels of NEFA in plasma was considered 
worthwhile to investigate, mainly because these drugs 
are bound to human serum albumin to a great extent. 
Concerning quinidine, a great variability in plasma 
protein binding was observed [14] and the total body 
clearance and apparent volume of distribution for this 
drug have been found to correlate well with the con- 
centration of unbound quinidine in plasma [15]. 
Quinidine was of further interest because of the high 
binding affinity to all classes of lipoproteins [16-18]. 
Warfarin was of special interest because small vari- 
ations in protein binding of this drug could produce 
great alterations in pharmacological effect and elimin- 
ation, because warfarin possesses an extremely high 
degree of serum protein binding (about 99 per cent) 
and possesses a small volume of distribution. 


229 


MATERIALS AND METHODS 


A healthy male, O.N.:27yr of age fasting over 
night, was given 10IE heparin (A/S Apothekernes 
Laboratorium, Norway, containing SOOO IE heparin 
and 2 mg tricresol/ml) per kg body weight by an in- 
travenous (i.v.) cannula (Venflon, Viggo AB, Sweden) 
over a period of 1 min. Blood was collected before 
heparin injection (zero time) and 15, 90, 120, 180 min 
after heparin injection. About 40 ml of venous blood 
was taken after each interval during a period of 2 min. 
Blood was collected in glass tubes containing 2 IE 
heparin per ml blood, and plasma was immediately 
prepared by centrifugation at 1100g for 15min at 
room temperature. Binding experiments were carried 
out on the same day on fresh unfrozen plasma. The 
remaining plasma was kept at —21° until further use. 

An identical procedure was followed in another ex- 
periment where 70 IE heparin per kg body weight was 
injected into three healthy persons, L.S.:38 yr, 
D.F.:38 yr and O.N.:27 yr of age, who had fasted 
overnight. Blood was collected in the same glass tubes 
as before but containing 8 IE heparin per ml blood. 
Blood was collected before heparin injections and 5, 
15 and 150 min after heparin injection. 

Addition of non-esterified fatty acids by celite. Pal- 
mitic acid {Applied Science Laboratories Inc. Lot 
1888) was added to serum by a slightly modified 
method of that described by Spector and Hoak [19]. 
Celite (A. Tossebro & Co., A/S, Aalesund, Norway) 
with particle size from 6-10 um was washed with 
deionized water before use and dried at 100° over- 
night. Palmitic acid (51.3 mg) was dissolved in hexane 
and 2g celite was added. Enough hexane was used 
so that the particles were immersed completely. The 
hexane was heated to 40° and was evaporated under 
a stream of nitrogen. The dry palmitate—Celite com- 
plex was shaken thoroughly on a Vortex mixer. 
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Eight hundred mg of the palmitate-cellite complex 
was added to 20 ml of fresh unfrozen serum and incu- 
bated in a stoppered flask in air for 45min at 20 
under gentle shaking. The incubate was then centri- 
fuged for 20 min at 15000g and 2°. The supernatant 
was then filtered through a Pond-cineris unius paper 
filter no 5893. The concentration of NEFA before and 
after addition of palmitic acid was 0.5 and 3.1 meq/1 
and the total concentration of protein in serum was 
7.3 and 7.2 g/l respectively. Palmitic acid was also 
added to a serum concentration of 4.2 meq/l. The 
reference serum was, however, in later experiments 
treated with the same amount of celite without 
NEFA. Equal amounts of celite were added to all 
sera. 

Addition of non-esterified fatty acids by ethanol. Pal- 
mitic acid from Applied Science Laboratories Inc. was 
dissolved in pure ethanol (117.5 meq/l). This solution 
was diluted by ethanol to give a concentration range 
in serum from 0.5 to 3.1 meq/] when 25 yl of the eth- 
anol solution was added to 1 ml serum. Serum was 
incubated under gentle shaking for 1 hr at 20° after 
addition of palmitic acid. 

Determination of non-esterified fatty acids. Concen- 
tration of NEFA was measured by a modified colori- 
metric method [20]. The standards were prepared in 
a 4° (w/v) human serum albumin preparation (AB 
Kabi, Sweden) free of NEFA by charcoal treat- 
ment [21]. Palmitic acid was added as proposed by 
Lorch and Gey [22]. The albumin preparation was 
used as a blank. The method produced a linear 
standard curve in the range from 0.15 to 4.0 
meq/1. 

Chemicals. Quinidine hydrochloride was supplied 
by the Norwegian Drug Monopoly, Oslo, and *H 
labelled quinidine with a sp. act. of 500 mCi/m-mole 
was supplied by Buchler & Co., Braunschweig, W. 
Germany [17]. Warfarin sodium from Nyegaard & 
Co., Oslo, and '*C labelled warfarin with a sp. act. 
of 22 mCi/m-mole from The Radiochemical Centre, 
Amersham, England were used. 

Protein binding. Equilibrium dialysis was used to 
determine the binding of drugs to serum, plasma and 
isolated protein fractions. Dialysis was performed in 
Perspex® dialysis cells with two compartments, each 
with a volume of 1 ml[17]. Serum and plasma were 
dialyzed against Krebs-Ringer bicarbonate buffer pH 
7.35 in an atmosphere of 5% (v/v) CO, in air, and 
the isolated protein fractions against Krebs-Ringer 
phosphate buffer pH 7.35. Protein concentrations 
were measured before and after equilibrium dialysis 
and the Donnan effect was neglected [16]. Prior to 
equilibrium dialysis serum and plasma were gassed 
with 5% (v/v) CO, in air to obtain pH 7.35 and pro- 
tein fractions of about 30-40 ml were dialyzed 24 hr 
at 4° against three shifts of 1000ml Krebs-Ringer 
phosphate buffer pH 7.35. All equilibrium dialyses 
were performed at 20°. 

The binding of drugs to isolated lipoprotein frac- 
tions was measured as the ratio (B/F x P); the molar 
concentration of drug bound divided by the molar 
concentration of free drug multiplied by protein con- 
centration measured after equilibrium dialysis [17]. In 
this expression one is able to make corrections for 
protein concentration which may not be equal in the 
different isolated lipoprotein preparations. The bind- 


ing of drugs to different sera was measured as the 
ratio (B/F). 

Protein determination. Protein concentration was 
determined by the method of Lowry et al. [23]. 
Bovine serum albumin (fraction V, Sigma) was used 
as a standard. Concentration of total lipoprotein 
(d < 1.195 g/l) was expressed in g protein per litre 
because of the inhomogeneity of this fraction. Albu- 
min was, however, expressed in molar concentrations, 
assuming a mol. wt of 69,000. Concentration of albu- 
min in plasma was determined by an immunologic 
technique at pH 8.6 using agarose in a concentration 
of 1% (w/v). The gel contained 2°, (w/v) antialbumin 
serum from Dakopatts, Denmark. Ten-ul samples 
were applied to the gel which had a thickness of 
2 mm [24]. 

Radioactivity. The activity of the *H- and '*C-iso- 
topes was determined in a Packard Tri-Carb liquid 
scintillation spectrometer mode! 3330 operated at 
5° [17]. The counting efficiency was 28.5 and 85.1% 
respectively, and was the same in the buffer and the 
protein solution. 

Thin-layer chromatography of unlabelled warfarin 
and of the '*C-labelled isotope was performed before 
and after equilibrium dialysis after extraction by 
ethylene dichloride as described by Lewis et al. [48], 
with exception of the thin-layer chromatography 
sheet which was a Silica gel I B-F (J. C. Baker, No 
4-4463). Location of warfarin was determined by 
fluorescence. The chromatograms were cut out and 
the radioactivity was determined in the scintillation 
spectrometer. The '*C-labelled warfarin isotope con- 
tained 5.3% of '*C-impurities before dialysis. The 
labelled compound was not subject to further degra- 
dation by equilibrium dialysis, as the total amount 
of impurities in the dialysis cell was constant. The 
distribution of the labelled impurities between buffer 
and protein was somewhat different from that of war- 
farin, as the impurities constituted 1.5 and 8.5 per 
cent of the total radioactivity in the protein and buffer 
solution respectively. However, this influence of 
labelled impurities will not influence the accuracy of 
the binding assay to any large extent, even though 
warfarin possesses an extremely high degree of serum 
protein binding. The serum protein binding of war- 
farin calculated by the specific assay of '*C-warfarin 
radioactivity only and by the unspecific assay of total 
‘SC radioactivity demonstrated a B/F ratio of 73.2 
and 68.3 respectively. 

Isolation of lipoproteins. All classes of lipoproteins, 
very low, low and high density lipoproteins, were 
separated as a whole by preparative ultracentrifuga- 
tion at 4 in a Spinco L2-65B ultracentrifuge. To 
plasma was added solid potassium bromide to 
achieve a density of 1.195 g/l and it was centrifuged 
for 45 hr at 105000g in a Ti-50 rotor. The floating 
lipoproteins were withdrawn and dialyzed for 24 hr 
at 4° against four subsequent vols of 1000 ml Krebs- 
Ringer phosphate buffer pH 7.35. After withdrawing 
the lipoproteins, the waterphase separating the lipo- 
proteins and the other serum proteins, was pipetted 
off and the density controlled. 

Isolation of albumin. After removal of lipoproteins 
from plasma, the remaining serum proteins were dia- 
lyzed for 24hr at 4° against three shifts of 1000 ml 
Krebs-Ringer phosphate buffer pH 7.35 and applied 
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on a G-200 Sephadex column at 4°. Albumin was 
eluted in the last protein peak and concentrated as 
described earlier [25]. 

Buffers. Krebs-Ringer phosphate, bicarbonate or 
sodium phosphate buffer [26,27] was used as noted 
in the different experiments. 


RESULTS 


Plasma protein binding after heparin injection 
(10JE/kg). Figure 1 gives the plasma _ binding 
expressed by the ratio [bound]/[free] for quinidine 
and warfarin and the plasma concentration of NEFA 
after equilibrium dialysis for one person (O.N.). As 
observed, the concentration of NEFA was highest in 
the plasma obtained 15 min after the heparin injection 
and this change was then reversed and at 180 min 
approaching the starting level of NEFA. The plasma 
binding of warfarin is clearly influenced by the 
heparin injection, the binding ratio was increased by 
94 per cent after 15min, and the binding returned 
to the original 180 min after the injection. The change 
in binding of warfarin does seem to be related to 
the plasma concentration of NEFA. For quinidine, 
however, the binding seems to be unaffected by the 
heparin injection and the great variation in plasma 
NEFA. 

Plasma _ protein binding after heparin injection 
(70 IE/kg). Three healthy persons were given an injec- 
tion of 70 IE/kg heparin. The plasma protein binding 


meq/| 


Binding ratio, 
Concentration of NEFA, 





i 
pas i Nl 
\¢ a ) 90 120 
Time after heparin injection, 





min 


Fig. 1. Binding of quinidine (VY——-V) and warfarin 

(@——@) to human plasma after an elevation of NEFA 

level (O---O) by injection of 10 IE/kg heparin. 2 x 107° 

and 1 x 10~’ moles of quinidine and warfarin respectively 

were added to the chambers. Each point is the mean value 
of two determinations from one person. 
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Fig. 2. Binding of quinidine and warfarin to human 

plasma after an elevation of NEFA level by injection of 

70 IE/kg heparin. The lower binding ratios are referred to 

quinidine while the higher to warfarin. Concentration of 

drugs was equal to those used in Fig. 1. Each point is 
the mean value of two determinations. 


of quinidine and warfarin at different time intervals 
after injection is given in Fig. 2. Table 1 gives the 
corresponding levels of NEFA measured before and 
after equilibrium dialysis. The level of albumin in 
plasma for O.N., L.S. and D.F. were 3.4, 3.9 and 
3.8 g/100 ml respectively, measured after equilibrium 
dialysis. This increased amount of heparin injected 
produced a higher level of plasma NEFA and an in- 
creased binding ratio of warfarin for O.N. after 
15min compared with the results obtained in Fig. 
1. The values before injection of heparin were also 
higher both with respect to NEFA and binding ratio 
of warfarin. Figure 2 demonstrates a simultaneous in- 
crease of plasma NEFA and plasma binding of war- 
farin while the binding of quinidine was approxi- 
mately unaltered for O.N. and L.S. The third person 
D.F., however, demonstrates a more irregular binding 
of quinidine and an unexpected low increase in bind- 
ing ratio of warfarin considered the high level of 
plasma NEFA. 

In vitro addition of palmitic acid to serum. The in- 
creased binding of warfarin observed after heparin in- 
jection showed a relatively good correlation with the 
increase in plasma NEFA level. Figure 3 shows the 
binding of quinidine and warfarin to sera to which 
were added palmitic acid in vitro by the celite method. 
The range of NEFA in these sera included the range 
of NEFA obtained after heparin injection. The 


Table 1. Plasma level of NEFA* after injection of 70 1E/kg heparin 





Before equilibrium dialysis 


After equilibrium dialysis 





Persons 5 min 15 min 


180 mint 


0 min 5 min 15 min 180 min 





LS. 
D.F. 
O.N. 


2.0 
3.5 
2. 


5 





* Measured in meq/1. 
+ Time after heparin injection. 
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Fig. 3. Serum protein binding of quinidine and warfarin 
after an in vitro addition of palmitic acid. Concentration 
of drugs was equal to those in Fig. 1. The lower binding 
ratios are referred to quinidine while the higher to war- 
farin. NEFA was determined after equilibrium dialysis 
which was performed with Krebs-Ringer bicarbonate 
buffer pH 7.35. Each point is the mean value of two 
determinations. 


already existing NEFA in serum was not removed 
before addition of palmitic acid and the values given 
for NEFA are consequently the sum of the added 
palmitic acid and the natural occurring NEFA in 
serum. Figure 3 demonstrates an increased binding 
ratio for warfarin with increasing concentrations of 
palmitic acid in serum for all persons up to a NEFA 
level of 3.0 meq/I. Serum levels of NEFA higher than 
3.0 meq/l, seem to slightly depress the binding of war- 
farin. This indicates that the level of NEFA or palmi- 
tic acid are decisive for the degree of serum protein 
binding of warfarin. However, the extent of warfarin 
binding in plasma (Figs. | and 2) and in serum (Fig. 
3) compared at the same levels of NEFA are not quite 
identical, especially with respect to D.F. For quini- 
dine no regular alteration in serum protein binding 
was observed. 

An additional experiment was performed where 
palmitic acid dissolved in pure ethanol was added 
directly to serum. This experiment demonstrated an 
increased binding ratio of warfarin with increasing 
levels of NEFA to the same extent as earlier, while 
the binding of quinidine was not affected. NEFA 
serum level was stepwise increased to 3.1 meq/1. 

Binding to lipoproteins. Plasma obtained before and 
after injection of 701E/kg heparin from the three 
healthy individuals and which were frozen immedi- 
ately after separation were melted at 20° and pooled 
in the ratio 1:1:1 at each time interval. From these 
different pooled sera the lipoproteins were separated 
as described in Methods. Table 2 demonstrates an 
extensive binding of quinidine to the lipoproteins 
while the binding of warfarin was almost negligible. 
However, none of the drugs showed any alteration 
in binding after heparin injection indicating that the 
increased binding of warfarin must be due to proteins 
other than lipoproteins. 

Binding to albumin. Albumin was separated from 
the sedimentation products after ultracentrifugation 


Table 2. Binding* of quinidinet+ and warfarint to lipopro- 
teinst before and after injection of heparin (70 IE/kg) 





Time after injection 





Drug 0 min 5 min 15 min 150 min 





0.24 
0.075 


0.26 
0.077 


0.23 
0.076 


0.22 


0.075 


Quinidine 
Warfarin 





* Given as mean value of 2 experiments as the ratio 
B/F x P. 

+2 x 10°% and 1 x 10°’ moles of quinidine and war- 
farin respectively were added to the chambers. 

t Pool (1:1:1) of lipoproteins from L.S., D.F. and O.N. 
Concentration after equilibrium dialysis which was per- 
formed in Krebs-Ringer phosphate buffer pH = 7.35, was 
about 4.1 mg/ml. 


of the pooled plasma obtained before and 5 min after 
heparin injection as described in Methods. The con- 
tent of NEFA in the two albumin fractions was 1.25 
and 3.57 moles per mole albumin. The concentration 
of NEFA in the original pooled plasma was 0.6 and 
2.3 meq/| respectively, with an albumin concentration 
of 5.3 x 10°*M. This demonstrates that all of the 
NEFA hydrolyzed from the triglycerides in plasma 
after heparin injection cannot be recovered on the 
separated albumin molecule. 

The binding of warfarin to the pooled albumin frac- 
tion obtained before injection of heparin revealed 
quite different binding characteristics compared to the 
albumin fraction isolated after 5min as can be seen 
from Fig. 4. This Scatchard plot [28] was obtained 
by adding warfarin to the chambers in the range from 
2 x 10°° moles to 4 x 10°’ moles. Figure 4 clearly 
demonstrates at least two different classes of binding 
sites for warfarin and an increased binding to the 
albumin fraction isolated after 5 min due to a much 
higher binding capacity for warfarin at the high 
affinity binding sites. The low affinity binding sites 
seemed to be about equal for both albumin fractions. 
Binding parameters [25, 29] obtained for warfarin are 
presented in Table 3. 


Fig. 4. Binding of warfarin to human plasma albumin plot- 
ted according to the method of Scatchard. (V VY) and 
(O ©) demonstrate the binding of warfarin to albumin 
isolated from plasma which was obtained before and 5 min 
after the 70 IE/kg heparin injection respectively. r = moles 
of warfarin bound.per mole of albumin, F = free molar 
concentration of warfarin in Krebs-Ringer phosphate 
buffer pH 7.35. Concentration of albumin measured after 
equilibrium dialysis was 2.1 x 10°*M_ for both 
preparations. 
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Table 3. Binding parameters for warfarin and albumin isolated from plasma before and 
5 min after heparin* injection 





Time after First binding class 
heparin 


injection n 





Kp 


Second binding class moles NEFA 





mole albumin 


n Kp 





3.2:x 167° 
2.0 x 107° 


0.30 
0.43 


0 mint 
5 min 


1.9 3.0 x 10°° 
1.9 3.0 x 107° 





* 70 IE/kg body wt. 
+ Before heparin injection. 


For quinidine the Scatchard plot in Fig. 5 demon- 
strates almost identical curves for the two albumin 
fractions when quinidine was added to the chambers 
in amounts’ ranging from 1 x 10°? moles to 
4 x 10°’ moles. A slightly lower binding to the albu- 
min fraction obtained 5min after heparin injection 
can, however, be observed, due to a slightly lower 
binding capacity for quinidine at the high affinity 
binding sites. The difference was, however, so negli- 
gible that the binding parameters evaluated did not 
differ significantly. 


DISCUSSION 


After injection of 10 and 70IE/kg heparin, the 
plasma binding of warfarin quickly raised at the same 
time as a marked increase in plasma NEFA level was 
observed, and the plasma binding followed later 
roughly the changes in plasma NEFA level. However, 
it can be seen from Fig. 2 that the plasma binding 
of warfarin by D.F. showed the smallest increase after 
heparin injection although the level of NEFA clearly 
was the highest among the three persons. This 
demonstrates that injection of the same amount of 
heparin per kg body weight to different persons pro- 
duces an interindividual difference in the plasma level 
of NEFA and that the interindividual degree of war- 
farin binding could not be directly related to the 
plasma NEFA level alone. For one and the same per- 
son, however, it seemed that increased amounts of 
NEFA produced a higher degree of warfarin binding. 

Figure 3 demonstrates an almost linear relationship 
between binding ratio of warfarin and serum level 
of palmitic acid up to about 2.5 meq/l. If the binding 


2 03. 04 05 
fr 
Fig. 5. Binding of quinidine to the same albumin prep- 
arations as described in Fig. 4, plotted according to the 
method of Scatchard. Symbols and conditions are equal 
to those in Fig. 4. 


ratios of warfarin in Fig. 3 are compared with the 
binding in Figs. 1 and 2 at corresponding plasma 
levels of NEFA, these are approximately in accord 
when compared to Fig. 1 where only small amounts 
of heparin were injected while they differ greatly when 
being compared with Fig. 2, where greater amounts 
of heparin were used. This indicates that heparin in 
greater amounts may also interfere with the plasma 
protein binding of warfarin by effects different from 
those caused by liberation of NEFA [30]. 

Figure 4 demonstrates a distinct increase in binding 
of warfarin to its high affinity binding sites on the 
albumin molecule after heparin injection. The in- 
creased binding capacity of the high affinity binding 
sites on the albumin molecule for warfarin seemed 
to be due to increased affinity for this site while 
number of binding sites seemed to be constant when 
this binding class was investigated in a double reci- 
procal plot in a concentration range of warfarin 
where the influence of other binding sites were nearly 
negligible. This effect is probably caused by NEFA 
progressively, altering the conformation of the albu- 
min molecule [31], with an increased affinity for war- 
farin on the high affinity sites as a result. 

Some work has been performed in evaluating bind- 
ing parameters for the albumin-warfarin interaction. 
These have been occupied mainly with the high 
affinity sites probably because the low affinity sites 
in the albumin molecule only deal with interactions 
that occur with concentrations of warfarin higher 
than those clinically found [32, 33]. If only the high 
affinity binding sites are taken into consideration, our 
data demonstrate a _ dissociation constant of 
(6.2 + 0.3) x 10°° and (3.6 + 0.2) x 10°° for albu- 
min separated before and 5 min after heparin injec- 
tion. The number of high affinity binding sites per 
albumin molecule was 0.99 + 0.05 and 1.00 + 0.06 re- 
spectively. The S.D. values are given. These results 
were consistent with those obtained for normal albu- 
min by Aggeler [34], Chignell [35], Solomon [5] and 
Tillement [36] but differed from those of 
others [37, 38]. The range of data obtained by the 
four formerly mentioned, were from 0.95 to 1.00 high 
affinity binding sites per albumin molecule and a dis- 
sociation constant ranging from 3.8 to 6.4 x 10°° M. 
As can be seen, the variation in dissociation constants 
in these four investigations varied exactly between the 
same limits found in our experiments before and after 
70 IE/kg heparin injections, which could indicate that 
the differences in dissociation constants obtained for 
the four formerly mentioned could be due to differ- 
ences in amount of NEFA in their albumin prep- 
arations. 
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The binding parameters Kp and n, dissociation 
constant for the complex and number of binding sites, 
obtained by evaluating two classes of binding sites 
from the Scatchard plot are not very well suited for 
discussion of inhibition patterns or characteristics of 
one special class of binding sites, because these 
obtained binding parameters possess great variability, 
and more than one solution can fit the experimental 
points almost equally well [39,40]. For this reason 
the binding parameters evaluated from the Scatchard 
plot (Table 3) may only be used to calculate the bind- 
ing capacity of albumin in solution or in serum. 

The decrease in plasma concentration of free un- 
bound warfarin under influence of increased amounts 
of NEFA might be of great importance for both the 
pharmacokinetic and pharmacodynamic behavior of 
warfarin because it is generally assumed that the free 
drug is responsible for the pharmacological effect and 
is available for distribution and __ elimina- 
tion [33, 41-44]. In addition the daily variation in 
NEFA may produce a very undesired variability in 
steady-state concentration of free warfarin even 
though the total concentration of warfarin in plasma 
is approximately constant because of the high degree 
of protein binding. 

Our results with increased binding of warfarin to 
albumin and plasma after elevation of NEFA were 
not ii accord with Gugler et al.[4] and Solomon 
et al. [5], who found that NEFA depressed the bind- 
ing of warfarin. Our experiments differed from these 
investigations in binding assay, the method to in- 
crease NEFA content in vivo and in vitro, the choice 
of buffer and the ratio warfarin: NEFA:albumin. The 
last two matters were in our opinion the most likely 
explanation for the different results. However, control 
experiments performed with buffer and warfarin: NE- 
FA:albumin ratio equal to the experiments performed 
by Gugler and Solomon, still demonstrated an in- 
creased serum binding at increased serum levels of 
NEFA. 

With respect to the plasma binding of quinidine 
it seemed to be very slightly affected by small doses 
of heparin (Fig. 1), while at higher doses it produced 
a more irregular binding pattern (Fig. 2). This irregu- 
larity could not be related to the plasma level of 
NEFA and is most likely caused by the large dose 
of heparin. 

The unaltered binding of quinidine to the lipopro- 
tein fractions after heparin injection in Table 2 was 
rather unexpected because the level of cholesterol and 
triglycerides and consequently of lipoproteins, should 
be decreased. This indicates that the binding of quini- 
dine to lipoproteins during degradation of glycerides 
and phospholipids yielding NEFA, cannot be related 
to alterations in lipids alone. 

The binding ratios of quinidine for L.S. and D.F. 
are somewhat higher when NEFA was raised by 
heparin compared to the in vitro addition of palmitic 
acid. This phenomenon could be caused by the 
heparin itself, but may also be caused by an intraindi- 
vidual variability in binding of quinidine by these per- 
sons. The last suggestion because the binding ratio 
at time zero, where neither heparin nor palmitic acid 
were added, also demonstrated different levels. Intra- 
individual variability in binding of quinidine is also 
demonstrated by others [15]. 
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The decreased binding of quinidine to the high 
affinity sites in albumin due to increased amounts of 
NEFA after heparin injection (Fig. 5) seems to be 
of theoretical interest only, because NEFA seemed 
to have little influence on the total serum binding 
as shown in Fig. 3. However, if the binding data for 
the high affinity binding sites for quinidine were plot- 
ted in a double reciprocal plot, the inhibition effect 
produced by NEFA appeared to be competitive. 
Three different classes of binding sites are mentioned 
for NEFA on the albumin molecule (n, = 2, n, = 5 
and n, = 20)[45], while the high affinity binding 
class for quinidine has less than one binding site per 
albumin molecule [25]. The small number of binding 
sites available for quinidine on the albumin molecule 
was, however, previously suggested to be due to such 
endogenous substances as NEFA partly blocking the 
binding sites for quinidine [18,25]. These observa- 
tions may indicate that at a normal level of NEFA 
on the albumin molecule some of the high affinity 
binding sites for quinidine are permanently blocked 
by NEFA while a minor competitive inhibition may 
occur at higher concentrations. 

Compared to plasma, a decreased recovery of 
NEFA from about 105 to 78 per cent, was observed 
in the isolated albumin fraction after heparin injec- 
tion. This may be due to loss of NEFA from highly 
occupied low affinity binding sites on the albumin 
molecule during the separation procedure or by bind- 
ing of NEFA to other proteins than albumin in 
plasma, as for instance the lipoproteins, at elevated 
levels of plasma NEFA. 

When NEFA level in plasma is raised in vivo by 
use of heparin given i.v., the enzyme lipoprotein lipase 
is released into plasma. This enzyme is active when 
it has a cofactor, probably specific glycoproteins [46] 
which are present in very low and high density lipo- 
proteins. In separated plasma the lipase and cofactors 
are present in the triglycerides in plasma can be 
further hydrolyzed yielding an increase in plasma 
NEFA during equilibrium dialysis which is demon- 
strated in Table 1. This hydrolysis was extensive 
although a relatively large amount of heparin was 
added to the glass tubes where blood was collected. 
Heparin added in vitro was reported to partly inhibit 
the lipase activity [47]. The hydrolysis of triglycerides 
in plasma during equilibrium dialysis at 20° was, 
however, terminated after 3-4hr and the binding of 
warfarin and quinidine was consequently determined 
in a system at equilibrium. This is because the equilib- 
rium dialysis was run for 18 hr and the equilibrium 
for the mentioned drugs is attained after only 5—6 hr. 
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Abstract—After administration of ethanol to rats fed either an normal (I) or a cyanamide contaminated 
(II) standard laboratory diet, acetaldehyde and ethanol were determined in cerebrospinal fluid and 
blood. The acetaldehyde level in the cerebrospinal fluid from group I showed a plateau at approximately 
30 uM while the blood concentration ranged from 20 to 604M. In group II the acetaldehyde in 
the cerebrospinal fluid varied according to the blood level. When the acetaldehyde in the blood of 
group I exceeded 50 uM after infusion of acetaldehyde, the concentration in cerebrospinal fluid started 
to rise. The ethanol concentration in the cerebrospinal fluid was correlated directly to the concentration 
in the blood independent of the type of feed. The difference in the occurrence of acetaldehyde in 
cerebrospinal fluid from the two groups may be explained by an inhibition of the brain aldehyde 


dehydrogenase with a low K,, towards acetaldehyde. 


It has been proposed that many of the observable 
effects on the central nervous system after alcohol 
consumption are produced by acetaldehyde [1, 2]. 
However, there are few reports on the presence and 
level of acetaldehyde in the brain after alcohol con- 
sumption [3-6]. During the last years controversial 
reports have appeared using head-space gas chroma- 
tography for the detection and estimation of acetalde- 
hyde concentrations in brain tissue [7-11]. 

After inhibition of non-enzymatic formation of 
acetaldehyde and correction for the blood content in 
the brain tissue and by using the freeze stop tech- 
nique, no acetaldehyde could be detected in the brain 
unless the acetaldehyde level in cerebral blood 
exceeded 200uM after injection of acetaldehyde 
[2,8]. An enzymatic blood-brain barrier has, there- 
fore, been postulated [7]. By measuring the acetalde- 
hyde level in cerebrospinal fluid, the problems with 
anoxia, blood contamination and non-enzymatic acet- 
aldehyde formation [7, 8, 12, 13] are excluded or 
minimized. 

A dietary factor, later shown to be cyanamide [17], 
in a standard commercial diet obtained from Astra- 
Ewos AB, Sédertalje, Sweden causes an elevation in 
the blood level of acetaldehyde [14]. This diet has 
been used in the present work as an aid in the study 
of acetaldehyde occurrence in cerebrospinal fluid. 


MATERIALS AND METHODS 


Female Sprague-Dawley rats weighing about 200 g 
were fed Astra-Ewos R-3 or Anticimex 210, (Sollen- 
tuna, Sweden) laboratory rat diet until the start of 
the experiment. 

Ethanol alone. Ethanol (0.5; 1.0; 1.5; 2.0 g/kg body 
wt) was injected intraperitoneally (i.p.). Sampling was 


performed 90 min after ethanol injection. Ten min 
before sampling the rats were anaesthetized with 60 
mg/kg body wt of mebumal (Apoteksbolaget). 

Ethanol and acetaldehyde. Ethanol 1.5 g/kg (40% 
sol. in saline) was injected i.p. and 15 min later the 
rats were anaesthetized. An i.p. infusion (10 or 20 yl 
min) of acetaldehyde (0.75 or 1.0M in saline) was 
started 20-25 min after ethanol injection. After 30 min 
infusion sampling was performed. 

Sampling. The fluid samples were collected with 
heparinized blood pipettes, mixed directly in | ml of 
ice cold 6%, perchloric acid and kept cold in capped 
tubes until the final determinations. The first sample 
taken was 100 yl blood from the tip of the tail. Then 
cerebrospinal fluid was sampled. A cut through the 
skin was made and a hypodermic needle 23 x | in. 
was inserted through the cartilage between the skull 
and the first vertebrae into the cisterna magna and 
the fourth ventricle. With the help of the pressure 
of the cerebrospinal fluid and the capillary effect of 
the pipettes, 50-100 ul cerebrospinal fluid could be 
sampled. If there was any visible contamination with 
blood, the sample was excluded. Blood (100 yl) from 
the left jugular vein and carotid artery was also sam- 
pled. 

The whole sampling procedure was completed 
within Smin. The acid-precipitated proteins were 
removed by centrifugation at 1.200g for 10min in 
cold, the supernatants neutralized immediately with 
300 ul 2 M K;CO, and the precipitated potassium- 
perchlorate removed by centrifugation. The final 
supernatants were taken for acetaldehyde and ethanol 
determinations. 

Acetaldehyde determination. The acetaldehyde con- 
centration was determined with an enzymatic method 
according to Tottmar and Marchner [15]. Aldehyde 
dehydrogenase (EC 1.2.1.3; ALDH) was obtained as 
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a partially purified enzyme from rat liver mitochon- 
dria. The preparation was rich in a multiple form 
of the enzyme, which has a low K,,, towards acetalde- 
hyde. The high concentration of this multiple form 
makes the method rather specific for acetaldehyde but 
a reaction with any endogenic aldehydes with a com- 
parably low K,, and high concentrations in the 
sample cannot be excluded. However, no ALDH- 
reaction could be detected in sample mixtures with 
extracts from blood and cerebrospinal fluid of nor- 
mal, untreated rats. 

The reaction mixture contained 100-500 ul of the 
final supernatants, 2.4ml 50mM_ pyrophosphate 
buffer pH 8.8, 0-400 yl aqua dest., 10 un] ALDH and 
Sul 50mM NAD. The reaction was initiated with 
NAD, and the formation of NADH, was measured 
in an Aminco-Bowman spectrofluorometer. The reac- 
tion was completed within 2-3 min. 

There was no disappearance of acetaldehyde from 
the reaction mixture at the experimental conditions 
used. No spontaneous formation of acetaldehyde 
from ethanol was observed [12]. Minimum detect- 
ability was 0.20nmol, corresponding to a concen- 
tration of 6 uM in the sample. 

Ethanol determination. Enzymatic conversion of 
ethanol to acetaldehyde and _ spectrophotometric 
determination of NADH, produced was performed 
according to Dickinson and Dalziel [16]. 


RESULTS 


Acetaldehyde in peripheral blood. A maximum in 
the acetaldehyde concentration in peripheral blood 
from the tail after ethanol injection was reached 
between 45 and 90min followed by a slow decline. 
The time course was similar for both diets. Depending 
on the ethanol dose, the Astra-Ewos diet caused an 
acetaldehyde level of 9-166uM and Anticimex 
10-63 uM, 90 min after ethanol administration. 

Intraperitoneal injection of 50-100 mg/kg acetalde- 
hyde (1.0M in saline) 30min after an ethanol dose 
of 1.5 g/kg caused an acetaldehyde peak with a maxi- 
mum 5 min after injection. This peak declined rapidly 
and the normal level was reached within 10 min. To 
obtain a high and stable acetaldehyde level in the 
blood, the rats were infused i.p. with acetaldehyde, 
20 min after ethanol administration. After 10-15 min 
the acetaldehyde reached a stable level and this level 
persisted with small fluctuations during the infusion 
period. The acetaldehyde level differed among rats 
and depended upon the infusion rate and the amount 
given. 

Acetaldehyde in blood and cerebrospinal fluid. 
Administration of 0.5 g/kg of ethanol resulted in an 
ethanol level below | mM in blood 90 min later, inde- 
pendent of the diet consumed by the animal. The 
acetaldehyde level detected in blood and cerebro- 
spinal fluid at that time ranged from 10 to 30 uM 
irrespective of the type of feed given to the animals. 

Differences in acetaldehyde levels were only 
observed between rats fed the two diets when higher 
doses of ethanol were administered. 

Astra-Ewos R-3-rats. Higher ethanol concentrations 
gave higher acetaldehyde levels in the blood in rats 
fed the R-3 diet. A good correlation (0.83) between 
the ethanol and acetaldehyde concentrations is found 
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Fig. 1. Acetaldehyde concentration in cerebrospinal fluid 
from rats fed Astra-Ewos R-3 diet, and its dependence on 
the blood level.The marks represent acetaldehyde concen- 
trations 90 min after administration of 0.5 (A), 1.0 (A) and 
1.5 (MH) g ethanol per kg body wt. Carotid artery: regression 
coefficient 0.99 and correlation coefficient 0.85. Peripheral 
blood: regression coefficient 0.88 and correlation coeffi- 
cient 0.99, 


in the blood from the carotid artery, (regression coef- 
ficient 3.99). The acetaldehyde in cerebrospinal fluid 
varied according to the acetaldehyde concentration 
in the blood (see Fig. 1). A very good correlation 
(0.997) between the ethanol levels in blood from caro- 
tid artery and cerebrospinal fluid was also found 
(regression coefficient 1.13). 

Infusion of acetaldehyde raises the acetaldehyde 
concentrations in both blood and cerebrospinal fluid. 

Anticimex 210-rats. With this diet higher ethanol 
concentrations gave only slightly higher acetaldehyde 
levels in the blood (correlation 0.71, regression 1.20). 
No correlation was found between acetaldehyde in 
blood and cerebrospinal fluid, but there was a corre- 
lation (0.73) between the levels found in the carotid 
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Fig. 2. Acetaldehyde concentration in cerebrospinal fluid 
from rats fed Anticimex 210 diet and its dependence on 
the blood level. Open circles (O)—90 min after adminis- 
tration of 0.5, 1.0, 1.5 or 2.0g ethanol per kg body wt. 
Filled circles (@)}—after administration of 1.5 g ethanol per 
kg body wt and acetaldehyde infusion. 


artery and the jugular vein, although the range was 
small (9-57 uM). The acetaldehyde concentration in 
cerebrospinal fluid appeared to be constant around 
30 uM, whereas it ranged between 20 and 60 uM in 
blood. A very good correlation (0.998) between the 
ethanol levels in blood from carotid artery and in 
cerebrospinal fluid was also found (regression coeffi- 
cient 1.20). 

Infusion of acetaldehyde raises the acetaldehyde 
concentration in the blood. When the level reached 
approximately 50 uM in the jugular vein or the caro- 
tid artery and approximately 100 uM in the tail, the 
acetaldehyde level in cerebrospinal fluid began to rise. 
The slope of these increases were 0.61 for the jugular 
vein (correlation 0.87) and 0.79 for the tail, (correla- 
tion 0.92) (see Fig. 2). In the carotid artery the acet- 
aldehyde concentrations were more scattered. For 
eighteen values between 48 and 357 uM a slope of 
0.36 and a correlation of 0.70 were found. 

Effect of cyanamide on the acetaldehyde level in cer- 
ebrospinal fluid. Cyanamide (5 or 10 mg/kg body wt) 
administered 3 hr before ethanol caused an elevation 
of acetaldehyde in the blood of rats fed the Anticimex 
210 diet. The concentration of acetaldehyde in blood, 
90 min after injection of (1.5 g/kg body wt) ethanol, 
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was around 200 uM. Approximately the same level 
was detected in cerebrospinal fluid. 


DISCUSSION 


While the present experiment was in progress, it 
was shown by Marchner and Tottmar [17], that the 
dietary factor in the Astra-Ewos R-3 diet was cyana- 
mide, a known inhibitor of aldehyde dehydrogenase. 
The effects of this diet may, therefore, be looked upon 
as a pre-treatment with low doses of cyanamide. The 
Astra-Ewos R-3 diet was also shown to decrease the 
activity of the aldehyde dehydrogenase with a low 
K,, towards acetaldehyde in the liver [18]. Thus, the 
difference of acetaldehyde occurrence in cerebrospinal 
fluid after feeding the two diets may be explained by 
an inhibition of the low K,, aldehyde dehydrogenase 
in the brain similar to what occurred in the liver. 
In the rats fed the R-3 diet acetaldehyde in the cer- 
ebrospinal fluid varied according to the blood level 
with a slope of 1 (see Fig. 1). The same is shown 
for ethanol, another compound with a high lipid solu- 
bility, the metabolism of which is insignificant in the 
brain [19]. 

The plateau at approximately 30 uM in cerebro- 
spinal fluid of rats fed the 210 diet when the blood 
level ranges from 20 to 50 uM (20-100 uM in peri- 
pheral blood) (see Fig. 2) is probably an effect of a 
steady state between diffusion into and out of the 
cerebrospinal fluid and a metabolism by the low K,, 
aldehyde dehydrogenase. The higher values in cer- 
ebrospinal fluid compared with the blood at low 
blood levels is probably caused by a decreasing level 
in the blood at the sampling time. The slope after 
the plateau is less than 1, indicating that another alde- 
hyde dehydrogenase, the high K,, enzyme, metabo- 
lizes part of the acetaldehyde when the low K,, 
enzyme is saturated. 

The diffusion in and out of the blood capillaries 
in the brain may also affect the slope and is probably 
partly responsible for the difference in the slope 
between carotid artery and the jugular vein. 

Sippel [7] and Sippel and Eriksson [8] could not 
find any significant acetaldehyde level in brain tissue 
at blood levels lower than 200 uM although they fed 
the rats the Astra-Ewos laboratory diet. The blood 
acetaldehyde concentrations reported by them indi- 
cate a certain inhibition of the liver aldehyde de- 
hydrogenase but to a lesser degree than in our exper- 
iments. They have also injected acetaldehyde to ele- 
vate the blood level but the low doses might have 
been metabolized before their sampling. 

A special enzymatic blood-brain barrier to protect 
the brain against acetaldehyde is not probable. Acet- 
aldehyde can be detected in cerebrospinal fluid inside 
the blood-brain barrier and no barrier between cer- 
ebrospinal fluid and brain tissue is recognized [20]. 
Nevertheless, it cannot be excluded that a small part 
of the acetaldehyde-metabolizing capacity can be 
located in the choroid plexus and the barrier. The 
presence of an active aldehyde dehydrogenase in 
brain tissue would result in a lower level of acetalde- 
hyde in the tissue than in the cerebrospinal fluid. Our 
results compared with Sippel and Erikssons [8] indi- 
cate this. 
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Abstract—An in vivo investigation was made of the distribution of acetaldehyde (AcH) during ethanol 
metabolism. Different doses of ethanol were administered orally to male and female Sprague-Dawley 
rats (n= 96) and AcH measured at various times thereafter in the liver, blood, brain and breath. 
The results showed that the liver was the primary site for the oxidation of the ethanol-derived AcH. 
Only a small amount of the total AcH formed in this organ escaped into the rest of the body, but 
this amount increased with increased hepatic ethanol concentration. The hepatic AcH level was higher 
in male rats than in females with the same hepatic ethanol concentration. The extrahepatic AcH 
levels in arterial cerebral and in peripheral tail blood correlated well with the corresponding hepatic 
AcH levels. The bulk of the hepatic AcH output was eliminated extrahepatically, thus drastically chang- 
ing the AcH level from that initially leaving the liver. Sex differences also appeared in the extrahepatic 
blood AcH levels, with the female rats displaying higher AcH levels, as a result of their less efficient 
extrahepatic AcH elimination. The peripheral tail blood AcH was found to be similar to the AcH 
level of the venous blood before the hepatic blood AcH is added to it. Regardless of the AcH levels 
in the liver and blood, no AcH was found in the brain. Less than 5 per cent of the hepatic AcH 
output was exhaled. Pentobarbital anaesthesia strongly depressed the amount of AcH exhaled. The 


AcH in the breath did not reflect the hepatic AcH as well as the blood AcH levels did. 


Acetaldehyde (AcH), the first metabolite formed dur- 
ing ethanol oxidation, and its role in the actions of 
ethanol have recently become the subject of much 
interest. It has been shown with rat strains raised by 
genetic selection for high or low voluntary ethanol 
intake, that during ethanol oxidation those with a 
high ethanol preference have lower blood and liver 
levels of AcH than those with a low preference [1]. 
The parallels between differences in ethanol prefer- 
ence and AcH levels were in accordance with the 
assumption that AcH may interact with brain meta- 
bolism, and thus alter neural function and affect be- 
haviour [2]. 

The pharmacological effects of AcH depend, of 
course, upon the quantities of AcH that leave the liver 
and reach the brain and other parts of the body. 
There has, however, been much confusion concerning 
the distribution of AcH during a normal ethanol oxi- 
dation. For instance, as can be seen in the review 
by Truitt and Walsh [2], the majority of the previous 
studies have measured the AcH levels occurring dur- 
ing disulfiram treatment and thus convey little infor- 
mation about the normal levels after ethanol 
administration. Among the remainder of the studies 
there still are great variations in the blood AcH levels 
reported. Similarly very discrepant values have also 
been reported for AcH levels in the brain [3-11]. The 
discrepancies in AcH values appear to be partly the 
result of different experimental conditions (animals, 
sexes, ethanol doses and times of ethanol oxidation) 


and partly because of technical difficulties. The main 
difficulty in this respect has been an ethanol-induced 
non-enzymatic formation of AcH in protein-precipi- 
tated blood or tissue samples [12-14]. 

Because of the current interest and the theoretical 
importance recently attached to AcH, it was felt that 
these discrepancies should be resolved. Consequently, 
an investigation was conducted to determine the AcH 
distribution in the liver, brain, blood and breath. In 
order to get a well-rounded picture under different 
conditions of ethanol oxidation, the AcH distribution 
was studied after various doses of ethanol and at dif- 
ferent times after ethanol administration. 


MATERIALS AND METHODS 


Animals. Fed male and female Sprague-Dawley 
rats, 56 months of age were used. The 48 males 
weighed 386+ 47g (mean +S.D.), while the 48 
females averaged 256 + 30g. The rats were given a 
standard laboratory diet (Astra-Ewos AB, Sédertalje, 
Sweden) and water ad lib. 

Liver and brain freeze-stops. The experimental 
design is shown in Fig. 1. Liver and brain freeze-stops 
were made 15, 30, 60, 120 and 240 min after the 
administration of the different ethanol doses. Fifteen 
min prior to the freeze-stops, the rats were anaesthe- 
tized with 30 mg pentobarbital (Nembutal R, Abbot 
S. A., Brussels, Belgium) per kg body wt intraperi- 
toneally (i.p.), given as a 1% (w/v) solution in saline. 
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Fig. 1. Experimental design for the ethanol dose (g/kg 
body wt) and the time between ethanol administration and 
sampling (h). The groups are numbered from 1 to 12 and 
each group includes 4 male and 4 female rats. Ethanol 
was given per os as a 15%, (w/v) solution in saline. 























A special operation table was constructed, which ena- 
bled the liver and brain freeze-stops to be taken at 
the same moment (by two persons). A 2-3 g sample 
of each liver was frozen in situ by means of aluminium 
clamps precooled in liquid nitrogen. The brains were 
freeze-stopped by means of the coppertube method 
previously described [10]. The frozen liver samples 
and brains were pulverized in mortars cooled with 
liquid nitrogen and the tissue powder was suspended 
in 0.6 M ice-cold perchloric acid, shaken, and the pre- 
cipitates were centrifuged at 4000g for 15 min at 4°. 
Ethanol and AcH were determined from the superna- 
tants. In order to determine the blood contamination 
of the brain a small part of the brain powder was 
suspended in water and the hemoglobin was spectro- 
photometrically estimated by the method of 
Klein [15]. 

Cerebral blood determinations. Immediately after 
the brain was removed two blood samples were taken 
from the arterial blood spurting into the cerebral 
cavity. The first blood sample (0.1 ml), taken less than 
Ssec after the freeze-clamping, was pipetted into 
1.2 ml 0.6M ice-cold perchloric acid, shaken, the pre- 
cipitates centrifuged as before, and the ethanol and 
AcH measured. The second blood sample was hemo- 
lysed in water and used as a reference for the estima- 
tion of the blood contamination in the brain samples. 

Peripheral blood determinations. Blood samples 
were taken from the tip of the tail 6 min before the 
freeze-stops, and also 6 min before each of the other 
sampling times seen in Fig. 1, if the freeze-stops were 
made 30min or more after ethanol administration. 
The blood samples were treated in the same way as 
that described for the first cerebral blood sample. 

Breath determinations. Beginning 14min_ before 
each of the times shown in Fig. | the rats were placed 
in glass cylinders, and the exhaled AcH and ethanol 
collected by a method described by Forsander and 
Sekki [16]. Compressed air is blown through the 
cylinder and then bubbled through 10 ml cold water 
(4°). The rats remained in the cylinders for 8 min each 
time and the total amount of AcH and ethanol 
exhaled during these periods was estimated. 

Analytical technique. Ethanol and AcH_ were 
measured with a Perkin-Elmer F 40 gas chromato- 
graph (column: 15% polyethylene glycol on Celite 
60/100 and column oven temperature: 75°) using FID 
and application of the head-space technique as de- 
scribed previously [14]. The samples to be analysed 
were pipetted into serum bottles, sealed with a rubber 


stopper, and incubated for 15min at 65° in a sam- 
pling turntable, after which head-space samples auto- 
matically were taken by means of an electropneuma- 
tic dosing system. Since AcH is non-enzymatically 
formed in the presence of ethanol in the tissue and 
blood supernatants [12-14], ethanol and AcH were 
measured from supernatants containing thiourea (p.a., 
E. Merck AG, Darmstadt, Germany), which has been 
found to prevent this non-enzymatic formation of 
AcH [14, 17]. The blood and brain supernatants had 
25mM thiourea and the liver supernatants 45mM 
thiourea added. This method measures the total AcH 
content without regard to possible binding [14]. 


RESULTS 


The distribution of ethanol after oral administration. 
Figure 2 demonstrates the distribution of ethanol in 
liver, brain, cerebral and peripheral (tail) blood after 
oral administration of 0.75, 1.5 and 3.0g ethanol/kg 
body wt. No significant sex differences were found; 
the ethanol values from both sexes were therefore 
combined. Liver, brain and cerebral blood ethanol 
levels did not differ significantly. However, the peri- 
pheral blood ethanol level was not as high as the 
other levels during the first hour after the oral 
administration. From the data shown in Fig. 2, an 
approximate ethanol oxidation rate of 12 umole/100 g 
body wt per min or 3.5 umole/g liver per min can 
be obtained by extrapolating the hepatic ethanol 
levels to the time when the 3 g/kg dose is completely 
oxidized. 

It should be noted that all these ethanol levels 
(Fig. 2) were measured during the pentobarbital an- 
aesthesia. However, the peripheral blood ethanol 
levels from unanaesthetized rats did not differ signifi- 
cantly from the respective levels of the anaesthetized 
animals. 
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Fig. 2. The distribution of ethanol after oral adminis- 
tration. Rats were treated and analyses made as described 
in the Materials and Methods section. Liver (@), brain (A), 
cerebral (A) and peripheral (O) blood ethanol values are 
given as means (S.D. = 10-30%) with the male and female 
rats combined. The number of animals per mean was 8 
except in the following groups: brain, n = 3, group 1, Fig. 
1; 5, group 3; 6, groups 4 and 5; 7, groups 2, 6 and 8, 
and cerebral blood, 3, group 1; 6, groups 4 and 5; 7, group 
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Fig. 3. Correlation between liver ethanol and acetaldehyde 
levels. Rats were treated and analyses made as described 
in the Materials and Methods section. Individual values 


for males are maiked with open circles and those for 
femaies with solid circles. 


Correlation between liver ethanol and acetaldehyde. 
The hepatic AcH level during ethanol oxidation was 
shown to correlate positively (r = 0.68, p < 0.001 for 
males and r = 0.59, p < 0.001 for females) with the 
hepatic ethanol concentration (Fig. 3). The shape of 
the correlation was curved and a significant (t = 2.78, 
p<0.01 for all animals; = 96) sex difference 
occurred, with the female rats displaying a lower level 
of AcH than the males at the same ethanol concen- 
tration. The average ethanol/AcH ratios + S.D. after 
the dose of 0.75 g/kg (7 = 12) were 67.0 + 22.0 and 
77.5 + 18.1, after 1.5 g/kg (n = 16) 94.0 + 19.0 and 
103 + 26 and after 3g/kg (n = 20) 174+ 43 and 
203 + 70 in male and female rats, respectively. No 
significant correlations were found when the hepatic 
AcH levels, within same ethanol concentration range, 
were plotted to the time after ethanol administration. 

Correlation between liver and blood acetaldehyde. A 
nearly linear, positive correlation (r = 0.81 for males 
and r = 0.59 for females) was found between the liver 
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Fig. 4. Correlation between liver and cerebral blood acet- 

aldehyde. Rats were treated and analyses made as de- 

scribed in the Materials and Methods section. Marking 
as in Fig. 3. 
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Fig. 5. Correlation between liver and peripheral (tail) 
blood acetaldehyde. Rats were treated and analyses made 
as described in the Materials and Methods section. Mark- 
ing as in Fig. 3. 


and the cerebral blood AcH concentration (Fig. 4). 
A significant sex difference was demonstrated with the 
female rats having a higher AcH concentration in the 
cerebral blood compared with male animals having 
the same hepatic AcH levels. 

The same significant sex differences were observed 
in the peripheral blood as demonstrated in Fig. 5, 
where the (tail) blood AcH levels were plotted against 
liver AcH. The peripheral AcH levels were lower than 
the respective cerebral blood and liver levels, with 
a more distinct difference occurring in the male rats. 
Only slight differences were obtained in the peripheral 
blood AcH levels of anaesthetized rats compared to 
respective levels of unanaesthetized animals, with the 
female rats showing higher AcH levels during the an- 
aesthesia (Fig. 6). 
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Fig. 6. Effect of pentobarbital anaesthesia on the peri- 

pheral (tail) blood acetaldehyde. Rats were treated and 

analyses made as described in the Materials and Methods 

section. (@) represents means — S.D. (n = 4) during pento- 

barbital anaesthesia. (O) represents means +S.D. (n = 16, 

group 8, Fig. 1; 12, groups 4 and 9; 8, groups 1, 5 and 
10; 4, groups 2, 6 and 11) during no anaesthesia. 
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Fig. 7. Brain acetaldehyde during ethanol oxidation. Rats 
were treated and analyses made as described in the Mater- 
ials and Methods section. Marking as in Fig. 3. The calcu- 
lated acetaldehyde represents the expected acetaldehyde 
concentration caused by cerebral blood contamination in 
the freeze-stopped brain samples. The diagonal line rep- 
resents a ratio of one between observed AcH in the brain 
and the amount of calculated AcH. 


Brain acetaldehyde during ethanol oxidation. Only 
a small fraction of the hepatic AcH levels were found 
in the freeze-stopped brains. These samples contained 
an average contamination of 68+2.7ml_ of 
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Fig. 8. Correlation between breath and cerebral blood 
acetaldehyde. Rats were treated and analyses made as de- 
scribed in the Materials and Methods section. Marking 
as in Fig. 3. 
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Fig. 9. Effect of pentobarbital anaesthesia on the exhaled 
acetaldehyde. Rats were treated and analyses made as de- 
scribed in the Materials and Methods section. (@) rep- 
resents means + S.D. (n= 4) during pentobarbital anaes- 
thesia. (O) represents means —S.D. (n = 16, group 8, Fig. 
1; 12, groups 4 and 9; 8, groups 1, 5 and 10; 4, groups 
2, 6 and 11) during no anaesthesia. 


Exhaled acetaldehyde (nmole/ min per 


blood/100 g wet wt brain (mean +S.D., n = 33). Since 
this blood contained AcH which would be measured 
spuriously as being in the brain, it was necessary to 
calculate the amount of contaminating blood AcH 
in each sample. These are plotted in Fig. 7 against 
the total levels of AcH in each brain sample. The 
two sets of values were of the same magnitude; conse- 
quently, when the contaminating AcH was subtracted, 
essentially no AcH was found to be in the brain itself. 

Breath acetaldehyde and ethanol. Breath AcH and 
ethanol were measured not as breath concentrations 
but as the total amounts exhaled during the 8 min 
periods. Figure 8 demonstrates the positive correla- 
tion between the amount of exhaled AcH and the 
cerebral blood AcH_ concentration (r= 0.59, 
p < 0.001 and r = 0.24, p < 0.1 for males and females 
respectively). The corresponding correlations between 
the exhaled and hepatic AcH were r = 0.62, p < 0.001 
and r = 0.30, p < 0.05. When the AcH was calculated 
as amounts exhaled per body wt, significant sex differ- 
ences occurred, with the female rats exhaling more 
AcH than the male animals. The average ratios 
between the amount of AcH exhaled (nmole/min per 
100 g body wt) and the cerebral blood AcH concen- 
tration (nmole/ml) were 7.0 x 10°? + 3.9 x 10°? 
(mean + S.D., n = 39) for males and 14.6 x 107? + 
11.9 x 10°? (n= 41) for females. 

The correlation between the total amount of eth- 
anol exhaled/time per body wt and the cerebral blood 
ethanol concentration was highly significant (r = 0.76, 
p < 0.001 and r=0.57, p< 0.001 for males and 
females respectively). The same significant sex differ- 
ences as with the AcH occurred, with the female rats 
exhaling more ethanol per body wt than did the male 
animals. The average ratios between the amount of 
ethanol exhaled (nmole/min per 100 g body wt) and 
the cerebral blood ethanol concentration (nmole/ml) 
were 68x 10°7+28x 10°? (n=39) and 
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11.5 x 10°37 + 5.6 x 10°? (n =41) for males and 
females respectively. 

The amounts of exhaled AcH and ethanol de- 
scribed above were determined from rats during pen- 
tobarbital anaesthesia. When not anaesthetized both 
male and female rats exhaled about twice as much 
AcH (Fig. 9). Anaesthesia had a similar effect, both 
qualitatively and quantitatively, on the exhaled eth- 
anol. 


DISCUSSION 


Distribution of ethanol after oral administration. 
Gastric intubation was chosen as the means of eth- 
anol administration because it corresponds best to 
the physiological conditions occurring when alcohol 
is drunk. The levels of ethanol found in the liver, 
cerebral blood and brain were all approximately the 
same. The level found in the tail blood was, however, 
initially lower, apparently because a longer time was 
required for the establishment of equilibrium 
there [18]. A similar effect has been seen previously 
and referred to as an “overshoot” in the brain ethanol 
level [19]. It may be responsible, in part, for the 
phenomenon of acute tolerance, i.e. the finding of a 
greater behavioural impairment during the ascending 
portion of the peripheral blood-ethanol curve than 
in the descending portion may partly be caused by 
the brain ethanol concentration being higher than the 
peripheral level during the ascending phase. Because 
tail-blood samples are so frequently used for the 
determination of ethanol, it is important that this dis- 
crepancy between the ethanol levels there and in the 
brain and liver be recognized. 

Liver acetaldehyde during ethanol oxidation. Unlike 
the distribution of ethanol, the distribution of its first 
metabolic product, AcH, has until recently only been 
subjected to limited investigations. One of the main 
reasons for this has probably been difficulties with 
the determination of AcH from biologic 
samples [12,20], including a non-enzymatic forma- 
tion of AcH in the presence of ethanol in blood pre- 
cipitates [12], in blood supernatants and, especially, 
in liver supernatants [13,14]. Recent data from our 
laboratory has shown that this non-enzymatic pro- 
duction of AcH can be stopped by the use of 
thiourea [14, 17]. 

Hepatic AcH levels during ethanol metabolism 
have previously been reported by Forsander et 
al. [21], who measured the hepatic AcH in rats 60 min 
after an intraperitoneal ethanol injection, and by 
Tsukamoto [7], who determined hepatic AcH levels 
in guinea pigs at different times after orally adminis- 
tered ethanol. However, the problem of non-enzyma- 
tic AcH formation had not yet been recognized and, 
therefore, neither study controlled for it. 

Subsequent in vivo studies have measured the AcH 
levels properly as well as the rate of ethanol oxi- 
dation [1,22]. From these and an estimated hepatic 
blood flow of 0.79 ml/min per g liver [23], it can be 
calculated that over 95% of the AcH produced in the 
liver is further metabolized immediately. Perfusion 
studies have also indicated that the major portion 
of the ethanol-derived AcH is metabolized within the 
liver, and only a small amount leaves the 
liver [1, 24, 25]. The same conclusion can be obtained 


from the data collected in the present study. In addi- 
tion the present results show that the amount of AcH 
escaping the liver correlates positively to the hepatic 
ethanol concentration (Fig. 3) and that the hepatic 
AcH metabolism achieves a steady state within 
15 min of the administration of ethanol. 

Blood acetaldehyde during ethanol oxidation. Very 
different levels of ethanol-induced AcH have been 
reported previously (see review- by Truitt and 
Walsh [2]). Some of the differences appear to be legi- 
timate consequences of different experimental condi- 
tions, such as whether pretreatment with disulfiram 
was employed, the species used, the metabolic state, 
the type of diet and whether there had been previous 
chronic alcohol administration. In other cases, how- 
ever, the discrepancies can be traced to non-specific, 
insensitive or unreliable measurement _ tech- 
niques [20]. 

The present study points out another cause for dif- 
ferences: the location in the body from which AcH 
is sampled. The level in the liver is highest; of the 
locations sampled here, the cerebral blood was next 
highest, the peripheral blood from the tail came third, 
and the brain last. 

The AcH concentration in the liver output via the 
vena hepatica has been shown to be approximately 
the same as that in the liver itself [21]. This blood 
is, however, diluted by other venous blood on its way 
to the heart. Consequently, the AcH concentration 
in the arterial blood could be written as: 


[ACH Jarteriat = (X% [AcH Jnepatic + 
(100 jas X)% LACH ] venous) x k, (1) 


where X is the dilution of the hepatic blood, reported 
to be about 20% in rat [26], and k is a correction 
factor which includes any possible elimination of ACH 
from the blood before it becomes arterial by oxi- 
dation in the blood, by diffusion out of the blood 
or by elimination in the lungs. However, little AcH 
is thought to be oxidized within or diffused from the 
blood during the short interval needed for the blood 
to flow from the liver to the aorta. Some AcH is 
lost in the lungs, but, as will be discussed later, this 
represents less than 5 per cent of the hepatic output. 
Consequently little error is introduced if k is elimin- 
ated from equation (1). This equation can be rewritten 
as: 


[ACH ] enous = 1.25[ACH Jarteriat 
TP) 0.25[ACH Jnepatics (2) 


and the values for the arterial and hepatic AcH levels 
shown in Fig. 4 can be introduced to calculate the 
approximate venous AcH concentration. The values 
calculated in the present study for the venous AcH 
levels are shown in Fig. 10, plotted against the hepatic 
levels. It will be noticed that the peripheral tail blood 
AcH concentrations in Fig. 5 present a rather similar 
picture. Therefore, measurements of the tail blood 
could be used to represent the venous AcH concen- 
tration. 

The importance of extrahepatic factors in modify- 
ing the liver output AcH levels was also demonstrated 
in the sex differences revealed in this work: the male 
rats had a lower blood AcH level than the females, 
but had a higher level in the liver than the females. 
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Fig. 10. Correlation between calculated venous blood and 

liver acetaldehyde. Rats were treated and analyses made 

as described in the Materials and Methods section. Mark- 

ing as in Fig. 3. The venous blood acetaldehyde is calcu- 
lated by equation (2). 


Similar sex differences have previously been reported 
in the ANA (non-alcohol drinking) rat strain [1]. 
Another finding of the same sort was reported by 
Kesaniemi [27]; the peripheral blood AcH in preg- 
nant rats was found to be higher than in non-preg- 


nant rats with same hepatic AcH levels. The probable . 


explanation for the sex differences is that the female 
rat may have a slower extrahepatic AcH elimination, 
a tendency which might even be potentiated during 
pregnancy. Theoretically differences in an extrahepa- 
tic AcH formation, blood flow rate or distribution 
volume could also have contributed to the sex differ- 
ences obtained here. 

Brain acetaldehyde during ethanol oxidation. The 
role of AcH in the actions of ethanol in the brain 
has recently become a topic of strong interest [2, 28]. 
Much of the discussion and speculation has centered 
on the condensation with the brain biogenic 
amines [29, 30] and interactions with their metabo- 
lism [2, 31]. Brain AcH levels, which could cause such 
effects, had been found in the rat [3-6], guinea pig [7] 
and mouse [8, 9, 11]. However, in a recent study Sip- 
pel found no AcH in rat brain after an intraperitoneal 
ethanol dose of 3 g/kg when the AcH concentration 
of the cerebral blood was less than 200 nmole/ml [10]. 
Only with higher cerebral blood AcH levels could 
measurable amounts of AcH be detected in the brain. 
In the present study the cerebral blood AcH concen- 
tration did not exceed 200 nmole/ml and no signifi- 
cant amounts of AcH could be found in the brain, 
thus supporting the previous findings by Sippel. 

There appear to be two important differences, 
which could explain the discrepancies between the 
recent study by Sippel and our study on one hand 
and the other previously reported studies on the other 
hand. First we corrected the brain AcH values for 
AcH contained in the small amount of blood con- 
tamination in the brain samples. The second and 
more important difference was that we used thiourea 
to inhibit the non-enzymatic formation of AcH, which 
occurs in blood and liver supernatants [13,14]. In 
preliminary studies, we found that this non-enzymatic 
formation of AcH did occur also in rat brain superna- 


tants. The amount of AcH formed in the supernatants 
to which ethanol was added was of such an order 
that it easily could explain the earlier findings of high 
brain AcH levels, measured at corresponding condi- 
tions. 

There are some factors which could, theoretically, 
have produced high brain AcH levels during ethanol 
oxidation. These include higher blood AcH concen- 
tration, ethanol metabolism in the brain and impaired 
oxidation of AcH in the brain or in the cerebral capil- 
laries. It is also important to consider possible strain 
and species differences. In a study of brain AcH in 
mice by Ortiz et al. [9] no non-enzymatic AcH forma- 
tion was reported with ethanol present. It, therefore, 
appears that mice might differ from rats in this re- 
spect. 

The total absence of AcH in the rat brains strongly 
suggests that the AcH is metabolized rapidly before 
reaching the brain parenchyma. The cerebral capillary 
walls have been proposed to oxidize a certain amount 
of AcH, and, thus, act as an effective blood—brain 
barrier against exogenous AcH [10]. An alternative 
explanation would be that within the present AcH 
range most of the arterial cerebral blood AcH is 
bound in the erythrocytes and, therefore, not free to 
enter the brain parenchyma. This could be the case 
since the total AcH contents were measured without 
differentiating between bound and unbound AcH. 
Considering the role of AcH in the actions of ethanol 
in the brain, the absence of AcH levels in the brain 
is important to recognize. It means that reactions 
such as the condensation of AcH with the biogenic 
amines, which demands a relatively high AcH concen- 
tration [29], seem unlikely to occur within the brain. 
A more likely possibility would be that AcH could 
interfere with the metabolism of biogenic amine [31], 
by competing for the aldehyde dehydrogenase or 
reductase, which normally is used for the metabolic 
pathway of the biogenic amines. The present results 
suggest that this interaction would be unlikely to take 
place in the brain, but would be more likely in the 
cerebral capillary cells. Nevertheless, a role of an AcH 
metabolism inside the brain cannot be completely 
excluded because AcH could theoretically be formed 
and oxidized here without producing any measurable 
levels. The possibility of formation of AcH from eth- 
anol within the brain was suggested by Raskin and 
Sokoloff [32] who demonstrated a small amount of 
alcohol dehydrogenase activity in the rat brain. 
Veloso et al. and Tabakoff and Wartburg [33, 34], 
however, calculated that ethanol oxidation rate in the 
brains would be negligible (in the range of 1 nmole/ 
min per g brain). 

Acetaldehyde in the breath during ethanol oxidation. 
Exhaled AcH during ethanol oxidation has been stud- 
ied surprisingly little compared to its possible role 
in the elimination of the extrahepatic AcH. Freund 
and O’Hollaren[35] have measured AcH in the 
breath of man, Redmond and Cohen [36] in that of 
mice and Forsander and Sekki[16] in rats. None of 
these investigators have tried to make any estimations 
on how much of the ethanol-derived AcH is exhaled. 

From the calculated value of ethanol oxidation rate 
(see the Results section) and from the data of Fig. 
9, it can be calculated that the amount of exhaled 
AcH was 0.02-0.10 per cent (for males) and 0.05-0.25 
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per cent (for females) of the total amount of AcH 
formed during ethanol oxidation. The corresponding 
percentages for the exhaled ethanol were 0.4-5.0 per 
cent and 0.5—6.7 per cent for males and females re- 
spectively. The exhaled AcH amounted to approxi- 
mately 0.4-2.0 per cent (males) and 1-5 per cent 
(females) of the hepatic AcH output (about 5 per cent 
of the hepatic AcH formation), thus showing that only 
minor amounts of the extrahepatic AcH are exhaled. 
Pentobarbital anaesthesia was found to reduce 
strongly the amount of exhaled AcH and ethanol. 

Sex differences in the opposite direction, with male 
mice exhaling during ethanol oxidation several times 
more AcH than females of the same strain, have been 
found by Redmond and Cohen [36]. However, the 
conditional variables, such as the distribution of AcH 
or ethanol, were not determined. and thus it is imposs- 
ible to tell whether the sex differences were caused 
by hepatic or extrahepatic differences, which makes 
it difficult to compare these mouse results to our rat 
results. 

Freund and O’Hollaren suggested from their 
human data that the alveolar air AcH concentration 
rapidly reaches a plateau due to a constant rate of 
ethanol oxidation in the liver [35]. Forsander and 
Sekki have recently shown that the exhaled AcH cor- 
relates positively with the exhaled ethanol [16]. This 
was confirmed in the data obtained here, demonstrat- 
ing that the amount of AcH in the breath is deter- 
mined by the hepatic output of AcH which is, in turn, 
determined by the hepatic ethanol concentration, and 
modified by extrahepatic AcH elimination. Thus the 
high initial levels of exhaled AcH found by Forsander 
and Sekki[16] were probably caused by a corre- 
sponding high hepatic ethanol level and the resulting 
high AcH output. 

The breath AcH has been assumed to reflect more 
reliably the hepatic AcH concentration than the peri- 
pheral blood AcH [16, 35]. Furthermore, many of the 
technical problems involved in. blood or tissue AcH 
determinations are eliminated. Thus it was surprising 
to find such a weak correlation between the expired 
AcH and the arterial cerebral blood or hepatic AcH 
in spite of the very high correlation between the eth- 
anol values. This shows that there are certain limi- 
tations in using breath measurements for getting a 
reliable picture of the AcH levels within the body. 
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Abstract—The regulation of the hepatic acetaldehyde (AcH) level during ethanol oxidation was investi- 
gated in vivo in fed male and female Sprague-Dawley rats. Various doses of ethanol were administered 
orally, the livers were freeze-clamped during pentobarbital anaesthesia, and ethanol, AcH, lactate, pyru- 
vate, acetoacetate, 3-hydroxybutyrate and the aldehyde dehydrogenase activity were measured. A posi- 
tive correlation was found between the ethanol and AcH concentration, when the ethanol concentrations 
were between 5~30 umole/g wet wt liver. A negative correlation was found within this ethanol range 
between the hepatic mitochondrial free NADH/free NAD* ratio and the AcH concentration. A negative 
correlation was also obtained between the hepatic aldehyde dehydrogenase activity and the AcH con- 
centration. A positive correlation was demonstrated between the hepatic mitochondrial free NADH/free 
NAD* ratio and the AcH concentration at ethanol concentrations above 30 umole/g. The results are 
discussed in relation to the regulation of the hepatic AcH level by the metabolism of ethanol and 


AcH within the liver. 


In the preceding paper [1] it was demonstrated that 
the liver is the primary site for the metabolism of 
acetaldehyde (AcH) during ethanol oxidation in rat. 


The difference between AcH formation and elimin- 
ation in the liver determines the amount of AcH 
which leaves this organ, and which can cause eventual 
pharmacological effects. Furthermore this difference, 
determining the hepatic AcH concentration, was 
found to represent only a very small fraction of quan- 
tity of AcH formed or eliminated in the liver. Conse- 
quently, the relative levels of these two functions must 
be assumed to exert a sensitive control on the amount 
of AcH escaping into the rest of the body. 

The hepatic AcH formation (ethanol oxidation) rate 
is generally believed to be determined by the cytosolic 
free NADH/free NAD* redox ratio, which in turn 
is regulated by the re-oxidation of NADH in the 
mitochondrial respiratory chain [2-5]. The regulation 
of hepatic AcH oxidation is, however, more obscure. 
The enhancement of the mitochondrial re-oxidation 
of NADH by uncoupling has recently been found to 
increase AcH oxidation during ethanol metabolism 
in perfused rat livers[5]. In addition, an increase of 
the hepatic NAD* concentration has been shown to 
decrease the in vivo AcH level in the liver during eth- 
anol oxidation [6]. However, in a study of rat strains 
with different ethanol preferences, the higher mito- 
chondrial free NADH/free NAD~ ratio was found 
in the strain with the lower hepatic AcH concen- 
tration, suggesting that this redox ratio was a reflec- 
tion of the hepatic AcH oxidation rather than a regu- 
lator of this reaction [7]. Aldehyde dehydrogenase 
activity was proposed in this study to be the main 
regulator of the hepatic AcH metabolism during the 
ethanol oxidation. Supporting findings have also been 
reported with studies in which changes in the alde- 


/ 


hyde dehydrogenase activity and corresponding 
changes in the hepatic AcH levels were produced by 
dietary manipulations[8, 9]. 

The preceding study investigated the distribution 
of AcH during normal ethanol oxidation, i.e. when 
only the ethanol dose and ethanol oxidation time, 
but not the aldehyde dehydrogenase activity or the 
free NADH/free NAD* ratio were varied. The pres- 
ent work represents a continuation of this research 
in which the aim was to analyse the regulation of 
the hepatic AcH level during such normal ethanol 
oxidation. 


MATERIALS AND METHOD 


Three doses of ethanol, 0.75, 1.5 and 3.0 g/kg 
body wt, were administered orally to fed male and 
female Sprague-Dawley rats and a part of each rat’s 
liver was freeze-clamped during pentobarbital anaes- 
thesia at either 0.25, 0.5, 1.0, 2.0 or 4.0 hr after the 
ethanol administration, as described in the preceding 
paper [1]. The liver proteins were precipitated and 
ethanol and AcH were measured gas chromatographi- 
cally from the supernatants containing 45mM 
thiourea as previously described [1, 10]. 

Lactate and pyruvate were assayed enzymatically 
from neutralized supernatants, containing no 
thiourea, by the method of Hohorst et al. [11]. Ace- 
toacetate and 3-hydroxybutyrate were measured gas 
chromatographically as acetone from the acidic 
supernatants without thiourea by means of a method 
described previously [12]. 

Immediately after the freeze-stop samples had been 
taken the remaining portions of the livers were 
excised and transfered to —20°, stored for about 4 
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weeks, and then homogenized with a Potter—Elvenh- 
jem homogenizer in four parts 0.25M _ sucrose con- 
taining 1° (v/v) Triton X-100 (BDH Chemicals Ltd., 
Poole, England). The rate of NAD*-dependent AcH 
uptake of the liver homogenates was determined by 
the gas chromatographic method developed by Mar- 
janen [13] and modified by Koivula et al. [14], using 
an initial AcH concentration of 0.33 mM. 

For the statistical correlation analyses the different 
parameters were intercorrelated within different hepa- 
tic ethanol concentration ranges. The theoretical 
foundation for this procedure is the much debated 
question. about the possible occurrence of different 
regulatory mechanisms at different ethanol concen- 
trations. 


RESULTS 


Correlation between the hepatic ethanol and acet- 
aldehyde concentration. Table 1 shows the hepatic 
AcH concentration means and the individual correla- 
tions with the corresponding ethanol concentrations 
within different ethanol ranges. A graph of the same 
data may be seen in Fig. 3 of the preceding paper [1]. 
The female rats displayed significantly lower AcH 
levels than the malé animals at all ethanol concen- 
trations. Significant positive correlations between the 
hepatic AcH and ethanol concentrations were 
obtained with both sexes. However, when the ethanol 
concentration exceeded 30 umole/g wet wt liver, the 
positive correlations disappeared. 

Correlation between the hepatic redox state and ace- 
taldehyde concentration. To determine the cytosolic 
redox state in the liver, i.e. the ratio of free NADH 
free NAD”, lactate and pyruvate were measured and 
the lactate/pyruvate ratio determined. No significant 
sex differences were found before (means + S. D.:: 
8.73 + 4.44, for males, n= 4 and 9.14 + 5.80, for 
females, n= 7) and during (31 + 16, for males, 
n = 42 and 36 + 19, for females, n = 44) ethanol oxi- 
dation. The lactate/pyruvate ratio did not signifi- 
cantly correlate with the hepatic AcH level. Nor did 
it correlate with the 3-hydroxybutyrate/acetoacetate 
ratio which represents the mitochondrial free NADH 
free NAD™ ratio. However, the 3-hydroxybutyrate 
acetoacetate ratio correlated significantly with the 
hepatic AcH level as shown in Table 2. The correla- 
tion was negative at ethanol concentrations below 
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30 pmole/g and positive above this ethanol level. The 
significance of the positive correlation occurred in 
male rats stronger within ethanol concentrations 
above 25 ymole/g (r = 0.494, n = 18, p < 0.01). Sig- 
nificant sex differences occurred, with the female rats 
displaying higher 3-hydroxybutyrate/acetoacetate 
ratios before (1.19 + 0.26, for males, n=4 and 
2.06 + 0.55, for females, n = 7) and during (Table 2) 
the ethanol oxidation. 

Correlation between hepatic aldehyde dehydrogenase 
activity and the acetaldehyde concentration. Table 3 
lists the hepatic aldehyde dehydrogenase data. Within 
ethanol concentrations below 30 umole/g wet wt liver 
the aldehyde dehydrogenase activity correlated nega- 
tively to the AcH concentration in the liver. This cor- 
relation reached significance only when the enzyme 
activity values of both sexes were combined. This was 
justified because no sex differences were found in the 
aldehyde dehydrogenase activities at this ethanol 
range. At higher ethanol concentrations positive cor- 
relation occurred in both male and female rats. When 
the ethanol exceeded 30 umole/g wet wt liver, a sex 
difference occurred, with the male rats displaying a 
higher aldehyde dehydrogenase activity than the 
females; consequently in this case the values from 
both sexes could not be combined. 


DISCUSSION 


Regulation of the hepatic acetaldehyde level during 
ethanol oxidation. In the liver during ethanol oxi- 
dation AcH is both formed and eliminated. In a 
“steady state” situation, when the hepatic AcH is 
neither increasing nor decreasing, a simple equation 
can be written: 

AcH formation rate — AcH elimination rate = 0. (1) 
The “AcH formation” is taken to include both the 
AcH currently being produced in the liver (= ethanol 
oxidation) and the amount of AcH entering into the 
liver via the blood (= hepatic AcH input). The latter 
could be due to AcH that has not been oxidized dur- 
ing circulation, or to extrahepatically oxidized eth- 
anol, or to both, and its value is not exactly known. 
However, considering the results obtained in the pre- 
ceding work [1], that more than 95 per cent of the 
ethanol-derived AcH was oxidized before leaving the 


Table 1. Correlation between the hepatic ethanol and acetaldehyde concentration* 





Ethanol 
range 
(umole/g wet 
wi liver) 


Number 
of 
animals 3 


Acetaldehyde (nmole/g) 


Correlation (r) 


“ 


¥ >) i 





5-15 17 


0.433 0.312 


159 + 32 
195 + 24 
177 + 34 
239 +21 
192 + 41 


136 + 33+ 
173 + 30+ 
155 + 36+ 
205 + 27+ 
168 + 40t 


15-30 
<30 35 
> 30 13 

} 2 48 


0.285 

0.5707 
—0.450 

0.592+ 


18 0.074 
0.556t 
—0.139 


0.6837 





* Rats were treated and analyses made as described in the Materials and Methods 
section. Acetaldehyde results are given per wet wt liver as means + S.D. The r-values 
represent the correlation coefficient between the hepatic ethanol and acetaldehyde 
concentration. Significance is indicated by +(p < 0.05) and {(p < 0.005). 





Acetaldehyde in rats during ethanol oxidation—II 


Table 2. Correlation between the hepatic acetaldehyde concentration and 3-hydroxy- 
butyrate/acetoacetate ratio* 





Ethanol 
range Number 
(umole/g wet of 
wt liver) animals 


Vs 


3-hydroxybutyrate/acetoacetate 


Correlation (r) 


“ 


a) 





5-15 
15-30 
<30 
> 30 


> ~ 


2 AI) LP2 


~0.278 

~0.298 

~0.386t 
0.378 


— 0.4527 

—0.187 

— 0.2987 
0.320 


x 


NNNNN 

hewnsoa 

COnNNIUaDN 

I+ I+ 14+ 1+ I+ 

Xj) 0 Ly BO 
4 


soscso 
_~ 
Sr q 


0.059 —0.170 





* Rats were treated and analyses made as described in the Materials and Methods 
section. The hepatic 3-hydroxybutyrate/acetoacetate ratios are given as means + S.D. 
The r values represent the correlation coefficient between these ratios and hepatic 


acetaldehyde concentrations. Significance is indicated by *(p < 0.1), 


§(p < 0.005). 


liver and that 50-100 per cent of the remaining hepa- 
tic output AcH was eliminated extrahepatically, and 
the fact that ethanol oxidation is almost exclusively 
located in the liver, the amount of the hepatic AcH 
input must be negligible compared with the amount 
of AcH derived from oxidized ethanol. 

The hepatic AcH elimination includes the AcH oxi- 
dation and the amount of AcH that leaves the liver 
with the blood. The rate for the latter amount can 
be written as: 


Rate of AcH leaving the liver 
= [AcH] x hepatic blood flow rate, (2) 


where [AcH] is the AcH concentration in the hepatic 
blood. Since it has been shown that the AcH concen- 
tration in the liver approximately equals that of the 
hepatic blood [15], the hepatic AcH level may be 
used as an approximation for [AcH]. Thus combining 
equations (1) and (2) the following equation is 
obtained: 


Ethanol oxidation rate + AcH input rate 
— AcH oxidation rate — [AcH] 
x hepatic blood flow rate = 0, 


t(p < 0.05) and 


Ethanol oxidation rate 
+ AcH input rate — AcH oxidation rate 





AcH] = 
tates hepatic blood flow rate 


(3) 
in which the rates are for the liver alone. 


SUMMARY DISCUSSION OF THE MAIN POINTS OF 
THE RESULTS 


I. When the ethanol is below 
30 uwmole/g liver, there is: 

(A) a positive correlation between the hepatic eth- 
anol and AcH concentration, which could be caused 
by: (1) increasing hepatic AcH input. The increasing 
ethanol concentration increases the extrahepatic eth- 
anol oxidation. This is only a theoretical possibility 
because the AcH input is such an negligible factor 
in equation (3). (2) increasing hepatic ethanol oxi- 
dation rate. If the AcH oxidation rate remains un- 
changed the small increase in the ethanol oxidation 
rate can be ADH-mediated, but if the AcH oxidation 


concentration 


Table 3. Correlation between the hepatic acetaldehyde concentration and aldehyde 
dehydrogenase activity* 





Ethanol 
range 
(umole/g 
wet wt 

liver) 3 


Aldehyde dehydrogenase activity 
(umole/min per g wet wt liver) 


Correlation (r) 


3 ; 3 +5 





5-15 
15-30 
<30 

> 30 

ps 


2(14) 


27(11) 
22(42) 


0.2 
0. 
+ 0.2 
0. 
0. 


I+ 1+ + 1+ + 


—0.099 
—0.372t 
—0.169 


—0.042 
—0.209 
—0.150 
0.416 
0.077 


—0.269 

— 0.287 

—0.190 
0.4987 


—0.245+ —0.035 





* Rats were treated and analyses made as described in the Materials and Methods 
section. The aldehyde dehydrogenase activities in crude liver homogenate are given 
as means + S.D. The r values represent the correlation coefficient between the hepatic 
acetaldehyde concentration and aldehyde dehydrogenase activity. Significance is indi- 


cated by t(p < 0.1) and t(p < 0.05). 
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rate increases with increasing ethanol oxidation rate 
the latter increase would demand a substantial par- 
ticipation from a non-ADH-system, e.g. the MEOS, 
as suggested by Lieber and DeCarli [16]. (3) decreas- 
ing AcH oxidation rate. The increasing ethanol con- 
centration inhibits one or more of the AcH oxidation 
systems. Nothing of this kind, however, has been 
reported. (4) decreasing hepatic blood flow rate. This 
possibility seems unlikely because it has been 
reported that increasing ethanol concentration if any- 
thing increases hepatic blood flow rate [17]. 

(B) a negative correlation between the mitochon- 
drial free NADH/free NAD* ratio and the hepatic 
AcH concentration, which could be caused by: (1) 
the mitochondrial free NADH/free NAD* ratio re- 
flecting the rate of the AcH oxidation. Lower [AcH] 
corresponds to faster mitochondrial AcH oxidation, 
causing a higher mitochondrial redox ratio. The mito- 
chondrial redox state does not regulate the AcH oxi- 
dation, but rather reflects the rate of this oxidation, 
as has previously been reported [7]. (2) the mitochon- 
drial free NADH/free NAD* ratio reflecting the rate 
of the hepatic ethanol oxidation. Lower [AcH] corre- 
sponds to lower ethanol oxidation rate, caused by 
the higher mitochondrial redox ratio. The mitochon- 
drial redox state can regulate the AcH oxidation. 
These alternatives are supported by the observation 
that the uncoupler DNP decreases the redox and in- 
creases the ethanol and AcH oxidation rates in per- 
fused livers [5]. 

(C) a negative correlation between the hepatic alde- 
hyde dehydrogenase activity and the AcH concen- 
tration, which is caused by: (1) aldehyde dehydrogen- 
ase activity regulating the hepatic AcH metabolism, 
which has previously been shown indirectly [7—9]. 

Il. When the ethanol concentration is above 
30 pmole/g liver, there is: 

(A) no correlation between the hepatic ethanol and 
AcH concentration, which could be caused by: (1) 
no increase in the hepatic AcH input, because the 
extrahepatic ethanol oxidizing systems are saturated. 
(2) no increase in the hepatic etianvi oxidation rate, 
because all ethanol oxidizing systems are saturated. 
(3) no decrease in the AcH oxidation rate, because 


the inhibitory effect of ethanol concentration is satu- 
rated. (4) no effect upon the hepatic blood flow rate. 

(B) a positive correlation between the mitochon- 
drial free NADH/free NAD* ratio and the hepatic 
AcH concentration, which demonstrates that: (1) the 
conclusion I(B)1) is not valid here. (2) the AcH oxi- 
dation rate might well be regulated by the mitochon- 
drial redox state. 

(C) a positive correlation between the hepatic alde- 
hyde dehydrogenase activity and AcH concentration, 
which demonstrates that: (1) the aldehyde dehydro- 
genase activity is not necessary regulating the hepatic 
AcH metabolism, which is supported by conclusion 
II. (B)(2). 
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SHORT COMMUNICATIONS 


Convulsions and activation of epileptic foci induced by monosodium 
glutamate and related compounds 


(Received 13 July 1976; accepted 15 September 1976) 


It is well known that glutamate is likely to be the neuro- 
transmitter at many vertebrate and invertebrate synap- 
ses [1-3] and L-glutamate as well as D-glutamate excite 
many central neurones when applied iontophoretically [4]. 
In addition, glutamate introduced intracerebrally causes 
convulsion [5,6]. Intraperitoneal (i.p.) injections of gluta- 
mate have been shown to cause convulsions in adult and 
in 10-day-old rats when the dose is sufficiently high [6, 7]. 
It seems possible that glutamate or other excitatory amino 
acids could be involved in generating hyperactivity in some 
epileptic conditions [8,9] and disturbances in these amino 
acids have been observed in epileptic foci from man and 
animal models [9,10]. In the present investigation the 
potency of glutamate and related compounds as convul- 
sants, and as activators of established epileptic foci was 
examined in adult animals. 

Adult (200-250 g) Sprague-Dawley female rats were 
used. The compounds were administered as neutralised 
aqueous solutions by i.p. injection in unanaesthetised ani- 
mals or by tail vein injection in lightly ether-anaesthetised 
animals. As found by other authors [6, 7] the excitant com- 
pounds caused convulsions after a time lag which was dose- 
dependent. Blood samples were taken by cardiac puncture 
of unanaesthetised animals before onset of fits. Focal epi- 


lepsy was induced in the animals by sprinkling cobalt 
metal on small circles (0.4mm dia.) of exposed cortex 
located in the sensory-motor strip area[11] of the right 
hemisphere. Focal epilepsy set-on 5—6 days later and lasted 
for 10-12 days as estimated by frequency of abnormal con- 
tralateral (left hand) limb jerks, maximum epileptic activity 
was usually on days 8-10. 

Convulsive effects. Glutamate at doses up _ to 
20 m-moles/kg rarely had convulsive effects on adult rats 
as previously reported [6], but at this concentration did 
cause ataxia, unresponsiveness, piloerection, and acceler- 
ated, deep, breathing within 20 min of administration. At 
21 m-moles/kg glutamate nearly always caused running fits 
and a series of 2 or 3 full grand-mal convulsions after 
30-40 min, with 5—10-min periods of recovery in between 
(Table 1). About half the treated animals recovered fully, 
the rest died. Higher doses resulted in similar responses 
with a shortened time-lag between dose and response, the 
convulsions being fewer in number and always terminal. 
The p-isomer of glutamate appeared to be as effective as 
the L-isomer. Tail vein injections of glutamate caused 
hyper-excitability, jaw chatter, and accelerated breathing 
within one or two minutes, followed by running-fits and 
grand-mal convulsions at 3—10 min. 


Table 1. Convulsions induced in adult rats by injections of amino acids and related 
compounds 





Compound 


Dose (m-moles/kg) 


Time of onset of 
convulsion (min) 





Intraperitoneal 

L-Glutamate 

p-Glutamate 

L-Aspartate 

GABA 

Taurine 

L-Proline 

Pre-injection* with GABAtT 
Pre-injection* with taurinet 
Pre-injection with taurinet 
Folate 

2-oxoglutarate 

Succinate 

Glutarate 

Citrate 

Sodium chloride 

Tail vein 

Glutamate 

Glutamate 

Sodium chloride 


re§ (5) 





Intraperitoneal injections were in awake restrained control animals. Tail vein injec- 
tions were given to animals under light ether anaesthesia. *Pre-injection was given 
at 30 min before giving glutamatet (21 m-moles/kg) or pentylenetetrazolet (60 mg/kg). 
Values are mean + S. E. M. of number of animals tested. §*None’ indicates no fits 


were observed in 2—3 hr. 
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Aspartate injected i.p. at the same dosage produced the 
same pattern of response as glutamate with a similar time 
course. Control injections of saline at equivalent molar 
concentrations and volumes caused none of the effects de- 
scribed, but the animals responded with a large increase 
in water intake. 

Other compounds tested by i.p. injection included 
GABA, taurine, proline, folate, 2-oxoglutarate, succinate 
and citrate, all in neutral solutions at doses of 
22 m-moles/kg (folate at 3.3 m-moles/kg). Of these, proline, 
GABA, and taurine caused little effect other than reduced 
movement wiihin the cage and an increased water intake. 
Folate induced classical tonic-clonic fits at much lower 
dose (above 3.3 m-moles/kg) in 30-50 min. Citrate caused 
death without convulsions, presumably through its action 
in chelating caicium, whilst succinate and 2-oxoglutarate 
caused fits similar to those seen with glutamate, similar 
periods of delay occurring before onset. The latter two 
compounds were effective in only half the animals treated, 
whereas the effects were always seen with glutamate. More- 
over, the animals survived the fits induced at 21-22 m- 
moles/kg whereas these were fatal with glutamate. Diar- 
rhoea was a constant feature following injection of the keto 
acids. Blood levels of glutamate at the time of the first 
convulsions following i.p. injection of glutamate at 
21 m-moles/kg were 42+11(5)mM, control being 
106 + 15 (5) uM. 

No protection against fits induced by glutamate or pen- 
tylenetetrazole were afforded by injection of taurine or 
GABA (14-20m-moles/kg) at 30 or 15min prior to 
administration of convulsant. 

Activation of epileptic foci. Sub-convulsive doses of pen- 
tylenetetrazole (20 mg/kg) activated cobalt-induced epilep- 
tic foci (Days 7-15) as judged by the appearance of readily 
visible and characteristic jerks of the contralateral fore- 
limb. The limb jerk frequency was high (1-2 jerks sec), 
set-on in 4 min after i.p. injection and was maintained for 
15-25 min before reducing in frequency and ceasing to 
occur. Although in qualitative terms they were identical, 
the jerks. were often more violent than the spontaneous 
movement and sometimes threw the animal on its back. 

Glutamate at half the subconvulsive dose (8-10 m- 
moles/kg) caused violent activation of the cobalt-focus 
after a 30-40-min delay. This settled to a regular pattern 
of contralateral fore-limb jerks (1-2 jerks/sec) lasting 
30-40 min. The response also involved contralateral hind- 
limb and body trunk jerks and tremors. Saline at this and 
higher dose (10-22 m-moles/kg) had no effects of this kind. 
Another feature was activation of the ‘mirror focus’ which 
was seen as ipsilateral limb jerks occurring less frequently 
than the contralateral movements. The same pattern of 
activation occurred in animals even at days 35-40 after 
cobalt implantation, when all spontaneous limb jerks had 
ceased for 15-20 days. Doses of glutamate (21 m-moles/kg) 
which were convulsive in control animals were equally so 
in animals with active or inactive cobalt-foci. The convul- 
sions set on with the same latency (30-40 min) as for con- 
trols but started as violent contralateral fore limb-jerks 
before developing into a generalized seizure. The same 
dose of glutamate given by stomach tube caused strong 
activation of the focus without developing into a general 
seizure, presumably due to removal of large amounts of 
glutamate by the liver. 

It may be concluded from these and previous find- 
ings[7] that systemically administered glutamate can 
cause convulsions in adult as well as immature animals 
when given at an adequate dosage (21 m-moles/kg for rats). 


This effect is not specific to L-glutamate and is also seen 
with p-glutamate and aspartate, both of which are known 
to excite neurones at low concentrations [4]. The keto 
acids were not as consistently effective as the excitatory 
amino acids and caused additional symptoms such as 
severe diarrhoea, suggesting a more complex mode of 
action. In addition both succinate and 2-oxoglutarate 
could give rise to additional glutamate and aspartate in 
the blood. Inhibitory agents such as taurine and GABA 
did not protect against glutamate or pentylenetetrazole in- 
duced fits when administered in the same fashion. 

The action of pentylenetetrazole and excitatory amino 
acids in causing hyperactivity of functional epileptic foci, 
and activation of foci which had long ceased to display 
spontaneous activity, as manifest as limb jerks, strongly 
suggests that the blood-brain barrier is defective at the 
focal region. This would allow entry to this region of 
agents present at blood concentrations at which they are 
normally excluded. Entry of radiolabelled folate from 
blood at cobalt-foci has been demonstrated by 
Obbens [12]. Thus entry of excitants to epileptic foci 
across a breach in the blood-brain barrier could be a fac- 
tor controlling epileptic episodes in man and experimental 
animals, and also indicates a route for introduction of anti- 
convulsants (such as taurine [13]) which do not readily 
enter the brain of normal adult animals. The present 
results support a role for glutamate as an endogenous ex- 
citant at epileptic foci and gives further weight to the cau- 
tion advised in the use of glutamate in any quantity as 
a food additive [6]. 
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Production in vivo of falloff monosomes in mouse liver by sparsomycin 


(Received 23 January 1976; accepted 23 July 1976) 


The antibiotic and antitumor agent, sparsomycin, has been 
shown to be a potent inhibitor of protein synthesis in both 
prokaryotes and eukaryotes [1]. A system in vitro demon- 
strated that this agent inhibits the peptidyl transferase ac- 
tivity of 50S ribosomal subunits [2]. Furthermore, addition 
of sparsomycin to a cell free amino acid-incorporating sys- 
tem inhibited the incorporation of ['*C]leucine into pro- 
teins by 80 per cent but did not cause polysome disaggrega- 
tion [3]. On administration in vivo, sparsomycin inhibited 
incorporation of labeled amino acid into mouse liver pro- 
tein and also caused complete hepatic polysome disaggre- 
gation [3-5]. An inhibitor of peptidyl transferase activity 
would be expected to freeze ribosomes on mRNA and so 
the polysome disaggregation observed in vivo is an intrigu- 
ing finding. In this paper, we confirm the inhibition of 
protein synthesis and polysome disaggregation produced 
by sparsomycin in mouse liver in vivo and provide evidence 
as to how this disaggregation occurs based upon a deter- 
mination of the dissociability and the 4S to 5S molar RNA 
ratio of disaggregated 80S monosomes. We have previously 
utilized these parameters to characterize hepatic mono- 
somes produced by other inhibitors of protein synthesis 
[6-9]. 

Materials and methods. To determine the acute effect of 
sparsomycin on the synthesis of mouse liver protein, three 
experimental animals, male Swiss Webster albino mice 
weighing 25-30 g were given a single i.p. injection of 1 ug 
sparsomycin (Drug Development Branch, National Cancer 
Institute) per g body wt, dissolved in 0.1 ml of 0.99, NaCl 
solution. Three control mice were injected i.p. with 0.1 ml 
of a 0.9% NaCl solution. One hr. later, experimental and 
control mice were injected i.p. with 3 wCi ['*C]leucine/100 
g body wt (New England Nuclear Corp., sp. act., 260 mCi 
m-mole). Thirty min later the animals were sacrificed and 
trichloracetic acid (TCA) precipitable protein was prepared 
from 1-g samples of liver. The liver samples were homogen- 
ized in 5 vol. of 0.25 M sucrose with 20 strokes of a Potter- 
Elvehjem homogenizer with Teflon pestle. This homo- 
genate was made 10% with respect to TCA, mixed for 1 
min with a Vortex mixer, and centrifuged at 10,000 g for 
10 min at 4°. The pellet was successively washed, once 
with 10° TCA and three times with 5°, TCA. The lipids 
were extracted with acetone followed by single extractions 
with ethanol, ethanol and ether (3:1), and ether. The pre- 
cipitate was dried and then hydrolyzed in 5% TCA at 90 
for 20 min. The hot TCA insoluble residue was solubilized 
in 0.5 N NaOH and reprecipitated with 10% TCA. This 
final TCA insoluble residue was solubilized in 4 ml of 0.5 
N NaOH and 1 ml! of this sclution was suspended in 15 
ml Aquasol (New England Nuclear Corp.). Radioactivity 
was measured in a Mark III liquid scintillation spec- 
trometer model 6880 (Searle Analytical, Inc.), Counting 
efficiency was approximately 85 per cent as determined 
by the channels ratio method [10]. Protein content was 
determined by the method of Lowry er al. [11]. 

For electron microscopic observations, small pieces of 
liver from control and sparsomycin-treated animals were 
fixed at 0-4° for 1-2 hr in 2° osmium tetroxide buffered 
with S-collidine at pH 7.4. After fixation, the tissues were 
dehydrated in a graded series of alcohols and embedded 
in Epon 812 and Araldite. Ultrathin sections cut with an 
LKB ultramicrotome were stained with lead hydroxide 
and examined in an electron microscope. 

To determine the degree of polysome disaggregation 
produced by sparsomycin, postmitochondrial supernatant 
from experimental and control mouse livers was prepared, 


layered on linear sucrose gradients, centrifuged, and 
scanned as previously described [8]. For a determination 
of the dissociability of the sparsomycin 80S monosomes, 
the’ postmitochondrial supernatant from experimental 
mouse livers was made 0.3 M with respect to KCl, layered 
on linear sucrose gradients containing 0.3M KCl, centri- 
fuged for 240 min, and scanned. 

To determine the tRNA content of the monosomes pro- 
duced by sparsomycin, monosome pellets from the livers 
of mice treated with sparsomycin were resuspended in 
5mM Tris-HCl (pH 7.4) and the number of tRNA mol- 
ecules per ribosome was determined as previously de- 
scribed [8]. This determination is based upon the method 
of Kabat [12] and relies upon the theory that since each 
ribosome contains one 5S rRNA molecule, the number and 
type of 4S tRNA molecules can be estimated by a calcula- 
tion of the 4S to 5S molar RNA ratio, with and without 
prior Pronase treatment. Pronase treatment before RNA 
extraction removes nascent peptides from peptidyl tRNA 
and permits extraction of tRNA originally present as 
tRNA, aminoacyl tRNA, and peptidyl tRNA. Only tRNA 
from tRNA and aminoacyl tRNA is extracted when RNA 
is extracted without Pronase pretreatment. 

Results. A single injection of 1 ug sparsomycin/g body 
wt reduced the incorporation of ['*C]leucine into TCA 
precipitable protein by 95 per cent, i.e. from 194 + 19 dis. 
min/mg protein to 9 + 7 dis./min/mg protein. 

The livers of mice given a single dose of 1 ug sparsomy- 
cin/g body wt and killed at 30 min, | hr, 4hr, 12 and 24hr 
after the injection were examined by electron microscopy. 
At | and 4hr, detachment of ribosomes from the endoplas- 
mic reticulum channels was prominent. Numerous single 
ribosomes were seen scattered throughout the cytoplasm. 
Cytoplasmic accumulation of lipid droplets was noted in 
liver cells at 12 hr. No evidence of nucleolar segregation 
was noted at any of the intervals studied. By 24hr, the 
cytoplasmic changes reversed almost completely in many 
liver cells. 

A comparison of Fig. 1A and B reveals that a single 
i.p. injection of | ug sparsomycin/g body wt produces com- 
plete hepatic polysome disaggregation within | hr when 
compared with the polysome profile from a control mouse. 
Figure 1C demonstrates that the 80S monosomes produced 
by sparsomycin dissociated into 40S and 60S subunits in 
linear sucrose gradients containing 0.3M KCl, implying 
that these monosomes are free of mRNA [6-9]. 

From Table 1, it can be seen that control ribosomes 
contain 0.9 molecule tRNA and/or aminoacyl tRNA and 
0.8 molecule peptidyl tR NA/ribosome. Sparsomycin mono- 
somes contain 0.9 molecule tRNA and/or aminoacyl tRNA 
and 0.7 molecule peptidyl tR NA/ribosome. 

Discussion. Our results confirm those of Trakatellis [3] 
and Sarma et al.[{5], demonstrating that sparsomycin 
administered in vivo in mice reduces incorporation 
of ['*C]leucine into liver proteins by 95 per cent and 
produces complete hepatic polysome disaggregation within 
1 hr. 

In the present study, electron microscopy demonstrated 
that administration of sparsomycin in vivo causes detach- 
ment of ribosomes from the endoplasmic reticulum. How- 
ever, this finding may be an artifact, since Sarma et al. 
[4] previously reported that, even though sparsomycin in 
vivo causes apparent detachment of hepatic membrane- 
bound ribosomes by electron microscopy, these ribosomes 
remained attached to the membranes by a density gradient 
centrifugation. 
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Fig. 1. Ribosome-polysome profiles from sparsomycin-treated and control mouse livers in 0.5 to 1.2 

M linear sucrose gradients. The arrow indicates the position of the 80S peak. (A). Control ribosome- 

polysume profile (0.9°, NaCl solution), postmitochondrial supernatant, centrifuged for 90 min.; and 

(B). and (C). 1 hr after a single i.p. injection of 1 ug sparsomycin/g body wt. In panel B, the postmito- 

chondrial supernatant was centrifuged for 90 min.; in panel C, the postmitochondrial supernatant 
was made 0.3 M with respect to KCI and centrifuged for 240 min. 


The 80S monosomes produced by sparsomycin are disso- 
ciable in a 0.3 M KCI solution and contain tRNA and/or 
aminoacyl tRNA as well as peptidyl tRNA. Thus, sparso- 
mycin monosomes differ from both runoff ribosomes, 
which dissociate in 0.3 M KCI but lack peptidyl tRNA, 
and complexed ribosomes, which do not dissociate in 0.3 
M KCl. It has been shown that ribosomes free of mRNA 
are dissociable inta subunits, while ribosomes attached to 
mRNA are not dissociable even when stripped of nascent 
peptides [13]. Thus, the dissociability of sparsomycin 
monosomes suggests that they are free of mRNA, and the 
4S to 5S. ratio with and without Pronase treatment sug- 
gests that they may have arisen by prematurely falling off 
mRNA during elongation, since tRNA and/or aminoacyl 
tRNA and peptidyl tRNA are still attached. The produc- 
tion of falloff monosomes by administration of sparsomy- 
cin in vivo may require the presence of an enzyme(s) or 
other factor(s) not present in systems in vitro. 

The uniqueness of falloff monosomes produced by ad- 
ministration of sparsomycin in vivo in mice should be 
emphasized. We have previously reported only one other 
agent which produces falloff monosomes in vivo in mouse 
liver, this being the hepatotoxic and hepatocarcinogenic 


Table 1. Transfer RNA content of ribosomes* 





48:58 
Ratio 
with 
Pronase 


48:58 
Ratio 
without 


Type of ribosome Pronase 





Control ribosomes 
(0.9%, NaCl solution) 1.7 0.9 
Sparsomycin monosomes 1.6 0.9 





* Ribosome pellets were suspended in 5mM Tris-HCl 
(pH 7.4). RNA was extracted immediately or after incuba- 
tion for | hr at 30° with 3 mg/ml of Pronase and 4 mg/ml 
of sodium dodecyl sulfate prior to extraction. RNA was 
precipitated overnight at —18° with 2vol. ethanol and 
0.2 M NaCl. RNA was then analyzed by electrophoresis 
in 4% polyacrylamide gels and the gels were scanned at 
260 nm, as previously described [6]. The 4S to 5S molar 
RNA ratio was calculated by multiplying the value of the 
4S peak by 1.5 and by dividing by the value of the 5S 
peak [12]. 


agent dimethylnitrosamine [6]. Since sparsomycin and 
dimethylnitrosamine appear to disaggregate polysomes via 
a similar mechanism, it may be of interest to further com- 
pare and contrast the two. 
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Binding of bismuth in the kidneys of the rat: The role of 
metallothionein-like proteins* 


(Received 19 January 1976; accepted 29 March 1976) 


In recent years much attention has been paid to the role 
of metallothionein in binding of heavy metals in the liver 
and kidneys, especially of cadmium, mercury and zinc 
[1-3]. All these metals enhance the organ-levels of metal- 
lothionein, presumably through induced de novo synthesis 
of this protein [4-6]. 

More recently it has been found that the level of metal- 
lothionein-like proteins in the kidneys may also be elevated 
by repeated administration of bismuth and that the metal 
shows ability to bind with these proteins in vivo [7]. 





* This investigation was supported by the Polish-Ameri- 
can agreement 05-009-2 with National Institute for Occu- 
pational Safety and Health, PHS, U.S.A. 


The aim of the present report is to confirm the above 
finding in experiments with *°°Bi and to evaluate its role 
in the metabolism of bismuth. 

The experiments were carried out on white female rats 
of the Wistar strain, body weight 200-220 g, fed standard 
LSM diet. Three groups of animals were administered sub- 
cutaneously with BiCl,-labelled 7°°Bi, in doses of 2.5 mg 
Bi/kg body wt (single dose) and five successive doses of 
0.5 and 2.5 mg Bi/kg, respectively, every other day. Rats 
were sacrificed 24 hr following the last dose. Skin was dis- 
carded and bismuth was determined in the kidneys, liver 
and in the remaining carcass. The determination was based 
on gamma-counting of 7°°Bi in a USB-scintillation 
counter. Homogenates of kidneys (20°, w/v) were prepared 
in 0.25M_ sucrose/0.01 M Tris-HCl buffer, pH 7.4, and 


Table 1. The distribution of 7°°Bi in the body of rats following subcutaneous administration of 
BiCl, 





(a) 2.5 mg Bi/kg 1 x 
(ug Bi (% of 


Organ organ) total) 


(b) 2.5 mg Bi/kg, 5 x 
(ug Bi per 


Dosage of BiCl; 

(c) 0.5 mg Bi/kg, 5 x 

(ug Bi per (% of 
organ) total) 


(% of 


organ) total) 





8.3 
1,3 
90.4 


10.4 + 3.7 
1.6 + 1.0 
113.6 + 37.0 


Kidneys 
Liver 
Remaining 
carcass 


29.6 
1.1 
69.3 


41.8 + 4.7 
1.6 + 0.2 
98.9 + 13.6 





Calculation based on whole body retention (except of skin). Means of 5 rats (groups a and 


c) and 7 rats (group b). 
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Fig. 1. The chromatography of bismuth contained in the kidneys: (a) 105,000 g supernatant from kid- 

neys of rats, administered a single dose of 2.5 mg Bi/kg. (b) 105,000g supernatant from kidneys of 

rats administered bismuth repeatedly 5 x 2.5 mg Bi/kg. (c) 105,000 g sediment, solubilized from kidneys 

of rats administered bismuth repeatedly, 5 x 2.5 mg Bi/kg. Sephadex G-75, formate-buffer pH 8.0, frac- 

tions 5cm? each. Columns calibrated with: Dextran blue (void volume); ribonuclease, mol. wt. 13,700 

(elution volume close to metallothionein, mol. wt. 10,000); K,CrO, (marker of ionic and peptide-bound 
metal). 
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were filtered through a gauze. The filtrate was centrifuged 
at 105,000 g [8]. The sediment was solubilized by re-homo- 
genization in water. Both the soluble fraction and the solu- 
bilized sediment were subjected to molecular filtration on 
columns filled with Sephadex gel G-75. 

Table | shows that the fraction of *°°Bi retained by 
the kidneys increased from 8.3 per cent after a single dose 
to 17.9 per cent in repeated injections of 7°°Bi. Following 
repeated injections of the low dose of Bi (0.5 mg Bi/kg) 
the kidneys retained 30 per cent of the total body burden. 
This experiment shows that the relative role of kidneys 
in storing bismuth increases after repeated administration. 

Fig. 1. (a and b) shows that the chromatographic pattern 
of bismuth contained in the soluble fraction differs depend- 
ing on the type of exposure. Following a single dose (a), 
binding by high-mol. wt proteins prevails and only a 
limited amount of Bi is bound by metallothionein-like pro- 
teins. However, practically the whole increment of bismuth 
accumulated in the kidneys in the course of repeated 
administration (b) is contained in fraction of metalloth- 
ionein-like proteins. 

The latter proteins are contained in the soluble fraction 
of the kidneys (b). Bismuth contained in the organelle is 
bound mainly with high mol. wt proteins (c). In this respect 
bismuth resembles mercury [9]. 

From the above observations, it follows that the elevated 
capacity of kidneys for bismuth, observed if the metal is 
administered repeatedly, is connected with metalloth- 


ionein-like proteins the level of which is enhanced by this 
element [7]. Whether these proteins are identical with 


those playing role in the storage of mercury in the kidneys 
requires further studies. 
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COMMENTARY 


PRESYNAPTIC RECEPTOR SYSTEMS IN 
CATECHOLAMINERGIC TRANSMISSION 


KLAuS STARKE, HANS D. TAUBE and EVELYN BOROWSKI 
Institute of Pharmacology, University of Essen, Hufelandstrasse 55, D-4300 Essen, West Germany 


At least three groups of receptors are essential in 
chemical neurotransmission (Fig. 1). Firstly, receptors 
on soma and dendrites of the innervating neurone 
determine the frequency of the impulses carried down 
to the axon terminals. Secondly, postsynaptic recep- 
tors recognize the transmitter and mediate the re- 
sponse of the innervated cell. While these classical 
receptors would suffice to make the system work, 
there is evidence that a third group is located on the 
nerve endings and serves to control the release per 
pulse and in some cases the synthesis of the transmit- 
ter. These presynaptic receptors have previously been 
inferred from electrophysiologic observations on non- 
catecholaminergic neurones [1 pp. 122 and 220, 2, 
3 p. 495]. More recently, extensive, mainly biochemi- 
cal research has led to the conclusion that norad- 
renergic and dopaminergic nerve endings are 
endowed with a variety of release- or synthesis-modu- 
lating receptors. Only receptors for substances natur- 
ally occurring in the body are discussed in this com- 
mentary. The emphasis will be on current studies and 
open questions. Therefore. much of the fundamental 
work from which present concepts proceeded has 
been omitted. For details, the reader should consult 
other reviews [4-13]. 


1. Presynaptic receptors on noradrenergic neurones 
1.1. Angiotensin receptors. Angiotensin (II) at low 
concentrations (10° '° M and higher) increases the sti- 
mulation-evoked overflow* of noradrenaline from 
some, but not all tissues (Table 1). The effect is pre- 
vented by antagonists such as saralasin and hence 
probably mediated by specific presynaptic angiotensin 
receptors [17, 20]. The increase of overflow reflects an 
increase in the amount of transmitter released* per 





* The term “release” is used for the passage of norad- 
renaline or dopamine across the neuronal membrane into 
the extracellular space. Unless further defined it indicates 
secretion evoked by orthodromic action potentials, trig- 
gered for instance by electrical stimulation. “Overflow” de- 
scribes the diffusion of noradrenaline, dopamine, or their 
metabolites from the tissue into the perfusion or incuba- 
tion fluid. Release elicited by electrical stimulation gives 
rise to “stimulation-evoked overflow”. Only the fraction 
of released transmitter that escapes uptake into extraneur- 
onal cells or back into the neurone (and subsequent stor- 
age or degradation) appears in the overflow and can be 
measured. In most cases there is good evidence that effects 
of presynaptic modulators on the stimulation-evoked over- 
flow are due to changes in release rather than changes 
of uptake or biotransformation. 


B.P. 26/4—A 


nerve impulse. In agreement with this view, angioten- 
sin also enhances the stimulation-evoked overflow of 
dopamine-f-hydroxylase [56], a constituent of norad- 
renaline storage vesicles that is secreted along with 
noradrenaline in the process of exocytosis. 

Angiotensin has been reported to inhibit the neur- 
onal uptake of noradrenaline (e.g. [57]). If so, this 
might contribute to the increase of the stimulation- 
evoked overflow. However, research in several labora- 
tories failed to confirm inhibition of uptake by 
reasonably low concentrations (up to 10°°M; 
see [58]). A strong additional argument can be de- 
rived from the effect of angiotensin on noradrenaline 
metabolism. Part of the noradrenaline released upon 
stimulation is metabolised to 3,4-dihydroxyphenyl- 
glycol (DOPEG). The transformation probably takes 
place intraneuronally after re-uptake. Therefore, 
drugs such as cocaine which impair re-uptake 
diminish the stimulation-evoked overflow of DOPEG 
(but not basal outflow, which results from degrada- 
tion of noradrenaline leaking directly from the 
granules into the neuronal cytoplasm [59]). Figure 2 
demonstrates that in rabbit pulmonary artery the sti- 
mulation-evoked overflow of DOPEG is enhanced 
rather than reduced by angiotensin. On the other 
hand, it is virtually abolished by subsequent addition 
of cocaine. Either drug increases the stimulation- 
evoked overflow of normetanephrine, which mainly 
originates from extraneuronal O-methylation [61]. 
The results indicate that angiotensin-induced facili- 
tation of release is not accompanied by any inhibition 
of noradrenaline uptake. 

Angiotensin promotes the formation of noradrena- 
line from tyrosine or dopamine in some isolated tis- 
sues, possibly by stimulating the synthesis of tyrosine 
hydroxylase and dopamine-f-hydroxylase at the 
translational level [62-64]. The effect is not secondary 
to facilitation of release, since it occurs even in the 
absence of impulses. Conversely, facilitation of release 


Soma-dendritic receptor Postsynaptic receptor 


P Presynaptic receptor 


Innervated 
cell 


Innervating 
neurone 


Fig. 1. Receptors involved in chemical neurotransmission. 
T, transmitter substance. 
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34-noradrenaline 





3H-DOPEG 








3H-normetanephrine 


Other 3H- 
metabolites 





Outflow of 3H-compounds ( pmoles /3 min ) 





Angiotensin 10°8 
-————> Cocaine 3xi0 5M 
150 180 








210 min of superfusion 


Fig. 2. Effect of angiotensin and cocaine on meizbolism 
of [*H]noradrenaline in rabbit pulmonary artery. Artery 
strips were preincubated with 10° ° M (—)[*H]noradrena- 
line and then superfused with fresh physiological salt solu- 
tion. The superfusate was collected in 3-min samples and 
analysed for [*H]noradrenaline and *H-metabolites 
according to Graefe et al.[60]. The sympathetic nerves 
were stimulated by an electrical field three times for 3 min 
each at 4 Hz (S, — S;; cf. [41]). From top to bottom: out- 
flow in pmoles/3min of [*H]noradrenaline, [°H]3.4- 
dihydroxyphenylglycol ({7H]DOPEG), [*H]normetane- 
phrine, sum of other *>H-metabolites (3,4-dihydroxymandelic 
acid, 3-methoxy-4-hydroxymandelic acid and 3-methoxy-4- 
hydroxyphenylglycol). Means of three experiments. Stan- 
dard errors were 1-16 per cent of corresponding means. 
In control experiments without angiotensin and cocaine, 
overflows elicited by S,;, S, and S, were similar. 


is not due to enhanced biosynthesis, since the release 
of exogenous, previously stored noradrenaline is also 
increased (cf. Fig. 2). It is not known how far pre- 
synaptic receptors and biochemical events mediating 
the two effects are identical. Surprisingly, angiotensin 
fails to augment tyrosine hydroxylation in two tissues 
where it does facilitate release (rabbit coeliac artery 
and vas deferens [18, 62, 65]). If both are enhanced, 
the effects may cooperate. Increased biosynthesis may 
replenish the pool from which release is facilitated. 

1.2. Acetylcholine receptors. Acetylcholine exerts 
two main effects on noradrenergic nerve endings. By 
activation of presynaptic nicotine receptors, it causes 
depolarization and a calcium-dependent release of 
noradrenaline. By activation of presynaptic muscarine 
receptors, it reduces the quantum secreted per nerve 
impulse. The nicotinic effect requires high concen- 
trations which probably do not occur in vivo (e.g. 
threshold concentration in rabbit heart about 
6 x 10°°M[66]); for the muscarinic effect lower 
concentrations are sufficient (e.g. in rabbit heart about 
6 x 10°-* M[23]). Muscarinic agonists depress the 
release of noradrenaline in most, but not all tissues 
(Table 1). Fozard and Muscholl [67] compared effects 
of nine muscarinic agonists on atrial tension develop- 
ment, ventricular rate, and noradrenaline release in 
the rabbit heart. They concluded that pre- and post- 
synaptic muscarine receptors are similar. 


Some recent findings do not fit into this concept 
of two presynaptic cholinergic receptors with distinct 
functions. In perfused rabbit ear arteries, acetylcho- 
line at 10~''-10~'°M enhances both vasoconstric- 
tion and transmitter overflow evoked by sympathetic 
nerve stimulation, presumably through facilitation of 
release [24]. These concentrations are far below those 
needed for the muscarinic inhibitory and, of course, 
the nicotinic releasing effect. The increase is not 
affected by either atropine or hexamethonium. Similar 
results were obtained in rabbit atria [68]. In contrast, 
the same concentrations of acetylcholine had no effect 
in perfused rabbit hearts [8], rabbit pulmonary artery 
strips [20], and guinea pig atria [68]. More work is 
necessary to clarify the nature of this—apparently 
neither nicotinic nor muscarinic—facilitation. 

1.3. Prostaglandin receptors. Prostaglandins of the 
E series diminish the per pulse release of noradrena- 
line in most, but not all tissues (Table 1). Few studies 
have been performed with other prostaglandins. In 
the rabbit pulmonary artery, PGF,, and PGB, also 
reduce release, but only at high concentrations [20]. 

Indirect evidence suggests that certain prostaglan- 
dins may exert a facilitatory presynaptic effect in 
some organs. In the hind paw of the dog, PGE;, 
PGF,, and PGF,,[69,70] as well as PGA, and 
PGB, [71] enhance the vasoconstrictor response to 
sympathetic nerve stimulation, but at identical doses 
leave the response to intra-arterial noradrenaline un- 
changed (cf. [72]). The authors propose that in these 
cases the prostaglandins augment noradrenaline 
release. However, attempts to confirm such an effect 
by determination of the stimulation-evoked overflow 
of noradrenaline have hitherto been unsuccessful. In 
rabbit pulmonary artery PGF,,, a promising candi- 
date for facilitation, caused pure inhibition [20]. Faci- 
litation would raise interesting questions. Upon sym- 
pathetic nerve impulses, endogenous prostaglandins 
are formed and depress further release of noradrena- 
line (see 6.). Facilitation might occur when an exo- 
genous prostaglandin with low intrinsic inhibitory 
activity competes with endogenous prostaglandins for 
their presynaptic receptors. Alternatively, prostaglan- 
dins might possess intrinsic facilitatory activity in 
some tissues. If so, what is the basis for opposite 
effects of one prostaglandin in different tissues? 

1.4. «-Adrenoceptors. «-Receptors have been found 
on all noradrenergic neurones tested (Table 1). Their 
activation leads to a decrease of the amount of trans- 
mitter released per impulse. Presynaptic x-receptors 
resemble classical postsynaptic ones, since the order 
of presynaptic potency of several f-phenylethylamines 
agrees with their order of postsynaptic 
potency [34, 42, 46]. Yet the agreement is not perfect. 
It has been repeatedly shown that within a given tis- 
sue the relative potencies of agonists on pre- and 
postsynaptic x-receptors may differ. For instance, in 
perfused rabbit hearts low concentrations of phenyl- 
ephrine cause an a-adrenergic increase of contractile 
force, but fail to inhibit noradrenaline release; in con- 
trast, low concentrations of oxymetazoline or napha- 
zoline are devoid of inotropic effects, but markedly 
depress release [39]. Similar results were obtained in 
rabbit pulmonary artery strips. Methoxamine and 
phenylephrine preferentially activate postsynaptic 
4-receptors and thereby elicit smooth muscle contrac- 
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tion. In contrast, oxymetazoline, clonidine, «-methyl- 
noradrenaline and tramazoline preferentially activate 
presynaptic x-receptors. For noradrenaline, adrena- 
line and naphazoline post- and presynaptic potencies 
are similar [42]. Experiments in perfused rabbit ear 
arteries [73,74] and pithed rats [75] further under- 
score the possibility that certain pre- and certain post- 
synaptic «-adrenoceptors differ in structure and, 
hence, affinity to drugs. 

The significance of these findings is difficult to 
evaluate. It would no doubt be premature to consider. 
presynaptic %-receptors as one structurally homo- 
geneous group which can be confronted with post- 
synaptic 2-receptors as the second homogeneous 
group. There are indications that postsynaptic 
4-receptors are not all of a single type [76,77]. The 
same may be true for presynaptic #-receptors. It can- 
not be excluded at present that the differences 
between pre- and postsynaptic «-receptors of one tis- 
sue are no greater than the differences between post- 
synaptic x-receptors of various tissues. Available data 
suggest that perhaps agonists related to cloni- 
dine [42, 73, 74] and xylazine [75] have a general pre- 
ference for the presynaptic site. Hopefully, studies on 
further tissues will reveal whether presynaptic 
y-receptors on the one hand, and _ postsynaptic 
y-receptors on the other hand, can indeed be con- 
sidered as two major subclasses with respect to drug 
sensitivity. 

1.5. Dopamine receptors. Dopamine acts as an 
agonist on postsynaptic «-adrenoceptors, being 
1/10-1/100 as potent as noradrenaline [77]. On the 
other hand, it is approximately equipotent with nor- 
adrenaline in reducing the per pulse release of norad- 
renaline in some tissues [36, 43, 44, 47, 48]. This is not 
another example for differences between pre- and 
postsynaptic z-adrenoceptors. Rather, some norad- 
renergic neurones appear to possess a distinct set of 
presynaptic dopamine receptors, similar to the dopa- 
mine receptors in the central nervous system [78]. 
Like the latter, and unlike «-adrenoceptors, presynap- 
tic dopamine receptors are activated by apomorphine 
and blocked by low doses of neuroleptic drugs such 
as chlorpromazine [36,79]. Presynaptic dopamine 
receptors have been found on some, but not all nor- 
adrenergic neurones (Table 1). Activation of dopa- 
mine receptors on dopaminergic nerve terminals 
reduces tyrosine hydroxylase activity even after im- 
pulse flow is abolished (see 2.1.). It would be of interest 
to know whether dopaminergic agonists also slow 
transmitter biosynthesis in noradrenergic nerve end- 
ings. 

1.6. B-Adrenoceptors. fB-Adrenergic agonists in- 
crease the per pulse release of noradrenaline in some, 
but not all tissues (Table 1). The facilitation is 
mediated by f-receptors, since it is antagonized by 
propranolol [35, 51]. Stjarne and Brundin [51] found 
that in human blood vessels selective /,-receptor 
agonists did not enhance release whereas the 
f,-receptor agonists terbutaline and salbutamol did. 
Moreover, the facilitatory effect of isoprenaline was 
not changed by the f, selective blocking agent prac- 
tolol, but was counteracted by a f, selective anta- 
gonist. The authors concluded that the presynaptic 
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receptors are of the f, type. On the other hand, 
Dahlof et al. [80] suggested that in cat hind limb 
blood vessels the presynaptic receptors are f,, since 
they were blocked by the f, selective blocking agent 
metoprolol. Interestingly, both facilitatory f- and 
inhibitory «-adrenoceptors may also occur on the 
chromaffin cells of the adrenal medulla [81-83]. 

1.7. Morphine receptors. Narcotic analgesics reduce 
the stimulation-evoked overflow of noradrenaline 
from some, but not all tissues, probably by inhibition 
of release. Cerebral noradrenergic neurones (of the 
rat) are among the sensitive ones (Table 1). The effect 
is mediated by specific morphine receptors, since it 
is stereospecific and prevented by narcotic anta- 
gonists. For some analgesics such as pethidine inhibi- 
tion of release is difficult to demonstrate [54], because 
even at low concentrations they impair neuronal 
uptake of noradrenaline and thereby tend to increase 
the stimulation-evoked overflow [55]. The block of 
uptake is unrelated to morphine receptors. Morphine 
promotes the biosynthesis of prostaglandins [84]. It 
might be supposed that the inhibition of release is 
mediated by prostaglandins. However, inhibition per- 
sists after prostaglandin formation has been blocked 
by indometacin*. 

Presynaptic opiate receptors are considered here 
because recent investigations indicate that narcotic 
analgesics are exogenous agonists acting on receptors 
meant for endogenous substances just as nicotine and 
muscarine are agonists related to acetylcholine. Two 
endogenous morphine receptor ligands have been iso- 
lated from the brain and identified as pentapeptides 
(methionine-enkephalin and leucine-enkephalin [85}). 
Figure 3 shows that methionine-enkephalin shares 
with morphine the ability to inhibit release from cen- 
tral noradrenergic neurones. The effect of enkephalin 
is antagonized by naloxone [86]. 


2. Presynaptic receptors on dopaminergic neurones 
The lack of peripheral dopaminergic neurones has 
hampered studies on this transmitter. Presynaptic 
effects on central noradrenergic neurones always have 
a counterpart in effects on postganglionic sympathetic 
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Fig. 3. Effect of morphine and enkephalin on the stimula- 
tion-evoked overflow of tritium from rat brain slices prein- 
cubated with [*H]noradrenaline. Slices from various 
regions were preincubated with 10~’M (—)[*H]norad- 
renaline and then superfused with fresh physiological salt 
solution. The superfusate was collected in 5-min samples. 
The slices were stimulated by an electrical field twice for 
2 min each at 3 Hz (S,, S2; cf. [53]). Morphine (@) or meth- 
ionine-enkephalin (0 V A) were added 20min before S, 
at concentrations indicated on the abscissa. Ordinate, ratio 
between the overflow of tritiated compounds evoked by 
S, and that evoked by S,. Stimulation-evoked overflow 
of tritium reflects noradrenaline release [53]. Each point 
is the mean + S.E.M. of 8-34 experiments. Significant dif- 
ferences from controls: *P < 0.02 to <0.001. 





Presynaptic receptor systems 263 


neurones; the analogy supports the view that the 
modulators act directly on central noradrenaline-con- 
taining nerve terminals rather than on non-norad- 
renergic fibres which then influence the noradrenergic 
ones (see 3.). For central dopaminergic neurones such 
analogies do not exist. The question whether a drug 
affects dopamine release or biosynthesis directly (via 
receptors on the dopaminergic neurone) or indirectly 
(other neurones being intercalated) remains more dif- 
ficult to answer. 

2.1. Dopamine receptors. Dopamine receptors on 
dopaminergic nerve endings were considered by Far- 
nebo and Hamberger [6,37] when they found that 
apomorphine reduces the stimulation-evoked over- 
flow of tritium from rat neostriatal slices preincubated 
with [*H]dopamine, presumably by depressing 
release per pulse from the nigro-striatal dopaminergic 
fibres (see, however, [10 p. 106]). Activation of pre- 
synaptic dopamine receptors seems to have a second 
consequence, namely inhibition of tyrosine hydroxy]l- 
ation and thereby of dopamine synthesis. The inhibi- 
tion of biosynthesis is not secondary to diminished 
impulse-evoked release, since dopaminergic agonists 
reduce striatal tyrosine hydroxylation even when 
there is no impulse flow, as for instance after the 
nigro-striatal axons have been cut [87], or after im- 
pulse traffic has been suppressed by y-butyrolac- 
ton [88], or in striatal synaptosomes [78,89] or 
slices [90, 91]. Conversely, inhibition of release is not 
secondary to reduction in synthesis, since release of 
exogenous, previously stored dopamine is also 
depressed [37] and since drug effects on release and 
synthesis have a different time-course [91]. Appar- 
ently, the decreases of biosynthesis and release are 
largely independent. 

Mechanisms involved in presynaptic dopaminergic 
inhibition of tyrosine hydroxylation are the subject 
of intensive investigation. In agreement with a recep- 
tor-mediated effect, the inhibition is reversed by neur- 
oleptic drugs [87, 89,91]. Activation of presynaptic 
dopamine receptors appears to lead to an alteration 
in the kinetics of tyrosine hydroxylase, above all to 
a large increase of the enzyme’s affinity for the end- 
product inhibitor, dopamine [92]. In other words, 
presynaptic, receptor-mediated inhibition of tyrosine 
hydroxylation might be due to greater sensitivity of 
the enzyme to end-product inhibition by intraneur- 
onal dopamine. If so, how does receptor activation 
trigger the change in physical properties of tyrosine 
hydroxylase? Many effects of dopamine are thought 
to be mediated by an adenylate cyclase. However, 
cyclic AMP stimulates rather than inhibits striatal 
tyrosine hydroxylase and decreases rather than in- 
creases its sensitivity to dopamine [93, 94]. Therefore, 
the possibility that activation of a presynaptic adeny- 
late cyclase is responsible for the effect of dopaminer- 
gic agonists can probably be ruled out. An alternative 
is that activation of presynaptic dopamine receptors 
increases the calcium permeability of the neuronal 
membrane so that more calcium enters into the cyto- 
plasm; calcium inhibits striatal tyrosine hydroxylase 
and increases its affinity for dopamine [92]. On the 
other hand, a role of presynaptic adenylate cyclase 
in further factors contributing to the complex regula- 
tion of tyrosine hydroxylase activity seems quite poss- 
ible [94. 95]. 


Pre- and postsynaptic dopamine receptors may 
differ in their sensitivity to drugs. It cannot be 
excluded that low doses of apomorphine preferen- 
tially activate the presynaptic receptor [96, 97]. 

2.2. Other receptors. Dopaminergic nerve endings 
appear to possess both nicotine and muscarine recep- 
tors. Activation of nicotine receptors elicits release of 
dopamine [98, 99]; activation of muscarine receptors 
reduces release evoked by electrical stimulation [100]. 
Muscarine receptors of noradrenergic nerve endings 
are more sensitive to acetylcholine than nicotine 
receptors (see 1.2.). For dopaminergic terminals dif- 
ferential sensitivity has not been observed; in rat 
striatal slices, 10-°M acetylcholine is required for 
muscarinic inhibition, 10~’ M being ineffective [100]; 
on the other hand, 10~° M acetylcholine also induces 
release via nicotine receptors [99]. Finally, dopa- 
minergic neurones resemble noradrenergic ones in 
that release is depressed by prostaglandins E, and 
E, [10 p. 107,29] as well as by morphine (release 
evoked by high potassium [101]), pointing to pre- 
synaptic prostaglandin and opiate receptors, respect- 
ively. 


3. Presynaptic receptors—a working hypothesis 

Many endogenous substances are able to modify 
the release per pulse and in some cases the biosyn- 
thesis of catecholamine transmitters. There is no 
doubt that the modulation is mediated by specific 
receptor systems; each is activated or blocked by 
structurally related drugs only. The receptors have 
been called prejunctional or presynaptic in order to 
distinguish them from those of the soma-dendritic 
part of the neurone and from those of the postsynap- 
tic cell (Fig. 1). It is evident that the release- and 
synthesis-modulating receptors are not soma-dendri- 
tic receptors, since many experiments leading to their 
detection were performed on preparations devoid of 
nerve cell bodies and dendrites. On the other hand, 
the distinction between pre- and postsynaptic location 
is much less certain, in particular, as has been pointed 
out, for dopaminergic fibres. The presynaptic (as 
opposed to postsynaptic) location is a working hy- 
pothesis. What is its basis? 

A working hypothesis should explain the observa- 
tions as simply as possible. The most obvious site 
for a release- or synthesis-modulating agent to act 
is the releasing or synthesizing cell. Any view that 
the primary action takes place elsewhere requires ad- 
ditional assumptions, namely that a second signal is 
created at the primary site, and that the nerve ending 
can perceive the second, unknown signal. Economy 
favours the presynaptic receptor hypothesis. 

Neurones with different morphologic and_bio- 
chemical environment respond to presynaptic modu- 
lators in the same way. For instance, x-adrenergic 
agonists inhibit release from noradrenergic neurones 
supplying various smooth muscle organs, cardiac 
muscle, and brain areas. It cannot be excluded that 
in all these tissues the modulators primarily act upon 
some element outside the noradrenergic fibres. How- 
ever, a direct action on the one ingredient common 
to the tissues, the nerve terminals themselves, appears 
less strained. 

The soma and dendrites of postganglionic sympath- 
etic neurones possess a host of receptor systems [102]. 
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Moreover, there is evidence for dopamine receptors 
on central dopaminergic cell bodies and for «-adreno- 
ceptors on central noradrenergic cell bodies [103]. 
Maybe the receptors are restricted to the soma-den- 
dritic part. However, if a nerve cell has the ability 
to construct receptors and post-receptor reaction 
chains for its soma-dendritic region, it can easily do 
the same for its terminals. From a more general point 
of view the morphologic demonstration of axo-axonic 
synapses and the electrophysiologic phenomenon of 
presynaptic inhibition make the assumption of pre- 
synaptic receptors inevitable. 

A working hypothesis should be amenable to trial. 
One type of experiment would be to search for pre- 
synaptic receptors on postganglionic sympathetic 
neurones grown in organ culture which contain no 
postsynaptic element [104]. The model might help to 
clarify whether the attribute “presynaptic” describes 
the location of release- and synthesis-modulating 
receptors correctly. 


4. Mechanism of modulation of release 

The mechanisms of presynaptic modulation of 
release are not known. Current thinking emphasizes 
alterations of the availability of calcium for release, 
since calcium is considered to be rate-limiting in elec- 
tro-secretory coupling. Drugs might modify the influx 
of calcium from the extracellular space, or its efflux, 
or its distribution between intraneuronal compart- 
ments. However, the evidence briefly outlined below 
is suggestive rather than conclusive. Moreover, the 
steps leading to the presumed alteration of calcium 
availability remain uncertain. 

(1) Several presynaptic modulators have been 
shown to affect calcium-dependent modes of release 
only, such as release evoked by electrical stimulation, 
high extracellular potassium concentrations, or nico- 
tinic agonists, but not the calcium-independent small 
basal release or release evoked by the indirectly acting 
sympathomimetic amine tyramine (Table 2). How- 
ever, selective inhibition of calcium-dependent se- 
cretion does not necessarily imply that the inhibitors 
reduce the amount of calcium available for electro- 


Table 2. Effect of presynaptic 
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secretory coupling. They may just as well slow down 
another step in the calcium-mediated process which 
then becomes _ rate-limiting—Dopamine _ release 
evoked by electrical stimulation as well as that 
evoked by high potassium can be modulated via pre- 
synaptic dopamine receptors (Table 2). This might 
suggest a dopaminergic decrease of intraneuronal cal- 
cium. On the other hand, in order to account for 
the presynaptic receptor-mediated inhibition of tyro- 
sine hydroxylation a dopaminergic increase of in- 
traneuronal calcium has been postulated [92]. This 
is another apparent paradox encountered in attempts 
to elucidate mechanisms controlling dopaminergic 
transmission (see 2.1.). 

(2) Muscarinic agonists and prostaglandins cause 
more pronounced inhibition, the lower the external 
calcium concentration. An increase in calcium shifts 
presynaptic dose-inhibition curves to the right 
[105, 108]. The results are compatible with the view 
that the inhibitors reduce the availability of calcium 
for electro-secretory coupling; this reduction would 
be overcome by a rise of extracellular calcium. On 
the other hand, the interaction may be a functional 
antagonism [109] which does not allow us to draw 
conclusions concerning modes of action. 

(3) The effect of most presynaptic modulators has 
been shown to decline with increasing frequency of 
stimulation. This is in accord with the calcium avail- 
ability hypothesis if one assumes that during high fre- 
quency stimulation intraneuronal calcium rises to 
high levels [22,110,111] so that the “release recep- 
tors” for calcium become saturated. If so, a drug- 
induced change in calcium will markedly affect release 
at low frequency (when intraneuronal calcium is sub- 
saturating), but negligibly affect release at high fre- 
quency (saturating intraneuronal calcium concen- 
tration). However, at present relations between fre- 
quency, intraneuronal calcium and release are 
hypothetical. Many unknown factors make conclu- 
sions from the frequency-dependence of presynaptic 
modulation hazardous. 

An increase of cyclic AMP in noradrenergic nerve 
endings has been proposed as possible mode of 
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B-adrenergic facilitation [28,49]. In agreement with 
this idea, phosphodiesterase inhibitors and exogenous 
cyclic nucleotides enhance the stimulation-evoked 
overflow of both noradrenaline and dopamine-f-hyd- 
roxylase, though the increase is small [112,113]. Of 
course further criteria have to be satisfied in order 
to establish this mechanism. An adenylate cyclase 
should be demonstrated in noradrenergic terminals 
which should respond to f-receptor agonists. More- 
over, the increase in cyclic AMP should precede facili- 
tation of release. These criteria are difficult to obtain 
in the case of nerves supplying a large tissue mass. 
Studies on noradrenergic cell bodies would be an 
alternative. It should be noted, however, that it is 
uncertain whether the adenylate cyclase of postgang- 
lionic sympathetic cell bodies is activated by 
B-adrenergic agonists [114, 115]. 


5. Tissue differences 


Noradrenergic neurones are similar in morphology 
and biochemistry. All the more puzzling is the finding 
that they greatly differ in their sensitivity to presynap- 
tic modulators (Table 1). Only one presynaptic recep- 
tor system, the «-adrenoceptor, has been found on 
all neurones studied. Negative results may reflect un- 
suited experimental conditions such as excessive cal- 
cium or stimulation at too high a frequency. How- 
ever, the negative results listed in Table 1 were 
obtained at low frequencies and moderate calcium 
concentrations. It cannot be ruled out that in some 
tissues the noradrenergic nerve endings lack certain 
receptor mechanisms. Unfortunately, more direct 


ways to establish the absence of a receptor are not 
available. 

Curves relating the release of noradrenaline per 
pulse to frequency of stimulation differ between tis- 
sues. For instance, per pulse release increases with 


increasing frequency in rabbit portal vein, but 
remains constant in mouse vas deferens (at near nor- 
mal calcium [18]). It has been suggested that pre- 
synaptic sensitivity to angiotensin and morphine is 
associated with particular shapes of the frequency- 
release curve [18]. Though the basis for such an as- 
sociation is unknown, the possibility merits investiga- 
tion. 


6. Physiologic significance 

Three groups of potential physiological functions 
of presynaptic receptor systems can be distinguished. 

(1) Presynaptic receptors may be sites of action of 
modulators originating from a remote part of the 
organism and transported by the blood stream. 
Angiotensin is one candidate. Presynaptically effective 
concentrations occur in plasma, at least when renin 
secretion is high. The facilitatory effect may assist in 
the circulatory compensation for acute hemorr- 
hage [116]. Studies of the influence of angiotensin 
antagonists on noradrenaline release from blood-per- 
fused organs might further clarify whether facilitation 
by blood-borne angiotensin plays a physiological role. 

(2) Presynaptic receptors may be sites of action of 
modulators secreted from adjacent neurones or other 
cells. In peripheral tissues, postganglionic sympathetic 
and parasympathetic nerve endings often lic in close 
apposition. It seems very likely that acetylcholine, se- 
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creted from parasympathetic fibres, can act on mus- 
carine receptors of neighbouring sympathetic ter- 
minals and inhibit the release of noradrena- 
line [117,118]. Interestingly, released noradrenaline 
also inhibits the per pulse release of acetylcho- 
line [119]. Thus, a mutual presynaptic antagonism 
between the two divisions of the autonomic nervous 
system appears to supplement the classical postsynap- 
tic antagonism. It remains to be established whether 
presynaptic cholinergic modulation of catechola- 
minergic transmission also takes place in the central 
nervous system. In particular, the numerous choliner- 
gic interneurones in the corpus striatum could partly 
modulate release of dopamine at the presynaptic 
level [99]. 

The presence of enkephalin in brain and its depres- 
sant effect on noradrenaline release open up the possi- 
bility that this endogenous morphine receptor ligand 
serves as a physiologic presynaptic inhibitor. If so, 
naloxone should enhance release. Until now, the evi- 
dence is inconclusive. Naloxone does not affect the 
electrically evoked release of noradrenaline in slices 
from several brain areas [53,54,120]; on the other 
hand, potassium-evoked release in occipital cortex 
slices is slightly increased [86]. 

(3) The most extensive evidence has been gathered 
for a third physiologic function, namely for presynap- 
tic prostaglandin, «- and f-receptors (noradrenergic 
neurones) and dopamine receptors (dopaminergic 
neurones) being links of local synaptic feedback 
mechanisms. As first proposed by Hedqvist [26], 
prostaglandins are formed during noradrenergic 
transmission, probably mostly in postsynaptic cells, 
and depress further secretion of noradrenaline (“trans- 
synaptic” feedback). Drugs like indometacin and mec- 
lofenamic acid which block prostaglandin biosyn- 
thesis interrupt the feedback circuit and enhance nor- 
adrenaline release [121, 122]. However, the increase is 
small, maximally by about 50 per cent. In cat spleen, 
meclofenamic acid and indometacin fail to cause any 
increase [28, 123]. 

Released noradrenaline inhibits its own further 
release by a second mechanism which is independent 
of prostaglandins[121] and entirely presynaptic, 
namely by activation of presynaptic «-adrenoceptors. 
Studies with «-adrenolytic drugs underscore the gen- 
eral operation and great effectiveness of the presynap- 
tic a-adrenergic feedback. In contrast to prostaglan- 
din synthetase inhibitors, these drugs increase the 
release of noradrenaline in all tissues and maximally 
by about 400 per cent. It was this finding that gave 
the first clue to a role of «-receptors in the fate of 
noradrenaline [124]. Not only x-receptor agonists 
(see 1.4.), but also antagonists differ in their relative 
pre- and postsynaptic effects. In rabbit pulmonary 
artery, yohimbine preferentially blocks presynaptic 
a-receptors, whereas phenoxybenzamine and azape- 
tine preferentially block postsynaptic «-recep- 
tors [125] (cf. [126]). By selective presynaptic block- 
ade, yohimbine at low concentrations, in contrast to 
what one would expect from the classical postsynaptic 
antagonist effect, increases the contractile response to 
stimulation [127].—The «-adrenergic agonists cloni- 
dine [128] and oxymetazoline enhance noradrenaline 
release under certain conditions (oxymetazoline in 
rabbit pulmonary artery strips stimulated at more 
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than 5Hz*). It seems likely that in these cases the 
agonists possess a lower intrinsic inhibitory activity 
than noradrenaline and by competition with the latter 
diminish overall presynaptic «-receptor activa- 
tion—In some tissues, the release of noradrenaline 
per pulse falis with successive pulses. Biochemical and 
electrophysiological studies indicate that part of this 
depression during trains of pulses is due to x-adrener- 
gic inhibition with increasing perineuronal levels of 
noradrenaline [43, 129]. 

Langer and his colleagues [ 49] suggested 
that released noradrenaline, acting on presynaptic 
B-adrenoceptors, promotes its own release by a posi- 
tive feedback. Presynaptic f-receptors may be selec- 
tively activated by low concentrations of noradrena- 
line, for instance during low rates of impulse flow, 
so that release per pulse increases. As frequency and 
noradrenaline concentration rise, the a-adrenergic 
negative feedback may be triggered, so that release 
per pulse falls [28, 49]. In agreement with this hypoth- 
esis, propranoiol reduces release of noradrenaline in 
some tissues [49,80]. On the other hand, it should 
be noted that presynaptic f-receptors have been 
found on some neurones only. Moreover, in cat 
spleen propranolol fails to reduce release even though 
isoprenaline causes significant facilitation [35]; the 
same may hold good for human blood ves- 
sels [50,51]. Thus, even where presynaptic f-recep- 
tors exist they do not necessarily mediate a positive 
feedback. 

4-Adrenergic feedback inhibition of noradrenaline 
release may have a counterpart in dopaminergic feed- 
back inhibition of dopamine release. Neuroleptic 
drugs such as pimozide and fluphenazine enhance 
striatal release of dopamine evoked by electrical 
stimulation or high potassium, presumably by block- 
ing presynaptic dopamine receptors and opening the 
feedback loop [6, 37,91]. Unfortunately, there are 
diametrically opposed findings [130] which cast some 
doubt on this mechanism. Dopamine may also inhibit 
its own synthesis via presynaptic dopamine receptors. 
When impulse flow in the nigro-striatal dopaminergic 
fibres is interrupted, the rate of striatal tyrosine hy- 
droxylation increases [87, 88,94]. Cessation of im- 
pulse-evoked secretion probably leads to a decrease 
of perineuronal dopamine and, hence, diminished pre- 
synaptic receptor activation and disinhibition of tyro- 
sine hydroxylase. 


7. Outlook 


Pharmacological research has led to the detection 
of a somewhat bewildering number of presynaptic 
receptor systems. It seems quite possible that some 
are of pharmacological interest only since they never 
encounter effective concentrations of their endo- 
genous agonists in vivo. Others, however, appear to 
play a significant physiological role. Several major 
questions arise at the present state of knowledge. The 
chain of events between the agonist—presynaptic 
receptor interaction and the change in release or bio- 
synthesis is not known for any receptor system. Fur- 
thermore, what is the reason for the surprising tissue 
differences in effects of presynaptic modulators? Much 
more work is needed for a better understanding of 
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the physiological function: an effort should be made 
to compare the relative importance of soma-dendritic 
receptors (or variations in impulse frequency) and 
presynaptic receptors (or variations in release per im- 
pulse) under diverse in vivo conditions. Finally, pre- 
synaptic receptors may mediate therapeutic as well 
as side effects of drugs. An example for which this 
possibility has already been put to experimental trial 
is the antihypertensive agent clonidine. It exerts a var- 
iety of effects, including the decrease of blood pres- 
sure, by activation of central «-adrenoceptors. Are 
these receptors, or some of them, presynaptic recep- 
tors on noradrenergic neurones? Animal experiments 
argue against a major contribution of central pre- 
synaptic a-receptors to clonidine-induced hypoten- 
sion [131,132]. On the other hand, several behav- 
ioural effects can best be explained by x-adrenergic 
presynaptic inhibition [97, 133, 134]. 
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Abstract—The inhibition of nucleolar RNA synthesis in HeLa cells by acridines as well as by a series 
of 9-NH, diacridines, connected through their 9-NH, groups by hydrocarbon chains from (CH;), 
to (CH;),2, and by the polyamine chains spermidine and spermine, has been investigated. Nucleolar 
RNA synthesis in HeLa cells is most sensitive to the longer chain diacridines, indicating that double 
intercalation may be essential for their action. These data are in agreement with the action in vitro 
of these compounds. However, if the degree of inhibition of nucleolar rRNA synthesis is related to 
the nuclear uptake, the single intercalators appear to be more effective inhibitors. 


We have previously reported on the synthesis of dia- 
cridines [1] and described their action as double in- 
tercalators with nucleic acids [1], as well as some of 
their biological properties [2-4]. These compounds 
have the general structure I, where the hydrocarbon 


HN (CH,), ————NH 


OO OOO 


chain varies in length from (CH), to (CH;),2. In 
this paper, we wish to present a detailed report of 
the effect of this series of diacridines on the inhibition 
of the synthesis of nucleolar precursor rRNA in HeLa 
cells. Two polyamine analogues, where the connecting 
diamine chain is replaced by the naturally occurring 
polyamines. spermine and spermidine, have also been 
studied, us well as the parent compounds 9-amino 
acridine and proflavine, and their relationships to the 
hydrocarbon analogues were explored. 

During the course of this work, it was necessary 
to measure the uptake and intracellular distribution 
of these drugs. Some are accumulated to a surpris- 
ingly high extent within the cell. Correlation of the 
uptake and inhibition data has allowed us to 
delineate the most effective compounds. 


MATERIALS AND METHODS 


Exponentially growing HeLa S, cells, a gift from 
Dr. Lon Hodge, were maintained in suspension cul- 
ture as previously described [5], using Joklik modi- 
fied minimum essential medium, 10% fetal calf serum 
and 1° L-glutamine (200 mM), all products of Grand 
Island Biochemical Co. For these experiments, cell 
concentrations ranged from 4 to 6 x 10° cells/ml. 

The drugs used in this study were: ethyldiamine 
diacridine (C,), butyldiamine diacridine (C,), hexyl- 
diamine diacridine (C,), octyldiamine diacridine (Cg), 
dodecyldiamine diacridine (C,,), tetradecadiamine 
diacridine (C,,), sexadecadiamine diacridine (C;¢), 
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spermidine diacridine and spermine diacridine. To 
distinguish the effects of drug treatment on RNA syn- 
thesis, control cells were incubated with [8-'*C]- 
adenosine (51.2 mCi/m-mole, 0.2 wCi/ml, New Eng- 
land Nuclear Corp.), while drug-treated cells were in- 
cubated with [2,8-*H]adenosine (32.4 mCi/m-mole, 
4.0 uCi/ml, New England Nuclear Corp.). Cells were 
incubated for | hr in the absence or presence of the 
drug, after which time the labeled precursor was 
added to the respective flasks and the incubation con- 
tinued for an additional hr. Incorporation was ter- 
minated by addition of the cells to frozen isotonic 
saline. At this time, equal numbers of control and 
drug-treated cells were mixed before proceeding to 
the next step. 

Purified nuclei were prepared as follows. Washed 
cells were lysed by suspension in 140mM NaCl, 
10mM Tris-HCl, pH 8.4, and 1 mM magnesium ace- 
tate containing 0.5°%% NP-40 (Nonidet detergent, Shell 
Oil, England). After a second NP-40 wash, the nuclei 
were treated with 1% Tween 40 and 0.5% deoxycho- 
late in RSB buffer (10 mM NaCl; 10mM Tris-HCl, 
pH 7.4; and 1.5mM magnesium acetate) as described 
by Penman [6]. 

Nucleoplasmic and nucleolar fractions were iso- 
lated after nuclear lysis with high salt buffer contain- 
ing DNAase as previously described [7] except that 
the lysate was centrifuged through a cushion of 25% 
sucrose in high salt buffer for 15 min, 0° at 28,000 g,, 
in a Spinco SW-40 rotor. The supernatant containing 
the nucleoplasmic fraction was carefully removed and 
the RNA precipitated by the addition of 2 vol. of 
95% cold ethanol. This solution was kept at least 1 hr 
at —20° before collecting the precipitate at 1000 g. 
The precipitate was resuspended in 5 ml SDS buffer 
(0.5% sodium dodecy! sulfate, 100 mM NaCl, 10mM 
Tris-HCl, pH 7.4, and 1 mM EDTA). The pellet from 
the original centrifugation comprises the nucleolar 
fraction and was dissolved in 5ml SDS buffer by 
heating at 37° for 30min. The RNA was extracted 
from these two fractions by the following method de- 
veloped in collaboration with Dr. S. Y. Lee, Brown 
University. An equal volume of phenol-H,O (70:30) 
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was added to the samples, which were then heated 
at 56° for 5 min. An equal volume of CHCl,—isoamyl 
alcohol (99:1) was added and the samples were 
reheated at 56° for 5min. Samples were then cooled 
to 0°, and the pH was adjusted to 9 with | ml of 
1M Tris-HCl, pH 9, and kept at 0° for 15 min. The 
two phases were separated by centrifugation (1000 g, 
4 min) and the lower organic layer was removed. The 
aqueous layer plus the interphase was extracted twice 
more with one half the original volume of the phenol 
and CHCl, solutions. After each extraction, the 
organic layer was re-extracted with the same 2.0 ml, 
10mM Tris-HCl, pH 9, solution. The aqueous phase 
and the wash solution were combined and the RNA 
was precipitated by adding 2 vol. of 95° ethanol at 
—20° and leaving the mixture at —20° for at least 
lhr. sRNA (0.6mg, Nutritional Biochemicals Co.) 
was added as carrier. The precipitate was collected 
by centrifugation at 1000 g for 15 min and redissolved 
in a small volume of H,O. RNA was analyzed by 
centrifugation in a 12-30% sucrose gradient contain- 
ing 100mM NaCl, 10mM Tris-HCl, pH 7.4, and 
10mM EDTA, for 11 hr at 17° in a Spinco SW-40 
rotor at 69,500 g,,. Individual fractions were collected 
by piercing the bottom of the tube and assayed on 
3 MM filter discs (Whatmann) as trichloroacetic acid- 
precipitable counts. 

In order to determine the uptake of the drugs into 
the cells, the above procedure was modified as fol- 
lows: equal numbers of cells were incubated for 
30 min at 37° with 1 x 10°°M drug, then washed 
and lysed as described above. A single NP-40 lysate 
was put aside as the cytoplasmic fraction. The nuclei 
were further purified as above with detergent and the 
detergent wash was saved as an intermediate fraction; 
the remaining purified nuclear pellet was lysed as 


A B 
I ° 


*e, ee . ee e 
r #09, 09%000 999%, 09% 





3H/'4c RATIO 


EE ee n 4 n 





= 


So © 8B GD 
SO oe ete pee Ce ce | ~ 


@ 


D> 


aetta®, 
od ". 
o 
| eneet® 
eoccccesere® 
6 20 24 6 8 2 16 


FRACTION NUMBER 








ee eeeee eee 
1 1 rm 





20 24 


Fig. 1. Sucrose gradient analysis of control nucleolar and 
nucleoplasmic RNA. HeLa cells, in the absence of drug, 
were incubated for 1 hr with either ['*C]adenosine or 
[*H]adenosine. Nucleolar and nucleoplasmic RNA were 
isolated and analyzed on 12-30°% sucrose gradients as 
described in Materials and Methods. (A) Control nuc- 
leolar RNA: @——®, '*C: and & @, °H. Upper curve: 
@——e, *H/'*C ratio. (B) Control nucleoplasmic RNA: 
e@—-e, '*C; and @—@, *H. Upper curve: @ —@. 
. 3H/'4C ratio. 








ry . 
“ts: ‘ - bie 

‘ tt33 esneeetlte> A : 

16 20 24 a 8 12 16 20 24 
FRACTION NUMBER 








= 
s ° 
° 
Peo 
: _aaleal 





Fig. 2. Sucrose gradient analysis of drug-treated nucleolar 
and nucleoplasmic RNA. Same as in Fig. 1 except that 
cells were preincubated in the presence of 1 x 10°°M 
dodecylamine diacridine. (A) Nucleolar RNA: @——®, 
‘$C control; and @——, *H drug-treated. Upper curve: 
@——@, *H/'*C ratio. (B) Nucleoplasmic RNA: @——®, 
‘$C control; and M—1, *H drug-treated. Upper curve: 
@—-e, *H/'*C ratio. 


above and designated the nuclear fraction. All three 
samples were brought to 1-3% SDS, and spectro- 
photometric scans in the visible region were made 
on a Beckman DB-G spectrophotometer. Drug con- 
centrations were measured at the peak wavelengths. 
In order to compare internal concentrations, the cyto- 
plasmic, intermediate and nuclear fractions were 
taken to represent, respectively, 40, 20 and 40 per 
cent of the cell volume, as best approximated from 
EM photomicrographs. 


RESULTS 


Figure | is typical of the distribution of radioacti- 
vity in the nucleolar and nucleoplasmic RNA 
obtained from a control experiment and is in agree- 
ment with other published results [7]. The nucleo- 
plasmic fraction B consists of a heterogeneous mix- 
ture of RNA ranging in size from 60S to 5S with 
a broad peak from 10S to 30S. The nucleolar fraction 
A is composed of principally two rRNA precursor 
molecules, nominally defined as 45S and 32S[7]. 
Absence of the mature rRNA species, 28S and 18S, 
attests to the relative purity of this nuclear frac- 
tion [7]. Linearity of the *H/'*C ratio, upper curve, 
points out the internal consistency of our procedure, 
since random losses of RNA would give an erratic 
line. Variations in the *H/'*C ratio from control 
values indicate a change in the relative amount of 
RNA in that particular fraction. Since the ['*C]RNA 
(control) remains constant, any changes must be in 
the drug-treated RNA. 

Figure 2 is an example of a drug-treated sample, 
the drug being dodecyldiamine diacridine, C,,. The 
nucleoplasmic fraction B_ parallels the control 
throughout the gradient, and examination of the 
3H/'*C ratios indicates only slight inhibition. These 
results are similar to those obtained with the parent 
compound, 9-amino acridine, as well as with actino- 
mycin D, in that these compounds all inhibit the syn- 
thesis of nucleoplasmic RNA to a much smaller 
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Table 1. Inhibition of nucleolar RNA synthesis by diacridines* 





Drug 


I59 concn 





Octyldiamine diacridine (Cg) 


Spermidine diacridine (Cg analogue) 


Hexyldiamine diacridine (C,) 
Dodecyldiamine diacridine (C, >) 
Proflavine 

Butyldiamine diacridine (C4) 
9-Amino acridine 


Spermine diacridine (C,, analogue) 


Ethyldiamine diacridine (C,) 





* RNA was analyzed as in Figs. 1 and 2. The change in the *H/!*C 
ratios in the 45S + 32S region of the gradient was measured and used 
for calculating the I,9. Control 7H incorporation in the 45S-32S region 
was 10,000-18,000 cpm (see Fig. 1). For comparison, actinomycin D 
(2.4 x 10~° M) gives 40 per cent inhibition under these conditions. 


extent than the synthesis of nucleolar RNA. In this 
study, inhibition of nucleoplasmic RNA _ never 
exceeded 25 per cent and was usually much less. 

45S and 32S RNA are the precursor rRNA mol- 
ecules known to be exclusively synthesized in the nuc- 
leolus [7]. As seen in Fig. 2A, RNA synthesis in the 
nucleolar fraction is significantly inhibited. We have 
taken the change in the ratios in the 45S-32S region 
of the gradient as an index of inhibition of nucleolar 
RNA synthesis. The concentration giving 50 per cent 
inhibition (I5,9) for the individual compounds has 
been established and is given in Table | in decreasing 
order. 

As seen in this table, inhibition of nucleolar RNA 
synthesis increases with chain length, reaching a 
maximum at octyldiamine diacridine, Cg, and de- 
creasing thereafter. These longer chain compounds 
are 2- to 20-fold better inhibitors than the parent 
compound, 9-amino acridine. The polyamine ana- 
logues also follow this trend in that spermidine diacri- 
dine, the Cg analogue, is more effective than spermine 
diacridine, the C,, analogue. However, addition of 
the nitrogen to the chain reduces their effectiveness 
as inhibitors of nucleolar RNA synthesis when com- 
pared to their respective hydrocarbon analogues. 


As these experiments progressed, it became appar- 
ent that some of these compounds accumulated 
within the cell significantly more than others. In order 
to assess the effect this had on the inhibition data, 
drug uptake studies were undertaken. Table 2 sum- 
marizes these results. There is a very dramatic ac- 
cumulation of these drugs in the cell, especially for 
the longer chain compounds; the Cg analogue is con- 
centrated by the cell more than 750-fold over its con- ' 
centration in the medium. Although this uptake is 
probably governed by the increase in the hydrophobic 
nature of the connecting chains, the lower uptake for 
compounds with chain lengths greater than Cg sug- 
gests that other factors are also involved. As expected, 
addition of ionizable nitrogens to the chains, in the 
spermidine and spermine analogues, greatly reduces 
the uptake. 

The longer chain compounds are more effectively 
taken up, paralleling a similar trend indicated in the 
inhibition studies. However, when the distribution of 
these compounds within the cytoplasmic, nuclear 
wash and nuclear fractions is determined, the results 
indicate a change in the pattern of uptake (Table 3). 

A wide variation exists in the extent of drug uptake 
among the various cell fractions. The ratio of the drug 


Table 2. Total intracellular concentration of diacridines* 





Drug 


Intracellular concn 
(x 1075 M) 





Octyldiamine diacridine (Cg) 
Hexyldiamine diacridine (C,) 
Tetradecadiamine diacridine (C, 4) 
Dodecyldiamine diacridine (C, >) 
Sexadecadiamine diacridine (C,¢) 
Spermidine diacridine 
Ethyldiamine diacridine (C,) 
Butyldiamine diacridine (C4) 
Proflavine 

Spermine diacridine 

9-Amino acridine 


750 





* Cells were incubated for 30 min with 1 x 10~° M drug. The cytoplasmic, nuclear 
wash and nuclear fractions were isolated and the drug concentration in each fraction 
was measured as described in Materials and Methods. The sum of the drug in each 
of these fractions, after correction for cell volume dilution, gives the total intracellular 
concentration. For these calculations the value 0.004 ml/10° cells was used. 
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Table 3. Relative intracellular distribution of diacridines* 





Cytoplasmic 
fraction 
(x 1075 M) 


Nuclear 
fraction 
(x 107° M) 


Nuclear wash 
fraction 
(x 1075 M) 


Nuclear 
Cytoplasmic 





Cie 

Ci2 

Spermidine diacridine 
Spermine diacridine 
Proflavine 

od 

9-Amino acridine 

C; 


We NNFNDAMMNS |S 


CRONIN NWNWDOUE 





*Same as in Table 2 except that the concentration in each extract is listed separately. Values represent the concen- 
tration in the extracts (diluted to the same volume) and not the actual intracellular concentration. Cytoplasmic, nuclear 
wash and nuclear fractions represent, respectively, 40, 20 and 40 per cent of the cell volume and have been corrected 


for this. 


concentration in the nucleus to that of the drug con- 
centration in the cytoplasm shows that the short 
chain compounds, C, and C,, as well as the 
monomers, 9-amino acridine and proflavine, are pre- 
ferentially accumulated in the cytoplasm. In contrast, 
the longer chain compounds, which can act as double 
intercalators, are more highly concentrated in the 
nucleus. This may be an expression of the higher 
affinity the double intercalators have for sites within 
the nucleus. Interestingly enough, C, and Cg, the two 
diacridines which are best concentrated in the nuc- 


leus, are also the most effective chemotherapeutic 
agents against the P-388 mouse leukemia [1]. 

In order to arrive at a measure of the effectiveness 
of these drugs as inhibitors of rRNA synthesis, in rela- 
tion to their uptake, we have performed the following 
calculations. The per cent inhibition can be defined 


as °% inh = k-concn-E, where k is an uptake par- 
ameter (k = internal concn/external concn), and E is 
the intrinsic effectiveness of the drug. At 50 per cent 
inhibition, k,-concn,:E, = k,-concn,:E,. Using the 
data in Tables | and 3, we have calculated the relative 
nuclear effectiveness of these compounds as compared 
to Cg. These values, in decreasing order, are given 
in Table 4. The results indicate that the short-chain 
single intercalating compounds and monomers are 
most effective in inhibiting nucleolar rRNA synthesis 


when the inhibition is normalized for the uptake of 
these compounds in the nucleus (i.e. 9-amino acridine 
is 5-fold better than Cg). Within the diacridine series, 
increases in chain length lead to a reduction in the 
relative inhibitory activity for rRNA synthesis. Sper- 
midine diacridine appears to be an exception since 
it shows activity similar to the monomers, although 
as the Cg, analogue it can act as a double intercalator. 


DISCUSSION 


These studies offer a unique opportunity to detail 
the effects of a homologous series of compounds 
which should presumably have the same or similar 
sites of action. The basic intercalating structure, the 
acridine ring, remains the same, while the variables 
are the length and the composition of the connecting 
chain. 

The length of the connecting chain determines the 
ability of these diacridines to act as single or double 
intercalators. Space-filling models indicate that a con- 
necting chain of four carbons, i.e. C, or butyldiamine 
diacridine, is at the limit of single intercalators. 
Double intercalation could presumabiy occur from 
C, and on [2]. 

When comparing the acridines to actinomycin D, 
we find that despite their differential uptake by the 


Table 4. Relative inhibitory effectiveness* 





Drug 


Relative effectiveness 
compared to Cg 





9-Amino acridine 
Spermidine diacridine 
Butyldiamine diacridine 
Proflavine 

Ethyldiamine diacridine 
Octyldiamine diacridine 
Spermine diacridine 
Dodecyldiamine diacridine 
Hexyldiamine diacridine 


5.2 
4.4 
3.7 
3.2 
2.3 
1.0 
0.6 
0.4 
0.4 





* As: described in the text, E,/E,, the relative nuclear effective- 
ness, as compared to Cg, has been calculated using the relationship, 
k,-concen,:E, = k,-concn,:E,. Values are listed in decreasing order. 
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nucleus, all the acridines behave like actinomycin D, 
in that they show minimal inhibition of nucleoplasmic 
RNA synthesis. However, in the T7 DNA-dependent 
RNA polymerase system, which initiates and tran- 
scribes the seven late cistrons of T7 DNA, they only 
inhibit chain initiation and have very little effect on 
chain elongation.* In addition, they bind both to G-C 
as well as to A-T regions in the DNA[1, 8]. In con- 
trast, actinomycin D does not bind to A-T 
regions [9], nor does it affect chain initiation in the 
T7 RNA polymerase system, but only chain elonga- 
tion [10-12]. This similarity in the site of inhibition 
of nucleolar RNA synthesis of acridines and actino- 
mycin D, despite the differences in their mechanism 
of action in vitro, should be considered in any inter- 
pretation of their mechanism of action on nucleolar 
RNA synthesis. 

The inhibitory effect of intercalators is dependent 
on their binding to DNA, and it has been shown 
that double intercalators bind more strongly to DNA 
than single intercalators [1,8]. In addition, studies in 
vitro have shown that, among these compounds, the 
double intercalators have a stronger inhibitory effect 
on RNA synthesis than the single intercalators when 
assayed either with T7 DNA-dependent RNA poly- 
merase [2] or with the Azotobacter vinelandii RNA 
polymerase [4]. Furthermore, our experimental data 
show that with increasing chain length, there is a dra- 
matic increase in the uptake of the double intercala- 
tors and that lower concentrations of the C, and C, 
diacridines are required in the medium to inhibit 
rRNA synthesis. Consequently, it was anticipated that 
those compounds which can double intercalate would 
show a greater inhibitory effect on RNA synthesis 
in vivo. However, when this inhibition is normalized 
for the intranuclear concentration of these com- 
pounds, the shorter chain, single intercalators are the 
most effective inhibitors with a decrease in relative 
activity as the connecting chain lengthens. A possible 
explanation is that because of the nucleolar environ- 
ment, the shorter chain compounds have a higher 





* A. Sarris and E. S. Canellakis, manuscript in prep- 
aration. 


specificity for the site of rRNA synthesis; alterna- 
tively, within the nucleus, there may be a variety of 
sites for acridines to bind. Due to their stronger bind- 
ing to such sites, the double intercalators may be 
selectively excluded from the nucleolus. 

It should also be noted that we have assumed that 
inhibition of nucleolar RNA synthesis is only depen- 
dent on the nuclear concentration of the drug. The 
relatively high cytoplasmic to nuclear ratios of the 
most effective compounds at least suggest that some 
cytoplasmic controls may exist and may be respon- 
sible for the activity of the short-chain compounds. 

A better understanding of how these compounds 
work should lead to the development of more selec- 
tive drugs. This takes on added importance when it 
is realized that only the C, and Cg analogues have 
any appreciable chemotherapeutic effect [1]. 
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Abstract—The effect of a series of mono- and diacridines on the processing of precursor 
rRNA in HeLa cells and on the methylation of tRNA from Escherichia coli has been investi- 
gated. Some of these compounds are potent inhibitors of processing. In addition, at least 
one compound causes misprocessing of the precursor rRNA to incorrect molecular weight 
sizes, while another promotes the “non-conservative” processing of the rRNA. The methyla- 
tion of tRNA is inhibited, to various degrees, by all of these compounds. 


In the preceding paper [1], we described the effects 
of diacridine double intercalators on the synthesis of 
nucleolar RNA in HeLa cells. Presumably this effect 
arises due to intercalation with DNA. However, other 
work from this laboratory has emphasized that these 
diacridines can also intercalate with model synthetic 
ribonucleic acids of various sequences [2]. In addi- 
tion, it has been reported that intercalators can inter- 
fere with the processing of precursor 45S ribosomal 
RNA [3]. Based on these data, it seemed reasonable 
to assume that diacridines may differentially interca- 
late with RNA and thereby interfere with various 
steps in the maturation of RNA. In order to verify 
this hypothesis, we have evaluated the effects of 
mono- and diacridines on two distinct steps in RNA 
maturation: (1) the processing of precursor 45S ribo- 
somal RNA to 32S RNA in HeLa cells, and (2) the 
methylation of tRNA from Escherichia coli by rat 
liver methylases. 

Some of the diacridines are potent inhibitors of the 
processing of 45S RNA. Furthermore, these diacri- 
dines can be distinguished by their discrete additional 
effects on 45S RNA processing. Under appropriate 
conditions, some compounds will inhibit processing 
and at the same time preserve the integrity of the 
45S precursor rRNA molecule. At least one com- 
pound causes misprocessing of 45S RNA to a hetero- 
geneous mixture of various high molecular weight 
sizes. In addition, we show that 9-amino acridine, the 
parent compound, will promote “destructive” process- 
ing of 45S precursor RNA, a phenomenon which so 
far has only been described for compounds which are 
incorporated into RNA [4, 5]. 

All of the compounds tested inhibit the methylation 
of tRNA to some extent. Spermine and spermidine 
diacridines appear to be the most effective inhibitors 
of this reaction. 


MATERIALS AND METHODS 


The structure and synthesis of the diacridines have 
been described [2]. Culturing of the HeLa cells and 
the isolation and sucrose gradient analysis of nucleo- 


B.P. 26/4—B 


275 


lar RNA were performed as previously described [1]. 
Drugs used in this study were: 9-amino acridine, pro- 
flavine, ethyldiamine diacridine (C;), butyldiamine 
diacridine (C4), hexyldiamine diacridine (C,), octyl- 
diamine diacridine (Cg), dodecyldiamine diacridine 
(C; >), spermidine diacridine and spermine diacridine. 

The processing of precursor rRNA was studied un- 
der the following conditions. HeLa cells were incu- 
bated for 15min in the presence of either [8-'*C]- 
adenosine (51.2 mCi/m-mole, 0.4 wCi/ml) or [2,8-*H]- 
adenosine (32.4 mCi/m-mole, 5.0 wCi/ml) (New Eng- 
land Nuclear Corp.). At this time, actinomycin D was 
added to a concentration of 0.1 ug/ml to inhibit any 
further rRNA synthesis [6]. The HeLa cells from the 
['*C]adenosine samples were harvested at this point. 
Incubation of the [*H]adenosine samples was con- 
tinued for an additional 30 min; these HeLa cells were 
then harvested. At the time of harvesting, the 
[*H]adenosine- and the ['*C]adenosine-treated cells 
were mixed and the nucleolar RNA was isolated as 
described above. In experiments where drugs were to 
be tested, actinomycin D and the drug were added 
at the same time. 

For the methylation studies, rat liver methylases, 
dependent on exogenous putrescine, were prepared 
essentially as described by Pegg [7] from female 180-g 
Sprague-Dawley rats (Charles River Breeding Lab.). 
[*H]Methyl-S-adenosyl methionine (SAM) (11.6 Ci/ 
m-mole, 0.044 umole/ml; New England Nuclear 
Corp.) was adjusted to 1 zmole/ml, 25 wCi/umole with 
non-radioactive SAM (Sigma Chemical Co.) just prior 
to use. The reaction mixture, in a final volume of 
150 ul, contained: 100mM Tris-HCl, pH 9, 3.3mM 
2-mercaptoethanol, 20 mM putrescine-HCl, 0.2 mg/ml 
of E. coli K,, tRNA (Schwarz/Mann), 0.54 mg/ml of 
rat liver methylases and 0.13 umole/ml of [7H]SAM. 
All drugs were employed at a concentration of 
2 x 10°*M. The reaction mixture was incubated at 
37° for 30min and the reaction stopped by quickly 
cooling the samples to 4°. Portions were applied on 
3MM cellulose discs (Whatmann) and assayed as 
trichloroacetic acid (TCA)-precipitable counts. 
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Fig. 1. Inhibition of processing of nucleolar RNA by ethyl- 
diamine diacridine C,. (A) HeLa cells were incubated for 
15 min with ['*C]adenosine or [7H adenosine. (B) HeLa 
cells were incubated with ['*C]adenosine or [*H]adeno- 
sine for 15 min. The ['*C adenosine cells were harvested; 
actinomycin D was added to the [*H]adenosine cells to 
a final concentration of 0.1 ug/ml and the incubation con- 
tinued an additional 30min, at which time the 
{'*C]adenosine and [*H]adenosine cells were combined. 
(C) HeLa cells were incubated with ['*C]adenosine or 
[°H Jadenosine as in B except that at the time of addition 
of actinomycin D, ethyldiamine diacridine, C,, was also 
added to a concentration of 4.5 x 10°°M. Key: '4C, 
@—@: and *H, #8. 





RESULTS 
Effect on the processing of 45S RNA by mono- and 
diacridines 
Inhibition of processing of 45S precursor RNA. 
Figure 1A shows the labeling pattern obtained after 
a 15-min incubation of both the ['*C]adenosine con- 


trol samples and the [*H ]adenosine sample. In agree- 
ment with published results [3,4], only the 45S pre- 
cursor rRNA molecule is labeled during this time. 
After inhibition of the further synthesis of 45S RNA 
with actinomycin D, incubation of the [*H ]adenosine 
sample for an additional 30min leads to the total 
conversion of the 45S precursor to the 32S stage (Fig. 
1B, [3,4]). Inhibition of this step of processing of 45S 
to 32S RNA can be easily monitored, since it leads 
to the retention of some or all of the 45S material 
in the same position; this is exemplified in Fig. 1C 
by the effect of ethyldiamine diacridine, C,, on the 
processing of the 45S RNA. A survey of various acri- 
dines and diacridines gave results indicating similar 
inhibition or lack of inhibition. 

Table 1 summarizes in a qualitative manner the 
results of this inhibition study. All of the diacridines 
tested, double and single intercalators connected with 
hydrocarbon chains, inhibit this processing step to 
some extent. On the other hand, the two polyamine 
analogues, i.e. diacridines connected with spermine or 
spermidine, do not show any inhibition of the pro- 
cessing of the 45S RNA. It should be kept in mind 
that, in order to study this particular reaction, the 
concentrations of drug used in the medium are high 
enough to completely inhibit the de novo synthesis 
of precursor 45S RNA [1]. In addition, although 
large differences in intracellular concentrations are 
achieved by these various compounds [1], reference 
to these results will indicate that the intracellular con- 
centration of the polyamine analogues is at least as 
high as that attained by the diacridines connected by 
short hydrocarbon chains, which do in fact inhibit 
the processing of 45S RNA. Consequently, this lack 
of inhibition may be considered to be a property of 
the spermine and spermidine diacridines which differ- 
entiates them from the other diacridines studied. 

In addition to this difference, other qualitative dif- 
ferences have been observed in the sucrose gradient 
analysis, which further differentiate the acridines from 
each other. 

“Destructive” processing of 45S precursor RNA. 9- 
Amino acridine promotes the “destructive” processing 
of 45S precursor RNA. Figure 2a shows the results 
obtained with 9-amino acridine. Comparison with the 
controls in Fig. 1 reveals that the combined area un- 
der the two peaks is much less (50 per cent less) than 
expected, indicating a significant loss of TCA-precipi- 
table material. Similar results, termed “destructive or 
non-conservative processing,” have been reported for 
5-azacytidine and toyocamycin [4,5]. Both of these 


Table 1. Effect of mono- and diacridines on the processing of 45S RNA 





Drug 


Inhibition 
of processing* 


Concn 
(x 1075 M) 





9-Amino acridine 

Profiavine 

Ethyldiamine diacridine (C,) 
Butyldiamine diacridine (C4) 
Octyldiamine diacridine (Cg) 
Dodecyldiamine diacridine (C, >) 
Spermine diacridine 

Spermidine diacridine 


Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 





* Inhibition of processing of 45S precursor RNA was qualitatively defined by the 
presence of a residual 45S RNA peak. 





Diacridines, bifunctional intercalators—V 





cpm. x 1073 


s 
L a, ss8 
i>? @ Lt} 
rahe 1 1 




















Lemeeeee, 
a 8 2@e ww OG 


FRACTION NUMBER 


Fig. 2. Sucrose gradient analysis of nucleolar RNA during inhibition of processing. Samples 

were treated as described in Fig. 1 except that in panel A 9-amino acridine was added 

to a concentration of 6 x 10~°M;; in panel B, octyldiamine diacridine, Cs, was added to 

a concentration of 6 x 10~° M. Key: '*C, @——@; and *H, &——@. Panel C is a reproduc- 

tion of Fig. 1B on which is superimposed the effect of 4 x 10~° M dodecycldiamine diacri- 
dine, *#H, OO, to emphasize misprocessing by this compound. 


drugs act by being incorporated into the RNA. The 
result obtained with 9-amino acridine appears to be 
the first example of non-conservative processing of 
45S RNA caused by an unincorporated drug. é 

Non-degradive inhibition of processing. Octyldia- 
mine diacridine (Cg) inhibition does not permit any 
extensive degradation of 45S precursor RNA. Figure 
2b shows that Cg, is a very effective inhibitor of the 
processing of 45S precursor RNA. However, it is 
apparent that it also preserves the 45S RNA from 
any abnormal degradation, unlike 9-amino acridine 
or Cj>. 

Misprocessing of 45S precursor RNA. Dodecyldia- 
mine diacridine (C,,) promotes the misprocessing of 


45S precursor RNA. Figure 2c shows that C,, in- 
hibits the processing of the 45S precursor RNA, as 
evidenced by the residual peak in the 45S region. In 
addition, the processing that does take place leads 
to the appearance of populations of polydisperse 
RNA, rather than the expected discrete 32S RNA 
peak. 


Inhibition of the methylation of tRNA by mono- and 
diacridines 


Methylation is a common step in the maturation 
of most RNA. Our results, summarized in Table 2, 
show that the diacridines are potent inhibitors of the 


methylation of E. coli tRNA as catalyzed by rat liver 
methylases. The most effective inhibitors are the 
polyamine diacridines in which the hydrocarbon con- 
necting chain is replaced with spermine or spermi- 
dine. This is in sharp contrast to their lack of inhibi- 
tion of the processing of 45S RNA. Among the hydro- 
carbon chain diacridines, C, appears to be the most 
effective. 


DISCUSSION 


RNA has a high level of tertiary structure which 
is crucial for its biological function. The diacridines 
have a high affinity for synthetic polyribonucleotides 
[2] and for purified rRNA (unpublished data). Our 
working hypothesis has been that these compounds 
bind to RNA, altering its conformation, thereby 
modifying the normal protein-RNA interaction upon 
which the biological function of RNA depends. 

The finding that these compounds inhibit the pro- 
cessing of precursor rRNA and the methylation of 
tRNA supports our hypothesis. It can be envisioned 
that these compounds, in binding to the RNA, modify 
it to such an extent that the RNA can no longer 
function as a substrate for these enzymes. In the case 
of the methylase experiments, both the tRNA and the 
enzyme are a heterogeneous mixture and it is difficult 


Table 2. Inhibition of methylation of E. coli tRNA by rat liver methylases* 





Drug 


Activityt 


(cpm) Inhibition (%) 





None 

Spermine diacridine 

Spermidine diacridine 
Hexyldiamine diacridine (C,) 
Proflavine 

Octyldiamine diacridine (Cg) 
Butyldiamine diacridine (C4) 
Ethyldiamine diacridine (C3) 
9-Amino acridine 
Dodecyldiamine diacridine (C, >) 


4180 + 96 
620 + 64 
930 + 157 
1240 + 119 
2220 + 100 
2890 + 31 
3210 + 98 
3340 + 146 
3860 + 193 
4430 + 130 





* Rat liver methylases were isolated and analyzed as described in Materials and Methods. 
All drugs were at a concentration of 2 x 10~*M. In the absence of tRNA substrate, a 
background of 618 cpm was found and the data have been corrected for this. 


+ Mean + S. E. M. 
tC,,. showed 6 per cent stimulation. 
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to interpret the results, except to indicate the degree 
of inhibition of the overall methylation reaction. Ad- 
ditional experiments are planned in order to investi- 
gate whether any specificity exists among these com- 
pounds for a particular reaction. 

The maturation of 45S RNA is a multi-step process 
arid some of the intermediate steps are reasonably 
well detailed. The effect these compounds have on 
processing also points out the more subtle modifica- 
tions of a conformational change. It is reasonable to 
suggest that the binding of 9-amino acridine signifi- 
cantly alters the structure of precursor rRNA, thereby 
making it accessible to complete nucleolytic digestion. 
C,2 however, apparently only modified recognition 
sites in such a manner that it allows erroneous but 
polydisperse nucleolytic products to be made. Neither 
of these results is observed with Cg; however, the 
binding of Cg to 45S RNA appears to produce a suffi- 
cient change in the 45S precursor RNA to completely 
block the processing step. These results are consistent 
with the concept of a drug-RNA interaction leading 
to a conformational change. At the same time, the 
contrasting results observed among the mono- and 
diacridines imply that some differential specificity 
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exists in their interaction with RNA. These differences 
in their biological activity suggest their use as tools 
for the further investigation of the steps involved in 
the maturation of RNA. 
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Abstract—The effect of spironolactone (Sp) pretreatment on ihe biliary excretion of intravenously in- 
jected heavy metals (mercury, cadmium, zinc and cerium) was investigated in rats, using five metal 
compounds (four inorganic metals in chloride form, and methyl mercuric chloride). The oral administ- 
ration of Sp (5 mg/100 g) 1-3 hr before the bile excretion study increased the biliary recovery of 
mercury more than ten times over a period of 4 hr in rats injected with mercuric chloride, but did 
not increase the biliary excretion of the other three metals (Cd, Zn and Ce). Multiple-dose pretreatment 
(2 doses a day for 3 days) also increased the biliary excretion of mercury but much less than in 
the acutely treated rats. Cadmium excretion was significantly decreased by multiple dose pretreatment. 
Sequential nuclear imagings after intravenous injection of '°’HgCl,, demonstrated clear differences 
in the tissue distribution of mercury between control and Sp-treated rats. 


Spironolactone (Sp) has been reported to protect ani- 
mals against lethal damage caused by mercury [1], 
cerium [2], and cadmium [3] intoxication. It has been 
postulated [4] that a possible mechanism for the pro- 
tective effect of Sp against mercury poisoning is the 
change of mercury distribution in the body tissues, 
particularly the decrease of mercury concentration in 
the kidney. Another possible mechanism is the en- 
hancement of biliary excretion of mercury reported 
by Haddow et al. [5]. However, Garg et al. [6] and 
more recently Klaassen et al.[4] reported that the 
enhancement of mercury excretion did not occur in 
Sp-pretreated rats. 

Thus, there is a clear discrepancy in the literature 
on the effect of Sp on the biliary excretion of mercury. 
Therefore, the present work was designed to deter- 
mine if the biliary excretion of mercury can be 
enhanced by Sp. Bjondahl et al.[7] examined the 
fecal excretion of cerium in the rats chronically 
treated with Sp, but did not see any increase in the 
fecal excretion of cerium. However, they did not 
report on the effect of acute pretreatment with Sp. 
Since information for the other metals is lacking, the 
effect of Sp on the biliary excretion of cerium, cad- 
mium, and zinc was also investigated. 


MATERIALS AND METHODS 


Male Wistar rats weighing 200-350 g were used 
throughout the study. Administration of Sp was per- 
formed in two ways. 

1. Single dose administration: rats were given 
orally 5 mg/100 g body weight of Sp through a sto- 
mach tube in the form of a water suspension of Sp 
prepared from commercial tablets (Aldactone, G. D. 
Searle & Co., Chicago, Ill.). The injection of mercury 
and other heavy metals was performed 1-3 hr later. 
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2. Multiple dose administration: rats were given the 
same dose twice daily for three days and the biliary 
excretion study was performed on the fourth day, 
16-20 hr after the last administration. '°’HgCl3, 
203HeCl,, CH;7°2HgCl, '*'Ce(NO;)3, '1°"CdCl,, 
®>ZnCl, were purchased commercially. Rats were 
studied under pentobarbital anesthesia (4.5 mg/100 g 
ip) with additional small doses added as needed dur- 
ing the study. The common bile duct was cannulated 
(PE-10 tubing) through an abdominal incision and 
a saline solution of each metal compound (in chloride 
form) with its respective radioactive tracer (1-5 pCi) 
was injected intravenously (i.v.) through a femoral 
vein catheter. Each animal received 0.5 mg of metal. 
Bile was continuously collected in a polyethylene tube 
at 30-min intervals for the first hour and then con- 
tinuously on the hour for the next 3 hr. The rectal 
temperature was maintained between 37-38" through- 
out the experiment by a heating lamp. The recovery 
of the injected metals in the bile was calculated from 
the radioactivities of the bile and the standard solu- 
tion prepared from the isotope solution for injection. 
Radioactivities of isotopes for 7°*Hg, '°’Hg, '*'Ce, 
and °°Zn were determined according to their specific 
energy peak using a well-type y-scintillation counter 
(Aloka, Tokyo). For the measurement of '!°"Cd, 20 
ul of bile or standard solution containing ''*"Cd was 
dried in a metallic planchette, and the activity was 
measured by a gas flow counter. Sequential changes 
in the hepatic content of mercury in the control and 
Sp-treated rats were studied by the following two pro- 
cedures. The liver was taken at 15 min, 2 hr and 
4 hr after mercuric chloride injection. The liver was 
immediately perfused with saline through a portal 
vein catheter to eliminate the blood in the hepatic 
vessels. The sequential change in the mercury content 
in the liver was studied by counting the radioactivity 
of liver tissue. The sequential changes in the distribu- 
tion of mercury in the liver and kidney was also stud- 
ied in an in vivo system using a nuclear imaging 
device (Phogamma HP, Nuclear Chicago). One 
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Table 1. Biliary recovery of metal compounds after spironolactone (Sp) pretreatment in rats 





Sequential recovery in the bile (mean +S.D., per cent of the injected dose) 


Metal compound 0-30 min 30-60 min 


60-120 min 


120-180 min 180-240 min 





HgCl, 
Control (3) 
Sp(S) (8) 
Sp(M) (5) 

CH,HgCl 
Control (3) 
Sp(S) (3) 

CdCl, 
Control (6) 
Sp(S) (5) 
Sp(M) (4) 

ZnCl, 
Control (3) 
Sp(S) (3) 

CeCl 
Control (3) 
Sp(S) (3) 


0.11 + 0.04 
3.52 + 1.74* 
0.25 + 0.10* 


0.14 + 0.04 
2.98 + 1.07* 
0.32 + 0.10* 


0.28 + 0.06 
0.34 + 0.02 


4.08 + 0.35 
3.86 + 0.67 


2.65 + 1.85* 


3.71 + 0.67 
3.59 + 0.49 
2.14 + 0.81* 


0.38 + 0.11 
0.36 + 0.16 
(x 107 2)t 

0.63 + 0.07 
0.36 + 0.07* 


0.44 + 0.13 
0.42 + 0.11 


1.87 + 0.52 
1.11 + 0.25* 


0.26 + 0.06 
2.78 + 0.86* 
0.47 + 0.11* 


0.35 + 0.14 
0.48 + 0.10 


5.34 + 0.47 
5.09 + 0.67 
4.97 + 0.89 


0.60 + 0.19 , 
0.73 + 0.27 


4.29 + 0.99 
3.92 + 0.23 


0.18 + 0.03 
0.98 + 0.23* 
0.24 + 0.03* 


0.13 + 0.02 
0.47 + 0.14* 
0.16 + 0.02* 


0.82 + 0.17 
10.73 + 3.89* 
1.45 + 0.30* 


0.35 + 0.12 
0.67 + 0.12* 


1.37 + 0.46 
2.06 + 0.38 


0.37 + 0.15 
0.55 + 0.17 


0.63 + 0.13 
0.40 + 0.19* 
0.41 + 0.23* 


15.70 + 1.49 
14.91 + 1.93 
11.84 + 1.61* 


2.31 + 0.24 
1.97 + 0.35 
1.78 + 0.16* 
0.19 + 0.05 1.96 + 0.55 
2.10 + 0.66 


0.35 + 0.10 
0.36 + 0.08 


3.78 + 1.09 
3.75 + 0.43 


2.76 + 0.72 
2.85 + 0.76 


13.33 + 3.02 
11.99 + 1.21 





Sp(S) Single dose of Sp (5 mg/100 g) 1-3 hr prior to metal study. Sp(M) Multiple dose of Sp (2 doses a day 
for 3 days, the last dose was administered 16-20 hr prior to metal study). Number in parenthesis indicates the number 


of rats studied. 


* Significantly different from respective control value (P < 0.05), by Student’s t-test. : 
+ Values for cerium are expressed at 10~? (i.e., 0.63 = 0.0063). 


hundred pCi of '°7HgCl, was injected iv. into a 
femoral vein in control and Sp-pretreated rats and 
the mercury distribution was sequentially monitored 
over a period of 2 hr by serial imagings. 


RESULTS 


Table 1 summarizes the recovery of the five metal 
compounds in the bile in the first 4 hr in control 
rats, rats pretreated with a single dose, and rats pre- 
treated with multiple doses (only for HgCl, and 
CdCl,) of Sp. In control rats, the 4-hr recovery rates 
varied widely, depending upon the injected metal 
compound; from 0.13 per cent for cerium chloride 
to 15 per cent for cadmium chloride. A significant 
increase in biliary excretion of mercury was observed 
in rats pretreated with either a single or multiple dose 
of Sp. Compared with control rats, the excretion rate 
of i.v. injected mercury (as HgCl,) in rats pretreated 
with a single dose, was 35 times higher in the first 
30 min, 21 times in the next 30 min and 11 times 
in the second hour. The total recovery of HgCl, in 
the first 4 hr was more than 12 times higher than 
the controls (10.73 + 3.89 per cent vs 0.82 + 0.17 per 
cent). The 3 days’ successive treatment of Sp also pro- 
duced a significant (P < 0.01) increase for biliary 
excretion of mercury. However the excretion rate 
(1.45 + 0.30 per cent in 4 hr) was much less than 
that observed in rats immediately pretreated. The: bili- 
ary excretion of mercury injected as methyl mercuric 
chloride was also increased by Sp administration. 
However, the difference from control value was not 


significant (P > 0.05). Sp pretreatment, did not in- 
crease the biliary excretion of the other three metals 
(cadmium, zinc and cerium). In fact, multiple-dose 
administration of Sp for 3 days even decreased the 
biliary excretion of cadmium, even though the bile 
flow rate and liver weight were both significantly in- 
creased in this group of rats compared with control 
rats. Table 2 indicates the hepatic mercury content 
after mercuric chloride injection expressed as per cent 
of the mercury dose in control rats and rats with 
acute Sp-pretreatment. The control group showed a 
gradual and continuous increase in mercury content 
in the liver for the first 4 hr, while the mercury con- 
tent in the liver of rats given acute pretreatment of 
Sp rose very rapidly in the first 15 min and then 
decreased gradually thereafter. Thus, the greatest dif- 
ference between control and acutely treated rats was 
observed in the 15-min liver sample (control; 
7.34 + 2.99 per cent vs Sp; 24.94 + 4.49 per cent, 
P < 0.01). The bile to liver mercury concentration 
ratio was approximately 1.6 in the first hour in the 
rats with acute pretreatment, while it was 0.20 in the 
control rats. 

Figure 1 shows the sequential imagings obtained 
with '?’Hg in the control and pretreated rats. The 
intensities of the imaging of the kidney and liver in 
control rats continuously increased during the obser- 
vation period of 2 hr. However, at 15 min post injec- 
tion, the intensity in the control liver imaging was 
lower than in the treated rat. In the treated rats, the 
liver contour was clearly observed with higher inten- 
sity even in the picture taken 15 min after injection. 


Table 2. Sequential changes in mercury content in rat liver after i.v. injection of mercuric 
chloride expressed as per cent of the dose 





15 min 


Time after mercury injection 
2 hr 4 hr 





Control rats 
Sp-pretreated rats* 


7.34 + 2.99(5) 
24.94 + 4.49(4) 


17.90 (2) 
19.24 (2) 


21.07 (2) 
15.22 (2) 





* Sp treated rats received a single dose of spironolactone (5 mg/100 g) 1-3 hr prior to 


mercury study. 


Number in parenthesis indicates the number of rats studied. 
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Control rat 


BRAD 


15min 30min 60min 90min 120 min 


Sp pretreated rat 


15min 30min 60min 90min 120 min 


Fig. 1. Sequential nuclear imagings of liver and kidney 
with '°’HgCl,, in control and Sp-pretreated rats. In con- 
trol rats, the liver and kidney uptake of '?’Hg was low 
at 15 min post i.v. injection but gradually increased for 
2 hr after injection. At 2 hr post injection, the renal inten- 
sity became quite high compared with the treated rats. 
In Sp-pretreated rats, the liver intensity was much higher 
than control liver at 15 min post injection. Kidney inten- 
sity was lower than in the control rat throughout the 
period. This difference in kidney intensity was most 
marked in the pictures taken 2 hr after mercury injection. 


The intensity of the liver image in treated rats was 
much higher than the control throughout the obser- 
vation period. Conversely, the kidney image intensity 
was much lower in pretreated rats in comparison to 
the kidney images at corresponding time intervals in 
control rats. The biliary excretion of mercury in 


treated rats could not be clearly seen in the imagings 
in this study. 


DISCUSSION 


A 7 per cent liver accumulation of inorganic mer- 
cury at 15 min post injection and a 20 per cent ac- 
cumulation at 4 hr observed in the control study, 
agree well with the values reported previously [4, 5]. 
According to the past literature [7-10], it seems that 
cadmium, zinc and cerium are also to a large extent 
taken up by the liver shortly after administration 
(20-50 per cent in the first few hr). Furthermore, there 
are evidences that a common binding protein in the 
liver, metallothionein, is involved in the metabolisms 
of mercury, cadmium and zinc [10-14]. However, the 
biliary excretion rate for these four metals ranged 
very widely (100 times as 4 hr biliary recovery). This 
result indicates that, at least quantitatively, there are 
great differences in the metabolisms of these metals 
in the biliary excretion system. 

A single-dose Sp-pretreatment increased the biliary 
excretion of inorganic mercury more than ten times, 
while it did not increase the biliary excretion of the 
other three metals (Cd, Zn and Ce), which indicates 
that the action of Sp is specific to inorganic mercury 
only. The increase in biliary excretion of mercury by 
Sp is consistent with the report by Haddow et al. [5]. 
However, it does not agree with the results by Garg 
et al.{6] and Klaassen [4]. Garg et al. ligated the 





*Confirmed by personal communication. 
+K. Kitani unpublished observation. 


bile duct 24 hr before bile duct cannulation, and per- 
haps, this difference in the experimental procedure 
may explain why their results are different from ours. 
Klaassen [4] injected i.p. a propylene glycol suspen- 
sion of pure Sp*, instead of oral administration of 
Aldactone tablet used by Haddow et al. [5] and our- 
selves. According to Sadée et al.[15], when Sp was 
injected i.v. in a polyethylene glycol suspension, most 
of the fluorogenic substances found in the plasma 
were Sp metabolites, namely canrenone and can- 
renoate, and unchanged Sp initially present in the 
plasma in a small amount disappeared within 30 min 
after injection. Sadée et ai. also demonstrated [16] 
that with oral administration of Aldactone tablet un- 
changed Sp stayed in the plasma in much higher con- 
centration for the first few hours. Therefore, 
Klaassen’s results could be interpreted as revealing 
that none of these Sp metabolites, canrenone, can- 
renoate, or free thioacetate increases biliary excretion 
of mercury. If unchanged Sp in the plasma is assumed 
to play a significant role in the increase of the biliary 
excretion of mercury, then the discrepancy between 
the enhanced excretion observed by Haddow et al. [5] 
and by the authors in the present study and un- 
changed excretion reported by Klaassen [4] appears 
to be reasonably explained. In this regard, we con- 
firmed that an ip. injection of an ethylene glycol (or 
water) suspension of Aldactone was effective in in- 
creasing biliary excretion of mercury as an oral 
administrationt. Therefore it is possible that the dif- 
ference in the effect of Sp in the mercury excretion 
is not due to the difference in the procedure (injection 
vs oral administration) but in the material used. If 
it is, the results reported by Garg et al.[6] appear 
to be also explained on this basis, since they seem 
to have administered pure Sp orally. 

Repeated administration of Sp is known to increase 
activities of various hepatic microsome enzymes and 
the bile flow rate (17-19). Such effects of Sp are con- 
sidered to accelerate hepatic metabolisms of many 
drugs, such as cardiac glycosides [19, 20], and indo- 
methacin [20], reducing the toxic effect of these drugs 
in Sp-pretreated animals [19-21]. However, in the 
case of inorganic mercury, repeated administration of 
Sp effected the biliary excretion of mercury to a much 
smaller extent than acute single-dose administration, 
indicating that the increased excretion is not due to 
the results of repeated administration of Sp. 

The enhanced biliary excretion of mercury as 
demonstrated in the present study, might contribute 
to the protective effect of this drug has against mer- 
cury poisoning, as Haddow et al. [5] suggested. How- 
ever, the decrease in mercury concentration in the 
kidney was produced by an i.p. injection of Sp with- 
out an appreciable increase in biliary mercury excre- 
tion [4]. Therefore, the decrease in mercury concen- 
tration in the kidney per se might be playing a signifi- 
cant role in the protection against mercury poisoning. 

Biliary excretion of cadmium, zinc or cerium was 
not increased by Sp-pretreatment. Chronic treatment 
of Sp even caused some decrease in biliary excretion 
of cadmium. The decrease in fecal elimination of cer- 
ium in mice pretreated with repeated administration 
of Sp was also reported [7]. Therefore, for cadmium 
and cerium, other mechanisms might be responsible 
for the protective effect of Sp. 





282 K. KITANI, Y. Morita 


The projection of the protective effect of Sp on mer- 
cury poisoning documented for rats [1] to other spe- 
cies and ultimately to man requires further work. 
Nuclear imaging study not only agreed well with the 
in vitro measurement of the concentration of mercury 
in the liver but clearly demonstrated the decrease in 
renal accumulation of mercury in the Sp-pretreated 
rats, which also agrees with the previous in vitro 
studies [4, 5]. Thus, the nuclear imaging could be a 
simple and perhaps the only practical procedure to 
test this effect of Sp in man, where the rapid changes 
in the organ distribution of mercury can be only 
monitored with this kind of approach. 
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Abstract—The binding of salicylate and some related compounds has been investigated by circular 
dichroism. The binding constants, where possible, were determined by direct titration, otherwise by 
their ability to displace salicylate. The binding constants for the first two sites for salicylate were 
found to be 1.05 x 1051. mole~! and 5.10 x 10°1. mole~!. The induced circular dichroism of salicylate 
was diminished by addition of acetate ions. Attempts to correlate binding constants with partition 
coefficients and Hammett o values suggested hydrophobic and electrostatic forces to be involved in 
the binding of these benzoic acid derivatives. Aspirin, indomethacin and phenylbutazone appeared 


to share the primary site with salicylate. 


The binding of salicylic acid and its analogues has 
been quantitatively investigated by several authors 
[1-5]. Using equilibrium dialysis, Davison and Smith 
[1] studied the binding of salicylate and related mol- 
ecules to bovine serum albumin (BSA). 

Moriguchi[2] investigated the relationship 
between structural features and binding constants for 
some benzoic acid derivatives including salicylate fol- 
lowing the interaction with BSA. From a clinical 
point of view, the possible displacement of a range 
of drugs by salicylate has been reported [5-10]. Per- 
rin and co-workers have previously reported that cir- 
cular dichroism (CD) is a useful technique to deter- 
mine binding parameters as well as to investigate 
competition at low drug to albumin ratios [11-13] 
and have shown that salicylic acid gives a small in- 
duced circular dichroic signal on binding to HSA 
[14]. This signal was too small to be quantitatively 
investigated but the more sensitive circular dichroism 
equipment now commercially available makes such 
investigations possible. 

Perrin and Nelson [11] have shown, using the CD 
technique that salicylate displaces sulfaethidole from 
its primary binding site on BSA to a greater extent 
than does the more hydrophobic aspirin. This is in 
agreement with literature values for their binding con- 
stants. In the work reported here CD has been used 
to investigate the binding of salicylate and various 
analogues to human serum albumin (HSA) in the 
hope of elucidating the nature of the binding. 


MATERIALS AND METHODS 


HSA fraction VY (lot No A 2386) was obtained from 
Sigma Chemical Co, St. Louis, Mo. and was used 
as supplied. Butyl-p-hydroxy benzoate was obtained 
from Eastman Kodak Co, Rochester, N.Y., sodium 
salicylate and its analogues were obtained from 
Aldrich, Europe, Beerse Belgium. For the displace- 
ment investigations, tolbutamide (Hoechst, Frankfurt, 
Germany), isopropamide iodide (Smith Kline and 
French, Philadelphia PA.), indomethacin (Merck 
Sharp and Dohme, West Point PA.), sodium 
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2-(p-chlor phenoxy) 2-methyl propionate (1.C.I. Ltd., 
Macclesfield, Cheshire), Phenylbutazone, sulfadiazine, 
pentobarbital and phenobarbital, all from Nogepha 
Alkmaar Holland, were used as supplied. All other 
materials were reagent grade and solutions were pre- 
pared in deionised and distilled water. 

All solutions were prepared in 0.1 M phosphate 
buffer of pH7.4 at 22° HSA concentrations of 
1.45-5.80 x 10°~> M (mol. wt 69,000) were used. CD 
measurements were made on a Dichrographe III. 
(Jobin Yvon. Long Jumeau, France) using 10, 20 and 
50-mm cells. All solutions were scanned from wave- 
lengths at which no induced optical activity was 
observed. The induced ellipticity is defined as the 
ellipticity of the drug albumin mixture minus the 
ellipticity of the albumin alone at the same wave- 
length and is expressed in degrees. For the displace- 
ment experiments, fixed concentrations of salicylate 
and HSA were used, and the concentration of com- 
peting drug was varied. Only drugs, having little or 
no measurable induced CD at the relevant wave- 
lengths could be used as competitors. None of the 
compounds modified the CD spectrum of albumin 
at wavelengths between 200 and 250 nm. 


RESULTS AND DISCUSSION 


The induced CD spectra of the binding of the hyd- 
roxy benzoates and aspirin to HSA are shown in Fig. 
1. The o-hydroxy benzoate (salicylate) gives the lar- 
gest induced CD signal. The more sensitive Dichro- 
graph III detects a small induced CD signal following 
the binding of aspirin to HSA, this had not been 
observed in previous investigations. Table 1 summar- 
izes the induced ellipticities for the salicylate ana- 
logues investigated; the absence of data indicates that 
no measurable peaks were obtained above 270 nm. 
In all cases the induced ellipticities observed were 
positive in sign. The hydroxy group, whether ortho, 
meta, or para seems important for the generation of 
induced optical activity because the benzoic acid deri- 
vatives possessing amino, methyl, methoxy, and 
chloro groups showed significantly lower induced 
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Fig. 1. Induced optical activity of salicylate analogues 
binding to 1.45 x 10°° M HSA. @——@® o-hydroxy ben- 
zoic acid (salicylate); O © m-hydroxy benzoic acid; 
A p-hydroxy benzoic acid; A A acethyl salicy- 

late (aspirin). 


optical activities. It has been previously reported that 
the phenolic group of the salicylate is important in 
the binding process [14], and all of the above obser- 
vations support this hypothesis. The lack of an in- 
duced CD signal in some cases may be due to the 
lack of rigidity of the complex [15]. 

Figure 2 shows the induced ellipticity at 296 nm 
for various ratios of salicylate to HSA. All points are 
the average of ten determinations. It is assumed that 
the subtraction of the CD curves obtained by subtrac- 
tion of the spectrum of HSA alone from that of the 
drug-HSA mixtures correspond to the bound drug 
and contain no small contribution from the distur- 
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Fig. 2. Estimation of free and bound drug by the method 

of Rosen [16]. Measurements were made in 10-mm cells 

and with a constant HSA concentration of 2.90 x 107° M. 
Measurements were made at 296 nm. 


bance of the aromatic residues or from the N-B 
transition of the protein [16,17]. When the shape of 
this curve is compared to that previously obtained 
for sulfaethidole-BSA complexes [18], when only one 
binding site was capable of inducing optical activity, 
then it is obvious that more than one site is contribut- 
ing to the induced optical activity. To interpret this 
curve in terms of amount bound and free drug con- 
centration, it is assumed that the induced ellipticity 
is due entirely to the bound drug and making CD 
measurements at very low drug to HSA ratios enables 
the appropriate intensive factor to be calculated for 
the first binding site. This is usually done by drawing 


Table 1. Induced CD characteristics of benzoate analogues bound to 1.45 x 10°° M HSA 





Concentration of 
drug (M x 10*) 


Compound 


Peak characteristics 





Observed 
ellipticity x 10° 
(degrees) 


Wavelength 
(nm) 





o-Hydroxybenzoate (Salicylate) 
m-Hydroxybenzoate 
p-Hydroxybenzoate 
o-Methylbenzoate 
m-Methylbenzoate 
p-Methylbenzoate 
o-Methoxybenzoate 
m-Methoxybenzoate 
p-Methoxybenzoate 
o-Aminobenzoate 
m-Aminobenzoate 
p-Aminobenzoate 
o-Chlorobenzoate 
m-Chlorobenzoate 
p-Chlorobenzoate 
2,3-Dihydroxybenzoate 
2,4-Dihydroxybenzoate 
2,5-Dihydroxybenzoate 
2,6-Dihydroxybenzoate 
3,5-Dihydroxybenzoate 
3-Hydroxy-3-methylbenzoate 
Aspirin 

Methyl paraben 

Ethyl paraben 

Propyl paraben 

Butyl paraben 


295 2.55 
289 


286 
278 (shoulder) 
312 


298 (shoulder) 
298 (shoulder) 
298 (shoulder) 
298 (shoulder) 
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Fig. 3. Scatchard plot of salicylate-HSA binding. 


the tangent to the curve of Fig. 2 at zero drug concen- 
tration [19]. This method of deriving concentrations 
of free and bound drug, only allows precise interpre- 
tation in terms of binding constants when a single 
site is involved. When more than one site contributes 
to the ellipticity, the method is less precise. The 
observed induced ellipticity is a function of the 
amounts bound at the individual sites and the associ- 
ated molar ellipticities. If the binding constants of the 
primary and secondary sites are very different from 
one another and the ellipticities of the secondary sites 
are small then reasonable estimates of the primary 
binding constant can be obtained, the values for the 
secondary sites being less reliable. It is the first site 
that is of major clinical importance and is the one 
of interest in the current work. These problems are 
not peculiar to the CD technique, they are shared 
by other spectroscopic techniques where the intensive 
factor for the second and higher binding sites may 
be impossible to obtain. Figure 3 shows the Scatchard 
plot for salicylate, using data derived in the manner 
described above, and Table 2 gives the binding par- 
ameters of the analogues which were determined by 
direct titration. It is the primary binding constant that 
is of interest, and the value for salicylate is in agree- 
ment with those reported by Hultmark et al. (1.20 x 
10° 1. mole~') [3], Karesztes-Nagy et al. (0.7 x 10°) 
[4] and Meyer et al. (2.0 x 10°) [5], but higher than 
that reported by Davison and Smith (3.0 x 10*) [1]. 
Differences can be due to buffer composition, pH, 
albumin source, temperature effects as well as tech- 
niques. 

The binding constants for the methyl, ethyl and 
propyl parabens are of the same order as those 
reported by Jun et al.[20] for the binding to BSA, 
but significantly higher than those for binding to BSA 
reported by Patel et al. [21]. These low values seem 
to be due to the lack of data at low drug to albumin 
ratios. The binding constants of Jun et al. are rela- 


Table 3. Log primary binding constants for benzoic acid 
derivatives 





Compound This study Moriguchi* 





Benzoic acid 4.7 

o-Hydroxybenzoic acid : 5.0 
(salicylic acid) 

m-Hydroxybenzoic acid 5. 4.7 

p-Hydroxybenzoic acid 3: 3.9 

o-methylbenzoic acid , 4.4 

m-Methylbenzoic acid t 5.4 

p-Methylbenzoic acid & 4.9 

o-Methoxybenzoic acid 

m-Methoxybenzoic acid 

p-Methoxybenzoic acid 4.8 

o-Aminobenzoic acid 3.8 

m-Aminobenzoic acid 3.5 

p-Aminobenzoic acid 2.9 

o-Chlorobenzoic acid 

m-Chlorobenzoic acid 

p-Chlorobenzoic acid 

Methylsalicylate 

Salicylamide 





* Using u.v. technique, BSA 0.15 M Tris buffer pH 7.4 
37°. 


tively independent of the side chain, contrary to the 
present work which shows a significant increase in 
binding constant on going from propyl to butyl. 

It is not unexpected to find a significant role for 
the side chain in the binding process and the situation 
can be compared to the observations of Yalkowsky 
et al. [22] who found that the crystal structure of the 
lower alkyl p-aminobenzoate esters is probably deter- 
mined by the aromatic ring, but that the aliphatic 
chains begin to exert a dominant effect at four carbon 
atoms. It was not possible to investigate higher homo- 
logues in the present study because of their low solu- 
bility. 

The binding constants of the compounds in Table 
3 could not be determined directly because of their 
small induced ellipticities, but were determined, as de- 
scribed previously, from their abilities to displace sali- 
cylic acid from HSA[11]. The values obtained are 


-in good agreement with those of Moriguchi [2]. It 


should be noted that the ortho isomers of methyl, 
methoxy and chloro benzoic acids have lower binding 
constants than the meta- and para-isomers, contrary 
to the situation with hydroxy substituents. From 
Tables 2 and 3 it is apparent that acids with hydroxy 
groups ortho to the carboxylate group have signifi- 
cantly higher binding constants than the other mol- 
ecules. Two explanations are that intramolecular hy- 


Table 2. Binding parameters for salicylate analogues 





Compound* ny 


K,x10°°M"'—s ng 


K, x 10°3M7! 





Salicylate 
2,6-Dihydroxybenzoate 
3-Methylsalicylate 
Methylparaben 
Ethylparaben 
Propylparaben 
Butylparaben 


1.15 
4.09 
8.30 
0.66 
0.69 
0.70 
1.18 


3.73 
3.10 
2.39 
7.20 
7.43 
8.19 
6.60 





*To HSA at pH 7.4 in 0.1 M phosphate buffer. 
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Fig. 4. Effect of acetate on the induced ellipticities of sali- 

cylate binding to HSA. Concentration: HSA 5.8 x 10~° M 

salicylate 6 x 10~° M. Measurements were made in 50 mm 
cells. 


drogen bonding facilitates the binding to HSA, or 
that the binding site on albumin has closely spaced 
positive and negative centres. In either case a strong 
involvement of electrostatic forces is suggested for the 
binding process. The importance of the negative car- 
boxyl group on the binding is emphasised by the 
lower binding constants found (Table 3) for salicyla- 
mide and methyl salicylate. Zaroslinski et al. [23] 
have recently reported a negative enthalpy and nega- 
tive entropy for the primary binding of salicylate to 
HSA. In Fig. 4 the effect of large concentrations of 
sodium acetate on the induced ellipticity of salicylate. 
HSA complexes is shown. The acetate caused a small 
change in the pH of the solution, however in this 
pH region, pH has no effect on the ellipticity of the 
salicylate-HSA complexes [14]. If the effect of acetate 
is interpreted as a displacement rather than a confor- 
mational change then a binding constant of about 
200 can be estimated. This value is of the same order 
of magnitude as has been reported for acetate-BSA 
complexes [24]. Davison and Smith[1] have also 
reported the displacement of salicylate by acetate 
from HSA. It is interesting to note the greatly in- 
creased binding of the more hydrophobic 3-methyl-2- 
hydroxy benzoate (Table 2). 

Figure 5 shows the correlation of the binding con- 
stants of meta and para substituted benzoic acids with 
the Hammett sigma constants. The correlation coeffi- 
cient of 0.670 (eight samples) is significant at a 90 
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Fig. 5. Correlation between log K and Hammett sigma 
values for meta- and para-substituted benzoic acids. 
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Fig. 6. Correlation between log K and log P.C for benzoic 
acids. Salicylate has the highest binding constant. 





per cent level, and suggests a significant influence of 
electrostatic forces on the binding process. Partition 
coefficients, as a measure of hydrophobicity, correlate 
with the binding constants to a significant level (95 
per cent) with a correlation coefficient of 0.702 (ten 
samples) as shown in Fig. 6. However, when an 
attempt was made to combine these terms in a single 
equation no significant correlation could be obtained 
at 95 per cent confidence level as shown below. 
log K = 0.340 log PC — 0.3536 + 3.52, 
n= 11,r = 0.415, s = 0.343. 


The narrow range of log K values made such correla- 
tions difficult. The abnormally high binding constant 
of salicylate is again emphasised by Fig. 6. The low 
values of the slopes in Figs. 5 and 6 show a very 
small influence of substituent on the binding process, 
the acids are fully ionised under these experimental 
conditions and except in the case of salicylate the 
binding does not deviate markedly from that of the 
benzoate ion. 

Table 4 shows the binding constants of some drugs, 
whose complexes with HSA have little or no induced 
optical activity, obtained by the displacement method 
[11]. These binding constants are in reasonable agree- 
ment with the primary binding constants reported in 
the literature. Sulfadiazine has been shown to have 
a binding constant of less than 10°[25] and so is 
unlikely to displace salicylic acid under the experi- 
mental conditions of Table 4. 

The values for pentobarbital and phenobarbital are 
in good agreement with those obtained by Branstad 
et al.[26], as also are the values for tolbuta- 
mide [27, 28] and clofibric acid [29], indicating that 
a wide range of acidic drugs do share a primary bind- 
ing on HSA. The low value for aspirin again stresses 
the importance of the hydroxy group in the binding 
of salicylate to HSA. 

This value is of the same magnitude as that pre- 
viously reported [11] for the binding to BSA, however 
it is much lower than that reported by Davison and 
Smith [1] for BSA. With aspirin, there is the danger 
of hydrolysis during a long dialysis experiment as well 
as possible acetylation of the HSA [30]. 

Indomethacin and phenylbutazone are frequently 
prescribed with salicylate or aspirin in the treatment 
of rheumatoid arthritis. Muiden et al.[10] have 
recently reported that indomethacin and phenylbuta- 
zone cause appreciable increases in unbound salicy- 
iate at therapeutic levels. Induced CD curves for com- 


(1) 
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Table 4. Binding constants competing drugs found by displacement 





Drugs Kp» (M~')* 


Kin (M~ ') 


Method Reference 





Sulfadiazine No significant 
competition 
1.00 x 10° 
2.34 x 10 

No significant 
competition 
3.98 x 10* 


Phenobarbital 
Pentobarbital 
Isoproamide iodide 


Tolbutamide 


3.70 x 104 
2.77 x 10° 


Clofibric acid 
Aspirin 


0.8 x 10% 


2.5 x 10° 
6.2 x 103 


4.05 x 10* 
9.04 x 10* 
2.47 x 10* 
3.5 x 104 
4.52 x 10° 


Fluorescene (HSA) 23 


Dialysis (HSA) 
Dialysis (HSA) 


Dialysis (HSA) 
Fluorescene (BSA) 
Spectrophotometry (HSA) 
Dialysis (BSA) 

CD (BSA) 





* HSA (5.80 x 1075 M) and salicylate (6 x 10~° M) in 5-cm cells. 


plexes of these drugs are larger than those of salicy- 
late-HSA complexes and so quantitative investiga- 
tions of their competition for binding sites cannot be 
attempted under the conditions of Table 4, but it is 
of interest to determine whether or not they do share 
a primary binding site on HSA in a qualitative man- 
ner. Induced CD curves for low concentrations of a 
mixture of indomethacin and salicylate were com- 
pared to the addition of the induced curves of both 
drugs when alone with HSA. The curves did not 
match, indicating a mutual displacement. Similar 
results were obtained with phenylbutazone and salicy- 
late mixtures. Indomethacin-HSA complexes give 
measurable CD curves (Fig. 7) at higher wavelengths 
than do salicylate-HSA complexes, so allowing a 
binding constant for salicylate to be determined from 
its ability to displace indomethacin. The literature 
value for the primary binding constants of indometh- 
acin is 3 x 10°1.mole~' [6], allowing a value of 
5.5 x 10*1. mole™' for salicylate to be estimated (Fig. 
7). This value is lower than that found by direct titra- 
tion and may indicate that the literature value for 
indomethacin is too low, a frequent problem when 
insufficient data is collected at low drug to protein 
ratios. Unfortunately the induced CD spectra of 
phenylbutazone and salicylate complexes with HSA 
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Fig. 7. Induced CD curves for the interaction of indometh- 

acin and salicylate with HSA. Measurements were made 

in 50-mm cells with a HSA concentration of 5.8 x 10°°M 

and indomethacin concentration of 6.0 x 107° M salicy- 

late concentration (curve 1) 0: (curve 2) 6 x 10~° M (curve 

3) 12x 10°°M (curve 4) 18x 10°°M (curve 5) 
24 x 10°° M (curve 6). 


overlap and so no similar quantitation can be 
attempted with mixtures of these drugs. 

This limited in vitro displacement data does stress 
the precautions necessary when prescribing salicylate 
or the easily hydrolysed aspirin with a range of 
strongly bound acidic drugs. 
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Abstract—Three populations of rat brain mitochondria were isolated by centrifugation in a Ficoll- 
sucrose discontinuous gradient. The three fractions showed differential activity towards 5-hydroxytrypt- 
amine (a type A MAO substrate) and phenylethylamine (a type B MAO substrate). There were also 
clear differences in the inhibition characteristics of MAO with the specifiic inhibitors clorgyline and 
deprenyl. It is suggested that rat brain mitochondria are not homogeneous with respect to their comple- 
ments of MAO, and that the differences are not due to artefacts produced by the isolation procedure. 


Different preparations of brain mitochondria may be 
enriched with some enzymes and deficient in others 
[1, 2, 3,4, 5]. In addition, it is possible to distinguish 
between mitochondria derived from neuronal and 
glial cells [6] and synaptic and non-synaptic mito- 
chondria [1,4]. The evidence for the heterogeneity 
of brain mitochondria has been reviewed [7]. 

Monoamine oxidase (MAO, monoamine-O, oxi- 
doreductase, EC 1.4.3.4) is bound to the outer mito- 
chondrial membrane [8]. There is considerable evi- 
dence that it exists in more than one form: several 
bands containing MAO activity have been resolved 
on polyacrylamide gel electrophoresis of solubilised 
preparations from rat brain mitochondria [9]. On the 
basis of in vitro studies with the MAO inhibitor clor- 
gyline (N-methyl-N-propargyl-3-(2,4-dichlorophenoxy- 
propylamine)), Johnstone [10] suggested two forms 
of MAO, type A and type B, in rat brain. In vitro 
type A MAO is relatively sensitive to inhibition by 
clorgyline [10] and type B MAO to deprenyl (phenyl- 
isopropylmethylpropinylamine) [11]. Noradrenaline 
[12] and 5-hydroxytryptamine [10] are preferentially 
deaminated by type A MAO, and benzylamine [13] 
and f-phenylethylamine [14] by type B MAO. Tyra- 
mine [10] is a substrate for both forms of the enzyme. 

Tipton and Houslay [15], however, have suggested 
that the substrate preferences, inhibition character- 
istics and multiple forms of MAO are attributable 
to the adherence to the enzyme of differing quantities 
of lipid or membraneous material. 

Lai et al. [16] reported a technique for the prep- 
aration of three distinct populations of rat brain mito- 
chondria that were relatively free from non-mitochon- 
drial contamination. Two of these populations were 
derived from synaptosomes, and the remainder were 
free mitochondria. The mitochondrial populations 
appear to differ from each other in certain aspects 
of metabolism of citric acid cycle and related interme- 
diates. In view of this heterogeneity, we investigated 
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the characteristics of monoamine oxidase in the three 
mitochondrial populations. 


MATERIALS AND METHODS 


Chemicals. Tyramine, 5-hydroxytryptamine crea- 
tinine sulphate, f-phenylethylamine and mannitol 
were obtained from Sigma (London). ['*C]tyramine 
hydrochloride and ['*C]5-hydroxytryptamine crea- 
tinine sulphate were obtained from the Radiochemical 
Centre, Amersham, England, and ['*C]f-phenylethyl- 
amine hydrochloride from ICN Pharmaceutical Inc., 
California, U.S.A. Clorgyline was obtained from May 
and Baker Ltd., Dagenham, Essex and Deprenyl was 
a kind gift from Dr. A. R. Green, Oxford University. 
All other chemicals were from British Drug Houses 
Ltd., Poole, England and of the highest purity avail- 
able. Ficoll was dialysed against glass-distilled water 
for at least 5 hr before use. 

Preparation of mitochondrial populations. The 
method employed to prepare the mitochondrial popu- 
lations was essentially similar to that described by 
Lai [17] and Lai et al. [18], except that the final 
wash of the three mitochondrial fractions with bovine 
plasma albumin medium was omitted. 

Male Wistar rats (180-200 g) were guillotined, the 
brains removed and transected at the level of the col- 
liculi. That part of the brain rostral to the transection 
(ie. the forebrain), with the exception of the olfactory 
bulbs, was finely minced with scissors. Excess blood 
was removed by washing the minced brain in isola- 
tion medium (0.32M_ sucrose, 1mM_ potassium 
EDTA and 10mM Tris-HCI pH 7.4) and decanting 
off the supernatant. A 10% (w/v) homogenate in isola- 
tion medium was prepared using a motor-driven 
MSE homogeniser with a Teflon pestle (all-round 
clearance of 0.003-0.005 in.) with 3 x 10 passes. The 
homogenate was then centrifuged at 1300 g for 3 min. 
The supernatant was retained and the pellet was 
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rehomogenised in 10m! isolation medium with 16 
passes of the pestle, and then centrifuged at 1300g 
for 3 min. 

The pooled supernatants were centrifuged at 
17,000 g for 10 min to obtain a crude mitochondrial 
pellet (CM). The remainder of the procedure is pre- 
sented in Fig. 1. All centrifugation was carried out 
in an MSE Superspeed 25 centrifuge at 24° with 
a 8 x 50ml angle rotor except for the two Ficoll- 
gradient - centrifugation steps when a 6 x 165ml 
swing-out rotor was used. Average g values are 
quoted throughout. 

The 7.5°% and the 10°, Ficoll-sucrose media con- 
sisted respectively of 7.5°% (w/v) or 10% (w/v) Ficoll, 
0.32M_ sucrose. 5OuM K-EDTA and 10mM 
Tris-HCl, pH 7.4. The 4.5%, and 6°, Ficoll-sucrose 
media consisted respectively of 4.5% (w/v) or 6% 
(w/v) Ficoll, 0.24M mannitol, 0.06 M sucrose, 50 uM 


Homogenate 
1, 300 g| x 3 min 


K-EDTA and 10mM Tris-HCl pH 7.4. Ficoll- 
sucrose medium (3%) was prepared by diluting the 
6% Ficoll-sucrose medium 1:1 with distilled water. 

Assay of monoamine oxidase activity. Monoamine 
oxidase activity was assayed by a radiometric tech- 
nique similar to that developed by Robinson et al. 
[19]. One hundred yl of mitochondrial preparation 
was incubated at 37° for 30min at pH 7.2 in the 
presence of a radioactive substrate (phenylethylamine, 
5-hydroxytryptamine or tyramine) in a final volume 
of 0.5 ml. Substrate concentration was 1 mM and sp. 
act. of 0.3 wCi/umole. Reactions were stopped by the 
addition of 100 ul of 6N HCl to the reaction mix- 
tures and the deaminated products solvent extracted. 
The deaminated products of phenylethylamine were 
extracted into heptane (2 ml) and those of 5-hydroxy- 
tryptamine and tyramine into ethylacetate:benzene 
1:1 (v/v) (2ml). After centrifugation 1 ml of the 
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Fig. 1. Preparation of synaptic and non-synaptic rat brain mitochondria. 





Monoamine oxidase in distinct populations of rat brain mitochondria 


Table !. MAO activity of mitochondrial fractions using 
5-hydroxytryptamine and phenylethylamine as substrates 





5-Hydroxy- 


Fraction tryptamine Phenylethylamine 





8 M 
8 SM 
8 SM2 


51.6 + 16.4 
117.5 + 16.6 
106.6 + 3.0 





(MAO activity, mean + S.D., expressed as nmoles pro- 
duct/mg protein/30 min). 


organic phase was added to 10ml of Triton X100 
based scintillant and the deaminated products quanti- 
fied by scintillation counting. Blanks consisted of 
boiled mitochondrial preparations carried through 
the entire procedure. Mitochondrial protein was 
measured using a phenol reagent technique [20] and 
MAO activity was expressed as nmoles of product 
formed/mg protein/30 min. 

Inhibition studies. MAO activity was determined as 
described with ['*C]tyramine as substrate with in- 
creasing concentrations of clorgyline (10~ '*M-10~ #M) 
and deprenyl (10°°M-10~3M). Prior to the MAO 
assay incubation mixtures were preincubated at 37 
for 10min in the presence of inhibitor but in the 
absence of substrate. 


RESULTS 


MAO activity. The specific activities of MAO, with 
5-hydroxytryptamine and phenylethylamine as sub- 
strates, in the three mitochondrial fractions are pre- 
sented in Table 1. 

From Table 1 it is clear that the three mitochon- 
drial fractions were heterogeneous with respect to 
MAO activity and feil into three distinct groups when 
phenylethylamine was used as substrate. Both synap- 
tosomal fractions (SM and SM2) more actively de- 
aminated 5-hydroxytryptamine than did the free 
mitochondria (M). 

Inhibition studies. The effects of increasing concen- 
trations of clorgyline and deprenyl on the MAO acti- 
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Fig. 2. Effect of clorgyline concentration on MAO activity 

of rat brain mitochondrial fractions with tyamine as sub- 

strate. ((Q—CM-crude mitochondria, B—SM-light synap- 

tosomal mitochondria, O—SM2-heavy synaptosomal mito- 
chondria, @—M-free mitochondria). 


B.P. 26/4—c 


100 r 
80 


60 


fe) 


— 
. 
— 
fe) 
0 
| l 4 
7 


10 9 8 6 5 4 


Concentration of depreny! (-log concentration M) 


40 


% inhibition of MAO activity 








Fig. 3. Effect of deprenyl concentration on MAO activity 

of rat brain mitochondrial fractions with tyramine as sub- 

strate. (O—CM-crude mitochondria, B—SM.-light synap- 

tosomal mitochondria, O—SM2-heavy synaptosomal mito- 
chondria, @—M-free mitochondria). 


vity of the mitochondrial fractions are presented in 
Figs. 2 and 3 respectively. A double sigmoid curve, 
indicative of two forms of MAO, resulted in all frac- 
tions, with the SM fraction being particularly sensi- 
tive to inhibition by clorgyline. The differences in in- 
hibition characteristics between the mitochondrial 
fractions were not as marked with deprenyl as with 
clorgyline. 


DISCUSSION 


The three populations of rat brain mitochondria 
described by Lai et al. [16] differed markedly from 
each other with respect to monoamine oxidase acti- 
vity when both the A and B forms of the enzyme 
were taken into account. It is noteworthy that all the 
mitochondrial fractions showed considerably more 
type A activity than type B, particularly the synapto- 
somal fractions. Serotonin and noradrenaline are pre- 
ferentially deaminated by type A MAO and recent 
evidence presented by Braestrup, Anderson and Ran- 
drup [21] suggests that this may also be the case 
for dopamine. 

Differential type A and type B activities have been 
reported in mitochondrial fractions after centrifuga- 
tion in sucrose gradients [22, 23]. 

The results of the inhibition studies with clorgyline 
and deprenyl strongly supported the finding of differ- 
ential type A and type B MAO activities in the mito- 
chondrial populations. The clorgyline inhibition 
curves showed distinct differences in percentage inhi- 
bition at their plateaus, indicating relatively different 
activities of type A and type B monoamine oxidase. 
The deprenyl inhibition curves did not show such 
striking differences between the three fractions but did 
support the validity of the clorgyline inhibition curves 
in as much as that the SM fraction, which was most 
sensitive to inhibition by clorgyline, was the least sen- 
sitive to inhibition by deprenyl and vice versa for the 
SM2 fraction. 

It appears, therefore, that not only is monoamine 
oxidase heterogeneous in preparations of crude mito- 
chondria from rat brain but that the mitochondria 
themselves are not all similar with respect to their 
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MAO content. However, as Houslay and Tipton [15] 
have pointed out these differences need not be the 
result of different enzyme proteins and may well be 
due to the presence of different quantities or classes 
of lipids or type of binding of the enzyme to the mito- 
chondrial membrane. Since intact mitochondria were 
used in the present study, it seems unlikely that the 
results obtained were due to artefacts produced by 
preparation of the fractions, and differential MAO 
activity towards a variety of substrates is likely to 
be an in vivo reality. The differential in vivo metabo- 
lism of brain amines after administration of specific 
MAO inhibitors has been demonstrated by Neff et 
al. [22]. 

Whether or not the two synaptosomal mitochon- 
drial populations are representative of mitochondria 
from different anatomical regions of the rat brain is 
at present unknown, although the technique used in 
the present investigation could be scaled down and 
made suitable for investigating this possibility. 
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Abstract—The administration of [*H]benzene to mice resulted in the decreased incorporation of *°Fe 
into red cells and the accumulation of benzene and its metabolites in bone marrow and other tissues. 
Toluene protected against the benzene-induced depression of red cell *°Fe uptake and reduced the 
levels of benzene metabolites in bone marrow without affecting the level of benzene in this tissue. 
The results of this study suggest that toluene exerted its protective effect by inhibiting benzene metabo- 
lism and that a metabolite of benzene probably mediates the observed hemopietic toxicity of benzene. 


Benzene, the most extensively used aromatic hydro- 
carbon in chemical industry, produces serious blood 
dyscrasias and is metabolized in man and in several 
species of laboratory animals to phenols and glucur- 
onide and ethereal sulfate conjugates of phenols [1]. 
It is generally accepted that the liver is the major 
site of benzene metabolism. Although there are many 
reports in the literature concerning benzene metabo- 
lism and toxicity, whether benzene itself or a metabo- 
lite of benzene is the toxic agent is at this time un- 
clear. Ikeda et al.[2] suggested that benzene itself 
may produce hemopoietic toxicity, while many other 
investigators [3-5] have proposed that a metabolite 
of benzene mediates the hematotoxic response. Hirok- 
awa and Nomiyama [3] and Nomiyama [4] observed 
that rats whose livers oxidized benzene less rapidly 
in vitro were less susceptible to benzene poisoning. 
Abramova and Gadaskina[5] determined that the 
administration of several antioxidants decreased ben- 
zene metabolism and protected against the develop- 
ment of leukopenia. Because benzene toxicity is 
expressed in bone marrow it is of particular interest 
that we have identified metabolites of benzene in bone 
marrow. 

Benzene characteristically causes decreases in the 
production of erythrocytes, leukocytes and/or throm- 
bocytes by bone marrow. Although cell-counting 
techniques are frequently used to determine benzene 
toxicity, multiple doses of benzene are usually 
required and benzene metabolism is frequently com- 
plete before the effects on bone marrow cell produc- 
tion can be observed. The uptake of *°Fe into eryth- 
rocytes is commonly used as a measure of erythro- 
poiesis by many investigators [6-10], and we have 
adapted this technique to provide a rapid, sensitive 
method for evaluating the effects of benzene on the 
hemopoietic system of the mouse [11, 12]. 

To relate these effects on erythrocyte °°Fe incor- 
poration to benzene metabolism, it was necessary to 
describe benzene metabolism in the mouse despite the 
fact that related reports on benzene metabolism in 
the rat and rabbit have appeared previously [1]. Since 
toluene, a structurally related hydrocarbon frequently 
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found in mixtures with benzene, has been shown to 
inhibit benzene metabolism in the rat in vivo [2], we 
used it as a tool to evaluate the effects of altering 
the metabolic disposition of benzene on iron utiliza- 
tion. 

Thus, it became possible to study the relationship 
between the metabolism of [*H]benzene and its effect 
on red cell **Fe incorporation in the same mouse 
within a few days after giving a single dose of the 
benzene. 


MATERIALS AND METHODS 


Animals used in these experiments were male Swiss 
albino (ICR) mice (25—35 g) fed Purina Lab Chow ad 
lib. Injections of generally labeled [*H]benzene 
(radiochromatographically pure from New England 
Nuclear Corp., Boston, Mass.) or toluene were made 
s.c. using olive oil as a diluent. After injection, animals 
were kept in metabolism cages and their urine was 
collected at regular intervals. Urine samples were 
diluted to 25 ml, and 0.5-ml aliquots were added to 
10 ml of Benson’s counting solution [13] and counted 
in a liquid scintillation spectrometer. The total radio- 
activity present in the sample was reported as the 
per cent of administered dose or as benzene equival- 
ents (umoles). 

The expression of urinary radioactivity as benzene 
equivalents (umoles) involves a correction factor of 
1/6 for the loss of one tritium due to hydroxylation. 
This correction can be justified, since virtually all (95 
per cent) of the urinary metabolites were recovered 
as free and conjugated [*H]phenol whereas only 
about 5 per cent were conjugates of [*H]catechol. 

In order to separate urinary [*H]benzene metabo- 
lites, urine samples were applied to DEAE Sephadex 
A-25 columns and eluted with a linear pyridine ace- 
tate gradient (0.05 to 1.5 M). This treatment separated 
urinary radioactivity into four components. 

Peak I displayed the following properties: (1) none 
of the radioactivity in peak I was extractable from 
neutral, acidic or basic solution into ether; (2) peak 
I emerged from the DEAE-Sephadex column at a 
point identical to that at which an authentic sample 
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of °H,O was recovered; and (3) when distilled and 
collected as ten successive constant boiling fractions 
(100°), the specific radioactivity of each fraction was 
the same. Using this procedure, 70 per cent of the 
radioactivity in peak I codistilled with water. Thus, 
these data suggest that about 70 per cent of the 
radioactivity in peak I was *H,O whereas the 
remainder has not yet been identified. 

The second component from DEAE columns was 
extracted with 2 vol. of ethyl ether and the extract 
was concentrated. Samples were applied to Quanta 
Gram precoated Silica gel thin-layer chromatography 
plates (Quantum Industries) and chromatographed 
along with a standard containing phenol, pyrocate- 
chol, quinol and 1,2,4-trihydroxybenzene. The two 
solvent systems employed were benzene—dioxane 
acetic acid (19:5:1) and benzene—methanol—water 
ammonia (17:3:0.1:0.1). Radioactive phenols present 
in peak II were detected by scraping appropriate sec- 
tions of the plate into counting solution and counting 
in a liquid scintillation spectrometer. 

The third component in the DEAE column effluent 
was concentrated 50-100 x and the sample was hyd- 
rolyzed by incubation overnight with f-glucuronidase 
(0.94 mg/ml) (type B-1 from Bovine Liver, Sigma 
Chemical Co., St. Louis, Mo.) in sodium acetate 
buffer (0.06 M, pH 4.5). Glucuronidase-hydrolyzable 
metabolites were estimated by the radioactivity ex- 
tractable into 2 vol. of ethyl ether after incubation. 
The phenols released by /-glucuronidase were identi- 
fied as phenol and catechol by using the thin-layer 
chromatographic methods described above. Com- 
ponent IV and chemically synthesized sodium phenyl- 
sulfate [14] when chromatographed on cellulose thin- 
layer plates (Eastman Chromagram Sheet, Eastman 
Kodak Co., Rochester, N.Y.) were found to have the 
same R, values in the following solvent systems: (a) 
butanol-ammonia-—water (10:1:1), Ry, 0.61; (b) pro- 
panol-ammonia (7:3), Ry 0.79; and (c) butanol-acetic 
acid—water (4:1:2), R, 0.70. After the acidification 
of peak IV to pH | with H,SO, and subsequent heat- 
ing at 90-95° for 15min, greater than 90 per cent 
of the radioactive sample was extractable into 2 vol. 
ethyl ether. The phenols produced by acid hydrolysis 
were identified as phenol and catechol by using the 
thin-layer chromatographic methods described above. 

For experiments in vitro mice were sacrificed by 
cervical dislocation and their livers perfused with ice- 
cold physiological saline, gall bladders were removed 
and the livers were homogenized in 0.1 M potassium 
phosphate, 0.15 N KCI buffer, pH 6.5. Microsomes 
were isolated as previously described [15]. 

Samples containing microsomes (1.0 to 1.5 mg pro- 
tein/ml), an NADPH-generating system [5mM 
* MgCl,, 2mM NADP, 0.022 1.u. IDH, 8mM isoci- 
tric acid (Sigma Chemical Co., St. Louis, Mo.)] and 
[*H]benzene (0.12 to 1.39mM) in a total volume of 
5 ml were incubated at 25° for 20 min in screw-capped 
bottles. The reaction was stopped with trichloroacetic 
acid (5°, final concentration). Assays for [*H]benzene 
metabolism were performed by measuring 
[*H]phenol formation as previously described [16]. 

Binding spectra were measured by the method of 
Schenkman et al. [17] and protein concentration was 
determined by the procedure of Lowry et al. [18]. 

Respiratory elimination of [*H]benzene was stud- 
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ied using an enclosed metabolism chamber which per- 
mitted the collection of respiratory gases (Nuclear 
Associates, Inc., Westbury, N.Y.). Air continuously 
drawn through the chamber was bubbled through 
two towers each containing 100 ml toluene. The con- 
tents of the two towers were periodically sampled and 
counted and the results were described as the per cent 
of administered dose in the expired air. The first 
tower contained 95 per cent of the recovered benzene 
and the second, 5 per cent. The recovery of the 
exhaled [*H]benzene was assumed to be complete, 
since a third tower placed in the series collected no 
detectable radioactivity. 

[*H]benzene and [*H]benzene metabolites were 
determined in the liver, spleen, epididymal fat pads, 
blood and bone marrow of mice. The tissues were 
weighed, added immediately to 20 ml toluene, homo- 
genized in a Waring blender and centrifuged to separ- 
ate the toluene and tissue water layers. A 1!0-ml ali- 
quot of the toluene supernatant (containing [*H]ben- 
zene) was added to 0.4 ml Permafluor II (Packard In- 
strument Co., Downers Grove, Ill.) and counted in 
a liquid scintillation spectrometer. 

The femoral bone marrow from each mouse was 
removed by inserting the needle of a 1-ml syringe 
into one end of the bone and forcing water through 
the bone cavity. This procedure was repeated twice, 
the combined washings were extracted with 20 ml 
toluene, and the amount of [*H]benzene present was 
determined by scintillation counting. Since wet 
weights of the individual bone marrow samples could 
not be directly obtained because of the manipulations 
required to extract the radioactivity, an average dry 
weight for mouse femoral bone marrow was deter- 
mined by collecting individual bone marrow washings 
from the femurs of nineteen mice and evaporating 
them to dryness. The mean dry weight was 
6.64 + 1.01 mg/mouse and the wet weight was calcu- 
lated to be 22.1 mg/mouse for two femurs assuming 
a water content of 70 per cent [19]. 

Free phenols were separated from unchanged ben- 
zene in toluene extracts of tissue homogenates by 
back extraction with base whereas conjugated 
phenols were determined in the supernatants of the 
tissue homogenates after toluene extraction. In each 
case radioactivity was measured using a counting 
fluid appropriate for aqueous samples [20]. Toluene- 
extracted whole blood was counted in a similar fash- 
ion to determine water-soluble metabolites of benzene 
except that it was necessary to add an internal stan- 
dard to correct for color quenching. Using the 
methods detailed above, the metabolites of benzene 
not extracted into toluene were found to be glucur- 
onide and ethereal sulfate conjugates of [*H]phenol 
(95 per cent) and [*H]catechol (5 per cent). 

°°Fe utilization was evaluated as previously de- 
scribed [11,12]. Mice were given *°Fe (0.5 uCi, 
20-40 ng iron) in the form of ferrous citrate (New 
England Nuclear) intraperitoneally 48 hr after ben- 
zene administration and bled 24hr later. Blood 
(0.2 ml) was counted in a scintillation well counter 
and the percentage of *°Fe taken up by the erythro- 
cytes was calculated assuming a blood volume of 6 
per cent body weight. 

Tests of significance were performed by Student’s 
t-test. 





Benzene metabolism and toxicity 


Table 1. Effects of toluene on benzene metabolism and on red cell °*?Fe uptake in the mouse 





[*H]benzene metabolism* 





°,, Administered 
dose 


Treatment (mean + S. D.) 


Benzene 
equivalentst 
(umoles) 


0 


6 5°Fe utilization 
(mean + S. D.) 





Benzene (880 mg/kg) 22.6 + 5.7(17)t 
Benzene + 

toluene 
Toluene (1720 mg/kg) 


Control 


9.9 + 3.9(17) 


Benzene (440 mg/kg) 
Benzene + 

toluene 
Toluene (1720 mg/kg) 
Control 


35.8 + 1.1 (2)9 


10.9 + 7.5 (2)* 


72.6 4.9 + 3.4§ (19) 
9.9 + 4.5|| (17) 
135.8 + 5.5 (19) 
18.4 + 6.2 (22) 


15.7 + 4.88 (21) 
22.0 + 5.9] (28) 


23.3 + 4.6 (25) 
24.2 + 4.7 (27) 





* Benzene metabolism and *°Fe utilization expressed as mean value/mouse/day. 
+ Calculated as yumoles equivalents of [*H]benzene metabolism by a 30 g mouse. 
{ Numbers in parentheses, except where specifically noted, indicate the number of animals. 
§ Significantly different from both control and toluene groups, P < 0.05. 
Significantly different from group receiving benzene alone, P < 0.05. 


“ Two groups of animals, three animals/group. 
RESULTS 


Effects of toluene on total benzene metabolism in 
vivo and on benzene-induced depression of °° Fe uptake 
into red cells. When [*H]benzene was administered 
to mice at two dose levels, 440 and 880 mg/kg, the 
quantity of benzene metabolites (benzene equivalents) 
that appeared in the urine was greater after the higher 
dose than after the lower dose despite the fact that 
the recovery after the higher dose represents a smaller 
percentage of the administered dose (Table 1). Co- 
administration of toluene (1720 mg/kg) with either 
dose of benzene resulted in a reduction in the quan- 
tity of benzene metabolites in the urine to 30 and 
46 per cent of the control values for the respective 
low and high doses. In both cases, the recovery 
expressed as the per cent of administered dose was 
reduced by toluene to about 10 per cent. In view of 
the effects of benzene on °°Fe utilization described 
below, the quantity of benzene metabolites in urine 
appears to be a more useful measure for evaluating 
the relationship between benzene metabolism and 
toxicity. 

It has been shown that benzene inhibits the incor- 
poration of °°Fe into developing erythrocytes in a 
dose-dependent manner and that such inhibition 
becomes maximal 48 hr after the administration of 
a single dose of benzene [12]. Table 1 shows that as 
toluene decreased the excretion of [*H]benzene meta- 
bolites it also counteracted benzene-induced reduc- 
tion of red cell *°Fe uptake. While toluene itself did 
not affect radio-iron uptake, it completely prevented 
the depression in *°Fe uptake produced by 440 mg/kg 
of benzene and partially offset the greater depression 
induced by 880 mg/kg of benzene. Thus, toluene inhi- 
bited benzene metabolism and protected against ben- 
zene-induced depression of °°Fe utilization by red 
cells. 

[°H benzene metabolism in the mouse. The following 
experiments were conducted to determine whether the 
protection afforded by toluene could be related to 
toluene-induced changes in the metabolic disposition 
of benzene. Since benzene metabolism has not pre- 


viously been studied in the mouse, baseline data were 
collected on the rate of benzene metabolism in mice 
in vivo as a function of the dose of benzene. Mice 
were given olive oil solutions of [*H]benzene (0.5 to 
10 ml/kg), and the urinary excretion of radioactivity 
was monitored for 24hr after injection. Little 
[*H]benzene (< 0.001 per cent of the administered 
dose) was found in the urine upon extraction with 
toluene. For each dose, greater than 90 per cent of 
the urinary radioactivity was identified as free 
[*H]phenol and glucuronide and ethereal sulfate con- 
jugates of [*7H]phenol and [*H]catechol. The data are 
expressed as total metabolites in Fig. 1. The double- 
reciprocal plot is linear and the y-intercept suggests 
that the maximum rate of [*H]benzene metabolism 
in the mouse is about 2.0 m-moles/24 hr. The elimin- 
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Fig. 1. Urinary excretion of [*H]benzene metabolites as 

a function of dose. Each value was obtained from the 

analysis of pooled urine from six or more animals. Least 

squares analysis of the data yielded a linear regression 
coefficient of r = 0.995. 
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Fig. 2. Effects of toluene on the excretion of [*H]benzene 
metabolites in the mouse. Symbols represent urinary radio- 
activity expressed as the per cent of administered dose after 
[*H]benzene (880 mg/kg) (@) and [*H]benzene (880 mg 
kg) with toluene (1720 mg/kg) (x). Each point represents 
the mean of data obtained from fifteen or more animals. 


ation of benzene metabolites was mediated almost en- 
tirely by the kidneys, since less than 0.1 per cent of 
the administered dose was excreted in the faeces as 
metabolites of benzene. Additionally, no [*H]phenol 
.was detected in the respired air from mice given 
[*H]benzene. 

The time course of urinary excretion of labeled 
metabolites after a single dose of [*H]benzene (upper 
curve) or [*H]benzene with toluene (lower curve) is 
shown in Fig. 2. Toluene co-administration reduced 
the excretion of labeled metabolites (7.7 vs 18.6 per 
cent of the administered dose) without altering the 
time required to complete metabolite elimination. 
Although no additional excretion was observed 
beyond the 24-hr period, most of the metabolites were 
recovered in the urine within the first 12 hr. 

When urine samples from both [*H]benzene- and 
[°H]benzene plus toluene-treated animals were ana- 
lyzed for benzene metabolites, it was found that 
toluene altered neither the proportion of [*H]benzene 
metabolized to phenol (90 per cent) or catechol (10 
per cent) nor the proportion of these phenolic meta- 
bolites conjugated with glucuronic acid and sulfuric 
acid. Toluene did cause the excretion of smaller 
amounts of free [*H]phenol and glucuronide and 
ethereal sulfate conjugates of [*H]phenol and [°H]- 
catechol. 

Respiratory elimination of [*H]benzene. Figure 2 
demonstrates the time course of respiratory elimin- 
ation of unchanged [*H]benzene in mice given 
[*H]benzene (880 mg/kg) (lower curve) or [*H]ben- 
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Fig. 3. Effects of toluene on the respiratory elimination 
of unchanged [*H]benzene in the mouse. Symbols rep- 
resent respiratory excretion of radioactivity expressed as 
the per cent of administered dose at the indicated time 
intervals after injection of [*H]benzene (880 mg/kg) (©), 
or [*H]benzene (880 mg/kg) with toluene (1720 mg/kg) 
(x). Each point represents the mean of data obtained from 
Six Or more animals. 


zene (880 mg/kg) with toluene (1720 mg/kg) (upper 
curve). Table 2, which summarizes the effects of 
toluene on the elimination of [*H]benzene, shows 
that, while toluene markedly reduced the urinary 
metabolites of benzene, it produced a compensatory 
increase in the pulmonary excretion of unchanged 
benzene, so that total recovery of administered ben- 
zene was 93 per cent for both groups of animals. 
Thus, the amount of unchanged benzene excreted 
through the lungs increased from 71.5 per cent in the 
absence of toluene to 85.0 per cent when toluene was 
given with the benzene. In contrast to the urinary 
excretion of radioactivity which required 24 hr for its 
completion (see Fig. 1), respiratory excretion of ben- 
zene was complete within 4-6hr (see Fig. 3). These 
results strongly suggest that toluene probably in- 
creased the respiratory excretion of unchanged ben- 
zene by blocking its metabolism. 

Effects of toluene on [*?H]benzene metabolism in 
vitro. We have previously demonstrated that benzene 
reacts with hepatic microsomal cytochrome P-450 to 
yield a type I spectral change[16]. The fact that 
toluene also yielded a type I binding spectrum with 
a maximum at 388nm and a minimum at 418 nm 
suggested the possibility that toluene might compete 
with benzene as a substrate for the microsomal 
mixed-function oxidase system. The inhibition of 
[*H]benzene metabolism by toluene is shown in Fig. 


Table 2. Effects of toluene on respiratory and urinary elimination of [*H]benzene and its metabolites in the mouse* 





°,, Administered dose recovered in 24 hr 





[*H]benzene (880 mg/kg) 
(mean + S. D.) 


[*H]benzene (880 mg/kg) 
+ toluene (1720 mg/kg) 
(mean + S. D.) 





Exhaled [*H]benzene 

Urinary [*H]benzene 
equivalents 

Total recovery 


71.5 + 6.6 


20.1 + 4.5 
92.5: + 5.2 


85.0 + 5.5t 


7.9 + 2.7+ 
92.8 + 4.5 





4 


* This table summarizes urinary excretion data presented in Fig. 2 and pulmonary excretion data presented in Fig. 


3;N = 6. 


+ Significantly different from group receiving only benzene, P < 0.01. 
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{(3H] Phenol, 
42 


Toluene, mM 


Fig. 4. Effects of toluene on [*H]benzene metabolism in 
mouse liver microsomes. Symbols represent data obtained 
when different concentrations of [*H]benzene (x, 
0.12 mM; O, 0.40 mM; @, 0.63 mM; and A, 1.39 mM) were 
incubated with varying concentrations of toluene and 
mouse liver microsomes from untreated animals. Details 
of microsome preparation, incubation and assay pro- 
cedures are described or referenced in Materials and 
Methods. Data represent the mean of two experiments. 


4 as a Dixon plot [21]. The intersection of the lines 
in a single point (above the abscissa to the left of 
the ordinate) indicates that toluene is a competitive 
inhibitor of benzene metabolism in vitro. From the 
point of intersection of the lines it was determined 
that the inhibitor constant for toluene, K;, is 
0.015 mM. In these studies, the K,, for benzene was 
0.18 mM and the V,,,, was 0.33 nmole phenol formed 
minute/mg of microsomal protein. 


nmoles /g wet wt tissue 
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Effects of toluene on the distribution of [7H benzene 
and its metabolites. Although the data presented 
above are consistent with the postulate that toluene 
counteracted the effect of benzene on radio-iron 
uptake by erythrocytes because it inhibited the forma- 
tion of a toxic metabolite, an alternative explanation 
might be that toluene acted by changing the distribu- 
tion of benzene in the mouse. Therefore, the following 
studies were performed to determine the levels of ben- 
zene and its metabolites in the organs of the mouse 
given benzene alone or with toluene. 

Concentrations of [*H]benzene in various tissues 
of mice given [*H]benzene (880 mg/kg) with or with- 
out toluene (1720 mg/kg) are shown in Fig. 5. Values 
are reported as mean nmoles [*H]benzene per g of 
tissue wet wt or per ml of blood. The absorption of 
a subcutaneous dose of [*H]benzene alone is rapid, 
since peak tissue levels were attained between 15 min 
and 2hr after injection. The peak concentration of 
[*H]benzene in liver was nearly the same as that for 
blood (800 nmoles/ml), whereas peak levels in spleen 
were only half this amount. On a wet weight basis 
a greater amount of benzene accumulated in fat 
(8000 nmoles/g) and bone marrow (2000 nmoles/g). 
Co-administration of toluene slightly delayed the ac- 
cumulation of [*H]benzene in all tissues, but in no 
case were the peak levels attained significantly less 
than those determined for mice given [*H]benzene 
alone. Additionally, the total amount of [*H]benzene 
in the respective tissue over the entire 8-hr period 
as measured by the area underneath the curves is 


Spleen 














nmoles/ml 








Bone marrow 


nmoles/g wet wt 
: 








Time, hr 


Fig. 5. Effect of toluene on the accumulation of [*H]benzene in mouse tissues. Mice (N = 6) were 

injected s.c. with [7H]benzene (880 mg/kg) (V), or with [*H]benzene plus toluene (1720 mg/kg) (MM); 

and concentrations of [*H]benzene in tissues at various time intervals were determined. The experimen- 

tal procedure is described in Materials and Methods. The data are expressed as mean nmoles [*H]ben- 

zene per g wet weight tissue or per ml blood. Standard deviations ranged from 15 to 40 per cent 
of mean values. Significantly different points are indicated by arrows, P < 0.05. 
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Fig. 6. Effect of toluene on the accumulation of [*H]benzene metabolites in mouse tissues. Mice 
(N = 6) were injected s.c. with [°H]benzene (880 mg/kg) (@), or with [*H]benzene plus toluene 
(1720 mg/kg) (MM), and concentrations of [*H]benzene metabolites in tissues at various time intervals 
were determined. The experimental procedure is described in Materials and Methods. The data are 
expressed as mean nmoles [*H]benzene metabolites per g wet weight tissue or per ml blood. Standard 
deviations ranged from 15 to 40 per cent of mean values. Significantly fewer (P < 0.05) metabolites 
were present at each time period in each tissue when toluene was given with [*H]benzene. 


nearly the same for both benzene and benzene with 
toluene treatments. Thus, co-administration of 
toluene did not alter the total amount of [*H]benzene 
appearing in fat, liver, spleen, blood and bone marrow 
of mice for the 8-hr period after injection. 

Figure 6 depicts the concentration of [*H]benzene 
metabolites in tissues of mice given [*H]benzene 
(880 mg/kg) with or without toluene (1720 mg/kg). 
Benzene metabolites were detected in all tissues 
15 min after injection, and with the exception of the 
liver, peak levels of [*H]benzene metabolites were 
found between 3hr and Shr after injection. Co- 
administration of toluene did not delay the appear- 
ance of benzene metabolites in tissues but did mark- 


edly reduce the concentration of metabolites found 
in each tissue for all time intervals. If the tissue expo- 
sure to benzene metabolites over the 8-hr period 
monitored is reflected in the area under the curves 
shown in Fig. 6, it is clear that bone marrow exposure 
exceeds that of all other tissues. It is of particular 
interest that amounts of bone marrow metabolites 
were nine times that found in blood and six times 
that found in liver, the organ best known to metabo- 
lize benzene. 

When metabolite fractions from liver and bone 
marrow were analyzed, it was found that they con- 
sisted predominantly of glucuronide and ethereal sul- 
fate conjugates of [*H]phenol. Approximately 10 per 


Table 3. Administration and distribution of [*H]benzene metabolites in blood and bone marrow* 





Blood concnt 
(nmoles/ml; mean + S. D.) 


Marrow concn 
(nmoles/g; mean + S. D.) 





Metabolites 


30 min T = 15min 





{*H]phenol 
(?H ]phenyl-glucuronidet 
[?H]phenyl-sulfates 


12.0 + 
17.8 
13.9 


; EE 2 19.4 + 84 
25.2 14.0 + 4.6 
13.8 $1429 





* Mice (N = 5) were injected i.p. with [*H]phenol (12.5 mg/kg), [*H]phenylglucuronide 
sulfate (9.9 mg/kg). Concentrations of benzene metabolites in blood and bone marrow were not detectable 3 hr after 
injection. 

+ Blood concentrations were greater than respective marrow concentrations, P < 0.05. 

t Primarily [*H]phenylglucuronide (<5°% [*H]catechol glucuronide). 

§ Primarily [*H]phenylsulfate (<5°% [*H]catechol sulfate). 


(15.3 mg/kg) or [*H]phenyl- 
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cent of the radioactivity found in these tissues con- 
sisted of free [*H]phenol and glucuronide and ether- 
eal sulfate conjugates of [*H]catechol. 

In order to determine if the high concentration of 
benzene metabolites in bone marrow was due to 
uptake of metabolites from blood, [*H]phenol and 
glucuronide and ethereal sulfate conjugates of 
[*H]phenol were isolated from the urine of mice 
given [*H]benzene, injected i.p., and blood and mar- 
row levels of radioactivity were determined. Table 3 
shows the blood and bone marrow concentrations 
(nmoles/ml or nmoles/g) of benzene metabolites 15 
and 30min after the administration of the indicated 
doses. For each metabolite at each time period the 
blood concentration exceeded the respective marrow 
concentration. Thus, under these conditions, benzene 
metabolites were not taken up from blood and con- 
centrated in bone marrow. 


DISCUSSION 


The observations made in this study, that toluene 
reduced the level of urinary metabolites of benzene 
and also reduced the benzene-induced inhibition of 
erythrocyte °’Fe uptake, suggest that the metabolism 
of benzene is closely related to its toxicity. More di- 
rect support comes from the observation that toluene 
markedly reduced bone marrow concentrations of 
benzene metabolites but had no significant effect on 
those of benzene. Thus, it seems likely that toluene 
protects against the benzene-induced inhibition of 
erythrocyte °°Fe uptake by reducing the level of ben- 
zene metabolites in the bone marrow. We identified 
labeled phenol and its ethereal sulfate and glucur- 
onide conjugates as well as the analogous conjugates 
of catechol as benzene metabolites in bone marrow. 
Although direct evidence that a metabolite of benzene 
may produce the observed toxicity is lacking, pre- 
vious studies have shown that catechol [22] and hyd- 
roquinone [23] depress bone marrow activity. Ben- 
zene oxide, an intermediate through which benzene 
metabolism is thought to proceed [24], may also play 
a role in the production of toxicity. 

In the 8-hr period after the administration of 
[*H]benzene to mice, femoral bone marrow accumu- 
lated four times more benzene metabolites than the 
liver. Equally remarkable was the fact that these 
metabolites were still present in bone marrow at 
greater than 60 per cent of their peak levels 8 hr after 
benzene administration, a time at which metabolite 
levels in fat, spleen, liver and blood had been reduced 
to very low or undetectable levels. It seems possible 
that the unusual persistence of such high levels of 
metabolites in bone marrow is related to the charac- 
teristic toxicity benzene exerts on hematopoietic func- 
tions. Whether the liver or the bone marrow is the 
source of these metabolites cannot be clearly deter- 
mined from these studies; however, the results of 
these experiments showed that total metabolite con- 
centrations in marrow exceeded those in blood while 
no evidence for facilitated or active transport of either 
3H-labeled phenol, phenylglucuronide, phenylsulfate 
or the catechol analogs was found. 

The state of the bone marrow can be evaluated 
using a strictly functional approach such as *’Fe utili- 
zation, a morphological approach such as histologi- 
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cal examination of marrow aspirates, or by counting 
circulating cell levels. The incorporation of °’Fe into 
circulating erythrocytes, the method used in the pres- 
ent study to measure benzene toxicity, is an adap- 
tation of a method widely used in clinical medicine 
to evaluate bone marrow function [6-10] and should 
be placed in perspective with other methods used for 
this purpose. Isotope incorporation into the develop- 
ing blood precursor cells is clearly the most sensitive 
means of assaying bone marrow function because 
such methods can detect even short-term discontinui- 
ties in the continuous stream of developing blood 
cells. Discontinuities produced by single doses of bone 
marrow poisons (unless these are relatively massive 
doses) are usually too short-lived to produce any sig- 
nificant decreases in the total circulating pool of 
either platelets, leukocytes or red blood cells. Direct 
histological examination of the bone marrow, on the 
other hand, is the most difficult to assess in a quanti- 
tative manner. In the present experiments, toluene 
reduced the bone marrow levels of benzene metabo- 
lites and decreased the benzene-induced inhibition of 
erythrocyte °°Fe uptake. It remains to be determined 
whether toluene can also reduce the leukopenia and 
the histological changes in bone marrow induced by 
more prolonged administration of benzene. 

Previous studies aimed at defining the relationship 
between benzene metabolism and its toxicity have 
generally focused on the liver as the presumed source 
of the toxic metabolite(s). Thus, protection against 
benzene-induced leukopenia has been associated both 
with stimulation of hepatic benzene metabolism by 
phenobarbital [2] and with its inhibition by amino- 
triazole [3,4]. These apparently contradictory results 
might be reconciled if the levels of benzene metabo- 
lites in the bone marrow were known. The present 
study emphasizes the importance of examining the 
bone marrow itself for the metabolites of benzene if 
we assume that the metabolism of benzene determines 
its toxicity. 
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Abstract 


Clofibrate was administered in the diet (0.3%, w/w) for 7 days to normal and thyroidecto- 


mized male rats. At the end of the feeding period, the rats were killed by decapitation and several 
biochemical measurements were made. Inclusion of clofibrate in the diet did not affect weight gain 
or food consumption of either group of rats. Clofibrate lowered blood serum lipid levels of both 
normal and thyroidectomized rats, increased liver weight and kidney weight in normal rats and kidney 
weight in thyroidectomized rats, increased total liver lipid of both normal and thyroidectomized rats, 
decreased skeletal muscle O, consumption and increased liver O, consumption, and slightly decreased 
BMR of normal rats. The primary conclusions are: (1) the hypolipidemic effects of clofibrate do not 
require thyroxine but are more discernible when thyroxine is present, (2) the clofibrate-induced hypertro- 
phy of liver but not of kidney is thyroxine dependent, and (3) clofibrate alters the O, consumption 
of rat tissues in a counterbalancing manner that results in a minimal effect on BMR. 


Human patients who take clofibrate for prolonged 
periods of time exhibit an increase of body 


weight [1-3] that is not caused by fluid accumu- 
lation [2]. The cause of this side effect is not known 
but a possible explanation is that clofibrate alters the 
flux through basic metabolic pathways so that the 
balance favors weight gain. The actual internal 


organismic changes in such a situation could be quite 
large, but if the changes within organs occur in oppo- 
site directions, the effect on whole body parameters 
such as weight and BMR could be small or even neg- 
ligible. Animal studies provide information about the 
metabolic shifts that clofibrate can produce and, in 
this regard, clofibrate has been shown to lower [4] 
or not affect [5] the BMR of rats while the O, con- 
sumption of liver is greatly enhanced [6]. These find- 
ings suggest that tissues of unknown identity must 
also have displayed decreased O, consumption. Our 
previous investigations [7] confirmed the marked in- 
crease of liver O, consumption evoked by clofibrate 
treatment but failed to show any alteration in kidney, 
intestine and adipose tissue. Skeletal muscle showed 
a slight decrease but the change was not statistically 
significant; however, it should be pointed out that 
even a small change of metabolic rate within this tis- 
sue is important because skeletal muscle in the nor- 
mal control rat accounts for over half of the 
BMR [8]. 

In the present study, we have re-investigated the 
effects of clofibrate treatment on BMR and on O, 
consumption of several tissues including skeletal 
muscle from normal and thyroidectomized rats.’ Also, 
serum and liver lipid levels were determined and the 
values are reported and discussed. 


METHODS 


Animals and drug administration. Normal and thyr- 
oidectomized rats (CR-CD strain) were obtained 


from Charles River Breeding Laboratories and were 
allowed to stabilize for 1 and 6 weeks, respectively, 
prior to the beginning of the study. During this time 
the rats were individually housed and fed pellets of 
Rockland mouse/rat diet (complete), ad lib. Normal 
rats received tap water and thyroidectomized rats 
received Hank’s solution [9]. After the stabilization 
period, the pelleted diet was replaced with powdered 
diet or powdered diet containing 0.3% (w/w) clofi- 
brate. After 7 days of clofibrate treatment the rats 
were killed by decapitation, without prior fasting, 
between the hours of 8:00 and 11:00 a.m. Blood was 
collected from the wound and analyzed for levels of 
cholesterol [10], triglyceride[11] and thyroxine. 
Livers and kidneys were excised, weighed and utilized 
for several biochemical experiments as described 
below. In addition, a small piece of liver was frozen 
in liquid nitrogen and later analyzed for total 
lipid [12] and cholesterol [10]. 

All of the thyroidectomized rats had serum T, con- 
centrations which were below detectable levels 
(i.e. < 1 yg/ml). The normal control rats had levels 
of approximately 6 g/ml. In addition, the thyroidec- 
tomized rats had markedly decreased growth rate, 
and low BMR which was not increased by intraperi- 
toneal injection of thyrotropin-releasing factor (TRF). 

O, consumption of mitochondria. Mitochondria 
from liver and kidney were isolated by the method 
of Johnson and Lardy [13] and suspended in 0.25 M 
sucrose. Mitochondria from heart, vastus lateralis 
muscle, and diaphragm were isolated by the method 
of Tyler and Gonze[14] and suspended in 0.21 M 
mannitol, 0.075 M sucrose, and 0.1 mM EDTA. 

O, consumption was measured polarographically 


‘as before [7, 15] at 30° in a Gilson Oxygraph (Gilson 
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Medical Electronics Inc., Middleton, Wis.) equipped 
with a Clark oxygen electrode. The basic incubation 
medium (2ml) was: 65mM Tris buffer (pH 7.4). 
75mM KCI, 5mM MgCl,, 12mM phosphate buffer 
(pH 7.4), and 1 mM EDTA. 





C. L. MACKERER 


Table 1. Effect of clofibrate on serum lipid concentrations of normal and thyroidectomized 
rats* 





Rat 
treatment Diet 


Cholesterol 
(mg/dl) 


Triglyceride 
(mg/dl) 





Control 
+ 0.3%, Clofibrate 


Normal 


Pp 
Thyroidectomized Control 

+0.3% Clofibrate 
Pp 


84 + 6(9) 129 + 14(12) 
54 + 2(8) 68 + 6(15) 
<0.001 <0.005 
100 + 6(10) 62 + 5(10) 
80 + 6(10) 45 + 3(10) 
<0.05 <0.01 





*Values represent the means + S. E. M. Statistical evaluations were done ‘by Student’s 
t-test. The numbers of rats for which values were obtained are given in parentheses. 


O, consumption of tissues. O, consumption of 
several rat tissues was determined by a modifica- 
tion [7] of the procedure of Huston and Martin [8]. 
Slices of liver, kidney, rectus abdominus muscle, 
vastus lateralis muscle and heart left-ventricle were 
made with a Stadie-Riggs type of tissue slicer. Both 
tissue holder and blade were slightly moistened with 
0.9°,, NaCl. After the blade was passed through the 
tissue, the resulting slice was removed with forceps 
and placed on a 2cm square gauze pad which was 
premoistened with 0.9%, NaCl. The diaphragm was 
excised, trimmed, cut into two pieces and spread on 
moist pads. Each pad was pushed into a 15-ml, single 
sac, Warburg flask without center well that con- 
tained: (a) 0.4ml of 5° KOH (in the sac) for absorb- 
ing CO,, (b) two drops of 0.9% NaCl (in the main 
chamber) to prevent dehydration of the tissues, and 
(c) a piece of 30-mesh, stainless steel, wire 
(1.4 x 3.0cm) with the two short sides bent down 
3 mm from the ends (in the main chamber) to prevent 
the pad from contacting the bottom of the flask. 


The flasks were connected to a Gilson respirometer 


_ apparatus at 37.5° and gassed for 5min with 100% 
O, which had been passed through a filter (molecular 
sieve, type 4A) and a hydrator. After a 15-min equilib- 
ration period, measurements of O, consumption were 
made at 5-min intervals up to | hr. After incubation, 
tissues were removed from the pads and weighed. It 
is important to note that in this procedure tissues 
were not incubated in aqueous media but were in 
direct contact with O,. 

Rat BMR. Rat O, consumption was measured at 
24° in a glass desiccator that contained a concen- 
trated solution of KOH to absorb CO,. The desic- 
cator outlet was connected to a vertically mounted 
5-ml pipette. Rats were placed in the desiccator, the 
chamber was gassed for 5min with 100% O,, and 
the rats were allowed 30 min for equilibration. Read- 


ings were obtained by applying a drop of liquid deter- 
gent to the pipette tip and recording the length of 
time necessary for the bubble to drop from the 5 to 
the 0 ml mark. The value for each rat was the mean 
of ten successive determinations. 

Suppliers. Normal and thyroidectomized rats were 
obtained from Charles River Breeding Laboratories, 
Wilmington, Mass. Total serum T, (test No. 1597) 
was determined by Mason-Barron Laboratories, Inc., 
Chicago, Ill. Organic reagents’ were from Sigma 
Chemical Co., St. Louis, Mo., and inorganic salts 
from Mallinckrodt Chemical Co., St. Louis, Mo. 


RESULTS 


Effect of clofibrate on lipid levels of blood serum and 
liver. The effect of clofibrate on serum lipid levels of 
normal and thyroidectomized rats is shown in Table 
1. Clofibrate lowered the levels in both normal and 
thyroidectomized rats but the per cent decrease of 
triglyceride concentration was smaller in the thyroi- 
dectomized rats (—47 vs —27 per cent). However, 
the thyroidectomy itself decreased the level by 52 per 
cent. 

The effect of clofibrate on liver lipid level is sum- 
marized in Table 2. Based on the limited steady state 
data of this table, it appears that the effects of thyroi- 
dectomy and of clofibrate can be clearly differentiated 
with respect to effects on cholesterol level and on the 
levels of other lipids. Cholesterol level/g of liver tis- 
sue was increased by thyroidectomy ard was modera- 
tely reduced, in the normal rat, by administration of 
clofibrate. In the thyroidectomized rat, clofibrate did 
not affect the cholesterol level. When the data were 
expressed as mg/liver/100 g body weight, the choles- 
terol level was not altered by either thyroidectomy 
or clofibrate administration. 

Total lipid level (minus cholesterol)/g of liver tis- 


Table 2. Effect of clofibrate on liver lipid levels* 





Cholesterol 


Rat 


treatment Diet (mg/g) 


ecient cholesterol 


Total lipid 





(mg/100 g 
body wt) 


(mg/g) (mg/100 g body wt) 





Normal Control 2.06 + 
+0.3 1.75 + 
Clofibrate 

P <0.005 

+ 0.31 (9) 
+ 0.29 (11) 


0.06 (9) 
0.05 (9) 


Thyroidecto- Control 
mized + 0.3 
Clofibrate 
NS 


9.51 + 0.24(9) 
9.98 + 0.26 (9) 40.6 + 0.76 (9) 233 + 


( 
8.44 + 0.68 (9) 35.4 + 0.96 (9) 
9.35 + 0.74(11) 43.8 + 


36.3 + 0.72 (9) 


169 + 4(9) 
8 (9) 
NS < 0.005 <0.00! 

110 + 6(9) 
1.82(11) 136 + 9(11) 


NS <0.001 <0.05 





* Values represent the mean + S. E. M. Statistical evaluations were done by Student’s t-test. The numbers of rats 
for which values were obtained are given in parentheses. NS = not significant. 





Effect of clofibrate on oxygen consumption 


Table 3. Effect of clofibrate on liver and kidney weight* 





Liver wt 


Rat Rat 


Kidney wt 





treatment Diet wt (g) 


(g/100 g body wt) (g) (g/100 g body wt) 





Control 304 + 4(9) 
+0.3% 
Clofibrate 297 + 4(9) 
P NS 
Thyroidec- Control 239 + 12(10) 
tomized 


Normal 14.0 + 0.4(9) 
17.0 + 0.5(9) 
<0.001 
7.31 + 0.36 (10) 


+0.3% 
Clofibrate 235 + 11 (11) 7.35 + 0.54(11) 


NS NS 


4.62 + 0.072 (9) 2.49 + 0.07 (9) 0.818 + 0.019 (9) 
0.933 + 0.012 (9) 
<0.001 
0.582 + 0.004 (6) 


5.73 + 0.134 (9) 
<0.001 
3.08 + 0.12 (10) 


2.77 + 0.05 (9) 
<0.005 
1.23 + 0.03 (6) 


1.35 + 0.06 (6) 0.642 + 0.018 (6) 
NS <0.01 


3.14 + 0.20(11) 
NS 





* Values represent the mean + S. E. M. Statistical evaluations were done by Student’s t-test. The numbers of rats 
for which values were obtained are given in parentheses. NS = not significant. 


sue was not affected by thyroidectomy but was signifi- 
cantly elevated by clofibrate administration in both 
normal and thyroidectomized rats. However, when 
the data were expressed as mg/liver/100g body 
weight, the thyroidectomized rat showed a markedly 
decreased lipid level which was only slightly raised 
by clofibrate administration. In the normal rat, this 
method of expressing the results further accentuated 
the hyperlipidic effect of clofibrate. 

Effect of clofibrate on organ weights. The effects of 
clofibrate on liver weight, kidney weight and rat 
weight are presented in Table 3. Clofibrate did not 
affect weight gain ((data not shown) and, therefore, 
the values for rat weight at sacrifice were similar in 
the presence or absence of clofibrate. The thyroidecto- 
mized rats weighed considerably less than the normal 
rats and their liver and kidney weights, and corre- 
sponding liver and kidney weight: body weight ratios 
were much lower. Clofibrate increased both liver and 
kidney weight in the normal rat, but in the thyroidec- 
tomized rat only the kidney weight was increased. 

Effect of clofibrate on rat BMR. As shown in Fig. 
1, clofibrate produced a slight, marginally significant, 
decrease of O, consumption. In order to determine 
the locus of this effect, the O; consumption of tissue 
slices was determined. The effect of clofibrate on the 
O, consumption of liver, kidney, heart and dia- 
phragm and skeletal muscle is shown in Table 4. O, 
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ml /hr per g body wt 


Op» used, 




















Normal 


+ 
Clofibrate 
Fig. 1. Effects of clofibrate administration on the BMR 
of normal rats. Values represent the mean + S. E. M. for 
twelve normal rats and twelve normal rats fed a diet con- 
taining 0.3% (w/w) clofibrate. The difference between the 
means was marginally significant according to Student’s 
t-test (P = 0.05). 


Normal 


consumption of kidney, heart and diaphragm was not 
altered by the clofibrate administration but liver O, 
consumption was enhanced. When expressed in terms 
of O, used/hr/100 g body weight, liver O, consump- 
tion was enhanced by 68 per cent and O, consump- 
tion of both rectus abdominus and vastus lateralis 
muscles was diminished by 14 per cent. Although this 
is only a small decrease when expressed on a gram 
of tissue basis, skeletal muscle represents about 44 
per cent of the adult rat’s body weight [8, 16], while 
liver represents only about 4.7 per cent of body 
weight. Slices of liver and vastus lateralis muscle from 
thyroidectomized rats (Table 5) showed reduced rates 
of O, consumption that were not altered by clofibrate 
administration. 

Effects of cholorophenox yisobutrate (CPIB) on mito- 
chondrial respiration. CPIB is rapidly produced in vivo 
via hydrolysis of clofibrate and is believed to be the 
active form of the drug[17]. CPIB added in vitro in- 
hibits respiration and oxidative phosphorylation of 
rat liver mitochondria [7,18] but this phenomenon 
does not appear to occur in liver in vivo since O, 
consumption of liver is increased[7] (see Table 4) 
rather than decreased. However, it is possible that 
the clofibrate-induced decrease of muscle respiration 
(see Table 4) was caused by direct inhibition at the 
mitochondrial level, perhaps because of a greater sen- 
sitivity of muscle mitochondria to the effects of CPIB. 
In order to investigate this possibility, we studied the 
effects of CPIB on respiration of mitochondria iso- 
lated from heart ventricle, vastus lateralis muscle, kid- 
ney cortex and liver. The results of this experiment 
are summarized in Fig. 2. Glutamate (20 mM) + ma- 
late (10 mM) was used as the substrate, and mito- 
chondrial protein concentration was 0.75 mg/ml. The 
ICs, Values for inhibiting mitochondrial state 3 respir- 
ation were: liver, 5.75mM; heart, 6.25mM; vastus 
lateralis muscle, 6.75mM; and kidney, 8.75mM. 
Similar results were obtained when the effects of 
CPIB were determined at a constant respiratory rate 
(500 natoms oxygen/min) rather than at a constant 
protein concentration. 


DISCUSSION 


The primary intent of the present investigation was 
to study O, consumption of rats and rat tissues to 
see if there were compensatory changes that would 
explain the findings of decreased[4] or unaltered 
BMR [5] and increased liver O, consumption [7] 
after clofibrate administration. In this regard, we 
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Table 5. Effect of clofibrate on respiration of slices from liver and vastus lateralis muscle of thyroidectomized rats* 





Liver 
(g/100 g 
body wt) 


Diet (ml O,/hr/g) 


Vastus lateralis muscle 
(ml O,/hr 


100 g body wt) (ml O,/hr/g) 





3.02 + 0.17 (6) 2.24 + 0.087 (6) 


Control 
+0.3% 
Clofibrate 
P 


3.17 + 0.32 (7) 2.32 + 0.065 (7) 
NS NS 


6.76 + 0.46 (6) 1.79 + 0.086 (6) 


7.35 + 0.77 (7) 1.73 + 0.099 (6) 
NS NS 





* Values represent the mean + S. E. M. Statistical evaluations were done by Student’s t-test. The numbers of rats 
for which values were obtained are given in parentheses. NS = not significant. 


found that clofibrate treatment did not affect the res- 
piratory rates of kidney, diaphragm arid heart (see 
Table 4) or of adipose tissue and intestine [7]. How- 
ever, slices of rectus abdominus and vastus lateralis 
skeletal muscles showed a small but statistically signi- 
ficant decrease of O, consumption. Thus, inhibition 
of O, consumption in skeletal muscle offsets the in- 
creased O, consumption in liver. 

The reasons for these changes are not understood 
but a mechanism involving indirect effects elicited 
through the actions of endogenous thyroxine is a pos- 
sibility. In this regard, clofibrate causes some thyrox- 
ine-like effects such as enhanced levels of mito- 
chondrial «-glycerolphosphate dehydrogenase [6, 19], 
enhanced O, consumption of liver tissue [20], in- 
creased number of mitochondria [21,22], depletion of 
liver glycogen [23], and increased liver protein syn- 
thesis [23]. These findings when taken together sug- 
gest that clofibrate causes a hyperthyroid condition 
in the liver. 

In agreement with this suggestion, we have found 
(see Tables 4 and 5) that clofibrate increased the O, 
consumption of liver tissue from normal rats but not 
from thyroidectomized rats. Also, clofibrate did not 
inhibit O, consumption of skeletal muscle slices from 
thyroidectomized rats, suggesting that perhaps clofi- 
brate causes a slight hypothyroid condition in the 
muscle of the normal rat. However, it is quite possible 


* 


% 


Inhibition, 





! oo 
10 100 


pmoles/2m\ 





CPIB, 


Fig. 2. Effects of p-chlorophenoxyisobutyrate (CPIB) on 
oxygen consumption of mitochondria respiring in state 3. 
Mitochondrial protein concentration was constant at 
0.75 mg/ml. Glutamate (20 mM) + malate (10 mM) was the 
substrate. Key: @, kidney cortex mitochondria; @, vastus 
lateralis muscle mitochondria; @, heart ventricle mitochon- 
dria; and Q, liver mitochondria. Values are the medians 
of three replicate determinations. 


that the greatly reduced skeletal muscle respiration 
seen after thyroidectomy obscured any additional 
effects of clofibrate. 

Aside from the multitude of possible indirect 
mechanisms that might be proposed for the clofibra- 
te-induced inhibition of skeletal muscle respiration, 
one must also consider the likelihood of direct effects. 
Clofibrate [7, 15] and CPIB [18] are known to inhibit 
respiration and oxidative phosphorylation of rat liver 
mitochondria, in vitro, and the possibility existed that 
skeletal muscle mitochondria might be even more 
sensitive to these inhibitory effects. The possibility of 
direct inhibition of mitochondrial respiration as an 
explanation of the decreased skeletal muscle respir- 
ation is discounted, however, by the data of Fig. 2, 
which show liver and skeletal muscle mitochondria 
to be equally sensitive to the inhibitory effects of 
CPIB. Liver mitochondria are not inhibited in vivo 
since liver respiration is increased rather than de- 
creased by clofibrate administration. 

Clofibrate has been shown to increase the weight 
of both liver [24] and kidney [25, 26] in the normal 
rat. This hepatomegaly is inhibited by thyroidec- 
tomy [27], suggesting that the effect requires thyrox- 
ine although thyroxine does not cause liver hypertro- 
phy in either normal or thyroidectomized rats [5]. In 
agreement with these findings, we observed both liver 
and kidney hypertrophy (see Table 3) and found that 
the hepatomegaly was completely prevented by thyr- 
oidectomy. However, the kidney hypertrophy was not 
inhibited by thyroidectomy, indicating that endo- 
genous thyroxine was not required for this effect. 

It is commonly assumed that the hypolipidemic 
effect of clofibrate in rats requires the presence of 
thyroxine but this does not appear to be well estab- 
lished in the literature. Best and Duncan [24] 
reported that clofibrate lowered the serum cholesterol 
levels of both normal and thyroidectomized rats but 
lowered triglyceride levels in only the normal rats. 
It was noted, however, that thyroidectomy per se 
markedly lowered the triglyceride levels, perhaps to 
a physiologic minimum, thereby obscuring additional 
effects of clofibrate. On the other hand, Platt and 
Thorp [23] and Azarnoff and Svoboda [28] reported 
that the effect of clofibrate on serum cholesterol is 
entirely abolished by thyroidectomy. In contrast to 
the results of these studies, we have found that clofi- 
brate produces a statistically significant reduction of 
serum cholesterol and triglyceride in both normal and 
thyroidectomized rats (see Table 1). The hypotrigly- 
ceridemic effect is less pronounced, however, in the 
thyroidectomized rat because of the low baseline con- 
centration of triglycerides. Thus, our data show that 
the hypolipidemic effects of clofibrate do not require 
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thyroxine but are more easily discerned when thyrox- 
ine is present. 

The effects of clofibrate on the measured liver lipids 
could be crudely divided into two classes: (1) effects 
on cholesterol and (2) effects on total lipids minus 
cholesterol (primarily phospholipid and triglyceride). 
When expressed as mg cholesterol/g of liver, the cho- 
lesterol levels were decreased by clofibrate in the nor- 
mal rat [29] (see Table 2) and were increased by thyr- 
oidectomy (see Table 2). However, clofibrate did not 
change the levels in the thyroidectomized rat (see 
Table 2). 

It appears, in this study, that the cholesterol levels 
varied with the relative liver weight:body weight 
ratios, which were dependent upon endogenous 
thyoxine. When cholesterol levels were expressed as 
mg cholesterol/liver/100g body weight, levels were 
unchanged regardless of treatment. 

The total lipid fraction (minus cholesterol) of the 
liver, when expressed as mg lipid/g of liver, was in- 
creased to a similar degree by clofibrate in both nor- 
mal and thyroidectomized rats (see Table 2), indicat- 
ing that thyroxine is not required for this effect. It 
may be that these lipids increase to a self-limiting 
concentration during clofibrate therapy and when 
liver is permitted to grow larger, as in the presence 
of endogenous thyroxine, the amount of these lipids 
in the liver is further increased. 

Several conclusions can be drawn from the results 
of this study: (1) clofibrate causes hypertrophy of both 
liver and kidney but only the liver growth is mediated 
by thyroxine, (2) clofibrate alters O, consuming meta- 
bolic pathways in a counterbalancing manner (i.e. in- 
creased O, consumption in liver and decreased O, 
consumption in skeletal muscle) so that effects on 
BMR are minimal, (3) the decreased skeletal muscle 
O, consumption is not caused by a peculiar sensi- 
tivity of skeletal muscle mitochondria to respiratory 
chain inhibition by CPIB, (4) the hypotriglyceridemic 
and hypocholesterolemic effects of clofibrate do not 
require thyroxine, (5) total cholesterol/liver/100 g 
body weight is unaffected by clofibrate administration 
or by thyroidectomy, and (6) total liver lipid (minus 
cholesterol) levels are elevated by clofibrate via a 
mechanism that does not require thyroxine; however, 
this effect is enhanced by the presence of endogenous 
thyroxine because of increased liver growth. 


{cknowledgements—The author appreciates the contribu- 
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MECHANISM OF ACTION OF NOVEL ANTI- 
INFLAMMATORY DRUGS DIFLUMIDONE AND R-805* 
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Abstract—Two novel nonsteroidal anti-inflammatory drugs (NSAID), R-805 (4-nitro-2-phenoxymethane 
sulfonanilide) and R-807 (3-benzoyldifluoromethane sulfonanilide, diflumidone), inhibit the biosynthesis 
of prostaglandin by bovine seminal vesicle microsomes and arachidonic acid-induced aggregation of 
human platelets in a concentration-dependent manner. Comparison of these sulfonanilides with NSAID 
indicates the following order of potency: (1) vs prostaglandin synthetase: indomethacin > flufenamic 
acid > R-807 > R-805 > phenylbutazone > aspirin and (2) vs platelet aggregation: indometha- 
cin > R-807 > R-805 > flufenamic acid > phenylbutazone > aspirin. Time-dependent, irreversible inhi- 
bition of prostaglandin synthetase can be demonstrated for both R-805 and R-807. These compounds 
also inhibit equally the formation of PGE, and PGF;,, which suggests blockade of endoperoxide 
formation. This is the first report of inhibition of prostaglandin synthetase and platelet aggregation 


by drugs of this class. 


Nonsteroidal anti-inflammatory drugs (NSAID) in- 
hibit the synthesis of prostaglandins PGE, and 
PGF, from arachidonic acid [1]. It has been pro- 
posed that this property accounts for the activity of 
this class of drugs [2], and a correlation between anti- 
inflammatory activity in vivo and inhibition of pro- 
staglandin synthesis in vitro has been demonstrated 
[3]. Formation of endoperoxide intermediates from 
arachidonic acid in human platelets induces their 
aggregation [4] and may trigger thrombus formation 
in vivo [5]. Several NSAID containing carboxylic acid 
functional groups (carboxyl-NSAID) are inhibitors of 
platelet aggregation induced by collagen or thrombin 
[6], and indomethacin, aspirin and salicylate have 
been reported to block platelet aggregation induced 
by arachidonic acid [7]. 

This paper describes the effects of two novel 
NSAID, which are acidic by virtue of a sulfonanilide 
rather than carboxyl group, on prostaglandin biosyn- 
thesis and arachidonic acid-induced platelet aggrega- 
tion. The structures of 4-nitro-2-phenoxymethane sul- 
fonanilide (R-805) and 3-benzoyldifluoromethane sul- 
fonanilide (R-807, diflumidone) are shown in Fig. 1. 
Both compounds are anti-inflammatory in conven- 
tional animal models [8,9], and R-805, the newest 
and most potent agent of its class, is currently under- 
going clinical study. 


MATERIAL AND METHODS 


Chemicals. Arachidonic acid (grade 1, 99°.) and 
l-epinephrine were purchased from Sigma Chemical 
Co. [*H]arachidonic acid (6-10 Ci/m-mole) was pur- 
chased from New England Nuclear. GSH (glutath- 
ione) was obtained from CalBiochem, and Bio Sil A 
from Biorad Laboratories. Prostaglandins used in this 





* Presented in part at the Fall Meeting of the American 
Society for Pharmacology and Experimental Therapeutics, 
Davis. Calif., August 21, 1975 [Pharmacologist 17 (2), 226 
(1975)]. 
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study were purchased from Analabs, Inc. Anti-inflam- 
matory drugs were gifts from the manufacturers, and 
R-805 and R-807 were synthesized in these labora- 
tories. 

Enzyme preparation. Bovine seminal vesicles were 
obtained from Pel Freeze Co. The microsomal frac- 
tion was prepared by the method of Flower et al. 
[10]. Microsomal pellets were suspended in 0.1 M 
Tris-HCl buffer, pH 8.2, and stored in small aliquots 
at —70°. 

Prostaglandin synthetase assay. Synthesis of PGE, 
and PGF;, from tritium-labeled arachidonic acid was 
measured by a modification of the assay developed 
by White and Glassman [11]. To glass conical centri- 
fuge tubes, enzyme (10 yl, 15 mg/ml of protein) and 
cofactor solution (50 ul of a mixture of glutathione 
and /-epinephrine, 0.3 mg/ml each) were added, mixed 
and chilled on ice for 15 min. Just prior to incubation, 
20 pl of test drug in 50°, methanol was added and 
the reaction was initiated by the addition of 20 ul 
of substrate working solution. The substrate working 


e 
H SO0,C Hz 
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R-805: 4-nitreo-2-phenoxymetnane sulfonanilide 
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Fig. 1. Structure of R-805 and R-807 (diflumidone). 
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Fig. 2. Concentration-dependent inhibition of prostaglan- 

din synthesis by R-805, R-807 and NSAID. Synthesis of 

PGE, and PGF,, from arachidonic acid (3.0 uM) by 

bovine seminal vesicle microsomes (150 ug protein) was 

assayed radiochemically as described in Materials and 
Methods. 


solution was prepared by the addition of 10 yl of 


1.5mM ethanolic [*H]arachidonic acid (0.016 mCi 
m-mole) and 10 ul of 1.9mM Na,CO, with 0.98 ml 
of 0.1 M potassium phosphate buffer, pH 7.4, which 
contained 3mM MgCl,. The solution was kept at 
0° under nitrogen until it was added to the assay 
mixtures. The final concentration of substrate in the 
assay mixture was 3.0 uM for all experiments except 
determination of inhibitory constants where concen- 
trations of 3.0 and 12.0 uM were employed. After mix- 
ing, the assay tubes were incubated at 37° for 10 min, 
during which time the reaction velocity was propor- 
tional to time of incubation. In control tubes, ap- 
proximately 50 per cent of the substrate was con- 
verted to product during the 10-min incubation. 
There was no deleterious effect of methanol on the 
enzyme reaction at the final concentration (10°) 
employed. The reaction was terminated by quick 
freezing in dry ice-acetone. This procedure prevents 
formation of PGA, from PGE,, which occurs when 
HC] is used as the terminating reagent. Blanks and 
controls contained all reactants except drug. Blanks 
were kept on ice during the incubation period. 
Separation of products. A slurry of Bio Sil A in sol- 
vent A (hexane-dioxane—acetic acid, 70:30:1) was 
packed to a height of 4cm in a sealed 9-in. micropi- 
pette. The tip was broken and several bed volumes 


Table 1. 


of solvent A were flushed through each column. Sol- 
vent A (500 ul) was added to each frozen incubate. 
The incubates were thawed and immediately placed 
on the columns. Elution of unreacted substrate was 
accomplished by the addition of 5ml of solvent A 
collected in liquid scintillation vials. The product pro- 
staglandins were then eluted with 3 ml of solvent B 
(ethyl acetate-ethanol, 85:15) into fresh scintillation 
vials. Samples of unreacted substrate and products 
were collected from each tube and counted in a Pack- 
ard model 3385 Tri-Carb liquid scintillation spectr- 
ometer. 

Thin-layer chromatography. Duplicate samples of 
fractions eluted with solvents A and B were collected, 
taken to dryness under nitrogen and plated in Silica 
gel G with a thin-layer chromatography (t.l.c.) sample 
streaker (Applied Science). Plates were developed in 
a t.lc. tank (lined with filter paper) to a height of 
15cm from the origin in benzene-dioxane-acetic acid 
(20:20:1). Each plate was scraped at increments of 
0.5cm from the origin to 4cm, 0.25-cm increments 
from 5 to 9cm, which was the area in which prostag- 
landin standards migrated, and in 0.5-cm increments 
from 9 to 15cm from the origin. Each scraping was 
placed in a vial and suspended in 1.0 ml methanol, 
10 ml aquasol was added and the suspension was 
counted. All scintillation counting data were captured 
on punched paper tape, processed and graphed with 
an H/P 9830 computer system. 

Platelet aggregation. Human blood was obtained 
from volunteers and anti-coagulated with 0.1 vol. of 
3.8°,, sodium citrate. Platelet-rich plasma was pre- 
pared by centrifugation of blood at 120g for 15 min. 
Aggregation was measured by the method of Born 
and Cross [12] in a Chronolog aggregometer. Drugs 
used as inhibitors were initially dissolved in 0.05 M 
Tris buffered saline, pH 8.5, at 10°?M and diluted 
to appropriate concentrations. Sodium arachidonate 
was prepared by the addition of 100 mM sodium car- 
bonate to 33mM _ arachidonic acid mixing under 
nigrogen to yield a 3.3mM solution. A final concen- 
tration, usually 0.3mM, was chosen to induce ap- 
proximately 75 per cent of the maximal aggregation 
obtainable with sodium arachidonate. 


RESULTS AND DISCUSSION 
Inhibition of prostaglandin synthetase. Like the car- 


boxylic acid-NSAID, the sulfonanilides R-805 and 
R-807 are potent inhibitors of bovine seminal vesicle 


Prostaglandin synthetase mode of inhibition and inhibitory 
constants 





Drug 





Indomethacin 
Flufenamic Acid 
R-807 
Phenylbutazone 
R-805 

Aspirin 


K (uM) 


Mode of inhibition 





Competitive 
Competitive 
Competitive 
Competitive 
Competitive 
Competitive 





Prostaglandin synthesis was measured as described in the text. K; 
values were determined at substrate concentrations of 3.0 and 12.0 uM 
with varying inhibitor concentrations. Each K; value represents the mean 
of two to four separate determinations. 
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Table 2. Comparison of in vivo and in vitro activity 





Carrageenan 
bioassay* 


Drug EDs, (mg/kg) 


Prostaglandin synthetase 


Platelet aggregation 
inhibition 
IC50 (uM) 


inhibition 
ICso (uM)* 





R-805 
Indomethacin 
Flufenamic Acid 
Phenylbutazone 
R-807 

Aspirin 





* Reference [8]. 


+ Drug concentration inhibiting 50 per cent of the conversion of arachidonic acid to PGE, and PGF,,. 
t Drug concentration inhibiting 50 per cent of the platelet aggregation induced by 0.3 mM arachidonic acid in citrated 


platelet-rich plasma. 


prostaglandin synthetase. Based on the concentra- 
tion—-inhibition curves illustrated in Fig. 2, the order 
of potency in this system is indomethacin > flufena- 
mic acid > R-807 > phenylbutazone > R-805 > as- 
pirin. 

Both sulfonanilides are competitive inhibitors of 
the enzyme (Table 1). Analysis of kinetic data by the 
method of Dixon [13] results in inhibitory constants 
(K;) of 0.11 and 3.0 uM for R-807 and R-805 respect- 
ively. The affinity of R-807 for prostaglandin synthe- 
tase compares most closely to that found with indo- 
methacin (K;=0.15 uM) and_ flufenamic acid 
(K; = 0.30 uM), while R-805, with a K; 30-fold higher 
than R-807, compares most favorably with phenylbu- 
tazone (K; = 2.3 uM). Aspirin, previously reported to 
-have low potency in vitro relative to other NSAID 
[3], also produced weak inhibition (K; = 310 4M) in 
this study. 

These results could be misleading as an indication 
of anti-inflammatory potential in vivo. Rome and 
Lands [14] have suggested that a time-dependent in- 
hibitor may be more effective than would be predicted 
by its apparent K; when this is determined after brief 
exposure to the enzyme in vitro. Indeed, in contrast 
to the carboxylic acid-NSAID tested in this study, 
the sulfonanilides R-805 and R-807 do not show a 
correlation between their inhibition of prostaglandin 
synthesis in vitro (ICs59) and  anti-inflammatory 
potency as determined by the carrageenan-induced 
edema assay in vivo (EDs9, Table 2). In fact, R-805 
in vivo is considerably more potent than R-807, 
whereas in vitro, the opposite is true. Assuming that 
inhibition of prostaglandin synthesis is in some way 
related to carrageenan-induced inflammation, this 
lack of correlation could be the result of differences 
in drug absorption, distribution or metabolism. Con- 
version of R-805 in vivo to a more active metabolite, 
for example, might account for the fact that it is the 
most potent drug examined in the carrageenan- 
induced edema test (Table 2). Such a metabolic con- 
version would not be anticipated in vitro. Sodium sali- 
cylate behaves in a similar manner in man [1, 15] 
and Willis et al. [16] have suggested active metabolite 
formation in vivo to account for this anomaly. 

Relative synthesis of PGE, and PFG;,. Since E and 
F type prostaglandins often exert opposite effects in 
vivo, it was of interest to examine the effect of R-805 
and R-807 on the relative synthesis of PGE,: and 
PFG,,. At high concentrations (ICs) = 1.3 mM) ben- 


zydamine, also a non-carboxylic acid anti-inflamma- 
tory drug, selectively inhibits PGF,, synthesis by 
bovine seminal vesicles but potentiates the synthesis 
of PGE, [10]. 

The results of t.l.c. of product fractions from incu- 
bates of control, R-805 and R-807 are shown in Fig. 
3. Two peaks of radioactivity were found which cor- 
responded to PGE, and PGF;,. R-805 and R-807 
inhibit the formation of both products and only 
minor variations were noted in the ratio of 
PGE,:PGF,, in the presence of either drug. Thus, 
the sulfonanilides, like several carboxylic acid- 
NSAID, appear to block the formation of endoperox- 
ide intermediate rather than inhibit subsequent steps 
leading to reduction of endoperoxide to PGF, or 
isomerization to PGE;. 

Time-dependent inhibition. The time that prosta- 
glandin synthetase is exposed to NSAID can influence 
the calculation of relative potency. Indomethacin and 
aspirin are among several carboxylic acid-NSAID 
which promote irreversible destruction of the enzyme 
in a time-dependent manner [17]. When assayed at 
concentrations equal to their inhibitory constants, 
both R-805 and R-807 exhibit a similar mode of inhi- 
bition (Fig. 4). The rate of synthesis tapered off after 
15-20 min of incubation and the total product synthe- 
sized was markedly depressed after 30min. The 
results are again consistent with inhibition of cyclo- 
oxygenase activity. In contrast, phenylbutazone 
assayed under the same conditions does not produce 
time-dependent inhibition, i.e. the final yield of pro- 
staglandins approached the control value after 30 min 


— Control 


CPM x 10> 
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Fig. 3. Synthesis of PGE, and PGF;,: effect of R-805 and 
R-807. Formation of PGE, and PGF, was assessed by 
t.l.c. after separation of product and substrate fractions on 
Biosil A columns as described in Material and Methods. 
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Fig. 4. Time-dependent inhibition of prostaglandin syn- 

thesis by R-805, R-807 and phenylbutazone. Formation of 

prostaglandins from [*H]arachidonic acid (3.0 uM) was 

determined as described in Material and Methods. Micro- 

some concentrations were adjusted so that approximately 

50 per cent of the substrate was consumed in 30 min in 
control mixtures 


except when the drug was present at several times 
its K;. 

Inhibition of platelet aggregation. Arachidonic acid 
can induce platelet aggregation both in vitro [7] and 
in vivo [18]; it was of interest to examine the effects 
of R-805, R-807, phenylbutazone and the carboxyl- 
NSAID on this process. With the exception of aspirin, 
human platelet aggregation induced by 0.3 mM ara- 
chidonic acid as described in Material and Methods, 
is inhibited in a concentration-dependent manner by 
all drugs which inhibited prostaglandin synthesis in 
this study (Fig. 5). The order of potency varies some- 
what from that observed in the synthetase inhibition 
studies, most notably in that both sulfonanilides are 
more active inhibitors of aggregation than flufenamic 
acid. 

Silver et al. (7) have reported arachidonic acid- 
induced platelet aggregation and platelet synthesis of 
PGE, and PGF,, to be completely blocked by as 
little as 0.2 uM indomethacin. Much higher concen- 
trations of aspirin, however, were required for com- 
plete inhibition. Similarly, our results indicate that 
indomethacin is completely inhibitory at 0.5 uM 
whereas aspirin was inactive at concentrations as high 
as 0.5 mM. The ICs, values, as determined graphically 
and shown in Table 2, indicate R-807 (4.0 uM) and 
R-805 (8.5 44M) do compare favorably as_ platelet 
aggregation inhibitors with phenylbutazone and the 
carboxyl-NSAID. However, their relative activities, as 
also found in synthetase inhibition studies, do not 
reflect their potency in vivo. 

Evidence has accumulated that inhibition of pro- 
staglandin synthesis is a major, but most likely not 
the only, mechanism of anti-inflammatory activity. 
We consider it likely that both R-805 and R-807 owe 
at least part of their demonstrated anti-inflammatory 
effects to this mechanism. Furthermore, in view of 
the well-documented involvement of platelet aggrega- 
tion in the inhibition of arterial thrombosis [19] and 
the evidence that aspirin-like drugs may be effective 
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Fig. 5. Concentration-dependent inhibition of arachidonic 
acid-induced platelet aggregation by R-805, R-807 and 
NSAID. 


anti-thrombogenic agents [20], further evaluation of 
R-805, R-807 and other sulfonanilides for this indica- 
tion may be warranted. 
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Abstract—In view of data available that accumulation of acetylcholine in the lung leads to pulmonary 
edema formation, the effects of thiourea (TU), phenylthiourea (PTU) and a-naphthylthiourea (ANTU) 
on lung acetylcholine esterase (AchE) activity were examined in vitro and in vivo. ANTU and PTU 
produced a concentration-dependent inhibition of lung AchE activity in vitro. The EDs9 values of 
ANTU and PTU were 2.8 x 10°* and 5 x 10°*M respectively. No significant inhibition in AchE 
activity of the lung occurred in response to any concentration of TU. The mechanisms of AchE inhibi- 
tion due to ANTU appeared to be competitive. The apparent K,, for lung AchE averaged 
7.23 x 10°*M and the K; for ANTU averaged 1.11 x 10°*M. ANTU at 5 x 10°*M inhibited the 
AchE activity of all examined tissues in vitro. An edema-producing dose of ANTU had no effect 
on AchE activity of any tissue except the brain. A failure to demonstrate the inhibitory effect in 
vivo of ANTU on AchE activity has been discussed in this paper. Pretreatment with atropine offered 
no protection against the pulmonary edema-producing ability of ANTU. The data collected in the 
present report indicate that inhibition of lung AchE is probably not the mechanism of ANTU-induced 
pulmonary edema. The significance of brain AchE inhibition in response to an edema-producing dose 


of ANTU is not known. 


Pulmonary edema is a pathological state of abnormal 
extravasation of plasma fluid in lung spaces. The 
edema may be of cardiogenic or noncardiogenic ori- 
gin. In the latter category, the etiological factors may 
include environmental pollutants (O,, NO,, H,S and 
phosgene gases) or a variety of chemicals such as 
thioureas, alloxan, oleic acid and ammonium chloride 
[1]. Thiourea (TU) and its derivatives, phenylthiourea 
(PTU) and a-napthylthiourea (ANTU), have been 
employed in animal models as experimental tools to 
study characteristics of pulmonary edema common 
to a variety of drugs and toxic substances. These are: 
(1) production of tolerance [2,3]; (2) the innate resist- 
ance of young animals; and (3) species differences 
[4,5]. 

The acute toxic signs associated with the adminis- 
tration of thiourea-like compounds are massive pul- 
monary edema, capillary hemorrhage, pleural effusion 
and inflammation of the tracheobronchial tree [4,6]. 
The mechanism whereby TU, PTU and ANTU pro- 
duce acute pulmonary edema is not clearly under- 
stood. A causative relationship between bradycardia 
and pulmonary edema has been demonstrated in the 
genesis of pulmonary edema. For example, stimu- 
lation of the peripheral end of the cut vagus nerve 
produces lung edema in the dog [7]. Intravenous 
administration of acetylcholine (Ach) produces lung 
edema [8], while inhibitors of acetylcholine esterase 
(AchE) have been reported to produce fatal acute pul- 
monary edema in response to an excessive buildup 
of Ach [9,10]. This study was undertaken to test the 
hypothesis that inhibition of AchE by thiourea-like 
compounds is related to their edema-producing effect. 
We have examined the effects in vitro of TU, PTU 
and ANTU on AchE activity of the lungs. The effects 


of ANTU on AchE activity of different tissues were 
studied both in vitro and in vivo. Also studied were 
the kinetic properties of lung AchE. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats weighing 350-400 g 
were purchased from Simenson Laboratory Inc., Gil- 
roy, Calif. They were maintained, two per cage, on 
Purina rat chow and water ad lib. Acetylthiocholine 
iodide and dithiobisnitrobenzoic acid (DTNB) were 
obtained from Sigma Chemical Co. TU, PTU and 
ANTU were purchased from J. T. Baker Chemical 
Co., Phillipsbury, N.J. The first two compounds were 
dissolved in distilled deionized water and the last was 
suspended in propylene glycol. 

Study in vivo. Rats were first anesthetized by ether 
and then transferred to a cold room where blood was 
collected in heparinized syringes via the inferior vena 
cava. Lungs and heart were removed en bloc. In order 
to wash out blood from the pulmonary capillary bed 
[11], lungs were perfused with cold isotonic saline 
at 4-5° through the right side of the heart with a 
slit on the left. A total volume of 50 ml saline was 
passed through the pulmonary vasculature over a 
period of 5 min. Liver, kidney and brain were repeat- 
edly washed with cold isotonic saline to remove 
blood. All tissues were first minced into small pieces, 
then homogenized in phosphate buffer (0.1 M, pH 8) 
using a motor-driven Teflon pestle (Tri-R) to yield 
a concentration of 30 mg/ml. Homogenate and blood 
were centrifuged in a refrigerated centrifuge (Sorval 
RC-2B, SS-34 rotor) at 600g for 10min at 4°. The 
supernatant and plasma were carefully aspirated and 
used to measure AchE activity. Protein content of 
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the supernatant and plasma was measured according 
to the method of Lowry et al. [12]. ; 

The supernatant and plasma were incubated with 
different concentrations of ANTU, PTU or TU or 
appropriate vehicle for 10min at 37° in a Dubnoff 
metabolic shaker before running the enzyme assay 
according to the colorimetric method of Ellman et 
al. [13]. Acetylthiocholine iodide was used as the sub- 
strate. The rate of enzymatic hydrolysis of the sub- 
strate was monitored by an increase in absorbancy 
at 416 nm at 37 by a Gilford spectrophotometer. The 
enzymatic reaction was linear for a period of at least 
10 min. The change in absorbancy for 5 min was read 
on the linear part of the curve. Tissue and reagent 
blanks were run concurrently. The changes in absor- 
bancy resulting from these blanks were taken into 
account when calculating the final enzyme activity. 
Enzyme activity was expressed as moles product 
formed/hr/mg of protein. 

Study in vivo. In order to correlate the findings 
in vitro with effect in vivo, an edema-producing dose 
of ANTU, 20 mg/kg in propylene glycol, was injected 
ip. Control rats received an equivalent volume of 
propylene glycol. Two and a half hr later, rats were 
anesthetized with ether. Blood and different tissues 
were obtained and processed for determination of 
AchE activity in the manner described above. This 
dose and the time interval after ANTU injection were 
chosen because rats always develop acute pulmonary 
edema with this regimen of treatment (see Table 5). 
The AchE activity of the lung for the study in vivo 
was expressed in two ways: (1) moles of the product 
formed/hr/mg of lung protein and (2) moles of the 
product formed/hr/lung. 

Additional experiments in vivo were also carried 
out to find out whether or not a buildup of Ach 
secondarily to AchE inhibition of the lung is the 
mechanism for ANTU-induced pulmonary edema. 
Rats were first injected intraperitoneally either with 
Saline or with | mg/kg of atropine 30min prior to 
an edema-producing dose (20 mg/kg) of ANTU in 
propylene glycol. The rats in the control group 
received saline prior to receiving an equivalent 
volume of vehicle (propylene glycol). Two and a half 


hr later, rats were etherized. The abdominal cavity 
was opened and the descending aorta severed to allow 
free bleeding. For quantitation of pulmonary edema, 
the trachea was exposed and ligated. The thoracic 
cavity was then opened to remove lungs and heart en 
bloc. The lungs were separated from the heart, blotted 
gently and weighed after cutting the trachea at the 
point of bifurcation in a tared container. The dry 
weight of the lung was determined by heating in an 
oven at 60° until a constant weight was attained 
(72 hr). Both wet lung weight (WLW) and dry lung 
weight (DLW) expressed in g/kg body weight were 
used to evaluate the extent of pulmonary edema [14]. 

All data are reported as the mean + standard error 
(S.E.). Student’s t-test was employed to determine the 
degree of statistical significance between the means. 


RESULTS 


The effects of different concentrations of ANTU, 
PTU and TU on rat lung AchE activity in vitro are 
summarized in Table 1. ANTU had a potent inhibi- 
tory effect on lung AchE activity. The magnitude of 
inhibition was clearly related to the concentrations. 
At 10°°M, AchE activity was inhibited by 75 per 
cent; at 5 x 10°*M, inhibition was 60 per cent; and 
at 10°*M the activity was inhibited by 25 per cent. 
There was no inhibition of AchE activity at the 
10-° M concentration of ANTU. The vehicle, propy- 
lene glycol, had no effect on AchE activity. A dose- 
related inhibition of AchE activity was also noticed 
in response to PTU treatment. A statistically signifi- 
cant inhibition of AchE activity, however, occurred 
only at a concentration of 10~* M. It was interesting 
to note that TU produced no significant inhibition 
in AchE activity at any concentration. At 10~7M, 
the highest concentration of TU employed, AchE acti- 
vity was reduced only by 16 per cent. 

The EDs, values (the concentration that inhibits the 
enzyme activity by 50 per cent) of ANTU and PTU 
were obtained by plotting the enzyme activity as per 
cent of control against their concentrations. The EDs 
for ANTU was 2.8 x 10°*M as compared to 
5 x 10°*M for PTU. 


Table 1. Effects of different concentrations of x-naphthylthiourea (ANTU), phenylthiourea (PTU) and thiourea (TU) 
on rat lung AchE activity in vitro* 





Concn of 


Enzyme activityt (moles 


10~* product released/hr/mg protein) 





inhibitor 
(M) ANTI 


valuest 


PTI 


P valuest P valuest 





PO, buffer (control) 4.17 + 
Propylene glycol (control) 5.34 + 
Inhibitor (107° 1.23 +0.27(6) <0.001 
Inhibitor (5 x . 2.04 + 1.80(3) <0.001 
Inhibitor (10° * 4.04 + 0.24(8) <0.05 
Inhibitor (10 4.56 + 0.21(7) NS 6.33 + 
Inhibitor (10 


0.21 (5) 7.26 + 
0.45(8) 


0.36 (5) 7.26 4+ 


4.71 + 0.57. (5) 
0.36 (5) 
6.84 + 0.42 (5) 





0.21 (5S) 


6.12 + 0.36 (5) 


6.60 + 0.24 (5) 
7.20 + 0.45 (5) 





* Rats were sacrificed by ether anesthesia. Lungs and heart were removed en bloc. Lungs were perfused with cold 
isotonic saline through the right side of the heart, then minced and homogenized in PO, buffer (0.1 M, pH 8). The 
homogenate was centrifuged at 600g for 10min at 4. The supernatant was incubated with and without different 
concentrations of thioureas for 10 min at 37° before assaying AchE activity. The tissue and reagent blanks were run 
simultaneously and were taken into consideration in calculating enzyme activity. 


+ Mean + S.E. (N). 


t All comparisons involving ANTU are made against the propylene glycol control, since this was the solvent for 
ANTU. PTU and TU were compared against their own PO, buffer controls run simultaneously. 
§$ P value between P,, buffer and propylene glycol is not significant at the 0.05 level. 


Not significant. 
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Fig. 1. Diagram, 1/V vs 1/[S] of acetylthiocholine iodide 
using lung-AchE with and without the presence of ANTU 
(10~* M). Velocities are given as moles x 10~* of product 
formed/hr/mg of protein; substrate concentrations are in 
moles/liter. The mean K,, and K; values of several such 
studies are shown in Table 3. 





The Michaelis constant (K,,) of lung AchE using 
acetylthiocholine iodide as substrate and the dis- 
sociation constant (K;) of the inhibitor (ANTU at 
10-3M) were determined by the double reciprocal 
plot of Lineweaver and Burk [15] and Dixon [16]. 
An example of one such study is graphically shown 
in Fig. 1. It appears from the graph that ANTU acts 


Table 2. K,, and K; of lung 

AchE using acetylthiocholine 

as substrate and «a-naphthyl- 
thiourea as inhibitor* 





Mean + S. E. (N) 





K,, 7.23 x 10°* + 0.53 (4) 
K; 1.11 x 10°>* + 0.18 (3) 





* Double reciprocal plot of 
Lineweaver and Burk and 
Dixon was employed to deter- 
mine the K,, and K;,. 


Table 3. Effects of ANTU on AchE activity of different 
tissues of rat in vitro* 





Enzyme activityt 
(moles x 10°* of 
product released /hr/mg protein) 





ANTL 
10°* M) 


P value between 
control and ANTU 


Propylene glycol 


Tissue (control) (5 x 





Kidney 0.95 + 0.16 
Brain 106.96 + 5.10 
Liver 2.64 + 0.24 
Lung 6.79 + 0.51 
Plasma 4.32 + 0.54 


0.00 + 0.00 

76.60 + 4.20 <0.05 
1.60 + 0.26 <0.05 
2.99 + 0.61 <0.01 
1.38 + 0.19 <0.01 





* Procedures for preparing and assaying the enzyme 
activity are the same as described in the legend of Table 1. 
+ Mean + S. E. of four animals. 


as a competitive inhibitor of AchE. The K,, value 
for four separate determinations averaged 7.23 x 
10°*M, and K; for three determinations averaged 
1.11 x 10°*M (Table 2). 

The AchE inhibitor effect of ANTU on different 
tissues in vitro is summarized in Table 3. In this study, 
AchE activity of different tissues was examined after 
treatment with 5 x 10°*M ANTU. It is obvious that 
ANTU had a generalized inhibitory effect on the 
AchE activity of all tissues examined in this study. 
A great deal of variation was found in sensitivity to 
the inhibitory effect of ANTU on AchE activity of 
varying tissues. 

Studies in vivo were carried out in an attempt to 
correlate the inhibitory effect in vitro of ANTU on 
AchE activity with its pathophysiological effect. An 
edema-producing dose (20 mg/kg) of ANTU was in- 
jected (i.p.) 2.5 hr prior to sacrifice. AchE activity of 
different tissues and plasma was then measured. The 
results of this study are summarized in Table 4. The 
dose of ANTU which produced acute pulmonary 
edema failed to inhibit AchE activity on the lung, 
liver, kidney and plasma. A significant inhibition 
(P < 0.05) was noticed only in brain AchE activity. 

A failure to demonstrate the inhibition of lung 
AchE activity in response to an edema-producing 
dose of ANTU could be attributed to two factors; 
first, an extensive perfusion in vitro of the lung poss- 
ibly washes out the inhibitor; and second, the un- 
washed amount of ANTU in lung undergoes an 
extensive dilution after homogenization as well as in 
the reaction mixture in vitro. Attempts were made, 
therefore, to circumvent these possibilities and find 


Table 4. Effects of «-naphthylthiourea (ANTU) on AchE activity of different rat tissue in 


vivo* 





Controlt 


P 





Tissue (P/hr/mg protein) (P/hr/lung) 


(P/hr/mg protein) 


values between 


(P/hr/lung) control and ANTI 





5.35 + 0.42 
2.76 + 0.36 
0.90 + 0.09 
3.42 + 0.18 
102 + 5.85 


Lung 5.89 + 0.57 
Liver 
Kidney 
Plasma 
Brain 


6.15 + 0.45 6.09 + 0.42 
3.09 + 0.66 
0.91 + 0.03 
3.21 + 0.42 
85.44 + 1.20 





* Rats were injected with ANTU (20 mg/kg, i.p.) 2.5 hr prior to sacrifice. Lungs were per- 
fused with cold isotonic saline through the right side of the heart and the remaining organs 
washed repeatedly before determining AchE activity. 

+ Enzyme activity is expressed in moles x 10~* product (P) released/hr/mg of protein and 
moles x 10~? of P/hr/lung; mean + S. E. of five animals. 


t Not significant. 
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Table 5. Effects of atropine pretreatment on «-naphthylthiourea (ANTU)-induced pulmonary edema 
as measured by wet lung weight (WLW) and dry lung weight (DLW) in g/kg body weight 





Mean + S. E. of five animals 


P values between groups 





Group Pretreatment* Treatment 


WLW/kg 


DLW/kg Groups WLW DLW 





1 Saline 
2 Saline 
Atropine 


Propylene glycol 3.89 + 0.14 
ANTI 6.02 + 0.28 
ANTL 6.35 + 0.31 


0.85 + 0.02 
1.14 + 0.06 
1.07 + 0.05 


1,2 <0.001 <0.01 
1,3 <0.001 <0.01 
2,3 NSt NSt 





* Rats were pretreated with saline or atropine (1 mg/kg) 30 min prior to ip. injection of ANTU 
in propylene glycol. Rats in the control group received an equivalent volume of propylene glycol. 
They were sacrificed 2.5 hr later using ether and exsanguination. The index of pulmonary edema 
in each case was determined by wet and dry lung weight. 


+ Not significant. 


out if a buildup of Ach secondary to inhibition of 
AchE is the mechanism for ANTU-induced pulmon- 
ary edema. Rats were treated either with saline or 
atropine 30min prior to an edema-producing dose 
of ANTU. Two and a half hr later, the extent of pul- 
monary edema was determined. The results of this 
study are summarized in Table 5. 

An edema-producing dose of ANTU produced the 
same degree of pulmonary edema in both saline- and 
atropine-pretreated rats. This was reflected by a signi- 
ficant increase in WLW and DLW in rats of these 
two groups over the group injected with vehicle. 
There was, however, no difference in WLW or in 
DLW between the two groups of rats injected with 
ANTU. 


DISCUSSION 


TU, PTU and ANTU are known to produce acute 
pulmonary edema in animal models. The mechanism 


by which these compounds produce pulmonary 
edema is not understood. There is evidence that 
thiourea-like compounds affect the pulmonary vascu- 
lar endothelium directly and are thus responsible for 
ultrastructural changes of the capillary endothelium 
leading to lung edema [1]. Other investigators have 
suggested that thiourea compounds may be metabo- 
lized in the lung or liver to form active but short-lived 
toxic intermediates that may then affect the integrity 
of the pulmonary endothelial cells [17,18]. We sug- 
gested earlier, in view of our findings, that thiourea 
or a metabolite covalently interacts with a polypep- 
tide of lung, and this interaction may directly or indir- 
ectly lead to increased permeability of pulmonary 
capillaries and alveolar epithelium [19]. 

The interesting finding borne out of this study was 
that ANTU had a generalized inhibitory effect on 
AchE activity of all examined tissues in vitro. At 
5 x 10°*M, it inhibited AchE activity of kidney, 
plasma, lung, liver and brain to varying degrees. The 
relative potency of TU, PTU and ANTU as inhibitors 
of lung AchE activity was examined in vitro. In this 
regard, both PTU and ANTU caused a concentra- 
tion-related inhibition of AchE activity. TU, on the 
other hand, had little or no effect. At 10~>M, the 
highest concentration, it inhibited AchE activity only 
by 16 per cent. 

It is conceivable that the ability of thioureas to 
inhibit AchE activity in vitro might be directly related 
to their lipophilic property. For example, ANTU and 
PTU being more lipophilic [20,21] might somehow 


introduce adequate conformational changes in the 
AchE molecule so as to inhibit its activity. On the 
other hand, TU being relatively lipid insoluble [22] 
fails to introduce the conformational change and, 
therefore, enzyme activity. 

Since there is no structural similarity between Ach 
and ANTU, it is unlikely that both compete for the 
same binding site on AchE. The alternative 
mechanisms involved in ANTU’s competitive inhibi- 
tion of AchE might be attributed to either steric hin- 
drance or allosteric inhibition [23]. In either case, 
an increasing concentration of the substrate would 
tend to remove ANTU from the enzyme and thus 
help to restore AchE activity to a normal level. This 
would explain how ANTU acts as a competitive in- 
hibitor of AchE. 

A failure to demonstrate an inhibitory effect of 
ANTU on AchE activity of lung and other tissues 
after administration in vivo of ANTU could be attri- 
buted to the extensive perfusion of the lung which 
washes the drug from the tissue and also to the exten- 
sive dilution in vitro of the unwashed ANTU in the 
reaction mixture. Because of these difficulties, it is not 
possible to draw any definite conclusion whether or 
not the inhibition in vivo of lung AchE is the 
mechanism of ANTU-induced pulmonary edema. 
Two lines of evidence provided in this report, how- 
ever, suggest that pulmonary edema due to ANTU 
is probably not being mediated through the inhibition 
of lung AchE. First, there was an obvious lack of 
even an inhibitory effect in vitro of a similar com- 
pound (thiourea) at 10° M. This is a much higher 
concentration than that needed in vivo to produce 
acute pulmonary edema. Second, if the inhibition of 
lung AchE by administration in vivo of ANTU allows 
the buildup of Ach, then atropine pretreatment, which 
is known to exert protection against pulmonary 
edema induced by Ach-like drugs [24], should mini- 
mize or abolish the pulmonary edema caused by 
ANTU. In the present study, rats pretreated with 
atropine developed pulmonary edema in response to 
ANTU as much as those pretreated with saline. These 
lines of evidence tend to negate the involvement of 
lung AchE as one of the possible mechanisms of 
ANTU-induced pulmonary edema. 

Our results are in agreement with the results of 
other investigators who have studied the effects of 
thiourea-like compounds on other enzymes. For 
example, DuBois and Erway [25] had reported that 
none of the thiourea derivatives inhibited the cyto- 
chrome oxidase or succinic dehydrogenase of lung or 
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liver tissues of rats given lethal doses of these com- 
pounds. High concentrations of these compounds 
were necessary to inhibit the activity of these enzymes 
in vitro. A significant inhibition, however, occurred 
in brain AchE activity after the administration of an 
edema-producing dose of ANTU. Whether the inhibi- 
tion of brain AchE activity is the cause or the effect 
of pulmonary edema is not presently known. 
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Abstract 


N-ethylmaleimide at submillimolar concentrations inhibited platelet aggregation and shape- 


change induced by ADP, collagen-induced aggregation, and the active transport of adenosine (but 
not of adenine or serotonin). p-Chloromercuribenzene sulphonate had broadly similar activity but 
was much less potent. Iodoacetate, which at 0.3mM caused leakage of *H from the cytoplasm of 
platelets prelabelled with [*H]adenine, had no inhibitory effects at lower concentrations, and 5’5’-dithio- 
bisnitrobenzoic acid was inactive up to 3mM. Dithiothreitol, which slightly inhibited aggregation at 
0.5 mM, induced aggregation directly at concentrations above | mM, and 2-amino(4-isothioureylmethyl- 
ene)-thiazol di HCI was a potent and selective inhibitor of serotonin transport, and also inhibited 
collagen-induced aggregation. Ecto-SH groups are apparently not involved in regulating platelet active 
transport processes or responses to stimuli, but intracellular thio groups are important in platelet 
secretion, aggregation, and shape-change, and also in the transport of serotonin and adenosine, but 


not of adenine. 


Previous studies of the effects of thio reagents on 
blood platelets have been mainly concerned with 
platelet aggregation. Agents which block sulphydryl 
groups inhibit platelet aggregation, provided they can 
penetrate the cell membrane [1-3], whereas agents 


which reduce disulphide bonds exert a dual effect: 
low concentrations inhibit aggregation, but higher 
concentrations can directly induce aggregation [4, 5]. 
There have been no detailed studies of the effects of 
thio reagents on other platelet responses, such as 
shape-change (the initial response to interaction of 
stimuli with platelet membrane receptors), or active 
transport processes. Membrane receptors for stimuli 
on other cells, however, are known to contain func- 
tionally important thio groups [6-8] and sulphydryl 
group blockers inhibit active transport in erythro- 
cytes [9,10]. In this study we investigated the effects 
of six thio reagents (with different actions) on platelet 
shape-change and aggregation induced by ADP, on 
collagen-induced aggregation, and on the active trans- 
port of serotonin, adenine and adenosine. 


MATERIALS AND METHODS 


Platelet aggregation and shape change. Platelet 
aggregation induced by 10 uM ADP or 10 ug/ml con- 
nective tissue suspension [11] was measured photo- 
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thioureylemethylene)-thiazol diHCl), DTNB (5’5’-dithio-bis 
nitrobenzoic acid), DTT (dithiothreitol), SHT (5-hydroxy- 
tryptamine), IAA (iodoacetate), NEM (N-ethylmaleimide), 
PCMBS (p-chloromercuribenzene sulphonate), PRP (plate- 
let-rich plasma). 


metrically in 0.1 ml volumes of human citrated plate- 
let-rich plasma (PRP) as described previously [12]. 
Platelet shape-change (rate of decrease in light 
transmission induced by 10 uM ADP) was measured 
in 0.1 ml samples of PRP containing 3mM EDTA. 
Uptake of serotonin, adenosine and adenine. Samples 
of PRP (1 ml) were added to 0.1 ml iso-osmotic saline 
or drugs, and incubated at 37° for 5 min. Replicate 
subsamples of 0.1 ml were taken for the measurement 
of platelet aggregation and shape change (see above). 
Further 0.1 ml subsamples were added to 101 of 
11.0uM ['*C]S5HT. 5.5 4M ['*C]adenosine, or 1.1 
uM [*H]adenine in microcentrifuge tubes, vortex- 
mixed for 5 sec, then incubated at 37°. After 3 min 
(SHT and adenine) or 12 min (adenosine), uptake was 
terminated by adding 5 vol of ice-cold iso-osmotic 
saline containing 0.4°, w/v EDTA, 10 uM SHT, 5 uM 
adenosine and | uM adenine. Samples were then im- 
mediately centrifuged (14,700 g: 30 sec) in a Quickfit 
microcentrifuge, and 0.25ml of supernatant was 
transferred to a vial containing 10 ml of scintillant 
(toluene with 0.33°,w/v 5-(4-biphenyl)-2-(4-t-butyl- 
phenyl)-1-oxa-3.4 diazole (Butyl PBD) plus 30°, v/v 
ethoxyethanol). Radioactivity was measured in a 
Nuclear Chicago Mk 2 liquid scintillation counter. 
Platelet lysis. Samples of PRP were incubated at 
37° for 45 min with [*H Jadenine (final concentration 
0.1 uM), which is incorporated into the platelet cyto- 
plasmic pool of adenine nucleotides, and hence serves 
as a cytoplasmic marker. Subsamples were then incu- 
bated for 8 min at 37° with drug or an equivalent 
volume of saline. After adding 0.5 ml ice-cold iso- 
osmotic saline containing 0.4°,, w/v EDTA, samples 
were centrifuged (14,700g: 30 sec), and 0.25-ml 
volumes of supernatant transferred to vials containing 
scintillant (see above). Increases in the amount of *H 
in the supernatant of samples containing drugs (com- 
pared with control samples) indicated cell lysis. 
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Fig. 1. Effects of thio reagents on platelet aggregation and shape-change induced by ADP. Drugs 


were incubated for 5 min at 37° in human citrated PRP before aggregation was induced by 10 uM 
ADP. Shape change was measured in replicate samples containing 3 mM EDTA. Responses were 
measured photometrically (see Methods). Points shown are means of duplicate determinations, and 
results are expressed as percentage of the control response. Twelve replicate controls were performed 


in each experiment. @ @NEM;0O 


m 


U 


_ Isotopes. All isotopes were obtained from The 
Radiochemical Centre, Amersham, U.K. 5-Hydroxy 
[side chain-2-'*C] tryptamine creatinine sulphate (58 
mCi/m-mole) was dissolved in 0.1 M sodium acetate- 
acetic acid buffer (pH 5.5), and [8-*H]adenine (24 Ci 
m-mole) was dissolved in iso-osmotic saline, each iso- 
tope at a concentration of 20 uM. [U-'*C]adenosine 
(57 mCi/m-mole) was dissolved in 0.05M_ Tris-buf- 
fered saline (pH 7.4) at a concentration of 88 uM. All 
isotopes were stored at —20° in 0.2 ml vol, and fresh 
samples were thawed just before each experiment. 
Drugs and reagents. ADP (disodium salt), adeno- 
sine, adenine, 5HT-creatinine sulphate, EDTA (di- 
sodium salt), Tris (hydroxy-methyl) amino methane, 
dithiothreitol (DTT), p-chloro-mercuribenzene sul- 
phonate (PCMBS) and iodoacetate (IAA) were 
obtained from Sigma, U.K. N-ethylmaleimide (NEM) 
and 5’,S’-dithio-bis nitrobenzoic acid (DTNB) were 
obtained from Koch-Light, Colnbrook, U.K. The 
sodium salt of DTNB was prepared as described by 
Boyne and Ellman [13]. 2-amino(4-isothioureylmeth- 
ylene)-thiazol dihydrochloride (Ag 307) was kindly 
donated by Dr H. Laborit, CEPBEPE, Paris. 


RESULTS 


Control aggregation and shape-change responses to 
ADP and collagen did not change significantly during 
the course of each experiment. All experiments were 
performed on plasma samples from the same subject, 
but as there were minor differences in control re- 
sponses in different experiments, results obtained in 
test samples were expressed as percentages of the cor- 
responding mean control response. 

ADP-induced aggregation and shape change. The 
compounds under investigation were tested at con- 
centrations up to 3mM, and all except DTNB inhi- 
bited aggregation (Fig. la). NEM was the most potent 


ODTT; A 
0 IAA. 


29.9 + 6.3 S.E.M. 


A DTNB; A——-A PCMBS; @ @ Ag307; 


inhibitor (fCs5, =0.2mM) followed by PCMBS 
(IC59 = 0.8mM), DTT (ICs, =2mM) and IAA 
(IC597 = 3mM). The effect of DTT was complicated 
by the fact that at concentrations above | mM it pro- 
duced a slow, direct aggregation response [5]. The 
ADP-induced shape-change response was less suscep- 
tible to inhibition by thio reagents than was the 
aggregation response (Fig. 1b). NEM was again the 
most potent inhibitor (IC;,. = 0.3 mM), and PCMBS 
inhibited by 40 per cent at 3mM, but all the other 
reagents had little effect even at this concentration. 

Collagen-induced platelet aggregation. Collagen- 
induced platelet aggregation was more readily inhi- 
bited by the thio reagents than was aggregation in- 
duced by ADP. The most potent inhibitor was NEM 
(IC59 = 0.1 mM), followed by IAA (IC559 = 0.3mM), 
PCMBS (Ics57 = 4mM), Ag 307 and DTT (Ics = 
0.5 mM). DTNB was without effect at concentrations 
up to 3mM. 

Active transport. The experimental conditions in 
these studies were adjusted so that less than 50 per 
cent of the labelled adenine or SHT was incorporated 
into platelets in control samples. Since adenosine is 
deaminated in plasma, experimental conditions were 
arranged such that only about 25 per cent of the 
added adenosine was incorporated into control 
samples, thereby reducing the influence of deamina- 
tion on the results. As in the aggregation studies, 
values obtained in test samples are expressed as per- 
centages of the corresponding mean control response. 

SHT. The mean amount of SHT taken up was 
pmole/10° cells/min in control 
samples (n = 12). The most potent inhibitor of SHT 
uptake was Ag 307 (ICs) = 0.15mM), followed by 
PCMBS (ics) = 0.5mM) and NEM (ics) = 3mM). 
The other reagents tested had little effect on SHT 
uptake even at 3mM (Fig. 2a). 

Adenine. The amount of adenine taken up by con- 
trol samples was 4.1 + 0.09 s.e.m. pmole/10° cells/min 
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Fig. 2. Effects of thio reagents on platelet active transport processes. Uptake of ['*C]5HT, [*H]adenine 
and ['*C]adenosine by human platelets was measured as described in Methods. Uptake in the presence 
of drugs is expressed as percentage of the control response. Points shown are means of duplicate 


determinations. Twelve replicate controls were performed in each experiment. @ 
A PCMBS; @ 


DTT; A——A DTNB; A 


(n = 12). None of the compounds tested was a power- 
ful inhibitor of adenine uptake: the most potent was 
IAA, which inhibited uptake by almost 50 per cent 
at 1 mM (Fig. 2b). 

Adenosine. The mean amount of adenosine trans- 
ported by control samples was 11.67+0.2 SEM. 
pmole/10* cells/min (n = 12). NEM was the most 
potent inhibitor of adenosine uptake (IC 55 = 0.2 mM). 
None of the other compounds tested inhibited uptake 
by 50 per cent (Fig. 2c). 
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Fig. 3. Platelet lysis induced by thio reagents. Human 
platelets were relabelled with [*H]adenine (see Methods) 
and then incubated with drugs for 8 min at 37°. The 
amount of 3H in the supernatant of control samples was 
subtracted from the values in samples containing drugs, 
and the difference expressed as a percentage of the 
[*H]adenine content in control platelets. Points shown are 
means of triplicate determinations. Six replicate controls 
were performed in each experiment. @——@® NEM; 
O——O DTT; A—-A DTNB; A——A_ PCMBS; 
@— 8 Ag307; O——O IAA. 


@ NEM: © 
0 IAA. 
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Platelet lysis. The effects of the thio reagents on 
platelet membrane integrity was assessed by measur- 
ing the leakage of radioactivity from platelets pre- 
labelled with [*H ]Jadenine. 

Only IAA (>0.3 mM) and NEM (>1 mM) caused 
significant leakage of this cytoplasmic marker (Fig. 3). 


DISCUSSION 


The aim of these experiments was to investigate 
the effects of several thio reagents with different 
actions on platelet active transport processes and re- 
sponses to stimuli, and thus to determine the nature 
and localisation of thio groups which might be func- 
tionally important in these platelet reactions. The 
main findings are summarised in Table 1. 

Perhaps the most striking observation was the lack 
of effectiveness of DTNB, which blocks-SH groups 
by thiol-disulphide exchange but does not penetrate 
cell membranes [10,14]. This implies that there are 
no ecto-sulphydryl groups on the platelet which regu- 
late responses to stimuli or active transport processes. 
In contrast, NEM, which alkylates SH groups and 
rapidly penetrates cell membranes [15], was a potent 
inhibitor of aggregation, shape-change and adenosine 
transport: at sub-millimolar concentrations, adenine 
and S5HT transport was unaffected. PCMBS, which 
converts SH groups to mercaptides and penetrates 
cell membranes only slowly [9], exhibited a similar 
spectrum of activity to NEM, but was much less 
potent. One anomalous finding was that PCMBS in- 
hibited SHT transport more effectively than NEM, 
but since PCMBS can selectively release SHT from 
platelets [16; MacIntyre, unpublished], it is likely 
that the observed inhibition of SHT uptake was due 
to leakage of endogenous SHT. IAA, which also alky- 
lates SH groups (although by a different mechanism 
from NEM) and penetrates membranes rapidly [10, 
14] was much less effective than NEM, but at concen- 
trations below | mM released *H from the cytoplasm 
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of platelets preloaded with [*H]adenine. The differen- 
tial effects of IAA and NEM could arise because of 
differences in their reactivity with intracellular SH 
groups [17]. 

The only effect observed with DTT at sub-milli- 
molar concentrations was inhibition of collagen- 
induced aggregation: there was no significant effect 
on active transport, and although ADP-induced 
aggregation could be inhibited by 1-2 mM DTT, pre- 
vious studies [5, 18] have shown that under these con- 
ditions DTT induces aggregation directly. 

Ag 307, which penetrates membranes rapidly and 


apparently competes with glutathione by donating. 


SH groups [19] has been shown previously to stabi- 
lise lysosomal membranes [20]. In our experiments 
it was a potent inhibitor of SHT transport, and to 
a lesser extent of collagen-induced aggregation, but 
had no effect on other platelet reactions at sub-milli- 
molar concentrations. The results obtained in the 
present study indicate that intracellular SH groups 
play an important role in platelet aggregation, con- 
firming the earlier report of Harbury and Schrier [3]. 
Collagen-induced aggregation, which depends on the 
release of platelet constituents, was more easily inhi- 
bited than ADP-induced aggregation implying that 
intracellular SH groups are more important in the 
platelet release reaction than in primary aggregation. 
The platelet shape change was less susceptible to inhi- 
bition than the aggregation response to ADP. Since 
collagen-induced aggregation was also inhibited by 
Ag 307 and DTT, it is possible that the platelet 
release reaction depends on the maintenance of a 
critical SH-SS equilibrium. We cannot be certain, 
however, whether Ag 307 and DTT act at the same 
site as the SH blockers, and, indeed, it is not known 
whether DTT can penetrate cell membranes. 

The studies of platelet active transport processes 
revealed that SHT uptake was markedly reduced by 
Ag 307, and adenosine uptake by NEM, at concen- 
trations which did not affect the other transport pro- 
cesses. This implies that the adenosine transport car- 
rier contains a functionaliy important free SH group 
which is presumably on the inside of the plasma 
membrane, since PCMBS had little effect and DTNB 
was inactive. The effect of Ag 307 (which donates SH 
groups intracellularly) suggests that an intracellular 
SH-SS equilibrium may be important in 5HT uptake. 
Also, since Ag 307 stabilises granule membranes [20] 
and since granule uptake of SHT probably contrib- 
utes to measured ['*C]5HT uptake [21,22] the in- 
hibitory effect of Ag 307 may be on granule uptake 
rather than at the plasma membrane. 

Previous studies with erythrocytes, polymorpho- 
nuclear leukocytes and cultured cells [23-25] have 
shown that a partial characterisation of “receptors” 
involved in transport and cell functions (e.g. phago- 
cytosis, cell motility, cell adhesion) can be achieved 
through differential effects of thio reagents. The 
results of the present study indicate that a similar 


discrimination can be made in the platelet, and 
further investigations of this type should lead to a 
better understanding of the nature of specialised 
membrane and intracellular sites involved in active 
transport and cellular responses to stimuli. 
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Abstract 


The influence of a series of benzamidine derivatives on the haemolytic complement activity 


is studied. Complement-mediated haemolysis is inhibited by the derivatives tested to a different extent. 
Aromatic diamidines are found to be relatively potent inhibitors. Hydrophobic substituents of benzami- 
dine are believed to enhance the inhibitory activity. Relations to the inhibitory action of benzamidine 
derivatives on serine proteinases of the blood are discussed. 


The complement system of the sera of mammals con- 
sists of eleven distinct components representing pro- 
teins or glycoproteins [1]. In the process of immuno- 
logical reactions activation of the complement system 
takes place through immune-complexes or antibody- 
coated cells leading to phenomena, such as immune 
adherence, cell lysis, phagocytosis and chemotaxis [2]. 
Moreover, in the course of complement activation 
peptides are released that act as inflammation media- 
tors. Activation proceeds in a cascade-like sequence 
of reactions, in which specific proteolytic processes 
play an essential role [2]. The complement system 
shows analogies in structure and _ activation 
mechanism to the clotting, fibrinolytic and kinin 
forming systems [3]. Furthermore, interrelationships 
exist between the proteolytic enzyme systems which 
let one suppose that pathological activation of one 
of the particular systems mentioned brings about acti- 
vation of the complement system [4-6]. 
Though the role of complement in a number of 
“immune complex diseases” has not yet been fully 
clarified, it seems feasible to influence immune reac- 
tions by chemical control of complement activity. The 
‘naturally occurring inhibitors of complement com- 
ponents such as the C1 inhibitor are proteins. There- 
fore, their therapeutic use is limited. Since enzymati- 
cally active subunits of the first complement com- 
ponent were shown to be serine proteinases with tryp- 
sin-like substrate specificity [7,8], it seemed worth- 
while to investigate synthetic inhibitors of serine pro- 
teinases developed by us for their possible anticom- 
plement activity. From a variety of synthetic competi- 
tive inhibitors derivatives of benzamidine were 
selected and their influence on complement-mediated 
lysis of sensitized erythrocytes was studied. The 
results are compared to those obtained in other 
enzyme systems [9-15]. 


MATERIALS AND METHODS 


Erythrocytes. Suspension of sheep erythrocytes in 
Alsever’s solution. 

Haemolysin. Rabbit antibody against sheep erythro- 
cytes; VEB Sichsisches Serumwerk Dresden, GDR. 

Complement. Guinea pig serum, prepared from ster- 
ile withdrawn blood, pooled and deep frozen. 

Buffer. Tris-sodium chloride—gelatin buffer pH 7.4 
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(SmM Tris, 0.5mM MgCl,, 0.15mM CaCl,, 0.15M 
NaCl, 0.1°,, gelatin}. Citrate-saline solution: 56.3 mM 
sodium citrate, 37.5mM _ sodium chloride. 

Pentamidine. Lomidine, SPECIA, Paris, France. 

Benzamidine derivatives were synthetized as de- 
scribed previously and had been already tested in 
other enzyme systems [9-15]. 

Measurement of haemolytic complement activity 
was performed by modification of the method of 
Baker and Erickson [16]: erythrocytes were separated 
from Alsever’s solution by centrifugation and wash- 
ing. A suspension of erythrocytes in buffer 
(1 x 10° cells/ml) was incubated with haemolysin 
(1:800 diluted in buffer) for 15 min at 37°. Excess hae- 
molysin was removed by washing the cells twice. For 
the reaction of sensitized erythrocytes with comple- 
ment 0.5 ml erythrocyte suspension (1 x 10? cells/ml), 
0.2 ml guinea pig serum (1:32 diluted in buffer), 0.2 ml 
buffer and 0.1 ml inhibitor (in buffer containing 10% 
methanol) or 0.1 ml buffer alone were mixed. Guinea 
pig serum and inhibitor were added subsequently. 
After incubation at 37° for 4min the reaction was 
stopped by adding 2.0ml of ice-cold citrate—saline 
solution. Cell-free supernatant was obtained by cen- 
trifugation at 2000 g for 10 min at 4°. The extinction 
of the supernatant was measured at 541 nm in a spec- 
trophotometer (VSU 1, Carl Zeiss Jena). 

Inhibitor-free controls with varying complement 
activities from which standard curves were obtained 
run parallel. Pentamidine was used as reference in- 
hibitor in order to evaluate differences in sensitivity 
of the different cell batches. The benzamidine deriva- 
tives were tested for possible haemolytic effects in 
complement-free controls. Controls for spontaneous 
haemolysis contained neither complement nor inhibi- 
tor. From standard curves (extinction versus comple- 
ment activity) percentages of inhibition were calcu- 
lated for each concentration of benzamidine deriva- 
tives used. That concentration causing 50 per cent 
inhibition of complement activity (Is9-value in mM) 
was graphically estimated by lin-log plots (per cent 
inhibition vs concentration). 

RESULTS 

The inhibitory activity of the substances tested 
(Table 1: amidinophenyl ethers, Table 2: amidino- 
phenyl ketones, Table 3: aromatic diamidines) is 
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Table 1. Inhibition of haemolytic complement by benzamidine, p-chlorobenzamidine, p-aminobenzamidine and amidino- 
phenyl ether derivatives 


Position Iso (mM) 





XV 


XVI 


* Extrapolated values 


Table 2. Inhibition of haemolytic complement by amidinophenyl ketone derivatives 





Position Iso (mM) 





* Extrapolated value 





Inhibition of the haemolytic complement activity 


Table 3. Inhibition of haemolytic complement by aromatic diamidines 





Position 





44’ 
4.4’ 
4,3’ 
3,3’ 


4,4’ 


44 


4,4’ 


4,4’ 


44 


4.4 


4,4’ 


44’ 


33° 





expressed as Is q-values. Benzamidine (I) and _ its 
p-chloro derivative (II) are weak inhibitors, whereas 
p-amino benzamidine (III) possesses considerably 
higher activity (159 = 0.46 mM). 

The alkoxy derivatives (IV to XII) show an increas- 
ing activity with increasing length of the side chain; 
for the substances VIII to XI only extrapolated 
Isg-values can be given because of the haemolytic 
effect of some concentrations used. The aralkoxy deri- 
vatives XV and XVI possess higher inhibitory activity 
than benzamidine, the increased activity might be 
caused by the stronger lipophilic nature of the substi- 
tuents. 

The Is -values of the derivatives with a keto group 
(Table 2) are in the same range as that of benzami- 
dine. p-Amidinophenyl pyruvic acid (APPA (XVIII) 
exerts a relatively strong effect (155 = 0.43 mM). The 
activity of APPA is reached by the substances XXII 
and XXVII only. Also in this group of derivatives 
an increase in activity with stronger lipophilic nature 
of the substituents is seen. 

The aromatic diamidines (Table 3), as a whole, pos- 
sess stronger inhibitory activities than the derivatives 


with one amidino group. Pentamidine has an activity 
one order of magnitude higher than that of benzami- 
dine (155 = 0.51 mM). The substances XXIX to XXXII 
show weaker activities. The diamidines with a cyclic 
keto group (XXXIII to XLII) are relatively potent 
inhibitors of the haemolytic complement action. A re- 
markably strong activity exerts substance XL, with 
an Iso-value of 0.07 mM. 

In all groups of benzamidine derivatives the meta- 
isomers are more active than the corresponding para- 
derivatives. 

The dose-response curves (per cent inhibition of 
complement activity vs inhibitor concentration) 
revealed considerable differences for certain sub- 
stances, e.g. substance XL has a flat slope of the curve, 
whereas the curves of APPA and pentamidine are 
steeper (Fig. 1). 


DISCUSSION 


Investigations on enzymatic activities of the com- 
plement system have shown that subunits Clr and 
Cis of the first complement component are serine 
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% 


Inhibition , 





Concentration, M 
Fig. 1. Dose-response curves of some benzamidine deriva- 
tives tested. (Per cent inhibition of complement calculated 
from standard curves. For details see “Materials and 
Methods”, for chemical structure see Tables 1-3.) 


proteinases [7,8, 17,18]. Cl esterase hydrolyses syn- 
thetic substrates such as TAME and ATEE and is 
inhibited by DFP and other organophosphorous 
compounds. Moreover, certain derivatives of aro- 
matic amino acids, w-amino carbonic acids as well 
as mono and diaminoalkanes inhibit Cl ester- 
ase [19-23]. Derivatives of benzamidine also exert in- 
hibitory influence on Cl esterase and haemolytic 
complement activity [16, 24, 25]. Benzamidine deriva- 
tives with a terminal SO,F-group are irreversible in- 
hibitors of Cl esterase [26,27]. Furthermore, the in- 
hibitory effect of aromatic diamidines on the enzyma- 
tically active subcomponents of Cl, namely Clr and 
Cls, and on the generation of Cl esterase is de- 
scribed [28]. The benzamidine derivatives studied are 
competitive inhibitors of the serine proteinases tryp- 
sin, thrombin, plasmin, and serum kallikrein [9-15]. 
They were also found to be inhibitors of the comple- 
ment-mediated lysis of sensitized erythrocytes. To in- 
hibit this reaction higher concentrations of benzami- 
dine derivatives were required than for the inhibition 
of other reactions triggered by serine proteinases, like 
blood clotting, fibrinolysis and kinin generation. 

Among the benzamidine derivatives tested, com- 
pounds with substituents in meta-position were more 
effective than those with substituents in para-position. 
This difference in activity between the position- 
isomers was also reported by Baker and co- 
workers [16, 24, 25]. The most potent inhibitors were 
found in the group of aromatic diamidines. Similar 
‘concentrations of aromatic diamidines, as they are 
effective in inhibiting Cl esterase in isolated system, 
also inhibit immune haemolysis. 

In quantitative analyses of structure—activity rela- 
tionships on a number of benzamidine derivatives 
tested by the Baker group, Coats found a correlation 
between the inhibitory activity on thrombin and the 
activity on haemolytic complement [29]. Hansch and 
Yoshimoto concluded from their analyses that a 
second aromatic nucleus of benzamidine derivatives 
linked to the benzamidine nucleus through a carbo- 
hydrate bridge contributes considerably to inhibitory 
activity [30]. However, in both analyses mainly 
m-substituted benzamidine derivatives were evaluated. 

Our results confirm the assumption that lipophilic 
substitution of benzamidine is essential for a strong 
inhibitory activity on haemolytic complement. Similar 
relations exist for the serine proteinases trypsin, 


thrombin, and plasmin, in which a second hydro- 
phobic binding site in the vicinity of the active centre 
is assumed to participate in binding of lipophilic 
benzamidine derivatives. The compounds tested show, 
with little exception, a parellelism between the values 
of inhibition of thrombin [9-15] and those of inhibi- 
tion of haemolytic complement. 

Considerable differences were shown to exist 
between inhibition of the Cl esterase and inhibition 
of haemolytic complement activity [31]. In order to 
explain these differences besides nonspecific binding 
of benzamidine derivatives in more complex test sys- 
tems additional effects have to be taken into account. 
Activation of the complement sequence may be inhi- 
bited, inhibition of the C3 and C5 converting enzymes 
may occur, and the reaction of complement com- 
ponents with natural inhibitors may be influenced. 
The various mechanisms of complement activation, 
especially via the alternate pathway (for review see 
Osler and Sandberg [32]), allow the assumption. that 
inhibition at the site of CI is only one mode of chemi- 
cal control of complement activity. Elucidation of the 
mechanism of complement components C3 to C9 
might lead to further possibilities of chemical control 
of the complement system. 
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Abstract 


The rates of ethanol and sorbitol removal and the cytoplasmic and mitochondrial redox 


states of the liver were determined in female rats pretreated with clofibrate (ethyl-x-p-chlorophenoxyiso- 
butyrate) for 2-15 days. The drug significantly increased the rate of elimination of ethanol even within 
the first two days. A significant increase in liver mass took place within a week but cannot explain 
the initial increase in ethanol removal. Although the liver mass was increased by clofibrate, the rate 
of sorbitol removal was significantly decreased. A decrease in liver sorbitol dehydrogenase activity 
was also observed. The sum of the removal of ethanol and sorbitol, when they were simultaneously 
metabolized, was significantly decreased in clofibrate-treated rats as compared with control ones. Sorbi- 
tol inhibition of ethanol elimination was increased but ethanol inhibition of sorbitol elimination was 
abolished by clofibrate administration. Ethanol and sorbitol caused similar changes in cytoplasmic 
(lactate/pyruvate) and mitochondrial (f-OH-butyrate/acetoacetate) redox states of clofibrate-treated rat 
liver, as has been earlier observed in livers of control animals. 


Both ethanol and sorbitol are mainly oxidized in the 
liver cytoplasm by NAD-dependent dehydrogenases: 
ethanol to acetaldehyde by alcohol dehydrogenase 
(alcohol: NAD oxidoreductase, EC 1.1.1.1) and sorbi- 
tol to fructose by sorbitol dehydrogenase (L-iditol: 
NAD oxidoreductase, EC 1.1.1.14). In each reaction 
one mole of NADH is generated from one mole of 
substrate oxidized. Sorbitol and ethanol depress each 
other’s oxidation rates [1,2]. It has been suggested 
that the inhibition originates from the competition 
of the respective dehydrogenases for NAD* and that 
the rate of reoxidation of NADH is the regulative 
factor in the oxidative reactions [3]. 

The reduced coenzyme (NADH) formed during the 
oxidation of ethanol and sorbitol is mainly oxidized 
in the mitochondrial respiratory chain. Since the 
mitochondrial membrane is quite impermeable to 
NADH [4], the reducing equivalents must be trans- 
ferred from cytoplasm to mitochondria by specific 
shuttle mechanisms. At least three shuttle systems 
appear to function in liver cells. These are the malate 
aspartate shuttle, the «-glycerophosphate shuttle and 
the fatty-acid elongating shuttle [5-7]. The nature of 
the substrate from which the hydrogen to be trans- 
ferred originates may determine the shuttle via which 
the transport to mitochondria occurs [8]. The main 
route for the reducing equivalents formed by alcohol 
dehydrogenase reaction seems to be the malate 
aspartate shuttle [9, 10], but other routes may be in- 
volved if this shuttle is inhibited [11]. On the other 
hand, the equivalents originating from sorbitol are 
apparently transferred via both the «-glycerophos- 
phate shuttle and the malate—aspartate  shut- 
tle [8, 12, 13]. 

Clofibrate (ethyl-x-p-chlorophenoxyisobutyrate) is 
known to enhance the rate of ethanol elimination in 
rats by increasing the functional liver mass in relation 
to body weight [14,15], but other mechanisms, the 


catalatic peroxidation of ethanol and the increased 
oxidation of NADH, are reported to contribute to 
the effect as well[16,17]. To our knowledge, clofi- 
brate has not been reported to affect the rate of sorbi- 
tol removal. However, there is evidence that clofibrate 
inhibits mitochondrial respiration in rat liver [18], 
and therefore the rate of reoxidation of the reducing 
equivalents formed during metabolism of sorbitol and 
ethanol is probably also affected by the drug. 

The present paper reports on the liver metabolism 
of ethanol and sorbitol in clofibrate-treated rats. The 
time-course effects of clofibrate were determined since 
some effects of the drug may precede others. Increases 
in hepatic protein, mitochondria and smooth endo- 
plasmic reticulum, for example, evidently precede the 
elevation in liver weight [19, 20]. Sorbitol-ethanol in- 
teractions were also studied since it seemed possible 
that the metabolism of sorbitol and ethanol could 
be differently inhibited by clofibrate. 


MATERIALS AND METHODS 


Female Sprague-Dawley rats, aged 4 months and 
weighing 200-300 g, were given free access to tap 
water and ordinary laboratory food during the whole 
experiment. Pure clofibrate (Medica, Pharmaceutical 
Co., Helsinki, Finland) was administered to rats by 
subcutaneous (s.c.) injections, 0.2 g/kg body wt per 
day. Body weight of the animals did not change sig- 
nificantly during the treatment. 

Ethanol elimination and the effect of sorbitol. Four 
groups of rats, nine animals in each, were used. One 
group served as a control group and the three other 
groups received clofibrate for 3, 9 or 15 days. The 
rate of ethanol elimination was tested by giving an 
injection of 10 m-moles/kg body wt of a 2M ethanol 
solution to the femoral vein under a light aether an- 
aesthesia [21]. On the following day the same animals 
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were tested again but this time ethanol was given 
together with sorbitol. The solution was made 2M 
with respect to both ethanol and sorbitol and the 
dose injected was 5ml (10m-moles of ethanol and 
10m-moles of sorbitol)/kg body wt. These amounts 
of ethanol and sorbitol were sufficient to saturate the 
corresponding enzymes for at least 1 hr. The clofibrate- 
treated groups of rats were tested on the 2nd and 
3rd, 8th and 9th, and 14th and 15th days after the 
beginning of the drug treatment. 

Blood samples were drawn every half an hour from 
the tip of the tail into tubes containing ice-cold per- 
chloric acid (0.6 M), and the blood ethanol concen- 
trations were measured with a Perkin-Elmer F 40 gas 
chromatograph [21]. The rate of ethanol elimination 
was calculated as described elsewhere [21]. 

After the inhibitory effect of sorbitol on the rate 
of ethanol removal had been tested, all rats were 
decapitated and the livers were weighed. Since clofi- 
brate increased the liver mass and ethanol is oxidized 
almost exclusively in the liver, the rate of ethanol 
elimination was also calculated on the basis of liver 
weight. 

Sorbitol elimination and the effect of ethanol. Three 
groups of rats, nine animals in each, were used. The 
control group was first tested on two successive days 
for the rate of sorbitol elimination. On the first day 
sorbitol was given alone and on the second day it 
was given together with ethanol. The other two 
groups were tested in a similar fashion on the 2nd 
and 3rd and the 14th and 1Sth days of clofibrate 
treatment: sorbitol was given on the first of these two 
days and sorbitol plus ethanol on the second. 


Sorbitol, 10 m-moles of a 2M solution/kg body wt, 
was administered i.v. to rats under a light aether an- 


aesthesia. When the effect of ethanol on sorbitol 
metabolism was tested, the solution given was 2M 
with respect to both ethanol and sorbitol. 

Blood samples were drawn from the tip of the tail 
into tubes containing ice-cold perchloric acid (0.6 M). 
The amount of sorbitol in the urine was also taken 
into account in calculating the rate of elimination; 
for this purpose urine was collected during the 12 hr 
following sorbitol injection. Sorbitol concentrations 
from the blood and urine were measured colorimetri- 
cally [22]. 

Cytoplasmic and mitochondrial redox states. Rats 
received clofibrate (0.2 g/kg daily) for 2 or 14 days. 
Ethanol, sorbitol, or ethanol plus sorbitol were given 
iv. to rats as described above. Control animals 
received saline instead of sorbitol and ethanol. Livers 


were sampled by means of the freeze-stop technique 
15min after the injections[23]. From the liver 
samples, which were treated as described else- 
where [24], lactate and pyruvate were determined 
enzymatically [25] and f-hydroxybutyrate and ace- 
toacetate by gas chromatograph [26]. 

Sorbitol dehydrogenase. Ten per cent (w/v) liver 
homogenate from control rats and from rats pre- 
treated for 14 days with clofibrate was prepared in 
ice-cold 0.25 M sucrose. The homogenate was centri- 
fuged for 10min at 5000g and the enzyme activity 
was determined from the supernatant [27] by Boeh- 
ringer test kits (Mannheim, Germany). 

Statistics. The statistical differences were calculated 
with Student’s f-test. 


RESULTS 


Ethanol elimination. Administration of clofibrate for 
two days caused a significant increase in the capacity 
of liver tissue to eliminate ethanol when calculated 
per g of liver fresh weight (Table 1). However, this 
effect disappeared when clofibrate treatment was con- 
tinued for longer periods. Within the first two days 
of clofibrate treatment no significant increase in liver 
mass took place, but when the drug was administered 
for more than two days a substantial increase was 
observed (Table 1). 

The initial increase in the rate of ethanol elimin- 
ation may be related to the increased content of mito- 
chondria in the liver. This effect of clofibrate is known 
to appear after treatment of only two days [20] and 
is accompanied by a transient increase in the activity 
of NADH: cytochrome c reductase. After treatment 
with clofibrate for more than 3 days the liver mass 
and the functional liver tissue in relation to body 
weight were significantly increased. A similar increase 
occurred in the elimination rate of ethanol when cal- 
culated per kg body weight (Table 1). Since the rate 
of ethanol removal as calculated per g of liver fresh 
weight decreased back to the control level when clofi- 
brate treatment was continued, we, as others [15], 
concluded that the increase in the rate of ethanol 
elimination during prolonged clofibrate treatment is 
solely due to the increase in the liver mass. 

Sorbitol elimination. Unlike ethanol, which is 
mainly eliminated by the liver, a substantial portion 
of injected sorbitol is excreted via the urine [28]. In 
our present experiments about half of the amount of 
sorbitol injected was found in the urine (52, 53 and 
57 per cent after clofibrate treatment of 0, 2 and 14 


Table 1. Ethanol elimination in clofibrate-treated rats 





Without sorbitol 
Pretreatment Liver wt 


with clofibrate (g/100 g) 


(umole/g liver wt) min) 


Rate of ethanol elimination 
Without sorbitol Sorbitol present 
Inhibition by 


(umol 100g body wt min) sorbitol (”,) 





+ 0.31 3.33 + 0.26 
0.20* 
+ 0.174 3.15 + 0.28 
+ 0.12* 3.43 + 0.36 


2-3 days 3.32 + 0.21 3.57 + 
8-9 days 
4-15 days 


10.70 + 0.51 8.05 + 0.39 
11.74 + 0.84* 8.15 + 0.43 
11.69 + 1.09* 5.66 + 0.534 
12.07 + 1.49* 6.31 + 0.24+ 





Subcutaneous injections of clofibrate (0.2 g/kg) were given to rats on 0 


15 successive days. The rate of ethanol removal 


was measured 2, 8 and 14 days after initiation of the treatment. The inhibitory effect of sorbitol on ethanol removal 
was tested on the 3rd, 9th and 15th days of the treatment. Ethanol and sorbitol were given intravenously under 
ether anaesthesia as described in the Methods section. All the figures represent the mean + S.D. of 9 animals. 

*P < 0.05, + P < 0.001, for difference from corresponding controls. 
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Table 2. Sorbitol elimination in clofibrate-treated rats 





Rate of sorbitol elimination 
Without ethanol Ethanol present 





Pretreatment 


with clofibrate (umole/100 g body wt/min) 


Sorbitol dehydrogenase activity 


Inhibition by 
ethanol (%) 


(U/100 g 


(U/g liver wt) body wt) 





8.09 + 2.27 
6.33 + 0.69* 
4.66 + 1.37+ 


5.68 + 1.10 
4.18 + 2.22 
5.20 + 1.05 


2-3 days 
14-15 days 


27 7.15 + 1.48 
36 


21.53 + 3.64 


5.77 + 0.64* 18.77 + 2.35 





Subcutaneous injections of clofibrate (0.2 g/kg) were given to rats on 0-15 successive days. The rate of sorbitol 
removal was measured 2 and 14 days after initiation of the clofibrate treatment. On the 3rd and 15th days of the 
treatment the inhibitory effect of ethanol on sorbitol removal was tested. Ethanol and sorbitol were given intravenously 
under ether anaesthesia as described in the Methods section. All the figures represent the mean + S.D. of 9 animals. 

»*P < 0.05, + P < 0.01, for difference from corresponding controls. 


days respectively). A slightly greater amount of sorbi- 
tol was excreted in the urine when ethanol was pres- 
ent, except in the case of animals given clofibrate for 
two weeks (64, 63 and 63 per cent after clofibrate 
treatment of 0, 3 and 15 days). The rate of sorbitol 
removal was then significantly (P < 0.01) lower than 
in the control animals (Table 2). Clofibrate did not 
affect the capacity of kidneys to excrete sorbitol but 
rather it depressed the elimination of sorbitol by the 
liver. Since clofibrate increases liver mass (Table 1) 
the decrease in sorbitol elimination would have been 
even higher if calculated per g of liver tissue. 

Pretreatment of rats with clofibrate for two weeks 
also decreased the liver sorbitol dehydrogenase acti- 
vity as compared with the controls, but when the liver 
weight was taken account the difference was insignifi- 
cant (Table 2). The decrease in the elimination rate 
of sorbitol seems not to be due to the decrease in 
sorbitol dehydrogenase activity. 

Mutual inhibition of ethanol and sorbitol elimination. 
Sorbitol inhibited significantly (P < 0.001) the rate of 
elimination of ethanol in both control and clofibrate- 
treated rats (Table 1). Pretreatment of rats with clofi- 
brate increased the inhibitory effect of sorbitol. The 
inhibition was slightly higher after clofibrate treat- 
ment of only three days and rose to its maximum 
of about 50 per cent within nine days (Table 1). 
Thereafter no further increase was. observed. 

In the presence of ethanol the rate of elimination 
of sorbitol was also significantly (P < 0.01) decreased 
in control rats (Table 2). Pretreatment with clofibrate 


for three days did not significantly alter the inhibition 
per cent (from 27 to 36), but after two weeks of the 
drug treatment the ethanol inhibition had vanished. 

In control rats sorbitol inhibited ethanol elimin- 
ation about as much as ethanol inhibited sorbitol 
elimination (25 and 27 per cent, respectively). Thus, 
the sum of their removal rates was smaller when both 
substrates were simultaneously present than when 
substrates were oxidized separately. This sum was 
further decreased by pretreatment of rats with clofi- 
brate, suggesting that the drug decreases the capacity 
of the liver tissue to get rid of these substances when 
they are present simultaneously. The clofibrate- 
induced increase in the inhibition of ethanol removal 
by sorbitol evidently contributed to this decre- 
ment. 

Effect of ethanol and sorbitol on the liver redox state. 
After administration of clofibrate for two days, the 
lactate/pyruvate and f-OH-butyrate/acetoacetate 
ratios used to measure the redox state of the free 
NAD*/NADH couple in the liver cytoplasm and 
mitochondria, respectively, were about the same as 
those reported for normal untreated rats [3, 29]. Eth- 
anol had the well-known reducing effect on the liver 
redox state [30] and the increase in the lactate/pyru- 
vate ratio was as great as seen in normal ethanol- 
treated rats [3, 15]. In the case of the B-OH-butyrate/ 
acetoacetate ratio, the shift to the reduced state was 
so small as to be insignificant (Table 3). This may 
be due to the increase in the content of liver mito- 
chondria [20]. 


Table 3. The cytoplasmic and mitochondrial redox states in clofibrate-treated rats 





Injection NaCl 


Ethanol 


Sorbitol Ethanol + Sorbitol 





Pretreatment 
Clofibrate 2 days 
Lactate 840 + 300 
Pyruvate 76 
L/P 12.0 + 
p-OH-butyrate 170 + 3 
Acetoacetate 123 
B/A 
Clofibrate 14 days 
Lactate 
Pyruvate 
L/P 
B-OH-butyrate 
Acetoacetate 
B/A 


I+ 1+ I+ I+ I+ | 


He He He H+ He 
t 


+ 
a 
> 


1995 + 236t 2290 + 653t 
125 + 62 48 + 21t 
19.1 + 8.3 60.7 + 28.2t 
193 + 25* 179 + 29 
105 + 27* 126 + 44 
1.9 + O04t 1.7+09 





The contents of lactate, pyruvate, B-OH-butyrate and 


acetoacetate in liver are expressed as nmole/g of liver and 


all.the figures represent the mean + S.D. of 9 animals. Subcutaneous injections of clofibrate (0.2 g/kg/day) were given 
to rats for 2 or 14 successive days. The substrates were injected intravenously as described in the Methods section. 
*P < 0.05, +P < 0.01, t P < 0.001, for differences from the corresponding controls. 
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As compared with two-day treatment. prolonged 
clofibrate treatment decreased the L/P ratio in rats 
significantly (P < 0.05). Also the B/A ratio decreased, 
though not significantly. Ethanol increased L/P and 
B/A ratios in rats treated with clofibrate for two 
weeks, as was found earlier in vivo [15] but not in 
vitro [17]. Likewise, sorbitol increased L/P and B/A 
ratios in clofibrate-treated rats. 

When ethanol and sorbitol were administered 
together, the shift in the L/P ratio was significantly 
greater than that caused by ethanol (P < 0.01) or sor- 
bitol (P < 0.001) alone. In spite of the marked change 
in the L/P ratio, the administration of sorbitol and 
ethanol together did not alter the redox level of the 
mitochondria more than ethanol sorbitol alone 
(Table 3). 


DISCUSSION 


Results of the present study confirm earlier findings 
that rats treated with clofibrate for one week or 
longer eliminate ethanol faster than untreated con- 
trols [15,17] and that the increase in the elimination 
rate is solely due to the increase in the liver mass 
in relation to body weight [14, 15]. However, the in- 
crease found in the ethanol elimination rate in the 
early stage of the clofibrate treatment cannot totally 
be explained by the increase in liver mass, because 
the liver mass is not significantly changed until after 
two days. One possibility is that the oxidation rate 
of NADH, which apparently regulates the elimination 
rate of ethanol in fed rats[31], is tetmporarily in- 
creased for some reason. Gear ef al. [20] report that, 
after clofibrate treatment of only two days, the con- 
tent of liver mitochondria is increased and the activity 
of rotenone-sensitive mitochondrial NADH: cyto- 
chrome c reductase is 168 per cent higher than in 
control rats. Because NADH is mostly oxidized in 
mitochondria, the liver capacity to reoxidize NADH 
is probably increased. However, while the content of 
liver mitochondria continues to increase in the course 
of the clofibrate treatment, the activity of NADH: 
cytochrome c reductase decreases to a somewhat 
lower level than in untreated controls [20]. So it 
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| 
Clofibrate NAD* 


NADH NADH 


Acetaldehyde Fructose 


(Clofibrate Fe =} Clofibrate _) (Clofibrate Fe =} Clofibrate _) 


Mitochondria 





Malate- 
aspartate 
shuttle 


a-Glycero- 
phosphate 
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Fp ny CoQ, Cyt optheethaa= 
Clofibrate 


Clofibrate 


Fig. 1. Schematic representation of the assumed effects of 
clofibrate on ethanol and sorbitol metabolism. 


seems unlikely that the increase in the content of liver 
mitochondria contributes to the enhancement of eth- 
anol elimination. We therefore suggest that the initial 
increase in the ethanol removal by clofibrate is mostly 
due to an increase in the oxidation rate of NADH, 
which reflects the increased activity of mitochondrial 
NADH: cytochrome c reductase. No such effect of 
clofibrate on the elimination rate of sorbitol was 
found after treatment of two days, suggesting that 
4-glycerophosphate shuttle may be more important 
in sorbitol metabolism than during ethanol oxidation. 

Clofibrate inhibits mitochondrial state 3 (ADP 
present) reagueson and also oxidative phosphoryla- 
tion [18, 32, 33]. The first site in the respiratory chain 
inhibited by clofibrate is in complex I where NADH 
is reoxidized (Fig. 1). Accordingly, the removal of 
NADH-dependent substrates, such as ethanol, should 
be more effectively inhibited than the oxidation of 
substrates like sorbitol, which are supposed, at least 
partly, to enter the respiratory chain beyond the level 
of NADH [8, 12, 13]. However, as seen in Table 1, 
prolonged clofibrate-treatment did not decrease the 
elimination rate of ethanol when this substrate was 
present alone. Accordingly it is concluded that the 
inhibitory effect of clofibrate on the mitochondrial 
respiratory chain is not very strong and that the rate 
of NADH oxidation is probably regulated by the gen- 
eral control of energy metabolism [31, 34,35]. The 
two-week treatment with clofibrate decreased both 
the elimination rate of sorbitol and the activity of 
sorbitol dehydrogenase in the liver but not the total 
capacity of the liver to eliminate sorbitol. We cannot 
conclude whether the decreased enzyme activity had 
any effect on the decreased elimination rate or 
whether the inhibitory actions of clofibrate on the 
mitochondrial function contributed to the decrement. 

The situation was different when both ethanol and 
sorbitol were present simultaneously. During clofi- 
brate treatment the inhibitory effect of sorbitol on 
ethanol elimination was increased and, at the same 
time, the inhibitory effect of ethanol on sorbitol elim- 
ination was decreased. The different changes may re- 
flect the different sites where reducing equivalents 
from each reaction enter the respiratory chain. 


We thank Miss Ritva Ristilahde for 
Pharmaceutical 


Acknowledgements 
skilful technical assistance and the Medica, 
Co. for the generous supply of clofibrate. 


REFERENCES 


Med. 20, 278 (1965). 
Hillbom, Life Sci. 9, 841 (1970). 
Hillbom and K. O. Lindros, Metabolism 20, 843 


. G. Verron; Z. ges. inn. 

. M. E. 

. M.E. 
(1971). 

. A. L. Lehninger, J. biol. Chem. 190, 334 (1951). 

. P. Borst, Proc. 5th Int. Congr. Biochem., Moscow vol. 
2, p. 233 (1961). 

. T. Biicher and M. Klingenberg, 
Engl. 70, 552 (1958). 
A. F. Whereat, M. W. Orishimo, J. Nelson and S. J. 
Phillips, J. biol. Chem. 244, 6498 (1969). 

. H. V. Werner and M. N. Berry, Eur. J. Biochem. 42, 
315 (1974). 

. L. Hassinen, Ann. Med. exp. 
A. K. Rawat and F. Lundquist, Eur. J. 
13 (1968). 


Angew. Chem., Int. Ed. 


Biol. Fenn. 45, 35 (1967) 


Biochem. 5, 





Metabolism of ethanol and sorbitol in clofibrate-treated rats 335 


11. R. Nordmann, M.-A. Petit and J. Nordmann. Biochem. 


Pharmac. 24, 139 (1975). 

. M.N. Berry, E. Kun and H. V. Werner, Eur. J. Bio- 
chem. 33., 407 (1973). 

. M. N. Berry, H. V. Werner and E. Kun, Biochem. J. 
140, 355 (1974). 

4. M. E. Hillbom, FEBS, Lett. 17, 303 (1971). 


15. R. A. Hawkins, R. C. Nielsen and R. L. Veech, Bio- 


chem. J. 140, 117 (1974). 

. E. A. Carter and K. J. Isselbacher, Life Sci. 13, 907 
(1973). 

. M. T. Kah6nen, R. H. Ylikahri and I. Hassinen, Life 
Sci. 10, 661 (1971). 

3. C. R. Mackerer and J. R. Haettinger, Biochem. Phar- 
mac. 23, 3331 (1974). 

. D.S. Platt and J. M. Thorp, Biochem. Pharmac. 15, 
915 (1966). 

. A. R. L. Gear, A. D. Albert and J. M. Bednarek, J. 
biol. Chem. 249, 6495 (1974). 

. M. E. Hillbom, Acta pharmac. tox. 29, 95 (1971) 

. C.D. West and S. Rapoport, Proc. Soc. exp. Biol. Med. 
70, 141 (1949). 

3. A. Wollenberger, O. Ristau and G. Schoffa, Pfliigers 
Arch. ges. Physiol. 270, 399 (1960). 


24. K. O. Lindros and H. Aro, Ann. Med. exp. Biol. Fenn. 


47, 39 (1969). 


. H. J. Hohorst, F. H. Kreutz and T. Biicher, Biochem 


Z. 332, 18 (1959). 


. C. J. P. Eriksson, Analyt. Biochem. 47, 235 (1972). 
. U. Gerlach and Z. Schiirmeyer, Z. ges. exp. Med. 132, 


413 (1960). 


. W. R. Todd, J. Myers and E. S. West, J. biol. Chem. 


127, 275 (1939). 


. D.H. Williamson, P. Lund and H. A. Krebs, Biochem. 


J: 103, 513 (1967). 


. O. A. Forsander, N. Raéihaé and H. Suomalainen, Hop- 


pe-Seyler’s Z. physiol. Chem. 312, 243 (1958). 


. A. J. Meijer, G. M. Van Woerkom, J. R. Williamson 


and J. M. Tager, Biochem. J. 150, 205 (1975). 


. S. R. Panini and C. K. Ramakrishna Kurup, Biochem. 


J. 142, 253 (1974). 


. A. I. Cederbaum and E. Rubin, Biochem. Pharmac. 23, 


1985 (1974). 


. K. O. Lindros, R. Vihma and O. A. Forsander, Bio- 


chem. J. 126, 945 (1972). 


5. R. Scholz and H. Nohl, Eur. J. Biochem. 63, 449 (1976). 








Biochemical Pharmacology. Vol. 26, pp. 33 


343. Pergamon Press, 1977. Printed in Great Britain. 


SOMAN AND RECEPTOR-LIGAND INTERACTION IN 
ELECTROPHORUS ELECTROPLAQUES 


James O. BULLOCK, DONALD A. FARQUHARSON and FRANCIS C. G. HOSKIN 
Biology Department, Illinois Institute of Technology Chicago, IL 60616, U.S.A. 


(Received 20 February 1976; accepted 7 July 1976) 


Abstract 


Soman, an organophosphorus cholinesterase inhibitor, interacts irreversibly with both the 


enzyme acetylcholinesterase and a site similar or identical to the acetylcholine receptor of the intact 
Electrophorus electricus electroplaque. The Soman-induced inhibition of esterase activity in intact elec- 
troplaque is not reversed by washing in inhibitor-free saline; indeed, the inhibition increases. This 
is in contrast to the slow recovery, with washing, of esterase activity in DFP- and Paraoxon-treated 
cells. Soman also affected the electrical and chemical excitability of the electroplaque-innervated mem- 
brane. Application of Soman to the electroplaque usually resulted in a two-phase depolarization. Coinci- 
dent with the large, rapid, Soman-induced depolarization, the electrically excitable sodium ion current 
of the conducting membrane was completely inhibited. Dimethyl d-tubocurarine, an inhibitor of chemi- 
cal excitation at the post-synaptic membrane, prevented but could not reverse the effects of Soman 
on the excitability of the innervated membrane. The rapid “aging” of the Soman-protein complex 
is discussed in connection with its effects on the electroplaque. ‘ 


It is well known that organophosphate-inhibited 
cholinesterases may be reactivated by nucleophilic 
agents, including water and oximes, provided that the 
dialklyphosphorylated enzyme (or comparable struc- 
ture if, for example, a phosphonate inhibitor is used) 
has not “aged” to the corresponding monoalkly form 
[1]. It has also been noted that single electroplaque 
cells of Electrophorus electricus treated with di-isopro- 
pylphosphorofluoridate (DFP) and similar organo- 
phosphates, on subsequent washing, lose their in- 
creased sensitivity to acetylcholine (ACh) in a manner 
paralleling the reactivation of the acetylcholinesterase 
activity in the same preparation [2]. These observa- 
tions and conclusions fit the general concept of a role 
for the ACh system in synaptic transmission. On the 
other hand, a possible general role for ACh in con- 
duction along excitable membranes [3] either is not 
supported by a sufficient body of evidence, or appears 
to be incompatible with some of the evidence avail- 
able [4,5]. In the course of investigating these seeming 
contradictions, concentrations of inhibitors several 
orders of magnitude greater than normally required 
to cause inhibition of acetylcholinesterase activity in 
solution have been applied to nerve and muscle cells. 
While the observations from such experiments are sel- 
dom in dispute, the conclusions frequently are. Never- 
theless, as a result of such experiments some unex- 
pected observations have been recorded which do not 
appear to be directly related to the inhibition of ace- 
tylcholinesterase activity. For example, when squid 
axons are bathed in 10° * M O,0-di-isopropyl S-(2-di- 
isopropylaminoethyl) phosphorothioate  (Tetriso), 
there are rather small and readily reversible changes 
in action potential spike height, and a steady deterio- 
ration of the axon response over the experimental 
period [6]. At the remarkably high concentration of 
10°? M, ethyl N,N-dimethylphosphor-amidocyani- 
date (Tabun) causes a slight decrease in squid axon 
action potential spike height and a 10-fold increase 
in the threshold necessary to evoke the spike [7]. 
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There is evidence that the organophosphates, particu- 
larly DFP, diethyl p-nitrophenyl phosphate (Para- 
oxon) and O,0-diethyl S-(2-dimethylaminoethyl) phos- 
phorothioate (Phospholine, 217A0), interact with the 
ACh-receptor (AChR) in Electrophorus electroplaques 
[8]. In a somewhat different context, the phosphory- 
lation of a certain inessential esterase (“neurotoxic 
esterase”) is thought to be the explanation for the 
degeneration of axons caused by organophosphates 
[9]. And in a quite different system, DFP exhibits 
detergent-like activity on rabbit leucocytes [10]. In 
all of these reports, the rather slow rate of dealkyla- 
tion of a protein-organophosphate, i.e. “aging,” is 
either a factor which complicates the observations or 
a factor on which the observations depend. 

1,2,2-Trimethylpropyl methylphosphonofluoridate 
(Soman) is an extremely potent inhibitor of acetyl- 
cholinesterase activity which “ages” by the loss of the 
trimethylpropoxy group from the phosphorylated 
esterase at a rate too rapid to measure by usual 
means [1], thus eliminating one variable. It is also 
known to have effects on biological systems not solely 
attributable to the inhibition of acetylcholinesterase 
activity, as for example the block of frog nerve con- 
duction at 1.5 x 10°? M, and reversal on washing 
[11], the interference with respiration of tissue slices 
and inhibition of some of the enzymes of intermediary 
metabolism at 5 x 10°* to 10°? M [12], and 
degenerative changes in motor end-plate regions after 
intraperitonal administration [13]. And finally it 
would be predicted (although the experiments have 
not been done and might be difficult to do) that 
Soman would bind to the active site of the so-called 
“neurotoxic esterase” and subsequently elicit nerve 
degeneration by virtue of its very rapid dealkylation 
[9]. 

Because of this body of inconclusive but lingering 
and suggestive evidence of additional effects of 
organophosphorus cholinesterase inhibitors, we have 
considered it worthwhile to attempt to examine the 
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underlying basis for these phenomena. To do this we 
have combined the use of a specific chemical probe, 
Soman, a sensitive physical method, the voltage 
clamp, and a biological preparation which permits 
the examination of several aspects of membrane func- 
tion, the single electroplaque cell of Electrophorus 
electricus [14 16]. 


MATERIALS AND METHODS 


Preparation of single cells (electroplaques). Electric 
eels (Electrophorus electricus) were purchased from 
World Wide Scientific Animals, Ardsley, N.Y., and 
were held at the Shedd Aquarium, Chicago,, IIl. 
before a final transfer to this laboratory. The rela- 
tively gross dissection of rows of electroplaques from 
the Organ of Sachs, and the finer dissection of single 
electroplaques free from adjoining cells, connective 
tissue, and almost all extracellular material except for 
adhering nerve endings are essentially the procedure 
described by Schoffeniels [14] and by Higman and 
Bartels [15]. 

Enzyme determination. It is assumed that the acti- 
vity of acnumber of different esterases is being 
measured when the ACh-splitting activity of whole 
electroplaques is being followed. However, the ester- 
ase activity of cleanly dissected electroplaque should 
represent mostly the activity of the enzyme EC 3.1.1.6, 
acetylcholinesterase (AChE) [17]. AChE activity was 
measured by the colorimeter method of Ellman et 
al. [18]. For our purposes, intact electroplaques were 
incubated with AChE inhibitors for 30 min, rinsed 
briefly, and thereafter washed in a volume of 100 ml 
electroplaque of inhibitor-free saline solution for 
varying periods of time. The electroplaques were then 
placed in 3 ml saline containing the substrate, acetyl- 
thiocholine (ATC) at a concentration of 5 x 10°* M, 
and the reagents of the color reaction. The hydrolysis 
of this substrate by intact electroplaques was then 
followed for 15 min. 

Mounting of electroplaques and electrical recording. 
A thin plastic sheet with a “window” cut in its center 
was pressed against the innervated face of a single 
electroplaque. This allowed 0.75 mm? of the cell -sur- 
face to be exposed to a perfusion medium passing 
through an adjacent 0.05-ml chamber at a rate of 0.5 
to 1.0 ml min“ ' [19]. The electroplaque was impaled 
through its non-innervated membrane with a glass 
microelectrode filled with 3 M KCl, and having a 
resistance of 5-15 megohms. Membrane conductance 
was measured by means of a voltage clamp. The volt- 
age across the innervated membrane was again 
measured with a KCl-filled glass microelectrode 
positioned inside the cell and a 3 M KCl agar bridge 
in contact with the perfusion chambers outside the 
cell. Short lengths of platinized platinum wire on 
either side of the electroplaque were used as the elec- 
trodes for supplying and measuring current. The 
series resistances between the two sets of electrodes 
were compensated for by separate feedback circuits 
[20]. The series resistance between the two voltage 
electrodes was estimated by observing the size of the 
sharp voltage step that accompanies the slower volt- 
age response of the parallel capacitance and resistance 
components during a square current pulse. The series 
resistance between the current electrodes, but outside 


the potential sensing electrodes, was compensated for 
by feeding back that portion of the total current 
necessary to minimize the rise time of a critically 
damped response. The rise time of the clamp was ap- 
proximately 35 ysec. 

Reagents and solutions. ACh bromide and ATC 
bromide were purchased from Sigma Chemical Co. 
Dimethyl d-tubocurarine iodide was a gift from Eli 
Lilly & Co. DFP was purchased from Aldrich Chemi- 
cal Co. Paraoxon was a gift from Dr. Robert A. Neal 
of Vanderbilt University. Soman was synthesized in 
this laboratory [7]. 

Dissection of the electroplaque cells and the exper- 
iments themselves were performed in a saline solu- 
tion, having the following composition and mM con- 
centrations: NaCl, 188; KCl, 5; CaCl,, 2; MgCl,, 2; 
NaH ,POx,, 0.15; NazHPOsx, 1.45; glucose, 5 [21]. The 
pH was 7.4. Substrates and inhibitors were dissolved 
in this medium. 


RESULTS 


Inhibition of AChE. In the absence of AChE inhibi- 
tors, cleanly dissected intact electroplaques hydro- 
lyzed ATC at the rate of 285 + 96 nmoles hr~! cell~' 
(mean of 28 cells + standard deviation). This is lower 
than the previously reported values of 680 + 390 
nmoles hr~' cell~' (mean + standard deviation) 
using ACh as the substrate [22]. The smaller standard 
deviation for the lower value suggests a more thor- 
ough removal of connective tissue and adjoining cell 
debris, but factors such as seasonal variation, sub- 
strate and differences in the color reactions used may 
also be involved. Figure 1 shows the recovery of 
AChE activity at the end of 30-, 60- and 90-min wash- 
ing periods after a 30-min incubation of electro- 
plaques with 3 x 10°* M DFP, Paraoxon or Soman. 
As previously reported [2], the most rapid rate of 
recovery was found in Paraoxon-treated cells; the rate 
for DFP-treated cells was much less. In marked con- 
trast, the Soman-treated cells continued to lose acti- 
vity during the washing period. Although all three 
inhibitors were present at concentrations at least four 


ATC hydrolysed, nmole/hr per cell 
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Fig. 1. Time course of inhibited electroplaque AChE reac- 
tivation. Each point is the mean of five determinations 
and the vertical bars represent the standard deviation 
where they are larger than the symbol. Paraoxon-inhibited 
AChE activity is represented by triangles, DFP-inhibited 
activity by squares and Soman-induced activity by circles. 
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orders of magnitude greater than would normally 
cause complete inhibition of purified AChE in solu- 
tion (>99.9 per cent), only about 85 per cent was 
inhibited in the intact cells in the first 30 min of expo- 
sure to inhibitor. Similar residual activity was 
observed in a previous study [2], in which organo- 
phosphates were used to inhibit whole electroplaque 
AChE activity. It seems likely that this remaining 
activity results from a sparing effect due to permeabi- 
lity barriers which shield some fraction of the AChE 
activity from contact with the inhibitors (for instance 
see Refs. 17 and 23). This remaining activity certainly 
represents real hydrolysis by the enzyme since, as can 
be seen in Fig. 1, Soman continues to act during the 
wash and inhibits part of the residual activity. Also, 
the residual activity occurs regardless of which inhibi- 
tor is used so that it is not the result of any reactiva- 
tion before zero time. 

The data were subjected to linear regression analy- 
sis with respect to the changes of activity during the 
wash periods, and to analysis with respect to the 
sources of variance between inhibitors and with re- 
spect to the portion of the Organ of Sachs from which 
electroplaques were dissected. In summary, there is 
a significant difference in enzyme activity during the 
wash period between the treatment groups, and this 
difference was not influenced by any variation im- 
posed by the anatomical source of the electroplaque 
cells. In addition, the analysis indicated that through 
the first 60 min of washing the recovery of the DFP- 
and Paraoxon-treated cells had significant linear com- 
ponents. In contrast, the Soman-treated cells showed 
a significant linear rate of increasing inhibition during 


the same period. The reason that a significant linear 
regression of enzyme activity on the wash time does 
not occur when the analysis is extended to 90 min 
for the DFP- and treatment groups is apparently due 
to a process unrelated to enzyme inhibition or reacti- 
vation. This process may be a loss of enzyme activity 
due to the washing process itself. Cells which were 


not treated with inhibitor also lost some small 
amount of activity after 60 min of washing. However, 
we feel that the conclusions drawn from Fig. | remain 
valid. These conclusions are: (1) that for DFP- and 
Paraoxon-treatment groups there is a significant (5 
per cent level) linear regression of enzyme activity on 
wash time (for 0-60 min) and that this regression line 
has a positive slope (re-activation); (2) that the Soman 
treatment group also has a significant linear regres- 
sion (5 per cent leVel) of enzyme activity on wash 
time (for 0-90 min) and this regression line has a 
negative slope (inactivation). 

Effects on membrane potential. Although normally 
5 x 10°° M ACh has no effect on the electroplaque 
resting potential, in the presence of the reversible 
AChE inhibitor physostigmine, this same concen- 
tration of ACh produces a reversible depolarization 
[24]. If the electroplaque is first pretreated with the 
irreversible inhibitor DFP, and the DFP is then 
removed, the same concentration of ACh again pro- 
duces a response similar to that seen with physostig- 
mine. Again each depolarization is reversed on remo- 
val of ACh. In addition, however, the magnitude of 
each succeeding depolarization produced decreases 
with time as the cell is washed with inhibitor-free 
saline [2]. We have repeated these DFP experiments 
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with similar results, as shown in Fig. 2. Again, 
although preincubation in 3 x 10°* M DFP did not 
affect the resting potential, subsequent application of 
5 x 10°° M ACh after removal of the DFP caused 
a depolarization of approximately 40 mV. Upon 
return to ACh- and DFP-free saline, the electroplaque 
repolarized to its original resting potential [8]. Each 
succeeding application of ACh evoked a smaller re- 
sponse until, after about 35 min the magnitude of 
the depolarizations was about half of the initial value. 
Reapplication of DFP resulted in the restoration of 
the ACh-obtained depolarization to its initial magni- 
tude. 

Figure 2 also shows spontaneous depolarization and 
repolarization of an electroplaque caused apparently 
(although not directly) by the prolonged treatment 
with AChE inhibitor and ACh. This phenomenon has 
previously been reported for electroplaques bathed in 
organophosphates, in ambenonium, and in physostig- 
mine [8,24]. In the present study, as in the past, these 
effects were not always seen. 

Thus far, the results with DFP are a confirmation 
of previous findings, and an indication that our exper- 
imental methods are comparable to those used pre- 
viously. Now in contrast to this, Fig. 3 shows typical 
effects of preincubation with Soman on eel electro- 
plaques. Again, the application of 5 x 10°° M ACh 
produced a depolarization, but in contrast to the 
DFP-treated electroplaques the reversal of the depo- 
larization on removal of ACh was _ incomplete, 
whereas succeeding application of ACh now produced 
depolarizations to the same voltage as the first one. 
After the third ACh application, the electroplaque 
depolarized irreversibly; in other experiments it was 
never possible to apply ACh more than three times 
without a similar slow irreversible depolarization 
occurring. This effect was sometimes observed after 
one or two ACh applications, and occasionally after 
as little as a 10-min exposure to Soman before any 
ACh had been applied. Finally, with the Soman- 
treated electroplaques the recovery from ACh- 
induced depolarization was slower than with DFP, 
and the brief spontaneous depolarizations and repo- 
larizations seen with DFP did not occur. 
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Fig. 2. ACh-induced depolarizations in the electroplaque 

preincubated in 3 x 10°* M DFP for 30 min. The ACh 

concentration was 5 x 10°° M. The depolarizations and 

recoveries seen after 70 min occurred spontaneously. R in- 
dicates eel saline. 
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Fig. 3. ACh-induced depolarizations in an electroplaque 

preincubated in 3 x 10°* M Soman for 30 min. The ACh 

concentration was 5 x 10°° M. Note that Soman alone 

caused some slight depolarization before ACh was applied 

and that the cell depolarized irreversibly after partial re- 

covery from the final ACh-induced depolarization. R indi- 
cates eel saline. 


When the effect of Soman by itself was examined 
more closely it was found, from nine electroplaques, 
that application of 3 x 10°* M Soman resulted in 
a slow depolarization of 5-10 mV over a period of 
17 + 2 (mean + standard error) min followed by a 
sharp irreversible depolarization of 47 + 5 (mean + 
standard error) mV. A typical experiment is shown 


brane, as well as an irreversible change in the conduc- 
tance of the membrane. 

Exploration of effects by voltage clamp. To examine 
these effects in still more detail, electroplaques were 
periodically stepped to various voltages and held 
there briefly while the current response was recorded. 
This is the well-known technique of the voltage 
clamp, described briefly in Materials and Methods. 
The electronic equipment was so arranged that the 
membrane remained in current clamp condition (at 
the cell’s zero current potential) except for 18-msec 
periods during which the electroplaque was voltage 
clamped. A series of such voltage steps, executed at 
various times during the Soman experiments, allowed 
the current-voltage relationship of the innervated 
membrane to be found. Thus, the conductance of the 
membrane was determined before Soman application 
and shortly after the rapid irreversible depolarization 
caused by the Soman application. This is seen in Fig. 
4a. During the occurrence of the depolarization itself, 
we observed the current flow when the membrane 
was clamped repeatedly to a potential of 0 mV. This 
is seen in Fig. 4b. It is evident in Fig. 4b that the 
decline in the sodium current transient has a different 
time course from either the zero current potential de- 
cline or the changes in the steady state current. The 
interpretation of the current-voltage plot is based 
mainly on the work of Grundfest et al. [16,25], a 
brief summary of which is included here. In the un- 
treated electroplaque, the resting potential is taken 
to be the potassium ion equilibrium potential. An 


extrapolation of the steady state constant conduc- 
tance seen over the range of depolarizing potassium 


in Fig. 5a. The sharp depolarization coincided with 
a change in the excitability of the conducting mem- 


inactivation back to the potassium ion equilibrium 
potential allows the leak conductance to be obtained. 
The conductance at the peak inward current, over 
a range of sufficiently positive voltages, is assumed 
to be made up of the sodium conductance plus the 
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Fig. 4. Soman-induced changes in the ionic currents and the conductance of the innervated membrane. 
(a) Current measurements obtained using the voltage clamp, before Soman application (the filled and 
unfilled circles) and after the Soman-induced rapid depolarization (unfilled triangles). The unfilled circles 
and triangles represent the total ionic current at the end of an 18-msec pulse (steady state current). 
The filled circles represent the total ionic current at the peak of the sodium ion transient (at approxi- 
mately | msec after the start of an above-threshold pulse). (b) The steady state (unfilled circles) and 
peak sodium ion (filled circles) currents at zero membrane potential and the corresponding innervated 
membrane resting potential (triangles) before, during and after the Soman-induced rapid depolarization. 
“Initial” refers to the measurements taken shortly after Soman was first applied (approximately 15 
min before zero time). “Final” refers to values taken at the same time as the final depolarization 
phase in Fig. 4a. The values in between represent a sampling of the three parameters at 2-min intervals 
taken during the actual Soman-induced rapid depolarization. The measurements in 4a and 4b are 
from the same cell. 
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Fig. 5. Interaction of Soman and dimethyl d-tubocurarine. 
(a) Soman-induced slow and rapid depolarization of the 
innervated membrane. The potential change coincident 
with Soman application is an artifact of the perfusion sys- 
tem. After the depolarization, the microelectrode was deli- 
berately removed and reinserted in order to check the im- 
palement. (b) Dimethyl d-tubocurarine prevents the depo- 
larizing effects of Soman. (c) Dimethyl d-tubocurarine 
applied after Soman but before a Soman-induced rapid 
depolarization. R indicates eel saline. In 5a, Sb, and Sc 
the Soman concentration was 3 x 10°* M and _ the 
dimethyl d-tubocurarine concentration was 5 x 10°° M. 


leak conductance (the normal potassium ion conduc- 
tance having been drastically lowered at these volt- 
ages by depolarizing potassium inactivation). An 
extrapolation of this second constant conductance 
line to its intersection of the steady state leak conduc- 
tance gives an estimation of the sodium ion equilib- 
rium potential. 

The most striking effect of the Soman treatment, 
as revealed by the voltage clamp studies, was an 
apparent increase in membrane resistance accom- 
panying the rapid depolarization event. We noted a 
similarity of this membrane resistance increase to the 
resistance increase which has been observed after acti- 
vation of the electroplaque synaptic membrane by 
carbamylcholine.* Therefore, it was of interest to 
determine whether the effects of Soman could be 
modified by a ligand which binds to the AChR. Such 
a compound is dimethyl d-tubocurarine, an inhibitor 
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of AChR activation, a muscle relaxant, and a com- 
pound well characterized chemically, especially in 
view of recent advances in our understanding of the 
structure of d-tubocurarine [26]. 

Chemical modification of Soman’s effects. When 
dimethyl d-tubocurarine and Soman were applied 
together to an electroplaque, depolarization did not 
occur. This is seen in Fig. 5b. Furthermore, Fig. 5c 
shows that dimethyl d-tubocurarine applied after the 
Soman treatment, but before the occurrence of the 
rapid depolarization, prevented further depolariza- 
tion. Removal of the dimethyl d-tubocurarine 
resulted, after a delay, in the occurrence of the rapid 
depolarization. We consider it significant that this 
removal of the dimethyl d-tubocurarine did not result 
in an immediate sharp depolarization, but instead this 
occurred after a passage of time almost identical to 
the time required for the rapid depolarization to 
occur with Soman alone. This time delay occurred 
even if the sequence of applications was first Soman, 
then dimethyl d-tubocurarine and Soman, followed 
by Soman alone (i.e. if Soman was present at all treat- 
ment times). If dimethyl d-tubocurarine is always 
present (i.e. if dimethyl d-tubocurarine is present 
before, during a 50-min exposure to Soman, and after 
Soman is removed), no depolarization is observed, 
even when the membrane potential is monitored for 
55 min after the Soman was removed. Note that 
although while present dimethyl d-tubocurarine can 
completely inhibit Soman’s depolarizing ability, 
dimethyl d-tubocurarine cannot repolarize the mem- 
brane once the Soman-induced depolarization has 
taken place. This is shown in Fig. Sa. 

Finally, it should be noted that, after the appli- 
cation of dimethyl d-tubocurarine and Soman, the 
presence of Soman was not necessary for the sharp 
depolarization to occur (Fig. 5c). That is, it appeared 
that although dimethyl d-tubocurarine was able to 
prevent the effects on the membrane of a prior appli- 
cation of Soman, the effects of the original Soman 
application were realized once the dimethyl d-tubo- 
curarine was removed. 


DISCUSSION 


The reactivation of organophosphate-inhibited 
AChE as a major (if not the sole) explanation for 
the decline in the sensitivity of the organophosphate- 
treated electroplaque to ACh has been confirmed by 
the use of Soman. Whether new AChE is synthesized 
or not [2] now appears more than ever to be a moot 
point. The role of the Soman as an irreversible AChE 
inhibitor in this particular explication is specifically 
related to the aging process [1]. In this, 1,2,2-trimethyl- 
propyl methylphosphonyl enzyme degrades to methyl- 
phosphonyl enzyme (a form which for all practical 
purposes represents irreversibly inhibited AChE) at 
an immeasurably greater rate than the corresponding 
reaction whereby DFP would yield monoisopropyl- 
phosphoryl enzyme. 

Treatment of the electroplaque cells with organo- 
phosphate AChE inhibitors at concentrations which 
are orders of magnitude greater than would cause 
essentially complete inhibition of AChE in solution 
leaves a substantial proportion of the measurable 
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AChE activity uninhibited. It is probable that a whole 
complex of factors is involved in this, among them 
the time-dependent nature of the inhibition reaction 
[27], the variety of ACh-hydrolyzing enzymes in- 
volved [17], the differential solubilities of inhibitors 
and substrate in different parts of the cellular sub- 
structure [7,28] and, for Paraoxon and DFP at least, 
the simultaneous reactions of inhibition and reactiva- 
tion. It may be seen that Soman treatment of intact 
electroplaques resulted in a slightly greater inhibition 
of measurable cholinesterase activity and, even more 
significantly, this inhibition continued to increase 
after the removal of the Soman-containing bathing 
medium. This is probably due to a retention of un- 
reacted Soman in the cellular substructure, especially 
in the lipid portions of the plasma membrane. 

The undiminished ability of ACh to depolarize the 
Soman-treated electroplaque is the consequence of 
this irreversible inhibition of the AChE. The steady 
decrease in the resting potential of the Soman-treated 
cell is an effect which, while different from many of 
those listed in the beginning of this paper, is similar 
to them in that it does not appear to be attributable 
exclusively to the ability of Soman to inhibit AChE. 
Nevertheless, the opinion has been advanced that 
prolonged exposure to AChE inhibitors may, finally, 
have secondary irreversible effects on function [29]. 
Now, to some degree, the ambiguity resulting from 
the parallel between AChE activity and membrane 
function has been reduced. The use of the voltage 
clamp shows that Soman causes an apparent increase 
in membrane resistance which follows the large 
(40-50 mV) depolarization, and we note that certain 


aspects of the current-voltage relationships during 
Soman treatment resemble those seen during carba- 


mylcholine treatment.* Finally, the competition 
between Soman and the receptor ligand dimethyl 
d-tubocurarine shows that, in addition to Soman’s in- 
hibition of AChE, it also interacts with the AChR 
in. an irreversible manner. Whether the irreversibility 
is due to an “aging” reaction is an open question. 
Evidence for the interaction of DFP with the AChR 
has been reported previously [8] and while the possi- 
bility of di-isopropylphosphoryl-AChR aging was not 
raised at that time, judging from the interaction of 
DFP with AChE, it might be speculated that such 
a reaction would be slow. The receptor-blocking 
action of DFP appears to be reversible and probably 
competitive in nature [8]. Organophosphate com- 
pounds, known inhibitors of AChE (DFP, Tetram 
and two others), have been found to block the binding 
of labeled nicotine and decamethonium to macro- 
molecules thought to be AChR proteins [30]. This 
interaction of purified AChR and organophosphate 
compounds also was reversible. These observations 
indicate that Soman and DFP differ in their actions 
on the AChR in at least two aspects: the reversibility 
of the effect and the quality of the effect itself. 

The cause of the resistance increase which accom- 
panies the Soman-induced rapid depolarization is not 
known. For carbamylcholine-induced depolarizations, 
the resistance increase follows an initial resistance de- 
crease. The resistance increase induced by carbamyl- 
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choline is probably due in part to an inactivation 
of the AChR. This inactivation is the desensitization 
phenomenon. For the Soman-induced and carbamyl- 
choline-induced depolarizations, there are factors 
affecting the resistance in addition to this desensitiza- 
tion process which can result in a final membrane 
resistance that is greater than it was before exposure 
to these drugs. For instance, in Fig. 4a the cord con- 
ductance of the resting cell decreased from 180 
mmho/cm? to a slope conductance of 114 mmho/cm? 
over the same voltage range. In the present study, 
no resistance decrease has been observed accompany- 
ing the Soman-induced depolarization. This would 
have been difficult because the exact time at which 
the rapid depolarization did occur after exposure to 
Soman was difficult to gauge. However, it is assumed 
that a brief resistance decrease does occur and that 
the immediate result of this resistance decrease is the 
Soman-induced rapid depolarization. Recent work in 
this laboratory has confirmed that Soman produces 
a discrete increase and decrease in membrane resist- 
ance relative to the normal membrane resistance.* 
The initial slow depolarization caused by Soman 
and the effects of dimethyl d-tubocurarine on this are 
less clear, but they also seem to fit into the framework 
of Soman effects not directly related to AChE inhibi- 
tion. On the one hand, we have not seen clear-cut 
changes in the ionic conductances accompanying this 
initial slow depolarization phase, as with the later 
sharp phase. For example, no consistent or significant 
changes occurred in the ionic conductance com- 
ponents or their respective reversal potentials. On the 
other hand, dimethyl d-tubocurarine again blocked 
this slow depolarization even in the presence of 
Soman. The recommencement of the slow depolariza- 
tion phase after removal of the dimethyl d-tubocurar- 
ine, now even in the absence of re-added Soman, sug- 
gests either, as already mentioned, that unreacted 
Soman has been retained in the lipid regions of the 
excitable membrane or that irreversible reactions had 
already occurred, the final effects of which were fore- 
stalled by the dimethyl d-tubocurarine, but were not 
reversed. Whether this initial slow depolarization is 
due to a reaction of Soman with AChR is not clear, 
nor is it clarified by the competition with dimethyl 
d-tubocurarine since that diquaternary compound 
binds with many components of electric tissue [31]. 
In conclusion, previous studies have expanded the 
spectrum of organophosphate’s specific interactions at 
the neuromuscular junction to include a direct inhibi- 
tory action on the AChR [8]. Here we report the 
first instance of an organophosphate being able to 
clearly activate an excitable membrane. This acti- 
vation is apparently mediated through or at least is 
in conjunction with the AChR, since dimethyl d-tubo- 
curarine can effectively block the activation. Since 
structurally similar organophosphorus cholinesterase 
inhibitors, such as DFP and Paraoxon, have no such 
activating ability on the innervated membrane of the 
electroplaque, but do bind to the AChR [30], it seems 
reasonable to conclude that the rapid aging ability 
exhibited by Soman may be a prerequisite for organo- 
phosphate-induced AChR activation. The ability of 
Soman to rapidly age in the environment of a similar 
active site (AChE), on the intact electroplaque mem- 
brane, was demonstrated in this report. The apparent 
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irreversibility of applying Soman to the innervated 
membrane also favors the hypothesis that the result- 
ing Soman-induced depolarization is dependent on a 
rapid aging of a Soman-receptor complex. Other 
organophosphates, structurally very similar ° to 
Soman, such as DFP, act on the purified or in vivo 
AChR reversibly (by blocking binding sites or acti- 
vation) [8,30]. With these facts in mind, it becomes 
interesting to speculate that it is the methyl-phos- 
phonylation of the AChR by Soman which results 
in its activation. Regardless of such speculation one 
of the important questions remaining concerns how 
the temporal sequence of Soman-induced activation 
(the slow and rapid depolarizations) can be under- 
stood in terms of the accepted model for post-synap- 
tic chemical excitation. 


Acknowledgements—We would like to express our appre- 
ciation to the Director of the Shedd Aquarium, Mr. Wil- 
liam P. Breaker, for permitting us the use of those facilities, 
and to Mr. Howard Karsner, Aquarist, for the expert care 
that our eels have received. We also would like to thank 
Eli Lilly & Co. for providing the dimethyl d-tubocurarine 
iodide. This work was supported by a grant from the US. 
Public Health Service, NS09090. 


REFERENCES 


. W. R. Berry and D. R. Davis, Biochem. J. 100, 572 
(1966). 

. W. D. Dettbarn, E. Bartels, F. C. G. Hoskin and F. 
Welsch, Biochem. Pharmac. 19, 2949 (1970). 


3. D. Nachmansohn, Chemical and Molecular Basis of 


Nerve Activity, Academic Press, New York (1959). 

. F. C. G. Hoskin, Science, N.Y. 170, 1228 (1970). 

. D. Nachmansohn, Science, N.Y., 170, 1229 (1970). 

. F. C. G. Hoskin, L. Kremzner and P. Rosenberg, Bio- 
chem. Pharmac. 18, 1727 (1969). 

. F. C. G. Hoskin, Science, N.Y. 172, 1243 (1971). 


30. M. E. Eldefrawi, A. G. Britten and R. 


8. E. Bartels and D. Nachmansohn, Archs Biochem. Bio- 
phys. 133, 1 (1969). 

. M. K. Johnson, J. Neurochem. 23, 785 (1974). 

. A. M. Woodin and A. A. Wieneke, Nature, Lond. 227, 
460. (1970). 

. E. R. Whitcomb, Bull. envir. Contam. Toxic. 6, 67 
(1971). 

. R. Jovic, H. S. Bachelard, A..G. Clark and P. C. 
Nicholas, Biochem. Pharmac. 20, 519 (1971). 

. H. J. Preusser, Z. Zellforsch. mikrosk. Anat. 80, 436 
(1967). 

. E. Schoffeniels, Biochim. biophys. Acta 26, 585 (1957). 

. H. B. Higman and E. Bartels., Biochim. biophys. Acta 
57, 77 (1962). 

. Y. Nakamura, S. Nakajima and H. Grundfest, J. gen. 
Physiol. 49, 321 (1965). 

. P. Rosenberg and W. D. Dettbarn, Biochim. biophys. 
Acta 69, 103 (1963). 

. G. L. Ellman, K. D. Courtney, V. Andres, Jr. and R. 
M. Featherstone, Biochem. Pharmac. 7, 88 (1961). 

. A. Karlin, J. gen. Physiol. 54, 245s (1968). 

. G. M. Katz and T. L. Schwartz, J. memb. Biol. 17, 
275 (1974). 


21. G. D. Webb, B. B. Hamerell, D. A. Farquharson and 


W. D. Niemi, Biochim. biophys. Acta 297, 313 (1972). 

. G: D. Webb and R. L. Johnson, Biochem. Pharmac. 
18, 2153 (1969). 

. D. Nachmansohn, J. gen. Physiol. 54 (No. 1, part 2), 
187 (1969). 

. E. Bartels, Biochem. Pharmac. 17, 945 (1968). 

. F. Ruiz-Manresa, A. C. Ruarte, T. L. Schwartz and 
H. Grundfest, J. gen. Physiol. 55, 33 (1970). 

. A. J. Everett, L. A. Lowe and S. Wilkinson, J. chem. 
Soc. D. 1020 (1970). 

. F.C. G. Hoskin, in Basic Neurochemistry (Eds. R. W. 
Albers, G. J. Siegel, R. Katzman and B. W. Agranoff), 
p. 105. Little, Brown, Boston (1972). 

. D. Nachmansohn, J. gen. Physiol. 54, 187s (1969). 

. D. Nachmansohn, Chemical and Molecular Basis of 
Nerve Activity, p. 291. Academic Press, New York 
(1975). 

D. O’Brien, 

Pestic. Biochem. Physiol. 1, 101 (1971). 
31. S. Beychok, Biochem. Pharmac. 14, 1249 (1965). 








Biochemical Pharmacology, Vol. 26, pp. 345-349. Pergamon Press, 1977. Printed in Great Britain. 


THE INHIBITION OF MOUSE BRAIN GLUTAMATE 
DECARBOXYLASE BY SOME STRUCTURAL ANALOGUES 
OF L-GLUTAMIC ACID 


PETER V. TABERNER, MARTIN J. PEARCE and JEFFREY C. WATKINS 
Department of Pharmacology Medical School, University of Bristol, Bristol 8, England 


(Received 21 June 1976; accepted 16 July 1976) 


Abstract 


A series of amino acid hydroxamates and mercapto carboxylic acids have been tested as 


inhibitors of glutamate decarboxylase (GAD) and GABA-aminotransferase (GABA-T). Malate, thioma- 
late, glutarate and L-glutamic acid y-hydroxamate were potent competitive inhibitors of GAD with 
respect to glutamate, and were far less active against GABA-T. None of these compounds reacted 
directly with free pyridoxal phosphate. Other compounds, including cysteamine, DL-methionine hydroxa- 
mate, D-penicillamine and DL-cysteine inhibited both enzymes and formed stable compiexes with free 
pyridoxal phosphate. Possible structural requirements for the competitive binding of an inhibitor to 


the active site of GAD are discussed. 


There have been several studies of the inhibition of 
L-glutamate |-carboxylase, EC 4.1.1.15. (GAD) by a 
variety of compounds [1-5] although the structural 
requirements for inhibition, and the mechanism of the 
inhibition, have not been examined in detail. Wu and 
Roberts [5] studied a series of dicarboxylic acids and 
amino acids as competitive inhibitors of GAD and, 
from the relative affinities of the inhibitors for the 
holoenzyme, were able to suggest at least two positi- 
vely-charged groups at the active site separated by 
a distance equivalent to a 3-carbon chain, together 
with a thiol-sensitive sulphydryl group nearby. Most 
of the inhibitors in use at present are nonspecific car- 
bonyl-trapping agents which tend to inhibit all pyri- 
doxal-catalysed enzymes to some extent; amongst 
these can be included amino-oxyacetic acid [6], semi- 
carbazide and thiosemicarbazide [7], and many aryl 
hydrazides [8]. 

The aims of the present work have been first, to 
discover, amongst several analogues of glutamate and 
mild carbonyl-trapping agents, inhibitors of GAD 
which are relatively specific and competitive with re- 
spect to glutamate and, secondly, to determine 
whether or not compounds having some affinity for 
other sites of glutamate binding can inhibit GAD. 
Possible reaction mechanisms for some of the inhibi- 
tors will also be discussed. A preliminary account of 
some of the present findings has already been given 


[9]. 


MATERIALS AND METHODS 


Animals. The mice from which the enzyme extracts 
were prepared were adult LACGs of either sex and 
bred in the department. 

Sources of chemicals. The reagents used in the assay 
procedures were all obtained from the Sigma Chemi- 
cal Co., Kingston-upon-Thames, Surrey, England. All 
radiochemicals were obtained from the Radiochemi- 
cal Centre, Amersham, Bucks. The compounds tested 
were obtained as follows: D- and L-etomidate were 
a gift from Janssen Pharmaceutica, Beerse, Belgium; 
HA-966 was kindly supplied by Prof. I. L. Bonta, 
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University of Rotterdam, Holland; domoic and quis- 
qualic acids were a gift from Prof. T. Takemoto, 
Tohoku University, Japan; succinic semialdehyde was 
synthesized by P.V.T.; D- and L-aspartic acid «,B-cyc- 
lic hydroxamate were synthesized by J.C.W. 

Preparation of solutions. All the compounds tested 
were made up in sodium phosphate buffer (pH 6.4) 
or sodium borate buffer (pH 8.4) immediately prior 
to use. The free acids were converted into the sodium 
salts by the addition of stoichiometric amounts of 
sodium hydroxide to a solution in distilled water, the 
pH eventually adjusted to the assay pH by the addi- 
tion of the appropriate buffer. 

Glutamic acid decarboxylase assays. Mice were 
killed by cervical fracture and the brain rapidly dis- 
sected out, rinsed in ice-cold 0.9% (w/v) saline, 
weighed, and homogenised in 50mM _ sodium phos- 
phate buffer (pH 6.4) at 2000 rpm for | min at 0° in 
a Teflon—glass homogeniser of 0.3-mm clearance. The 
final tissue concentration was 20° (w/v). The prep- 
aration of a tissue extract containing GAD activity, 
and the assay procedure for measuring the activity 
using L-[1-'*C]glutamate as substrate were followed 
exactly as described previously [2]. 

In some experiments, the tissue extract was further 
purified by centrifuging the original homogenate at 
60,000 g for | hr at 0° and adding solid ammonium 
sulphate to the supernatant to 25% saturation. After 
standing at 0° for 20 min the supernatant was centri- 
fuged at 18,000 g for 30 min and ammonium sulphate 
again added to the supernatant in order to reach 70% 
saturation. The centrifugation was repeated and the 
pellet re-suspended in 5 volumes of 50mM sodium 
phosphate buffer (pH 6.4) containing 0.5mM _ pyri- 
doxal phosphate and | mM reduced glutathione. This 
extract could be stored at —10° and retain enzyme 
activity without significant loss over a period of 
several weeks. After thawing, the protein which had 
precipitated during storage was spun down at 6,500 g 
for 10min and the supernatant used for the assays. 

GAB A-aminotransferase assays. The preparation of 
a mouse brain tissue extract and the assay of 
GABA-T activity, using [U-'*C]GABA as substrate, 
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were. carried out using the methods described pre- 
viously [2]. 

Calculation of results. In both the GAD and 
GABA-T assays, during the initial screening of inhibi- 
tors, the compounds to be tested were present at ten 
times the concentration of the limiting substrates 
which were, in turn, present at approximately half 
their respective K,, values as determined under the 
same conditions. For the GAD assays, L-glutamate = 
1mM (K,,=1.8mM); for the GABA-T 
GABA = 0.5 mM (K,, = 1mM). The values for the 
apparent Michaelis constants (K,,) and the inhibitor 
dissociation constants (K;) were calculated from either 
double reciprocal Lineweaver—Burk plots or plots of 
v against v/s. All lines were derived by regression line 
analysis from points representing the means of dupli- 
cate determinations. 

Absorption spectra of pyridoxal phosphate. The 
absorption spectra of pyridoxal phosphate, and its 
alteration by carbonyl-reacting compounds, were 
determined on. an SP 800 recording spectrophoto- 
meter. The reactions were carried out at room tem- 
perature (20°) in a 2.5ml volume in Silica cells of 
l-cm light path. Rate constants for the first-order 
reactions were calculated from the rate of decay of 
the absorption peak at 390 nm plotted on a logarith- 
mic scale. 


assays, 


RESULTS 


Inhibition of glutamate decarboxylase (GAD). An in- 
itial screening programme was adopted in which the 
test compounds, at 10 mM, were tested for their abi- 
lity to inhibit GAD in the presence of suboptimal 
(1 mM) t-[i-'*C]glutamate. Under these conditions 
the following compounds produced no inhibition: DL- 
cysteic acid, DL-homoserine, 4-aminotetrolic acid, DL- 
serine, succinic acid, GABA, dihydroxyphenylalanine, 
kainic acid, quisqualic acid, domoic acid, 2-amino-4- 
pentenoic acid (allylglycine), L-methionine-DL-sulpho- 
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ximine, 1-hydroxy-3-aminopyrrolidone-2 (HA-966) 
and albizzin (x-amino-f-ureidopropionic acid). 

Compounds which inhibited GAD were.then tested 
by means of dilution to determine whether or not 
the inhibition was reversible. If this proved, so, the 
inhibitor constant was then calculated except in a few 
cases where the very small quantity of compound 
available made this impossible. The results are sum- 
marized in Table 1. The most potent inhibitors tested 
were thiomalic acid (K; = 0.012 mM) and mercapto- 
propionic acid (K; = 0.012mM), the latter having 
already been widely used as a GAD inhibitor. The 
D- and L-isomers of aspartic acid /-hydroxamate were 
equipotent inhibitors, suggesting that the inhibition 
was not dependent upon stereospecific binding of the 
inhibitor to the enzyme. L-z-Hydroxylglutaric acid 
was a potent irreversible inhibitor (100 per cent inhi- 
bition at 0.8mM) whereas b-z-hydroxyglutaric acid 
was very much less potent (6 per cent inhibition at 
10mM) implying that, in this case, the binding of 
the z-hydroxy group to a site on the enzyme may 
well be stereospecific. The two isomers of the hyp- 
notic drug etomidate were equipotent irreversible in- 
hibitors of the enzyme, both compounds producing 
50 per cent inhibition at 0.9mM against | mM 1 glu- 
tamate. Glutathione, which, in its reduced form, is 
included in the assay to protect the sulphydryl groups 
on the enzyme produced significant inhibition of the 
enzyme at concentrations above 5mM. 

The compound HA-966 (1-hydroxy-3-aminopyrro- 
lidone-2) and kojic acid produced a variable increase 
in the GAD activity in the crude brain homogenate 
from 25 to 100 per cent above the control value. This 
effect was not observed with the partially’ purified 
enzyme extract and was therefore put down to a 
nonspecific or detergent action on the homogenate. 

Inhibition of GABA-aminotransferase (GABA-T). In 
order to determine the specificity of action of the 
GAD inhibitors listed in Table 1, they were tested 
at a concentration of 5mM against GABA-T activity 


Table 1. Inhibitors of glutamate decarboxylase 





Compound 
(10 mM) (0) 





DL-Methionine hydroxamate 
L-Aspartic acid «,f-cyclic hydroxamate 
L-Aspartic acid f-hydroxamate (5 mM) 
b-Aspartic acid f-hydroxamate (5 mM) 
Reduced glutathione (10 mM) 

(5 mM) 
L-Cysteine 
Mercaptopropionic acid 
Succinic semialdehyde 
L-Glutamic acid y-hydroxamate 
Cysteamine 
Malic acid 
Thiomalic acid 
Glutaric acid 
L-a«-Hydroxyglutaric acid 
D-a-Hydroxyglutaric acid 
p-Etomidate 
L-Etomidate 


Inhibition 


Type of inhibition 


mixed 
non-competitive 


Reversible, 
Reversible, 


Reversible, non-competitive 

2 
0.012 
EN 


mixed 
competitive 
mixed 
competitive 
mixed 
competitive 
competitive 


competitive 


Reversible, 
Reversible, 
Reversible. 
Reversible. 
Reversible, 
Reversible, 
Reversible, 
Reversible, 
Irreversible 


1.6 
0.012 


3.1 
* 
Irreversible ° 


Irreversible . 








Each compound was tested against 1 mM L-glutamate in the presence of excess pyridoxal phosphate under the 
assay conditions described in Methods. 
* Inhibitor constant (K;) values cannot be calculated for irreversible inhibitors 
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Table 2. Inhibitors of GABA-aminotransferase 





Compound 
(5 mM) 


Inhibition (°%) 
(mean of 4 experiments) 


Type of inhibition 





DL-Methionine hydroxamate 
L-Cysteine 
Mercaptopropionic acid 
L-Glutamic acid y-hydroxamate 
Cysteamine 

Glutaric acid 

Malic acid 

Thiomalic acid 

HA-966 

Allylglycine 
DL-Homocysteine 

Kojic acid 


mixed 
mixed 
non-competitive 


Reversible, 
Reversible, 
Reversible, 


Reversible, mixed 
Reversible 
Reversible 
Reversible 
Irreversible 
Reversible, mixed 
Reversible 





Each compound was tested against 0.5mM GABA in the presence of excess pyridoxal phosphate (0.4mM) and 
2-ketoglutaric acid (1 mM) under the assay conditions described in Methods. Where the level of inhibition was less 
than 15 per cent it was not possible to determine with certainty the nature of the inhibition from double reciprocal 


plots. 


in the presence of excess of x-ketoglutarate (1 mM) 
and pyridoxal phosphate (0.4mM), but with a limit- 
ing concentration of GABA (0.5mM). Under these 
conditions the following compounds produced no 
measurable inhibition: L-aspartic acid ,f-cyclic hyd- 
roxamate, L-a-hydroxyglutaric acid, glutaric acid, 
p-etomidate, and L-etomidate. The relative potencies 
of those compounds which did, inhibit GABA-T are 
set out in Table 2. Mercaptopropionic acid was again 
the most potent inhibitor (50 per cent inhibition at 
0.1 mM). HA-966 and kojic acid produced a consis- 
tent weak inhibitory action. The degree of inhibition 
produced by allylglycine appeared to be dependent 
upon the length of time the compound was in contact 
with the enzyme prior to the start of the assay. 
Reaction of inhibitors with pyridoxal phosphate. It 
had earlier been observed that several compounds, 
when added to the enzyme assay media, caused the 
disappearance of the characteristic yellow colour of 
pyridoxal phosphate. The reaction between the 


enzyme inhibitors was therefore examined by follow- 
ing the disappearance of the 390 nm absorbance peak 
of pyridoxal phosphate under the same conditions as 
the GAD assay. The progress of the reaction between 
L-cysteine (4mM) and pyridoxal phosphate (0.4 mM) 
is shown in Fig. 1. The loss of the absorbance peak 
at 390nm can be seen to be associated with an in- 
crease in the peak at 290nm with a single isobestic 
point occurring at 315nm. Similar spectral changes 
were obtained with D-penicillamine, rhodanine, cys- 
teamine, DL-homocysteine and reduced glutathione. 
First-order reactions were obtained with a 10-fold 
excess of inhibitor over pyridoxal phosphate 
(0.4mM); the rate constants for the reaction are 
shown in Table 3. pD-Penicillamine reacted at about 
three times the rate of the other compounds which 
all produced similar reaction rates. DL-Methionine 
hydroxamate gave a second order reaction with a rate 
constant of 0.012 1°.mole.~' sec.~' derived from a plot 
of the reciprocal concentration of pyridoxal against 





absorbance 











275 


Wavelength nm 


Fig. 1. Absorption spectra of the complex between pyridoxal phosphate (0.4 mM) and L-cysteine (4 mM) 
in 50mM sodium phosphate (pH 6.4) buffer. Records taken at 1-min intervals following the addition 
of L-cysteine to the cuvette. (Other conditions see Materials and Methods). 
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Table 3. Rate constants for the reaction of GAD and 
GABA-T inhibitors with pyridoxal phosphate 





Compound Rate constant (sec 





0.0016 + 0.0001 
0.0021 + 0.0002 
0.0014 + 0.0001 
0.0063 + 0.0004 
0.0025 + 0.0002 
0.0022 + 0.0002 
*0.012 + 0.001 


Cysteamine 
DL-Cysteine 
DL-Homocysteine 
D-Penicillamine 
Rhodanine 
Reduced Glutathione 
DL-Methionine 
hydroxamate 





Reactions were followed at 390nm for 4min and the 
rate constants (k) determined from the half decay time of 
the absorbance peak at 390 nm, obtained by plotting log 
E399 against time, where t;,. = In 2/k for a first-order reac- 
tion. 

* The reaction between DL-methionine hydroxamate and 
pyridoxal phbsphate was second order and the rate con- 


stant therefore has the dimensions 1*-mole~!-sec™'. 


time. Dithiothreitol reacted very rapidly with pyri- 
doxal phosphate, producing an instantaneous fall in 
the absorbance at 390 nm. 

The following compounds did not react with pyri- 
doxal phosphate when present at up to twenty times 
the pyridoxal phosphate concentration: mercaptopro- 
pionic acid, thiomalic acid, glutaric acid, malic acid, 
L-glutamic acid, GABA, pDL-methionine sulphoxide, 
L-methionine, DL-homocysteic acid and allylglycine. 


DISCUSSION 


The reaction mechanisms of the pyridoxal-cata- 
lysed enzymes are relatively well-documented [10-12] 
and it is therefore possible to draw useful information 
from inhibition studies with structural analogues of 
the substrates. An inhibitor may react with the apoen- 
zyme, with the enzyme—pyridoxal complex, or with 
free pyridoxal itself. The ideal specific inhibitor 
should sufficiently resemble glutamate to bind to the 
two positively-charged residues at the active site 
whilst presenting a reactive substituent at the correct 
position to combine with the Schiffs base formed by 
the carbonyl group of pyridoxal and the lysine residue 
of the enzyme. If the resultant ternary intermediate 
is stable, then the enzyme will be irreversibly inhi- 
bited. Such a mechanism has been described for the 


CH,SH 
H,NCHR 


20 


a 





K.., type of inhibitors [13, 14] including rhizobitoxine 
which inhibits the pyridoxal-linked /-cystathionase 
[15] and p-cycloserine which irreversibly inhibits 
alanine racemase [16]. 

It has already been demonstrated that L-cysteine 
and D-penicillamine can react with pyridoxal to form 
stable thiazolidine derivatives [17] and in the present 
work evidence has been obtained to show that cyste- 
amine, DL-homocysteine, rhodanine, reduced gluta- 
thione and bL-methionine hydroxamate can also react 
to form stable products in which the carbonyl group 
of pyridoxal phosphate is combined with the inhibi- 
tor. The absorption peak at 390 nm in the spectrum 
of pyridoxal is due to the conjugated sp* bonding 
of the carbonyl carbon, and the reaction followed in 
Fig. 1 represents the change to sp* bonding occurring 
as the carbon—nitrogen double bond is lost, as in the 
formation of a thiazolidine ring for example [18]. 

All the compounds listed in Table 3, with the 
exception of rhodanine, inhibited both GAD and 
GABA-T by non-competitive or mixed inhibition. A 
similar lack of specificity was observed with the hyd- 
roxamate derivatives of DL-methionine, D- and 
L-aspartate and L-glutamate. The reaction of DL- 
methionine hydroxamate with pyridoxal phosphate 
was different from that observed with all the other 
compounds in Table 3 in that it showed second-order 
kinetics. The first-order reaction observed in all the 
other cases implied that a pyridoxal-inhibitor com- 
plex was initially formed in which the carbonyl car- 
bon retained its sp? bonding followed by subsequent 
rearrangement to cause saturation of the carbonyl 
carbon which then becomes sp* bonded (see Scheme 
1). The reaction ‘process is essentially similar to that 
already proposed for the reaction of cysteine with 
pyridoxal [18]. This view is also supported by the 
evidence of the single isobestic point in Fig. 1 which 
implies that only two components are involved in the 
spectral shift. In the case of rhodanine (2-mercapto-4- 
hydroxythiazole) the methylene group of the thiazole 
ring readily condenses with free aldehydes. 

The reactions of dithiothreitol (2,3-dihydroxybu- 
tane-1, 4-dithiol) and reduced glutathione with pryri- 
doxal phosphate are interesting in that both these 
compounds are widely used in the assay of GAD acti- 
vity in order to protect the sulphydryl groups of the 
enzyme from oxidation. Indeed, at concentrations 
above 5 mM, which is that recommended in the assay 
procedure of Balazs, Dahl and Harwood [19]. 
reduced glutathione produced inhibition (see Table 
1). Great care should therefore be taken in using sul- 
phydryl compounds in GAD assay procedures, par- 


Scheme |. Reaction of pyridoxal with a mercaptoamine to form a stable complex. 
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ticularly when the pyridoxal phosphate concentration 
is not in excess*. . 

Reversible competitive inhibition of GAD was 
observed with, in addition to mercaptopropionate, 
malic acid, thiomalic and glutaric acid. These last 
three were more specific than mercaptopropionate 
whilst thiomalic acid was equipotent with mercapto- 
propionate. The 100-fold increase in potency observed 
between malic acid (K; = 1.6mM) and thiomalic acid 
(K; = 0.012 mM) corresponding to the substitution of 
an a-hydroxyl group for a mercapto group, suggests 
that this substituent is important in the binding of 
the inhibitor to the pyridoxal-enzyme complex, des- 
pite the fact that neither inhibitor reacts with free 
pyridoxal phosphate. This could be explained by the 
increased lability of the pyridoxal carbonyl group 
when it is in the form of a Schiffs base in the holoen- 
zyme. The reaction is possibly facilitated by binding 
of the carboxyl group of the inhibitor to a glutamate 
carboxylate binding site on the enzyme. This view 
is supported by the evidence of the potency of mer- 
captopropionate as an inhibitor of the decarboxylase 
compared to the lack of effect of mercaptoethanol 
(Taberner, unpublished observations). The specificity 
of the various carbonyl-reacting compounds used in 
this study may well reflect therefore the relative ac- 
cessibility and lability of pyridoxal when it is bound 
to the appropriate apoenzyme. 

The present findings indicate that a useful approach 
may be made towards finding a specific inhibitor of 
GAD by examining mercapto-substituted dicarboxy- 
lic acids of the appropriate chain length. The lack 
of any inhibitory action against GAD of kainic, 
domoic and quisqualic acids, which are glutamate 
agonists on spinal neurones [20], suggests that there 
is little in common between the structural require- 





* Subsequent unpublished experiments have indicated 
that glutathione in solution yields breakdown products 
which may be responsible for the inhibition. 


ments for competitors of glutamate at the receptor 
or enzyme active site. 
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SHORT COMMUNICATIONS 


PGE,, phenylephrine and dopamine-f-hydroxylase release 
from rat adrenal in vitro 


(Received 5 August 1976; accepted 15 September 1976) 


We have recently reported that catecholamine (CA) release 
from the rat adrenal gland in vitro can be inhibited by 
the addition of x-adrenergic activators and by the prosta- 
glandins PGE, and PGE, [1,2]. Catecholamines can be 
released from adrenergic neurons and from the adrenal 
medulla by an exocytotic process [3]. It seemed of interest 
whether a-adrenergic agents and prostaglandins affect the 
exocytotic mechanism, i.e. the release of dopamine-f-hyd- 
roxylase (DBH) together with the catecholamines. Evi- 
dence for involvement of exocytosis has been described 
in the inhibition of catecholamine release from adrenergic 
nerve-endings: Hedqvist has shown an antagonism by 
Ca?* of the inhibition of release caused by PGE [4] and 
Cubeddu et al. have recently reported some indirect evi- 
dence for the inhibition of DBH release from the nerve 
endings in the spleen [5]. 

Adrenal chromaffin cells have no axons and no nerve 
endings and, therefore, differ in some respects from other 
adrenergic neurons (e.g. no direct effect of 6-OH-dopamine 
or of anti-nerve-growth factor serum). The adrenals con- 
tain large quantities of CA and, therefore, effects on release 
of endogenous CA can be studied directly rather than after 
preloading with labelled CA, which is used in studies on 
release from adrenergic nerve endings [4,5]. Therefore, it 
seemed of interest to study the effect of z-adrenergic acti- 
vation and of PGE on CA and DBH release from the 
in vitro incubated rat adrenals. 


MATERIALS AND METHODS 


Male rats of the Hebrew University strain were used 
throughout; weight 200-250 g. The rats were killed by dis- 
location of the neck and the adrenals were immediately 
taken out and placed in 50 ml Ehrlenmeyer flasks contain- 
ing 10ml of medium. The medium consisted of NaCl, 
154mM; KCl, 5.6mM; CaCl,, 0.5mM; MgCl,, 5mM; 
NaHCO,, 1.8 mM; glucose 5 mM. 

Incubation and separation of CA. Incubation was carried 
out in a bath at 37° with constant shaking (100/min). When 
DBH release was studied bovine serum albumin was added 
to the medium (final concentration 0.25°,). The incubation 
was stopped after 30 min by immediately placing the flasks 
in ice, followed by separation of the glands from the 
medium by centrifugation at 4° 6000 RPM, for 10 min. 
For CA assay the medium and the glands were acidified 
and extracted with 0.4M HCI!O,. 

After centrifugation (to sediment the proteins), the super- 
natants were brought to pH 5.5 with KOH and centrifuged 
again. The supernatants were brought to pH 8.4, passed 
over alumina columns, eluted with 6 ml of 0.05 M HCIO, 
and then brought to pH 6 and passed immediately through 
colums of Bio-Rex 70 resin. The CA were finally eluted 
with boric acid (2/3 M) and assayed with the trihydroxyin- 
dole method. 

DBH assay. For each determination a batch of glands 
from 10-14 rats was taken. The glands from control rats 
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Fig. 1. Effect of phenylephrine on catecholamine release 
from rat adrenal incubated in vitro. C—telease in control 
glands: ACh—release induced by acetylcholine (10~* M); 
ACh + PE—release induced by acetylcholine (10~* M) in 
the presence of phenylephrine (10~° M); K *—release in- 
duced by 56mM K* (NaCl concentration was reduced 
to keep the medium isotonic); K* + PE—release induced 
by 56mM K* in the presence of phenylephrine (107 * M). 
Each column is the mean of 10 experiments. Vertical 
bars—S.E.M. Phenylephrine caused a significant reduction 
of CA release (P <0.001, both in ACh and in high K* 
experiments). 
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Fig. 2. Effect of PGE, on catecholamine release from rat 
adrenal incubated in vitro. C—release in control glands; 
ACh—release induced by acetylcholine (10~*M); ACh + 
PGE,— release induced by acetylcholine (10~* M) in the 
presence of PGE, (1.3 x 10°7M); K*—release induced 
by 56mM K~* (NaCl concentration was reduced to keep 
the medium isotonic); K* + PGE,—release induced by 
56 mM K* in the presence of PGE, (1.3 x 1077 M). Each 
column is the mean of 10 experiments. Vertical vars 

S.E.M. PGE, caused a significant reduction of CA release 
(P < 0.001, both in ACh and in high K* experiments). 
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Fig. 3. Effect of PGE, and phenylephrine on DBH release 
from rat adrenal induced by acetylcholine in vitro. Ordin- 
ate—DBH activity in gland as per cent of activity in con- 
trol (C) glands. ACh—DBH activity in adrenal glands after 
in vitro incubation in the presence of acetylcholine 
(10°-*M); PGE—DBH activity in adrenal gland after in 
vitro incubation in the presence of acetylcholine (10° * M) 
and PGE, (1.3 x 10°’ M); PE—DBH activity in adrenal 
glands after in vitro incubation in the presence of acetyi- 
choline (10°*M) and phenylephrine (10~°M). Each 
column is the mean of 7 experiments. Vertical bars- 
S.E:M. PGE, reduced the depletion of DBH significantly 
(P <0.05 compared to ACh alone) but not completely 
(P <0.005 compared to control). Phenylephrine abolished 
completely the depletion of DBH caused by acetylcholine 
(P <0.02 compared to ACh alone, but no significant differ- 
ence from control (C)). 


were taken out and immediately placed in ice. The exper- 
imental glands were incubated with or without addition 
to the medium of the various agents studied. At termina- 
tion of incubation the glands were separated from the 
medium. The glands were homogenized in a medium con- 
sisting of 0.32 M sucrose and centrifuged at 4° and 1000g 
for 10 min; the supernatant was collected and centrifuged 
at 17000g for 60min. DBH activity was assayed in the 
sediment, after resuspension in sucrose medium, according 
to the method of Kirshner et al. [6] except for the use 
of CuCl, instead of p-chloromercurybenzoate to inactivate 
the inhibitors of DBH. 


RESULTS AND DISCUSSION 


Figure | and Fig. 2 show that CA were released from 
rat adrenals in vitro both by the addition of acetylcholine 
(ACh, 10°*M) and by increased K* concentration in the 
medium (56 mM). Figure | shows that addition of phenyl- 
ephrine (10~* M), an a-adrenergic activator, inhibited the 
release of CA significantly. Figure 2 shows that addition 
of PGE, (1.3 x 10~’ M) to the medium also caused a sig- 


nificant inhibition of CA release from the rat adrenal 
medulla in vitro. 

The release of CA from the adrenal medulla in vivo is 
mediated through ACh released from the splanchnic nerve 
and the process of CA secretion is exocytotic [7]. Figure 
3 shows that ACh (10~* M) added to the medium of incu- 
bation caused a substantial depletion of DBH from the 
rat adrenals incubated in vitro. In one series the depletion 
was of 43.2 + 2.4 per cent and in the second series the 
depletion was 35.0 + 6.6 per cent of the total activity pres- 
ent initially in the gland. When either phenylephrine (an 
a-adrenergic activator) or PGE, were added simul- 
taneously with ACh the depletion of DBH was significantly 
decreased. Phenylephrine completely abolished the loss of 
DBH activity from the glands, whereas PGE, reduced the 
loss from 43.2 to 28.5 per cent. 

Thus, both x-adrenergic activation and PGE, inhibited 
an exocytotic process (since they reduced the depletion of 
DBH caused by ACh). However, PGE, may have affected 
an additional process, too, since the inhibition of DBH 
release was incomplete, while inhibition of CA release by 
PGE, was complete. Dissociation between inhibition of 
CA release and of DBH release has also been recently 
described by Roizen et al. [8]. 

A crucial step in the process of exocytosis is the increase 
of intracellular Ca**. It would seem, therefore, that the 
interference of x-adrenergic activators and (partially) of 
PGE with the release of CA may involve calcium fluxes. 
This possibility is now being further investigated. 
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A method for the determination of platelet and plasma monoamine 
oxidase in whole blood 


(Received 9 March 1976; accepted 16 July 1976) 


Clinical improvement of patients receiving phenelzine 
(Phe) was shown to correlate positively with the degrees 
of monoamine oxidase (monoamine: O, oxidoreductase 
(deaminating), EC 1.4.3.4.) (MAO) inhibition [1,2] and, in 
particular, platelet MAO [3]. Dunleavy et al. [4] claimed 
that only when REM sleep is abolished can phenelzine 
effect improvement. The dose required to achieve this state 
is 90 mg/day, twice that usually administered to patients. 
Data from animal studies [5] showed that small doses of 
phenelzine have a cumulative effect on MAO, which is 
never as great as that observed after a single high dose 
of the drug. 

It is possible that some patients receiving Phe, or some 
other MAOI, never attain the level of MAO inhibition 
necessary for effective therapy. For this reason, it may be 
important to assay enzyme activity at frequent intervals 
at the beginning of therapy in order to adjust the dosage 
to attain a high level of exnzyme inhibition and thus 
shorten the time course of treatment. 

Robinson et al. [6] detailed the characteristics of the 
two MAOs in blood and described methods for assaying 
the activity in platelet and plasma prepared from fresh 
blood. 

We present evidence to suggest that platelet and plasma 
MAO are represented respectively by the activity in the 
pellet and supernatant fractions of lysed whole blood pre- 
pared by high speed centrifugation. 


MATERIALS AND METHODS 


Radioactively ['*C]-labelled benzylamine was obtained 
from Radiochemical Centre, Amersham. Pargyline and 
clorgyline were gifts from Abbott Laboratories and May 
and Baker respectively. 

Preparation of platelets and plasma. Blood (20 ml) was 
withdrawn from the antecubital vein, added to 1% EDTA 
in physiological saline (2 ml) in a siliconised tube and cen- 
trifuged at 500g for 20 min. The platelet-rich plasma was 
aspirated and centrifuged at 2000 g for 10 min. The plate- 
lets formed a firm pellet and the plasma could be decanted 
without contamination. The platelets were resuspended in 
a volume of 0.2M phosphate buffer, pH 7.2, equivalent 
to the original volume of platelet-rich plasma. These prep- 
arations were kept at —20° until required. 

Preparation of pellet and supernatant fractions Fresh 
blood (20 ml) was added to 1%, EDTA in physiological 
saline (2 ml) and lysed by freezing and thawing. The lysate 
was centrifuged at 17,000 g for 30 min at 0°, the superna- 
tant decanted and the pellet resuspended in a volume of 
0.2 M phosphate buffer, pH 7.2 equivalent to the original 


volume of whole blood. These preparations were kept at 
—20° until required. 

Assay of monoamine oxidase activity The method used 
was that described by Robinson et al. [6] for plasma. In 
order that comparisons could be made we adopted the 
same technique for platelets. At the end of the incubation 
period of 1 hr at 37°, cold 60° PCA (0.15 ml) was added, 
and the radioactively-labelled product of MAO activity 
was extracted into toluene (3 ml) by shaking, followed by 
centrifugation. Samples, together with duplicate blanks in 
which PCA had been added at the beginning of the incuba- 
tion, were assayed in duplicate. Two aliquots of the organic 
upper layer were removed, added to 10 ml of toluene-based 
phosphor containing PPO, dimethyl POPOP and Tri- 
ton-X100 [7] and counted in a Packard Tricarb scintilla- 
tion counter. 


RESULTS AND DISCUSSION 

The values for control levels of MAO activity in whole 
blood, platelet, plasma, pellet and supernatant, calculated 
in terms of the volume of whole blood from which these 
fractions derive, are indicated in Table 1. 

Addition of MAO activity in pellet to that in superna- 
tant gives a value which accounts completely for the whole 
blood activity. 

K,, values for oxidation 


benzylamine by _ pellet 


(1.8 x 10°* M) and platelet (1.5 x 10~*M) are similar, 


but different from the values obtained from plasma 
(3 x 10°*M) and supernatant (3.4 x 10~*M). These K,, 
values for platelet and plasma enzymes agree with the 
values detailed by Robinson et al. [6] and confirm the 
existence of two MAOs in blood. That the K,, values for 
platelet and pellet are similar as are those from plasma 
and supernatant, suggest that the techniques of high speed 
centrifugation has also separated the two enzymes. This 
is further supported by the inhibitor studies. 

The oxidation of benzylamine by the enzyme contained 
in platelet is totally inhibited by pargyline (10°*M) a 
known inhibitor of MAO type A. Clorgyline inhibits both 
the A and B forms of MAO but different levels of sensi- 
tivity. The IDs9 of clorgyline for benzylamine oxidation 
by MAO type A (Murphy and Donnelly, 1974) is similar 
to that found for the inhibition of platelet enzyme 
(8.0 x 10° °M) in the present study. Semicarbazide, on the 
other hand, has no effect on the platelet enzyme. 

Similar data were obtained for the oxidation of benzyl- 
amine by the enzyme contained in the resuspended pellet 
suggesting that the platelet and pellet enzymes are similar, 
probably both type A and not type B. 


Table 1. MAO Activities in whole blood fractions 





Total 
control 
whole blood 


Sample 


No. Pellet Supernatant 


Total 
control 
platelet 

and plasma 


Total 
control 
pellet and 
supernatant 


Platelet Plasma 





4.84 (30) 
5.58 (30) 


l 13.14 
2 16.71 


11.18 (70) 
13.24 (70) 


9.25 
11.7 


2.65 (29) 
3.4 (29) 


16.02 
18.82 


6.6 (71) 
8.3 (71) 





Benzylamine oxidised, nmoles/hr/ml whole blood from which fraction is derived. The figures in 


parentheses are 


the activity expressed as a percentage of the corresponding total control. 
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Plasma or supernatant MAO activity is inhibited by 
semicarbazide and is not affected by either pargyline or 
clorgyline. These results indicate that the enzymes con- 
tained in plasma and supernatant are similar to one 
another, different from the enzymes contained in platelet 
and resuspended pellet, and confirm that plasma MAO 
is neither type A nor B (Murphy and Donnelly, 1974). 

Although Robinson et al. [6] recommend that the plate- 
let enzyme be monitored during MAOI therapy, they com- 
pared urinary metabolites with both blood MAO activities 
during administration of MAOIs to normals only and not 
to patients suffering from psychiatric disorders. 

Youdim et al. [11] suggested that because isoenzymes 
have different inhibitor kinetics, any one inhibitor may 
have a particular mechanism of action dependent on the 
isoenzyme it inhibits most strongly. Controlling both plate- 
let and plasma MAO would, therefore, appear to be a 
necessary requisite when investigating the biochemical cor- 
relates of clinical improvement induced by MAOIs. 

The comparisons made here suggest that particle bound 
and soluble enzyme activities may be equated with platelet 
and plasma activities respectively. In high speed centrifuga- 
tion, we have a technique which, in practice, provides a 
clinically more convenient method for the assay of both 
blood monoamine oxidases. 
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COMMENTARY 


INHIBITION OF URATE PRODUCTION BY ALLOPURINOL 


THOMAS SPECTOR 
Wellcome Research Laboratories, Research Triangle Park, NC 27709, U.S.A. 


Allopurinol has provided the clinician with an entirely 
novel approach to the treatment of hyperuricemia. 
In contrast to the anti-inflammatory and uricosuric 
agents which traditionally have been applied to the 
problems of hyperuricemia, allopurinol prevents 
hyperuricemia by inhibiting the synthesis of urate. 
Although the overall mode of action by which allo- 
purinol accomplishes this has been well established, 
the process is by no means simple. In fact, it appears 
that the complexities of allopurinol’s molecular inter- 
actions have fostered some misconceptions and misin- 
terpretations. In an attempt to clarify the mechanism 
of action of allopurinol, the studies of the key proper- 
ties of this agent and its active metabolite, oxipurinol, 
have been integrated into the following Commentary. 


Mechanism of the inhibition of xanthine oxidase 


Although the lowering of urate levels in vivo by 
allopurinol is basically caused by the inhibition of 
xanthine oxidase, allopurinol should be viewed as an 
alternate-substrate inhibitor. The tenacious inhibition 
of xanthine oxidase is a result of the unconventional 
binding of the oxidized product, oxipurinol (Fig. 1). 

The excellent substrate activity of allopurinol is 
characterized by a binding constant (1-7 x 10-7 M) 
that is about 5 to 40-fold lower than the K,, of the 
physiological substrate, xanthine [1], and a V,,, that 
is 2 to 6-fold faster than the V,,,, for xanthine [2-4]. 
However, under conditions where oxygen serves to 
accept electrons from xanthine oxidase, the rapid rate 


0 H 
&, ra 
HOH 


ALLOPURINOL 
(4-HYDROXYPYRAZOLOC3,4-d JPYRIMIDINE ) 


20 


for the oxidation of allopurinol exponentially de- 
creases (T,,2 = 18 sec at 25°) to a rate of <1 per 
cent the rate observed with xanthine [5]. This decele- 
ration in the rate for the conversion of allopurinol 
to oxipurinol is caused by a rather unusual type of 
alternate-product inhibition [3,6] that has been 
termed “suicidal” [3]. The identification of oxipurinol 
as the active inhibitor of its own production as well 
as the production of urate and the discovery of the 
intricate mechanism of its inhibition were the results 
of two independent investigations in 1970 [3, 6]. 
The clues that greatly aided the understanding of 
the nature of the inhibition arose from earlier studies 
with xanthine oxidase. The original study of Elion 
[1] demonstrated that while allopurinol could slowly 
(within 5 min at 25°) bring about the “apparent inacti- 
vation” of xanthine oxidase in the absence or presence 
of xanthine, “apparent inactivation” by oxipurinol 
required the presence of xanthine. In the absence of 
xanthine, the binding of oxipurinol was considerably 
weaker. The other studies revealed that the rapid oxi- 
dation of allopurinol or xanthine in the presence of 
allopurinol, as mediated by xanthine oxidase, could 
be sustained (i.e. avoiding the exponential decline in 
rate) if an artificial electron acceptor, such as 2,6-dich- 
lorophenolindophenol (DCIP), phenazinemethosul- 
fate or ferricyanide, was substituted for oxygen [2, 4]. 
The molecular events that were reflected in these 
observations were dependent upon the oxidation state 
of one of the elements of the self-contained electron 
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Fig. 1. Production of the tight-binding inhibitor of xanthine oxidase (X.O.). 
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transport chain of xanthine oxidase. That is, the tight 
binding of oxipurinol (K, = 5 x 10~'° M [6]) occurs 
only when molybdenum (Mo) is in an electronically 
reduced [3, 6] state; and, conversely, the rapid release 
of oxipurinol is promoted by the efficient reoxidation 
of this element by the artificial electron acceptors 
[2-4]. 

The members of the electron transport chain, in 
their oxidized states, consist of Mo (VI), two iron/sul- 
fur centers and FAD. Reducing equivalents flow from 
the substrate to O, via this chain, entering at Mo 
and exiting at FAD (see Ref. 7 for review). The iron 
sulfur centers act as electron reservoirs serving to 


maintain the efficiency of this process [8]. When oxi- © 


purinol binds to the active site of xanthine oxidase, 
it complexes Mo [5] in the formal oxidation state 
of IV [3] and thereby renders this component inac- 
cessible to reoxidation by the other components of 
the chain or by O,. The artificial electron acceptors 
can, on the other hand, directly reoxidize the Mo and 
cause the rapid release of the tightly bound oxipurinol 
[2-4, 9]. 


Conditions for inhibition in vitro 


The three constituents required to produce the 
most effective inhibition of xanthine oxidase are: oxi- 
purinol, xanthine oxidase with Mo in the oxidation 
state of IV (reduced), and time. Oxipurinol, in slight 
excess, must be incubated with xanthine oxidase. It 
can either be added directly, or generated from allo- 
purinol [1, 3,6]. It should be reiterated here that the 
binding of oxipurinol under these conditions is three 
orders of magnitude more tenacious than that of allo- 
purinol. In experiments where allopurinol and xan- 
thine oxidase were incubated either anaerobically [3] 
or in the presence of a chemical reductant [6], only 
oxipurinol (not allopurinol) was found to be tightly 
bound to the enzyme. 

The Mo of the enzyme may be reduced either by 
a substrate, such as hypoxanthine, xanthine or allo- 
purinol [1, 3,5], or by a chemical such as dithionite 
[6]. Furthermore, since the binding of oxipurinol is 
a slow process, the enzyme must remain reduced for 
the required time period. This is accomplished with 
either excess reductant [1, 3,6] or with stoichiometric 
amounts of reductant (i.e. six reducing equivalents 
active center) and strict anaerobicity [3]. It is also 
important to note that the time-dependence for the 
binding is very sensitive to temperature. The develop- 
ment of the inhibition requires an incubation of less 
than | min at 40°, but over 2 hr at 2° [6]. 

Whereas violation of the above conditions will 
result in less than maximal inhibition, adherence to 
them will produce an enzyme-inhibitor complex with 
a dissociation constant of 5 x 10°'° M [6].* The 
slowness of the dissociation of this complex is exem- 
plified by the initial inability of either the dilution 
of the complex or the addition of substrate to pro- 
mote its breakdown [6]. This tight-binding property 
of oxipurinol has been exploited in titration studies 
with xanthine oxidase. It was of interest that a stoichi- 
ometry of less than | mole of bound inhibitor/mole 





* Comparative studies of the overall potency of inhibi- 
tors of xanthine oxidase vs allopurinol should be refer- 
enced against this K, value for oxipurinol. 
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Fig. 2. Time-dependence for the binding of oxipurinol to 
xanthine oxidase and for the release of oxupurinol as pro- 
moted by dichlorophenolindophenol (DCIP). The oxi- 
dation of xanthine (167 uM) by bovine milk xanthine oxi- 
dase at 25° was monitored spectrophotometrically 
(AE399 = 7.8 mM~', cm~'). Reactions B and C illustrate 
the slow formation of the inhibitor complex. The dissocia- 
tion of this complex after the reoxidation of reduced xan- 
thine oxidase (note short lag) by DCIP is illustrated in 
reaction B. The reduction of DCIP has a AE399 = —0.9 
mM ~!, cm~!. This figure was reproduced from Ref. 9. 


of enzyme was obtained [3,6]. These findings con- 
firmed the earlier evidence [10-12] that a population 
of non-functional enzyme was present in the prep- 
arations of xanthine oxidase. Resolution of functional 
and non-functional enzyme was later accomplished 
with an affinity column consisting of a derivative of 
oxipurinol as the attached ligand [13]. 


Reversibility of inhibition 

Oxipurinol is correctly described as a “titrating,” 
“stoichiometric,” or “pseudoirreversible” inhibitor 
that causes apparent inactivation of xanthine oxidase, 
but it is not an irreversible inhibitor. There is no evi- 
dence for covalent bond formation. In fact, the rever- 
sibility of the inhibition has been demonstrated by 
several different approaches. For example, the inhibi- 
tion is slowly reversed by prolonged dialysis [1], or 
rapidly reversed in the presence of certain artificial 
electron acceptors [2-4, 9]. The rapid reversal, as well 
as the slow development of the inhibition, is illus- 
trated in Fig. 2. This reversal is due to the direct 
reoxidation of Mo (IV) and subsequent release of oxi- 
purinol. Reversal will also occur spontaneously 
(T,,2 = 6 hr) if the xanthine oxidase—oxipurinol com- 
plex is incubated in the absence of a reductant under 
aerobic conditions [3]. In this case, however, it is 
not established whether the dissociation of the inhibi- 
tor or the reoxidation of the Mo occurs first. Finally, 
the activity will return at an intermediate rate if the 
inhibitor complex is incubated with xanthine [6, 9]. 
The amount of reversal in the presence of substrate 
is directly related to the duration of catalytic cycling. 
While the initial reversal is negligible, approximately 
50 per cent reversal is observed within 10-15 min. 
It is conceivable that the superoxide anion (O37) 
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generated during the catalytic cycling may facilitate 
the reoxidation of reduced Mo. 

Clearly, enzyme complexed with oxipurinol will not 
catalyze the oxidation of substrates that bind to the 
xanthine site. However, the remaining portions of the 
molecule should not be considered inert. Although 
a paucity of information on this subject is available, 
it is established that the xanthine oxidase—oxipurinol 
complex can readily accept reducing equivalents from 
NADH by direct transfer at the FAD site [3]. Pre- 
sumably, the oxidation of NADH could, therefore, 
catalytically proceed with O, as the electron acceptor 
and without displacement of bound oxipurinol.* Con- 
sequently, empirical evidence should be obtained 
before it is assumed that the oxidation or reduction 
of an unconventional! substrate by xanthine oxidase 
will be prevented by allopurinol or oxipurinol. 


Studies in vivo 


The efficacy of allopurinol seems to be facilitated 
by the fact that the active inhibitor is metabolically 
produced in vivo. Studies have shown [14-17] that 
the oral administration of oxipurinol will bring about 
the lowering of plasma and urinary urate, but the 
required dose (600 mg/day) is twice that required with 
allopurinol. Actually, the plasma levels of oxipurinol 
achieved from a single 300 mg dose of allopurinol 
were slightly higher than those obtained after giving 
600 mg oxipurinol directly [15]. The disadvantage of 
the oral administration of oxipurinol instead of allo- 
purinol seems to be related to the relatively poor 
absorption of oxipurinol [15]. 

The production in vivo of oxipurinol manages to 
persist throughout the entire course of treatment with 
allopurinol [16]. A portion of allopurinol is undoubt- 
edly oxidized by xanthine oxidase that is not com- 
plexed with oxipurinol. Studies with partially purified 
enzyme [18] and in vivo studies with mice [19] sup- 
port the hypothesis that the remainder may be oxi- 
dized by aldehyde oxidase (EC 1.2.3.1). This enzyme 
will catalyze the conversion of hypoxanthine to xan- 
thine as well as allopurinol to oxipurinol, but not 
the conversion of xanthine to urate (see Ref. 20 for 
review). 

There were two case histories of xanthinuric 
patients, grossly deficient in xanthine oxidase, that are 
pertinent to this topic. One patient readily converted 
allopurinol to oxipurinol [21], but the other patient 
converted only minute amounts [16]. The oxidation 
of allopurinol by the former patient had been attri- 
buted to the catalytic action of IMP dehydrogenase 
(EC 1.2.1.1.4) subsequent to the formation of allopur- 
inol nucleotide [21]. Recent studies in vitro, however, 
have demonstrated that allopurinol nucleotide is not 
a substrate for this enzyme (i.e. the velocity was less 
than 0.003 per cent of that observed with IMP [22)). 

An alternate explanation of these data is that alde- 
hyde oxidase is capable of oxidizing allopurinol in 
humans as it does in mice. Thus, the patient who 





* Catalytic oxidation of NADH by oxipurinol-com- 
plexed xanthine oxidase has been demonstrated with ferri- 
cyanide serving as the electron acceptor [3]. These results 
are unfortunately equivocal because ferricyanide will di- 
rectly reoxidize the Mo (IV) and thereby release the inhibi- 
tor. 


formed oxipurinol from allopurinol possessed alde- 
hyde oxidase, while the other patient was deficient 
in aldehyde oxidase as well as xanthine oxidase. 

To date, there are reports of five xanthinuric 
patients. Two of these patients readily convert allo- 
purinol to oxipurinol. A review of these studies is 
presented in Ref. 7. 

It is of interest that oxipurinol, a structural isomer 
of xanthine, behaves very much like urate with respect 
to its clearance in the human kidney. Its rate of clear- 
ance (approximately 20 ml/min) is only about three 
times faster than that for urate [15, 16]. Apparently, 
it is reabsorbed [15,16], but not secreted [15], at 
the urate site in the tubules, and is responsive to the 
uricosuric action of probenecid [15, 16]. This uncom- 
mon feature accounts for the extended half-life (18—33 
hr) of oxipurinol in human plasma [15, 16], and prob- 
ably is important to the time-dependence of the for- 
mation of the inhibitor complex with xanthine oxi- 
dase. Allopurinol, on the other hand, is rapidly 
cleared by the kidney with a rate approaching the 
glomerular filtration rate [16]. 

' In addition to the inhibition of xanthine oxidase, 
there exist other factors that probably contribute to 
the mode of action by which allopurinol inhibits the 
production of urate. Subsequent to the inhibition of 
xanthine oxidase, there is a dramatic increase in the 
reutilization of hypoxanthine and xanthine by conver- 
sion to their respective nucleotide monophosphates. 
In turn, these nucleotides may serve as feedback in- 
hibitors of the de novo pathway for the biosynthesis 
of purines (see Refs. 23 and 24 for reviews). Therefore, 
in addition to the individual contributions of this 
enhunced reutilization and subsequent feedback inhi- 
bition to the decrease of urate production, there is 
a multiple lowering of the substrate pressure that 
hypoxanthine and xanthine exert on inhibited xan- 
thine oxidase. Consequently, these effects may provide 
additional assistance to the inhibition by oxipurinol. 


SUMMARY 


The mechanism by which allopurinol decreases 
urate production involves the inhibition of xanthine 
oxidase. The active inhibitor, oxipurinol, is metaboli- 
cally produced by the oxidation of allopurinol as 
catalyzed by xanthine oxidase and/or aldehyde oxi- 
dase. Oxipurinol slowly forms a reversible complex 
with electronically reduced xanthine oxidase which 
has a dissociation constant of 5 x 10°'° M. Since, 
compared to oxipurinol, allopurinol is more effi- 
ciently absorbed from the gastrointestinal tract, the 
production in vivo of oxipurinol is more effective than 
the direct oral administration. Reabsorption of oxi- 
purinol at the urate site of the renal tubules greatly 
prolongs its biological half-life. The inhibition of xan- 
thine oxidase results in the enhancement of both the 
reutilization of hypoxanthine and xanthine by conver- 
sion of the bases to their nucleotides and the sub- 
sequent feedback inhibition of the purine biosynthetic 
pathway by these nucleotides. These last two pro- 
cesses may provide additional assistance to the inhibi- 
tion by oxipurinol, since they cause a multiple lower- 
ing of the substrate pressure on inhibited xanthine 
oxidase. 
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Abstract—Three ADA (adenosine deaminase) inhibitors, DHMPR (1,6-dihydro-6-hydroxymethyl purine 
ribonucleoside); EHNA [erythro-9-(2-hydroxy-3 nonyl)adenine]; and deoxycoformycin [(R)-3-(2-deoxy- 
f-p-erythro-pento-furanosyl}-3,6,7,8-tetrahydroimidazo[4,5-d] [1,3-diazepin-8-ol] or Covidarabin, were 
compared with regard to their inhibitory behavior with ADAs from human erythrocytes and calf 
intestine. Marked differences in the times required for establishment of steady state between the enzyme 
and inhibitors were observed, e.g. DHMPR, virtually instantaneous; EHNA, 2-3 min; and deoxycofor- 
mycin, many hr. The parameters of the inhibition of human erythrocytic ADA by deoxycoformycin 
were as follows: the association rate constant (k,) = 2.6 x 10°M~' sec” '; the dissociation rate constant 
of the enzyme-inhibitor complex (k,) = 6.6 x 10°° sec” '; K; (from k,/k,) = 2.5 x 10°'?M and K; 
(from I,9) = 1.5 x 10~'!'M. The K; values for EHNA and DHMPR, as determined by classical 
methods after attainment of steady state, were 1.6 x 10°° and 1.3 x 10°°M, respectively, for human 
erythrocytic ADA. The kinetic parameters for EHNA and calf intestinal ADA were as follows: 
K; = 6.5 x 107° M (by the method of I); k; = 0.7 x 10°M~! sec”! and k, = 4.6 x 10>? sec™'. On 
the basis of K; values, the inhibitors, DHMPR, EHNA and deoxycoformycin (a transition state analog), 
were classified as readily reversible, semi-tight-binding and tight-binding inhibitors. The difficulties 
encountered in the kinetic analyses of different types of inhibitors and the methods for dealing with 


the problems of these inhibitors are discussed. 


In a recent publication, Cha[1] described a new 
theoretical approach to the study of tight-binding 
ligands with enzymes or other macromolecules of bio- 
logical interest. It was emphasized that under com- 
monly used experimental conditions, in the presence 
of a tight-binding ligand, the non-steady state phase 
between the macromolecule and the ligand—macro- 
molecular complex may be so prolonged that the 
familiar methods of analysis based on steady state 
kinetics cannot be applied directly, e.g. for the deter- 
mination of-the inhibition constants or mechanisms 
of tight-binding enzyme inhibitors. Studies designed 
to test this new theory that employed human erythro- 
cytic adenosine deaminase (ADA)f{ and the tight- 
binding inhibitor, coformycin, clearly showed that the 
classical methods of kinetic analysis based on steady 
state assumptions were grossly inadequate for deter- 
mination of either the inhibition constants or reaction 
mechanisms [2]. This new approach[1] has permit- 
ted the development of experimental procedures that 
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(R)-3-(2-deoxy-f-p-erythro-pento-furanosyl)-3,6,7,8-tetra- 
hydroimidazo[4,5-d] [1,3]diazepin-8-ol, deoxycofori.ycin, 
Covidarabine. 
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enable ready measurement of such parameters as the 
K, values, the individual velocity constants (k, and 
k,) of the association and dissociation reactions 
between the enzyme and inhibitor, as well as the 
molar equivalency and catalytic numbers of the 
enzyme [2]. In a recent further theoretical advance, 
Cha [3] has devised methods for readily determining 
the inhibition mechanism, i.e. competitive, non-com- 
petitive, of the inhibitor-enzyme interaction. 

In our initial studies with a partially purified prep- 
aration of human erythrocytic ADA, the kinetic par- 
ameters (K,,, relative V,,,, and K; values) of the 
natural substrates, adenosine and 2’-deoxyadenosine 
and products inosine and 2’-deoxyinosine, as well as 
a number of adenosine analogs, were examined [4]. 
Also included were preliminary studies of coformy- 
cin[4] which attempted to employ the classical 
methods of inhibition analysis. These studies sug- 
gested that coformycin is a competitive inhibitor of 
the enzyme with a K; value of about 
1 x 10°°M [2,4]. 

More recent investigations of the interaction of 
coformycin and human erythrocytic ADA [2] that 
employed methodology derived from the theoretical 
approaches of Cha [1] demonstrated that the inhibi- 
tion is much more potent than indicated by the earlier 
studies. For a reaction: 


E+ lat El (1) 
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the K; value for coformycin was determined by two 
procedures* It was possible to measure directly the 
second-order association rate constant (k,) and the 
first-order dissociation rate constant of the EJ com- 
plex (k,). From these rate constants, the K; value was 
calculated from the relation: 


K, = ko/ky (2) 


A second method for determination of the inhibi- 
tion constant was based on the equation. derived by 
Cha [1]: 


Iso = K, + 1/2 E, (3) 


When the ADA was preincubated with coformycin 
for about 50 min, both methods yielded comparable 
K; values, ic. about | x 107~'° M. However, more 
prolonged incubation (10 hr) yielded K; values that 
were about 10-fold lower and suggested the possibility 
that the EJ complex undergoes an as yet undefined 
conformational change that increases the tightness 
with which the coformycin binds to the enzyme [2]. 

Since completion of these studies with coformycin, 
we have had the opportunity to test further these 
newer methods of inhibition analysis of ADA by the 
availability of several ADA inhibitors [5-8] that 
appear to vary significantly in potency (for structures, 
see Fig. 1). The reported K; values for two of these 
compounds fell in the range of | x 10° to 
10°-° M[5,6], which suggested that the group in- 
cluded readily reversible, tight-binding and semi- 
tight-binding inhibitors. This novel group of ADA in- 
hibitors has permitted us to compare the relative use- 
fulness of several methods of analysis of enzymic inhi- 
bition, and the results of these studies are presented 


19] 

A 
H-N N. 
Oe 


HO-H,C | 


HO OH 


INOSINE 


HCH OH 


DHMPR DEOX Y COFORMYCIN 


Fig. |. Structures of substrates and inhibitors of adenosine 
deaminase. 





*Symbols are defined as follows: k, = rate constant for 
forward reaction (association); k, = rate constant for 
backward reaction (dissociation); v,, v; = enzyme reaction 
velocity in the absence of inhibitor and in the presence 
of inhibitor, respectively; K; = inhibition constant or the 
dissociation constant of the EJ complex; E = enzyme (or 
macromolecule); E, = total enzyme; / = inhibitor (or 
ligand); EI = enzyme-inhibitor complex; and Is 9 = total 
inhibitor concentration at which the enzyme reaction velo- 
city is 50 per cent of the uninhibited reaction. 


below. A preliminary report of some of these studies 
has been presented [9]. 


MATERIALS AND METHODS 


Adenosine was purchased from P. L. Biochemicals, 
Inc., Milwaukee, Wisc. d-Coformycin [(R)-3-(2-deoxy- 
B-erythro-pento-furanosy]l)-3,6,7,8-tetrahydroimidazo 
[4,5-d][1,3]diazepin-8-ol] was a gift from Dr. H. W. 
Dion of Parke, Davis & Co., Detroit, Mich. [8]. 
DHMPR (1,6-dihydro-6-hydroxymethyl purine ribo- 
nucleoside) was a gift from Dr. R. V. Wolfenden of 
the University of North Carolina, Chapel Hill, N.C. 
[5]. EHNA [erythro-9-(2-hydroxy-3-nonyl) adenine] 
was prepared by Schaeffer and Schwender[6] and 
was obtained through Dr. G. B. Elion of the Well- 
come Research Laboratories, Research Triangle Park, 
NC. The concentrations of solution of d-coformycin 
(€>82 am in H,O = 8.0 x 10%), [7], DHMPR (€303 am 
in H,O = 4.17 x 10°)[6], and EHNA (€96; am in 
H,O = 14.2 x 10%) were determined by spectropho- 
tometry at the wavelengths of the absorption maxima. 

The human erythrocytic adenosine deaminase 
(adenosine aminohydrolase, EC 3.5.4.4, ADA) was a 
preparation (0.36 units/mg of protein), partially puri- 
fied as described earlier [4]. The activity of the eryth- 
rocytic adenosine deaminase was measured spectro- 
photometrically as described previously [4], by fol- 
lowing the decrease in absorbancy at 265nm in 
50mM phosphate buffer, pH 7.5, at room tempera- 
ture. Calf intestinal adenosine deaminase, purchased 
from Boehringer Mannheim (200 units/mg), was 
assayed in 20mM morpholilopropane sulfonic acid 
(MOPS) buffer, pH 6.8, at 25°. The concentration of 
adenosine for these studies was 0.1 mM. The K,, for 
adenosine with the calf intestinal enzyme was 
0.037 mM (data not shown), whereas the K,,, for the 
human erythrocytic enzyme is 0.025mM [4]. The 
hemoglobin-coated charcoal used in the study of dis- 
sociation of the adenosine deaminase—d-coformycin 
complex was prepared as described by Waxman et 
al. [10]. 


RESULTS 


Interaction between various inhibitors and human 
erythrocytic adenosine deaminase. Figure 2 shows 
spectrophotometric tracings of the adenosine dea- 
minase reaction using adenosine as the substrate in 
the presence of various inhibitors. Two methods were 
used to study the reaction. 

In method 1, the substrate and 


inhibitor were 


‘added to the assay reaction mixture minus the 


enzyme, and the reaction was started by adding ADA. 
In method 2, the enzyme and the inhibitor were prein- 
cubated for a specific time period in the assay reac- 
tion mixture minus the substrate, and the reaction 
was started by addition of the substrate. 

As is evident from frame A, DHMPR inhibited the 
enzymic reaction but no difference was observed 
between methods | and 2, suggesting that steady state 
conditions between the enzyme and inhibitor were 
established quickly. Frame B presents the reaction 
with EHNA and ADA. When the reaction was started 
by addition of the enzyme (method 1), initially (during 
min 1) significant inhibition was not observed. How- 
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Fig. 2. Spectrophotometric tracings of the reaction of human erythrocytic adenosine deaminase in 
the presence of DHMPR (frame A), EHNA (frame B) and d-coformycin (frame C). Reaction mixtures 
in a total volume of 1.0 ml contained: phosphate buffer, 50 mM, pH 7.5; adenosine 0.1 mM; human 
erythrocytic ADA, 0.0033 units and inhibitors (concentration as indicated). Where inhibitors were used, 
two methods were employed: preincubation of enzyme and inhibitor (+), where the enzyme and inhibi- 
tor were preincubated for the time indicated in 0.99 ml phosphate buffer at room temperature and 
the reaction was started by addition of substrate, adenosine (10 sl); without preincubation (—), where 
the reaction was started by addition of ADA (10 ul) to a mixture of adenosine and inhibitor in phosphate 
buffer. The reactions were followed at room temperature by measuring decrease in absorbance at 
265 nm in a Beckman spectrophotometer equipped with a Gilford recorder. 


ever, inhibition of the reaction became apparent after 
1 min and reached steady state at 2-3 min. On the 
other hand, when the enzyme and inhibitor were 
preincubated for 10 min prior.to addition of the sub- 
strate (method 2), the reaction was completely inhi- 
bited, initially. This inhibition was slowly released, 
and after 2-3 min, the reaction rate was essentially 
similar to that of method 1, suggesting that steady 
state conditions were also established after 2-3 min. 

In contrast to the above examples where the order 
of addition of the reactants or preincubation of ADA 
with an inhibitor had either no effect (DHMPR) or 
a relatively transient effect (EHNA), the results with 
d-coformycin (Fig. 2, frame C) yielded markedly dif- 
ferent results. Here, when the reaction mixture con- 
tained a very small but completely inhibitory amount 
of d-coformycin (2.0nM) and the assay was started 
by addition of the enzyme, little or no inhibition was 
observed over the first 2-3 min and only slight inhibi- 
tion was seen after 5-6 min. Also, at the higher con- 
centration of d-coformycin (10 nM), initially there was 
only a little inhibition, but this inhibition became pro- 
gressively more pronounced over a 5-min period. 
However, if ADA and d-coformycin (2.0nM) were 
preincubated for 15 min, and the reaction was started 
by addition of adenosine, almost total inhibition of 


the enzyme was observed throughout the 6 min of 
the experiment. Results comparable to these were de- 
scribed earlier with the tight-binding inhibitor, cofor- 
mycin [2]. Thus, in this example, the order of addi- 
tion of reactants and the period of preincubation of 
enzyme and inhibitor had a profound effect on the 
experimental results obtained. 

Analyses of the inhibitions of human erythrocytic 
adenosine deaminase by DHMPR and EHNA. As 
observed above, steady state conditions were achieved 
very rapidly between DHMPR and ADA and after 
a period of 2-3 min with the combination of EHNA 
and ADA. On the other hand, no evidence of the 
attainment of steady state conditions was seen with 
the combination of d-coformycin and ADA, even after 
5min of incubation. These observations indicated 
that the classical methods of determination of inhibi- 
tion constants (K,) could be utilized directly for the 
study of DHMPR and after a period of 3 or more 
min of preincubation of ADA with EHNA. On the 
other hand, these methods would be of negligible 
value in the study of the tight-binding inhibitor, 
d-coformycin. 

Figure 3 presents the results of a kinetic analysis 
of DHMPR and the determination of the K; values 
through the use of the standard double reciprocal 
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Fig. 3. Double reciprocal plots of the adenosine deaminase reaction in the presence of DHMPR. 

In all cases, the reactions were started by addition of 0.0033 units of human erythrocytic ADA. The 

inset is a replot of slope vs DHMPR concentrations. From the replot the K; value of DHMPR 
was estimated to be 1.3 x 10°°M. 


plots with subsequent replotting of the slopes vs the 
inhibitor concentration. A classical pattern of com- 
petitive inhibition was obtained and the K; value of 
DHMPR was estimated to be 1.3 x 10°°M, which 
is somewhat lower than the value of 7.6 x 10°°M 
reported for this compound with calf intestinal 
ADA [5]. 

Figure 4 shows the results of a kinetic analysis per- 
formed with EHNA, which employed velocity 
measurements determined after the attainment of 
steady state conditions between the inhibitor and 











enzyme (after about 3 min). The double reciprocal 
plots yielded patterns consistent with classical com- 
petitive inhibition. The replot of the slope vs EHNA 
concentration was linear and yielded a K,; value of 
1.6 x 10°?M. 

Ackermann—Potter analysis with human erythrocytic 
adenosine deaminase. Figure 5A presents an Acker- 
mann-Potter plot [11], using the ADA~—d-coformycin 
combination, which clearly indicates that d-coformy- 
cin is a tight-binding inhibitor. On the other hand, 
EHNA did not produce a classical Ackermann-—Potter 
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Fig. 4. Double reciprocal plot of adenosine deaminase reaction in the presence of EHNA. Human 
erythrocytic ADA (0.0033 units) and EHNA (concentrations as indicated) were incubated at room tem- 
perature for 10 min in a total volume of 0.99 ml containing 50mM phosphate buffer, pH 7.5. The 
steady state velocities were taken 3 min after the start of the reaction. From a replot of slope vs 
EHNA concentrations (inset), the K; value of EHNA was estimated to be 1.6 x 107? M. 
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Fig. 5. Ackermann-Potter plot of the reaction of human erythrocytic adenosine deaminase with d-cofor- 
mycin. Various amounts of ADA were incubated in a total volume of 0.99 ml containing 50 mM 
phosphate buffer, pH 7.5, and varying concentrations of d-coformycin. After incubation for 1 hr at 
room temperature, the enzymic reaction was started by addition of 10 ul of 10mM adenosine (final 
concn 0.1 mM). The reaction was followed by measuring the decrease in absorbancy at 265nm at 
room temperature. Frame A: plot of enzymic velocity, V (nmoles/min/ml) vs the enzymic concentration 
(units/liter). Frame B: plot of E, (units/liter) intercept (from frame A) vs d-coformycin concentration. 
From this plot it was observed that | unit ADA/liter corresponds to a concentration of about 
1.3 x 10°'°M. Frame C: plot of V-intercept (from frame A) vs d-coformycin concentration. From 


the slope, the value of the catalytic number was calculated to be 0.8 x 10* min™'. 


plot with the experimental conditions used (data not 
shown). As reported earlier[1,2], the finding of an 
apparent stoichiometric inhibitory pattern does not 
necessarily indicate the formation of a covalent bond 
between the enzyme and inhibitor, but may be 
explained by a much slower equilibration between the 
inhibitor and the enzyme than between the enzyme 
and substrate. Although the Ackermann—Potter plot 
cannot be used to determine the K,; value of d-cofor- 
mycin, the E,- and V-intercepts may be utilized to 
calculate the molar equivalency and the catalytic 
number* of the enzyme. From a plot of E, vs d-cofor- 
mycin concentration (Fig. 5B), the molar equivalency 
of the enzyme was calculated to be about | unit/liter, 
corresponding to 1.3 x 10~'° M, a value close to that 
obtained earlier with coformycin (1.0 x 10~'° M) [2]. 
From the slope of the graph of the V-inteicept vs 
the d-coformycin concentration (Fig. 5C), the value 
of the catalytic number was calculated to be about 
0.8 x 10*min~', which approximates the value of 
about 1.0 x 10*min~! reported previously with 
coformycin [2]. 

Use of 159 for the estimation of the K,; of d-coformy- 
cin with human erythrocytic adenosine deaminase. Since 





* The catalytic number is defined as the number of moles 
of substrate converted to product/mole of active center of 
the enzyme/min under the defined conditions. 
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the data of Fig. 2C clearly demonstrate the inapplica- 
bility of the classical methods for the determination 
of the K; value of d-coformycin with human erythro- 
cytic ADA, procedures proposed in recent publica- 
tions from this group were employed, therefore, for 
the estimation of this parameter [1,2]. One of these 
procedures involves the determination of I; values 
at various concentrations of the enzyme[1] and 
analysis of the data in accord with equation 3. As 
pointed out earlier, it may be practical to employ 
the same data used for the Ackermann-—Potter plot 
(Fig. SA) for the I;, analysis; in this tase, one plots 
UV,/v; VS the concentration of the inhibitor d-coformy- 
cin. The I;,. values correspond to inhibitor concen- 
trations at the points where the ratio of vp/v; equals 
2 (Fig. 6A). 

The replot of the J,, vs E, according to equation 
3 yields a straight line that intersects the [59 axis 
at a point corresponding to the K; value, and the 
E, axis at —2K;. From this plot of Is. vs E,, the 
K;, value for d-coformycin was estimated to be about 
1.5 x 10°"! M, a value about 6-fold greater than that 
determined by the measurement of the velocity con- 
stants of the association and dissociation reactions 
as described below. It should be noted that in Fig. 
6B, the line derived from the plot of I59 vs E, inter- 
sects both axes at points very close to the origin. 
Therefore, as noted in the discussion below, the esti- 
mation of K; from this experiment may be less accu- 
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A, were replotted as v,/v; vs d-coformycin concentration. Frame B: a plot of I; vs enzyme concen- 
tration. From this plot the K; value of d-coformycin was calculated to be 1.5 x 107"! M. 


rate than that calculated from the velocity constants 
k, and k,. 

Determination of velocity constants of the human 
erythrocytic adenosine deaminase—d-coformycin inter- 
action. It was shown previously that under favorable 
experimental conditions the velocity constants of the 
association and dissociation reactions between a 
potent, tight-binding inhibitor and an enzyme may 
be determined directly. As shown in Fig. 7, it has 
been possible to establish conditions whereby the 
second-order association velocity constant of the 
ADA-~d-coformycin reaction could be measured. The 
technique employed was to use d-coformycin concen- 
trations sufficiently high that significant depletion of 
the inhibitor did not occur as the result of interaction 
with the enzyme. Thus, a family of pseudo-first-order 
velocity constants was determined at different concen- 
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Fig. 7. Rate of association of human erythrocytic adeno- 
sine deaminase and d-coformycin. ADA (0.0033 units) was 
incubated with various concentrations of d-coformycin in 
0.99 ml phosphate buffer. After incubation at room tem- 
perature for various time intervals, the reactions were 
started by addition of 10 ul of 10 mM adenosine (final con- 

centration 0.1 mM). 


trations of d-coformycin according to the following 
relationship: 
(4) 


From the pseudo-first-order velocity constants, calcu- 
lated from Fig. 7, the value of k, was estimated at 
2.6 x 10°M~'sec™! as described previously [1, 2]. 
This value is close to the k, of the ADA—coformycin 
reaction (2.1 x 10°M~! sec~')[2]. The similarity of 
these values is not surprising, since we are dealing 
with the same enzyme and two inhibitors that are 
similar both in structure and physical properties. 
Therefore, the velocity of the interaction should be 
strongly influenced by rates of diffusion and collision 
frequencies which should be similar with both inhibi- 
tors. 

Figure .8 demonstrates an experiment in which the 
rate of dissociation of the ADA-—d-coformycin com- 
plex was measured by a method similar to that de- 
scribed earlier [2]. In this case, the ADA was incu- 
bated for | hr with an excess of d-coformycin, condi- 
tions under which the enzyme is completely inhibited, 
after which the unreacted inhibitor was removed by 
treatment of the reaction mixture with charcoal. The 
enzyme-inhibitor complex was then diluted about 
50-fold and stirred at room temperature in the pres- 
ence of charcoal. Periodically aliquots were removed 
and centrifuged and the supernatant fluids were 
assayed for the presence of released, non-inhibited 
ADA. As shown in Fig. 8B, when the logarithm of 
the remaining EJ complex was plotted vs time, a 
straight line was obtained over a 25- to 30-hr period, 
that made possible the extrapolation of a T,,. value 
of about 29 hr as well as the k, value from the rela- 
tion: 


Pseudo-first-order velocity constant = k, x (J) 


_ 0.693. 


k, 
T, 


(5) 


The value of k, was determined to be about 
6.6 x 10°° sec™'. It should be noted that several dif- 
ferences were seen between this experiment and that 
reported earlier for the dissociation of the ADA- 
coformycin complex [2]. In the earlier experiments, 
a diphasic, rather than linear semilogarithmic plot 
was obtained and the T,,, values were 75 min and 





Inhibitors of adenosine deaminase 








Tr 


reete- 2 T 
ied omen. 7 


3 


a 
d-COFORMYCIN TREATED 


PERCENT ACTIVITY RECOVERED 
) 
° 


100 %~ (% ACTIVITY RECOVERED) 


rt 4 me 4 rt 4 
24 36 46 20 40 
TIME (HOURS) TIME (HOURS) 














5 





Fig. 8. Dissociation of adenosine deaminase—d-coformycin complex. In a reaction mixture of 0.5 ml, 
human erythrocytic ADA (0.13 units), d-coformycin (4 x 10~'' moles) and phosphate buffer 
(25 umoles, pH 7.5) were incubated at room temperature for 1 hr. d-Coformycin was replaced by 
an equal volume of water in control experiments. After incubation, 0.4 ml of hemoglobin-coated char- 
coal in 50mM phosphate buffer, pH 7.5, was added. After stirring occasionally for 5 min the charcoal 
was removed by centrifugation. Immediately, the supernatant fluids were diluted 50-fold with 50 mM 
phosphate buffer, pH 7.5, containing charcoal (0.5 ml), Na; EDTA (0.5 mM), and bovine plasma albumin 
(0.03%, w/v). The mixtures were stirred at room temperature using a magnetic stirrer. Aliquots (1.2 ml) 
of these suspensions were withdrawn at different time intervals (time immediately after dilution was 
recorded as zero time) and centrifuged for 5 min, and 1.0 ml of the supernatants was assayed at room 
temperature for enzymic activity in the presence of 0.1 mM adenosine. Frame A: recovery of activity 
from enzyme-—d-coformycin (EI) complex with time. The per cent of activity recovered was calculated 
on the basis of the activity of control at zero time. Frame B: Semilog plot of 100 per cent minus 
the per cent of activity recovered (per cent of enzyme remaining as EJ complex) vs time. The per 
cent of activity recovered was calculated on the basis of the activity of the control sample at each 
particular time taken as 100 per cent. From this plot the T, value was estimated at about 29 hr. 


prior to the establishment of the steady state, the K; 
for this enzyme was determined by the I;,. method 


7.9 hr, in contrast to the 29 hr observed here. By sub- 
stitution of the values of k, and k, in equation 2, 


the inhibition constant, K,;, of d-coformycin with 
human erythrocytic ADA was calculated to be about 
2.5 x 10°'?M, a value significantly lower than that 
reported for coformycin [2]. 

Interactions of EHNA and calf intestinal adenosine 
deaminase. Since EHNA binds to erythrocytic ADA 
with an affinity that lies between that of a tight-bind- 
ing and a readily reversible inhibitor, it was of interest 
to compare the behavior of EHNA with an ADA 
from another source. Therefore, the interactions of 
EHNA and calf intestinal ADA were investigated. 
The spectral tracings of Fig. 9 indicate that, while there 
was a quantitative difference in the binding of EHNA 
to human erythrocytic and bovine ADAs, qualitati- 
vely they were similar (cf. Fig. 2B). When the reaction 
was initiated with ADA (method 1), the inhibition 
progressively developed during the first few min. Con- 
versely, initiation of the reaction by addition of 
adenosine after a 10-min preincubation of EHNA and 
. ADA (method 2) resulted in the progressive reversal 
of the inhibition. In both reactions, as with the human 
erythrocytic enzyme, the final steady state levels of 
inhibition were approximately equal. In order to 
avoid the problems of substrate depletion that occurs 





* The I; concentration is equal to the K; for non-com- 
petitive inhibitors. Since the velocity measurements for this 
experiment were determined from tangents drawn to the 
initial portions of reactions with pre-equilibrated EJ com- 
plexes (i.e. prior to the displacement of J by substrate), 
this inhibition was operationally non-competitive. 


that was used in the above study with d-coformycin. 
Replots of J59 values vs E, over a 6.5-fold range of 
ADA (using method 2) resulted in a horizontal line 
with a y-axis value of 6.5nM (data not shown). This 
indicates that the K; is considerably greater than 1/2 
E, and the value of 6.5 nM approximates the K*. This 
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Fig. 9. Spectrophotometric tracings of the inhibition of calf 
intestinal adenosine deaminase by EHNA. The reaction 
conditions described in Materials and Methods for calf 
intestinal ADA were applied to the protocol described in 
the legend of Fig. 2B. Reactions were initiated either with 
10 pl of 20mM adenosine after 10min of preincubation 
(+) of 0.0137 units of calf intestinal ADA and EHNA, or 
with ADA without preincubation (—). The final volume 
was 2.0 ml. 
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value is about 4-fold higher than the K; of 1.6nM 
determined above with human ADA. 

Additional studies with the calf intestinal enzyme 
were performed to determine the rate of association 
of EHNA and ADA (k,). When the method that was 
used for d-coformycin was applied to this study, the 
k, value of 7 x 10°M~' sec’ was obtained (data 
not shown). The rate of dissociation (k,) was calcu- 
lated by substituting k, and K; into equation 2. This 
value was 4.6 x 10°~*sec”'. This corresponds to a 
T,,. of about 150 sec or 2.5 min. 


DISCUSSION 


The studies presented in this paper offer an unusual 
opportunity to compare and evaluate some of the 
problems encountered in studying various enzyme in- 
hibitors, including readily reversible, semi-tight-bind- 
ing and tight-binding inhibitors, with K; values rang- 
ing from about | x 10°° to 2.5 x 107~'?M. Since 
each type of inhibitor requires its own experimental 
approach, it is essential, initially, to examine the inhi- 
bition of the enzymic reaction by different procedures, 
i.e. first, preincubation of the inhibitor and enzyme, 
with initiation of the enzymic reaction by addition 
of the substrate, and second, incubation of the sub- 
strate and inhibitor in the reaction mixture, with in- 
itiation of the reaction by addition of the enzyme. 
If essentially identical inhibited initial velocity reac- 
tions are observed by both procedures, one may 
assume that the inhibitor is readily reversible and the 
conventional methods of inhibitor analysis may be 
employed, e.g. as in the case of DHMPR above. If, 


on the other hand, one is dealing with an enzyme 
inhibitor complex that is slow to equilibrate, the con- 
ditions of preincubation and the order of addition 


of reactants can produce dramatically different 
results, as shown with the experiments with EHNA 
and d-coformycin (Figs. 2 and 9). Although when such 
an inhibitor is encountered it is necessary to employ 
special experimental conditions and methods, in such 
cases one is also presented with a unique opportunity 
to derive significantly more information about the 
enzyme and its reaction than is ordinarily obtained 
by the standard methods of kinetic analysis. For 
example, as shown above and elsewhere [1-3], even 
with relatively impure enzymes, it may be possible 
to readily determine such important parameters as 
the catalytic number, the molar equivalency of the 
enzyme, and the individual velocity constants of the 
association and dissociation reactions, in addition to 
estimation of the K; value. 

Several unique problems may be encountered in 
the study of semi-tight-binding inhibitors, where the 
attainment of equilibrium between the enzyme, inhibi- 
tor and substrate may be prolonged for several min. 
For example, excessive amounts of substrate may be 
consumed before the steady state is attained, thus ren- 
dering inaccurate the evaluation of the kinetic par- 
ameters. Therefore, in such instances it is essential 
to employ a rapid and highly sensitive assay and the 
least practical amount of enzyme that does not con- 
sume significant quantities of substrate. Furthermore, 
it is preferable to perform such experiments by prein- 
cubating the enzyme with the inhibitor, with initiation 
of the reaction by addition of substrate, since, under 


these conditions, less substrate would be consumed 
before the atiainment of steady state conditions than 
occurs if the reaction is initiated by the addition of 
enzyme (Figs. 2B and 9). 

In another approach that might be employed with 
certain multi-substrate reactions, or those that require 
special cofactors, one could omit the cofactor or 
second substrate until the appropriate equilibrium is 
established, with the enzymic reaction then initiated 
by addition of the missing substrate or cofactor. Of 
course, this approach would not be satisfactory for 
certain enzymic reactions with ordered reaction 
sequences, or where the cofactor is required for sub- 
strate or inhibitor binding. 

An especially intriguing point revealed by the pres- 
ent study is that the K; value of d-coformycin 
(2.5 x 10~!2M) is about 4-fold lower than the value 
determined for coformycin after prolonged incubation 
with ADA (about 1 x 10~'! M). The chemical differ- 
ence between these two tight-binding inhibitors is in 
the pentose moiety, i.e. coformycin has a ribose and 
d-coformycin a 2’-deoxyribose moiety. These relative 
values are in good agreement with our earlier reports 
of the K,, and K; values of several substrates and 
inhibitors of human erythrocytic ADA[4]. For 
example, the K,, of adenosine is 25 uM and that of 
2'-deoxyadenosine, 7 4M; the K; of 2-fluoroadenosine 
is 60 uM, and that of 2’-deoxyribosyl-2-fluoroadenine, 
19 uM. The K; values of the reaction products inosine 
and 2’-deoxyinosine are 116 and 60 uM respectively. 
Thus, in each case the 2’-deoxyribose-containing com- 
pound binds to the enzyme two to four times more 
tightly than does the corresponding ribose-containing 
compound. A likely explanation for these differences 
is offered in the present paper. The apparent 4-fold 
difference in the K; values of coformycin and d-cofor- 
mycin with erythrocytic ADA appears to reside in 
the 3- to 4-fold difference in the velocity constant, 
k,(2.4x 10~°sec™' for coformycin[2] and 
6.6 x 10°° sec”! for d-coformycin (see above)]. In 
both cases, the asssociation velocity constants (k,) 
were similar: ie. 2.1 x 10°M~' sec! for coformy- 
cin[2] and 2.6 x 10°M~'sec™' for d-coformycin. 
The very slow dissociation of the ADA-—d-coformycin 
complex (T,,, about 29hr) could have a profound 
impact on its future usefulness as a biochemical and 
pharmacological tool, as well as a potential thera- 
peutic agent. 

Another finding worthy of discussion is that the 
rates of association (k,) of inhibitors and ADA appear 
to be 2- to 3-fold faster with the human erythrocytic 
enzyme than with the calf intestinal enzyme. For 
example, coformycin [2] and d-coformycin have k, 
values with human erythrocytic ADA of 2.1 to 
2.6 x 10°M~'sec~', while coformycin[3] and 
EHNA have k, values of 0.7 to 1.0 x 10°M~' sec”! 
with calf intestinal ADA. Therefore, it is interesting 
to speculate that the lower K,,[e.g. adenosine and 
2'-deoxy-adenosine (see Ref. 4 for review)] and K; 
values (eg. DHMPR{[5], coformycin[2,3] and 
EHNA) observed with the human enzyme as com- 
pared to the calf enzyme may be the result of these 
faster rates of association. 

The above studies with d-coformycin and EHNA 
are interesting in that they point to the limitations 
of the 1;, method. When the ratio of E,/K; is greater 
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than 10, it becomes difficult to distinguish empirically 
the I;, value from the concentration of 1/2 E, In 
this range a plot of I;, vs E, will intersect the y-axis 
very close to the origin. Therefore, the K; value of 
d-coformycin (2.5 x 107!) calculated from the indi- 
vidual rate constants k, and k, is a more valid estima- 
tion of this parameter. If the concentration of ADA 
were lowered 50- to 100-fold, the J;, method would 
then be valid in this case. However, a more sensitive 
assay would be required, e.g. an assay employing 
radiolabeled adenosine of high specific activity. A 
third approach to this determination would involve 
equilibrium dialysis. This method would depend upon 
the availability of suitably labeled d-coformycin. 

A ratio of E,/K; of less than 0.2 represents the other 
extreme limit for the J;. method (e.g. EHNA). Below 
this value, the J;, concentration approaches the K; 
value. Therefore, the possible errors here would be 
much greater for the measurement of E,, the molar 
equivalency of the enzyme, than for the K; value. The 
I 5. method could still be used with semi-tight-binding 
inhibitors as EHNA to determine E, and the catalytic 
number if the concentration of ADA were raised 50- 
to 100-fold, and the reactions were analyzed by a 
rapid method such as stopped-flow spectrophoto- 
metry. 

In an earlier report of this series, it was noted that 
the tight-binding ADA inhibitor, coformycin, binds 
to the enzyme one to ten million times more tightly 
than does inosine, the structurally related reaction 
product [2,4]. It was pointed out that coformycin 
possesses many of the structural features that one 
might expect to find in a “transition state” analog [2]. 
Since the heterocyclic ring structures of coformycin 
and d-coformycin are identical, similar speculation 
may be applied to d-coformycin, i.e. it may be con- 
sidered as a transition state analog. On the other 
hand, the semi-tight-binding inhibitor, EHNA, has a 
natural purine ring structure, but differs from natural 
nucleosides in the attachment of a large lipophilic 
group to N-9 of the purine ring. In this case, evidence 
has been presented [6] that the tightness of binding 
is due to the attraction of this lipophilic moiety to 
a hydrophobic center in the enzymic protein region 
that is in close proximity to the active site. Of interest 
is the relative binding of the substrate, adenosine 
(K, = 2.5 x 10°°M) and the inhibitor, EHNA 
(K; = 1.6 x 10~°M). Thus, replacement of the ribose 
moiety by the erythrononyl group greatly increases 
the tightness of binding. An intriguing point and a 
challenge to the ingenuity of the medicinal chemist 
is the possibility of preparing a potential ADA inhibi- 
tor that contains both the heterocyclic ring structure 
of coformycin or d-coformycin and the erythrononyl 
group. It is conceivable that such a compound might 
combine the tight-binding inhibitory features of the 
transition state analog with those of lipophilic attrac- 
tion, thus producing an inhibitor with a K; value per- 
haps as low as 10°'* to 107 '°M, eg. an inhibition 
with potency approaching that of covalent bond for- 
mation. 

A question not dealt with in the present manuscript 
is the nature of the inhibition by d-coformycin, i.e. 
is it competitive, non-competitive or uncompetitive? 


It should be noted, however, that Cha [3] has recently 
made further advances in the theoretical treatment 
of tight-binding enzyme inhibitors that now make it 
possible to determine the nature of the inhibition. In 
a recent study he has offered evidence that coformycin 
competes with adenosine for calf intestinal ADA [3]. 
On the basis of these observations, it seems highly 
likely that d-coformycin will also prove to be com- 
petitive with adenosine. As shown above, the kinetic 
analyses of DHMPR and EHNA yielded double reci- 
procal plots that are typical of competitive inhibition 
(Figs. 3 and 4). 

Recently, widespread and increasing interest has 
developed in the possible use of ADA inhibitors (alone 
or in combination with other analogs) as anti-tumor, 
anti-viral or immunosuppressive agents [4, 12-19]. 
Thus, the availability of new ADA inhibitors of 
widely different potencies offers numerous interesting 
and promising therapeutic opportunities. 
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Abstract—Trichloroethylene anesthesia (1% for 2hr) caused acute hepatic injury in rats pretreated 
with five different inducers of the hepatic mixed function oxidase system, phenobarbital, Aroclor 1254, 
hexachlorobenzene, 3-methylcholanthrene and pregnenolone-16-x-carbonitrile. Injury did not occur 
after trichloroethylene in rats pretreated with spironalactone or controls given vehicle alone. Morpho- 
logic liver injury was most severe in the phenobarbital- and Aroclor 1254-pretreated animals and 
was accompanied by marked perturbations in liver electrolyte content and more than 20-fold elevations 
in serum transaminase. Extent of serum transaminase elevation appears to relate directly to prolonga- 
tion of anesthesia recovery time and the enhanced urinary excretion of trichlorinated metabolites. 
Metabolism of perchloroethylene (7.5 m-moles/kg, p.o.) was increased 5- and 7-fold, respectively, in 
phenobarbital- and Aroclor 1254-pretreated animals, but liver injury after perchloroethylene appeared 
only in Aroclor 1254 animals. Differential induction of various components of the microsomal mixed 
function oxidase system was quantified in parallel experiments using animals similarly pretreated with 
isomolar doses of the six inducers and the vehicle control and sacrificed at times corresponding to 
onset of chloroethylene exposure. Magnitude of induction of cytochrome P-450 among these seven 
groups of animals correlates with the mean extent of trichloroethylene-induced liver injury as quanti- 
tated by serum transaminases level (r = 0.95), with prolongation of anesthesia recovery time (r = 0.95) 


and with enhanced urinary excretion of trichlorinated metabolites (r = 0.88). 


Trichloroethylene (TRI) and perchloroethylene (PER) 
are versatile solvents with numerous commercial, in- 
dustrial and household applications. TRI is especially 
valuable as a degreaser and PER as a dry cleaning 
solvent. In medicine, TRI is occasionally used for ob- 
stetric anesthesia [1] and one of its metabolites, chlor- 
alhydrate, is a valuable sedative [2]. Neither of these 
unsaturated chloroethylenes is considered a potent 
hepatotoxin [3-5]. However, preliminary evaluations 
of National Cancer Institute (U.S.A.) studies indicate 
that TRI exposure may have a tumorigenic potential 
analogous to that of vinyl chloride [6]. 

Although little is known of the biochemical effects 


of TRI and PER or their metabolites on the liver. 


cells, the mechanism of their metabolism has been 
the focus of numerous investigations. In 1945, the 
demonstration by Powell [7] of oxidized metabolites 
of TRI in human urine led her to suggest that TRI 
was metabolized via an unstable epoxide interme- 
diate, and to comment. “It would be remarkable if 
this channnel of metabolism could be followed with 
so little evidence of ill-effect.” In 1961, Yllner [8] con- 
ducted metabolic studies with '*C-labeled TRI which 
indicated the formation of an epoxide intermediate. 
In 1963, Daniel [9], after measuring the specific acti- 
vity of *°Cl-labeled TRI metabolites isolated from 
urine, proposed that intramolecular rearrangement of 
chlorines after epoxidation would account for both 
the lack of loss of 3°Cl to the chloride pool and the 
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known metabolites, trichloroacetaldehyde, trichloro- 
ethanol and trichloroacetic acid. Daniel [9] con- 
ducted similar studies with *°Cl-labeled PER, and 
concluded that epoxidation, followed by a chloride 
shift, would lead to an acid chloride which would 
be rapidly hydrolyzed to trichloroacetic acid, the 
major metabolite of PER. 

Further metabolic investigations [10-12] have 
identified the liver mixed function oxidase system 
(MFOS) as the stystem primarily responsible for the 
oxidation of TRI and PER. Other enzyme systems, 
including those in the adjacent cytoplasm, participate 
in subsequent hydration, oxidation and/or reduction 
and conjugation of secondary metabolites [13]. 

Leibman and McAllister [14] found that pretreat- 
ment of animals with phenobarbital (PBT), classic 
MFOS inducer, caused alterations in the rate and 
route of TRI metabolism. Carlson [15] reported that 
pretreatment with PBT or 3-methylcholanthrene 
(3-MC) exacerbated the hepatotoxicity of TRI. We 
have found that potentiation of the acute hepatotoxi- 
city of TRI or PER in the rat, produced by pretreat- 
ing animals with chemicals that induce components 
of the MFOS, appears related to enhanced metabo- 
lism of these chloroethylenes. 


EXPERIMENTAL 


Treatment of animals. A series of 200g male Spra- 
gue—Dawley rats from Charles River were given iso- 
molar doses (400 wmoles/kg) of PBT, 3-MC, hexa- 
chlorobenzene (HCB), spironolactone (SNL), preg- 
nenolone-16-a-carbonitrile (PCN) or 150 umoles/kg 
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or 300 umoles/kg of Aroclor 1254 (A-1254) by gavage 
once daily for 7 days. All compounds were solubilized 
in water with traces of Tween 80. “Control” animals 
received this vehicle. Throughout the induction 
period animals were housed in wire floored cages over 
processed clay animal litter and allowed free access 
tc-food and drinking water. On the morning of day 
8 after a 16-hr fast, animals were sacrificed for deter- 
mination of microsomal enzymes, or exposed to TRI, 
or PER, or room air. Animals pretreated with 
300 umoles/kg of A-1254 failed to survive TRI anes- 
thesia and this dose level of A-1254 was not used 
in further studies. 

Chloroethylene administration. Four groups of eight 
animals (one animal from each pretreatment regimen) 
were exposed to 1°% TRI in air for 2 hr in an inhala- 
tion chamber previously described [16]. Based on the 
data of Guyton [17] the total dose of TRI inhaled 
was approximately 20-30 m-moles. Immediately after 
cessation of the anesthetic, animals were placed in 
individual metabolism cages to collect urine for deter- 
mination of trichlorinated excretion products. PER 
(0.75 ml/kg diluted with mineral oil) was given by 
gavage to vehicle, PBT- and A-1254-pretreated rats 
(four of each) and these animals were placed in meta- 
bolism cages. All animals were sacrificed 24hr after 
administration of the chloroethylene. 

Assessment of metabolism and liver injury. Anesthe- 
sia recovery time, the interval between removal from 
the inhalation chamber and return of the righting 
reflex, was noted for each animal. Serum glutamic 
exalacetic transaminase (SGOT) and serum glutamic 
pyruvic transaminase activities were assayed with 
Sigma reagent kits. Transaminase changes were con- 
sistently measured by both assays. Samples of each 
liver were rapidly frozen on dry ice for histochemical 
detection of increased calcium and to provide mater- 
ial for determination of metal contents [18], or fixed 
in formalin for histologic examination by standard 
techniques. 

The alkali—pyridine-toluene method of Tanaka and 
Ikeda [19] was followed to quantitate urinary tri- 
chloroacetic acid and total trichlorinated products. 
This method was selected because its vigourous oxi- 
dizing conditions were reported to give good recov- 
eries of total trichlorinated metabolites in rat urine. 
In preliminary studies, we found that added trichloro- 
ethanol gave minimal response without the oxidizing 
procedure and that neither 2,2-dichloroethanol nor 
2,2-dichloroacetic acid was detected by this method. 
These observations suggest that this procedure detects 


ethylenes. Twenty-four-hr urine collections from 
vehicle—air, PBT-air, or A-1254-air animals gave vir- 
tually no color response even after the oxidation step. 
Microsomal enzyme assays. Differential induction of 
MFOS components by the six inducers was verified 
in a series of parallel experiments each of which con- 
tained at least one animal from each pretreatment 
regimen. At times compatible with the onset of 
chloroethylene exposure, the animals were sacrificed, 
and the livers were perfused and homogenized with 
cold 0.25 M sucrose; the microsomal fraction was iso- 
lated by differential centrifugation essentially as pre- 
viously described [16]. Activities of the microsomal 
enzymes were assayed on the day of sacrifice. 
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Protein contents were determined by the method 
of Lowry et al. [20]. Difference spectra of cytochrome 
P-450 and bs; were charted after Dallner et al. [21] 
using a Gilford 2400-2 in the split beam mode. Rates 
of cytochrome c reduction by NADPH and B-NADH 
were recorded spectrophotometrically using the res- 
pective reaction systems of Wilson [22] and Hoge- 
boom [23]. Oxidative N-demethylation of dimethyl- 
aminoantipyrine was assayed by the method of Orre- 
nius [24]. Glucose 6-phosphatase activity was deter- 
mined according to Sell and Reynolds [25]. Activities 
of zoxazolamine and 3,4-benzpyrene hydroxylase 
were measured by the methods of Nebert and 
colleagues [26, 27]. 

Statistical analysis. Student’s t-test and regression 
correlations were calculated using a Wang 600 pro- 
grammable calculator and assessed after Snedecor 
and Cochran [28,29]. Chloroethylene-induced 
changes in SGOT and liver metal contents were ana- 
lyzed for statistical significance by comparison with 
values obtained from similarly pretreated animals 
exposed to room air. 


RESULTS 


Trichloroethylene injury. Effects of the seven chemi- 
cal pretreatment regimens on the quantitative par- 
ameters examined after TRI anesthesia are detailed in 
Tables 1 and 2. In vehicle-pretreated (control) ani- 
mals, TRI exposure was without effect on SGOT acti- 
vity, liver Na, K, Mg, Ca, Zn and Fe contents or 
the microscopic morphology of the liver (Fig. 1) as 
compared to similarly pretreated animals exposed to 
air. In striking contrast, animals pretreated with PBT 
or A-1254 had at least doubled anesthesia recovery 
times, marked increases in urinary excretion of tri- 
chlorinated metabolites of TRI, more than 20-fold 
increases in SGOT, marked perturbations of liver Na, 
K and Ca contents, and frank and extensive hepato- 
cellular necrosis. In PBT animals, hepatic necrosis 


Table 1. Effects of MFOS inducers on the metabolism of 
trichloroethylene*'t 





Trichlorinated 
urinary metabolites 
Anesthesia (umoles/24 hr/animal) 
recovery 


time (min) 





Pretreatmentt TCA 
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(4) 
(4) 
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* Mean + S.E.M. 

+ Trichloroethylene: 1% x 2 hr in air. 

¢ Chemicals were given by gavage once daily for 7 days; 
the number in parentheses indicates the number of ani- 
mals. 

§ Statistically different from vehicle-TRI group (line 1) 
P < 0.001. 

| Statistically different from vehicle-TRI group (line 1) 
P < 0.01. 
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Table 2. Effects of MFOS inducers on chemical indicators of liver injury 24hr after 
trichloroethylene*'t+ 





SGOT Liver metal contents (mg metal/g liver) 
(Karmen 
Pretreatmentt units) Na 





Ca 


A 





0.032 + 0.003 
0.213 + 0.028§ 
0.131 + 0.017 
0.084 + 0.019) 
0.026 + 0.002 
0.034 + 0.004 
0.087 + 0.046 


Vehicle (4) 185 + 16 0.43 + 0.03 
PBT (4) 4418 + 843§ 1.33§ + 0.10 
A-1254 (4) 7497 + 1066§ 0.92 + 0.06§ 
HCB (4) 739 + 121§ 0.72 + 0.06|| 
3-MC (4) 253 + 41§ 0.46 + 0.02 
SNL (4) 183 + 26 0.47 + 0.03 
PCN (4) 1015 + 502\\ 0.82 + 0.18 
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* Mean + S.E.M. 

+ Trichloroethylene 1% x 2hr in air. 

t Chemicals were given by gavage once daily for 7 days; the number in parentheses 
indicates the number of animals. 

§ Statistically different from similarly pretreated animals exposed to air P < 0.001. 

| Statistically different from similarly pretreated animals exposed to air P < 0.01. 
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Fig. 1. Effect of PBT or A-1254 pretreatment on hepatocellular injury 24hr after TRI exposure (1% 
for 2hr). Top row shows hematoxylin and eosin stained paraffin sections, and bottom row the corre- 
sponding cryostat sections stained for calcium with Alizarin red S. In each panel the central vein 
is at the left with portal areas to the right. No necrosis or intracellular calcium deposits are seen 
in the TRI-exposed, vehicle-pretreated “control” at left. In the PBT (center) and A-1254 (right) livers, 
necrotic bands of pyknotic hepatocytes are present in the centrolobular and midzonal regions respect- 
ively (arrows). Alizarin red S stains calcium-rich necrotic cells in corresponding regions. 
(magnification: x 150). 
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Fig. 2. Correlation between anesthesia recovery times and 
serum SGOT levels 24 hr after exposure to trichloroethy- 
lene (1% x 2hr) in the seven pretreatment groups. Each 
point represents the data for an individual animal. Symbols 
represent the different pretreatments: (O) vehicle, (@) PBT, 
(CO) A-1254, (MI) HCB, (A) 3-MC, (A) SNL and (<) PCN. 
The power relationship is such that each 2-fold increase 
in anesthesia recovery time corresponds approximately to 
a 10-fold increase in SGOT (significance < 1 per cent, 
df = 26, r = 0.89). 


and histochemically stainable calcium were centrolo- 
bular, while in A-1254 animals stainable calcium was 
shifted periportally and necrotic zones appeared as 
prominent midzonal or periportal stripes (Fig. 1). In 
both groups, liver injury was extensive although TRI 
caused greater changes in liver Na, K and Ca con- 
tents of PBT animals, while the SGOT values at 24 hr 
were higher in the A-1254 animals. Liver contents of 
Mg, Zn and Fe were not altered in any group of 
animals 24 hr after TRI exposure. 

Increases in SGOT of a lesser magnitude were also 
measured 24 hr after TRI in 3-MC-, HCB- and PCN- 
pretreated animals (Table 2). Elevated transaminases 
in HCB and PCN animals were associated with in- 
creased liver Na and Ca contents. Morphologic hepa- 
tic injury appeared mild with focal necrotic and/or 
vacuolated cells in both centrolobular and midzonal 
regions. Anesthesia recovery times and urinary excre- 
tion of trichlorinated products were slightly if at all 
increased in these animals (Table 1). 

All parameters examined in the SNL-pretreated 
animals after TRI were unaltered (Tables 1 and 2). 

Correlations between anesthesia recovery time, uri- 


nary excretion of trichlorinated metabolites and hepatic 


injury. Interpretation of anesthesia recovery times 
after TRI anesthesia is not straightforward. At least 
two metabolites of TRI, chloral hydrate and 
trichloroethanol, also have anesthetic properties [2]. 


Enhancement of the rate of metabolism of TRI should 
lead to a more rapid clearing of TRI from the blood 
after termination of anesthetic exposure. However, the 
anesthesia recovery time may not necessarily be shor- 
tened if enhanced TRI clearance is coupled to in- 
creased production of chloral hydrate and trichloro- 
ethanol. In this experiment, we did find a highly signi- 
ficant linear association (< 1 percent) between ele- 
vated urinary excretion of total trichlorinated metab- 
olites and prolongation of anesthesia recovery time 
(df = 26, r = 0.92). Therefore, prolongation of anes- 
thesia recovery time appears a valid indicator of 
enhanced TRI metabolism. 

The extent of hepatic injury 24hr after TRI as 
quantitated by SGOT in individual animals appears 
directly related to enhancement of TRI metabolism 
in terms of both prolongation of anesthesia recovery 
times (Fig. 2) and increased urinary excretion of tri- 
chlorinated metabolites (Fig. 3). Both of these relation- 
ships are significant at the | per cent level by linear 
regression analysis as well as the power function 
analyses illustrated (Figs. 2 and 3). The ratio of tri- 
chloroacetic acid to total trichlorinated metabolites 
was similar in all the animals except for the animals 
pretreated with 3-MC. 

Enzyme induction. The varied effects of the pretreat- 
ment regimens on components of the MFOS are 
detailed in Tables 3 and 4. PCN, PBT and A-1254, 
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Fig. 3. Correlation ‘between total urinary excretion of 
trichlorinated metabolites and serum SGOT levels 24 hr 
after exposure to trichloroethylene (1% x 2 hr) in the seven 
pretreatment groups. Each point represents the data for 
an individual animal. Symbols represent the different pre- 
treatments: (©) vehicle, (@) PBT, (O) A-1254, (™@) HCB, 
(A) 3-MC, (&) SNL and (©) PCN. The power relationship 
is such that each 2-fold increase in urinary trichlorinated 
metabolites corresponds approximately to a 10-fold in- 
crease in SGOT (significance <1 percent, df= 26, 
r= 0.77). 
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Table 3. Differential induction of electron transport ccmponents of the liver MFOS* 





Cytochrome c reductase 
(nmoles product/mg protein: min) 


Cytochrome 
(nmoles/mg protein) 





Pretreatmentt P-450 bs 





oo 


Vehicle (13) 0.77 + 0.03 0.71 + 0.04 


PBT (11) 
A-1254 (11) 
HCB (9) 
3-MC (9) 
SNL (9) 
PCN (11) 


1.83 + O.11t 
2.52 + 0.15t 
1.05 + 0.094 
1.18 + 0.10t 
0.76 + 0.05 

1.38 + 0.06t 


0.75 + 0.03 
0.84 + 0.04 
0.76 + 0.04 
0.84 + 0.06 
0.73 + 0.04 
0.88 + 0.04t 


AD NC 
Coon N OW © oO 
He He HE He HH + 





* Mean + S.E.M. 


+ Chemicals were given by gavage once daily for 7 days; the number in parentheses 


indicates the number of animals. 


{Statistically different from vehicle group (line 1) P < 0.005. 
§ Statistically different from vehicle group (line 1) P < 0.05. 


in that order, markedly increase cytochrome P-450 
content. Peaks of the cytochromes induced by A-1254 
or 3-MC show hyperchromic shifts (“P-448”). Cyto- 
chrome bs is increased significantly only by PCN. 
NADPH-cytochrome c reductase activity is enhanced 
by those agents which increase cytochrome P-450, 
while NADH-cytochrome c reductase is usually pro- 
portionally decreased. PBT, HCB, SNL and to a 
lesser extent PCN increase oxidative N-demethylation 
of dimethylaminoantipyrine, while glucose 6-phos- 
phatase, an enzyme localized in the endoplasmic retic- 
ulum but not associated with the MFOS is decreased 
by PBT, A-1254 and PCN. Both A-1254 and 3-MC 
strikingly increase arene hydroxylase activities. 
Correlations between differential induction of MFOS 
components and trichloroethylene toxicity. To deter- 
mine if induction of specific MFOS components by 
chemical pretreatment regimens was associated with 
potentiation of TRI-induced liver injury, mean 
MFOS activities (assayed at times compatible with 
onset of TRI exposure) were compared with mean 
SGOT levels of similarly pretreated animals sacrificed 
24hr after TRI exposure. The correlation between 
cytochrome P-450 contents and SGOT levels was sig- 
nificant at the | per cent level by both linear and 


power (Fig. 4) analysis. The relationship between the 
rates of reduction of cytochrome P-450 by NADPH 
(measured as NADPH-cytochrome c reductase) and 
SGOT levels was less perfect, and no other relation- 
ship between the MFOS components and SGOT 
levels was apparent. When we looked for similar cor- 
relations between the corresponding induction of spe- 
cific MFOS components and the enhancement of 
trichloroethylene metabolism, highly significant linear 
correlations were found between mean cytochrome 
P-450 content and both the mean anesthesia recovery 
time (df = 5, r = 0.95) and the mean urinary excre- 
tion of total trichlorinated metabolites (df= 5, 
r = 0.88). 

Perchloroethylene injury. PER was metabolized pri- 
marily to TCA. Urinary recoveries of total trichlor- 
inated products were approximately 5- and 7-fold 
greater in the PBT- and A-1254-pretreated animals 
(Table 5). Pretreatment with A-1254 enhanced the 
hepatotoxicity of PER as manifest both by doubling 
of SGOT and the appearance of focal areas of vacuo- 
lar degeneration and necrosis along the posterior 
aspect of the liver at 24hr. Cornish et al. [30] also 
found slight elevations of SGOT in non-induced and 
PBT-induced rats after oral administration of PER. 


Table 4. Differential induction of microsomal enzyme activities* 





Oxidative 


Pretreatmentt' N-demethylase 


Glucose 
6-phosphatase 
(nmoles product/mg protein min) 


Arene hydrocarbon hydroxylase 





Benzyprene 
(O.D.522/mg 
protein min) 


Zoxazolamine 





Vehicle 
PBT (11) 
A-1254 (11) 
HCB (9) 
3-MC (9) 
SNL (9) 
PCN (11) 


(13) 105408 
16.4 + O.8t 
9.3 + 0.6 
15.6 + 0.5t 
11.0 + 1.4 
15.1 + 0.8t 
13.8 + 1.08 


0.23 + 0.01 
0.14 + 0.01t 
0.11 + 0.01t 
0.20 + 0.01 
0.23 + 0.02 
0.22 + 0.02 
0.19 + 0.01t 


0.50 + 0.09 
0.61 + 0.02 
14.5 + 1.30t 
1.05 + 0.078 
6.0 + 0.60t 
0.60 + 0.07 
0.85 + 0.20 


=e WN DW WN dv 
MANA OWADHN 
ma ++ 


He HE HE HEH + 
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* Mean + S.E.M. 


+ Chemicals were given by gavage once daily for 7 days; the number in parentheses 


indicates the number of animals. 


t Statistically different from vehicle group (line 1) P < 0.005. 
§ Statistically different from vehicle group (line 1) P < 0.05. 
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Fig. 4. Correlation between mean contents of microsomal 
cytochrome P-450 (nmoles/mg of protein) for the seven 
groups of chemically pretreated animals using data from 
Table 3 and the mean serum SGOT levels 24 hr after expo- 
sure to TRI using data from Table 2. Symbols represent 
the different pretreatments: (O) vehicle, (@) PBT, (OQ) 
A-1254, (Ml) HCB, (A) 3-MC, (A) SNL and (©) PCN. The 
power relationship is such that, within the experimental 
range, each 2-fold’ increase in cytochrome P-450 corre- 
sponds approximately to a 10-fold increase in SGOT (sig- 
nificance < | per cent, df = 5, r = 0.95). 


DISCUSSION 


Our working hypothesis is that the chlorinated 
ethylenes are activated to reactive molecular species 
by an enzyme system localized in the liver endoplas- 
mic reticulum, and that induction of components of 
this system can alter the rates and/or routes of 
chloroethylene biotransformation. In this and prior 
studies [31,32], we have demonstrated that pretreat- 
ment of rats with chemicals capable of inducing com- 
ponents of the liver mixed function oxidase system 
potentiates the acute hepatotoxicity of monochloro- 
ethylene (vinyl chloride), trichloroethylene and _per- 
chloroethylene. 

Oxidized metabolites of di-(1,1- and 1,2-), tri-, and 
tetra-(per) chlorinated ethylenes have been identified 
in the perfusate of isolated perfused liver prep- 
aration [34]. Hepatic cytochrome P-450 appears to 
have a central function in the biotransformation of 
these chloroethylenes. Microsomal enzymes, presum- 
ably the mixed function oxidases, have been reported 
to oxidize vinyl chloride [34], 1,1- and 1,2-dichloro- 
ethylene [12], TRI [10,11] and PER [12], and to 
transform vinyl chloride and 1,1-dichloroethylene into 
mutagens [35]. The metabolism of TRI by micro- 
somes is competitively inhibited by carbon monoxide, 
hexobarbital or aniline, each of which binds to cyto- 


chrome P-450[11]. Covalent binding of '*C-labeled 
vinyl chloride is suppressed in vitro by 1-naph- 
thyl-4(5)-imidazole, an inhibitor of microsomal cyto- 
chrome P-450 dependent oxidation [34]. Exposure in 
vivo to vinyl chloride (5% x 6 hr) resulted in a pattern 
of microsomal enzyme deactivation suggestive of a 
relatively toxic action or reaction centered about 
cytochrome P-450 [36]. Contents of cytochrome 
P-450 and the oxidative N-demethylation of dimethyl- 
aminoantipyrene and ethylmorphine were markedly 
decreased, while glucose 6-phosphatase, cytochrome 
b; and NADPH- and £-NADH-cytochrome c reduc- 
tase were scarcely affected in both induced and non- 
induced animals sacrificed 24hr after vinyl chloride. 

In parallel in vivo studies using animals from seven 
pretreatment regimens, we found a direct correlation 
between mean cytochrome P-450 content (at the time 
of chloroethylene exposure) and the respective mean 
extent of liver injury (SGOT level) 24hr after expo- 
sure to either TRI or vinyl chloride [32]. Paradoxi- 
cally, the hepatotoxicity of 1,1-dichloroethylene (vinyl- 
idene chloride), a very reactive molecule [37], was 
reduced in animals pretreated with most effective in- 
ducers of cytochrome P-450 [32]. However, the hepa- 
totoxicity of the relatively stable fully chlorinated 
ethylene, PER, was potentiated in animals pretreated 
with Aroclor 1254. 

In this study, the metabolism of TRI and PER was 
enhanced in animals pretreated with inducers of cyto- 
chrome P-450. In fact, the trichloroethylene data indi- 
cate direct relationships between the mean magnitude 
of cytochrome P-450 induction and both the prolon- 
gation of anesthesia recovery time and the enhanced 
urinary excretion of trichlorinated metabolites. Ad- 
ditional support for a relationship between cyto- 
chrome P-450 content and extent of trichloroethylene 
metabolism can be inferred from the data of Bar- 
tonicek and Teisinger [38] and Stripp et al. [39]. Bar- 
tonicek and Teisinger [38] reported decreased urinary 
excretion of TRI metabolites coupled with increased 
recovery of TRI from the expired air of subjects pre- 
viously given disulfuram. They attributed this shift 
to a disulfuram-induced suppression of TRI oxi- 
dation. Stripp et al. [39] have shown in the rat that 
disulfuram produces prolonged impairment of mixed 


Table 5. Effects of PBT or Aroclor 1254 pretreatment on 
the metabolism and hepatotoxicity of perchloroethylene*'t 





Urinary metabolites 


(umoles/24 hr/animal) SGOT 





Pretreatmentt Total TCA 





SS 
Anos. 


SrTr 


Vehicle (4) 
PBT (4) 
A-1254 (4) 


I+ I+ I+ 
No 





* Mean + S.E.M. 

+ Perchloroethylene: 0.75 ml/kg (7.5 m-moles/kg). 

t Chemicals were given by gavage once daily for 7 days; 
the number in parentheses indicates the number of ani- 
mals. 

§ Statistically different from vehicle-PER group (line 1) 
P < 0.001. 

| Statistically different from similarly pretreated animals 
exposed to air P < 0.001. 
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function oxidase components including decreased 
cytochrome P-450 content. 

It is far from clear which of the metabolites of TRI 
is the ultimate toxin. Trichloroethylene is metabolized 
in a multi-stage process. The postulated epoxide inter- 
mediate rearranges to form an aldehyde (chloral); 
subsequent metabolism involves aldehyde and alcohol 
dehydrogenase and/or glucuronidases [13]. The com- 
ponents of this multimolecular process may vary in 
response to chemical induction. Non-uniform enzy- 
matic induction could account for the changes Leib- 
man and McAllister [14] described in the rate and 
route of TCE metabolism in PBT-induced animals. 

Alternatively, factors other than enzyme induction 
could influence the hepatotoxicity of chloroethylenes, 
for example, changes in the redox state of the hepato- 
cyte, or depletion of cofactors required for specific 
metabolic steps. Cornish and Adefuin [40] found 
striking elevations in SGOT levels in rats given eth- 
anol 16 hr prior to TRI exposure (0.5% x 4hr), while 
TRI-exposed rats not receiving ethanol had normal 
SGOT levels. Alcohol metabolism increases the 
NADH/NAD ratio in the liver and thus can slow 
reactions which require NAD or enhance reactions 
requiring NADH or NADPH [41]. Hepatic microso- 
mal oxidation of TRI is NADPH dependent [10], and 
reducing equivalents for the reduction of chloral hyd- 
rate can be supplied by NADH or NADPH [42]. 
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Abstract 


The substrate specificity of catechol-O-methyltransferase (COMT) has been extended in the 


present study to include benzimidazole, a non-catechol compound. Gas chromatography-mass spectro- 
metry. thin-layer chromatography, and reverse isotope dilution analysis were used to verify the identity 
of the product of this reaction as 1-methylbenzimidazole. This is the first demonstration of an N-methy- 
lation by COMT. The conclusion is reached that benzimidazole and catechol are bioisosteric molecules. 
The implication of this in the pharmacology of adrenergic systems is discussed. 


Catechol-O-methyltransferase (COMT; S-adenosyl-L- 
methionine; catechol-O-methyltransferase; EC 2.1.1.6) 
is known to have a broad substrate specificity. The 
only structural requirement for substrates appears to 
be a catechol (ortho dihydroxy substituted benzene) 
ring [1]. Since COMT is the enzyme primarily re- 
sponsible for the metabolic inactivation of extraneur- 
onal catecholamines, the development of specific in- 
hibitors of the enzyme is important for the pharmaco- 
logical study of adrenergic systems. 

A logical approach to the design of inhibitors for 
COMT is a search for compounds which are isosteric 
with known substrates. On the basis of COMT inhibi- 
tion studies, Belleau and Burba [2] concluded that 
the tropolone ring is bioisosteric with the catechol 
ring. Tropolones are not substrates, but are non-com- 
petitive inhibitors of COMT [3]. Evidence in vivo for 
bioisosterism between these molecules had been sug- 
gested by earlier studies demonstrating adrenergic 
receptor blockade by 4-methyltropolone [4]. Tyrosine 
hydroxylase, an enzyme in the biosynthetic pathway 
of catecholamines, is inhibited by 4-isopropyltropo- 
lone, an effect attributed to biochemical isosterism 
between the tropolone and catechol rings [5]. 

Recent findings in our laboratory have suggested 
the possibility of bioisosterism between benzimidazole 
and catechol. Benzimidazole-5(6)-DL-alanine (BA) has 
been shown to be a potent inhibitor of tyrosine hy- 
droxylase, both in vitro [6] and in vivo [7]. A possible 
decarboxylation product of BA, 2-[5(6)-benzimidazo- 
lyl jethylamine, was first ascribed hypertensive proper- 
ties by Maron [8] in 1914. The pressor activity of 
this analogue of dopamine has recently been con- 
firmed [9]. R,S-1-[5(6)}-Benzimidazolyl]-2-aminoeth- 
anol, a benzimidazole analogue of norepinephrine, 
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exhibits direct activity at the alpha-adrenergic recep- 
tor controlling blood pressure in the rat [10]. 

The present study was undertaken to determine if 
benzimidazole can serve as a substrate for COMT. 
Gas chromatography—mass spectrometry (GC-MS), 
thin-layer chromatography (t.l.c.), and reverse isotope 
dilution analysis (RIDA) are powerful analytical tools 
which can be used independently to confirm the 
chemical structure of sub-microgram quantities of 
compounds. These techniques were utilized to deter- 
mine the structure of the product of this reaction. 


MATERIALS AND METHODS 


Materials. Benzimidazole and 3,4-dihydroxybenzoic 
acid (DHBA) were obtained from Aldrich Chemical 
Co., Inc. Tropolone was obtained from Pfaltz & 
Bauer, Inc. Histamine dihydrochloride was obtained 
from Fisher Scientific Co. The free base and hydro- 
chloride salt of 1-methylbenzimidazole were synthe- 
sized by the treatment of benzimidazole with methyl 
iodide according to the method of Fischer [11]. 
S-adenosyl-L-methionine (SAM) was obtained as the 
iodide salt from CalBiochem. S-adenosyl-L-meth- 
ionine [methyl-'*C] ({'*C]SAM; 0.5 mCi/m-mole) 
was obtained as a specially purified substrate for 
enzyme assays from Amersham/Searle Corp. A higher 
specific activity S-adenosyl-L-methionine [meth- 
yl-'*C] (51.8 mCi/m-mole) was purchased from ICN 
for the reverse isotope dilution analysis. The COMT 
used in this study was obtained from Miles Labora- 
tories, Inc., in the form of a partially purified freeze- 
dried powder containing dithiothreitol as stabilizer. 
The enzyme had been purified from bovine liver 
through the second ammonium sulfate precipitation 
step of Axelrod[12]. It was stored at —40° and 
reconstituted immediately before use. The reconsti- 
tuted enzyme contained 100 mg protein/ml. Deionized 
glass-distilled water and spectrophotometric grade 
solvents were used throughout. 

Incubation conditions. Each tube contained 
100 umoles potassium phosphate buffer (pH 7.8), 
0.2 umole (122 nCi) ['*C]SAM, 5.0 umoles MgCl,- 
6H,O, 2.0 umoles of the appropriate substrate (the 
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blank contained buffer in place of substrate), and an 
aliquot of the reconstituted COMT containing the 
equivalent of 20mg protein in a final volume of 
1.0ml. The reaction was started by adding enzyme, 
and the tubes were incubated for 60 min at 37°. The 
reaction was stopped by adding 100 ul of either con- 
centrated ammonium hydroxide solution (blank and 
benzimidazole tubes) or 4 N HCl (DHBA tube), and 
the solutions were immediately extracted with 10 ml 
of ethyl acetate. A 5.0-ml aliquot of each extract was 
evaporated to dryness and redissolved in 1.0ml of 
2-ethoxyethanol. Ten ml of Aquasol liquid scintilla- 
tion solution (New England Nuclear) was added, and 
the solutions were counted on a Packard model 2002 
liquid scintillation spectrometer. The counting effi- 
ciency, determined by using standard ['*C] toluene, 
was 65 per cent. The remainder of the ethyl acetate 
extract was used for radiochromatographic analysis 
as with the reverse isotope dilution analysis (see 
below for details). 

GC-MS analysis of reaction product. For the 
GC-MS study, higher concentrations of enzyme 
(50 mg protein/ml) and unlabeled SAM (1.0 pmole/ml) 
were used. The ethyl acetate extracts from two tubes 
were combined, evaporated to dryness, and the resi- 
due was dissolved in 10 yl of methanol. A 1.0-yl ali- 
quot of this solution was injected into the gas chro- 
matograph. The instrument used was a DuPont 
21-490 mass spectrometer equipped with a Varian 
Series 1400 gas chromatograph, GC-MS interface 
consisting of a heated glass jet separator, and a 
DuPont 21-094 Data System. The GC conditions 
were: 6 ft by 3 in glass column packed with 3% OV-17 
on Chromosorb W.H.P., carrier gas He (30 ml/min), 
injector temp 255°, and oven temp programmed 
90-260° (10°/min). The source temp of the MS was 
¥90°, and the ionizing voltage was 70 eV. 

Reverse isotope dilution analysis of reaction product. 
The incubation concentrations were the same as with 
the initial study, except a higher specific activity of 
['*C]SAM (51.8 mCi/m-mole) was used at a lower 
concentration (0.09 pmole/ml), and the COMT con- 
centration was 50 mg protein/ml. The dried ethyl] ace- 
tate extract from the incubation was dissolved in 10 jl 
methanol. A 5-ul sample of this was spotted on a 
t.Lc. plate (silica gel G) and developed with a solvent 
mixture consisting of toluene, ethyl acetate, ethanol 
and ammonium hydroxide (60:10:10:2) [13]. The 
resulting radiochromatogram was scanned with a 
Packard model 7201 Radiochromatogram Scanner 
System. The radioactive spot was scraped off and 
eluted with 10 ml of 0.1 N HCI. The eluate was eva- 
porated to dryness, and 200 mg of 1-methylbenzimi- 
dazole hydrochloride was added to the residue. The 
resulting solid was crystallized three times from eth- 


anol-acetone (1:4). A 20-mg sample from each crys- 
tallization was dissolved in 1.0 ml of H,O, 16 ml ACS 
liquid scintillation solution (Amersham/Searle Corp.) 
was added, and the solutions were counted as before. 
The counting efficiency was determined for each vial 
by adding internal standard ['*C]toluene and 
recounting. 


RESULTS AND DISCUSSION 


The results of the initial study are listed in Table 
1. Since the experiment was designed to demonstrate 
product formation, and quantitative extraction effi- 
ciencies were not determined, the reported values may 
not represent initial reaction rates, and valid quantita- 
tive comparison of substrate reactivities must await 
more extensive kinetic analysis. Tropolone, at a 2 mM 
concentration, caused a 61 per cent reduction of the 
enzymatic methylation of benzimidazole. 

To rule out the possibility that histamine-N-meth- 
yltransferase was contaminating the COMT used in 
this study, benzimidazole was incubated as in the in- 
itial study in the presence of 2mM histamine. No 
inhibition of the methylation of benzimidazole was 
observed. Radiochromatographic analysis (butanol-— 
acetic acid—water: 4:1:1) of the ethyl acetate extract 
from this incubation mixture showed greater than 90 
per cent of the total radioactivity associated with a 
position isographic with authentic 1-methylbenzimi- 
dazole (R; = 0.50). No radioactivity was seen in the 
region corresponding to the R, of 1-methylhistamine 
(0.10) in this solvent system [14]. The high activity 
toward DHBA, the use of partially purified enzyme, 
the inhibition of tropolone, and the lack of inhibition 
by histamine indicate that the enzyme active in this 
study was COMT and not some other methyl-trans- 
ferring enzyme (e.g. histamine-N-methyltransferase). 

Since SAM has been shown to methylate free car- 
boxyl residues of various proteins non-enzymatically 
[15], and since Hsu and Mandell [16] reported evi- 
dence for non-enzymatic N-methylation of tryptamine 
and N-methyltryptamine by SAM, a second blank 
was run containing benzimidazole, ['*C]SAM, and 
no enzyme. A radiochromatogram of the extract from 
this blank showed greater than 95 per cent of the 
total radioactivity was associated with the origin. No 
peak was observed in the region with the same R, 
as 1-methylbenzimidazole, indicating no non-enzyma- 
tic methylation of benzimidazole had occurred. On 
the other hand, the radiochromatogram of the extract 
from the complete benzimidazole tube showed at least 
80 per cent of the total radioactivity associated with 
a position isographic with authentic 1-methylbenzimi- 
dazole. 


Table 1. Results of incubating various substrates with COMT and ['*C]SAM 





Substrate 


Extracted radioactivity* 
(cpm) 





Blank 

Benzimidazole (2.0 mM) 

Benzimidazole (2.0 mM) + tropolone (2.0 mM) 
2,4-Dihydroxybenzoic acid (2.0 mM) 


2,254 
11,144 
5,682 
148,066 





* Averages of duplicate determinations. See text for incubation conditions. 
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Fig. 1. Background-corrected mass spectrum of authentic 
1-methylbenzimidazole measured by a GC-MS computer 
system. 
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Fig. 2. Background-corrected mass spectrum of an extract 
of the COMT-benzimidazole reaction taken at the same 
GC retention time as authentic 1-methylbenzimidazole and 
measured by a GC-MS computer system. 


GC-MS analysis. Figure 1 shows a background-cor- 
rected electron impact mass spectrum obtained for 
authentic 1-methylbenzimidazole. The molecular ion 
(m/e = 132) is the base peak in the spectrum. The 
fragmentation to give ions of m/e = 131 (M-H) and 
m/e = 104 (M-CH,N) has been described elsewhere 
[17]. Figure 2 is a mass spectrum obtained from 
GC-MS analysis of the reaction product. Mass chro- 
matography [18] was used to locate the elution pos- 
ition of 1-methylbenzimidazole in the gas chromato- 
graphic analysis of the reaction extract. Each of the 
mass chromatograms for ions m/e = 132, 131 and 104 
showed a maximum at the scan used to obtain this 
spectrum. Automatic background correction was then 
used to produce a mass spectrum (Fig. 2) essentially 
identical to that of the authentic compound (Fig. 1). 
A significant ion at m/e = 118, which was not elimin- 
ated by the background correction, may be due to 
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Fig. 3. Radiochromatogram of an extract from the reac- 

tion of benzimidazole, COMT and ['*C]SAM. Migration 

positions of benzimidazole (A, R,; = 0.31) and 1-methyl- 

benzimidazole (B, R; = 0.43) were determined with auth- 
entic compounds. 
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Fig. 4. Comparison of the two tautomers of benzimidazole 
(la and 1b) with the two stable conformations of catechol 
(2a and 2b). 


substrate benzimidazole. Benzimidazole itself under- 
goes very little fragmentation in the electron impact 
mass spectrometer [17]. 

Reverse isotope dilution analysis. RIDA was used 
to confirm the identity of the reaction product. Meth- 
yl-'*C-labeled SAM was incubated with benzimida- 
zole and COMT to produce a radioactive product 
which was isographic with authentic 1-methylbenzi- 
midazole on t.l.c. analysis (Fig. 3). The t.l.c.-purified 
product was converted to its hydrochloride salt, 
mixed with unlabeled 1-methylbenzimidazole hydro- 
chloride, and the mixture recrystallized to constant 
specific activity and melting point. The specific activi- 
ties of the three crops of 1-methylbenzimidazole hy- 
drochloride were 4792, 4777 and 4612dis./min re- 
spectively. The average counting efficiency was 79 per 
cent. Each of the three crops melted at 231—232° (cf. 
literature [19] melting point of 228°). Of the total 
radioactivity eluted from the radiochromatogram, 88 
per cent was recovered as 1-methylbenzimidazole hy- 
drochloride. 

The importance of this demonstration is seen in 
light of the proposed analogy between benzimidazole 
and catechol. The preferred conformation of the cate- 
chol molecule is such that intramolecular hydrogen 
bonding forms a five-membered planar ring of the 
substituent hydroxyl groups [29]. This places the 
acidic proton (the one not involved in forming the 
hydrogen bond) in a position sterically similar to that 
of the acidic proton [21] of one tautomer of benzimi- 
dazole (Fig. 4). Conformational flexibility allows 
rotation of the carbon—oxygen bonds of catechol in 
such a way as to cause interconversion of the acidic 
and hydrogen-bonded protons. This is analogous to 
the tautomeric shift of the acidic proton of benzimida- 
zole between the two nitrogens of the imidazole ring. 
It must be pointed out, however, that while the five- 
membered ring formed by the catechol hydroxyls is 
coplanar with the benzene ring, it is not aromatic. 
The imidazole ring of benzimidazole is, of course, aro- 
matic. This aromaticity confers a high degree of 
chemical stability on the benzimidazole nucleus [21]. 

If bioisosterism between benzimidazoles and cate- 
chols extends to adrenergic receptor binding, as indi- 
cated by the direct agonistic activity of the previously 
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mentioned benzimidazole analogue of norepinephrine 
[10], a new class of pharmacologically important 
adrenergic agents may be provided by substituting 


the 
the 


chemically stable benzimidazole ring system for 
relatively unstable ring system of known drugs. 
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Abstract—Isolated left guinea pig auricles and cardiac Na,K-ATPase from calf heart were incubated 
with highly unsaturated phosphatidylcholine (PC) for 2 hr. Thereafter the actions of ouabain on Na, 
K-ATPase, and of ouabain, digoxin, digitoxin, isoproterenol, acetylcholine, pentobarbital and different 
extracellular Ca?* concentrations on contractile force of the auricles were investigated. PC itself altered 
neither the ATPase activity nor the intracellular ionic homeostasis, nor contractile force of the auricles. 
Similarly, the staircase phenomenon, the contractile response to different extracellular Ca** concen- 
trations, to pentobarbital and ouabain, and the extent of ouabain-induced inhibition of the ATPase 
were not influenced. In addition the toxicity of ouabain was not altered. However, the rate of develop- 
ment of the ouabain-induced ATPase inhibition, as well as of the positive inotropism and toxic effects 
of ouabain, digoxin and digitoxin was markedly reduced. The maximum inotropic effect of digoxin 
and digitoxin, and the toxicity of digitoxin were significantly enhanced. Remarkably, the binding of 
[°H]digitoxin was significantly diminished in PC-pre-incubated auricles, binding of [*H]ouabain, how- 
ever, remained unchanged. The dose-response curves to isoproterenol and acetylcholine, the latter 
also in the presence of physostigmine, were markedly parallel-shifted to the right. The modifying effect 
of highly unsaturated PC on the action of the drugs studied is suggested to be due to an altered 


physico-chemical state (fluidity) of the outer surface of the cellular membrane. 


Numerous investigators have provided evidence that 
a close functional and conformational interdepen- 
dency exists between the constituents of cellular mem- 
branes, i.e. proteins and lipids (3,8, 15,22, 25, 
30, 60, 61]. Microarchitecture and functional state of 
many membrane-bound enzyme proteins are depen- 
dent on the presence of specific phospholipids which 
are attached to the protein in the form of an annulus. 
This has been proven for example with Ca-ATPase 
[ 50, 80, 81], Na,K-ATPase [10,63], adenylate cyclase 
[36] and phosphotransferase [65] (for review, see 
lla). A decrease in the amount of specific phospho- 
lipids associated with the protein or an exchange with 
different phospholipids will alter the enzymatic 
properties [10, 18, 63, 74, 79, 84]. 

The membrane-located Na,K-ATPase which is dis- 
cussed as specific binding site for cardiac glyco- 
sides [5, 17, 19, 62, 69, 71], also belongs to the type of 
phospholipid-dependent protein. The enzymatic ac- 
tivity is entirely dependent on the presence of a speci- 
fic phospholipid-annulus [10, 32, 63, 83]. The presence 
of these phospholipids influences essentially the bind- 
ing of ouabain to the enzyme [10, 20]. 

In the present study, highly unsaturated phosphati- 
dylcholine (PC) was allowed to interact with mem- 
brane lipids of a cardiac Na,K-ATPase preparation. 
Since the ouabain-induced inhibition kinetics of the 
enzyme were found to be altered, the question arose 
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of whether phosphatidylcholine also might influence 
the effects of cardiac glycosides as well as their bind- 
ing to cardiac tissue in isolated heart muscle prep- 
arations. 

Additionally, under identical conditions the actions 
of Ca?*, pentobarbital, acetylcholine and isoproter- 
enol have been investigated. 

Compounds. Digoxin, digitoxin (Boehringer, Mann- 
heim), isoproterenol, physostigmine (Boehringer, In- 
gelheim), ouabain, CaCl,, L(+) ascorbic acid (Merck, 
Darmstadt), pentobarbital (Knoll, Ludwigshafen) and 
acetylcholine iodide (Schuchardt, Miinchen) were 
used. 

[H]ouabain (sp. act. 1mCi/0.05 mg) and [*H]digi- 
toxin (1mCi/0.038 mg) were purchased from NEN 
(Boston, Mass.) The radiochemical purity of the drugs 
was checked by thin-layer chromatography (TLC, 
0.25 mm layer of silica gel 6054, Merck, Darmstadt). 
The solvent systems were cyclohexane/acetone/acetic 
acid (49/50/1 and 65/33/2, v/v/v) to separate digitoxin 
and possible derivatives, and methanol/chloroform 
water (45/45/5) in order to trace ouabain. The radio- 
active spots of the chromatograms were monitored 
by means of a radiochromatogram scanner (Packard 
model 7201/385) and compared with pure reference 
compounds. The radiochemical purity of the glyco- 
sides was greater than 98 per cent. 

Highly unsaturated PC (Nattermann, K6ln) of a 
mol. wt of about 800 was stored under nitrogen at 
low temperatures. The fatty acids of this PC consisted 
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of 85° of oleic, linoleic, and linolenic acids (16:0 
12.5%, 18:0 2.6%, 18:1 9.0%, 18:2 70.1%, 18:3 5.8%). 

The purity of the PC was thoroughly analysed 
according to the method of Walker [78] with TLC 
(0.25 mm layer of silica gel 60, Merck, Darmstadt). 
The solvent system was chloroform—methanol—water 
(65:35:5). The spots were identified by comparison 
with pure phospholipids (Serva, Heidelberg). The 
chromatograms were semi-quantitatively analysed by 
means of a densitometer (Vitatron) and by plani- 
metry. The lysolecithin content of the PC amounted 
to less than 5 per cent. 

ATPase. Na*,K*-activated, Mg** -dependent 
ATPase was prepared from calf heart ventricular 
muscle according to Matsui and Schwartz [48] in- 
cluding the purification with sodium iodide [54]. The 
enzyme preparation was deepfrozen in liquid air and 
stored at —20°. The protein content was determined 
by the method of Lowry et al. [39]. The enzyme ac- 
tivity was measured using the coupled enzymatic- 
optical assay [70] by means of a spectral photometer 
(Unicam SP 800). The sp. act. of the ATPase repre- 
senting the total activity of the purified preparation 
including its ouabain-insensitive component was 
determined at 36° and pH 7.4 in a medium containing 
(mM) 100 NaCl, 10 KCl, 5 MgCl,, | EDTA, 50 Tris, 
and amounted to 29 ymoles P,/mg protein/hr. Maximal 
inhibition of the ouabain-sensitive portion occurred 
with 1 x 10°*M ouabain and amounted to 92 per 
cent of the total activity. 

In order to investigate the influence of PC on 
ATPase activity the enzyme was suspended for two 
hours at 0° in the aforementioned medium containing 
additionally 0.01°%% PC. Prior to addition, the PC was 
sonicated at 150 W for 3 min in an ice bath. There- 
after the enzyme activity was determined at 36°, and 
was found not to be affected by the presence of PC 
as compared to controls. At varying ouabain concen- 
trations both the time to equilibrium of inhibition 
and the degree of inhibition of the ATPase activity 
were measured in the presence and absence of PC. 
PC revealed no measurable influence on the ATPase 
assay system activated by ADP in the absence of 
ATPase. 

Isolated guinea pig auricles. Guinea pigs of either 
sex weighing 300-450 g body wt were used. The left 
auricles were dissected from the hearts and suspended 
in an organ bath. 

Mechanograms of the isolated auricles were isome- 
trically recorded by means of a strain gauge. The auri- 
cles were preloaded with 0.5 g and electrically stimu- 
lated by rectangular pulses (4 msec, 10-30 V, 3 Hz). 
The Tyrode solution (in mM: NaCl 137.0, KCI 2.7, 
CaCl, 0.9, MgCl; 1.0, NaHCO, 12.0, NaH,PO, 0.21, 
glucose 5.5) was oxygenated by a mixture of 95°, O, 
and 5°%% CO,, the temperature was maintained at 32°. 

The auricles were equilibrated for 120 min in a Tyr- 
ode solution containing 0.1°% PC sonicated as de- 
scribed above. During the equilibration period the in- 
cubation mixture was three times exchanged in order 
to minimize the formation of interfering degradation 
products of the phospholipids. Thereafter the auricles 
were incubated with phospholipid-free Tyrode solu- 
tion. After an additional equilibration period of 
10 min the drugs in question were added to the organ 
bath and the effects continuously monitored. The con- 
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trol auricles were equilibrated for the same time 
periods. 

With respect to the effects of the cardiac glycosides 
special attention was focused on the rate of develop- 
ment of the positive inotropic effect and on the time 
to onset of toxic signs, i.e. increase in diastolic ten- 
sion. 

At the end of the equilibration period in both the 
controls and the PC-pre-incubated auricles the 
sodium and potassium content was determined by 
flame photometry. The auricles were blotted by a 
standard procedure, ashed in 1 ml of a mixture of 
equal amounts of HCIO, (60°) and HNO, (65%), 
and re-dissolved in 0.1 n HCl. For each set of experi- 
ments the Na* and K* background was determined 
separately. The cellular Na* and K* content was cor- 
rected by subtracting the extracellular amount of Na* 
and K”*. The calculation was based on an extracellu- 
lar space size (ECS) of 0.3 ml/g wet wt [9,45]. 

After incubation with PC as described above the 
binding of the tritiated cardiac glycosides to the auri- 
cles was measured. After blotting the samples were 
dissolved in Soluene® 350 (Packard Instr.), and sub- 
jected to liquid scintillation counting. The concen- 
tration of the tritiated glycosides (in dpm) in the tissue 
(corrected for by the amount present in 0.3 ml ECS) 
relative to the medium concentration, was expressed 
as tissue/medium ratio 


T _ (dpm/1 g tissue — dpm/0.3 ml medium): 0.7 


M dpm 1 ml medium 


Under identical conditions as described above for 
cardiac glycosides the influence of PC on the effect 
of Ca**, pentobarbital, acetylcholine and isoproter- 
enol on the contractile force of the auricles was inves- 
tigated. With respect to the correct calculation of the 
average dose-response curves, according to Ariéns et 
al. [2], the average concentration necessary to obtain 
a certain response was read from the individual dose— 
response curves (cf. Fig. 5). 











Concn, M 
Fig. 1. Calf heart Na,K-ATPase: influence of 0.01% PC 
on ouabain inhibitory effect. Left graph: log molar ouabain 
concentrations (abscissa) are plotted against percent inhibi- 
tion (ordinate) of the total activity of the enzyme including 
the ouabain-insensitive portion. Right graph: dose—inhibi- 
tion curve of the ouabain-sensitive portion. The concen- 
trations are plotted against percent inhibition on logarith- 
mic-probability paper [37]. Half-maximum inhibition 
(IDs9) occurred with 5 to 6 x 1077 M ouabain. @ PC-incu- 
bated; O controls; each point represents the mean of five 
individual experiments (+S.E.M., indicated as vertical 
bars, omitted if it lies in the magnitude of the symbols). 





Unsaturated phosphatidylcholine and cardioactive drugs 


Electron microscopy. Right guinea pig papillary 
muscles which were phospholipid-pre-incubated and 
thereafter equilibrated in lipid-free Tyrode solution 
as described above were subjected to electron micro- 
scopy. No visible alteration of the cell membranes 
could be detected as compared to controls. 

Statistics. The results were analysed for statistical 
significance by Student’s t-test. The difference between 
mean values was taken as significant at P < 0.05 
(P = probability of error). 


Results 


ATPase. After a two hr incubation period with PC 
the Na,K-ATPase activity and the extent of its inhibi- 
tion by ouabain (Fig. 1) remained unchanged. How- 
ever the time to equilibrium of inhibition was found 
to be significantly prolonged in the presence of PC 
(Fig. 2). 

Isolated guinea pig auricles. In both the PC-incu- 
bated auricles and the control auricles the contractile 
force reached the same level and, due to ageing, de- 
creased similarly during the equilibration period. 
(Table 1). 

After a two hr equilibration period the auricles 
were subjected to a stepwise increase in stimulation 
frequency (1, 1.5, 2,3, 4 Hz). Again, there was no differ- 
ence between controls and PC-pre-incubated prep- 
arations when contractile force or the time required 
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Fig. 2. Calf heart Na,K-ATPase: influence of 0.01% PC on 
time to equilibrium of ouabain-induced inhibition of the 
enzymatic activity. Molar ouabain concentration is plotted 
against time in min. Inset: log-log plot showing hy- 
perbolic dependence of time to inhibitory equilibrium on 
ouabain concentration. Symbols, S.E.M. and number of 
trials as in Fig. 1. With the exception of the lowest concen- 
tration investigated all mean values differ significantly from 
each other (P < 0.05). 


Table 1. Change in contractile force (°,) of left 
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Fig. 3. Increase in contractile force and time to maximum 

positive inotropic effect (p.ie.) and to the occurence of 

toxic symptoms induced by ouabain, digoxin, digitoxin in 

PC-pre-incubated left guinea pig auricles (striped bars). 
Mean + S.E.M. * = P < 0.05. 


for adaptaticn of the contractile force to the altered 
stimulation frequency were compared. 

With respect to the actions of ouabain, digoxin and 
digitoxin, the pre-incubation of the auricles with PC 
showed marked differences. 

(1) The maximum positive inotropic effect of oua- 
bain remained unchanged at non-toxic concentrations 
(1x 10°’M; increase in contractile force 
(mean + S.D.) of controls 24 + 15 per cent, n = 8, 
of PC-pre-incubated auricles 26+ 12 per cent, n = 9; 
attained within 32 + 6 min and 45 + 12 min, respect- 
ively, P < 0.05), as well as at toxic concentrations 
(Fig. 3). 

(2) Digoxin and digitoxin produced at all concen- 
trations investigated a significantly larger maximum 
positive inotropic effect in PC-pre-incubated auricles 
than in controls (Fig. 3). This also held true for a 
non-toxic digitoxin concentration (6 x 10~* M; in- 
crease of maximum positive inotropic effect from 
23 + 11 per cent, n = 8, to 39 + 16 per cent, n = 9, 
P < 0.05; attained within 22 + 3 min and 37 + 9 min, 
respectively, P < 0.05). 

(3) After PC-pre-incubation of the auricles the time 
courses of development of the effects of the three gly- 
cosides were significantly delayed (see above and Fig. 
3, Table 2). 


guinea pig auricles during incubation with 0.1% PC. Mean + S.D., 


n=8 





Incubation 
period (min) 0 15 


45 60 90 120 





6.1 
10.4 


100 
100 


90.4 + 6.5 
92.8 + 8.7 


Controls 
PC-incubated 


74.9 + 9.9 
73.8 + 13.0 


70.1 + 9.9 
72.2 £116 


79.1 + 
798 + 


5.4 
11.4 


78.4 + 7.9 
78.9 + 12.7 
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Table 2. 


Influence of 0.1%, PC on time (min) to half-maximum positive inotropic response to ouabain, digoxin and 


digitoxin in left guinea pig auricles. Mean + S.D., * = P < 0.025 





ouabain 


1.8 x 107’ ix to-* 


digoxin 
iui? 


digitoxin 


6 x 107° ix 160-7 ix t0-* 





5.39 
+ 1.53 
n= 16 

7.44* 
+2.05 
n=8 


2.59 
+0.43 
n= 10 

3.32" 
+0.79 
n= 14 


Controls 


PC-pre- 
incubated 


1.03 
+0.13 
n=6 


1.48* 
+0.28 
n= 7 


10.32 8.60 
+1.10 


n= I! 
13.26* 


+2.48 
n= 13 


1.67 
+0.43 
n= 16 

2.81* 
+0.40 
n = 13 





In order to find out whether the increase of the 
digitoxin-induced positive inotropic effect in PC-pre- 
incubated auricles is accompanied by an increase in 
glycoside toxicity a digitoxin 
1 x 10°’M was investigated. In control auricles 
(n = 12) this concentration was not toxic. In 13 PC- 
pre-incubated auricles, however, 6 displayed toxic 
signs within one hour after glycoside administration. 

In contrast, ouabain, which under similar condi- 
tions showed no enhanced inotropism in PC-pre- 
incubated auricles was not found to be more toxic 
in PC-pre-incubated auricles (n = 11) than in non- 
incubated ones (n = 9), using a threshold concen- 
tration of 1.2 x 10°’M with respect to the occur- 
rence of toxic symptoms. 

Cellular sodium and potassium content. After the 
two hr equilibration period in both controls and PC- 
pre-incubated auricles the sodium and potassium con- 
tent was in the normal range. Controls (n = 5): 
K* 87.5+ 2.5, Na* 33.8 + 3.6; PC-pre-incubated 
(n= 5): K* 903+ 1.7, Na* 32.6+1.8 (mean + 
S.E.M. mmoles/kg cell). 

Binding of [?H]ouabain and [*H]digitoxin to car- 
diac tissue. As demonstrated in Fig. 4, pre-incubation 
of the auricles with PC influenced neither the binding 
rate of ouabain (1 x 10°’ M) to cardiac tissue nor 
the maximum T/M ratio. In contrast, the uptake of 
digitoxin (0.6 x 10~’ M) by the auricles was delayed 
after PC-pre-incubation and the maximum T/M ratio 
was significantly reduced. 

Influence of PC-on the action of Ca?* , pentobarbital, 
isoproterenol, and acetylcholine. Pre-incubation of the 
auricles with PC did not cause any change in the 
dose-response curves of Ca** and pentobarbital. 

The dose-response curves of isoproterenol and ace- 
tylcholine obtained in PC-pre-incubated auricles, 
however, were significantly shifted to the right (Fig. 
op 

The maximum effects of these four compounds 
were not affected by PC-pre-incubation. 

Discussion 

Phosphatidylcholine (PC) is one of the substantial 
constituents of cellular membranes [13, 57]. In PC of 
mammalian cell membranes saturated fatty acids like 
palmitic or stearic acid are predominantly esterified 
at C, of glycerol. At C, mainly unsaturated fatty 
acids occur like oleic, linoleic or arachidonic 
acid [52,76]. The degree of saturation of the fatty 
acids influences essentially permeability, conductility, 
density, consistency, enzymatic reactions and other 
properties of the cell membrane [3, 8a, 12, 22, 32a, 46, 
72a, 73]. 


concentration of 


In contrast to the physiologically occurring mem- 
brane-located phosphatidylcholines the PC used in 
the present study contained mainly the unsaturated 
linoleic acid. The incorporation of such a phospho- 
lipid [68], which enhances the amount of unsaturated 
fatty acids among the lipd components of the cell 
membrane, will eventually lead to an enhanced flui- 
dity of the membrane, i.e. a looser molecular packing 
[6, 12, 29, 46, 76]. ; 

During incubation of cell membranes with phos- 
pholipids (PL) the latter will rapidly be incorporated 
into and exchanged with membrane-located lipids of 
the outer layer at half-lives of several min as has been 
determined for PC [49], whereby incorporation of PC 
into the cell membrane seems to prevail over 
exchange [68]. An exchange of PL molecules from 
one side of the membrane to the other (“flip-flop”) 
seems to be limited due to the asymmetric PL bilayer 
of the plasmalemma [49]. 

PC which at physiological pH does not interact 
with Na*, K* or Ca?* [11, 55, 58, 64] appears to be 
almost exclusively present in the outer layer of the 
cell membrane [21, 47, 77, 85], whereas the inside sur- 
face of the cell membrane is mainly composed of 
cation-binding PL such as phosphatidylethanolamine 
and phosphatidylserine (PS), the latter being a sub- 


—_——"—. 
Digitoxin 








Fig. 4. Influence of PC-pre-incubation of left guinea pig 
auricles on [*H]ouabain (1 x 107’ M) and [*H]digitoxin 
(0.6 x 107’ M) binding to cardiac tissue. Ordinate: T/M 
ratio (radioactive glycoside per g cell divided by radioac- 
tive glycoside per ml Tyrode solution; see Methods). Abs- 
cissa: incubation period in min. O = controls, @ = PC- 
pre-incubated (mean + S.E.M.). Each point represents the 
mean of at least five individual experiments. 
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stantial constituent of the membrane-located Na, 
K-ATPase [10, 20, 21,47, 55, 58, 63, 64, 77, 84, 85]. At 
physiological pH, in polarized membranes Ca’* 
binds highly specific to PS [42, 55a, 57, 73] thus form- 
ing rigid PS aggregates which will hardly be altered 
by PC molecules [56]. 

The interaction of PC with isolated cardiac muscle 
tissue influenced the effects of the drugs in very diver- 
gent ways. The findings may not be explained by un- 
specific impairment of the cell function: after a two 
hr incubation period with PC neither the cellular 
ionic homeostasis nor the development of contractile 
force were altered (Table 1), nor were the staircase 
phenomena (also with respect to the rate of adjust- 
ment to the altered frequencies) nor the inotropic re- 
sponse to increasing extracellular Ca** concen- 
trations changed to a measurable extent. From the 
latter facts, including the unchanged maximum posi- 
tive inotropic effect of ouabain (Fig. 3) which will 
be considered below, it may be inferred that PC had 
no influence on the binding characteristics of the in- 
tracellularly located binding sites for “coupling” cal- 
cium, nor on the fundamental processes involved in 
excitation-contraction (e.c.) coupling. This suggests 
that incorporation and exchange of the PC occurs 
essentially at the outer layer of the cell membrane. 

Similarly, highly unsaturated PC neither affected 
the activity of the membrane-located Na,K-ATPase 
nor the binding of ouabain to cardiac tissue (Fig. 4). 
The polar compound ouabain seems to bind exclus- 
ively to extracellularly located specific binding sites 
of cardiac cell membranes [16,43]. An intracellular 
accumulation of the radiolabelled drug as determined 
by means of autoradiography could not be pro- 
ven [38]. In own experiments with auricles pre-loaded 
with digitoxin an unspecific binding of [*H]ouabain 
was not detectable (to be published). An interaction 
with phospholipid membranes as has been proven for 
the non-polar digitoxigenin [66] is not to be assumed 
for the highly lipophobic ouabain. Similarly to digi- 
toxigenin the non-polar digitoxin is estimated to bind 
specifically by only a few percent to cardiac muscle 
tissue [33] and to accumulate intracellularly (“unspe- 
cific” binding) [33, 34, 38, 43, 82]. 

According to several authors [5, 17, 19, 62,69, 71] 
the specific binding site (“digitalis receptor”) is 
referred to as the membrane-located Na,K-ATPase 
which binds ouabain, depending on the activity state 
of the enzyme [10, 23, 24, 72]. 

Interaction of cardiac glycosides with Na,K- 
ATPase seems to induce conformational changes 
beyond the protein of the membrane-bound 
enzyme [44, 53]. This change is thought to alter the 
characteristics of Ca?* binding to the plasmalemma 
which will in turn improve the effectiveness of the 
e.c. coupling process and thus induce a positive in- 
otropic effect [5,41,42]. In fact, some experimental 
evidence exists that cardiac glycosides might alter the 
calcium binding characteristics of the membrane- 
bound Na, K-ATPase [59.71] as well as of Na,K- 
ATPase-containing cardiac sarcolemmal microsomes 
[41, 84a]. 

With respect to these interdependencies, the un- 
changed extent of the ouabain-induced positive in- 
otropic and toxic effects in PC-pre-incubated auricles 
may suggest an unaltered affinity of the ATPase for 


ouabain and no influence of PC on the extent of oua- 
bain-induced conformational changes. The unchanged 
extent of ouabain-induced ATPase inhibition seems 
to correlate to these interrelationships. This interpre- 
tation may be supported by the close positive correla- 
tion between cardioactivity of cardiac glycosides 
[4,7,40] and their potency to inhibit Na,K-ATPase 
[la, 4, 26, 31, 75]. 

Remarkably, the inhibition of the ATPase, as well 
as the positive inotropic and toxic effects evoked by 
ouabain were correspondingly delayed by PC. 
Equally PC delayed the effects of digitoxin and 


digoxin (Fig. 3, Table 2). This delay may not be 


caused by a delayed formation of the glycoside 
ATPase complex, since PC-pre-incubation does not 
influence the binding of ouabain to cardiac tissue 
(Fig. 4). The fluidizing effect of the highly unsaturated 
PC could lead to a decreased interdependence 
between membrane proteins and lipids [3]. Possibly 
this may damp molecular re-arrangements, thus slow- 
ing down glycoside-induced conformational alter- 
ations of larger areas of the membrane. 

The hydrophobic digitoxin binds to a large extent 
to unspecific binding sites, as indicated by the high 
T/M ratio (Fig. 4). After pre-incubation with PC the 
T/M ratio of digitoxin was found to be significantly 
reduced, the positive inotropic effect of the glycoside 
and its toxicity, however, were reinforced. A similar 
increase of the effects was found with digoxin (Fig. 
3). The decrease of the digitoxin binding might be 
due to a decrease in unspecific binding, since (1) the 
positive inotropic effect (“specific” binding) did not 
decrease, but rather increased, and (2) a change in 
the “specific” binding would be lost in the large por- 
tion of non-specific binding. 

Many speculations are possible with respect to the 
altered effects of digoxin and digitoxin following PC- 
pre-incubation of the auricles. A clear-cut explana- 
tion, however, cannot be given. 

Alterations in the conformational interdependence 
between membrane proteins and lipids due to PC- 
interactions might also hold true for the specific bind- 
ing sites of isoproterenol and acetylcholine. This may 
be taken from the dose-response curves of the two 
compounds which are considerably shifted to the 
right after PC-pre-incubation of the auricles (Fig. 5), 
indicating a reduced affinity of their binding sites or 
a handicap of the effector systems. (In the presence 
of physostigmine, the acetylcholine dose-response 
curve obtained after PC-pre-incubation was shifted 
to the right as well, indicating that PC did not affect 
the acetylcholinesterase). The functional integrity of 
these receptor proteins also requires the presence of 
phospholipids [14, 15, 27, 35, 36,51]. Thus it is not 
surprising that the alteration of the physico-chemical 
properties of the membrane by interference with 
extraneous phospholipids like the PC under discus- 
sion modifies the normal receptor function. 

In contrast to the compounds mentioned above, 
pentobarbital has no specific “receptor” at the cell 
membrane. Experimental evidence suggests that the 
drug enters the lipid compartments of the cell mem- 
brane [28], induces membrane expansion [67] and 
decreases the Ca** exchange rate [9], thus leading 
to a negative inotropic effect. In the case of pentobar- 
bital PC failed to alter the dose-response curve. This 
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Fig..5. Isoproterenol and acetylcholine log dose-response curves obtained on left guinea pig auricles 
after PC-pre-incubation. Upper panel: isoproterenol was added cumulatively to the organ bath contain- 


ing Tyrode solution with 5 x 10 


*M ascorbic acid to stabilize isoproterenol. At this concentration 


the ascorbic acid did not influence the contractile force (n = 6). Lower panel: acetylcholine was given 

non-cumulatively in the absence (right pair of curves) and in the presence of 1 x 10~° M physostigmine 

(left pair of curves). Ordinates: change in contractile force as percentage of the maximum effect. Abs- 

cissas: drug concentration in the organ bath. O = controls, @ = PC-pre-incubated (mean + S.E.M_). 

Each point represents the mean of eight individual experiments. Concerning the calculation of the 
dose-response curves see Methods. 


may be- due to the fact that the action of this drug 
is not mediated by a complex proteo-lipid effector 
system, but by a more “unspecific” interaction with 
the membrane lipids, this interaction apparently being 
more or less independent of the fluidity of the mem- 
brane. 


Concluding remarks 

Pre-incubation with highly unsaturated PC did not 
influence the contractile response to different extracel- 
lular Ca** concentrations, the staircase phenomenon, 
the maximum positive inotropic effect of ouabain, the 
activity and ouabain-induced inhibition of the iso- 
lated Na,K-ATPase, as well as the ATPase-con- 
trolled cellular ionic homeostasis. Since the binding 
sites for coupling calcium as well as the phospholipid 
constituents required for the functional integrity of 
the Na,K-ATPase face intracellularly, these findings 
might indicate that the extraneous PC interacted only 
with the outer layer of the cell membrane. 


The PC-induced delay of the glycoside effects both 
in isolated cardiac muscle and in isolated Na, 
K-ATPase may be explained by an increased fluidity 
of the cell membrane thus giving rise to a damping 
of molecular re-arrangements. On a similar basis the 
modifying effect of PC on the adrenergic and cho- 
linergic receptors might be understood. 
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Abstract—Analysis of the effects of inhibitors on NADPH-oxidation in rat liver microsomes 
shows that the rate of total oxygen consumption parallels the rate of peroxidation of unsaturated 
fatty acids but not the rate of electron transfer within the chain. The addition of EDTA, | mM, 
to the incubation medium inhibits peroxidation and does not affect NADPH-dependent electron 
transfer. There are at least three sites for oxygen reduction within the NADPH-oxygenase complex. 
Oxygen reduction in the chain may occur both at the flavoprotein level and at the level of cytochrome 
P-450. In addition, Fe?* ions bound with the functional groups of electron carriers and catalyzing 
the peroxidation of unsaturated fatty acids also participate in oxygen reduction. The fact that there 
are several points of activation of molecular oxygen within the NADPH-dependent electron transport 
chain precludes the evaluation of the effectiveness of action of inhibitors on cytochrome P-450 by 
measurement of the total oxygen consumption. NADH oxidation inhibited by EDTA is activated 


by addition of Ca?*. 


The oxidation of NADPH and NADH by membranes 
of the endoplasmic reticulum is accompanied by the 
reduction of molecular oxygen [1,2]. Oxygen acti- 
vated in the NADPH-dependent electron transport 
chain is utilized in the formation of peroxides of un- 
saturated fatty acids (UFA), of hydrogen peroxide and 
of hydroxyl groups in xenobiotic hydroxylation reac- 
tions [3-5]. The functional role of reduction of 
oxygen in the NADH oxidation chain is still obscure. 
The fact that there are different modes of utilization 
of molecular oxygen by the membranes of the endo- 
plasmic reticulum prevents us from considering the 
rate of oxygen consumption as a definitive index for 
electron transfer rates within the NADPH-dependent 
chain. 

The purpose of the present investigation was to 
elucidate the effects of inhibitory agents acting at dif- 
ferent sites of the electron transport chain on the total 
rate of oxygen consumption. It was hoped that such 
an analysis of inhibition would make it possible to 
clarify rates of oxygen utilization in each of the oxy- 
gen-consuming reactions. 


MATERIALS AND METHODS 


Male rats, 150-200 g, fed a standard diet, were used. 
The microsomal fraction was obtained as described 
previously [6]. 

Enzyme assays. Oxygen consumption was measured 
by means of an LP-60 polarograph (Lab. Instr. Praha) 
with a fixed, exposed platinum electrode. One ml of 
the incubation mixture contained 100mM Tris-HCl 
buffer, pH 7.4, and 4 mg of microsomal protein. The 
reaction was initiated by adding 1 mM NADPH or 
NADH. Measurements were made at 30° for 3-4 min. 

The rates of demethylation of dimethylaniline 
(DMA) and of UFA peroxidation were determined 
as previously described [6, 7]. 


Microsomal protein was measured by the method 
of Lowry et al. [8] in the presence of 0.1% sodium 
deoxycholate, with crystalline bovine albumin as the 
standard. 

Chemicals. NADPH and NADH were obtained 
from C. F. Boehringer, Mannheim, Germany. Mersa- 
lyl (sodium salt), EDTA (sodium salt), rotenone, albu- 
min (V fraction), n-propylgallate and Tris (hydroxy- 
methyl aminomethane) were purchased from Sigma 
Chemical Co., St. Louis, Mo., U.S.A. Parachlormer- 
curibenzoate (PCMB) and NaCN were obtained from 
Chemapol, Czechoslovakia. 2-Diethylaminoethyl-2,2- 
diphenylpropylacetate (SKF-525A) was _ purchased 
from Smith, Kline & French Laboratories, Philadel- 
phia, Pa., U.S.A. 2-Methyl-l-di-3-pyridylpropanone 
(metyrapone) was obtained from Serva, Heidelberg, 
Germany; sodium azide from E. Merck, Darmstadt, 
Germany; and vitamin K, from Berlin-Chemi, Berlin, 
Germany. Amobarbital (amytal) and 1-phenyl-2,3- 
dimethyl-4-dimethylaminopyrazolon-5 (aminopyrine) 
were analytical grade (Sojuzkhemreactiv, Moscow, 
U.S.S.R.). 


RESULTS AND DISCUSSION 


NADPH oxidation by the microsomal fraction is 
coupled with UFA peroxidation. The stoichiometry 
of this process is such that from 4 to 10 moles of 
oxygen are consumed during the oxidation of | mole 
of NADPH [9,10]. Consequently, the contribution 
of this reaction to the total oxygen consumption rate 
may be significant. Thus, an attempt was made to 
estimate the proportion of oxygen utilized for peroxi- 
dation of UFA to the total oxygen consumption rate 
during the course of NADPH oxidation by means 
of the addition of EDTA, an inhibitor of UFA peroxi- 
dation (Fig. 1A). It was found that the DMA hy- 
droxylation reaction was much more resistant to 
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Fig. !. Effect of EDTA on the rate of NADPH oxidation, DMA hydroxylation, and UFA peroxidation 
. (A) and NADH oxidation (B). (A) NADPH oxidation (- x—x-). One ml of the incubation mixture 
contained 100 mM Tris-HCl buffer, pH 7.4, and 4 mg of microsomal protein. The oxygen consumption 
rate in the absence of EDTA (equal to 6.5 nmoles O,/min/mg of microsomal protein) is assigned 
a value of 100 percent. Hydroxylation of DMA (—O-O-). One ml of the incubation mixture contained 
40 mM Tris-HCl buffer, pH 7.4; 16mM MgCl,; 3mM NADPH; 6mM DMA; and 1.5 to 2 mg of 
microsomal protein. The rate of formation of formaldehyde in the absence of EDTA (equal to 8 nmoles/ 
min/mg of microsomal protein) is assigned a value of 100 percent. Peroxidation of UFA (—V-V-). 
One ml of the incubation mixture contained 25 mM Tris-HCl buffer, pH 7.4; 0.012 mM Fe?*; 0.2mM 
NaPP; 3mM NADPH; and 0.5 to | mg of microsomal protein. The rate of formation of malonic 
dialdehyde in the absence of EDTA (equal to 1.5 nmoles/min/mg of microsomal protein) is assigned 
a value of 100 percent. (B) NADH oxidation. One ml of the incubation mixture contained 100 mM 
Tris-HCI buffer, pH 7.4. Additions: microsomes (MC), 4mg; NADH, | mM; EDTA, 0.6mM; and 
CaCl,, |mM. The units refer to the oxygen consumption in nmoles/min/mg of microsomal protein. 


EDTA inhibition than was UFA peroxidation or free 
oxidation of NADPH. At the concentration of EDTA 
utilized (2 mM), the decrease in the DMA demethyla- 
tion rate was only 25 per cent, whereas at an EDTA 
concentration of 0.3mM, peroxidation of UFA and 
total oxygen consumption was inhibited by 50 per 
cent. The similarity in sensitivity of UFA peroxida- 
tion and of NADPH oxidation to EDTA inhibition 
suggests that the oxygen consumption in the system 
containing no EDTA reflects the rate of peroxidation 
processes rather than the electron transfer rate in the 
chain. In the presence of 0.6 mM EDTA, the oxygen 
consumption rate reflects the rate of electron transfer 
within the NADPH oxidation chain, as peroxidation 
of UFA is almost completely inhibited at this level 
of EDTA. 

Addition of EDTA to the incubation mixture also 
inhibits the NADH-specific electron transfer chain, 
possibly as a consequence of the chelation of Ca?* 
ions. Addition of Ca** ions to the incubation mixture 
containing the complex restores the NADH oxidation 
rate (Fig. 1B). When NADH is used as substrate, per- 
oxidation of UFA is undetectable; as a consequence, 
ferrous ions cannot play an essential role in the pro- 
cesses of oxygen consumption when this reduced pyri- 
dine dinucleotide is oxidized. 

For studying the action of inhibitors and activators 
of NADPH and NADH-dependent electron transfer 
on oxygen consumption, two types of agents were 


used: those which can interact with the flavoproteins 
of electron transfer complexes and those which can 
interact with cytochrome P-450. 

Additions of amytal, rotenone and antimycin A (in- 


hibitors blocking mitochondrial electron transfer 
from flavoprotein to cytochrome b) [11] do not pro- 
duce inhibition of NADPH oxidation in microsomes. 
The inhibiting effect of amytal on NADH oxidation 
(Fig. 2, curve 1) cannot be explained by the presence 
of mitochondrial contamination [12], since other in- 
hibitors of the mitochondrial respiratory chain 
(rotenone, and antimycin A) did not produce such 
an effect (Fig. 2, curves 2 and 3). 

Studying the action of vitamin K, on the respir- 
ation rate in microsomes, we found that this agent, 
which according to the data of Nishibayashi et al. 
[13,14] is an electron acceptor at the level of the 
NADPH-specific flavoprotein, sharply accelerates the 
oxidation rates of both NADPH and NADH (Fig. 
2, curves 4 and 5). 

The results obtained allow us to state that microso- 
mal electron transfer chains are not sensitive to the 
action of specific mitochondrial inhibitors (amytal, 
rotenone, and antimycin A). At the same time, the 
oxygen consumption may be sharply stimulated at 
the flavoprotein level by vitamin K3. 

According to the data of Torielli and Slater [15} 
and Archakov et al. [16], addition of n-propylgallate 
to the incubation medium causes a marked inhibition 
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Fig. 2. Effect of compounds affecting the flavoprotein site of electron transfer chains on the NADPH 

oxidation rate in microsomes. One ml of the incubation mixture contained 100mM Tris-HCl buffer, 

pH 7.4, and 0.6 mM EDTA. Additions: microsomes (MC, 4mg; NADPH, 1 mM; NADH, 1 mM; amytal 

(AM), 3 mM; rotenone (ROT), 2 x 10~° M; antimycin A (ANT A), 2 x 10°* M; vitamin K, (Vit K;), 

1 mM; and n-propylgallate (PR), 0.2mM. The units indicate the oxygen consumption rate in nmoles/ 
min/mg of microsomal protein. 
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of hydroxylation reactions as a consequence of its 
interaction with NADPH-specific flavoprotein. The 
results illustrated in Fig. 2, curves 6 and 7, show that 
inhibition of hydroxylation reactions by n-propylgal- 
late is not directly related to its action on the oxygen 
consumption rate. 

In studying the effect of substrates and inhibitors 
of hydroxylation reactions, e.g. SK F-525A and metyr- 
apone, it was observed that they produce different 
effects on the oxygen consumption rate. Aminopyrine 
and SKF-525A accelerate and metyrapone inhibits 
this reaction (Fig. 3, curves 1,2, and 3). In the case 
of the NADH-specific chain, all these compounds 


exert an inhibitory effect, the mechanism of which 
remains obscure (Fig. 3, curves 4, 5, and 6). 

In studying the effect on the NADPH oxidation 
rate of inhibitors which are specific for mitochondrial 
cytochrome oxidase, we found that NaCN and NaN, 


do not produce an inhibiting effect (Fig. 3, curves 
7, and 8). At the same time, oxidation of NADPH 
is sensitive to carbon monoxide (Fig. 3, curve 9). On 
the contrary, NADH oxidation is sensitive to NaCN 
and NaN, but not to CO (Fig. 3, curves 10, 11, and 
12). 

These results show that a cyanide or azide-sensitive 
factor participates in the NADH oxidation reaction. 
From the data obtained in our laboratory, this com- 
ponent may be cytochrome oxidase which is present 
in the microsomal fraction due to mitochondrial con- 
tamination [12]. According to the data of Oshino et 
al. [17], it is a cyanide-sensitive factor which takes 
part in the desaturation reactions. 

It is more difficult to explain the effect of the inhibi- 
tors on NADPH-dependent electron transfer. There 
is autoxidizable flavin within the redox chain which 
renders difficult the evaluation of their effects on cyto- 
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Fig. 3. Effect of compounds interacting with cytochrome P-450 on NADPH and NADH oxidation 

rates. One ml of the incubation mixture contained 100mM Tris-HCl buffer, pH 7.4, and 0.6mM 

EDTA. Substrates and inhibitors were added in final concentrations of 10°? M. Abbreviations include: 

microsomes (MC); carbon monoxide (CO); metyrapone (MET); and aminopyrine (AP). CO was blown 

through the cuvette for 1 min. The units indicate the oxygen consumption rate in nmoles/min/mg 
of microsomal protein. 
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Fig. 4. Effect of sulfhydryl binding agents on NADPH and 
NADH oxidation rates. The experimental conditions are 
given in Fig. 3. Abbreviations include: microsomes (MC); 
and mersalyl (MER). 


chrome P-450, since there remains a possibility of di- 
rect electron transfer from flavoprotein to oxygen. 

These factors should be taken into consideration 
when the effects of sulfhydryl binding agents are 
examined (Fig. 4). Treatment of microsomes with 
PCMB and mersalyl at concentrations of 0.2 and 
1 mM, respectively, produces an insignificant inhibit- 
ing effect on the oxygen consumption rate in NADPH 
and NADH oxidation in spite of the fact that the 
same concentrations completely block hydroxylation 
and peroxidation reactions [18]. It is noteworthy that 
the inhibiting effect of sulfhydryl finding agents is 
much more pronounced on the NADH oxidation 
chain. 


The low effectiveness of CO and sulfhydryl binding 
agents as inhibitors of NADPH-oxidase when com- 
pared to their marked effectiveness as inhibitors of 
hydroxylation reactions favors the suggestion that in- 
hibition of cytochrome P-450 has an insignificant 


effect on the overall rate of oxygen consumption 
within the chain. 


REFERENCES 


. H. S. Mason, A. Rev. Biochem. 34, 595 (1965). 

. P. Strittmatter, in Biological Oxidations (Ed. T. Singer), 
p. 171. New York (1968). 

3. J. R. Gillette, B. B. Brodie and B. N. La Du, J. Phar- 
mac. exp. Ther. 119, 532 (1957). 

. J. R. Gillette, Adv. Pharmac. 4, 219 (1966). 

. P. Hochstein and L. Ernster, Biochem. biophys. Res 
Commun. 12, 388 (1963). 

. A. L. Archakov, I. I. Karuzina, I. S. Kokareva and G. 
I. Bachmanova, Biochem. J. 136, 371 (1973). 

. A. I. Archakov, V. M. Devichensky, I. I. Karuzina, 
N. N. Ivkov, T. A. Alexandrova, P. P. Doronin and 
M. L. Sorokina, Biochimie 33, 479 (1968). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. L. Ermster and K. Nordenbrand, in Methods in Enzy- 
mology (Eds. R. W. Estabrook and M. E. Pullman), 
Vol. 10, p. 574. Academic Press, New York (1968). 

. H. E. May and P. B. McCay, J. biol. Chem. 243, 2296 
(1968). 

. A. Lehninger, in Mitochondria, Moscow (1966). 

. A. I. Archakov, L. F. Panchenko, A. B. Kapitanov, 
I. I. Efron, T. A. Knayzeva and N. S. Zherebkova, 
Analyt. Biochem. 54, 223 (1973). 

. H. Nishibayashi, T. Omura and R. Sato, J.. Biochem., 
Tokyo. 60, 172 (1966). 

. H. Nishibayashi, N. Nakai and R. Sato, J. Biochem., 
Tokyo. 62, 215 (1967). 

. M. V. Torielli and T. F. Slater, Biochem. Pharmac. 20, 
2027 (1971). 

. A. I. Archakov, V. M. Devichensky and I. I. Karuzina, 
Dokl. Akad. Nauk. SSSR 209, 973 (1973). 

. N. Oshino, Y. Imai and R. Sato, J. Biochem., Tokyo 
69, 155 (1971). 

. A. I. Archakov, I. I. Karuzina, A. I. Bokhon’co, T. 
A. Alexandrova and L. F. Panchenko, Biochem. Phar- 
mac. 21, 1595 (1972). 





Biochemical Pharmacology, Vol. 26, pp. 393-396. Pergamon Press, 1977. Printed in Great Britain. 


EFFECTS OF ETHANOL ON CALCIUM TRANSPORT 
BY MICROSOMES PHOSPHORYLATED BY CYCLIC 
AMP-DEPENDENT PROTEIN KINASE* 


JEFFREY N. RETIG, MADELEINE A. KIRCHBERGER,* EMANUEL RUBIN{ and 
ARNOLD M. KatTz§ 
Division of Cardiology, Department of Medicine, and the Departments of Physiology and Biophysics, 
and Pathology, The Mount Sinai School of Medicine of the City University of New York, 
NY 10029, U.S.A. 


(Received 2 April 1976; accepted 23 July 1976) 


Abstract—The sensitivity of cardiac sarcoplasmic reticulum to the inhibitory effects of ethanol was 
significantly increased after phosphorylation of these membranes by cyclic AMP-dependent protein 
kinase. Ethanol concentrations needed to inhibit oxalate-supported calcium uptake were reduced ap- 
proximately 4-fold after phosphorylation. Ethanol decreased the extent of stimulation of calcium uptake 
by cyclic AMP-dependent protein kinase, but protein kinase-catalyzed phosphorylation of these mem- 
branes was not affected by concentrations of ethanol used in these studies. These findings suggest 
that ethanol interferes with the ability of protein kinase-dependent phosphoprotein to stimulate the 


calcium pump of the sarcoplasmic reticulum. 


Ethanol exerts a negative inotropic effect on the 
mammalian heart that is manifest as a decrease in 
the rate of tension development (dP/dt) and peak ten- 
sion [1-3]. Such a depression of contractility may be 
due, in part, to a decrease in the amount of calcium 
available for release to the contractile proteins [4]. 
The role of the sarcoplasmic reticulum in regulating 
the availability of calcium for binding to the cardiac 
contractile proteins raises the possibility that ethanol 
may interfere with the ability of this intracellular 
membrane system to transport calcium. Studies of 
sarcoplasmic reticulum from the hearts of dogs which 
ingested large amounts of ethanol for several months 
have demonstrated significant impairment of calcium 
transport [5,6]. Previous studies in our laboratory 
have shown that ethanol can inhibit calcium trans- 
port by sarcoplasmic reticulum from normal dog 
hearts, although significant effects were seen only at 
high ethanol concentrations[7]. The present study 
was undertaken in light of recent findings that cal- 
cium transport by the cardiac sarcoplasmic reticulum 
is stimulated when a 22,000 dalton protein com- 
ponent of these membranes (phospholamban) is phos- 
phorylated by cyclic AMP-dependent protein 
kinase [8-12]. Evidence is presented that indicates 
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that protein kinase-stimulated calcium transport by 
cardiac sarcoplasmic reticulum is more sensitive to 
ethanol than is basal calcium transport. The increased 
ethanol sensitivity of phosphorylated sarcoplasmic 
reticulum may reflect interference with the action of 
the phosphoprotein on the calcium pump. 


METHODS 


Canine cardiac microsomes enriched in sarcoplas- 
mic reticulum were prepared by the method of Hari- 
gaya and Schwartz[13], modified in that sodium 
azide was omitted and homogenization was carried 
out in a Waring blendor. Microsomes were used on 
the same day as prepared. Protein concentration was 
measured by the biuret method with bovine serum 
albumin as standard. 

Protein kinase was obtained from frozen bovine 
hearts and purified through the DEAE-cellulose chro- 
matography step by the method of Miyamoto et 
al.[14]. The fractions containing protein kinase acti- 
vity were dialyzed against 5 mM histidine-HCl buffer, 
pH 6.8, and stored in small aliquots at —12° prior 
to use. The specific activity of the enzyme, ranging 
from 1.4 to 5.9nmoles P;/mg of protein/min, was 
determined as described previously [9]. 

For measurements of calcium uptake, cardiac 
microsomes (0.02 mg/ml final concentration) were 
preincubated for 10 min at 25° in a partial reaction 
mixture consisting of 40mM _ histidine-HCl buffer, 
pH 6.8, 120mM KCl, 2.5mM_ Tris-—oxalate, and 
5mM MgATP. For measurements of protein kinase- 
stimulated calcium uptake, 0.1 mg/ml of protein 
kinase and | uM cyclic AMP were present during the 
10-min preincubation prior to initiation of the cal- 
cium uptake reaction. Calcium uptake reactions were 
started by addition of a calcium-EGTA buffer 
(Ca?* = 0.75 uM; CaCl, = 25 uM; EGTA = 84 uM) 
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based on calculations described previously [15]. 
Samples were taken by the Millipore filtration 
method and analyzed by previously described 
methods [16]. 

The partial reaction mixture for the membrane 
phosphorylation assays consisted of 40 mM histidine 
HC! buffer, pH 6.8, 120 mM KCl, 2.5mM oxalate, 
calcium-EGTA buffer (Ca** = 0.75 uM; CaCl, = 
1mM; EGTA = 4.0mM) and one or more of the 
following additions: 1 uM cyclic AMP plus varying 
concentrations of protein kinase, 1.0M ethanol, or 
control solution. Cardiac microsomes (0.5 mg/ml final 
concentration) were added after a 10-min preincuba- 
tion of the partial reaction mixture at 25°. The tem- 
perature equilibration was continued for an ad- 
ditional min, at which time the phosphorylation reac- 
tions were started by an addition of S5mM 
Mg[y-??PJATP (approximately 3.64 wCi/sample). The 
total sample volume was 0.2 ml. The reactions were 
stopped with a 10° (w/v) trichloroacetic acid solution 
and the resultant pellets were washed, centrifuged and 
counted, as described previously [9], except that the 
pellets were first washed twice with the trichloroacetic 


acid solution, then twice with 0.5N NaOH, and 
finaily twice more with trichloroacetic acid. 

Ethanol was obtained from a constant boiling mix- 
ture of 95% ethanol in water. All studies on calcium 
uptake were performed with 1.0M ethanol present 
in the preincubation medium except as otherwise 
noted. 

Figures represent data from typical experiments. A 
minimum of three independent experiments was car- 
ried out in all cases except where indicated. 


RESULTS 


Effect of ethanol on microsomal calcium uptake. 
Ethanol inhibited oxalate-supported calcium uptake 
by cardiac microsomes that had previously, been 
phosphorylated by a cyclic AMP-dependent protein 
kinase. As was found for control microsomes not 
exposed to the protein kinase[7], the inhibition by 
ethanol was time dependent and increased as the 
duration of exposure of the microsomes to ethanol 
increased (Fig. 1). 
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Fig. 1. Time dependence of ethanol-induced inhibition of protein kinase-stimulated calcium uptake. 

Microsomes were preincubated with protein kinase (0.15 mg/ml) and cyclic AMP (0.2 uM) for 10 min. 

During this preincubation period 1M ethanol was present for 10min (@), for only the last 25 sec 

(A), or absent (O). Immediately after the 10-min preincubation, the calcium uptake reaction was started 

by addition of a calcium-EGTA buffer. Details of reaction conditions are described under Methods. 
Four independent experiments were performed; a typical experiment is shown. 
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Fig. 2. Effect of a 10-min ethanol pretreatment on calcium uptake by control and phosphorylated 

cardiac microsomes (A) and on the stimulation of calcium uptake by cyclic AMP-dependent protein 

kinase (B). The per cent inhibition (A) and stimulation (B) are shown +S. E. calculated from paired 
samples in four independent experiments. 
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Fig. 3. Concentration dependence of ethanol-induced inhi- 

bition of control (O) and protein kinase-stimulated (@) 

calcium uptake by cardiac microsomes in 120mM NaCl 

instead of 120mM KCI. Other reaction conditions are 

described under Methods. Shown for each concentration 

of ethanol are averages of four independent experiments 
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The inhibitory effects of 1 M ethanol were signifi- 
cantly increased in microsomes previously exposed to 
the cyclic AMP-dependent protein kinase (Fig. 2A). 
Thus, ethanol reduced the extent to which the protein 
kinase stimulated calcium uptake velocity (Fig. 2B). 
Furthermore, a 4-fold enhancement in the sensitivity 
of protein kinase-treated microsomes to the inhibitory 
effects of ethanol on calcium transport was observed 
(Fig. 3). For example, 0.4M ethanol caused 17 + 2 
per cent inhibition of calcium uptake in microsomes 
exposed to the protein kinase whereas 1.5 M ethanol 
was needed to produce 16 + 5 per cent inhibition of 
control microsomes. The inhibitory effects of 0.4M 
ethanol on calcium uptake by protein kinase-treated 
microsomes were highly significant (P < 0.001). 

Effects of ethanol on membrane phosphorylation. To 
examine the possibility that ethanol sensitivity of car- 
diac microsomes previously exposed to the cyclic 
AMP-dependent protein kinase resulted from an 
effect of ethanol to inhibit protein kinase-catalyzed 
phosphorylation, the effects of ethanol on phosphory- 
lation of cardiac microsomes were measured. Over 
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Fig. 4. Time course of phosphorylation of cardiac micro- 
somes catalyzed by intrinsic (A, A) and 0.25 mg/ml added 
(O, @) protein kinase and 1 uM cyclic AMP. Assays were 
carried out with 1M ethanol (open symbols) or in its 
absence (closed symbols) under conditions described in 
Methods. 





Table 1. Effect of ethanol on phosphorylation of cardiac 
microsomes* 





Phosphorylation 
(nmoles P/mg/2 min) 





0.18 + 0.01 
0.23 + 0.03 
0.52 + 0.01 


Control 

Control + ethanol (1 M) 

Protein kinase (25 ug/ml) + 
cyclic AMP (1 uM) 

Protein kinase (25 ug/ml) + 
cyclic AMP (1 uM) + 
ethanol (1 M) 

Protein kinase (100 g/ml) + 
cyclic AMP (1 uM) 


0.53 + 0.02 


0.89 + 0.02 





* Effects of ethanol on phosphorylation were measured 
in control microsomes in the presence of low and high 
concentrations of protein kinase plus cyclic AMP. Assays 
were carried out as described in the legend to Fig. 4 except 
that the oxalate and calclum-EGTA buffers were omitted. 
Reactions were stopped with 10% trichloroacetic acid 
after a 2-min incubation. Data represent averages of tripli- 
cate determinations on a single preparation of microsomes 
$828. 


a period of 20 min, | M ethanol caused no significant 
inhibition of phosphorylation catalyzed by either 
added or intrinsic [9, 17] protein kinase (Fig. 4). The 
possibility that an inhibitory effect of ethanol was 
masked by the use of saturating levels of protein 
kinase could be excluded by similar negative results 
obtained in experiments carried out at protein kinase 
concentrations well below those which catalyzed 
maximal phosphorylation (Table 1). 


DISCUSSION 


The present studies demonstrate that the sensitivity 
of cardiac microsomal calcium transport to ethanol 
is enhanced after exposure to a cyclic AMP-depen- 
dent protein kinase. Under the conditions employed 
in the present study, basal calcium transport was inhi- 
bited by 19 per cent by | M ethanol, a finding similar 
to that reported by Swartz et al. [7]. In contrast, pro- 
tein kinase-stimulated calcium uptake was inhibited 
42 per cent by the same concentration of ethanol (Fig. 
2A) and phosphorylation of the microsomes was 
found to increase the sensitivity of calcium uptake 
to ethanol (Fig. 3). Because phosphorylation of the 
cardiac sarcoplasmic reticulum is closely correlated 
with the stimulation of calcium transport [9], the pos- 
sibility that the greater ethanol sensitivity of protein 
kinase-stimulated calcium transport reflects inhibition 
of formation of this phosphoprotein was examined. 
No significant inhibition of membrane phosphoryla- 
tion by | M ethanol was seen (Fig. 4). These findings 
suggest that ethanol interferes with the ability of the 
protein phosphorylated by the cyclic AMP-dependent 
protein kinase to stimulate the calcium pump of the 
cardiac sarcoplasmic reticulum. Evidence for such 
an effect is seen also at low ethanol concentrations 
where calcium transport by control microsomes is un- 
affected while that of phosphorylated microsomes is 
inhibited significantly. 

The concentrations of ethanol necessary to produce 
inhibition of both control and protein kinase-stimu- 
lated calcium transport are above the lower level of 
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the lethal range of blood ethanol concentration ir: 
man. The relationship between the present findings 
and the impairment of calcium transport by sarco- 
plasmic reticulum from hearts of animals that have 
ingested ethanol for long periods [5,6] is not clear. 
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Abstract—Mice chronically exposed to lead during initial periods of development demonstrate increased 
levels of spontaneous motor activity. Their behavioral responses to a number of drugs indicate a 
decrease in central cholinergic activity. Studies utilizing peripheral nervous tissue have shown a de- 
creased evoked and an elevated spontaneous release of ACh by lead. The possibility was examined, 
therefore, that the evoked and spontaneous ACh release in brain tissue might be similarly altered 
by chronic lead treatment in vivo. The results indicate that chronic lead administration inhibits the 
potassium-induced release of both choline and ACh from cortical minces. Potassium-induced release 
of labeled ACh synthesized from labeled choline is also significantly impaired in the lead-treated ani- 
mals. Administration of methylphenidate to lead-treated animals, previously reported to suppress lead- 
induced hyperactivity, reverses the inhibition of potassium-induced choline and ACh release. Spon- 
taneous release of ACh in lead-treated animals is significantly increased. Omission of calcium signifi- 
cantly inhibits the potassium-induced release of ACh without significantly altering choline release. 
No changes were found in the steady state levels of choline and ACh nor in the activities of choline 
acetyltransferease, choline phosphokinase, and acetylcholinesterase in the brains of lead-treated animals 
during development. The results suggest that the inhibition of potassium-induced release of ACh by 
lead may occur by two different mechanisms: (1) lead may reduce the availability of choline for ACh 
synthesis, and (2) lead may interfere with the role of calcium in the evoked release of ACh. The 
present work indicates that chronic lead exposure, at doses previously shown in mice to elicit hyperacti- 
vity, also disrupts central ACh function. Also, the results indicate that lead may be a valuable tool 


in elucidating the dynamic processes involved in central ACh metabolism. 


Low levels of inorganic lead chronically administered 
from birth through the termination of the experiment 
increase the spontaneous motor activity of mice 
[1-3], rats [4] and monkeys [5]. Previously, it has 
been suggested that lead-induced hyperactivity in 
mice is associated, at least in part, with a decrement 
in central cholinergic function [2,3]. This suggestion 
is predicated on studies dealing with the influence of 
lead on both central and peripheral cholinergic sys- 
tems. Administration of several drugs to the lead- 
induced hyperactive mice influences both the hyperac- 
tive state and central ACh metabolism. For example, 
the muscarinic blocking agents atropine and benztro- 
pine, exacerbate the hyperactive state and block the 
effects of ACh at post-synaptic receptor sites. Con- 
versely, the anticholinesterase agent, physostigmine, 
suppresses the hyperactive state probably by causing 
an accumulation of ACh at post-synaptic receptor 
sites. 

In the peripheral nervous system, lead in vitro has 
been shown to impair cholinergic function in several 
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different experimental models. Lead inhibits the 
release of ACh from the superior cervical ganglion 
of the cat during stimulation of the preganglionic 
fiber; the addition of extracellular calcium reverses 
this inhibition [6]. Lead decreases the size of the end 
plate potential (EPP) and increases the frequency of 
miniature end plate potentials (MEPP) in the sartor- 
ious muscle of the frog [7]. Also, it reduces the force 
of diaphragmatic contraction during stimulation of 
the phrenic nerve of the mouse [8,9]. That lead 
reduces both the EPP and diaphragmatic contraction 
cannot be explained by a post-synaptic inhibition 
since it does not alter the postsynaptic sensitivity to 
ACh [7-9]. 

Many studies have suggested that extracellular cal- 
cium plays an important role in both the peripheral 
and central release of ACh and lead toxicity [6, 10]. 
In the peripheral nervous system, extracellular cal- 
cium has been shown to reverse the inhibition of ACh 
release by lead [6]. Calcium administration has also 
been shown to protect against central lead toxicity 
whereas a calcium-free diet has been shown to poten- 
tiate central lead toxicity [11]. Thus, the effect of 
chronic lead administration on various parameters of 
central ACh metabolism has been compared with cal- 
cium omission. 

The pharmacological evidence obtained with whole 
animal studies and the direct measurements of ACh 
release indicate that the release of ACh in the central 
nervous system (CNS) of lead-induced hyperactive 
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mice is impaired. In this study, the spontaneous and 
potassium-induced release of both choline and ACh, 
the transport of choline, the activity of enzymes, and 
the levels of substrates associated with cholinergic 
function were examined using brain preparations of 
lead-treated and coetaneous control mice. 


MATERIALS AND METHODS 


Pregnant CD 1 mice weighing between 25 and 35g 
were obtained from Charles River Laboratories 15-17 
days after impregnation. The method of administering 
lead to the offspring has been reported previously [1]. 
Briefly, iead is administered to the mothers and via 
her milk to the nursing off-spring which are the sub- 
jects of study. Three concentrations of lead solutions 
which replaced the drinking water were used: 2, 5 
and 10 mg/ml as lead acetate. In most of the studies, 
the 5 mg/ml exposure level was used unless otherwise 
stated. Litters were normalized to six animals within 
24hr after birth. After weaning, the offspring were 
exposed to the same concentrations of lead as their 
mothers until the termination of the experiment. Con- 
trol and lead-treated animals were handled identically 
with the exception that control animals were not 
exposed to solutions of lead acetate. The behavior 
of animals used in this study was not measured. 

Choline and ACh release. Coetaneous control and 
lead-treated mice 30-70 days of age were utilized for 
ACh and choline release studies. The animals were 
decapitated, and the cerebral cortex was quickly 
removed and washed with several hundred ml of ice- 
cold Krebs—Ringer-HCO, buffer of the following 
compositions: NaCl, 6.83; KCl, 0.261; CaCl,, 0.277; 
KH,POxg, 0.163; MgSO,47 H,0, 0.295; NaHCOs, 2.35 
and glucose, 2.0 g/liter. The cortex was removed from 
the washing medium and minced, and a weighed por- 
tion (25-50 mg) transferred to 2 ml of ice-cold Krebs 
containing the acetylcholinesterase inhibitor para- 
oxon (0.1 uM). In the studies reported below, paired 
coetaneous samples were always run and the exper- 
iments were repeated at least once. The release of 
choline and ACh from brain tissue was accomplished 
by changing the potassium concentration from 5 to 
35mM and reducing the sodium concentration from 
145 to 115mM; the pH of the medium was main- 
tained at 7.4. 

The release of choline and ACh from brain cortical 
minces was determined in both Krebs and 35mM 
K* Krebs solution (elevated K* Krebs). The minces 
were agitated in Erlenmeyer flasks (25 ml) at 90 cyc- 
les/min in a Dubnoff metabolic shaker under an at- 
mosphere of 95°% O,-5% CO, at 37° for varying time 
periods. Samples incubated at 0-2° for the same 
periods of time were used as tissue blanks. These 
samples release a small amount of choline and ACh 
which was subtracted from the total amount of cho- 
line or ACh released at 37°. At the end of the incuba- 
tion period, the samples were chilled and centrifuged 
for 10,000 g-min, and an aliquot of the supernatant 
was used for the determination of choline and ACh. 
The supernatant (100 yl) was extracted with 300 pl of 
5mg/ml of tetraphenylboron dissolved in 3-hep- 
tanone (TPB/3-heptanone). After a brief centrifuga- 
tion, 200 ul of the organic phase was transferred to 
a tube containing 300 pl of 0.4 N HCl. After thorough 


mixing and a 10,000 g-min centrifugation, the organic 
layer was removed and a 50-yl aliquot of the aqueous 
layer transferred to a new tube and lyophilized. These 
samples were then analyzed for choline and ACh by 
the method of Goldberg and McCaman [12, 13]. In 
the present experiments, the conversion of choline to 
phosphoryl-choline catalyzed by choline kinase was 
complete for at least 1000 pmoles choline. Choline 
kinase (EC 2.7.1.32.) was initially prepared by the 
method of McCaman et al. [14] and also purchased 
from Sigma Chemical Corp. when it became commer- 
cially available. 

In some experiments, brain cortical minces were 
incubated with 100 uM ['*C]choline in Krebs buffer 
containing 35mM K* for 1hr and the amount of 
['*C]ACh released into the media was then deter- 
mined. Identification and quantification of labeled 
ACh released from minces were determined by two 
different methods: (1) the conversion of labeled cho- 
line to labeled phosphorylcholine and its subsequent 
separation from labeled ACh by liquid cation 
exchange chromatography (TPB/3 heptanone) as de- 
scribed above, and (2) paper chromatography. In the 
paper chromatographic separation, the samples, after 
conversion of choline to phosphorylcholine, were 
streaked on Whatman 3M chromatogram paper and 
developed for 22hr in a descending system of 
butanol-ethanol-acetic acid-H,O (8:2:1:3,v/v) at 
room temperature. Standards (unlabeled phosphoryl- 
choline and ACh) were co-chromatographed and their 
positions detected by exposure to iodine vapor [15]. 
The developed chromatograms were cut into l-cm 
strips, eluted with | ml H,O and counted in Aquasol 
by liquid scintillation spectrometry. There was no 
overlap between labeled phosphorylcholine and 
labeled acetylcholine. Additionally, no labeled choline 
was detected on the chromatograms. 

Choline transport. The effect of chronic lead treat- 
ment on the accumulation of choline by non-depolar- 
ized cortical minces, a process having “high” and 
“low” affinity components [10, 16], was studied using 
the brains of lead-treated and coetaneous control 
mice. For comparative purposes, the influence of cal- 
cium omission on high and low affinity transport into 
cortical minces was also examined. Previously, 
Michaelis constants of 6 and 50 uM have been deter- 
mined, respectively, for high and low affinity choline 
transport into non-depolarized cortical minces [10]. 
To avoid a possible overlap between the two pro- 
cesses, a [°H]choline concentration of 0.6uM 
(sp. act. 16.6 Ci/m-mole, source: New England Nuc- 
lear) was used to study high affinity choline transport, 
whereas a ['*C]choline concentration of 100 uM 
(sp. act. 21 mCi/m-mole, source: New England Nuc- 
lear) was used to study low affinity transport. Minces 
were incubated for 4 min at 37° under an atmosphere 
of 95°, O,-5°,, CO,. Zero degree samples were rou- 
tinely used as blanks. Incubation was terminated by 
the addition of 5ml of ice-cold 0.32 sucrose. The 
minces were centrifuged, washed with 5ml of 0.32 
sucrose, and the radioactivity was extracted using 1 N 
formic acid—acetone (FA-—A, 15:85, v/v) according to 
the method of Toru and Aprison [17]. 

Endogenous ACh, choline and enzyme assays. The 
amounts of ACh and choline and the activities of cho- 
line acetyltransferase, choline phosphokinase and ace- 
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tylcholinesterase were determined in the forebrains of 
lead-treated and coetaneous control mice from 3 to 
100 days of age. Mice were killed by cervical disloca- 
tion and the brains immediately removed and sec- 
tioned through the central sulcus, and each half was 
weighed. One half of the brain (right side) was homo- 
genized in 1 ml FA/A (150 mg/ml for ACh and cho- 
line); the contralateral half was homogenized in 1 ml 
of distilled water for the enzyme assays. The time 
between sacrifice and homogenization in FA/A was 
less than 1 min. Formic acid—acetone homogenates 
were allowed to stand for 30-60 min in the cold (0—2°) 
to allow for complete extraction of ACh. Samples 
were homogenized by hand in ground glass homogen- 
izers, at 0-2°, and all assays performed in duplicate. 
Choline and ACh were assayed by the radio-enzyma- 
tic assay of Goldberg and McCaman [12, 13]. Cho- 
line acetyltransferase and acetylcholinesterase were 
assayed by the method of McCaman and Hunt [18] 
as modified by Fonnum [19] and described by Spyker 
et al. [20]. Choline phosphokinase activity was 
measured by the method of Goldberg and McCaman 
[12]. All enzyme assays were standardized for all age 
groups so that product formation was linear with 
both the amount of tissue and the time of incubation. 
In each assay, less than 10 percent of the substrate 
was utilized during the incubation period chosen. 
Protein was analyzed by the method of Lowry et al. 
[21]. All values reported represent the mean and the 
standard error of the mean and are expressed as nmo- 
les/g of tissue wet weight except in the case of the 
enzyme assays, which are expressed as pmoles/g of 
protein/hr. Statistical analysis of data was done using 
Student’s t-test or analysis of variance, randomized 
block design [22]. 


RESULTS 


Potassium-induced ACh release. In these studies, the 
potassium-induced release of ACh was found to be 
linear for at least 1 hr (Fig. 1), calcium dependent 
(Table 1) and inhibited by hemicholinium at a concen- 
tration of 100 uM [10]. 


K+ induced [Cc] Ach release 
(n=3) 


nmoles/gram 


(*c] Ach, 





i 





30 


Time, min 


Fig. 1. Time course for K*-induced release of newly syn- 

thesized ['*C]ACh. Cortical minces prepared from mouse 

brains were incubated for 2, 30 and 60 min with 100 4M 

['*C]choline in 35 mM K* Krebs buffer containing para- 

oxon (0.1 4M), and the release of ['*C]ACh was deter- 
mined. 


399 


Effect of lead treatment on potassium-induced ACh 
release. To determine if all three chronic doses of lead 
acetate (2,5 and 10mg/ml) inhibit the potassium- 
induced release of ACh, minces of cortex prepared 
from the brains of these animals and their coetaneous 
controls were incubated in an elevated potassium 
Krebs buffer for 1 hr and the amount of ACh released 
into the incubation media was determined. The 
results presented in Table 1 show that all three dose 
levels in vivo of lead significantly reduce the potas- 
sium-induced release of ACh from mouse brain corti- 
cal minces. However, there is no increase in the mag- 
nitude of the effect as the exposure to inorganic lead 
is increased. 

Previous reports from the laboratory demonstrated 
that the administration of methylphenidate (40 mg/kg, 
i.p.) suppresses the hyperactive state of lead-treated 
animals 2hr after administration [3]. To determine 
if methylphenidate reverses the inhibition of potas- 
sium-induced ACh release in the lead-treated animals, 
the potassium-induced ACh release was determined 
in minces from lead-treated animals given the same 
dose of methylphenidate and killed 2hr later (see 
Table 1). The results indicate that methylphenidate 
eliminates the lead inhibition of potassium-induced 
ACh release at the same time that it reverses the be- 
havioral effect. Additionally, methylphenidate aug- 
ments the release of ACh approximately 15 per cent 
from control animals (P. T. Carroll, unpublished 
observations). 

To test if chronic lead treatment significantly in- 
hibits the release of newly synthesized ACh, control 
and lead-treated cortical minces were incubated in 
100 uM ['*C]choline for 1hr and the release of 
['*C]ACh was determined. The results show that the 
release of labeled ACh during continuous exposure 
of minces to elevated potassium is significantly im- 
paired in the lead-treated animals (Fig. 2). 

Effect of lead treatment on choline release from corti- 
cal minces during exposure to elevated potassium. 
Several groups of investigators have established that 
brain tissue produces and releases a net amount of 
choline when incubated and that this choline can be 


Table 1. Effect of chronic lead treatment and calcium 
omission on potassium-induced release of ACh and choline 
from mouse brain cortical minces 





Choline 
(nmoles 
g/hr) 


ACh 
(nmoles 
Treatment 





Control 361 + 68 

Pb?* (2 mg/ml)* 

Control 

Pb?* (5 mg/ml) 

Control 

Pb?* (10 mg/ml) 

Control 

Ca’* free 

Pb?* (5 mg/ml) 

Pb** (5 mg/ml) and 
methylphenidate 
(40 mg/kg, i.p.) 


t 
Be He HE 
I+ Ie IE I+ I+ I+ | 
t Www 





* Pb** as lead acetate. 
+ Mean + S.E.M. Treated significantly differ from con- 
trol (P < 0.05). 
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Lead (Smg/ml) 


Control 
Fig. 2. Effect of chronic lead treatment on the K * -induced 
release of ['*C]ACh from mouse brain cortical minces. 
Minces from control or lead acetate-treated (5 mg/ml) mice 
were incubated with 100 uM ['*C]choline in 35mM K* 
Krebs buffer, and the release of ['*C]ACh was determined. 


taken up by cholinergic nerve endings for the forma- 
tion and release of ACh during continuous exposure 
to elevated potassium [10,23]. Thus, the effect of 
chronic lead administration on choline efflux from 
cortical minces was determined. Two doses of lead 
(5 and 10 mg/ml) inhibit the release of choline; meth- 
ylphenidate administration completely reverses this 
inhibitory effect of the 5 mg/ml dose of lead (see Table 
!). The magnitude of the inhibition of choline efflux 
due to lead is twice the magnitude of its inhibition 
of ACh release (see Table 1). 

Effects of lead treatment on enzymes involved in cen- 
tral ACh metabolism. Since the alteration of choline 
and ACh release from minces due to chronic lead 
treatment could reflect changes in central ACh meta- 
bolism, the activities of choline acetyltransferase, ace- 
tylcholinesterase and choline phosphokinase were 
determined in the brains of lead-treated and control 
animals from day 3 to day 100 of age. Also, the levels 
of choline and ACh were determined in these animals. 
As shown in Figs. 3-5, the activities of these enzymes 
are not significantly altered. It should be mentioned, 
however, that at day 60 of age, choline phosphokinase 
activity is significantly elevated. Additionally, chronic 
lead treatment fails to significantly alter the steady 
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Fig. 3. Choline acetyltransferase activity in the forebrains 
of control and lead-treated mice between the ages of 3 


and 100 days. 
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Fig. 4. Acetylcholinesterase activity in the forebrains of 
control and lead-treated mice between 3 and 100 days. 


state levels of choline and ACh over the time periods 
studied (Figs. 6 and 7). 

Effect of lead treatment on the spontaneous release 
of choline and ACh. The effect of chronic lead treat- 
ment on the spontaneous release of ACh from mouse 
brain cortical minces was measured (Table 2). The 
results show that lead acetate (5 mg/ml) significantly 
elevates the spontaneous release of ACh without sig- 
nificantly altering choline release. 

Effect of lead treatment on choline transport. The 
effect of lead acetate pretreatment (5 mg/ml) on high 
and low affinity choline transport was determined. 
The results show that neither high nor low affinity 
choline transport by cortical minces is significantly 
inhibited in the lead-treated mice (Table 3). 

Effect of calcium omission on central ACh metabo- 
lism. In many of these studies, the influence of calcium 
omission on various parameters of central ACh meta- 
bolism was compared with chronic lead treatment. 
The results indicate that calcium omission signifi- 
cantly inhibits the potassium-induced release of ACh 
without significantly altering the release of choline. 
Conversely, lead treatment significantly inhibits both 
choline and ACh release (see Table 1). Calcium omis- 
sion fails to alter the spontaneous release of ACh 
(see Table 2). Calcium omission significantly inhibits 
both high and low affinity choline transport whereas 
lead treatment fails to inhibit either (see Table 3). 
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Fig. 5. Choline phosphokinase activity in the forebrains 
of control and lead-treated mice between 3 and 100 days. 
At 60 days of age, the two groups are statistically difficult. 
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Fig. 7. ACh level in the forebrains of control and lead- 
treated mice between 3 and 100 days. 


Table 2. Effect of chronic lead treatment and calcium 
omission on the spontaneous release of ACh and choline 
from mouse brain cortical minces 





Choline 
(nmoles/g/hr) 


ACh 


Treatment N_ (nmoles/g/hr) 





69.1 + 14.8 
97.0 + 10.0* 


486 + 61 
497 + 50 


Control 8 
Lead acetate 8 
(5 mg/ml) 
Control 
Ca?* free 


79.7+48 ats 


4 
4 749449 - 





* Mean + S.E.M. Results significantly differ from con- 
trol (P < 0.05). 


Table 3. Effect of chronic lead treatment and calcium 
omission on high and low affinity choline transport by 
mouse brain cortical minces 





[*H]choline 
(0.6 uM) 


['*C]choline 


Treatment (100 uM) 





0.242 + 0.014 (9) 
0.232 + 0.024 (9) 


39.3 + 3.6 (4) 
40.0 + 3.8 (4) 


Control* 
Lead acetate 
(5 mg/ml) 
Control* 
Ca?* free 


0.238 + 0.031 (4) 
0.163 + 0.010F (4) 


35.7 + 4.0(7) 
25.7 + 4.74 (7) 





*Mean + S.E.M. Results are expressed as nmoles/ 
g/4 min. 
+ Results significantly differ from control (P < 0.05). 


DISCUSSION 


The results indicate that chronic inorganic lead (as 
lead acetate) administered during critical periods of 
development and continued throughout life inhibits 
the release in vitro of ACh induced by potassium. The 
identical route and exposure of lead have been shown 
to produce an increase in spontaneous motor activity 
[1-3]. Like the induction of hyperactivity by lead, 
the inhibition of potassium-induced ACh release is 
not dose dependent over the exposure range studied. 
Administration of methylphenidate, at a dose and 
time that reverses the lead-induced hyperactivity in 
mice [3], also reverses the inhibition of ACh release 
due to lead. We suggest that the lead-induced hyper- 
activity is, at least in part, due to a defect in the 
central release of ACh. However, these results do not 
exclude the possibility that lead may be altering other 
neurotransmitter systems during its production of 
hyperactivity. 

Chronic lead treatment appears to inhibit the 
potassium-induced release of ACh by at least two 
mechanisms: (1) the inhibition of choline efflux during 
potassium stimulation, and (2) by interfering with the 
role of calcium in the potassium-induced release of 
ACh. The inhibition of choline efflux caused by lead 
during potassium stimulation could decrease the 
amount of extracellular choline available for trans- 
port, acetylation and subsequent release. Since methyl- 
phenidate not only reverses the inhibition of potas- 
sium-induced release of ACh produced by lead but 
also reverses the inhibition of choline release, it 
appears that choline release and the subsequent 
acetylation and release of ACh are linked. The source 
of the choline being released is not known; however, 
it would appear to be originating from a source other 
than ACh, since the release of ACh is calcium depen- 
dent whereas the release of choline is not. When brain 
minces from lead-treated mice are incubated with a 
high extracellular labeled choline concentration 
(100 uM), the potassium-induced release of labeled 
ACh is still significantly impaired. Under these condi- 
tions, the inhibition of endogenous choline efflux by 
lead, which approaches a final concentration of 
15 uM, could not account for the inhibition of potas- 
sium-induced release of labeled ACh. 

Lead may interfere with the role of calcium in the 
evoked release of ACh [6-9]. Calcium omission in 
vitro, like chronic lead treatment, significantly reduces 
the potassium-induced release of ACh. However, cal- 
cium omission, unlike lead, does not significantly in- 
hibit the release of choline during potassium stimu- 
lation. Thus, the inhibition of choline release by lead 
cannot be totally attributed to a competition between 
lead and calcium. The role of calcium in the potas- 
sium-induced release of ACh and the antagonism by 
lead could involve choline transport, conversion to 
ACh, available stores of ACh or enzyme systems in- 
volved in the metabolism of choline and ACh. Cal- 
cium omission significantly inhibits both high and 
low affinity choline transport by cortical minces 
whereas chronic lead treatment fails to affect either. 
This latter result appears to conflict with the finding 
that chronic lead treatment inhibits high affinity 
transport by synaptosomes prepared from the brains 
of hyperactive mice [3]. This disparity may be due 
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to differences in the transport characteristics of the 
two preparations. Recently, it has been suggested that 
glucose transport into synaptosomes differs from that 
of minces [24]. 

Lead-induced decreases of potasssium-induced 
ACh release cannot be attributed to a decrease in 
available stores of choline or ACh or to the enzymes 
involved in choline metabolism or ACh hydrolysis, 
since none of these parameters of ACh metabolism 
are significantly altered by chronic lead administ- 
ration. These results differ from those reported for 
the rat in that lead administration significantly alters 
the activity of both acetylcholinesterase [25,26] and 
choline acetyltransferase in certain brain regions [25]. 

That the spontaneous release of ACh is elevated 
in the brains of lead-treated animals is not surprising, 
since the addition of lead to a sciatic nerve-sartorious 
muscle preparation of the frog has been reported to 
elevate the MEPP frequency and to inhibit the EPP 
frequency [7]. Two experimental results suggest that 
the spontaneous and potassium-induced release of 
ACh differ: (1) lead elevates the spontaneous but in- 
hibits the potassium-induced release of ACh, and (2) 
lead significantly reduces the release of choline during 
potassium-induced ACh release but fails to signifi- 
cantly alter the spontaneous release of choline. It 
should be noted that lead is not unique in its ability 
to elevate the spontaneous release of ACh while inhi- 
biting the potassium-induced release of ACh. Black 
widow spider venom also elevates the spontaneous 
and inhibits the potassium-induced release of ACh 
from brain tissue [27]. 

Chronic lead treatment fails to alter the amount 
of choline and ACh in the CNS while altering both 
the spontaneous and potassium-induced release of 
ACh. These results suggest that measurement of 
steady state levels of ACh and or choline does not 
provide complete information on changes in central 
cholinergic metabolism. 

Throughout this study, animals born at the same 
time were used. However, lead-treated animals are 
somewhat smaller. Thus, as previously reported [1], 
lead treatment impairs growth during early stages of 
life. By adulthood the animals weigh at least as much 
as controls. Since lead-treated animals exhibit differ- 
ent growth patterns as compared to identically han- 
dled control animals, it is conceivable that the early 
impairment of growth, caused by the lead treatment, 
may alter central neurochemical processes. The de- 
crease in acetylcholine release seen in lead-exposed 
animals is consistent with the effects in vitro of lead 
on peripheral nervous tissue. Since the effects in vitro 
are not dependent upon the nutritional status of the 
animals, it is unlikely that the early under-nutrition 
is the cause of the altered neurochemistry observed 
in this study. 

In summary, the present work indicates that 
chronic lead exposure, at doses previously shown in 
mice to elicit hyperactivity, disrupts central ACh 
metabolism. Methylphenidate, a drug which reverses 
the behavioral state of the animals, also reverses the 
inhibition of choline and ACh release due to lead. 
Several experimental results suggest that lead may be 


a valuable tool in elucidating the dynamic processes 
involved in central ACh metabolism. Specifically, the 
results obtained with lead may suggest that the 
mechanisms underlying the spontaneous and evoked 
release of ACh in the CNS may differ. 
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Abstract—In order to further understand the biochemical mode of action of 5-azacytidine, a potent 
antileukemic agent, kinetic studies were performed with 5-azacytidine-5’-triphosphate (5-aza-CTP) and 
purified DNA-dependent RNA polymerase from Escherichia coli and calf thymus. RNA polymerase 
could catalyze the incorporation of the fradulent nucleotide, 5-aza-CTP, into RNA. The apparent 
K,, value for 5-aza-CTP was estimated to be 350 and 390 for the E. coli and calf thymus enzymes 
respectively. The K,, value for 5-aza-CTP was about 18-fold greater than the K,, value for CTP (20 
uM). The apparent V,,,, value for CTP was about 2-fold greater than the V,,,, value for 5-aza-CTP. 
5-Aza-CTP was a weak competitive inhibitor with respect to CTP; the apparent K; value for 5-aza-CTP 
was estimated to be 680 and 810 uM for the E. coli and calf thymus enzymes respectively. On the 
other hand, CTP was a potent competitive inhibitor with respect to 5-aza-CTP; the apparent K; 
value of CTP was estimated to be 16 uM. 5-Aza-CTP did not appear to inhibit the incorporation 
of UTP into RNA in the reaction catalyzed by RNA polymerase. These data suggest that the inhibition 
of RNA synthesis in cells by 5-aza-cytidine is not produced by the inhibition of RNA polymerase 


by 5-aza-CTP. 


5-Aza-C,{ the triazine analog of cytidine, is a potent 
cytotoxic agent to mammalian cells [1,2]. Cells in 


the S phase of the cell cycle are most sensitive to 
the cytotoxic action of 5-aza-C [2,3]. The biochemi- 
cal mode of action of 5-aza-C is complex; this nucleo- 
side analog inhibits protein, RNA and DNA synthesis 
[4, 5] and pyrimidine biosynthesis [6]. 5-Aza-C also 
produces degradation of polyribosomes [7,8] blocks 
induction of certain liver enzymes by steroids [9], and 
modifies the biological activity of tRNA [1,11]. The 
active form of 5-aza-C in the cell is most likely a 
nucleotide, since 5-aza-C-resistant cells have been 
shown to be deficient in uridine-cytidine kinase [12], 
the enzyme that catalyzes the phosphorylation of this 
nucleoside analog to 5-aza-CMP [13]. The predomi- 
nant nucleotide form of 5-aza-C in the cell is 5-aza- 
CTP [4]. It is not clear whether the biological activity 
produced by 5-aza-C in cells is due to the incorpor- 
ation of this analog into RNA [4] or to the inhibition 
of specific enzymes by the 5-aza-C nucleotides. In this 
report, in order to further understand the biochemical 
mode of action of 5-aza-C, we have studied the kinetic 
interaction of 5-aza-CTP with purified DNA-depen- 
dent RNA polymerase from Escherichia coli and calf 
thymius. 
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MATERIALS AND METHODS 


Materials 

Nonradioactive nucleotides were obtained from 
P-L Laboratories, Milwaukee, Wis. 5-Aza-C (NSC 
102816), supplied through the Chemical and Drug 
Procurement Section, Chemotherapy, National 
Cancer Institute, Bethesda, Md., was filtered through 
a DEAE-cellulose disc to remove impurities resulting 
from chemical breakdown immediately prior to its 
use for 5-aza-C phosphorylation. The tritium-labeled 
pyrimidine nucleotides were obtained from Schwarz/ 
Mann, Orangeburg, N.Y. [)-?7PJATP was purchased 
from ICN Pharmaceuticals, Inc., Irvine, Calif. Dowex 
AGI1-X8 (capacity, 3.2 m-equiv/g) was supplied by 
BioRad Laboratories, Richmond, Calif. PIPES buffer 
was obtained from CalBiochem, San Diego, Calif. E. 
coli K12 RNA polymerase with a specificity of 1000 
units/mg of protein was obtained from Miles Labora- 
tories, Inc., Kankakee, 111. Calf thymus RNA poly- 
merase B was purified about 100-fold by the method 
of Kedinger et al. [14]. The specific activity of the 
purified RNA polymerase was about 2.4 units/mg. 
One unit of enzyme activity was defined as the 
amount of enzyme catalyzing the incorporation of 1.0 
nmole of radioactive nucleotide into an acid-insoluble 
product/10 min at 37°. 


Methods 


RNA polymerase assay. The assay mixture con- 
tained in 0.1 ml, 5 umoles of PIPES-HCI, pH 6.8; 
0.5 umole f-mercaptoethanol; 0.25 wmole MnCl,; 50 
nmoles each of ATP, GTP and UTP or CTP; 5 
nmoles [7H]CTP (6.9 x 10° cpm), or [°H]UTP 
(2.8 x 10° cpm), 20 yg of heat-denatured calf thymus 
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DNA and 0.5 to 2.5 units of E. coli RNA polymerase 
or calf thymus RNA polymerase [14]. The mixture 
was incubated for 10 min at 37° and the reaction 
was stopped by adding 3 ml of cold 5° TCA. After 
10 min the precipitate was collected on a Whatman 
GF/C glass filter (2.4 cm diameter) and washed three 
times with 5 ml of cold 5°, TCA and once with 5 
ml ethanol. When [«-*?P]5-aza-CTP was used as one 
of the substrates in RNA polymerase assay, the pre- 
cipitate which was collected on a Whatman GF/C 
glass filter was washed three times with 5 ml of cold 
5°, TCA containing 10 mM sodium pyrophosphate 
and once with 5 ml ethanol. The disc was dried and 
counted in a scintillation fluid (10 ml) containing 3.9 g 
2,5-diphenyloxazole (PPO) and 80 mg p-bis(O-methyl- 
styryl)benzene (bis-MSB) in | liter toluene. 

Synthesis of 5-aza-CTP. 5-Aza-CTP was synthe- 
sized enzymatically from 5-aza-C [15], using uridine- 
cytidine kinase [13], CMP kinase [16], and nucleo- 
side diphosphokinase [17]. The nucleotides were 
purified by cclumn chromatography on Dowex 
AGI-X8 (formate), using a linear gradient of 
ammonium formate (0 to 1.2 M, pH 4.1). The nucleo- 
tides were concentrated by lyophilization and 
desalted by column chromatography on P-2 poly- 
acryl-amide gel. The lyophilized powder of 5-aza-CTP 
was dissolved in H,O (pH 5.5) and stored at —60°. 
[«-°?P]5-aza-CTP was prepared by the phosphoryla- 
tion of 5-aza-C with [y-2?P]JATP using uridine-cyti- 
dine kinase. The [a-*?P]5-aza-CMP formed was iso- 
lated under the conditions described above and then 
phosphorylated with nonradioactive ATP, using 
CMP kinase and nucleoside diphosphokinase, to 
[a-°?P]5-aza-CTP. 

Preparation of DNA. Denatured DNA was 
obtained by heating a solution of native calf thymus 
DNA (1.0 mg/ml in 10 mM NaCl and 1.0 mM EDTA, 
pH 8.0) at 100° for 15 min and placing it immediately 
on ice. Under these conditions, a hyperchromic shift 
of 35 per cent at 260 nm was attained. 


RESULTS 
The effect of 5-aza-CTP on DNA-dependent RNA 
polymerase from E. coli and calf thymus when 
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[7H]CTP or [*H]JUTP was used as the radioactive 
substrate is shown in Table 1. 5-Aza-CTP appeared 
to inhibit only the incorporation of [7H]CTP, but 
not [7H]JUTP, into RNA. At a concentration of 100 
uM, 5-aza-CTP inhibited the incorporation of 
[7H]CTP into RNA by 38.3 per cent for E. coli RNA 
polymerase. For calf thymus RNA polymerase, 100 
uM 5-aza-CTP inhibited the incorporation of 
[7H]CTP into RNA by 34.0 per cent. For both 
enzymes, no significant inhibition of incorporation of 
[°7H]JUTP into RNA could be detected with 5-aza- 
CTP at a concentration of 100 uM. 

The effect of 5-aza-CTP on the rate of E. coli RNA 
polymerase reaction in the presence of different con- 
centrations of [7H]CTP is shown in Fig. 1. The data 
have been plotted according to the method of Line- 
weaver and Burk [18]. The inhibition produced by 
5-aza-CTP was competitive with respect to [SH]CTP. 
The apparent K,, for [7H]CTP was 20 uM. The 
apparent K; for 5-aza-CTP was estimated to be 680 
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Fig. 1. Effect of various concentrations of CTP on the inhi- 
bition produced by 5-aza-CTP with E. coli RNA polymer- 
ase. The reaction mixture (0.1 ml) contained 10 pmoles 
PIPES-HCIl, pH 6.8; 0.5 umole f-mercaptoethanol; 0.5 
umole MnCl,; 20 ug of denatured calf thymus DNA; 50 
nmoles each of ATP, GTP and UTP; 0.4 unit of E. coli 
RNA polymerase; and the indicated concentrations of 
[SH]CTP (5.2 x 10° cpm) and 5-aza-CTP. The mixture 

was incubated at 37° for 10 min. 





Table 1. Effect of S-aza-CTP on DNA-dependent RNA polymerase reaction* 





5-Aza-CTP 
concn 
(uM) 


Enzyme (pmoles) 


[>H]CTP 


Incorporation 


Radioactive substrate 
(7H]UTP 
Incorporation 
(pmoles) 


Inhibition 
(%) 


Inhibition 
(%) 





E. coli 0 105.1 
RNA polymerase 20 99.2 
50 77.7 

100 65.0 


Calf thymus 0 35.6 
RNA polymerase 20 30.9 
50 28.2 
100 23.5 


0 79.8 
16.8 82.5 
26.2 81.4 
38.3 82.5 


0 29.0 
13.1 29.1 
21.8 29.2 

29.1 





*The incubation mixture (0.1 ml) contained 5 pmoles PIPES—HCI (pH 6.6), 0.25 umole MnCl;, 50 nmoles each 
of ATP, GTP and UTP (or CTP), 20 yg of heat-denatured calf thymus DNA, 0.3 unit of E. coli RNA polymerase 
or 0.5 unit of calf thymus RNA polymerase or 0.5 unit of calf thymus RNA polymerase, 5 nmoles [7H]CTP (6.9 x 10° 
cpm) or 5 nmoles [*H]UTP (5.2 x 10° cpm) and 5-aza-CTP as indicated. The mixture was incubated at 37° for 10 
min, and the RNA polymerase assay was performed as described in Methods. 





Kinetic studies with 5-aza-CTP and RNA polymerase 
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Fig. 2. Effect of various concentrations of CTP on the inhi- 
bition produced by 5-aza-CTP with calf thymus RNA 
polymerase. The reaction mixture (0.1 ml) contained 10 
umoles PIPES-HCIl, pH 6.8; 0.5 umole MnCl,; 20 yg of 
denatured calf thymus DNA; 50 nmoles each of ATP, GTP 
and UTP; 0.5 umole f-mercaptoethanol; 0.5 unit of calf 
thymus RNA polymerase; and the indicated concen- 
trations of [7H]CTP (6.9 x 10° cpm) and 5-aza-CTP. The 
mixture was incubated at 37° for 10 min. 


uM. The Vax, for the reaction using [*7H]CTP as the 
substrate was about 167 pmoles/10 min. 

The effect of 5-aza-CTP on the rate of calf thymus 
RNA polymerase reaction in the presence of different 
concentrations of [7H]CTP is shown in Fig. 2. The 
inhibition produced by 5-aza-CTP was competitive 
with respect to [7H]CTP. The apparent K,, value for 
[7H]CTP was 20 uM and the apparent K; value for 
5-aza-CTP was estimated to be 810 uM. The YV,,,, for 
the reaction using [7H]CTP as the radioactive sub- 
strate was 148 pmoles/10 min. 
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The effect of CTP on the rate of E. coli RNA 
polymerase reaction in the presence of different con- 
centrations of [z-3?P]5-aza-CTP is shown in Fig. 3. 
The inhibition produced by CTP was competitive 
with respect to [#-*?P]5-aza-CTP. It should be noted 
that the amount of E. coli RNA polymerase used in 
the reaction mixture was about 5.5 times greater than 
the amount of enzyme used in Fig. 1. The apparent 
K,, for [x-*P]5-aza-CTP was 350 uM and the appar- 
ent K; for CTP was estimated to be 16 uM. The 
apparent V,,,, for the reaction using [«-*?P]5-aza- 
CTP as the radioactive substrate was 69 pmoles/10 
min. 

The effect of CTP on the rate of calf thymus RNA 
polymerase reaction in the presence of different con- 
centrations of [#-3*P]5-aza-CTP is shown in Fig. 4. 
The inhibition produced by CTP was competitive 
with respect to [z-°?P]5-aza-CTP. The amount of calf 
thymus RNA polymerase used in the reaction mixture 
was about 5.0 times greater than the amount of 
enzyme used in Fig. 2. The apparent K,, for [a-*?P]5- 
aza-CTP was 370-420 uM and the apparent K; for 
CTP was estimated to be 16 uM. The apparent YV,,,, 
for the reaction using [a-°?P]5-aza-CTP as the 
radioactive substrate was 67 pmoles/10 min. 


DISCUSSION 


5-Aza-C, a potent cytotoxic agent [1,2], appears 
to have a complex biochemical mechanism of action 
since this antimetabolite inhibits protein, RNA and 
DNA synthesis [4,5], blocks pyrimidine biosynthesis 
[6], and produces a degradation of polyribosomes 
[7,8]. It is not known whether the biological effects 
produced by 5-aza-C are due to its incorporation 
into nucleic acids or to its inhibition of specific 
enzymes. Since 5-aza-C must first be phosphorylated 
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Fig. 3. Effect of various concentrations of 5-aza-CTP on 
the inhibition produced by CTP with E. coli RNA poly- 
merase. The reaction mixture (0.1 ml) contained 10 pmoles 
PIPES-HCI, pH 6.8; 0.5 pmole MnCl,; 20 yg of dentured 
calf thymus DNA; 50 nmoles each of ATP, GTP and 
UTP; 0.5 umole f-mercaptoethanol; 2.2 units of E. coli 
RNA polymerase; and the indicated concentrations of 
[a-3?P]5-aza-CTP (2.8 x 10° cpm) and CTP. The mixture 
was incubated at 37° for 10 min. 
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Fig. 4. Effect of various concentrations of 5-aza-CTP on 
the inhibition produced by CTP with calf thymus RNA 
polymerase. The reaction mixture (0.1 ml) contained 10 
pmoles PIPES-HCl. pH 6.8; 0.5 umole MnCl,; 20 pug of 
denatured calf thymus DNA; 50 nmoles each of ATP, GTP 
and UTP; 0.5 umole f-mercaptoethanol; 2.5 units of calf 
thymus RNA polymerase; and the indicated concen- 
trations of [«-3?P]5-aza-CTP and CTP. The mixture was 
incubated at 37° for 10 min. 
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to exert its biological activity [12] and since 5-aza- 
CTP is the predominate nucleotide form of this drug 
in the cell [4], we have investigated the effect of 5-aza- 
CTP on purified DNA-dependent RNA polymerase 
from both E. coli and calf thymus. 

The kinetic studies of the RNA polymerase reaction 
(Figs. 1-4) showed a very high K,, value for 5-aza- 
CTP (350 and 390 uM for E. coli and calf thymus 
RNA polymerase respectively) as compared to the K,, 
for CTP (20 uM). This high K,, value for 5-aza-CTP 
may be due to the presence of the triazine ring in 
5-aza-C, which apparently reduces the binding affinity 
of this nucleotide analog for the catalytic site of both 
E. coli and calf thymus RNA polymerases. A similar 
observation was reported in kinetic studies with the 
5-aza-C and uridine-cytidine kinase reaction [13]; the 
K,, value for 5-aza-C phosphorylation was much 
greater than the K,, value for cytidine. The apparent 
Vinax Value for 5-aza-CTP, which was about half the 
V.uax Value for CTP in both E. coli and calf thymus 
RNA polymerase reactions, further indicates that the 
enzyme has more difficulty in catalyzing the incorpor- 
ation of 5-aza-CTP into RNA than CTP. 

The selective inhibition of incorporation of 
[7H]CTP, but not [*H]JUTP, into RNA by 5-aza- 
CTP (see Table 1) confirms not only the correct struc- 
ture of the nucleotide analog synthesized enzymati- 
cally from 5-aza-C [15], but also suggests that 5-aza- 
CTP competes with CTP for the same catalytic site 
on RNA polymerase. As shown in Figs. 1-4, 5-aza- 
CTP was a weak competitive inhibitor with respect 
to the natural substrate, CTP, in the RNA polymerase 
reaction. The K; value for 5-aza-CTP was 680 and 
810 uM for E. coli and calf thymus RNA polymerase 
respectively. On the other hand, the low K; value for 
CTP (17 uM) suggests that CTP is a potent competi- 
tive inhibitor with respect to 5-aza-CTP incorpor- 
ation into RNA (see Figs. 1 and 2). 

The results reported in this paper on the effect of 
5-aza-CTP on RNA polymerase are consistent with 
the published data on the effect of 5-aza-C on RNA 
metabolism in cells since this nucleoside analog was 
shown to be a weak inhibitor of cellular RNA syn- 
thesis [2,4,5]. Since tRNA isolated from 5-aza-C- 
treated cells has reduced amino acceptor activity [10] 
and reduced capacity to stimulate protein synthesis 
in a cell-free system [11], perhaps the incorporation 
of 5-aza-C nucleotides into nucleic acids has a far 
more important biological effect than the inhibition 
of RNA polymerase by this nucleotide analog. 
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There are three major classes of DNA-dependent 
RNA polymerase in eukaryotic cells [19]. We have 
performed our kinetic studies with 5-aza-CTP using 
RNA polymerase of class B [14]. It is possible that 
this nucleotide analog may interact differently with 
the other classes of RNA polymerase. Also, the 
enzyme kinetics with respect to 5-aza-CTP may be 
complex depending on whether the RNA polymerase 
used in the study is involved in the process of initia- 
tion of RNA synthesis and/or polynucleotide chain 
elongation. 
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Abstract—The influence of age and adrenalectomy of the animal on the activity of rat heart monoamine 
oxidase (MAO) was investigated. The model describing changes in tissue contents of an enzyme as 
a transition from one steady state to another was used to determine whether age and adrenalectomy 
act on the synthesis or degradation of MAO. Rats were treated with the irreversible MAO inhibitor 
pargyline to measure the rate of recovery of the enzyme activity following almost total inactivation 
in order to obtain values for the first order degradation rate constants. The sp. act. of the rat heart 
MAO increased with age due to a reduction in the degradation rate constant without any effect 
on the rate of synthesis. Adrenalectomy led to an increase in the sp. act. through an effect on the 
rate of synthesis unaccompanied by any change in the degradation rate constant. Treatment with 
pargyline at operation prevented the rise in MAO activity that normally followed adrenalectomy. 
The possible mechanisms involved and the presence of enzyme-degrading systems are discussed. 


Over the past few years it has become apparent that 
the activity of the enzyme monoamine oxidase 
[Amine: oxygen oxidoreductase (deaminating, flavin 
containing), EC 1.4.3.4] (MAO) in a variety of tis- 
sues in different species can be affected by hormones. 
For instance, in the rat heart the sp. act. of MAO, 
i.e., the catalytic activity per mg of protein, increases 
following adrenalectomy of the animal [1-7]. It has 
been suggested that this rise in MAO is a conse- 
quence of a general alteration in protein synthesis fol- 
lowing the fall in circulating glucocorticoid concen- 
trations [7]. The increased MAO activity has been 
shown to have identical properties to that found in 
age-matched control animals with respect to heat in- 
activation, changes in pH, effects of dialysis, and in- 
hibitor and substrate specificity [8]. This provides in- 
direct evidence that the increase in MAO is not due 
to a change in the catalytic properties of the enzyme 
after adrenalectomy. 

The picture is however complicated by the fact that 
the sp. act. of the MAO in the rat heart also increases 
with the age of the animal [9-16]. This is unusual, 
since most other heart enzymes such as succinic de- 
hydrogenase, cytochrome c oxidase and malate de- 
hydrogenase, only increase in activity as a result of 
the general increase in the weight of protein as growth 
continues [13,15]. Horita [13], and de Champlain 
et al. [17], have suggested that this increase in MAO 
sp. act. may be closely involved with the growth pro- 
cess of the heart. Any change in MAO activity that 
occurs as a result of adrenalectomy will be superim- 
posed upon the continuously increasing activity of the 
enzyme due to growth. 

In the present investigation the model describing 
changes in the tissue content of enzyme in terms of 
a transition from one steady state to another [18, 19], 
has been applied with compensation for changes in 





* Present address: Department of Pharmacology, Uni- 
versity of Florence, Viale Morgagni, 65, 50134 Firenze, 
Italy. 


407 


MAO due to the growth of the heart. By this approach 
it was hoped to be able to separate the effects of 
age and adrenalectomy upon the MAO in the rat 
heart. 


METHODS 


Adrenalectomy. Male Wistar rats were anaesthe- 
tized with diethyl ether. The adrenal glands were 
removed through dorsal incisions as quickly as poss- 
ible and the wounds closed with surgical clips. Sham 
operations were performed to provide appropriate 
paired age-matched control animals. The adrenalecto- 
mized rats were maintained on normal diet but with 
free access to 0.9% NaCl solution. 

At appropriate times adrenalectomized and control 
animals were killed by a blow on the head or by 
cervical dislocation. The success of the adrenalectomy 
was established by inspection of the operation site 
at death. 

Changes in body weight, heart weight and of cardiac 
MAO following adrenalectomy. The experiments were 
performed using adrenalectomized rats and _ their 
paired age-matched controls at various times between 
0 and 68 days after operation. In all, 13 batches were 
used weighing from 100-125 g at the time of oper- 
ation. 

Pargyline treatment. Pargyline hydrochloride was 
dissolved in 0.9% NaCl solution and injected intra- 
peritoneally. Preliminary experiments showed that a 
dose of 30 mg/kg of pargyline hydrochloride would 
reduce the cardiac MAO activity by at least 98 per 
cent after 2 hr without any significant amount of the 
drug persisting in the hearts of the animals to inhibit 
newly synthesized enzyme. This dose of pargyline was 
used in all experiments. 

Two groups of rats were used: group A in which 
the animals weighed 100-125 g at adrenalectomy, and 
group B in which they weighed 220-250 g at adrena- 
lectomy. Group A was subdivided into two further 
groups, A, to which pargyline was given on the same 
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day as adrenalectomy was performed, the rats being 
killed, 0, 1, 2, 4, 8, 13 and 19 days later, and A, 
to which pargyline was given 14 days after adrenalec- 
tomy, and the rats killed 0, 5, 7, 9, 13, 16, 21 and 
34 days later. When group B was used, pargyline was 
given 33 days after adrenalectomy and the rats killed 
2, 4, 7, 10, 14, 17, 21 and 28 days later. At all the 
chosen times, appropriate untreated control animals 
were killed. 

Preparation of heart homogenates. Crude heart 
homogenates were made by a modification of the 
method of Ernster and Nordenbrand [20] in which 
the MgCl was omitted and the EDTA replaced by 
EGTA. This modification reduced the activation of 
an extra-mitochondrial Mg?* dependent ATPase 
present in contaminating structures such as myofibrils 


[22,23], while protecting the mitochondrial mem- - 


brane from significant loss of Mg?* [24]. The tissue 
was first finely chopped, washed and then homo- 
genized for 30 secs in 3-5 vol. of ice cold modified 
medium in a loose fitting Dounce homogenizer. The 
suspension was then transferred to a conical all-glass 
homogenizer and further homogenized for 2 min. The 
resulting suspension was diluted with medium to a 
final vol. of 1 g of tissue in 10 mls of medium. The 
suspension was centrifuged at 650 g for 10 min, 
decanted and the supernatant centrifuged again at the 
same speed to remove nuclei and debris. The resulting 
supernatants were decanted and provided the homo- 
genates upon which all the experiments were per- 
formed. No significant loss of MAO activity was 
detected up to one week if the homogenates were kept 
at —20°. 

MAO assay. MAO activity was measured by a 
method based on that described by McCaman, 
et al. [25] using tritium labelled tyramine as sub- 
strate. In most cases the modification described by 
Jarrott [26] was used, but in those experiments in- 
volving the use of pargyline, extraction of labelled 
product was made into an equal mixture of benzene 
and ethyl acetate without the acid backwash step [8]. 
The concentration of [*H]tyramine used in the assays 
was | mM to ensure saturation of the enzyme without 
causing substrate inhibition. All radiochemical assays 
were performed in duplicate. 

After extraction into organic solvent the radioactive 
metabolites were counted by liquid scintillation in 
0.4°,, Butyl-PBD in toluene using a Packard 3000 
series liquid scintillation spectrometer with external 
standardization. Counting efficiencies were calculated 
by computer program based on the quadratic fit to 
the calibration curve. 

Protein assay., The total protein contents of the 
homogenates were determined by the micro-biuret 
method of Goa [27], using bovine serum albumin 
as standard. 

Kinetic studies. The parameters controlling the 
change in MAO activity brought about by adrenalec- 
tomy were calculated from: 


d[MAO]/dt = k, — k,[ MAO]. (1) 


In this equation [28, 29] the rate of net formation 
or net degradation of the enzyme is a balance between 
a zero order rate of synthesis (k,) and a first order 
rate of degradation k,[ MAO] where k, is the first 
order rate constant. If k,. and ky) are the rate con- 
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stants of the initial steady state, the activity before 
adrenalectomy is given by MAQOg = k,o/kgo, while the 
new steady state will be a level of activity 
MAO,, = k,/ky. Integration of eq. (1) will give the 
MAO activity of adrenalectomized rats at time t after 
operation, i.e., 


MAO, = MAO, (1 — e~*“) + MAOoe~*“. (2) 


However, to determine the effect of adrenalectomy 
on the cardiac MAO, it is appropriate to compare 
the MAO activity in the hearts of the adrenalecto- 
mized animals with the activity in the hearts of con- 
trols on the day of operation, i.e, MAO,/MAQOb. 

Using this comparison, there are two ways of fitting 
the experimental data to eq. (2). First is the linearizing 
transformation of an exponential, [30]: 


inf (MAO. _ MAO,\ (MAO, _\]__ |, 
MAO, MAO, ae pie is, 
(3) 


The expression in square brackets is described as 
MAO ‘activity ratio’. For convenience, we have called 
this solution of (2) ‘method 1’. 

When using method | correct estimates for the half- 
life depend upon the correct estimate of the final 
steady state. A second method involves a nonlinear 
regression which is largely independent of any 
approximation in the initial estimates of the exper- 
imental parameters. This method (‘method 2’), which 
involves successive iterations, is based on making a 
guess at the value of the parameters and then apply- 
ing a method for successively correcting the guesses 
to bring estimates of the parameters to as near as 
possible to the correct solution. The nonlinear form 
of the equation is: 


MAO, MAO, MAO, ' 

MAO, MAO, Gs ) 
The calculations using (4) were performed by com- 
puter program. 

Chemicals. Pargyline hydrochloride was a gift from 
Abbott Laboratories, Queenborough, Kent. Tyra- 
mine-[G—*H Jhydrochloride was obtained from New 
England Nuclear GMBH, Dreieichain, Germany. 

All other chemicals were standard laboratory re- 
agents of analytical grade where possible. 


RESULTS 


Changes in body weight and in wet weight of the 
heart following adrenalectomy. At all times from one 
day onwards following adrenalectomy the operated 
animals had, as expected, lower body and heart 
weights than their corresponding age-matched con- 
trols. The percentage falls in body and heart weight 
in the adrenalectomized rats were not significantly 
different from each other at any time, while the 
greatest differences between adrenalectomized and 
control rats were seen between 14 and 18 days after 
operation. 

In the rat heart growth appeared to stop for about 
14 days after the operation when it then began again 
at the same rate as in the control animals (Fig. 1). 





Age, adrenalectomy and MAO 


Heart wt, 
8 








Time, days 


Fig. 1. Time course of the growth of the hearts of adrena- 
lectomized and control rats. Wet weight of the hearts of 
adrenalectomized rats (@), wet weight of hearts of age- 
matched controls (©). Values are plotted against time in 
days after operation. Each point represents a mean value 
from 2-12 hearts. Each regression line was found by apply- 
ing the method of least squares to the individual values. 
The vertical broken line separates regression lines calcu- 
lated before and after resumption of growth in the hearts 
of the adrenalectomized rats. 


The body weight responded in a similar manner. Thus 
the reduction in size of the hearts in the adrenalecto- 
mized animals would be wholly accounted for by the 
14 days in which no apparent growth was observed. 

Changes in the cardiac MAO activity following 
adrenalectomy: time course of the changes in relation 
to the growth process. In agreement with previous 
reports [13,14] the heart MAO activity of control 
animals showed a significant correlation with both 
heart and body weights, thus appearing to be directly 
related to the rate of growth of the animal. After a 
lag of about one day, the sp. act. of the MAO of 
the hearts of adrenalectomized animals was increased 
at all times following operation in spite of the fact 
that the operated animals had smaller hearts than 
their age-matched controls (Fig. 2). The reduction in 
the weights of the hearts of adrenalectomized rats 
might be expected to have produced a reduction in 
the growth related rise in MAO activity. But if this 
does occur it is not sufficient to prevent the increase 
due to adrenalectomy, although it may well reduce 
the size of the apparent response. If experiments could 
be done in which changes in body and heart weight 


ADX/control 
% 


MAO, 








Fig. 2. Time course of the increase in the sp. act. of the 

MAO in the hearts of adrenalectomized rats. Values are 

expressed as ratios between adrenalectomized rats and 

their age-matched controls, and are plotted against time 
in days after operation. 


409 


were prevented, the change in MAO activity induced 
by adrenalectomy could be expressed in terms of a 
transition from one steady state to another. The time 
course for this increase would be given by d[MAO}]/ 
dt = k, — k,[MAO] (ie. (1)), where k, is the zero 
order rate for synthesis and k, is the first order rate 
constant for degradation [28, 29]. In this situation the 
time course of the transition from one steady state 
to another induced by adrenalectomy is solely deter- 
mined by the degradation rate constant k,. However, 
in the present experiments this transition to the new 
steady state is superimposed upon the changes in 
MAO activity as a result of growth. 

Assuming that the effects of adrenalectomy and of 
growth on the cardiac MAO are two simultaneous 
but independent processes, it is possible to correct 
the values of MAO activity for the changes due to 
growth when applying eq. (2) to the effects of adrena- 
lectomy. 

If the sp. act. of the MAO in the hearts of both 
control and adrenalectomized rats in terms of nmoles 
(mg protein)’'h~' are divided by the appropriate 
heart weight in g (i.e. “transformed” units), a compen- 
sation for the rise in MAO sp. act. with age is 
achieved and an apparent steady state results. If it 
is assumed that this correction is appropriate for the 
adrenalectomized animals i.e., that only the effect of 
heart weight is removed, the increase in MAO activity 
following operation should fit an exponential curve 
between the two steady states as expected from eq. 
(2). 

The experimental data can be fitted to this model 
by method 1. Thus in Fig. 3 the new steady state 
was estimated to be approximately twice the control 
steady state by taking the mean values of the compen- 
sated activities expressed as percentages of their 
appropriate controls from rats killed 19 days and 
later after adrenalectomy, when the increase in acti- 
vity seemed to have reached its maximum. Using the 
method of least squares a value for k, of 0.11/day 
was found, corresponding to a half-life of MAO in 


2.of 


MAO activity ratio 








Time, days 

Fig. 3. Semilogarithmic plot of the approach towards the 
new steady state of the MAO activity in the hearts of 
adrenalectomized rats. The values of “MAO activity ratio’, 
as defined in the text under method 1, and calculated from 
activity in transformed units, are plotted against time in 
days after operation. Each point represents the mean from 
2-5 animals. The regression line was fitted by ‘method 1’ 

using single values. (See Table 1 for parameter values.) 
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Fig. 4. Exponential plot of the approach towards the new 
steady state of the MAO activity in the hearts of adrenalec- 
tomized rats. Values of the ratio between the compensated 
MAO activities (in transformed units, see text) adrenalecto- 
mized and control rats are plotted against time in days 
after operation. Each point represents the mean from 2-5 
animals. The exponential curve was fitted by ‘method 2’ 
using single values. (See Table 1 for parameter values). 


these animals of 6.2 days. An intercept of 1.17 sug- 
gests that there is a lag period of about a day before 
the induction process starts. Using this method, cor- 
rect estimates of the half-life of the MAO depend 
upon the correct estimate of the final steady state. 
In order to assess the accuracy of the estimated value 
of the new steady state the results were also fitted 


by method 2 (see Fig. 4). The estimate of the final 
steady state value, the k, and the intercept are close 
to those values obtained by Method 1 (see Table 1). 


Table 1. Parameters for the exponential increase of MAO 
following adrenalectomy, obtained by method 1 and 
method 2 





Method 2 
Non linear 


Method 1 
Linear regression 
from semilog data 


Parameters regression 





kg (day~') 0.11 (+0.06) 0.10 (+0.06) 
half-life (day) 6.24 6.76 

r 0.98 

MAO, /MAO, 2.00 (assumed value) 
(MAO ,/MAO,) — | 1.17 


2.10 + 0.33 
1.22 + 0.33 


4 





r = linear correlation coefficient, values in brackets rep- 
resent S.E.M. 


Effect of age and adrenelectomy on the recovery of 
the MAO following irreversible inhibition. The return 
of enzyme activity after the administration of the irre- 
versible inhibitor pargyline has commonly been used 
to estimate the rate of degradation of MAO [31]. 

The time course of the reappearance of MAO ac- 
tivity following pargyline treatment was studied in 
heart homogenates from both adrenalectomized and 
age-matched control rats over a wide range of ages 
and weights. The nature of each group is described 
in Table 2. The fitting of experimental data to eq. 
(2), was performed by methods | and 2. 

Following the conversion of the observed MAO ac- 
tivities from units to units divided by the total heart 
weight in g (transformed units), the complication due 
to changes in MAO activity following the increase 
in heart weight was abolished without affecting the 
increase in activity following adrenalectomy. This is 
particularly important in experiments where pargyline 
was given to adrenalectomized rats on the same day 
as the operation (see Discussion). Thus in control rats 
and in those adrenalectomized rats where the increase 
in MAO activity had reached a steady state. MAO 
activity could be taken as a constant over the period 
in which these experiments were conducted. This con- 
stant activity could then be used as the appropriate 
control value for comparison with the MAO activities 
following pargyline treatment in adrenalectomized 
and normal rats. In one case (Group A,) where no 
steady state existed in the adrenalectomized rats, each 
group was compared with its appropriate control 
killed at the same time. In these experiments where 
pargyline caused almost. complete inhibition of the 
MAO activity (2) and (3) become respectively: 


MAO, = MAO, (1 — e~*") (5) 


and 
In(1 — MAO,/MAO,,) = —Kgt. (6) 


The semilog plots obtained using the non-linear 
method of fitting (method 2) are shown in Fig. 5. 
The goodness of fit of the experimental results by 
both methods | and 2 is shown in Tables 3 and 4 
respectively. No significant difference was found 
between the values calculated using the two methods. 
Since, however, method 2 appeared to give a more 
precise estimate of curve parameters, comparisons 
between groups were carried out on the results 


Table 2. Nature of the experimental groups used during pargyline recovery experiments 





Age Adrenalectomy 


Experimental (day) (day) 


Group 


Body Weight Heart Weight 
(mg) 


b 





Control 


Adx 


Control 


Adx 


Control 


Adx 


302 + 1+ 20 





a = Values at beginning of pargyline experiments, b = Values at the end of pargyline experiments. Body wts and 
heart weights are expressed as mean values + S.E.M. Adx, adrenalectomized. 
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Fig. 5. Semilogarithmic plots of the recovery of rat heart 
MAO activity in adrenalectomized and control rats of 
various ages following irreversible inhibition by pargyline. 
(A), experimental group A,, age 33 days; (B), experimental 
group A,, age 46 days; (C), experimental group B, age 
93 days. Values of ‘MAO activity ratio’, as defined under 
method | in the text and calculated from activity in trans- 
formed units, are plotted against time in days after treat- 
ment with pargyline hydrochloride (30 mg kg~? i.p.). Con- 
trol (O——), adrenalectomized (@— —@), expected ratio 
for adrenalectomized rats of group A, (— —). The regres- 
sion lines were derived from the exponential curve par- 
ameters obtained by fitting single values by ‘method 2’. 
(See Table 4 for parameter values.) 


obtained by this non-linear method of fitting. No dif- 
ference was found between recovery rate constants 
for adrenalectomized animals and their controls in 
each age group, thus suggesting that adrenalectomy, 


although producing changes in MAO activity, does 
not affect the rate constant of degradation of the 
enzyme. However, the degradation rate constant of 
the cardiac MAO was reduced i.e., the half-life of the 
enzyme increased, with increasing age of the animals. 
Comparisons of 95 per cent confidence limits of k, 
show a significant difference between group A, and 
group B for both control and adrenalectomized rats, 
while no significant difference was found in all three 
age groups, A,, A, and B when adrenalectomized ani- 
mals and controls were compared. Table 5 summar- 
ises the data for the half-lives of the MAO in the 
hearts of the animals used in these experiments, and 
in the experiments where the half-life was measured 
from the time course of MAO increase following 
adrenalectomy. The half-life of cardiac MAO appears 
to be correlated with the growth processes of the ani- 
mal, whether the growth is expressed in terms of in- 
crease in body weight, heart weight or age. 


Table 3. Mathematical fitting of pargyline recovery experi- 
mental curves by method | 





Curve parameters 





K,+S.E.M 
Intercept (day 


Half-life 
(day) 


Experimental 
group 





Control 1.00 0.10 6.69 
(n = 7) 


Adx 

(n = 6) 
Control - 0.06 
(n = 6) 


Adx 
(n = 6) 


Control 0.96 
(n = 9) 


Adx 0.05 + 0.02 
(n = 9) 





n = number of time points studied on the recovery 
curve. The values used at each time point were the means 
of 3-4 animals. Adx, adrenalectomized. 


Table 4. Mathematical fitting of pargyline recovery experimental curves by method 2 





Curve parameters 





ky (day 


') Half-life (day) 
eee ae ee ee 





Intercept 
value + S.E.M 


Experimental 


group Value + S.E.M. 


Confidence 
limits 


Value 95% 
interval) 


95°, Confidence 
limits (S.E 





Control 1.01 0.11 
(n = 24) +0.04 +0.01 


Adx 1.00 0.11 
(n = 21) +0.02 +0.01 


Control 0.98 0.08 
(n = 18) +0.07 +0.01 


Adx 0.96 0.08 
(n = 16) +0.02 +0.03 


Control 0.96 0.04 
(n = 22) +0.07 +0.01 


0.92 0.05 


(n = 25) +0.09 +0.01 


0.14 6.21 5.05 
0.09 (5.59-6.99) 8.07 


0.12 6.38 5.58 
0.09 (5.97--6.86) 


0.10 8.60 
0.06 (7.65-9.83) 


0.14 8.36 
0.02 (6.30-12.6) 


0.06 16.8 
0.03 (14.1-20.7) 


0.07 14.9 
0.03 (12.4-18.8) 





n = number of animals studied over 6-9 time points. Adx, adrenalectomized. 95 per cent confidence limits of k, 
and half-life values were calculated by the method of Colquhoun [30]. 
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Table 5. Effect of age and adrenalectomy upon the half-life of cardiac MAO; summary of results 





Mean age 
(day) 


Experimental 


source of data Groups 


MAO half-life 
(day) 


Mean body wt Mean heart wt 
(g) (mg) 





— — y-- 


MAO increase Control 
alter 45 


adrenelectomy Adx (35-54) 


162 514 
(119-221) (411-643) 
142 439 
(119-175) (411-498) 





MAO after Control 


pargyline 


\ 


Adx 


Control 
(46-80) 
Adx 55 


Control 


Adx (93-121) 
S) 


139 460 
(108-206) (392-602) 


123 406 
(108-160) (392-437) 


236 663 
(169-304) (525-823) 
178 504 
(145-207) (435-589) 


353 913 
(337-381) (905. 930) 

330 895 14.9 
(302-337) (893-912) 





Age. body wt and heart wt are means of values obtained during the whole time course of each experiment. Ranges 
of values shown in brackets represent values at the beginning and at the end of each experiment. Adx, adrenalectomized. 


Table 6 shows the values for k, for the MAO in 
the hearts cf control and adrenalectomized rats. At 
the same time the content of MAO is given in terms 
of its sp. act. with and without the correction for the 
increase in the total weight of the heart. For the cal- 
culation of k, from the expression k, = ksMAO,, the 
uncompensated MAO activity was used to reveal the 
real increase in the activity of MAO with increase 
in the weight of the heart. 

It is clear that in controls the increase in MAO 
activity from 210 units in rats with a mean heart 
weight of 460 mg up to 508 units in rats with a mean 
heart weight of 913 mg was brought about solely by 
a decrease in k, without any significant change in 
k,. The same is true for the adrenalectomized rats 
where the increase in MAO sp. act. with increasing 
age is also explained by a decrease in ky. The adrena- 
lectomized rats, however, have higher MAO levels 
and a higher rate of synthesis than their controls. It 
is interesting to observe that in the case of the oldest 
group of rats (Group B) where the increase in MAO 
activity due to adrenalectomy was much less, the k, 
value was only slightly greater than the corresponding 
control value. 


DISCUSSION 


The major problem encountered in the study of 
adrenocortical regulation of cardiac MAO in the rat 
is the rise in activity of this enzyme that takes place 
as the animal grows older and the heart and body 
weight increase. In the present experiments where the 
effect of adrenalectomy upon cardiac MAO was stud- 
ied, it was necessary to show that adrenalectomy did 
not specifically affect heart growth before kinetic 
studies of the changes in MAO activity in this organ 
could be considered. In ad lib. fed adrenalectomized 
rats maintained on saline, deficient growth has been 
described [32]. Retardation in the rate of growth was 
confirmed in the present experiments, and the heart 
was found to follow the slowing down in the growth 
of the whole animal, thus excluding any specific atro- 
phic effect upon this organ. It appeared that the 


hearts had not grown at all for about 14 days after 
operation. Growth then began again and progressed 
at about the normal rate. Consequently there was 
always, at all times, after the first two days a signifi- 
cant difference between adrenalectomized and control 
rats which began to disappear only after 40 days, due 
to the slowing down of the growth rate of controls 
when they reached adult weight. The adrenalecto- 
mized rats reached adult weight after a further few 
days. This growth pattern could possibly be explained 
by an initial very large reduction. in food intake which 
then is corrected. The observation that the deficient 
growth due to adrenalectomy can be reversed by force 
feeding the operated animals [33,34] supports this 
view. The reduction of food intake may be related 
to a delay in the response of the animal to drinking 
saline or to nausea. After adrenalectomy abnormali- 
ties of intestinal function, secondary to fluid and elec- 
trolyte disturbances, which are reversed by saline 
treatment [35], can also be mimicked by starving the 
animal [36]. 

Although a large reduction in cardiac performance 
after chronic adrenalectomy has been described, there 
is no evidence for an anatomical impairment of the 
myocardium [37]. Several authors have reported im- 
pairment in the mechanical performance of the: myo- 
cardium [38-42]. However, in agreement with the 
present findings, the heart weight in terms of its ratio 
to body wt, has been found to be unchanged [43-45] 
or slightly decreased [46, 47], thus indicating that car- 
diac atrophy is not a major factor contributing to 
the impairment of the function of the heart. 

The possibility of studying the time course of the 
increase of MAO activity following adrenalectomy, 
in the experimental conditions described here, is 
based on various assumptions. One of the assump- 
tions is that the relationship between growth and car- 
diac MAO shown by normal rats still holds under 
conditions of adrenal insufficiency. Although it is not 
possible to exclude an interference with the relation- 
ship between growth and MAO activity in the heart 
by adrenalectomy, the apparent absence of an effect 
of adrenalectomy upon the normal development of 
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Table 6. Estimation of synthesis rate (k,) of cardiac MAO in control and adrenalectomized rats of different ages 





Mean 
heart wt 
(mg) 


Experimental 
group 


(units (total heart weight in g)~ '] 


MAO, MAO, k 


(units) (units.day~ ') 





Control 
Ay 
A, 
B 


457 210 
457 303 
581 509 





Ay 
A; 504 
B 895 


914 371 
914 461 
700 627 





MAO units = nmoles (mg prot)~' hr~'. k, was estimated from the expression k, = k, MAO, 


text. Adx, adrenalectomized. 


this organ supports the view that this assumption is 
valid. 

The validity of assuming eq. (1) as a suitable model 
to describe the time course of the increase in MAO 
‘activity induced by adrenalectomy depends upon the 
possibility of maintaining steady state levels of MAO 
during the entire course of the experiment. To meet 
this condition the continuous increase of MAO acti- 
vity due to the significant growth occurring during 
the course of the experiment must be eliminated. Fur- 
thermore the under-estimation of the effect of adrena- 
lectomy due to the use of paired age-matched controls 
of heavier body and heart weight, which have a higher 
MAO content, should be avoided by considering 
weight-paired matched rats as appropriate controls. 

The solution to these problems adopted in the pres- 
ent experiments was the use of a unit of activity which 
could compensate for changes in MAO due to the 
growth of the heart. This unit, obtained by dividing 
the MAO activity of both controls and adrenalecto- 
mized animals by their respective total heart weight, 
was an attempt to express the enzyme activity as 
though the experiment had been done on rats of con- 
stant heart weight during the entire course of the ex- 
periment. The correlation between MAO activity and 
heart weight shown by normal rats was abolished 
when the activity was expressed in these transformed 
units and an apparent steady state was obtained 
within the time course of the experiment. The model 
can then be used making the assumption that the 
effects of adrenalectomy and growth upon the cardiac 
MAO activity are two independent processes. 

The results show that adrenalectomy is character- 
ized by a new steady state level of MAO correspond- 
ing to a 2-fold increase of activity. This new steady 
state is defined by a rate constant of degradation k, 
of 0.1/day. Values obtained by the use of the two 
different methods of fitting are in good agreement. 

The higher steady state found after adrenalectomy 
could be either a consequence of an increased rate 
of synthesis, k,, or of a decrease in the rate of degrada- 
tion, k, from the initial value. When the rate constant 
of degradation k,, of both control and adrenalecto- 
mized rats was measured by following the time 
course of reappearance of MAO activity after pargy- 
line treatment, it was found that adrenalectomy, as 
opposed to the alteration in the rate constant of 
degradation, k,, produced by age, affects the cardiac 
MAO activity by changing, at least apparently, the 
rate of synthesis of this enzyme. 

When the recovery of MAO activity after pargyline 


as explained in the 


treatment was studied, using transformed units, the 
cardiac MAO activity of control rats of all groups 
used, and of those groups of adrenalectomized rats 
(group A, and B) where the increase in activity due 
to adrenalectomy had reached a steady state, was 
found to remain constant over the period in which 
the experiments were conducted. Under these exper- 
imental conditions the recovery of the MAO activity 
after pargyline treatment could be described by eq. 
(1) as a return to the steady state level of the un- 
treated animals, MAO, and MAO.,, for controls and 
adrenalectomized rats respectively. However, in the 
one case, where pargyline was given to adrenalecto- 
mized rats on the same day as operation (group A,) 
the values of [MAO] in the untreated animals does 
not correspond to a steady state level, since it rep- 
resents the exponential increase of [MAO] following 
adrenalectomy. In this case, assuming that the change 
in [MAO] with time, which occurs in the adrenalec- 
tomized animals, is not affected by pargyline treat- 
ment, both groups of adrenalectomized and adrena- 
lectomized-pargyline treated rats are characterised by 
the same constants k, and k,, and eq. (1) applies to 
both. The only difference is in the MAO level at the 
beginning of the experiment, i.e. 


MAO,a, = MAO, (at t = 0), 


MAO%,,.=0 (att = 0), 


where MAO,,, and MAO%,, are MAO activities in 
the hearts of adrenalectomized and adrenalectomized- 
pargyline treated rats respectively, at a certain time 
t. Solution of (1) with these initial conditions gives: 


MAO,,, = MAO,, (1 — e~*“*) + MAO ge *“*, (7) 


MAO*,,. = MAO, (1 — e~*“), (8) 


where MAO,, = k,/k,, i.e., the asymptotic value. 
Consider the ratio: 


R = (MAO,,, — MAO%,,)/MAO,as. (9) 


corresponding to the factor (1 - MAO,/MAO,,) of 
(6)-used in the fitting by method 1, substituting eq. 
(7) and (8) into eq. (9) and taking the natural log 


of R gives: 
MAO,,\ _,, 
+j1— ws 
MAO, 


(10) 
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which compares with the value —k,t obtained in 
eq. (6). If t < 1/ky, a first order Taylor expansion of 
(10) gives: 


MAO, 


his It ey sed i * ae (11) 


t 
“MAO, 


which shows that in this case the slope of the semilog 
plot differs from k, by a factor, MAO,,/MAQb. Since 
with the assumptions previously made MAO,,/MAO, 
has a value of 2, the fitting of the data obtained using 
adrenalectomized rats of group A,, would be expected 
to give a semilog plot with slope 2k, as shown in 
Fig. 5. Surprisingly enough, not only the fitting of 
the experimental data gives a plot different from the 
expected one, but precisely reproduces the semilog 
plot obtained using control rats of group A,, as if 
pargyline treatment had totally prevented the increase 
in MAO activity by adrenalectomy. This might have 
happened if pargyline either had prevented the two- 
fold increase in k, produced by adrenalectomy, or 
alternatively had induced a parallel two-fold increase 
in ky. The results obtained here strongly support the 
possibility that pargyline prevents the increase in k, 
in group A,. The evidence is against a change in k, 
following pargyline treatment. It appears that in eq. 
(11) MAO, (k,o/kao) represents the steady state value 
of MAO activity in control conditions, where k, is 
known from the experiment where the recovery of 
MAO activity after pargyline treatment was studied 
in the paired age-matched controls (Fig. 5). Plotting 
the data obtained from the adrenalectomized rats of 
group A,, the slope of the semilog regression (—k, 
MAO, ) is found to be identical to the slope (ko) of 
the semilog plot of the data from age-matched con- 
trols. This eliminates the possibility that, in this par- 
ticular experimental condition, kyo has been changed 
by pargyline treatment. Thus it would appear that 
the absence of enzyme activity impairs the ability of 
adrenalectomy to alter the rate of synthesis of MAO, 
although it has no effect upon the rate of synthesis 
k,, once it has been altered and the corresponding 
higher steady state of MAO, due to adrenalectomy, 
has been reached. 

The increase in rat heart MAO activity with age 
that has been found by several workers [9-14], has 
been shown to be brought about solely by a decrease 
in kg without any significant change in k,. Moreover, 
adrenalectomy of the animals has no detectable effect 
on ky. 

So far it has been assumed that k, is a measure 
of the rate of degradation of the MAO by proteolytic 
enzymes. It is, however, not possible at present to 
demonstrate any specific system capable of degrading 
the MAO. Two general mechanisms have been pro- 
posed by Schimke [48]. One is that the protein mol- 
ecules are individually available to a degradation pro- 
cess, which is present at all times. In the case where 
such a mechanism is operating, an increase in MAO 
activity with age could be produced by changes in 
the conformation of the enzyme protein, making it 
a less suitable substrate for the degradation process. 
This effect of age could be brought about by a change 
in the lipid or protein environment in which the 
MAO is bound to the mitochondrial membrane. An 
alternative mechanism is a change in the activity of 
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the degrading system itself. A general intracellular 
degrading system, e.g., the lysosomal enzymatic activi- 
ties, could become progressively less active with in- 
creasing age of the animals. However, the finding that, 
in the heart, the lysosomal hydrolase, cathepsin, in- 
creases with age [49], does not support the suggestion 
that the mechanism operating in the slowing down 
of the rate of degradation of MAO with age is a 
change in this general degrading system. Schimke 
[28] has proposed that the lysosomes are important 
when gross changes in protein degradation are in- 
volved, whereas the degradation that occurs in nor- 
mal steady state conditions involves a different system 
at present unknown. Proteolytic enzymes that are 
selective for pyridoxal dependent enzymes have been 
found [50-52]. These enzymes are the first to attack 
the pyridoxal dependent enzymes to make a product 
that is susceptible to degradation by less selective 
enzymes such as trypsin. These enzymes may be re- 
sponsible for the breakdown of the clorgyline resist- 
ant MAO that is also found in the rat heart, and 
which appears to be pyridoxal dependent [53], but 
are less likely to be involved in the breakdown of 
the FAD dependent MAO that is responsible for the 
metabolism of tyramine. 

It remains to be seen whether changes in the bind- 
ing or in the proteolytic enzymes are responsible for 
the increase in the specific activity of the rat heart 
MAO with age. However, the effect of ageing is quite 
distinct from that of adrenalectomy, which causes an 
increase in the rate of synthesis without changing the 
degradation in any way. 
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Abstract—Urine was collected daily from rabbits chronically infected with T: brucei and from uninfected 
controls. This urine was shown to contain a substance with both enzymatic, oxytocic, hypotensive 
and kinin-releasing activity and is considered to be urinary kallikrein. 

Urine volume increased about 5 fold and kallikrein levels 4-8 fold during the first parasite peak. 
Urinary kallikrein levels remained elevated thereafter and again showed higher levels with each succeed- 
ing parasite peak. A unique property of the enzyme was its direct effect on isolated rat uterus, causing 
spontaneous rhythm. This could be inhibited by high levels of Trasylol, and by heating at 96° for 
30 min, but not by SBTI or heating at 56° for 30min. The hypotensive, kinin-forming and esterase 
properties were also similarly affected. The excretion of elevated levels of urinary kallikrein during 
chronic Trypanosomiasis is considered to be due to glomerular damage, and possibly to activation 
of plasma kallikrein by the parasite and by parasite/antibody complexes, resulting in increased glomeru- 


lar blood flow and glomerular filtration rate. 


The first indications that pharmacologically active 
substances contribute towards the pathogenesis of 
African trypanosomiasis was produced by Goodwin 
and Richards in 1960 [1] when they showed that ele- 
vated kinin levels were present in the urine of mice 
infected with Trypanosoma rhodesiense. Since that ori- 
ginal observation several other studies have been un- 
dertaken both in acute and chronic trypanosomiasis. 

Richards [2] found that histamine and kinin levels 
increased in the urine of mice acutely infected with 
Trypanosoma brucei. In addition raised kinin levels 
were detected in the blood as well as decreased 
kininogen concentrations. Elevated concentrations of 
urinary kinin in chronically infected rabbits with T. 
brucei was first demonstrated by Boreham [3]. The 
kinin levels increased during the first week of the in- 
fection reaching maximum values of about eight times 
pre-infection levels between 7 and 10 days after the 
initial infection. The levels thereafter feil but remained 
above pre-infection concentrations. A parallel rise in 
plasma was also noted with a corresponding drop 
in plasma kininogen concentrations. In rats acutely 
infected with T. brucei there was a daily increase in 
urinary kinin until death occurred. However, in rats 
infected with the non-pathogenic organism T. lewisi 
no changes in urinary or plasma kinins were 
observed. 

These studies have been extended to cattle infected 
with T. brucei and man infected with T: rhodesiense 
[4,5]. In both instances, there was a major release 
of kinin just after the first antigenic variant was pro- 
duced approximately 10 days after the infection. It 
was suggested that an immune complex consisting of 
parasite antigen/antibody was responsible for the 
release of kinins. Evidence to support this was pro- 


vided [6] when it was shown that plasma pre-kallik- 
rein was activated during T: brucei infections of the 
rat. Boreham and Goodwin [7] later demonstrated 
conclusively that trypanosomes from rats when com- 
bined with immune sera liberated kinin from fresh 
rabbit plasma. Trypanosomes or immune sera alone 
were unable to cause kinin release. It was suggested 
that kinin activation was dependent upon Hageman 
factor since heating the serum at 65° to destroy Hage- 
man factor also prevented the release of kinins 
whereas heating at 56° for 30min which destroys 
complement did not inhibit the amount of kinin 
released. Further evidence to support this hypothesis 
has recently been provided [8] when it was shown 
that particulate complexes of trypanosomes and anti- 
body injected intravenously into normal rabbits 
caused hypotension whereas trypanosomes or anti- 
body alone had no such effect. This reaction was inhi- 
bited by Aprotinin (Trasylol). This suggests that 
plasma kallikrein may have very important pathologi- 
cal effects in rabbits infected with T. brucei and in 
order to investigate this further and to determine the 
mechanism of urinary kinin production a study has 
been undertaken on the role of urinary kallikrein in 
trypanosomiasis infections. 

The first study on urinary kallikrein was under- 
taken by Frey [9] when he found a non-dialysable 
substance in the urine which acted as a kinin-forming 
enzyme which he thought originated in the pancreas. 
Later work, however, showed that this substance was 
probably not derived from this gland [10]. Urinary 
kallikrein will cause the release of kinin from its pre- 
cursor in plasma protein [11], and also it has been 
shown to be derived from the kidney. Nustad [12] 
has shown that both the kidney and urine contain 
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a similar kininogenase enzyme and that urinary kal- 
likrein is quite distinct from plasma kallikrein, and 
is derived from another source. 


MATERIALS AND METHODS 


Experimental infections. Adult New Zealand white 
rabbits of either sex weighing 3.54.5 kg were infected 
subcutaneously with Trypanosoma brucei strain 427, 
details of this strain are given by Boreham and Facer 
[13]. 

Collection of urine. Rabbits were housed in metabo- 
tism cages and urine collected via a siliconised glass 
funnel which separated urine from faeces. This appar- 
atus is described by Boreham [14]. Twenty-four-hr 
samples were collected in polythene beakers and the 
vol. measured. The urine was centrifuged lightly and 
the supernatant stored at —20° until required. 

Separation of trypanosomes. Blood was collected 
into heparinised tubes by heart puncture from rats 
infected 3 days previously, with T: brucei. The para- 
sites were separated from the heavily infected blood 
by the method described by Lanham [15] on DEAE- 
cellulose chromatography columns. 

Disintegrated parasite suspensions were obtained 
by repeated freezing and thawing of the parasites. 
Such suspensions were stored at — 20° until required. 

Parasitaemia. Parasitaemia was determined daily 
by examining fresh venous blood under the micro- 
scope. The parasitaemia was assessed on 0-4+4 scale 
depending upon the number of parasites visible, at 
a magnification of x 400. 

Urinary kallikrein esterase activity. Urinary kalli- 
krein activity was estimated using a modification of 
the method described by Roberts [16]. 0.5ml of 
urine was added to 3.5 ml of 0.05 M Tris-HCI buffer 
(pH 8.4) in a plastic tube. To this mixture. was 
added an enzyme substrate consisting of 1 ml of 
0.05M Tris-HCl buffer, containing 0.05M N-tosyl 
L-arginine methyl ester (TAME). The mixture was in- 
cubated at 37° for 1 hr. Duplicate samples were pre- 
pared and as a control 0.5ml of urine and 0.5 ml 
of 0.05 M Tris-HCl! buffer (pH 8.4) either containing 
Trasylol or soya bean trypsin inhibitor (SBTI) were 
incubated for 15min at 37. The enzyme solutions 
containing inhibitor were then added to 3.0 ml 0.05 M 
Tris-HCl buffer (pH8.4) and 1.0ml of 0.05M 
Tris-HCl buffer (pH 8.4) containing 0.05 M TAME 
and assayed as above. Padutin (kallikrein, Bayer Ltd.) 
was used as a standard and was treated in a similar 
manner to urine. Enzyme Unit (EU) was defined 
as that amount of enzyme necessary to hydrolyse 
1 umole TAME/min at 37°. 

Biological assay of kallikrein. The effect of urinary 
kallikrein on blood pressure was determined in rab- 
bits anaesthetised with urethane 1.2 g/kg body wt. 
The anaesthetised rabbits were heparinised with 
1000 i.u. heparin/kg i.v. and their body temp main- 
tained at about 37, using an electric heating pad. 
Arterial blood pressure was recorded with a Bell & 
Howell electronic pressure transducer from the left 
carotid artery. The right jugular vein was canulated 
for administration of test samples and drugs. Samples 
were administered in 0.1 or 0.2ml vol and washed 
into the bloodstream with 0.2ml sterile saline. 
Graded doses (2, 4, 6 and 8 enzyme units) of Padutin 
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were used as a standard. As a control 0.5 ml urine 
was incubated with 0.5 ml saline containing either 
Trasylol or SBTI at 37° for 15 min and injected intra- 
venously into the rabbits. As an additional control 
equal volumes of urine and normal saline were incu- 
bated at 37° for 15min and then injected into the 
rabbit. Such an incubation had no effect on the re- 
sponse of blood pressure to the kallikrein. However 
it was noted that constant freezing and thawing of 
the urine did diminish its biological effect. Adminis- 
tration of Trasylol, SBTI or saline alone had no effect 
on blood pressure. Samples were always assayed in 
duplicate. One biological unit (BU) of urine kallikrein 
was defined as the amount of urine which caused a 
fall in blood pressure equal to that of one BU of 
Padutin. These results were then related to the urine 
volume produced in 24hr and was expressed as 
BU/24 hr. 

Enzyme samples were also assayed on the isolated 
rat uterus [4]. The following inhibitors were present 
in the physiological saline solution: atropine sulphate 
(10~° g/ml); mepyramine maleate (10~’ g/ml) and 
methysergide bimaleate (10~° g/ml). Maximum con- 
tractions of the uterus were usually obtained by addi- 
tion of 0.8ng of synthetic bradykinin (BRS-640). 
Padutin (up to 40 BU) had no effect on the muscle 
preparation. Enzyme samples were also incubated at 
37° for 15 min with either Trasylol, SBTI or 10°-10° 
disintegrated T: brucei. Under these conditions acetyl- 
choline, histamine acid phosphate and 5-hydroxytryp- 
tamine had no effect on the isolated uterus prep- 
aration. In addition in some preparations indometha- 
cin (an inhibitor of prostaglandin F,« synthesis) [17] 
was also added to the organ bath at the rate of 
3.5 mg/ml. Test samples were assayed before and after 
its addition. 

Kinin-forming activity of the urinary kallikrein. 
Kininogen substrate from normal rabbit blood was 
prepared according to the method of Diniz and Car- 
valho [18]. A volume of 0.7 ml of substrate (contain- 
ing 0.05 ml plasma) was incubated at 37° with 0.2 ml 
urinary kallikrein or 0.2 ml saline containing 50 yg 
trypsin or 4 or 8 BU Padutin. The reaction was ter- 
minated after 15 min by the addition of 2 ml of abso- 
lute alcohol at 90°. The suspension was further incu- 
bated for 10 min at 90° before evaporation to dryness 
in a rotary evapomix (Buchler Instruments) below 
40°. Control samples of enzyme and inhibitor and 
inhibitor or saline alone were also incubated with the 
kininogen substrate. The released kinin was resus- 
pended in 4 ml de Jalon solution and assayed on the 
isolated rat uterus, synthetic bradykinin being used 
as standard. 

RESULTS 
Urine volume 

The urine volume increased above pre-infection 
levels during each parasite peak and fell to pre-infec- 
tion levels between each peak. The level rose 4-5-fold 
during the first two peaks (days 3-12) and increased 
2-fold during the subsequent peaks. Urine volume in 
control rabbits was relatively unchanged. 


Urinary kallikrein 


The results of urinary kallikrein estimations of two 
control rabbits taken over a 28-day period are given 
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in Fig. 1. It can be seen that at no time did the bio- 
logical activity exceed 1600 BU/24 hr and the esterase 
activity 120 EU/24 hr. 

The results for four rabbits infected with T: brucei 
are given in Fig. 1. It can be seen that soon after 
infection the amount of urinary kallikrein as esti- 
mated by either the biological activity or the esterase 
activity increases markedly reaching maximum levels 
6 or 7 days after infection. A second peak of activity 
was noted 17 days after infection and a third peak 
24 days after infection. During most of the infection 
urinary kallikrein concentrations were raised. Signifi- 
cant correlation coefficients of 0.87 existed between 
BU and EU, of 0.97 between BU/24 hr and EU/24 hr, 
and of 0.88 between BU and EU/24hr. Significant 
correlation coefficients also existed between urine 
volume and BU/EU ratio (0.85), parasitaemia and 
BU/24 hr (0.88) and parasitaemia and EU/24 hr (0.82) 
(<0.81 n.s.). 


Biological units / 24 hr 


i 








3-7 8-12 
Time (days) 


T 1 
13-20 21-28 


Effect of inhibitors 


(i) Enzymatic activity. In control animals 1000 in- 
hibitor units (IU) of Trasylol/ml of urine caused at 
least 75 per cent inhibition of enzymatic activity. 
However, with infected urine 1000 IU Trasylol/ml in- 
hibited less than 30 per cent of the activity whereas 
3000 IU Trasylol ml inhibited 60 to 65 per cent. In 
control experiments 1000 IU Trasylol inhibited more 
than 80 per cent of the enzymatic activity of 10 BU 
Padutin. Soya bean trypsin inhibitor in concen- 
trations up to 20 mg/ml of urine had no inhibitory 
effect. Likewise SBTI had no inhibitory effect on 
Padutin. 

(ii) Biological activity. Two thousand to 30001U 
Trasylol/ml of control urine caused 100 per cent inhi- 
bition effect on blood pressure (approx 100 IU/BU). 

Five to ten thousand IU Trasylol/ml of infected 
urine produced 90 per cent inhibition of the blood 
pressure changes (approximately 100 [U/BU). In con- 
trol experiments 7501U Trasylol/10 BU Padutin in- 
hibited 100 per cent of the blood pressure change. 
Soya bean trypsin inhibitor up to concentrations of 
20 mg/ml had no effect on the hypotension caused 
by infected urine or by 10BU Padutin. SBTI and 
Trasylol had no direct effects on blood pressure. 

Properties of the esterase. The pH optimum for 
hydrolysis of TAME by urinary kallikrein using 
Tris-HCI buffer was 8.4. The optimum temperature 
was 37.5°. A plot of substrate concentration against 
velocity of reaction showed that the optimum sub- 
strate concentration was 0.05 M. 

Biological properties of the urinary enzyme. Urine 
from infected and non-infected rabbits had hypoten- 
sive properties. The urine taken during parasitaemic 
peaks of infected rabbits was 4-8 times more active 
than the urine of uninfected animals. In addition to 
the hypotensive properties the urine also caused an 
increase in heart rate. With doses of urine equivalent 
to 4KU (1 KU/kg) or less blood pressure usually 
returned to normal within 2-3 min. Urine heated at 
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Fig. 1. Biological units (BU)/24 hr and enzyme units (EU)/24 hr of urinary kallikrein from four rabbits 
infected with T: brucei (Nos. 473, 474, 482, 491) and from two uninfected controls (Nos. 502, 503). 
Data was averaged during time periods listed to correspond with the appearance of detectable parasite 
peaks in infected animals, with the exception of days 0-2 which preceded the first parasitaemia peak. 
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Minutes 
Fig. 2. Effect of 0.1 ml urine (UK) (C from animal infected 
with T. brucei (day 10), on isolated rat uterus. De Jalon 
solution with atropine sulphate (10~° g/ml), mepyramine 
maleate (10°’ g/ml) and methysergide bimaleate 
(10~° g/ml); 3ml bath. Synthetic bradykinin (BK) was 
added to the bath at dots with doses as follows (A 0.6 ng; 
B 0.8 ng; D 0.8 ng). 


96° for 30min had no effect on blood pressure but 
urine heated at 56° for the same period had similar 
biological activity to unheated urine. Both normal 
and infected urine had potent oxytocic properties on 
the isolated rat preparation. Upon application of 


> 


urine. the uterus contracted within 3-5 sec (Fig. 2). 














The infected urine was approximately 3—5 times more 
potent on the dose basis than normal urine. Padutin 
up to a concentration of 40KU or 1 ml of serum 
had no such effect. Doses of 0.1 ml urine would cause 
the uterus to undergo a series of rapid spontaneous 
rhythmical contractions and relaxations (Fig. 2). 
Higher doses of 0.5 ml caused the uterus to go into 
continuous contraction lasting at least 30min after 
which time the muscle was so fatigued that it no 
longer responded to either kallikrein or synthetic bra- 
dykinin. Urine heated at 96° for 30 min had no effect 
on muscle preparation but heating at only 56° for 
30 min did not prevent this. spontaneous activity. Dis- 
integrated trypanosomes had no oxytocic properties. 
The contraction caused by the urine was not inhibited 
by methysergide, mepyramine, atropine or indometh- 
acin. Urine (0.5-1.0 ml) also produced weak relaxa- 
tion of the rat duodenum. 

Urinary kallikrein from both infected and unin- 
fected rabbits released kinin from rabbit kininogen 
substrate. Infected urine was 2-5 times more active 
than control urine. Urine heated to 96° for 30 min 
did not possess any kinin-forming or oxytocic proper- 
ties but heating at only 56° for 30 min did not inhibit 
these properties (Fig. 3). Three thousand IU Trasy- 
lol/ml of normal urine completely inhibited both the 
kinin-forming and oxytocic effects (Fig. 3). Similarly 
10000 IU Trasylol/ml of infected urine inhibited both 
kinin-forming and oxytocic effects while 5000 IU Tra- 
sylol/ml of infected urine produced between 40-60 per 
cent inhibition. Padutin had no direct oxytocic effect 
although it had strong kinin-forming properties. This 
kinin-forming activity was inhibited completely by 
1000IU_ Trasylol/lOBU Padutin. SBTI  concen- 
trations of 20 mg/ml of urine did not inhibit the kinin- 
forming or oxytocic properties of the urine (Fig. 3), 

















Minutes 


Fig. 3. Effect of various inhibitors on contraction of isolated rat uterus by urinary kallikrein from 
a rabbit chronically infected with T. brucei. De Jalon solution with atropine sulphate (10~° g/ml), 
mepyramine maleate (10~’ g/ml) and methysergide bimaleate (10~° g/ml); 3 ml bath. A; 0.1 ml urine; 
B: 0.1 ml urine + SBTI (2 mg) incubated at 37° 15 min; C: 0.1 ml urine + Trasylol (100 IU) incubated 


at 37 
(1000 IU) incubated at 37 


15 min; D: 0.1 ml urine + Trasylol (500 IU) incubated at 37 
15 min; F 0.1 ml urine; G: 0.1 ml urine heated at 56° for 30 min; H: 0.1 ml 


15 min; E: 0.1 ml urine + Trasylol 


urine heated at 96° for 30 min. Samples applied at dots. 
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neither did it inhibit the kinin-forming activity of 
10 BU Padutin. SBTI and Trasylol alone had no di- 
rect kinin-forming or oxytocic properties. 


DISCUSSION 


In addition to providing useful information on the 
pathogenesis of trypanosomiasis this study has pro- 
duced some interesting results on the pharmacology 
of urinary kallikrein. In 1966, Beraldo et al. [19] 
showed that the urine collected from rats contained 
a substance that had oxytocic, kinin-forming and 
esterase properties. It caused the contraction of the 
isolated rat uterus and lowered the blood pressure 
of the rat and dog. This substance had no effect on 
other isolated muscle preparations. If heated at 96° 
for 20min both the oxytocic and kinin-forming 
properties were lost but heating at 56° had no effect. 
The action of this substance on the isolated uterus 
was inhibited by Trasylol but SBTI had no effect. 
It was concluded from this study that the substance 
present in rabbit urine was not oxytocin. 

It is known that urinary kallikrein differs from 
plasma kallikrein in molecular dimension, electro- 
phoretic mobility and the effect that inhibitors have 
on them [12]. Small amounts of Trasylol will inhibit 
both urinary and kidney kallikrein but large amounts 
of SBTI were needed for even partial inhibition. 
Werle and Maier [20] have shown that SBTI inhibits 
plasma but not glandular or urinary kallikrein 
whereas Trasylol affects the hypotensive, esterase and 
kinin-forming activities of most kallikreins including 
those from serum, glands and urine [21]. In his ex- 
periments Nustad [12] showed that the spectrum of 
inhibition of esterase and kinin-forming activity of 
urinary kallikrein were similar, Trasylol causing over 
80 per cent inhibition, but SBTI having little effect. 
In the experiments described here similar results were 
found confirming that the substance excreted in 
chronically infected rabbits was urinary and not 
plasma kallikrein. Addition of normal or infected rab- 
bit urine to the isolated rat uterus produced a sus- 
tained contraction which could not be inhibited by 
atropine, mepyramine, methysergide or indomethacin 
indicating that ACh, histamine, 5-HT and the pro- 
staglandin F,« were not involved. Inhibition of this 
effect by heating at 96°, but not at 56°, suggests that 
the substance was relatively heat stable and certainly 
excludes inorganic components such as KCI [22], or 
a calcium imbalance. These inorganic substances 
would be stable at 96°. The most likely explanation 
is that this effect is mediated directly by urinary kal- 
likrein. Reports in the literature suggest that urinary 
kallikrein produces a single contraction when applied 
to the rat uterus [23]. These authors stated that the 
contraction caused by kallikrein was siow like that 
of bradykinin but was produced after a much longer 
lag period. Similar findings have also been reported 
[10]. Nustad and Pierce [23] concluded that the di- 
rect action on the isolated rat uterus was probably 
due to kinin liberation from kininogen indigenous to 
the uterus. However the rapid onset of spontaneous 
rhythm produced by the action of rabbit urinary kal- 
likrein on the rat uterus in this study suggests that 
in this system at least, the kallikrein is acting directly 
on the muscle preparation. 


It is known that kinins are formed in the kidney 
[24]. Since the kidney itself contains kininogen it is 
possible that kinin formation is independent in the 
kidney of plasma kininogens [25, 26]. Removal of the 
kidneys results in plasma kininogen concentrations 
increasing 3—5-fold within 72 hr indicating that there 
is a constant consumption of plasma kininogen by 
kidney kallikrein [27]. 

Local kinin formation in the cortex of the kidney 
may help regulate local blood flow and vascular per- 
meability [28]. Direct renal infusion of kallidin into 
a dog produced a large increase in diuresis with a 
concurrent increase in renal blood flow without any 
change in the renal arterial or systemic blood pres- 
sures [29]. The glomerular filtration rate was in- 
creased suggesting that there was a direct relationship 
between urinary kinin levels (and presumably urinary 
or kidney kallikrein) and urine vol. In the early stages 
of these present studies such a relationship exists. 
However, working with normal rats, Nustad [12] 
found an inverse relationship between kallikrein pro- 
duction and urine vol. 

The role of urinary kallikrein in the general regula- 
tion of blood pressure has also been suggested, since 
decreased levels of urinary kallikrein have been 
observed in humans and rats with essential hyperten- 
sion [30-32]. 

Recent studies have shown that rabbits infected 
with T: brucei are profoundly hypotensive [8]. Evi- 
dence has also been produced that this hypotension 
is mediated by kallikrein. Intravenous injection of 
kallikrein usually produces a biphasic fall in blood 
pressure. A similar biphasic fall in blood pressure was 
noted when particulate complexes of trypanosomes 
and hyperimmune sera were injected intravenously 
into normal rabbits. Since this reaction could be inhi- 
bited by Trasylol it was concluded that it was 
mediated by kallikrein. The initial rapid fall in blood 
pressure by injection of kallikrein is probably due to 
the direct actions of this substance. Kallikrein is 
known to dilate coronary vessels and it is also 
thought to have a direct action on the myocardium 
[33]. The later, slower, prolonged fall was probably 
due to the release of kinin (Kallidin) by the direct 
action of kallikrein on kininogen [34]. 

In this study we have shown that the amount of 
urinary kallikrein produced in chronic trypanoso- 
miasis of the rabbit is markedly increased. This is 
particularly true early in the infection and seems to 
be correlated with peaks in parasitaemia. The finding 
of large amounts of urinary kallikrein during each 
peak in parasitaemia correlates well with the hypoth- 
esis already proposed that the formation of immune 
complexes at this time activates Hageman factor with 
subsequent activation of prekallikrein. However, very 
large amounts of urinary kallikrein are produced 
early in the infection and by day 2 there are already 
increased amounts present in the urine. At this time 
it is very unlikely that sufficient antibody will have 
been produced for this reaction to have been 
mediated by immune complexes. It therefore would 
appear that at this stage trypanosomes are having 
a direct effect on the kinin system. It has been sug- 
gested that rabbits infected with T. brucei die in a 
state of vascular shock with renal failure which may 
have an immunological origin [35,36]. Proteinuria 
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develops as the infection advances [36, 37]. The pro- 
teins in the urine are similar to normal plasma pro- 
teins. 

During the initial period of the infection there was 
little change in the amount of protein produced in 
the urine, but by 3-4 weeks after infection large 
amounts were present. Kidney damage occurs very 
early on in the infection as indicated by the presence 
of urinary casts from day 14 onwards. Evidence for 
kidney damage in experimental trypanosomiasis has 
been accumulating recently. Boreham and Kimber 
[38] recorded the presence of immune complexes in 
the venules of‘rabbits infected with T. brucei. Nagle 
et al. [39,40] have demonstrated IgG, properdin and 
complement deposits in the glomeruli of rhesus mon- 
keys infected with T. rhodesiense. They concluded that 
a glomerulonephritis develops that is mediated by im- 
mune complexes which are probably derived from the 
circulation. More recently, Lambert and Houba [41] 
have demonstrated IgG, IgM and C3 deposits in the 
glomerulus of mice infected with trypanosomes. The 
antigen was shown to be of trypanosomal origin. It 
seems quite possible that the damage to the kidney 
is mediated via kallikrein. Nustad [12,42] has shown 
that urinary and kidney kallikreins have many com- 
mon properties and that most of the kidney kallikrein 
is contained in the cortical region, 85 per cent of 
which is composed of the proximal convoluted 
tubules [43]. Kallikreins have been shown to be syn- 
thesised in the kidney [44]. When the proximal 
tubules are damaged experimentally the amount of 
urinary kallikrein excreted is markedly decreased 
[44]. 

Since in this experiment the amount urinary kallik- 
rein increased it would appear unlikely that damage 
occurred to the tubules but that any kidney damage 
originates in the glomerulus. 

The actual stimulus for increased production of 
kallikrein in the urine of rabbits infected with T: bru- 
cei is not known. However, it seems probable that 
kidney glomerular damage occurs as a result of im- 
mune complex deposition, resulting in proteinuria. It 
appears that little of the kallikrein in the urine results 
from plasma kallikrein leakage. The diuresis seen 
early in the infection is probably due to elevated 
plasma kallikrein levels at that time. This would have 
the effect of increasing the glomerular blood flow with 
. Subsequent increased filtration rates. 

Preliminary studies on plasma kallikrein support 
this hypothesis (Boreham and Parry, unpublished). 
Further studies are required to elucidate the exact 
mechanism of increased secretion of kallikrein in the 
kidney. Jn vitro studies of kallikrein production in 
the kidney using immune complexes would be valu- 
able although some evidence has been produced that 
trypanosomes have a direct action on the kinin sys- 
tem early in the infection. 


Acknowledgements—This work was supported by a grant 
from the Ministry of Overseas Development to P.F.L. 
Boreham. We are grateful to Sandoz Ltd., for a gift of 
synthetic bradykinin and Bayer Pharmaceuticals for the 
kallikrein and Trasylol. We are especially grateful to Mr. 
J. D. Kerr, CSIRO, Division of Mathematics & Statistics, 
Indooroopilly, Queensland, Australia, for statistical analy- 
sis and to our colleagues for helpful criticism of this work. 


REFERENCES 


. L. G. Goodwin and W. H. G. Richards, Br. J. Pharmac. 
Chemother. 15, 152 (1960). 

. W. H. G. Richards, Br. J. Pharmac. Chemother. 24, 
124 (1965). 

. P. F. L. Boreham, Nature, Lond. 212, 190 (1966). 


4. P. F.L. Boreham, Br. J. Pharmac. Chemother. 32, 493 


(1968a). 
. P. F. L. Boreham, Trans. R. Soc. trop. Med. Hyg. 64, 
394 (1970). 


. P. F. L. Boreham, Br. J. Pharmac. 34, 598 (1968b). 
. P. F. L. Boreham and L. G. Goodwin, Adv. exp. Med. 


Biol. 8, 539 (1970). 


. P. F. L. Boreham and I. G. Wright, Br. J. Pharmac. 


58, 137 (1976). 


. E. K. Frey, Miinch. med. Wschr. 76, 1951 (1929). 
). W. T. Beraldo, W. Feldberg and S. M. Hilton, J. Phy- 


siol., Lond. 133, 558 (1956). 


. E. W. Horton, J. Physiol., Lond. 148, 267 (1959). 
. K. Nustad, Br. J. Pharmac. 39, 73 (1970a). 
. P. F. L. Boreham and C. A. Facer, Int. J. Parasit. 


4, 143 (1974). 


. P. F. L. Boreham, Ph.D. Thesis, University of London 


(1968c). 
. S. M. Lanham, Nature, Lond. 218, 1273 (1968). 


6. D. S. Roberts, J. biol. Chem. 232, 285 (1958). 


. J. R. Vane, Nature, Lond., New Biol. 231, 232 (1971). 

. C. R. Diniz and I. F. Carvalho, Ann. N. Y. Acad. Sci. 
104, 77 (1963). 

. W. T. Beraldo, R. L. Araujo and M. Mares-Guia, Am. 
J. Physiol. 211, 975 (1966). 

. E. Werle and L. Maier, Biochem. Z. 323, 279 (1952). 

. R. Vogel and E. Werle, Handbook of Experimental 
Pharmacology (Ed. E. G. Erdés), Vol. XXV, p. 213. 
Springer-Verlag, Berlin (1970). 


. K. Buluk and M. Malofiejew, Br. J. Pharmac. 35, 79 


(1969). 


. K. Nustad and J. V. Pierce, Biochemistry 13, 2312 


(1974). 

. K. Abe, Tohoku J. exp. Med. 87, 175 (1965). 

. V. M. Sardesai, Pharmacology 46, 77 (1968). 

. E. Werle and P. Zach, Z. Klin. Chem. Klin. Biochem. 
8, 186 (1970). 

. E. Werle, G. Leysath and A. Schmal, Hoppe-Seyler’s 
Z. physiol. Chem. 349, 107 (1968). 


28. E. K. Frey, H. Kraut, E. Werle, R. Vogel, G. Zickgraf- 


Rudel and I. Trautschold, in Das Kallikrein-Kinin-Sys- 
tem und Seine Inhibitoren, p. 206. Ferdinance Enke 
Verlag, Stuttgart (1968). 

. M. E. Webster and J. P. Gilmore, Am. J. Physiol. 206, 
714 (1964). ; 

. H.S. Margolius, R. G. Geller, W. de Jong, J. J. Pisano 
and A. Sjoerdsma, Circulation Res. 31, suppl. 2, 125 
(1972). 

. H. S. Margolius, R. Geller, J. J. Pisano and A. 
Sjoerdsma, Lancet Hl, 1003 (1971). 

. H. R. Croxatto, Ciénc. Cult. 26, 879 (1974). 


33. J. M. Bishop, P. Harris and N. Segel, Br. J. Pharmac. 


25, 456 (1965). 


. J. V. Pierce and M. E. Webster, Biochem. biophys. Res. 


Commun. 5, 353 (1961). 


. L. G. Goodwin, Trans. R. Soc. trop. Med. Hyg. 64, 


797 (1970). 


. L. G. Goodwin and M. W. Guy, Parasitology 66, 499 


(1973). 


. O. K. A. Itazi and J. C. Enyaru, Trans. R. Soc. trop. 


Med. Hyg. 67, 263 (1973). 


. P. F. L. Boreham and C. D. Kimber, Trans. R. Soc. 


trop. Med. Hyg. 64, 168 (1970). 

. R. B. Nagle, P. A. Ward, H. B. Lindsey, E. H. Sadun, 
A. J. Johnson, R. E. Berkaw and P. K. Hildebrandt, 
Am. J. trop. Med. Hyg. 23, 15 (1974). 





Studies on urinary kallikrein 423 


40. R. B. Nagle, P. A. Ward, E. H. Sadun, R. E. Berkaw, 43. H. Mattenheimber, in Enzymes in Urine and Kidney 
A. J. Johnson, R. E. Duxbury and P. K. Hildébrandt, (Ed. U. C. Dubach), pp. 119-145. Verlag Hans Huber, 
Fedn Proc. 32, 827 Abs. (1973). Bern (1968). 

41. P. H. Lambert and V. Houba, in Progress in Immu- 


44. E. Werle and R. Vogel, Archs int. Pharmacodyn. Ther. 
nology II (Eds. L. Brent and J. Holborow), Vol. 5, 126, 171 (1960). 


p. 57. North-Holland, Amsterdam (1974). 45. K. Nustad, K. Vaaje and J. W. Pierce, Br. J. Pharmac. 


42. K. Nustad, Br. J. Pharmac. 39, 87 (1970b). 53, 229 (1975). 








Biochemical Pharmacology, Vol. 26, pp. 425-431. Pergamon Press, 1977. Printed in Great Britain 


EFFECTS OF CLOFIBRATE ON ETHANOL-INDUCED 
MODIFICATIONS IN LIVER AND ADIPOSE TISSUE 
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Abstract—Mechanisms by which clofibrate decreases the development of acute alcoholic fatty liver 
were studied, especially in regard to hepatic redox state and hormonal regulation of carbohydrate 
and lipid metabolism. A partial inhibition of the ethanol-induced increase in cytosolic NADH/NAD 
ratio was observed. As a result, in clofibrate-treated rats hepatic z-GP concentration during ethanol 
oxidation also remained at the same level as in normal control rats. Clofibrate treatment prevented 
the ethanol-induced increase in the adipose tissue cAMP and plasma FFA concentrations. Hepatic 
concentrations of CoA-SH, acetyl-CoA and long chain acyl-CoA were markedly increased by clofibrate 
treatment. Plasma insulin concentration was decreased in clofibrate-treated rats, which also showed 
an impaired glucose tolerance. The results show that clofibrate is able to restrict the availability of 
substrates (x-GP and fatty acids) for hepatic triglyceride synthesis in vivo. In addition, it was concluded 
that the partial inhibition of ethanol-induced fatty liver by clofibrate may result from the enhancement 
of the oxidation pathway of fatty acid metabolism as suggested by the enormous increase in hepatic 


content of CoA-SH and its derivatives. 


The hypolipidemic drug clofibrate (ethyl-x-p-chloro- 
phenoxyisobutyrate) has been reported to decrease 
the development of acute and chronic alcoholic fatty 
liver [1-3]. The mechanism by which clofibrate exerts 
this effect is not clear. Many of the metabolic effects 
of ethanol on the liver are secondary to the ethanol- 
induced reduction of cytoplasmic and mitochondrial 
NAD. Inhibition of the ethanol-induced shift of the 
hepatic redox state towards reduction has been pro- 
posed as one possible mechanism [4]. However, in 
other studies clofibrate had no effect [5] or only a 
partial effect [6] on the ethanol-induced redox 
changes. 

The effects of clofibrate on lipid metabolism are 
multiple. Accelerated lipid clearance [7], reduced 
hepatic lipoprotein synthesis or release [8,9], reduc- 
tion of hepatic glycerolipid synthesis [8], suppression 
of adipose tissue lipolysis [10], and inhibition of fatty 
acid synthesis [11,12] have been observed in exper- 
iments conducted in vitro and in vivo. However, there 
is no direct evidence of the involvement of these 
mechanisms in the inhibition of the alcoholic fatty 
liver by clofibrate. 

Part of the hypolipidemic action of clofibrate may 
be mediated by its interaction with insulin and gluca- 
gon release [13], or by an altered response to these 
hormones in target organs, as suggested by the 
demonstration of a decrease in adenyl cyclase activity 





+ The abbreviations used are: cAMP, cyclic adenosine 
3',5’-monophosphate; «-GP, sn-glycerol 3-phosphate; 
DAP, dihydroxyacetone phosphate; L/P, lactate/pyruvate 
concentration ratio; FFA, non-esterified fatty acid. 


in liver and adipose tissue in vitro [14]. The cAMPt 
concentration in vivo has been used as a probe for 
hormone action on target tissues [15]. We have pre- 
viously reported an ethanol-induced elevation in 
hepatic cAMP concentration in vivo which may be 
attributable to hormonal changes counteracting the 
derangements in carbohydrate and lipid metabolism 
during ethanol oxidation [16]. We are unaware of 
any reports on the effects of clofibrate on cAMP con- 
centrations in target tissues in vivo. 

The results of the present study show that clofibrate 
partially inhibits the ethanol-induced redox change 
and is able to restrict the availability of substrates 
(a-GP and fatty acids) for hepatic triglyceride syn- 
thesis in vivo. In addition, the partial inhibition of 
ethanol-induced fatty liver by clofibrate may result 
from the enhancement of the oxidation pathway of 
fatty acid metabolism as suggested by the increase 
in hepatic content of CoA-SH and its derivatives and 
the decrease in insulin/glucagon ratio in clofibrate- 
treated rats. 


MATERIALS AND METHODS 


Reagents. The nicotinamide nucleotides were 
obtained from Boehringer GmbH, Mannheim, Ger- 
many, the enzymes from Sigma Chemical Co., St 
Louis, MO., U.S.A., reagents and column material for 
the g.l.c. from Applied Science Laboratories, State 
College, PA., U.S.A. 

Treatment of animals. Male Long-Evans rats from 
the Department’s own stocks were used. The rats 
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were housed in an automatically illuminated room, 
where the lights were on from 7 a.m. to 7 p.m. daily. 
Nine days before the experiment the rats were divided 
randomly into two groups. One group was treated 
with clofibrate (ICI, Pharmaceuticals Division, Mac- 
clesfield, England) by daily subcutaneous injections 
of 600 mg/kg body wt for nine successive days. The 
other group served as control. Both groups had access 
to water ad lib. and to a pelleted diet (Hankkija Oy, 
Helsinki, Finland) which provided 54.7 per cent of 
the total energy as carbohydrates, 8.9 per cent as fats 
and 36.4 per cent as proteins (manufacturer’s data). 
At the end of the experiments the rats weighed 
160-250 g, with no difference in body weight between 
clofibrate-treated and normal rats. 

All experiments were begun between 8.30 and 9.30 
a.m. Rats from clofibrate-treated and normal groups 
were divided randomly into three subgroups. Ethanol 
was given to one clofibrate-treated and to one normal 
subgroup in a dose of 5 g/kg body wt as a 20% (w/v) 
solution in water. Control animals from both groups 
received the same amount of water and the third sub- 
group received an isoenergetic dose of glucose (8.7 
g/kg body wt). All solutions were administered 
through a stomach tube without anaesthesia. After 
gastric intubation the animals had no access to food 
but tap water was available ad lib. 

The rats were anaesthetized with diethyl ether 2, 
6 or 12 hours after the gastric intubation, or without 
gastric intubation, and the abdomen opened to obtain 
samples from liver, adipose tissue and blood. 

Treatment of samples. Samples were obtained from 
the liver and from the epididymal fat pads by the 
freeze-clamp technique [17]. Immediately after this 
procedure, blood samples were drawn from the infer- 
ior vena cava into heparinized ice-chilled glass tubes. 
Blood samples for insulin and glucagon determina- 
tions were placed into plastic tubes containing 500 
U of heparin and 20 mg of trypsin inhibitor from 
soybean (Type II-S, Sigma Chemical Co.). After cen- 
trifugation plasma was separated (within 30 min of 
sampling). Plasma samples were stored at —20° until 
determination. Blood samples for glucose determina- 
tions were deproteinized immediately. Before the 
determination of the plasma free fatty acid concen- 
tration, samples were stored at —20° for 1-3 days. 

Liver samples for metabolite determinations were 
pulverised in a mortar under liquid nitrogen. Initial 
extraction was performed using ice-cold 8% (v/v) 
perchloric acid in water. Extraction was repeated with 
6% (v/v) perchloric acid and the filtrate was neutra- 
lized to pH 6.5 with 3.75 M K,CO, containing 0.5 
M triethanolamine hydrochloride. The perchloric 
acid-insoluble fraction of the tissue was washed with 
2°%, (v/v) perchloric acid and the precipitate was 
stored at —70°. 

In the extraction of cAMP from liver the method 
described by Gilman was followed [18]. For the prep- 
aration of the adipose tissue for cAMP and DNA 
determinations, a piece of epididymal fat pad weigh- 
ing 200 mg was homogenized in 2 ml of 6° trichloro- 
acetic acid. After centrifugation at 25,000 g for 20 
min, 1.0. ml of the internatant was removed for cAMP 
extraction, which was performed as previously de- 
scribed [16]. The rest of the internatant was removed 
carefully by suction, and the precipitate and the fatty 


layer were used for extraction of DNA according to 
Denton et al. [19]. 

Analytical procedures. Neutralized perchloric acid 
extracts were used for the enzymatic assays of lactate 
[20], pyruvate [21], x-GP [22] and DAP [23]. Coen- 
zyme A (CoA-SH) was assayed according to the 
method of Garland [24]. z-Oxoglutarate dehydrogen- 
ase was extracted from pig heart as described by 
Sanadi et al. [25]. Acetyl-CoA was determined in the 
same assay by a subsequent addition of phosphotrans- 
acetylase [26]. Both assays were completed within 
two hours of the termination of the experiment. Long- 
chain acyl-CoA was determined in the perchloric 
acid-insoluble fraction of the tissue. The hydrolysis 
was carried out at pH 11 in the presence of 10 mM 
dithiothreitol [27], and the released CoA-SH was 
assayed by the «-oxoglutarate dehydrogenase reac- 
tion. In the enzymatic assays the changes in NADH 
were measured in an Aminco DW-2 dual wavelength 
spectrophotometer. 

cAMP was assayed by the displacement method 
of Gilman [18] as previously described [16]. 
Radioactivity data was processed and converted to 
amounts of cAMP on a Honeywell 1642 computer 
by a program modified from that of Burger et al. 
[28]. 

Plasma FFA concentration was estimated accord- 
ing to Novak [29]. As clofibrate is known to interfere 
with some methods of FFA determination even at 
concentrations observed in vivo [30], concentration 
of clofibrate in plasma as well as the interference of 
clofibrate with the method of Novak were deter- 
mined. The plasma concentration of clofibrate was 
measured by gas-liquid chromatography of the 
methyl ester [31] on a 10% EGSS-X column with 
Gas-Chrom P 100/120 mesh as a solid support. Clofi- 
brate was extracted from plasma as the free acid and 
converted to the methyl ester in BF,-methanol. 
Phenylacetic acid was used as internal standard. 
Flame ionization detector was used, and as tested 
with authentic standards the endogenous plasma free 
fatty acids did not interfere with the measurement 
of clofibrate. The plasma concentration of clofibrate 
was 0.44 + 0.04 mM (mean + S.E.M. of six exper- 
iments). Nonspecific colour formation caused by the 
addition of hydrolyzed clofibrate into the assay was 
9.2% of the colour formed by an equimolar amount 
of palmitic acid. The results of plasma FFA concen- 
trations in Fig. 3 are corrected for the observed inter- 
ference by clofibrate. 

The hepatic triglycerides [32], hepatic glycogen 
[33], and blood glucose [34] were determined. DNA 
content in adipose tissue was assayed using the 
method of Hubbard et al. [35]. 

Plasma insulin concentration was determined by 
radioimmunoassay (Pharmacia Diagnostics, Uppsala, 
Sweden) using antibodies against porcine insulin cou- 
pled to a solid phase (Sephadex-Anti-Insulin complex) 
as the binder, ['?*IJinsulin as the labelled antigen 
and porcine insulin as a standard. Plasma glucagon 
concentration was measured with a commercially 
available radioimmunoassay kit for pancreatic gluca- 
gon (Novo Research Institute, Bagsvaerd, Denmark) 
using anti-pork-glucagon rabbit serum K 964 as the 
binder, ['?°I]glucagon as the labelled ligand and por- 
cine glucagon as a standard. 
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Statistical treatment of results. Statistical signifi- 
cance of the results was calculated using the Student’s 
t-test. 


RESULTS 


Lactate and pyruvate. The pyruvate concentrations 
showed a drop of 45 per cent in normal rats after 
ethanol administration and of 32 per cent in clofi- 
brate-treated rats (Table 1). Since the lactate concen- 
trations remained unchanged, there was an increase 
(113 per cent; P < 0.005) in the L/P ratio in normal 
rats. However, in clofibrate-treated rats the ethanol- 
induced increase in the L/P ratio was smaller (46 per 
cent) and variable and was not statistically significant. 

a-GP/DAP ratio. Treatment with clofibrate caused 
a decrease in both «-GP concentration (by 41 per 
cent; P < 0.05) and DAP concentrations (by 43 per 
cent: P < 0.05) in the control group (Table 1). Since 
the changes were parallel, the basal «-GP/DAP ratio 
was not altered by clofibrate treatment. In normal 
rats ethanol administration caused a statistically sig- 
nificant increase (P < 0.025) in a-GP concentration 
with a concomitant decrease in DAP concentration 
(P < 0.05), thereby increasing the «-GP/DAP ratio by 
more than 200 per cent (P < 0.005). In clofibrate- 
treated rats the a-GP/DAP ratio increased by 86 per 
cent (P < 0.05) during the ethanol loading, resulting 
solely from a change in «-GP concentration. 

Hepatic cAMP. Since ethanol is known to increase 
the hepatic cAMP concentration [16], and clofibrate 
decreases the activity of adenyl cyclase in liver [14], 
further insight into the mechanism of the prevention 
of ethanol-induced fatty liver by clofibrate was sought 
by studying effects of ethanol loading on hepatic 
cAMP levels in normal and clofibrate-treated rats 
(Fig. 1). Hepatic cAMP levels in clofibrate-treated rats 
were somewhat lower than in normal rats. Ethanol 
administration caused an increase of 35 per cent 
(P < 0.05) in both groups at 2 hr, and the cAMP 
concentration continued to increase slowly in both 
groups between 2 and 6 hr. Glucose loading de- 
creased the hepatic cAMP concentration in both 
groups. 

Liver concentration of CoA-SH and its derivatives. 
The results in Table 2 show that clofibrate treatment 
has a striking effect on the metabolism of CoA and 
its derivatives. The concentration of CoA-SH was 
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more than 4-fold higher and the concentration of ace- 
tyl-CoA about 2-fold higher in clofibrate-treated rats 
than in normal rats. Also the concentration of long- 
chain acyl-CoA derivatives was somewhat higher in 
clofibrate-treated rats. Ethanol administration in- 
duced a rise in acetyl-CoA level in normal rats with 
a corresponding decrease in the level of CoA-SH. Eth- 
anol had no effect on the concentration of long-chain 
acyl-CoA. 

Adipose tissue cAMP. In normal animals ethanol 
administration caused a marked increase in adipose 
tissue cAMP, with a maximum at 2 hr, at which time 
the increase was significant (P < 0.01). This ethanol- 
induced increase in adipose tissue cAMP was not 
found in clofibrate-treated animals, as seen in Fig. 
2. On the basis of tissue wet weight the glucose 
administration induced no significant changes in 
either normal or clofibrate-treated rats (data not 
shown). 

Plasma free fatty acids. During a 6-hr experimental 
period FFA concentration increased by 79 per cent 
in normal rats and by 62 per cent in clofibrate-treated 
rats due to fasting (Fig. 3). Administration of ethanol 
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Fig. 1. Effect of ethanol load on hepatic cAMP concen- 
tration in (A) normal and (B) clofibrate-treated rats. 
Results are means + S.E.M. of 8-10 separate experiments 
in control and ethanol groups and means + S.E.M. of 5 
separate experiments in glucose groups. At zero time one 
group of animals received ethanol, 5 g/kg body wt, a 
second group an isoenergetic dose of glucose, and a third 
group an equal amount of water. Symbols: ethanol group, 

-O—O—; glucose group A—A water group 

ee 


Table 1. Effect of ethanol load on hepatic redox-state in normal and clofibrate-treated rats 





Normal rats 


Clofibrate-treated rats 





Control group 


Ethanol group Control group Ethanol group 





(4) 
(4) 
(4) 
(5) 
(5) 
(5) 


Lactate (umole/g wet wt) 1.41 + 0.21 
Pyruvate («mole/g wet wt) 
Lactate/Pyruvate 

a-GP (umole/g wet wt) 
DAP (umole/g wet wt) 
a-GP/DAP 


6.15 + 0.22 


4.30 + 0.64 


0.229 + 0.033 


0.191 + 0.025 
0.049 + 0.008 


1.44 + 0.19 
0.161 + 0.024* 

9.80 + 2.24 
0.219 + 0.0167 
0.028 + 0.004 

8.02 + 1.177 


1.54 + 0.33 
0.126 + 0.030T 
14.32 + 1.457 
0.378 + 0.0667 
0.031 + 0.004* 
12.97 + 1.997 


1.56 + 0.37 
0.236 + 0.059 
6/3: +130 
0.112 + 0.017 
0.028 + 0.003+ 
4.31 + 0.83 





The results are means + S.E.M. Number of experiments is indicated in parentheses. Metabolite concentrations are 
expressed as ymoles/g wet wt of liver. Ethanol (5 g/kg body wt) was administered through stomach tube and the livers 
were freeze-clamped at 6 hr. The symbols * and + indicate P < 0.05 and P < 0.01 respectively between control and 
ethanol groups. The symbol ¢ indicates P < 0.05 between normal and clofibrate-treated controls, and normal ethanol 


and clofibrate-treated ethanol groups, respectively. 
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Table 2. Effect of ethanol load on hepatic CoA-SH, acetyl-CoA and long-chain acyl-CoA concentration in normal 
and clofibrate-treated rats 





Normal rats 


Clofibrate-treated rats 





Control group 


Ethanol group Control group Ethanol group 





CoA-SH (nmole/g wet wt) 65 


5 
Acetyl-CoA (nmole/g wet wt) 62 + 6 
Acyl-CoA (nmole/g wet wt) 38 + 3 


336 + 9 


49 + 4+ 
5 121 + 14t 
3+ 


70 


38 51 + 3 





The results are means + S.E.M. of 4 separate experiments expressed: as nmole/g wet wt of liver. Experimental condi- 
tions as in Table 1. The symbol * indicates P < 0.05 between normal control and normal ethanol groups. The symbols 
+, t and § indicate (P < 0.05, P < 0.01 and P < 0.001 respectively) the significance between the corresponding subgroups 


of normal and clofibrate-treated animals. 


‘ 


caused no significant changes in both clofibrate- 
treated and normal rats as compared to water con- 
trols, but the difference between clofibrate-ethanol 
and normal-ethanol subgroups was statistically signi- 
ficant both at 2 hr (P < 0.005) and 6 hr (P < 0.05). 
Isoenergetic glucose loading caused a similar decrease 
in both normal and clofibrate-treated animals with 
a minimum at 2 hr (P < 0.001). 

Blood glucose. Glucose concentration showed no 
significant change in clofibrate-treated controls in fed 
state as compared to non-treated controls (Fig. 4). 
Administration of ethanol induced a slight (7 per 
cent), but statistically significant (P < 0.005) increase 
in blood glucose level in normal animals, but not in 
the clofibrate-treated animals. Blood glucose concen- 
tration at 2 hr after glucose administration was signi- 
ficantly higher (P < 0.025) in clofibrate-treated rats, 
indicating an impaired tolerance to glucose. 

Hepatic glycogen. The hepatic glycogen concen- 
tration in clofibrate-treated rats was about half that 
in normal rats in fed state, and decreased in both 
groups during the experimental period of 6 hr (Fig. 
5). As also evidenced by the changes in blood glucose, 
ethanol accelerated glycogen breakdown in both 
groups, but the differences between the changes in 
hepatic glycogen content were too small to be statisti- 
cally significant. A disturbance in carbohydrate meta- 
bolism in clofibrate-treated rats, as seen in blood glu- 
cose in Fig. 4, was also observed in hepatic concen- 
trations of glycogen as a different response to acute 
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Fig. 2. Effect of ethanol load on adipose tissue cAMP coti- 

tent in (A) normal and (B) clofibrate-treated rats. Results 

are means + S.E.M. of 5-8 separate experiments in control 

and ethanol groups and means + S.E.M. of 5 separate ex- 

periments in glucose groups. Symbols ‘and experimental 
conditions as in Fig. 1. 


glucose loading. In normal rats the rise in glycogen 
concentration continued up to 6 hr after the adminis- 
tration of glucose, but was maximal in clofibrate- 
treated rats already 2 hr after the glucose loading. 
Insulin/glucagon ratio. The most significant effects 
of clofibrate on the hormones studied were found in 
basal insulin concentration, which decreased by 50 
per cent (P < 0.05) due to clofibrate treatment, as 
shown in Table 3. Clofibrate had no statistically signi- 
ficant effect on plasma glucagon concentrations. 


DISCUSSION 


Treatment of rats with clofibrate has been reported 
to only slightly decrease [5], or totally abolish [3, 4], 
the ethanol-induced change in the redox state, i.e. in- 
crease in L/P and a-GP/DAP ratios. The cellular 
redox state has dual effects on the metabolism of fatty 
acids; one is on the regulation of the oxidation of 
acetyl-CoA and the other is on the concentration of 
cytosolic «-GP. Our results show that clofibrate does 
not totally inhibit this response to ethanol although 
the inhibition is significant in both ratios. 

It is worth noting that the hepatic «-GP concen- 
tration in  clofibrate-treated rats after ethanol 
administration was only 13 per cent higher than in 
normal rats not given ethanol. The «-GP concen- 
tration may be a regulator of triglyceride synthesis 
[36], and therefore the inhibition of ethanol-induced 
increase in x-GP concentration by clofibrate may be 
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Fig. 3. Effect of ethanol load on plasma free fatty acid 
concentrations in (A) normal and (B) clofibrate-treated 
rats. Results are means + S.E.M. of 8-10 separate exper- 
iments in control and ethanol groups and means + S.E.M. 
of 5 separate experiments in glucose groups. Symbols and 
experimental conditions as in Fig. 1. 
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Fig. 4. Effect of ethanol load on blood glucose concen- 

tration in (A) normal and (B) clofibrate-treated rats. 

Results are means + S.E.M. of 8-10 separate experiments 

in control and ethanol groups and means + S.E.M. of 5 

separate experiments in glucose groups. Symbols and ex- 
perimental conditions as in Fig. 1. 


of fundamental importance in the prevention of the 
development of alcoholic fatty liver. The measured 
concentrations of «-GP in both clofibrate-treated and 
normal rats were under the K,,, (0.67 mM) of the sn- 
glycerol-3-P acyltransferase reaction [37] and the clo- 
fibrate effect is even enhanced by the diminished 
availability of free fatty acids for esterification in liver 
due to diminished peripheral lipolysis. 

The hepatic triglyceride concentration showed large 
variations in the clofibrate-treated control group, and 
was also elevated as compared to the normal controls. 
Therefore the results of the liver triglyceride deter- 
mination are difficult to interpret in spite of the 
smaller fractional ethanol-induced triglyceride ac- 
cumulation in the clofibrate-treated animals (data 
not shown). These data may be related to the findings 
of Adams et al. [8], who demonstrated that under 
certain conditions clofibrate alone can increase the 
hepatic triglyceride concentration concomitantly with 
the well-known hypolipidemic effect of the drug. 

The importance of the enormous increase in the 
hepatic CoA-SH concentration remains to be eluci- 
dated. Under different physiological conditions, the 
fluctuations in the concentration of CoA-SH in liver 
are not of this order of magnitude [38]. The results 
show that there is not only a shuffling of CoA-SH 
from and between the various CoA-derivatives, but 
an increase in the total amount of CoA-SH. As has 
been previously suggested [39, 40], the uptake of fatty 
acids is probably determined by the rate of fatty acid 
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Fig. 5. Effect of ethanol load on hepatic glycogen concen- 

tration in (A) normal and (B) clofibrate-treated rats. 

Results are means + S.E.M. of 5-6 separate experiments 

in control and ethanol groups and means + S.E.M. of 5 

separate experiments in glucose groups. Symbols and ex- 
perimental conditions as in Fig. 1. 


activation and the fate (oxidation or esterification) of 
the acyl-CoA determined by the relative activity of 
carnitine acyltransferase and the concentration ratio 
of free carnitine to CoA. An increase in the free carni- 
tine content is indeed suggested by the finding that 
clofibrate induces a fivefold increase in the hepatic 
acetylcarnitine content and an increase in the carni- 
tine acetyltransferase activity [41-43]. Seen against 
this background the present results can be reconciled 
with the increased oxidation of fatty acids which can 
be observed in isolated mitochondria and perfused 
livers from rats treated with clofibrate [43]. 

The changes in the metabolic pattern and enzyme 
concentrations in clofibrate-treated rats are seen to 
form certain clusters, e.g. induction of catalase syn- 
thesis and increased H,O, production [44] on the 
one hand and increased fatty acid oxidizing capacity 
[44] and increased content of the CoA-derivatives 
[present work] on the other. It might be plausible 
to assume that these clusters of response may rep- 
resent adaptive changes to a few primary effects. Not 
much is known about the regulation of CoA-SH syn- 
thesis in mammals or the possible participation of 
clofibrate as a carboxylic acid in the CoA-SH-linked 
reactions with a possible inducing effect on CoA-SH 
synthesis. 

It has been previously demonstrated that ethanol 
increases plasma glucagon concentration in vivo [45]. 
Ethanol and acetaldehyde inhibit and acetate stimu- 
lates insulin secretion by pancreatic segments in vitro 


Table 3. Effect of ethanol load on plasma insulin and glucagon concentrations in normal and clofibrate-treated rats 





Normal rats 


Clofibrate-treated rats 





Control group 


Ethanol group Control group Ethanol group 





Insulin (mU/I) 
Glucagon (g/l) 
Insulin/glucagon (molar ratio) 


32 +9 
0.24 + 0.02 
3.4 + 0.6 


16 + 'S” 
0.21 + 0.02 
2.0 + 0.6 


22 + 6 
0.34 + 0.05 
1.7+0.4 


37 +8 
0.32 + 0.06 
3.2 + 0.8 





The results are means + S.E.M. of 3 to 4 separate experiments 12 hr after ethanol administration. Ethanol (5 g/kg 
body wt) was administered through stomach tube and blood samples were collected from inferior vena cava 12 hr 
after ethanol administration. Symbol * indicates significance at P < 0.05 between clofibrate-treated and normal rats. 
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[46] but the in vivo effects of ethanol are much depen- 
dent on the secretagogue employed [47]. 

In the present study, clofibrate treatment signifi- 
cantly decreased plasma insulin concentration, which 
agrees well with the observed changes in liver gly- 
cogen and blood glucose concentrations. Eaton has 
previously [13] demonstrated a marked inhibition of 
arginine-induced insulin secretion and potentiation of 
arginine-induced glucagon secretion in clofibrate- 
treated rats. In rats kept on a high-sucrose diet Weis 
et al. [48] have shown diminished plasma insulin con- 
centration and simultaneously increased insulin sensi- 
tivity after clofibrate treatment. In contrast to the lat- 
ter, our results indicate diminished glucose tolerance 
in clofibrate-treated rats. The decreased insulin/gluca- 
gon ratio, e.g. under fasting, diminishes triglyceride 
and lipoprotein synthesis in the liver [49]. 

The clofibrate treatment caused a dissociation of 
the effects of ethanol on hepatic and adipose tissue 
cAMP. In the liver, ethanol administration caused an 
increase in cAMP both in normal and clofibrate- 
treated animals. The smaller ethanol-induced rise in 
plasma FFA in clofibrate-treated rats is in accordance 
with the differences of the changes observed in the 
adipose tissue cAMP concentrations. These data may 
indicate that clofibrate has some specific effects on 
the adipose tissue adenyl cyclase. Also in vitro, clofi- 
brate is reported to inhibit fatty acid release from 
adipose tissue [10]. This direct effect might explain 
the dissociated effects of clofibrate on liver (acceler- 
ated glycogenolysis) and adipose tissue (inhibition of 
lipolysis). : 

The effects of ethanol on cAMP and plasma FFA 
in clofibrate-treated animals are somewhat similar 
to those in fasting normal rats [16]. Some effects of 
clofibrate-treatment, in fact, are reminiscent of fasting 
state, e.g. decreased glycogen stores and diminished 
insulin concentration. This might be related to the 
reported thyroxin-like effect of clofibrate [50], prob- 
ably leading to a hypermetabolic state. Therefore, it 
might be plausible to assume that the observed 
changes in the insulin/glucagon ratio are secondary 
to this hypermetabolic state, resulting in metabolic 
changes reminiscent of fasting. 

On the other hand, glucagon has been reported to 
increase the fatty acid oxidizing and ketogenic capa- 
city of the liver [51]. However, the present results 
suggest that the clofibrate effects on the hepatic dis- 
posal of fatty acids are due to primarily hepatic 
effects, as indicated by the increase in the hepatic con- 
tent of CoA-derivatives and the previously reported 
effects on the capacity of f-oxidation [44] and the 
carnitine-linked enzymes [41,42]. The previously 
reported inhibitory effect of clofibrate on the develop- 
ment of acute ethanol-induced fatty liver may be due 
to summation of the clofibrate effects on the «-GP 
concentration, cellular redox state and the fatty acid 
oxidizing capacity of the liver. 
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Abstract—{1) Seven antibiotics used as feed additives in animal breeding were investigated for their 
effects on isolated rat liver mitochondria. Three were found to interfere with mitochondrial energy 
metabolism. (2) Zinc-bacitracin completely inhibits mitochondrial respiration in the micromolar range, 
as do other inhibitors known to be highly effective against electron transport system. From studies 
of this antibiotic on the redox state of cytochromes, as measured by split beam spectra, it is concluded 
that the site of inhibition is located between cytochrome b and c, (antimycin A site). The effect is 
completely reversed by chelating agents, suggesting that Zn?* ions are required for full activity of 
the cyclic peptide antibiotic. (3) Flavomycin, a polar glycolipid, linearly stimulates oxygen consumption 
of mitochondria under state 4 conditions in concentrations greater than 100 umole/gram of protein. 
Lower concentrations of the antibiotic inhibits respiration of coupled as well as DNP- or FCCP- 
uncoupled mitochondria by about 70 per cent. While the uncouplinglike effect at high concentrations 
of the compound can be attributed to nonspecific surface activity which might facilitate proton conduc- 
tance, the inhibitory activity seen at lower concentrations is assumed to be located near the second 
phosphorylation site of the respiratory chain. (4) The influence of chlortetracyclin (aureomycin) on 
mitochondrial activity was found to be dependent on the identity of the substrate. Succinate respiration 
was more sensitive to chlortetracyclin (CTC) addition by comparison with NAD-linked substrate oxi- 
dation, 45 ypmole of CTC/gram of protein decreased succinate respiration to half maximal values, whereas 
glutamate plus malate or f-hydroxybutyrate respiration were inhibited by only 25 per cent. CTC 
partially inhibits the dehydrogenation of succinate by the succinate dehydrogenase. Uncoupling of 
oxidative phosphorylation completely abolished CTC-inhibited respiration of NAD-linked substrates, 
while succinate respiration remained inhibited by 25 per cent. The results of these experiments are 
discussed in terms of two sites of action for CTC, one located close to the phosphate carrier, while 


the second interferes with succinate dehydrogenase. 


Since many years certain antibiotics which appear to 
stimulate breeding are used as feed additives. The 
main scientific interest therefore concerning this 
group of antibiotics were focused upon their pharma- 
cological, toxicological and microbiological activities. 
In the biochemical field extensive studies were carried 
out to elucidate the mechanism of the appearing 
stimulation of protein synthesis [1,2]. Even most 
potent inhibitors of respiratory and phosphorylating 
system in mitochondria have been found among the 
antibiotics [3-10] the above mentioned group of 
compounds were not examined so far for their effects 
on mitochondrial metabolism. It is the purpose of 
the present paper therefore to present and discuss 
results of corresponding investigations. 


MATERIALS AND METHODS 


Mitochondria. Rat liver mitochondria were isolated 
as described [11] and suspended in 0.25 M sucrose, 
20 mM triethanolamine-HCl buffer pH 7.2, and 2 
mM EDTA at 25°, unless otherwise indicated. Mito- 
chondria with acceptor control ratios lower than 4.0 
using succinate as substrate were not used for our 
experiments. 

Chemicals. The antibiotics were generous gifts from 
the following: zinc-bacitracin, H. Lundbeck and Co. 


A/S, Copenhagen, Denmark; flavomycin, Hoechst 
AG., Frankfurt, Germany: chlortetracyclin, Cyana- 
mid G.M.B.H., Munich, Germany; oxytetracyclin and 
oleandomycin, Pfizer G.M.B.H., Karlsruhe, Germany; 
virginiamycin, Smith Kline Animal Health Products, 
Brussels, Belgium; tylosin, Centrafarm b.v., Rotter- 
dam, Holland. 

Determination of respiratory activity. The oxygen 
consumption was recorded amperometrically at 25° 
using a micro Clark-type electrode of own design 
(Platinium electrode covered with teflon, designed in 
the laboratory of Prof. Klingenberg). 

Determination of the redox states of the cytochromes. 
The redox states of the cytochromes were estimated 
from difference spectra at room temperatures using 
an Aminco DW-2-spectrophotometer, split beam 
mode. (American Instrument Company, MD, USA). 

Determination of the cytochrome c oxidase (EC 
1.9.3.1). Oxygen consumption was measured polaro- 
graphically at 25° in an assay system containing 50 
mM phosphate buffer, pH 7.2, 30 uM cytochrome 
c (horse heart type III, Sigma Biochemical, St. Louis). 
5mM sodium ascorbate, and 0.5 mM N,N,N’,N’- 
tetramethyl-p-phenylenediamine dihydrochloride 
(TMPD). 

Succinate-dehydrogenase (EC 1.3.99.1) determina- 
tion. The reaction mixture contained 50 mM potas- 
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sium phosphate buffer. pH 7.2 and 1 mM KCN. 
About 0.5 mg of mitochondrial protein was incubated 
for 4 min with this mixture; the reaction was started 
by the rapid addition of 0.05 mM dichlorophenolin- 
dopherrol and 6 mM succinate. Absorbance changes 
were followed at 600 nm. An extinction coefficient 
of 21 mM“! cm“! for dichlorophenolindophenol was 
used. 

ATPase (EC 3.6.1.3) determination. A coupled 
enzyme system was used (Pullman et al. 1960) con- 
taining 50 mM Tris-sulphate pH 9.4, 5 mM phos- 
phoenolpyruvate, 5 mM MgCl, 2 mM ATP, 10 yg 
pyruvate kinase (Sigma type II) and 0.2-0.5 mg of 
mitochondrial protein. The reaction was started by 
the addition of 0.15 mM NADH. The decrease in 
absorbance was followed at 340 nm; an extinction 
coefficient of 6.22 mM~' cm™' for NADH was 
applied. 

Protein determination. Mitochondrial protein was 
determined by a modified biuret method [12]. 


RESULTS 


The influence of the antibiotics on succinate-respir- 
ing mitochondria are given in Fig. 1. 

Effect on energy-linked mitochondrial respiration. At 
100 wmole/gram of protein three antibiotics exerted 
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Fig. 1. Effects of seven nutritive antibiotics on coupled 
state 3 respiration from succinate as substrate. The mito- 
chondria were suspended in 0.25 M sucrose, 2 mM EDTA 
(except for zinc-bacitracin), and 20 mM triethanolamine 
buffer pH 7.2. Respiration rates were measured at 25° using 
a Clark-type electrode. Mitochondrial protein (0.5 mg) was 
added to 0.5 ml air-saturated reaction mixture containing 
0.25 mM sucrose, 2 mM EDTA (not for exps. with zinc- 
bacitracin), 20 mM triethanolamine pH 7.2, 2 mM potas- 
sium phosphate and 12 mM succinate. Shortly after the 
initiation of state 3 respiration by ADP (220 uM final con- 
centration) different amounts of antibiotics were added and 
the respiration rate was measured again. The dotted line 
indicates respiration rates in the absence of ADP (state 4; 
Chance and Williams, 1955). Results are mean (n = 10) + 
S.E.M. is significant for CTC, flavomycin and zinc-bacitra- 
cin values, not significant for the oleandomycin, virginia- 
mycin and tylosin group. 
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Fig. 2. Comparison of the inhibitor activity of zinc-bacitra- 
cin (@); flavomycin (O); and CTC (0) on state 3 respir- 
ation. For conditions see Fig. 1. 


a marked inhibition of state 3 respiration, one of them 
inhibiting even the state 4 level. The others affected 
mitochondrial respiration only slightly or not at all. 
The inhibitory activities of zinc-bacitracin flavomycin 
and CTC on mitochondrial oxidation, in ranges of 
concentration close to the activities of well known 
mitochondrial enzyme or enzyme-complex inhibitors, 
are shown in Fig. 2. All three antibiotics inhibited 
oxygen consumption linearly. The most important 
observation was the powerful inhibition of the elec- 
tron transport system by zinc-bacitracin. In the pres- 
ence of 2 umole of zinc-bacitracin per gram of pro- 
tein, oxygen consumption was decreased by nearly 
50 per cent. Comparable inhibition by flavomycin and 
CTC required 15- and 20-fold higher concentrations 
respectively. Almost complete inhibition was estab- 
lished with zinc-bacitracin at 20 pmole/gram of pro- 
tein, while the two other antibiotics did not exert an 
inhibition of more than about 30-45 per cent at com- 
parable concentrations. 

Dependence on substrates for respiration. As can be 
seen from Fig. 3, the identity of the substrate was 
not critical for zinc-bacitracin and flavomycin, 
whereas inhibition of mitochondrial respiration by 
CTC was most effective with succinate. It was of in- 
terest, therefore to discover if and to what extent elec- 
tron transport to the second phosphorylation site 
from succinate to dichlorophenolindophenol was 
blocked on addition of CTC. As judged from the 
results, 28 per cent of the inhibition of succinate oxi- 
dation in the presence of 50 umole of CTC per gram 
of protein could be attributed to the inhibition of 
succinate dehydrogenase activity. This was in agree- 
ment with expectation since NAD-linked substrate 
oxidation was shown to be sensitive as well, reaching 
nearly half the values of total inhibition of succinate 
respiring mitochondria. 

Dependence on oxidative phosphorylation. Carbonyl 
cyanide p-trifluoromethoxyphenylhydrazone (FCCP) 
and 2,4-dinitrophenol (DNP) did not prevent or abol- 
ish the inhibition induced by zinc-bacitracin or flavo- 
mycin, indicating that associated energy coupling pro- 
cesses are not involved. This observation is supported 
by other experiments where the influence of the anti- 
biotics on the hydrolysis of ATP by mitochondrial 
ATPase was studied . None of these agents inhibited 
ATPase, as measured by the spectrophotometric 
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Fig. 3. Influence of substrates for respiration on the inhibitory effects of zinc-bacitracin, flavomycin 
and CTC. Substrates were added to make a final concentration of 12 mM. Succinate (@); B-hydroxybu- 
tyrate (©); glutamate plus malate (A). Other conditions are those of Fig. 1. 


absorbance decrease of NADH in a coupled enzyme 
system or from the Pi liberated, according to the 
method of Emmelot and Bos [13,14]. Uricoupler 
stimulated respiration, however, was found to be in- 
sensitive to CTC. Only when succinate was the sub- 
strate for respiration could a remaining inhibition be 
observed, not higher than 25 per cent. According to 
these observations the inhibition of oxygen consump- 
tion under state 3 conditions could be due to inhibi- 
tion of the phosphate or adenine nucleotide carriers. 
Flavomycin-inhibited state 3 respiration was restored 
to its original level when concentrations where 
applied slightly above those required for maximal in- 
hibition. In this concentration range state 4 respir- 
ation was increased to state 3 level (Fig. 4). From 
this observation one may conclude that flavomycin 
acts as a Classical uncoupler when present in concen- 
trations sufficient to achieve maximal inhibition. 
Influence on segments of the respiratory chain. In 
order to pinpoint further the sites of action of the 
three antibiotics, their influence on cytochrome c oxi- 
dase activity with ascorbate plus TMPD as electron 
donor was measured. With this assay system, how- 
ever, no inhibitory activity could be observed. The 
succinate induced reduction of cytochrome b was esti- 
mated from the double beam spectra followed at 
575-566 nm. When 40 pmole of CTC per gram of 
protein was added to the mitochondrial suspension 
the redox state of cytochrome b decreased by 23 per 
cent. As estimated from the split beam spectra a tran- 
sient oxidation of cytochromes c, and aa, could be 
produced with flavomycin. Original redox states 
could be established again if the suspension was care- 
fully stirred. In the presence of zinc-bacitracin a per- 
manent and concentration-dependent oxidation of the 
above mentioned cytochromes with a simultaneous 
high reduction state of cytochrome b was observed. 
Figure 5 shows that inhibition of succinate respir- 
ation by zinc-bacitracin is accompanied by a con- 
comitant oxidation of cytochrome c,, while the reduc- 
tion state of cytochrome b is unaffected (not shown 
in this figure). The reduction of cytochrome c, starts 
at 65 per cent and reaches about 5 per cent at full 
inhibition. The nonlinear curve of dependence of the 


B.P. 26/5—+ 


oxidation of cytochrome c; on zinc-bacitracin con- 
centration inversely follows the curve for the respira- 
tory activity. The potent inhibition of mitochondrial 
respiration by zinc-bacitracin was only observed in 
the absence of chelating agents. This finding suggested 
that dissociated Zn** ions were also responsible for 
the effect of the antibiotic. Reversibility of the inhibi- 
tion could therefore be expected by adding chelating 
agents which form stable Zn?* complexes. Zinc-baci- 
tracin induced inhibition of respiration was therefore 
tested for complete reversibility by adding increasing 
concentrations of EDTA. As judged from the type 
of plot (Fig. 6), complete reversibility of zinc-bacitra- 
cin-induced inhibition could be achieved when the 
EDTA concentration was increased to a point at 
which the uninhibited oxygen consumption rate vp 
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Fig. 4. Effect of high concentrations of flavomycin on state 
3 respiration (A) and respiration in the absence of ADP 
(B). The reaction mixture was similar to that in Fig. 1. 
With concentrations of flavomycin higher than 100 uM 
inhibited state 3 respiration (dotted line) turned over to 
an apparent uncoupling, reaching original level of respir- 
ation at 118 4M of flavomycin (A). Additional stimulation 
with higher concentrations could not be obtained. Oxygen 
consumption of state 4 respiration increased to state 3 level 
when 118 uM of flavomycin were added (B). ADP was 
added to demonstrate respiration is not inhibited by accep- 
tor control (A—dotted line) or uncoupling effect of increas- 
ing flavomycin concentration respectively is in the range 
of state 3 respiration (A; B). 
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Fig. 5. Zinc-bacitracin titration of the respiratory activity 
and the redox state of cytochrome c,. The oxygen con- 
sumption was measured as described in Fig. 1. (@) Respira- 
tory activity expressed as rate of oxygen consumption, v, 
as a fraction of initial rate, v9; (O) redox state of cyto- 
chrome c, expressed as cyt c reduced as a fraction of total 
cyt c. Values for cytochrome c, are taken from split beam 
spectra at 552 nm. Varying amounts of zinc-bacitracin 
were added 2 min prior to succinate addition (6 mM final 
conc.). Mitochondrial protein concentration was | mg/ml. 


over the rate v following the addition of the inhibitor 
and reversor*had a value of 1. 


DISCUSSION 


It is likely that antibiotics exert their effect by inhi- 
biting enzymes; it may be anticipated that the binding 
of an especially toxic compound to its susceptible 
enzyme site might be stoichiometric and strong. It 
can be assumed therefore, that effective concen- 
trations of specific enzyme-inhibitors will not greatly 
exceed physiological amounts of their susceptible 
enzymes. On the other hand, it is not likely that alter- 
ations of the activity of organized enzyme systems 
such as are found in mitochondria by very high con- 
centrations of antibiotics or other compounds can be 
attributed to specific enzyme effects. The question 
whether flavomycin exerts both its inhibition and its 
uncoupling effect at the same site or at separate sites 
must be discussed therefore in the following way. The 
chemical structure of this antibiotic consisting of a 
highly polar sugar and an apolar lipid moiety exhibits 
the characteristics of a surface-active agent. Consider- 
ing the relatively high concentrations necessary for 
apparent uncoupling, flavomycin might act as a deter- 
gent under these conditions. The ability of agents to 
increase proton conductance across lipid membranes 
or membranes of submitochondrial particles corre- 
lates exactly with uncoupling activity [15-18]. On the 
other hand, facilitation of proton movement across 
non-respiring mitochondria, as induced by un- 
couplers, fits quite well with its activity in stimulating 
uncoupled respiration [19]. FCCP- and DNP-un- 
coupled respiration, however, can be inhibited by 
small amounts of flavomycin. From this data one may 
postulate a different and more specific site for the 
inhibition and a rather unspecific site for the uncou- 
pling. However the inhibition of the electron flow by 
flavomycin appears to be incomplete since oxidized 


cytochromes c,; and aa, became reduced if the sus- 
pension was not fully air-saturated. At high concen- 
trations such as need for uncoupling micellar concen- 
tration may be reached and the compound removed 
from its inhibitory site. 

CTC is known to be a potent chelating agent that 
forms stable complexes with such metals as play im- 
portant roles in many enzyme reactions [20-22]. It 
might therefore be expected that this antibiotic could 
influence different enzyme _ reactions by _ this 
mechanism when exposed to complex biological sys- 
tems like mitochondria. Since succinate dehydrogen- 
ase contains iron as an additional prosthetic group, 
it might be predicted that CTC exerts its inhibitory 
activity on succinate-respiring mitochondria partly by 
chelating iron ions of this flavoprotein. However this 
interpretation seems unlikely since iron is tightly 
bound to the protein by covalent linkage. Further- 
more cytochrome oxidase, which contains iron and 
copper, was found to be insensitive upon CTC addi- 
tion. These data support the conclusion that metals 
acting as additional prosthetic groups of succinate de- 
hydrogenase cannot be the site of action for CTC. 
Following the concept of Briiggemann et al. [23] 
CTC catalyses the oxidative inactivation of SH- 
groups, with especially high activity towards flavopro- 
teins. Adapting this basic assumption for the interpre- 
tation of the results presented in this context at least 
two sites of action for CTC on mitochondrial respir- 
ation must be discussed. The remaining inhibitory 
activity of CTC in uncoupled succinate-respiring 
mitochondria as well as partial inhibition in coupled 
mitochondria may be due to oxidative inactivation 
of SH-groups of the succinate dehydrogenase. This 
is strongly supported by the finding that the ad- 
ditional inhibition of succinate-respiring mitochon- 
dria correlates poorly with the inhibition of uncoupler 
stimulated respiration. Since adeninenucleotide trans- 
location is controlled indirectly by phosphate trans- 
port and not sensitive to SH-reagents itself [24], it 
appears that the major part of inhibition is attributed 
to the oxidation of the SH-dependent phosphate car- 
rier. Respiration consequently may be inhibited fol- 
lowing the addition of CTC by acceptor control of 
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Fig. 6. Reversibility of zinc-bacitracin induced respiratory 

inhibition by varying concentrations of EDTA. Respiratory 

activity is expressed as the quotient of the oxygen con- 

sumption rate by uninhibited mitochondria (vg) over the 

oxygen consumption rate after the addition of zinc-bacitra- 

cin (10 uM final concn) and EDTA (v). Final concentration 
of mitochondrial protein was | mg/ml. 
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the energy conserving system. This is in agreement 
with observations of other groups who found oxida- 
tive phosphorylation and mitochondrial respiration 
inhibited in the presence of CTC [25-31]. 

The data with zinc-bacitracin strongly support the 
hypothesis that this antibiotic is a powerful inhibitor 
of the mitochondrial electron transport system. Un- 
coupler-stimulated respiration did not abolish the in- 
binding site for zinc-bacitracin was assumed to be 
mechanism by which state 3 respiration is blocked 
cannot be related to associated energy coupling. The 
binnding site for zinc-bacitracin was assumed to be 
the antimycin A site between the cytochromes b and 
C,, since in the presence of this agent an oxidation 
of cytochrome c, and a reduction of the b cyto- 
chromes could be observed. The reversibility of the 
inhibitory activity by EDTA suggested the divalent 
metal ion is primarily responsible for the results pre- 
sented here. It was reported earlier that less than 4 
uM Zn?* inhibits electron transport in uncoupled but 
not in coupled mitochondria. Furthermore the Zn?*- 
binding site was proposed to be located between 
ubiquinone and the b cytochromes [32, 33]. Differ- 
ently from the free metal ion zinc-bacitracin was 
shown to act in this concentration range with identi- 
cal effects on coupled and uncoupled respiration and 
binds at the antimycin A site. These data indicate 
that Zn?* ions are required for the activity of bacitra- 
cin but do not exert their effects in a direct way. From 
its capacity to block the electron transport it would 
appear that Zn?* ions are able to regulate the flow 


of electrons within the complex. 
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New reactivators of phosphonylated acetylcholinesterase* 


(Received 23 July 1975; accepted 2 


Many oximes when used together with atropine provide 
treatment for poisoning by organophosphorus anticho- 
linesterase compounds [1-3]. The mechanism of thera- 
peusis involves reactivation of the vital enzyme acetylcho- 
linesterase (acetylcholine acetyl hydrolase, EC 3.1.1.7, 
AChE) which is selectively inhibited by the organophos- 
phorus poisons, equations | and 2, 
AChE + PF — AChE-P + F™ (1) 
AChE-P + oxime — AChE + P-oxime (2) 


where PF represents an organophosphorus anticholinester- 
ase such as sarin (i-propy! methylphosphonofluoridate), 
and AChE-P represents the inhibited, phosphonylated 
enzyme. In the latter, the phosphorus atom (with attached 
CH, and O-iPr groups) is covalently linked to the serine 
oxygen atom at the enzyme active site [4]. Reactivation 
involves transfer of the phosphonyl group to the oxime 
(P-oxime) with release of free (uninhibited) enzyme [1]. 

The rate of reactivation, equation 2, varies greatly with 
oxime structure [1—3, 5-7]. Of the large number of oximes 
tested, 2-PAM and toxigonin (Fig. 1) are therapeutic com- 
pounds of choice [2]. Both fall into a relatively limited 
family of comparatively rapid reactivators. The desirability 
of developing appreciably more rapid reactivators for im- 
proved therapy is generally recognized. Improvement 
would not only be valuable for the treatment of poisoning 
by sarin or insecticidal organophosphorus anticholinester- 
ases, but it might be of particular value for poisoning by 
soman (pinacolyl methylphosphonofluoridate) which is 
refractory to currently known oximes [2, 8]. 

The property of rapid reactivation appears to be limited 
to quaternary pyridinium compounds containing the 
aldoximino group [1~—3, 5-7]. Large numbers of such com- 
pounds have been and continue to be reported, without 
major improvement over the earliest oximes [4~—7] typified 
by 2-PAM and TMB-4 (Fig. 1). In this paper, we report 
several additional compounds. These, too, are rapid reacti- 
vators. But, again, they are not better than existing com- 
pounds. All of the new oximes are related to 2-PAM. 
Several have 3-benzyloxy substituents on the pyridine ring, 
I-V, and two are 5-linked bispyridinium oximes, VII and 
VIII (Fig. 2). Choice of the latter was based upon the fol- 
lowing rationale. 

Among the monoquaternary pyridinium oximes, 2-, 3- 
and 4-PAM (the prefix numerals refer to the position on 
the pyridine ring to which the aldoximino group is 
attached), the reactivation rate varies sharply with the 
position of the aldoximino group (Table 1). 2-PAM is a far 
more rapid reactivator than either 3- or 4-PAM. Addition 
of a second charged group onto the 3- or 4-PAM mol- 
ecules (X and TMB-4 are typical) increases the reactivation 
rate considerably. The ratios of these rates (diquaternary 
corresponding monoquaternary) generally lies in the range 
of 20-50 [3]. With 2-PAM, the reverse occurs (2-PAM 
vs IX). Here the ratio is far below one. This unexpected 
decrease with the 2-PAM “diquarternary” suggested the 
possible influence of adverse steric effects. The decrease, 
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Kx 
Fig. 1. Reference compounds. 


we supposed, might be due to the presence of the bulky 
chain close to the aldoximino group which could interfere 
with its reaction (nucleophilic) on the phosphorus atom. 
By linking “2-PAMs” more distantly from the aldoximino 
group, at the 5-position, we hoped to overcome this disad- 
vantage. 

Sarin was obtained from the Process Development 
Group, Edgewood Arsenal. The AChE was isolated from 
electric eel (Sigma); the concentration in active sites was 
estimated to be 2 x 10°° M. The monoquaternary com- 
pounds, I—V, [9], were kindly provided by Dr. L. Berko- 
witz of these laboratories. Compounds VI-VIII were pre- 
pared at the Ash—Stevens Laboratories. Their preparation 
will be reported elsewhere. The compounds satisfied nor- 
mal criteria for purity; elemental analysis (CHI) in each 
case was within acceptable limits. Unaged sarin-inhibited 
AChE was prepared by reaction between the two at pH 
10.2. To 300 yl glycine buffer, 10~* M, pH 10.2, there was 
added 100 yl of suitably diluted AChE and then 10 nl of 
an aqueous solution of sarin [prepared from a stock solu- 
tion of 1% (v/v) sarin in carefully dried benzene]; final 


Sone 
N+ 


I 


(a) 


(a) Phenyl! ring substitution: 
I, unsubst.,;,2-Cl;,I, 4-Cl, Iv, 2-CH,;Z,3-CH, 
(b) Diquaternary oximes: 
Jae 
wz —(CH,)— —CH, 


wr —(CH,),— — CH= NOH 


am on one 


Fig. 2. Test compounds. 
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Table |. Reactivation of sarin-inhibited eel AChE* 





Diquaternary 
Monoquaternary 
oxime, 
rate ratio 


2(app) 


(M~! min~') 


Table 2. Reactivation of sarin-inhibited eel AChE by 
oximes, pH 7.4, 25°, in the presence of 0.0048M 
acetylcholine* 





Conc 
(M x 10°) 


K2~app) Inhibition*t 


Oxime (M~' min~') (% 





Monoquaternary 
2-PAM 

3-PAM 3: 
4-PAM 4: 
Diquaternary 

IX 


<0.014 


X 
TMB-4 
* The pH value is 7.4. Data of H. Michel. See Ref. 3. 


6000 





concentrations were approximately 2 x 10°° M AChE (in 
active sites) and 10~’ M sarin. After room temperature in- 
cubation for 30 min, the enzyme was fully inhibited and 
the excess sarin had been hydrolyzed (to innocuous prod- 
ucts). Complete destruction of excess sarin was confirmed 
in each run by assay of an aliquot for further inhibition 
of fresh enzyme. Aging of the phosphonylated enzyme was 
minimized by performance of the phosphonylation reac- 
tion at elevated pH [10]. However, zero aging was not 
assumed. The extent of reactivatability (reactivation end 
point) was determined in each run. 

Reactivation was performed at constant pH with a Radi- 
ometer autotitrator (TTT1, ABU1, SBR2, PHA 630, fitted 
with 0.25 ml burette) using the method of Kitz et al. [11]. 
Unless otherwise stated, the reactivation medium (3-5 ml) 
contained 0.225 M KCl, 0.025%, gelatin and 0.0048 M ace- 
tylcholine, pH 7.4, 25°. Titrant was 0.0008 M carbonate- 
free sodium hydroxide. Near the end of each run, TMB-4 
was added to a concentration of 10°* M. Reactivation to 
maximum activity took place within 2~3 min. The reactiva- 
tion end point could be computed after correction for inhi- 
bition of the enzyme by the added TMB-4. Since many 
of the reactivators are themselves inhibitors [3] (reversible 
competitive), it was necessary to separately determine the 
effect of the added TMB-4 to each oxime (at its test con- 
centration). In the absence of other oximes, 10°*M 
TMB-4 inhibits AChE 30 per cent under the cited test 
conditions. 

In previously reported studies of AChE reactivation, it 
has always been assumed that the product of oxime reacti- 
vation was identical with the original enzyme. We have 
confirmed this assumption. Two aliquots (3 ml) of sarin- 
inhibited AChE were individually incubated for 30 min at 
room temperature in 0.2 4 aqueous phosphate, pH 7.0, con- 
taining 10°7>M TMB-4 and each of the enzymatically 
active solutions was subjected to Lineweaver and Burk 
analysis [12]. Two samples of uninhibited enzyme were 
treated in an identical fashion. Enzymatic activity was 
measured spectrophotometrically (Zeiss PMQ, Beckman 
Log-Linear recorder) at 272nm using phenyl acetate of 
varying concentrations as substrate. For each assay, 3 pl 
of reactivation solution was added to a cuvette containing 
3.0 ml of a solution of phenyl acetate in 0.2 « phosphate, 
pH 7.0, which had been pre-equilibrated for 10 min at 25 
in a thermostatted cell holder. It had previously been 
established that, at a concentration of 10°° M, TMB-4 has 
no effect on the kinetic properties of AChE. For the unin- 
hibited enzyme, K,, = 1.19 + 0.06 x 10°7M, V,,,, = 0.13; 
reactivated enzyme, K,, = 1.18 + 0.18 x 10°7M, V,,,, = 
0.07. Incomplete reactivation, suggested by the reduced 
value of V,,,, has been reported by several investigators 
[13,14]. This becomes particularly pronounced at low 
oxime concentrations [13], under which conditions reacti- 
vation kinetics become unexpectedly complex.* 





*G. M. Steinberg, unpublished observations. 


7.0 x 103 2 


VI 
VIII 





* Apparent second-order reactivation rate constants 
were computed from equation 3. 

+ Reduction in activity of the native enzyme by oxime 
under the reactivation test conditions. 


Reactivation rate data are given in Tables 2 and 3. In 
Table 2, rates were calculated at a single concentration 
of oxime. The apparent second order reactivation rate con- 
stants, k2;,,,), were computed from equation 3, 


k app) ia 


Kops) (3) 
[oxime] 


where k,,,,,) is the observed first-order reactivation rate in 
the presence of oxime of concentration, [oxime]. No dis- 
tinction is made between protonated and unprotonated 
forms of the oxime. Percentage inhibition represents the 
extent of inhibition of unphosphonylated enzyme by the 
stated concentration of oxime in the reactivation medium. 
The k34,p) Values give only a rough measure of the com- 
parative reactivating effectiveness of the group of com- 
pounds, since the reaction is not truly second order. How- 
ever, for screening purposes, this is quite adequate. Per 
equation 4, the reaction involves an intermediate complex, 
4ChE-P—oxime. In Table 3, results of the 


AChE-P + oxime —Kt— AChE-P... oxime 


AChE-P ... oxime ——+» AChE + P-oxime (4) 


more detailed kinetic analysis are given for the faster reac- 
tivators, compounds VI-VIII, together with those of the 
reference compounds 2-PAM and TMB-4. Values for Kp, 
the dissociation constant of the phosphonylated enzyme- 
oxime complex, and for k,, the first-order reaction rate 
constant, were calculated according to the method dis- 
cussed by Wang and Braid [15], equation S. 


1 a 


= . 5 
k, e k, [oxime] ©) 


k, obs) 


The plot of 1/k,.4.) vs 1/Loxime] yields a straight line with 
= I/k 


ordinate intercept , and slope = Ka/k,. 


Table 3. Kinetic constants of reactivation of sarin-inhi- 
bited eel AChE by oximes, pH 7.4, 25 





Oxime Kpr(M) k, (min~') 





0.38 
0.723 
0.244 
0.069 
0.0825 


2-PAM 18 x 107 
TMB-4 6.1 x 10~° 
VI 5.6 x 1075 
VII 5.4 x 10~° 
Vill $2 + 10°? 
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The results with the compounds reported here are some- 
what disappointing. Simple addition of an aromatic side 
chain to 2-PAM, with the increased opportunity for hydro- 
phobic or x bonding to the enzyme, as in the monoqua- 
ternary compounds, reduces the reactivation rate. The 
2-PAM “diquaternaries” VII and VIII are markedly super- 
ior to IX, yet they have been returned only to the activity 
of the parent 2-PAM. Still, we feel that the rationale on 
which the design of these compounds is based is reasonable 
and bears additional exploration. Perhaps our choice of 
compounds was too narrow. AChE is known to have 
extensive hydrophobic binding regions near the anionic 
subsite [16, 17] which should be exploitable. And the com- 
bination of the intrinsic reactivity of 2-PAM with the 
diquarternary multiplication factor observed for 3- and 
4-PAMs, if it could be achieved, would give compounds 
with second-order reactivation rate constants of the magni- 
tude of 10°-10° M~'! min~!. Such an objective is well 
worth additional effort. 


GEORGE M. STEINBERG* 
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Effect of chronic ethanol administration on 
liver alcohol dehydrogenase activity in mice 


(Received 6 April 1976; accepted 19 July 1976) 


It has been established that about 90 per cent of ingested 
ethanol is metabolized in the liver[1] and that the rate 
of ethanol metabolism is markedly increased in humans 
and experimental animals after chronic ethanol consump- 
tion [2-5]. The enzyme alcohol dehydrogenase (ADH), 
located in hepatic parenchymal cells, has a primary func- 
tion in the metabolism of ethanol by degrading it to acetal- 
dehyde [6]. Studies designed to investigate the possibility 
of increased ADH activity to explain increased ethanol 
metabolism after chronic administration have produced a 
variety of results. Some investigators found an increase in 
ADH activity after chronic administration [2,7-9] and 
others found no change or a slight decrease [10]. Strains 
of mice which have a genetically determined preference 
for ethanol in a two-bottle test showed heightened activity 
of both ADH and acetaldehyde dehydrogenase prior to 


alcohol adminstration [11]. However, the relationship 
between liver ADH activity and ethanol metabolism is 
poorly correlated in the intact animal regardless of strain 
[12]. Furthermore, an increase in the rate of ethanol meta- 
bolism can occur without changes in ADH. activity 
[3,4,13,14], and thus the overall correlation between ADH 
activity and increased ethanol metabolism is not strong. 
More recent investigations have been directed toward 
explaining the enhanced rates of ethanol metabolism via 
a microsomal ethanol-oxidizing system [15] or by the in- 
creased rate of nicotinamide dinucleotide regeneration by 
the mitochondria in a hypermetabolic state induced in the 
liver by chronic ethanol consumption [16]. 

The present study rather than attempting to elucidate 
the relationship between ADH activity and ethanol meta- 
bolism was designed to examine the induction effect of 
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chronic ethanol consumption on ADH _ activity by 
administration through drinking water. Male mice were 
allowed to consume a 15° ethanol solution as the sole 
source of liquid from age of weaning (21 days old) to an 
age of 73-74 days. At the termination of the experiment, 
animals were sacrificed and liver ADH activity was deter- 
mined and compared to that of the controls. 

Male Swiss-Webster mice (Mus musculus) obtained at 
21 days of age from Simonsen Laboratories, Calif., were 
given a 15°, ethanol solution (diluted from 95%, by volume) 
as the sole source of liquid. In the control group, tap water 
and Purina rat chow were given ad lib. to day of sacrifice. 
All of the mice were tested for a preference to 15°%, ethanol 
by the three-tube method [17] at days 51-56. These mice 
were part of another study on aggression and alcohol pre- 
ference. 

Eight mice from the experimental group and twelve from 
the control group were randomly selected, weighed, and 
sacrificed by decapitation. The livers were excised, rinsed 
in double distilled water, blotted dry, and weighed. The 
homogenization of the entire liver was performed in 5 vol. 
(w/v) of 0.25M sucrose in ice in a glass dounce by five 
to seven strokes. The resulting slurry was spun down at 
20,000 g for 10min in a refrigerated centrifuge and the 
supernatant removed. This was assayed immediately or 
frozen ‘overnight before assaying. No loss of activity was 
detected from freezing. 

The assay for ADH [11] was as follows. The reaction 
mix consisted of 8.35 ml of 0.1 M glycine adjusted to pH 9 
with sodium hydroxide, 0.4 ml of 2°,, ethanol (diluted from 
95°,), 0.5 ml of 10 mg/ml of NAD (obtained from Sigma 
Chemical Co., MO; solution made fresh on day of assay), 
and 0.4 ml of supernatant. This mix was warmed in a 37 
water bath prior to initiation of the reaction and kept 
warm during the measurements. The increase in absor- 
bance created by the NADH liberation was read from 1-ml 


aliquots taken at l-min intervals for 8 min at 340 nm on 
a Hitachi double beam spectrophotometer using a distilled 
water blank. Each sample was measured in duplicate and 


the average change in optical density per min was 
expressed per g wet weight of liver. Significance of the 
data obtained from the two groups was determined by 
means of Student’s /-test. 

The activity of ADH as measured by liberation of 
NADH for the control group was found to be 
10.51 + 0,659 (in thousandths of optical density units/min 
wet weight of liver + S. E.) with a range of 7.09. The ADH 
activity of the experimental group was 12.87 + 0.663 with 
a range of 5.80.. These data can also be expressed in terms 
of zxmoles NADH/min/gram wet weight of liver by using 
the molar extinction coefficient of 6.22 x 10%, and thus 
become 1.69 + 0.16 for the control group and 2.08 + 0.18 
for ihe experimental. Using these data, t = 2.411, or 
P = 0.015. 

From the preference test to 15°, ethanol at days 51—5S6, 
it was found that two mice from the control group and 
one from the experimental group showed a preference. 

In this study, a prolonged administration of a moderate 
concentration of ethanol produced a 20 per cent increase 
in hepatic ADH activity over controls. Although this in- 
crease is not as great at the highest level of induced activity 
(50 per cent) previously reported by others [2], it was sta- 
tistically significant at a high level (P = 0.015) and points 


to the validity of the concept of alterations in ADH activity 
in response to chronic ethanol exposure at moderate 
dosages. Studies in which a decrease in ADH activity was 
found after prolonged ethanol administration suggest the 
possibility of some pathological effect on the hepatic par- 
enchymal cells and a concomitant decrease in ADH acti- 
vity due to high doses of ethanol [18]. In particular, there 
was an increase and then a decrease in ADH activity in 
rats given 20% ethanol as drinking fluid for 26 weeks. In 
another study [10], a correlation was found between de- 
creased ADH activity and fatty infiltration of the liver in 
rats at high ethanol exposure (20°, ethanol as drinking 
fluid, 6 g ethanol/kg of rat every day by stomach tube for 
6 weeks). Although in the present study we did not deter- 
mine the presence or absence of liver pathology, it is prob- 
able that the treatment did not produce the detrimental 
effects of the ethanol administrations found by others. In 
conclusion, chronic exposure to ethanol at a moderate con- 
centration as drinking fluid is effective in inducing an in- 
crease in ADH activity. 
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Regional distribution of endogenous and parenteral glutamate, aspartate 
and glutamine in rat brain 


(Received 28 May 1976; accepted 2 August 1976) 


Glutamic acid, a non-essential amino acid present in high 
concentrations in mammalian brains [1], is an important 
participant in numerous metabolic reactions [2,3] and 
may also function as a neurotransmitter [4]. Observations 
that have been interpreted as supporting this latter role 
for glutamic acid include: (a) its decreased levels in the 
olfactory cortex after removal of the olfactory bulb [5], 
(b) its excitatory effects when applied iontophoretically to 
cortical neurons [6], (c) its release from cortical and cau- 
date slices after electrical stimulation [7], (d) its autoradio- 
graphic association with nerve terminals after incubation 
with cortical synaptosomes [8], (e) the decrease in the 
efflux of glutamate from hippocampal slices prepared from 
brains of animals previously subjected to hippocampal 
deafferentation [9], and (f) the decrease in the concen- 
tration of glutamate in the cerebellums of animals afflicted 
with a viral disease that destroys granule cells [10]. 

It is difficult to distinguish the molecules of brain gluta- 
mate present in neurotransmitter pools from the presum- 
ably larger amounts present in metabolic pools. One 
potentially useful way of differentiating between these 
pools involves analyzing the glutamate concentrations 
in various brain regions[11]; regions containing large 
numbers of glutaminergic synapses might also have rela- 
tively high concentrations of the amino acid. Utilizing this 
approach, we affirm previous reports [11, 12] that glutamic 
acid levels do vary considerably among regions of the rat 
brain, and show that the distribution of glutamate differs 
from those of glutamine and aspartate. 

Very large doses of monosodium glutamate (MSG) 
[13, 14], aspartic acid [15], and other acidic amino acids 
[16] are toxic to brains and retinas [17] of infant rodents 
and reportedly accumulate in certain small brain regions 
[18,19]. This paper describes the effects of giving these 
amino acids, alone or in combination, on the concen- 
trations of glutamate, glutamine, and aspartate in whole 
brain, various brain regions, and retinas of adult rats. It 
also shows that the effects of giving glutamate and aspar- 
tate are not additive to their combined concentration in 
rat brain or retina. 

Male Sprague-Dawley rats (Charles River Laboratories, 
Wilmington, Mass.) of various sizes were exposed to light 
(Vita-Lite, Duro-Test Corp., North Bergen, N.J.) from 8:00 
a.m. to 8:00 p.m. daily and given ad lib. access to water 
and to food (Big Red Rat Chow, Agway Co., Syracuse, 
N.Y.), except for 12 hr before an experiment. Drugs were 
administered intraperitoneally, except when specified. Ani- 
mals were decapitated at 2-min intervals between 10:30 
and noon, | hr after receiving drugs or amino acids. Brains 
were removed and placed on a chilled glass plate for dis- 
section. Eyes were rapidly enucleated and hemisected, after 
which retinas were gently scraped away from the choroid 
layer and pooled for assay. 

Immediately after dissection, tissues were frozen, 
weighed and homogenized in 10 vol. of 0.4N_ perchloric 
acid. The homogenates were then centrifuged in a Sorvall 
centrifuge at 30,000 g for 20min. After decanting, 100 ul 
of a solution containing 0.1 N KOH and 0.02 N KCI were 
added to precipitate the perchlorate ion, which interferes 
with the enzymes used in the aspartate and glutamine 
assays. The samples were then frozen at —20 until 
assayed. 


Immediately before the assay, the samples were warmed 
to 0° and centrifuged under refrigeration at 2000 g to pack 
the potassium perchlorate into a dense pellet. 

For the preparation of sera, blood collected from the 
cervical wound was kept in an ice bath until clotting 
occurred, and then centrifuged. Sera were mixed with equal 
volumes of 0.8N_ perchloric acid and centrifuged at 
30,000 g; the supernatant fluids were then separated, and 
their perchloric acid was precipitated by the addition of 
2 vol. of a solution containing 0.4 N KOH and 0.1 N KCl. 
The samples were then frozen until assay. After thawing, 
the samples were immediately centrifuged to pack the 
potassium perchlorate pellet, and the supernatant fluids 
were separated for assay. Twenty yl of each were used for 
aspartate assay, and 10 yl of each were used for glutamate 
and glutamine assays. 

The glutamic acid and glutamine assays were based on 
the conversion of NAD to NADH and _ subsequent 
measurement of the native fluorescence of the NADH. The 
aspartic acid assay was based on the conversion of NADH 
to NAD and treatment of the NAD with a strong base 
to convert it to a fluorescent product. These assays are 
minor modifications of procedures described previously 
(20, 21]. 

NADH, NAD, ADP and Trizma base were obtained 
from the Sigma Chemical Co., St. Louis, Mo.; malate de- 
hydrogenase, glutamic-oxalacetic transaminase and gluta- 
mate dehydrogenase were obtained from Boehringer- 
Mannheim, Mannheim, Germany; and glutaminase was 
obtained from Worthington Biochemical Corp., Freehold, 
N.J. MSG, aspartic acid, x-ketoglutarate and glutamine 
(Sigma) were dissolved in water and brought to pH 7 (with 
1 N NaOH) before injection. 

Student’s t-test was used for all statistical analyses. 

The regional distributions of glutamate, aspartate and 
glutamine in rat brain are described in Table 1. Glutamate 
concentrations varied over almost a 2-fold range among 
regions of rat brain. The lowest concentrations were noted 
in the brain stem, and the highest levels were found in 
the cortex. the caudate-putamen and the amygdala. In the 
brain regions studied, the concentrations of aspartate were 
lower than those of glutamate, varied over a smaller range, 
and generally failed to parallel those of glutamate. The 
lowest aspartate levels were found in the cerebellum, cau- 
date-putamen and septum; the highest levels were 
measured in the medulla and pons. Glutamine concen- 
trations varied even more than those of glutamate and 
exhibited still another pattern of distribution; they were 
lowest in the cortex and pons and highest in the hypotha- 
lamus. Calculations of the glutamate-to-aspartate ratios in 
various brain regions confirmed that these amino acids 
are distributed very differently in rat brain (Table 1); the 
same was true for the glutamate-to-glutamine ratios. 

The administration of «-ketoglutarate (2 g/kg) caused no 
significant changes in whole brain glutamate, glutamine 
or aspartate levels, or in the serum concentrations of gluta- 
mate or glutamine (Table 2). Glutamine administration 
(2 g/kg) markedly elevated whole brain and serum gluta- 
mine concentrations but failed to affect glutamate or aspar- 
tate levels. Treatment with MSG (2 g/kg) elevated the 
serum glutamate concentration by 25- to 30-fold, but failed 
in most experiments to increase the glutamate level in 
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Table 1. Regional distribution of glutamate, glutamine and aspartate* 





Glutamine 
(umoles/g) 


Aspartate 
(umoles/g) 


Glutamate 
(umoles/g) 


Glu/Aspt Glu/GluNH;{ 


Region 





13.0 4 
12.1 


0.6 (8)§ 
0.4 (10) 
0.3 (10) 3.8 
0.7 (11) 
0.7 (7) 
0.3 (11) 
0.6 (10) 
0.5 (11) 0.1 (6) 
0.3 (10) 3.7 + 0.2 (7) 
0.2 (9) 3.0 + 0.2 (6) 
0.3 (10) 4.0 + 0.3(7) 
0.2 (10) 4.0 + 0.2(7) 


3.8 + 0.1 (7) 
2.9 + 0.2 (7) 
0.2 (7) 
0.2 (8) 
0.3 (7) 
0.2 (8) 
0.2 (6) 


2.6 + 0.8 (3) 
5.0 + 0.2 (3) 


Cortex 
Caudate-putamen 
Olfactory bulb 
Septum 
Amygdala 
Hippocampus 
Thalamus 
Hypothalamus 
Mesencephalon 
Cerebellum 
Pons 


Medulla 


I+ I+ | 


t 
+ HH HH + 


H+ I+ HHH + H+ 


I I+ I+ I+ I+ I+ I+ 





* Each determination was done on one brain. The rats weighed 250-280 g. 

+ Glu/Asp = the ratio of the glutamate concentration to the aspartate concentration. 

t Glu/GluNH, = the ratio of the glutamate concentration to the glutamine concentration. 
§ Number of determinations for each group is given in parentheses. 


whole rat brain (Table 2). (In one of five experiments, this 
dose did produce a significant 10 per cent increase in brain 
glutamate concentration.) Aspartic acid (2 g/kg) administ- 
ration elevated serum and brain aspartate concentrations. 
The joint administration of aspartic acid and MSG (2 g/kg 
of each) elevated serum [glutamate plus aspartate] levels 
by more than twice as much as the administration of only 
one of the amino acids, but still either failed to affect brain 
glutamate or aspartate levels (Table 2) or had the same 
effect as 2 g/kg of glutamate alone. The effects of exogenous 
MSG (2g/kg) on glutamate concentrations were exa- 
mined in eleven brain regions. One hr after receiving this 
dose of MSG, no region exhibited any significant elevation 
in its glutamate concentration. 

The concentration of glutamate in rat retina (4.99 
umoles/g) was lower than that observed in any brain 
region (Table 1), as was that of aspartate (2.07 ypmoles/g). 
Doses of glutamate or aspartate [2 g/kg, i.p. (Table 3) or 
by stomach tube] that caused 50-fold or greater increases 
in serum glutamate or aspartate concentrations failed to 
affect the levels of these amino acids in the retina. The 
combined administration of both amino acids (4 g/kg) by 
either route was also without effect on the retinas. 


Variations in regional concentrations of compounds 
have historically been cited as evidence that brain constitu- 
ents might function as neurotransmitters. Regions charac- 
terized as having relatively high concentrations of a given 
compound were presumed to contain neurotransmitter 
pools of the compound, especially if they could be localized 
within nerve terminals. In confirmation of other 
reports [11,12], our examination of the regional distribu- 
tion of glutamate in the brain showed that glutamate con- 
centrations in parts of the cerebrum were almost twice 
those in the brain stem (Table 1). The regional distribution 
of aspartate was completely different from that of gluta- 
mate; the lowest concentrations of aspartate were found 
in the caudate-putamen and septum, while the highest con- 
centrations were in the brain stem (Table 1). Glutamine 
levels also varied widely, but according to a different pat- 
tern from those of glutamate or aspartate. We hoped it 
would be possible to obtain a better delineation of regions 
containing neurotransmitter glutamate pools by examining 
regional glutamate levels in animals given large doses of 
MSG. None of the eleven regions chosen for examination 
exhibited significant changes in glutamate concentration 
1 hr after animals received 2 g/kg of the amino acid intra- 


Table 2. Effect of various glutamate precursors on brain and serum levels of glutamate, glutamine and aspartate* 





Brain (umoles/g) 


Treatment Glutamate Glutamine 


Aspartate 


Serum (moles/ml) 


Glutamate Glutamine Aspartate 





Saline 10.6 + 0.48 


a-Keto- 


3.9 + 0.22 2.5 + 0.25 
(8) (8) (8) 


0.15 + 0.01 0.56 + 0.02 0.10 + 0.01 
(7) (3) (4) 


glutarate 
Glutamine 


MSG 
MSG + 


aspartate 
Aspartate 


10.8 + 0.14 
(8) 

9.9 + 0.27 
(8) 
10.3 + 0.16 
(8) 
11.0 + 0.51 
(8) 
9.55 + 0.24 
(8) 


+ 0.27 2.8 + 0.12 
(8) (8) 
2+ 0.42t 2.5 + 0.17 
(8) (8) 
5 + 0.21 2.24+0.11 
(8) (8) 
+ 0.32 2.8 + 0.16 
(6) (6) 
+ 0.23 
(8) (8) 


3.2 + 0.21§ 


0.16 + 0.03 0.52 + 0.04 
(3) 

0.31 + 0.12 
(3) 

4.42 + 0.43t + 
(7) (3) 

8.91 + 1.7t 1.8 + 0.198 
(7) (3) 
1.33 + 0.20 0.70 + 0.02 
(7) (3) 


0.61 + 0.07 
(4) 
8.49 + 0.12 
(3) 
6.89 + 0.57 
(4) 





* Rats (90-120 g) were injected intraperitoneally with 2 g/kg of all drugs except [MSG + aspartate]; rats in this 
group received 2 g/kg of each drug. All drugs were given | hr before sacrifice. 

+ Number of determinations is given in parentheses. 

t P < 0.01, differs from control group. 

§ P < 0.05, differs from control group. 
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Table 3. Effect of giving MSG or aspartate on their concentrations in retina and serum* 





Retina (umoles/g) 


Treatment Glutamate 


Aspartate 


Serum (umoles/ml) 


Glutamate Aspartate 





4.99 + 0.24 
4.98 + 0.25 
4.29 + 0.27 
4.92 + 0.24 


Saline 

MSG 

Aspartate 

MSG + aspartate 


N 
. we 
hocnn~ 


NNo 


0.21 + 0.01 

5.15 + 0.38t 
2.03 + 0.167 
10.44 + 2.22t 


0.10 + 0.01 

0.61 + 0.07+ 
6.89 + 0.57t 
8.49 + 0.12F 


He HE HE He 
ooo 





* Groups of eight rats (185-190 g) received MSG and/or aspartate (2 g/kg of each) intraperi- 
toneally 1 hr before sacrifice. Two retinas were pooled for each assay. 


+P < 0.001 differs from saline-treated group. 


peritoneally, nor were changes noted in the retinas of ani- 
mals given the acidic amino acid intraperitoneally (Table 
3) or by stomach tube. This lack of response is somewhat 
surprising in view of the evidence that radioactively labeled 
glutamate is taken up into brain [22], and the reports of 
others [18, 19] that selective, many-fold increases occur in 
regional glutamate levels after the administration of neuro- 
toxic doses of the amino acid. The possibility remains that 
brain regions smaller than those examined do selectively 
accumulate exogenous glutamate. In one study, glutamate 
levels in the arcuate nucleus reportedly rose 2-fold 1 hr 
after 4-day-old mice received 12 m-moles/g of MSG [18]. 
We are now examining the glutamate concentrations of 
individual hypothalamic nuclei from control rats and ani- 
mals given exogenous glutamate. 

Our data confirm previous reports that MSG administ- 
ration can greatly elevate serum glutamate concen- 
trations [23]. Indeed, the rise in plasma glutamate might 
explain most or all of the measured increase in brain gluta- 
mate that follows MSG administration. Assuming that 
each g of rat brain contains 20 ul of blood (an estimate 
lower than some in the literature, e.g. Ref. 24), one can 
calculate that 0.3 umole of “brain” glutamate really is pres- 
ent in the plasma 1 hr after rats received 2 g/kg of gluta- 
mate intraperitoneally (Table 2). If this figure were used 
to correct all the brain glutamate concentrations that we 
measured after MSG administration, no significant differ- 
ences would persist in glutamate (or glutamate plus aspar- 
tate) concentrations in any of our experiments. (As shown 
previously [25], brain glutamine levels do rise significantly 
after glutamine administration, even if a similar correction 
is made.) This lack of response even to very high doses 
of glutamate contrasts sharply with the effects on the brain 
concentrations of neutral amino acids that occur when ani- 
mals are given much smaller doses of those com- 
pounds [26, 27]. 

When MSG and aspartic acid are administered together, 
the combined increase in the serum concentrations of the 
two amino acids is enormous: however. the changes in 
brain or retinal giutamate concentrations are no greater 
than those observed in animals receiving glutamate or 
aspartate alone (i.e. half as much total acidic amino acid). 
This observation is compatible with evidence in vitro [28] 
and in vivo [29] that acidic amino acids, like neutral amino 
acids, compete for a common mechanism for uptake into 
the brain. These data provide no basis for concern that 
the effects of consuming the two amino acids together 
would amplify risks of neuronal or retinal toxicity. 
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Inhibition in vitro of norepinephrine N-methyltransferase by 
2-aminotetralins, analogs of phenylethylamines with rigid conformation 


(Received 6 July 1976; accepted 27 August 1976) 


Norepinephrine N-methyltransferase (EC 2.1.1.28) is the 
terminal enzyme in epinephrine biosynthesis. This enzyme, 
which was referred to as phenylethanolamine N-methyl- 
transferase (PNMT) prior to the 1972 recommendations 
of the International Union of Biochemistry [1], catalyzes 
the transfer of the methyl group from S-adenosylmeth- 
ionine to norepinephrine. Although a variety of other 
amines [2-4] are methylated by the enzyme in vitro, con- 
version of norepinephrine to epinephrine may be its only 
physiological function. For several years inhibitors of nore- 
pinephrine N-methyltransferase have been sought as phar- 
macologic tools for interrupting epinephrine biosynthesis 
without altering the biosynthesis of dopamine and nore- 
pinephrine. Known inhibitors of the enzyme include 
various phenylethylamines and amphetamines [5-7], 
which are not substrates because they lack the requisite 
B-hydroxyl group (or similar functional group such as the 
f-amino); although these amines cannot accept a methyl 
group they nonetheless combine with and, therefore, in- 
hibit the enzyme. We earlier studied the effect of ring sub- 
stitution on norepinephrine N-methyltransferase inhibition 
by amphetamines (z-methyl-phenylethylamines) and found 
that 3, 4-dichloroamphetamine was the most active inhibi- 
tor among 33 derivatives that were compared [7]. This 
paper deals with studies in vitro on some phenylethyla- 
mine—amphetamine analogs having rigid conformation 
which provides a greater degree of norepinephrine N-meth- 
yltransferase inhibition. 


Norepinephrine N-methyltransferase from rabbit 
adrenal glands was prepared by ammonium sulfate frac- 
tionation of the supernatant fluid obtained by high speed 
centrifugation of tissue homogenates as described pre- 
viously [8]. Enzyme activity was assayed with 40 uM I-nor- 
epinephrine bitartrate (Winthrop) as substrate in the assay 
method we previously devised using reineckate to precipi- 
tate unreacted S-adenosylmethionine-[methyl-'*C] (New 
England Nuclear) after. incubation [8]. Inhibitors were 
tested at four to six concentrations, and pls9 values (nega- 
tive logarithm of the molar concentration required for 
50 per cent inhibition) were determined by interpolation 
between points on both sides of 50 per cent inhibition. All 
of the inhibitors were synthesized in the Lilly Research 
Laboratories, and their identity and purity were verified 
by appropriate physicochemical methods. 

We started by studying several rigid conformational der- 
ivatives of phenylethylamine that had the amino-bearing 
carbon of the side chain connected to the ortho position 
of the ring (Table 1). The compound (II) having the car- 
bons directly connected was slightly more active as an in- 
hibitor than was phenylethylamine (I). The derivative (III) 
with an added methylene unit connecting the carbons had 
markedly increased inhibitory activity, and a second meth- 
ylene unit increased the activity still more (IV). Further 
expansion of the ring then sharply reduced inhibitor acti- 
vity (V). Thus, the optimum size for the second ring struc- 
ture was six carbons, inhibitor activity decreasing mark- 


Table 1. Inhibition of norepinephrine N-methyltransferase by phenylethylamine and 
related bicyclic compounds 





Per cent inhibition 


Micromolar concentration 


Structure Z 10 


32 100 317 1000 





Oy 


| 


40 
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Table 2. Norepinephrine N-methyltransferase inhibition 
influence by chlorine substituents on the aromatic ring of 
2-aminotetralin 





Difference in plso from 
corresponding amphetamine* 


NH, 
OT 


Ring substituent Plso 





4.95 
5.28 
5.06 
S27 
4.76 
6.03 
5.60 


None 

_ 5-Chloro 
6-Chloro 
7-Chloro 
8-Chloro 
5,6-Dichloro 
6,7-Dichloro 





* Comparison to data in Ref. 7. 


edly when this ring size was larger and decreasing less 
abruptly when the ring size was smaller. The bicyclic com- 
pound (IV) containing two six-membered rings, 2-aminote- 
tralin (1,2,3,4-tetrahydronaphthalene-2-amine), was chosen 
for further study as an inhibitor. This compound was at 
least 100-fold more active than phenylethylamine. 

Table 2 shows the effect of chlorine substitution on the 
inhibitory activity of 2-aminotetralin. The addition of a 
single chlorine atom to any position of the aromatic ring 
increased inhibitor activity, and the addition of a second 
chlorine substituent further increased inhibitor activity. 
The most active compound, 5,6-dichloro-2-aminotetralin, 
inhibited norepinephrine N-methyltransferase by 50 per 
cent at a concentration of 9.3 x 10°’ M. The less potent 
inhibitors among the 2-aminotetralins were 30-50 times 
more active than the corresponding amphetamines, 
whereas the most potent inhibitors among the 2-aminote- 
tralins were 3-10 times more active than the corresponding 
amphetamines. This finding suggests that the conformation 
of these phenylethylamine derivatives as fixed in the tetra- 
lin. ring is more suitable for combination with norepine- 
phrine N-methyltransferase than is the conformation 
usually assumed by amphetamines and phenylethylamines, 
an observation that may be useful in designing other in- 
hibitors of this enzyme. 

The inhibition of norepinephrine N-methyltransferase by 
5,6-dichloro-2-aminotetralin, the most active inhibitor 
among those listed in Table 2, showed competitive kinetics 
with |-norepinephrine as the variable substrate (Fig. 1). The 
apparent K,, value for the control reaction calculated 
according to the method of Wilkinson [9] was 
14.4 + 2.7 uM. This figure was increased to 65.0 + 6.1 by 
the presence of 1 uM inhibitor. From these apparent K,, 
values in the presence and absence of inhibitor, the K; 
for 5,6-dichloro-2-aminotetralin was estimated [10] to be 
2.9 x 10°? M. Thus, by restricting the conformation we 
have been able to obtain an inhibitor with about 10 times 


9 


Ps 


a 








Fig. 1. Competitive kinetics in the inhibition of nore- 
pinephrine N-methyltransferase by 5,6-dichloro-2-aminote- 
tralin: Lineweaver-Burk plot with l-norepinephrine as the 
variable substrate. I-Norepinephrine concentrations (S) 
were 5, 8, 12, 20 and 60 uM. Velocity (V) is expressed in 
units of nmoles product formed/30 min of incubation. In- 
hibitor concentration was zero (@) or 1 uM (0). 


the affinity for norepinephrine N-methyltransferase as the 
most active inhibitor among the amphetamine series, 
3,4-dichloroamphetamine [7]. 
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Effects of surugatoxin and other nicotinic and muscarinic antagonists 
on phosphatidylinositol metabolism in active sympathetic ganglia 


(Received 5 August 1976; accepted 1 October 1976) 


Many different tissues show an increased incorporation of 
[?*P orthophosphate into phosphatidylinositol and phos- 
‘phatidic acid in response to a variety of extracellular 
stimuli (see Hawthorne [1] for review). The relatively slow 
muscarinic response to acetylcholine in many tissues can 
be blocked by atropine and the enhanced [*?P]orthophos- 
phate labelling of phosphatidylinositol and phosphatidic 
acid, observed in acetylcholine-treated brain slices, was 

‘ also blocked by atropine [2]. Recent work with the parotid 
gland also suggests that the phosphatidylinositol response 
is under muscarinic rather than nicotinic control as turn- 
over can be evoked by acetyl f-methylcholine and is sensi- 
tive to atropine but not tubocurarine [3]. However, the 
increased turnover of phosphatidylinositol produced in the 
rat superior cervical ganglion by electrical stimulation of 
the preganglionic nerve in vitro [4] has been reported to 
be sensitive to tubocurarine [5], indicating that it is a nico- 
tinic response. The availability of surugatoxin [6], a nico- 
tinic antagonist recently isolated from the Japanese ivory 
mollusc, prompted a further study of the rat superior cervi- 
cal ganglion in an attempt to resolve these conflicting 
views. Surugatoxin (SGTX) was also of interest because 
the molecule contains an inositol residue. 

The superior cervical ganglion is not a simple unidirec- 
tional relay, as was first thought, but consists of an excita- 
tory pathway and an inhibitory loop [7]. Acetylcholine, 
released from the presynaptic cholinergic fibres, acts on 
the post-ganglionic noradrenergic nerve primarily through 
nicotinic receptors, while the dopaminergic interneurone, 
which synapses with the postganglionic fibre, contains 
mainly muscarinic cholinergic receptors. Thus with suit- 
able inhibitors the ganglion can be used to distinguish 
between muscarinic and nicotinic effects on phosphatidy- 
linositol metabolism. 

The sympathetic ganglia were dissected from 250 g male 
Wistar rats killed with chloroform. Connective tissue 
sheaths were removed prior to activation of the ganglia 
by electrical stimulation of the preganglionic fibre or by 
the addition of specific agonists to the incubation medium. 
The latter had the following composition (g/l): NaCl, 6.80; 
KCl, 0.40; CaCl,, 0.20; MgSO,.7H,O, 0.20; NaH, 
PO,.H,O, 0.14; glucose, 1.00; NaHCO, 2.20 and 100 pCi 
[°?P]Jorthophosphate (carrier-free, type PBS1, Radio- 
chemical Centre, Amersham). This was similar to the 
Earle’s medium described by White et al. [8] except that 
the indicator phenol red was not employed. Because of 
this the pH of the medium was always checked to be 7.2 
after gassing with O,:CO, (95:5) before use. 

Electrical stimulation of the preganglionic nerve fibre 
was attempted by the method described by Larrabee er 
al. [4]. However we encountered great difficulty in record- 
ing a reproducible compound action potential from the 
post-ganglionic fibre. It is possible that this was due to 
the damage caused by attaching the cotton thread used 
to pull the nerve fibres into the insulating glass tube con- 
taining the platinum electrode, or to the large stimulus 
artifact which, although probably due to poor insulation 
between the stimulating electrode and the medium, we 
could not eliminate. 

We therefore stimulated the ganglion using a flat bed 
system with the afferent and efferent fibres lying across 
platinum electrodes. The gap between the stimulating elec- 


trodes was 3 mm, while the gap between the recording 
electrodes, because only a short fraction of the postgang- 
lionic fibre could be dissected out, was of necessity only 
0.5 mm. Both pairs of electrodes, about 1 cm apart, were 
placed horizontally in a wax chamber approximately 
1.5 x 0.8 cm and 4 mm-deep. The recording electrodes 
were 1.0 mm from the bottom whilst the stimulating elec- 
trodes were 2.0 mm higher. This ensured that the stimu- 
lated portion of the preganglionic fibre, although prevented 
from drying by the saturated atmosphere within the 
chamber, was isolated electrically from the, recording elec- 
trodes, the volume of incubation medium not being suffi- 
cient to contact the stimulating electrodes. A 95% 
oxygen/5°, CO, mixture was blown across the surface 
through a fine syringe needle, in order to maintain oxygen 
equilibrium and water was circulated round the stimu- 
lation unit to maintain the incubation bath at 37°. A cover 
slip was used to cover the complete chamber. The pregang- 
lionic nerve fibre, lying across the electrodes, was stimu- 
lated for 2 hr at 10 Hz by a Grass SD9 square-wave stimu- 
lator (Grass Instruments, Quincey, MA, U.S.A.) with a 
sufficient voltage (approx. 6V) to achieve a maximum com- 
pound action potential which was monitored from the 
postganglionic fibre, by means of an a.c. preamplifier 
(Scientific Research Instruments Croydon, Surrey) and a 
5103N_ oscilloscope (Tektronix, Beaverton, Oregon, 
U.S.A.). A control ganglion excised from the same rat was 
always incubated in a similar chamber but not stimulated. 
In experiments where an antagonist was used the action 
potential was either observed to be blocked, or 30 min 
allowed to elapse, before the addition of [*?P]Jorthophos- 
phate to the medium. In experiments without electrical 
stimulation, specific activation of the ganglion was 
achieved by the addition of 1,1-dimethyl-4-phenylpipera- 
zinium iodide (DMPP), a nicotinic agonist, or 4-(m-chloro- 
phenylcarbamoyloxy)-2-butynyltrimethylammonium chlor- 
ide (McN-A-343), a muscarinic agonist, to the incubation 
medium. 

In all experiments the ganglia were removed from the 
chamber, after a 2-hr incubation period and rinsed with 
distilled water prior to removal of the nerve trunks. After 
immediate homogenisation in chloroform: methanol:conc. 
HC] (800:400:3, by vol.), the phospholipids were extracted 
by the method of White et al. [8], separated using the 
two-dimensional thin-layer chromatographic procedure of 
Pumphrey [9] and visualised by staining with iodine. After 
the iodine had been allowed to evaporate the spots were 
scraped into 10 ml of phosphor (6 g 2,5-diphenyloxazole 
and 0.12 g 1,4-bis[2-(5-phenyloxazolyl)]-benzene/| xylene) 
and counted on a Packard Tri-carb 3375 scintillation 
counter. It has been shown that the labelling of phosphati- 
dylcholine is not affected by electrical stimulation of the 
ganglia [4] and so the results are expressed as the ratio 
of the cpm in phospholipid/cpm in phosphatidylcholine 
from the same ganglion. 

Table 1 shows the effects of electrical stimulation on 
the incorporation of [**P]orthophosphate into certain 
ganglion phospholipids and the effects of various anta- 
gonists on this stimulation. Recordings of the post-gang- 
lionic compound action potential showed that 2 x 1075 
M SGTX had effectively blocked this after 30 min but 
after 2 hr subsequent electrical stimulation the enhanced 
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Table 1. Effects of specific antagonists on phospholipid turnover in active sympathetic 
ganglia 





Relative sp. act. (°%4 change on stimulation) 
g 


Antagonist Phosphatidylinositol Phosphatidic acid 





Control 

SGTX 2 x 10°* M 

SGTX 2x 10°° M 
Mecamylamine 3 x 10°* M 
Tubocurarine 10~* Mt 
Tubocurarine 2.24 x 10~> M§ 
Atropine 3 x 10°° M 


88.3 + 9.8 
30.1 + 10.3 
19.7 + 8.2 
96.6 + 7.5 
102.0 + 7.3 
72.1 + 163 
~19.5: 43." 


40.0 + 8.3 
16.1 + 1.5* 
36.0 + 6.2 
39.0 + 3.4 
65.0 + 11.2 
42.9 + 15.4 
—4.6 + 0.3* 





Results are means of 5 experiments (except for those with 2.24 x 10~> M tubocurar- 
ine which are means of 3) with S.D. of the means. Relative specific activity represents 
32P incorporated into phospholipid/??P incorporated into phosphatidylcholine of the 
same ganglion. Values for this ratio varied between 1.43 and 1.54 though the specific 
activity of phosphatidylinositol in control non-stimulated ganglia ranged from 15,000 
to 36,000 cpm/mg protein. The figures show the percentage change in RSA comparing 
resting ganglia and ganglia stimulated electrically through the preganglionic fibres. 
Both active and resting ganglia are incubated with antagonists. *Different from control 
ganglion, P < 0.001; tdifferent from control, P < 0.01. Elsewhere no significant differ- 
ences. Phosphatidylethanolamine showed no changes in RSA when ganglia were stimu- 
lated under any of these conditions. {Tubocurarine chloride from Sigma Laboratories, 
London. §Tubocurarine chloride from E. R. Squibb & Sons, Princeton, NJ, made 
up as described in the text, giving final concentrations of 0.001%, sodium bisulphite 


and 0.009% benzyl alcohol in this experiment. 


labelling of phosphatidylinositol and phosphatidic acid 
was not affected. The reduction in the stimulation observed 
when 2 x 10°* M SGTX was employed could possibly 
be due to nonspecific interactions at this high concen- 
tration. To further characterise the phosphatidylinositol re- 
sponse the effects of mecamylamine, a nicotinic antagonist, 
D-tubocurarine and atropine were also investigated. As can 
be seen from Table | only atropine blocked the electrically- 
induced stimulation of phosphatidylinositol turnover. At 
the concentrations shown in Table 1, both D-tubocurarine 
and mecamylamine blocked transmission, but atropine had 
no effect. None of these antagonists altered control phos- 
phatidylinositol labelling when incubated with the ganglia 
without other means of stimulation. 

Stimulation of the ganglion by both DMPP and 
McN-A-343 at the concentrations shown in Table 2 pro- 
duced a phosphatidylinositol response that was blocked 
only by atropine. DMPP is supposedly a nicotinic agonist, 
but it is known to exhibit a muscarinic action at high 
concentrations [10]. At concentrations ranging from 1077 
to 10°> M DMPP had no effect on phosphatidylinositol 
turnover. Concentrations of DMPP within this range are 
known to produce a contractile response in the isolated 


guinea pig ileum [10] which can be blocked by SGTX 
[6]. 

The results presented here are difficult to reconcile with 
those of Larrabee and Leicht [5] who found that D-tubo- 
curarine blocked the phosphatidylinositol response. E. R. 
Squibb & Sons kindly supplied us with a sample of their 
tubocurarine chloride and details of the High Potency 
solution used by Larrabee and Leicht. The solution con- 
tains 15 mg tubocurarine chloride (100 units) per ml and 
also 0.1% sodium bisulphite, 0.9% benzyl alcohol and 
NaCl for isotonicity. A solution with this composition was 
made up and used to give a final concentration of 1 unit 
curare per ml, the highest used by Larrabee and Leicht. 
This did not reduce the phosphatidylinositol labelling 
(Table 1), indicating that the bisulphite and benzyl alcohol 
were not responsible for the loss of the phosphatidy- 
linositol response described by these authors. The present 
results certainly indicate a muscarinic, not a nicotinic effect 
on this lipid since tubocurarine, mecamylamine and SGTX, 
all nicotinic antagonists, did not block the phosphatidy- 
linositol effect, while atropine did. Lapetina et al. [11] have 
obtained similar results with rat superior cervical ganglia. 
The increased labelling of phosphatidylinositol caused by 


Table 2. Effect of drugs on phospholipid labelling in sympathetic ganglia 





Agonist Antagonist 


Relative sp. act. (°% change from control) 
Phosphatidylethanolamine Phosphatidylinositol 





DMPP 3 x 10-4 
DMPP 3 x 10°4 
DMPP 3 x 107+ 
DMPP 3 x 1074 
DMPP 3 x 10°* 
McN-A-343 107? 
McN-A-343 10°? 
McN-A-343 107° 


SGTX 2 x 10°*M 

SGTX 2x 10°°M 
Mecamylamine 3 x 10°* M 
Atropine 3 x 10°° M 


SGTX 2 x 10°° M 
Atropine 3 x 10°° M 


159.0 + 17.4 
87.7 + 7.3 
131.0 + 11.8 
148.0 + 8.6 

— 24.5 + 6.2* 
131.3 

126.0 


—22.8 


ono~ 


+ I+ H+ H+ H+ 


rePNNOr © 


sw 





Means of 5 experiments are given, with S.D. There was no electrical stimulation of the preganglionic nerve in these 
experiments. Ganglia were incubated with the antagonist for 30 min before the addition of 32P. Relative specific activity 
is defined in Table 1. *Significantly different from agonist alone, P < 0.001. No significant differences elsewhere in 


the Table. 
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acetylcholine was abolished by atropine and propylbenzi- 
lylcholine mustard but not by tubocurarine. Increased 
turnover of phosphatidylinositol seems to be associated 
with muscarinic rather than nicotinic responses in other 
tissues also [12], the only exception at present being the 
electroplax of electric eel [13]. 
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COMMENTARY 


THE BACTERIOSTATIC MECHANISMS OF SULFONAMIDO- 
TRIMETHOPRIM COMBINATIONS 


BELA L. TOTH-MARTINEZ 
Institute of Pharmacology, The Debrecen Medical University, H-4012 Debrecen, Hungary 


In the broadest sense, the bacteriostatic action of 
sulfonamido compounds (SA) includes those pro- 
cesses which influence their uptake, metabolism and 
excretion [1-8, etc]. It is of major interest to learn 
more about the physico-chemical mechamisms of 
their molecular rearrangment (conformer free energy, 
quanto-chemical parameters of diverse derivatives, 
etc) in physiological conditions, as only certain 
species of these compounds have proven capable of 
intracellular bacteriostatic activity [3-14, 17, 18, 24, 
etc]. 

After SA administration and prior to its bind- 
ing to the specific bacterial receptors, a significant 
reduction in the concentration of SA available for 
binding occurs. SA trapped, altered or excreted by 
either the host of the invading micro-organism 
[ 1-7, 9, 11-13, 15-18, 23] in any way which can not 
be related to the bacterial 5,6,7,8-tetrahydrofolate 
(THFA) synthesis is lost for bacteriostasis. Long act- 
ing SA is distinct in that its metabolism and rate of 
release from the plasma protein complexes has been 
carefully tested to ensure its continued availability for 
lethal synthesis prior to its introduction into chemo- 
therapeutics [5, 13, 15, 16, 19-21, etc]. 

Recent recognition of potentiated synergism 
between SA and 2,4-diaminopyrimidines (Trimetho- 
prim, TMP, etc.) has prompted a reduction in the 
number of these compounds in clinical use 
[22, 25-39]. During the past decade, much effort has 
been extended in order to equilibrate the specific be- 
havior of SA and TMP from the pharmacokinetic 
and specific antimicrobial points of view. This was 
also necessitated by the discovery of a host based 
TMP metabolism [34, 40-43], and of a gradually in- 
creasing bacterial resistance [4449]. It should be 
noted however, that many authors have reported that 
SA-TMP conbinations seem to be quite efficient in 
clinical use. 

Advances in our knowledge of the specific receptor 
systems of de novo THFA synthesizing bacteria 
[50-54] have expanded our understanding of the bac- 
teriostatic/bacteriocidic actions of SA and SA-TMP 
combinations. The mechanism of SA and TMP 
actions can be analyzed in both biochemical and 
quanto-chemical terms [73]. These results suggest the 
existence of a THFA-multienzyme complex (MEC), 
containing 2 composite active sites (CAS I and II), 
into which would fit one molecule each of SA and 
TMP, as the minimum inhibitory unit. This is the 
case during bacteriostasis. The only known target of 
SA action is the THFA-MEC [50-54,70]. As for 
TMP, 7,8-dihydrofolate reductase (DHFR), as well as 
the enzymes of the 7,8-dihydro-6-hydroxymethy] pter- 
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idine (Pter) biosynthetic pathway have been identified 
as specific targets [55]. In addition, DHFR has been 
implicated as a component of THFA-MEC. 

This review will focus itself, therefore, on the bio- 
chemical mechanisms of inhibition of THFA-biosyn- 
thesis by SA and TMP at the THFA-MEC level. 


Formation of lethal products during 7,8-dihydrofolate 
(DHF A) biosynthesis in the presence of SA 

Synthesis, in vitro, of 7,.8-dihydropteroate (DHPA) 
from p-aminobenzoate (PABA) and Pter, in the pres- 
ence of ATP, Mg?* and bacterial cell free extracts, 
was inhibited by various SA compounds [50, 56-62]. 
Interestingly, the ability of SA to inhibit DHPA syn- 
thesis did not parallel inhibition of cell growth. This 
is attributed to differences in the ability of various 
S.1 compounds to penetrate the bacterial cells. It was 
found though, that each SA was a more potent inhibi- 
tor of DHPA-synthesis than of bacterial cell growth. 

The idea that SA itself undergoes enzymatic 
condensation with 7,8-dihydro-6-pyrophosphoryl hy- 
droxymethyl pteridine (Pter-PP) results from experi- 
ments in which *°S-labeled sulfanilamide or sulfathia- 
zole was preincubated with pteridine compounds in 
the cell free extract prior to the addition of PABA. 
At low pteridine concentrations, there is more inhibi- 
tion by SA than when substrates and inhibitors are 
simultaneously combined. At high pteridine concen- 
trations, preincubation resulted in much less inhibi- 
tion. Subsequent introduction of PABA into the reac- 
tion mixtures resulted, in the former case, in the for- 
mation of very little DHPA. In the latter case, DHPA 
synthesis was hardly influenced by the low SA con- 
centration. 

The formation of SA containing folate analogues 
in E. coli has been shown directly using *°S-sulfa- 
methoxazole both in vitro and in vivo [51]. 

SA incorporation into folate-like analogues is now 
well established. On the basis of growth inhibition 
studies [63], it appears that pteridylmethylaminoben- 
zene sulfamide and pteridylmethylaminobenzenesulfa- 
moylglutamate derivatives so formed inhibit the con- 
version of PABA, L-glutamate (L-Glu), and Pter to 
THFA, and metabolic reactions involving the latter 
in the form of different coenzymes. 

It was recognized at the beginning of the SA era 
that its mode of action was as a competitive inhibitor 
of PABA [64, 71, 72]. Further elucidation of the mol- 
ecular mechanism has shown that this is not just a 
simple, reversible competition for the enzymes’ active 
sites, but rather a more complex, combined inhibition, 
at the beginning of the enzymatic reaction [65]. 
Firstly, there is the pure competition for the active 
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Fig. 1. Anon-integrated representation of THFA biogenesis. 
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A: DHPK; B: DHPA synthetase; C: DHFA synthetase; 
D: DHFR; Abbreviations are partly introduced in the text. 


Fig. 1. Simple representation of THFA biosynthesis as de- 

rived from in vitro studies with crude and partially purified 

enzymes. (A) 7,8-dihydro-6-hydroxymethylpteridine: ATP 

pyrophosphate kinase (HDPK); (B) 7,8-dihydropteroate 

synthetase (DHPAS); (C) 7,8-dihydrofolate synthetase 

(DHFAS); (D) 5,6,7,8-tetrahydrofolate: NADP* oxidore- 
ductase (E.C. 1.5.1.3.) (DHFR). 


sites by SA and PABA. Secondly, when active sites 
are saturated with SA and PABA molecules, both 
compounds are to be regarded as substrates. Satu- 
ration of PABA-binding sites with SA will take place 
according to its relative momentary concentration to 
PABA, and relative affinity difference between the two 
competing compounds. When covalent coupling of 
pteridine derivatives and SA occurs together in a 
competitive irreversible inhibition reaction, the con- 
centration of the pteridine compound available for 
THFA biosynthesis is reduced. This process gradually 
mounts to the stasis, or death of the cells. One should 
not ignore the necessary irreversible production of 
entropy that is associated with the fact that the bac- 
terium cells must function for a time to continuously 
supply energy for the above synthetic reactions. 


Complex nature of the enzymes of DHF A biosynthesis 

DHFA assembly includes a series of specific enzy- 
matic reactions. Many excellent reviews have been 
published on this subject [66,67], as well as on the 
MEC of DHFA/THFA assembly [52-54]. The advan- 
tages to the cell of such a superorganized system have 
only recently been assessed [68, 69]. In DHFA/THFA 
biosynthesis, recognition of the enzyme’s superorgani- 
zation brought the realization that further elucidation 
of the structure, function and enzymatic action 
mechanism, specific SA and TMP receptors, etc 
would be of value in the formulation of new anti- 
folate chemotherapeutica. 

Figure | summarizes the biogenesis of THFA. This 
is a simplified representation, showing only DHFA 
assembly from its components, and the subsequent 
reduction to THFA. 
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Evidence has been accumulating from various 
sources showing that heterologous protein associ- 
ations among THFA biosynthetic enzymes can occur 
in vitro. This supports the idea of a similar condition 
ocurring in vivo. The present status of THFA biosyn- 
thetic enzyme aggregation capability has been 
reviewed in a series of articles by this author [53, 54]. 
An important facet of the results is the subunit struc- 
turalization of the aforementioned enzymes. Separ- 
ation of specific and stoichiometric PABA-, L-Glu-, 
Pter-, and 2 different ATP-binding subunits, as well 
as DHFR were observed in the final step of enzyme 
purification after treatment by 4M guanidine. HCl 
and 0.05M EDTA. From their respective subunits, 
individual enzymes (A—C) were reconstructed in an 
equimolar fashion. It was assumed that these sub- 
units, arranged in a given manner, represent the 
enzymes of THFA biosynthesis. During preparation, 
the physiologic THFA-MEC was subject to dissocia- 
tion. As a result, individual subunits, and partial 
heterologous associates, including enzymes A, B, and 
C, appeared in the extracts. It is also believed that 
the THFA-MEC aggregates contain more than one 
subunit each. Thus the “THFA-MEC” [53] is now 
regarded [54] as a monomer of the MEC with an 
apparent molecular weight of about 150,000 daltons. 
According to a speculative pentameric model, the 
molecular weight can range up to 500,000 daltons. 
Table | summarizes the subunit structuralization of 
THFA biosynthetic enzymes. These are depicted as 
THFA-MEC dissociation products by Fig. 2. In addi- 
tion, this figure shows two possible composite active 
sites (CAS) in which primary PABA/DHFA and Pter 
activation can occur without formal movement of the 
substrates from enzyme to enzyme. Motion is restric- 
ted to those specific oscillations of the substrate mol- 
ecules necessary to link chemical reactions at different 
sites to transmit free energy which must be high grade 
macroerg acid anhydride of P ~ P or —CO ~ AMP. 
This is followed by DHFA synthesis randomly 
[53,62] from the activated components, and finally 
by reduction to THFA. Some of the free energy of 
interaction between the subunits and the first ligands 
will likely distort the protein structure towards a con- 
formation that favors the binding of subsequent 
ligands of other subunits [74]. This model has not 
yet been elucidated as to free energy migration, in- 
volving not only positive cooperation of subunit con- 
formations, but also electrostatic interactions, solvent 
(water) and chemical reaction site considerations. 


Table 1. Subunit structuralization of partial heterologous enzyme associates of the 
THFA-MEC 





Mol. wt 


Subunit (daltons) 


Enzyme to which the subunit 


is a component* Reference 





pABA-binding 15,000 


DHPAS I, —11; DHFAS I, —I; 


pABGAS 


Pter-derivative-binding 40,000 


DHPK; DHPAS I, —II; 


DHFAS I, —II 


35,000 
15,000 
28,000 


L-Glu-binding 
ATP-binding I 
ATP-binding II 


DHFAS I; pABGAS 
DHPK; DHPAS I 
DHFAS I; pABGAS 





* Abbreviations are introduced in the text and at Figs. | and 2. 
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DHPAS I DHFAS I 


Fig. 2. Proposed subunit structuralization of the E. coli 

B THFA-MEC. Individual enzymes are shown as dissocia- 

tion products of the MEC. Location of composite active 

sites (CAS I, and CAS II) are indicated by the shaded 
areas in both the MEC and the enzymes. 


It has been calculated that there are only about 
300 THFA-MEC aggregates in each E. coli B cell. 


Kinetic studies with both native and reconstituted 
THFA-MEC may reveal a specific substrate—product 
flux kinetic across the MEC [69]. THFA-MEC as- 
sociations with small particles (i.e. mitochondria) has 
not yet been ruled out. In other words, we are only 
now beginning to understand THFA biosynthesis as 
an integrated process. 


Mechanism of inhibition of DHFA biosynthesis by SA 
and TMP in the THFA-MEC 


There are two composite active sites in the MEC. 

CAS-I is composed of the amino acid residues 
corresponding to the following ternary associated 
subunits: PABA binding subunit + ATP binding 
subunit II (PABA: ATP adenylate kinase) + L-Glu 
binding subunit. The ternary associate has already 
been termed the p-aminobenzoylglutamate synthetase 
system (pABGAS) [54]. 

On the surface of the PABA binding subunit, there 
should be + and — net charges, about 6.7 A apart for 
PABA or SA fixation. Amino acid residues, reacting 
with the negative charge of the benzene ring (the 
result of its characteristic 2-electron delocalization), 
should be located between the charges. 

The L-Glu binding subunit has + charges for bind- 
ing L-Glu by its —-COOH units. These are arranged 
in such a way that the x-amino group is turned 
toward CAS I. On the surface of the DHFR molecule, 
looking toward the L-Glu binding subunit, the mirror 
image of the above charge distribution must be pres- 
ent. This is strongly suggested by experiments testing 
for p-aminobenzoylglutamate (PABGA) binding site 
region of this enzyme with PABGA analogues [66]. 


On the intersubunit surfaces of CAS I, amino acid 
residues, suitable for quaternary structure formation, 
and Mg?* ions ensure stability. The importance of 
Mg?* ions for stability has already been shown by 
experiments carried out in the presence of chelating 
agents, such as EDTA [54]. 

The existence of CAS I is also supported by the 
fact that PABA ~ AMP (DHFA ~ AMP), although 
it is an obligatory intermediate and can’t be detected 
in the system because of the channeling effect. Thus, 
a mechanism is established (Fig. 3) so that the subunit 
collaboration on adenylation, as an activation of 
PABA, is followed by a minimum movement (push) 
of its —COOH towards the attracting (pull) primary 
amino group of the L-Glu molecule. This kind of 
push—pull mechanism (Fig. 4) can only be proven by 
active center analysis, but it is strongly supported by 
the inseparability of the elementary reactions. In the 
absence of L-Glu, the substrates PABA and ATP can 
only saturate the active sites of the corresponding 
enzymes, because formation and accumulation of 
PABA ~ AMP cannot be detected in the medium. 

During activation with ATP, and reaction with 
L-Glu, the carboxylic group of PABA, is essentially 
immobile, except for the aforementioned oscillations 
between the active sites of polypeptides forming CAS 
I and those of DHFR. 

The amino group of PABGA is less basic due to 
an intramolecular, mesomeric rearrangement of its 
electron system. As PABA ~ AMP moves toward the 
amino group of L-Glu during the reaction which 
forms PABGA, the mesomeric rearrangement of 
PABGA takes place. The strong nucleophillic attrac- 
tion (pull-back) of the pyrophosphoryl group of 
Pter-PP prevails and the reaction between the pri- 
mary amino group of PABGA and the primary alco- 
holic ester-hydroxyl of Pter-PP can take place (Fig. 
4). At the same time, the PABGA portion of the newly 
formed DHFA molecule can further oscillate between 
the specific binding sites of CAS I and DHFR. 

CAS II is composed of the active sites and the ac- 
cessory binding regions (hydrophobic) of the follow- 
ing subunits: 7,8-dihydro-6-hydroxymethylpteridine: 
ATP pyrophosphokinase (DHPK, also known as 
ATP binding subunit I) + Pter derivative binding 
subunit + DHFR. 

Pter binds up in the active site of Pter binding 
subunit, as well as the TMP inhibitor, in such a man- 
ner that only the primary 6-hydroxyl group spreads 
to the active center of DHPK. Phosphorylation is 
followed by a 90° flipping over (Fig. 3), accompanied 
by the simultaneous elimination of 5‘-AMP from the 
MEC. DHFA is formed by the active collision with 
the primary amino group at PABGA. The appearance 
of the DHFA molecule is a signal allowing the double 
bond between N5 and C6 to be set close to the active 
site of DHFR by a slight rotation of the plane of 
Pter around the imaginary diagonal between N3 and 
<7. 

The linkage between CAS I and CAS II is mediated 
mainly through the PABA binding subunit, but is 
supported by a loose contact between DHFR and 
the corresponding complementary CAS. 

TMP has a remarkable affinity for Pter binding 
subunit. Therefore, A, B, and C enzymes can partially 
be inhibited by this substance, although DHFR is its 
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Fig. 3. Integrated pathway of THFA biosynthesis. Three possible paths of THFA synthesis can be 
seen on the figure: (a) condensation of Pter-PP and pABGA, following synthesis of the latter from 
pABA ~ AMP and L-Glu; (b) direct formation of DHPA ~ AMP is followed by coupling of the active 
compound with L-Glu, or (c) DHPA can form primarily, and activation of it will be the next step. 


principal target enzyme [54]. Our preliminary results 
[55] showed partial inhibition of GTP-cyclohydro- 
lase, 7,8-dihydroneopterintriphosphate —pyrophos- 
phorylase and neopterin aldolase with TMP, because, 
in a portion of their active sites, the same Pter ring 
system is bound with varied affinity. These findings 
can serve as the basis for speculation as to the true 
nature of the SA-TMP synergism. It seems likely that 
a series of partial inhibitions of the enzymes involved 


L- Glu (NH,) 


*¥ il 


CASI. casn. = 

Fig. 4. Top view of the mechanism of THFA-assembly in 

the reaction pool. (below), and the push-pull mechanism 
(above). 


in the Pter precursors’ biosynthesis and THFA assem- 
bly amplification of TMP inhibition can occur. In 
the integrated system, the possibility of a cascade in- 
hibition mechanism is given ab ovo, and this is 
extended to the related Pter biosynthesizing system. 
No data has been found, however, for SA, that would 
support the idea of an extended bacterial inhibition 
mechanism similar to that of TMP. A number of 
valuable articles and reviews give details of DHFR 
inhibition by TMP and related compounds [25-31]. 


Lethal blockade of vital bacterial metabolic processes 
at the level of THFA biosynthesis, and new principles 
of designing anti-folate drugs 
THFA plays an important role in a great variety 
of vital metabolic processes, such as purine ring syn- 
thesis, histidine and purine degradation, methionine 
(—CH,) synthesis, thymidylic acid synthesis which is 
related to DNA synthesis, essential in cell division. 
The dose reduction made possible by SA-TMP 
combinations has reduced to a minumum many of 
the side effects associated with sulfa drugs. Despite 
this reduction in the in vivo concentration of these 
chemotherapeutic agents, one can see not only bac- 
teriostatic, but bacteriocidic effects. These combina- 
tions have been successfully extended to very severe 
cases of brucellosis [75,76], salmonellosis [77,78], 
typhoid, paratyphoid B [79, 80], shigellosis [81], and, 
to a limited extent to pseudomonas pyocianea infec- 
tion as well as to the control of proteus mirabilis 
septicemia [44]. Parasites, widely different from a 
microbiological point of view, can be attacked with 
SA-TMP combinations. The bulk of information 
which has become available concerning mode of 
action of SA-es and TMP on sensitive micro- 
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organisms, permits us to draw the cautious conclu- 
sion that the mechanisms involved in SA-TMP com- 
bined action essentially do not show a great variety 
of alterations. Therefore, it can be expected that 
enzymes producing THFA by the same types of bio- 
chemical reactions are made up to the same types 
of subunits associated in the same way to build up 
the same type of MEC-es in all de novo THFA bio- 
synthesizing SA-TMP sensitive microorganisms. Such 
structures do not exist in the cells of host organisms. 

In designing new anti-metabolites of THFA biosyn- 
thesis, oriented and covalent linking of SA and TMP 
derivatives seems to be promising in producing com- 
petitors for the physiological substrates. Chemical 
linkage of SA and TMP derivatives provides the 1:1 
momentary and steady molar ratio of the inhibitors 
at the specific and lethal microbial active sites. In 
the case of active compounds, the problem of different 
pharmacokinetics of SA-es and TMP is ruled out in 
this way. Another advantage of the compounds could 
be that by hiding of SA and TMP parts of the mol- 
ecule in new chemical structures, specific SA and 
TMP resistance factors may be inert towards them. 
Unexpected actions of these new compounds are, 
however, likely to occur. 
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Abstract—Bromosulfophthalein uptake by rat liver mitochondria is fast, but reversible and can reach 
> 150 nmole/mg protein without lysis of mitochondria. There are no sets of characteristic binding 
sites with definite affinities, but affinity continuously decreases with increased binding. The decrease 
in binding affinity is ascribed to an increased negative surface charge resulting from insertion of the 
negatively charged bromosulfophthalein molecule into the hydrophilic-hydrophobic interphase of the 
membrane and rendering further binding of anionic molecules like bromosulfophthalein itself or ANS 
more difficult. This has been shown by the decrease of ANS-binding and fluorescence. The increase 
in surface charge on energization also results in decreased bromosulfophthalein binding. Although 
the amount of dye free in the matrix space, presumably is very small, the compound is possibly 
translocated and the amount bound to the inner side of the membrane may vary with the mitochondrial 


metabolic state. 


Bromosulfophthalein is widely used in the clinical 
evaluation of hepatic function [1]. It is rapidly 
absorbed to plasma membranes and concentrated 
within isolated rat liver cells [2]. Occasional incidents 
in clinical liver function tests have raised the question 
about the cellular basis of toxicity. Killenberg and 
Hoppel [3] have shown that bromosulfophthalein in- 
hibits mitochondrial state 3 respiration and incorpor- 
ation of [°?P]phosphate. Very recently it has been 
shown that transport of anions, including phosphate, 
is inhibited by bromosulfophthalein [4]. 

In preliminary short communications [5,6], we 
have shown that besides inhibition of state 3 respir- 
ation, bromosulfophthalein affects uncoupled respir- 
ation and other mitochondrial functions. The present 
paper investigates the interaction of bromosulfo- 
phthalein with mitochondrial membranes and the 
effect on ANS-fluorescence. 

In subsequent papers, kinetic analysis of respiratory 
inhibition of bromosulfophthalein [7] and effects on 
ion permeability [8] will be described and discussed 
on the basis of the interaction between the amphiphi- 
lic dye and membrane components. 


MATERIALS AND METHODS 


Materials. Male Sprague-Dawley rats obtained 
from Ivanovas (Kisslegg, Germany) were fed a stan- 
dard diet ad lib. and used at 200-300 g body weight. 
The following reagents were used: bromosulfophtha- 
lein from E. Merck (Darmstadt, Germany), [°°S]bro- 
mosulfophthalein (60 mCi/m-mole) from Radiochemi- 





*To whom reprint requests should be addressed. 

Abbreviations used: EGTA = _ Ethylenglycol-2-(2- 
aminoethyl)-tetracetic acid; CCP = Carbonyl cyanide 
m-chlorophenylhydrazone; ANS = 8-Anilinonaphthalene 
1-sulfonic acid. 


cal Centre via Amersham Buchler (Braunschweig, 
Germany); silicone oils AR 20 and AR 200 from 
Wacker Chemie (Miinchen, Germany); antimycin A 
from C. Boehringer (Mannheim, Germany); carbonyl 
cyanide m-chlorophenylhydrazone (CCP) from Cal- 
biochem (Los Angeles, USA) and bovine serum albu- 
min, 100% electrophoretically pure, from Behring— 
Werke (Marburg, Germany). All other reagents were 
purchased from E. Merck, Darmstadt, or C. Boehr- 
inger, Mannheim. 

Isolation of mitochondria and preparation of submito- 
chondrial particles Liver mitochondria were isolated 
following the method of Klingenberg et al. [9]. The 
isolation medium contained 250mM sucrose, 5mM 
Tris and 0.5mM EGTA. Submitochondrial particles 
were prepared from rat liver mitochondria by sonica- 
tion in a MSE 20KHz, 60 watt sonic oscillator 
according to Gregg [10]. Deviating from his pro- 
cedure, there was a total sonication time of 5 min, 
sample cooling by an ice-salt mixture, centrifugation 
of the treated suspension at 20,000 g for 20 min and 
recentrifugation of the supernatant at 100,000g for 
30 min. The pellet was resuspended in 0.25 M sucrose 
medium. Protein concentrations were determined by 
a modified Biuret method [11]. 

Incubation of mitochondria. Incubations were 
started by diluting aliquots of the mitochondrial 
stock-suspension stored at 0° with incubation 
medium at 25°, unless otherwise stated. For further 
details, see legends to figures. 

Measurement of bromosulfophthalein uptake. The 
uptake reaction was started by addition of 50nCi 
[?°S]bromosulfophthalein and various concentrations 
of unlabelled bromosulfophthalein to 1 ml incubates. 
Mitochondria were separated from the incubation 
medium by centrifugal filtration [12]. For this pur- 
pose, 200-yl aliquots were layered onto 100-yl silicone 
oil made up of AR 20 and AR 200 5:1 in a centrifuge 
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tube. On centrifugation in the Beckman 152 micro- 
fuge, the mitochondria were precipitated through the 
silicone layer into a deproteinizing layer of 50 ul 3M 
KOH within 10sec. Radioactivity measurements of 
the supernatant and the mitochondrial sediment were 
performed in Bray’s solution in a Berthold liquid scin- 
tillation counter. 

Fluorescence measurements. Fluorescence of 8-ani- 
linonaphthalene 1-sulfonic acid (ANS) was measured 
on excitation at 405 and 430nm by emission at 
470-3000 nm in I-cm cuvettes using the fluorescence 
equipment supplied with the Eppendorf photometer. 


RESULTS 


Uptake of bromosulfophthalein by mitochondria. 
When bromosulfophthalein is added to a mitochon- 
drial suspension, its free concentration is rapidly de- 
creased by uptake.* Its time course is very fast (com- 
plete within 20sec), and cannot be resolved by the 
centrifugal filtration technique. As can be seen from 
Table 1, the share of dye taken up by mitochondria 
depends on protein and dye concentration. Since ‘the 
amounts of bromosulfophthalein which are taken up 
or free are of the same order of magnitude, different 
experiments are directly comparable only with equal 
concentrations of both dye and mitochondrial pro- 
tein. 

In Fig. 1, the results of a series of uptake exper- 
iments at constant mitochondrial concentrations are 
plotted according to Scatchard [14]. As indicated by 
the concave curvature, the affinity continuously de- 
creases (“constants” may be deduced ranging from 
about 10° M~' to 10*M~'). 

The binding capacity of mitochondria is as high 
as >150 nmole/mg protein. Even under these high 
concentrations, binding is reversible, and the inner 
membrane of mitochondria is not really disrupted, 
since mitochondria are still centrifugable. 

As can be seen from Fig. 2, uptake of bromosul- 
fophthalein depends on the energetic state of the 
mitochondria. In the de-energized state, a little more 
of the dye is taken up. 

Effect on ANS-fluorescence. When bromosulfo- 
phthalein is added to a mitochondrial suspension 


Table 1. Dependence on dye and protein concentration 
of bromosulfophthalein uptake 





Mitochondrial protein 


(mg/ml) 0.37 


cio 





Bromosulfophthalein 


Added (uM) Taken up (°) 





A : 64 79 
56 79 
49 70 
37 63 
28 57 





Conditions were as in legend to Fig. 1, deviatory 55 nCi 
[**°S]bromosulfophthalein were added per incubate. 





* According to Azzone and Massari [13] the term 
“uptake” is used for disappearance from the supernatant 
without differentiating into transported or bound shares. 
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Fig. 1. Scatchard plot of the uptake of bromosulfophtha- 
lein by mitochondria. Rat liver mitochondria were diluted 
from stock suspension to a final concentration of 2.1 mg 
protein/ml in | ml incubation medium (140mM KCl, 
1.2mM MgSO,, | mM succinate, 0.7 mM Pi, pH 7.2) and 
incubated at 25°. One min after addition of 0.2 uCi 
[?°S]bromosulfophthalein of varying specific activity, 
200-41 samples were withdrawn and mitochondria were 
separated from the incubation medium by centrifugal fil- 
tration to determine the free concentration (uM) of bromo- 
sulfophthalein and the amount of dye bound, by means 
of the specific activity. The results were plotted according 
to Scatchard. 


containing ANS, the ANS-fluorescence decreases. As 
shown in Fig. 3, above 5 nmole/mg protein, there is 
a logarithmic decrease with increasing bromosulfo- 
phthalein concentrations. The figure also shows that 
in sucrose medium the extent of fluorescence is much 
lower and is quenched only by higher concentrations 
of bromosulfophthalein. 

It is demonstrated in Fig. 4 that the fluorescent 
dye is released from the mitochondria to the same 
extent as fluorescence decreases. Since diminution of 
ANS-fluorescence has been used as a measure of 
mitochondrial energization [15,16], it is of interest 
to compare the effects on mitochondria and on sub- 
mitochondrial particles, which are “inside out” (Fig. 
5). Though ANS-fluorescence in submitochondrial 
particles is increased on energization, it is also 
diminished with bromosulfophthalein addition, such 
as in mitochondria. 


DISCUSSION 


On the basis of inhibition of anion transport, it 
has been assumed [4] that bromosulfophthalein is 
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Fig. 2. Influence of the respiratory state on mitochondrial 

bromosulfophthalein uptake. Incubation conditions were 

as in Fig. 1, deviatory from a control (0), 1 uM CCP was 

added in one parallel incubation (A), and 5 yg antimycin 
A (O) in another. 
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Fig. 3. Quenching by bromosulfophthalein of ANS-fluor- 
escence. Mitochondria were suspended in a medium con- 
sisting either of 140 mM KCI (@) or of 250mM sucrose 
(O) besides 5mM Tris, 15 nmol ANS/mg protein, pH 7.4 
at a concentration of 1.8 mg protein/ml at 25°. ANS-fluor- 
escence was elicited at 405 and 430nm and measured by 
emission at 470-3000nm. The transmission was plotted 
against the logarithm of — bromosulfophthalein 
concentration. 


bound to the active site of translocating proteins. The 
concave curvature of the Scatchard plot (Fig. 1), how- 
ever, did not reflect binding to a definite number of 
characteristic binding sites. 

The affinity (association “constant” K = 10°M™~! 
to 10*M~'), which gradually decreases, is compar- 
able to the affinity reported for liver cell membranes 
(K, = 18 x 10°M~!, K, = 14 x 10*M~!) [2]. 

The uptake capacity of >150nmole/mg protein 
approaches the order of magnitude of mitochondrial 
phospholipid content [17]. There is no doubt that 
under these conditions a considerable disorder of the 
phospholipid bilayer arises [7]. However, such desta- 
bilizing effects which usually result in the dissolution 
of biological membranes as observed for the plasma 
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Fig. 4. Quenching of ANS-fluorescence and release of ANS 
by bromosulfophthalein. Mitochondria were incubated as 
in Fig. 1. Fifteen nmole of ANS/mg protein were added. 
The concentration of bromosulfophthalein was gradually 
increased and following each addition, ANS-fluorescence 
was measured as transmission (O). The amount of ANS 
bound to the membranes (@) was calculated from the free 
ANS concentration, which was obtained after addition of 
albumin to the supernatant of a centrifuged sample taken 
at different concentrations. 


459 


membrane at even lower concentrations [2, 18], seem 
to be partly overcome by protein: protein interactions 
in the mitochondrial membrane which raise the 
threshold for mitochondrial lysis. 

It may be asked whether bromosulfophthalein is 
transported into the matrix space. Transport of these 
considerable amounts of a dibasic sulfonic acid 
should be a time-consuming process and should cause 
swelling. In contrast, uptake is so fast, that the time 
course cannot be measured with the methods used, 
and the volume is not increased, as is shown in a 
subsequent paper [8]. Since the mitochondrial mem- 
brane potential is inside negative [19,20], it may be 
calculated that a dianion like bromosulfophthalein 
may be in the matrix space in concentrations of one 
one-thousandth of the outside concentration. Since it 
has been shown that ANS is able to penetrate the 
inner mitochondrial membrane [21, 22], it cannot be 
excluded that bromosulfophthalein too is transported 
across the membrane in very small amounts, which, 
however, are impossible to detect. 

The uptake characteristics thus may reflect adsorp- 
tion of the dye to the lipid—water interphase of the 
membrane in which it distributes at a constant ratio 
in analogy to a physical two-phase distribution. The 
aromatic ring system of the bromosulfophthalein mol- 
ecule is thought of as being immersed into the hydro- 
phobic part of the membrane as was analogously sug- 
gested for the ANS molecule [23], whereas the polar 
portion of the molecule, the sulfonic acid and pheno- 
lic groups, remain in the hydrophilic surface of the 
membrane. Thereby, the negative surface charge 
should be increased, leading to a diminished affinity 
for further bromosulfophthalein molecules, and 
resulting in characteristic interactions with other ionic 
compounds such as fluorescent dyes, as is shown in 
Fig. 3. ANS, which like bromosulfophthalein, has an 
aromatic sulfonic acid group, is also bound to the 
membrane interphase [21 4]. Since the quantum 
yield of ANS-fluorescence depends on the polarity 
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Fig. 5. Quenching of ANS-fluorescence with SMP and 

mitochondria by bromosulfophthalein. Submitochondrial 

particles (SMP) and mitochondria were suspended in KCl 

medium (1 mg protein/ml, 140mM KCl, 5mM Tris; pH 

7.4). The concentration of ANS amounted to 15 uM. Bro- 

mosulfophthalein (BSP) was added at a concentration of 
150 nmole/mg protein. 
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and viscosity of its vicinity in the membrane [25, 26], 
the dye is a suitable probe for changes in the surface 
charge density of mitochondria. In the energized state, 
where’ the surface charge is more _ negative 
[15,16,27,28], the ANS-fluorescence is lower when 
compared to the de-energized state [15,16]. This 
results from decreased binding affinity and lowered 
quantum yield [21, 29]. 

Displacement of ANS (Figs. 3, 4, 5) thus is due 
to the increase of negative surface charge of the mem- 
brane by bromosulfophthalein rather than to direct 
competition for the same binding sites. This is in 
agreement with the decrease of ANS-fluorescence in 
submitochondrial particles on binding of bromosul- 
fophthalein. Thereby, the external ¢ potential in- 
creases and thus overcomes the effect of energization 
which lowers the external surface charge. Analo- 
gously, an opposite effect of an increased ANS bind- 
ing is observed after binding of positively charged 
biguanides to mitochondria [17]. Comparison of 
ANS-fluorescence in sucrose medium and in KCl 
medium fits well into this concept: In sucrose 
medium, where the effective charge density of the 
membrane is increased, less of both anions is bound. 
This has also been shown by Laperche and Oudea 
[4]. It results in a diminished extent of ANS-fluores- 
cence and an increased concentration of bromosul- 
fophthalein being demanded for quenching (Fig. 3). 
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MITOCHONDRIAL MEMBRANES—INHIBITION 
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Abstract—Bromosulfophthalein reversibly inhibits mitochondrial respiration. Most sensitive is state 
3 respiration (K; about 3 nmole/mg protein independent of substrate). At higher concentrations (20-100 
nmole/mg protein) state 4 respiration and uncoupled respiration are also inhibited. This inhibition 
is substrate dependent. With succinate, inhibition appears to be noncompetitive at low concentrations 
and competitive above 1 mM succinate (half-maximal inhibition at 9-17 nmole/mg protein, dependent 
on succinate concentration). Substrate permeation seems to be not the only sensitive step in oxidation, 
as is deduced from similar results obtained on glycerol phosphate respiration. By use of artificial 
electron shunts and by difference spectroscopy, individual dehydrogenases have been made probable 
as the site of bromosulfophthalein action. It is suggested that bromosulfophthalein acts via the electro- 
static effects of the increased negative surface charge, making dehydrogenases less accessible for their 


substrates. 


The preceding paper [1] has shown that the amphi- 
philic dye bromosulfophthalein is bound in appreci- 
able amounts to mitochondrial membranes. The 
effects on ANS-fluorescence indicated that the nega- 
tive surface charge density is thereby increased. Kil- 
lenberg and Hoppel [2] have shown that bromosul- 
fophthalein inhibits state 3 mitochondrial respiration. 

This paper presents kinetic analysis of respiratory 
inhibition and shows that in addition to state 3 respir- 
ation, mitochondrial respiration is inhibited also un- 
der other conditions. The various inhibitory effects 
at varying concentrations of inhibitor and conditions 
are discussed on the basis of increased negative sur- 
face charge density. 


MATERIALS AND METHODS 


Materials and methods are described in the preced- 
ing paper [1]. In the present paper, the following ad- 
ditional techniques are applied. 

Measurement of respiration. Uptake of oxygen was 
measured with a Clark oxygen electrode at 25°. The 
reaction was started by addition of 50 yl of mitochon- 
drial stocksuspension to 1.1 ml medium, kept at 25°. 

Difference spectra. Difference spectra of mitochon- 
drial suspensions were taken with an Aminco Chance 
spectrophotometer. For experimental details, see Fig. 
9 and [3]. 


RESULTS 
Inhibition of state 3 respiration 


Recently it has been shown that transport of anions 
across the inner mitochondrial membrane is inhibited 





*To whom reprint requests should be addressed. 

Abbreviations used: EGTA = Ethylenglycol-2-(2- 
aminoethyl)-tetra acetic acid; CCP = Carbonyl cyanide 
m-chlorophenylhydrazone; Tris = Tri(hydroxymethy]l) 
amino methane. 
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by bromosulfophthalein [4]. The question thus arises 
whether the oxidation of substrates which do not 
need to pass through the inner mitochondrial mem- 
brane also is inhibited. This is the case for glycero- 
phosphate, since glycerol phosphate dehydrogenase 
(EC 1.1.99.5) is known to be accessible from the outer 
surface of the mitochondrial inner membrane [5]. As 
demonstrated in Fig. 1, state 3 respiration with gly- 
cerol phosphate as substrate is inhibited by bromosul- 
fophthalein. The inhibition is of a mixed competitive— 
noncompetitive type. The Dixon plot (Fig. 2) allows 
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Fig. 1. Lineweaver—Burk plot of state 3 glycerol phosphate 
respiration at various bromosulfophthalein concentrations. 
Mitochondria (3.2 mg protein) were incubated at 26° in 
1 ml sucrose medium containing 250mM sucrose, 4mM 
Tris, 1 mM KH,PO,4, 34M rotenone, 1mM malonate, 
4mM MgSO,, and 0.6mM ADP. For induction of gly- 
cerol phosphate oxidase the rats were injected with 200 ug 
triiodothyronine i.p. 2 days prior to sacrifice. Bromosulfo- 
phthalein concentrations in nmole/mg protein: control = 
none (@), 2.5 (2), 5 (A), 8.4 (O). 
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Fig. 2. Dixon plot of state 3 glycerol phosphate respiration 

in the presence of bromosulfophthalein. Conditions were 

as in Fig. 1. The 1/v values obtained from this figure at 

various glycerol phosphate concentrations are plotted 

against the bromosulfophthalein concentration. The re- 

spective glycerol phosphate concentrations were: 0.9mM 
(©), 1.25mM (A), 2.1 mM (QD), and 4.2 mM (@). 


us to calculate a K; = 3.2 nmole bromosulfophtha- 
lein/mg protein. A similar type of inhibition was 
found for state 3 respiration with succinate as sub- 
strate. The resulting Dixon plot was nonlinear with 
an upward bend. The effects on relative rates of 
oxygen consumption are identical for both substrates 
used. 


Comparison of inhibition by bromosulfophthalein of 
state 3 respiration with the action of inhibitors of oxida- 
tive phosphorylation 


The above results are in line with the finding that 
oxidative phosphorylation is inhibited by bromosul- 
fophthalein [2]. To further characterize the mode 


of inhibition on phosphorylation, the bromosulfoph- 
thalein action is compared with that of some well- 
known inhibitors of oxidative phosphorylation (Table 
1). Bromosulfophthalein is more effective in lower 
concentrations than the other inhibitors used. Depen- 
dent on the inhibitor, the inhibition is either com- 
pletely or partly abolished on addition of the un- 
coupler CCP. Bromosulfophthalein resembles mersa- 
lyl in being partly inhibitory even in the uncoupled 
state. 


Inhibition of uncoupled respiration 


Inhibition of mitochondrial respiration is not re- 
stricted to state 3 respiration. Another effect occurring 
at higher dye concentrations is most prominent at 
maximal respiratory rates. This can best be demon- 
strated in the uncoupled state. 

(a) Succinate as substrate. Figure 3 shows, in the 
double reciprocal plot according to Lineweaver—Burk, 
kinetics of inhibition of uncoupled mitochondria by 
bromosulfophthalein with succinate as substrate. The 
curves have a break at about 1 mM succinate, which 
is most prominent with high bromosulfophthalein 
concentrations. Breaks in the Lineweaver—Burk plot 
have similarly been found for malate dehydrogenase 
(1-malate: NAD oxidoreductase; EC 1.1.1.37) [6] and 
for glutamic acid dehydrogenase (1-glutamate: NAD 
oxidoreductase; EC 1.4.1.2) [7] and have been inter- 
preted as substrate activation. At substrate concen- 
trations above | mM, inhibition seems to be competi- 
tive with the characteristic constants: V = 200 natom 
Omin~'mg™' protein and K,, = 0.7-25mM_ suc- 
cinate. The K,, for succinate increases proportionally 
to the square of the bromosulfophthalein concen- 
tration (Fig. 4). At lower substrate concentrations 
there seems to be a rather noncompetitive type of 
inhibition. A Dixon plot of these data (Fig. 5) is not 
linear. The K; value can only tentatively be read from 
this plot to be about 7 nmole/mg protein, whereas 
half-maximal inhibition is found with 9-17 nmole 
bromosulfophthalein/mg protein, dependent on sub- 
strate concentration. 


Table 1. Comparison of the effects of bromosulfophthalein and mitochondrial inhibitors on respiratory rates 





Inhibitor Bromosulfophthalein 


Atractyloside Oligomycin Mersalyl 





Subsequent 
additions 


Respiratory rate 


(natom 0 min~! mg™! protein) 





4mM Succinate 
2mM ADP 
Inhibitor 
Ist addition 
2nd addition 
1 uM CCP 


4mM f-Hydroxybutyrate 
2mM ADP 
Inhibitor 
Ist addition 
2nd addition 
1 uM CCP 


a 
176 


55 
33 
207 
15 
77 


14 
10 
70 





Mitochondria (2.5 mg protein/ml) were suspended in KCI] medium (140 mM KCl, 1.5 mM P,, 1.5mM MgSO,, 20 mM 
Tris, pH 7.3) at 25°. Additions were subsequently given as indicated. The concentrations of the respective inhibitors 
were: bromosulfophthalein, first addition, 4nmole/mg protein = 10 uM; second addition 8 nmole/mg protein = 20 uM; 
actractyloside, first addition 50 uM; second addition 100 uM: oligomycin, first addition 10 ug/ml; second addition 
20 ug/ml; mersalyl, first addition 40 uM; second addition 80 uM. 
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Fig. 3. Lineweaver—Burk plot of succinate respiration in the uncoupled state at various bromosulfoph- 
thalein concentrations. Mitochondria (2.2 mg protein) were incubated at 26° in sucrose medium consist- 
ing of 250 mM sucrose, 10mM KCI, 0.7mM P,, 4M roterione, 1 4M CCP, at pH 7.2. Bromosulfoph- 
thalein concentrations in nmole/mg protein: control = none (A), 10.5 (@), 21 (CO), 31 (A), and 53 (0). 


(b) Glycerol phosphate as substrate. The question 
arises whether inhibition of uncoupled respiration 
results from effects on substrate permeation. Oxi- 
dation of glycerol phosphate is independent from sub- 
strate transport, but as is shown in Fig. 6, glycero- 
phosphate respiration too is competitively inhibited 
by bromosulfophthalein. Half-maximal inhibition is 
attained with about 14nmole bromosulfophtha- 
lein/mg protein. The K,, for glycerol phosphate, simi- 
lar to that for succinate, also increases proportionally 
to the square of the bromosulfophthalein concen- 
tration. Thus, the site of inhibition is not the translo- 
cation of substrates, but a step in oxidation common 
to both substrates. 

(c) Inhibition of dehydrogenases. To localize the site 
of inhibition in uncoupled respiration, various seg- 
ments of the electron transport chain were separately 
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Fig. 4. Influence by bromosulfophthalein on the K,, of suc- 

cinate respiration. K,, values were deduced from the data 

of Fig. 3 and plotted as a function of bromosulfophthalein 
concentration. 


investigated by the use cf artificial electron acceptors: 
with the exception of the dehydrogenases, all other 
reaction steps in the respiratory chain appear to be 
unaffected. The dehydrogenases were measured by use 
of methylene blue as artificial electron acceptor [8] 
and its ability to directly react with molecular oxygen. 
In Fig. 7, the effect of bromosulfophthalein on oxygen 
uptake of uncoupled mitochondria in the presence of 
various substrates is compared to that on oxygen 
uptake of their respective dehydrogenases in the pres- 
ence of respiratory inhibitors and methylene blue. 
Using pyruvate as substrate, respiration and de- 
hydrogenase reaction are very slow and only slightly 
inhibited by bromosulfophthalein. With f-hydroxy- 
butyrate as substrate, both reactions are faster and 
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Fig. 5. Dixon plot of succinate respiration in the un- 

coupled state in the presence of bromosulfophthalein. 

Values of 1/v taken from Fig. 3 are plotted against the 

promosulfophthalein concentration. The succinate concen- 

trations were 0.45 mM (@), 0.9mM ((), 1.8mM (A), and 
3.6 mM (0). 
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Fig. 6. Lineweaver—Burk plot of glycerol phosphate. respir- 

ation in the uncoupled state at various bromosulfophtha- 

lein concentrations. Incubation conditions were as in Fig. 

1 with the exception that ADP was omitted and | uM 

CCP added. The bromosulfophthalein concentrations in 

nmole/mg protein were: none = control (MM), 12.5 (D4), 25.0 
(A), and 50 (0). 


more strongly inhibited by the dye. In the case of 
succinate, where at low bromosulfophthalein con- 
centrations the electron flow via methylene blue 
to oxygen is slower than via the respiratory chain, 
methylene blue itself may affect the dehydrogenase 
(succinate (acceptor) oxidoreductase; EC 1.3.99.1) [8]. 
Alternatively, the intramitochondrial methylene blue 
concentration may not be sufficient, simulating a slow 
rate of dehydrogenase action. In all other cases, res- 
piration and dehydrogenase reactions are strictly inhi- 
bited in parallel. 

Respiration of sonic submitochondrial particles is 
also inhibited by bromosulfophthalein (Fig. 8). The 
NADH dehydrogenase (reduced-NAD: (acceptor) oxi- 
doreductase; EC 1.6.99.3) which can be measured here 
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Fig. 8. Inhibition by bromosulfophthalein of the respir- 
ation of B-hydroxybutyrate of submitochondrial particies. 
Submitochondrial particles were suspended in 1 ml buffer 
consisting of 10mM Tris, 15mM K,HPO,, 3mM 
MgSO,, at pH 7.4; 0.88 mg protein/ml. Respiration was 
started by addition of 0.2mM NAD* and 4mM 
B-hydroxybutyrate. 


directly by, use of NADH as substrate, turned out 
to be very insensitive to bromosulfophthalein inhibi- 
tion. As much as 150 nmole/mg protein were needed 
for half maximal inhibition. The various dehydrogen- 
ases seem to be inhibited at different concentrations 
of bromosulfophthalein. In Table 2, I59 values for 
oxygen consumption by respiration or shunted de- 
hydrogenases under different conditions are listed. 
Oxidation of pyruvate is hardly inhibited by bromo- 
sulfophthalein. Dehydrogenase (D-3-hydroxybutyrate: 
NAD* oxidoreductase, EC 1.1.1.30) and respiration 
of B-hydroxybutyrate are inhibited with nearly identi- 
cal I;, values. For succinate as substrate, the table 
further shows that in state 4, where dehydrogenases 
are not rate limiting, higher concentrations of bromo- 
sulfophthalein are required for half-maximal inhibi- 
tion. 


Difference spectra 

Difference spectrophotometric measurements serve 
to identify a specific inhibitory site since they allow 
determination of a change in the relative amounts 
of oxidized and reduced respiratory chain com- 
ponents. Figure 9 shows the difference spectra of 


8 -Hydroxybutyrate 


= 
So 


N 
oO 


0 40 
Bromosulfophthalein (nmol/mg prot.) 








20 
Bromosulfophthalein (nmol/mg prot.) 


Fig. 7. Comparison of inhibition of uncoupled respiration and of dehydrogenases with different sub- 

strates. Mitochondria (3.2mg protein/ml) were incubated in KCl medium (140mM KCl, 1mM 

K,HPO,, | mM MgCl,, at pH 7.3). The concentrations of the respective substrates were 4 mM. Respir- 

ation (O) was measured after addition ofl 1M CCP. The dehydrogenases (@) were measured on addition 
of 3 uM rotenone, 2 ug antimycin A/ml and | mM methylene blue. 





Respiratory inhibition by bromosulfophthalein 


Table 2. Comparison of the inhibition by bromosulfophthalein of respiration and dehydrogenases 





Respiration 





Controlled 


Uncoupled Dehydrogenase 





Added substrate 
Succinate 2mM 35 
4mM 38 
Pyruvate 2 mM 
4mM 
B-Hydroxybutyrate 2 mM 20 
4mM 21 
Glycerol phosphate 4mM Not measured 


I59 (nmole bromosulfophthalein/mg protein) 


10 27 
11 


No significant inhibition up to 70 
No significant inhibition up to 70 


18 16 
19 18 
14 Not measured 





Conditions were as in legend to Fig. 7. 
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Fig. 9. Mitochondrial difference spectra on bromosulfoph- 
thalein addition. Difference spectra were taken by an 
Aminco—Chance spectrophotometer from two 10-mm 
cuvettes each containing 3ml mitochondrial suspension 
(5 mg protein) in sucrose medium (250 mM sucrose, 5mM 
Tris, 2mM pyruvate, 0.5 mM malate), at ambient tempera- 
ture and pH 7.2. Spectrum resulting immediately after 
addition of 20nmole bromosulfophthalein/mg protein to 
one cuvette ( ) and 5 min thereafter ( —); spec- 
trum oxidized by addition of 1 uM CCP against reduced 
by addition of |!mM KCN ( . Scanning speed 
2 mm/sec; range of scale 0.005 absorption units. 


mitochondrial suspensions without and with 20 nmole 
bromosulfophthalein/mg protein, taken immediately 
and 5 min after bromosulfophthalein addition. 

Following bromosulfophthalein addition there is a 
minimum at 414 nm and a maximum at 434 nm which 
probably reflect increased oxidation of flavoproteins. 
Later a minimum at 429 nm arises suggesting an in- 
creasing amount of oxidized cytochrome b. Thus, 
addition of 20 nmole bromosulfophthalein/mg protein 
primarily results in oxidation of flavoproteins, fol- 
lowed by a slight oxidation of cytochrome b, whereas 
all other cytochromes remain unchanged. The quality 
of the spectral changes is independent from the sub- 
strate used. Thus, it is the electron transport to flavo- 
proteins which is inhibited. 


Effect of pH and temperature on respiratory inhibition 
by bromosulfophthalein 

(a) Effect of pH. Inhibition of respiration by bromo- 
sulfophthalein is only slightly affected by variation 
of the pH of the mitochondrial suspension. On in- 
crease of pH from 6 to 9, inhibition is diminished 


by about 25 per cent. Under the same conditions, 
the respiratory control ratio decreases to a similar 
extent. 

(b) Effect of temperature. The dependence of mito- 
chondrial respiration on bromosulfophthalein con- 
centration was measured at various temperatures. In 
Fig. 10, the respiratory rates of the substrate B-hyd- 
roxybutyrate at various temperatures are reciprocally 
plotted against the concentration of bromosulfoph- 
thalein. I59 values obtained from this plot showed 
that increasing temperature appears to diminish the 
inhibitory effect of bromosulfophthalein. This sug- 
gests that bromosulfophthalein might act by increas- 
ing the activation energy for respiration. But as can 
be seen from the Arrhenius plot (Fig. 11), above 20°, 
the activation energy, as calculated from the slope 
of the curve, is about 14 kcal/mole (58 kJ/mole) inde- 
pendent of the concentration of bromosulfophthalein. 
The calculated activation energy is in good agreement 
with the results obtained by others for dehydrogen- 
ase reactions [9,10]. Similar Arrhenius plots were 
obtained for other substrates and also for state 3 res- 
piration. In contrast to nonionic detergents which de- 
crease the activation energies of dehydrogenase reac- 
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Fig. 10. Dependence on temperature of respiratory inhibi- 
tion by bromosulfophthalein. Mitochondria (2.4 mg pro- 
tein/ml) were incubated in KC] medium (140mM KCI, 
1mM MgSO,, 5mM Tris, 1 mM K,HPO,, 4mM f-hy- 
droxy-butyrate; pH 7.2). Respiratory rates were measured 
on uncoupling by | uM CCP as a function of the bromo- 
sulfophthalein concentration at different temperatures: 15° 
(@), 20° (0), 25°(A), 30° (CO), and 35° (@). 
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Fig. 11. Arrhenius plot of hydroxybutyrate respiration at 
various bromosulfophthalein concentrations. Respiratory 
rates after different bromosulfophthalein additions were 
taken from Fig. 10 and plotted against 1/7. Bromosulfoph- 
thalein addition nmole/mg protein: none = control (0), 5.2 

(A), 20.8 (2), and 42 (@), respectively. 


tions [11], bromosulfophthalein does not affect the 
activation energies of respiration. 


DISCUSSION 


Bromosulfophthalein action in mitochondrial res- 
piration can be differentiated into two different effects. 

(1) The most sensitive is state 3 respiration which 
is inhibited with a K; of about 3 nmole/mg protein. 
The experiments are in agreement with the assump- 
tion that transport of inorganic phosphate is inhibited 
by bromosulfophthalein [2]. Recently, this has been 


proved to be true by more direct measurements [4]. 


Although there is some degree of competition 
between bromosulfophthalein and inorganic phos- 
phate, there is no normal competitive Michaelis— 
Menten kinetics, as postulated by Laperche and 
Oudea [4]. The Dixon plot is nonlinear even if we 
use the data of these authors. (It is not clear how 
these authors arrived at the small K; values reported 
in their Table 1. Using their data, we would calculate 
values of almost an order of magnitude greater. Such 
values would be consistent with ours.) The Dixon plot 
will be linear, however, when the reciprocal velocity 
is plotted against the square of the dye concentration. 
This may indicate that not one [4], but two molecules 
of bromosulfophthalein are bound at or near the 
phosphate carrier as inhibitive unity. 

Similar Dixon plots with an upward bend have 
been described for inhibition of ATPase by acyl-CoA 
compounds [12] and for inhibition of phosphate 
translocation by mersalyl [13]. 

It is worthwhile emphasizing the similarity betwen 
mersalyl, a well-known inhibitor of phosphate trans- 
location, and bromosulfophthalein action (Table 1). 
These two compounds are similar in their amphiphilic 
character. In addition, mersalyl is covalently attached 
to SH groups, whereas bromosulfophthalein is known 
to be conjugated in the liver with glutathion [14,15]. 
One important difference, however, is that bromosul- 
fophthalein action is readily reversed by albumin 
addition, as shown in a following paper [16] 

(2) At concentrations of 20-100 nmole/mg protein, 


respiration in state 4 or in uncoupled state is inhi- 
bited, too. Since not only transport of phosphate, but 
also that of taurocholate into isolated hepatocytes is 
strongly and competitively inhibited by bromosul- 
fophthalein [17], it might be a general effect of the 
dye to inhibit transport of anions, as has been shown 
recently for other substrates [4]. Inhibitory effects on 
glycerol phosphate respiration and on respiration of 
submitochondrial particles, however, show that per- 
meation is at least not the only process it interferes 
with. The experiments clearly showed that the de- 
hydrogenases become inaccessible. The effect of an 
increased negative surface charge density [1] presum- 
ably is the ultimate parameter switching the accessi- 
bility of dehydrogenases for substrate anions. This is 
in agreement with the finding of Mehlhorn and 
Packer [18] on submitochondrial particles that res- 
piratory inhibition imposed by ionic detergents is 
reversed by the addition of a detergent with opposite 
charge. Even soluble dehydrogenases, enclosed in 
phospholipid bilayer membranes, have been shown 
to be sensitive to a change in surface charge [19, 20]. 

Although Killenberg and Hoppel [2] did not 
observe this effect on dehydrogenase reactions, it can 
be derived from their data that at bromosulfophtha- 
lein concentrations above 5 yg/mg protein, inhibition 
is markedly dependent on the substrate used. This 
reflects, in our opinion, the varying sensibility of the 
different dehydrogenases. 
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Abstract—In female rats, pretreatment with pregnenolone-16z-carbonitrile (PCN), spironolactone or 
phenobarbital resulted in shorter zoxazolamine and hexobarbital sleeping times and more rapid plasma 
clearance of zoxazolamine and bishydroxycoumarin. All of these effects were slightly enhanced by 
simultaneous pretreatment with PCN and spironolactone and greatly increased by concomitant 
administration of PCN and phenobarbital. However, the observed increases in zoxazolamine and hexo- 
barbital metabolism rates by submitochondrial liver fractions were not further augmented by pretreat- 
ment with both of the steroids, while the rates in animals treated with PCN and phenobarbital were 
only slightly greater than in those which received one of these inducers. It is suggested that PCN 
and spironolactone share a common receptor and induction mechanism, while the action of phenobarbi- 


tal is slightly different. 


The protection offered by catatoxic steroids, barbitu- 
rates and other compounds against intoxication with 
foreign agents has been shown to result from their 
action as inducers of liver microsomal enzymes, pri- 
marily the NADPH-dependent mixed-function oxi- 
dases (cytochrome P-450), which transform lipophilic 
drugs to more readily excretable derivatives [1-3]. 
The broad substrate specificity of the cytochrome 
P-450 enzymes is differentially affected by various 
types of inducer compounds. Thus, phenobarbital in- 
creases the metabolism of a very wide variety of 
drugs, while 3-methylcholanthrene stimulates benz- 
pyrene hydroxylation but not the biotransformation 
of hexobarbital or ethylmorphine. The catatoxic ster- 
oids, typified by pregnenolone-16z-carbonitrile (PCN) 
and spironolactone, are similar to phenobarbital in 
effect, but preferentially enhance ethylmorphine 
N-demethylation relative to hexobarbital or benz- 
pyrene hydroxylation [4-6]. The characteristic differ- 
ences between phenobarbital and 3-methylcholan- 
threne have been ascribed partly to the diverse forms 
of cytochrome P-450 induced [7, 8]. 

The mechanism by which enzyme induction is in- 
itiated is poorly understood. It is now believed that 
the inducer must initially combine with some receptor 
molecule, the induction receptor, which is the product 
of a regulatory gene [9, 10]. The complex thus formed 
would act as a de-repressor or an inducer to initiate 
gene expression in the nucleus. In only one case has 
a macromolecule binding an enzyme inducer been 
identified: 3-methylcholanthrene is bound to a cyto- 
plasmic protein with properties similar to a glucocor- 
ticoid receptor [11]; however, the role of the complex 
is uncertain. Although the biochemical effects brought 
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about by these inducers are of a wide range and the 
augmented drug-metabolizing activities are exhibited 
in increased levels of cytochrome P-450, NADPH- 
cytochrome c reductase, and other proteins, as well 
as in an enhanced electron flux and heightened sub- 
strate binding to cytochrome P-450, it should be 
appreciated that all these changes result from the in- 
itial interaction of the inducer with the macromolecu- 
lar receptor. The function of such receptors may be 
studied in vivo by judicious selection of inducing 
agents, given singly or in combinations, and by mea- 
suring their effects on drug-metabolizing enzyme 
activities. 

Considering the versatility of catatoxic steroids in 
inducing a wide range of enzyme activities and their 
potential clinical applications [12], it seemed of inter- 
est to explore the interrelation of their inductive 
effects and to learn whether simultaneous administra- 
tion of two catatoxic compounds could improve pro- 
tection against a series of toxicants. Thus, we set out 
to determine the quantitative effects of PCN and 
spironolactone and also their interaction with pheno- 
barbital in inducing liver drug-metabolizing enzymes, 
aiming to elucidate the initial step of the induction 
phenomenon at the molecular level. 


MATERIALS AND METHODS 


All experiments were performed on female Charles 
River CD rats (Canadian Breeding Farms and Labor- 
atories Ltd., St. Constant, Quebec), with a mean in- 
itial body weight of 100g (range 95-105 g). Main- 
tained ad lib. on Purina laboratory chow and tap 
water, these animals were pretreated with inducer 
compounds twice daily for 3 days and were given 
the test drugs, and their livers excised 18 hr after the 
last treatment. PCN (Upjohn, 20 umoles), spironolac- 
tone (Searle, 20 pmoles), pregnenolone (Schering, 4 or 
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Table 1. Effect of microsomal enzyme inducers on the response to zoxazolamine* 





Conditioner I 
(dose) 


Paralysis time 


Conditioner II 


Combined I + II 
paralysis time 
(min) 


Paralysis time 


(dose) (min) 





H,O 

PCN (0.2 umole) 

PCN (0.4 umole) 

PCN (2 umoles) 

PCN (2 pmoles) 
Spironolactone (20 umoles) 
Pregnenolone (30 yzmoles) 
Pregnenolone (4 umoles) 
Pregnenolone (4 yxmoles) 
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Spironolactone (20 umoles) 
Spironolactone (20 umoles) 
Spironolactone (20 pmoles) 
Phenobarbital (20 umoles) 
Phenobarbital (20 zmoles) 
PCN (2 umoles) 

PCN (2 umoles) 
Spironolactone (20 ymoles) 
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* Zoxazolamine (10 mg/100 g body weight) was injected i.p. Each value is the average, with standard error, for 6-25 


animals. 


+ P < 0.005 compared to conditioner I, not significant compared to conditioner II. 
t P < 0.01 compared to conditioner I, P < 0.005 compared to conditioner II. 
§ P < 0.005 compared to conditioner I, P < 0.005 compared to conditioner II. 


30 «moles) or phenobarbital sodium (Allen & Han- 
bury, 20 umoles) was given p.o. in | ml of distilled 
water, the steroids as micronized suspensions con- 
taining 0.1% Tween 80. Lower doses of PCN were 
injected ip. as a solution in 0.Sml peanut oil 
(Planter’s). in order to minimize interactions of the 
inducers in absorption, considering that adminis- 
tration of PCN alone by this route gave an effect iden- 
tical to that observed after treatment p.o. in water. 
In cases where two compounds were given p.o., the 
treatments were at least | hr apart. 

Satisfactory control experiments were conducted 
with each group of tests; measurements on rats which 
received two inducers were performed alongside those 
on animals which were given either one of the in- 
ducers or water. All experimental values are reported 
as averages with standard error of the mean. 

Zoxazolamine (K & K Laboratories, 10 mg/100g 
body weight in | ml of distilled water) was given i.p., 
the paralvsis time being determined as the period 
between the loss and return of the righting reflex. 
Blood (3 ml) was taken by aortic puncture, after light 
ether anesthesia, into a heparinized syringe. Urine 
was collected after ligature of the urethra and excision 
of the bladder 2hr later. Zoxazolamine concen- 
trations in plasma and urine were analyzed by the 
method of Burns et al. [13]. Drug-free plasma and 
urine from conditioned and non-conditioned animals 
were used for preparation of standards and blanks. 

Bishydroxycoumarin [Abbott, 5mg/l00g body 
weight, dissolved in 0.5 ml of distilled water contain- 
ing 50mg Tris(hydroxymethyl)jaminomethane; solu- 
tion pH 9.2] was administered i.v. under light ether 
anesthesia. Blood (3 ml) was taken 20 hr later by aor- 
tic puncture into a syringe containing 0.1 M sodium 
oxalate (0.3 ml). Prothrombin time was measured with 
an Emdeco prothrombin timer using Dade throm- 
boplastin reagent. Bishydroxycoumarin  concen- 
trations in plasma were analyzed by the method of 
Axelrod et al. [14]. 

Hexobarbital sodium (Sterling-Winthrop, 10 mg/ 
100 g body weight in | ml of distilled water) was given 
i.p.; sleeping time was assessed as for zoxazolamine 
paralysis 

Livers were 


excised, 9000 g supernatant fractions 


Q 


were prepared and the metabolism rates in vitro of 
zoxazolamine were measured as described by Szabo 
et al. [15], the quantity of unchanged zoxazolamine 
being determined by the method of Conney et 
al. [16]. The rate of metabolism of hexobarbital by 
the 9000 g fraction was assessed by a procedure iden- 
tical to that for zoxazolamine, except that the incuba- 
tion time was 30 min and the reaction was stopped 
by the addition of 2ml of 0.8M phosphate buffer, 
pH 7.0. Unchanged hexobarbital was analyzed by 
extraction into petroleum ether, followed by re- 
extraction into 0.8 M phosphate buffer (pH 11.0) and 
reading the absorbance at 245 nm [17]. 


g/mL 
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Fig. 1. Effect of inducer pretreatment on plasma clearance 
of zoxazolamine. Rats were treated with PCN (2 umoles, 
i.p.), spironolactone (20 pmoles, p.o.), or a combination of 
both steroids, twice daily for 3 days. Each point represents 
the average value for eight to ten animals, with standard 
error. For the slope of the regression line for PCN + 
spironolactone, the probability is <0.05 compared to 
PCN, and <0.005 compared to spironolactone. 





Influence of PCN and spironolactone or phenobarbital on metabolism 


Table 2. Effect of PCN and spironolactone on urinary excretion of zoxazolamine* 





Conditioner 
(dose) (ml) 


Urine volume 


Zoxazolamine Total zoxazolamine 
concn excreted 
(ug/ml) 





H,0 0.33 + 0.07 
PCN (2 umoles) 0.65 + 0.15 
Spironolactone 
(20 umoles) 

PCN (2 umoles) + 
spironolactone 
(20 umoles) 


0.38 + 0.03 


0.67 + 0.10 


26.3 + 4.9 
10.0 + 3.5 


22.1 + 49 


5.0 + 2.0 





* Urine was collected for 2hr after administration of zoxazolamine. Each value 


is the average for six animals. 


Each group of data was evaluated by one-way 
analysis of variance[18,19]. In every case, the 
hypothesis that differences (among slopes of regres- 
sion lines in Fig. 1) were due to random error was 
rejected with P< 0.005. The significance of the 


Table 3. Effect of microsomal enzyme inducers on the 
response to hexobarbital* 





Conditioner Sleeping time 
(dose) (min) 





PCN (2 umoles) 
Spironolactone (20 ymoles) 
PCN + spironolactone 
Phenobarbital (20 pmoles) 
PCN + phenobarbital 
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* Hexobarbital (10 mg/100 g body weight) was injected 
ip. Each value is the average, with standard error, for eight 
animals. 

+P < 0.05 compared to PCN alone, P < 0.005 com- 
pared to spironolactone. 

¢t P < 0.005 compared to PCN or phenobarbital alone. 


observed differences between pairs of (mean) values 
or slopes was determined by Student’s t-test, using 
pooled variance in the case of homogeneous variance 
(see Tables 3 and 4, Fig. 1), and individual variances 
in the case of heterogeneous variance (see Tables 1 
and 5). 


RESULTS 


Pretreatment with PCN, spironolactone or pheno- 
barbital considerably reduced zoxazolamine paralysis 
time, as shown in Table 1. Furthermore, simultaneous 
administration of PCN (2 umoles) and spironolactone 
(20 umoles) produced a small but significant decrease 
in the sleeping time beyond that induced by either 
compound alone. The variations in the plasma levels 
of zoxazolamine were consistent with the observed 
paralysis times [20], the drug concentrations being 
considerably diminished in rats pretreated with PCN 
or spironolactone and reduced further in those given 
both steroids (Fig. 1). The quantity of zoxazolamine 
excreted in the urine of pretreated animals in 2 hr 
was roughly parallel to the plasma levels (Table 2). 
When the dosage of PCN was decreased to 0.2 or 


Table 4. Effect of microsomal enzyme inducers on metabolic rates in vitro of zoxazolamine and hexobarbital* 





Conditioner 
(dose) %, Liver 


Zoxazolamine Hexobarbital 


(umoles/g liver/hr) 


(umoles/g liver/hr) 





H,O 4.64 + 0.09 
PCN (2 umoles) 5.60 + 0.06 
Spironolactone (20 umoles) 5.02 + 0.09 
PCN (2 umoles) + spirono- 5.52 + 0.06 
lactone (20 umoles) 
H,0 4.75 + 0.13 
PCN (0.4 umole) 4.80 + 0.08 
Spironolactone (20 umoles) 5.19 + 0.27 
PCN (0.4 umole) + spirono- 5.44 + 0.13 
lactone (20 pmoles) 
H,0 4.56 + 0.09 
PCN (2 umoles) 5.71 + 0.09 
Phenobarbital (20 pmoles) 5.90 + 0.15 
PCN (2 umoles) + pheno- 6.46 + 0.11 
barbital (20 umoles) 


2.46 + 0.12 

5.71 + 0.20 (232) 
4.34 + 0.14 (176) 
5.61 + 0.147 (228) 


1.79 + 0.06 
2.91 + 0.22 (163) 
4.42 + 0.23 (247) 
4.53 + 0.09t (253) 


219 + Oi7 

5.08 + 0.22 (232) 
4.90 + 0.19 (224) 
5.71 + 0.09§ (261) 


2.28 + 0.20 

3.37 + 0.21 (148) 
5.12 + 0.27 (225) 
4.99 + 0.39t (219) 


2.28 + 0.20 

3.37 + 0.21 (148) 
13.01 + 0.50 (570) 
13.31 + 0.18] (584) 





* The 9000 g supernatant fractions from liver homogenates were incubated at 37° with 0.4 uM substrate in a medium 
(final volume 3 ml) containing Tris-HCl buffer (pH 7.4), MgCl, (5mM), glucose 6-phosphate (5mM) and NADP 
(0.4 mM). All values are averages for seven to ten animals. Figures in parentheses indicate percentage of control. 

+ Not significant compared to PCN alone, P < 0.005 compared to spironolactone alone. 

t Not significant compared to spironolactone alone, P < 0.005 compared to PCN alone. 

§ P < 0.05 compared to PCN alone, P < 0.005 compared to phenobarbital alone. 

|| Not significant compared to phenobarbital alone, P < 0.005 compared to PCN alone. 
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Fig. 2. Effect of pretreatment with PCN or phenobarbital 
on zoxazolamine metabolic rate in the 9000 g liver super- 
natant fraction. Each point represents the average value 
for six to ten animals. 


0.4 umole, the animals treated with the two steroids 
were not paralyzed for a shorter period than those 
which received spironolactone alone. 

On the other hand, simultaneous administration of 
phenobarbital (20 moles) and PCN (2 umoles) 
exerted an additive action in reducing the paralysis 
time more effectively than either compound sepa- 
rately. Pregnenolone, a very weak inducer of liver mi- 
crosomal drug-metabolizing enzymes [21], had no sig- 
nificant influence on zoxazolamine paralysis time; in 
PCN-treated animals, a slight enhancement of the 
protective action was observed with 30 umoles preg- 
nenolone. 

In a similar way, hexobarbital sleeping time was 
further decreased after combined pretreatment with 
PCN and spironolactone, while conjoint administra- 
tion of the cyanosteroid with phenobarbital gave 
markedly improved protection (Table 3). 


Table 5. 


Zoxazolamine metabolism by the submitochondrial 
supernatant fraction of liver homogenate in vitro was 
also strikingly enhanced by pretreatment with PCN, 
spironolactone or phenobarbital (Table 4). The alter- 
ations in enzyme activity (expressed as a percentage 
of controls) with varying doses of PCN or phenobar- 
bital are shown in Fig. 2. The liver fractions from 
rats pretreated with both compounds did not metabo- 
lize the drug at a higher rate than those which 
received only one steroid. Similar results were 
obtained using dosages of PCN that induced an effect 
larger or smaller than that of spironolactone. Further- 
more, the pattern of hexobarbital metabolism rates 
from similarly pretreated rats was entirely analogous 
(see Table 4). 

In contrast to the results just described, combined 
treatment with PCN and phenobarbital produced sig- 
nificant, though small, additive effects on the rate of 
zoxazolamine metabolism in vitro. 

Analogously, pretreatment with PCN, spironolac- 
tone or phenobarbital accelerated the elimination of 
bishydroxycoumarin from plasma, as shown both by 
the reduced prothrombin times and the decreased 
drug concentrations (Table 5). Parallel to the results 
obtained for zoxazolamine, an additive effect was 
observed when either PCN and spironolactone or 
PCN and phenobarbital were given together. 


DISCUSSION 


Considering that steroid-receptor complexes are 
frequently characterized by extremely tight binding 
and that liver microsomal enzyme inducers often have 
a long duration of action, it was envisaged that a 
dosage of inducer sufficient to produce a maximal 
response might well saturate the hypothesized recep- 
tor sites and preclude any additional response due 
to the simultaneous administration of another inducer 
compound. Thus, in each experiment, the dosage of 
inducer selected was generally one which elicited a 
near-maximal response, in terms of counteracting the 
effects of each particular drug. Since PCN is a power- 
ful inducer of zoxazolamine hydroxylase activity, a 
rather low dosage (2 umoles) was initially chosen, in 
consideration of Fig. 2 and earlier reports [22]. Spi- 
ronolactone is less potent than PCN[1]; conse- 
quently, a higher dose (20 umoles) was used. The 


Effect of microsomal enzyme inducers on plasma levels of bishydroxy- 


coumarin and prothrombin time* 





Bishydroxycoumarin 


concen 
(ug/ml plasma) 


Conditioner 


Prothrombin time 
(sec) 





H,O 
PCN 

Spironolactone 

PCN + spironolactone 
Phenobarbital 

PCN + phenobarbital 


He HE HE HE H+ H+ 


23.7 + 4.0 
12.7 + 0.3§ 


I+ I+ I+ I+ 


0.05¢ 





* Each conditioner was given at a dosage of 20 umoles. Plasma was 


collected 20 hr 


after i.v. administration of bishydroxycoumarin (5 mg/100 g body weight). Each value 


is the average for six to nine animals. 


+P < 0.01 compared to PCN or spironolactone alone. 


tP < 0.05 
§ P < 0.05 compared to HO. 


compared to phenobarbital alone, P < 0.005 compared to PCN. 
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working dosage of phenobarbital (20 umoles) was 
chosen in a similar manner (see Fig. 2). In the case 
of bishydroxycoumarin metabolism, it had been 
reported that PCN is a poor [20] and spironolactone 
a moderate inducer [23], and so equimolar doses of 
20 pmoles were given. 

The enhanced effect of conjoint treatment with 
PCN (2 umoles) and spironolactone (20 umoles), in 
decreasing zoxazolamine paralysis time and accelerat- 
ing drug clearance from plasma relative to treatment 
with either steroid alone, was not explained by an 
augmented induction of liver microsomal zoxazola- 
mine hydroxylase activity—the metabolic rate in vitro 
was identical to that evoked by PCN alone. Nor did 
this effect result from increased urinary excretion of 
the unchanged drug. The biliary clearance of zoxazo- 
lamine, which was found to be heightened by spirono- 
lactone [24], may contribute to the decreased drug 
level. Alternatively, the phenomenon may arise from 
differential induction of zoxazolamine hydroxylase 
activity in extra-hepatic tissues, such as the lung, kid- 
ney or intestine. 

Analogous results were obtained for the metabo- 
lism of other drugs: the pattern for hexobarbital 
metabolism, both in vivo and in vitro, paralleled that 
of zoxazolamine, and the induced plasma clearance 
of bishydroxycoumarin showed the same behavior. 
Thus, the effect of an inducer on liver microsomal 
enzymes is neither increased nor decreased by the 
presence of a second, less potent inducer, suggesting 
the possibility that these two steroids compete for the 
same receptor site in the initial step of the induction 
process, and that binding in such an inducer—receptor 
complex may be fairly tight. Such competition is 
strongly reminiscent of the behavior of other pairs 
of related enzyme inducers. Simultaneous administra- 
tion of maximal doses of the carcinogenic polycyclic 
hydrocarbons 3-methylcholanthrene and benzpyrene 
does not result in stimulation of enzyme activity 
beyond that found for either compound alone [25, 
26]. These compounds induce the same type of cyto- 
chrome P-450 and most likely function via the same 
mechanism, initially binding to the identical receptor. 
The same result has been observed for phenobarbital 
and chlordane[27], which, although not closely 
related chemically, show similar induction patterns, 
and for the closely related compounds norepinephrine 
and isoproterenol in experiments with hepatocytes in 
culture [28]. 

In contrast, there have been numerous reports in 
which treatment with two inducer compounds of dif- 
ferent type elicited an additive stimulation of enzyme 
activity [25, 26, 28-30]. In the classic combination of 
phenobarbital and 3-methylcholanthrene, the com- 
pounds are structurally dissimilar, show a different 
binding behavior with cytochrome P-450, and induce 
diverse forms of cytochrome P-450 hemoprotein with 
widely different enzyme activities; conjoint adminis- 
tration gives enzyme activities that are strictly addi- 
tive. Thus, it is concluded that the compounds func- 
tion via independent mechanisms. 

Why, then, is additive stimulation not observed for 
pairs of dissimilar inducers in general, and for the 
combination of PCN and phenobarbital in particular? 
The properties of the system induced by each of these 
compounds are qualitatively similar, yet significant 


differences exist among the resultant enzyme activi- 
ties [4,5]. The data on combined pretreatment, both 
in vivo and in vitro, suggest that the cyanosteroid and 
the barbiturate exhibit degrees of both additive and 
competitive effects on the induction mechanism. One 
cannot rule out the possibility that the two com- 
pounds interact with the same induction receptor; the 
complexes thus formed would not have the same 
properties and might affect the genetic machinery of 
the cell differently, resulting in preferential induction 
of different forms of cytochrome P-450 or of other 
links in the oxidation chain. On the other hand, the 
two inducers may have distinctive receptors, but the 
two types of drug-receptor complexes, inducing the 
synthesis of similar proteins, may compete at the nuc- 
lear level. 

We have been unable to demonstrate antagonism 
against the inductive effect of PCN by pregnenolone, 
a steroid with a very similar chemical structure, yet 
with no action of its own. Thus, the receptor for the 
cyanosteroid is fairly specific in its binding properties, 
and the inductive capacity of a compound seems to 
be determined more by its capability to bind to this 
receptor than by the ability of the resultant complex 
to perform its inductive function. 

One is thus left with the conclusion that PCN and 
spironolactone appear to act via an_ identical 
mechanism and compete for the same specific recep- 
tor site, but that distinctive pathways may exist for 
different types of inducers, such as phenobarbital. 
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Abstract—Superoxide radical (O73) production was measured spectrophotometrically using NADH 
and lactate dehydrogenase (LDH) in a xanthine oxidase(XOD) plus hypoxanthine (HX) system and 
in an isolated guinea pig macrophages system. Sodium platinum(IV) chloride (Na,PtCl,: 
2.5 x 1074-1 x 10~3M) enhanced the production of ‘Oz in both systems (2-10 times). The degree 
of the enhancement was dependent on incubation time, basal level of ‘O; production and concentration 
of Na,PtCl,. The stimulated ‘Oj production in the XOD system was inhibited by luminol (O-amino- 
phtalhydrazide) and that in the macrophages was inhibited by an anti-inflammatory drug, Diclofenac 
sodium (Dc). These results show that platinum (IV) ion is either a potent stabilizer of ‘O; or a 
stimulator of ‘(OF production as are paraquat or streptonigrin. This specific character of platinum 


(IV) ion may explain its bactericidal and inflammation-inducing properties. 


Many metal ions such as Mn*?, Hg*?, Cu*?, Fe*?, 
Fe*?, Ni*?, Co*? in concentrations of 10~°-10~3 M 
inhibit the production of superoxide radical ((O;) 
from isolated guinea-pig macrophages[1]. Other 
metal ions such as Ca*?, Ba*?, Cd*? and Pb*? in- 
hibit ‘OZ production to a far less extent at a concen- 
tration of 10°? M. Pt** (Na,PtCl,) even stimulates 
‘O; production. ‘O; from granulocytes is known to 
be bactericidal [2,3], and certain platinum com- 
pounds have been reported to inhibit cell division of 
gram-negative bacteria [4]. Excess production of ‘Oz 
may be cause of inflammation. The prostaglandin 
phase of rat carrageenan foot oedema is completely 
inhibited by intravenous injections of superoxide dis- 
mutase (SOD: 0.5-2.0mg/kg) which specifically 
breaks down ‘O; [5]. Platinum complexes are also 
reported to induce human atopic hypersensitivity [6]. 
Many in vive effects of the platinum compounds seem 
to be explained by the ability of Pt** ions to stimu- 
late ‘O; production. 


MATERIALS AND METHODS 


The absorbance at 340 nm of NADH (0.96 umole) 
was continuously recorded with a Shimazu Multipur- 
pose MPS-5000 spectrophotometer at 37°. Superoxide 
dismutase (SOD: Sigma’s product from bovine 
blood), which is known to react specifically with ‘Oj, 
completely inhibited the NADH oxidation induced 
by 0.1 U/ml xanthine oxidase (KOD: from buttermilk) 
plus 804M hypoxanthine(HX) or by macrophage 
suspensions. Reaction mixtures in this experiment 
contained 5 uM lactate dehydrogenase (LDH: from 
rabbit muscle) and either 8 mM Veronal-acetate-HCl 
buffer pH 6.5 or 125 mM NaH,—-Na,HPO, buffer 
pH 6.5. In some experiments, 25 mM_ phosphate 
buffer was also used. Phosphate anion is essential for 
the production of ‘O; from macrophages and the 
optimum pH for its production is 6.5. The details 
were reported in the preceding report[1]. The 


method used in the present experiment to determine 
the amount of ‘O; is a modification of that of Chan 
et al.{7], who introduced the LDH and NADH 
method. 

Small amounts of ‘O; were produced even in 
media containing no XOD or macrophages, and this 
production was influenced by various agents. Stimula- 
tory effects of agents on ‘Oj production were, there- 
fore, calculated by the following formula: 


Stimulation (%) 


» AA (agent + S) — AA (agent only) 


ms AA(S only) — AA(medium only) 





where AA is the difference in absorption at 340 nm 
before and after the reaction, and S is the source of 
‘O; ie. XOD + HX or macrophage suspension. The 
PH of all the agents used was adjusted to 6.5 before 
addition. Diclofenac sodium (Dc,) and luminol solu- 
tions contained up to 0.1% of N,N’-dimethylforma- 
mide (DMF) to effect solution: this amount had little 
effect on ‘Oz production. 


RESULTS 


The degree of NADH oxidation was linear up to 
10 min with 0.1 U/ml XOD plus 80 uM HxX (Fig. 1). 
This oxidation was more than doubled by addition 
of Na,PtCl, (5 x 10~* M) and was nearly completely 
inhibited with SOD(14 U/ml = 4yg/ml). Without 
XOD, Na,PtCl, had no stimulatory effect on basal 
‘O; production. At higher Na,PtCl, concentrations, 
the interval of linear oxidation was shortened. More- 
over, at 2.5 x 10°3M the platinum became inhibi- 
tory at 5 min; a lower Na,PtCl, concentration of 
2.5 x 10°*M required a time lag of at least 5 min 
to stimulate ‘O; production. 

The stimulation of NADH oxidation was not due 
to the stimulation of LDH activity by Na,PtCl,. The 
LDH activity was measured in terms of the decrease 
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xOD-Veronal 


2.5x104*M 


umole 


NADH oxidized, 








Time, min 


Fig. 1. Time-course of ‘Oz production effected by 0.1 U/ml 

XOD plus 80 uM HX in various concentrations of 

Na,PtCl, in 8 mM Veronal-acetate-HCl buffer pH 6.5. 

The final concentration of SOD added was 14.0 U/ml (= 4 
Lg protein/ml). 


in NADH absorption at 340 nm in 30 sec incubation 
with 0.1 mM sodium pyruvate and 8 x 107~3U/ml 
LDH at 37°. Na,PtCl,(10° * M-10~ 3 M) never stimu- 
lated the LDH activities. In a concurrently conducted 
experiment, sodium oxamate (a specific LDH inhibi- 


03 
7 (A) XOD-Veronal 


10 min 5xl0-4M 


25x10-*M 


raf 
Pot 
/ Control 
a 


umole 


NADH oxidized, 





Macrophages, -l25mM Pi buffer 


pmole 


a 
5xI0“M of” 
4 


Control 


NADH oxidized, 


= 5 xlO4+ 
Macrophages 








T 
10 


Time, min 


Fig. 2. Time-course of “Oz production effected by 

2.6 x 10° macrophages/ml in various concentrations of 

Na,PtCl, in 125 mM NaH,—-Na,HPO, buffer pH 6.5. The 
final concentration of SOD added was 14.0 U/ml. 


tor) inhibited the LDH activity by 94 per cent at a 
concentration of 10~*M and 74 percent at 10~* M. 

The ‘O; production by the isolated guinea-pig 
macrophages was also stimulated by Na,PtCl, (Fig. 
2). These findings suggest that the platinum salt stabi- 
lizes ‘Oz or facilitates ‘Oz; production. The platinum 
salt may activate the XOD system or enzyme(s) that 
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(B) Macrophages, Pi buffer 


plus Pf**5x10 7M 
20 min. 


Control 











— 
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XOD U/ml 
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0 O65 13 26 39 
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Fig. 3. Stimulation of ‘O; production by Na,PtCl, in different ‘OZ producing conditions. Reaction 
mixture contains buffer solutions, LDH, macrophage suspension or XOD + HX and Pt**(—) or no 


Pt* + 


) solutions. Reaction was started by the addition of NADH and incubated for 10 or 20 


min. (A) 0.1 U/ml XOD + 80 ».M HX in 8 mM Veronal-acetate-HCl buffer pH 6.5. (B) Macrophages 
in 125 mM NaH,-Na,HPO, buffer pH 6.5. 
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Fig. 4. Inhibition of control and Pt**-stimulated ‘O; productions by SOD (A), luminol (@) and Diclo- 

fenac sodium (Dc :™). Control (-——-) and with 5 x 10~* M Na,PtCl, (—). (A) 0.1 U/ml XOD + 80 uM 

HX in 8 mM Veronal—acetate-HCl buffer pH 6.5 was incubated for 5 min. (B) 1.8 x 10° macrophages 

ml for SOD test or 2.6 x 10° macrophages/ml for Dc test in 125 mM NaH,—Na,HPO, buffer pH 

6.5 was incubated for 10 min. (A) NADH oxidation by 5 x 10°*M Na,PtCl, without XOD + HX 
or macrophages. 


produce “O; in macrophages, but the exact 
mechanism of enhanced ‘O; production by Pt** is 
not clear. Fig. 3 shows the differences in ‘Oz stimu- 
lation under various ‘O; producing conditions. In 
both the XOD and macrophage systems, the stimu- 
lation by Na,PtCl, is greater in conditions where 
small amounts of ‘O; are being produced. Factors 
that govern the stimulatory effect comprise incuba- 
tion time, concentration of Na,PtCl, and the amount 
of ‘O; production. Phosphate anion concentration is 
important in the case of macrophages [1]. 


Fig. 4 shows that the stimulation of NADH oxi- 
dation by Na,PtCl, is due to ‘Oj production and 
not to other oxidants, because SOD inhibited the 
Pt**-stimulated NADH oxidation. The inhibition 
was dose-dependent just as in the control NADH oxi- 
dation by the XOD system and by the macrophage 
suspension. Luminol, a ‘Oj scavenger [8], inhibited 
NADH oxidation in the XOD system. Diclofenac 
sodium (Dc), a non-steroidal anti-inflammatory drug 
and a potent inhibitor of ‘Oz production in the mac- 
rophage system (not in the XOD system), demon- 


Table 1. Stimulation of ‘Oz production effected by Na,PtCl, 





Control 
net NADH 
oxidation 
(umole) 


0; 
generating 
source 


Time 


Buffer (min) 


Stimulation ratio 
(Na,PtCl, conc. M) 
TExX1O* Sx te* ix ie"? 





XOD (U/ml) 
0.020 
0.058 
0.092 
0.078 


0.011 
0.045 
0.026 
0.018 
0.041 
0.042 
0.034 


P(a) 
P(a) 
P(b) 
P(b) 
P(b) 
P(b) 
P(b) 


[ o: 
1.1 
2.0 
1.0 





The stimulatory ratio was calculated as described in the text. Control net NADH 
oxidation was set as 1.0. V, 8 mM Veronal—acetate-HCl buffer pH 6.5; P(a), 25 mM 
NaH,—Na,HPO, buffer pH 6.5; P(b), 125 mM NaH,—Na,HPO, buffer pH 6.5. 





476 


strated dose-dependent inhibition of the NADH oxi- 
dation which was stimulated by 5 x 10°*M 
Na,PtCl,. Pt** can perhaps be applied for screening 
anti-inflammatory drugs with economy of macro- 
phages [1]. 


DISCUSSION 


To my knowledge only a small number of agents 
have been reported to stimulate ‘O; production. Cur- 
nutte et al.[9] showed that fluoride (20 mM) in- 
creased ‘OF production about 5 times at 10 min and 
2 times at 20 min when measured by the absorbance 
of cytochrome c reduced by human granulocytes. This 
stimulation was verified in our study using guinea-pig 
macrophages and a LDH + NADH assay system, but 
was not as marked as in their study, and disappeared 
after 20 min Cytochalasin B (5 pg/ml), contrary to 
the results of Curnutte’s study, was shown to inhibit 
‘O; production by macrophages [1]. This discre- 
pancy may be due to differences in the assay method. 
Cytochrome c might have the wrong configuration 
to allow this enzyme to trap quickly ‘Oz generated 
on the cell membrane [10,11]. Cytochalasin E was 
stimulatory when examined by the nitroblue tetrazo- 
lium assay and guinea-pig leucocytes [10]. Paraquat 
(a herbicide) damaged human lungs [12, 13] and was 
reported to enhance ‘O; production in vitro [14]. 
Streptonigrin (an antibiotic, 1.0 pg/ml) was non- 
bactericidal but when combined with a small amount 
of ‘O;, regenerated enough ‘Oz to become bacteri- 
cidal [15]. 

Na,PtCl, seems to fall in the category of these 
kinds of stimulators of ‘Oz; production or to be an 
efficient ‘Oz stabilizer. This platinum salt is easily 
available from commercial sources, and is hopefully 
applicable for detecting traces of ‘Oz; generated from 
various materials. Furthermore, the platinum salt 
makes possible the use of smaller amounts of macro- 
phages for screening anti-inflammatory agents [1 ]. 

The inflammation-inducing capacity of Na,PtClg, 
was also studied (unpublished result). A saline solu- 
tion of Na,PtCl, (4 umoles/guinea-pig paw) caused 
acute lethai effect, but when injected as 10% water 
in 90% vegetable oil suspension, it caused chronic 
paw swelling and profound damage of joint connec- 
tive tissues and of bones from 3 days to more than 
2 weeks. Equimolar amounts of copper acetate, ferric 
chloride, lead chloride and cadmium chloride cause 
no such swelling or damage. 

(NH;)2PtCl,, (NH3),PtCl, and their derivatives, 
which are known as anti-tumor agents [16], were not 
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available so their effects on ‘O3 production could not 
be studied. These complex salts are reported to de- 
stabilize the DNA-helix in vitro[17]. Other anti- 
tumor agents, Bleomycin [18] and Mitomycin C [19] 
are also supposed to attack tumor cells by the forma- 
tion of ‘Oz. There is no report that Na,PtCl, itself 
has an anti-tumor effect, but it is worth considering 
the relationship between the ‘O; production and 
the anti-tumor effect of platinum compounds. 
(NH;),PtCl, is reported to accumulate in plasma and 
in the organs [20]. 

Platinum compounds also depress the skin allograft 
reaction in mice [21] and inhibit production of anti- 
body to sheep erythrocytes in mice spleen cells [22]. 
The stimulatory effect of Pt** ions on ‘Oj produc- 


tion may explain the effect observed in in vivo studies. 
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Abstract—Anomalous results of dose-survival curves from studies in vitro with the nucleoside analogue 
1-B-p-arabinofuranosylcytosine (ara-C) led to a consideration of distribution of drug between cells 
and overlying culture media. The investigations presented here, using both a biological and a radioiso- 
tope technique, demonstrate that approximately 0.5 to 1 per cent of an initial dose of ara-C is released 
within | hr into the media from treated cells and the culture dish after an initial wash. 


1-B-p-Arabinofuranosylcytosine (ara-C) is a cytidine 
analogue of both biological and clinical interest. Its 
importance in oncology results from its cytotoxicity 
to proliferating cells, especially those in the DNA 
synthetic phase of the cell cycle [1]. Its active tri- 
phosphate form, ara-CTP, is an inhibitor of DNA 
synthesis [2-5], but does so without toxicity at low 
concentrations [6]. This inhibition may occur by 
competitive inhibition of DNA polymerase [2,3] or 
by terminal incorporation of ara-C into replicating 
DNA [7]; lethality may occur through a combination 
of both DNA synthetic inhibitory mechanisms [8, 9]. 
RNA and protein synthesis are less affected by ara-C 
[2,10], but incorporation of ara-C into RNA may 
be the mechanism by which cellular lethality is pro- 
duced [11]. 

In the process of examining the molecular [9} and 
cellular [12] effects of ara-C, differences were 
observed between the predicted and observed form 
of dose-survival curves in vitro. This difference was 
a consequence of incomplete removal of ara-C after 
a single rinsing procedure leading to continued expo- 
sure of treated cells to cytotoxic concentrations of 
the analogue. 


MATERIALS AND METHODS 


L-cells. L-cells, subline L60T~ [13], were carried 
either in 250-ml spinner flasks (Bellco Laboratories) 
as a suspension culture or in 150-ml petri dishes as 
monolayer cultures. In either case, cells were cultured 
in a-MEM (Flow Laboratories) supplemented with 
10% fetal calf serum (Gibco) (hereafter termed «-10). 
Cells were studied in the exponential phase of growth, 
that is, when cell numbers in suspension culture were 
from 5 x 10* to approximately 4 x 10° cells/ml. 

Colony-forming assay. The number of cells with 
proliferative capacity sufficient to form a colony was 
assayed by plating 200—2000 cells in 5 ml of «-10 in 
60-mm culture dishes (Falcon Plastics). Cells were 
allowed to attach to the culture dish for 1 hr prior 
to exposure to the drug. Appropriate drug concen- 
trations were achieved by adding 20 ul from a more 
concentrated drug solution. Two separate rinsing pro- 
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cedures were used to end drug exposure. The simple 
rinse consisted of removing the drug-containing 
media from the culture dish, rinsing the dish with 
approximately 5 ml of sterile saline and finally replac- 
ing the media with fresh «-10. The extended rinse [14] 
consisted of first repeating the steps in the simple 
rinse; then, after an addition 1-hr incubation in fresh 
a-10, the dishes are again rinsed and the media re- 
placed by fresh «-10. For this colony-forming assay 
and in all other experiments to be described, triplicate 
cell cultures were used at each drug concentration. 
Dishes were then left for 8 days in a CO, incubator 
during which time macroscopic colonies appeared; 
they were fixed and stained with a formalin, methy- 
lene blue mixture and counted. 

Tritiated ara-C studies. Tritiated ara-C (sp. act. 
20 Ci/m-mole New England Nuclear) was also used 
to quantitate the amount of drug remaining in cells 
after drug treatment and rinsing. Ara-C content of 
either the cells or the rinse(s) was determined by 
paper chromatography with a solvent of sec-butanol 
saturated water, as reported in the original quality 
control information obtained with the drug. The 
chromatogram was pressed to X-ray film (SB54 
Kodak) and exposed for | week. After development 
of the film, corresponding areas on the chromatogram 
which were positive for ara-C were cut out, placed 
in counting fluid, and counted in a liquid scintillation 
counter. 


RESULTS 


Dose-survival studies on asynchronous cells. Cells 
were diluted to low density (200-2000 cells/dish) and 
exposed to concentrations of ara-C from 5 x 10°°M 
to 5 x 10°*M. Either 2 or 24hr later, cells were 
rinsed by either the simple or extended technique. For 
either the 2- or 24-hr exposure (Fig. 1), with the sim- 
ple wash, killing increased exponentially over the 
range of doses used. The shorter incubation served 
only to shift the exponential curve to the right so 
that equal cell killing required drug concentrations 
approximately a factor of 10 higher than necessary 
with the longer incubation. 
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Fig. 1. Dose-survival curves for asynchronously growing 

L-cells treated for 2 or 24hr with ara-C in which drug 

exposures were terminated by a simple wash. Means + 1 

S. D. are shown for the combined results of three to five 

separate experiments. Closed circles represent 2-hr expo- 
sures; open symbols, 24-hr exposures. 


Thus, the plateau expected in a dose-survival curve 
for an S-phase specific agent [15] was not seen with 
a simple rinse for either the 2- or 24-hr exposures 
despite having chosen the 2-hr exposure specifically 
to be short enough so that only a single cohort of 
sensitive cells would be exposed, since 2hr is much 
shorter than a generation time. The possibility that 
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Fig. 2. Dose-survival curve for asynchronously growing 
L-cells treated for 2 or 24hr with ara-C in which drug 
exposures were terminated by an extended wash. 
Means + 1 S. D. are shown for the results of three to 
five separate experiments. Closed circles represent 2-hr 
exposures; open symbols, 24-hr exposures. 


this result was due to drug persisting at cytotoxic 
levels despite the simple rinse prompted experiments 
using an extended washing procedure. For the 24-hr 
extended wash the slope of the dose-survival curve 
decreased, but the expected plateau was still not 
observed (Fig. 2). For the 2-hr extended wash only 
approximately 60 per cent of the cells were killed even 
at the highest dose used which is consistent with an 
S-phase limited cytotoxicity. 

Drug persistence studies. To examine the possibility 
that drug was persisting intracellularly or was bound 
to the plastic culture dishes used and moving into 
the fresh media after the simple rinse to eventually 
reach cytotoxic levels, we performed experiments with 
tritiated ara-C and determined the biological activity 
of the rinses. One hundred cells were plated in 5 ml 
of «-10 in scintillation counting vials (Beckman). the 
radiolabelled drug was added at 10°°, 10°° or 
10-7 M concentration and the cells were exposed for 
2 hr. Both simple and extended rinses of these scintil- 
lation vials were performed and the radioactivity 
remaining in these rinses was determined. The results 
are shown in Fig. 3. In order to examine whether 
the radioactive counts were associated with ara-C 
after incubation, we chromatographed a sample of the 
rinse and over 90 per cent of the counts migrated 
to the position expected for ara-C. For the biologic 
assay for ara-C in the rinse, samples of the various 
rinses were added to 200 L-cells in petri dishes. The 
plating efficiency was then determined and compared 
to that obtained for known concentrations of ara-C 
using a 24-hr extended wash standard curve. These 
results are also shown in Fig. 3. For both assays, 
the amount of drug remaining in the second wash 
after all initial doses is approximately 0.5 to 1 per 
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Fig. 3. Concentration of ara-C remaining in first, second 

and third washes of cells treated with various concen- 

trations of ara-C. Open symbols represent remaining 

radioactive ara-C as determined by liquid scintillation 

counting; closed symbols represent remaining drug as 
determined by a cytotoxic assay. 





Retention of ara-C 


Table 1. Plating efficiency of L-cells treated either with ara-C or with the media overlying ara-C-treated 
cells 





Initial drug 


concn (M) Experimental conditions/results 


Expt. 





A Extended rinse 3 x Saline 
0.60 
0.44 
0.20 
Cell number 
0 
200 
0 
200 
0 
200 
Drug-treated cells 
after trypsinization 
0.17 
0.13 
0.05 





cent of the drug initially plated. Since a cytotoxic con- 
centration is 5 x 10°’ M ara-C or higher, for an in- 
itial dose of 5 x 107° M or greater, cytotoxic concen- 
trations persist after a simple rinse. In one exper- 
iment, a sample of the media was taken both 1 and 
2 hr after the first wash in order to examine whether 
a 1-hr interval was sufficient to remove the drug 
remaining after the simple wash. The data in which 
2 hr were allowed to elapse before the extended wash 
are identified in Fig. 3 as the “3rd rinse.” As can 
be seen in Fig. 3, if more than 1hr is allowed to 
elapse between the first and second wash, only slightly 
more drug can be removed by the second rinse. 

In order to more precisely determine the location 
of the ara-C which persists, three additional exper- 
iments were performed using the biologic assay. In 
the first, a simple rinse was performed, but rather 
than rinsing singly with saline, three rinses were 
performed using phosphate buffered saline (PBS) or 
saline (Table 1A). As can be seen, immediate and 
thorough rinsing with either saline or PBS does not 
result in as high a plating efficiency as that obtained 
by the extended rinsing procedure. 

In the second experiment, an assay of the biologic 
activity of extended rinses was performed either on 
plates containing 200 cells, or on control plates on 
which no cells were plated (Table 1B). Here it is seen 
that, although the presence of cells has some influence 
on the subsequent drug concentration in the overlying 
media, most of the drug is recovered from the culture 
dish. Finally, in the third experiment, cells were 
plated, exposed to drug-containing media, rinsed once 
and then trypsinized. One hr after trypsinization, the 
cells were rinsed again, and the biologic activity of 
the second rinse was measured (Table 1C). Here a 
result contrary to that seen in the previous experi- 
ment is found. For each drug concentration, the 
second rinse, obtained after the treated cells were 
removed from the plate in which they were treated, 
contains toxic concentrations of ara-C. The experi- 
ment, however, is complicated by the necessity for 
trypsinization, which apparently has toxicity for ara- 
C-treated cells, since the treated cells themselves show 
a lowered plating efficiency under these conditions. 


DISCUSSION 

A plateau in the dose-survival curve, expected for 
S-phase specific agents, was obtained when two 
washes were performed on low density monolayers 
treated with ara-C. If a simple rinse was performed, 
cell killing continued. 

We have demonstrated that this is secondary to 
continued exposure to cytotoxic drug concentrations 
resulting from the release of from 0.5 to | per cent 
of the initial extracellular concentration of ara-C des- 
pite the initial wash. For concentrations greater than 
approximately 10° M, the amount of drug passing 
back into the media over a subsequent hour can exert 
significant lethality, and the effect of this residual drug 
must be considered for any experiment where the 
action of ara-C is terminated by a simple washing 
technique. This is especially important in studies 
where another agent is to be given sequentially with 
ara-C. It must be realized that, in such combinations 
where ara-C treatment precedes treatment with 
another agent, at least two rinses will probably have 
been performed, while when ara-C follows another 
agent, only one rinse after ara-C will have been done. 
One study in the literature [16] neglected this detail 
with the result that antagonism between ara-C and 
2'-deoxy-5-fluorouridine (FUdR) was reported only 
when FUdR followed ara-C, thereby resulting in two 
rinses of the ara-C-treated cells. The conclusion may 
be valid, but similar differences in survival can be 
found in Figs. 1 and 2 where the only variable is 
the number of rinsing procedures. 

Finally, as has been reported for actinomycin D 
[14] and demonstrated here for ara-C, the fact that 
cells are rinsed one or more times after drug exposure 
does not ensure that the treatment was administered 
as a “pulse”. This probably occurs for other anti- 
cancer agents and must be considered when experi- 
ments in vitro of age response, progression delay, drug 
combination or other experiments assuming discrete 
exposure times are analyzed. 
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Abstract—Effects on cholesterol biosynthesis of compounds known to alter hepatic microsomal drug 
metabolism were assessed in rats in vivo by measuring the simultaneous incorporation of tracer quanti- 
ties of [1-'*C]acetate and *H,O into cholesterol. The incorporation of both substrates was increased 
with phenobarbital and decreased with CoCl, treatment. No change in incorporation of either substrate 
was noted when rats were treated with metyrapone, piperonyl butoxide or pregnenolone-16«-carboni- 
trile (PCN). The effect of these compounds on the assessment in vivo of cholesterol biosynthesis may 
be accurately characterized by use of either precursor as substrate. Compounds which induce or inhibit 
rat hepatic microsomal drug metabolism do not necessarily alter hepatic cholesterol biosynthesis. 


Radiolabeled acetate has been commonly used as a 
precursor to measure cholesterol biosynthesis [1—3] 
in vivo and in vitro. In vivo, acetate utilized in the 
form of acetyl CoA for cholesterol biosynthesis is of 
extramitochondrial origin [4]. Barth et al. [5], using 
the isolated perfused rat liver, showed that ['*C]acet- 
ate was not distributed uniformly intra- and extra- 
mitochondrially. Dietschy and McGarry [6] recently 
presented evidence that ['*C]acetate incorporation 
into cholesterol is not a valid measure of cholesterol 
biosynthesis in some experimental situations. Their 
conclusions were based on observed changes in the 
specific activity of the intramitochondrial acetate pool 
caused by alterations in the metabolic state of the 
rat. Starvation, for example, produced a change in 
the intramitochondrial ['*C]acetate pool size [7]. 

Jones and Armstrong [8] reported a 4-fold increase 
in ['*C]acetate incorporation into hepatic cholesterol 
after hamsters had been treated with phenobarbital. 
Wada et al. [9] reported increased incorporation of 
['*C]acetate, ['*C]mevalonate and ['*C]squalene 
into cholesterol in rats treated with phenobarbital 
and increased ['*C]mevalonate incorporation into 
cholesterol after 3-methylcholanthrene treatment. 
Both phenobarbital and 3-methylcholanthrene induce 
an increase in the activity of drug-metabolizing 
enzyme systems [10-13]. On the other hand, f-di- 
ethylaminoethy! diphenylpropylacetate hydrochloride 
(SKF 525-A) is an inhibitor of cholesterol biosyn- 
thesis [14, 15] as well as microsomal drug metabolism 
[16, 17]. 

This study was undertaken to determine if changes 
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in hepatic cholesterol biosynthesis were a general re- 
sponse in rats treated with drugs that induce or in- 
hibit hepatic microsomal drug-metabolizing enzyme 
activity and whether the changes were accurately re- 
flected by the incorporation of [1-'*C]acetate into 
cholesterol. Here we report a comparison of [1-'*C]- 
acetate and °H,O incorporation in vivo into choles- 
terol in animals pretreated with phenobarbital, 
CoCl,, metyrapone, piperonyl butoxide, and preg- 
nenolone-16a-carbonitrile (PCN). 


MATERIALS AND METHODS 


Male Charles River rats (100-125 g) were housed 
individually and fed Purina rat chow and water 
ad lib. The animal quarters were maintained at 
22.5 + 1°. An alternating light and dark cycle was 
maintained from 6:00 a.m. to 6:00 p.m. and 6:00 p.m. to 
6:00 a.m. respectively. Treated rats were injected intra- 
peritoneally with phenobarbital, 75 mg/kg daily x 3; 
cobalt chloride (CoCI,), 60 mg/kg daily x 2; metyra- 
pone, 60 mg/kg 30min before the radiolabeled sub- 
strates; piperonyl butoxide, 1 g/kg 30 min before the 
radiolabeled substrates; or PCN, 50 mg/kg daily x 4. 
Piperonyl butoxide and PCN were administered in 
propylene glycol. The other drugs were dissolved in 
normal saline. All drugs were given in a volume of 
0.2ml/100g body weight and control animals 
received the same volume of the corresponding sol- 
vent. Each group consisted of seven animals. 

Pretreatment was followed by intraperitoneal ad- 
ministration of 10 ymole’s [1-'*C]sodium acetate/ 
100g body weight (New England Nuclear, sp. act. 
1 mCi/m-mole) and 0.25m-mole *H,0/100g body 
weight (New England Nuclear, sp. act. 18 mCi/m- 
mole) in 0.2 ml saline/100 g body weight. One hr later, 
the rats were lightly anesthetized with ether and 
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exsanguinated by cardiac puncture for measurement 
of serum cholesterol. The liver was excised and 
quickly cooled on ice after excess blood was absorbed 
with a paper towel. Two 1-g pieces of each liver were 
saponified with 15 ml of 10% KOH in 70% ethanol 
by heating at 70° for 1 hr, then extracted with three 
10-ml portions of petroleum ether. The extracts were 
combined, washed with 10 ml water and evaporated 
to dryness. The resulting residue was dissolved in eth- 
anol-acetone (1:1, v/v), and 10ml 0.5% digitonin 
(Fisher) was added to isolate the resulting insoluble 
cholesterol digitonide. The precipitate was washed 
sequentially with 10ml water, 10m] acetone—ether 
(2:1,v/v), and 10ml ether. The sterol digitonide 
(minor quantities of non-cholesterol sterols may also 
be present) was dried overnight in a vacuum desic- 
cator containing phosphorous pentoxide. Accurately 
weighed (3—5 mg) quantities of sterol digitonide were 
burned in a Packard model 306 tissue oxidizer to 
separate and prepare the °H and '*C for counting. 
Radioactivity was measured with a Packard Tri-Carb 
model 3320 liquid scintillation spectrometer and cor- 
rected for quenching by external standardization. 

Another portion of the sterol digitonide was 
cleaved. in pyridine and extracted with ether [18]. 
Separation of the component sterols was achieved by 
a modification of the method of Gibbons and Mitrou- 
poulos [19]. The ether extract was applied to silicic 
acid N (Macherey-Nagel) thin-layer plates. At one 
edge of the plate a cholesterol standard was spotted. 
The plates were developed in chloroform—benzene 
(80:20). The cholesterol standard was located by heat- 
ing the plate after coating the edge with 90% tri- 
chloroacetic acid. The area of the plate corresponding 
to cholesterol (R, 0.33) was eluted with chloroform. 
Desmosterol (1 mg) was added to provide adequate 
material for isolation and the chloroform evaporated. 
The sterols were acetylated with pyridine—acetic anhy- 
dride and separated on a 1 x 10cm AgNO,-silicic 
acid column [20]. The eluate was collected in frac- 
tions, evaporated and 10 ml AquaSol (New England 
Nuclear) added for liquid scintillation counting. 

Duplicate 0.5-g pieces of liver were homogenized 
in 9.5 ml isopropyl alcohol, and the suspensions cen- 
* trifuged and analyzed for cholesterol. Serum and 
hepatic cholesterol concentrations were determined 
by Autoanalyzer using Technicon procedure N24A. 
Data were analyzed by one-way analysis of variance 
and Student’s f-test using a Hewlett-Packard model 
9810 or an Olivetti 101 Programma calculator. 


RESULTS 


None of the modifiers produced a_ significant 
change in the serum cholesterol at the doses studied 
(Table 1). Phenobarbital and CoCl, significantly in- 
creased the hepatic cholesterol concentration (Table 
1). ['*C]acetate incorporation into sterol digitonide 
was significantly increased in phenobarbital-treated 
animals as compared to their respective control 
group, whereas CoCl,-treated animals showed a sig- 
nificant decrease as compared to their controls (Table 
2). 3H,O incorporation into sterol digitonide, in a 
similar fashion, was significantly increased in animals 
treated with phenobarbital and decreased in animals 
treated with CoCl,. No differences between treated 
and untreated groups were observed with the other 
modifiers studied (Table 2). Although a significant 
variation in control values was noted between exper- 
iments, the small standard error among rats in the 
same group attests to the similarity of conditions 
within each experiment. 

With the exception of the CoCl,-treated rats, the 
radio-activity contained in the sterol digitonide was 
associated almost entirely with cholesterol (Table 3), 
as demonstrated by purification of the sterols by thin- 
layer and column chromatography following cleavage 
of the digitonide. In the CoCl,-treated animals, 15.9 
per cent of the digitonin-precipitable fraction was as- 
sociated with 28, 29 and 30 carbon sterols. 


DISCUSSION 


Nearly every tissue in the body can synthesize cho- 
lesterol, the intestine and liver being quantitatively 
most important [21]. Unless appropriate conditions 
are used, administration in vivo of a radioactive pre- 
cursor followed by measurement of radioactive cho- 
lesterol in a specific organ may not represent simply 
biosynthesis by that organ, but also the result of 
transport to or away from the organ in question. The 
method used here assesses hepatic cholesterol biosyn- 
thesis with no contribution from cholesterol synthe- 
sized in the intestine and transported to the liver. 
Chaikoff et al [22] showed that cholesterol absorbed 
from the gut was transported quantitatively into the 
lymph ducts and directly into the blood stream via 
the thoracic duct. Lindsey and Wilson [23] subse- 
quently demonstrated, using ['*C]Jacetate as a precur- 
sor, that cholesterol synthesized in the rat intestine 
was not excreted into the lymph to any significant 


Table 1. Effect of pretreatment on tissue cholesterol concentrations* 





Serum cholesterol 
(mg/dl) 


Experimental 
(N= 7) 


Hepatic cholesterol 
(mg/g liver) 

Control 

(N = 7) 


Control 
(N= 7) 


Experimental 
( N= 7) 





Phenobarbital 

Cobalt chloride 

Metyrapone 

Piperonyl butoxide 
Pregnenolone-16a-carbonitrile (PCN) 


62.3 
57.8 
54.6 
58.5 
69.0 


I+ I+ I+ 1+ I+ 
N we nh 
AND LO 


57.5 +38 
52.1 + 2.6 
54.7 + 2.3 
59.0 + 1.7 
10.6 + 3.1 


2.76 + 0.02t 
2.79 + 0.07t 
2.69 + 0.04 
2.61 + 0.03 
2.75 + 0.04 


2.68 + 0.03 
2.49 + 0.04 
2.75 + 0.06 
2.65 + 0.03 
2.75 + 0.02 





* See Materials and Methods for dose and duration of pretreatment with the various compounds. 


+ P< 0.05. 





Rat hepatic cholesterol biosynthesis 


Table 2. Pretreatment effects on substrate incorporation into sterol digitonide* 





['*C]acetate incorporation 
into sterol digitonide 
(pmoles/g liver x 107) 


Experimental 
(N= 7) 


3H,O incorporation into 
sterol dignitonide 
(pmoles/g liver) 
Control 
(N= 7) 


Control 
(N= 7) 


Experimental 
(N = 7) 





Phenobarbital 

Cobalt chloride 

Metyrapone 

Piperonyl butoxide 
Pregnenolone-16x-carbonitrile (PCN) 


13.08 + 0.87 
11.23 + 1.24 
12.03 + 0.83 


8.85 + 0.82 
2.26 + 0.76 


15.67 + 0.76t 
3.40 + 0.807 
12.11 + 0.70 
13.33 + 0.25 
17.61 + 1.01 


10.23 + 0.57 
10.18 + 0.58 
13.01 + 1.26 
12.35 + 0.64 
17:57 + 1.20 


6.56 + 0.54 
7.58 + 0.83 
10.89 + 0.99 
8.79 + 0.74 
10.97 + 0.74 





* See Materials and Methods for dose and duration of pretreatment with the various compounds. 


+ P< 0.05. 


degree during the first hour after radiolabel injection. 
They also showed that with lymphatic diversion no 
labeled cholesterol appeared in the bile. Thus, radio- 
labeled cholesterol appearing in the rat liver 1 hr after 
administration of radiolabeled precursor must have 
been synthesized in the liver. 

Phenobarbital [10-13] and PCN [24,25] in the 
dose and duration of treatment used in our study 
were arbitrarily chosen as examples of potent “in- 
ducers” whereas metyrapone [26], piperonyl butoxide 
[27] and CoCl, [28] were chosen as inhibitors of 
hepatic microsoma! drug-metabolizing enzyme acti- 
vity. Previous investigators [9, 29-32] have reported 
that drugs which induce hepatic microsomal drug oxi- 
dation increase the incorporation of ['*C]acetate into 
cholesterol. Since many steps in the cholesterol bio- 
synthetic pathway are present in the microsomes and 
require O, and NADPH, the possibility that a com- 
mon enzyme, cytochrome P-450, mediates both drug 
biotransformation and portions of cholesterol biosyn- 
thesis has been suggested [9, 29, 31]. Recently, Gib- 
bons and Mitroupoulos [33] presented convincing 
evidence for the participation of cytochrome P-450 
in lanosterol 14% demethylation. However, it is un- 
likely that stimulation of lanosterol demethylation 
significantly affects ['*C]acetate incorporation into 
cholesterol as -hydroxy-f-methyl glutaryl-CoA 
(HMG-CoA) reductase has been clearly demonstrated 
to be rate limiting for the entire pathway. Therefore, 
induction of HMG-CoA reductase, not cytochrome 
P-450, by phenobarbital is a more likely mechanism 
for the increased incorporation of acetate into choles- 
terol. HMG-CoA reductase activity is in fact in- 
creased by phenobarbital treatment in both hamsters 


and man [34,35]. Failure of PCN to increase 
['*C]acetate incorporation implies that it has little 
if any effect on HMG-CoA reductase activity. In con- 
trast, the inhibition of any enzyme in the pathway 
to the degree that it becomes rate-limiting could 
result in decreased incorporation of ['*C]acetate 
into cholesterol. Thus, CoCl,-mediated reduction in 
lanosterol 14% demethylase activity or any of the 
other enzymes in the pathway should give the result 
observed in this study. Failure of piperonyl butoxide 
and metyrapone to decrease ['*C]acetate incorpor- 
ation suggests (a) failure to inhibit HMG-CoA reduc- 
tase, and (b) failure to inhibit other enzymes in the 
pathway to an extent that the inhibited enzyme 
becomes rate-limiting for the pathway. 

['*C]acetate is commonly used in studies designed 
to assess the rate of cholesterol biosynthesis [1-3]. 
Dietschy and McGarry [6], however, have shown 
this is not a valid measure of the absolute synthetic 
rate of this substance, since ['*C]acetate does not 
equilibrate into the intracellular acetate pools. For 
example, in fasting animals with enhanced ketone 
synthesis and an increased intramitochondrial acetate 
pool, the above substrate gave a distorted assessment 
of these non-equilibrated intracellular pools [7]. 

['*C]acetate, incorporated at the initial biosynthe- 
tic step, is subject to the effect of changes in intracel- 
lular acetate pool sizes and control of the rate-limit- 
ing enzyme for cholesterol biosynthesis, HMG-CoA 
reductase. The rapid distribution of *H,O into the 
total body water and exchangeable hydrogen pool in- 
dicates that equilibrium across membranes and fluxes 
between cytoplasmic compartments do not affect its 
utilization in cholesterol biosynthesis [36]. >H,O has 


Table 3. Distribution expressed in per cent of radiolabel in sterols after pretreatment* 





Experimental 


Cholesterol 


Desmosterol 


Control 


Other 
sterols 


Other 


sterols Cholesterol Desmosterol 





Phenobarbital 98.8 
Cobalt chloride 

Metyrapone 

Piperonyl butoxide 
Pregnenolone-16z-carbonitrile (PCN) 


ni 0 100.0 0 
15.97 99.8 0.2 
0.5 99.7 0.3 
0.2 97.9 ’ 0.1 
0.3 99.4 0.6 





* See Materials and Methods for dose and duration of pretreatment with the various compounds. 


+ This fraction consists of 28, 29 and 30 carbon sterols. 
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been used previously to assess cholesterol biosyn- 
thesis [5, 37, 38]. 

The concomitant use of two cholesterol precursors, 
which are incorporated at different parts of the. bio- 
synthetic pathway, allows a comparison between 
them as a measure of cholesterol biosynthesis. Our 
study corroborates previous observations that pheno- 
barbital pretreatment enhances ['*C]acetate incor- 
poration into sterol digitonide [8, 9, 29] but also‘ pro- 
vides evidence that *H,O incorporation parallels this. 
The inhibition of sterol biosynthesis by CoCl, is also 
demonstrated by the parallel decrease in ['*C]acetate 
and °H,O incorporation into sterol digitonide. 
Although differences in mitocondrial acetate fluxes 
may invalidate the use of ['*C]acetate as substrate 
for cholesterol incorporation studies under some ex- 
perimental conditions [5-7], acetate did satisfactorily 
assess cholesterol biosynthesis in the studies reported 
here. It. may be necessary, however, to validate the 
use of this substrate for each experimental condition. 

Drugs that induce or inhibit rat liver microsomal 
drug metabolism do not necessarily alter hepatic cho- 
lesterol biosynthesis. 
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RENAL PROSTAGLANDIN METABOLISM IN 
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Abstract—Urinary excretion of PGF,, and kidney 15-PGDH and 9-PGDH have been compared in 
Wistar Okamoto hypertensive rats (SHR) of different ages and age-matched Wistar normotensive rats 
(NTR). The urinary PGF, excretion is increased at all the ages. The 15-PGDH is unaltered whereas 
the 9-PGDH is decreased significantly in adult SHR. It is suggested the existence in Wistar Okamoto 
hypertensive rats of an inherited abnormality in renal prostaglandin metabolism different from that 


reported in New Zealand hypertensive rats. 


Modifications of kidney functions are probably in- 
volved in the initiation and maintenance of high 
blood pressure in spontaneously hypertensive rats 
(SHR). There are changes in plasma renin activity 
[1,2], water and sodium balance [2] and hemodyna- 
mic parameters [3] during the development of hyper- 
tension, and excretion of vasoactive polypeptides is 
variably altered [4, 5]. 

Age related changes in PG catabolizing enzymes 
occur in kidneys of normotensive rats [6]. PG-15- 
hydroxydehydrogenase (15S-PGDH) and A-13, 14- 
reductase (13-PGR) are present in the developing kid- 
ney, whereas PG-9-hydroxydehydrogenase (9-PGDH) 
is characteristic of the adult rat kidney. Capacity for 
PG biosynthesis does not vary appreciably with 
age [6]. PGs of both the F and E types cause vaso- 
constriction in the rat kidney [7] in contrast to other 
species [8]. Unless catabolized they might interfere 
with blood flow to the renal cortex and affect renal 
functions and nephrogenesis not yet complete at 
birth [9]. 

Kidney homogenates of New Zealand genetic 
hypertensive rats have low 15-PGDH activity [10], 
the most important enzyme in metabolism of renal 
prostaglandins [11], but the kidney enzyme level is 
normal in Wistar-Okamoto hypertensive rats [10]. 
The present results show that in the Wistar-Okamoto 
rats renal PG metabolism is altered in a different way. 


MATERIALS 


1. Animals. Spontaneously hypertensive Wistar- 
Okamoto rats of either sex and normotensive Wistar 
rats (Charles River) matched for age were used. The 
animals were housed in cages maintained at 22°, rela- 
tive humidity 60%. Food and water were given ad 
lib. 





List of abbreviations: SHR = Spontaneously hyperten- 
sive rats; NTR = Normotensive rats; PG = Prostaglan- 
din; 15K-PG = 15-keto-prostaglandin; 15KD-PG = 15- 


keto-13,14-dihydro-prostaglandin; 15-PGDH = 15-hyd-: 


roxy-prostaglandin dehydrogenase; 9-PGDH = 9-hyd- 


roxy-prostaglandin dehydrogenase; PGS = Prostaglandin ° 


synthetase; 13-PGR = A-13, 14-prostaglandin reductase; 
9-PGR = 9-oxy-prostaglandin reductase. 
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2. Reagents. PGF, radioimmunoassay kit (Clinical 
Assays, Inc., MA, USA), [9-H ]prostaglandin F,,, 15 
Ci/m-mole (Radiochemical Centre, Amersham, Eng- 
land), unlabelled PGF,, (Unilever Research, Vlaard- 
ingen, Holland), L-epinephrine bitartrate (Sigma 
Chemical Co., St. Louis, MO, USA), B-NAD*, grade 
I, lactic dehydrogenase (LDH), 550 units/mg, pre- 
pared from rabbit muscle, and reduced glutathione 
(Boehringer Mannheim GmbH), sodium pyruvate, 
99°, purity, and precoated silica plates (0.25 and 2mm 
thickness, E. Merck, Darmstadt, West Germany), ‘In- 
staGel’ water-miscible scintillation cocktail (Packard 
Instrument Co., USA). 


METHODS 


1. Urinary PGF, determination. Rats were placed 
in metabolic cages from 9.00 a.m. to 12.00 noon. The 
number of rats per cage depended on the weight of 
the animals, in such a way that the total weight of 
animals was 200-300 g/cage. The rats had free access 
to water in the cages. At the end of urine collection. 
2000 cpm [*H]PGF,,, of the same sp. act. as the 
radiolabelled antigen used later for the radioim- 
munoassay, was added to the urine specimens. These 
were acidified to pH 3 with dilute hydrochloric acid, 
and extracted once with 4 vol. of ethyl acetate by 
vigorous Vortex mixing. The phases were separated 
by centrifugation at 3000 g. The organic layers were 
transferred to small conical tubes on a waterbath at 
55° where the solvent evaporated in a gentle stream 
of nitrogen. The residues were dissolved in 100 ul of 
chloroform/methanol (1:1) each, and applied to pre- 
parative silica plates (2mm thickness, 20 x 20cm). 
10 ug PGF, was spotted as standard in a separate 
compartment on each plate. After development in the 
solvent mixture chloroform/methanol/acetic acid/ 
water (90:9:1:0.65) all parts of the plates, except the 
PGF,,-standard compartments, were covered with 
glass, and the standard spots visualized by exposure 
to iodine vapor. Corresponding zones of the urine- 
extract compartments were scraped into plastic tubes 
and eluted 3 times with 1 ml methanol. The combined 
eluates, separated by centrifugation, were evaporated 
at 55° in N>, and the residues were dissolved in the 
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assay buffer supplied with the PGF,, RIA kit. One 
aliquot of the solution was used for quantitation of 
°H_ in a liquid scintillation spectrometer (Beckman 
LS-230) allowing of the exact calculation of PGF;,- 
recovery in each purified urine-extract. Another ali- 
quot was used for radioimmunoassay according to 
the kit instructions. The amount of [*H]PGF,,- 
antigen added to each RIA tube was calculated taking 
into consideration the [*H]-tracer already present in 
each tube. The total dpm of [7H]PGF,, was thus 
constant in each standard and assay tube. RIA results 
were calculated by computer using a log-logit trans- 
formation, and each result was finally corrected to 
100 percent recovery with the actual tracer-recovery 
value. As the radioactive tracer method allows rapid 
and reliable calculation of recovery it was not con- 
sidered necessary to apply more extensive ethyl 
acetate-extraction than described above. This method 
furnished recoveries in the range of 40-60 per cent, 
with enough PGF,, in each extract to ensure accurate 
measurement by radioimmunoassay. 

2. Preparation and fractionation of rat kidney homo- 
genates. The rats were killed by decapitation and the 
right kidneys rapidly excised, freed from fat and con- 
nective tissue, cut open, and placed in ice-cold 50 mM 
KH,PO,/NaOH buffer, pH 7.4 (KP-buffer). After 
several washings in buffer the kidneys were weighed 
and homogenized for 10 sec in 20 vol. KP-buffer with 
an Ultra Turrax tissue homogenizer. The cold homo- 
genates were filtered through a thin layer of glass 
wool, and the filtrates were centrifuged at 10.000g 
and 4° for 20min. The precipitates were discarded 
and the supernatants recentrifuged at 105.000g and 
4° for 60 min. The high speed supernatants were lyo- 
philized and stored at —25°. Immediately before use 
the freeze-dried material was dissolved in ice-cold 
water to the original vol. 

3. 15-PGDH_ assay. 15-PGDH activity was 
measured in the high speed supernatants of kidney 
homogenates. The protein concentration was 
measured by the method of Lowry [12] and adjusted 
to 2.5-6.0 mg/ml with K P-buffer. 100 yl of the super- 
natants were then incubated for 10min at 37° with 
shaking together with [*H]PGF,, 10° cpm, 5.7 
umole, 1SK-PGF,, 2nmole, and NAD* 3 umole, in 
a total vol of 350 ul K P-buffer. The final protein con- 
centration was thus 0.7—-1.7 mg/ml which in prelimi- 
nary studies was shown to ensure a constant reaction 
rate for at least 10 min. Ethanol (5 vol.) were added 
to stop the reaction and the denatured protein was 
precipitated by centrifuging 5000 rev/min for 30 min 
at ambient temperature. The ethanolic supernatants 
were evaporated to dryness at 55° in a stream of 
nitrogen, the residues dissolved in 100 yl chloroform 
methanol (1:1) and quantitatively applied to 
silica-coated thin layer plates with previously spotted 
standards of PGF, and 1SK-PGF;, (10 wg each). The 
latter was biosynthesized as described by Pace- 
Asciak [6]. After development in the above-men- 
tioned solvent areas corresponding to the standards 
were scraped into scintillation vials and counted in 
10 ml InstaGel. 15-PGDH activity was calculated 
by the ratio [*%H]1SK-PGF,,/((°H]ISK-PGF>, 
+ [7H]PGF, ) multiplied by the actual concen- 
tration of PGF,,. Activity was expressed in units of 
nmoles {5SK-PGF,, formed/mg protein/min. 
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4. 9-PGDH assay. [9--H]ISKD-PGF,, was bio- 
synthesized from [9-*H]PGF,, (Pace-Asciak, 6). The 
rate of conversion was measured in high speed super- 
natants of renal homogenates by incubating with 
labelled substrate, NAD*, lactic dehydrogenase, and 
pyruvate. The *H-atoms were thus transferred to pyr- 
uvate ions, and since more than 99° lactate remained 
in the ageous phase when extracted at pH 3.5 with 
ethyl acetate, the excess [7H]ISKD-PGF,, was 
removed selectively after incubation. The assay tubes 
contained [9--H]ISKD-PGF;, 10.000c.p.m., 150 
pmole:; 0.4-0.8 mg protein; NAD* 1 umole; pyruvate 
1 ymole; LDH 1.3 Units, in a final vol. of 250 ul 
50 mM KH,PO,/NaQOH, pH 7.4. Homogenate, LDH, 
and radiolabelled substrate were pre-incubated at 30 
for 5min prior to addition of pre-heated co-factors. 
The tubes were then incubated for 6 min at 30°. In 
preliminary experiments the reaction rate proved con- 
stant during this incubation period. The reaction was 
terminated by acidification to pH 3.5 with 40% trich- 
loroacetic acid. Ethyl acetate, 2.5 vol, was then added 
to each tube, and after Vortex mixing for 20sec the 
tubes were centrifuged. The organic layer was dis- 
carded, and the extraction repeated twice. An aliquot 
of the aqueous phase was finally mixed with InstaGel, 
and the radioactivity determined. 

5. General. All in vitro experiments were performed 
in duplicate. Radioactivity was measured in a Beck- 
man _ liquid scintillation spectrometer (LS-230). 
Samples were counted to a standard deviation of 
0.5°%, or less (>40.000 counts), and quench correc- 
tions were performed by the external standard ratio 
method. 

Results were evaluated using Student’s f-test. 


RESULTS 


1. Urinary excretion of PGF,, in spontaneously 
hypertensive rats (SHR) and in normotensive rats 
(NTR) at different ages. The urinary excretion of 
PGF, was significantly higher at all the ages in SHR 
than in NTR. Rats of both strains excreted least 
PGF>,-like material at 3 weeks of age. From 4 weeks 
the excretion increased to a plateau at 6-12 weeks 
and then decreased (17-21 weeks), although these 
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Fig. 1. Age-dependent excretion of PGF;,-like material in 
SHR (O--—-O) compared with NTR rats (@——@). Each 
point represents the arithmetic mean of 6-8 groups of rats 
with a total body weight of 200-300 g per group. Vertical 
bars are S.E.M. *: P< 005, **: P < 0.01, ***: P < 0001. 
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Fig. 2. Linearity of 15-PGDH assay in a typical high speed 

supernatant of 6 week old NTR kidney homogenate. At 

the times indicated samples were withdrawn for TLC 

analysis of [7H]1SK-PGF, formation. Each point rep- 

resents the mean value of duplicate samples. For details 
of assay see Methods. 


fluctuations were only statistically significant in SHR 
(P < 0.05 from 3-5 weeks; P < 0.005 from 5—12 
weeks; P < 0.001 from 12-17 weeks) (Fig. 1). 

2. 15-PGDH activity in renal homogenates of SHR 
and NTR. Oxidation of PGF,, by 15-PGDH in the 
high speed supernatant fraction occurred at constant 
rate for at least 10 min (Fig. 2). This enzyme activity 
decreased markedly in both SHR and. NTR from 3 
to 5 weeks of age. In SHR 4 weeks old the activity 
was significantly lower (P < 0.05) than in age- 
matched NTR. From 6 weeks the 15-PGDH activity 
remained almost constant. It was significantly higher 
(P < 0.05) in SHR at 6 and 17-21 weeks than in age- 
matched NTR (Fig. 3). 

3. Inhibition of 15-PGDH by 15KD-PGF,,. The 
product of PGF,, metabolism 1S5KD-PGF;, inhi- 
bited renal 15-PGDH activity in a concentration- 
dependent manner (Fig. 4). The calculated ICs) was 
32 uM. 

4. 9-PGDH aactivity in renal homogenates of SHR 
and NTR. The 9-PGDH activity has been assayed 
in high speed supernatants of 8 pooled kidney homo- 
genates of SHR and NTR, 6 weeks old, and in indivi- 
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Fig. 3. Age-dependent activity profile of renal 15-PGDH 

activity of SHR (O---O) and NTR (@ @). Each point 

is the mean of 6-8 kidney homogenates, vertical bars, 
S.E.M. For details of assay see Methods. 
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Fig. 4. Inhibition of 15-PGDH by 15SKD-PGF,,. Increas- 
ing amounts of unlabelled 1SKD-PGF,, were added to 
the standard assay mixture devoid of unlabelled PGF, 
(see Methods), and the labelled PGF,, and 1S5K-PGF,, 
separated by TLC after 10 min incubation. The points are 
mean values of duplicate assay samples obtained with the 
pooled cytosol fraction of renal homogenates of 3 NTR 
3 weeks old. 


dual kidney homogenates of SHR and NTR, 9-12 
weeks old and 17-21 weeks old. As shown in Table 
1 there seemed to be no great difference between the 
activities measured in the 6-week-old kidney pools. 
In adults, 9-PGDH activity is moderately but signifi- 
cantly less in SHR. 


DISCUSSION 


It is generally accepted that urinary prostaglandins 
are of renal origin, since the half-life of circulating 
prostaglandins is less than 1 min [14] and systemi- 
cally administered radiolabelled prostaglandins reach 
the urine already metabolized [15]. The site of entry 
into tubular urine of renomedullary prostaglandins 
is, at least in dogs, the loop of Henle [16]. We have 
found that the urinary PGF,, excretion in SHR is 
significantly greater at all the ages examined com- 
pared: to age-matched NTR. No attempt was made 
to quantitate urinary PGE, due to its relatively low 
stability in the urine, and it is not known whether 
the high levels of urinary PGF,, in SHR reflect a 
higher urinary excretion of total prostaglandins. 

The PGE, synthesis was found depressed by Sirois 
and Gagnon [17] in slices of papilla in Wistar Oka- 
moto hypertensive rats and in Goldblatt hypertensive 
rats [17,18]. PGE, and PGF, are formed from a 
common endoperoxide precursor [19]. The reduction 
of PGE, to PGF}, by the enzyme 9-keto-prostaglan- 
din-reductase (9-PGR) has been reported to occur in 
the tissue of several different mammals, including the 
rat [20-23]. A likely possibility is therefore the occur- 
rence of an imbalance in the ratio PGE,:PGF>,in 
the kidney of SHR. 

Major defects in prostaglandin catabolism seem 
absent in SHR. In agreement with the findings of 
Armstrong et al.[10] we have observed normal 
15-PGDH activity in the kidney homogenates of Wis- 
tar Okamoto hypertensive rats. Furthermore the age- 
dependent activity profile is similar to that demon- 
strated by Pace-Asciak [6] in Wistar normotensive 
rats. 
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Table 1. 9-PGDH activity in kidney homogenates 





pmoles 1SKD-PGF,, metabolized-‘mg 
Age protein '-min~! 
Weeks SHR NTR P 





9.48 9.26 
6.40 + 0.17 7.08 + 0.29 
6.09 + 0.22 7.05 + 0.24 


< 0.05 
< 0.01 





High speed supernatants of kidney homogenates from 
8 animals were pooled to assay the renal 9-PGDH activity 
in 6-week-old rats. In the adult groups the values represent 
the mean + S.E.M. of 16 rats in each group. 


9-PGDH, which further metabolizes 15K D-PGF,, 
[24] was moderately but significantly less in adult 
SHR (9-12 and 17-21 weeks old) compared to age- 
matched NTR. 1SKD-PGF,, inhibits 15-PGDH, and 
might thus act as a feed-back regulatory mechanism 
of enzyme activity. It is doubtful whether the small 
decrease of 9-PGDH activity causes accumulation of 
ISKD-PGF,, in adult SHR. It is more likely that 
an accumulation of 1SKD-PGF,, and the consequent 
inhibition of 15-PGDH occur due to increased PGF 2, 
synthesis in developing SHR. 

The present investigations suggest the existence in 
Wistar Okamoto hypertensive rats of an inherited ab- 
normality in renal prostaglandin metabolism different 
from that reported in New Zealand hypertensive 
rats [10]. We are now measuring the activity of the 
enzymes involved in renal PGF, formation and kid- 
ney ISKD-PGF,, in Wistar Okamoto hypertensive 
rats in an attempt to clarify this difference. 
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Abstract—NADH-supported reduction of tertiary amine N-oxides in rat liver microsomes was investi- 
gated with imipramine N-oxide, tiaramide N-oxide and N,N-dimethylaniline N-oxide as substrate in 
the presence of NADH. The reductase activity is sensitive to carbon monoxide. NADH-cytochrome 
bs reductase or cytochrome bs, solubilized by trypsin or subtilisin, showed no N-oxide reductase acti- 
vity. The NADH-dependent reduction of tertiary amine N-oxides was markedly inhibited by antibody 
to NADH-cytochrome b,; reductase and antibody to cytochrome b,;. These results confirmed that 
NADH-dependent N-oxide reduction was catalyzed by cytochrome P-450 and the reducing equivalent 
for the N-oxide reduction was transferred from NADH to cytochrome P-450 mainly via NADH-cyto- 
chrome bs reductase and cytochrome bs in the microsomal membranes. NADH-dependent N-oxide 
reductase is also sensitive to oxygen and 4 uM oxygen gave 50 per cent inhibition with imipramine 
N-oxide. Kinetic study shows that K,, values for the reduction of imipramine N-oxide, tiaramide N-oxide 
and N,N-dimethylaniline N-oxide were 0.05 mM, 0.14mM and 0.16mM, respectively. NADH-depen- 
dent N-oxides reductase activity is affected by azo and nitroso compounds and hydrazide, although 
the degree of inhibition was rather weak compared with those of NADPH-dependent activity. Further- 
more, NADH-dependent reduction of tertiary amine N-oxide was only slightly affected by n-octylamine, 
2,4-dichloro-6-phenylphenoxyethylamine and aniline. NADH-dependent N-oxide reductase activity in 
liver microsomes was less sensitive to phenobarbital or 3-methylcholanthrene pretreatment than 
NADPH-dependent activity. Some characteristics of NADH-dependent N-oxide reductase activity were 


discussed and compared with those of NADPH-dependent activity. 


The carbon monoxide-binding pigment which was 
called cytochrome P-450 by Omura and Sato[1] is 
known to play a central role in the hydroxylation 
of variety of substrates such as steroids, fatty acids, 


alkanes, polycyclic aromatic hydrocarbons and 
drugs [2, 3,4]. In previous papers we have reported 
that the reduction of tertiary amine N-oxides, such 
as tiaramide N-oxide, imipramine N-oxide, N,N- 
dimethylaniline N-oxide to the corresponding tertiary 
amines are catalyzed by cytochrome P-450 of liver 
microsomes [5,6]. These reactions require NADPH 
as reducing equivalents. While NADH also serves as 
a cofactor for N-oxides reduction of tiaramide 
N-oxide about half as effectively as NADPH [5]. 
Dajani also reported that in the reduction of nicotine 
N-oxide about one-half of the activity was observed 
using NADH in place of NADPH [7]. However, only 
a few investigations on the properties of NADH- 
dependent mixed function oxidase activities catalyzed 
by cytochrome P-450 have been reported [8, 9, 10]. 
Particularly, no information has been obtained on the 
characteristics of NADH-dependent reductase activity 
of cytochrome P-450. 

In the present studies, we take special interest in 
the catalytic nature of the NADH-dependent tertiary 
amine N-oxide reduction by microsomal cytochrome 
P-450, that is: (1) the component of NADH-depen- 
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dent N-oxide reductase enzyme system, (2) the nature 
of NADH-dependent N-oxide reductase activity in- 
duced by pretreatment with phenobarbital and 
3-methylcholanthrene, (3) sex difference in the reduc- 
tase activity in rat, and (4) the effects of various drugs 
and inhibitors on the reduction of tertiary amine 
N-oxides. 


MATERIALS AND METHODS 


Animals. Seven weeks old male and female rats of 
a Sprague-Dawley strain were used. Some of these 
animals were treated intraperitoneally with phenobar- 
bital (90 mg/kg) daily for 3 days or with 3-methylcho- 
lanthrene (40 mg/kg) daily for 2 days. Control rats 
were injected with 0.9% NaCl or with olive oil. All 
rats treated were sacrificed 24 hr after the last injec- 
tion. 

Materials. NADH (grade III), trypsin, soy bean 
trypsin inhibitor, and cytochrome c were purchased 
from Sigma Chemicals, St. Louis. Subtilisin was pur- 
chased from Teikoku Chemical Industry, Osaka. 
Tiaramide and tiaramide N-oxide were synthesized 
in our Research Laboratories. Imipramine and chlori- 
mipramine were kindly donated by Ciba-Geigy, Basel, 
and DPEA (2,4-dichloro-6-phenylphenoxyethylamine 
HCl) by Lilly Research Laboratories, Indianapolis. 
All other reagents were of the highest grade commer- 
cially available. Imipramine N-oxide and N,N- 
dimethylaniline N-oxide were synthesized by the 
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methods of Fishman et al.[11] and Belov et al. [12], 
respectively. 

Preparation of liver microsomes. Microsomal frac- 
tion was obtained from perfused rat liver as described 
previously [5]. Hepatic microsomes were essentially 
free from hemoglobin and mitochondrial contami- 
nation. For the preparation of protease treated micro- 
somes, a suspension of KCl-washed microsomes 
(10 mg of protein/ml) in 0.1 mM phosphate buffer (pH 
7.4) containing 25° glycerol, was incubated at 0° in 
the presence of purified trypsin or subtilisin for 15 hr 
anaerobically [13]. 

Enzyme assays. Tertiary amine N-oxide reductase 
activity by rat liver microsomes was assayed as pre- 
viously described [6]. The standard assay medium 
(5 ml) for measuring N-oxide reductase activity con- 
tained 0.1M_ phosphate buffer (pH 7.4), 2mM 
NADH, 10mM MgCl,, 25 mg of microsomal protein 
and indicated tertiary amine N-oxide at a concen- 
tration of 1.0mM. NADH-ferricyanide reductase and 
NADH-cytochrome c reductase were assayed by the 
methods of Takesue and Omura [14, 15]. Succinate 
dehydrogenase activity was determined by the 
method of Pennington [16]. 

Preparation of antibodies. Antibody to NADH- 
cytochrome b, reductase prepared by the method of 
Takesue and Omura[15] and antibody to cyto- 
chrome bs prepared according to Fukushima et 
al. [17] were kindly supplied by Professor T. Omura, 
Kyushu University. 

Analytical methods. Cytochrome P-450 and P-420 
were determined from CO difference spectrum of 
dithionite treated samples as described by Omura and 
Sato [18]. Protein was determined by the method of 
Lowry et al[19] with bovine serum albumin as stan- 
dard. 


RESULTS 


NADH-dependent reduction of tertiary amine 
N-oxide to tertiary amine in rat liver microsomes. Ter- 
tiary amine N-oxides were reduced to their corre- 
sponding tertiary amines in the presence of hepatic 
microsomes and NADH (Table 1). In the absence of 
reduced pyridine nucleotide, reduction of tertiary 
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Table 1. NADH-dependent N-oxide reductase activity in 
liver microsomes* 





N-oxide 
reduction rate 
N, CO 

(nmoles/mg/min) 


Inhibition 


Substrate (%) 





Imipramine 
N-oxide 

Tiaramide 
N-oxide 

N,N-Dimethyl- 
aniline 
N-oxide 


0.86 0.06 93 


0.92 0.05 95 


1.49 0.20 87 





* Reaction mixtures, prepared as described in Materials 
and Methods, were incubated at 37° for 10 min under an 
atmosphere of nitrogen or carbon monoxide. The concen- 
tration of the protein in the reaction mixture was 
5.0 mg/ml. 


amine N-oxide was almost negligible. As previously 
shown [5], NADPH appeared to be the preferred 
reducing agent and the rate observed with saturating 
concentrations of NADH are about 50 per cent of 
those obtained with NADPH. Under the gas phase 
of carbon monoxide, NADH-supported reduction of 
tertiary amine N-oxide was depressed, and the rate 
was no more than 15 per cent of that observed under 
the gas phase of nitrogen. When imipramine N-oxide 
or tiaramide N-oxide was used as substrate and incu- 
bated anaerobically, imipramine or tiaramide were 
found to be the sole metabolites detectable. When 
N,N-dimethylaniline N-oxide was used as substrate, 
N,N-dimethylaniline was found to be a major meta- 
bolite and 10 per cent of monomethylaniline was also 
detected [20]. 

Effect of protease digestion on microsomal N ADH- 
dependent N-oxide reductase activity. .Previous 
studies [8, 21,22] have shown that treatment of liver 
microsomes with trypsin or subtilisin solubilizes 
NADPH-cytochrome c reductase from the microso- 
mal membranes but leaves the major portion of 
NADH-cytochrome b, reductase and hemeprotein 
cytochrome P-450 still intact. The present study has 
utilized proteolytic digestion for further identifcation 


Table 2. Effect of protease digestion on microsomal NADH-dependent N-oxide reductase activity* 





NADH- 
cytochrome 
c reductase 

(nmoles 

mg/min) 


NADH- 
ferricyanide 

reductase 

(moles 
Treatment mg/min) 


Cytochrome bs 
content 
(nmoles/mg) 


Cytochrome P-450 NADH-dependentt 
content N-oxide reductase 
(nmoles/mg) (nmoles/mg/min) 


Protein 
(%) 





Intact microsome 982 4.0 
Digested K fe" 
sup. 0.2 
Pellet $.5 
Digested 5 3.9 
Sup. 0.3 
Pellet : 5.4 


Trypsin 


Subtilisin 


0.42 
0.32 
0.13 
0.47 
0.36 
0.81 
0.06 


1.08 
0.81 
0.00 
1.36 
0.69 
0.00 
1.02 


0.86 
0.20 
0.00 60 
0.37 40 
0.20 
0.00 68 
0.29 32 





* Liver microsomes (10 mg protein/ml) were incubated at 0° with 25 yg trypsin or subtilisin/mg protein for 15 hr 
anaerobically in 0.05 M sodium phosphate buffer (pH 7.4) containing 25% glycerol. Digestion with trypsin was stopped 
by addition of soybean trypsin inhibitor (1 mg/mg protein) and the digested microsomes were then spun at 105,000 g 
for 2hr. The pellets obtained were suspended in 0.05 M sodium phosphate buffer (pH 7.4) and serve for the enzyme 


assays. 


+ NADH-dependent reduction of tertiary amine.was measured using 1.0mM imipramine N-oxide. 
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of the microsomal components involved in the 
NADPH-dependent tertiary amine N-oxide reductase 
enzyme system. The incubation of microsomal frac- 
tion at 0° with 25 yg trypsin or subtilisin/mg microso- 
mal protein for 15 hr in the presence of 25% glycerol 
resulted in a 77 per cent depletion of NADH-depen- 
dent N-oxide reductase activity (Table 2). No conver- 
sion of cytochrome P-450 to P-420 was observed 
through these procedures, therefore, this depletion of 
the activity in protease digested microsomes was most 
probably due to the damage of electron transport 
caused by protease pretreatment. In agreement with 
this result, NADH-cytochrome c reductase activity 
was decreased 85 per cent by subtilisin digestion and 
27 per cent by trypsin digestion, presumably as a 
result of the solubilization and distribution of the 
hydrophobic site of cytochrome b, by protease [8]. 
Both NADH-dependent N-oxide reductase activity 
and cytochrome P-450 were fairly well recovered in 
the pellet fraction from protease treated digestion, 
and NADH-ferricyanide reductase activity, a function 
associated with the enzyme NADH-cytochrome b, 
reductase [14], was hardly affected by protease diges- 
tion and remained intact in the pellet fraction. There- 
fore, these results suggest the involvement of NADH- 
cytochrome b, reductase and cytochrome P-450 in 
the NADH-dependent N-oxide reductase activity. 
Treatment with subtilisin solubilized about 95 per 
cent of the cytochrome b; and 68 per cent of the 
total microsomal protein, but NADH-dependent 
N-oxide reductase activity was retained in subtilisin- 
treated pellet fraction. These observations are well in 
accord with the result of Oshino [23] on NADH- 
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Fig. 1. Inhibition of microsomal NADH-dependent 
N-oxide reductase activity by antibody to NADH-cyto- 
chrome b, reductase and antibody to cytochrome bs. Liver 
microsomes were incubated with indicated amounts of 
antiserum to NADH-cytochrome bs reductase (a) or anti- 
serum to cytochrome bs (b) at 37° for 5 min anaerobically 
in the Thunberg type reaction vessel in a 2-ml solution 
containing 0.1 M sodium phosphate buffer (pH 7.4). After 
incubation, NADH was added to make up a total volume 
of 2.5ml. For the measurement of NADH-dependent 
N-oxide reductase activity, 2.5 mg microsomal protein and 
2.5 ymoles of imipramine N-oxide was used. The specific 
activity in the absence of antiserum of NADH-dependent 
N-oxide reductase system expressed as nmoles imipramine 
formed per min per mg protein was 0.79. NADH-depen- 
dent N-oxide reductase: (@) + antibody; (O) + nonim- 

mune globlin. 


Table 3. Kinetic parameters of imipramine N-oxide, tiara- 
mide N-oxide and N,N-dimethylaniline N-oxide reduction 
in liver microsomes* 





K,, ae 
(mM) 


Substrate (nmoles/mg/min) 





Imipramine 

N-oxide 
Tiaramide 

N-oxide 
N,N-Dimethylaniline 

N-oxide 


0.05 


0.14 
0.16 





* K,, values for tertiary amine N-oxide and the Y,,,, 
values were obtained from double reciprocal plots of the 
reaction velocities against substrate concentrations in the 
presence of excess NADH. Other experimental conditions 
were the same as described in Materials and Methods. 


dependent fatty acid desaturase system which involves 
cytochrome bs. 

Inhibition of NADH-dependent N-oxide reductase 
activity by antibody to NADH-cytochrome bs reduc- 
tase and antibody to cytochrome bs. To evaluate 
further the role that NADH-cytochrome b, reductase 
and cytochrome b, play in NADH-dependent tertiary 
amine N-oxide reduction in liver microsomes, effect 
of antibody to NADH-cytochrome b, reductase and 
antibody to cytochrome b; was examined. The results 
are illustrated in Fig. la and 1b. At the antibody to 
NADH-cytochrome b; reductase: protein ratio of 
about 7:1, NADH-dependent N-oxide reductase ac- 
tivity was inhibited about 80 per cent. Non-immune 
globlin at this ratio had no appreciable effect on the 
NADH-dependent N-oxide reductase activity. Similar 
inhibition of activity by the antibody to cytochrome 
bs was also observed at the antibody to cytochrome 
bs: protein ratio of about 5:1. 

These results confirmed that the reducing equival- 
ent for N-oxide reduction is transferred from NADH 
to cytochrome P-450 mainly via NADH-cytochrome 
bs, reductase and cytochrome b, in the microsomal 
membranes, as was the case in NADH-dependent oxi- 
dation of benzo(a)pyrene with reconstituted microso- 
mal electron transport system [9]. 

Kinetic studies on NADH-dependent N-oxide reduc- 
tase activity in liver microsomes. Using these N-oxides 
as substrate, the reaction rate showed saturation kin- 
etics with increasing concentration of substrates. 
Michaelis-Menten kinetics was, therefore, applied for 
the NADH-dependent reduction of imipramine 
N-oxide, tiaramide N-oxide and N,N-dimethylaniline 
N-oxide, and the apparent K,, values for each were 
estimated to be 0.5 x 10°*M, 1.4 x 10°*M and 
1.6 x 10°*M, respectively (Table 3). The apparent 
K,, value for imipramine N-oxide was considerably 
smaller than those observed with tiaramide N-oxide 
and N,N-dimethylaniline N-oxide. 

Inhibition of NADH-dependent N-oxide reduction by 
oxygen and carbon monoxide. Oxygen and carbon 
monoxide are ligands which interact with reduced 
cytochrome P-450 in its heme region as the sixth 
ligand, and have been reported to inhibit cytochrome 
P-450-dependent reduction of nitro and azo groups 
in liver microsomes [4]. Our present results (Fig. 2) 
demonstrate that oxygen and carbon monoxide are 
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Fig. 2. Effect of oxygen and carbon monoxide on NADH- 
dependent N-oxide reductase activity. NADH-dependent 
N-oxide reductase activity from liver microsomes were 
assayed in the presence of 10mM MgCl,, 2mM NADH, 
5 mg microsomal protein/ml, 0.1 M phosphate buffer. (pH 
7.4) and 1.0mM imipramine N-oxide under indicated con- 
centration of oxygen (@) or carbon monoxide (0). Various 
composition of O,-N, and CO-N, mixtures were pre- 
pared in gas burettes and passed into Thunberg type incu- 
bation vessels containing the enzyme preparations as de- 
scribed above. The concentration of carbon monoxide and 
oxygen in the aqueous phase was calculated from the par- 
tial pressure of carbon monoxide and oxygen and tempera- 
ture. Simultaneous control reactions were carried out un- 
der N, atmosphere. 


potent inhibitors of NADH-dependent N-oxide 
reduction, half-maximal inhibition of the reaction rate 
occurring at an oxygen concentration of about 8 uM 
and a carbon monoxide concentration of about 4 uM. 

Inhibition of NADH-dependent N-oxide reductase 
activity by primary amines. It is well known that type 
I and type II substrates interact with microsomal 
cytochrome P-450 to produce characteristic spectral 
changes [24] and modify the reduction rate of cyto- 
chrome P-450 [25]. Type II compounds such as ani- 
line, n-octylamine and DPEA, which are assumed to 
interact with cytochrome P-450 directly in its heme 
region and decrease NADPH-dependent reduction 
rate of cytochrome P-450[26,27] and of tertiary 
amine N-oxides [6]. In the present studies, the effect 
of aniline, n-octylamine and DPEA on the reduction 
of NADH-supported N-oxide reductase activities was 
investigated (Table 4). The reduction of imipramine 


Table 5. Effect of various compounds on NADH-depen- 
dent N-oxide reductase activity in liver microsomes* 





Inhibition of 


Compounds activity (°%) 





N,N-Dimethylaniline N-oxide 
Tiaramide N-oxide 
a-Nitroso-f-naphtol 
p-Dimethylaminoazobenzene 
Cumene hydroperoxide 
Benzylhydrazine 





* NADH-dependent N-oxide reductase activity was 
determined in the presence of 1mM _ of indicated com- 
pounds using imipramine N-oxide as substrate. The con- 
trol activity for imipramine N-oxide reduction was 0.79 
nmoles/mg/min. 


N-oxide, tiaramide N-oxide and N,N-dimethylaniline 
N-oxide was, however, hardly affected by these pri- 
mary amines, in contrast with the previous observa- 
tion on the reduction of NADPH-dependent tertiary 
amine N-oxides. It is, therefore, of considerable interest 
to examine whether primary amines can modify the 
NADH-dependent reduction rate of cytochrome 
P-450 in liver microsomes. It is also noted that 
NADH-dependent N-oxides reduction was inhibited 
by other teriary amine N-oxides (Table 5). NADH- 
dependent imipramine N-oxide reduction. was inhi- 
bited by the addition of 1 mM of N,N-dimethylaniline 
N-oxide and tiaramide N-oxide, 38% and 14%, re- 
spectively. It is also observed that addition of azo 
compound to the incubation mixture markedly 
reduced NADH-dependent N-oxide reduction. These 
results are interesting enough, since cytochrome 
P-450 in liver microsomes. was also involved in the 
reduction of azo compound [4]. Furthermore, hydra- 
zide and cumene hydroperoxide, which are known to 
interact with cytochrome P-450 [26], were found to 
be effective inhibitors for NADH-dependent N-oxides 
reductase in liver microsomes. 

Effect of phenobarbital or 3-methylchoianthrene pre- 
treatment on microsomal NADH-dependent N-oxide 
reductase activity. Pretreatment of animals with 
phenobarbital or polycyclic hydrocarbons such as 
3-methylcholanthrene results in the increased hepatic 
microsomal levels of cytochrome P-450 and in the 
induction of the hepatic microsomal oxidations of 
certain drugs [4]. Therefore, the effect of phenobarbi- 
tal or 3-methylcholanthrene pretreatment on microso- 


Table 4. Effect of Type II ligands on NADH-dependent N-oxide reductase activity 
in liver microsomes* 





Type II 
ligand 


Imipramine 
N-oxide 


N,N-Dimethy]l- 
aniline 
N-oxide 


Tiaramide 
N-oxide 





Aniline (1 x 1073 M) 
n-Octylamine (1 x 1077 M) 
DPEA (1 x 107~*M) 


Inhibition (°) 
2 
47 
12 | 





* NADH-dependent N-oxide reductase activity was determined in the presence of 
specified concentration of Type II substances. The control activities for imipramine 
N-oxide, tiaramide N-oxide and N,N-dimethylaniline N-oxide were 0.79, 1.05 and 


1.65 nmoles/mg/min, respectively. 
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Table 6. Effect of phenobarbital and 3-methylcholanthrene pretreatment on NADH-dependent N-oxide reductase activity 
and cytochrome P-450 content of liver microsomes* 





Tiaramide N-oxide 
reduction 
(nmoles/mg/min) 


N,N-Dimethylaniline 
N-oxide reduction 
(nmoles/mg/min) 


Cytochrome 
P-450 
(nmoles/mg) 


Imipramine N-oxide 
reduction 


Treatment (nmoles/mg/min) 





0.89 + 0.06 
0.99 + 0.04 


1.09 + 0.08 
1.59 + 0.10§ 


1.01 + 0.03 
1.62 + 0.07§ 


Saline 
Phenobarbitalt 


(90 mg/kg, 3 days) 
Olive oil 
3-Methylcholanthrenet 

(40 mg/kg, 2 days) 


0.70 + 0.03 
0.75 + 0.06 


1.11 + 0.05 
1.43 + 0.06§ 





* The results were obtained from at least three rats expressed as the mean + S.E.M. 
+ Phenobarbital treated rats were injected i.p. with 90 mg/kg, 72, 48 and 24 hr before sacrifice. 
t 3-Methylcholanthrene treated rats were injected with 40 mg/kg, 48 and 24 hr before sacrifice. 


§ P < 0.05 compared with saline or olive oil control. 


mal NADH-dependent N-oxide reductase activity 
and other microsomal components is investigated 
(Table 6). It should be pointed out that pretreatment 
of rats with phenobarbital produced only slight eleva- 
tion in the specific activity of the reduction of imipra- 
mine N-oxide, tiaramide N-oxide, and N,N-dimethyl- 
aniline N-oxide, whereas cytochrome P-450 showed 
a 2-fold increase in specific content by phenobarbital 
treatment. A similar lack of enhancement in NADH- 
dependent reduction of tertiary amine N-oxides was 
observed in 3-methylcholanthrene pretreated rat liver 
microsomes. 

Sex difference in NADH-dependent N-oxide reduc- 
tase activity in liver microsomes. It is widely estab- 
lished that NADPH-dependent oxidation of certain 
drugs and reduction of azo and nitro compounds in 
male rat liver microsomes proceeded more rapid than 
that observed in female rat [28,29]. In a previous 
paper [6], we reported the sex difference in NADPH- 
dependent N-oxide reductase activity in which reduc- 
ing equivalent was transferred to cytochrome P-450 
via NADPH-cytochrome c reductase. As illustrated 
in Table 7, the sex difference in the NADH-dependent 
N-oxide reductase enzyme system, which was now 
established to be composed of NADH-cytochrome b, 


Table 7. NADH-dependent N-oxide reductase activity in 
male and female rat liver microsomes* 





NADH- 
dependent N-oxide 
reductase activity 


Male (A) Female (B) 


Substrate (nmoles/mg/min) 





Imipramine 
N-oxide 

Tiaramide 
N-oxide 

N,N-DimethyI- 
aniline N-oxide 


0.89 + 0.06 0.53 + 0.03 La 


1.09 + 0.08 
1.49 + 0.06 


0.82 + 0.08 1.3 
1.40 + 0.05 i} 





* Reaction mixtures, prepared as described in Materials 
and Methods, were incubated at 37° for 10 min under an 
atmosphere of nitrogen. The results were obtained from 
at least seven rats and expressed as the mean + S.E.M. 
The cytochrome P-450 concentrations of male and female 
rat liver microsomes were found to be 1.01 + 0.03, 
0.68 + 0.02 nmoles/mg protein, respectively. 


reductase, cytochrome b,, and cytochrome P-450, was 
found to be insignificant with these substrates used. 
The ratio of NADH-dependent reduction rate of ter- 
tiary amine N-oxide varies from 1.7-fold to 1.1-fold 
with substrates. These results indicated that sex differ- 
ence in NADH-dependent N-oxide reductase activity 
is less significant than observed in NADPH-depen- 
dent reduction [6]. 

Acceleration of NADH-dependent N-oxide reductase 
activity by flavins. The addition of FMN, FAD and 
riboflavin to microsomes at a concentration of 50 u.M 
enhanced N-oxide reductase activity about 10-fold 
and this enhanced N-oxide reductase activity was 
almost completely blocked under the gas phase of 
carbon monoxide (Table 8). It is feasible that the fla- 
vins added exogenously are transhydrogenated by 
NADH and then accelerate the reduction rate of cyto- 
chrome P-450 in the microsomes, followed by the en- 
hancement of N-oxide reduction. In connection with 
these observations, it is of considerable interest to 
note that the addition of methylviologen (0.1 mM) 
to microsomal fraction fortified with NADH resulted 
in a marked enhancement of the reduction of tertiary 
amine N-oxide to tertiary amine, and carbon monox- 
ide almost completely inhibited N-oxide reduction by 
this system. 


Table 8. Effect of FMN on NADH-dependent N-oxide 
reductase activity in rat liver microsomes* 


_ 





N-oxide reduction rate 


—FMN +FMN 
N2 N2 CO 


Substrate (nmoles/mg/min) 





Imipramine 
N-oxide 

Tiaramide 
N-oxide 

N,N-Dimethyl- 
aniline 
N-oxide 


0.86 


0.94 


1.32 





* Reaction mixtures, prepared as described in Materials 
and Methods, were incubated at 37° for 10 min under an 
atmosphere of nitrogen or carbon monoxide in the pres- 
ence or absence of 50 uM FMN. The concentration of 
the protein in the reaction mixture was 5.0 mg/ml. 
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DISCUSSION 


Our previous work [5,6] demonstrated that cyto- 
chrome. P-450 is involved in the reduction of tertiary 
amine N-oxide by liver microsomes. In these reactions, 
NADPH was a preferred reducing equivalent and 
considerable activity was also observed when NADH 
was used as an electron donor. Usually, in the 
NADH-dependent oxidative metabolism of drugs, 
polycyclic hydrocarbons and steroids, the activities 
were only about 10-15 per cent of those in the 
NADPH-dependent activities and few reports on the 
characteristics of NADH-dependent activities have 
appeared [8,, 10]. In the meanwhile, about one-half 
of reductase activity in the NADPH-dependent 
N-oxide reduction was detected in the NADH-depen- 
dent tertiary amine N-oxide reduction and now it 
became possible to ascertain the nature of NADH- 
dependent reductive reaction catalyzed by cyto- 
chrome P-450. 

Recently, studies on the characteristics of the 
NADH-dependent oxidative activity were performed 
with 3,4-benzo(a)pyrene hydroxylase [9] and cumene 
hydroperoxide peroxidase[10] and these studies 
revealed that both NADH-cytochrome b, reductase 
and cytochrome b, were involved in these reactions. 
A similar result was also obtained from the present 
study using antibody to cytochrome b; and NADH- 
cytochrome bs reductase; a flavoprotein, and involve- 
ment of cytochrome b, in the NADH-dependent 
N-oxide reductase activity was established. 

Figure 3 shows the proposed scheme of NAD(P)H- 
dependent tertiary amine N-oxide reduction in liver 
microsomes. It is suggested that NADH supplies 
reducing equivalents to cytochrome P-450 via the fla- 
voenzyme NADH-cytochrome bh, reductase and cyto- 
chrome bs. Reduced cytochrome P-450 then acts as 
a microsomal N-oxide reductase, converting tertiary 
amine N-oxide to the corresponding tertiary amine. 
Cytochrome b, can also mediate the channeling of 
electrons from NADH-cytochrome bs reductase to 
fatty acid desaturase, called the “cyanide sensitive fac- 
tor (CSF),” and hydroxylamine reductase [23, 30-32]. 

To summarize the characteristic nature of NADH- 
dependent N-oxide reductase which involves cyto- 
chrome P-450 as a key participant, the properties of 
NADH-dependent N-oxide reductase activity are 
compared with those of NADPH-dependent N-oxide 
reductase activity [6]. First, both the NADH and 
NADPH-dependent N-oxide reductase activities are 
sensitive to carbon monoxide and oxygen, and K,, 
values of substrate for NADH and NADPH-depen- 
dent N-oxide reductase activity are in the order of 
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Fig. 3. Scheme of NAD(P)H-dependent tertiary amine 
N-oxide reduction in liver microsomes. 


10~° to 10~° M. Secondly, in contrast to NADPH- 
dependent N-oxide reductase activity which was 
enhanced 80 per cent to 110 per cent by phenobarbi- 
tal pretreatment, the enhancement of NAD-dependent 
N-oxide reductase activity was slight (10-45 per cent). 
Third, the influence of the modification of cytochrome 
P-450 by various reagents such as “Type II” reagent, 
azo and hydrazide on NADH-dependent enzyme sys- 
tem was less significant than that observed with 
NADPH-dependent enzyme system. These results are 
suggestive of the presence of multiple forms of cyto- 
chrome P-450 in liver microsomes. Recently, data has 
been accumulated showing the presence of multiple 
forms of cytochrome P-450, such as phenobarbital in- 
duced cytochrome P-450 and methylcholanthrene in- 
duced cytochrome P-450, in liver micro- 
somes [ 33, 34, 35]. These results are, therefore, indica- 
tive of the presence of one species among them which 
is more reducible by NADH via NADH-cytochrome 
bs reductase and cytochrome bs and plays a central 
role in NADH-dependent reactions. 
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Abstract—4-(3-Indolyl-alkyl)piperidine derivatives (LM 5005, LM 5008, LM 5015) strongly inhibited 
5-HT accumulation into rat brain synaptosomes and human blood platelets in vitro but were weaker 
inhibitors of NA and DA uptake. These new compounds inhibited, like clomipramine, the neuronal 
membrane active transport whereas reserpine blocked the synaptic vesicle storage process of biogenic 
amines. They had no effect on 5-HT release from human blood platelets. The duration of 5-HT uptake 
inhibition in vivo by LM 5015 was equal to that observed with clomipramine (about 3 hr) and longer 
for LM 5008 and LM 5005. The piperidine derivatives did not inhibit 5-HT uptake into synaptosomes 
from specific regions of rat brain in the same manner. Unlike the tricyclic antidepressants, LM 5005 
and LM 5008 did not block the in vivo uptake of NA into rat heart and LM 5015 was a weak inhibitor. 
These results suggest that 4-(3-indolyl-alkyl)piperidine derivatives represent a new class of potent and 


selective inhibitors of 5-HT uptake into rat brain synaptosomes and human blood platelets. 


The mechanism principally responsible for the rapid 
inactivation of released biogenic amines in the synap- 
tic cleft is their re-uptake by the presynaptic mem- 
branes. This process is blocked mainly by tricyclic 
antidepressants [1, 2,3]. Despite the fact that tertiary 
amines (imipramine, clomipramine) are more active 
on 5-hydroxytryptamine (5-HT) uptake, there is no 
real selective activity with such drugs, perhaps 
because of the N-demethylation of tertiary amines 
into secondary amines (desipramine, chlordesipra- 
mine) [4,5], in vivo, which are potent noradrenaline 
(NA) uptake inhibitors [6, 7, 8]. 

Studies with brain synaptosomes [9, 10] and blood 
platelets [11,12] demonstrate that these preparations 
can serve as an excellent model for analysing the 
effects of agents on biogenic amine uptake and release 
processes. 

The lack of selectivity of tertiary amine containing 
tricyclic antidepressants has led us to search, using 
these methods, for compounds which would possess 
a more selective inhibitory action on 5-HT uptake. 

In the present report we describe the in vitro and 
in vivo properties of new 4-(3-indolyl-alkyl)piperidine 
derivatives (Fig. 1) which selectively inhibit the uptake 
of 5-HT in rat brain nerve endings and human blood 
platelets. 


MATERIALS AND METHODS 


Chemicals. All reagents used were analytical grade. 


pL-[methylene-'*C] noradrenaline bitartrate (53 mCi, 
m-mole), [ethylamine-1-'*C]dopamine hydrochloride 


(52 mCi/m-mole) and 5-hydroxy[side chain 2-'*C]- 
tryptamine creatinine sulfate (58 mCi/m-mole) were 
supplied by the Radiochemical Centre Amersham. 
Radioactivity was measured in a Packard Tricarb 
liquid scintillation spectrometer (Model 3320) with 
15 ml of scintillation fluid (Instagel Packard). All 
drugs were used as aqueous solutions of their hydro- 
chloride salts. 

Uptake of biogenic amines into synaptosome suspen- 
sions. The method used for measuring the uptake of 
monoamines into synaptosomes was similar to the 
procedure of Kannengiesser et al.[13] with slight 
modifications. All operations were performed at 0.4°. 
Immature female rats (19-21 days), Charles River 
strain, were killed by decapitation and the whole 
brains were immediately removed, weighed and hom- 
ogenized in 9 vol. of 0.32 M sucrose according to the 
method of Whittaker[14]. After centrifugation at 
900g for 15min, the supernatant was diluted to 
100 ml with 40mM Na phosphate buffer at pH 7, 
containing 100mM NaCl, 4mM KCI and 11mM 
p-glucose. Aliquots (5 ml) of this preparation were in- 
cubated for 5min at 37° with the labelled biogenic 
amines (10~’M) in the presence or absence of the 
psychotropic agents. Control samples were incubated 
at 0° to determine the non-specific uptake. The differ- 
ence between uptake at 37° and uptake at 0° was 
taken as a measure for the high affinity transport ac- 
tivity which was inhibited by the antidepressant 
drugs. After incubation the reaction was stopped by 
cooling the samples in ice, an aliquot (100 yl) was 
removed for radioactivity measurement and the 
remainder was centrifuged (Beckman, model L550, 
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LM 5005 
LM 5008 
LMSOI5 


rotor 50 Ti) at 100,000 g for 10 min. The pellet was 
rinsed twice with cold phosphate buffer (5 ml) and 
extracted with 0.4N perchloric acid (300 yl). After 
centrifugation the radioactivity of the acidic extract 
was measured. Four or five concentrations of the 
drugs were used in duplicate to determine the ICso 
values (concentration of drug that inhibits the uptake 
of the monoamines by 50 per cent). Proteins were 
estimated by the method of Lowry [15]. In some ex- 
periments on drug treated animals (10 mg/kg i.p.), we 
used synaptosomes isolated either from the whole 
brain or from different parts of the brain, obtained 
by dissection according to Glowinski and Iversen 
[16]. 

Uptake and release of 5-HT by human blood plate- 
lets. Plastic syringes and tubes were used throughout 
the experiment to prevent platelet aggregation. 30 ml 
of blood were taken by venepuncture from each 
volunteer and put into a centrifuge tube containing 
3 ml of anticoagulant (citrate at 3.8 per cent). Platelet 
rich plasma (PRP) was obtained by centrifugation of 
blood at 400 g for 15 min; platelets were counted and 
adjusted to about 2 x 10° * ml”! by appropriate dilu- 
tions with autologous platelet poor plasma (PPP) 
obtained by centrifuging blood at 3000g for 15 min. 
PRP was dispersed in | ml aliquots and the tubes 
were incubated at 37° in a water bath. They were 
allowed to equilibrate for 2 min before adding the in- 
hibitor and ['*C] 5-HT (10~’M). The uptake was 
stopped by placing the test tubes in melting ice after 
1 min incubation at 37°. The samples were centrifuged 
at 3.000 g for 15 min and the PPP collected. Radioac- 
tivity of 0.2 ml of PRP (after adding 0.1 ml of Triton 
X 100, 20 per cent) and PPP was counted and the 
uptake of ['*C] 5-HT calculated by the formula of 
Buczko et al. [17]. 

The release of ['*C] 5-HT by platelets was 
measured by the method of David et al. [18]. Samples 
of | ml of PRP were incubated with ['*C] 5-HT 
(10° 7 M) for 15 min; to induce release of the accumu- 
lated 5-HT, 0.1 ml of the different drug solutions was 
added to the samples which were further incubated 
at 37° for 15, 60 or 120 min. The radioactivity of the 
PRP was counted as described above. The release in- 
duced by the different drugs was then calculated from 
the difference between the samples incubated with 
and those incubated without addition of the drugs 
under the same experimental conditions. 

Uptake of NA and DA by rat heart in vivo. Male 
rats (80 g), Charles River strain, in groups of 5, were 
treated (i.p.) with either saline or the different drugs 
at various doses for 45 min. 100 nCi/rat of ['*C] NA 


or ['*C] DA were injected intravenously and the ani- 
mals were killed by decapitation 15 min afterwards. 
Hearts were immediately removed, rinsed and solubi- 
lised in 1 ml of Soluene (Packard). Radioactivity of 
the samples was then counted. 


RESULTS 


Uptake of NA, DA and 5-HT into rat brain synapto- 
somes in vitro. The kinetic analysis of NA, DA and ° 
5-HT uptake into rat brain synaptosomes was per- 
formed according to the method of Lineweaver and 
Burk [19]. The concentrations of biogenic amines 
used were 0.5, 1, 1.5, 2, 2.5 x 10°’M (each point in 
duplicate). The very low apparent K,, indicated that 
the neuronal uptakes of NA (K,, = 2.70 + 0.22 x 
10-7 M, V,, = 7 + 1 x 10°'? M/mg protein/5 mn), 
DA (K,, = 0.80 + 0.13 x 10°7M, Vv, = 5 + 05 
x 10~'? M/mg protein/5 mn) and 5-HT (K,, = 1.05 
+ 0.15 x 1077 M, V,, =4+0.5 x 107 '? M/mg pro- 
tein/5S mn) were mediated by high affinity transport 
systems. These values, which are the means of at least 
3 determinations, are similar to those found by differ- 
ent authors [ 13, 20, 21]. 

LM 5005, LM 5008 and LM S015, like clomipra- 
mine, strongly inhibited ['*C] 5-HT accumulation 
but were weaker inhibitors of NA and DA uptake. 
LM 5005 was four times and LM 5008 twice more 
potent than clomipramine in inhibiting the uptake of 
5-HT. LM 5015 was as effective as imipramine (Table 
1). The order of activity is: LM 5005 > LM 5008 > 
clomipramine > LM 5015 > imipramine > desipra- 
mine. 

Uptake of 5-HT into rat brain synaptosomes in vitro 
in the presence of an IMAO. In order to determine 
the site of action (neuronal membrane or synaptic 
vesicle) of LM 5005, LM 5008 and LM 5015, we 
measured the incorporation of ['*C] 5-HT into 
synaptosomes in the presence or absence of an 
IMAO: iproniazid[13] (Table 2). Iproniazid at 
10-3M has no effect on 5-HT uptake. 

The inhibitory action of reserpine was less marked 
in the presence of the IMAO because ['*C] 5-HT 
remaining unmetabolized did not diffuse through the 
neuronal membranes. On the contrary, clomipramine, 
LM 5005, LM 5008 and LM 5015 inhibited the uptake 
of ['*C] 5-HT in the same way, whether or not 
iproniazid was present. These results indicated that 
4-(3-indolyl-alkyl)piperidine derivatives, like clomi- 
pramine. preferentially inhibit the neuronal mem- 


Table 1. Concentrations of drugs (in 

uM) causing 50 per cent inhibition of 

['*C] NA, ['*C] DA and ['*C] 5-HT 

(ICs59) into rat brain synaptosomes in 

vitro—ICs59 were determined from 4 to 

6 concentrations of drugs in 
duplicate 





Drugs NA DA 5-HT 





Imipramine 18 0.2 
Desipramine 16 
Clomipramine 5 

LM 5005 

LM 5008 

LM 5015 
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Table 2. Effects of drugs on ['*C] 5-HT uptake in vitro 

into rat brain synaptosomes in the presence of an IMAO 

(Iproniazid)—Iproniazid (10~*M) was __ preincubated 

15 min with the synaptosome preparation and the uptake 
was measured as described— 





Drugs Concentrations Uptake (%) 





Control 100 
Iproniazid 

Reserpine 

Reserpine + Iproniazid 
Clomipramine 
Clomipramine + Iproniazid 
LM 5005 

LM 5005 + Iproniazid 

LM 5008 

LM 5008 + Iproniazid 

LM 5015 

LM 5015 + Iproniazid 


S 


10-7M 


~*~ 


NN CWO DH OO — © CO 
w 


UAkPwWwWwWhwunth om 
CON OWAIWNSO = 
He He HE HE HH HH 


x 
x 
x 
x 
x 
x 
x 
x 
x 
x 


-HPHHH HHH Hs 





* Standard deviation, n = 3. 


brane active transport whereas reserpine blocks the 
synaptic vesicle storage process. 

Uptake of NA, DA and 5-HT into rat brain synapto- 
somes in vivo. Synaptosomes of whole brain were pre- 
pared from control rats and from rats treated with 
LM 5005, LM 5008, LM 5015 or clomipramine at 
10 mg/kg i.p. For all the drugs tested the maximum 
of inhibition was found | hr after injection (Fig. 2). 
Clomipramine only had a weak but not significant 
inhibitory effect on NA uptake (32 per cent at 1 hr). 
None of the drugs had an effect on DA uptake. On 
the other hand, the administration of desipramine 
(10 mg/kgi.p., | hr) caused a significant decrease in 
NA uptake (52 per cent of control, P < 0.01) but not 
in DA or 5-HT uptake*. 

Figure 2 shows the time course of 5-HT uptake 
inhibition after administration of the drugs at 
10 mg/kgi.p. The uptake of 5-HT was significantly 
inhibited 15 min after treatment with LM 5005 (76 per 
cent inhibition, P < 0.01), LM 5008 (69 per cent inhi- 
bition, P < 0.01), clomipramine (70 per cent inhibi- 
tion, P < 0.01) but not with LM 5015; inhibition was 
maximum after | hr with all the drugs. 5-HT uptake 
returned to normal levels within 3 hr after LM 5015 
and clomipramine, i8hr after LM 5008 and longer 
after LM 5005 administration. 

Uptake of 5-HT into synaptosomes from different 
regions of rat brain in vivo. The differences between 
the controls at 37° and those at 0° were significant 
for all the brain regions, except the cerebellum (Table 
3). This result suggests that the uptake processes are 
active in six regions of the brain and passive in the 
cerebellum. The order of activity of 5-HT uptake 
is: midbrain > striatum > medulla + pons > 
hippocampus > cortex > hypothalamus > cerebellum. 

Clomipramine completely antagonized the active 
uptake of 5-HT in the hypothalamus, hippocampus, 
midbrain and partially in the cortex, medulla + pons 
and striatum. The activity of the 4-(3-indolyl-alkyl)pi- 
peridine derivatives was very different. In particular 
they did not affect the uptake of 5-HT in the hypo- 





* Unpublished results. 
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thalamus. LM 5015 was less effective than LM 5005 
and LM 5008 except in the striatum. LM 5005 and 
LM 5008 completely antagonized the 5-HT uptake in 
the midbrain, hippocampus and medulla + pons. 
They were less active in the cortex and striatum. 

Uptake of S5-HT in human blood platelets. The 
uptake of ['*C] 5-HT by human blood platelets was 
very rapid; it reached its maximum within | min and 
did not increase after | hr of incubation. The very 
low apparent K,, found (2.5 + 0.6 x 10°°M) sug- 
gests a high affinity transport system. No incorpor- 
ation of ['*C] 5-HT occurred at 0°, which indicated 
the absence of a non-specific uptake. Tricyclic antide- 
pressants were uncompetitive inhibitors more active 
than p-chloroamphetamine (Fig. 3). Tertiary amines 
(imipramine, clomipramine) were more effective than 
secondary amines (desipramine) [22] as with the 
pinched off nerve endings (Table 4). 4-(3-indolyl- 
alkyl)piperidine derivatives were competitive inhibi- 
tors. LM 5005 was a weaker inhibitor of ['*C] 5-HT 
uptake into human blood platelets than into rat brain 
synaptosomes. The order of activity was: LM 5008 
> clomipramine > LM 5005 = imipramine > LM 
5015 > amitriptyline > desipramine > p-chloroam- 
phetamine. The IC;, found were similar to those 
observed with rat brain synaptosomes for all the 
drugs, except LM 5005. 

Release of 5-HT by human blood platelets. Incuba- 
tion of labelled platelets with p-chloroamphetamine 
provoked the release of ['*C] 5-HT which was time 
and concentration dependent (Fig. 4). p-Chloroam- 
phetamine which was the least effective S-HT uptake 
inhibitor was the most potent 5-HT releaser. Tricyclic 
antidepressants and 4-(3-indolyl-alkyl)piperidine deri- 
vatives had no effect on 5-HT release at concen- 
trations which inhibited 5-HT uptake (Table 4). 

Uptake of NA and DA into rat heart in vivo. Tricyc- 
lic antidepressants which are known to inhibit the 
uptake of catecholamines into the brain are also 
potent inhibitors of catecholamine uptake into the 
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x p<0.05 
xx p<0.01 
xx p<O0.00I 
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Fig. 2. Time course of ['*C] 5-HT uptake into synapto- 
somes from whole rat brain after administration of clomi- 
pramine, LM 5005, LM 5008, LM 5015 at 10 mg/kg ip. 
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Table 4. Effect of various drugs on release and uptake of ['*C] 5-HT by human blood platelets 





% release of 5-HT 
(t= 120 mn) 


5x 10°°M 


5x 10°°M 


Inhibition of 5-HT uptake 
(t= 15 mn) 


Ki x 10°’M 





% inhibition 


CI UI (1 x 10-°M) 





p-Chloroamphetamine 
Imipramine 
Clomipramine 
Desipramine 
Amitriptyline 

LM 5005 

LM 5008 

LM 5015 
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CI = competitive inhibition; UI = uncompetitive inhibition—Values represent the mean (+ standard deviation) from 
2 to 4 determinations—Only values > 10% may be considered as a significant effect. 


heart [23,24]. Therefore we compared the in vivo 
potencies of 4-(3-indolyl-alkyl)piperidine derivatives 
and tricyclic antidepressants to block the NA and DA 
uptake into rat heart. 

Among the tricyclic antidepressants, secondary 
amines (desipramine) were more active than tertiary 
amines (imipramine, clomipramine). LM 5005 and 
LM 5008 did not block NA and DA uptake into rat 
heart. LM 5015 was a weak inhibitor less effective 
than clomipramine. 


DISCUSSION 


4-(3-Indolyl-alkyl)piperidine derivatives represent a 
new class of pharmacological agents which selectively 
inhibit the uptake of 5-HT into the neuronal mem- 


LM 5008 | 




















Fig. 3. Kinetic analysis of the inhibition of ['*C] 5-HT 
uptake by human blood platelets according to the method 
of Lineweaver and Burk [19]. 


brane. LM 5005 and LM 5008 are more specific than 
LM 5015. The apparent selectivity in vitro of imipra- 
mine and clomipramine on 5-HT uptake does not 
occur in vivo because of their N-demethylation by the 
hepatic microsomal enzymes which produces the res- 
pective secondary amines which are potent catechol- 
amine uptake inhibitors [4, 5, 25]. Clomipramine, the 
most effective tricyclic antidepressant in inhibiting 
5-HT uptake, is also a potent catecholamine uptake 
inhibitor in the rat heart in vivo. On the contrary, 
LM 5005 and LM 5008 do not inhibit catecholamine 
uptake in rat heart in vivo and the ICs, of LM 5015 
is 3 times higher than that of clomipramine. The 
duration of 5-HT uptake inhibition is longer with 
LM 5005 and LM 5008 (i8hr at least) than with 
clomipramine (3hr). This phenomenon could be 
explained by a prolonged presence of these com- 
pounds in the brain or by the metabolization of 
LM 5005 and LM 5008 into very active 5-HT uptake 
inhibitor metabolites. 

In vivo the 5-HT uptake inhibition by 4-(3-indolyl- 
alkyl)piperidine derivatives is very different from a 
specific brain region to another. The administration 
of these drugs to rats causes no or a small 5-HT 
uptake inhibition in the hypothalamus and striatum 
which, however, possess high 5-HT uptake activities 
(Table 3) and contain 5-HT neurones [26, 27]. This 
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Fig. 4. Effect of p-chloroamphetamine on release of ['*C] 
5-HT from human blood platelets. No release occurred 
in controls. 
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Table 5. Inhibition of ['*C] NA and ['*C] DA accumulations into rat heart by 
tricyclic antidepressants and 4-(3-indolyl-alkyl)piperidine derivatives 





Doses 
Drugs 


% inhibition 


(mg/kg i.p.) NA 


ICso (mg/kg i.p.) 
DA NA DA 





Desipramine 0.1 
l 


10 
Imipramine 


Clomipramine 


20 
LM 5005 50 
LM 5008 50 
LM 5015 20 
30 
50 





Values represent the mean of 3 determinations. 


paradoxical effect was already found with another 
new selective 5-HT uptake inhibitor, Lilly 110140, 
which only causes a 20 per cent decrease in 5-HT 
uptake in the striatum and diencephalon [28]. More- 
over, nomifensine, a specific catecholamine uptake in- 
hibitor, has a weaker inhibitory effect on NA uptake 
in the hypothalamus than in the whole brain in 
vitro [29]. 

Nevertheless, several hypotheses may be postulated. 
First, the lack of effect in the hypothalamus and the 
striatum could be caused by a heterogenous distribu- 
tion of the drugs in the brain. Second, the uptake 
sites in the hypothalamus and striatum should be very 
different from those of the other brain regions, the 
drugs tested showing no affinity to these sites. More- 
over, the “in vivo” measurement of the inhibition of 
5-HT uptake that we used was in fact and in vivo, 
in vitro method. So the lack of effect might be an 
artefact because of a very reversible binding of the 
4-(3-indolyl-alkyl)piperidine derivatives to the hypo- 
thalamus and striatum membranes. Further experi- 
ments, such as in vitro measurements of 5-HT uptake 
inhibition in different brain regions, or in vivo after 
intracerebral injection of ['*C] 5-HT in different spe- 
cies, or determination of the distribution of the 
labelled 4-(3-indolyl-alkyl)piperidine derivatives, are 
being carried out, which could elucidate this point. 

Whereas tricyclic antidepressants block the re- 
uptake of biogenic amines by the pre-synaptic mem- 
branes, reserpine prevents the storage of exogenous 
monoamines in synaptic vesicles [13]. As only the un- 
bound amines are quickly metabolized by MAO into 
metabolites which diffuse out through the membrane, 
the comparison between monoamine uptake in the 
presence or in the absence of an IMAO could dis- 
tinguish these two different mechanisms of action. 
LM 5005, LM 5008 and LM 5015 inhibit in the same 
way 5-HT uptake whether or not an IMAO is pres- 
ent. Therefore, like tricyclic antidepressants, they are 
inhibitors of the 5-HT uptake by the pre-synaptic 
membranes. 


The central action of amphetamines is generally 
attributed to an increase in the concentration of 
monoamines in the synaptic cleft, which may be 
achieved by an increase in the release of the amines 
from pre-synaptic terminals and by an inhibition of 
the re-uptake of the released amines [30, 31, 32]. For 
example, p-chloroamphetamine, which acts preferen- 
tially on S-HT neurones [33,34], inhibits 5-HT 
uptake and provokes a release of 5-HT from human 
blood platelets. On the contrary, 4-(3-indolyl-alkyl)pi- 
peridine derivatives and clomipramine inhibit 5-HT 
uptake without affecting 5-HT release from human 
blood platelets. 

Thus, because of their specific 5-HT uptake inhibit- 
ing property, 4-(3-indolyl-alkyl)piperidine derivatives 
could exert therapeutic effects in 5-HT dependent 
mental diseases. 
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Abstract—4-(3-Indolyl-alkyl)piperidine derivatives (LM 5005, LM 5008 and LM 5015), like clomipra- 
mine, had no or little effects on brain 5-HT but reduced brain 5-HIAA levels and 5-HT turnover, 
after single or chronic treatment. Brain tryptophan levels remained unaffected by clomipramine, were 
slightly decreased by LM 5008 and increased by LM 5005 and LM S015. The piperidine derivatives 
counteracted brain 5-HT depletion induced by H 75/12 and 4-chloroamphetamine more effectively 
than clomipramine, after i.p. or p.o. administration. On the contrary clomipramine was more effective 
in inhibiting cardiac NA depletion induced by 6-OH-dopamine than LM 5015; LM 5008 and LM 5005 
were ineffective. The potential therapeutic effects of such compounds in mental diseases are discussed. 


In a previous paper [1], 4-(3-indolyl-alkyl)piperidine 
derivatives were shown to be strong inhibitors of the 
uptake of 5-hydroxytryptamine (5-HT) by rat brain 


synaptosomes in vitro and in vivo and to possess a 
weaker inhibitory activity on the uptake of norad- 
renaline {NA) and dopamine (DA). 

The mode of action of these compounds is, in spite 
of their higher selectivity, so similar to that shown 
by tricyclic antidepressive drugs that it suggests some 
identical effects on brain biogenic amine turn- 
over [2, 3, 4] and on experimentally induced depletion 
of brain or cardiac monoamines [5, 6, 7]. 

This was to be ascertained, and the following report 
describes the activity of three 4-(3-indolyl-alkyl)piperi- 
dine derivatives (LM 5005, LM 5008 and LM S015) 
and clomipramine on brain 5-HT turnover and on 
cardiac or brain monoamine depletion induced by 
6-hydroxydopamine (6-OHDA), 4-methyl-«-ethylme- 
tatyramine (H 75/12) and 4-chloroamphetamine (pCA). 


MATERIAL AND METHODS 


All reagents used were fluorometric grade. Levels 
of 5-HT, 5-hydroxyindole-acetic acid (5-HIAA), NA 
and tryptophan were determined respectively by the 
methods of Curzon et al.[8], Miller et al. [9], 
Denckla et al. [10] with slight modifications, it having 
been verified that there was no interference of the 
compounds tested in these fluorometric assays. Male 
rats of 200g and male mice of 30g, obtained from 
Charles River, were used for the experiments; they 
had free access to food and water. The drugs were 
administered as aqueous solutions of their hydrochlo- 
ride salts. 

Turnover of brain 5-HT. The rats were injected i.p. 
with the drugs (25 mg/kg). Fifteen min later, treated 
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and control rats received probenecid (200 mg/kg i.p.). 
At intervals (0, 30 min, 60 min, 90 min, 120 min after 
probenecid) the animals were decapitated and the 
brains were removed and analyzed for 5-HT and 
5-HIAA. Three determinations were made for each 
time and treatment. The values for brain 5-HIAA 
were transformed logarithmically for linear regression 
analysis. 5-HT turnover rates and times were calcu- 
lated according to the method of Neff et al. [11, 12]. 
Brain 5-HT turnover was also studied after chronic 
LM 5008 and clomipramine treatment (10 days, 
25 mg/kg i.p.). 

Antagonism of H 75/12 induced depletion of brain 
5-HTand NA. The rats (groups of 5) received H 75/12 
(25 mg/kgi.p.) 2 and 4 hr before they were killed. The 
drugs were administered 30 min (i.p.) or 90 min (p.o.) 
before the first injection of H 75/12. 

Antagonism of pCA induced depletion of brain 5-HT. 
The drugs were administered 15 min (i.p.) or 90 min 
(p.o.) before pCA (10 mg/kgi.p.). The rats (groups of 
5) were killed 4 hr after pCA injection. 

In another experiment pCA was injected 6 hr before 
sacrifice and the drugs (10 mg/kgi.p.) were adminis- 
tered 3 hr after pCA. 

Antagonism of 6-OHDA induced depletion of cardiac 
NA. The mice (groups of 5) received 6-OHDA 
(7 mg/kgi.p.) 16 hr before they were killed. The drugs 
were injected 1 hr before 6-OHDA. 


RESULTS 


Effects on 5-HT, 5-HIAA and tryptophan levels in 
rat brain. After a single injection (25 mg/kgi.p.) the 
drugs tested had no or little effects on brain 5-HT 
but lowered brain 5-HIAA (Table 1). After chronic 
administration (10 days) clomipramine and LM 5008 
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Table 1. Effects of LM 5005, LM 5008, LM 5015 and clomipramine on brain 5-HT, 5-HIAA and tryptophan 





Treatment 


5-HT 
ng/g tissue 
(mean + S.D.) 


5-HIAA 
ng/g tissue 
(mean + S.D.) 


Tryptophan 
ng/g tissue 
(mean + S.D.) 





Control 


Clomipramine 


LM 5008 


LM 5005 


LM 5015 


15 mn 
Single ) 45 mn 


75 mn 


Chronic 15 mn 


15 mn 
Single 4 45 mn 
75 mn 


Chronic 15mn 


15 mn 
Single 4 45 mn 


75 mn 


400 + 18* 


350 + 25 
310 + 50 
347 


I+ I+ I+ I+ 


4000 + 100 
3800 + 230 


3570 + 


4800 + 220* 


4900 + 


15 mn 
Single } 45 mn 


75 mn 





Groups of 5 rats were injected intraperitoneally with the drugs (25 mg/kg) in single or repetitive (10 days) treatment. 


*P < 0.05, +P < 0.01, t P < 0.001. 


had no effect on 5-HT levels but decreased still more 
strongly 5-HIAA. 

Brain tryptophan level remained unaffected by clo- 
mipramine; it was slightly decreased by LM 5008 and 
increased by LM 5005 and LM 5015. 

Effects on brain 5-HT turnover. Injection of pro- 
benecid was followed by a linear increase (r = 0.98) 
in 5-HIAA level in rat brain. The turnover rate was 
in agreement with those found by different authors 
[4, 13]. The animals pretreated with the drugs accu- 
mulated 5-HIAA more slowly than controls (Table 
2), the differences in slopes being statistically signifi- 
cant (P < 0.001). The decrease in 5-HT turnover 
caused by the different compounds was more pro- 
nounced with the 4-(3-indolyl-alkyl)piperidine deriva- 
tives than with clomipramine. After chronic adminis- 
tration of LM 5008 or clomipramine there was a 
greater decrease in the turnover rate than after a 
single dosage with these drugs. 

Antagonism of H 75/12 induced depletion of brain 


5-HT and NA. When the animals were treated with 
H 75/12 alone, brain 5-HT level decreased to about 
half the normal value whereas NA level decreased 
to a less extent. After injection of the compounds 
under study no antagonizing effect was observed on 
NA depletion, while 5-HT depletion was prevented 
by LM 5008 and to a lower degree by LM 5005, 
LM 5015 and clomipramine (Table 3). After oral ad- 
ministration the 4-(3-indolyl-alkyl)piperidine deriva- 
tives counteracted 5-HT depletion, whereas clomipra- 
mine remained ineffective until 50 mg/kg. 

Antagonism of pCA induced depletion of brain 5-HT. 
pCA is a specific depletor of brain 5-HT. After ip. 
injection all the drugs tested prevented its effect. The 
order of activity was: LM 5008 > LM 5015 > LM 
5005 > clomipramine (Table 4). Orally, clomipra- 
mine, as in the case of H 75/12, was inactive up to 
50 mg/kg, whereas the piperidine derivatives reversed 
pCA induced depletion. 

In another experiment the drugs were injected 3 hr 


Table 2. Influence of LM 5005, LM 5008, LM 5015 and clomipramine on turnover 
rates and turnover times of rat brain 5S-HT, measured from 5-HIAA decline after 
probenecid administration 





Turnover rate of 5-HT 


Treatment 


Turnover time 
(mcg/g/h) (mn) 





Control 
Single 
Chronic 


ps Single 
LM 5008 { yee 
LM 5005 


Single 
LM 5015 Single 


Clomipramine { 


0.218 + 0.027 
0.105 + 0.011 
0.082 + 0.016 
0.055 + 0.014 
0.043 + 0.014 
9.062 + 0.016 
0.050 + 0.012 





The drugs (25 mg/kgi.p.) in single or chronic (10 days) treatment were injected 
15 min before probenecid (200 mg/kgi.p.) and the rats in groups of 5 were sacrificed 


30, 60, 90 and 120 min later. 
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Table 3. Antagonism of H 75/12 induced depletion of brain 5-HT by LM 5005, LM 5008, LM 5015 and clomipramine 





Brain 5-HT 
ng/g tissue Inhibition 
(mean + S.D.) y 


Dose 
mg/kg 
Treatment i.p. 


mg/kg 


Brain 5-HT 
ng/g tissue Inhibition 
(mean + S.D.) ys 


Dose 
mg/kg 
p.o. 


EDso 
mg/kg 


EDso 





Control +12 


H 75/12 


I+ 


84 
43 
0 


(i 
Cae eee 
| 


nO 


Clomipramine 


I+ I+ I+ 
Yves 


LM 5005 


100 
94 
84 
50 
18 


497 + 34 100 
460 + 23 98 
315 +B 55 
328 +9 32 


LM 5015 


621 + 28 


50 534 + 43 
25 379 + 31 





The rats in groups of 5 received H 75/12 (25 mg/kgi.p.) 2 and 4hr before they were killed. Drugs were administered 
30 min (i.p.) or 90 min (p.o.) before the first injection of H 75/12. 


after pCA (Fig. 1). With pCA alone, the depletion 
was time dependent and greater at 6 hr than at 3 hr. 
The groups of rats which received LM 5005 and 
LM 5008 showed 5-HT levels similar to the control 
values, demonstrating a complete inhibition of the 
depleting effect of pCA by these compounds. This 


effect was only partially antagonized by LM 5015 and 
clomipramine. 

Antagonism of 6-OHDA induced depletion of cardiac 
NA. 6-OHDA induced a large depletion of cardiac 
NA. Clomipramine prevented this depletion with an 
EDs of 7.5 mg/kg (Table 5). LM 5015 was a weaker 


Table 4. Antagonism of 4-chloroamphetamine (pCA) induced depletion of brain by LM 5005, LM 5008, LM 5015 and 
clomipramine 





Brain 5-HT 
ng/g tissue Inhibition 
(mean + S.D.) y 4 


Dose 
mg/kg 
Treatment ip. 


mg/kg 


Brain 5-HT 
ng/g tissue Inhibition 
(mean + S.D. pe 


Dose 
mg/kg 
p.o. 


EDso 
mg/kg 


EDso 





Control 563 + 


4-Chloroamphe- 
tamine 


I+ 


100 
37 
19 


50 
Clomipramine 25 
10 


I+ I+ I+ 


100 
54 
27 
31 


70 


LM 5008 3 + 44 
17 


85 
LM 5015 22 
310 + 28 8 


519 + 16 


267 + 8.9 


291 + 33 


50 380 + 36 
30 311 + 19 
20 317 + 10 


50 550 + 36 
30 489 + 24 
20 369 + 12 


50 566 + 29 
30 405 + 28 27 
20 317 + 22 





Drugs were administered 15 min (i.p.) or 90 min (p.o.) before the i.p. injection of pCA (10 mg/kg). The rats in groups 


of 5 were killed 4hr after pCA. 
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Reversal effect of LM 5005, LM 5008, LM 5015 and clomipramine on the depletion of brain 


5-HT induced by 4-chloroamphetamine (pCA). pCA (10 mg/kg i.p.) was injected 6 hr before the sacrifice 
and the drugs (10 mg/kgi.p.) 3 hr after pCA. 


Table 5. Antagonism of 6-hydroxydopamine (6-OHDA) induced depletion of cardiac 


NA 





Dose 
mg/kg 
Treatment i.p. 


Cardiac NA 
ng/g tissue 
(mean + S.D.) yA mg/kg 


Inhibition EDs 





Control 


6-Hydroxydopamine 


Clomipramine 


LM 5005 


LM 5008 


LM 5015 


324 + 11 


0 
0 


12 
30 
71 





The mice in groups of 5 received 6-OHDA (7 mg/kgi.p.) 16 hr before they were 
killed. Drugs were injected 1 hr before 6-OHDA. 


inhibitor (EDs, = 40 mg/kg). In contrast LM 5005 and 
LM 5008 were ineffective at 50 mg/kg i.p. 


DISCUSSION 


4-(3-indolyl-alkyl)piperidine derivatives, like clomi- 
pramine, had no or little effects on brain 5-HT level 
but lowered brain 5-HIAA after single or chronic 
treatment. These results suggest that these derivatives 
decrease the brain 5-HT turnover but do not present 
any MAOI activity since otherwise a rise in the 5-HT 
level would have been observed after chronic treat- 
ment (10 days). The reduction of brain 5-HT turnover 


secondary to the inhibition of 5-HT uptake from the 
synaptic cleft may be due either to an increased 
stimulation of a presynaptic receptor or to a trans- 
synaptic feedback mechanism. 

LM 5005 and LM S015 increased the brain trypto- 
»phan level. There are different possible mechanisms 
to explain their effect: displacement of plasmatic tryp- 
tophan from its specific binding proteins [14], in- 
crease in tryptophan uptake by the brain [15] or inhi- 
bition of hepatic tryptophan pyrrolase [16]. 

It is well known that H 75/12 and pCA are actively 
concentrated, like biogenic amines, inside the neurons 
by an uptake\mechanism located at the cell mem- 
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brane (membrane pump). Moreover, they have a high 
affinity for the intraneuronal synaptic vesicles. The 
injection of these compounds will lead to a displace- 
ment of the intraneuronal monoamines and thus 
entail a depletion. An inhibitor of the membrane 
pump should prevent such depletion. Thus, the anta- 
gonism of pCA or H 75/12 induced depletion of brain 
5-HT is well representative of a 5-HT uptake inhibi- 
tory activity in vivo. This study confirms that 
4-(3-indolyl-alkyl)piperidine derivatives possess a 
greater potency in inhibiting 5-HT uptake, after intra- 
peritoneal or oral administration, than clomipramine 
which had a long time been considered as the most 
effective S-HT uptake inhibitor. 

The EDs for antagonizing 6-OHDA induced de- 
pletion of cardiac NA are very comparable with those 
for inhibiting NA uptake by rat heart [1]. Clomipra- 
mine, which was less active than the piperidine deri- 
vatives in inhibiting 5-HT uptake, was also a potent 
inhibitor of NA uptake in rat heart in vivo and 
proved more effective in this respect than these com- 
pounds. These results demonstrate that 4-(3-indolyl- 
alkyl)piperidine derivatives inhibit in vivo the uptake 
of 5-HT with a much greater selectivity than clomi- 
pramine, hitherto recognized as the most specific 
reference product. 

Because of this selectivity, these compounds might 
contribute to elucidate some brain 5-HT dependent 
mechanisms. 

Considerable biochemical evidence relates trypta- 
minergic neurons to the regulation of different mental 
activities. For instance it has been suggested that 
there may be some dysfunction of indoleamine meta- 
bolism in depressive states [17,18]. There is a de- 
crease in the 5-HT and 5-HIAA levels in the brains 
of severely depressive patients having committed sui- 
cide [19, 20]. A diminished 5-HIAA response to pro- 
benecid has also been found in patients with endo- 
genous depressions [21,22]. Some workers have dis- 
tinguished several components in the clinical actions 
of antidepressants, such as mood elevation, which is 
related to the inhibition of 5-HT uptake, and psycho- 
motor activation, which is NA dependent [23, 24]. 
In the light of these findings it may be considered 
that 4-(3-indolyl-alkyl)piperidine derivatives constitute 
potential antidepressive drugs. 

From another point of view, considering that de- 
struction of tryptaminergic neurons of raphe nuc- 
leus [25] or inhibition of tryptophan hydroxylase by 
p-chlorophenylalanine [26] provokes insomnia, it 
may be postulated that 4-(3-indolyl-alkyl)piperidine 
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derivatives could exert some effect on sleep and in 
particular suppress, like clomipramine [27], paradoxi- 
cal sleep. 
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Abstract—The location of chlorpromazine and chlorimipramine, when these drugs are bound by the 
erythrocyte membrane, is discussed. The binding of these drugs to ghosts, to liposomes of erythrocyte 
ghost lipid and to isolated ghost proteins suggest that both the lipid and the protein phase are binding 
domains. The average distance between drug and membrane tryptophan was determined by fluorescence 
spectroscopy. These results and experiments with the fluorescent probe 1-anilinonaphtalene-8-sulfonate 


(ANS) confirmed the indicated location. 


The interaction of anesthetics with membranes has 
been the subject of many investigations because the 
anesthetic effect is the main action or side action of 
many clinically important compounds [1]. Though 
the mechanism of action of anesthetics is far from 
clear, it seems evident that they influence the proper- 
ties of the cell membrane. The erythrocyte membrane 
has proved to be a suitable model system for the 
studies of molecular events involved in the membrane 
action of anesthetics [1]. All lipid-soluble anesthetics 
protect erythrocytes against hypotonic lysis and here 
a clue has been sought to an understanding of the 
molecular basis of anesthetic action. 

The effects of anesthetics on lipid model mem- 
‘branes in some respects resemble their effects on bio- 
logical membranes. This suggests a predominant in- 
teraction of such compounds with lipid components 
of the membrane. In recent years however, increasing 
attention has been paid to membrane proteins and 
the results of some investigations suggest that anes- 
thetics influence the conformation of membrane pro- 
teins [2-12]. 

Fluorescence spectroscopy can be used to study 
anesthetic-membrane interactions. Firstly the mem- 
brane itself has an intrinsic fluorescence, due to aro- 
matic amino acids in the protein part, especially tryp- 
tophan. The presence of certain drugs may cause 
radiationless transfer of energy from tryptophan to 
the drug molecule, depending on _ spectroscopic 
properties and the location of the drug in the mem- 
brane. Secondly, the fluorescence of probes like 1- 
anilinonaphtalene-8-sulfonate (ANS) depends on the 
micro-environment of the probe. The interaction of 
a drug with the membrane can influence the fluor- 
escence of membrane-bound ANS by affecting its 
micro-environment. 

In this study the location of some anesthetics with 
regard to the protein and lipid phase will be con- 
sidered. Because of suitable spectroscopic properties 
the tranquillizer chlorpromazine and the antidepres- 
sant chlorimipramine were chosen. Their partition 
over the protein and lipid phase was studied at a 
concentration (2 x 10~*) when they provide a strong 
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protection against hypotonic lysis of erythro- 


cytes [1, 13]. 


MATERIALS AND METHODS 


Pig erythrocyte ghost membranes were prepared 
according to the procedure of Dodge [14]. The con- 
centrated ghost suspension was diluted in order to 
obtain a stock suspension with 600 yg protein/ml. Ex- 
periments were carried out with a final protein con- 
centration of 60g per ml in 20mOsm phosphate 
buffer (pH 7.4). Protein was estimated by the Lowry 
method [15], using bovine serum albumin as a stan- 
dard. A ghost protein fraction was obtained by remo- 
val of the lipids from the ghosts by the butanol- 
extraction method of Rega [16], followed by extensive 
dialysis to remove the butanol. This method was 
chosen because it leads to minimal configurational 
changes, while over 80 per cent of the membrane pro- 
tein is recovered. The lipids of the membrane were 
isolated according to the extraction procedure of De 
Gier and Van Deenen [17]. The lipids were converted 
into liposomes by sonicating them for 15 min, under 
a nitrogen atmosphere and in ice, in 15mM _ phos- 
phate buffer (pH 7.4). 

Chlorpromazine HCI was obtained from SPECIA 
and ANS from K & K Laboratories. Chlorimipra- 
mine was a gift from CIBA-Geigy B.V. All other 
chemicals were analytical grade reagents. Unless 
otherwise indicated ANS concentration was 10~° M; 
the drug concentration was 2 x 10~° M. 

The binding of chlorpromazine and chlorimipra- 
mine added to ghosts was determined by measuring 
the absorption at 260 nm of the supernatant after cen- 
trifugation. The binding to ghost protein and to lipo- 
somes was determined by equilibrium dialysis with 
a Dianorm apparatus, measuring the absorption in 
the dialysate. The values were corrected for contami- 
nation with other 260 nm absorbing material. 

Fluorescence measurements were carried out with 
an Aminco Bowman Spectrofluorimeter. The exci- 
tation wavelength for tryptophan emission was 
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Table 1. Percentage of chlorpromazine and chlorimipramine bound to ghosts, lipo- 
somes and ghost proteins at a drug concentration of 2 x 10~° M*, as compared to 
total drug quantity added 





Chlorpromazine Chlorimipramine 





Ghosts 3t 
Liposomes of ghost lipid 4 
Isolated ghost protein 4 


Ww WwW 
NOD 
Fe + 
IM w 





* Concentration for ghosts and isolated protein: 60 yg protein/ml; for liposomes: 
60 yg lipid/ml. 

+ Reproducibility was hard to obtain between different batches of erythrocytes. 
Determinations were carried out in 5-fold with ghosts and ghost components from 
the same batch of erythrocytes. Here the S.D. was small, ranging from 1—2%. The 
values given in this Table represent the mean of the results of three different batches; 


here the deviation is considerable. 


290 nm. The distance R between membrane trypto- 
phan and the drug molecules was estimated according 
to the theory of Forster concerning energy transfer 
[18]. Férster has shown that when there is an overlap 
between the fluorescence emission spectrum of a 
donor molecule (e.g. tryptophan) and the absorption 
spectrum of an acceptor molecule, resonance transfer 
of energy from the donor to the acceptor will occur. 
The critical distance Ro, at which transfer of energy 
is 50 per cent efficient is given by: 
9 x 10° (In 10)*xcr, 
16 2*n?N7v2 , 
where xk is an orientation factor of the dipole pair, 
t, is the donor lifetime in the absence of an acceptor, 
n is the refractive index of the medium, Vp is the 
wavenumber of the 0,0 transition of the donor and 
J, is the integral of the product of all wavenumbers 
of donor emission intensity and acceptor absorption 
[19,20]. A random orientation of drug molecules in 
the membrane has been assumed, in which case K? 
amounts to 2/3. The refractive index was taken as 
1.6. The factors t, and ¥o refer to the properties of 
membrane tryptophan and have been taken from a 
paper of Brocklehurst et al. J, was calculated from 
the corrected emission spectrum of membrane trypto- 
phan and the absorption spectrum of the drugs. The 
distance R was calculated from Ro and the efficiency 
of energy transfer T from the relationship 


T(1 — T) = (Ro/R)® 


(Ro)° = J 


v 


(21) 


The T value was determined from the quenching of 
membrane tryptophan fluorescence after correction 
for the inner filter effect using solutions of free trypto- 
phan and the drug in appropriate concentrations. 


The excitation wavelength for ANS was 370 nm, 
the emission was measured at 475 nm. The data were 
represented as relative fluorescence intensities. A 
double reciprocal plot of ANS fluorescence versus 
membrane concentration was used to obtain a 
measure for the quantum yield. The intercept with 
the ordinate will be indicated with F,,. 


RESULTS 


The binding of chlorpromazine and chlorimipra- 
mine to ghosts has been compared with the binding 
to its isolated lipid and protein components. For this 
purpose the isolated ghost lipids were converted into 
liposomes, because these structures are considered as 
an appropriate model system for the bilayer structure 
in the membrane. The binding in a 2 x 10°° M drug 
solution is represented in Table 1. 

The value for the overlap integral J, for chlorpro- 
mazine and chlorimipramine with tryptophan were 
determined from the corrected emission spectrum of 
tryptophan and the absorption spectra of the drugs. 
The J, value was found to be 2.3 x 10'° cm*mM~? 
for tryptophan to chlorpromazine and 2.2 x 10° cm? 
mM ~? for tryptophan to chlorimipramine. The latter 
value is small because there is only a small overlap 
of the absorption spectrum of chlorimipramine with 
the emission spectrum of tryptophan. Thus the error 
in Ro is here more significant than for chlorproma- 
zine. This may be in part responsible for the difference 
between the R-values for chlorpromazine and chlor- 
imipramine. The corresponding Rg-values could be 
calculated and were 18A for chlorpromazine to tryp- 
tophan and 12A for chlorimipramine to tryptophan. 


Table 2. Values for transfer efficiency T* and drug—membrane tryptophan distance (R) in ghosts and isolated ghost 
protein 





Ghosts 


Isolated ghost protein 





T(2 x 1075 M) . 





R T(2 x 107° M) Raids R 





Chlorpromazine 0.34 + 0.02 


to tryptophan 0.41 + 0.02 


Chlorimipramine 0.12 + 0.012 


to tryptophan 


0.14 + 0.014 


i7A 
15,A 


14A 
13A 


19,A 
19A 


17A 
16,A 


0.58, + 0.03. 
0.71, + 0.04 


0.32 + 0.03 
0.40 + 0.04 





* The T-values are the average of five experiments. 
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Fig. 1. Double reciprocal plot of ANS fluorescence versus 
ghost protein concentration. Effect of chlorimipramine on 
ANS fluorescence. ANS concentration: 10°°M_ in 
20mOsm phosphate buffer, pH7.4. Fluorescence in- 
tensities are given in arbitrary units; F is the observed 
fluorescence, corrected for fluorescence of ANS in the 
absence of membranes and background fluorescence. Each 
point is the mean of three measurements. The intercept 
of the line, plotted by the method of least squares, on 
the ordinate is a measure for quantum yield. The whole 
experiment was repeated 8 times. Taking 1/F,, for ghosts 
+ANSasunity, then 1/F,, for ghosts + ANS + chlorimipra- 
mine was 0.60 + 0.14. ( O——) ghosts without drug; 
(——@——) ghosts with 2 x 10~° M chlorimipramine. 


Assuming that energy transfer is the only reason 
of quenching, the efficiency of energy transfer T can 
be estimated according to the relationship 


T=1- 07/Qo, 


where Q,. is the quantum yield in the presence of 
drug and Qy the quantum yield in the absence of 
drug. The ratio Q7/Q, was obtained from the emis- 
sion spectra of membrane tryptophan, with and with- 
out drug, after correction for the inner filter effect. 
The T-value for maximal energy transfer, T,,,,, Was 
obtained from a plot of the reciprocal fluorescence 
increment, corrected for the inner filter effect, and the 
reciprocal drug concentration. The T-values for a 2 x 
10~° M drug concentration, T,,,,,, and the correspond- 
ing distances drug-to-tryptophan are given in Table 2. 

The transfer efficiency in the isolated ghost protein 
was much higher than in intact ghosts (Table 2); the 
distance R between the drug molecules and trypto- 
phan is accordingly smaller in the isolated protein 
than in ghosts. 

The addition of ghosts to an ANS-containing solu- 
tion results in a strong increase of ANS fluorescence 
(Fig. 1). This is due to an increase in quantum yield 
of the ANS bound to the membrane. The presence 
of chlorimipramine (2 x 10~°M) in the ANS-con- 
taining ghost suspension results in a further fluores- 
cence increase, as can be seen in Fig. 1. This change 
in fluorescence may have two causes: (a) a change 
in quantum yield, due to a change in the micro-envir- 
onment of the ANS molecule; (b) a change in the 
affinity or binding capacity of the membrane for ANS. 


To decide whether a change in quantum yield is re- 
sponsible for the observed increase of ANS fluores- 
cence, plots were made of reciprocal fluorescence 
change versus reciprocal protein concentration. The 
intercept on the ordinate, F,,, is a measure for the 
quantum yield of bound ANS. In our case the protein 
concentration can be considered as a measure of 
membrane concentration. As can be seen in Fig. 1, 
the quantum yield of the ANS-bound protein is in- 
creased considerably in the presence of chlorimipra- 
mine. 

Chlorpromazine presents certain difficulties in 
fluorescence studies with ANS. When excited at 
370 nm there is a considerable emission at 475 nm 
which overlaps with ANS fluorescence. The fluores- 
cence depends on the membrane concentration 
because the fluorescence of chlorpromazine depends 
on its micro-environment. Kramer and Li[22] have 
described chlorpromazine action in connection with 
2-p-toluidinyl-6-sulfonate (TNS) fluorescence and 
erythrocyte membranes; here a decrease in quantum 
yield was found. We found no significant difference 
between chlorpromazine and chlorimipramine; both 
gave an enhancement of ANS quantum yield. The 
different results obtained by Kramer and Li may be 
ascribed to the different structure of TNS. Tasaki et 
al. [23] found that the behaviour of ANS was very 
different from that of TNS, due to a complete differ- 
ent geometry of the molecules. 

Chlorimipramine influences the fluorescence of 
ANS bound to liposomes in the same way as the 
fluorescence of ANS bound to ghosts, corresponding 
to a roughly similar quantum yield. The liposomes of 
ghost lipid (Fig. 2) were compared with liposomes of 
lecithin, liposomes of lecithin with 20% phosphatidyl- 
serine and liposomes of lecithin, phosphatidylserine 
and cholesterol (Fig. 3). The fluorescence—and quan- 
tum yield—of ANS in lecithin liposomes was much 
higher than in ghost lipid liposomes. The addition 
of phosphatidylserine causes a decrease of fluores- 
cence, but here too the fluorescence was higher than 
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Fig. 2. Comparison of ghosts with liposomes of ghost lipid. 

Double reciprocal plot of ANS fluorescence versus ghost 

protein concentration or ghost lipid concentration. Condi- 

tions as in Fig. 1. (—-O——) ghosts; (~—-A——-) lipo- 

somes; (——@——) ghosts with 2 x 10~° M chlorimipra- 

mine; (——A——) liposomes with 2x 10°-°M 
chlorimipramine. 
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Fig. 3. Comparison of liposomes with different composi- 
tion. Double reciprocal plot of ANS fluorescence versus 
lipid concentration. Liposomes were made of pure lecithin, 
lecithin with 20% phosphatidylserine and lecithin with 
phosphatidylserine and cholesterol (wt ratios 100:25:40). 
Conditions as in Fig. 1. (——-A——) liposomes of lecithin; 
( A ) liposomes of lecithin with 2 x 10-5 M chlor- 
imipramine; (——CJ——) liposomes of lecithin with 20% 
phosphatidylserine; (——-O——) liposomes of lecithin, 
phosphatidylserine and cholesterol; (——-@——_) liposomes 
of lecithin, phosphatidylserine and cholesterol, with 
2 x 10°° M chlorimipramine. 


with liposomes of ghost lipid. The presence of choles- 
terol causes a further decrease of fluorescence. The 
fluorescence pattern of ANS in the latter type of lipo- 
somes with and without chlorimipramine resembles 
that of ghost lipid liposomes. 

The behaviour of isolated ghost proteins was com- 
pletely different from that of ghost lipid liposomes 
or ghosts (Fig. 4). The increase of ANS fluorescence 
as well as F,, is considerably higher with ghost pro- 
teins as compared with ghosts. In the presence of 





10 30 40 50 
[protein]-! (mg-"mt) 
Fig. 4. Comparison of ghosts with isolated ghost protein. 
Double reciprocal plot of ANS fluorescence vs protein con- 
centration. Conditions as in Fig. 1. (——O——) ghosts; 
(——@——) ghosts with 2 x 10°°M chlorimipramine; 
( A——-) isolated ghost protein; (~—-A——-) isolated 
ghost protein with 2 x 10~° M chlorimipramine. 





chlorimipramine the fluorescence was _ further 
enhanced but because of the low value of 1/F,, a dif- 
ference in quantum yield could not be measured accu- 
rately. 

Some anesthetics give highly fluorescent precipi- 
tates with ANS [24]. With ANS and chlorimipramine 
in the concentration used in this investigation no in- 
crease of fluorescence was observed. However, with 
higher concentrations of ANS and chlorimipramine 
a strong increase of fluorescence was observed. The 
increase was dependent on the concentration of both 
reagents. At 10-°M ANS the increase started at a 
drug concentration of 4x 10°*M. With 
10°-*MANS and 10°*M chlorimipramine also a 
strong increase of fluorescence occurs. 


DISCUSSION 


Several authors have postulated that the action of 
anesthetics is due to their interaction with the lipid . 
components of membranes, while others maintain 
that an interaction with the protein part of the mem- 
brane is responsible [2-12]. The question is obviously 
where to locate the anesthetic in the membrane. 

Comparison of the binding of the drugs to ghosts 
with the binding to its isolated components shows 
that the drugs are bound to each of the components 
to an important degree. It should be remembered, 
however, that liposomes are a model system and that 
the isolation for proteins may produce a change in 
the binding capacity by disruption of protein—lipid 
interactions or by denaturation of protein. The fluor- 
escence experiments were designed to evaluate the 
results of the binding experiment. 

The study of energy transfer in fluorescence may 
be a useful tool in membrane studies. This method 
has been used to calculate the distance between dyes 
or drugs and tryptophan in membranes and pro- 
teins [25-28]. The method yields average values for 
the distance of for instance tryptophan to drug mol- 
ecules. The orientation of drug molecules with regard 
to the tryptophan molecules is unknown. The results 
can therefore only be used for an approximate loca- 
tion of the drugs in the membrane by considering 
the extremes of drug location: the presence of nearly 
all drug molecules in either the protein or the lipid 
phase. The distances found seem too large for a nearly 
exclusive location of the drugs in the protein phase, 
considering the number of drug molecules bound and 
the dimensions of the membrane. Our results indicate 
that the binding of the drug reflects the situation in 
the intact membrane: both the lipid and the protein 
phase are important binding domains in the intact 
membrane. Only in that situation the average dis- 
tance of drug to tryptophan can be explained. 

The drug-tryptophan distances found for isolated 
ghost protein are considerably smaller than for intact 
ghosts. The protein isolation procedure probably in- 
duces a change in the binding pattern for the drugs. 
The isolation procedure implies the removal of the 
lipid phase. According to Rega[16] the: structure of 
the protein is largely preserved. However, a certain 
degree of denaturation is not excluded. If we assume 
that changes in protein structure due to denaturation 
can be neglected, then we may conclude that in the 
intact membrane the presence of the lipid bilayer has 
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an important influence on the binding pattern of the 
drug molecules in the protein phase. 

Because of the resemblance between ANS fluores- 
cence in lipid model systems and membranes, and 
the change in ANS fluorescence in membranes treated 
with protease or phospholipase C, many authors 
point to the lipid phase as the main binding domain 
for ANS [28-35]. Studies of Gulick-Krzywicki et 
al. [36] and Leslauer [34, 35] strongly suggest that the 
interface, i.e. the region of polar head groups of the 
lipid bilayer, is the site of ANS binding. In this place 
ANS is near enough to the protein phase to fulfill 
the requirement that the distance of ANS to mem- 
brane tryptophan is 20-25 A, as has been calculated 
by Brocklehurst et al [20]. There are also some inves- 
tigators who suggest that the protein phase is the 
main binding domain for ANS [37-39]. 

Our experiments support the idea that ANS is 
located in the lipid phase of the membrane. The fluor- 
escence of ANS in liposomes corresponds to that of 
ANS in ghost membranes, with and without chlorimi- 
pramine. A much higher fluorescence and quantum 
yield is given by ANS in the presence of isolated 
membrane proteins. Perhaps in the intact membrane 
the lipids prevent ANS binding to proteins; hence 
the fluorescence properties of the membrane coincide 
with those of the lipids. An increased hydrophobicity 
in the isolated protein, leading to an enhanced quan- 
tum yield, is unlikely. We found that the tryptophan 
fluorescence emission maximum of isolated protein 
(343 nm) is higher than that of tryptophan in ghosts 
(338 nm), which indicated more polar surroundings 
for the tryptophan in the isolated protein [40]. 

The most striking effect of chlorimipramine is the 
enhancement of the quantum yield of ANS bound 
to ghost membranes. The nature of this effect differs 
from that obtained with cations. Relatively high con- 
centrations of cations induce an enhancement of ANS 
fluorescence, due exclusively to an increased binding 
of ANS as a consequence of shielding of membrane 
charges, leaving quantum yield unaltered [24, 29]. 

A reasonable explanation of this increased quan- 
tum yield is that complex formation, comparable to 
that of high concentrations of chlorimipramine with 
ANS in solution, occurs in the membrane. The mem- 
brane apparently behaves as a matrix where the drug 
and dye molecules are concentrated. This suggests 
that part of the drug appears to be in the same phase 
as ANS, ie. in the lipid phase, which is in agreement 
with the hypothesis mentioned before. 
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Abstract—Thrombin has been used in conjunction with formaldehyde treatment to investigate the 
distribution of labeled serotonin between releasable and non-releasable compartments during the sero- 
tonin uptake process. The data indicate that serotonin accumulates in a predictable fashion in both 
compartments, which may represent, respectively, vesicular and cytoplasmic amine pools. The results 
also suggest that the cytoplasmic pool may reach sizable proportions under certain incubation condi- 


tions. 


Previous work has indicated that human platelets 
store both endogenous and newly added serotonin 
(S-HT) primarily in membrane-bound vessicles [1, 2]. 
The actual uptake of 5-HT is, however, thought to 
occur in two steps: (a) transport through the plasma 
membrane into the platelet cytoplasm, and (b) trans- 
port through the vesicular membrane into the storage 
vesicle [1, 3-5]. Whether 5-HT transported through 
the plasma membrane accumulates in appreciable 
quantities in a cytoplasmic pool prior to its transloca- 
tion into vesicles has not been evaluated to date. 

This paper describes the use of thrombin treatment 
in conjunction with formaldehyde fixation to examine 
the early phases of 5-HT uptake. The addition of for- 
maldehyde to platelets appears to stop 5-HT uptake 
very rapidly, permitting more accurate evaluation of 
the time course of uptake than has previously been 
possible [6]. Thrombin releases endogenous platelet 
5-HT into the extracellular medium, presumably from 
vesicular storage sites [1,2]. This work suggests that 
the effect of thrombin on platelet serotonin stores 
over relatively short periods is limited to the exocyto- 
tic release of storage vesicles. 


MATERIALS AND METHODS 


Blood was collected from volunteers without 
known hematologic problems or a history of drug 
ingestion for 10 days prior to collection, utilizing a 
collection medium in which the final concentration 
of citrate in whole blood was 18mM and that of 
EDTA was | mM [7]. Platelet-rich plasma (PRP) was 
prepared by differential centrifugation at 4° [8]. PRP 
was incubated with 1 x 1077 M ['*C]5-HT (55 mCi/ 
m-mole; Amersham/Searle, Elmhurst, Il.) at 37° for 
30 min. The PRP was then cooled to 4°, and the 
platelets were spun into.a pellet and resuspended to 
a final count of 1 to 2 x 10°/ml in buffer of the follow- 
ing composition: 116mM NaCl, 4mM KCI, 1.8mM 
KH,PO,, 1.1mM MgSO,, 25mM Tris, 10.9mM 
citrate, 5.9mM dextrose, and 0.35% bovine serum 
albumin (crystallized and essentially fatty-acid free, 
obtained from Sigma Chemical Co., St. Louis, MO), 
at a pH of 7.35. 
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Duplicate 500-1 aliquots of platelet resuspension 
were brought to 37°, and [*H]5-HT (500 mCi/m- 
mole; Amersham/Searle, Elmhurst, II.) was added to 
varying initial concentration levels. This and all sub- 
sequent additions were performed by placing an 
appropriate volume (5-25 yl) of the solution to be 
added to the platelets on a plastic plumper (CalBio- 
chem, La Jolla, CA) and dropping the plumper into 
the aliquot of resuspended platelets. At appropriate 
times after the addition of [*H]5-HT, aliquots were 
either fixed with formaldehyde [6] or treated with 
2 units/ml of bovine or human thrombin. 

Formaldehyde was prepared daily from trioxy- 
methylene, as described by Karnovsky [9], and added 
so that the final concentration was 1.5%. Thrombin, 
obtained through the courtesy of Dr. John Fenton, 
had been purified according to the method of Glover 
and Shaw[10]. Formaldehyde was also added to 
thrombin-treated aliquots 1 min after the addition of 
thrombin. All samples were kept in an ice bath after 
formaldehyde addition. 

After fixation, platelets were pelleted by centrifuga- 
tion at 4°. Aliquots of the supernatant were taken 
for scintillation counting, the remainder of the super- 
natant was aspirated, and 550 ul of 0.4N perchloric 
acid was added to the platelet pellet. A 500-1 aliquot 
of the perchloric acid was added to the scintillation 
fluid. Samples were scintillation counted using separ- 
ate channels for tritium and carbon-14 evaluation. 
The spillover of carbon-14 into the tritium channel 
was corrected for by utilizing '*C-labeled samples to 
which no tritium had been added. 

Dense-body content of platelet populations was 
evaluated by counting the dense bodies in a random 
selection of 100 platelets seen in whole mounts, pre- 
pared by the air-drying procedure utilized previously 


[11]. 


RESULTS 


Examination of the amount of prelabeled 
['*C]5-HT released from resuspended platelets by 
thrombin shows that the per cent ['*C]5-HT released 
remains essentially constant over a 60-min period 
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Table 1. Thrombin-induced release of prelabeled ['*C]5-HT and dense bodies from platelets as a function of incubation 
time in 5-HT-free media* 





Time of incubation at 37° (min) 





10 20 





Donor No. 1 

Per cent release of 
['*C]5-HT (mean + 
S.E.M., N = 6) 

Per cent release of 
dense bodies from 
100 platelets 

Donor No. 2 

Per cent release of 
['*C]5-HT (mean + 
S.E.M., N = 6) 

Per cent release of 
dense bodies from 
100 platelets 


78.8 + 0.8 78.7 + 0.6 


76.1 


84.1 + 1.0 83.3 + 0.4 


86.1 


78.9 + 2.0 80.0 + 0.9 81.9 + 0.9 


82.0 


82.6 + 1.6 84.0 + 0.9 81.0 + 1.5 


81.9 





* PRP from each donor was incubated for 30 min at 37° with ['*C]5-HT (initial concentration 1 x 10~’ M). Platelets 
were cooled to 4°, spun into a pellet, and resuspended in 5-HT-free buffer (platelet concentration 1 to 2 x 10°/ml 
of solution). Duplicate 500 yl-aliquots, incubated at 37°, were either fixed with formaldehyde at the times indicated 
or treated with thrombin (final concentration 2 units/ml) and then fixed with formaldehyde 60 sec after thrombin addition. 
Labeled material in platelet pellets was determined as described in Materials and Methods. The per cent release of 
['*C]5-HT was calculated from the amount of '*C-labeled material remaining in the pellet, after thrombin treatment. 
The per cent release of dense bodies was calculated from the number of dense bodies remaining in 100 platelets 


after thrombin treatment (see Materials and Methods). 


(Table 1). Similarly, the per cent of the total dense- 
body complement of 100 platelets released by throm- 
bin remains unchanged over this time period, and is 
similar in amount to the total per cent release of 
['*C]5-HT. 

To evaluate the rate of entry of [*H]5-HT into 
platelet storage vesicles, [7H]5-HT was added at 
varying initial concentrations, up to 10~° M, to resus- 
pended platelets (prelabeled in PRP with 1 x 10°’7M 
['*C]5-HT as described above)(Table 2). Comparison 
of total platelet [*H]5-HT with the amount released 
by thrombin over time intervals from 10 to 300sec 
after the addition of [*H]5-HT suggests that the 
amount of [*H]5-HT releasable by thrombin as a 
proportion of total [°7H]5-HT accumulated in the 
platelet (i.e. that in the apparent vesicular storage 
pool) is at first relatively small. After longer time 
periods, progressively more of the total platelet 
[3H]5-HT becomes thrombin-releasable. At longer 
time intervals and with the lower [7H]5-HT concen- 
trations used here, the per cent [*H]5-HT released 
approaches (but never exceeds) the per cent ['*C]5- 
HT released. Both total platelet ['*C]5-HT and 
thrombin-releasable ['*C]5-HT remain unchanged 
over the time periods studied here (Table 2). 

Table 3 summarizes changes in the levels of extra- 
cellular [*H]5-HT in the same series of experiments 
described in Table 2. As indicated, the extracellular 
5-HT concentration decreases steadily over time at 
all concentrations studied. 

Table 4 presents a comparison of changes in total 
and releasable ['*C]5-HT and [°H]5-HT after the 
addition of [*H]5-HT at initial concentrations of 
10-° and 10°°M. For Table 4, we have used the 
per cent release of prelabeled ['*C]5-HT prior to 
[°H]5-HT addition as an index of the per cent release 
of the total vesicular pool. From this figure, we have 


calculated the amount of material in vesicular and 
cytoplasmic compartments. The non-releasable cyto- 
plasmic pool of [*H]5-HT declines to zero after a 
30-min incubation with 10°°M [°H]5-HT, but in- 
creases after a similar incubation with 10°°M 
(7H]5-HT. Total ['*C]5-HT, although apparently 
unchanged after a 2-min incubation period with 10-° 
or 10°°M [3H]5-HT, declines by 30min after the 
addition of the [7H]5-HT. The per cent of ['*C]5-HT 
released by thrombin 30min after the addition of 
10°°M_ [°H]5-HT indicates that some vesicular 
['*C]5-HT has moved from the vesicular compart- 
ment into the cytoplasm during this time period. 

Table 5 indicates that after a 10-min incubation 
with 10~° M [°H]5-HT, the amount of labeled mater- 
ial released by thrombin increases when platelets are 
resuspended in a 5-HT-free medium and incubated 
briefly at 37°. 


DISCUSSION 


The studies presented here describe the use of 
thrombin and formaldehyde fixative to study the 
uptake and vesicular storage of radioactively labeled 
5-HT. Some points not previously appreciated emerge 
from the data. 

First, the concentration of extracellular 5-HT can 
change significantly. within tens of seconds after 5-HT 
addition at initial concentrations of 10~° M or lower, 
when measured in platelet suspensions containing 1 
to 2 x 10° platelets/ml. This seems reasonable in view 
of the fact that, at an initial concentration of 10~* M 
5-HT, there are 3 x 10'? molecules of [*H]5-HT/ 
500-1 aliquot. With 10~® M [°H]5-HT, each platelet 
need only accumulate 10* molecules of [*H]5-HT in 
order to remove essentially all the labeled material 
from the medium. 
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Table 2. Evaluation of the thrombin-induced release of prelabeled ['*C]5-HT and newly added [°H]5-HT as a 
function of time from 10 to 300 sec after [*H]5-HT addition* 





Time after addition of [*H]5-HT before fixation 
or addition of thrombin (sec) 





10 20 30 60 120 300 





Prelabeled ['*C]5-HT 

Total (moles/platelet x 101°) 
Per cent released by thrombin 
Newly added [H]5-HT 

5x 10°°M 

Total (moles/platelet x 107°) 0.2207 
Per cent released by thrombin 0 
1x 10°7M 

Total (moles/platelet x 107°) 1.220+ 
Per cent released by thrombin 0 
5x 10°7M 

Total (moles/platelet x 107°) 
Per cent released by thrombin 
1x 10°°M 

Total (moles/platelet x 107°) 3.6637 3.557 
Per cent released by thrombin 0 6.6 


1.862 
92.0 


1.837 
91.5 


1.842 
90.8 


1.829 
90.9 


1.828 
91.0 


1.833 
91.2 


1.857 
91.1 


2.787 
79.0 


5.894 
87.9 


10.648 
90.9 


1.701 
72.4 


0.695 
32.1 


1.354 
50.7 


10.394 
85.9 


17.314 
87.4 


2.766 
62.0 


4.588 
80.4 


0.845 
35.3 


1.801 
62.3 


74.055 
84.9 


9.422 
a 


16.425 
64.2 


31.343 
76.6 


1.9887 2.541 
0 12.2 


5.403 
34.7 


104.60 
80.3 


24.268 
62.5 


43.239 
72.4 


7.807 
36.0 


12.806 
52.4 





* Platelets were prelabeled with ['*C]5-HT and resuspended in 5-HT-free buffer as described for Table 1. For the 
Osec time point, 500-1 aliquots of platelet suspension were fixed prior to the addition of [7H]5-HT. The other time 
points were obtained as follows: 25 yl of [*H]5-HT solution was placed on a plastic plumper, which was then dropped 
into a 500-yl aliquot of platelet resuspension (final concentration as specified in this table). At the specified time after 
the addition of [*H]5-HT, either 25 ul of formaldehyde fixative (final concentration 1.5%) or 10 ul thrombin (final 
concentration 2 units/ml) was added to platelets using a second plumper. Formaldehyde fixative (25 yl, final concentration 
1.5%) was added to thrombin-treated aliquots 60sec after the addition of thrombin. Labeled material in platelet pellets 
was determined as described in Materials and Methods, and the per cent release calculated as outlined for Table 1. 

+ Labeled material associated with the platelet pellet when platelets were fixed with formaldehyde prior to the addition 
of [°H]5-HT. This value was subtracted from the amounts of *H-labeled material associated with pellets at each 
of the subsequent time points, since it is believed to represent material trapped in the pellet extracellular space (see 
Ref. 6). 


Second, measurement of the thrombin-induced 
release of prelabeled ['*C]5-HT in platelets resus- 
pended in a 5-HT-free medium may serve as an index 
of the per cent release of the total vesicular pool. 
Previous studies have shown that incubating human 
PRP with 10-7 M ['*C]5-HT at 37° for 30 min adds 
to platelet endogenous 5-HT a relatively small 
amount of labeled material (on the average about 1 
per cent of the endogenous stores) [12]. These data 
and those of others [1,2] suggest that the behavior 


and per cent release by thrombin of tiie '*C-labeled 
material may be used as an index of the disposition 
of the endogenous 5-HT. Of more importance for in- 
terpreting some of the data presented here, the associ- 
ation between release of dense bodies and release of 
['*C]5-HT in the absence of any exogenous 5-HT, 
and the stability of the two figures over a 60-min 
period at 37°, suggest that the per cent release of pre- 
labeled ['*C]5-HT provides an index of measurement 
of the extent to which the entire population of platelet 


Table 3. Changes in extracellular [7H]5-HT concentration during uptake of [*H]5-HT into platelets* 





Activity (cpm) of [7H]5-HT/platelet aliquot in supernatant 
after uptake for varying times (mean + S. D.) 





Control 
(no uptake) 


Initial concn 


of [*H]5-HT (M) 10 sec 


20 sec 


30 sec 60 sec 120 sec 300 sec 





5x 10-* 9404 8880 


8595 


3769 
+ 636 


6043 
+ 615 


8093 7453 


bx 10-7 


Stes! 


1x 10°° 


+ 265 


18,421 
+ 2959 


88,720 
+ 2579 


184,832 
+ 10,643 


+ 282 
(— 5.6%) 
17,795 
+ 478 
(3.4%) 
87,123 
+ 2345 
(— 1.8%) 
184,139 
+ 1384 
(—0.4%) 


+ 122 
(—8.6%) 
17,541 
+ 637 
(—4.8%) 
85,615 
+ 2574 
(— 3.5%) 
184,047 
+ 1571 
(—0.4%) 


+ 243 
(— 13.99 


(— 35.7%) 
12,747 
+ 1692 

(— 30.8%) 
66,673 
+ 8013 

(— 24.9%) 
157,200 

+ 12,417 

(— 14.9%) 


(—59.9%) 
8815 
+ 1426 
(— 52.1%) 
50,504 
+ 8104 
(—43.1%) 
125,131 
+ 17,467 
(— 32.3%) 





* Experimental procedures were as described for Table 2 


. Aliquots of the supernatant remaining after fixed platelets 


had been spun into a pellet were taken for liquid scintillation counting. 





520 J. L. Costa, D. L. MurpuHy and M. S. KAFKA 


Table 4. Comparison of the thrombin-induced release of prelabeled ['*C]5-HT and newly added [*H]5-HT at 2 and 
30 min after [7H]5-HT addition* 





Time after addition of [7H]5-HT before 
fixation or addition of thrombin 





Zero (no [7H]5-HT uptake) Two min Thirty min 





Initial concn 
of [*H]5-HT (M) ['*C]5-HT [°H]5-HT ['*C]5-HT [°H]5-HT ['*C]5-HT [°H]5-HT 





ix 10° 
Total (moles/platelet x 10'*) 1.759 3.351 1.766 4.754 : 28.214 
Per cent of label released by 81.4 0 81.9 63.4 E 125 
thrombin 
Calculated amount in vesicles 
(moles/platelet x 10'*) 1.759 0 1.766 3.680 28.214 
Calculated amount in cytoplasm 
(moles/platelet x 10'°) 0 1.074 0 
x 10° 
Total (moles/platelet x 10'%) 3.457+ 11.777 1.428 66.004 
Per cent of label released by 0 62.7 82.7 75.1 
thrombin 
Calculated amount in vesicles 
(moles/platelet x 10'°) 8.597 1.375 57.423 
Calculated amount in cytoplasm 
(moles/platelet x 10°) 3.180 0.053 8.581 





* Experimental procedures were as described for Table 2. Since the per cent release of platelet-dense bodies induced 
by thrombin is similar to that of the prelabeled ['*C]5-HT (see Table 1), it was assumed that the thrombin-releasability 
of the prelabeled ['*C]5-HT could be used as an index of the total per cent release of the vesicular pool. The per 
cent of the *H-labeled material released by thrombin was thus corrected for the per cent of the total vesicular pool 
released by thrombin to derive the actual amount of *H-labeled substance in the vesicles. For example, when 85 
per cent of both ['*C]5-HT and dense bodies was released prior to the addition of [*H]5-HT, the actual amount 
of [°H]5-HT in vesicles was calculated by multiplying the per cent actually released by 100/85. Thus 62.7 per cent 
release of [7H]5-HT indicates that 73.8 per cent of the [*H]5-HT present is contained in vesicles. 

+ Labeled material associated with the platelet pellet when platelets were fixed with formaldehyde prior to the addition 


of [7H]5-HT. See legend to Table 2. 


vesicles is being released by thrombin. Thus, measure- be used to detect and delineate the magnitude of 
ment of the thrombin-induced release of prelabeled apparent platelet cytoplasmic and vesicular pools of 
[!4C]5-HT in 5-HT-free media, as described here, can both '*C- and *H-labeled material. 

serve as an index to which release of either prelabeled The amount of 5-HT in the cytoplasmic (non- 
['*C]5-HT or newly added [°H]5-HT can be com- releasable) compartment may be quite large under 
pared. Comparison of the different sets of values can certain incubation conditions, such as exposure over 


Table 5. Changes in thrombin-induced release of [7H]5-HT after resuspension in 5-HT-free 
media* 





Before After 
resuspension resuspension 





Total (moles/platelet x 10'%) 29.469 30.944 
Per cent of label released by thrombin 75.5 87.7 
Calculated amount in vesiclest 

(moles/platelet x 10'%) 25.373 30.944 
Calculated amount in cytoplasmt 

(moles/platelet x 10'*) 4.096 0 





* Platelets in PRP were spun into a pellet and resuspended in 5-HT-free buffer (platelet concen- 
tration 2.672 x 10%/ml of solution). Aliquots were incubated with [°H]5-HT (initial concen- 
tration 10° *° M) for 10 min, and the total amount of label accumulated plus the amount releas- 
able with thrombin was determined as described previously. Some 5-HT-incubated aliquots 
were cooled to 0° and spun into a pellet. Platelets were resuspended in 5-HT-free buffer and 
the total amount of label plus that releasable by thrombin was again evaluated in platelet 
aliquots warmed to 37° prior to the addition of fixative or thrombin. The amount of *H-labeled 
material in vesicles and cytoplasm was calculated according to the assumption that the thrombin 
released 87.6 per cent of the total vesicular population—a figure derived from the per cent 
release of prelabeled ['*C]5-HT added to a separate PRP aliquot from the same donor (see 
legends to Tables 1 and 4). 

+ Platelets from the same donor incubated in PRP with 1 x 10°7M ['*C]5-HT (30min at 
37°) and resuspended in 5-HT-free media released 87.6 per cent of their ['*C]5-HT after the 
addition of thrombin. 
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a 30-min period to an initial extracellular 5-HT con- 
centration of 10~° M. Its retention in the platelet after 
a 1-min thrombin treatment suggests that thrombin 
acting over this time period does not act simply to 
permit the leakage of 5-HT through the platelet 
plasma membrane. Rather, these data are more com- 
patible with the hypothesis that, at these concentra- 
tions and times, thrombin acts as a specific releasing 
agent for 5-HT contained in platelet vesicles. 

The lack of change in the release of prelabeled 
['*C]5-HT after prolonged incubation at 37° suggests 
that no net movement of ['*C]5-HT from vesicles 
to cytoplasm occurs during incubation in the absence 
of extracellular 5-HT. When extracellular [*H]5-HT 
is added, platelets appear to move the *H-labeled 
material in sequence from a cytoplasmic to a vesicular 
compartment. Furthermore, when additional net 
cytoplasmic accumulation is stopped by removing the 
platelets from a 5-HT-containing medium, material 
originally sequestered in the cytoplasm is apparently 
capable of moving into the vesicles. 

Since the newly added vesicular [7H]5-HT from 
an extracellular pool of 10~° M or less does not alter 
the amount of ['*C]5-HT in the vesicles during a 
relatively short incubation period, the [*H]5-HT 
must initially be entering the vesicles by a process 
of net uptake rather than exchange. The data render 
it unlikely that vesicular 5-HT circulates continually 
between vesicle and cytoplasm in the “pump-leak” 
fashion proposed by others [13, 14]. It this were the 
case, ['*C]5-HT from the vesicles would mix with, 
and be diluted by, cytoplasmic [*H]5-HT. Both com- 
ponents of the cytoplasmic mixture would then com- 


pete for uptake into the vesicles, decreasing the appar- 
ent amount of ['*C]5-HT present in this compart- 
ment. 

Incubation of '*C-prelabeled platelets at higher 
extracellular [*H]5-HT concentrations (10°° to 
10~°M) or for longer times (30 min) indicates that, 


at some point during the addition of [°H]5-HT to 
the vesicular compartment, the amount of ['*C]5-HT 
in this pool begins to decrease. These data suggest 
that each vesicle has a certain maximal amount of 
5-HT it can contain, a value which defines its “maxi- 
mal packet size.” Addition of cytoplasmic [*H]5-HT 
to “full” vesicles apparently continues to occur, but 
produces loss of some of the prelabeled ['*C]5-HT 
(and presumably loss of endogenous 5-HT as well). 
The amount of [*H]5-HT which can be added to 
a given vesicle before prelabeled ['*C]5-HT begins 
to be lost may depend on the amount of endogenous 
5-HT present, a figure which can vary considerably 
among individuals [12]. 
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Abstract 


Perinatal exposure of developing rats to ethanol caused an alteration in the developmental 


pattern of ornithine decarboxylase (ODC) activity in heart and brain which was different for the 
two tissues. In brain, an initial decrease in ODC activity was followed by normal or supranormal 
levels before declining again, whereas heart ODC activity initially was increased but then declined 
to the low levels of activity characteristic of adult heart tissue. Withdrawal from ethanol at birth 
or at 3 and 5 days postnatally produced alterations in brain and heart ODC activity that were different 
from those seen in pups exposed to ethanol continuously throughout development, indicating that 
the biochemical changes are dependent on the duration of exposure as well as the time at which 
withdrawal is initiated. The altered ODC developmental patterns in the brain and heart are consistent 
with the hypothesis that maternal ethanol administration exerts significant effect on fetal polyamine 
metabolism and ultimately upon the growth and development of these tissues. 


Ornithine decarboxylase (EC 4.1.1.17) (ODC) cata- 
lyzes the conversion of ornithine to putrescine, the 
first and probable rate-limiting step in polyamine bio- 
synthesis [1,2]. Stimulation of animal and bacterial 
RNA polymerase in vitro by physiological concen- 
trations of polyamines has been well documented 
[3-5], and polyamines may play a regulating role in 
protein synthesis [6,7]. Polyamine, nucleic acid and 
protein synthesis have been shown to vary in a paral- 
lel fashion in a variety of rapidly growing systems, 
such as bacteria [8-10], D. melanogaster [11,12], 
amphibian embryo [13], chick embryo [14-16], 
regenerating mouse and rat liver [16-19] and deve- 
loping central nervous system [15,20]. These and 
other studies suggest that ODC activity is stimulated 
in conditions in which growth is induced [21-28]. 

Brain regions of fetal and neonatal rats have a 
characteristic developmental pattern of ODC activity 
which is sensitive to alterations induced by drug or 
hormonal treatment [29-31], and it has been sug- 
gested that perturbations of this pattern may be used 
as an early index of central nervous system matu- 
ration. The present study was undertaken to deter- 
mine whether chronic ethanol ingestion by pregnant 
rats affects the pattern of ODC activity in the heart 
and brain of the offspring. 
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METHODS AND MATERIALS 


Timed pregnant rats (Zivic-Miller) were housed in- 
dividually in breeding cages and on day 11 of ges- 
tation were started on a nutritionally complete liquid 
diet (Sustacal). The experimental group was given 
Sustacal containing 6.8% (v/v) ethanol starting on day 
13 of gestation, while controls received Sustacal made 
isocaloric to the ethanol diet by the addition of su- 
crose. To insure that both groups ate the same 
amount, control intake was restricted to that con- 
sumed by the experimental group throughout the 
study; consumption averaged approximately 70 ml 
day, and was measured daily. In cross-fostering 
studies, pups born of ethanol-treated mothers were 
transferred at 0, 3 and 5 days of age to control 
mothers until killed. The pups were divided into five 
groups: (1) control, (2) those exposed to ethanol 
prenatally plus postnatally, (3) those withdrawn at 
birth, (4) those withdrawn at 3 days postnatally, and 
(5) those withdrawn at 5 days postnatally. The pups 
were weighed and killed by decapitation at intervals 
of several days from 2 days prenatally to 17 days 
postnatally, and heart, cerebellum and the rest of the 
brain were assayed for ODC activity. For cerebellum 
and heart, tissues from two to three animals were 
pooled for each determination until 5 days of age. 

Tissues were weighed, homogenized in 20 vol. of 
ice-cold 10mM _ Tris-HCl (pH 7.2), and the homo- 
genate was centrifuged at 26,000 g for 20 min. An ali- 
quot of the supernatant (approximately 2-5 mg pro- 
tein) was assayed for ODC activity by generating 
'4CO, from pi[1-'*C]ornithine using a modification 
of the method of Russell and Snyder [1]. The incuba- 
tion medium for brain contained final concentrations 
of 0.5mM dithiothreitol, 0.5 mM _ pyridoxal 5’-phos- 
phate, 0.25 wCi pt[1-'*C]ornithine and 125 uM unla- 
beled L-ornithine. In order to increase the sensitivity 
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of the assay for heart tissue, no unlabeled ornithine 
was added to the incubation medium. The '*CO, was 
trapped using hyamine hydroxide and counted by 
liquid scintillation spectrometry. A number of dupli- 
cate assays were run after dialysis or in the presence 
of saturating concentrations of ornithine and the 
results were identical. 

Data are presented as means and standard errors, 
and levels of significance calculated by the Student’s 
t-test (unpaired). 

pL{1-'*C]Jornithine monohydrochloride (sp. act. 
43.1 mCi/m-mole) was obtained from New England 
Nuclear Corp. L-Ornithine monohydrochloride and 
pyridoxal 5’-phosphate were obtained from Sigma 
Chemical Co. and dithiothreitol was from Bachem 
Feinchemikalien AG. 


RESULTS 


Effect of ethanol on body and tissue weights. Over 
the course of postnatal development, control rats in- 
creased in body weight from approximately 11g at 
3 days to 28g at 17 days of age (Table 1). Pups 
exposed to ethanol continuously throughout develop- 
ment showed a retardation in weight gain starting 
at 10 days of age. In cross-fostering studies, pups 
exposed to ethanol and withdrawn at 0, 3 and 5 days 
of age showed a weight gain similar to that of con- 
trols. 

No marked changes occurred in weights of brain 
minus cerebellum in any of the ethanol-treated groups 
(Fig. 1). However, cerebellum weights in developing 
rats exposed continuously to ethanol were signifi- 
cantly below control at 13 and 17 days of age (Fig. 


Table 1. Effect of maternal ethanol administration on 


body weights of developing rats 





Treatment Age in days Body wt* 





10.9 + 0.27 (28) 
10.4 + 0.30 (28) 
9.6 + 0.28 (6) 


13.7 + 0.36 (28) 
13.0 + 0.41 (24) 
12.9 + 0.08 (6) 
13.5 + 0.66 (11) 


17.2 + 0.43 (12) 
18.2 + 0.32.(11) 
18.6 + 0.50 (6) 
17.3 + 0.58 (6) 


23.2 + 0.62 (11) 
19.3 + 0.894(14) 
21.9 + 0.55 (12) 


22.4 + 0.81 (6) 
21.9 + 1.05 (6) 
23.4 + 0.50 (6) 


23.9 + 0.51 (12) 
20.5 + 0.544(14) 
24.6 + 0.49 (6) 


27.7 + 0.48 (6) 
21.5 + 0.404(6) 


Control 
Continuous ethanol 
Withdrawn at day 0 


Control 

Continuous ethanol 
Withdrawn at day 0 
Withdrawn at day 3 


Control 

Continuous ethanol 
Withdrawn at day 0 
Withdrawn at day 5 


Control 
Continuous ethanol 
Withdrawn at day 5 


Control 
Continuous ethanol 
Withdrawn at day 0 


Control 
Continuous ethanol 
Withdrawn at day 5 


Control 
Continuous ethanol 17 





* Results are expressed as mean + standard error of the 
number of animals in parentheses. 
+ Denotes significant difference vs control (P < 0.05). 
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birth 
Fig. 1. Weight of brain minus cerebellum in developing 
rats. The group of rats indicated as continuous ethanol 
were given ethanol continuously from day 13 of gestation. 
Other ethanol-exposed pups were transferred to control 
mothers as indicated on the graph. Points and bars rep- 
resent means + standard errors of 6-18 determinations 
at each age; asterisks denote significant differences (at least 

P < 0.05). 


2). In contrast, few changes were seen in pups under- 
going postnatal withdrawal. 

In pups exposed to ethanol throughout develop- 
ment, heart weights were normal until 10 days of age, 
after which time weights were significantly below con- 
trol (Fig. 3). In contrast, pups withdrawn at birth 
showed a marked increase in the rate of heart weight 
gain to a level of 140 per cent of control by 12 days 
of age. However, animals withdrawn at 5 days of age 
showed no difference from controls. 


CEREBELLUM WEIGHT 


Control 


3 
3S 


Milligrams 


.o,) 
oO 


- 


ae a a a L + 


Continuous Ethanol 


% Control 


ee 


Withdrawn from Ethanol 


% Control 


@—* oF birth 

v-----8 at day 3 

o--~ at day 5 
4 6 8 1 12 14 16 18 
POSTNATAL AGE (days) 











birth 


Fig. 2. Weight of cerebellum in developing rats. Descrip- 
tion is the same as for Fig. 1. 





Effect of ethanol on neonatal rat brain and heart ODC activity 


HEART WEIGHT 





Control 


Milligrams 


1 i i i i 





Continuous Ethanol 


% Control 


i iL iL 4 4 i 4 


Withdrawn from Ethanol 





@—# at birth 
v----- at day 3 
a&--~x at day 5 


% Control 











6 8 10 12 14 16 18 
POSTNATAL AGE (days) 


Fig. 3. Weight of heart in developing rats. Description is 
the same as for Fig. 1. 


Effects of ethanol on ornithine decarboxylase acti- 
vity. In control pups, ODC activity in brain minus 
cerebellum was high initially and then declined to low 
values by day 12 (Fig. 4). In pups exposed con- 
tinuously to ethanol, ODC activity was deficient at 
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ORNITHINE DECARBOXYLASE ACTIVITY 
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Continuous Ethanol 
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246 8101214168 
birth POSTNATAL AGE (days) 
Fig. 4. Ornithine decarboxylase activity in brain minus 
cerebellum of developing rats. Description is the same as 
for Fig. 1. 
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Fig. 5. Ornithine decarboxylase activity in cerebellum of 
developing rats. Description is the same as for Fig. 1. 


3 and 5 days of age, but rebounded to normal or 
supranormal levels (8-12 days) before declining again. 
In cross-fostering studies, withdrawal initiated an im- 
mediate increase in ODC activity followed by a sub- 
sequent decline. The relative changes in ODC activity 
in the continuous ethanol group vs those withdrawn 
at 0 or 5 days are similar, but the patterns are dis- 
placed in time and initial level of ODC activity. 

Cerebellar ODC activity in controls increased with 
age through day 13 (Fig. 5) and declined subsequently 
(data not shown). In neonates exposed to ethanol 
throughout development, an initial decrease in cere- 
bellar ODC activity was followed by a subsequent 
increase between 8 and 12 days of age; however, by 
13 days a significant decrease in activity was again 
observed. Activity patterns after withdrawal at 3 and 
5 days are similar to that observed with continuous 
ethanol and to those described above for brain minus 
cerebellum. However, withdrawal at birth resulted in 
a unique pattern in that no rebound increase in ODC 
was observed and levels remained below normal. 

In controls, ODC activity per heart slowly in- 
creased with age (Fig. 6). In pups exposed to ethanol 
throughout development, heart ODC activity was in- 
creased between 3 and 8 days, but then declined to 
low activity characteristic of adult heart tissue. With- 
drawal at 0 or 3 days resulted in an increase in ODC 
activity relative to controls, and this response was 
most marked at 12 days of age. However, in pups 
withdrawn at day 5, heart ODC activity declined 
steadily. 
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Fig. 6. Ornithine decarboxylase activity in heart of deve- 
loping rats. Description is the same as for Fig. 1. 


DISCUSSION 


Ethanol crosses the placental barrier [32,33] and 
can affect the developing fetal central nervous system 
and other tissues. There is clinical evidence to suggest 
that infants from alcoholic mothers may have abnor- 
mal physical growth [34], and recent studies have 
shown that both acute and chronic ethanol adminis- 
tration to pregnant rats results in decreased riboso- 
mal protein synthesis in fetal brain [35]. 

In the present study, maternal ethanol administra- 
tion produced alterations in the developmental pat- 
tern of ODC in brain and heart, accompanied by cor- 
relative alterations in the growth of these organs. 
These data are particularly interesting in view of the 
known involvement of polyamines in nucleic acid and 
protein synthesis in a variety of proliferating and 
developing tissues [5—7, 15-20], and the strong evi- 
dence that putrescine levels vary directly with alter- 
ations of ODC under a number of experimental cir- 
cumstances [1, 29, 36,37]. However, the present data 
do not distinguish between a direct or indirect [30] 
effect of ethanol on the polyamine system. 

Although the immediate postnatal level of ODC 
activity was below control in brain but above control 
in heart, the basic pattern of the subsequent alteration 
in the various tissues was characterized by an initial 
increase followed after a few days by a marked de- 
crease. However, the pattern was displaced toward 
earlier ages in heart compared to brain. In the two 
tissues that are undergoing the most marked develop- 


ment and differentiation in the postnatal period (cere- 
bellum and heart), the altered ODC pattern correlates 
with a subsequent significant lag in tissue weight. 

To determine the extent to which the ethanol- 
induced abnormal development could be prevented 
by postnatal termination of ethanol exposure, animals 
were transferred to control mothers at different ages. 
The most marked effect of withdrawal in brain was 
the immediate initiation of the same “up-down” pat- 
tern that was observed at a later time with continuous 
ethanol; the sole exception to this pattern in brain 
occurred in the cerebellum after withdrawal at birth. 
In heart, the pattern after withdrawal at 3 or 5 days 
again coincides with the pattern seen after continuous 
ethanol. However, in heart as with cerebellum, with- 
drawal at birth appears to elicit a different response 
in ODC activity. In this unique case, continuously 
elevated ODC activity correlated with a consistent 
increase in heart weight. 

In conclusion, these data show that perinatal eth- 
anol exposure significantly alters polyamine metabo- 
lism and growth in developing heart and brain and 
that the magnitude and direction of change depend 
upon both the period of exposure and the tissue stud- 
ied. 
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Abstract 


The pertussis-mediated increase in the ability of histamine to stimulate murine pulmonary 


cAMP accumulation was shown to appear as early as | day, peak by 4 days, and return to control 
values by 10 days after vaccination. This effect was inhibited by tripelennamine, propranolol and 
high doses of atropine, but not by prednisone, indomethacin, metiamide or guanethidine. Pulmonary 
cAMP accumulation after exogenous epinephrine administration was marked and equivalent between 
control and vaccinated mice. Histologic examination showed a marked polymorphonuclear leucocyte 
accumulation in the lungs of pertussis-vaccinated mice that followed a temporal course of development 
comparable to the cAMP abnormality. These data are interpreted to mean that the increase in cAMP 
after histamine challenge is not responsible for death and may in fact represent a compensatory effort 
to prevent death. Further, this phenomenon is likely to be related to the accumulating leucocytes. 


Vaccination of certain strains of mice with whole cells 
or cell fractions of the bacterium Bordetella pertussis 
induces an increased sensitivity to histamine [1-3]. 
The biochemical basis of this histamine hypersensiti- 
vity is unknown. However, the ability to mimic the 
pertussis effect with acute administration of agents 
such as propranolol and dichloroisoproterenol [4, 5] 
led to the speculation that a beta-adrenergic blockade 
was involved [6]. I have recently reported [7, 8] that 
pertussis-vaccinated mice respond to intraperitoneally 
injected histamine with a rapid increase in pulmonary 
adenosine 3’,5’-monophosphate (cAMP) and show in- 
creased sensitivity when compared to non-vaccinated 
animals. In an effort to determine the mechanism of 
this pertussis-mediated phenomenon, attempts were 
made to regulate it with defined pharmacologic 
agents. The results of such experiments are reported 
here. 


MATERIALS AND METHODS 


Animals. Outbred female Swiss mice (22-26 g) 
obtained from Carworth Animal Farms, New York, 
N.Y., and Timco Breeding Laboratories, Inc., Hous- 
ton, TX, were housed in groups of six to eight, 
and provided food and water ad lib. 

Histamine sensitization. Unless otherwise stated, 
mice were rendered hypersensitive to histamine by an 
intraperitoneal (i.p.) injection of 1 x 10°° whole killed 
B. pertussis cells (courtesy of Eli Lilly & Co.) in a 
volume of 0.25 ml 5 days before sacrifice. 

Histamine challenge and tissue collection. Histamine 
challenge was accomplished by an ip. injection of 
1.5 mg/kg of histamine base (as the diphosphate salt) 
in a volume of 0.025 ml/g 1 min before the animal 
was sacrificed by cervical dislocation. After sacrifice 
the lungs were rapidly removed and frozen between 
blocks of dry ice and subsequently analyzed for 
cAMP content. 
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Extraction of cAMP. Cyclic AMP was extracted 
from lung using the following modification of the pro- 
cedure described by Murad et al. [9]. Tissue samples 
were homogenized in 10-20 vol. of 0.4N perchloric 
acid with a Brinkmann polytron tissue homogenizer 
for 30sec at a setting of 5. An aliquot (0.2 ml) was 
removed for protein determination by the method of 
Lowry et al.[10]. Cyclic AMP was extracted from 
a second aliquot (1 ml) after addition of approxi- 
mately 2000 cpm [7H]cAMP to allow determination 
of final nucleotide recovery. The sample was centri- 
fuged (1600 g for 10 min) and the supernatant neutra- 
lized with 1 N KOH. After 30 min in an ice bath (4°) 
and centrifugation (1600 g for 10min) to remove the 
resulting precipitate, the neutralized supernatants 
were applied to 0.6 x 3cm Dowex-l-formate ion 
exchange columns previously equilibrated with 0.1 N 
formic acid. After sample application the columns 
were washed with an additional 6 ml of 0.1 N formic 
acid. Cyclic AMP was eluted with 6 ml of 2 N formic 
acid, lyophilized, reconstituted in an appropriate 
volume of water and measured. Cyclic AMP recovery 
averaged 70-80 per cent. 

Measurement of cAMP. Cyclic AMP was measured 
using a modification of the radioimmunoassay as de- 
scribed by Steiner et al. [11]. The assay mixture con- 
tained: 50 yl of unknown or standard nucleotide; 
50 ul of 200 mM sodium acetate buffer, pH 6.2, con- 
taining 0.2mg/ml of bovine serum aibumin; 50 ul 
['?5T]succinyl-cAMP-tyrosyl methyl ester (containing 
approximately 18,000cpm); and S50 yl of goat anti- 
cAMP antibody appropriately diluted in distilled 
water to maximally bind 30-40 per cent of the added 
radioactivity. After 12-16hr of incubation at 4° the 
reaction was stopped by the addition of 50 ul of 10% 
pig plasma and | ml of 95% ethanol [12]. The result- 
ing precipitate was collected by centrifugation (1600 g 
for 30 min) and counted in a Beckman radioimmuno 
analyzer. The concentrations of the unknowns are 
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estimated from a simultaneously determined cyclic 
AMP standard curve using a logit probit analysis of 
the data. 

Reagents. Histamine diphosphate, cAMP, O?- 
monosucciny! adenosine 3’,5’-cyclic monophosphate 
tyrosyl methyl ester, and prednisone were purchased 
from Sigma Chemical Co., St. Louis, MO, U.S.A.; AG 
1-X8 ion exchange resin (200-400 mesh formate form) 
-from Bio-Rad, Richmond, CA, U.S.A.; [7H]cAMP 
from New England Nuclear, Boston, MA, U.S.A.; 
‘251 from Schwarz/Mann Co., Orangeburg, NY, 
U.S.A.; and atropine sulfate from Aldrich Chemical 
Co., Milwaukee, WI, U.S.A. Propranolol was a gift 
from Ayerst Laboratories, New York, N.Y., U.S.A.; 
tripelennamine and guanethidine from CIBA, Sum- 
mit, NJ, U.S.A.; indomethacin from Merck, Sharp 
& Dohme; metiamide from Smith, Klein & French; 
and B. pertussis vaccine from Eli Lilly Co. Goat anti- 
cAMP antibody was produced in collaboration with 
Biotek Kesearch, Inc., St. Louis, MO, U.S.A. All other 
reagents were purchased from either Fisher Scientific 
Co., Pittsburgh, PA, U.S.A.; Mallinckrodt Chemical 
Works, St. Louis, MO, U.S.A.; or J. T. Baker Chemi- 
cal Co., Phillipsburg, NY, U.S.A. 


RESULTS 


Temporal development of the pertussis-induced lung 
cAMP abnormality. At various time periods after per- 
tussis vaccination, mice were challenged with hista- 
mine and the pulmonary cAMP content was deter- 
mined as described above. Figure | shows that the 
histamine-induced increase in pulmonary cAMP is 
first apparent | day after vaccination, becomes statis- 
tically significant by day 2, reaches a maximum 
around day 4 and thereafter gradually declines until 
it has disappeared by day 10. 

Effect of varying the dose of pertussis vaccine. Mice 
received i.p. varying amounts of B. pertussis cells sus- 
pended in 0.5 ml of physiological saline. Five days 
later they were challenged with histamine and the pul- 
monary cAMP content was determined as described 
above. Figure 2 shows a dose-dependent rise in lung 
cAMP content over the range of 2.5 to 20 x 10° per- 
tussis cells. 


Table 1. Effect of drugs on histamine-induced cAM 
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Fig. 1. Temporal development of the pertussis-induced his- 
tamine-mediated pulmonary cAMP abnormality. Animals 
received | x 10'° whole B. pertussis cells i.p. At the indi- 
cated number of days after vaccination, they were chal- 
lenged i.p. with 1.5 mg/kg of histamine base (as the diphos- 
phate salt) 1 min before they were sacrificed and lung 
cAMP was determined. Values are expressed as pmoles 
cAMP/mg of protein + S.E.M. of twelve determinations. 
An asterisk indicates significant at P < 0.05 as determined 
by Student’s t-test. Zero time = non-vaccinated animals. 


Blockade of the histamine-induced increase in pul- 
monary cAMP. In an effort to determine the basis 
for histamine-induced cAMP accumulation, a number 
of pharmacologically active agents were examined for 
their ability to block the histamine-induced increase 
in pulmonary cAMP. All the agents tested except 
prednisone were diluted in physiological saline and 
administered ip. as a single dose in 0.2 ml 60 min 
prior to histamine challenge and sacrifice. Prednisone 
was suspended in 0.5% sodium methyl cellulose and. 
given subcutaneously in 0.2-ml volumes daily from 
the time of pertussis vaccination until the day before 
histamine challenge and sacrifice. Table | shows that 
neither prednisone (5-40 mg/kg), indomethacin (1.25 
to 10mg/kg), metiamide (5-40 mg/kg), atropine 
(5-20 mg/kg), nor guanethidine (1.25 to 10 mg/kg) was 
effective in blocking histamine-induced lung cAMP 
accumulation. On the other hand, tripelennamine (20 


P accumulation in lungs of pertussis-vaccinated mice* 
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* Drugs with the exception of prednisone (see Results) were administered i.p. 60 min before histamine. Histamine 


challenge was brought about by an ip. injection of 1.5m 
sacrifice. CAMP accumulation is expressed as pmoles/mg of 


g/kg of histamine base as the diphosphate salt 1 min before 
protein + S.E.M. of nine determinations. Mice were rendered 


hypersensitive to histamine by an i.p. injection of 1 x 10!° whole killed B. pertussis cells 5 days before drug challenge. 


+ Received neither drug nor histamine. 
{ Statistically significant (P < 0.05) from 0 drug. 





Histamine, pertussis and cAMP 


c AMP (p moles/mg PROTEIN) 








0 125 25 50 0 200 
Pertussis cells (x 109) 
Fig. 2. Effect of increasing numbers of B. pertussis cells 
on histamine-mediated pulmonary cAMP accumulation. 
Animals received the indicated number of whole B. per- 
tussis cells i.p. Five days later they received an i.p. injection 
of 1.5 mg/kg of histamine base (as the diphosphate salt) 
1 min before sacrifice and lung cAMP determination. 
Values are expressed as pmoles cAMP/mg of protein + 
S.E.M. of six determinations. An asterisk indicates signifi- 
cant at P < 0.05 as determined by Student's t-test. 


and 40 mg/kg), propranolol (2.5 and 5 mg/kg) and 
high doses of atropine (40mg/kg) significantly 
(P < 0.05) inhibited the histamine-induced lung 
cAMP accumulation. 

Effect of propranolol on histamine-induced death in 
pertussis-vaccinated mice. We tested the effect of pro- 
pranolol, which blocked histamine-induced lung 
cAMP accumulation, on histamine-induced death in 
pertussis-vaccinated mice. Five days after pertussis 
vaccination, mice received 5.0 mg/kg of propranolol 
ip. in 0.2 ml of physiological saline. Sixty min later 
they received varying doses of histamine, and morta- 
lity was determined 6 and 24 hr later. No differences 
existed between the 6- and 24-hr mortality rates. 
Table 2 shows that propranolol further reduced the 
minimal lethal histamine dose from 10.8 to 1.2 mg/kg 
of histamine base. 

Effect of epinephrine on lung cAMP levels. In view 
of the ability of propranolol to block histamine- 


Table 2. Propranolol potentiation of histamine-induced 
death in pertussis-vaccinated mice 





Treatment 





Pertussist 


Histamine dose* Pertussist propranololt 





Control /68 0/6 
0.4 0/6 
1.2 / 1/6 
3.6 / 2/6 

10.8 / 4/6 
32.4 / 5/6 
97.2 / 5/6 





* Histamine base (mg/kg) was administered i.p. as the 
diphosphate salt. 

+ Whole B. pertussis cells (1 x 10'°) were administered 
ip. 5 days before histamine challenge. 

t Propranolol (5.0 mg/kg) was administered i.p. 60 min 
before histamine challenge. 

§ Number dead/total number. 
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Fig. 3. Effect of exogenous epinephrine on lung cAMP 
levels in pertussis-vaccinated (A) and control (@) mice. Ani- 
mals received 1 x 10'° whole B. pertussis cells or an equiv- 
alent volume of physiological saline ip. Five days later 
they received the indicated doses of epinephrine hydrochlo- 
ride i.p. 1 min before sacrifice and lung cAMP was deter- 
mined. Values are expressed as pmoles cAMP/mg of pro- 
tein + S.E.M. of thirteen determinations. 


induced lung cAMP accumulation, it was of interest 
to test the direct effect of epinephrine on lung cAMP 
accumulation. Normal and pertussis-vaccinated ani- 
mals received varying doses of epinephrine i.p. | min 
prior to sacrifice and pulmonary cAMP determina- 
tion as described above. The results shown in Fig. 
3 indicate that lung cAMP accumulation is the same 
in both normal and pertussis-vaccinated mice after 
exogenous epinephrine administration. 


8 


§ 


Leucocytes /oil immersion field 








15 
Days after pertussis vaccination 

Fig. 4. Temporal development of the pertussis-induced ac- 
cumulation of polymorphonuclear leucocytes in murine 
lungs. Animals received 1 x 10'° whole B. pertussis cells 
ip. At the indicated number of days after vaccination, they 
were sacrificed by cervical dislocation. The lungs were 
removed and fixed in formalin, sectioned in a microtome- 
cryostat, stained with a hematoxylin-eosin-staining pro- 
cedure, and examined microscopically. Values are 
expressed as polymorphonuclear leucocytes observed/oil 
immersion field + S.E.M. for five fields on each of eight 
animals. 
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Accumulation of neutrophils in lungs of pertussis-vac- 
cinated mice. At varying time periods after pertussis 
vaccination, mice were sacrificed and the lungs placed 
in formalin solution. After a minimal 24-hr fixation 
period the tissues were embedded in cryoform and 
20 wm sections obtained on an International model 
CFT microtome-cryostat. The slices were stained with 
standard hematoxylin- and _ eosin-staining pro- 
cedures [13] and examined microscopically. The most 
conspicuous histologic alteration observed was a 
marked accumulation of polymorphonuclear leuco- 
cytes (neutrophils) in the lungs of the pertussis-vac- 
cinated mice. The temporal development of this ac- 
cumulation is shown in Fig. 4. The number of neutro- 
phils/oil immersion field increased approximately 
10-fold over control values, with the peak increase 
occurring around day 6 after vaccination. 


DISCUSSION 


From the data presented in Figs. | and 2 and Table 
1, it appears that the biochemical entity responsible 
for inducing histamine hypersensitivity as measured 
by pulmonary cAMP accumulation is probably a sub- 
fraction of the bacterial cell and not a host product 
synthesized in response to the bacterium. This conclu- 
sion is based on the facts that (1) the magnitude of 
the effect is linearly related to the mass of bacteria 
injected over a wide range of high doses, (2) the 
altered histamine response appears and subsides quite 
rapidly, and (3) prednisone, an immunosuppressive 
agent, did not block the development of the response. 

From the data in Table 1, a number of conclusions 
can be made regarding the biochemical nature of the 
histamine-induced pulmonary cAMP accumulation. 
Using the H,- and H,-blocking agents, tripelenna- 
mine and metiamide, respectively, it appears that H, 
and not H, receptors are predominantly involved in 
this response. The doses of histamine antagonists used 
in these studies are consistent with those shown to 
protect pertussis-vaccinated mice from histamine- 
induced death[14] and modulate histamine-induced 
changes in blood pressure in the dog [15]. These lat- 
ter studies demonstrate that the large variance 
between doses of H, and H, blockers required to 
inhibit responses in vitro may not apply to studies 
in vivo. Previously I had speculated that the action 
of histamine may be mediated through an interme- 
diate [8]. The results obtained with indomethacin in- 
dicate that prostaglandins are probably not the inter- 
mediate. The ability of propranolol to markedly in- 
hibit the histamine-induced lung cAMP accumulation 
supports the idea that catecholamines may be in- 
volved as Polson et al. [16] have suggested. However, 
I have failed to observe any increased pulmonary sen- 
sitivity to epinephrine either in vivo (Fig. 3) or in 
vitro [8]. This supports the suggestion that the abnor- 
mality might reflect an altered catecholamine release 
mechanism [17,18]. Inability of guanethidine to pre- 
vent the histamine-induced cAMP accumulation sug- 
gests that norepinephrine released from nerve endings 
is probably not involved. On the other hand, while 
the failure of low doses (5-10 mg/kg) of atropine to 
block the cAMP accumulation suggests that muscar- 
inic receptor activation is not involved, the effective- 
ness of higher doses (40 mg/kg) which can induce 


ganglionic blockade[19] supports the idea that 
neural or adrenal release may be involved. It is, how- 
ever, very difficult to explain the high degree of organ 
specificity on the basis of blockade of adrenal release 
of epinephrine. The use of more specific ganglionic- 
blocking agents, such as hexamethonium, or studies 
in splanchnectomized animals should help clarify the 
intermediary role of adrenal release of catechol- 
amines. 

Whatever the nature and/or role of intermediates 
in histamine-induced accumulation of cAMP in lungs 
of pertussis-vaccinated mice, it seems certain that this 
alteration is not causally related to histamine-induced 
death in these animals. This conclusion is derived 
from the observation that prednisone, which is 
reported to be protective against histamine-induced 
death [14,20], did not inhibit histamine-induced 
cAMP accumulation while propranolol, which was 
shown to facilitate histamine-induced death (see Table 
2), had a pronounced inhibitory effect on the hista- 
mine-induced lung cAMP accumulation (see Table 1). 
If anything, it appears that elevated cAMP levels may 
be protective. This hypothesis is supported by the 
finding that epinephrine, which is also reported to 
protect pertussis-vaccinated animals against hista- 
mine-induced death[18], markedly elevated lung 
cAMP levels (see Fig. 3). 

Lack of specific knowledge of the particular cell 
type(s) which respond to exogenous histamine with 
an increased cAMP accumulation makes the interpre- 
tation of these results difficult. Previously it was sug- 
gested that leukocytes, reported to be present in large 
numbers in the lungs of _ pertussis-vaccinated 
mice [21], may be involved [8]. The data represented 
in Fig. 4 support that idea by revealing a close tem- 
poral similarity between the accumulation and disap- 
pearance of polymorphonuclear leukocytes (neutro- 
phils) and the appearance and disappearance of the 
abnormality in histamine-induced cAMP accumu- 
lation. Further evaluation of this hypothesis is cur- 
rently underway in this laboratory using immunohis- 
tochemical methodologies [22]. 

Based on the available data, one could consider 
several mechanisms for the observed pulmonary 
cAMP abnormality. The simplest hypothesis would 
involve a direct interaction of histamine with an H, 
receptor on the surface of polymorphonuclear leuco- 
cytes to increase cAMP accumulation. This would 
tend to inhibit further mediator release as has been 
suggested [23]. This idea is supported by the parallel 
appearance of neutrophils and altered histamine- 
induced cAMP accumulation, inhibition by tripelen- 
namine, and the organ specificity previously 
observed [8]. Preliminary data on neutrophil ac- 
cumulation show the same organ specificity as 
observed for the cAMP abnormality. The propranolol 
data do not support this hypothesis but suggest that 
the histamine action is mediated via catecholamine 
release. However, an effect of propranolol on the his- 
tamine receptor has not been eliminated. One could 
have hypothesized that pertussis vaccination results 
in pulmonary f-adrenergic receptor sensitization with 
a subsequent exaggerated response to catecholamine, 
but this hypothesis seems unlikely due to the failure 
to observe such a sensitization either in vivo (Fig. 3) 
or in vitro [8]. A more complex hypothesis, suggested 
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by the atropine results, envisions two separately act- 
ing bacterial fractions, one of which can sensitize for 
histamine-induced adrenal release of epinephrine and 
a second which acts specifically to alter the lung such 
that polymorphonuclear infiltration is enhanced. This 
could result in an abnormal cAMP response to 
epinephrine possibly due to an increase in recepto1 
numbers. The site of this cAMP synthesis and ac- 
cumulation might be the leucocytes themselves or 
some other cell altered by the presence of the leuco- 
cytes. However, these data do not exclude the possibi- 
lity that the accumulation of polymorphonuclear leu- 
cocytes results from, instead of causing, the observed 
changes in cAMP metabolism. 

Finally, these data support the suggestion I made 
earlier [8] that the increased cAMP accumulation 
observed in lungs of pertussis-vaccinated mice after 
histamine administration might occur as part of a 
homeostatic adjustment to prevent further histamine 
release. As such these changes should be regarded as 
protective rather than detrimental. 
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Abstract—The metabolism of p-aminobenzoic acid in the icteric and non-icteric Gunn rat was studied. 
The urinary metabolites of p-aminobenzoic acid identified were the parent compound, p-aminohippuric 
acid and p-aminobenzoic acid glucuronide. The urinary data indicated that the icteric Gunn rat not 
only excreted significantly less of the p-aminobenzoic acid within 24hr but also excreted significantly 
less of the compound as the glucuronide. In the newborn icteric rat, the major excretory product 
was the unchanged p-aminobenzoic acid, whereas in the adult most of the drug was excreted as the 
glycine conjugate. The data in vivo and in vitro indicated that the icteric newborn rat converts signifi- 
cantly less p-aminobenzoic acid to p-aminohippuric acid than does the non-icteric rat. The synthesis 
of p-aminohippuric acid is quite low in both genotypes at birth, but rapidly approaches adult levels 
at 30 days of age. In view of the data presented, the increased toxicity of p-aminobenzoic acid in 
the 2-day-old icteric Gunn rat may be the result of a decreased p-aminobenzoic acid metabolism 
in these rats due to a deficiency in the activity of the enzyme UDP-glucuronyltransferase and possibly 


glycine-N-acyltransferase. 


The major pathways for the metabolism of p-amino- 
benzoic acid (PAB) in the rat are acetylation, gly- 
cine conjugation and glucuronidation. At low doses 
p-aminobenzoic acid is excreted primarily as p-acet- 
amido-benzoic acid; however, as the dosage was 
increased, the percentage of dose excreted as the 
acetylated compound decreased while the excretion 
of the conjugated metabolites increased [1, 2]. 

The conjugation of p-aminobenzoic acid with 
glycine to form p-aminohippuric acid (PAH) is cata- 
lyzed by the enzyme glycine-N-acyltransferase (EC 
2.3.1.13) [3]. There is general agreement that in the 
newborn mouse [4], rat{5] and human [6] the ac- 
tivity of this enzyme is quite low; however, in the 
mouse and rat a subsequent rapid increase in activity 
to adult levels occurs within a few weeks after birth. 

The formation of p-aminobenzoic acid glucuronide 
(PABG) is catalyzed by UDP glucuronyltransferase 
(EC 2.4.1.17) [3]. The deficiency of this enzyme in the 
Gunn rat for the substrate bilirubin results in hyper- 
bilirubinemia. Schmid et al.[7] reported that the 
jaundiced Gunn rat excreted significantly less glucur- 
onic acid after the administration of o-aminobenzoic 
acid than non-jaundiced littermates. However, they 
reported no deficiency in the conjugation of o-amino- 
benzoic acid with glycine in the adult rat. 

In view of a previous report [8] from this labora- 
tory which indicated that p-aminobenzoic acid was 
significantly more toxic to the 2-day-old icteric Gunn 
rat than to its non-icteric littermate, this investigation 
was conducted to study the conjugation pathways of 
p-aminobenzoic acid for glycine and glucuronic acid 
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in the icteric homozygous and non-icteric heterozy- 
gous Gunn rat. 


MATERIALS AND METHODS 


Animals. Male and female rats ranging in age from 
2 to 137 days of age were employed. Heterozygous 
(Jj) and homozygous (jj) Gunn rats were selected from 
our colony, and Wistar rats were obtained from Car- 
worth Farms. 

Thin-layer chromatography of urinary metabolites. 
Female homozygous and heterozygous rats ranging 
in age from 6 to 137 days of age were given p-amino- 
benzoic acid (potassium salt) intraperitoneally. The 
rats were placed in metabolic cages after the injection 
and urine was collected 0-3, and in some cases up 
to 24, hr after injection. Urine was collected from 
the 6-day-old rats by stimulation of the perineum. 
Urinary metabolites were isolated using Eastman 
Silica gel chromatogram sheets with fluorescent indi- 
cator, in an n-butanol-acetic acid—water (4:1:1, v/v) 
solvent system [9]. The R, values were 0.80, 0.62 and 
0.28 for PAB, PAH and PABG respectively. Metabo- 
lites were identified by reference to standard com- 
pounds observed under ultraviolet light. Proof of 
identity of the glucuronide was made by incubating 
the urine with beta-glucuronidase and demonstrating 
the disappearance of the metabolite at the R, tentati- 
vely identified as the glucuronide. Individual chroma- 
togram spots were removed into stoppered test tubes 
and extracted with 0.1 N NaOH. Total diazotizable 
material was determined by the method of Bratton 
and Marshall [10]. 

Acetylation of PAB and PAH. The level of acety- 
lated compounds in the urine was determined by the 
difference in total diazo reactants, measured by the 
methods of Bratton and Marshall, before and after 
the hydrolysis of the sample for 30 min in a boiling 





536 


water bath with an equal volume of 1.2N _ hydro- 
chloric acid. 

Plasma half-life of administered PAH. To compare 
renal clearance of PAH between genotypes, four 
groups of rats were given PAH at a dose of 200 mg/kg 
of body weight. The two older groups (31 + 2- and 
100 + 10-day-old females) were given the drug intra- 
venously, while the 2- and 7-day-old groups were 
given the drug intraperitoneally. In the two younger 
groups, consisting of both male and females, six to 
eight rats were sacrificed at each time period (0.5, 
1.0, 1.5 and 2.0hr after injection). In the two older 
groups, the 3l-day-old rats were sacrificed at each 
time period, whereas in the adult, repeated blood 
samples were taken from the infra-orbital sinus at 10, 
20, 30 and 40 min after injection. 

Glycine conjugation in vivo. Four groups of hetero- 
zygous and homozygous Gunn rats of age 2, 7, 32 + 3 
and 100 + 10 days were used in this part of the study. 
In order to obtain sufficient numbers of 2- and 7-day- 
old rats, both male and females were included in these 
groups, with female rats being used in the other 
groups. All rats were injected with PAB at a dosage 
of 200 mg/kg of body weight. Blood samples were 
taken at designated times after the administration of 
PAB after sacrificing the rats by decapitation. In the 
adult group, repeated blood samples were taken from 
the infra-orbital sinus. 

An additional group of 7- and 100-day-old rats was 
given glycine intraperitoneally at a dosage of 
500 mg/kg of body weight 30 min prior to the injec- 
tion of PAB to determine if glycine was rate-limiting. 

The isolation of plasma PAH was made by the 
method of Cohen and McGilvery [11] using a buffer 
of 0.4M disodium phosphate adjusted to a pH of 
3.95 with 0.2 M citric acid. The quantitation of PAH 
and total diazotizable compounds in plasma was 
measured by the method of Bratton and Mar- 
shall [10]. 

Liver glycine conjugation in vitro. Rats representing 
four age groups (2, 7, 32 + 2 and 107 + 5 days) were 
used in this phase of the study to determine the devel- 
opment of the PAH-synthesizing system. Male and 
female heterozygous and homozygous Gunn rats and 
adult male Wistar rats were studied. The two older 
groups of rats were fasted for 16-18 hr before sacrifice 
and were given 5° dextrose in their drinking water 
during this time. These rats were killed by decapi- 
tation and the livers perfused with cold 0.25M su- 
crose and removed. The 2- and 7-day-old rats were 
killed by decapitation and the livers pooled in order 
to obtain sufficient tissue. The livers were homogen- 
ized in cold 0.25 M sucrose using a motor-driven Pot- 
ter-Elvehjem homogenizer with a Teflon pestle. A 
10° (w/v) homogenate was used with the exception 
that for the 2- and 7-day-old groups a 20% (w/v) 
homogenate was prepared because of the low enzyme 
activity at this age. 

The incubation procedure used was a modification 
of the method reported by Gorodischer et al. [4]. The 
incubation mixture contained: potassium phosphate 
buffer (pH 7.56), 25 umoles; MgCl,, 5 umoles; glycine, 
100 pmoles; furmarate, 2.5 ymoles; ATP, 2.5 pmoles; 
PAB, 3.0 umoles; and 0.3 ml of a 10 or 20% liver 
homogenate. The final volume of | ml was incubated 
for 30 min at 37° in a Dubnoff metabolic shaker. The 
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reactions were stopped by the addition of 4 ml of ice- 
cold 0.2 N trichloro-acetic acid to each flask. The iso- 
lation and quantitation of PAH from the incubation 
medium were by the method of Cohen and McGil- 
very [11] and Bratton and Marshall [10] respectively. 

Protein levels were determined by the method of 
Lowry et al.[12] with bovine serum albumin as the 
standard. 

Statistical procedures. Statistical comparisons were 
made by Student’s t-test with the level of significance 
set at P < 0.05. Plasma T, values for PAH were cal- 
culated from a least squares exponential curve fit pro- 
gram using a Wang computer. Differences in the T, 
values of Table 2 were determined by first calculating 
the slopes by least squares linear regression, and then 
comparing slopes by the method described by 
Ostle [13]. The T, values were calculated by a 
method described by Notari[14] where T, = 0.5 
Xo/Ko, where Xo is the initial concentration. Initial 
drug concentrations were similar for both genotypes 
within age groups. 


RESULTS 


The recovery of total diazo compounds excreted 
in urine in a 24-hr period after PAB administration 
is presented in Fig. 1. The homozygous Gunn rat 
excreted significantly less of the administered drug 
during the 24-hr period after treatment in the 18-, 
89- and 137-day age groups. The percentage of the 
dose recovered in the 24-hr period for both genotypes 
increased as the rats matured. 

The urinary metabolites measured were the parent 
compound, PAB; the glycine conjugate, PAH; and 
the glucuronic acid conjugate, PABG. These three 
compounds were the only significant urinary metabo- 
lites observed after PAB administration. The distribu- 
tion of these metabolites in the urine collected 0-3 hr 
after injection is presented in Fig. 2. With the excep- 
tion of the PAH values for the 6-day-old rats, there 
were significant differences between genotypes for 
each metabolite and age group. As the heterozygous 
rat matured, there appeared to be a decrease in the 
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Fig. 1. Twenty-four-hr urinary excretion of PAB and dia- 

zotizable metabolites in the Gunn rat. Female rats were 

injected i.p. with PAB at a dose of 400 mg/kg of body 

weight. Each column represents the mean + S.E.M. from 
a minimum of five rats. 





Conjugation of PAB in the newborn Gunn rat 
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Fig. 2. Urinary excretion of PAB, PAH and PABG 0-3 hours after PAB was given to the Gunn 

rat. Male and female rats were injected i.p. with PAB at a dose of 400 mg/kg of body weight. The 

data are expressed as the percentage of the total excretion of PAB, PAH and PABG. Each column 
represents the mean + S.E.M. from a minimum of seven rats. 


percentage of PAB excreted as the glucuronide with 
a corresponding increase in the amount excreted as 
PAH. The glucuronide of PAB was significantly lower 
in the urine of the homozygous rat, and the majority 
of PAB was excreted either as PAB or as PAH. In 
the 6-day-old homozygous rat, most of the adminis- 
tered PAB was excreted as the parent compound, 
whereas in the adult the glycine conjugate is the 
major urinary metabolite. In the adult rats 0-24 hr 
post-treatment urine samples were collected and the 
percentages of diazotized metabolites were PAB, 22 
per cent; PAH, 58 per cent; and PABG, 20 per cent 
for the heterozygous rat; and PAB, 17 per cent; PAH. 


80 per cent; and PABG, 3 per cent for the homo- 
zygous rat. The values for PAH and PABG metabo- 
lites were significantly different between genotypes. 

Plasma half-life values for injected PAH were simi- 
lar for both genotypes. The 2-day-old rats had T, 
values of 28 and 25 min, while the adult rats had 
values of 11 and 14 min, respectively, for the heterozy- 
gous and homozygous rats. 

Glycine conjugation in vivo was determined by 
measuring plasma levels of PAH after i.p. injection 
of PAB. The data in-Table | indicated that the 2-, 
7- and 32-day-old homozygous rats had significantly 
lower plasma levels of PAH than did the heterozy- 


Table 1. Glycine conjugation in vivo: plasma levels of p-aminohippuric acid in the Gunn rat after PAB and glycine 
administration* 
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* PAB was injected i.p. at a dose of 200 mg/kg of body weight. A group of 7- and 100-day-old rats was injected 
with glycine i.p. at a dose of 500 mg/kg of body weight 30min prior to the injection of PAB. Values are expressed 


as mean + S.E.M. 


+N =the number of determination, at each time period, representing two to three rats/determination for the 2- 


5 


and 7-day-old groups; the number of rats sacrificed/time period for the 32-day-old group; and the number of rats 
from which repeated blood samples were taken for the 100-day-old group. 

t Values were significantly different (P < 0.05) from heterozygous values of the same age. 

§ Values were significantly different (P < 0.05) from the non-glycine-treated values of the same age and genotype. 
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Table 2. Plasma half-life of PAB plus total diazotizable 
compounds in the Gunn rat* 





Plasma T, (min) 
i 





351t 

326 
70 
82 





* PAB was injected i.p. at a dose of 200 mg/kg of body 
weight. 

+N =the number of determinations, per genotype at 
each sampling period (two to three rats/determination) for 
the 2- and 7-day-old groups; the number of rats sacrificed/ 
genotype at each sampling period for the 31-day-old 
group; and the number of rats/genotype from which 
repeated blood samples were taken for the 100-day-old 
group. 

t The value was significantly different (P < 0.05) from 
the heterozygous value for the same age group. 


gous rats. There were no apparent differences in geno- 
types for the adult groups studied. The administration 
of glycine to the 7-day-old rats did not alter plasma 
PAH levels or reduce the plasma half-life of total 
diazo compounds for either genotype. However, in 
the adult the plasma PAH levels were significantly 
increased in the glycine-treated rats for both geno- 
types. 

The T, values for total plasma diazo reactants after 
the administration of PAB in the four groups of rats 
studied are given in Table 2. The 2-day-old homo- 


zygous rats had a significantly longer plasma half-life 
than the heterozygous rats of the same age. 

The studies in vitro indicated that glycine conjuga- 
tion in the liver was quite low in the newborn Gunn 
rat, while almost reaching adult levels at about 30 
days of age (Table 3). Hippuric acid synthesis was 
significantly lower in the 2-day-old homozygous rats 


when compared to the heterozygous littermates; how- 
ever, in the 32-day- and 107-day-old rats the homo- 
zygous male rats were significantly higher than the 
heterozygous males. Within genotype, the formation 
of hippuric acid was significantly higher in the adult 
heterozygous female and the adult homozygous male. 


DISCUSSION 


It was reported previously [8] that p-aminobenzoic 
acid was found to be significantly more toxic to the 
2-day-old icteric Gunn rat than to its non-icteric lit- 
termate. Initially, it was hypothesized .that the 
mechanism for toxicity in the newborn icteric rat was 
the drug-mediated displacement of bilirubin from 
plasma proteins resulting in increased mortality due 
to kernicterus. The administration of PAB or PAH 
has been shown [15] to reduce plasma bilirubin levels 
in the adult icteric Gunn rat; however, more recent 
data from our laboratory (D. R. Davis, unpublished 
data) suggested that the displacement of bilirubin in 
the icteric newborn was not as marked as in the adult 
Studies in vitro [15] indicated that neither PAB nor 
PAH was a strong competitor for the bilirubin—albu- 
min binding site. Although PAB was found to be 
more toxic to the icteric newborn rats, preliminary 
findings showed (R. A. Yeary, unpublished data) that 
PAH, the major metabolite of PAB, was not signifi- 
cantly more toxic to these rats. 

In view of the well-known UDP glucuronyltransfer- 
ase deficiency in the icteric newborn Gunn rat for 
bilirubin and other substrates, the possibility exists 
for alterations in the metabolism of PAB in these 
young rats. 

The urinary data clearly demonstrated a deficiency 
in the ability of the homozygous Gunn rat to conju- 
gate PAB with glucuronic acid. The data also indi- 
cated a possible compensatory increase in the excre- 
tion of PAH especially as the rat matures. These find- 
ings are in agreement with the report of Schmid et 


Table 3. Glycine conjugation in vitro of p-aminobenzoic acid in the 
Gunn rat* 





Age 


(days) Genotype Sext Nt 


Protein 
(mg/g of wet 
liver) 


PAH (nmoles/mg 
liver protein/ 
30 min) 





ZSMNZMNEZS NESE NZ eww 
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101 Wistar 


154.0 + 4.0 
53.3 + 55 
148.4 + 3.5 
154.7 + 5.6 
193.2 + 11.4 
216.8 + 5.0 
194.2 + 13.0 
200.4 + 8.8 
198.4 + 5.9 
226.2 + 1.9 
192.6 + 4.1 
222.4 + 3.2 
196.0 + 4.7 


2.76 + 0.21 
1.97 + 0.23§ 
3.99 + 0.38 
3.49 + 0.06 
34.50 + 2.17 
38.84 + 3.50 
41.77 + 2.808 
34.43 + 3.50 
35.92 
50.49 
57.38 - 


60.42 





* Data are expressed as, the mean + S.E.M. 

+ F = female, M = male and B = both sexes. 

t Number of rats/group with the exception that for the 2- and 7-day- 
old groups, N equals the number of determinations where two to four 
rat livers were pooled/determination. 

§ Values were significantly different (P < 0.05) from heterozygous 
values of the same age group and sex. 





Conjugation of PAB in the newborn Gunn rat 


al. [7]. They observed both a significant decrease in 
the amount of glucuronic acid excreted after the ad- 
ministration of o-aminobenzoic acid and an increased 
excretion of hippuric acid in the jaundiced Gunn rat. 
The decreased quantity of the total diazotizable com- 
pounds excreted in 24hr and the large percentage of 
the free compound excreted in the icteric newborn 
suggest a decreased metabolism of PAB in these 
young rats. 

Preliminary findings (D. R. Davis, unpublished 
data) in this laboratory suggested that after an ip. 
injection of PAB at a dose of 400 mg/kg of body 
weight, 5-10 per cent of the recovered urinary meta- 
bolites was acetylated. The level of acetylation was 
found to be inversely related to dose; however, no 
significant genotype differences were observed. 
Although the acetylation pathway is quite pro- 
nounced when small doses of PAB are given [11], 
this pathway apparently is readily saturable, and at 
the large doses used in this study, this pathway of 
excretion was considered to be insignificant. 

The data in Table | illustrated that the level of 
plasma PAH after the administration of PAB was sig- 
nificantly lower in the homozygous rat at 2, 7 and 
32 days of age. To our knowledge these are the first 
reported data to suggest that the hippuric acid-syn- 
thesizing system may be deficient in the newborn 
icteric Gunn rat. The similarity of the plasma half- 
lives of PAH in the two genotypes precludes the pos- 
sibility of differences in renal clearance which could 
explain the observed differences in plasma PAH 
levels. The result of administering exogenous glycine 
on hippuric acid synthesis in vivo indicated that gly- 
cine may be rate-limiting in the adult but not in the 
newborn rat. 

The longer plasma half-lives for the elimination of 
total diazotizable compounds in the homozygous rat 
further support the hypothesis of decreased PAB 
metabolism in these rats. The total diazotizable com- 
pounds is a composite of PAB, PAH and PABG, 
since each has a diazotizable aromatic amine. 

The age dependency of hippuric acid synthesis as 
seen in Table 3 is in agreement with other 
reports [4,5]. The synthesis of PAH is quite low in 
the newborn; however, the level increases very rapidly 
to near adult levels at 30 days of age. The significantly 
lower synthesis in the 2-day-old icteric rats is in 
agreement with the data in vivo. In the male rats, 
there was evidence of a compensatory increase in the 
synthesis of PAH as the rats matured (similar to the 
urinary data). PAH synthesis was significantly higher 
in the homozygous male rats at 32 and 107 days of 
age when compared to heterozygous male rats of the 
same age. This finding is in similar agreement with 
the recent report of Marniemi et al. [16], which found 
glycine-N-acyltransferase activity to be significantly 
higher in the homozygous Gunn rat when compared 
to the Wistar rat. Our data from the female rats 
showed no apparent genotype differences; however, 
with respect to both sexes there does appear to be 


539 


some sex—genotype interaction which is not readily 
explained. Sex differences in drug metabolism in the 
rat, however, are not uncommon. 

The apparent differences between the urinary data, 
which might be interpreted as evidence for increased 
synthesis of PAH in the homozygous rat and the data 
in vivo and in vitro, which suggest a deficiency of this 
pathway in the homozygous rat, may possibly be 
explained in view of the significantly lower excretion 
of total diazotizable compounds in the homozygous 
rat. 

These data indicated that for the first few days of 
life the icteric newborn rat is deficient in the glycine 
conjugation of PAB; however, as the rat matures, hip- 
puric acid synthesis appears to be normal. Levy and 
Ertel [17] have reported normal glycine conjugation 
in hyperbilirubinemic children, ages 3 and 9 years, 
with Crigler—Najjar syndrome. If the decreased gly- 
cine conjugation in the icteric newborn rat is associ- 
ated with the relatively high levels of serum bilirubin, 
then it is possible that a similar decrease may occur 
in the jaundiced newborn infant. Although Vest and 
Salzberg [6] have reported hippuric acid synthesis in 
premature infants to be approximately one-fourth 
adult values, no serum bilirubin levels were reported. 

It is suggested from these studies that an increased 
toxicity of PAB to the icteric newborn rat[8] may 
be the result of a decreased metabolism of this com- 
pound by the glucuronidation and glycine conjuga- 
tion pathways. 
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Abstract—The antifungal agent Miconazole nitrate has been shown to cause uncoupling and at higher 
concentrations an inhibition of oxidative phosphorylation in isolated rat liver mitochondria, with con- 


current damage to the mitochondrial membranes. 


Miconazole nitrate (1-(2,4-dichloro-f-(2,4-dichloro- 
benzyloxy)phenethy])imidazole nitrate) has-a broad 
spectrum of in vitro activity against most pathogenic 
fungi and Gram-positive bacteria. It is effective as a 
topical applicant in treating skin and nail infections 
and vaginal candidiasis[1]. Electron microscopic 
studies of Candida albicans exposed to low concen- 
trations of miconazole[2] showed destructive 
changes in the cell wall and plasmalemma. Van den 
Bossche [3] demonstrated an inhibition of purine and 
glutamine uptake and enhanced nucleoside transport. 
Radioactive studies indicated that most of the drug 
was located in the cell wall and plasmalemma of log 
phase Candida albicans. Swamy, Sirsi and Rao[4] 
showed alterations in cell permeability and leakage 
of inorganic ions, amino acids, 260nm absorbing 
materials and proteins from Candida albicans. Since 
miconazole apparently interferred with membrane 
function in Candida, its effect on mitochondrial oxida- 
tive phosphorylation and structural integrity were in- 
vestigated. Since it is difficult to prepare intact mito- 
chondria from Candida, rat liver mitochondria were 
used in this study. 

Rats fed ad lib. were killed by decapitation, the 
livers removed and mitochondria prepared by the 
method of Chappell and Hartford [5], except that 
0.25M _ sucrose/5 mM Tris/l mM EDTA pH 7.4 was 
used as the suspension buffer. Rates were measured 
in a Rank oxygen electrode maintained at 29°, con- 
nected to a Vitatron chart recorder. The electrode 
vessel contained a suspension of mitochondria 
(1-5 mg protein) in 20mM Tris/80mM KCl/5mM 
MgCl,/12.5mM _ sodium phosphate buffer, pH 7.4, 
total vol 4.1 ml. 0.1 ml of a substrate solution was 
added, these were: 0.385M_ sodium _ glutamate/ 
0.115M malic acid: 0.5 M sodium succinate and | M 
ascorbate/1O mM TMPD (Tetramethyl-p-phenylene- 
diamine). 

25 ul of 40mM ADP was added to give state 3 
mitochondria (defined by Chance [6]), and 2 min after 
returning to state 4, miconazole was added as a 
5 mg/ml ethanolic solution and the rates of oxygen 
consumption determined. The rat liver mitochondria 
prepared gave P:O ratios of 2.5, 1.7 and respiratory 
control ratios of 2.5, 2.2 for glutamate—malate and 
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succinate respectively. Protein was determined by the 
method of Lowry [7] using bovine serum albumin 
as standard. Miconazole was a gift from Janssen 
Pharmaceutical. 

The effects of miconazole on the oxidation of gluta- 
mate—malate and succinate are shown in Fig. 1. Here 
the percentage value of the state 4/state 3 rates of 
oxygen consumption (i.e. the reciprocal respiratory 
control ratio) is taken as a measure of the rate of 
oxidation and its coupling to phosphorylation. 
Miconazole showed the same uncoupling/inhibition 
pattern for both substrates, the inhibition of gluta- 
mate—malate oxidation occurring at lower miconazole 
concentrations than succinate oxidation. Additions of 
succinate to mitochondria in which glutamate—malate 
oxidation had been inhibited by miconazole stimu- 
lated oxygen consumption. Ascorbate/TMPD oxi- 
dation was uncoupled by miconazole but inhibition 
only occurred at saturating concentrations of micona- 
zole and was not studied further. Ethanol at the con- 
centrations used had no effect on coupling. The un- 
coupling was also dependent upon the mitochondrial 
suspension density and there was a linear relationship 
between the amount of miconazole required for maxi- 
mum uncoupling and the amount of mitochondrial 
protein used (Fig. 2). 

Possible explanations for this pattern of un- 
coupling/inhibition include (i) an effect on the mito- 
chondrial ATPase to give a rapid turnover of ATP 
to ADP. (ii) An uncoupling effect analogous to that 
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Fig. 1. The effect of miconazole on oxygen consumption 

by rat liver mitochondria. Total mitochondrial protein 
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required for maximum reciprocal respiratory control and 

the total protein used for both glutamate/malate and suc- 
cinate. Correlation coefficient 0.88. 


of DNP or of tyrocidin and gramicidin [8-11], which 
show this pattern of uncoupling and inhibition, and 
further, ascorbate/TMPD oxidation is only poorly in- 
hibited [8,10]. (iii) Miconazole could cause physical 
changes in the inner membrane, rendering it per- 
meable to protons. 

It is unlikely that miconazole reacts directly with 
the ATPase, since addition of oligomycin after 
miconazole had no significant effect upon the rate 
of oxygen consumption, whilst miconazole stimulated 
oxygen consumption from 44°, to 128% state 4/state 
3 (glutamate—malate) in mitochondria which had been 
inhibited by oligomycin. DNP did not relieve the in- 
hibitory effects of miconazole. The gross integrity of 
the inner membrane was studied by measuring the 
release of the matrix enzyme citrate synthase. The 
release was followed in the same incubation mixture 
as that used in following oxygen uptake. Two min 
after the addition of miconazole the mitochondria 
were removed by centrifugation and samples of the 


125 


= 
oO 
oO 


% reciprocal respiratory control ratio 
Lae] wo ~ 
w oO Ww 
citrate synthase released (+400, , uni ts/mt/minx 10 ) 








600 800 1000 
miconazole added fo electrode 
(moles X 109) 
Fig. 3. The miconazole-induced release of citrate synthase 
from rat liver mitochondria. Succinate substrate, 2.5 mg 
protein. 


supernatant fluid were added to the following mix- 
ture: 2.7 ml 0.075M Tris-HCl buffer pH 7.0, 0.1 ml 
1 mM Acetyl CoA, 0.1 ml 5mM DTNB (sodium dith- 
ionitrobenzoate). After equilibration 0.1 ml of 0.05 M 
sodium oxaloacetate was added and the reaction fol- 
lowed by measuring the 0.p. at 412nm using a Un- 
icam SP 600 spectrophotometer. 

Figure 3 compares the effects of miconazole con- 
centration upon the release of citrate synthase with 
the effect on succinate oxidation. In the range of 
miconazole concentrations causing maximum suc- 
cinate oxidation there was an increase in enzyme 
release up to a maximum value, which was compar- 
able to that obtained by destruction of the mitochon- 
dria with 0.03% Triton X100. Ethanol at the concen- 
trations used caused no release of citrate synthase. 

The results can be explained by proposing a des- 
truction of the inner membrane analogous to that 
observed from the plasmalemma of Candida albicans. 
At low miconazole/mitochondria ratios a_ small 
amount of damage would be caused, rendering the 
membrane permeable to protons, thereby uncoupling 
the mitochondria. At higher ratios more extensive 
damage with the release of matrix proteins, and inhi- 
bition of oxygen consumption occurs. The latter 
could be due to an extensive loss of membrane integ- 
rity, or alternatively a direct inhibition of the respira- 
tory chain components. Recently[12] it has been 
shown that miconazole causes hemolysis of erythro- 
cytes, and forms complexes with membrane lipopro- 
teins. In the present study, the destruction of the 
mitochondrial membrane prevented any distinction 
being made between a specific and a non-specific un- 
coupler action. 
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Abstract—Both DDMP and DDEP were found to lower the free deoxythymidine triphosphate concen- 
tration and raise the free deoxyadenosine triphosphate concentrations and uptake of tritiated thymidine 
into DNA in normal human phytohaemagglutinin-stimulated lymphocytes. With both drugs, these 
effects could be detected after as little as 15 min incubation and with DDMP at concentrations as 
low as 10°°M and the effects could be reversed by the reduced folates 5-methyltetrahydrofolate or 
5-formyltetrahydrofolate. The effects of these drugs closely paralleled those of methotrexate and show 
that both drugs are powerful inhibitors of dihydrofolate reductase in normal human cells. 


DDMP (2, 4-diamino-5-(3’,4'-dichlorophenyl)-6-meth- 
ylpyrimidine) and DDEP (2,4-diamino-5-(3’,4’-dich- 
lorophenyl)-6-ethylpyrimidine are two inhibitors of 
dihydrofolate reductase which have been shown to 
inhibit growth of tumours in animals and in tissue 
culture, some of which were resistant to methotrexate 
[1-5]. Recent studies have shown that it is possible 
to quantitate the effects of dihydrofolate reductase in- 
hibitors on DNA synthesis in human cells by measur- 
ing the effects of the drugs on the free concentrations 
of deoxythymidine triphosphate (dTTP) and deoxy- 
adenosine triphosphate (dATP) [6-8]. The present 
study compares the effects ofp DDMP and DDEP with 
those of methotrexate on uptake of labelled thymidine 
and on the dTTP and dATP pools in normal human 
phytohaemagglutinin-transformed lymphocytes. 

Chemicals. Reagent chemicals were supplied by Bri- 
tish Drug Houses and by Sigma Chemicals. dATP 
and dTTP were purchased from Sigma Chemicals and 
Micrococcus luteus DNA polymerase and polyd(A-T) 
were purchased from Miles Laboratories. [*H]dATP 
(14 Ci/m-mole), [7H]TTP (23.7 Ci/m-mole) and 
[*H]methyl thymidine (5 Ci/m-mole) were purchased 
from the Radiochemical Centre, Amersham, England. 
Medium TC199, single strength, and phytohaemag- 
glutinin (PHA) were purchased from Wellcome Re- 
agents and Ficoll and Triosil from Parmacia Fine 
Chemicals, and Nyegaard respectively. DDMP and 
DDEP were a generous gift from the Wellcome Foun- 
dation Limited. 

Cell culture. Venous blood was taken into heparin 
from normal adult volunteers. The methods used for 
collecting human lymphocytes and conditions for 
lymphocyte culture have been described before [8, 9]. 
3 x 10° lymphocytes were cultured in 3.0 ml volumes 
consisting of 20%, autologous serum in single strength 
TC199 medium with 100 wl PHA for 72hr at 37° in 
7.5% CO3. 

To study the effect of DDMP and DDEP, the 
drugs were added to 101 saline (with 5° alcohol) 
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to pooled cultures and incubated for specific time in- 
tervals at 37°. An equal number of cells which 
received an equivalent volume of saline (with 5% alco- 
hol) served as controls. [*H]methylthymidine 
(7H-TdR) incorporation into DNA was studied by 
adding 1 pCi (0.2 umole) in 100 pl saline to triplicate 
cultures each containing 3 x 10° PHA-transformed 
cells and incubating for 1 hr at 37°. The cells were 
then washed twice in cold phosphate-buffered saline, 
PH 7.4, and allowed to stand for 10 min at 4° in 2.0 ml 
cold, 0.5M perchloric acid. After centrifugation, the 
pellet was hydrolysed in 0.5 ml, 0.5 M perchloric acid 
at 85° for 20 min. The suspension was spun and 
100-1 aliquots of the supernatant were counted for 
radioactivity after the addition of 10 ml liquid scintil- 
lation fluid. 

dATP and dTTP extraction and assay. Following 
drug incubation, the cells were spun at 4° and washed 
twice in cold phosphate-buffered saline, pH 7.4. Cold, 
60% methanol, (1.0 ml) was added to the cell pellet, 
and the suspension was stored at —20° overnight to 
extract the nucleotides [10]. The supernatant after 
centrifugation was collected, freeze-dried and the 
dried extract was resuspended in 350] water and 
stored at —20° until assayed. 

The assays of dATP and dTTP have been described 
[11, 12]. Poly-d (A-T) (0.05 units) was used as template 
with 0.3 unitt DNA polymerase. Assays were incu- 
bated in triplicate at 37° for 35 min. The results are 
expressed as pmole/10° cells or as per cent of control 
cultures with no added drugs. 

Effects of DDMP and DDEP on dTTP and dATP 
pools and [*?H]thymidine incorporation into DNA 

(a) DDMP The effects of incubating DDMP 
10-5M with normal 72-hr PHA-stimulated lympho- 
cytes for 1 hr on the dATP and dTTP concentrations 
and [*H]TdR incorporation into DNA are shown in 
Fig. 1. DDMP cause a rise in dATP concentration 
in 11 of 12 experiments, to a maximum of 53 per cent 
of control level. A decrease in the dTTP concen- 
tration occurred in all 12 experiments and varied 
from 30 to 79 per cent of control levels. The mean 
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Fig. 1. Effect of DDMP (10°°M) at 1 hr on the dATP 
and dTTP concentrations and [*H]TdR incorporation 
into DNA in normal human 72-hr PHA-stimulated lym- 
phocytes. Results are given as percent rise or fall compared 
with control cells. The dATP concentration (pmole/10° 
cells) ranged from 1.7 to 5.4 (mean 3.5) and in drug-treated 
from 2.8 to 7.3 (mean 4.4) while the dTTP concentration 
(pmole/10° cells) in controls ranged from 7.0 to 17.5 (mean 
10.9) and in drug-treated from 2.3 to 9.0 (mean 5.4). 


dTTP concentration at 1 hr with 10°-° M DDMP was 
50 per cent of the mean dTTP concentration in con- 
trol cultures and the mean dATP concentration was 
125 percent of mean control dATP concentration. 

An increase in [*H]TdR incorporation into DNA 
at 1hr with .0-°M DDMP occurred in all exper- 
iments, the mean increase being 131 per cent of con- 
trol levels (Fig. 1). 

(b) DDEP Figure 2 shows the effect of 10°°M 
DDEP for 1hr on the dATP and dTTP concen- 
trations and on [°H]TdR incorporation into DNA, 
in normal 72-hr, PHA-stimulated lymphocytes. There 
were consistent decreases in the dTTP concentration 
and increases in [*H]TdR incorporation into DNA. 
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dATP dTTP 3HTdR 


Fig. 2. Effect of DDEP (10~°M) at 1 hr on the dATP and 
dTTP concentrations and [*H]TdR incorporation into 
DNA in normal human 72-hr PHA-stimulated lympho- 
cytes. Results are given as per cent rise or fall compared 
with control cells. The dATP concentration (pmole/10° 
cells) in controls ranged from 1.7 to 3.3 (mean 2.5) and 
in drug-treated from 2.0 to 3.9 (mean 2.8) while the dTTP 
concentration (pmole/10° cells) in controls ranged from 
8.9 to 11.5 (mean 13.0) and in drug-treated from 4.5 to 
9.0 (mean 6.1). 
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Fig. 3. Time course of action of DDMP (10~°M) on the 

dATP and dTTP concentrations in normal human 72-hr 

PHA-stimulated lymphocytes and of DDEP (10~°M) on 
dTTP concentration. 


Although there was on overall mean increase in the 
dATP concentration of 12 per cent, this increase was 
not consistent. The mean decrease in dTTP concen- 
tration was 47 per cent with a mean increase in 
[7H]TdR incorporation of 14 per cent of .control 
values. 

Effects of time and concentration on the actions of 
DDMP and DDEP. DDMP 10°-°M produced unba- 
lanced dATP and dTTP concentrations in as short 
a period as 15 min (Fig. 3). After this initial change 
in dATP and dTTP concentrations, further incuba- 
tion up to 6hr with DDMP did not markedly alter 
their concentrations. DDEP 10~°M also caused a fall 
in dTTP concentration after as little as 15 min incu- 
bation and there was a further decrease in the dTTP 
concentration from 35 per cent of control value at 
15 min to 56 per cent at 6 hr (Fig. 3). 

The effects of DDMP and methotrexate on dTTP 
and dATP concentrations and on [7H]TdR incorpor- 
ation into DNA are compared in Fig. 4. With both 
drugs, a rise in [7H]TdR uptake could be detected 
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Fig. 4. Effect of various concentrations of DDMP and 

methotrexate on the dATP and dTTP concentrations and 

on [°H]TGR incorporation into DNA in normal human 

72-hr PHA-stimulated lymphocytes. Results are given as 
per cent rise or fall compared with control cells. 
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Fig. 5. The effect of 5-methyltetrahydrofolate (CH;THF), 

5-formyltetrahydrofolate (CHOTHF) and folic acid (FA) 

at 10°->M on dTTP concentrations of DDMP (107° M) 

or DDEP (10~>M) treated normal human 72-hr PHA- 

stimulated lymphocytes. DDMP or DDEP incubations 

were carried out for 1 hr and the folate compounds were 
added 15 min before DDMP or DDEP. 





at 0.5 x 10°7M while a rise in dATP and fall in 
dTTP cold be detected at 10~*M. The effects of 
methotrexate on the pools were, however, more 
marked over the concentration range 10°°M to 
10-7M. 

Effect of folate protection. Figure 5 shows the rescue 
effect in normal 72-hr PHA-lymphocytes, in terms of 
reversal of the decrease in dTTP concentrations, after 
incubation of DDMP 10~°M or DDEP 10~°M with 
either formyltetrahydrofolate (CHO THF) methylte- 
trahydrofolate (CH; THF) or pteroylglutamic acid 
(FA), all at 10°7M. The reduced folates reversed the 
decrease in dTTP concentrations caused by either 
DDMP and DDEP, whereas FA had no effect. There 

“was no obvious difference in the efficiency of rescue 
between the formyl and methyl reduced folates. 

The results of these studies show that DDMP and 
DDEP have similar actions to methotrexate, pyri- 
methamine and to a much lesser degree trimethoprim 
in lowering the dTTP concentration, raising the 
dATP concentration and increasing tritiated thymi- 
dine uptake in normal human PHA-transformed lym- 
phocytes [8]. The results have shown that the DDMP 
effect is, like that of methotrexate, manifest after as 
little as 15 min incubation. This observation is consis- 
tent with the finding of Hill et al[5] that entry of 
DDMP into L5178Y cells occurs rapidly with early 
association of the drug (between 1 and 5 min), a pla- 
teau intracellular concentration being reached after 
15-30 min incubation. 


In view of the generally weaker inhibition of dihyd- 
rofolate reductase extracted from neoplastic cells by 
DDMP than by methotrexate[4], it was surprising 
to find that, assessed by all three parameters of fall 
in dTTP, rise in dATP and increased in [*H]thymi- 
dine uptake, DDMP appeared to be as active as 
methotrexate over a wide range of concentrations 
from 10°°M to 10°~3M. As expected both fully 
reduced folates, 5-formyltetrahydrofolate (folinic acid) 
and 5-methyltetrahydrofolate reversed all three effects 
of both DDMP and DDEP whereas folic acid had 
no effect. 

Taken together with the observations that DDMP 
may be active against methotrexate resistant tumour 
cells [4, 5] and that uptake of DDMP may occur into 
methotrexate impermeable/resistant L5178Y lym- 
phoblasts sufficient to kill these cells[5], the present 
results suggest that DDMP (and DDEP) have poten- 
tial value as antitumour agents in man and, indeed, 
clinical trials with DDMP to assess its usefulness are 
now in progress [13]. However, since the studies here 
show that both DDMP and DDEP are powerful in- 
hibitors of dihydrofolate reductase in normal human 
cells, toxic effects of these drugs, similar to those with 
methotrexate are to be expected. 
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SHORT COMMUNICATIONS 


Increase in the hepatic glucuronidation and clearance of 
bilirubin in clofibrate-treated rats* 


(Received 25 March 1976, accepted 26 September 1976) 


Clofibrate (ethyl-4-chlorophenoxyisobutyrate) is widely 


used as an hypolipidemic drug. It effectively lowers the 
levels of serum cholesterol, triglycerides and free fatty acids 
in man and experimental animals [1]. Nevertheless the 
mechanisms of this action have not yet been clearly eluci- 
dated since the effects of the drug vary and seem to act 
upon many sites. In other respects, lipid metabolism is 
not the only one to be concerned and it has been shown 
that other metabolisms are modified after administration 
of clofibrate, such as those of steroid hormones [2, 3]. Its 
chronic administration to rats produces an elevation in 
liver weight [4-8] and a proliferation of the smooth endo- 
plasmic reticulum of liver [5]. This very-like inducer pro- 
perty of clofibrate was confirmed by Lewis et al. [9] who 
reported an acceleration of ethylmorphine and amino- 
pyrine metabolisms, accompanied by an elevation of Cyto- 
chrome P-450 in rat liver microsomes. The present paper 
reports the action of clofibrate on bilirubin-UDP-glucu- 
ronyltransferase (BGT) activity paralleling the increase in 
Z hepatic content. 

Male Sprague-Dawley rats (Charles River France), 
aged 6 weeks, fed with a controlled diet were given clofi- 
brate (I.C.I., France) (6.25—25 mg/100 g B.W. in propylene- 
glycol) ip. once daily. Controls received propyleneglycol 
by the same route for the same time. Animals were killed 
under light ether anesthesia 24 hr after the last drug dose. 
The liver was removed, washed immediately and weighed. 
A small lobe was taken to measure total protein content 
and BGT activity. The remaining liver was perfused 
through hepatic veins with 50 ml of ice-cold isotonic saline. 
A 25%, homogenate was prepared in 0.25 M sucrose-0.01 M 
phosphate buffer (pH 7.4), and supernatant fractions (cyto- 
sol) harvested after centrifugation at 105,000 g for 120 min 
in a Beckman L2-65B ultracentrifuge (Beckman Instru- 
ments, France). Specimens were stored at — 18° if not used 
immediately. Protein concentration in total liver, superna- 





* Preliminary data from this work were presented at the 
French Forum of Gastroenterology, Créteil 1974. 

This work was supported in part by Grant 73.4.1628 
from the Délégation Générale 4 la Recherche Scientifique 
et Technique. 


tant fractions and fractions Y and Z was determined by 
the method of Lowry et al. [10]. Y (ligandin) and Z pro- 
tein concentrations were estimated by bromsulphthalein 
(BSP) binding after standardized chromatography of the 
105,000 g supernatant on Sephadex G-75 according to the 
method described by Levi et al. [11] as previously reported 
[12]. Liver homogenate BGT activity was measured 
according to the method of Black et al. [13]. To evaluate 
the effect of clofibrate in vivo on the hepatic transport of 
anions, we studied the following parameters: (1) the initial 
disappearance rate from plasma of a single intravenous 
dose of BSP (5 mg/100 g B.W.), expressed as the first order 
rate constant, K,, was determined from four carefully 
timed plasma samples obtained from 2 to 8 min after dye 
administration. (2) the plasma bilirubin disappearance was 
determined after a single intravenous injection of unconju- 
gated bilirubin (1 mg/100g B.W. solubilized in Na,CO, 
0.1 M). Blood samples were collected at 2.5, 5, 7.5 and 
10 min after bilirubin administration. Bilirubin content in 
the plasma samples was determined by the method of Jen- 
drassik and Grof [14]. Rats pretreated with clofibrate 
(18.8 mg/100 g B.W.) once daily for 10 days, along with 
the corresponding controls were tested in this manner. Stu- 
dent’s t test was used for statistical analysis of results. 
Administration of clofibrate for 10 days significantly in- 
creased total lever weight and total liver protein content. 
There was no difference in body weight between the con- 
trol and treated animals. Table 1 shows the effect of clofi- 
brate treatment on the cytosolic proteins Y and Z and 
on BGT activity of rat liver. Jn vitro BSP binding to pro- 
tein Y was not modified with clofibrate treatment whilst 
it was dramatically increased for protein Z (180 per cent 
of the controls). Protein content in fractions Z was higher 
in treated rats than in controls. In vitro glucuronidation 
of bilirubin in rat liver homogenates was also stimulated, 
it increased 200 per cent above control values. This effect 
of clofibrate on both parameters was shown to increase 
with dose (Fig. 1); it appeared in a few days after the 
beginning of the treatment. Clofibrate administration to 
rats for 10 days failed to increase BSP K, whatsoever the 
dose used. Figure 2 illustrates the results of plasma biliru- 
bin disappearance studies: the clofibrate-treated animals 
exhibited significantly lower bilirubin levels at all four 


Table 1. Effect of clofibrate treatment on bilirubin-glucuronyltransferase activity and bromosulfophthalein binding to 
Y and Z proteins in rat liver 





Liver weight 


(% body wt) (mg/g) 


Total liver protein 


BSP binding 

(nm/g liver) 

BGT 
(mgCB/g liver/hr) Z 








Control 3.66 + 0.13 
Clofibrate treated 6.53 + 0.13 


P <0.001 <0.001 


167.6 + 4.4 
195.2 + 3.7 


68 +4 
188 + 10 
<0.001 


1.33 + 0.10 
3.96 + 0.22 
<0.001 





Values represent the mean + S.E.M. for 6 animals. Clofibrate was given i.p. (25 mg/100g B.W.) once daily for 10 
days. N.S.: not significant. 
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Fig. 1. Dose-response study of effect of clofibrate on in 

vitro BSP binding to protein Z (@ @) and BGT activity 

(x x) of rat liver. The rats were given injections i.p. 

of clofibrate or an equivalent volume of propylene-glycol 

for 10 days. The data are expressed as the mean + S.E.M. 
of 6 animals in each group. 


times periods studied. Clofibrate, therefore, significantly 
enhanced the disappearance of exogenously administered 
bilirubin from the plasma. 

Our results confirm the increase in liver weight and pro- 
tein content produced by clofibrate administration as pre- 
viously reported by several authors [4-7]. Since no rise 
in hepatic DNA content was shown [7,15] this increase 
in liver weight is attributed to an hypertrophy rather than 
an hyperplasy. The import of this hypertrophy is not clear. 
Whether it is an increase in hepatic function or a sign 
of toxicity remains an open question as the same effect 
has been noted with numerous compounds so different as 
phenobarbitone, DDT and CCl, [16]. 

Our experiments confirm that clofibrate administration 
increases Z protein [17-19] as determined by BSP binding. 
This enhanced capacity of Z to bind the dye is accom- 
panied by an increase in protein amount. Y protein is unaf- 
fected by the treatment. In the same way, the hepatic level 
of protein Y or ligandin is increased by numerous drugs 
[20, 21] without change in the concentration of Z protein. 
BSP along with many other organic anions have been 
shown to be bound to cytosolic proteins Y and Z in the 
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Fig. 2. Disappearance of an exogenous bilirubin load 
(1 mg/100 g B.W., i.v.) from plasma of clofibrate-pretreated 
rats (18.8 mg/100 g B.W., ip. once daily for 20 days prior 
to bilirubin administration). Values represent the mean + 
S.E.M. for 10 animals. The 2.5, 5. 7.5 and 10 min plasma 
bilirubin levels were significantly lower in the clofibrate- 
pretreated animals (©) than in the controls (@) (P <0.001). 
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liver [11, 20]. These proteins are thought to faciliatate both 
the uptake and the storage of organic agnions by the liver. 
This increase of Z protein by clofibrate could result in 
an enhanced uptake of BSP as affected by BSP binding 
to Z. Yet the BSP uptake as indirectly measured by BSP 
K, determination is not modified. In contrast, the data 
presented in Fig. 2 indicate that clofibrate stimulation of 
BGT activity is associated with enhanced disappearance 
of exogenously administered bilirubin from plasma. 

These differences observed in bilirubin and BSP hepatic 
uptake under the influence of clofibrate treatment seem 
to privilege the role of ligandin in this process. Pheno- 
barbitone which increases liver ligandin and BGT activity 
enhances both the disappearance of bilirubin [22-25] and 
BSP [26] from plasma whilst clofibrate seems to affect 
only bilirubin. Recently, similarities have been noted in 
molecular weight and binding properties between one of 
the glutathione-S-transferases, S-aryltransferase B which 
is responsible of the conjugation of BSP, and ligandin 
[27,28]. So the difference of effect observed with clofi- 
brate on bilirubin and BSP uptake by the liver could be 
explained by a stimulated or not conjugating enzyme ac- 
tivity. 
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A kinetic method for the determination of the multiple forms of microsomal 
cytochrome P-450 


(Received 10 July 1976; accepted 3 September 1976) 


The identification and characterization of the multiple 
forms of cytochrome P-450 associated with liver microsomes 
are currently being extensively studied [1-8]. Such studies 
may lead to the categorization of the various enzymes 
involved into activity profiles which in turn would pro- 
vide information as to their relative roles as detoxifying 
catalysts or as catalysts which generate toxic electro- 
philic intermediates. 

The study of the multiple forms of cytochrome P-450 
has been approached by two main lines of investigation. 
The first and most direct has been biochemical investigations 
which have focused on the physical isolation, purification 
and characterization of both normal and_ inducible 
forms [9-13]. The second method has approached the 
problem indirectly by measuring changes produced in the 
enzymatic profiles of the system by some perturbation, 
typically the use of inducing agents such as phenobarbital 
(PB) and 3-methylcholanthrene (3-MC) and inhibitors such 
as carbon monoxide or SKF-525A [14-20]. In interpreting 
such changes in terms of multiplicity, most investigators 
have operated under the same set of assumptions, but to 
our knowledge neither the assumptions nor the rules for 
their applications have been explicitly stated. 

The purpose of this communication is to state the 
assumptions initially for a system involving a single 
substrate, a single enzymatic site and multiple products. 
Given these assumptions, a systematic framework for the 
interpretation of changes in microsomal enzymatic pro- 
files of such a system brought about by various perturba- 
tions to the system will be proposed. In developing the 
framework, we assume that product formation is irreversible 
and that the steady state kinetics of Briggs and 
Haldane[21] are applicable. 

For a single substrate, single enzymatic site, multiple 
product system, the following two cases are possible. 

Case 1. The substrate combines with an enzyme to form 
a single enzyme-substrate complex which dissociates to 
multiple products, that is 


\, P,+E 
E+SE-S—%P,+E 
“ Se 
Deriving the expression for E-S by the method of King 
and Altman [22] as described by Segel [23] and rearranging 
to the form of the Michaelis-Menten equation yields 


r (Eo)(S) 
kay tha thy thy +S 


E-S 





k, 


Therefore, a single K,, 
k_, +ky+k3 + kg 
ky 





Ky, 


characterizes the entire system and is independent of either 
enzyme or substrate concentration. Since the individual 
velocities for each of the products are dP,/dt = k,(E-S), 
dP/dt = k,(E-S) and dP/dt = k,(E-S), the ratio of any 
two will be constant and independent of either the 
concentration of E or S. 

Case 2. The substrate combines with an enzyme to form 
energetically distinct E-S complexes each of which 
dissociates to a different product, that is 


k; k, 
E+SS ESP, 
Las =P, 


2 post p, 
ks 

Once again, deriving the expressions for E-S, E-S’ and 
E-S" by the method of King and Altman[22] and 
rearranging in the form of the Michaelis-Menten equation 
yield three equations: 

k i(k» + ks)(k_3 + ke)LEoI{S]} 
R 
K, +S 





E-S = 





kok. + kaka + koMLEoI ES] 


R 
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ks(k—1 + ka)(k-2 + ks)[Eo}[S] 








R 
K, +S 


Where 
R = k,(k_> + ks)(k_3 + ke) + k,(k_, + k4)(k_3 + ke) 
+ k3{k_, + ka)(k-2 + ks) 


ie (k_, + kg)(k-2 + ks)(k_-3 + ke) 
R 





Ky, 





550 


The K,, again characterizes the entire system. Since the 
velocities for product formation are dP,/dt = k,(E-° S), 
dP/dt = k,(E-S’) and dP3/dt = k,(E-S") and since the 


ratio of 


(dP, /dt)/(dP,/dt) = aa 9 
. ksk(k_, + ke)’ 

the ratio of any two products is a constant which is 
independent of either enzyme or substrate concentration. 
It should be noted that in deriving the rate laws for 
Case | and Case 2 the only assumptions that were made 
were that steady state kinetics were applicable and that 
product ‘ormation was irreversible. It was not necessary to 
assume that product formation is rate limiting. 

Consider a microsomal preparation which acts on a 
single substrate to yield multiple products. Information 
regarding the enzymatic multiplicity of the preparation 
can now be gained by perturbing the system. Fundamentally 
two types of perturbations are possible: (1) those that 
affect enzyme or substrate concentration without altering 
the active site or individual rate constants, and (2) those that 
can alter the active site or individual rate constants. 

Type-! perturbers include such factors as inhibitors, 
inducers and substrate concentration studies. For such 
perturbationsany statistically valid difference in the measured 
K,, or any change in product ratio for either Case 1 
or Case 2 systems indicates the existence of at least 
two independent enzymatic sites. Conversely lack of changes 
in K,, or product ratios are not conclusive evidence for 
the presence of a single enzymatic site but become 
increasingly convincing as the number of perturbations 
studied is increased. 

Type-2 perturbers include such factors as pH (by affecting 
ionizable groups at the active site), ionic strength (change 
solvation of the active site), temperature (shift the steady 
state constants) and allosteric interactions (by inducing 
conformational changes at the active site). For such 
perturbations, all combinations of changes in K,, and 
product ratios are possible, that is, three results are possible. 
(1) K,, and product ratios do not change. This result indicates 
that the perturbation did not affect either the rate con- 
stants or the active site. (2) The K,, changes but product 
ratios do not (e.g. a temperature effect) or product ratios 
change and K,, does not (e.g. an allosteric interaction). 
These results indicate a single enzyme but are not con- 
clusive (to have the situation where two independent 
enzymes gave exactly the same product ratios but had 
different K,, values or the converse would be highly 
fortuitous). (3) Both K,, and product ratios change. This 
result yields no information regarding multiplicity. 

Based on the above analysis and assuming the model 
is applicable, it would appear that information regarding 
the multiple forms of microsomal cytochrome P-450 can 
most readily be obtained by perturbing the system by 
factors which only affect enzyme or substrate concentrations. 





* Present address: Center for Toxicology, School of 
Medicine, Vanderbilt University, Nashville, TN. 
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The application of this technique and its extension to 
multiple substrates will be discussed in a future 
publication. 
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Organic solvent soluble sulphate ester conjugates of 
monohydrox ybenzo(a)pyrenes 


(Received 8 September 1976; accepted 19 October 1976) 


Benzo[a]pyrene is a ubiquitous environmental pollutant, 
which has been shown to occur in exhaust fumes, air, cigar- 
ette smoke, soil, water and food [1]. Polycyclic aromatic 
hydrocarbons such as benzo[a]pyrene produce a wide 
variety of biological effects including tumour formation in 
experimental animals and mutagenesis and malignant 
transformation of cultured cells [1]. Many of these biologi- 
cal effects are mediated via active metabolites. Polycyclic 
aromatic hydrocarbons are metabolised to several organic 
solvent soluble metabolites including epoxides, dihydro- 
diols, diol-epoxides, phenols, quinones and to water sol- 
uble conjugates [2,3]. Recently a high pressure liquid 
chromatograph system has been developed for the separ- 
ation of ten benzo[a]pyrene phenols and using this sys- 
tem four different phenols, i.e. 1-hydroxybenzo[a]pyrene, 
3-hydroxybenzo[a]pyrene, 7-hydroxybenzo[a]pyrene and 
9-hydroxybenzo[a ]pyrene have been detected following in- 
cubation of rat liver microsomal fractions containing an 
NADPH, generating system with benzo[a]pyrene [4]. 3-, 
6- and 9-monohydroxybenzo[a]pyrenes are further meta- 
bolised by rat liver microsomes in vitro [5] and 3-hydroxy- 
benzo[a]pyrene is converted by rat lung microsomes into a 
metabolite which binds to DNA [6]. Monohydroxybenzo 
[a]pyrenes are also converted into water soluble glucur- 
onides by a rat liver microsomal system fortified with 
UDP-glucuronic acid [7]. Recently we have reported that 
3-hydroxybenzo[a]pyrene may also be further converted 
by human, rat and hamster lung cultures into an ethyl 
acetate-soluble metabolite identified as benzo[a]pyren-3-yl 
hydrogen sulphate [8]. In this study we report the produc- 
tion of similar ethyl acetate-soluble sulphate conjugates of 
both 7- and 9-hydroxybenzo[a]pyrene. The route involved 
is summarized below showing the conversion of 9-hydroxy- 
benzo[a]pyrene into benzo[a]pyren-9-yl hydrogen sul- 
phate. 


1. MATERIALS AND METHODS 


1.1. Materials. Unlabelled or *H-labelled 9,10-dihydro- 
9,10-dihydroxybenzo[a]pyrene and 7,8-dihydro-7,8-dihy- 
droxybenzo[a]pyrene were prepared from unlabelled or 
3H-labelled benzo[a]pyrene respectively [9]. The *H- 
labelled or unlabelled 9-hydroxybenzo[a]pyrene and 7-hy- 
droxybenzo[a]pyrene were prepared by acid hydrolysis of 
the corresponding *H-labelled or unlabelled dihydrodiol 
metabolites. The hydrolysates were extracted with ethyl 
acetate and the concentrated organic extracts separated 
by t.lc. using benzene-ethanol (9:1, v/v). The fluorescent 
bands migrating with a similar R, to monohydroxy- 
benzo[a]pyrenes were removed from the plates and their 
u.v. and fluorescent properties examined. The u.v. spectrum 
of the 9-hydroxybenzo[a]pyrene obtained by this method 


'2 
2 


3 Phenol 


was in very good agreement with that reported by Sims 
[10]. Waterfall and Sims have also reported the acid hy- 
drolysis of the 7,8-diol and the 9,10-diol of benzo[a]pyrene 
to the corresponding 7- and 9-hydroxy derivatives respect- 
ively [11]. Benzo[a]pyren-3-yl hydrogen sulphate was syn- 
thesised as previously described [8]. 

1.2. Lung cultures. Portions of lungs (400-600 mg) from 
male Wistar albino rats (200-300 g, bred at the University 
of Surrey) were cultured at 37° for 15-20hr in 10 ml of 
Leibovitz L-15 medium with 2mM L-glutamine and 10% 
foetal calf serum, penicillin 100 U ml~', streptomycin 
100 pg ml~! and labelled or unlabelled metabolites [9, 12]. 
In those experiments with sodium[*°S]sulphate, Dul- 
becco’s phosphate buffered saline was used instead of 
Leibovitz L-15 medium. The medium at the end of the 
culture was extracted with ethyl acetate and the concen- 
trated organic soluble extracts were separated by t.l.c. in 
benzene-ethanol (4:1, v/v). 

1.3. Enzymic hydrolysis of the products. The major radio- 
active and fluorescent bands obtained following jung cul- 
ture of the different phenols were eluted from the t.l.c. plate 
with spectral grade ethanol (95%), and the fluorescence 
excitation and emission spectra determined using a Per- 
kin-Elmer MPF-3 fluorescence spectrophotometer. Ali- 


‘ quots were also treated at pH 5.0 for 16—20hr at 37° with 


either ketodase (10,000 units, Warner Chilcott Labora- 
tories), aryl suphatase (770 units, type I Helix pomatia, 
Sigma Chemical Co.) in 0.1 M acetate buffer or with 0.1 M 
acetate buffer alone. The products were extracted with 
ethyl acetate and the extracts were evaporated to dryness 
in a rotary evaporator, after having been dried with 
sodium sulphate. The residue was dissolved in a small 
volume of ethyl acetate and applied to a t.l.c. plate which 
was developed in benzene-ethanol (9:1, v/v) and the fluor- 
escent properties of the products examined after elution 
from the plate. 


2. RESULTS AND DISCUSSION 


Short-term organ culture of portions of rat lungs with 
7-hydroxybenzo[a]pyrene and 9-hydroxybenzo[a]pyrene 
both resulted in the formation of ethyl acetate-extractable 
metabolites which migrated with similar R, values (0.13 
0.17 relative to benzo[a]pyrene) to that of benzo[a]- 
pyren-3-yl hydrogen sulphate in benzene-ethanol (4:1, v/v), 
and also fluoresced blue under u.v. light (254nm) [8, 12]. 
An incubation of [9-*H]hydroxybenzo[a]pyrene with rat 
lung under similar conditions yielded only one major ethyl 
acetate-extractable metabolite (M) (Fig. 1), which had simi- 
lar chromatographic and fluorescent properties to that 
obtained from unlabelled 9-hydroxybenzo[a]pyrene. The 
fluorescence excitation and emission spectra of these meta- 
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Fig. 1. Ethyl acetate-soluble metabolites from the medium after 16hr culture of rat lung with 

[9->H]hydroxybenzo[a]pyrene. The radioactive products were separated by t.l.c. in a mixture of ben- 

zene-ethanol (4:1, v/v). The radioactivity of the products is expressed as a percentage of the total 

radioactivity on the tlc. plate. S.F. indicates solvent front. [9-*H]hydroxybenzo[a]pyrene + lung 

( ), [9-7H ]hydroxybenzo[a]pyrene without lung (-—--). The fluorescent properties of the major meta- 
bolite (M) were also examined. 


bolites are compared in Figs 2 and 3. The excitation spec- 
tra of these metabolites are consistent with their fully 
aromatic character (Fig. 3), indicating the absence of any 
diol metabolities. Unlabelled 7-hydroxybenzo[a]pyrene and 
9-hydroxybenzo[a]pyrene were incubated with rat lungs 
in Dulbecco’s medium in the presence of sodium[**S]sul- 
phate. The ethyl acetate-soluble products were examined 
by t.l.c. and the fluorescence characteristics of the material 
associated with the major radioactive bands determined. 
The monohydroxybenzo[a]pyrene derivatives each yielded 
one major radioactive band of a material with a similar 
R, and fluorscent properties to those obtained from incu- 


Relative intensity 
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Wavelength, nm 
Fig. 2. Uncorrected fluorescence emission spectra of the 
suspected benzo[a ]pyren-9-yl hydrogen sulphate (M) (——) 
and benzo[a ]pyren-7-yl, hydrogen sulphate ( ) in 95% 
ethanol. /,, = 380 nm. 


bation of the unlabelled metaboiites with lung using the 
Leibovitz L-15 medium. In addition to the main radioac- 
tive band, another radioactive band was also observed, but 
this band was unaltered when the lung was incubated with 
sodium[?*S]sulphate in the absence of any monohydroxy- 
benzo[a]pyrene. 

These results suggested that these highly fluorescent 
ethy! acetate-extractable metabolites were the sulphate 
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Fig. 3. Uncorrected excitation spectra 
benzo[a]pyren-9-yl hydrogen sulphate 
benzo[a]pyren-7-yl hydrogen sulphate 

ethanol. /.,, = 430 nm. 


of the suspected 
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conjugates of their corresponding monohydroxybenzo[a ]- 
pyrene derivatives. This was confirmed by the results of 
enzymic incubations of the suspected sulphate conjugates 
of 9- and 7-hydroxybenzo[a]pyrene with sulphatase, when 
no unchanged conjugates were detected and both com- 
pounds yielded products with similar chromatographic and 
fluorescent properties to the corresponding monohydroxy- 
benzo[a]pyrene derivatives. However, when the suspected 
sulphate conjugates were incubated with ketodase, un- 
changed conjugates but not monohydroxybenzo[a ]pyrenes 
were detected. In a recent study when benzo[a]pyrene was 
cultured with human, hamster or rat lung, benzo[a]- 
pyren-3-yl hydrogen sulphate was identified as a major 
ethyl acetate-soluble metabolite by comparison of its fluor- 
escence excitation and emission spectra with those of the 
synthetic metabolite [8]. 

Thus monohydroxybenzo[a]pyrenes, one of the major 
groups of metabolites formed metabolically from benzo- 
[a]pyrene, are converted into their corresponding ethyl 
acetate-soluble sulphate esters. These sulphate conjugates, 
with a mol. wt of approx. 349, which is probably below the 
threshold for biliary excretion in man [13], would not be 
expected to be excreted in the bile. The lipophilicity of 
these conjugates as determined by their solubility in ethyl 
acetate would also suggest that they will not be readily 
excreted in the urine. Thus the sulphate conjugates of 
monohydroxybenzo[a]pyrene derivatives may be retained 
in man and may require further metabolism before being 
excreted. If these sulphate esters are further metabolised 
then the conjugation with sulphate may alter the reactivity 
of the ring thus changing the orientation of any further 
metabolism. The increased hydrophilicity of these sulphate 
conjugates relative to benzo[a]pyrene or their monohy- 
droxybenzo[a]pyrene precursors may also alter the distri- 
bution of benzo[a]pyrene related material. The biological 
importance of the sulphate conjugates of monohydroxy- 
benzo[a]pyrenes and their metabolic products remain to 
be elucidated. 
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Inhibitory effect of xanthines on the incorporation of ['*C]valine into 
proteins and on the secretion of albumin in isolated parenchymal 
rat liver cells 


(Received 17 May 1976; accepted 30 September 1976) 


Since the observation by Butcher and Sutherland[1] that 
phosphodiesterases are inhibited by xanthines, these sub- 
stances have often been added to tissue preparations in 
order to maintain an increased level of cyclic AMP pro- 
duced by administration of glucagon or epinephrine. The 
concentration generally used is 1-5 x 10>? mole 1~'. Dur- 
ing studies on the role of cyclic AMP in liver protein meta- 
bolism we have observed a strongly inhibitory effect of 
xanthines both on the incorporation of ['*C]valine into 
liver proteins and on the secretion of albumin. 


MATERIALS AND METHODS 


Female Wistar rats fed ad lib. and weighing about 200 g 
were used. Cells were prepared as described earlier [2]. 
Aminophylline (theophylline eth ylendiamine), caffeine (1,3,7- 
trimethylxanthine) and theophylline (1,3-dimethylxanthine) 


were obtained from Sigma, St. Louis, U.S.A. L-[U-'*C] 
valine was from Radiochemical Centre, Amersham, Eng- 
land. Other materials, incubation medium, and incubation 
were as described [3]. All cell suspensions were preincu- 
bated for 20 min. Then the incubations were started by 
adding ['*C]valine (0.25 wC) and xanthine or solvent. The 
incubation time was 60 min. The incorporation of ['*C] 
valine into liver cell protein (i.e. incorporation into pro- 
teins in the cell suspension minus incorporation into pro- 
teins in the medium), proteins in the medium and albumin 
in the medium and also the immunologically measured 
increase in albumin concentration in the medium were 
determined as described earlier [2, 3]. 


RESULTS AND DISCUSSION 


Aminophylline, caffeine and theophylline inhibited the 
incorporation of ['*C]valine into liver cell protein with 
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Table 1. Effects of xanthines on incorporation of ['*C]valine into proteins and on albumin secretion in isolated paren- 
chymal rat liver cells 





Incorporation into 
total proteins in 
the medium 
(cpm x 1073 
ml cells) 


Incorporation into 
secreted albumin 
(cpm x 1073 
ml cells) 


Incorporation into 
liver cell protein 
(cpm x 10°? 
ml cells) 


Albumin secretion 
(ug albumin 
ml cells) 





Control 881 + 15 
Aminophylline 
(5 x 10°*M) 


Difference 


44+6 
236 + 21 
P < 0.01 
Caffeine 

10° *M) 
Difference 


(5 x 


105 + 6 
176 + 21 


P < 0.02 


Theophylline 
(5 x 1073M) 
Difference 


P < 0.05 P < 0.01 


280 + 27 


143 + 15 
137 + 13 


96+4 
| 
; 


1 
4 
.O1 


36 
60 
< 


4 
] 
.001 


P 


46 +3 
50 + 1 
P < 0.001 





Parenchymal rat liver cells were preincubated for 20min. Incubations were started by adding 0.25 wC ['*C]valine 
and xanthine (sufficient to give a final concentration as indicated) or solvent. The incubation time was 60 min. Figures 


are given as means + S.E.M. of 3 experiments. 


59 per cent, 42 per cent, and 25 per cent, respectively (Table 
1). Also the incorporation into total proteins in_ the 
medium and into albumin was inhibited by xanthines, the 
inhibition being 84 per cent and 80 per cent, 63 per cent 
and 63 per cent, and 49 per cent and 52 per cent, respect- 
ively (Table 1). Albumin secretion was also inhibited 
(58 per cent, 44 per cent, and 40 per cent, respectively), but 
to a lesser degree than the incorporation into total proteins 
in the medium and int» albumin (Table 1). The lesser inhi- 
biti n of the secretion of albumin is probably due to the 
fact that the cells contain considerably amounts of pre- 
formed, unlabelled albumin. The inhibition caused by the 
administration of xanthines will probably not change the 
secretion of preformed albumin. Of the xanthines tested 
aminophylline seems to be the most powerful inhibitor fol- 
lowed by caffeine and theophylline. We have shown earlier 
[3] that cyclic AMP inhibits the same protein parameters 
as measured in this communication. It is therefore tempt- 
ing to explain the inhibitory effect of xanthines presented 
here by an inhibition of phosphodiesterase followed by an 
increase in the level of cyclic AMP. However, this is not 
likely. Firstly theophylline alone either raises the level of 
cyclic AMP very little [4] or not at all [5]. Secondly 
the inhibition produced by exogenous or endogenous 
glucagon-stimulated cyclic AMP [3] is smaller than that 
produced by xanthines. It has been shown earlier that xan- 
thines are not specific in their action [6, 7]. 

Our findings are in agreement with other in vitro obser- 
vations that theophylline can diminish the incorporation 
of amino acids into proteins in muscle tissue [8,9] and 
in adrenal cortex [10]. Meanwhile, using cell-free systems, 
aminophylline and theophylline have been shown to stimu- 
late amino acid incorporation into proteins by rat liver 
and brain microsomal and ribosomal systems [6]. These 
xanthines have also been shown to enhance polypeptide 
synthesis in mammalian systems [11]. The reason for the 
difference between cell systems and cell-free systems is not 
known. An inhibitory effect of xanthines on amino acid 
transport over the liver cell membrane could be the reason 
for this difference. Meanwhile, present evidence argues 
against this explanation, as theophylline has an increasing 
effect on the amino acid uptake by jejunal mucosa 


[12]. Further an increasing effect of the xanthines on the 
amino acid transport across the cell membrane would not 
inhibit the immunologically measured albumin secretion. 
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Induction of rat hepatic glutathione S-transferase B by phenobarbital 
and 3-methylcholanthrene 


(Received 24 June 1976; accepted 27 August 1976) 


Glutathione S-transferase activity of rat liver cytosol re- 
flects the cumulative actions of a number of discrete trans- 
ferases, many of which have been purified to homogeneity 
[1-3]. There is a substantial overlap among the various 
transferases with regard to both substrate specificity and 
ligandin-like activity [4]. Cumulative catalytic activity and 
the capacity to bind ligands, such as sulfobromophthalein, 
are increased by exposure of rats to PB* or 3-MC [5-12], 
and, indeed, there is immunological evidence for the induc- 
tion by PB of at least one of the transferases, glutathione 
S-transferase B or ligandin [8]. The fact that PB and 3-MC 
induce microsomal enzyme systems in different and charac- 
teristic fashions [13,14] prompted us to compare their 
actions on glutathione S-transferase B in relation to certain 
of the other glutathione S-transferases. Most earlier reports 
have focused on the effects of xenobiotic induction on sub- 
strate specificity (e.g. aryl, alkyl and epoxide S-transfer- 
ases), but interpretation of these results in terms of the 
individual glutathione S-transferases is complicated by the 
overlap in substrate specificity [1-3]. 

Male Sprague-Dawley rats (150-200 g) obtained from 
the Canadian Breeding Laboratories (St. Constant, 
Quebec) were housed on pine chips in the McIntyre Ani- 
mal Center (McGill University, Montreal, Quebec) and 
given Purina rat chow and water ad lib. for at least 1 
week before study. Four rats were housed on Ab-sorb-dri 
in place of pine chips. One group of rats received PB 
(Merck, Sharp & Dohme, Kirkland, Quebec) intraperi- 
toneally, 75 mg/kg daily, for 8 successive days before sacri- 
fice 24 hr after the last dose. Control rats received identical 
volumes of vehicle, 0.15 M NaCl. Another group of ani- 
mals received single intraperitoneal injections of 3-MC 
(Sigma Chemical Co., St. Louis, Mo), 20 mg/kg, in corn 
oil 72 hr before sacrifice. Control rats recefved corn oil 
alone. 





*The following abbreviations are employed throughout: 
PB, phenobarbital; and 3-MC, 3-methylcholanthrene. 


Rats were killed by decapitation. Homogenates of the 
excised livers, 20% (w/v), were prepared in ice-cold 1.15°% 
(w/v) KCI in 0.1M potassium phosphate buffer, pH 7.4. 
Each homogenate was centrifuged at 10,000 g for 20 min, 
and the pellet was discarded. The supernatant was centri- 
fuged at 105,000 g for 60 min to prepare the cytosol. 

Conditions for the assay of cytosol for glutathione 
S-transferase catalytic activity toward 1-chloro-2,4-dinitro- 
benzene (Eastman Kodak Co., Rochester, N.Y.) and 
1,2-dichloro-4-nitrobenzene (Eastman Kodak Co.) were 
identical with those of Habig et al. [2]. The spectrophoto- 
metric assays were conducted at room temperature (22°) 
with a Beckman Acta III. Immunologic assays of gluta- 
thione S-transferase B were conducted with use of an undi- 
luted antiserum to transferase B as described previously 
[15]. The rabbit antiserum does generate a single line of 
precipitation with liver cytosol on Ouchterlony immuno- 
diffusion; this line fuses with that generated by homo- 
geneous transferase B. Where indicated, cytosol prep- 
arations were diluted to obtain comparable catalytic activi- 
ties before immunoprecipitation. The decrease in catalytic 
activity toward 1-chloro-2,4-dinitrobenzene after specific 
immunoprecipitation was attributed to _ glutathione 
S-transferase B. Computations of the amount of transferase 
B in liver were based on the maximal loss of catalytic 
activity after immunoprecipitation and the specific activity 
of the homogeneous enzyme toward 1-chloro-2,4-dinitro- 
benzene (11 zmoles min™' mg~'). 

Most of the glutathione S-transferases have substantial 
specific activity toward 1-chloro-2,4-dinitrobenzene. Most 
also exhibit some activity toward 1,2-dichloro-4-nitroben- 
zene, but the ratio of activity toward these two substrates 
varies widely among the individual transferases. Since this 
ratio is highest with glutathione S-transferase B, the rela- 
tive proportion of transferase B in a mixture of transferases 
is indicated by the magnitude of this ratio [15]. Animals 
housed on Ab-sorb-dri exhibit the same ratio and level 
of transferase activity toward 1-chloro-2,4-dinitrobenzene 
and 1,2-dichloro-4-nitrobenzene as animals housed on pine 


Table 1. Effect of phenobarbital and 3-methylcholanthrene treatment on glutathione S-transferase activity in rat liver* 





Glutathione S-transferase activity 
(umoles/min/g wet wt) 





Treatment group 


1-Chloro-2,4-dinitrobenzene 


1,2-Dichloro-4-nitrobenzene 





Saline control 
Phenobarbital (°%% control) 


Corn oil control - 
3-Methylcholanthrene (°% control) 


122.37 + 6.49 
252.25 + 21.69 (206) 


109.73 + 3.87 
183.92 + 5.77 (168) 


3.67 + 0.27 
7.83 + 0.73 (213) 


4.44 + 0.20 
4.97 + 0.10 (112) 





* Each treatment group consisted of three to six animals. Values are expressed as means + S.E.M. Male (150-200 g) 
rats received daily intraperitoneal injections of PB, 75 mg/kg body wt, in 0.15M NaCl for 8 days and were killed 
24hr after the last injection. Another group of rats received an intraperitoneal injection of 3-MC, 20 mg/kg body 
wt, in corn oil, and the rats were killed 72 hr later. Control animals received 0.15 M NaCl or corn oil. Glutathione 
S-transferase activities toward 1-chloro-2,4-dinitrobenzene and 1,2-dichloro-4-nitrobenzene were determined as described 


in the text. 
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Fig. 1. Anti-glutathione S-transferase B immunoprecipitation of catalytic activity toward 1-chloro-2,4- 

dinitrobenzene. Catalytic activities of hepatic cytosol obtained from animals treated with 0.15 M NaCl 

(O) or phenobarbital (@) (panel A) or corn oil (A) or 3-MC (A) (panel B) were immunotitrated with 
undiluted antiserum to glutathione S-transferase B. 


chips. Administration of PB for 8 days likewise results in 
no change in the ratio of activity toward the two substrates 
(Table 1), but there is a 2-fold increase in glutathione 
S-transferase activity toward each substrate. The tentative 
conclusion that PB induces glutathione S-transferase B in 
parallel with the other transferases that contribute appre- 
ciably to these catalytic activities is supported by immuno- 
titration experiments with anti-transferase B (Fig. 1A). 
These data reveal that the percentage of transferase activity 
toward 1-chloro-2,4-dinitrobenzene attributable to trans- 
ferase B does not change upon induction with PB. 

Contrary to the results with PB, administration of 3-MC 
is associated with a significant increase in the ratio of ac- 
tivity toward these two substrates. There is a 68 per cent 
increase in transferase activity toward 1-chloro-2,4-dinitro- 
benzene but only a 12 per cent increase in activity toward 
1,2-dichloro-4-nitrobenzene. Immunotitration of liver cyto- 
sol from 3-MC-treated rats with anti-transferase B does 
reveal the expected increase in the percentage of activity 
toward 1-chloro-2,4-dinitrobenzene attributable to trans- 
ferase B (Fig. 1B). 

With the assumption that the turnover number of gluta- 
thione S-transferase B from control male rat liver applies 
to the enzyme from PB and 3-MC-induced animals, the 
concentration of transferase B can be calculated. Adminis- 
tration of PB increases the concentration of transferase 
B 3-fold from 4.26 + 0.54 to 13.43 + 1.06 mg/g wet wt of 
liver. Administration of 3-MC increases the amount of 
transferase B from 4.53 + 0.48 to 11.45 + 1.36mg/g wet 
wt of liver. 

The sum of these data suggests that 3-MC induces gluta- 
thione S-transferase B more specifically than does PB, at 
least with respect to the other transferases measured by 
this methodology. The data do not contradict the possible 
induction by 3-MC of other transferases, such as gluta- 
thione S-transferase E [5,7], which exhibit low specific ac- 
tivity toward the substrates used in this study. 
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Effect of dichloromethane on hemoglobin function 


(Received 24 May 1976; accepted 23 July 1976) 


An increase in blood carboxyhemoglobin saturation 
(COHb) was observed when humans [1,2], rats [3] and 
rabbits [4] were exposed to dichloromethane vapor. Bio- 
logical conversion of isotopically labeled CHCl, to car- 
bon monoxide (CO) has been demonstrated by Kubic et 
al. [5], by Zorn [6] and by DiVincenzo and Hamilton 
[7]. Recently Nunes and Schoenborn [8] found that 
CH,Cl, binds to myglobin. Binding of CH,Cl, to hemo- 
globin has been reported by Settle [9]. These authors sug- 
gest that the increase in COHb observed when animals 
are exposed to CH,Cl, is due to a change in the affinity 
of the hemoglobin for CO instead of an increase in the 
total amount of CO present. This study was done to deter- 
mine the effect of CH,Cl, on the relative affinity of hemo- 
globin for oxygen and CO. 

Fresh samples of EDTA-treated human and rat blood 
were used. The blood was equilibrated with air containing 
added CO alone. Another sample of the same blood was 
equilibrated with air containing 1% (v/v) CH,Cl, vapor 
to which a similar amount of CO was added. A double 
tonometer [10] was used in which the whole blood sample 
(4 ml) was spread as a thin film on the walls of the 350-ml 
gas tonometer by continuous rotation. Equilibration was 
for 2 hr in a 37° water bath. Light was excluded by wrap- 
ping the tonometer system in aluminum foil. When equilib- 
rium was reached, the blood was allowed to flow into the 
small tonometer and the blood and gas phases were separ- 


ated, without exposure to air, at the water bath tempera- 
ture. The equilibrated blood was analyzed for total hemo- 
globin [11], CO content [12,13] and methemoglobin 
(MetHb) [14]. The equilibrium gas phase was analyzed 
for oxygen by O, electrode and for CO by gas chromato- 
graphy [15]. All analyses were done in duplicate. 

Oxygen in the gas phase (always greater than 20% by 
volume) was sufficient to oxygenate essentially all of the 
hemoglobin except that present as COHb or MetHb. 
Hence, the Haldane relative affinity constant, K, was calcu- 
lated from the relation: 


_ (COHb) 


K — (COH (02) 
(OHb) 


(CO) 


where (COHDb) is the fraction of the total Hb combined 
with CO, and (O,Hpb) is the fraction of the total Hb com- 
bined with oxygen, that is (O,Hb) = 1(MetHb)-(COHb). No 
sample of blood used exceeded 0.4% of the total hemoglo- 
bin as MetHb. The symbols (O,) and (CO) represent per 
cent by volume of the dry equilibrium gas phase present 
as oxygen and as carbon monoxide. For both species, the 
range of equilibrium (CO) concentration was from 0.01 to 
0.1%, i.e. 100 to 1000 ppm. 

The results obtained are summarized in Table 1. The 
five samples of human blood gave a mean value of 
K37 = 227+ 2.9 (S. E. M.) in the absence of CH,Cl). 


Table 1. Effect of dichloromethane on the Haldane relative affinity constant of hemo- 
globin for CO and O, 





Equilibrium gas composition* 





Species and 
sample 


CH,Cl; O, 
(%) (%) 


Haldane 
constant 
(K37 ) 


Equilibrium 
blood ratio 
(COHb)/(O,Hb) 


Co 
(%) 





Human 


PRWWNNKE KE LPUUhewwonne=e= 
-— o-oo oe © 


—-OrFOKr OKO 


0.0264 
0.0313 
0.0304 
0.0715 
0.0995 
0.0766 
0.0083 
0.0082 
0.0087 
0.0106 


0.0262 
0.0202 
0.0428 
0.0225 
0.0240 
0.0415 
0.0217 
0.1165 





* Gas concentrations are expressed as % by volume of dry gas. 
+ Human blood: N = 10, mean + S. E. M., K37- = 227 + 1.7. 
t Rat blood: N = 8, mean + S. E. M., K37- = 177 + 0.5. 
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Table 2. Effect of dichloromethane on binding of CO by 
rat blood in nitrogen 





Gas phase 
Blood 
COHb O,* COo* —CH,,Cl,+ 
(% sat.) (%) (%) (%) 





Sample 





10.5 
/ 10.5 0.28 
B 33.4 
B 33.4 


0.0071 


0.15 0.0112 





* Measured concentrations as 
at equilibrium. 
+ Initial value after CH,Cl, addition. 


’% by volume of dry gas 


Addition of 1% by volume of CH,Cl, vapor to the gas 
phase gave a value of K3>;, = 227 + 2.2. There is no differ- 
ence between these values when tested by the Student 
t-test, P > 0.9. Analysis of four samples of pooled rat 
blood gave a control value of K;7, = 178 + 0.4 which was 
not significantly different, P > 0.1, from the value of 
K 7 = 176 + 0.7 observed in the presence of CH,Cl,. The 
data clearly show that dichloromethane in amounts up to 
1°, in the gas phase does not change the relative binding 
of oxygen and CO by hemoglobin in either species. 

Two samples of rat blood were used to test the effect 
of CH,Cl, on CO binding in the absence of oxygen. 
Samples of blood were first equilibrated as above for 2 hr 
with CO-nitrogen mixtures. At this time, a portion of the 
blood was removed for analysis without opening the sys- 
tem to air. Liquid CH,Cl, (8 ul) was then injected into 
the tonometer and allowed to vaporize. This amount of 
methylene chloride vapor (0.13 m-mole) is sufficient to pro- 
vide 1°, by volume of CH,Cl, vapor in the 350-m! gas 
tonometer. The closed system was then re-equilibrated for 
an additional hr at 37° to note any change in COHb satur- 
ation. The results given in Table 2 show no change in 
COHb saturation at either level of CO when the CH,Cl, 
was added. 

The present data show that neither the relative affinity 
of hemoglobin for carbon monoxide and oxygen nor the 
absolute affinity for CO, measured in the absence of 
oxygen, is altered by the presence of CH,Cl,. The sugges- 
tion of Settle [9] that the increase in COHb caused by 
dichloromethane could be due to a change in CO binding 
affinity is not. supported by these data. Such increases in 
COHb are more likely due to increased biological forma- 
tion of CO in the presence of CH,Cl,. An increase in 
CO production by rats to greater than 30 times the endo- 
genous level has been observed* in the presence of CH,Cl, 
at a dose of 0.1 to 1.0 m-mole/kg. 

In summary, the relative affinity (Haldane constant) for 
carbon monoxide and oxygen of human and rat hemoglo- 
bin was measured for whole blood in vitro. Equilibrations 
at 37° were performed with and without dichloromethane 
in the gas phase. Control results for human blood, Haldane 





* Unpublished observations from this laboratory. 


constant K37- = 227 + 2.9 (S. E. M.), were unchanged in 
the presence of 1° CHCl, vapor in the gas phase. Similar 
amounts of dichloromethane in the presence of rat blood 
gave results the same as the control value for this species, 
K7- = 178. Dichloromethane did not alter the binding of 
CO by rat hemoglobin in the absence of oxygen. These 
results indicate that CH,Cl, does not change the absolute 
affinity of hemoglobin for CO nor its relative affinity for 
CO and oxygen. Elevation of COHb observed when man 
or animals are exposed to CH,Cl, is due to an increase 
in the rate of CO production rather than a change in the 
CO-hemoglobin affinity. 
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Effect of ethanol on dibutyryl cyclic adenosine monophosphate- and 
theophylline-induced stimulation of dopamine biosynthesis by rat 
striatal slices 


(Received 4 June 1976; accepted 27 August 1976) 


Potassium depolarization of striatal slices results in an ac- 
celeration of dopamine (DA) synthesis [1,2] which seems 
to be mediated in part by a kinetic activation of the rate- 
limiting enzyme tyrosine hydroxylase [3]. Thus, an in- 
creased enzyme activity was found when tyrosine hydrox- 
ylase prepared from K*-depolarized striatal slices was 
assayed in vitro in the presence of sub-saturating concen- 
trations of tyrosine and pterin cofactor [3]. This activation 
appears to be mediated by an increase in affinity of the 
enzyme for the pterin cofactor and a decreased affinity 
for the end-product inhibitor DA. An increase in impulse 
flow in the nigro-neostriatal pathway of the rat results also 
in an increase in DA synthesis and causes a kinetic acti- 
vation of striatal tyrosine hydroxylase [4]. We have 
recently shown [2] that ethanol (0.2 to 0.8%, w/v) specifi- 
cally blocks the increase in DA synthesis observed in stria- 
tal slices after K*-depolarization, while having no effect 
on DA synthesis measured in non-depolarized striatal 
slices. Moreover, ethanol (0.2 to 0.8°%, w/v) was able to 
block the kinetic activation of tyrosine hydroxylase pro- 
duced by K*-depolarization, while having no effect on 
tyrosine hydroxylase prepared from non-depolarized slices 
[3]. It was interesting to find out the mechanism(s) under- 
lying these interesting effects of ethanol. 

Recent experimental evidence is consistent with the pos- 
sibility that alterations in endogenous levels of cyclic AMP 
which occur during depolarization [5] might in part be 
responsible for the increase in DA synthesis [1,2] and for 
the kinetic activation of tyrosine hydroxylase produced 
after incubating striatal slices in a K*-enriched medium 
[3]. Thus, DA synthesis in striatal slices is increased by 
the addition of dibutyryl cyclic adenosine monophosphate 
(dB-cAMP) to the incubation media [6]. Moreover, tyro- 
sine hydroxylase in high speed supernatant prepared from 
rat striatum is activated by cyclic AMP [7]. The kinetic 
activation of the enzyme produced by cyclic AMP is simi- 
lar to that which we have reported to occur after K *-depo- 
larization of the striatal slices [3]. It is possible then that 
ethanol is inhibiting the K*-induced DA synthesis and 
K *-induced activation of tyrosine hydroxylase by altering 
cyclic AMP production and/or its action. In search of sup- 
port for this proposal, we have studied in this paper the 
effect of ethanol on the increase in DA biosynthesis in- 
duced by dB-cAMP. Since theophylline is an agent known 
to inhibit phosphodiesterase [8] and to alter tissue levels 
of cyclic AMP [9], we have studied also the synthesis of 
DA by striatal slices in the presence of theophylline and 
in the presence and absence of ethanol. 

Striatal tissue slices (0.2 mm in thickness) were prepared 
with a Sorvall tissue chopper from the striatum of adult, 
Sprague-Dawley rats of both sexes. Tissue slices weighing 
about 30-40 mg were incubated at 37° in beakers contain- 
ing 5 ml of Krebs-Ringer phosphate (KRP), pH 7.4, satu- 
rated with 95°, O, + 5% CO,. After a 10-min preincuba- 
tion period, labeled L-tyrosine-['*C] (U) with a sp. act. 
of 5 mCi/m-mole was added to the media, producing a 
final tyrosine concentration of 2.5 x 10°° M. Thereafter, 
the slices were incubated an additional 30 min, the beakers 
were chilled on ice, and the slices were separated from 


- 


the media by centrifugation at 12,100 g for 10 min in a 
Sorvall refrigerated centrifuge. The slices were then hom- 
ogenized in 15% trichloroacetic acid (TCA); each incuba- 
tion media was acidified with 0.5 ml of 50°, TCA. When 
ethanol was employed, it was added to the medium at 
the beginning of the preincubation period. When used, 
dB-cAMP and theophylline were added 5 min after the 
beginning of the preincubation period. Tissue blanks were 
run by incubating striatal slices as described above but 
in the presence of x-methyl-p-tyrosine (2 x 10~*M), an in- 
hibitor of tyrosine hydroxylase. Similar blank values were 
obtained by incubating striatal slices which had been in- 
itially precipitated with 15°, TCA. A typical sample to 
blank ratio usually had a value between ten and twelve. 

Unlabeled DA, norepinephrine and tyrosine (50 yg each) 
were added to both tissue homogenates and media and 
the precipitated protein was then removed by centrifuga- 
tion at 12,100 g for 20 min. Separation and analysis of 
the tissue and the media for labeled DA were carried out 
as described previously [10] by absorption chroma- 
tography through Alumina columns and ion-exchange 
chromatography through Amberlite CG-120 columns. 
Eluates from the columns containing labeled DA were ana- 
lyzed for '*C in a Nuclear Chicago scintillation counter. 
Results were calculated as described previously [1] and 
are expressed in terms of nmoles ['*C]DA/g wet weight/hr 
unless stated differently. Total ['*C]DA synthesized rep- 
resents the sum of the ['*C]DA content in slices plus the 
['*C]DA content in the medium. ['*C]dopamine present 
in the media was always a small fraction of the ['*C]DA 
content in slices (10 + 0.6 per cent). This fraction remained 
the same with the different incubation media used and it 
was shown not to vary under the presence of dB-cAMP 
or theophylline. Under the experimental conditions used, 
the apparent K,,, for ['*C]tyrosine was 2.4 x 10~° M and 
the synthesis of ['*C]DA was linear for up to 45 min 
when using a ['*C]tyrosine concentration of 2.5 x 107° 


The ['*C]tyrosine taken up by the tissue during the in- 
cubation period was also determined [11]. Tyrosine was 
separated from catechols and other labeled tyrosine meta- 
bolites by passage through Alumina columns and columns 
of Dowex 50W-X8 (H~), 100-200 mesh. Eluates from the 
Dowex-50 columns were evaporated to dryness, re-dis- 
solved in distilled water and the radioactivity was deter- 
mined by liquid scintillation counting. 

Incubation of striatal slices in the presence of dB-cAMP 
resulted in a marked increase in the total conversion of 
[{'*C]tyrosine to ['*C]DA (Table 1). The increased forma- 
tion of newly synthesized ['*C]DA was found to be dose- 
dependent. Concentrations of dB-cAMP ranging from 
1 x 10-5 to 5 x 10°* M, respectively, increased the for- 
mation of newly synthesized ['*C]DA from 19 to 84 per | 
cent (Table 1). Cyclic AMP (5 x 10~* M) which is a good 
substrate for phosphodiesterase and which penetrates cell 
membranes less readily than dB-cAMP [12, 13], produced 
no stimulating effect on the rate of ['*C]DA synthesis and 
rather a small inhibition was found. Similar results to those 
described above have been reported by other authors 
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Table 1. Effect of dB-cAMP, theophylline and ethanol on the synthesis of ['*C]dopa- 
mine by striatal slices* 





Total ['*C]dopamine 
synthesis 
(nmoles/g wet wt/hr) 


Per cent 
change from 


Incubation media KRP controls 





KRP (controls) 29.3+ 08 
KRP + dB-cAMP (1 x 1075 M) 
KRP + dB-cAMP (5 x 107° M) 
KRP + dB-cAMP (5 x 10~* M) 


34.8 + 1.4+ 
40.3 + 1.7t 
54.0 + 1.4t 


KRP + theophylline (10~* M) 
KRP + theophylline (10~* M) 
KRP + theophylline (10~2 M) 


36.0 + 3.3¢ 
39.5 + 4.88 
47.4 + 1.3t 


KRP + ethanol (0.8°,, w/v) 
KRP + dB-cAMP (5 x 10~* M) 
+ ethanol (0.8°%, w/v) 
KRP + theophylline (10~* M) 
+ ethanol (0.8°%, w/v) 9 


27.70 + 9.6 
33.40 + 1.9; 


29.50 + 1.9 





* Striatal slices were prepared by means of a Sorvall tissue chopper and incubated 
in a media containing saturating concentrations of ['*C]tyrosine (2.5 x 10~* M, sp. 
act. 5.0 mCi/m-mole and 0.625 pCi/flask) for 30 min at 37°. ['*C]dopamine was 
separated by column chromatography, and its radioactivity determined in a Nuclear 
Chicago scintillation counter. Results represent the mean +S.E.M.; N represents the 


number of different experiments. 


+ P < 0.05 when compared to normal KRP control. 
t P < 0.001 when compared to normal KRP control. 
§ P < 0.005 when compared to normal KRP control. 
P < 0.001 when compared to respective dB-cAMP or theophylline controls with- 


out ethanol. 


working with slices and synaptosomal preparations 
obtained from rat striatum [6,7]. These authors have also 
ruled out the possibility that dB-cAMP-induced stimu- 
lation of ['*C]DA synthesis is due to the butyrate moiety, 
since butyric acid (5 x 10°* M) had no significant effect 
on the rate of ['*C]DA formation in striatal slices [6]. 
A significant increase in the formation of newly synthesized 
[’*C]DA was also found after incubating striatal slices in 
the presence of theophylline. Concentrations of theophyl- 
line ranging from 1 x 10° to 1 x 10°* M were found 
to increase the rate of ['*C]DA formation by striatal slices 
from 23 to 62 per cent (Table 1). The extent of ['*C]DA 


@—@ NORMAL KRP 
@--@ KRP + dB-cAMP(5x10"4M)_ 


(1) (4) 





'4¢-DOPAMINE SYNTHESIS 
(nmoles/g wet wi/hr) 





0.4 0.6 0.8 
ETHANOL °/o (w/v) 


synthesis increase induced by theophylline is similar to that 
produced by dB-cAMP (Table 1). 

As previously reported [2], the addition of ethanol 
(0.8%, w/v) directly to normal KRP produced no signifi- 
cant effect on the total conversion of ['*C]tyrosine to 
['*C]DA by striatal slices (Table 1). However, ethanol 
(0.8%, w/v) almost completely blocked the increase in 
['*C]DA formation produced by dB-cAMP (5 x i0~* M) 
or by theophylline (1 x 107-3 M). In fact, the amount of 
['*C]DA synthesized after adding dB-cAMP plus ethanol 
or theophylline plus ethanol to the KRP media was very 
similar to ['*C]DA synthesized in normal KRP media 


@—@ NORMAL KRP 
@--@ KRP + THEOPHYLLINE (I073M) 


(4) 





ms 4 4 4 


0.2 0.4 0.6 
ETHANOL %e (wv) 


i 





Fig. 1. Effect of different doses of ethanol on dibutyryl cyclic AMP- (curve A) and theophylline- (curve 

B) induced formation of newly synthesized ['*C]DA by striatal slices. The striatum was dissected 

out and slices were prepared by means of a Sorvall tissue chopper. Incubation conditions and separation 

of ['*C]dopamine were as described under Table 1. The numbers in parentheses denote the number 
of individual experiments and the brackets indicate the standard error of the mean. 
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(Table 1). The ['*C]tyrosine taken up by the tissues at 
the end of the incubation period was not significantly 
altered by the presence of ethanol (0.8%, w/v) in the media. 
The values obtained (mean + S. E. M.; n = 6) at the end 
of the incubation period were, respectively, 417.2 + 24.3, 
471.7 + 15.3, 392.4 + 15.2 and 408.2 + 19.2 nmoles/g wet 
wt/hr of ['*C]tyrosine taken up by slices incubated in the 
presence of dB-cAMP alone, dB-cAMP plus ethanol. theo- 
phylline alone and theophylline plus ethanol. 

As shown in Fig. 1, the inhibitory effect exerted by eth- 
anol on dB-cAMP- and theophylline-induced formation of 
['*C]DA is dose-dependent. Concentrations of ethanol as 
low as 0.2% (w/v) produce a 50 per cent inhibition on 
the stimulatory effect produced by dB-cAMP and theo- 
phylline (P < 0.005 and P < 0.05 when compared to res- 
pective dB-cAMP or theophylline controls without eth- 
anol). High concentrations of ethanol (0.4 and 0.8%, w/v) 
completely blocked the stimulatory effect induced by 
dB-cAMP or theophylline and restored the rate of 
['*C]DA formation to that obtained after incubating stria- 
tal slices in normal KRP. Very low concentrations of eth- 
anol (0.1%, w/v) produced a small although not significant 
inhibitory effect on dB-cAMP- or theophylline-induced 
formation of ['*C]DA. In contrast to these results, ethanol 
(0.2 to 0.8%, w/v) was found to be without effect on the 
rate of ['*C]DA formation by striatal slices incubated in 
normal KRP (Fig. 1). 

Figure 2 shows that the inhibitory effect of ethanol on 
dB-cAMP- and_ theophylline-induced formation of 
['*C]DA is dependent on the time of incubation used. 
The synthesis of ['*C]DA by striatal slices in normal KRP 
or KRP plus ethanol increases in a way proportional to 
the entire period studied. The amount of ['*C]DA synthe- 
sized in the presence of dB-cAMP or theophylline was also 
found to increase linearly over the time period studied. 
However, in the presence of ethanol, the dB-cAMP- or 
theophylline-induced increase in ['*C]DA synthesis levels 
off after 20 min of incubation (Fig. 2). Therefore, the inhibi- 
tory effect of ethanol only becomes readily observable after 
30 min of incubation. 
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Dibutyryl cyclic AMP and theophylline were found to 
stimulate the formation of newly synthesized ['*C]DA and 
this stimulatory effect was blocked by the presence of eth- 
anol (0.2 to 0.8%, w/v) in the incubation media. It seems 
unlikely that these effects are mediated through an alter- 
ation of ['*C]tyrosine transport into the striatal slices, 
since neither dB-cAMP nor theophylline nor ethanol was 
shown to modify the [*C]tyrosine taken up by the slices 
at the end of the incubation period. It could be that the 
stimulation of DA biosynthesis by dB-cAMP or theophyl- 
line results as a consequence of these drugs triggering the 
release of a small strategic pool of dopamine, which in 
turn relieves the rate-limiting enzyme tyrosine hydroxylase 
from end-product inhibition. However, as mentioned 
above, dB-cAMP and theophylline were found not to alter 
the amount of ['*C]DA released to the incubation media. 
Moreover, preliminary experiments from our laboratory 
indicate that neither dB-cAMP (5 x 10°~* M) nor theo- 
phylline (1 x 10-3 M) increases spontaneous release of 
newly synthesized [7H]DA from striatal slices which are 
being continuously superfused with KRP. Most likely 
dB-cAMP is stimulating ['*C]DA synthesis in striatal 
slices by mimicking the recently reported cyclic AMP- 
mediated kinetic activation of striatal tyrosine hydroxylase 
[7]. It seems also likely to explain the stimulatory effect 
of theophylline in terms of cyclic AMP-mediated actions 
at the dopaminergic terminal. Theophylline is known to 
inhibit phosphodiesterase [14], and it has been shown, 
through this inhibition, to increase the accumulation of 
cyclic AMP in cortical and cerebellar slices [15,16] and 
in neuroblastoma cells [17]. Furthermore, the character- 
istics of the inhibitory effect exerted by ethanol upon drug- 
stimulated DA synthesis also suggest that theophylline is 
acting through cyclic AMP in order to increase DA bio- 
synthesis. Ethanol inhibited dB-cAMP- and theophylline- 
stimulated ['*C]DA synthesis after a lag period of about 
20 minutes in either case (Fig. 2), and the concentration 
of ethanol needed to produce 50 per cent inhibition in 
both cases was 0.2% (w/v) (Fig. 1). All these results point 
to the fact that theophylline, under our experimental con- 
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KRP + THEOPHYLLINE (1073 M) 
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INCUBATION TIME (min) 


Fig. 2. Time course of ethanol effect on dB-cAMP- and theophylline-induced formation of ['*C]DA 

by striatal slices. Incubation conditions were as described under Table 1. At the times indicated, the 

incubation was terminated and ['*C]dopamine was separated by column chromatography. The number 

of individual experiments is indicated at the bottom of each column. The brackets indicate the standard 

error of the mean. A single asterisk (*) indicates P < 0.001, and a double asterisk (**) P < 0.05 when 
compared to respective controls without ethanol. 
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ditions, most likely is increasing the accumulation of cyclic 
AMP which, in turn, stimulates DA biosynthesis. The 
marked stimulatory effect on ['*C]DA synthesis produced 
by theophylline also suggests that endogenously synthe- 
sized cyclic AMP normally plays an important role in the 
short-term regulation of DA synthesis at the dopaminergic 
terminal. The results also indicate that ethanol might be 
inhibiting dB-cAMP- and theophylline-induced DA syn- 
thesis by the same mechanism, namely through an alter- 
ation of exogenous and endogenous cyclic AMP actions 
at the dopaminergic nerve terminal. 

One interesting observation is the fact that the inhibitory 
effect of ethanol on drug-stimulated DA synthesis is only 
demonstrable after 20 min, whereas ethanol is known to 
be quite permeable to membranes. It could be that ethanol 
modifies the stability of the enzymes and/or accelerates 
the breakdown of some of the intermediates believed to 
form part of the chain of reactions leading from cAMP 
to kinetic activation of striatal tyrosine hydroxylase 
enzyme [18]. However, so far there is no sound experimen- 
tal evidence to support this. 

Ethanol inhibited dB-cAMP- and theophylline-induced 
['*C]DA synthesis even at concentrations as low as 0.2% 
(w/v) or 43.4 mM (Fig. 1). These ethanol concentrations 
are compatible with a mild intoxication in vivo [19, 20]. 
The possibility should be considered then that ethanol 
effects on cyclic AMP-mediated changes in DA biosyn- 
thesis are somehow related to the intoxicating action of 
ethanol and to the acquisition of tolerance and physical 
dependence to this drug. 

In conclusion, our experiments indicate that ethanol in- 
terferes with cyclic AMP actions that lead to an increase 
in DA biosynthesis at the dopaminergic nerve terminal. 
This probably explains why ethanol blocks K *-induced 
activation of tyrosine hydroxylase [3] and K*-induced DA 
synthesis in rat striatal slices [2]. Further work is needed 


in order to clarify the mechanism responsible for this eth- 
anol inhibition of cyclic AMP-mediated action at the 
dopaminergic terminals. 
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COMMENTARY 


VITAMIN D AS A PROHORMONE 
Hector F. DELUCA 


Department of Biochemistry, College of Agricultural and Life Sciences, University 
of Wisconsin-Madison, Madison, WI 53706, U.S.A. 


Almost since its discovery in 1922, vitamin D has 
been considered to act directly on the target tissues 
of intestine and bone without its further metabolism. 
However, the existence of vitamin D-resistant bone 
diseases in the medical world and the large lag 
between the time of vitamin D administration and 
the appearance of its first biological response 
appeared to argue against this concept [1,2]. It was 
the introduction of sophisticated radiochemical syn- 
theses, allowing the production of radioactive vitamin 
D of high specific activity [3] and the introduction 
of new chromatographic methods [4], which allowed 
the clear demonstration of the existence of biologi- 
cally active metabolites of the vitamin [5, 6]. With the 
use of the new chromatographic systems coupled with 
sophisticated instrumentation such as mass fragmen- 
tometry and nuclear magnetic resonance spectroscopy 
has come the elucidation of the structure of the small 
amounts of vitamin D metabolites which could be 
isolated [7-9]. These metabolites have now been 
chemically synthesized, which has allowed the intro- 
duction of tritium of high specific activity (Ref. 10, 
and S. Yamada, H. K. Schnoes and H. F. DeLuca, 
unpublished results), permitting probes into the mol- 
ecular mechanism of action of the active forms of 
the vitamin. Finally, the availability of large amounts 
of the active metabolites of vitamin D from synthetic 
sources [11-15] has permitted a complete elucidation 
of the vitamin D endocrine system and its interaction 
with other endocrine systems known to be involved 
in the control of calcium and phosphorus metabolism. 
The abundance of chemically synthesized vitamin D 
metabolites has also ushered in a new era in the treat- 
ment of metabolic bone disease utilizing the active 
forms of vitamin D [16,17]. However, much remains 
to be learned concerning the mechanism of action 
of the active hormonal form of vitamin D, its further 
metabolism, and the mechanism whereby its produc- 
tion is regulated. 

It is now known that vitamin D,; upon intravenous 
administration, absorption from the small intestine or 
production in the skin by the photolysis of 7-dehydro- 
cholesterol in the epidermis is rapidly accumulated 
in the liver where it undergoes hydroxylation on car- 
bon 25 to produce 25-hydroxyvitamin D, (25-OH-D3;) 
[18]. This reaction is NADPH supported and is regu- 
lated in a feed back manner by the hepatic level of 
25-OH-D, itself [19]. The 25-OH-D;, however, does 
not act directly at physiologic concentrations in any 
target tissue. Instead it is the major circulating meta- 
bolite of vitamin D found at a level of about 20 ng/ml 
bound to an a-globulin of 51,000 molecular weight 
[20,21]. The 25-OH-D, is taken up by the kidney 
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where it undergoes a second hydroxylation on carbon 
| to yield 1,25-dihydroxyvitamin D, [1,25-(OH),D; | 
[8, 22, 23]. Because 1,25-(OH),D, is more potent than 
any other known form of the vitamin and because 
it is equally active in nephrectomized as well as intact 
vitamin D-deficient animals, whereas its precursors 
fail to act in the nephrectomized animal, it is apparent 
that 1,25-(OH),D, or one of its metabolites must be 
the metabolically active form of vitamin D in calcium 
transport reactions and in phosphate transport reac- 
tions [24, 25]. 

Because 1,25-(OH),D, is produced exclusively in 
the kidney and has its function in intestine and bone, 
it can be considered a hormone. In true hormonal 
fashion, its biosynthesis is regulated by the need for 
calcium or the need for phosphorus as revealed by 
hypocalcemia or hypophosphatemia [26]. Before such 
regulation occurs, however, 1,25-(OH),D, must in- 
duce some unknown change in kidney including the 
appearance of another hydroxylase, 25-OH-D,-24- 
hydroxylase. This hydroxylase hydroxylates either 
25-OH-D, or 1,25-(OH),D; on carbon 24 to produce 
the corresponding 24R-hydroxyl isomer [27, 28]. The 
function of the 24-hydroxylated forms of vitamin D 
is not understood at the present time, although cur- 
rent belief is that the 24-hydroxylation represents the 
initial step in the inactivation of the potent vitamin 
D molecule [15]. Other suggestions include a feed- 
back regulation of the parathyroid glands, and 
anti-1,25-(OH),D, activity, but additional investiga- 
tion will be required before these functions can be 
established. 

The administration of 1,25-(OH),D3; to vitamin 
D-deficient chickens not only causes the appear- 
ance of the 25-OH-D,-24-hydroxylase, but it also 
suppresses the 25-OH-D,-1-hydroxylase [28]. Thus, 
1,25-(OH),D, itself plays a role in the feedback 
regulation of its own biogenesis. Exactly how 1,25- 
(OH),D, suppresses the 1-hydroxylase and stimulates 
the 24-hydroxylase remains unknown, although it 
appears to be an z-aminitin-inhibited response sug- 
gesting that transcription, and new protein synthesis 
is involved in this regulatory phenomenon [28, 29]. 

In animals given vitamin D (and thus have been 
induced by 1,25-(OH),D3), the renal hydroxylases are 
regulated indirectly by serum calcium concentration 
[26, 30]. Low serum calcium concentration stimulates 
the 25-OH-D,-1-hydroxylase and suppresses the 25- 
OH-D,-24-hydroxylase, while hypercalcemia causes 
exactly the reverse to occur. It is generally believed 
that it is the parathyroid glands which are responsible 
for this regulation [31,32]. Parathyroid tissue is 
known to secrete parathyroid hormone in response 
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to hypocalcemia, and the parathyroid hormone can 
be shown to stimulate the 25-OH-D,-1-hydroxylase 
and suppress the 25-OH-D,-24-hydroxylase. Thus, 
the need for calcium can trigger parathyroid hormone 
secretion. This hormone stimulates 1,25-(OH),D, bio- 
synthesis which in turn results in the elevation of 
intestinal calcium absorption, mobilization of caicium 
from bone and increased renal reabsorption of cal- 
cium [15,26]. The resultant rise in serum calcium 
concentration suppresses parathyroid hormone se- 
cretion. 

In addition to the calcium-parathyroid regulation, 
accumulation of 1,25-(OH),D,; is apparently regu- 
lated by hypophosphatemia [33,34]. Even in the 
absence of parathyroid glands, low blood phosphorus 
concentrations stimulate the appearance of 
1,25-(OH),D, in the extracellular fluid. It also stimu- 
lates the 25-OH-D,-1-hydroxylase as measured in 
vitro, although there appears to be a greater stimu- 
lation in the accumulation of 1,25-(OH),D, in blood 
and tissues than in the measured response of the 
25-OH-D,-1-hydrox ylase [35, 36]. Since 1,25-OH),D, 
stimulates the transport of phosphate across intestinal 
epithelium [25] and increases serum phosphorus 
concentration [37], it can also be considered a phos- 
phate-mobilizing hormone. In_ its phosphate 
maneuvers, the 1,25-(OH),D, system does not inter- 
act with the parathyroid hormone, whereas its action 
is intimately associated with parathyroid hormone se- 
cretion in regulating serum calcium concentration. 
Thus, the selectivity of the 1,25-(OH),D, as a cal- 
cium-mobilizing hormone or as a phosphate-mobiliz- 


ing hormone depends upon the presence or absence 
of the parathyroid hormone [25]. 

In addition to the above control mechanisms, it 
has recently been demonstrated that the sex hor- 
mones exert a marked controlling action on renal 


25-OH-D,-1-hydroxylase [38,39]. This work has 
come about in relationship to the egg shell-forming 
systems of the bird. Shell-forming birds have high 
25-OH-D,-1-hydroxylase compared to their normal 
male counterparts. The injection of estradiol to 
mature males brings about a marked stimulation of 
the 25-OH-D,-1-hydroxylase and a suppression of the 
24-hydroxylase. In immature males, immature females 
or castrated males, testosterone or progesterone must 
also be given for estradiol to stimulate the 1-hydroxy- 
lase. Although it is unknown as to whether the sex 
hormones regulate vitamin D metabolism in mam- 
mals, the fact that they stimulate hydroxylases in 
birds is strongly suggestive that a generalized control 
of the 1-hydroxylase will be found in relation to the 
sex hormones. This is particularly important in view 
of the deteriorating bone disease known as post- 
menopausal osteoporosis which is associated with a 
disappearance of the estrogens and androgens follow- 
ing the menopause. Possibly a component of this dis- 
ease is failure to make adequate amounts of 
1,25-(OH),D, giving rise to failure to form new bone 
and the need to utilize existing bone to maintain 
serum calcium concentration in the absence of ade- 
quate calcium absorption. In any case, it is clear that, 
in true endocrine fashion, the vitamin D system which 
utilizes kidney as its endocrine organ interacts with 
more than one hormonal system in a complex fash- 
ion. The unraveling of these endocrine interrelation- 
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ships will undoubedly give a much better understand- 
ing of metabolic bone disease and methods of treat- 
ment. 

Vitamin D, is also metabolized to 25-hydroxyvita- 
min D, (25-OH-D;) [40,41] and 1,25-dihydroxyvita- 
min D, (1,25-(OH)2D,) [41, 42] before it can function. 
The well known discrimination against vitamin D, 
by birds is now believed to be due to a very rapid 
metabolism of compounds substituted on carbon 24 
in this species to excretory products [41,43]. Thus, 
1,25-(OH),D, is just as effective as 1,25-(OH),D, 
when added to intestinal organ cultures (C. O. Parkes 
and H. F. DeLuca, unpublished results), and to cul- 
tures of bone (P. H. Stern and H. F. DeLuca, unpub- 
lished results). When they are injected in vivo, how- 
ever, 1,25-(OH),D, is 75 as active as 1,25-~(OH),D, 
[44]. The exact nature of the discriminatory process 
against the 24 substituted vitamin Ds, such as vitamin 
D, in the bird, remains to be elucidated, however. 

Extensive work has been carried out only on 
25-OH-D,-1-hydroxylase among the enzyme systems 
involved in the metabolism of vitamin D. This system 
has been clearly shown to be a mixed function oxi- 
dase which is dependent upon cytochrome P-450 
[45]. This membrane bound system has been success- 
fully solubilized and the three components of the 
hydroxylase isolated and recombined to give an ac- 
tive 25-OH-D,-1-hydroxylase [45,46]. Furthermore, 
two components of the hydroxylase are non-specific 
inasmuch as they can be replaced by similar enzymes 
from the beef adrenals. Thus, NADPH reduces a 
renal ferredoxin reductase (flavoprotein). This in turn 
reduces the iron-sulfur protein of 12,500 molecular 
weight (renal ferredoxin). Renal ferredoxin then 
reduces the cytochrome P-450, which carries out 
the specific hydroxylation of 25-OH-D, to form 
1,25-(OH),D3. In this system, the renal ferredoxin and 
the renal ferredoxin reductase can be replaced by 
adrenodoxin and adrenodoxin reductase from the 
beef adrenal glands. The 24-hydroxylase has not been 
studied further except to be shown to require 
NADPH, molecular oxygen and magnesium 
ions [47]. Presumably it is a mixed function oxidase 
but the oxygen 18 experiments which would demon- 
strate this have not been carried out. 

Initial work has been carried out on the mechanism 
of action of 1,25-(OH),D, in the small intestine. 
There appears to be agreement that the nuclear frac- 
tion of intestine accumulates most of the 
1,25-OH),D, administered [48,49]. Although the 
isolation of pure nuclei in good yield from the intes- 
tine has not been possible, analogy between vitamin 
D and the other steroid hormones argues strongly 
for a nuclear function of 1,25-(OH),D3. In accord 
with this, a 3.7S cytosol protein, which binds specifi- 
cally 1,25-(OH),D;, has been discovered in the chick 
intestine [50, 51] and has been shown to facilitate the 
tranfer of radioactive 1,25-(OH),D, in a temperature- 
dependent process to isolated chromatin [52, 53]. The 
3.78 cytosol-binding protein has now been stabilized 
and selectively studied revealing a high degree of 
specificity for 1,25-(OH),D; among the metabolites 
and analogs (B. E. Kream and H. F. DeLuca, unpub- 
lished results). Although only a 5—6S binding protein 
could be found in intestine from rats and other mam- 
mals, recently it has been possible to remove much 
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of the interfering 6S protein, and by means of new 
stabilization measures it has been possible to demon- 
strate the existence of a 3.2S specific binding protein 
for 1,25-(OH),D, in rat small intestine, embryonic rat 
and chick bone and rachitic chick bone, but not in 
other non-target tissues of 1,25-(OH),D, (B. E. 
Kream and H. F. DeLuca, unpublished results). Thus, 
it appears very likely that 1,25-(OH),D, exerts its 
action at least in part by interacting with a specific 
receptor protein which is then transferred to the nuc- 
leus bringing about transcription of specific mes- 
senger RNA which in turn codes for calcium and 
possibly phosphate transport proteins. 

The specific calcium transport proteins remain un- 
known, although Wasserman et al.[54] have de- 
scribed a 24,000 molecular weight calcium binding 
protein in the cytosol of chick small intestine which 
has been believed to participate in calcium transport. 
In other tissues such as brain, this protein is not vita- 
min D dependent. Furthermore, the kinetics of its 
appearance in intestine does not argue strongly for 
its participation in the transport of calcium. Likely, 
additional factors are involved which have not been 
discovered. A 230,000 molecular weight protein has 
been discovered in the brush borders of small intes- 
tine in response to 1,25-(OH),D, [55]. This substance 
has alkaline phosphatase activity and binds calcium, 
whereas a 200,000 molecular weight protein found in 
the brush borders of rachitic chick small intestine 
does not bind calcium and disappears as the 230,000 
molecular weight protein appears. It is not clear 
whether the 230,000 molecular weight substance is in- 
volved in the calcium transport process. Little is 
known concerning the phosphate transport process, 
and little is known concerning the calcium mobiliza- 
tion system of bone which is responsive to 1,25- 
(OH),D, except that it is blocked by the administra- 
tion of actinomycin D [56], suggesting transcription 
of DNA as a mechanism. 

The question of whether 1,25-(OH),D, is further 
metabolized before it functions in some of the systems 
is not entirely settled. Recently it has been discovered 
that 1,25-(OH),D, undergoes side chain oxidation to 
yield a new and unknown metabolite of the vita- 
min [57, 58]. This side chain oxidation, which can be 
detected by C'*O, exhalation after injection of 
1,25-(OH)>-[26,27-'*C]D3, occurs early enough to 
be of significance at least in the phosphate transport 
reaction system. In addition, 1,25-(OH),D, undergoes 
24-hydroxylation, but the further metabolism of 
1,24,25-trihydroxyvitamin D,_ [1,24,25-(OH),D;] 
remains largely unknown. The chief excretory route 
for vitamin D compounds is via the bile and 
feces [15, 26]. 

Much has been learned concerning the physiology 
of calcium metabolism in relation to the action of 
parathyroid hormone and 1,25-(OH),D,. The ability 
of animals and man to adapt to low dietary calcium 
by increasing their intestinal absorption is by means 
of increasing 1,25-(OH),D, biosynthesis [30, 59]. Fur- 
thermore, it has now been shown that the parathyroid 
glands represent the primary signal in this situation. 
Thus, parathyroid hormone stimulation of intestinal 
calcium absorption is mediated by increased 
1,25-(OH),D, biosynthesis [60]. On the other hand, 
the mobilization of calcium from bone is dependent 


on both 
mone [61 ]. 

The resurgence of interest in vitamin D chemistry 
because of the discovery of active forms has brought 
about the synthesis of new analogs [15], the most im- 
portant so far being 1la-hydroxyvitamin D, 
(12-OH-D3) [62]. la-OH-D,; functions by virtue of its 
conversion to 1,25-(OH),D,; in vivo [63,64]. Both 
1,25-(OH),D, and 1la-OH-D, have been demon- 
strated to be of great value in the treatment of renal 
osteodystropy, hypoparathyroidism, pseudo-hypopar- 
athyroidism, vitamin D dependency rickets, pheno- 
barbital and dilantin-induced osteomalacia, and corti- 
coid-induced osteoporosis [2,15]. In addition, phar- 
macological amounts of 25-OH-D, are also useful in 
therapy of these conditions, probably by serving as 
an analog of 1,25-(OH),D, [15]. Of considerable in- 
terest is recent work which suggests that defective 
1,25-(OH),D, biosynthesis could be involved in the 
genesis of post-menopausal and senile osteopor- 
osis [65]. 

It is likely that the vitamin D system will now 
receive a great deal of attention from all scientists, 
ranging from the organic chemists seeking to make 
important and interesting new analogs of the active 
forms of vitamin D to physicians who will be anxious 
to try them in a variety of diseases involving calcium 
and phosphorus. It might, therefore, be expected that 
the pharmacology of these compounds will receive 
a great deal of attention in the immediate future. 


1,25-(OH),D; and _ parathyroid — hor- 
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Abstract—The induction of hepatic P-450 hemoprotein-dependent mono-oxygenase systems was studied 
in fetal and neonatal rats. The fetal liver was refractive to phenobarbital induction of aminopyrine 
and ethylmorphine N-demethylase, which are cytochrome P-450-dependent mono-oxygenases, but was 
not refractive to the 3-methylcholanthrene induction of benzo[a]pyrene hydroxylase, a cytochrome 
P,-450-dependent mono-oxygenase. After parturition, all three enzyme activities were inducible. These 
and other observations suggest that a control mechanism operates in the fetal rat which selectively 
suppresses the induction of cytochrome P-450, but allows induction of cytochrome P,-450. This selective 
suppression of phenobarbital induction in the fetus was reversed in part by the simultaneous administra- 
tion of 3-methylcholanthrene. Several other inducing agents also partially reversed the suppression 
of phenobarbital induction in fetal livers: dibenz-[a,c]anthracene, 2-diethylaminoethyl-2,2-dipheny]- 
valerate (SKF 525-A), and 3f-hydroxy-20-oxopregn-5-ene-16z-carbonitrile (PCN). Other inducing agents 


2,4,5-trichlorophenoxyacetic acid (2,4,5-T), dieldrin, chlordane and chlorpromazine. 


Hepatic microsomal mono-oxygenases, the group of 
enzyme systems primarily responsible for the bio- 
transformation of most pharmacologic agents, as well 
as many endogenous substances, are deficient in the 
fetus of many mammalian species [1-9]. Immediately 
after parturition their levels increase rapidly and then 
gradually rise to adult levels within weeks or 
months [10-15]. The absence of activity in the fetus 
and the low levels of activity in the neonate have 
been attributed to various causes, including a lack 
of stimulation of the enzymes responsible for the syn- 
thesis of the systems[14] and inhibition by sub- 
stances of fetal, maternal or placental origin [6, 16]. 
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t Throughout this paper cytochrome P-450 is considered 
to be the P-450 hemoprotein found predominantly in livers 
of untreated or phenobarbital-treated rats; cytochrome 
P,-450 (also known as cytochrome P-448) is considered 
to be the P-450 hemoprotein found predominantly in livers 
of rats treated with certain polycyclic hydrocarbons, in- 
cluding 3-methylcholanthrene. We recognize that cyto- 
chrome P-450 and cytochrome P,-450 may describe classes 
of P-450 hemoproteins rather than specific cytochromes. 
P-450 hemoprotein designates any cytochrome which gives 
a spectrum with a maximum of about 450nm when it is 
reduced and complexed with carbon monoxide; this in- 
cludes both cytochrome P-450 and cytochrome P,-450. 
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The absence of cytochrome P-450 mono-oxygenase 
systems in the fetal liver may be due either to the 
lack of endogenous inducing agents or to the inability 
of the mechanisms responsible for synthesis of the 
systems to respond to endogenous inducing agents. 
In the latter case, it might be expected that the liver 
would also fail to respond to exogenous inducing 
agents such as phenobarbital, which are known to 
induce cytochrome P-450-dependent mono-oxygenase 
systems in postpartum livers. In fact, various mono- 
oxygenase activities normally induced by phenobarbi- 
tal and other xenobiotics in the livers of adult and 
neonate rats are not inducible in the fetus [2,5]. Aryl 
hydrocarbon hydroxylase activity is inducible in fetal 
liver by polycyclic hydrocarbons [4, 8, 17-19], but ‘not 
by phenobarbital [4]. Since phenobarbital induces 
cytochrome P-450t and polycyclic hydrocarbons in- 
duce cytochrome P,-450 [20], these observations sug- 
gest that cytochrome P,-450-dependent mono-oxy- 
genase systems (e.g. benzo[a]pyrene hydroxylase) of 
the fetal liver are responsive to appropriate inducing 
agents, whereas cytochrome P-450-dependent mono- 
oxygenase systems (e.g. aminopyrine and ethylmor- 
phine N-demethylases) are not. 

The experiments to be reported are concerned with 
the development of fetal and neonatal hepatic mono- 
oxygenases and with their responses to phenobarbital, 
selected polycyclic hydrocarbons, and other inducing 
agents to the mother singly or in combination. 


MATERIALS AND METHODS 


Materials. Ethylmorphine HCI was purchased from 
Mallinckrodt Chemical Works. 3-Methylcholanthrene 
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was obtained from Eastman Organic Chemicals. Ben- 
zo[a]pyrene, ' «-naphthoflavone, #-naphthoflavone, 
dibenz[a,c]anthracene and benz[a]anthracene were 
purchased from Aldrich Chemical Co. Aminopyrine 
came from K & K Labs., Inc. Sodium phenobarbital 
was obtained from Merck, Sharp & Dohme. y-Chlor- 
dane was a gift from Velsicol Chemical Corp. 
2,4,5-Trichlorophenoxyacetic acid (2,4,5-T) was a gift 
from Dow Chemical Co. Dieldrin was obtained from 
Shell Chemical Co. 3-f$-Hydroxy-20-oxopregn-5- 
ene-16x-carbonitrile (PCN) was a gift from the 
Upjohn Co. SKF 525-A_ (2-diethylaminoethyl-2,2- 
diphenylvalerate HCl) and chlorpromazine HCl were 
supplied by Smith, Kline & French Laboratories. 
DDT 

was a gift from Geigy Chemical Co. Isocitric acid, 
isocitric dehydrogenase (type IV, partially purified), 
NADP*, NADPH, NADH and cytochrome c (horse 
heart, type IV) were supplied by Sigma Chemical Co. 

Animals. Pregnant Sprague-Dawley rats (200 
300 g) were received from BioLab Co., St. Paul, 
MN, 1-4 days after being bred. Pregnancy was 
ascertained by vaginal inspection for sperm. Animals 
were bred overnight; the following day was con- 
sidered day | of pregnancy. Animals were isolated 
1 day prior to parturition; each was kept with its 
litter until the offspring were killed. Fetal livers were 
collected on days 13, 16 and 18-22 post conception. 
Neonatal livers were obtained on days 23-25. Control 
rats received 0.5 ml of 0.9°% saline or 0.5 ml of corn 
oil intraperitoneally once daily for 4 days. Prelimi- 
nary experiments showed equal amounts of mono- 
oxygenase activity in both control groups. The final 
injection was given approximately 15hr before the 
animals were killed. Pregnant animals received intra- 
peritoneal injections of 0.5 or | ml of corn oil or 
saline containing the appropriate drug once daily for 
4 days. The following drugs were dissolved in saline 
and given in the indicated dosages (mg/kg): sodium 
phenobarbital, 40; SKF 525-A, 50; and chlorproma- 
zine, 40. In one experiment, pregnant females received 
80 mg/kg of sodium phenobarbital for 4 days in two 
daily doses of 40 mg/kg each. Other drugs were dis- 
solved or suspended in corn oil and given in the fol- 
lowing doses (mg/kg): 3-methylcholanthrene, 16; diel- 
drin, 25; chlordane, 25; DDT, 25; 2,4,5-T, 25; a- and 
B-naphthoflavone, 40; PCN, 40; benzo[a]pyrene, 20; 
and dibenz[a,c]anthracene, 20. 

Liver preparation. Animals were stunned, decapi- 
tated and exsanguinated. Fetuses were removed and 
decapitated. The nonperfused fetal livers were 
removed, pooled by litter, and weighed. Livers from 
neonatal (1-3 days postpartum) animals were pro- 
cessed like fetal livers. 

Whole fetal liver homogenates were prepared by 
suspending 80-120 mg of pooled fetal livers/ml of iso- 
tonic KCI-0.2 M phosphate buffer (pH 7.4), using a 
Potter-Elvehjem homogenizer fitted with a motor- 
driven Teflon pestle. P-450 hemoprotein levels, 
aminopyrine and ethylmorphine N-demethylase and 
benzo[a]pyrene hydroxylase activities, and phenobar- 
bital tissue levels were determined using dilutions of 
these whole homogenates. 

Microsomal preparations were used in determining 
NADPH cytochrome c reductase activities of fetal 
and neonatal livers. They were prepared as described 


previously for adult livers[21], except that two 
washes with 50mM Tris buffer, pH 8.0 at 4°, were 
employed to remove excessive hemoglobin. All liver 
suspensions were prepared and used on the same day. 

Determination of P-450 hemoproteins. The P-450 
hemoprotein content of the whole liver homogenates 
from fetuses and neonates was determined using an 
Aminco DW2 spectrophotometer by the method of 
Schoene et al. [22], which eliminates spectral interfer- 
ence by contaminating hemoglobin. Accordingly, the 
previously described whole liver homogenates were 
diluted twenty times with 0.2M PO, buffer, pH 7.4, 
saturated with CO, and placed in two cuvettes. After 
establishing a spectral baseline, the contents of the 
sample cuvette was reduced with dithionite and the 
characteristic cytochrome P-450 difference spectrum 
was recorded. 

Enzyme assays. Benzo[a]pyrene hydroxylase activi- 
ties of homogenates were determined by the method 
of Wattenberg and Leong [23]. 

Ethylmorphine and aminopyrine N-demethylase 
activities were measured by the method of Schoene 
et al. [22] with the following modifications: the incu- 
bation was conducted for 15 min in 0.5 ml of 0.1M 
PO, buffer (pH 7.4) containing 12.5mM _ semicarba- 
zide. Amounts of other components were adjusted 
accordingly. Fetal or neonatal liver homogenate 
equivalent to 15-25 mg of liver served as the source 
of enzyme. Saturating concentrations of substrate 
were used. Enzyme activity was linear throughout the 
incubation period. Colorimetric determinations were 
made using microcuvettes in a Gilford spectrophot- 
ometer at 412 nm. 

Cytochrome c reductase activity was measured by 
the method of Williams and Kamin [24]. Microsomal 
protein concentration in the cuvette was 0.1 mg/ml. 
The rate of reduction was calculated from the initial 
linear portion of the recorder tracing using an extinc- 
tion coefficient of 2.11mM~'cm™! at 550nm for 
reduced cytochrome c. 

Assay of hepatic phenobarbital levels. Hepatic 
phenobarbital levels were measured by multiple ion 
mass fragmentography. Approximately 100 mg liver 
from fetuses whose mothers were given 40 or 80 mg 
sodium phenobarbital or 40 mg sodium phenobarbi- 
tal plus 16mg 3-methylcholanthrene/kg for 4 days 
was homogenized in 0.3 ml of 4.0 M NaH,PO, buffer 
(pH 7.6). Hexobarbital was added at this time as an 
internal standard. The homogenate was extracted 
three times with 400 yl ethyl acetate. An aliquot of 
the combined extracts was injected along with an 
equal volume of commercial 0.2 M _ tetramethylani- 
linium hydroxide solution (Pierce Chemical Co.) onto 
a Finnegan model 6500 gas chromatograph—mass 
spectrometer equipped with a programmable multiple 
ion monitor. A silonized OV-1 column was used at 
190°. Injection temperature was 275°. Carrier gas flow 
was 6.5 cm?/min. The detector was adjusted to moni- 
tor masses 232.3 (phenobarbital) and 235.3 (hexobar- 
bital) simultaneously. Retention time for both peaks 
was approximately 7.5 min. Recovery of phenobarbi- 
tal added to liver homogenates from non-pregnant 
female adults was 76 per cent. 

Statistical analysis. Statistical analysis utilized one- 
and two-way analysis of variance programs written 
for the Control Data Cyber 70 model 72 computer. 





Induction in fetal and neonatal rats 


Statistical differences (P < 0.05) between individual 
treatment groups were detected using Duncan’s new 
multiple range test [25]. 

Protein determination. Protein contents of liver 
preparations were determined by the method of 
Lowry et al.[26] using bovine serum albumin as a 
standard. 


RESULTS 


Mono-oxygenase activity in fetal and neonatal livers. 
Homogenates from the livers of control fetuses did 
not metabolize aminopyrine (Fig. 1). N-demethylase 
activities appeared in 1-day-old neonates and in- 
creased rapidly during the next 2 days. Phenobarbital 
did not induce ethylmorphine or aminopyrine 
N-demethylase activities in prepartum livers. 

3-Methylcholanthrene induced a small increase in 
aminopyrine metabolism in fetuses on the day of par- 
turition, but did not elicit ethylmorphine demethyla- 
tion (Fig. 2). Although phenobarbital and 3-methy]l- 
cholanthrene showed no inductive activity in fetuses 
when given separately, in combination they produced 
an increase in aminopyrine metabolism as early as 
2 days prepartum. Postpartum control livers showed 
increases in demethylase activities throughout the 3 
postnatal days. Phenobarbital and the combination 
of phenobarbital with 3-methylcholanthrene-induced 
activities to levels above those obtained with controls, 
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Fig. 1. Aminopyrine N-demethylase activities of homo- 
genates of fetal and neonatal livers from pregnant rats 
given phenobarbital (PB), 3-methylcholanthrene (3MC) or 
both agents. Pregnant rats were injected daily for 4 days 
on days 9-21 after conception with NaPB (40 mg/kg), 3MC 
(16 mg/kg) or the same doses of NaPB + 3MC. Animals 
were killed 15 hr after the last injection, and fetal or neo- 
natal homogenates of livers were assayed for aminopyrine 
N-demethylase activity on the days indicated. C = control 
(injected with saline only). Insert shows values obtained 
on days 18-22 on an expanded scale. Bars indicate S. E. 
Points labeled with the same numerals are significantly 


different at the P < 0.05 level. N for each point = 4. No’ 


N-demethylation of aminopyrine was observed with any 

of the liver homogenates obtained on days 13, 16, 18 and 

19 after conception. Parturition occurred on day 22 after 

conception; all values shown for day 22 were obtained 

from fetal livers; all those for day 23 were obtained from 
neonatal livers. 
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Fig. 2. Ethylmorphine N-demethylase activities of homo- 
genates of fetal and neonatal livers from pregnant rats 
given phenobarbital (PB), 3-methylcholanthrene (3MC) or 
both agents. Pregnant rats were injected daily for 4 days 
on days 9-21 after conception with NaPB (40 mg/kg), 3MC 
(16 mg/kg) or the same doses of NaPB + 3MC. Animals 
were killed 15 hr after the last injection, and fetal or neo- 
natal homogenates of livers were assayed for ethylmor- 
phine N-demethylase activity on the days indicated. 
C = control (injected with saline only). Bars indicate S. E. 
Points labeled with the same numerals are significantly 
different at the P < 0.05 level. N for each point = 4. No 
N-demethylation of ethylmorphine was observed with any 
of the liver homogenates obtained on days 13, 16, 18 and 
19 after conception. Parturition occurred on day 22 after 
conception; all values shown for day 22 were obtained 
from fetal livers; all those for day 23 were obtained from 
neonatal livers. 


but 3-methylcholanthrene alone was without induc- 
tive effect. 

P-450 hemoprotein levels (Fig. 3) correlated well 
with aminopyrine N-demethylase activities in neo- 
natal livers and in fetal livers that were 21 days old 
or younger, but there was no such correlation in 
22-day-old fetal livers (compare Fig. 3 with Figs. 1 
and 2). For example, the combination of phenobarbi- 
tal and 3-methylcholanthrene treatments induced a 
level of P-450 hemoprotein at 22 days, which was 
almost half that observed at 25 days, but aminopyrine 
N-demethylase activity was only about one-tenth that 
observed at 25 days and no ethylmorphine N-demeth- 
ylase activity was seen. The low levels of P-450 hemo- 
protein seen prepartum in control animals were not 
increased by treatment with phenobarbital. While still 
low, P-450 hemoprotein levels after 3-methylchol- 
anthrene treatment were about double those seen in 
control livers. The simultaneous administration of 
phenobarbital and 3-methylcholanthrene produced 
levels of P-450 hemoprotein greater than the sum of 
the inductions produced by either agent alone. After 
birth, control livers exhibited a rapid increase in 
enzyme levels, and this was enhanced by treatment 
with either inducer. Thus, both metabolic activities 
and P-450 hemoprotein levels were induced by 
phenobarbital postnatally, but not prenatally. 

The induction of mono-oxidases by polycyclic hy- 
drocarbons results in a pattern of metabolic activity 
different from that produced by phenobarbital induc- 
tion [20, 21]. Benzo[a]pyrene hydroxylase activity, a 
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Fig. 3. P-450 hemoprotein contents of homogenates of 


fetal and neonatal livers from pregnant rats given pheno- 
barbital (PB), 3-methylcholanthrene (3MC) or both agents. 
Pregnant rats were injected daily for 4 days on days 9-21 
after conception with NaPB (40 mg/kg), 3MC (16 mg/kg) 
or the same doses of NaPB + 3MC. Animals were killed 
1Shr after the last injection, and fetal or neonatal homo- 
genates of livers were assayed for P-450 hemoprotein con- 
tent on the days indicated. C = control {injected with 
saline only). Bars indicate S.E. Points labeled with the 
same numbers are significantly different at the P < 0.05 
level. N for each point = 4. No P-450 hemoprotein was 
observed with any of the liver homogenates obtained on 
days 13-16 after conception. Parturition occurred on day 
22 after conception; all values shown for day 22 were 
obtained from fetal livers; all those for day 23 were 
obtained from neonatal livers. 


good indicator of induction by polycyclic hydro- 
carbons, was assayed to determine the response of 
fetal livers to 3-methylcholanthrene pretreatment (Fig. 
4). Levels in prepartum control animals were very 
low. 3-Methylcholanthrene induced benzo[a]pyrene 
hydroxylase activity from day 19 until parturition, 
after which no further increase was seen. Phenobarbi- 
tal was not effective as an inducer prepartum, but 
induced benzo[a]pyrene hydroxylase activity after 
parturition. The combination of inducers was also 
effective, but no more so than 3-methylcholanthrene 
alone. Activity of control livers rose rapidly during 
the first postnatal day, and then declined. This decline 
was largely prevented by phenobarbital administra- 
tion. Effects of 3-methylcholanthrene plus phenobar- 
bital in postpartum livers were about the same as 
those seen with 3-methylcholanthrene alone. 
Activation of phenobarbital induction by other induc- 
ing agents. The data in Figs. 1 and 3 indicate that, 
when 3-methylcholanthrene is given to pregnant ani- 
mals with phenobarbital, fetal livers respond to 
phenobarbital induction. This phenomenon cannot be 
explained as a simple additive effect of the second 
inducer, but seems to represent an alteration in the 
responsiveness of the fetal liver to induction by 
phenobarbital. Compounds known to induce adult 
liver mono-oxygenases were coadministered with 
phenobarbital to determine whether agents other than 
3-methylcholanthrene might induce the inductive 
potency of phenobarbital in the fetal liver. None of 
the compounds listed in Table | promoted induction 
of aminopyrine demethylase activity by phenobarbital 
in the fetal liver. However, «- and f-naphthoflavone 
induced increases in P-450 hemoprotein levels. Since 
these two compounds induce benzo[a]pyrene hy- 
droxylase activity in the adult [27], the hemoprotein 
induced here is probably cytochrome P,-450, not 
cytochrome P-450, as would be expected if phenobar- 
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Fig. 4. Benzo[a]pyrene hydroxylase activities of homogenates of fetal and neonatal livers from pregnant 
rats given phenobarbital (PB), 3-methylcholanthrene (3MC) or both agents. Pregnant rats were injected 
daily for 4 days on days 13-21 after conception with NaPB (40 mg/kg), 3MC (16 mg/kg) or the same 
doses of NaPB and 3MC. Animals were killed 15 hr after the last injection, and fetal or neonatal 
homogenates of livers were assayed for benzo[a]pyrene hydroxylase activity on the days indicated. 
C = control (injected with saline only). The lower graph shows values from C and PB-treated animals 
on days 18-22 on an expanded scale. Bars indicate S$. E. Points labeled with the same numerals are 
significantly different at the P < 0.05 level. N for each point = 4. Parturition occurred on day 22 
after conception; all values shown for day 22 were obtained from fetal livers; all those for day 23 
were obtained from neonatal livers. 
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Table |. Effects of various agents on the response of fetal liver to induction by 
phenobarbital* 





Treatment 
(mg/kg/day) 


(umoles/g of liver/hr) 


Aminopyrine 
N-demethylase 
activity 


P-450 hemoprotein 
levels 
(nmoles/g liver) 





Saline 
PB + corn oil 
PB + dieldrin (25) 
PB + chlordane (25) 
PB + DDT (25) 
PB + 2.4,5-T (25) 
PB + chlorpromazine (40) 
PB + «-naphthoflavone (40) 
PB + f-naphthoflavone (40) 
PB twice daily 
(total dose 80) 


<0.05* 
<0.05 
<0.05 
<0.05 
<0.05 
<0.05 
<0.05 
<0.05 
<0.05 


0.94 + 0.2 
0.98 + 0.2 
0.95 + 0.3 
0.18 + 0.4 
1.01 + 0.3 
1.08 + 0.2 
Lit +03 
25 +03 
2.54 + 0.5 


<0.05 1.69 + 0.1 





* NaPB (40 mg/kg) was given intraperitoneally to pregnant rats once daily for 4 
days except in the one specified case where the same dose was given twice daily 
for 4 days. Numbers in parentheses are the dose of the agent given with phenobarbital 
(PB) in mg/kg/day (i.p.) for 4 days. Homogenates of fetal livers were assayed 15 hr 
after the last injection on day 21 of pregnancy. 

+ The lowest activity detectable was 0.05 umole/g of liver/hr. 


bital induction had been activated. No aminopyrine 
N-demethylase was induced after any of the treat- 
ments, although in adults, DDT, dieldrin, chlordane 
and chlorpromazine are known to induce mono-oxy- 
genase activities similar to those induced by pheno- 
barbital [28]. It is to be noted that an 80 mg/kg/day 
dose of phenobarbital did not induce demethylase ac- 
tivity, even though phenobarbital levels in the fetal 
livers are above those observed when the dose was 
40 mg/kg/day (see Table 3). 

Table 2 lists the compounds which, when given 
with phenobarbital, produced increases in cyto- 
chrome P-450 and aminopyrine N-demethylase ac- 
tivity above control levels. This group includes the 
steroid _— derivative, 3-B-hydroxy-20-oxopregn-5- 


ene-16a-carbonitrile (PCN), the  alkylamine, 
SKF 525-A, and three polycyclic hydrocarbons. 
Benz[a]anthracene, a polycyclic hydrocarbon which 
is not an inducing agent [29], was included for com- 
parison with the other polycyclic hydrocarbons, all 
of which are known to induce’ cytochrome 
P ,-450 [29, 30]. 

SKF 525-A and the three active polycyclic hydro- 
carbons caused increased cytochrome P-450 levels 
when given with phenobarbital. Concomitant in- 
creases in both P-450 hemoprotein levels and amino- 
pyrine hydroxylase activity were interpreted to mean 
that phenobarbital-induced cytochrome P-450 was 
present. Aminopyrine demethylase activity was in- 
duced by PCN in the absense of phenobarbital. 


Table 2. Effects of various agents on the response of fetal liver to induction by 
phenobarbital* 





Treatment 
(mg/kg/day) 


(umoles/g liver/hr) 


Aminopyrine 
N-demethylase 
activity 


P-450 hemoprotein 
levels 
(nmoles/g liver) 





None 

PB 

PB + SKF 525-A (50) 
SKF 525-A (50) 

PB + PCN (40) 
PCN (40) 

PB + benz[a]anthracene (20) 
Benz[a anthracene (20) 

PB + benzo[a]pyrene (20) 
Benzo[a]pyrene (20) 

PB + 3-methylcholanthrene (16) 
3-Methylcholanthrene (16) 

PB + dibenz[a.c]anthracene (20) 
Dibenz[a.c anthracene (20) 


<0.05+ 
<0.05 
0.18 + 0.1 
<0.05 
0.83 + 0.3 
0.78 + 0.3 
<0.05 
<0.05 
0.12 + 0.05 
<0.05 
0.29 + 0.1 
<0.05 
0.35 + 0.2 
<0.05 


0.94 + 0.2 
0.98 + 0.2 
1.80 + 0.5 





* NaPB (40 mg/kg) was given intraperitoneally to pregnant rats once daily for 4 
days. Numbers in parentheses are the dose of the agent given with phenobarbital 
(PB) in mg/kg/day (i.p.) for 4 days. Homogenates of fetal livers were assayed 15 hr 
after the last injection on day 21 of pregnancy. 

+ The lowest activity detectable was 0.05 ymole/g of liver/hr. 
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Fig. 5. NADPH-cytochrome c reductase activity of micro- 
somes from fetal and neonatal livers from pregnant rats 
given phenobarbital (PB), 3-methyl-cholanthrene (3MC) or 
both agents. Pregnant rats were injected for 4 days on 
days 15-21 after conception with NaPB (40 mg/kg), 3MC 
(16 mg/kg) or the same doses of NaPB + 3MC. Animals 
were killed 15 hr after the last injection, and fetal or neo- 
natal homogenates of livers were assayed for NADPH- 
cytochrome c reductase activity on the days indicated. 
C = control (injected with saline only). Bars indicate S. E. 
N for each point = 3. Parturition occurred on day 22 after 
conception; all values shown for day 22 were obtained 
from fetal livers; all those for day 23 were obtained from 
neonatal livers. Values are expressed in activity/g of liver 
equivalent to the mg of microsomal protein obtained from 
1 g of fresh liver. 


Phenobarbital induction was also activated by PCN, 
as was evidenced by the higher levels of P-450 hemo- 
protein and demethylase activity reached when PCN 
was given with phenobarbital. 

NADPH-cytochrome c reductase activities of fetal 
and neonatal livers. Microsomal NADPH-cytochrome 
c reductase transfers electrons from NADPH to P-450 
hemoprotein. The possibility was considered that the 
inability of fetal microsomes to metabolize drugs 
could be due to a deficiency of this reductase. 
NADPH-cytochrome c reductase was not induced in 
fetal livers by phenobarbital, 3-methylcholanthrene or 
their combination (Fig. 5). In accordance with expec- 
tations derived from studies with adult rats [31], 
phenobarbital induced activity in neonates whereas 


3-methylcholanthrene produced no increase in ac- 
tivity above the moderate, increase seen in controls 
after parturition. Unexpectedly, 3-methylcholanthrene 
suppressed phenobarbital induction of NADPH- 
cytochrome c reductase in neonates. 

A comparison of Fig. 5 with Figs. | and 4 indicates 
that the comparatively low level of NADPH-cyto- 
chrome c reductase activity in fetal liver does not 
account for the deficiency of mono-oxygenase activity 
in this tissue. Reductase activities in 21-day fetuses 
are about equal in control and 3-methylcholanthrene 
and phenobarbital groups (Fig. 5), yet aminopyrine 
metabolism occurred in the latter group, but not in 
the former. 

Levels of phenobarbital in fetal livers. The possibility 
was considered that the inability of phenobarbital to 
induce fetal livers might be attributable to failure of 
the fetal liver to accumulate phenobarbital in concen- 
trations required for induction. Furthermore, the in- 
ductive potency of phenobarbital seen in the pres- 
ence of methylcholanthrene could be due to a 3-meth- 
ylcholanthrene-promoted increase in the uptake of 
phenobarbital by the fetal liver. To investigate these 
possibilities, 16-day pregnant rats were given one or 
two 40 mg/kg doses of sodium phenobarbital/day for 
4 days. Fetal livers were removed on day 21, 15 hr 
after the last injection and analyzed for their pheno- 
barbital content. Results summarized in Table 3 per- 
mit the following conclusions: (a) the absence of in- 
duction in fetal livers cannot be attributed to a failure 
of these livers to accumulate phenobarbital; pheno- 
barbital levels in these livers were as high as those 
observed in adult livers where induction 
occurred[32]; (b) increasing the daily phenobarbital 
dose to 80 mg/kg raises phenobarbital levels in the 
fetal liver, but does not result in induction of cyto- 
chrome P-450; and (c) the administration of 3-methyl- 
cholanthrene does not increase the accumulation of 
phenobarbital in fetal livers. 


DISCUSSION 


Several studies of the development of the drug- 
metabolizing systems in fetuses and neonates have 
been published [2-6, 14]. The current study deals with 
the inductive effects of exogenous substances on the 
development of these systems in the livers of fetuses 
and neonates, particularly with reference to the role 
of P-450 hemoproteins. Our results indicate that the 
development of the mono-oxygenase systems is regu- 
lated by the development of the P-450 hemoprotein 


Table 3. Correlation of hepatic phenobarbital level with aminopyrine N-demethylase activity and 
P-450 hemoprotein level in fetal liver* 





Hepatic PB level 
(ug PB/g liver) 


Treatment 
(mg/kg/day) 


P-450 hemoprotein 
level 
(nmoles/g liver) 


Aminopyrine 
N-demethylase activity 
(umoles/g liver/hr) 





PB (40) 
PB (40) 
PB (40) + 3MC (16) 


85 + 26 
149 + 24 
80 + 13 


<0.05* 
<0.05 
0.29 + 0.14 


0.93 + 0.19 
1.09 + 0.09 
2.40 + 0.3 





* Sixteen-day pregnant rats were given phenobarbital (PB), 3-methylcholanthrene (3MC) or both 
agents daily for 4 days (the 80mg dose of NaPB was divided into two 40 mg doses/day). Fetal 
livers were assayed on day 21 post conception. Values are +S. E. of three experiments. 

+ The lowest activity detectable was 0.05 urnole/g of liver/hr. 
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components of those systems. The different responses 
of the fetal liver to the induction of cytochromes 
P-450 and P,-450 reflects one aspect of this regula- 
tion. 

Two mono-oxygenase systems may exist in the 
liver. One employs cytochrome P-450 as its terminal 
oxidase, the other, cytochrome P,-450. Agents which 
induce hepatic mono-oxygenase systems can be 
grouped into two classes, those like phenobarbital, 
which induce the cytochrome P-450-dependent sys- 
tems, and those like 3-methylcholanthrene, which in- 
duce the cytochrome P,-450-dependent systems 
(reviewed by Mannering[33]). Zampaglione and 
Mannering [34] proposed that the P-450 systems, 
which are found primarily in the livers of untreated 
animals, are caused to appear as a result of endo- 
genous factors, but may also be increased by exo- 
genous factors such as phenobarbital, whereas the 
P,-450 systems, which are found in portals of entry 
such as the lung and intestinal mucosa, as well as 
the liver, appear only when induced by a limited 
number of exogenous factors, including certain poly- 
cyclic hydrocarbons and some naturally occurring 
plant substances identified by Wattenberg et al. [32]. 
In accordance with this concept, the ability of fetal 
livers to respond to the inductive effects of 3-methyl- 
cholanthrene, but not to those of phenobarbital, sug- 
gests that the mechanism responsible for the synthesis 
of cytochrome P,-450 in the fetal liver is intact, but 
that for the synthesis of cytochrome P-450 is not. 
Thus, cytochrome P-450 systems, as represented by 
aminopyrine and ethylmorphine N-demethylase ac- 
tivities, were not present in the fetal liver and admin- 
istration of phenobarbital to the mother did not cause 
them to appear. This failure of the fetal liver to re- 
spond to the inductive effects of phenobarbital cannot 
be attributed to failure of phenobarbital to reach 
these livers; phenobarbital readily crosses the pla- 
centa [35], and in fact accumulates in the fetal liver 
to almost the same concentration observed in the 
adult liver (see Table 3 and Ref. 36). 

Both mono-oxygenase systems are found after par- 
turition and both respond to inducing agents. Thus 
the suppression of the fetal P-450 hemoprotein sys- 
tems that occurred in utero is lost when the fetus is 
removed from the maternal environment. The gradual 
increase in the hepatic mono-oxygenase systems that 
occurs as neonates grow older might be viewed as 
a gradual removal of the suppression that occurred 
in utero. Alternatively, the gradual increase may re- 
flect the response to increased amounts of either 
endogenous or exogenous inducing agents or both. 

Suppression of the fetal mono-oxygenase systems 
appears to be directed at the processes which control 
the synthesis of cytochrome P-450. NADPH-cyto- 
chrome c reductase, the other major component of 
the mono-oxygenase systems, is present in sufficient 
quantity not to be rate limiting. This is evidenced 
by the observation that aminopyrine demethylase ac- 
tivity appears only after parturition, yet the reductase 
is present in about equal concentration before and 
after parturition. The advent of demethylase activity 
is concomitant with the appearance of cytochrome 
P-450. It is of some interest that 6-ALA synthetase 
is rate limiting in the synthesis of heme in the 
adult [37], but not in the fetus [38]. Suppression of 
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cytochrome P-450 synthesis may conceivably be 
related to the rate-limiting step in heme synthesis, 
whatever that may be in the fetus. After parturition, 
a new rate limitation of heme synthesis may be estab- 
lished at the 6-ALA synthetase step, thereby relieving 
the suppression of P-450 hemoprotein synthesis. 

The suppression of phenobarbital induction of 
cytochrome P-450 and aminopyrine N-demethylase 
activity was partially overcome by the coadminist- 
ration of 3-methylcholanthrene or other agents listed 
in Table 2. This might be interpreted to mean that 
the potential for phenobarbital induction exists in the 
fetal liver, but that it cannot be expressed unless the 
mechanism of suppression is confounded by condi- 
tions created by the administration of 3-methylchol- 
anthrene or these other inducing agents, which in 
themselves are not capable of inducing the cyto- 
chrome P-450-dependent systems in the fetus. It is 
to be emphasized that the coadministration of these 
agents with phenobarbital produces effects that are 
greater than the sum of the effects produced by either 
agent alone. The following polycyclic hydrocarbons 
are ranked in decreasing order of their ability to pro- 
mote phenobarbital induction in fetal livers: dibenz- 
[a,cJanthracene, 3-methylcholanthrene, benzo[a]pyr- 
ene and benz[a]anthracene. These compounds have 
been ranked in the same order for their ability to 
induce 3-methyl-4-dimethyl-aminoazobenzene N-de- 
methylase, a cytochrome P,-450-dependent system 
[29, 30]. 

Ethylmorphine N-demethylase is considered to be 
a cytochrome P-450-dependent, not a cytochrome 
P,-450-dependent, mono-oxygenase system, yet it was 
not induced in fetal livers when a combination of 
3-methylcholanthrene and phenobarbital was given. 
This would suggest that more than one cytochrome 
P-450 mono-oxygenase system may exist and that not 
all of these systems are responsive to the reversal of 
the suppression of phenobarbital induction by 
3-methylcholanthrene. 

The compounds which failed to show a 3-methyl- 
cholanthrene-like effect of the reversal of the suppres- 
sion of phenobarbital induction in fetal livers (see 
Table 1) are mostly phenobarbital-like inducers in 
adult animals; as expected, they failed to induce 
mono-oxygenase activity in the fetus when given with- 
out 3-methylcholanthrene. «- and f£-Naphthoflavone 
are cytochrome P,-450 inducers in the adult [27], but 
they did not promote induction of aminopyrine 
N-demethylase activity in the fetus. PCN induced de- 
methylase activity in the absense of phenobarbital, 
but did not activate phenobarbital induction of 
aminopyrine N-demethylase activity. SKF 525-A, 
which is both a potent inhibitor and an inducer of 
the hepatic mono-oxygenase system [39], was a weak 
activator of phenobarbital induction. Further evi- 
dence of phenobarbital activation by the compounds 
listed in Table 2 was offered by the observation that 
P-450 hemoprotein levels were always greater when 
phenobarbital was coadministered. 

Some of the agents which activated phenobarbital 
in the fetal liver are structurally disparate. In an 
attempt to correlate certain properties of these agents 
with efficacy of activation of phenobarbital induction, 
the following observations are made. 

First, all of the phenobarbital-activating agents are 
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known inducers of microsomal drug metabolism. This 
suggests that the site of activation is at or near the 
phenobarbital-sensitive site. 

Second, the potency of the inducer in the adult does 
not necessarily reflect its potency as an activator of 
induction in the fetus. The polycyclic hydrocarbons 
employed in this study exhibited phenobarbital-acti- 
vating potency commensurate with their effectiveness 
as inducers of cytochrome P,-450-dependent metabo- 
lism in the adult, but «- and f-naphthoflavone exhi- 
bited no activation of phenobarbital induction 
although they are also potent inducers of cytochrome 
P,-450-dependent metabolism in adults [27, 28]. 

Third, the lipophilicity of the compounds bears 
little relationship to efficacy. The list of active agents 
includes several polycyclic hydrocarbons with similar 
lipid solubilities, but widely different efficacies. PCN 
is quite active, yet more polar than several of the 
inactive compounds. SKF 525-A, an even more polar 
compound, was also active. 

Fourth, the capacity of a compound to promote 
phenobarbital induction may be related to its capa- 
city to bind to the endoplasmic reticulum. SKF 525-A 
and polycyclic hydrocarbons are known to bind 
avidly to the endoplasmic reticulum [20,40]. It 
should be noted, however, that DDT and chlorpro- 
mazine, which also bind to the endoplasmic reticu- 
lum [20], had no effect on phenobarbital induction. 

The possibility was considered that 3-methylchol- 
anthrene might produce its observed effect on pheno- 
barbital induction by increasing the ratio of paren- 
chymal to hematopoietic cells in the fetal liver. This 
proved not to be the case; histological examination 
of 21-day fetal livers from mothers treated with 
3-methylcholanthrene, phenobarbital or both agents 
by light and electron microscopy showed no differ- 
ence in the cell population distinguishable from that 
observed with livers from untreated animals. 
Although unlikely, the possibility also existed that 
3-methylcholanthrene might alter the accumulation of 
phenobarbital in the fetal liver. This proved not to 
be the case (see Table 3). 

A mechanism which might explain both the resist- 
ance of the fetal liver to phenobarbital induction and 
the ability of other inducers to partially overcome 
this resistance evokes a potentially responsive cyto- 
chrome P-450-inducing system which is suppressed 
by an endogenous substance. In accordance with this 
hypothesis, phenobarbital-activating agents would in- 
terfere with the normal functioning of this substance. 
The presence of such a substance was suggested by 
Klinger et al. [41], who showed that extracts of fetal 
tissue inhibited induction of hepatic mono-oxygenase 
systems in weanling and adult female rats. If such 
a factor exists in the foeto-maternal environment, 
removal of the liver from this environment should 
permit the liver to respond to the inductive effects 
of phenobarbital. When fetal liver cells are cultured, 
they do in fact respond to phenobarbital with an in- 
crease in benzpyrene hydroxylase activity [20, 21, 42]. 

Regardless of speculation concerning its exact 
mechanism, a system controlling P-450 hemoprotein 
induction in the fetal liver must exist. This system 
suppresses cytochrome P-450 induction. Hepatic 
mono-oxygenase systems metabolize steroids. Sup- 
pression of steroid metabolism in utero may prevent 


a xenobiotically induced mono-oxidase system from 
inactivating vital endogenous substances. If this is the 
case, phenobarbital-activating agents might thereby 
exert secondary toxic effects by interfering with the 
normal protective function of this control mechanism. 
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INDUCTION OF HEPATIC MONO-OXYGENASE 
SYSTEMS OF PREGNANT RATS WITH 
PHENOBARBITAL AND 
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Abstract—When sodium phenobarbital was given to pregnant and non-pregnant female rats (40 mg/kg 
for 4 days), ethylmorphine N-demethylase, a cytochrome P-450-dependent system, was induced about 
4-fold in non-pregnant females, but only 2-fold in pregnant females. The induction of microsomal 
cytochrome P-450 was also lower in pregnant animals. This impairment of phenobarbital induction 
occurred within 3 days of conception and disappeared after parturition within 5 days. 3-Methylcholan- 
threne induction of hepatic benzo[a]pyrene hydroxylase, a cytochrome P,-450-dependent mono-oxy- 
genase system not inducible by phenobarbital, was not impaired during pregnancy. The depressed 
response of the maternal liver to phenobarbital induction can be partially reversed by the coadministra- 
tion of 3-methylcholanthrene. The administration of a higher dose of sodium phenobarbital (80 mg/kg/ 
day for 4 days) overcame the pregnancy-related lowered response to phenobarbital induction observed 
with the smaller dose of the barbiturate. The similarity in responses of the maternal and fetal livers 
to inducing agents suggests that a common regulatory mechanism operates in both the fetus and 


the pregnant female. 


The absence of P-450 hemoptotein-dependent mono- 
oxygenase systems from fetal livers of many mam- 
malian species is well documented [1-9]. Although 
these systems are induced by many chemical agents 
in the adult, fetal systems are induced only by certain 
polycyclic hydrocarbons, although as was shown in 
the accompanying paper [9], some phenobarbital in- 
duction occurs when phenobarbital and these hydro- 
carbons are given simultaneously to the pregnant ani- 
mal. We postulated from these studies that a selective 
control mechanism prevents the induction of cyto- 
chrome P-450} systems by either endogenous or exo- 
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t Throughout this paper cytochrome P-450 is considered 
to be the P-450 hemoprotein found predominantly in livers 
of untreated or phenobarbital-treated rats; cytochrome 
P,-450 (also known as cytochrome P-448) is considered 
to be the P-450 hemoprotein found predominantly in livers 
of rats treated with certain polycyclic hydrocarbons, in- 
cluding 3-methylcholanthrene. We recognize that cyto- 
chrome P-450 and cytochrome P,-450 may describe classes 
of P-450 hemoproteins rather than specific cytochromes. 
P-450 hemoprotein designates any cytochrome which gives 
a spectrum with a maximum of about 450 nm when it is 
reduced and complexed with carbon monoxide; this in- 
cludes both cytochrome P-450 and cytochrome P,-450. 
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genous substances without interfering with the induc- 
tion of cytochrome P,-450 systems by xenobiotics. 
This selective depression of induction was thought to 
be directed at the synthesis of cytochrome P-450. 

If mediated hormonally, this selective mechanism 
might be expected to operate in the liver of the preg- 
nant rat as well as in the fetus. In fact, some support 
for this possibility already exists; several studies have 
demonstrated that various mono-oxygenase activities 
are diminished in the adult liver during pregnancy 
[10-14]. The current study offers evidence that a 
selective mechanism governing induction of the hepa- 
tic mono-oxygenase system develops in the adult dur- 
ing pregnancy; this mechanism functions similarly to 
that observed previously in the fetal liver. 


MATERIALS AND METHODS 


Materials. Ethyl isocyanide was synthesized by Dr. 
Don Shoeman. Aniline HCl was obtained from 
Eastmen Organic Chemicals. Sodium hexobarbital 
was supplied by Winthrop Laboratories. Progester- 
one was supplied by Sigma Chemical Co. Other 
materials were obtained from previously mentioned 
sources [9]. 

Animals. Specifications and care of the animals 
have been described in the companion paper [9]; in 
fact, most of these rats were those used in that study. 
Animals were bred overnight; the following day was 
considered day 1 of pregnancy. Pregnant animals 
were isolated | day prior to parturition; mothers and 
neonates were housed together until the day they 
were killed. Non-pregnant females (200-300 g) and 
weanling (45-50 g) male rats were also used. Females 
which were to be killed on days 1 and 3 of pregnancy 
were injected with inducing agents for 3 days or 1 
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day, respectively, bred with proven males overnight 
in our laboratory, and then given inducing agents for 
the remainder of the 4-day injection period. Adult 
livers were collected on days 1, 3, 5, 7, 10, 13, 16 
and on consecutive days from 18 to 25 after concep- 
tion. Pariurition occurred on day 22. 

Rats were injected (i.p.) daily for 4 days with 
sodium phenobarbital (40 mg/kg in saline), 3-methyl- 
cholanthrene (16 mg/kg in corn oil) or progesterone 
(50 mg/kg in corn oil) in a volume of 2 ml/kg. Control 
rats received i.p. injections of saline (2 mg/kg). Pre- 
liminary data showed saline and corn oil controls to 
be equivalent. The fourth injection was given approxi- 
mately 15 hr before the animals were killed. In one 
experiment, rats which had been pregnant for 17 days 
were injected for 4 days with 80 mg of sodium pheno- 
barbital/kg/day divided into two daily doses. 

Liver preparations. Animals were stunned, decapi- 
tated and exsanguinated; their livers were perfused 
in situ with cold 1.15°%% KCl, excised, blotted dry and 
weighed. A 25% liver homogenate was prepared using 
a Dounce glass-glass homogenizer. Washed micro- 
somes were prepared as described previously [15] and 
used on the day of preparation. 

Determination of P-450 hemoprotein. Microsomal 
P-450 hemoprotein was measured by the method of 
Omura and Sato [16] using an Aminco DW2 spectro- 
photometer in the split beam mode. The same spec- 
trophotometer was used for all other spectral 
measurements. 

Spectral binding determination. Ethyl isocyanide 
(EIC) and substrate binding spectra were determined 
as described previously [17, 18]. 

Enzyme assays. Benzpyrene hydroxylase activities 
of homogenates were determined by the method of 
Wattenberg and Leong[19]. Microsomal ethylmor- 


phine N-demethylase was measured as described pre- 
viously [18]. Microsomal cytochroome c_ reductase 
activity was measured by an adaptation [9] of the 
method of Williams and Kamin [20]. 

Assay of hepatic phenobarbital levels. Phenobarbital 
levels of livers from pregnant and non-pregnant 
female rats were determined as described pre- 
viously [9]. 

Statistical analysis. Statistical analysis utilized one- 
and two-way analyses of variance programs written 
for the Control Data Cyber 70 model 72 computer. 
Statistical differences (P < 0.05) between individual 
treatment groups were detected using Duncan’s new 
multiple range test [21]. 

Protein determination. Protein contents of liver 
preparations were determined by the method of 
Lowry et al. [22] using bovine serum albumin as the 
standard. 


RESULTS 


Induction of ethylmorphine N-demethylase activity in 
maternal livers. Figure 1 shows the response of ethyl- 
morphine N-demethylase activity to administered 
3-methylcholanthrene and phenobarbital. Contrary to 
results reported elsewhere[12], rates of ethylmor- 
phine N-demethylation/g of liver were not different 
in pregnant and non-pregnant control animals. How- 
ever, livers from pregnant phenobarbital-treated ani- 
mals possessed only half the activity of livers from 
their non-pregnant, phenobarbital-treated counter- 
parts. The diminished response to phenobarbital ad- 
ministration is seen within 3 days of conception, per- 
sists throughout pregnancy, and disappears during 
the 3 days after parturition. The simultaneous admini- 
stration of phenobarbital and 3-methylcholanthrene 
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Fig. 1. Ethylmorphine N-demethylase activity of microsomes from livers of pregnant and non-pregnant 
rats given phenobarbital (PB), 3-methylcholanthrene (3MC) or both agents. Rats were injected daily 
with NaPB (40 mg/kg), 3MC (16 mg/kg) or the same doses of NaPB + 3MC for 4 days beginning 
on days —3 through 21 relative to the day they were bred (day 0). Animals were killed 15hr after 
the last injection and microsomes from their livers were assayed for ethylmorphine N-demethylase 
activity on the days indicated. C = control (injected with saline only). Bars indicate S.E. N for each 
point = 4. The graph on the right compares the mean values obtained on days 3-22 of pregnancy 
(N = 40) with mean values obtained from non-pregnant female rats (N = 4). Values labeled with the 
same numerals are significantly different at the P < 0.05 level. 
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Fig. 2. P-450 hemoprotein content of microsomes from livers of pregnant and non-pregnant rats given 
phenobarbital (PB}, 3-methylcholanthrene (3MC) or both agents. Rats were injected daily with NaPB 
(40 mg/kg), 3MC (16 mg/kg) or the same doses of NaPB + 3MC for 4 days beginning on days —3 
through 21 relative to the day they were bred (day 0). Animals were killed 15 hr after the last injection 
and microsomes from their livers were assayed for P-450 hemoprotein content on the days indicated. 
C = control (injected with saline only). Bars indicate $.E. N for each point = 4. The graph on the 
right compares the mean values obtained on days 3-22 of pregnancy (N = 40) with the mean values 
obtained from non-pregnant female rats (N = 4). Values labeled with the same numerals are significantly 
different at the P < 0.05 level. 


to pregnant animals increased activity significantly 
above that observed with phenobarbital alone, but 
a significant difference was not seen in non-pregnant 
animals. 3-Methylcholanthrene given alone produced 
no increase in ethylmorphine metabolism. 

Induction of P-450 hemoprotein in maternal livers. 
P-450 hemoprotein levels of livers from untreated 
pregnant rats were not significantly different from 
those of their non-pregnant counterparts (Fig. 2). 
Phenobarbital caused increases in hepatic P-450 
hemoprotein levels which were only about half those 
produced in non-pregnant animals. Values obtained 
from pregnant and non-pregnant rats treated with 
3-methylcholanthrene were not significantly different. 
Levels produced by treatment with 3-methylcholan- 
threne + phenobarbital were significantly higher than 
those produced by phenobarbital alone in pregnant 
rats, but not in non-pregnant rats. 

During the 3 days after parturition, P-450 hemo- 
protein levels and N-demethylase activities in pheno- 
barbital-treated pregnant rats rose to those of non- 
pregnant phenobarbital-treated rats. Poor correlation 
is seen between P-450 hemoprotein levels and ethyl- 
morphine N-demethylase activities in 3-methylchol- 
anthrene-induced animals. This is readily explained 
by earlier studies which showed 3-methylcholan- 
threne-induced hemoprotein (cytochrome P,-450) to 
be metabolically unreactive with ethylmorphine, or 
nearly so [18, 23, 24]. 

Induction of benzpyrene hydroxylase activity in 
maternal livers. Hepatic benzo[a]pyrene hydroxylase 
activity was unaltered by pregnancy in either treated 
or untreated rats (Fig. 3). Thus, the maternal liver 
resembles the fetal liver in its ability to respond to 
the induction of benzo[a]pyrene hydroxylase by 
3-methylcholanthrene [9]. 
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Fig. 3. Benzpyrene hydroxylase activity of microsomes 
from livers of pregnant and non-pregnant rats given 
phenobarbital (PB), 3-methylcholanthrene (3MC) or both 
agents. Rats were injected daily with NaPB (40 mg/kg), 
3MC (16 mg/kg) or the same doses of NaPB + 3MC for 
4 days beginning on days —3 through 21 relative to the 
day they were bred (day 0). Animals were killed 15 hr after 
the last injection and microsomes from their livers were 
assayed for benzo[a]pyrene hydroxylase activity on the 
days indicated. C = control (injected with saline only). 
Bars indicate S.E. N for each point = 4. The graph on 
the right compares the mean values obtained on days 3-22 
of pregnancy (N = 40) with mean values obtained from 
non-pregnant female rats (N = 4). 
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Fig. 4. NADPH-cytochrome c reductase activity of micro- 
somes from livers of pregnant and non-pregnant rats given 
phenobarbital (PB), 3-methylcholanthrene (3MC) or both 
agents. Rats were injected daily with NaPB (40 mg/kg), 
3MC (16 mg/kg) or the same doses of NaPB + 3MC for 
4 days beginning on days 1-21 relative to the day they 
were bred (day 0). Animals were killed 15 hr after the last 
injection and microsomes from their livers were assayed 
for NADPH-cytochrome c reductase activity on the days 
indicated. C = control (injected with saline only). Bars in- 
dicate S. E. N for each point = 4. 


Induction of NADPH-cytochrome c reductase ac- 
tivity in maternal livers. NADPH-cytochrome c reduc- 
tase activity was not different, and was induced by 
phenobarbital to the same degree, in both pregnant 
and non-pregnant rats (Fig. 4). Not only did 3-meth- 
ylcholanthrene fail to induce reductase activity in 
livers of either pregnant or non-pregnant rats, but 


when 3-methylcholanthrene was coadministered with 
phenobarbital, phenobarbital no longer induced 
reductase activity. 

Spectral binding of ethyl isocyanide, hexobarbital 
and aniline by microsomes from maternal livers. Alter- 
ation of the ratio of the heights of the 455 and 430 nm 
maxima of the spectrum produced when EIC is added 
to hepatic microsomes has been used to distinguish 
between cytochrome P-450 and _ P,-450[18, 23]. 
Microsomes from control and phenobarbital-treated 
pregnant and non-pregnant rats exhibited the same 
455/430nm peak height ratios (Fig. 5). 3-Methyl- 
cholanthrene produced the much higher ratios 
characteristic of cytochrome P,-450 in both pregnant 
and non-pregnant animals. The mean ratio obtained 
with microsomes from 3-methylcholanthrene + 
phenobarbital-treated rats was intermediate between 
those obtained with each of the inducing agents given 
singly, as would be expected if both cytochrome 
P-450 and cytochrome P,-450 had been induced. 
Pregnancy had no significant effect on any of the EIC 
measurements. 

Pretreatment of animals with phenobarbital in- 
creases the capacity of microsomes to bind both hexo- 
barbital and aniline; 3-methylcholanthrene enhances 
type II binding only [17]. Figures 6 and 7 show the 
effects of inducing agents on the substrate binding 
spectra of microsomes from pregnant and non-preg- 
nant animals. In non-pregnant animals, significantly 
less aniline binding was observed after 3-methylchol- 
anthrene + phenobarbital treatment than with 
3-methylcholanthrene alone (Fig. 6). Pregnant ani- 
mals demonstrated no such difference. This may be 
viewed as a diminished response to phenobarbital in- 
duction during pregnancy. 

Figure 7 shows type I difference spectra produced 
from pregnant, non-pregnant and 3-day postpartum 
maternal rats. In all cases, typical type I spectra (Amax, 
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Fig. 5. Ethyl isocyanide binding spectra of microsomes from livers of pregnant and non-pregnant 
rats given phenobarbital (PB), 3-methylcholanthrene (3MC) or both agents. Rats were injected daily 
with NaPB (40 mg/kg), 3MC (16 mg/kg) or the same doses of NaPB + 3MC for 4 days beginning 
on days —3 through 21 relative to the day they were bred (day 0). Animals were killed 15hr after 
the last injection and microsomes from their livers were assayed for ethyl isocyanide binding spectra 
on the days indicated. C = control (injected with saline only). Bars indicate S. E. N for each point = 4. 
The graph on the right compares the mean values obtained on days 3-22 of pregnancy (N = 40) 
with mean values obtained from non-pregnant female rats (N = 4). Measurement of 455 and 430nm 
maxima of the ethyl isocyanide spectrum produced with microsomes was made at pH 7.4. 
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Fig. 6. Aniline binding spectra of microsomes from livers of pregnant and non-pregnant rats given 
phenobarbital (PB), 3-methylcholanthrene (3MC) or both agents. Rats were injected daily with NaPB 
(40 mg/kg), 3MC (16 mg/kg) or the same doses of NaPB + 3MC for 4 days beginning on days —3 
through 21 relative to the day they were bred (day 0). Animals were killed 15 hr after the last injection 
and microsomes from their livers were assayed for aniline binding spectra on the days indicated. 
C = control (injected with saline only). Bars indicate S.E. N for each point = 4. The graph on the 
right compares the mean values obtained on days 3-22 of pregnancy (N = 40) with mean values 
obtained from non-pregnant female rats (N = 4). 


P,-450 are such that the o.D. values at 395 and 
419nm are proportional and inversely proportional, 


395 nm; Amin» 419 nm) were observed with microsomes 
from control and phenobarbital-treated rats. Micro- 


somes from 3-methylcholanthrene-treated rats gave 
the expected reverse type I spectrum[17,25]. The 


binding spectra obtained after phenobarbital + 3- 
methylcholanthrene treatment appear to be the sum 
of the type I and reverse type I components. By infer- 
ence, the relative presence of cytochromes P-450 and 


respectively, to the cytochrome P-450 content of the 
microsomes, whereas the reverse is the case for the 
content of cytochrome P,-450. By these criteria, it 
can be seen that the non-pregnant rats responded to 
3-methylcholanthrene + phenobarbital with increases 
in both cytochromes P-450 and P,-450 (Fig. 7b), but 


a. Pregnant b. Nonpregnont 








Fig. 7. Hexobarbital binding spectra of microsomes from livers of pregnant and non-pregnant rats 

given phenobarbital (PB), 3-methylcholanthrene (3MC) or both agents. Rats were injected daily with 

NaPB (40 mg/kg), 3MC (16 mg/kg) or the same doses of NaPB + 3MC for 4 days beginning on day 

15 or 16 relative to the day they were bred (day 0). Hepatic microsomes were harvested 15hr after 

the last injection. The individual spectral tracings shown in the figure were selected to represent typical 
spectra. 
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Table 1. Correlation of hepatic phenobarbital levels with ethylmorphine N-demethylase activities 
and P-450 hemoprotein levels in livers of pregnant and non-pregnant rats* 





Treatment 
(mg/kg/day) 


Source of 
microsomes 


Hepatic PB level 
(g PB/g liver) 


Ethylmorphine 
N-demethylation 
(moles HCHO/g 

liver/hr) 


P-450 Hemoprotein 
(nmoles/g liver) 





Pregnant 
females 
Pregnant 
females 
Pregnant 
females 
Non-pregnant 
females 
Non-pregnant 
females 
Non-pregnant 
females 


PB (40) 
PB (80) 
PB (40) 
PB (40) 
PB (80) 


PB (40) 


+ 0.7 6.50 + 0.7 
14.49 + 2.0 
t I. 24.50 + 2.5 

a 2 14.36 + 


13.50 + 17.68 


9.80 + 1.3 22.20 + 





* Sixteen-day-pregnant rats were given 


PB, 3-methylcholanthrene (3MC) or both agents for 4 


days (the 80 mg dose of NaPB was divided into two 40 mg doses/day). Livers were assayed 15 hr 
after the last injection. Values are the mean + S.E. of three experiments. 


that the response in pregnant rats was an increase 
in cytochrome P,-450 with little or no increase in 
cytochrome P-450 (Fig. 7a). By the same criteria, it 
may be seen in Fig. 7c that 3 days after parturition 
the relative presence of cytochromes P-450 and 
P,-450 after 3-methylcholanthrene + phenobarbital 
treatment appears to be the reverse of that observed 
in livers from pregnant rats; 3-methylcholanthrene 
appears to have lost its ability to induce cytochrome 
P,-450. 

Levels of phenobarbital in livers from maternal and 
non-pregnant rats treated with inducing agents. The 
possibility was considered that observed differences 
in the degrees of phenobarbital induction between 
livers from pregnant and non-pregnant rats might be 
due to differences in accumulation of phenobarbital 
in their livers. Twenty-one-day pregnant rats and 
adult non-pregnant female rats were given one or two 
40 mg/kg doses of phenobarbital/day for 4 days. Their 
livers were removed 15hr after the last injection and 
analyzed for phenobarbital content. Results summar- 
ized in Table | permit the following conclusions: (a) 


the lowered inductive response caused by pregnancy 
when the dose of phenobarbital was 40 mg/kg/day 
(Figs. 1 and 2) is not attributable to a lowered ac- 
cumulation of phenobarbital in the liver; for a given 
dose of phenobarbital, whether 40 or 80 mg/day, 
levels of phenobarbital were essentially the same in 
livers of pregnant and non-pregnant animals; (b) the 
coadministration of 3-methylcholanthrene does not 
increase the accumulation of phenobarbital in mater- 
nal livers. 

Effects of an increased dose of phenobarbital on the 
induction of ethylmorphine N-demethylase activity and 
P-450 hemoprotein level in maternal livers. In Table 
1, it can be seen that the depression of phenobarbital 
induction of demethylase activity and P-450 hemo- 
protein level in pregnant rats receiving 40 mg pheno- 
barbital/kg, observed in preceding studies, was over- 
come when the dose was increased to 80 mg/kg. Thus, 
while the pregnant rat is less responsive to induction 
than the non-pregnant rat, it is not refractive. 

Attempts to depress response of non-pregnant female 
rats to phenobarbital and weanling male rats with pro- 


Table 2. Effect of progesterone on phenobarbital (PB) induction of livers from weanling 
male and adult female rats* 








Source of 


microsomes Treatment 


Ethylmorphine 
N-demethylation 
(umoles/g liver/hr) 


P-450 Hemoprotein 
(nmoles/g liver) 





None 
Progesterone 


Weanling PB 


Weanling 
Weanling 


Weanling 
Adult None 

Adult Progesterone 
Adult PB 

Adult Progesterone + PB 


Progesterone + PB 


0.26 . 

0.71 7.29 
27.23 + 3.32 
24.66 + 1.63 
4.86 + 0.30 
4.19 + 0.42 
10.95 + 0.87+ 

7.75 + 1.27+ 


Ie He Ie I HE H+ + H+ 





* Progesterone (50 mg/kg) and NaPB (40 mg/kg) were given (i.p.) daily for 4 days; the 
animals were killed 15 hr after the last injection. Values represent mean + S. E. of four experi- 


ments. 


+ Significantly different from each other (P < 0.05). 
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gesterone treatment. The coincidental development of 
the diminished hepatic response to phenobarbital 
with the onset of pregnancy suggests that some hor- 
monal factor associated with pregnancy might cause 
the liver to be less responsive to phenobarbital induc- 
tion. To investigate this possibility, we gave progester- 
one with phenobarbital to male weanlings and non- 
pregnant adult females and evaluated their hepatic 
mono-oxygenase systems. As shown in Table 2, pro- 
gesterone did not affect the response of P-450 hemo- 
protein or ethylmorphine N-demethylase to pheno- 
barbital in weanlings. However, in non-pregnant 
adult females, progesterone decreased phenobarbital 
induction of P-450 hemoprotein significantly, but not 
the induction of ethylmorphine N-demethylase ac- 
tivity. 


DISCUSSION 


That P-450 hemoprotein-dependent mono-oxy- 
genase systems of the liver are deficient or absent in 
fetuses of several laboratory animals is well estab- 
lished [1-9]. That certain mono-oxygenase activities 
can be induced in fetal liver by polycyclic hydro- 
carbons, but not by phenobarbital, is also well docu- 
mented [4, 8,9, 26]. In the companion paper [9], we 
developed the concept that a suppressive mechanism 
exists in the fetus which prevents the induction of 
cytochrome P-450-dependent mono-oxygenases with- 
out preventing the induction of cytochrome P,-450- 
dependent mono-oxygenases. The current paper pro- 
vides evidence that a similar selective mechanism 
exists in the adult female rats during pregnancy. The 


following parallelisms are presented to illustrate this 
hypothesis: 
(a) Phenobarbital does not induce aminopyrine 


N-demethylase, a cytochrome P-450-dependent 
mono-oxygenase system, in the fetal liver [9]; pheno- 
barbital induces less ethylmorphine N-demethylase, a 
cytochrome P-450-dependent mono-oxygenase sys- 
tem, in the pregnant rat than in the non-pregnant 
rat (see Fig. 1). 

(b) Cytochrome P-450 is not induced in the fetal 
liver when phenobarbital is given to the mother [9]; 
phenobarbital induces less cytochrome P-450 in the 
pregnant rat than in the non-pregnant female rat (see 
Fig. 2). 

(c) Rate limitation of the cytochrome P-450 mono- 
oxygenase systems in both fetal[9] and maternal 
livers is imposed by a suppressed synthesis of cyto- 
chrome P-450, not a deficiency of NADPH-cytoch- 
rome c reductase (see Fig. 4). 

(d) 3-Methylcholanthrene induces benzo[a]pyrene 
hydroxylase, a cytochrome P,-450-dependent mono- 
oxygenase system, in the fetal liver [9]; pregnancy 
does not impair 3-methylcholanthrene induction of 
benzpyrene hydroxylase in the maternal liver (see Fig. 
3). 

(e) 3-Methylcholanthrene induces cytochrome 
P,-450 in the fetal liver [9]; pregnancy does not im- 
pair 3-methylcholanthrene induction of cytochrome 
P,-450 in the maternal liver (see Fig. 2). 

(f) When fetuses are exposed to 3-methylcholan- 
threne and phenobarbital simultaneously, their resist- 
ance to phenobarbital induction is __ partially 
reversed [9]. A similar effect is observed in maternal 


livers. Thus, when 3-methylcholanthrene + phenobar- 
bital was given to pregnant rats, ethylmorphine 
N-demethylase activity was increased above that seen 
after the administration of phenobarbital alone; this 
was not the case in non-pregnant females (see Fig. 
1). Since 3-methylcholanthrene induces cytochrome 
P,-450, and phenobarbital induces cytochrome P-450, 
and because ethylmorphine N-demethylase is a cyto- 
chrome P-450-dependent mono-oxygenase, not a 
cytochrome P,-450-dependent mono-oxygenase, it is 
likely that the coadministration of 3-methylcholan- 
threne partially negated the apparent block of pheno- 
barbital induction associated with pregnancy. This in- 
terpretation was strengthened by the observed effects 
of coadministered 3-methylcholanthrene and pheno- 
barbital on microsomal P-450 hemoprotein and spec- 
tral binding of hexobarbital (see Figs. 2 and 7). The 
cytochrome P-450 level in microsomes from pregnant 
rats after the administration of phenobarbital alone 
was only about half that observed with non-pregnant 
rats. After 3-methylcholanthrene + phenobarbital 
treatment, P-450 hemoprotein levels in pregnant and 
non-pregnant rats were the same. Since the induction 
of cytochrome P,-450 in pregnant rats after the ad- 
ministration of 3-methylcholanthrene alone was 
about the same as that in non-pregnant rats, the in- 
crease in the P-450 hemoprotein level in pregnant rats 
after coadministration of 3-methylcholanthrene and 
phenobarbital, relative to that seen after phenobarbi- 
tal alone, could be due to an increase in cytochrome 
P,-450, in cytochrome P-450 or both. That ethylmor- 
phine N-demethylase, a mono-oxygenase induced by 
phenobarbital, but not by 3-methylcholanthrene 
[17, 22], is found in a higher concentration in mater- 
nal livers from rats injected with 3-methylcholan- 
threne + phenobarbital than in rats injected with 
phenobarbital alone (see Fig. 1) indicates that the in- 
crease in P-450 hemoprotein was due to an increase 
in cytochrome P-450 as well as cytochrome P,-450. 
In passing, it is worth noting that the inductive effects 
or 3-methylcholanthrene and phenobarbital on P-450 
hemoprotein levels are not additive in either pregnant 
or non-pregnant female rats when the two agents are 
coadministered. In male rats the effects are addi- 
tive [27,28]. This may represent a sexual difference, 
but because young males were used in the one case 
and much older females in the current studies, the 
difference could be a matter of age rather than of 
sex. It is of interest in this connection that Gil- 
lette [29] observed only a small induction of acetanil- 
ide metabolism in microsomes from immature female 
rats, a large induction with benzo[a]pyrene, but an 
induction almost three times greater than the sum 
of the two individual inductions when the two induc- 
ing agents were coadministered. 

Depression of phenobarbital induction was 
observed 3 days after conception. The chronology of 
development of resistance to phenobarbital induction 
in the maternal liver, therefore, coincides roughly with 
the development of the corpus luteum, not with the 
much later appearance of the placenta and the fetus. 

Progesterone was employed in an attempt to 
diminish the response of weanlings and non-pregnant 
adult females to phenobarbital (see Table 2). Results 
were equivocal; induction of cytochrome P-450 was 
lowered, but induction of mono-oxygenase was not. 
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This experiment does not exclude progesterone as a 
mediator of suppressed phenobarbital induction in 
maternal livers; the metabolic clearance rate of pro- 
gesterone after a single dose in the rat is very 
high [30], and the steady state concentration of pro- 
gesterone existing during pregnancy may not be 
achieved with four daily intraperitoneal doses of pro- 
gesterone. 

Our data are compatible with the hypothesis that 
a hormonal substance, accessible to both fetal and 
maternal livers, acts to suppress phenobarbital induc- 
tion. Validity of this hypothesis awaits identification 
of the hormonal substance. We have viewed the fail- 
ure of development of the mono-oxygenase systems 
in the fetal liver and the lowered inducibility of these 
systems in the maternal liver as the result of a sup- 
pression of the mechanism controlling the synthesis 
of these systems, more specifically, the synthesis of 
cytochrome P-450. Alternatively, the deficiency of 
mono-oxygenase systems in fetal liver might be 
viewed as a failure to develop the necessary cellular 
components for the synthesis of these systems. In this 
case, parturition would trigger a rapid synthesis of 
the required components rather than remove the liver 
from a repressor substance contained in the maternal 
environment. The loss of the ability of the maternal 
liver to respond to the inductive effects of phenobar- 
bital within 3 days of conception would be more diffi- 
cult to explain by this alternative hypothesis. Apart 
from speculation concerning the precise mechanisms 
involved, tht phenomenological similarities between 
the control of the fetal systems and that of the mater- 
nal systems suggest that the same mechanism may 


regulate mono-oxygenase induction in both fetal and 
maternal livers. 
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Abstract—Rat glandular stomach histamine concentration increases from 15.5 ug/g at 25days of age 
to 78 ug/g at 179 days of age, whereas histamine levels in the forestomach do not change with aging. 
This increase in histamine occurs primarily in the muscular layer of the glandular stomach but not 
the mucosal and serosal layers of this organ. There is little change in the histamine-forming capacity 
of the stomach in this age group, nor does Compound 48/80 lower histamine levels in vivo in glandular 
stomach ; it does lower levels in the forestomach and diaphragm. These data suggest that changes 
in rat stomach histamine storage capacity but not storage properties occur with aging. 


It has been shown in rats that both gastric histamine 
concentration and histidine decarboxylase activity in- 
crease with age from birth until approximately 
40 days of age when levels do not differ from “adults” 
(the authors do not specify the age of “adults”) [1, 2]. 
Moreover, Aures and Hakanson [2] report that the 
increase with age in gastric histamine levels “seems” 
to correlate with the change in histidine decarboxy- 
lase activity. 

During the course of studies on this phenomenon, 
we observed that histamine levels in stomach in- 
creased linearly until rats reached 180 days of age. 
This report documents these observations. Further, 
we have attempted to define the change in histamine 
metabolism occurring with age which may account 
for this increase. Considering that the level of gastric 
histamine is dependent upon the level of gastric histi- 
dine decarboxylase as well as the release of histamine 
from gastric tissue, we investigated the relationship 
between age and histidine decarboxylase activity in 
rat stomach. In addition, the ability of Compound 
48/80 to influence histamine levels in glandular 
stomach was studied to determine whether changes 
in histamine storage properties are affected by aging. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats obtained from ARS 
Sprague-Dawley (Madison, WI) were used for all 
experiments. Histamine was assayed according to the 
extraction and spectrophotofluorometric method of 
Shore et al.[3]. Histidine decarboxylase activity 
(HDA) in gastric homogenates was measured as pre- 
viously described [4] in which the '*CO, resulting 
from the enzymatic decarboxylation of histidine- 
[carboxyl-'*C] was collected and measured. Enzymic 
acitivity is expressed as yg histamine formed/hr/g of 
stomach. 

Statistical methods were performed according to 
Snedecor and Cochran [5]. 

Hyamine hydroxide, L- and p-histidine-'*COOH 
were purchased from New England Nuclear Corp. 
Pyridoxal phosphate monohydrate, o-phthalaldehyde 
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and histamine dihydrochloride monohydrate were 
obtained from CalBiochem; L- and D-histidine mono- 
hydrochloride monohydrate were obtained from 
Mann Research Laboratories, and Trizma base and 
Compound 48/80 were obtained from Sigma Chemi- 
cal Co. Solution concentrations are expressed with 
corrections for salt and water content of the pow- 
dered chemicals. 


RESULTS 


Relationship between glandular stomach histamine 
concentration, histidine decarboxylase activity, and age. 
A study was undertaken when it was noticed that, 
in older rats, considerably higher glandular stomach 
histamine levels were present than those previously 
reported in adult rats[1]. The histamine concen- 
tration and histidine decarboxylase activity of the rat 
glandular stomach were measured in animals 
25-179 days of age (Fig. 1). A 5-fold increase in hista- 
mine concentration from 15.5 to 78.0 ug/g was found 
with a correlation coefficient of 0.90. The histidine 
decarboxylase activity in these rats increased 2.7-fold, 
from 5.6 to 15.3 ug/g/hr; however, only a low correla- 
tion exists between age and histidine decarboxylase 
activity (Fig. 1). As can be seen in Fig. 1, the HDA 
actually represents a biphasic curve. From days 25 
to 81, the slope of the line is 0.04 and the slope of 
the line from day 83 to 179 is 0.006. These data show 
that enzymic activity increased 2.7-fold until 81 days 
of age and then plateaued, while the histamine con- 
centration continued to increase with a slope of 
0.36 ug/g/day. Neither the histamine concentration 
nor the enzymic activity in the forestomach changed 
with age (4.66 + 0.341 ug/g and 5.5 + 1.6 wg/g/hr, re- 
spectively; mean + S. E.; N = 63). Thus, the increase 
in histamine concentration with age is exclusively in 
the glandular stomach. Besides age, this relationship 
is valid also for body weight of the animal (r = 0.82; 
N = 88; slope = 0.11896 ywg/g/g) and the weight of 
the glandular stomach (r = 0.8; N = 91; slope = 
46.05 pg/g/g). 

Influence of age on the Michaelis constants of histi- 
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Fig. 1. Relationship between glandular stomach histamine concentration and histidine decarboxylase 

activity with age. Histamine concentration is on the left y-axis and histidine decarboxylase activity 

is on the right y-axis. A correlation coefficient of 0.90, P < 0.001, exists between age and histamine 

concentration measured in 99 rats. A correlation coefficient of 0.39, P < 0.001, exists between age 

and histidine decarboxylase activity measured in 88 rats. Each value is the mean of four to eight 
animals. Vertical lines represent S. E. 


dine decarboxylase. The previous results suggested 
that, with age, there was an increased capacity for 
the storage of histamine, or a change in the properties 
of histidine decarboxylase in the rat glandular 


stomach. The marked increase in histamine concen- 
tration that occurred with increasing age did not cor- 


relate with the magnitude or the time course of the 
increase in the amount of enzyme (if the assumption 
is made that histidine decarboxylase activity reflects 
the amount of enzyme). However, it is possible that 
a change in the Michaelis constants occurred with 
age and was not detected using our method for mea- 
suring HDA. Experiments were designed to determine 
the Michaelis constants for histidine decarboxylase in 
stomach homogenates from rats 31 and 179 days of 
age. A Lineweaver-Burk plot was constructed to 
determine the apparant K,, and V,,,, by linear regres- 
sion analysis for each age; these data are shown in 
Table 1. There is no significant difference in either 
K,, or Vax for the enzyme histidine decarboxylase 
between these two age groups. These data lend sup- 
port to the lack of relationship between histamine 
levels and HDA activity. 

Relationship between age and distribution of hista- 
mine in the rat glandular stomach. We investigated the 
distribution of histamine in the mucosal, muscular 
and serosal layers of the rat glandular stomach in 
an attempt to further clarify the site at which the 
increased amine concentration occurs. In all exper- 
iments, the mucosal histamine concentrations were 


lower than the concentrations in muscle, combined 
muscle and serosa, or serosa alone (Table 2). More- 
over, mucosal histamine concentrations did not corre- 
late highly with age and serosal concentrations were 
not significantly different. A high correlation with age 
existed in the combined muscle and serosal histamine 
concentration, r = 0.96. These data demonstrate that 
the increase in histamine occurring with age is specifi- 
cally located in the muscular layer of the rat glandu- 
lar stomach which is a iayer with a low HDA (6). 

Effect of Compound 48/80 on histamine release in 
vivo. Feldberg and Talesnik [7] have shown that the 
stomach of rats 30-40 days of age is resistant to the 
histamine-depleting action of Compound 48/80. To 
determine whether histamine storage characteristics 
change with increasing age, we treated rats 
170-200 days of age with Compound 48/80. 

A dose of 1 mg/kg of Compound 48/80 dissolved 
in saline (1 mg/ml) or saline alone was injected into 
the tail vein of rats. After the injection, the animals 
were decapitated, and 1.0-ml blood samples were col- 
lected for histamine analysis. Diaphragm and fore- 
stomach tissues were studied for comparison with 
the glandular stomach because they are known to 
release histamine after the injection of Compound 
48/80 [7,8]. Within 5 min of injection, the following 
changes occurred (Fig. 2): diaphragm histamine con- 
centration decreased 53 per cent, forestomach hista- 
mine concentration decreased 70 per cent, and blood 
levels of this amine increased 1890 percent. At no 


Table 1. Relationship between age and kinetic constants of histidine decarboxylase* 





Age 


(days) Apparent K,, x 10°*M 


Apparent V,,ax No. 
(ug/g/hr) of animals 





31 40+ 0.21 


179 3.5. + 0.2 


23.9 + 3.9 
21.4 + 4.1 





* Each value is the mean + S. E. 
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Table 2. Distribution of histamine in layers of the rat glandular stomach according to age 





Combined 

muscle and 
serosal 

histamine* Nf 


Serosal 
histamine* 


Age of rats 


(days) Mucosal histamine* Muscle histamine* Nt 





19.8 A 12 
31.5 k 12 
446+ 1.8 


118 + 21.0 
164 + 10.7 





* Mean histamine concentration expressed as yg/g + S. E. 


+ Number of animals. 


time was the glandular stomach histamine concen- 
tration significantly different from control values. 
After 4hr, diaphragm and forestomach histamine 
concentrations were still depressed, while blood hista- 
mine concentration returned to control levels. It was 
possible that histamine was released from glandular 
stomach but levels were not lowered because a con- 
current increase in histidine decarboxylase activity 
maintained the histamine level constant. To test this 
hypothesis, rats were fasted for 24 hr, because fasting 
is known to lower gastric histidine decarboxylase acti- 
vity [4], and the above experiment was then repeated 
using 214-day-old rats. 

Glandular stomach histidine decarboxylase activi- 
ties in these rats was low (1.55 + 0.16 wg/hr/g) com- 
pared to non-fasted controls and remained low after 
Compound 48/80 (15 min and 4hr after Compound 
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Fig. 2. Effect of Compound 48/80 on histamine release in 
vivo. The histamine level in rat tissues at various times 
after administration of Compound 48/80 (1 mg/kg, i.v.) is 
shown. Each point represents the mean value of three to 
four rats except control values which represent nine ani- 
mals. Vertical lines depict S.E. Standard errors of the 
mean are not depicted if less than +0.01 ug/g or pg/ml 
of histamine. Blood is expressed as g/ml; all other tissues 
are expressed as g/g. At all observed time periods, control 
histamine levels were not different from zero time. 


48/80 the enzymic activity was 1.19+0.25 and 
2.09 + 0.46 1g/hr/g respectively). The response to 
Compound 48/80 in these animals was similar to that 
reported in Fig. 2. Thus, under conditions in which 
histidine decarboxylase activity is reduced, Com- 
pound 48/80 still failed to lower glandular stomach 
histamine levels. 


DISCUSSION 


There is a direct relationship between the age of 
a rat and the gastric concentration of histamine (Fig. 
1). This relationship is valid not only for age but also 
for the body weight of the animal and the weight 
of the glandular stomach. This relationship exists for 
that part of the rat stomach considered physiologi- 
cally functional [9], the fundic portion, whereas the 
histamine levels in the forestomach do not vary with 
age. Observations of changes in histamine levels with 
age in rat lung and skin have been reported [10, 11]; 
however, the establishment of a functional signifi- 
cance has proven difficult. 

Our objective was to determine whether the in- 
crease in gastric histamine content was related to a 
change in histamine synthesis, a change in histamine 
storage characteristics or a change in the capacity of 
the storage sites. Kahlson and Rosengren [12] have 
suggested a functional relationship between rate of 
growth and “nascent” histamine. Their criteria imply 
that nascent histamine is utilized at the same rate 
as it is formed and thus, storage capacity of the tissue 
is low while the histidine decarboxylase activity is 
high; that is, nascent histamine is non-mast cell in 
location. We must conclude from our data that we 
are not dealing with nascent histamine for the follow- 
ing reasons. First, the histidine decarboxylase activity 
is relatively low compared to the histamine content. 
From our data in Fig. 1, we could predict that only 
prior to the birth of the rat is the histidine decarboxy- 
lase activity of the gastric tissue greater than the his- 
tamine content. Second, the enzymatic characteristics 
of histidine decarboxylase do not change as the age 
of the animals increases, and third, the major increase 
in histamine content occurs in the muscular layer of 
the glandular stomach which is a layer thought not 
to contain nascent histamine [1, 6]. 

Finally, our data demonstrating the inability of 
Compound 48/80 to reduce the levels of histamine 
in glandular stomach support the belief that the stor- 
age sites in this tissue are different from those in other 
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tissues, namely, diaphragm and forestomach. The fact 
that Compound 48/80 does not influence gastric his- 
tamine levels in older rats (Fig. 2) or in young rats [7] 
demonstrates that Compound 48/80 resistant storage 
sites do not change with aging. It is conceivable that 
the number of storage sites in glandular stomach in- 
creases with age to account for the increasing hista- 
mine content rather than a change in storage or syn- 
thesis characteristics. This phenomenon has_ been 
reported for histamine metabolism in peritoneal mast 
cells [13]. 

It is interesting, but unexplainable, that the rat fore- 
stomach differs in its storage and synthesis of hista- 
mine from that in the glandular stomach. Compound 
48/80 releases amine from the forestomach (Fig. 2) 
and the histidine decarboxylase activity in this tissue 
is of bacterial origin [14, 15]. 
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Abstract—Crude toxic extracts obtained by ethanol extraction from the coelenterate Palythoa cari- 
baeorum were shown to possess strong (Na~ + K*)ATPase inhibitory activity on enzyme preparations 
from the electroplax of Electrophorus electricus. The toxic and inhibitory effects were found to be 
separable. Chromatographic, spectrophotofluorimetric, electrophoretic and biological data demonstrate 
that the inhibitor is serotonin. It is a non-competitive inhibitor for Na* and ATP but is a competitive 
inhibitor for K*. In enzyme preparations of a specific activity of 1.5 4M P,/min, Iso is of the order 


of 1 mM. 


In the course of our studies with crude preparations 
of palytoxin, a powerful marine toxin isolated from 
the zoanthid Palythoa caribaeorum [1], we were able 
to detect strong inhibitory effects on ouabain-sensitive 
ATPase isolated from the electric organ of Electro- 
phorus electricus. Using crude extracts of ciguatoxin, 
another powerful marine toxin, Rayner and Szek- 
erczes [2] reported a similar observation. They failed 
to find a correlation between toxicities of the extracts 
and inhibitory activity. After a similar experience with 
crude palytoxin, we were able to separate the toxic 
constituent from the ATPase inhibitor, which was 
shown to be an indole[3]. Other indoles, such as 
the hallucinogenic drugs harmaline, harmalol, har- 
mine and LSD, are known to inhibit NaK ATPase 
from several tissues. Among this group, harmaline has 
been studied in greater detail [4]. 

Because of the wide distribution of indoles in mar- 
ine animals, studies were undertaken to identify the 
inhibitor, study its effects on the kinetics of 
(Na* +K*)ATPase and attempt to explain its 
mechanism of action. An enzyme preparation isolated 
from E. electricus was used for these studies. 


MATERIALS AND METHODS 


Trizma—HCl, Trizma-Base, ouabain, ATP, trypto- 
phan (TRY), 5-hydroxytryptamine (5-HT, serotonin), 
5-methoxytryptamine (5-MeO-T), 5-methoxyindole- 
acetic acid (5-MeO-IAA).  6-hydroxytryptamine 
(6-HT), N-acetyl-5-hydroxytryptamine (N-acetyl- 
5-HT), p-nitrophenylphosphate (pNPP) and CM- 
Cellulose were obtained from Sigma; 5-hydroxy- 
indoleacetic acid (5-HIAA) and 5-hydroxytryptophan 
(5-HTRY) were obtained from Pfaltz and Bauer; and 
indole-3-acetic acid (IAA) was obtained from Nutri- 
tional Biochemicals. All other reagents were either 





*To whom requests for reprints should be sent. 
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U.S.P. or C.P. grade. Sephadex G-15 was a product 
of Pharmacia. Fluorescence measurements were done 
in a Perkin-Elmer model 204 spectrophotofluor- 
ometer. Ultraviolet measurements were done using 
either a Cary 17 or a Gilford 2400 spectrophotometer. 

Precoated Silica gel plates from Kontes/Quantum 
and polyethylimine P EI-Cellulose plates from Brink- 
man were used for thin-layer chromatography (t.l.c.). 

Ascending paper chromatography (p.c.) was done 
using Whatman 3MM paper and _ butanol-acetic 
acid—water (4:1:5, superior phase) as the solvent sys- 
tem. Chromatograms were visualized under u.v. light 
or stained with the reagents of Sprince [5] or Pro- 
chazka [6]. 

A Shandon apparatus was used for high voltage 
electrophoresis (HVEP). The solvent system used was 
water-—acetic acid (14:1) adjusted to pH 4.0 with pyri- 
dine. Samples were allowed to run for 50min at 
60 mA and spots stained as described above. 

Silica plates were developed in isopropanol- 
ethyl acetate-28°, ammonia—dimethylformamide 
(35:45:20:5) and  polyethylimine (PEI)-Cellulose 
plates in 0.5M (Smin), 10M (10min) and 15M 
(30 min) LiCl [7]. After drying, the plates were stained 
with one of the above-mentioned staining reagents. 

Toxicity of crude palytoxin extracts was tested in 
adult mice by intraperitoneal injection of 0.2 ml of 
appropriate dilutions. The time of death was recorded 
and toxicity expressed as the reciprocal of survival 
time (min~') x 1000. 

Preparation and assay of (Na~ + K*)ATPase. The 
electric organ of E. electricus was used as the source 
of (Na* + K*)ATPase. The procedure for the isola- 
tion of the enzyme was essentially that described by 
Albers et al. [8] with the modification that disruption 
of the tissue was achieved in 5mM EDTA by 
repeated homogenization instead of sonication. A 
preparation with a specific activity of approximately 
1.5 umoles P; x min~' x mg™' and 96 per cent sen- 
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sitive to ouabain was used. After lyophilization, this 
preparation was stored at —15° for prolonged periods 
(over 2 years) without appreciable loss of activity. 

ATPase assays were performed at 37° for 20 min, 
after the addition of the substrate, during which 
period the activity was found to be linear with time. 
A typical incubation mixture contained 150 umoles 
Na*, 20umoles K*, Symoles Mg?* (as chloride 
salts), enough enzyme to hydrolyze 10 per cent of 
the substrate during the incubation period, the 
desired amounts of inhibitor (whenever ouabain was 
used its final concentration was | mM) and 2.5 pmoles 
ATP as substrate, added to start the reaction after 
equilibration of the mixture for 10min. The total 
volume was | ml. The reaction was stopped by the 
addition of 2 ml of a 10° trichloroacetic acid (TCA) 
solution containing 2°, ascorbic acid. 

Enzyme activity was measured in terms of the inor- 
ganic phosphate produced, which was determined 
after the procedure described by Baginski et al. [9]. 
Protein was determined by the method of Lowry et 
al. [10]. 

Assay of K-dependent phosphatase. Potassium-acti- 
vated neutral phosphatase was assayed essentially as 
described by Nagai et al.[11] using p-nitrophenyl- 
phosphate (pNPP) as the substrate. The enzyme is 
referred to as pNPPase. Its activity was calculated 
as the difference between the activity measured in the 
presence of Mg** plus K* (5 and 10mM) and the 
activity detected with Mg”* alone. The reaction was 
started by adding the substrate to a final concen- 
tration of 5mM and allowed to proceed for 15 min 
at 37 and was stopped by adding 2ml of 0.05M 
NaOH. The mixtures were centrifuged and _ the 
p-nitrophenol (pNP) liberated was read at 410 nm. 
Blanks were included to correct for absorption due 
to the presence of the inhibitor. 

A heart preparation of guinea pig ventricle was 
used for testing the effect of serotonin (creatinine sul- 
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fate complex) and the inhibitor. The preparation con- 
sisted of an isolated strip of right ventricle wall 
mounted vertically in a transparent cylindrical 
chamber containing a solution of the following com- 
position (mM): NaCl, 138; KCl, 2.7; CaCl,, 2.7; 
MgCl’, 0.5; NaHCO , 12; NaH,PO,, 3.6; and glu- 
cose, 5.5. The temperature was kept at 37°. The con- 
centrations of serotonin and ATPase inhibitor used 
were 42 and 47 ug/ml respectively. The preparation 
was stimulated by current pulses of 3 msec duration 
and twice the threshold at 1 c/s. A resting tension 
of 350 mg was given by stretching the muscle. Peak 
tension was recorded with a strain gauge and dis- 
played in a Grass Polygraph before and after addition 
of the substances being tested [12]. 


RESULTS AND DISCUSSION 


Isolation of the ATPase inhibitor. Portions of P. car- 
ibaeorum colonies, collected off the eastern coast of 
Puerto Rico, were placed in 95° ethanol and extrac- 
tion was allowed to proceed in the cold for | week 
or longer. This extract was dried by evaporation and 
redissolved in 80% ethanol for further steps in the 
purification scheme that follows. 

The supernatant fractions I and III from the above 
scheme were evaporated in a rotary evaporator. The 
toxicity (per unit weight) of the dried residue was neg- 
ligible compared to that of the precipitate. After 
resuspension in 25 ml of distilled water an insoluble, 
gummy, strongly red fluorescent (due to chlorophyl) 
precipitate was removed by filtration. The clear fil- 
trate was applied to a Sephadex G-15 column 
(45 x 4.5 cm) previously washed with distilled water. 
The sample was eluted stepwise with water, 0.9% 
saline and 8°% NaCl. The eluted fractions were read 
for absorbancy at 275 nm and for fluorescence emis- 
sion at 338 nm (excitation at 300nm). A total of 16 
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peaks could be identified by absorbancy measure- 
ments (Fig. 1). 

The material in peak 16 was found to exert the 
most pronounced inhibitory activity. Judging by the 
symmetry of the peak and the approximately constant 
O.D. ratios between selected points of the u.v. spec- 
trum read at different levels of the peak, it appeared 
to be homogeneous. 

Since peak 16 is eluted in an NaCl gradient and 
because indoles are unstable in aqueous solutions, it 
was considered convenient to remove the salts and 
keep the material in dried form. The material in solu- 
tion was dried by flash evaporation and suspended 
in acetone, taking advantage of the low solubility of 
NaCl in acetone. The acetone solution was dried 
again, yielding a yellow brown residue, which was 
kept in the freezer for further testing. 

Inhibition of NaK—ATPase by the crude extract and 
the material in peak 16. The dose-dependent inhibitory 
effect of the crude extract (ethanol evaporated, residue 
dissolved in water) of palytoxin is shown in the lower 
curve of Fig. 2, where the per cent inhibition is plot- 
ted against the amount of crude extract added 
(expressed on a dry-weight basis). Less than 2 mg/ml 
of crude extract caused a 50 per cent inhibition of 
the enzyme activity. 

The upper curve in Fig. 2 shows the results of an 
experiment in which the desalted material from peak 
16 was tested for inhibition. Inhibition of 50 per cent 
was obtained by an inhibitor concentration of 
200 g/ml. For the desalted peak 16 material, routine 
calculation of concentration for inhibition experi- 
ments was done after establishing an E,., of 232 + 20 
at 275 nm (1 cm length path cell), not very differer* 
from the calculated Ej" of 5-hydroxyindoleamines, 
reported to be 277[13]. This represents roughly a 
10-fold purification of the crude extract. 

Evidence of serotonin as the inhibitor. Table 1 sum- 
marizes the results of the chromatographic, electro- 
phoretic and spectrophotofluorimetric tests _per- 
formed in the identification of the inhibitor prior to 
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Fig. 1. Sephadex G-15 fractionation of the acetone super- 

natant. The elution profile was redrawn from the original 

record taken at 254nm in a UA-2 Isco u.v. monitor. The 

elution begins with water and is shifted to 0.9 and 8% 

NaC] at the arrows. This record was used for establishing 

the nomenclature of the peaks in all subsequent 
experiments. 
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2 
Concentration, mg/ml 
Fig. 2. Electroplax ATPase inhibition by the crude extract 
of P. caribaeorum (lower curve) and by the material in 
desalted peak 16 (upper curve). The abscissa scale rep- 
resents the final concentration of the inhibitor in the assay 
mixture, which in addition contained: 2.5mM ATP, 
150 mM Na*, 20mM K* and 5mM Mg?*. Crude extract 
concentration was derived from dry weight determinations. 
Desalted peak 16 concentration was derived from O.D. 
measurements at 275nm and an Ej} ‘™ of 232 at that 
wavelength. 


desalting. Although chromatographic mobility does 
not rule out the identity of 6-HT as the inhibitor, 
the two compounds stain differently. In addition, the 
spectrophotofluorimetric properties of these two com- 
pounds are markedly different, leaving 5-HT as the 
compound with properties closest to those of the in- 
hibitor. The shift in the emission peak of serotonin 
from 338 to 535nm when placed in a strongly acid 
medium (3M HCl) is a widely used criterion for its 
identification, since it is characteristic of hydroxyin- 
doles [14]. The other hydroxyindole tested, N-ace- 
tyl-S-HT, showed a markedly different electrophoretic 
mobility from that of the inhibitor (16mm as com- 
pared to 83mm). Preliminary mass spectrographic 
data indicate that the inhibitor is an entity of a mol- 
ecular weight of about 172. This additional informa- 
tion supports the existing data used in the identifica- 
tion of the inhibitor. 

Further analysis of the material from peak 16 and 
evidence of its instability. The desalted material 
obtained by acetone extraction from the dried frac- 
tion 16 was tested for homogeneity by p.c. and t.L.c. 
in silica gel plates. The material appeared to be het- 
erogeneous and two main components were identi- 
fied. The second component showed a faster mobility 
than serotonin, indicating a lower polarity. Identical 
results were obtained by high voltage electrophoresis. 
Thin-layer chromatography on PEI-Cellulose leads to 
the separation of three spots. In all tests, the most 
abundant component showed chromatographic be- 
havior identical to that of serotonin. Interestingly 
enough, when free serotonin was dissolved in 8% 
NaCl, dried and extracted with acetone, its chromato- 
graphic heterogeneity was identical to that shown by 
the desalted material from peak 16. 

Effect of the isolated inhibitor on NaK—ATPase kin- 
etics. Figures 3 and 4 summarize the effects of the 
inhibitory material from peak 16 on the kinetic 
properties of ouabain-sensitive ATPase under varying 
experimental conditions. 
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Table 1. Electrophoretic, chromatographic and spectrophotofluorimetric data on the ATPase inhibitor from peak 16 
and related indoles 





Thin-layer 
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(mm) 


Compound (Silica) (Ry) 
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chromatography chromatography chromatography 
(Ry) 
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in 3M HCl 
(nm) 
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in H,O 
(nm) 


Thin-layer 


(PEI) (R,) 





0.39 
0.88 
0.43 
0.95 
0.84 
0.30 
0.81 


TRY 
5-MeO-T 
5-MeO-IAA 
N-acetyl-5-HT 
6-HT 
5-HTRY 
5-HT 
Material from 


peak 16 0.82 


0.54 


350 No shift 


552 
No shift 
535 


535 





Figure 3A shows enzyme activity at varying Mg?* 
concentrations, all other experimental conditions 
remaining constant. An inhibitor concentration of 
200 g/ml is enough to induce 50 per cent inhibition. 
The extent of the inhibition does not depend on 
Mg?* concentration. 

Figure 3B shows enzyme activity as a function of 
Na* concentration, at constant K*, Mg** and sub- 
strate concentrations, both in the absence and pres- 
ence of inhibitor. The per cent inhibition does not 
vary appreciably with the variation of Na” concen- 
tration in the range employed. The constancy of the 
per cent inhibition obtained when using a fixed con- 
centration of inhibitor in the presence of varying con- 
centrations of these ligands suggests a non-competi- 
tive type of kinetics. 

Additional evidence of non-competitive kinetics 
between the inhibitor and Na* was obtained by trac- 
ing a double reciprocal plot of the data presented 
in Fig. 3B (1/v vs [1/Na*]) in the absence and in 
the presence of the inhibitor. Extrapolation in both 
cases gave an identical value for K,, (not shown). 
Analysis of the same data by the non-linear regression 
method of Wilkinson [15] yielded values for K,, of 
12.98 + 2.77 and 11.75 + 3.44 mM in the absence and 
in the presence of inhibitor respectively. Statistically 
this is not a significant difference, since values of K,, 
fall within the standard deviation of each other. 


1.0 


Potassium partially abolishes the effects of the in- 
hibitor. Varying concentrations of K* in the presence 
of a constant amount of inhibitor, all other par- 
ameters remaining .constant, yield the results shown 
in Fig. 4. The double reciprocal plot indicates a mixed 
type inhibition. Analysis of the data by the method 
of Wilkinson[15] gave values for K,, of 
1.47 + 0.38 mM in the absence of and 6.45 + 0.89 
mM in the presence of the inhibitor. This is a highly 
significant difference in K,,, since each K,, falls out 
of the 99 per cent confidence limits of the other. This 
is in contrast to the observation made with other 
ligands (ATP, Na*) where non-competitive effects 
occur. 

Figure 5 shows a double reciprocal plot where the 
substrate concentration is varied at constant ionic 
concentrations of Mg?*, Na?*, K* in the presence 
and absence of the inhibitor. Two concentrations of 
inhibitor (0.1 and 0.2 mg/ml) were used. The type of 
inhibition is clearly non-competitive. It has been 
reported that tryptamine, serotonin, histamine and 
the cathecholamines form complexes with ATP in 
solution and in their storage vesicles [16]. This com- 
plex formation is expected to lead to competitive inhi- 
bition rather than the observed non-competitive inhi- 
bition reported here. 

Determination of K;. The fact that inhibition does 
not increase with time (data not shown) was taken 
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(A) and Na* (B) concentrations on electroplax ATPase in the absence (0) 


and in the presence (@) of desalted peak 16. The contents of the assay in A were: 4mM ATP, 150mM 

Na*, 20mM K* and 0.23 mg/ml of inhibitor. Contents of the assay in B were: 2.5mM ATP, 20mM 

K*,5mM Mg?*, and 0.2 mg/ml of inhibitor. The Na* concentration scale does not take into account 

the sodium present in ATP. This explains the high enzymatic activity even when Na~* was not added 
to the assay medium. 
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Fig. 4. Double reciprocal plot of the effect of K concen- 
tration on electroplax ATPase in the absence (@) an in 
the presence (©) of desalted material from peak 16. 


as indirect evidence of the reversible combination of 
inhibitor with the enzyme. From the same data shown 
in Fig.5, a value for K; was calculated. For an 
enzyme preparation with a specific activity of 1.5 uM 
P;/min/mg of protein, K; is approximately 220 ug/ml. 
Similar results were obtained when K; was calculated 
by the method of Dixon [17], using two different sub- 
strate concentrations {data not shown). 

Effect on pNPPase. A currently postulated sequence 
of reactions for NaK-ATPase-catalyzed hydrolysis of 
ATP is as follows: 


Step | Step 2 Step 3 
E, Na*. Mg?* E,P 
ATP ADP 


Mg?" K* 
H,;O Mg?* 








E, + P; 


where the E, form has marked affinity for K*, but 
not for Na*. pNPPase activity is claimed to represent 
step 3 of the above scheme [18]. 

The inhibitor from peak 16 was tested on pNPPase 
activity and, under the experimental conditions used, 
750 ug/ml of the inhibitor caused 95 per cent inhibi- 
tion of the enzyme activity. This concentration rep- 
resents maximal inhibitory activity on NaK-ATPase 
(Fig. 2). This can be interpreted as indirect evidence 
that the inhibitor described here exerts its effects on 
NaK-ATPase by inhibiting step 3 of the above 
scheme. We have found that increasing concen- 
trations of K* partially abolish the inhibitory effect 
(Fig. 4). Maximal inhibitory activity is found at K* 
concentrations of 1-2mM. A 10-fold increase in K* 
concentration reduces the inhibition by 25 per cent. 

Inotropic effects of serotonin creatinine sulfate and 
purified material from peak 16 on heart muscle. The 
similarities in biological activity of serotonin and the 
desalted material from peak 16 are apparent from the 
fact that both substances induce a positive inotropic 
response (Fig. 6). This is additional evidence to sup- 
port the contention that the inhibitor is serotonin. 
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When serotonin (as the creatinine sulfate complex) 
is tested, the inotropic response is accompanied by 
spontaneous arrythmic activity, not observed on addi- 
tion of the inhibitor to the medium. 

Probable explanation for the presence of other com- 
ponents in acetone-extracted material from peak 16. It 
can be inferred that the other constituents detectable 
in the material from peak 16 after desalting are prob- 
ably hydroxyindoles, products of degradation of sero- 
tonin. Hydroxyindoles are known to be rather un- 
stable substances. We have observed that commercial 
preparations of serotonin are stable when in the form 
of a complex with creatinine sulfate, but are rapidly 
degraded when isolated, yielding a mixture of com- 
ponents. In the absence of water, and in a slightly 
acid medium (just as it happens when serotonin hy- 
drochloride is lyophilized and extracted with acetone), 
the following reaction can occur. 


NH,” rotted 


N 
~\ 
N 


7H; H 
o=C 
CH, 


™ Serotonin 
N 


N-dimethylimino derivative 
H,O0 
2 of serotonin 


Acetone 

This reaction may well partially explain the pres- 
ence of at least another component in the serotonin 
solution isolated from peak 16 after desalting. The 
compound described above would have a more apo- 
lar nature than serotonin, thus explaining the appear- 
ance of a component migrating faster than serotonin 
in Silica gel t.l.c. and p.c. 

As additional evidence that extraction with acetone 
caused the partial breakdown of serotonin, the mater- 
ial from peak 16 was dried in vacuo and extracted 
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Fig. 5. Double reciprocal plot of the effect of ATP concen- 

tration on electroplax ATPase activity in the absence (O) 

and in the presence of 0.2 mg/ml (@) or 0.1 mg/ml (@) of 

desalted peak 16. The assay mixture contained 150mM 

Na*, 20mM K*, 5mM Mg?* and the indicated concen- 
trations of the inhibitor. 
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Fig. 6. Inotropic response of an isolated, electrically driven right-ventricle preparation from guinea 

pig heart, after adding to the chamber free serotonin (1) and desalted peak 16 (2). Final concentrations 

were, respectively, 42 and 47 g/ml. An increase in the contractile force of myocardial tissue has induced 
many known ATPase inhibitors. 


with 100ml n-butanol to which five drops of 
ammonium hydroxide was added. The extract was 
dried, dissolved in water and chromatographed in 
PEI-Cellulose as described in Materials and Methods, 
using commercial serotonin as control. The extracted 
material was found to migrate as a single spot having 
the same R, as the control. 

The possibility of having other hydroxyindole- 
amines present in trace amounts in the material from 
peak 16 is not totally ruled out, but routine staining 
techniques fail to detect other constituents in the un- 
treated material present in peak 16. It is our conten- 
tion that the main component is serotonin and that 
this substance is responsible for (Na* + K* )ATPase 
inhibitory activity. The chromatographic, spectro- 
photometric, electrophoretic and biological evidence 
presented here is enough to sustain the contention 
that serotonin is indeed the chemical entity present 
in peak 16, and that attempts to free it from NaCl 
by extraction with acetone causes its partial degrada- 
tion. We have also shown that serotonin separated 
by cation exchange chromatography from commercial 
serotonin—creatinine sulfate complexes has the same 
specific inhibitory activity as the compound present 
in peak 16[19]. Other indoles have been previously 
reported to act as inhibitors of (Na* + K*)ATPases 
from various tissues. Canessa et al. [4], in describing 
the inhibitory activity of harmaline, a hydroxyindole 
isolated from the plant Paganum harmala, failed to 
detect any inhibitory activity by serotonin at concen- 
trations as high as 10~* M. These authors report that 
harmaline is a competitive inhibitor for Na*. Our 
findings indicate that serotonin competes with K”~. 

A finding opposite to the one reported here has 
been described by Yoshimura [20], who made the 
observation that serotonin, used as a serotonin—crea- 
tinine sulfate complex, acts as an activator of 
(Na* + K*)ATPases from brain tissue. 

The effects of serotonin on (Na* + K*)ATPases 
reported here may help to explain, at least partially, 
the known pharmacological effects of this compound. 
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Abstract—To investigate the mechanism of tetracycline (TC)-induced defects of mineralization, the 
effect of the antibiotic on Ca** transport by chick chondrocyte mitochondria was studied. Multiple 
injections of TC resulted in a profound drop in the intramitochondrial Ca** concentration and an 
increase in the serum Ca?* level. The antibiotic caused a reduction in Ca?* uptake and an increase 
in Ca?* efflux from the mitochondria in vitro; in the presence of 1 mM TC, the effect on efflux 
was greater than uptake. The addition of ATP to TC-treated mitochondria did not prevent Ca?* 
release. Using rat liver mitochondria, it was found that, while the antibiotic had an oligomycin-like 
effect on respiration, this inhibitory action could be prevented by preincubating the organelles with 
10 mM Mg?*. The results of the studies both in vitro and in vivo suggest that TC interferes with 
mitochondrial Ca?* translocation. It is concluded that critical levels of intramitochondrial Ca?* are 
prerequisite for the normal mineralization process and that interference with Ca?* accumulation leads 


to defective mineralization. 


Numerous studies have shown that tetracyclines can 
induce skeletal hypoplasia and hypomineralization 
[1-5]. However, the mechanism by which the anti- 
biotic interferes with the mineralization process is 
poorly understood. Histochemical studies by Milch 
et al. [6] suggested that tetracycline binds to collagen 
fibrils and these workers inferred that the drug 
blocked nucleation sites. Kaitila [7] expressed the 
view that the antibiotic delayed the phase transforma- 
tion of amorphous calcium phosphate into apatite. 
West and Storey [8] showed that tetracyclines inhi- 
bited the phase transformation in vitro, but no 
attempt was made to study the effects in vivo of the 
antibiotic on bone crystallinity. 

A different approach to explaining the effects of 
tetracycline on calcifying tissues is through its effects 
on tRNA. Thus, because tetracycline inhibits the 
binding of tRNA to the ribosome, some investigators 
consider that the principal site of tetracycline action 
is on protein synthesis. Indeed, tetracycline-induced 
inhibition of collagen formation [9] has been 
reported. However, these experiments were performed 
with elevated antibiotic levels and the investigators 
did not determine whether the tetracycline inhibited 
the ribosomal synthesis of collagen directly, or inter- 
fered with protein synthesis by blocking cellular res- 
piration. 

Antibiotics like tetracycline have been shown to de- 
crease mitochondrial protein synthesis in mammalian 
cells. Indeed, in the presence of tetracycline, there is 
a diminution in mitochondrial cytochrome synthesis 
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[10]. Whether tetracyclines cause changes in mito- 
chondrial cation transport is not known with cer- 
tainty. However, as an ionophore, it could conceiv- 
ably inhibit the accumulation of Ca?* in mitochon- 
dria of cells preparing for mineralization and interfere 
with cation-activated enzyme systems of the cytosol 
[11]. If, as Lehninger [12] has postulated, the intra- 
mitochondrial accumulation of calcium is an initial 
first step in the calcification process, impairment of 
Ca?* accumulation could result in hypoplasia of 
teeth, poor mineralization of bone, and delayed osteo- 
genesis. This investigation explores this possibility by 
studying the effect of tetracycline on Ca?* transport 
by epiphyseal plate mitochondria. 


MATERIALS AND METHODS 


Materials. Bovine serum albumin, HEPES (N-2- 
hydroxyethylpiperazine-N-2-ethane sulfonic acid), 
ATP, ADP, succinate Na, tetracycline HCl, oxytetra- 
cycline, chlortetracycline, DTNB [5,5’-dithiobis-(2- 
nitrobenzoic acid)], DTT (dithiothreitol), DNP 
(2,4-dinitrophenol), ruthenium red, oligomycin and 
rotenone were all purchased from Sigma Chemical 
Co. *°CaCl, (1 mCi *°Ca/umole of Ca?*) was 
obtained from New England Nuclear Corp. This was 
diluted to achieve a final activity of 0.1 wCi *°Ca/ml 
of reaction mixture. 

Tissues. White Rock chicks, weighing between 4 
and 5 kg, were maintained on a normal diet ad lib. 
For experiments on rachitic chicks, 5-day-old birds 
were maintained in the dark on a rachitogenic diet 
(Nutritional Biochemical Corp.) and distilled water. 
At 8-10 weeks, both normal and rachitic birds were 
killed by a pentobarbital overdose (i.v.). The legs were 
disarticulated at the pelvic joint and the epiphyseal 
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joint was exposed by cutting through the capsular 
cartilage. Resting and proliferating cartilages were 
removed in thin slices and chopped finely with sharp 
tissue scissors. 

Isolation of mitochondria. This was similar to the 
method previously published [13]. In studies in vivo 
of chick mitochondria, to block Ca** uptake during 
the isolation procedure and to inhibit the subsequent 
redistribution of Ca**, during the centrifugation 
steps, the mitochondrial fraction was isolated in the 
presence of 50 1M DTNB [14] and 73 uM ruthenium 
red [15]. The mitochondrial pellet was further puri- 
fied by centrifugation in a continuous sucrose gra- 
dient (1.5 to 2.0 M). Centrifugation at 35,000 rev/min 
was performed in an SW 35 rotor in a Beckman 
model L-2 ultracentrifuge. Liver mitochondria were 
isolated from 150-g Sprague-Dawley rats by a pre- 
viously described method [14]. 

Chemical analysis. Ca** analysis was performed by 
atomic absorption spectroscopy (Perkin-Elmer model 
360). Mitochondrial protein was measured using the 
method described by Lowry et al. [16]. 

Tetracycline solutions. Tetracycline, freshly pre- 
pared for each experiment, was dissolved in buffered 
saline or reaction medium and the pH was adjusted 
to 7.4. 

Effect of tetracycline on endogenous Ca?* levels on 
chondrocyte mitochondria. Rachitic chicks were given 
i.p. injections of tetracycline suspended in saline (100 
mg/kg body weight) 24, 36, 60 and 72 hr prior to 
sacrifice. As a control, at the appropriate times, rachi- 
tic chicks were injected with saline. Prior to sacrifice, 
about | ml of venous blood from a wing vein was 
drawn into a syringe containing heparin, and the 
blood Ca?* content was determined in the presence 
of lanthanum chloride (0.1 per cent). The mitochon- 
dria isolated from the epiphyseal plate cartilage were 
analyzed for Ca**, and the protein content was deter- 
mined. 

Effect of tetracycline on Ca** efflux from chondro- 
cyte mitochondria. Mitochondria were isolated from 
normal chicks. To pre-load with Ca**, the organelles 
were incubated at 18° for 10 min with 0.5 ml of a 
reaction mixture consisting of 80 uM Ca?* (contain- 
ing 0.05 wCi *°Ca), 38 mM HEPES, 8.5 mM MgCl, 
3.8 mM P,;, 8 mM succinate and 0.2 yg rotenone. 
The osmolarity of the mixture was adjusted to 250 
mOsM with 1.0 M KCl and the pH was 7.4. Tetracyc- 
line was then added to the reaction mixture such that 
the final concentration was 1.0 mM. At intervals of 
time, up to 20 min, 0.1-ml aliquots of the suspension 
were removed and immediately filtered through a 
0.45 ym Millipore filter. The filter was then washed 
with 10 ml of 0.125 M KCI and dried, and the *°Ca 
content was measured by liquid scintillation count- 
ing (Packard Tri-Carb model 3310). In a second 
series of experiments, the effect of tetracycline on the 
Ca?* concentration of chondrocyte mitochondria was 
measured in the presence of 8 mM ATP in the reac- 
tion medium. To compare the effects of different tetra- 
cyclines, mitochondria were pre-incubated with the 
reaction medium described above and then exposed 
for 10 min to | mM tetracycline, oxytetracycline or 
chlortetracycline. The Ca?* content of the mitochon- 
dria was then determined. Finally, the effect of differ- 
ent concentrations of tetracyclines on Ca** uptake 


was investigated. Mitochondria were preincubated 
with the reaction mixture described above for 10 min. 
Tetracycline (0.1 to 10 mM) was then added to the 
mitochondrial suspension and after 10 min it was fil- 
tered and the *°Ca content of the filter was measured. 

Effect of tetracyclines on Ca?* uptake by chondro- 
cyte mitochondria. The effect of tetracycline on Ca?* 
uptake was studied by preincubating 60 yl of the 
mitochondrial suspension (0.5 mg protein) for 1 min 
with a Ca**-free reaction medium containing 1 mM 
tetracycline, 38 mM HEPES, 8 mM succinate, 8.5 mM 
MgCl,, 3.8mM P,, 0.2 ug rotenone and the osmolar- 
ity adjusted to 250mOsM with 1.0M KCl. In some 
experiments, the reaction mixture was further supple- 
mented with 8 mM ATP. Radioactive CaCl, was then 
added to the suspension to give a final concentration 
of 80 wM Ca?*. At intervals of time up to 20 min, 
0.1 ml of mitochondria was removed and filtered, and 
the Ca?* content was determined. In another series 
of experiments using the same incubation medium, 
the effect of tetracycline, at concentrations ranging 
from 0.01 to 10 mM, on Ca** uptake was ascertained. 

Effect of tetracyclines on mitochondrial respiration. 
Difficulties in isolating large quantities of cartilage 
mitochondria preclude the use of this tissue in study- 
ing oxidative phosphorylation. However, as liver and 
cartilage mitochondria have similar respiratory 
characteristics [17], rat liver mitochondria were util- 
ized for these studies. Liver mitochondria were incu- 
bated with a reaction mixture containing 40 mM 
HEPES, and 1.25 mM P;; the osmolarity was 
adjusted to 250 mOsM with 1.0 M KCI and the pH 
was 7.4. The effect of tetracycline (155 ~M) and Mg?* 
(0-10 mM) on the oxidation of glutamate and suc- 
cinate (8 mM) was determined using a Clark oxygen 
electrode (No. 522, Yellow Springs Instruments, 
Yellow Springs, Ohio) linked to a 10 mV recorder, 
Sargent model SRL). 


RESULTS 


Centrifugation of the 14,000 g pellet on a con- 
tinuous sucrose gradient yields two to three density 
bands. The high density mitochondrial band con- 
tained 2.25 + 0.84 wmoles Ca**/mg of protein. (The 
composition of the low density bands will be de- 
scribed elsewhere.) The Ca** content of mitochondria 
isolated from the tetracycline-treated chicks was con- 
siderably lower than the controls (0.38 + 0.2 umoles 
Ca?*/mg of protein). In contrast to its effects on 
mitochondria, tetracycline caused an increase in the 
serum Ca** concentration (Table 1). No change was 
noted in the serum Mg?* concentration. 


Table 1. Ca?* analysis of chick blood* 





aie 
(mg/100 ml blood) 





Control 
Tetracycline-treated 





* Seven-week-old rachitic animals were injected with 
tetracycline as described in the text. About 1 ml blood 
was drawn from a vein and analyzed for Ca** by atomic 
absorption spectroscopy. All analyses were performed in 
triplicate. The results shown are the mean + S. E. M. of 
seven determinations. 





Effect of tetracycline on chondrocyte mitochondria 


The relationship between mitochondrial Ca?* 
efflux and tetracycline concentration is shown in Fig. 
1. The presence of the antibiotic results in a profound 
loss of Ca?* from the mitochondria; the extent of 
Ca’* release is dependent on the concentration of 
tetracycline. Incubation with 1 mM _ tetracycline 
results in efflux of over 30 per cent of the pre-loaded 
Ca**. At low antibiotic concentrations there is a 
slight increase in the mitochondrial Ca** level. Tetra- 
cycline-stimulated release of Ca?* from chondrocyte 
mitochondria, expressed as a function of time, is 
shown in Fig. 2. Between 5 and 10 min, mitochondria 
pre-loaded with Ca** exhibit a rapid rate of release 
of accumulated Ca**. Mitochondria loaded with 
Ca?* in the absence of added nucleotide exhibit an 
almost linear rate of Ca?* efflux for the first 15 min. 
Figure 2 also reveals that mitochondria loaded with 
Ca** in the presence of ATP show an initial higher 
Ca?* concentration than organelles that are provided 
with succinate as the sole energy source. However, 
irrespective of the mode of Ca?* loading, after 10 
min the Ca?* efflux rates are similar. 

The effects of different types of tetracyclines on 
mitochondrial Ca?* efflux are shown in Fig. 3. The 
presence of tetracycline or oxytetracycline results in 
a dramatic release of Ca** from chondrocyte mito- 
chondria. Chlortetracycline does not cause Ca** 
efflux from pre-loaded mitochondria. 

The effect of tetracycline concentration on Ca** 
uptake by chondrocyte mitochondria is shown in Fig. 
4. When the tetracycline level is below 1 mM, the 
antibiotic causes an increase in the Ca** content of 
the organelles. With 1 mM tetracycline, there is no 
change in the Ca** content of the mitochondria. 
However, concentrations of the antibiotic in excess 
of 1 mM result in a concentration-dependent net 
Ca** decrease. 


aq 


2 
*ymg protein 


nmoles Ca 





| | 
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TC conc., mM 


Fig. 1. Effect of tetracycline concentration on Ca?* efflux 
from’ chondrocyte mitochondria. Chondrocyte mito- 
chondria were pre-incubated with a reaction medium con- 
taining 804M Ca**, 33mM HEPES, 8.5 mM MgCl), 
3.8mM P,, 8.0mM succinate and 0.2 wg rotenone. The 
medium contained 0.05 wCi *°Ca and the osmolarity was 
adjusted to 250mOsM with 1.0M KCI. After 10 min, 
tetracycline (TC) (0.01 to 10 mM) was added and the sus- 
pension incubated for a further 10 min. The mitochondria 
were then filtered and the Ca** content of the filter was 
determined. Each point is the mean of three repeated ex- 
periments; each experiment was performed in duplicate. 
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Fig. 2. Effect of tetracycline (1 mM) on Ca?* efflux by 
chondrocyte mitochondria. Chondrocyte mitochondria 
were pre-incubated with a reaction medium in the presence 
and absence of 8 mM ATP. After 10 min, tetracycline 
(1 mM) was added to the suspension (0 time on the graph). 
At fixed intervals of time, aliquots were removed and the 
Ca?* content of the mitochondria was determined. Key: 
plus ATP, ¥——¥;; plus ATP and tetracycline, V——V;; 
minus ATP, @——@®; and minus ATP and tetracycline, 
©——©. Each point is the mean of four repeated experi- 
ments; each experiment was performed in duplicate. 
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Fig. 3. Comparison of tetracycline, chiortetracycline and 
oxytetracycline on Ca?* efflux from chondrocyte mito- 
chondria. Mitochondria were pre-incubated with reaction 
media and loaded with Ca**. Tetracycline (TC), chlortetra- 
cycline (TCCI) and oxytetracycline (OTC) (1mM) were 
then added to the mitochondrial suspension, and the Ca?* 
content of the mitochondria was measured after a 10-min 
incubation period. Cont. = control. Results shown are the 
mean + S. E. M. of six duplicate experiments. 
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Fig. 4. Effect of tetracycline concentration on Ca?* uptake 
by chondrocyte mitochondria. Chondrocyte mitochondria 
were pre-incubated with the Ca?*-free reaction medium 
described in Fig. 1. This was supplemented with 0-10 mM 
tetracycline (TC). After 1 min, 80 uM Ca?* was added 
to the mitochondrial suspension and incubated with the 
suspension for 10 min. The mitochondria were then filtered 
and the Ca?* concentration was determined. Each point 
is the mean of four separate experiments; each experiment 
was performed in duplicate. 


Ca** uptake by mitochondria, preincubated with 
tetracycline, expressed as a function of time, is shown 
in Fig. 5. For the first 10 min, irrespective of the 
energy source, there is little difference in the rate of 
Ca’** uptake. However, after 10 min, tetracycline de- 
creases the rate of succinate-supported uptake. The 
presence of ATP counteracts this effect such that the 
rates of ATP-supported Ca** uptake, in the presence 
and absence of tetracycline, are similar. 

The effect of tetracycline on the oxidation of gluta- 
mate by mitochondria is shown in Table 2. At low 
Mg?* concentrations (up to 6 mM) tetracycline de- 
creases state 3 respiration. At the highest Mg?* con- 
centration studied (10 mM) state 3 respiration in- 
creases and cutoff is seen. Tetracycline also inhibits 
the state 3 respiratory rate of succinate. This inhibi- 
tory effect can be counteracted by the addition of 
Mg?* to the mitochondrial suspension. However, in 
the presence of succinate, the inhibitory effect is not 
as severe as with glutamate. Thus, addition of ADP, 
even at low Mg** concentrations, elicits an increase 


Table 2. 


Effect of tetracycline and Mg?* 


ATP +TC;ATP, 


8 


Succinate + TC 


nmoles Ca°/mg protein 


§ 








Time, min 

Fig. 5. Ca** uptake by chondrocyte mitochondria in the 
presence of | mM tetracycline. Chondrocyte mitochondria 
were pre-incubated for 1 min with a Ca**-free reaction 
mixture containing 1 mM tetracycline (TC). In some ex- 
periments the reaction mixture was supplemented with 
8 mm ATP. Subsequently, Ca** was added to make a final 
concentration of 80 uM. At intervals of time, 0.1 ml of 
the mitochondrial suspension was removed and analyzed 
for Ca**. Key: succinate, @——@; succinate plus TC, 
O Oo; ATP, 0——O;; and ATP plus TC, o——©. 
Each point is the mean of three separate experiments; each 

experiment was performed in duplicate. 


in O, consumption that is always above the state 
4 rate. 

These experiments indicate that Mg”* exerts a pro- 
tective effect on respiration if the ion is added to the 
mitochondria prior to the addition of the antibiotic. 
However, if mitochondria are exposed to the anti- 
biotic first, the tetracycline exerts an oligomycin-like 


on oxidative phosphorylation by rat liver mitochondria* 





Succinate 


Glutamate 





(“atoms 0/mg protein/min) 


(uatoms 0/mg protein/min) 








Mg?* 
(mM) 


letracycline 


State 3 State 4 


ADP/0 State 3 State 4 ADP/0 





0.096 
0.099 


0.038 
0.035 


0.127 
10 0.129 
10 0.140 
0 0.142 


0.030 
0.034 
0.040 
0.037 


0.016 0.028 


2.7 
3.02 
2.91 





* Rat liver mitochondria (3 mg/ml) were incubated with a reaction medium containing 40 mM HEPES, 1.25 mM 
P; and 8 mM glutamate or succinate. The osmolarity of the solution was adjusted to 250 mOsM with 1 M KCL. 
Oxygen uptake was measured in the presence and absence of tetracycline (155 4M) and in the presence of varying 


concentrations of Mg?* 


(0-10 mM). The results are the mean of four repeated experiments. 
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Fig. 6. Effect of Mg?*, tetracycline (155 wM) and DNP 

on oxygen uptake by mitochondria. Conditions of in- 

cubation were the same as those described in Table 2. 

Where indicated on the tracings, tetracycline (TC), Mg?* 

(10 mM), ADP (125 yumoles) and DNP (2 pg) were added 

to the reaction mixture. Values shown are the mean of 
four experiments. 


effect; there is inhibition of ADP-stimulated respir- 
ation in the presence of both succinate and glutamate, 
and further addition of Mg?* fails to increase the 
respiratory rate (Fig. 6, A and B). Figure 6 (C and 
D) illustrates the effect of DNP on respiration. The 
uncoupled rate of O, utilization with glutamate as 
a substrate in the presence of DNP is about the same 
or slightly less than ADP-stimulated respiration in 
the presence of tetracycline. However, with succinate 
as a substrate (Fig. 6D), the uncoupled rate is faster 
than the state 3 rate of O, uptake. 


DISCUSSION 


While previous workers have used tetracycline as 
a fluorescent probe to study anionic transport pro- 
cesses [18], the ionophoretic activities of these anti- 
biotics have not been related to their reported inhibi- 
tory effects on mineralization. The results of this in- 
vestigation suggest that tetracycline-induced defects of 
calcification may be a result of a direct action of the 
antibiotic on mitochondria of cells concerned with 
the mineralization process. If this is a valid explana- 
tion of this type of hypomineralization, then this find- 
ing also throws light on the mechanism by which tis- 
sues undergo normal biological mineralization. With 
respect to this mechanism, if as has been previously 
suggested, mitochondria are concerned initially with 


ev 


concentrating Ca?* ions [12,19,20], then any interfer- 
ence with the accumulation mechanism will result in 
slowed, defective or irregular calcification. The find- 
ings in vivo and in vitro reported in this study clearly 
support the concept that tetracyclines are causing 
these aberrations by influencing cation transport, and 
the results lend credence to the view that mitochon- 
drial ion accumulation is a necessary prerequisite to 
matrix mineralization. 

While these experiments did not address themselves 
to studying the uptake of tetracycline by chondro- 
cytes, the localization of tetracyclines in forming bone 
[3,21,22] and the slow rate of removal of tetracycline 
from bone would suggest that in vivo the chondro- 
cytes are exposed to elevated tetracycline levels. Fur- 
thermore, the low molecular weight of the antibiotic 
and its lipophilic properties would facilitate its entry 
into chondrocytes. Indeed, Aaron and Pautard [23] 
showed that tetracycline is taken up by bone cells 
and is seen as a “generalized network” within the cell, 
while tetracycline localization within mitochondria of 
living cells has also been observed [24]. 

The effects in vitro of tetracycline on isolated chon- 
drocyte mitochondria supported the observation in 
vivo that the antibiotic lowered the mitochondrial 
Ca?* concentration. This study revealed that 1 mM 
tetracycline caused a net Ca** efflux from the mito- 
chondria and at this concentration there was little 
change in Ca?* uptake. Of the antibiotics studied, 
both tetracycline and oxytetracycline appeared to be 
active in promoting efflux; with tetracycline, the efflux 
rate was almost linear for the first 10 min of exposure, 
and Ca** release was proportional to the tetracycline 
concentration. Whether tetracycline activated a latent 
mitochondrial ATPase was not ascertained. However, 
in the presence of ATP, a marked decrease in the 
total amount of mitochondrial Ca?* was observed. 

The effect of Mg** on the respiration of tetracyc- 
line-treated mitochondria is disputed. In an earlier 
study, Brody et al. [25] indicated that the effect of 
tetracycline could be reversed by the addition of 
excess Mg?*. De Jonge [26], using 2 mM Mg?*, 
showed that the effect of oxytetracycline could be 
“prevented to a large extent” by preincubating the 
mitochondria with Mg?*. To investigate in detail the 
extent of Mg?* protection, mitochondria were 
titrated with concentrations of Mg’?* varying from 
0 to 10 mM. This study confirmed that Mg** did 
give protection to mitochondria, but that Mg?* levels 
in excess of 6 mM were needed to reverse the tetra- 
cycline inhibition. Whether there is sufficient Mg** 
at calcifying sites to protect the mitochondria from 
the antibiotic is not known. However, it was noted 
that 6 mM Mg?* protects mitochondria against the 
deleterious effects of 155 uM tetracycline (see Table 
2). If respiratory chain protection is proportional to 
the relative concentration of Mg**, then in mineraliz- 
ing tissues where the extracellular Mg?* concen- 
tration is only 0.4 mM [27], the organelles would 
be protected from the damaging effects of 10 4M of 
the antibiotic. Ignoring any corrections for the known 
accumulation of tetracycline at calcifying sites, it is 
clear that the therapeutic blood tetracycline level of 
23 uM would exceed the protection afforded by 0.4 
mM Mg?* and there would be impairment of respira- 
tory chain function. It is interesting to speculate that 
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the low Mg?* concentration of the extracellular fluid 
of calcifying cartilage may well be the reason why 
this tissue is so susceptible to the effects of this anti- 
biotic. 

With respect to the site of action of tetracycline, 
the inhibitory action of the antibiotic on the oxi- 
dation of glutamate confirmed that NADH-linked 
substrates were more susceptible to the effects of the 
antibiotic [26]. In addition, because DNP released 
the tetracycline inhibition of succinate oxidation, then 
electron transfer between succinate and oxygen must 


be intact. However, as DNP only elicited a partial. 


release of glutamate oxidation, it is probable that the 
antibiotic inhibits the activity of the respiratory chain 
lying between the site of entry of NADH-linked sub- 
strate into the chain and the entry of reducing equiv- 
alents from succinate. 

If the experiments on the effects of tetracycline on 
oxidative phosphorylation by liver mitochondria are 
related to the changes in cation translocation of chon- 
drocyte mitochondria, then it is apparent that the 
antibiotic can affect Ca?* transport in a number of 
different ways. First, the investigation clearly reveals 
that tetracycline selectively impairs normal function- 
ing of the respiratory chain. This impairment alone 
could markedly decrease the ability of chondrocyte 
mitochondria to translocate Ca**. Second, it is 


known that pre-loading mitochondria with Ca?* pro- 
duces pathological changes in mitochondria [28]. 
Thus, the addition of tetracycline to organelles that 
may have already been damaged through Ca?* 
accumulation could exacerbate any Ca**-induced 
defects in function as well as affecting other as yet 


unimpaired sites on the respiratory chain necessary 
for Ca** accumulation. The possibility that Ca?* 
loading causes disturbances in mitochondrial function 
may also explain why tetracycline has a greater effect 
on Ca?* efflux than Ca** uptake. A third explana- 
tion for Ca** efflux could be associated with the oli- 
gomycin-like effects of tetracycline. Thus, if the anti- 
biotic interferes with the phosphorylation of ADP 
and reduces the rate of P—ATP exchange, the high 
energy intermediate necessary for the maintenance of 
Ca?* within the organelle will not be generated ai 
the requisite rate. In that instance, extrusion will 
occur. 

Finally, the observed increase in serum Ca?* levels 
of chicks treated with large doses of tetracycline lends 
support to the concept that in vivo, the antibiotic is 
causing a release of Ca?* from mineralizing cartilage. 
A possible alternative explanation, in line with the 
suggestion by Baker [29] that tetracyclines cause a 
transient hyperparathyroidism, is that the antibiotic 
is initially chelating Ca?* and the resulting serum 
Ca** elevation is due to secondary hyperparathyr- 
oidism. This study did not address itself to studying 
this relationship; however, at the concentrations used, 
a serum tetracycline level of about 10 ug/ml would 
be expected [10]. Assuming that 1 mole of the anti- 
biotic binds 1 mole Ca?*, then less than 2 per cent 
of the total serum Ca** could be bound by the anti- 
biotic. It is unlikely that this small change in serum 
Ca?* level would be sufficient to markedly alter the 
secretion rate of the parathyroid hormone. It there- 
fore must be concluded that the serum Ca?* changes 
noted are due primarily to the tetracycline acting di- 


rectly on the bone cells. Nevertheless, it must be 
admitted that the possible associations between this 
class of antibiotics and the factors controlling Ca** 
homeostasis are poorly understood. It is suggested, 
therefore, that more detailed investigation should be 
carried out to ascertain the relationship between 
serum Ca’* concentrations, parathyroid hormone se- 
cretion and tetracycline dose. 
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Abstract—The lethal dose of armin (0.4 mg/kg, s.c.) produced an increase in the total acetylcholine 
content and a marked degree of cholinesterase inhibition in the region of pons and medulla oblongata 
of rats. The intraperitoneal injection of obidoxime (25 mg/kg), given 5 min after armin administration, 
significantly prevented the rise of acetylcholine content (25°,) and produced a satisfactory reactivation 
of cholinesterase in the same tissue (33°). The decrease of accumulated acetylcholine by obidoxime 
seems to be in good correlation with degree of cholinesterase reactivation in the investigated tissue. 


The reactivating effect of pyridinium aldoximes on 
the activity of brain cholinesterase in animals poi- 
soned with cholinesterase inhibitors and the resulting 
changes in brain acetylcholine have been the subject 
of relatively few reports, dealing generally with the 
whole brain [1.2]. 

However, alterations in the cholinesterase activity 
and concentration of acetylcholine in the whole brain 
do not necessarily reflect the corresponding changes 
in the vital sites, such as those in the medulla oblon- 
gata, the depression of which immediately contributes 
to the fatal outcome of the intoxicated organism. 

Because of this, in the present study the ponto- 
medullary part of the brain was used for the estima- 
tion of cholinesterase activity and acetylcholine con- 
tent in rats treated with armin, as a cholinesterase 
inhibitor, and obidoxime, as a powerful reactivator 
of phosphorylated cholinesterase. 


MATERIALS AND METHODS 


Albino rats of both sexes, weighing 150-200 g were 
used in all experiments. The rats were randomly 
divided into groups and treated with armin (Ethyl-4- 
nitrophenyl ethylphosphonate), obidoxime dichloride 
(Toxogonin “Merck”) or sodium chloride (see Tables 
1 and 2). A volume of 0.2 ml/100 g body wt was used 
for all injections. 


Table 2. Cholinesterase activity in the ponto-medullary 
region of brain in rats treated with armin and obidoxime 
(LiiH-6) 





LiiH-6 
mg/kg 


Armin 
mg/kg 


ChE activity 
pl CO,/mg/30 min 





0.525 + 0.04 
0.4 0.098 + 0.02 
0.4 25 0.238 + 0.03 





* Inhibition. 
+ Reactivation. 


The tissue was removed as quickly as possible and 
immediately immersed into the frog Ringer-eserine 
(10 ng/ml) solution, without NaHCO, and adjusted 
to pH 4 with 0.1 N HCl. The frog Ringer-eserine solu- 
tion of the same composition was used for the extrac- 
tion of acetylcholine from the tissue. 

The acetylcholine was extracted by the method de- 
scribed by Rothschuh [3] and partly modified by 
Lewartowski and Bielecki [4]. The acetylcholine was 
estimated biologically on the isolated frog rectus 
abdominis [3]. All results were expressed as acetyl- 
choline chloride in yg/g of fresh tissue. 

Cholinesterase activity was determined in a War- 
burg apparatus at 37° with the following reaction 
mixture: 0.15 M sodium bicarbonate, 0.164 M sodium 


Table 1. Acetylcholine (ACh) content in the ponto-medullary region of brain in rats 
treated with armin and obidoxime (LiH-6) 





LiiH-6 
mg/kg, ip. 
5 min. after 

armin 


Armin 
mg/kg, s.c. 


Change [%] in 
comparison 
with control 





0.4 


04 25 
= 25 





* Controls, killed by decapitation 55 min after subcutaneous injection of saline. 
+ Animals decapitated immediately after cessation of respiration. 
t Animals killed by decapitation 55 min after injection of obidoxime. 
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chloride and acetylcholine chloride as_ substrate 
(0.4 ml 0.1°, solution in distilled water). The total vol. 
2.6 ml; pH 7.4; gas phase nitrogen + carbon dioxide 
(95:5). Enzyme activity was expressed in yl of carbon 
dioxide liberated per mg of fresh tissue in the course 
of the first 30 min. All results were corrected for non- 
enzymatic hydrolysis. 

The inhibition and reactivation of cholinesterase 
(ChE) activity was calculated as follows: 


ChE (control) — ChE (armin) 


inhibition (°,) = —— x 100 
ChE (control) 


Reactivation (°,) 


ChE (armin + obidoxime) — ChE (armin) 100 
ChE (control) — ChE (armin) 


RESULTS 


The results of these experiments are shown ‘in 
Tables 1 and 2. As can be seen from the tables, the 
subcutaneous administration of armin (0.4 mg/kg) 
produces a significant rise of total acetylcholine (50°,) 
in the tissue of pons and medulla oblongata of rats, 
and a high degree of cholinesterase inhibition (81°,). 

The intraperitoneal injection of obidoxime (25 mg 
kg), given S5min after armin administration, partly 
prevents the increase (25°,,) of total acetylcholine con- 
tent in the same region with a satisfactory enzyme 
reactivation (33°). 


DISCUSSION 


In the tissue of pons and medulla oblongata of rats 
treated with armin a high degree of cholinesterase 
inactivation (81°,,) and an increase in the total acetyl- 
choline content (50°,) were found. Similar findings 
concerning other cholinesterase inhibitors have been 
published [5]. 


Our results also show that the intraperitoneal injec- 
tion of obidoxime produced a significant decrease in 
the amount of acetylcholine together with a satisfac- 
tory enzyme reactivation in the ponto-medullary part 
of the brain in poisoned rats. This finding indicates 
that obidoxime, in spite of its quaternary structure, 
penetrates the blood-brain barrier in a concentration 
sufficient to reactivate the phosphorylated cholines- 
terase in the ponto-medullary region. According to 
Bajgar [6]. the therapeutic effect of oximes may be 
based on the reactivation of acetylcholinesterase in 
the respiratory centre in medulla oblongata to a 
“minimum level” that is necessary for the life of the 
organism. This agrees with the findings of Erdmann 
[7]. who has shown that in decerebrate rats on artifi- 
cial respiration the central respiratory paralysis fol- 
lowing paraoxon poisoning is overcome by obidox- 
ime, but not by pralidoxime, which penetrates the 
blood-brain barrier to a lesser degree than obidoxime. 
The reactivation of phosphorylated cholinesterase in 
the ponto-medullary part of the brain of poisoned 
rats is probably the main factor in the observed 
reduction of accumulated acetylcholine. However, our 
results do not exclude other possible mechanisms, 
either, especially the diffusion of accumulated acetyl- 
choline from the brain into the periphery which con- 
tains active (oxime reactivated) cholinesterase [2, 8]. 


REFERENCES 


M. P. Milosevic, Br. J. Pharmac. 39, 732 (1970). 

. O. Mayer and H. Michalek, Biochem. Pharmac. 20, 
3029 (1971). 

. K. E. Rothschuh, Pfliigers Arch. ges. Physiol. 258, 406 
(1954). 
B. Lewartowski and K. Bielecki, J. Pharmac. exp. Ther. 
142, 24 (1963). 
A. T. Modak, W. B. Stavinoha and S. T. Weintraub, 
{rchs. Int. Pharmacodyn. Ther. 217, 293 (1975). 

. J. Bajgar, A. Jakl and V. Hrdina, Biochem. Pharmac. 
20, 3230 (1971). 

. W. D. Erdmann, Artzneimittel-Forsch. 15, 135 (1965). 

. W. Schaumann, Br. J. Pharmac. Chemother. 15, 432 
(1960). 





Biochemical Pharmacology, Vol. 26. pp. 603-607. Pergamon Press, 1977. Printed in Great Britain. 


THE APPARENT UBIQUITY OF EPOXIDE HYDRATASE 
IN RAT ORGANS 


FRANZ OESCH*, HANSRUEDI GLATT and HANSUELI SCHMASSMANNT 


Section on Biochemical Pharmacology, Institute of Pharmacology, University, Obere Zahlbacher 
Strasse 67, D-6500 Mainz, West Germany 


(Received 10 September 1976; accepted 22 October 1976) 


Abstract—Using the recently developed sensitive assay with [7H ]benzo[a]pyrene 4,5-oxide as substrate, 
epoxide hydratase was shown to be present in 26 rat (Sprague-Dawley) organs and tissues investigated. 
Only blood showed no detectable activity, which indicates that the low enzyme activity found in 
some organs is not due to the presence of blood components in the tissues. In earlier studies with 
a less sensitive assay, epoxide hydratase activity was detected only in rat liver and kidney but not 
in organs such as muscle, spleen, heart and brain. Epoxide hydratase was also measured in 6 organs 
of the mouse (NMRI). The distribution pattern was quantitatively quite different in the two species. 
The sp. act. in the rat were in the order liver > testis > kidney > lung > intestine ~ skin. In the mouse, 
very surprisingly, testis had the highest specific epoxide hydratase activity. Moreover, the order of 
sp. act. in the mouse organs was remarkably different from that in the rat, namely testis > liver > 
lung > skin > kidney > intestine. The fact that the sp. act. in kidney was much lower than in lung 
or skin is most striking. Pretreatment of rats with Aroclor 1254 (a mixture of polychlorinated biphenyls) 
increased the epoxide hydratase activity in the liver to 175 per cent of the control level. However, 
the enzyme activity in the 13 extrahepatic tissues investigated was not significantly changed. In organs 
possessing sufficiently high enzyme levels, epoxide hydratase activity was also measured with styrene 
oxide as substrate. The ratio of the sp. act. of the two substrates was very similar in rat liver, kidney, 
lung and testis. This supports the assumption that in these organs a single enzyme is responsible 


for the hydration of both substrates—as was earlier shown by several methods for the rat liver. 


Aromatic and olefinic compounds can be metabolized 
by mammalian monooxygenases to electrophilically 
reactive epoxides [1-4], which may covalently bind 
to cell components [5,6]. Such epoxides represent 
prime candidates for the species responsible for the 
mutagenic and carcinogenic effects of various poly- 
cyclic aromatic hydrocarbons [7]. Further biotrans- 
formation of these reactive metabolites to the corre- 
sponding glutathione conjugates and trans-dihydro- 
diols is catalysed by the cytoplasmic glutathione 
transferases (EC 4.4.1.7) [8,9] and by the microsomal 
epoxide hydratase (EC 4.2.1.63) respectively [1, 2, 10]. 
The latter enzyme may be especially important not 
only for the inactivation of ultimately mutagenic 
epoxides, but also for the formation of dihydrodiols— 
precursors of the dihydrodiol epoxides, which are 
possible ultimate carcinogens [11]. Therefore, it is 
very important to learn which organs possess epoxide 
hydratase activity. 

Hepatic epoxide hydratase has a K,, value in the 
millimolar range (0.42—-0.53 mM) for the alkene oxide, 
styrene oxide [12,13]. Strikingly, the K,, value for 
K-region arene oxides derived from polycyclic hydro- 
carbons is much lower (2-6 uM) [10, 14], suggesting 
that the enzyme may have evolved to remove these 
compounds. If this were the case, epoxide hydratase 
activity would be expected to be found in all mam- 
malian organs possessing microsomal monooxy- 
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genase capable of converting the ubiquitous polycyc- 
lic hydrocarbons to their epoxides. However, in ear- 
lier studies where a less sensitive assay was used, 
epoxide hydratase activity was only detected in rat 
liver and kidney and not in organs such as muscle, 
spleen, heart and brain [15, 16]. 

The question whether epoxide hydratase is ubiqui- 
tous in the mammalian organism, and whether organs 
exist whose epoxide hydratase activity is especially 
high (possibly indicating an endogeneous metabolic 
function of the enzyme) prompted the present distri- 
bution study. Moreover, the ability of Aroclor 1254, 
a known contaminant of human adipose tissue 
[17, 18] and human milk [19], to induce epoxide hyd- 
ratase in the liver and a number of extrahepatic tis- 
sues was investigated. The effect of this inducer on 
epoxide hydratase activity appeared of special interest 
since it stimulates the biosynthesis of phenobarbital 
as well as 3-methylcholanthrene inducible monooxy- 
genase activities [20], and because liver preparations 
from Aroclor 1254-pretreated rats are recommended 
for use in the activating system in mutagenesis screen- 


ing [21]. 


MATERIALS AND METHODS 


Chemicals. [*H]benzo[a]pyrene 4,5-oxide was pre- 
pared according to the method of Dansette and Jerina 
[22]. Synthesis, isolation and handling were per- 
formed under Argon and exclusion of light. The epox- 
ide was stored at —20° under Argon. The starting 
material, generally tritiated benzo[a]pyrene (21 Ci/m- 
mole), was obtained from the Radiochemical Centre, 
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Amersham, England and diluted to a sp. act. of 1.25 
mCi/m-mole. [7-*H]styrene oxide was synthesized as 
described [15]. Aroclor 1254 (a mixture of poly- 
chlorinated biphenyls) was provided generously by 
Monsanto Company, St. Louis, MO, USA. Other 
chemicals were of the purest grade commercially 
available. 

Animals. Adult male and female Sprague-Dawley 
rats {220-280 g) were obtained from Versuchstier- 
Zuchtanstalt WIGA, Sulzfeld, West Germany. Male 
NMRI mice (25-35 g) were a gift from Professor E. 
Pfeiffer, Institut fiir Hygiene, Universitat Mainz. 


Preparation of microsomes 


General. The animals were killed by cervical dislo- 
cation. The organs from groups of 3—5 animals were 
excised and pooled in ice-cold 1.15% KCl containing 
10mM K phosphate buffer pH 7.4. If necessary, the 
organs were freed from fat or other adhering tissues 
under a stereomicroscope. Organs (except for skin, 
see below) were minced and homogenized in about 
3 vol of 1.15% KCl containing 10mM K phosphate 
buffer pH 7.4 in a Potter-Elvehjem homogenizer. The 
homogenates were centrifuged at 10,000 g for 15 min 
and the resulting supernatant fractions were centri- 
fuged at 100,000g for 1 hr. The microsomal pellets 
were resuspended in the same medium which resulted 
in final concentrations of 1-5 mg protein/ml for all 
the tissues except for adrenal gland, fat (kidney), tra- 
chea and ovary where lower concentrations (0.25—0.5 
mg protein/ml) were obtained. 

Skin. After killing, the animals were shaved on the 
dorsal area (4 x 6cm) with an electric clipper and 
the remaining hair was removed using a scalpel. The 
shaved areas were pooled in ice-cold 1.15% KCl con- 
taining 10mM K phosphate buffer pH 7.4. The fol- 
lowing preparations were performed at 4°. The subcu- 
taneous fat tissue (subcutis) and then the deeper pink- 
ish layer (cutis) was removed using a scalpel. The 
remaining white epidermis was minced. After this sep- 
aration, it was estimated by morphological examin- 
ation that cross-contamination of the three skin frac- 
tions was less than 10 per cent. The three skin frac- 
tions were homogenized separately in about 5 vol. 
of 1.15% KCl containing 10mM K phosphate buffer 
pH 7.4 using an Ultra-turrax for five times 15sec at 
high speed. Samples were cooled for 5 min between 
each Ultra-turrax treatment. A much better yield of 
microsomal protein was obtained when using 1.15% 
KCI rather than 0.25M sucrose. The homogenates 
were centrifuged as described above. 

Protein concentrations were determined by the 
method of Lowry et al. [23] with bovine serum albu- 
min as standard. 

Assays. Epoxide hydratase activity was determined 
using the radiometric extraction assays with [*H]ben- 
zo[a]}pyrene 4,5-oxide [14] and [7-*H]styrene oxide 
[15] as substrates. The latter assay was performed 
under conditions described in [24] (without Tween 
80). Enzyme activities are corrected for 80 per cent 
recovery of benzo[a]pyrene-4,5-dihydrodiol and for 
86 per cent recovery of styrene glycol. 


RESULTS AND DISCUSSION 


Distribution of epoxide hydratase in the rat and 
mouse. Epoxide hydratase was measured in 25 organs 


and tissues and in the blood of male as well as in 
the ovary of female Sprague-Dawley rats using ben- 
zo[a]pyrene 4,5-oxide as substrate. Although undetec- 
table in whole blood under the conditions used, 
enzyme activity was found to be present in all the 
26 organs and tissues tested (Table 1). In earlier 
studies on the distribution of epoxide hydratase in 
rat organs where styrene oxide was used as substrate, 
enzyme activity could be detected only in liver and 
kidney, but not in spleen, brain, heart and muscle 
[15, 16]. This apparent discrepancy is most probably 
due to the higher sensitivity of this recently developed 
assay with benzo[a]pyrene 4,5-oxide as substrate, 
rather than to a separate enzyme being responsible 
for the hydration of benzo[a]pyrene 4,5-oxide (see 
below). 

Although the enzyme activity in some organs was 
very low, it could always be precisely determined. In 
all cases the activity of the microsomal sample was 
linear with respect to protein concentration and was 
at least twice the blank value, except for the prep- 
arations from muscle and prostate gland, which 
resulted in 60 per cent and 70 per cent above blank 
respectively. The relatively large variations of the sp. 
act. in fat and adrenal gland is probably due to the 
exceedingly low yield of microsomal protein in these 
tissues. 

In whole blood containing 0.79% sodium citrate, 
no activity could be detected, indicating that the low 
enzyme activity in some organs is not due to blood 
components present in the tissues. Sodium citrate, at 
the concentration used, showed no inhibitory effect 
on epoxide hydratase of rat liver microsomes. Lack 
of measurable epoxide hydratase activity in whole 
blood does not, of course, exclude the presence of 
the enzyme in a minor blood component, such as 
monocytes or stimulated lymphocytes. 

The highest epoxide hydratase activities were found 
in liver, testis, kidney, ovary and lung. The expec- 
tation that organs which come most directly in con- 
tact with environmental compounds would, as a con- 
sequence of induction by such compounds, or under 
evolutionary pressure possess especially high epoxide 
hydratase activities was not confirmed. Thus the sp. 
act. in skin, trachea, lung, tongue, oesophagus, mem- 
branous stomach, glandular stomach, small intestine, 
caecum and colon were all considerably lower than 
those of such internal organs as liver, testis and ovary, 
and of a similar order of magnitude to the remaining 
tissues. Also, the sp. act. in the three layers of skin, 
epidermis, cutis and subcutis were not very different 
from each other (Table 1). 

As can be seen from Table 2, in male NMRI-mice 
the distribution pattern of epoxide hydratase is quan- 
titatively quite different from that in the rat. Most 
surprisingly, the highest activity was found in the 
testis which had a sp. act. more than twice as high 
as the liver. Experiments to elucidate the role of epox- 
ide hydratase in this organ are in progress. In lung 
and skin the sp. act. were about the same for both 
species, whereas in liver and kidney of the mice they 
were 7—10 times lower than in the rat. Thus, the sp. 
act. of epoxide hydratase in kidney was considerably 
higher than in the lung and skin of the rat, whereas 
in the mouse the reverse was true. 

Induction by Aroclor 1254. Two groups of 3 male 
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Table 1. Epoxide hydratase activity in Sprague-Dawley rats measured with benzo[a]pyrene 4,5-oxide as substrate 





Specific activityt 





mg protein 
Organ* per assayTt Control Aroclor 1254§ 





Liver 0.07-0.32 6391 + 636(n = 8) 11359 + 708|| (n = 2) 
Testis 0.043-0.28 1472 + 247(n = 7) 1046 
Kidney 0.09-0.69 705 + 118(n = 8) 816 + 15(n = 2) 
Lung 0.11-1.0 362 + 46(n = 10) 378 
Adrenal gland 0.036-0.19 196, 322 

Fat (Kidney) 0.04-0.16 179, 249, 367 

Bladder 0.1-0.4 

Prostate gland 0.16-0.9 

Trachea 0.045-0.18 

Tongue 0.25-1.0 

Oesophagus 0.15-0.4 

Membranous stomach 0.4-1.48 

Glandular stomach 0.2-2.5 

Small intestine 0.2-1.6 

Caecum 0.33-1.34 

Colon 0.2-1.0 

Epidermis 0.24-1.5 

Cutis 0.2-1.0 

Subcutis 0.1-0.6 

Submaxillary gland 0.15—1.75 

Spleen 0.22-1.46 

Thymus 0.15-0.6 

Brain 0.2-0.8 

Heart 0.4-1.76 

Triceps muscle 0.67-2.68 ; 

Blood not detectable not detectable 
Ovary 0.024-0.048 556 — 





*The organs were taken from male Sprague-Dawley rats (220-280 g) except for the ovary which was taken from 
a female Sprague-Dawley rat (270 g). 

+ In this range the assay proceeded linearly with respect to protein concentration. 

t The sp. act. were determined using microsomes (exception: whole blood) and are given in pmoles benzo[a]pyrene 
4,5-dihydrodiol mg protein~' min~'. The values for liver, testis, kidney and lung represent the means of the stated 
number of experiments (n) + S.D., where for each experiment the organs of 3-5 animals were pooled and duplicate 
determinations at 2 different protein concentrations were performed. For the remaining tissues, each given value rep- 
resents the mean of single determinations at 3 different protein concentrations in an experiment conducted on the 
pooled organs of 3-5 animals. 

§ Two groups of 3 animals received a single dose of 300mg Aroclor 1254/kg body wt ip. 5 days before they were 
killed. 

|| P < 0.001. 


Sprague-Dawley rats (220-250 g) were treated by a Table 3. Epoxide hydratase activities with styrene oxide 
single intraperitoneal injection of Aroclor 1254 in and benzo[a]pyrene 4,5-oxide as substrate in rat liver, 
sunflower oil (300 mg/kg body wt), 5 days before they testis, kidney and lung 

were killed. Control animals received no oil, since in 
many previous experiments oil had no effect upon 
the epoxide hydratase activity (unpublished observa- 
tion). The organs of three animals were pooled. Styrene glycol BP-4,5-dihydrodiol 





Epoxide hydratase activities* 





pmoles pmoles 


1 1 


mg protein™ mg protein™ 
Table 2. Epoxide hydratase activity in male NMRI-mice Organ min”! min”! Ratiot 
measured with benzo[a]pyrene 4,5-oxide as substrate 





Liver 6776 + 726(n = 9) 6391 + 636(n = 8) 1.06 

mg protein Testis 1658 + 254(n = 3) 1472 + 253(n = 7) 1.13 
Organ per assayt Specific activityt Kidney 755 + 108(n = 6) 705+ 118(n = 8) 1.07 
Lung 456+ 43(n=4) 362+46(n=10) 1.26 











Liver 0.04-0.3 901 + 102(n = 7) 
Testis 0.05—0.2 2186 + 404(n = 3) * Values represent the means of the stated number of 
Lung 0.06-0.5 427 + 148 (n = 3) experiments (n) + S.D. For each experiment microsomes 
Skin* 0.03-0.9 174 + 20(n = 2) from pooled organs of 3-5 animals were prepared and 
Kidney 0.3-2.0 70 + 7(n = 3) enzyme activities determined in duplicates at 2 different 
Intestine 0.28-1.1 25 protein concentrations. 

+ The ratios are calculated from the means of the specific 
* Subcutis was removed. epoxide hydratase activities measured with styrene oxide 
+ See Table 1. to that measured with benzo[a]pyrene 4,5-oxide. 
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Table 4. Comparison of the sensitivity of the epoxide hydratase assays with styrene oxide and benzo[a]pyrene 4,5-oxide 
as substrate 





Product equivalents per assay (nmoles)* 





Incubation 
time 


Rat skin 


Substrate Blank microsomes 





4.01 + 0.23 ; ; 13 
5.89 + 0.53 ‘ . 22 
9.14 + 0.58 ; : 27 
15.35 + 0.65 : i 29 


[°H] Styrene oxide 


0.40 + 0.04 .78 + 0! 95 
0.39 + 0.02 .60 + 0! 310 
0.41 + 0.04 ra = 570 
0.42 + 0.05 1100 


[3H Jbenzo[a]pyrene-4,5-oxide 





* Values represent means of triplicate determinations + S.D. using boiled (blank) and active rat skin microsomes 


(0.8 mg protein/assay). In the values shown for the active samples blanks are not subtracted. 


As can be seen from Table 1, epoxide hydratase 
activity in the liver was increased to 175 per cent 
of the control level, whereas in the extrahepatic tis- 
sues investigated the enzyme activity was not signifi- 
cantly altered. 

Ratio of epoxide hydratase activities with styrene 
oxide and benzo[a]pyrene 4,5-oxide in rat liver, kidney, 
lung and testis. The apparent lack of epoxide hydra- 
tase in some organs, when sytrene oxide was used 
as substrate [15,16] could be explained by the pres- 
ence of two different enzymes responsible for the hyd- 
ration of styrene oxide and benzo[a]pyrene 4,5-oxide. 
However, when epoxide hydratase activity in liver, 
kidney, lung and testis of the rat was determined with 
both substrates, the ratios of the sp. act. of the two 
substrates were very similar in these four organs 
(Table 3). This suggests that, at least in these organs, 
there is only one enzyme responsible for the hyd- 
ration of the two substrates, unless the two different 
enzymes were always present in the same ratio in the 
different organs. This finding agrees with a recent im- 
munoprecipitation study in which it was shown that 
epoxide hydratase activities in solubilised rat liver 
microsomes towards styrene oxide and benzo[a]- 
pyrene 4,5-oxide precipitated simultaneously when 
titrated with antiserum raised against homogeneous 
epoxide hydratase [25]. 

The ratio of epoxide hydratase activity with styrene 
oxide as substrate as compared to that with benzo[a]- 
pyrene 4,5-oxide as substrate cannot readily be deter- 
mined in organs with low epoxide hydratase activity. 
Although the maximal velocity for the hydration of 
the two substrates were very similar in all the organs 
that were investigated (Table 3), the assay with ben- 
zo[a]pyrene 4,5-oxide is much more sensitive than 
that with styrene oxide as substrate. As can be seen 
from Table 4, this is due to marked differences in 
the behavior of the blank with respect to incubation 
time. With styrene oxide the blank after 5 min incuba- 
tion corresponded to about 4nmoles styrene glycol 
and increased, due to the non enzymic hydration, 
almost linearly up to 15.3 nmoles after 60 min incuba- 
tion. This relatively high and increasing blank limits 
the detectability of very low enzyme activities with 
this assay. In contrast, the blank in the assay with 
benzo[a]pyrene 4,5-oxide as substrate was 10 times 


lower after 5 min incubation (i.e. corresponding to 
0.4 nmoles product), but even more important, it was 
found to be independent of the incubation time, 
which resulted in a 38 times higher sensitivity after 
60 min incubation. We therefore believe, that the 
apparent lack of epoxide hydratase activity in many 
organs, when measured with styrene oxide as sub- 
strate [15, 16], is most probably due only to the lower 
sensitivity of the assay used in these studies and not 
to the presence of a different enzyme. 

In conclusion, epoxide hydratase was demonstrated 
to be a very widely distributed enzyme in the rat with 
a surprisingly high activity in testis. Such activity may 
be taken to indicate an endogeneous function of this 
enzyme in the testis or else a protective function 
against mutagenic epoxides in this germinative gland. 
Aroclor 1254 was found to induce epoxide hydratase 
in rat liver, but not in the extrahepatic tissues investi- 
gated. This finding may have significance for muta- 
genicity tests with compounds activated via epoxides 
when liver microsomes from Aroclor 1254-pretreated 
rats are used in the activating system as recom- 
mended [21]. 

The ratios of the sp. act. with styrene oxide and 
benzo[a]pyrene 4,5-oxide as substrates was found to 
be very similar in liver, lung, kidney and testis of 
the rat. This is in agreement with the assumption that 
in all these organs a single enzyme is responsible for 
the hydration of both substrates. 
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Abstract 


Pentobarbital administered to rats in vivo increased the levels of acetylcholine (ACh) in 


the cerebral cortex, striatum, hippocampus and pons-medulla but not in the midbrain or cerebellum. 
It has been suggested that the increased levels of ACh may be the result of an inhibition of release 
of the transmitter. However, when pentobarbital was tested in vitro, it inhibited potassium-stimulated 
ACh release from all regions. Release of ACh and tissue levels of ACh were compared directly in 
cerebral cortex and midbrain in vitro. Stimulation with 25 and 50mM KCI enhanced ACh release 
from both regions but decreased tissue ACh only in the cerebral cortex. Pentobarbital inhibited potas- 
sium-stimulated ACh release from both regions but only increased tissue ACh in the cerebral cortex 
(stimulated with 25mM KCl). These results suggest that the regulation of ACh synthesis and release 
is different in the two brain regions and that pentobarbital can inhibit ACh release without necessarily 


causing a concomitant rise in ACh tissue levels. 


Barbiturates have long been known to increase brain 
levels of acetylcholine (ACh) when they are given in 
vivo [1-5]. In addition, these drugs have also been 
shown to decrease the release of ACh from the surface 
of the cerebral cortex in vivo [6-8], from the stimu- 
lated, perfused superior cervical ganglion [9], and 
from cerebral cortex slices incubated in vitro [10, 11]. 
In the case of the barbiturates, as well as with other 
classes of drugs and other treatments, it has been pro- 
posed that increased levels of ACh are the result of 
the inhibition of ACh release and a subsequent ac- 
cumulation of the transmitter [12-15]. 

However, this proposal has not been tested directly 
for the barbiturates. Therefore, we have compared the 
effects of pentobarbital on tissue levels of ACh and 
the release of this transmitter from different regions 
of rat brain. The results suggest that the regulation 
of ACh levels in the tissue is different in the cortex 
and the midbrain and that an inhibition of ACh 
release by pentobarbital is not always associated with 
a rise in tissue ACh levels. 


METHODS 


Tissue preparation. To determine the effect of pen- 
tobarbital on brain ACh levels, male Wistar rats 
(200-300 g) were injected with 50 mg/kg of sodium 
pentobarbital (Sigma Chemical Co.) or 0.9% NaCl ip. 
30 min before they were killed by near-freezing in 
liquid nitrogen [16]. The brains were dissected in a 
cold box (— 20°) into six regions. After a dorsal mid- 
line incision, the cerebral cortex was laid back and 
both hippocampi were removed. The striatum (cau- 





*A preliminary account of portions of this work was 
presented to the Fall Meeting of the American Society for 
Pharmacology and Experimental Therapeutics, Davis, 
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date nucleus, putamen and pallidum) was removed 
bilaterally by dissecting it away from the cortex. The 
septum was included with the striatum. The cerebel- 
lum was removed by severing the cerebellar pedun- 
cles. After complete separation of the cerebral cortices 
(only one of which was used) a cut immediately cau- 
dal to the colliculi isolated the pons-medulla from 
the midbrain. The pons-medulla was separated from 
the spinal cord 3mm caudal to the obex. The brain 
regions were individually wrapped in aluminum foil, 
frozen in liquid nitrogen, and stored at —70° until 
assayed for ACh. 

To determine the amount of pentobarbital in each 
brain region, rats were injected i.p. with 50 mg/kg of 
sodium pentobarbital containing ['*C]-(ring)-pento- 
barbital (New England Nuclear), 0.025 mCi/m-mole, 
and killed 30min later by near-freezing. The same 
brain regions described above were dissected at — 20°, 
weighed, and homogenized at 0° in 1 ml of 0.5M 
sodium acetate, pH 5.0. A 500-1 sample of the homo- 
genate was counted in 12 ml Aquasol (New England 
Nuclear). Portions of some homogenates (300 yl) were 
extracted to separate unchanged pentobarbital from 
polar metabolites [17]. 

Rats were killed by decapitation for superfusion 
studies in vitro. The brain was removed and dissected 
on a petri dish on ice into the regions described 
above. Each region was weighed and then prisms 
were prepared by cutting at 0.4-mm intervals in two 
planes at a 45° angle with a Brinkman—Mcllwain tis- 
sue chopper. The slices were suspended in 5 ml of 
incubation medium and the total suspension was 
loaded into a 25-mm Swinnex (Millipore Corp.) and 
superfused with medium at 37° at 0.5 ml/min as de- 
scribed previously [18]. The medium contained 
(mM): 120 NaCl, 0.75 CaCl,, 1.2 MgCl, 1.2 
KH,PO,, 25 NaHCO;, 10 glucose, either 5, 25 or 
50 KCI and either 10~* M eserine (physostigmine sul- 
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fate, Sigma Chemical Co.) or 10°°M_ paraoxon 
(diethyl-p-nitrophenylphosphate, Sigma Chemical Co.) 
and was continuously bubbled with 5% CO,/95% O, 
(final pH, 7.5). When 25 or 50mM KCI was used, 
no adjustments were made in the concentrations of 
other ions. Sodium pentobarbital was included in the 
medium as indicated in Results. Samples of superfu- 
sate (2.5 ml) were collected as timed fractions (5 min) 
with a fraction collector. Tissue was recovered by 
forcing excess medium out of the Swinnex with a 
syringe filled with air, and transferring the tissue with 
a spatula to a homogenizer containing | ml of the 
medium with which the tissue had last been perfused. 
The tissue was homogenized on ice with eight strokes 
of a pestle rotating at 840 rev/min. 

In some experiments 0.25-g portions of sliced cere- 
brum (including the cerebral cortex, hippocampus, 
striatum and midbrain) were superfused with 5mM 
KCI medium containing paraoxon and ['*C]pento- 
barbital (5 x 10~* M, 0.02 wCi/umole) or ['*C]pento- 
barbital and [*H]inulin (1 x 10~7 M, 300 pCi/pumole, 
Amersham-Searle Corp.). 

ACh assays. ACh in frozen brain regions was 
extracted and measured by the method of Goldberg 
and McCaman [19] as modified by Richter and Shea 
[20]. ACh in 1-ml superfusate samples and in 500 pl 
of the homogenized tissue slices was assayed using 
modifications described by Richter [18]. Blanks and 
standards were routinely prepared in incubation 
medium, since preliminary tests showed that the con- 
centrations of KCI, pentobarbital, paraoxon and eser- 
ine used did not affect the assay. In some assays 
ATP-choline. phosphotransferase (EC 2.7.1.32) from 
Sigma Chemical Co. was used. It was also found that 
ACS scintillation solution (Amersham-—Searle Corp.) 
could be used as well as Aquasol (New England Nuc- 
lear). 

Scintillation counting and calculations. Samples were 
counted in 12 ml of scintillation solution in a model 
3375 Packard scintillation counter. Internal standards 
were used to determine counting efficiency, and when 
two isotopes were counted, the results were corrected 
for overlap. Results are expressed as the amount of 
ACh or pentobarbital in samples derived from 1g 
(wet weight) of tissue + S. E. M. Student’s t-test was 


Table 1. Effects of pentobarbital in 
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used to determine statistical significance (P < 6.05) of 
differences between means. 


RESULTS 


The amount of ACh in six regions of rat brain was 
measured 30 min after an i.p. injection of saline or 
50 mg/kg of sodium pentobarbital. The barbiturate 
caused an increase in ACh in the hippocampus, cor- 
tex, striatum and pons-medulla but no increase in the 
midbrain or the cerebellum (Table 1). This differential 
effect was not the result of a regional concentration 
of the drug in the brain. Using ['*C]pentobarbital, 
we found the drug to be highest in the pons-medulla 
and lowest in the cerebral cortex. The small differ- 
ences in drug distribution showed no correlation with 
the effect on ACh (Table 1). No more than 13 per 
cent of the radioactivity behaved as polar metabolites. 

Preliminary experiments in vitro indicated that pen- 
tobarbital had a smaller effect on stimulated ACh 
release when it was introduced at the same time as 
50 mM KCl compared to its effect when it was added 
to the 5mM KCI medium for 50 min of superfusion 
before stimulation with 50 mM KCl. When ['*C]pen- 
tobarbital was used to determine the partition of pen- 
tobarbital between the tissue and the medium, it was 
found that the amount of radioactivity in the tissue 
reached a stable level between 45 and 60min after 
superfusion began; the pattern of loss of ['*C]pento- 
barbital from the tissue when superfusion was 
switched to medium without the drug was a mirror 
image of the accumulation. In another experiment, 
the accumulation of inulin and pentobarbital was 
determined in six tissue samples 60-75 min after 
superfusion began. The ratio of substance/g of tissue 
(initial wet weight) to substance/ml of medium was 
2.93 + 0.11 for ['*C]pentobarbital and 0.57 + 0.016 
for [*H]inulin. The higher value for the inulin space 
compared to reported values of 0.38 to 0.40 for incu- 
bated brain cortex slices [21,22] could be explained 
in part by the adherence of some medium to the tissue 
and the effect of using aliquots of suspensions of cere- 
brum prisms on the accuracy of the estimate of the 
initial wet weight. In all further experiments, pento- 
barbital was added at the beginning of superfusion, 


vivo'on ACh in regions of rat brain* 





ACh in 
control 
(nmoles/g) 


Tissue wt 


Region (mg) 


ACh in 
PB-treated 
(nmoles/g) 


Per cent PB 
change (nmoles/g) 





Cerebral cortex 403 + 7.4 14.3 + 0.64 
(one half) 

Hippocampus 110 

Striatum 148 

Pons-medulla 173 

Midbrain 332 


Cerebellum 


I+ 


19.2 + 0.70 
36.8 + 2.4 

19.6 + 0.64 
26.5 + 0.76 
4.18 + 0.38 


I+ I+ I+ I+ 
Wr Say 
Ne Siow’ 


tr 
> 

_) 
a 
wn 


152.0 + 4.4 


160.0 + 4.3 
1720-£'5.5 
188.0 + 2.0 
161.0 + 6.2 
156.0 + 8.0 





* Rats were given 50 mg/kg of sodium pentobarbital (PB), normal saline or 50 mg/kg of sodium ['*C]pentobarbital 
(0.025 mCi/m-mole) i.p. 30 min before killing by the near-freezing method. Brains were dissected at —20° and ACh 
or ['*C]pentobarbital was determined in the individual regions as described’ in Methods. The mean is given 


+ S. E. M.; N = 8-9 in each group. 


+ Indicates a significant change from control (P <0.05). The amount of pentobarbital in the pons-medulla was signifi- 
cantly higher than in all other regions, and the amount in the striatum was significantly higher than that in the 


cerebral cortex. 
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Fig. 1. Effect of pentobarbital on acetylcholine (ACh) release from superfused slices of different regions 
of rat brain. Rats were decapitated and the appropriate brain region was prepared for superfusion 
as described in Methods. The tissue was superfused at 0.5 ml/min with 5mM KCl-eserinized medium 
with or without 5 x 10°*M pentobarbital. After 50 min the superfusing medium was changed to one 
containing 50mM KCl, eserine and 5 x 10°*M pentobarbital where indicated. The effluents were 
collected in 2.5-ml fractions, and 1.0-ml portions were assayed for ACh as described in Methods. 


Results are means + S. E. M. of the number of samples given in parentheses. Key: (— 


) control, 


) pentobarbital. 


and stimulation was begun at 50 min when the tissue 
and medium had reached equilibrium with respect to 
pentobarbital. 

The effect of pentobarbital on ACh release from 
all regions (except the cerebellum) was examined by 
superfusing slices of these regions with medium con- 
taining 5 x 10°* M pentobarbital and eserine as the 
cholinesterase inhibitor. As shown in Fig. 1, pentobar- 
bital inhibited K*-stimulated release (50mM KCI 
medium) from all regions studied. Unstimulated ACh 
release (described by the 45-50 and 50-55 min collec- 
tion points when the higher K* concentration has 
not yet affected the ACh released in the superfusate) 
was inhibited by pentobarbital only in the striatum. 
In the cerebral cortex and the striatum, other concen- 
trations of pentobarbital were also studied and a 
dose-related effect of the drug on stimulated release 


was observed (Fig. 2). In the cerebral cortex 5 x 
10°*M_ pentobarbital had a large effect, and a 
smaller, but statistically significant inhibition occurred 
at 1 x 10°*M pentobarbital. No statistically signifi- 
cant effect occurred at 2 x 10°°M, although a 
tendency to increased release was seen. In the stria- 
tum, the inhibition by 5 x 10~* M pentobarbital was 
less marked than in the cortex and 1 x 10~*M had 
no effect. The effect of 5 x 10°*M pentobarbital on 
the striatum was only observed at the time of peak 
ACh release (Figs. 1 and 2). In one experiment (not 
shown), 1 x 10°? M pentobarbital inhibited the peak 
of K*-stimulated ACh release from the striatum by 
more than 90 per cent. 

These results suggested that the inhibition of ACh 
release may not be related to the increase in brain 
ACh levels, since the drug inhibited release in the 
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Fig. 2. Effect of different pentobarbital concentrations on K*-stimulated ACh release from cerebral 

cortex and striatum. Details are as in Fig. 1 except that the concentrations of pentobarbital (PB) 

are noted on the figure. Note the different ordinate scales. In this figure also, the average value of 

the resting ACh release (45-50 and 50-55 min samples) was subtracted from the subsequent K * -stimu- 
lated samples before the mean was computed. 
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Fig. 3. Effect of pentobarbital on ACh release from superfused cerebral cortex slices. Slices of rat 


cerebral cortex were prepared and superfused as 


described in Methods in a medium containing 


1 x 10°°M paraoxon as the cholinesterase inhibitor. After 50min of superfusion with 5mM KCI 
medium with or without 5 x 10°*M pentobarbital (PB), the superfusing medium was changed to 
a medium containing 25 or 50 mM KCl and 5 x 10°* M pentobarbital as indicated. Samples of superfu- 
sate were collected and assayed for ACh as described in Methods. Results are means + S. E. M. 
for the number of samples given in parentheses. The lines describing unstimulated release (5 mM 
KCI + pentobarbital) can also be compared with the data in the right panel but were not reproduced 


there to avoid confusion. The statistical significance 


of differences between various treatments is indi- 


cated in the text. 


midbrain but did not change ACh levels in this region 
after administration in vivo. However, ACh tissue 
levels and release were determined in quite different 
circumstances which it might not be valid to compare. 
In order to compare tissue levels and release in one 
system, we looked at the change in tissue ACh after 
stimulating ACh release in vitro. We did this using 
the organophosphate derivative paraoxon instead of 
eserine as the cholinesterase inhibitor, since no de- 
crease in cerebral cortex ACh during K *-stimulation 
occurred in the presence of another organophosphate 
inhibitor, soman, in contrast to eserine [23]. How- 
ever, we found that when the tissue was continuously 
superfused in the presence of paraoxon, decreases in 
tissue ACh were seen in the cortex after K *-stimula- 
tion but not in the midbrain (see Fig. 5). 

When the cerebral cortex was superfused in the 
presence of paraoxon, 5 x 10°*M pentobarbital in- 
hibited the release of ACh by 50mM KCI (Fig. 3). 
Stimulation with 25 mM KCI released less ACh than 
50mM KCl, and pentobarbital in combination with 
25mM KCI resulted in very littlhe ACh release 


although the values at each time point were signifi- 
cantly different by the t-test from unstimulated release 
in the presence of pentobarbital (Fig. 3). 

After 50 min of superfusion with medium contain- 
ing 5mM KCI there were 24.3 nmoles ACh/g in the 
cortex and this value did not change after an ad- 
ditional 90min of superfusion (see Fig. 5). When 
5 x 10°*M pentobarbital was present in the 5mM 
KCI medium, the cortical ACh decreased transiently 
(after 50 min superfusion) but returned to the control 
level after a further 90 min of superfusion. Stimulation 
with 50mM KCI reduced the amount of ACh in the 
cortex to 10.6nmoles/g, and the blockade of ACh 
release produced by pentobarbital in this situation 
(Fig. 3) corresponded to a small but statistically insig- 
nificant increase in tissue ACh (see Fig. 5). When cor- 
tex slices were stimulated with 25 mM KCl, the tissue 
ACh content decreased compared to control, but the 
decrease was not as great as that caused by 50 mM 
KCl. In this situation of lesser stimulation, in which 
the barbiturate inhibited release more extensively, the 
barbiturate significantly increased tissue ACh so that 
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Fig. 4. Effect of pentobarbital on ACh release from superfused midbrain slices. Details are as in Fig. 3. 





Effect of PB on the regulation of ACh content and release 613 





Cortex Midbrain 





Ocontrol 
W55x107M Pentobarbital 5 
4 


b 
oO 
i 


4 


nmoles/g 
Ww 
re) 
| 

















140 
Superfusion, 


Fig. 5. Effect of pentobarbital and potassium stimulation 
on superfused cerebral cortex and midbrain slices. Slices 
were collected from the Swinnex after the indicated length 
and conditions of superfusion in paraoxon-containing 
medium and were assayed for ACh as described in 
Methods. Values are the means + S. E. M. for the number 
of samples given above each bar. The statistical signifi- 
cance of differences between various treatments is indicated 
in the text. 


it was equal to the level in control tissue. Thus, treat- 
ment of cortex with pentobarbital during stimulation 
with 25mM KCI blocked ACh release and at the 
same time increased cortical ACh back to unstimu- 
lated levels. 

In the midbrain superfused in the presence of para- 
oxon, 50mM KCI caused a slightly smaller release 
of ACh compared to that seen in the cortex (compare 
Figs. 3 and 4). A similar difference was also seen when 
the stimulation was done in the presence of eserine 
(Fig. 1). A much greater difference in ACh release 
from the two brain regions was observed in response 
to 25mM KCI which released very little ACh from 
the midbrain (Fig. 4, compare with Fig. 3). Pentobar- 
bital completely blocked the 50mM _ KCl-induced 
release of ACh from the midbrain as well as the small 
release caused by 25mM KCI (Fig. 4). 

In the midbrain after 140 min of superfusion in 
medium containing 5mM KCI, there was no statisti- 
cally significant increase in tissue ACh compared with 
50 min superfusion (Fig. 5). At both 50 and 140 min, 
5 x 10°*M pentobarbital did not change the ACh 
content of unstimulated tissue. In contrast to the cor- 
tex, stimulation of ACh release from the midbrain 
with 50mM KCI did not cause a large or statistically 
significant decrease in tissue ACh levels, nor was there 
a decrease in tissue ACh after treatment with 25 mM 
KCl. While pentobarbital blocked ACh release from 
the midbrain induced by 25 or 50 mM KCl there was 
no corresponding rise in tissue ACh levels such as 
was seen in the cerebral cortex when a 25mM KCI- 
induced release was blocked by pentobarbital (Fig. 
5). 


DISCUSSION 


Peniobarbital given in vivo increased ACh in the 
cerebra! cortex, striatum and hippocampus, had a 
small but significant effect in the pons-medulla, and 
did not change ACh levels in the midbrain or cerebel- 
lum. These results are in general agreement with other 


reports in which the effects of barbiturates on ACh 
in different brain regions were compared [24-26]. In 
order to test the effect of pentobarbital on ACh 
release from these brain regions, we used a super- 
fusion system in vitro. Potassium-stimulated release 
of ACh in vitro was inhibited by the drug in all 
regions. 

It is recognized that the concentration of pentobar- 
bital used in vitro was relatively high. A weighted 
average of the brain levels of pentobarbital 30 min 
after 50 mg/kg ip. was 0.16 umole/g or approximately 
2 x 10°*M. Goldstein and Aronow [27] found that 
at equilibrium pentobarbital in vivo achieved a ratio 
of 3 between brain tissue and plasma water and this 
figure agrees with our findings in our superfusion sys- 
tem in vitro. Thus, to mimic the situation in vivo dur- 
ing superfusion in vitro with salt solutions, 5 x 
10-°M_ pentobarbital would be more appropriate 
than 5 x 10°*M. From Fig. 2 it can be seen that 
this former concentration would be ineffective in inhi- 
biting K*-stimulated ACh release in the striatum 
since 1 x 10~*M did not inhibit release. In the cere- 
bral cortex, however, 1 x 10°*M significantly in- 
hibits release and 5 x 10°°M might also have an 
effect. The midbrain appeared to be more sensitive 
than the cortex (see Figs. 1, 3 and 4), such that 
5 x 107° M might inhibit ACh release in this region. 
Differences between states in vitro and in vivo, how- 
ever, make it difficult to compare effective concen- 
trations exactly. 

The cerebral cortex and the midbrain were studied 
further as examples of regions in which an increase 
and no increase in ACh levels occurred after adminis- 
tration in vivo of pentobarbital. While inhibiting ACh 
release from both regions in vitro, the barbiturate in- 
creased tissue ACh levels only in the cortex. These 
data suggest that, in vivo as well, there may be an 
inhibition of ACh release in midbrain regions after 
pentobarbital even though no change in tissue levels 
of ACh is seen. Therefore, there need not necessarily 
be a contradiction, suggested by Nordberg and Sund- 
wall [26], between the lack of effect of barbiturates 
on brain stem ACh levels and the proposal that this 
is a primary site of action of these agents [28]. 

The data reported here also demonstrate a differ- 
ence in the regulation of tissue levels of ACh in the 
cerebral cortex and the midbrain in several ways. 
While the levels of ACh found after near-freezing (and 
presumably occurring in vivo) were lower in the cere- 
bral cortex than in the midbrain (see Table 1), after 
decapitation and superfusion for 50 min in physiologi- 
cal medium, the content of ACh in the two regions 
was nearly identical (see Fig. 5). Stimulation by 
50mM KCI released a similar amount of ACh from 
both regions, 36.3 nmoles/h/90 min from cortex and 
32.4 nmoles/g/90 min from midbrain (calculated by 
the area under the curves, Figs. 3 and 4). However, 
this release was accompanied by a decrease in the 
cortex ACh content (12.8 nmoles/g or a 55 per cent 
decrease), whereas there was no change in ACh in 
the midbrain. Pentobarbital more effectively blocked 
ACh release from the midbrain than from the cortex 
(seen particularly during stimulation with 50mM 
KCl), but increased tissue ACh only in the cortex 
(seen particularly during stimulation with 25mM 
KC)). 
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These data on the cerebral cortex confirm the find- 
ings of Szerb et al. [29] that the tissue content of 
ACh and the release of ACh are inversely related in 
the cat cerebral cortex after various treatments in- 
cluding pentobarbital. However, the data presented 
here suggest that tissue ACh levels are more readily 
altered in the cerebral cortex than in the midbrain 
and that synthesis and release of ACh are not coupled 
in the same way in these two brain regions. Regional 
differences in the utilization of choline for phosphati- 
dyl choline synthesis [30], and the turnover of ACh 
[31] also support the possibility of differences in the 
regulation of the cholinergic system in different brain 
regions that may not be solely related to the number 
of cholinergic terminals in these regions. While differ- 
ences in the maximum velocity for high affinity cho- 
line uptake in different brain regions [32,33] may 
be ascribed to a variation in the number of choliner- 
gic nerve endings [33], alterations in the V,,,, by 
various treatments [34] suggest this may not be the 
only possible explanation. ‘ 

Other regional differences in the effects of pento- 
barbital on the cholinergic system in addition to those 
described here have also been found. For example, 
while pentobarbital decreased turnover or utilization 
of ACh in whole brain [35-37], when different regions 
of the rat brain were examined, the barbiturate de- 
creased ACh turnover in the cortex but not in the 
striatum [37]. An increase in striatal ACh content 
and a reduction in the conversion of choline to ACh 
in the striatum were observed, however. Pentobarbital 
administered in vivo has also been shown to inhibit 
sodium-dependent high affinity choline uptake 
(measured in vitro) in the hippocampus but not in 
the striatum even though pentobarbital increased 
ACh in both regions [37-39]. 

If there are differences in ACh regulation in differ- 
ent brain regions, several mechanisms might be con- 
sidered. It is possible that there are intrinsic differ- 
ences in cholinergic neurons of a qualitative or a 
quantitative nature. The differences we have found 
and others mentioned above may be manifestations 
(either separately or conjointly) of a regional speciali- 
zation of cholinergic neurons. Alternatively, the differ- 
ences may be the result of regional variations in the 
input the cholinergic neurons receive from neurons 
which utilize other transmitters. Among the known 
putative transmitters, norepinephrine has been shown 
to stimulate choline uptake [40] and choline acetyl- 
transferase [41], and serotonin was found to inhibit 
acetylcholinesterase [42] and to stimulate ACh 
release in certain areas of the hypothalamus [43]. The 
amount of input from these or other specific neuron 
types onto the cholinergic neurons and, as a conse- 
quence, the degree of responsiveness of the cholinergic 
neurons to these other transmitter substances may 
differ in the cortex and the midbrain. 

The regional differences found in the effect of pen- 
tobarbital on cholinergic function could be explained, 
therefore, by (1) intrinsic differences in cholinergic 
neurons; (2) differences in the modulation of choliner- 
gic function in different regions by other neurotrans- 
mitters which change the response of cholinergic 
neurons to pentobarbital; and (3) an effect of pento- 
barbital on noncholinergic neurons which then results 
in an indirect effect of the drug on the cholinergic 


system dependent on the connections existing in dif- 
ferent regions of the brain. These possibilities are not 
entirely exclusive. If, as Blaustein and Ector [44] have 
suggested, the barbiturates act by interfering with cal- 
cium uptake during the release process, they would 
be expected to inhibit the calcium-dependent release 
of all transmitters. This action might lead to both 
direct and indirect effects on cholinergic function. 
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Abstract—Guinea pig liver microsome UDP glucurony! transferase and UDPGA were incubated with 
the radioactive antithyroid drugs 6-n-propyl-2-thiouracil (PTU), I|-methyl-2-mercaptoimidazole (methi- 
mazole, MMI) and 2-thiouracil (TU). Radioactive metabolites were produced with PTU and thiouracil 
and, in each case, were identified as the corresponding f-glucuronide conjugate. No measurable glucur- 
onidation of MMI was observed. Kinetic studies with the microsomal preparation demonstrated a 
K,, value of 7.2 x 10°* M for PTU and 6.7 x 10>? M for thiouracil. Glucuronide conjugation of 
PTU was linear for | hr, declining thereafter while conjugation of phenolphthalein was linear for 
2 hr. Conjugation of phenolphthalein by microsomes stored in 0.154 M KCI at —20° for 14 days 
was 41 per cent higher than in fresh microsomes, whereas conjugation of PTU was 67.4 per cent 
lower. PTU glucuronidation did not occur in the absence of UDPGA and was essentially linear with 
respect to enzyme concentrations. Under the same conditions, spontaneous N-glucuronidation of PTU 
by glucuronate was not measurable. The pH optimum for PTU glucuronidation was 8.0 and similar 
to the broad optimums of 7.3 to 7.9 for UDP glucuronyl transferases from a variety of sources rather 
than to non-enzymatic N-glucuronidation, which has a reported pH optimum of 3-4. The conjugating 
enzyme for PTU was located primarily in the guinea pig liver microsomes with this fraction exhibiting 
75 per cent of the total activity of whole homogenates. PTU conjugation was inhibited by MMI 
but not by thiouracil, thiourea or 6-methyl-2-thiouracil. The results obtained demonstrate that 6-glucur- 
onide conjugation of the antithyroid drugs PTU and thiouracil, but not MMI, is readily catalyzed 


by a guinea pig liver microsomal UDP glucurony] transferase in vitro. 


Several metabolites have been observed in body fluids 
after the administration of the radioactive antithyroid 
drugs 6-n-propyl-2-thiouracil (PTU) or 1-methyl-2- 
mercaptoimidazole (methimazole, MMI), the current 
drugs of choice in the treatment of hyperthyroidism. 
Urinary metabolites of PTU which have been identi- 
fied include sulfate [1], PTU glucuronide [1-4], S- 
methyl-PTU [1], and propyluracil [1]. The identity 
of PTU disulfide, which was suggested in analyses 
of highly alkalinized guinea pig urine [5], has not 
been confirmed. The major identifiable PTU metabo- 
lite in urine is PTU glucuronide, which has been 
reported to account for 16-60 per cent [1,4] of the 
total radioactivity in this fluid after the administra- 
tion of ['*C]PTU or [°°S]PTU. There is general 
agreement that PTU. glucuronide is also the major 
metabolite in bile and plasma [1-5] and is accom- 
panied by small amounts of sulfate and unaltered 
PTU. Glucuronides of PTU metabolites are also pres- 
ent in small amounts in bile. 

The only metabolite of MMI positively identified 
is sulfate, which has been reported as a minor meta- 
bolite in bile [3], plasma [6], and urine [6] and as 
a major metabolite in the thyroid [6]. Several un- 
identified metabolites have been observed in bile and 
urine. Unlike PTU, no glucuronide of unaltered MMI 
has been reported but a glucuronide of an MMI 
metabolite is a major metabolite in bile [3]. 

The observations described above demonstrate that 
glucuronidation is a major pathway for the metabo- 
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lism of the thionamide antithyroid drugs. However, 
enzymatic glucuronidation of these drugs has not 
been previously studied. The formation of glucur- 
onides is usually catalyzed by UDP glucuronate glu- 
curonyl transferase (UDP glucurony]l transferase, EC 
2.4.1.17) localized in the microsomal cell fraction. 
Adult liver appears to contain the highest activity of 
this enzyme/mg of microsomal protein with guinea 
pig liver being an especially rich source [7,8]. The 
primary objectives of the present study are to deter- 
mine if glucuronidation of the antithyroid drugs PTU, 
MMI and thiouracil (TU) can be demonstrated with 
UDP glucuronyl transferase from guinea pig liver 
microsomes in vitro and to determine some of the 
properties of the enzyme system with respect to the 
antithyroid drug substrates. 


MATERIALS AND METHODS 


Materials. [2-'*C]PTU was obtained from Mal- 
linckrodt/Nuclear at a specific activity of 3.78 pCi/ 
umole, [2-'*C]thiouracil from Amersham-—Searle 
Corp. at a specific activity of 59 pCi/umole and 
[2-'*C]MMI from New England Nuclear Corp. at 
a specific activity of 3.8 wCi/umole. [2-'*C]PTU glu- 
curonide was isolated and purified from rat bile or 
urine after the administration of [2-'*C]PTU as pre- 
viously described [1]. Thiouracil, thiourea, PTU, 
6-methyl-2-thiouracil (MTU), uridine-5’-diphospho- 
glucuronic acid (UDPGA), f-glucuronidase (type 
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B-10 from bovine liver), D-saccharic acid-1, 4-lactone, 
and phenolphthalein were obtained from Sigma 
Chemical Co. and MMI was obtained from Eli Lilly 
& Co. Bio-Gel P-2 (200-400 mesh) was obtained from 
Bio-Rad Labs and DEAE-Sephadex (A-25) from 
Pharmacia Fine Chemicals, Inc. Chromatographic 
sheets of cellulose (No. 6064) and silica gel (No. 6061) 
were obtained from Eastman Kodak and sheets of 
Baker-flex cellulose DEAE from J. T. Baker Co. 

Glucuronidation of antithyroid drugs. Guinea pig 
microsomes were prepared by a modification of the 
method of Pogell and Leloir [9]. Young adult male 
guinea pigs (300-400 g) were fasted overnight and sac- 
rificed by exsanguination while under light ether anes- 
thesia. The livers were quickly removed and hom- 
ogenized in 4 vol. of cold 0.154 M KCl in a Potter 
Elvehjem homogenizer. The homogenate was centri- 
fuged at 2,000 g for 10 min, the pellet was discarded 
and the supernatant was centrifuged at 105,000 g for 
60 min. This pellet was washed once with the original 
volume of KCI and centrifuged at 105,000 g for 30 
min. The resulting pellet was brought up in 0.4 of 
the original homogenate volume with 0.154 M KCl. 
This preparation served as the source of UDP glucur- 
onyl transferase and was used when freshly prepared 
or after lyophilization and reconstitution with H,O. 
Lyophilized microsomes stored at —20° retained 
UDP glucurony] transferase activity for several weeks 
and were frequently used for economy and con- 
venience. 

Incubation mixtures usually contained 0.1 pmole 
of the radioactive anti-thyroid drug (dissolved with 
warming in buffer), 20 «moles of Tris-HCI buffer (pH 
8.0), 0.2 umole D-saccharic acid-1,4-lactone, 0.5 umole 
UDPGA and 0.8 to 2.0 mg of microsomal protein 
in'a final volume of 0.31 ml. Controls were identical 
except for the absence of UDPGA. Incubation was 
carried out in air, with shaking, at 37° for 1 hr uniess 
otherwise indicated and the reaction was stopped by 
the addition of 2 vol. of 95% ethanol. The mixture 
was centrifuged and the supernatant lyophilized. The 
sample was reconstituted with 0.3 ml H,O and sub- 
jected to chromatographic analyses. 

When used as the substrate, phenolphthalein in 
20% ethanol was added to a final concentration of 
315 nmoles/0.31 ml in an incubation mixture identical 
to that used with antithyroid drugs and incubated 
for | hr unless otherwise indicated. The reaction was 
stopped in aliquots of 50-100 yl by the addition of 
2.5 ml of 0.2 M glycine buffer, pH 10.4, and absor- 
bance measured at 540 nm. 

Radioactive antithyroid drugs were separated from 
the glucuronide product by column or thin-layer 
chromatography (t.l.c.). For column chromatography, 
aliquots of the reconstituted supernatant were applied 
to 2 x 115 cm Bio-Gel P-2 columns (200-400 mesh) 
previously equilibrated with H,O. The columns were 
eluted with H,O and fractions of 3.0 ml collected. 
Aliquots of 50-100 yl were then analyzed for radioac- 
tivity in a Packard Tri-Carb liquid spectrometer. This 
system achieved excellent separation and quantitation 
of PTU and thiouracil glucuronides and was the pre- 
ferred method for both. 

In some experiments, the tubes corresponding to 
the radioactive glucuronide peaks were pooled and 
lyophilized. Samples to be further purified were dis- 
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solved in 1.0 ml of 0.1 M ammonium carbonate and 
applied to a 1 x 10 cm column of DEAE-Sephadex 
A-25 previously equilibrated with 0.1 M ammonium 
carbonate. The column was eluted with 0.1 M 
ammonium carbonate and 3.0-ml fractions were col- 
lected. The radioactive glucuronide peak was located 
by counting 0.1-ml aliquots. These fractions were then 
pooled and lyophilized to vaporize the ammonium 
carbonate. 

Optimum separation of PTU and PTU glucuronide 
by thin-layer chromatography was accomplished 
using Eastman Kodak 6064 cellulose sheets eluted 
with ethanol-l1 M ammonium acetate (75:10). Ade- 
quate separation was also achieved with sheets of 
DEAE-Sephadex developed with 0.05 M ammonium 
carbonate or NaCl and silica gel sheets developed 
with benzene—isopropanol (60:10). Separation of 
thiouracil and thiouracil glucuronide by thin-layer 
chromatography was excellent with DEAE-Sephadex 
sheets developed with 0.05 M NaCl and adequate 
with the cellulose and silica gel systems used with 
PTU. Details for analyses by thin-layer chroma- 
tography have been previously described [10]. 

B-Glucuronidase hydrolysis. B-Glucuronidase _hy- 
drolysis was conducted at pH 6.8 rather than 5.0 due 
to the instability of PTU glucuronide at the lower 
pH. The reaction mixture consisted of 3.75 umoles 
of potassium phosphate buffer, pH 6.8, containing 4.1 
pmoles chloroform; 2,500 Fishman units /-glucuroni- 
dase; and at least 25,000 cpm of the unknown sample 
in a final volume of 0.2 ml. D-Saccharic acid-1,4-lac- 
tone (0.5 umole), a specific inhibitor of f6-glucuroni- 
dase [11], was added to controls; the experimental 
vessels were identical except for the absence of the 
inhibitor. Incubation was at 37° for 1-2 hr; the 
samples were quickly frozen in an acetone-ethanol 
bath and lyophilized. The dry samples were dissolved 
in 50 ul H,O, and 10 pl spotted on t.L.c. plates. 

Protein determinations. Protein in all assays was 
determined by the method of Lowry et al. [12]. 


RESULTS 


The '*C-labeled antithyroid drugs PTU, MMI and 
thiouracil were incubated for 4 hr with freshly pre- 
pared guinea pig liver microsomes in the presence 
and absence of UDPGA. Afier incubation, the reac- 
tion mixtures were examined by column chroma- 
tography on 2 x 115 cm Bio-Gel P-2 columns with 
the results shown in Fig. 1A for PTU, Fig. 1B for 
MMLand Fig. IC for thiouracil (TU). In the presence 
of UDPGA, PTU and thiouracil were utilized by the 
microsomal preparation to form radioactive metabo- 
lites. Since conversion did not occur in the absence 
of UDPGA, the metabolites were believed to be the 
respective glucuronides. The metabolites formed 
represented 4.7 per cent of the initial radioactive 
thiouracil and 14.1 per cent of the ['*C]PTU. 
Numerous experiments under identical incubation 
conditions were also carried out with MMI, and the 
incubation medium was examined in all the t.lc. sys- 
tems used to separate PTU and thiouracil from their 
glucuronides (see Materials and Methods) and by 
column chromatography on Bio-Gel P-2 and DEAE- 
Sephadex columns. Measurable formation of an MMI 
glucuronide could not be demonstrated in any system 
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Fig. 1. Glucuronidation of '*C-antithyroid drugs by guinea 
pig microsomes. The drugs were incubated for 4 hr in 
the presence (solid lines) and absence (broken lines) of 
UDPGA utilizing [2-'*C]PTU (A), [2-'*C]MMI (B) or 
[2-'*C]thiouracil (C) as substrates, described in Materials 
and Methods, and aliquots of the incubation mixture were 
chromatographed on 2 x 115 cm Bio-Gel P-2 columns 
eluting with water. 
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as illustrated in Fig. 1B for the Bio-Gel P-2 columns, 
indicating that MMI was not a substrate for UDP 
glucurony! transferase. 

The fractions containing the suspected PTU and 
thiouracil glucuronides were pooled, lyophilized and 
applied to 1.0 x 10 cm DEAE-Sephadex columns for 
further purification. The purified metabolites were 
then subjected to further analyses. Treatment of the 
suspected ['*C]PTU glucuronide with -glucuro- 
nidase in the absence of the specific f-glucuroni- 
dase inhibitor D-saccharic acid-1,4-lactone liberated 
['*C]PTU as shown in Fig. 2, panels A and B. Inhibi- 
tion of B-glucuronidase hydrolysis in the presence of 
the inhibitor demonstrated that the conjugate was a 
B-glucuronide [11]. The identity of the ['*C]PTU 
product was confirmed by cochromatographing it 
with “cold” PTU on thin-layer sheets of DEAE, de- 
veloped with 0.05 M ammonium carbonate, and silica 
gel, developed with benzene—isopropanol (60:10), and 
by cochromatographing on Bio Gel P-2 and DEAE- 
Sephadex columns. Similarly, treatment of the sus- 


pected ['*C]thiouracil glucuronide with f-glucuroni-. 


dase liberated ['*C]thiouracil as shown in Fig. 2, 
panels C and D. The radioactive product of f-glucur- 
onidase hydrolysis was cochromatographed with cold 
thiouracil and displayed identical chromatographic 
properties to it on cellulose and silica gel thin-layer 
sheets and on Bio Gel P-2 and DEAE-Sephadex 
columns confirming its identity as ['*C]thiouracil. 
In the early stages of this study, phenolphthalein 
was assayed along with PTU as a substrate for guinea 
pig liver microsomes to provide a positive control 
for testing the viability of the preparations under 
various conditions. It soon became apparent that 
PTU and phenolphthalein were not conjugated in the 
same manner with respect to time, as demonstrated 
in Fig. 3. Conversion of phenolphthalein was linear 
for 2 hr but declined thereafter. The slower rate after 
2 hr may be due primarily to substrate depletion since 
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Fig. 2. B-Glucuronidase treatment of ['*C]PTU and 
['*C]TU metabolites from Fig. 1. The metabolites were 
hydrolyzed for 2 hr with beef liver B-glucuronidase at pH 
6.8 in the presence (control) and absence (experimental) 
of D-saccharic acid-1,4-lactone. Aliquots of the incuba- 
tion mixtures containing the ['*C]PTU metabolite were 
cochromatographed with cold PTU glucuronide and PTU 
on t.l.c. cellulose sheets (A and B) developed in 1 M 
ammonium acetate-ethanol (10:75); aliquots with the 
['*C]TU metabolite were cochromatographed with TU 
and uracil on t.l.c. DEAE cellulose sheets (C and D) devel- 
oped in 0.05 M NaCl. The t.l.c. strip showing the position 
of the cochromatographed standards is outlined with 
broken lines; the distribution of radioactivity is shown by 
solid lines. 


180 of the initial 315 nmoles was used after 2 hr and 
275 after 4 hr, the latter representing a conversion 
of 87 per cent. In contrast, formation of PTU glucur- 
onide was linear for only | hr, during which over 
50 per cent of the total glucuronide was synthesized. 
PTU glucuronidation declined after 1 hr and con- 
tinued at a slower but linear rate for the remainder 
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Fig. 3. Glucuronide conjugation of PTU and phenolphtha- 
lein, with respect to time, by freshly prepared guinea pig 
liver microsomes. 
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Fig. 4. Stability of conjugating activity for PTU .and 
phenolphthalein by microsomes stored frozen at —20°. 
Glucuronidation was measured for 1 hr at 37°. 


of the 4 hr of incubation. Substrate depletion is an 
unlikely factor in the declining rate of PTU conver- 
sion, since the total substrate utilized represented only 
8 per cent of the total 100 nmoles initially available. 

On the basis of the results obtained in Fig. 3 which 
demonstrate that glucuronidation of PTU was linear 
for only. 1 hr, subsequent experiments were all con- 
ducted using an incubation time of | hr. 

Further evidence that PTU and phenolphthalein 
were conjugated differently was obtained with frozen 
guinea pig liver microsomes. A freshly prepared mic- 
rosomal fraction in 0.154 M KCl was assayed for ac- 
tivity with PTU and phenolphthalein as substrates. 
Several 2.0-ml aliquots of the same preparation were 
frozen at —20°. At various time intervals, a frozen 
aliquot was thawed and again assayed with both PTU 
and phenolphthalein. The results are presented in Fig. 
4. Conjugating activity with phenolphthalein as a sub- 
strate was greater in the frozen microsomes for the 
21 days examined than in the original fresh micro- 
somes with activity being 121.2, 141.0 and 117.4 per 
cent of the fresh after storage at —20° for 7, 14 and 
21 days respectively. This activation of UDP glucur- 
onyl transferase is probably similar to that observed 
after detergent, sonication or phospholipase treatment 
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Fig. 5. Lineweaver—Burk plot of glucuronidation of PTU 
and TU by guinea pig liver microsome UDP glucuronyl 
transferase. Glucuronidation was measured after 1 hr of 
incubation with UDPGA at 1.61 mM; v represents nmoles 
glucuronide formed/mg of protein/hr. 
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of microsomal enzyme which is attributed to effects 
on microsomal membrane conformation [13, 14]. Re- 
gardless of the mechanism, the conjugating activity 
of the microsomes was not only stable for the 
phenolphthalein substrate after freezing but actually 
increased. In contrast, the conjugating activity with 
PTU as the substrate was very labile. Storage of 
microsomes at —20° for 7 days decreased enzyme ac- 
tivity for PTU to 37.8 per cent of that in the fresh 
microsomes compared to 121.2 per cent for phenol- 
phthalein. At 14 days, activity for PTU had declined 
further to 32.6 per cent of the initial value while ac- 
tivity for phenolphthalein increased to 141 per cent. 
These results demonstrate that UDP glucuronyl 
transferase activity for PTU, unlike that for phenol- 
phthalein and many other substrates [9], is not stable 
in frozen guinea pig liver microsomes and that conju- 
gating activity for phenolphthalein is unrelated to the 
ability of the enzyme to conjugate PTU. 

The results presented in Fig. 1 suggested that glu- 
curonidation occurred more readily with PTU than 
with thiouracil. Kinetic studies with the microsomal 
preparation (Fig. 5) demonstrated apparent K,, values 
for PTU and thiouracil of 7.2 x 10~* and 6.7 x 1073 
M, respectively, while the V,,,, for the two drugs was 
essentially the same. Since the enzyme appeared to 
have a higher affinity for PTU and this drug is one 
of the current antithyroid drugs of choice in the treat- 
ment of hyperthyroidism, further studies of glucuroni- 
dation were carried out primarily with PTU. 

PTU and thiouracil possess several potential sites 
at which glucuronide conjugation may occur includ- 
ing the nitrogen in the heterocyclic ring. Conjugation 
to a nitrogen moiety usually occurs enzymatically but 
Bridges and Williams [15] have also found that a 
number of drugs combine spontaneously with glucur- 
onate in aqueous solution to form N-glucuronides. 
Consequently the enzyme requirements for PTU glu- 
curonide formation were examined with the results 
shown in Fig. 6. PTU glucuronide synthesis, which 
was not measurable in the absence of UDPGA (Fig. 
1A) or enzyme (Fig. 6), was essentially linear with 
respect to enzyme concentration, demonstrating that 
PTU conjugation required microsomal enzyme and 
was proportional to the enzyme protein. 

Dutton [7] has cautioned against assuming that 
glucuronidation was enzymatic when UDPGA and 
tissue are required, since hydrolysis of UDPGA by 
tissue enzymes could release glucuronate and this glu- 
curonate may participate in non-enzymatic N-conju- 
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Fig. 6. Relationship between guinea pig liver microsomal 
enzyme concentration and PTU glucuronide formation. 
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gation. UDPGA degradation to glucuronate occurs 
readily with rat liver microsomes but Pogell and 
Leloir [9] reported that destruction of UDPGA was 
not measurable when UDPGA was incubated with 
guinea pig liver microsomes, suggesting that glucur- 
onide formation from UDPGA would be minimal in 
our guinea pig liver microsome preparations. How- 
ever, non-enzymatic conjugation of PTU by glucur- 
onate was investigated under the same incubation 
conditions, omitting enzyme and UDPGA, in which 
microsomal conjugation of PTU was observed. 
[‘*C]PTU incubated with 0.1 or 0.5 umole glucur- 
onate (compared to 0.5 ymole UDPGA in the micro- 
somal system) for 1-4 hr was not conjugated at a 
measurable rate (data not shown). The sensitivity of 
the chromatographic assay system allows detection 
of 0.25 nmole ['*C]PTU glucuronide, which is about 
5 per cent of the amount formed with microsomal 
enzyme in | hr. These results appear to exclude spon- 
taneous glucuronidation of PTU as a possible explan- 
ation of PTU conjugation. 

Additional evidence that glucuronidation of PTU 
is enzymatic was obtained from experiments in which 
the optimum pH for utilization of PTU as a substrate 
was determined (Fig. 7). Bridges and Williams [15] 
in a study of the non-enzymatic N-glucuronidation 
of a number of drugs in vitro reported the pH opti- 
mum to be 3-4 with little or no N-glucuronide syn- 
thesis occurring above pH 7.0. The glucuronidation 
of PTU was found to have a pH optimum of 8.0. 
This value closely resembles the broad 7.3 to 7.9 opti- 
mum for UDP glucuronyl transferase activity [7,8] 
in different preparations but is vastly different from 
the pH 3-4 optimum for non-enzymatic N-glucuroni- 
dation. 

Cellular localization of UDP glucurony] transferase 
activity for PTU by differential centrifugation was 
examined. Approximately 75 per cent of the total ac- 
tivity exhibited by the whole liver homogenate was 
found in the microsomal fraction (data not shown). 

Evidence for the multiple nature of UDP glucur- 
ony] transferase has been carefully examined by Dut- 
ton [7,8], who cautiously concludes that many UDP 
glucuronyl transferases may exist. Even so, single 
enzymes would be expected to have a limited speci- 
ficity, and the utilization of a substrate may be inhi- 
bited by closely related substances. The effects of 
other closely related antithyroid drugs on the glucur- 
onidation of PTU were examined with the results pre- 
sented in Table 1. Thiouracil, a weak substrate for 
the enzyme, produced a slight but statistically insig- 
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Fig. 7. Effects of pH on PTU glucuronidation in Tris-HCl 
buffered media. 


Table 1. Effects of antithyroid drugs on PTU glucuronida- 
tion in vitro* 





Addition 
(0.5 umole) 


PTU glucuronide formed 
(nmoles/mg protein) 





None 

Thiouracil 
6-Methyl-thiouracil 
Thiourea 

MMI 


4.91 + 0.24 
4.32 + 0.35 
4.60 + 0.31 
4.50 + 0.32 
3.88 + 0.22 


P< 02 


P < 0.02 





* Incubation was with 0.1 umole of PTU substrate/0.31 
ml for 1 hr. The antithyroid drugs were dissolved, with 
warming, in buffer and appropriate buffer was added to 
controls. The results shown are means + S.E. of eight 
determinations. P values were all obtained in comparisons 
with controls. 


nificant decrease in PTU utilization while MMI, 
which was not used as a substrate at a measurable 
rate, significantly inhibited PTU conjugation. The 
mechanism of the MMI effect is not clear, since it 
is not acting as a competitive substrate. However, this 
compound is a relatively strong reducing agent and 
may alter microsomal membrane conformation, the 
mechanism by which many substances affect UDP 
glucuronyl transferase activity in vitro [13, 14]. 


DISCUSSION 


The data presented demonstrate that the anti- 
thyroid drugs PTU and thiouracil are substrates for 
a guinea pig liver microsomal enzyme which con- 
verted them to the corresponding glucuronide. Since 
conjugation did not occur in the absence of UDPGA 
or of microsomal enzyme and the product of the reac- 
tion was a f-glucuronide, the catalytic enzyme 
appeared to be UDP glucuronyl transferase. MMI 
was not a substrate for the enzyme and was not meta- 
bolized at a measurable rate. 

Papapetrou et al. [3] noted that the major metabo- 
lite in bile after MMI administration was a glucur- 
onide conjugate of an MMI metabolite. Since a glu- 
curonide of unaltered MMI was not observed, they 
concluded that MMI is conjugated only after pre- 
vious conversion to another compound. The present 
work fully supports this view since MMI was not 
a substrate for the conjugating enzyme. This is the 
second instance in which an enzyme readily utilizing 
PTU and thiouracil as substrates does not metabolize 
MMI. Lindsay et al. [10] recently observed that PTU, 
thiouracil and 6-methyl-2-thiouracil, but not MMI, 
were S-methylated by mouse kidney thiol transmethy]- 
ase. These differences demonstrate that the metabolic 
pathways for peripheral metabolism of PTU differ 
substantially from those of MMI. 

Since PTU metabolism by guinea pig microsomes 
was not measurable when UDPGA was absent from 
the incubation medium and hydrolysis of PTU glu- 
curonide released unaltered PTU, conjugation of an 
existing group in the PTU molecule must have 
occurred. PTU possesses four groups which may par- 
ticipate in direct glucuronide conjugation. These are 
the SH group at C-2, the enolic OH group at C-4 
and either of the heterocyclic NH groups in the 
thiourylene moiety. These groups represent some of 
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the more uncommon sites of glucuronidation. Glu- 
curonidation of heterocyclic nitrogen is especially rare 
and the authors are aware of only one report of 
conjugation at this site and that involves glucuroni- 
dation of the heterocyclic N of sulfisoxazole [16]. 
The N-glucuronides are unique in that they are gener- 
ally not hydrolyzed by f-glucuronidase [15,17]. The 
only report of f-glucuronidase hydrolysis cf an 
N-glucuronide appears to be that of Bridges er al. 
[18], whe found that sulfadimethoxine N'-glucur- 
onide was a very poor substrate for the enzyme but 
measurable hydrolysis did occur after 24-96 hr with 
15,000-30,000 Fishman units of f-glucuronidase. The 
PTU glucuronide formed in the present experiments 
was almost completely hydrolyzed by 2500 Fishman 
units #-glucuronidase in 1-2 hr, suggesting that the 
site of glucuronidation was to a group other than 
the heterocyclic nitrogen. 

Glucuronide conjugation generally produces a 
strongly acidic derivative which is more water-soluble 
at a physiological pH and is usually more rapidly 
excreted than the parent compound. In addition, the 
pharmacological activity of a drug is usually elimin- 
ated or greatly diminished by glucuronidation. Direct 
evidence that glucuronide conjugation of PTU drasti- 
cally alters its antithyroidal activity has been pre- 
sented by Lindsay et al. [19], who found that PTU 
glucuronide was approximately 10 per cent as active 
as PTU as an inhibitor of thyroid peroxidase. 

Both PTU and MMI molecules contain the thiour- 

S 


ylene group (—]N—C—N=), which accounts for 


three of the four sites available for conjugation. The 
S 


thionamide (—C—N==) portion of this group is 
essential for the antithyroid activity of the thiour- 
ylene drugs. Substitution on the 2-sulfur atom abol- 
ishes antithyroidal action [10, 20,21]. Substitution on 
either of the nitrogen in the thiourylene group of thio- 
hydantion reduced antithyroid activity but N-meth- 
ylation of thiopyridone increased the antithyroid 
effect [21]. Methyl substitution on the N-1 of PTU 
abolished its inhibitory effects on thyroid peroxidase 
although N-acetylation produced no alteration of its 
inhibitory effect [19]. 

If conjugation to a site on the thionamide moiety 
occurs, it is more likely to be to the S than to the 
N since conjugation to a heterocyclic N is especially 
rare and the PTU glucuronide is easily hydrolyzed 
by f-glucuronidase in contrast to N-glucuronides, 
which are resistant to hydrolysis by this enzyme. In 
addition, S-glucuronidation is more likely to account 
for the loss of biological activity produced by conju- 
gation and the absence of MMI utilization by the 
enzyme than is N-glucuronidation. The potential for 
involvement of the S of PTU in enzyme reactions 
has been demonstrated with a thiol transmethylase 
which S-methylated PTU [10]. A qualitative differ- 
ence in the reactivity of the S of PTU and S$ of MMI 
was also observed with the thiol transmethylase, since 
MMI was not a substrate for the enzyme. 

Unfortunately, direct evidence for glucuronidation 
of the S of PTU has not been obtained, and although 
this appears to be a very likely site for conjugation, 
the enolic OH of PTU cannot be ruled out. MMI 


does not contain an enolic OH at C-4, and conjuga- 
tion at this site could also account for the difference 
in metabolism of PTU and MMI by guinea pig liver 
UDP glucurony]l transferase. 

PTU is approximately ten times more potent (com- 
pared to thiouracil) in rats than in man [21] and 
this difference may be related to glucuronide conjuga- 
tion, which is a major pathway in both. Marchant 
et al. [6,22] concluded that the rat and man have 
a vastly different ability to conjugate PTU and have 
suggested that this could contribute to the lesser effec- 
tiveness of PTU in man [22]. 

Urinary excretion of PTU glucuronide results in 
elimination of the conjugate from the body. In con- 
trast, the PTU glucuronide excreted in bile is almost 
completely reabsorbed after first undergoing hydroly- 
sis by B-glucuronidase in the gut [23], arfd fecal excre- 
tion is very low [1,4]. Enterohepatic circulation of 
PTU in the rat is well established, while its existence 
in man has not been studied. Therefore, it is possible 
that efficient enterohepatic circulation rather than a 
limited ability to conjugate PTU may account for the 
persistence of PTU in the rat, with a half-life of 4-6 
hr [2,4] compared to man with a half-life of 1.1 to 
2.5 hr [24,25], and may be a primary factor in the 
greater effectiveness of PTU in rat than in man. 
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Abstract—The effect of 3-amino-1,2,4-triazole (AT) pretreatment on the triglyceride (TG) level in CCl, 
(2.5 ml/kg, s.c.)-, ethanol (6 g/kg, p.o.)- or ethionine (1 g/kg, ip.)- induced fatty liver in rats was 
studied, and the relationship between liver catalase activity and TG metabolism was investigated. 
The intoxication by each hepatotoxin increased the liver TG level in the rats. However, when the 
rats were pretreated with AT (1 g/kg, i.p.), the liver TG level decreased about 50 per cent, and the 
liver catalase activity was inhibited about 85 per cent. When AT and CCl, were injected simultaneously, 
they repressed about 50 per cent of the increase of the TG level caused by the intoxication of CCl,. 
When AT alone was injected before the intoxication of ethanol, the liver catalase activity decreased 
by 50 per cent of that of the ethanol group and the increase in liver TG level was lowered by 40 
per cent. On the other hand, when AT was injected after ethanol, the increase in liver TG level 
was depressed, although a decrease in catalase activity was not found. Although the serum TG level 
was decreased by CCl, treatment and increased by the ethanol treatment, AT did not show any 
effect on these changes. These results suggest that AT acts independently on the TG level and catalase 


activity in the liver. 


Catalase is an enzyme that exists mainly in peroxi- 
somes, [1, 2], but the essential physiological functions 
of peroxisomes and liver catalase still remain unclear. 
In recent years, several reports have proposed that 
peroxisomes and liver catalase participate in lipid 
metabolism [3-5]. 3-Amino-1,2,4-triazole (AT) is a 
strong inhibitor of liver catalase [6]. On the other 
hand, it has been reported that AT markedly de- 
creased the triglyceride (TG) level among several 
lipids in the liver [7]. 

For the purpose of investigating the association 
between TG metabolism and liver catalase activity, 
we have inquired, in this paper, into the effect of AT 
on catalase activity and the TG level in the hepato- 
toxin (CCl4, ethanol and ethionine)-induced fatty 
liver. 


MATERIALS AND METHODS 


Animals. For most experiments, with the exception 
of ethionine-induced fatty liver when female rats were 
used, male Wistar rats weighing about 150 g were 
used. All animals were fasted for 24 hr previous to 
the experiment and hepatotoxins were administered 
12 hr before the rats were killed. The liver was per- 
fused with 20 mi of ice-cold saline, and a 30° homo- 
genate in saline was prepared. 

Drugs. 3-Amino-1,2,4-triazole (AT) was purchased 
from Tokyo Kasei Kogyo Co. AT was repeatedly in- 
jected intraperitoneally into the rats at a dose of 1 g/ 
kg body weight with 10° AT in saline at intervals 
of 12 hr starting from 72 hr before the experiment, 
and otherwise was injected once as stated in Tables 
2 and 3. CCl, was injected subcutaneously into the 
rats at a dose of 2.5 ml/kg of body weight 12 hr 
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before the experiment. Ethanol was orally adminis- 
tered to the rats at a dose of 6 g/kg of body weight 
12 hr before the experiment. Ethionine was injected 
intraperitoneally into female rats at a dose of 0.5 g/kg 
of body weight 12-10 hr before the experiment. Isoca- 
loric glucose was administered to the control group 
instead of the ethanol group, and a corresponding 
volume of saline was administered to the control rats. 

Assay methods. Liver catalase activity and triglycer- 
ide content were measured according to the method 
described in a previous paper [7]. One unit of enzyme 
is defined as the amount with a k value of 1 where 
k has a constant of decrease in extinction at 240 nm 
in 1 sec at 25°. 


RESULTS 


The effect of AT pretreatment on the hepatotoxin- 
induced fatty liver was investigated (Table 1). In the 
experiment of ethanol-induced fatty liver (Expt. 2), 
control rats were given isocaloric glucose instead of 
ethanol. Female rats were used in the experiment of 
ethionine-induced fatty liver (Expt. 3). Liver catalase 
activity was lower and the liver TG level was higher 
in female rats than in male rats. In the AT-injected 
group (AT group), the liver catalase activity decreased 
to about 15 per cent of the control values, and the 
TG level in male rats showed a decrease of 32 per 
cent of the control value. The TG level in female rats 
was decreased by 50 per cent of the control value 
by AT injection. When injected with AT, serum TG 
level showed a decrease in Expt. 1, but did not show 
a Statistically significant change in the other experi- 
ments when compared with the control values. The 
reason for this is not yet clear. 
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Table 1. Effect of aminotriazole (AT) pretreatment on the hepatotoxin-induced fatty liver* 





No. Liver catalase activityt 
of rats (units/g liver) P 


& 


Liver triglyceridet 
(mg/g liver) P 


Serum triglyceridet 


Group (mg/dl) Pr 





Control 
AT 
CCl, 
AT-CCl, 
Control 
AT 


50.8 + 12.9 
37.0 + 8.0 
26.8.4 5.3 
20:1 +: 5.1 


< 0.01 
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AT-ethionine 1.7 


NSt, 


HHH IH OHHH OH EH I 


< 0.018 


< 0.01 


< 0.018 


< 0.01¢ 
< 0.018 


< 0.01t 
NSS, || 


Cope OnwoN 
+H HHH HHH 


me DSSS NNOT 
~] oO 
Sow 
sn 


©CUADAWN 
Het HH} 


CNY Yow 
—— © 


N 
oO 


< 0.01t 
< 0.01 
< 0.018 


NS}, | 
NSf, |! 
NSS, || 


nN 
3 
iw i 
lie 


DNindS2% Sons 


42.8 + 14.6 


~ 
> 
- 
en 
in 





* Male rats were used, with the exception of Expt. 3, where female rats were used. AT (1 g/kg, i.p.) was repeatedly 
injected into the rats at intervals of 12 hr starting from 72 hr before the sacrifice. CCl, (2.5 ml/kg, s.c.) was injected 
into the rats at 12 hr before the sacrifice. Ethanol (6 g/kg, p.o.) was administered to the rats at 12 hr before the 
sacrifice. Ethionine (0.5 g/kg, i.p.) was injected into the rats at 12-10 hr before the sacrifice. The control instead of 
the ethanol group was administered with isocaloric glucose, and other control groups were administered with: a corre- 


sponding volume of saline. 
+ Results are expressed as the means + S. D. 


{ Statistical comparisons by Student’s t-test between the control and treated groups. 
§ Statistical comparisons by Student’s t-test between the hepatotoxin and AT-hepatotoxin group. 
P values larger than 0.05 were considered not significant (NS). 


in the CCl,-injected rats (CCl, group), the liver 
catalase activity decreased about 20 per cent, liver 
TG level increased 3.7-fold, and the serum TG level 
decreased 50 per cent when compared with control 
values. On the other hand, AT _ pretreatment 
(AT-CCl, group) repressed the increase in the liver 
TG level which was caused by CCl, injection. No 
effect of AT on serum TG was found. 

The liver catalase activity was not affected by the 
administration of ethanol (ethanol group). However, 
the TG level in the liver and the serum increased 
by 6.9- and 1.8-fold of the control values. On the 
other hand, when pretreated with AT prior to the 
administration of ethanol (AT-ethanol group), liver 
catalase activity decreased by 37 per cent of the eth- 
anol group, and the increase in liver TG level caused 
by ethanol was depressed markedly. The catalase ac- 
tivity in the AT-ethanol group remained higher than 
that of the AT group. This is thought to be caused 
by the protective effect of ethanol on the inhibiting 
action of AT upon catalase [8,9]. AT did not affect 


the increase of serum TG level caused by the adminis- 
tration of ethanol. 

In the ethionine-induced rats (ethionine group), the 
liver catalase activity showed no difference when com- 
pared to that of the control. The liver TG level, how- 
ever, increased 5-fold over the control value. The AT 
pretreatment, which was done prior to the injection 
of ethionine (AT-ethionine group), induced an in- 
crease in liver TG level by 49 per cent, though serum 
TG level was not affected by AT. 

The effect of simultaneous AT injection on the 
CCl,-induced fatty liver is shown in Table 2. The rela- 
tionship between each group corresponded to the 
results shown in Expt. 1 of Table 1. The increase in 
the liver TG level which was caused by CCl, was 
decreased by AT. However, the serum TG level in 
each group did not show any significant change. 

The effect of AT injection on the catalase activity 
and the TG level in the ethanol-induced fatty liver 
was studied, using different injection times (Table 3). 
Both the catalase activity and the TG level were de- 


Table 2. Effect of simultaneous aminotriazole (AT) injection on the carbon tetrachloride-induced fatty liver* 





No. Liver catalase activityt 


Group of rats (units/g liver) P 


Liver triglyceridet 
(mg/g liver) P 


Serum triglyceridet 





47.3 
5.6 
37.1 
3.4 


4.5 

1.5 < 0.01t 
3.7 < 0.01t 
0.7 < 0.01 


Control 
‘AT 

CCl, 

AT-CCl, 


4 
4 
4 
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+ + + I+ 
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Nm 


4 


> 
an 
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). < 0.01t 
< 0.014 
5. < 0.01 


nw 
—~ 


14.3 





* Male rats were divided into four groups. All animals were fasted 24 hr previous to the sacrifice. One group was 
treated with AT (1 g/kg, ip.) 12 hr before the sacrifice and the second group was treated with CCl, (2.5 ml/kg, 
s.c.) 12 hr before the sacrifice. The third group was treated with AT along with CCl,. The control was treated with 


saline of equal volume to AT and CCl,. 
+ Results are expressed as the means + S. D. 


t Statistical comparisons by Student’s t-test between the control and treated groups. 
§ P values larger than 0.05 were considered not significant (NS). 
Statistical comparisons by Student’s t-test between the CCl, and AT—CCl, group. 
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Table 3. Effect of time of injection of aminotriazole (AT) on catalase activity and triglyceride in ethanol-induced fatty 
liver* 





No. Liver catalase activityt 


Group of rats (units/g liver) , 


Serum triglyceridet 
(mg/dl) P 


Liver triglyceridet 
(mg/g liver) P 





Control 39.6 + 5.3 
AT (12.0) 

Ethanol 

AT (12.5}-ethanol 


Ethanol-AT(11.5) 


37.9 + 5.2 
<O00l1t  299+3.7 
<O01t 5224172 
< 0.01 55.3 + 37.5 
< 0.01 47.9 + 23.1 
NSS. 


< 0.02t 

< 0.01 
NS§, || 
NS§, 
NSS,‘ 


I+ I+ I+ I+ 1+ 
ArANNOo-— 
nnnnn 





* Male rats were divided into five groups. One group was treated with AT (1 g/kg, ip.) 12 hr before sacrifice and 
the second group was treated with ethanol (6 g/kg, p.o.) 12 hr before sacrifice. The third group was treated with 
AT 30 min previous to the administration of ethanol which was given 12 hr before sacrifice. The fourth group was 
treated with ethanol 12 before sacrifice and AT was injected 30 min after the administration of ethanol. The numbers 
in brackets indicate the administration time of AT in hours before sacrifice. All animals were fasted 24 hr previous 
to sacrifice. The control was treated with saline of a volume equal to that of AT and a dose of glucose isocaloric 


to ethanol. 
+ Results are expressed as the means + S. D. 


¢ Statistical comparisons by Student’s t-test between the control and treated groups. 
§ P values larger than 0.05 were considered not significant (NS). 

Statistical comparisons by Student’s t-test between the ethanol and AT-ethanol groups. 
© Statistical comparisons by Student’s t-test between the ethanol and ethanol-AT group. 


creased by a single injection of AT. When AT was 
injected 30 min before the administration of ethanol 
(AT-ethanol group), the catalase activity decreased 50 
per cent of that of the ethanol group. However, the 
enzyme activity was not affected when AT was in- 
jected 30 min after the administration of ethanol (eth- 
anol-AT group). On the other hand, the liver TG 
level decreased by 40 per cent of that of the ethanol 
group in both AT-ethanol and ethanol-AT groups. 
AT did not show any effect on the serum TG level. 


DISCUSSION 


Many reports have suggested that peroxisomes or 
catalase, a main compartment of peroxisomes, are in- 
volved in lipid metabolism [3—5, 10]. The fact that 
AT, a strong inhibitor of catalase, induced a marked 
decrease in liver triglyceride level has been established 
in our laboratory [7]. In our present work, the effect 
of AT on the TG level and the catalase activity in 
the hepatotoxin-induced fatty liver has been exam- 
ined, and the relationship between TG metabolism 
and catalase activity in the liver was investigated. 

AT inhibited the liver catalase activity and de- 
creased the liver TG level. Little change was observed 
in the liver catalase activity when CCl,, ethanol or 
ethionine, all of which are known to increase the TG 
level in the liver, was administered. There was only 
a slight decrease caused by the injection of CCl,, 
which was 20 per cent of the activity when compared 
to the control (Tables 1 and 2). Thus, a parallel rela- 
tionship between the increase of TG level and catalase 
activity in the liver was not indicated. Furthermore, 
the increase of liver TG level caused by ethanol was 
prevented without the inhibition of catalase activity 
(Table 3). This fact indicates that the decrease of liver 
TG level caused by AT was not dependent on the 
decrease of catalase activity in the liver. Therefore, 
it has been established that AT acts independently 
on catalase activity and TG metabolism. 

It has been considered that the CCl,-induced fatty 
liver is produced by inhibition of lipoprotein synthesis 


B.P. 26/7—+ 


in the liver [11-13]. With the injection of CCl4, serum 
TG levels showed a tendency to decrease and liver 
TG levels to increase. Pretreatment of AT markedly 
inhibited the increase of liver TG caused by CClj,; 
however, the pretreatment did not show any effect 
on the serum TG level (Table 1). The ethionine- 
induced fatty liver is considered to be the cause of 
the inhibition of protein synthesis which is brought 
about by the decrease of ATP level in the liver 
[14, 15]. The effect of AT pretreatment on the eth- 
ionine-induced fatty liver was found to be similar to 
the result of CCl,-induced fatty liver. These results 
suggest that the decrease in liver TG level caused by 
AT administration does not result from the accelerat- 
ing release of liver TG into the blood stream. This 
fact has also been supported in a previous paper [7] 
which discusses a tendency of AT to decrease the 
serum TG level. 

Therefore, it is thought that the ethanol-induced 
fatty liver was produced by a stimulation of fatty acid 
synthesis in the liver as proposed by Lieber and 
Schmid [16]. AT prevented the accumulation of eth- 
anol-induced fatty liver to the same degree in both 
single and repeated injections of the material (Tables 
1 and 3). Furthermore, the serum FFA level did not 
show any change after several injections which were 
given after a single injection of AT. It has been sug- 
gested that AT does not show an antilipolytic action 
on fat tissues [7]; the fact that AT does not show 
an inhibiting action on the increase of serum FFA 
caused by the administration of adrenalin, also sup- 
ports this fact. In conclusion, all these facts which 
have been discussed indicate that AT acts directly on 
fatty acid synthesis and on fatty acid esterification 
to TG in the liver. 
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Abstract—Mass fragmentography was employed to measure the concentrations of the acidic metabolites 
of tyramine (p-hydroxyphenylacetic acid), octopamine (p-hydroxymandelic acid), dopamine (3,4-dihy- 
droxyphenylacetic and homovanillic acid) and norepinephrine (vanilmandelic acid) in lumbar cerebro- 
spinal fluid (CSF) of schizophrenic patients. Treatment with oral probenecid (100 mg/kg) increased 
the concentrations of p-hydroxyphenylacetic, 3,4-dihydroxyphenylacetic and homovanillic acid by over 
3-fold compared to the baseline levels. The concentration of p-hydroxymandelic acid was also increased, 
but only moderately compared to the increase of homovanillic acid. Vanilmandelic acid showed a 
tendency toward being elevated by probenecid, but in our study, the elevation was not statistically 
significant, probably due to the large variance between subjects. 


The ability of probenecid to block the transport of 
homovanillic acid (HVA) [1] and 5-hydroxyindole- 
acetic acid (S-HIAA) [2] from the brain and from 
the cerebrospinal fluid (CSF) [3] has been exploited 
by a number of workers in their attempts to gain 
some insight into the dynamics involved in the pro- 
duction of these metabolites within the brain [4-11]. 
Although there is much to be learned about the 
mechanisms within which probenecid induces an ac- 
cumulation of acidic metabolites in the CSF and 
about the relationship between the dose of probenecid 
and the degree of transport blockade, the probenecid 
test [7-9] is a useful clinical tool. It has been used 
to demonstrate differences in CSF concentrations of 
HVA and 5-HIAA among normal, neurologically ill 
[12] and mentally ill persons [4, 7, 10, 13, 14]. 

Of the various acidic metabolites that can enter 
the CSF from the metabolism of brain biogenic 
amines and hence may be studied by the probenecid 
test, only HVA and 5-HIAA have been extensively 
investigated. In an effort to enlarge the number of 
metabolites that might be studied by the probenecid 
test, we have undertaken the task of critically evaluat- 
ing the effect of probenecid on the transport of the 
acidic metabolites derived from four closely interre- 
lated biogenic amines [15]. These amines are: tyra- 
mine, octopamine, dopamine and norepinephrine. 


MATERIALS AND METHODS 


Twelve schizophrenic patients (four male and eight 
female) were studied on a research ward at the Clini- 
cal Center of the National Institute of Mental Health. 
The patients were drug-free for at least 2 weeks prior 
to lumbar puncture. The lumbar punctures were per- 
formed in the lateral decubitus position after 9 hr 
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bed rest at 9:00 a.m. (baseline) and 15 hr of bed rest 
at 3:00 p.m. (probenecid) the following day. During 
the intervening period, the patients received orally 
100 mg/kg of probenecid in four divided dosages over 
18 hr according to previously described methods [7]. 
In seven of the patients, lumbar punctures were 
repeated after 1-5 months. The data were analyzed 
by the paired two-tailed t-test, which assumes in each 
data set, that the baseline is probenecid independent. 
The assays were performed on 0.5 ml CSF obtained 
after the withdrawal of the first 16 ml CSF, and frozen 
at —60° until assayed. 

The acid metabolites of tyramine (p-hydroxyphenyl- 
acetic acid), octopamine (p-hydroxymandelic acid), 
dopamine [dihydroxyphenylacetic acid (DOPAC) and 
homovanillic acid (HVA)], and norepinephrine [vanil- 
mandelic acid (VMA)] were measured by a slightly 
modified mass fragmentographic method which has 
been previously described [16]. In brief, 0.5 ml CSF 
was mixed with 0.5 ml of 0.5 N HCl and the meta- 
bolites were extracted into ethyl acetate. Aliquots of 
the ethyl acetate extracts were transferred and evapor- 
ated in vacuo. The metabolites were then converted 
to their methyl ester/pentafluoropropionyl deriva- 
tives. Deuterated isomers of all five metabolites were 
added to each sample as internal reference standards 
prior to extraction. In each batch of analyses, a stan- 
dard curve was constructed from four samples of 
pooled CSF, three of which contained different 
amounts of the non-deuterated metabolites (5, 10 and 
20 ng for HVA and 1, 2 and 5 ng for the other meta- 
bolites). Mass fragmentography was carried out on 
a Finnigan model 3000D quadrupole gas chromato- 
graph mass spectrometer employing an 8 ft % in. id. 
steel column packed with 3% SE54. The oven tem- 
perature was maintained isothermally at 200°. 
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RESULTS AND DISCUSSION 


For the relatively small number of subjects, there 
was no statistically significant difference by sex for 
the five acid metabolites except for the concentration 
of p-hydroxyphenylacetic acid after probenecid; the 
mean + S.E.M. for the males was 17.2 + 2.2 while 
that for the females was 48 + 13.8 ng/ml (P < 0.05). 
A larger sample will be necessary before we can com- 
pare our results with those of Fyr6 et al. [17] who 
reported a higher HVA concentration in female 
schizophrenics than in males. The mean baseline con- 
centration of the acidic metabolites for this group of 
patients (Table 1) is comparable to those previously 
observed from a limited number of CSF samples col- 
lected from patients with a variety of neurological 
disorders [16]. Here, however, we are making no 
attempt to compare values across disorders. Further- 
more, because of the small number of subjects stud- 
ied, no attempt was made to correlate the levels of 
the metabolites measured with the clinical histories 
of the patients. We have also not determined the pro- 
benecid levels in the CSF analyzed. Work is now in 
progress aimed at fulfilling the above two omissions. 

The baseline concentrations of the acidic metabo- 
lites reported in the lumbar CSF are considerably 
lower than those observed in the ventricular fluid in 
a different group of patients [16] employing the same 
method. It is, therefore, likely that a concentration 
gradient exists for these metabolites along the ventri- 
culo-lumbar space. A concentration gradient has 
already been reported by other workers for HVA and 
5-HIAA in man [18-20], cats [21], and recently for 
HVA and possibly for VMA in monkeys [5]. In this 
connection, a contribution from spinal cord to the 
lumbar CSF levels of norepinephrine and _ possibly 
dopamine metabolites should also be considered 
(22, 23]. 

Although there is little doubt about the identity 
of HVA in the CSF as concluded from multiple ion 
detection studies [15, 16], the mean baseline concen- 
trations of HVA reported in the literature are very 
inconsistent. The means of lumbar HVA concen- 
trations reported in the literature for a variety of 
neurological disorders tend to fall within three cate- 
gories. These categories cannot be explained solely 
in terms of their associated disorders. In the first, the 
means range from 15 to 30 ng/ml [4, 6, 7, 19, 24-26]; 
in the second, from 45 to 60 ng/ml including the 
results reported in Table 1 [10, 13, 18-20, 27]; and in 
the third, the means tend to be above 60 ng/ml 
[28, 29]. It is interesting to note that, in each of the 
above three categories, there are values determined 
by mass fragmentography. Thus, it appears that mass 
fragmentography may be prone to produce the same 
inconsistencies as other methods. Although mass frag- 
mentography is potentially a very sensitive and speci- 
fic technique [15], the choice of gas chromatographic 
column and the selection of the atomic mass unit for 
mass fragmentography together with the procedures 
employed (which include the mode of extraction, the 
derivative used, how the internal standard was pre- 
pared and at what stage of the procedure the internal 
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and deuterated standards are added) play very impor- 
tant parts in the overall accuracy of the method. 

Other factors that can contribute to the above in- 
consistencies may also include differences in the 
physical activity of the subjects [30], volume of CSF 
withdrawn (the current samples came after 16 ml CSF 
had been withdrawn to be examined for other pur- 
poses), position of the patients, as well as differences 
in handling the samples between the time of with- 
drawal and assay. It is worth mentioning here that 
the levels of HVA reported in the lumbar CSF of 
patients with a variety of neurological disorders [16] 
were measured in the first 5-10 ml CSF withdrawn. 
Therefore, the withdrawal of the first 16 ml CSF in 
the present study was not expected to markedly affect 
the concentration of HVA in the CSF. In a recent 
report [31], HVA was measured in the first 10 ml 
and in the subsequent 10-20, 20-30 and 30-40 ml 
fractions of lumbar CSF withdrawn. The mean con- 
centrations observed were 46.4, 63.4, 71.2 and 80.1 
ng/ml respectively. Therefore, the concentrations of 
HVA reported here should not be expected to be 
more than 20 per cent higher than the actual normal 
concentrations. In any event, even after allowing for 
this discrepancy, the results reported in Table 1 will 
still fall within the range cited in the above second 
category of HVA concentrations. 

In contrast to HVA, information on the other four 
acidic metabolites is very scanty. The mean concen- 
tration of VMA observed here is comparable to those 
recently reported in the literature with a range 
between 0.5 and 1.2 ng/ml [6, 25, 32, 33]. Except for 
the report previously published from one of our 
laboratories [16], there is no quantitative work pub- 
lished on the CSF concentrations of p-hydroxyphenyl- 
acetic acid and p-hydroxymandelic acid. In this 
connection, the mean lumbar CSF concentration of 
DOPAC previously reported [16] from the analysis 
of five random samples is higher than what had since 
been observed. The DOPAC concentrations shown 
in Table 1 are similar to those recently reported by 
other workers [24, 34]. 

As shown in Table 1, probenecid significantly in- 
creased the CSF concentrations of p-hydroxyphenyl- 
acetic acid, HVA, DOPAC and p-hydroxymandelic 
acid. Our finding on the ability of probenecid to 
block the transport of DOPAC differs from the obser- 
vation of Wilk [26], who reported that probenecid 
had no effect on DOPAC concentration in the CSF. 
Furthermore, in a recent study, probenecid was found 
capable of increasing DOPAC concentrations in cer- 
tain areas of the rat brain.* 

The mean concentration of VMA almost doubled 
after probenecid treatment; the changes were not, 
however, statistically significant, due to the wide vari- 
ation encountered among individuals. While about 
one-third of the CSF samples collected after probene- 
cid treatment showed either little or no change from 
their corresponding baselines, the VMA increased in 
the rest of the samples by 50-200 per cent. Recently, 
two reports using larger sample sizes of CSF, de- 
scribed a moderate, but significant, increase in VMA 
in the CSF after probenecid treatment [6, 25]. 

In rats [35], endogenous VMA was recently dis- 
covered to be almost completely eliminated from the 
brain by a transport mechanism insensitive to pro- 
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benecid. The comparatively modest rise in VMA 
levels in the CSF reported previously in man [6, 25] 
as well as our observation on the highly variable 
effect of probenecid, together suggest that a probene- 
cid-insensitive mechanism in the human central ner- 
vous system, comparable to that present in the rat 
brain, may be the predominant route for the removal 
of VMA from the CSF. Similar transport mechanisms 
as those suggested for VMA may also be involved 
in the elimination of p-hydroxymandelic acid from 
the CSF which was also only moderately increased 
by probenecid. 

It is interesting to note that both VMA and p-hyd- 
roxymandelic acid have f-hydroxyl radicals in their 
side chains. Whether or not the presence of such a 
B-hydroxyl radical is responsible for the moderate 
effect of probenecid on the accumulation of these 
metabolites in the CSF requires further study. It is 
now clear that, whatever the reason, the existence of 
a carboxyl group in the molecule of a metabolite is 
not the only criterion required for its transport to 
be blocked by probenecid. 
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Abstract—Paraoxon (Px), an irreversible cholinesterase (ChE) inhibitor, was administered acutely and 
chronically to rats in order to elucidate the mechanisms involved in the process of adaptation. Brain 
levels of acetylcholine (ACh) as well as ChE and cholineacetyltransferase (CAT) activities were investi- 
gated to further understand the relationship between chronically reduced ChE levels and neurotrans- 
mitter mobilization. In acutely treated animals, cholinergic symptoms were evident 15 min after injection 
and were accompanied by a 100 per cent increase in total brain ACh and an 83 per cent decrease 
in ChE activity. In low-dose chronically treated animals, symptoms did not ensue until 3 days of 
treatment, when total ACh levels reached a maximum of 50 per cent above control and ChE activity 
was 55 per cent inhibited. Free ACh levels increased in both acutely and chronically treated animals, 
whereas bound ACh levels increased significantly only in the acutely treated group. These results 
suggest that (1) cholinergic central nervous system symptoms can be correlated to an increase (50 
per cent) in brain ACh, and (2) chronic ChE inhibition may lead to alterations in the pre-synaptic 


mobilization and storage of ACh. 


The ability of animals to adjust to reduced levels of 
cholinesterase (ChE) activity induced by organophos- 
phorus agents has been known for some time. This 
adaptive process has been found to involve both bio- 
chemical and behavioral alterations. Changes in 
receptor sensitivity have been noted [1-3] as well as 
modifications in thermoregulation, drinking behavior 
and learning [4-6]. 

Even though this phenomenon of adaptation is well 
documented, the mechanisms involved in this process 
have not as yet been clearly defined. At the synaptic 
level, there are two systems which can be postulated 
to explain the ability of animals to adapt to signifi- 
cantly reduced ChE: (a) changes in receptor sensi- 
tivity [4-6], and (b) changes in pre-synaptic function, 
viz. acetylcholine (ACh) availability at the synapse. 
Much work has been done concerning receptor alter- 
ations induced by chronic ChE administration, but 
relatively little is known of ACh availability. The 
present experiments were initiated to study the effects 
of acute and chronic ChE inhibition on the synthesis 
and distribution of ACh, both of which are known 
to affect ACh availability at the synapse. 


METHODS 


Treatment. Male Sprague-Dawley rats (225-300 g) 
were used for all studies and were maintained on a 
12 hr light/dark cycle with food and water available 
ad lib. Animals were treated both acutely and chroni- 
cally according to the following regimen. For the 
acute studies, animals were given a single dose of 


paraoxon (Px, diethyl-4-nitrophenyl phosphate, 
0.75 mg/kg, i.p.). This dose has been found to induce 
severe cholinergic symptoms such as salivation, diar- 
rhea, body tremors, convulsions and weakness. For the 
chronic studies, animals were treated with either (a) 
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a constant low dose for 7 days, which did not produce 
symptoms until 3 days of treatment (0.3 mg/kg, ip.) 
or (b) an experimentally predetermined dose which 
produced maximal cholinergic symptoms daily with- 
out lethal toxicity for 5 days (0.75 mg/kg on day 1, 
0.58 mg/kg on day 2, 0.50 mg/kg on day 3, 0.45 mg/kg 
on day 4 and 0.40 mg/kg on day 5, 1.p.). The low-dose 
treatment (schedule a) was used primarily to correlate 
central nervous symptons with alterations in neuro- 
transmitter function, while the latter symptomatic 
treatment (schedule b) was used to study alterations 
in ACh storage or mobilization without complica- 
tions from non-symptom-producing doses. Animals 
were sacrificed at various time intervals after their 
final injection and killed by either microwave irradia- 
tion (model 550, Litton Industries) for total brain 
ACh, or by decapitation for free and bound ACh and 
for enzyme determinations. 

Total brain ACh. Animals were sacrificed by micro- 
wave irradiation (20-30sec) sufficient to inactivate 
ChE [7,8] at specified intervals after the last injec- 
tion. The brains were removed, weighed and prepared 
for gas chromatographic analysis [9]. 

Free and bound ACh. Rats were sacrificed by de- 
capitation and the brains were rapidly removed and 
homogenized in pre-weighed vessels containing 10 ml 
of ice-cold 0.32M_ sucrose with paraoxon 
(5 x 10°° M) and CuSO, (20 g/ml) to inhibit ChE 
and cholineacetyltransferase (CAT) respectively. The 
tissue was homogenized for 30sec using a glass/Tef- 
lon homogenizer (clearance: 0.2 mm) at 2000 rev/min. 
Additional 0.32 M sucrose with paraoxon and CuSO, 
was then added so that the total concentration of 
sucrose solution added was 10 ml/g of brain tissue. 
Samples were then rehomogenized as before for 
30 sec. Nine ml of this homogenate was centrifuged 
at 100,000 g for 1 hr (Beckman model L, 40 rotor). 
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After centrifugation, the supernatant containing the 
“free” ACh was pipetted off and stored on ice. The 
pellet containing the bound fraction of ACh was 
resuspended in 0.7 ml H,O and transferred to a 30-ml 
centrifuge tube. Acetonitrile (20 ml) containing 2%, 
(w/v) trichloroacetic acid was added along with 20-25 
nmoles propionylcholine iodide as an internal stan- 
dard, and the sample was homogenized for 30 sec 
(Polytron homogenizer at half-speed). The samples 
were then prepared for ACh analysis by pyrolysis gas 
chromatography [7]. 

The ACh in the free fraction was isolated using 
ion pair extraction [10]. Samples were extracted by 
shaking for 2 min with 10 ml of 1 mM dipicrylamine 
(2,2'-, 4,4’-, 6,6'-hexanitrodiphenylamine) in dichloro- 
methane and 2.5 ml of 1 M sodium bicarbonate buffer 
(pH 10) immediately after the addition of the latter. 
Samples were centrifuged to separate layers. The 
aqueous phase was removed and the organic phase 
containing the ACh was shaken for 1 min with 8 ml 
of 0.1 M HCl. Samples were centrifuged to separate 
layers, and 2 ml of the aqueous layer, now containing 
the ACh, was removed and added to 2ml H,O and 
10 ug tetramethylammonium iodide. Samples were 
then precipitated with KI/I, and prepared for pyro- 
lysis gas chromatography as for the bound ACh frac- 
tion. 

Gas chromatographic analysis. A Hewlett-Packard 
model 5750 gas chromatograph equipped with a 
flame ionization detector was used to quantitate ACh. 
The column used was 5% DDTS and 5% OV-101 
on Gas Chrom Q [11]. The column temperature was 
110° with a helium flow of 50 ml/min. Samples were 
injected either onto the column directly [9] or pyro- 
lyzed with a Barber-Coleman pyrolyzer Model 
5180 [7]. 

Enzyme determinations. Total brain ChE activity 
was determined colorimetrically [12]. The brains were 
removed, weighed and homogenized in Ringer solu- 
tion for a final concentration of 5 mg brain tissue/ml 
of Ringer solution. The tissue was incubated with 
ACh as substrate for periods up to 1 hr and enzyme 
activity expressed in pmoles ACh hydrolyzed/g/hr. 

Free and bound ChE and CAT fractions were iso- 
lated in a manner similar to that for free and bound 
ACh. The initial homogenizations with sucrose, for 
the ChE and CAT determinations, however, did not 
contain Px and CuSO, respectively. After separation 
and purification, the tissue fractions were analyzed 
as for total ChE. CAT was determined radiometri- 
cally [13]. 


RESULTS 


Acute administration of Px (0.75 mg/kg) caused 
severe cholinergic symptoms (tremor, convulsions, 
salivation and sweating) within 15 min after injection. 
Total ACh levels at this time were increased from 
19.3 + 1.31 to 39.7 + 3.51 nmoles/g of brain tissue 
and slowly declined thereafter (Fig. 1a). Twenty-four 
hr after Px, brain ACh levels were not statistically 
different from control values (23.2 + 2.84 nmoles/g of 
tissue). Concurrent with the initial increase in ACh 
levels, ChE activity was maximally inhibited (83 per 
cent) at 15 min (Fig. 1b). The inhibition was followed 
by a gradual return of enzyme activity; by 24 hr ChE 
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activity had recovered to 50 per cent of controls. 
Total recovery of enzyme activity, which was 
measured every 72 hr, was seen 12 days after the in- 
itial injection. 

When given daily, Px (0.3 mg/kg) caused no severe 
poisoning symptons after the first two injections. 
Upon subsequent injections, however, symptoms did 
ensue. ACh levels increased during the first 3 days 
from 20.1 + 1.59 to 30.2 + 3.19 nmoles/g of tissue 
and remained fairly constant thereafter (Fig. 2a). ChE 
activity declined steadily during the 7-day treatment 
to less than 20 per cent of control activity (Fig. 2b). 

The levels of free ACh in acutely and chronically 
treated animals did not differ significantly (Fig. 3a). 
In acutely treated animals, free ACh increased from 
4.7 + 0.83 to 14.3 + 2.1 nmoles/g of tissue, while in 
chronically treated animals, free ACh increased from 
7.00+0.48 to 146+ 1.9 nmoles/g of tissue within 
15 min after the last injection. Levels remained ele- 
vated for both treatment groups throughout the ex- 
perimental period. 

The bound fraction of ACh, however, showed a sig- 
nificant difference (P < 0.005) in response to acute 
and chronic drug application 15, 30 and 60 min after 
the last drug injection (Fig. 3b). The level of bound 
ACh in animals receiving a single injection of Px rose 
from 14.1+1.5 to 23.4 +0.56nmoles/g of tissue 
within 15 min, an increase of 66 per cent.-In chroni- 
cally treated rats, however, bound ACh increased by 
only 23 per cent, from control levels of 13.8 + 0.79 
to 17.1 + 1.2 nmoles/g of tissue in 15 min. 

The effects of acute vs chronic administration of 
Px on free and bound pools of ChE are shown in 
Fig. 4. Each group of animals was given a dose of 
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Fig. 1. Effect of acute Px on brain ACh levels (a) and 

ChE activity (b). Animals were treated with 0.75 mg/kg of 

Px (i.p.) and sacrificed at 0.25, 0.5, 1, 2, and 24hr. Each 

point is the mean of five values and bars represent stan- 
dard errors. 
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Fig. 2. Effect of chronic Px on brain ACh levels (a) and 

ChE activity (b). Animals were treated for 1-7 days with 

Px (0.3 mg/kg, i.p.) and sacrificed 15 min after their final 

injection. Each point is the mean of four values and bars 
represent standard errors. 
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Fig. 3. Effect of Px on brain levels of free (a) and bound 
(b) ACh after acute (@——@) and chronic (O—-——O) treat- 
ment. For the acute studies, animals were given a single 
dose of Px (0.75 mg/kg, i.p.). For the chronic studies, ani- 
mals were treated with a dose to produce symptoms every 
day for 5 days. Rats were sacrificed 15, 30, 60 and 120 min 
after their final injection. Each point is the mean of four 
values and bars represent standard errors. 
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Fig. 4. Effect of Px on the recovery of free (a) and bound 
(b) ChE after acute (@ @) and chronic (O ©) treat- 
ment. Animals were given a single dose of Px (0.75 mg/kg, 
ip.) or treated for 5 days with a dose that caused symp- 
toms every day. Animals were sacrificed 1, 24 and 72 hr 
after their final injection. Each point represents the mean 
of six values and the bars represent standard errors. 


Px to induce severe poisoning symptoms. One hr after 
injection, when severe symptoms were still present, 
ChE activities in chronically treated animals were 
slightly lower than in acutely treated animals. There 
does not appear to be a shift of activity between the 
two pools. The ChE in the free fraction appears to 
recover slightly faster than the ChE in the bound frac- 
tion during the first 24hr, but by 72hr, free and 
bound enzyme activity had recovered to approxi- 
mately the same extent (50 per cent of control). 

CAT activity in control animals was 3.2 + 
0.5 ymoles ACh synthesized/g of brain/hr in the free 
fraction and 7.8 + 0.2 umoles/g of brain/hr in the 
bound fraction. The activities in these pools were not 
significantly affected by either acute or chronic Px 
treatment, when measured in vitro. 


DISCUSSION 


Results of these experiments clearly demonstrate 
that the onset of cholinergic symptoms (tremor and 
convulsions) induced by Px is closely related to alter- 
ations in brain ACh. In acutely treated animals, cho- 
linergic hyperactivity was evident within 10-15 min 
after injection, the time when total brain ACh 
doubled. Symptoms lasted for 2~3 hr while ACh levels 
remained 40 per cent above control. In low-dose 
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chronically treated animals, symptoms were not evi- 
dent until 3 days of treatment, when ACh levels 
reached a maximum of 50 per cent above control. 
In agreement with Holmstedt et al. [14], it appears 
that central nervous system symptoms are indeed well 
correlated with an increase in total brain ACh, and 
our findings indicate that a minimum rise of 50 per 
cent above control is necessary for the onset of tre- 
mors and convulsions. 

In acutely treated animals, total ACh increased by 
100 per cent, whereas, in low-dose chronically treated 
animals, total ACh levels increased by only 50 per 
cent. It appears that a change may have occurred 
in processes regulating the synthesis of ACh. Little 
is known about the mechanisms involved in the regu- 
lation of ACh synthesis in brain, but there appears 
to be a ceiling beyond which ACh does not increase 
further [15]. Synthesis may be linked to release and 
both are probably regulated by the concentration of 
ACh, CoA or choline at the site of synthesis [16, 17]. 
High levels of ACh in the synaptic gap, produced 
by ChE inhibition, may decrease ACh synthesis by 
competing for the re-uptake carrier of choline. If cho- 
line comes from the ACh hydrolyzed in the cleft, then 
the release of ACh could regulate synthesis [18]. A 
large part of synaptosomal ACh synthesis utilizes 
choline from this source [19-21]. Reduced availability 
of choline may be the limiting factor in chronically 
treated animals, and, hence, an increase in total ACh 
levels of only 50 per cent. 

In our experiments, CAT activity was unaffected 
by chronic ChE inhibition in either the free or bound 
fractions, as measured in vitro. This does not, how- 
ever, reflect activity in vivo which could be affected 
by other factors such as product inhibition or sub- 
strate availability. It simply indicates that there was 
no change in the concentration of this enzyme. 

After a single, symptom-producing dose of Px, the 
concentration of ACh increased significantly in both 
the free and bound fractions. The high values of free 
ACh after Px may be due to, in part, the ACh found 
in the synaptic cleft after release from the nerve ter- 
minal and the ACh of the perikarya, axoplasm and 
some synaptosomal cytoplasm found in the superna- 
tant. Chronically treated animals exhibited increases 
in free ACh and recovery of free ChE in a manner 
similar to acutely treated animals, indicating no 
major alteration in this pool induced by chronic drug 
administration. 

The increase in bound ACh induced by a single 
injection of Px is larger than has been previously 
reported for organophosphorus ChE inhibitors 
[2, 22,23]. Chronically treated animals exhibited 
a slight, transient increase in bound ACh 15 min after 
their final injection, a much smaller change than was 
noted for acutely treated animals. Bound ChE activity 
was sifnilar for both treatment groups, suggesting in- 
volvement of factors other than ChE in regulating 
bound ACh levels. The initial increase in the bound 
fraction in acutely treated animals may be due to un- 
used storage sites which are capable of gaining ACh 
during ChE inhibition. With chronic ChE inhibition, 
the storage sites remain filled up and this could 
- account for the smaller increase in the bound fraction. 
This suggests that there are a limited number of 
bound stores with a maximum filling capacity. 
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Many experiments have demonstrated the develop- 
ment of behavioral tolerance to chronic administra- 
tion of organophosphorus ChE inhibitors [24-26]. 
Considerable evidence has accumulated from these in- 
vestigations, which indicate that a reduction in the 
sensitivity of muscarinic receptors may be the major 
mechanism of tolerance development to reduced ChE 
activity. While our experiments do not disprove this 
mechanism, they provide information which suggests 
that changes in the presynaptic mobilization and stor- 
age of ACh are an alternative mechanism for the de- 
velopment of tolerance to chronically reduced ChE 
activity. 

In summary, rats appear to be able to adapt to 
reduced levels of cholinesterase when treated chroni- 
cally with paraoxon, an organophosphorus cholines- 
terase inhibitor. The mechanisms involved in adap- 
tation appear to reflect changes in neurotransmitter 
storage and release. Free acetylcholine levels are in- 
creased in both acutely and chronically treated ani- 
mals. Bound acetylcholine, however, remains unal- 
tered in chronically treated animals, whereas it in- 
creases in acutely treated animals. The possibility of 
changes in pre-synaptic mobilization and storage of 
acetylcholine as a mechanism for tolerance is dis- 
cussed. 
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Abstract—The pentapeptide pepstatin was found to inhibit the ability of rat spleen pseudorenin to 
form angiotensin I from tetradecapeptide renin substrate. Dixon and Webb plots showed that this 
inhibition was noncompetitive in nature. Lineweaver—Burk analysis also showed noncompetitive inhibi- 
tion. K; values determined by the three graphical methods ranged from 1.8 to 3.8 x 107'°M. The 
K,, for pseudorenin was determined to be between 0.82 and 1.23 4M. The concentration of enzyme 
used was estimated to be 3.1 x 10~'° M. Pepstatin should prove useful in the future for the analysis 


and purification of pseudorenin. 


Pseudorenin is an enzyme which like renin is capable 
of producing angiotensin I from tetradecapeptide 
renin substrate and purified hog renin substrate. The 
enzyme is, however, chromatographically distinct 
from renin, has its optimum enzymatic activity at 
a lower pH value, and is unable to produce angioten- 
sin I from substrate occurring naturally in plasma 
[1]. We now have found that pepstatin (isovaleryl-L- 
valyl-L-valyl-4-amino-3-hydroxy -6-methylheptanoy] - 
L-alanyl-4-amino-3-hydroxy-6-methylheptanoic acid), 
a pentapeptide produced by certain species of Strepto- 
myces [2] and previously shown to be a potent inhibi- 
tor of pepsin [2-4], cathepsin D [4,5] and renin 
[4, 6, 7], is also an inhibitor of pseudorenin isolated 
from rat spleen. In the present study, we wish to 
report on the kinetic characteristics of this inhibition. 


MATERIALS AND METHODS 


Materials. Pepstatin was obtained from the Protein 
Research Foundation, Tokyo, Japan. Tetradecapep- 
tide renin substrate (TDP) and ['?*I angiotensin I 
were obtained from Schwarz/Mann, Orangeburg, 
N.Y., and New England Nuclear, Boston, MA, re- 
spectively. Angiotensin I for the radioimmunoassay 
was obtained from the National Institute for Biologi- 
cal Standards, Holly Hill, London. 

Preparation of rat spleen pseudorenin. Spleens from 
Holtzman rats were frozen, thawed, and homogenized 
in 10 vol. water. After centrifugation for 20 min at 
12,000 g, the supernatant was treated with ammonium 
sulfate to give a fraction precipitating between 1.3 and 
2.5 M. The precipitate was resuspended in water and 
dialyzed overnight against water. The solution was 
clarified by centrifugation and treated with DEAE 
cellulose (20 mg moist resin/mg of protein). The sus- 
pension was stirred for 30 min, vacuum filtered, and 
the residue resuspended in 5 vol. water and adjusted 
to pH 4.8 with 1 N acetic acid. The suspension was 
stirred for 10 min and filtered. The residue was resus- 
pended in 5 vol. NaCl (100 mM) and the pH adjusted 
to 4.0 with acetic acid. The suspension was stirred 
for 10min and filtered. The elution at pH 4.0 was 
repeated once more, and the pH 4.0 eluates were com- 
bined and precipitated with ammonium sulfate 
(2.5 M). The precipitate was resuspended in water and 


dialyzed overnight against water. The protein concen- 
tration of the final solution was 2.0 mg/ml. 

Pepstatin inhibition of pseudorenin. Twenty-five pl 
of a 200-fold dilution of the above pseudorenin prep- 
aration was incubated at 37° in a final volume of 
100 ul containing 50mM sodium citrate buffer (pH 
5.0), 500 pmoles/ml of TDP, and 0-5 ng/ml pepstatin. 
After 30 min, the enzymatic reaction was stopped by 
placing the incubation mixtures on ice and diluting 
them with 0.8 ml of 0.1 M Tris—acetate buffer, pH 7.4. 
The angiotensin I produced was then assayed by 
radioimmunoassay as described below. 

Radioimmunoassay of angiotensin I. A modification 
of the method described by Haber et al. [8] was used 
in this study. Samples (50 yl) of the incubation mix- 
tures to be assayed were mixed with 50 pl of ['?°I]an- 
giotensin I (4500 cpm) in Tris—acetate buffer, pH 7.4, 
containing bovine serum albumin (5.0 mg/ml). Rabbit 
antiserum, 100 yl of a 1:10,000 dilution in 0.1 M Tris— 
acetate buffer, pH 7.4, was added and the mixture 
allowed to equilibrate at 4° for 24hr. The antiserum 
was prepared as described by Haber et al. [8]. A char- 
coal suspension (0.8 ml) containing 3.9 g/l of charcoal 
and 0.39 g/l of dextran in 0.1 M Tris—acetate buffer, 
pH 7.4, was then added. The mixtures were thor- 
oughly mixed and then centrifuged at 7000g for 
10min. The supernatant was decanted, mixed with 
4.5 ml of scintillation fluid (Aquasol) and counted in 
a Packard Tri-Carb liquid scintillation counter. 
Known amounts of angiotensin I varying from 25 to 
1600 pg were treated in a similar manner to produce 
a standard curve. 

Kinetic studies. Data for Dixon and Webb plots 
were obtained by measuring the reaction velocity of 
pseudorenin at two substrate concentrations (0.5 and 
1.0 uM TDP) and in the presence of varying amounts 
of pepstatin (2.9 x 10~'° to 20.4 x 10~'°M). The 
enzymatic reaction and radioimmunoassay were car- 
ried out as described above. For each substrate level 
a plot of 1/V vs pepstatin concentration (Dixon plot 
see Fig. 2) was made and the lines calculated by linear 
regression analysis. A plot of 1/i vs 1/[pepstatin], 
where i= 1 — V;,/V., provided a Webb plot (see 
Fig. 3). 

The results obtained in the Dixon and Webb plots 
were also used to estimate the concentration of pseu- 
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dorenin present in the incubation mixture. In cases 
where an inhibitor has a high affinity for an enzyme, 
the molarities of the inhibitor and enzyme are essen- 
tially the same. In such cases a plot of I/i vs 1/1 —i 
will yield a straight line in which the slope of the 
line is equal to the K; and the intercept on the y-axis 
is equal to the concentration of the enzyme [9]. 

Lineweaver—Burk analysis of pseudorenin activity 
was carried out by determining the reaction velocities 
under conditions in which the concentration of TDP 
was varied from 0.2 to 0.5 uM in either the absence 
or presence of 3.65 x 10°'°M pepstatin. The results 
were used in a plot of 1/V vs 1/S. 


RESULTS 

The pseudorenin preparation isolated from rat 
spleen was found to generate 103 ug angiotensin 
I/ml/hr when incubated at 37° in the presence of 
0.5 4M TDP. As shown in Fig. 1, pepstatin concen- 
trations ranging from 0.125 ng/ml (1.8 x 10~'° M) 
to S5ng/ml (7.3 x 10°” M) inhibited the formation 
of angiotensin I from TDP. Fifty per cent inhibi- 
tion was observed at a pepstatin concentration of 
3.3 x 10°'° M, while complete inhibition was ob- 
served at 7.3 x 10°? M. The IDso obtained is similar 
to that obtained by McKown et al. [9] for human 
renin and porcine pepsin. 

The determination of the reaction velocities at two 
TDP concentrations (0.5 and 1.0 uM) with pepstatin 
concentrations ranging between 2.9 x 10°'°M and 
20.4 x 10°'°M provided data for the Dixon and 
Webb plots, Figs. 2 and 3, respectively. A Dixon plot 
of 1/V vs [pepstatin] gave two lines which intersected 
the x-axis at —2.06 and —1.78 respectively. The dif- 
ference between these two values is not statistically 
significant. This type of plot is indicative of noncom- 
petitive inhibition. Since the point on the x-axis where 
the two lines intersect is equal to — K,, the K; value 
for pepstatin is between 1.78 and 2.06 x 10°~'° M. In 
a Webb plot of 1/i vs 1/[pepstatin], the two lines 
were superimposable and intersected the y-axis at a 
value close to 1.0. Such a plot, which is indicative 
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Fig. 1. Inhibition of pseudorenin by pepstatin. The con- 
centration of pepstatin was varied from 0.125 ng/ml 
(1.82 x 107'° M) to 5ng/ml (7.3 x 10°? M). 
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Fig. 2. Dixon plot (1/V vs [pepstatin]) of the inhibition 

of rat spleen pseudorenin by pepstatin. V is the reaction 

velocity (ug angiotensin 1/ml/hr) determined at two sub- 

strate concentrations: $,, 0.5 4M (@) and S;, 1.0uM (0) 

TDP, in the presence of pepstatin. K; is equal to 2.06 and 
1.78 x 10~'°M respectively. 


of noncompetitive inhibition [10], gave a K; value 
of 3.8 x 107'°M. 

The results obtained from the Dixon and Webb 
plots when plotted as J/i vs 1/1 —i gave a straight 
line as shown in Fig. 4. This line intercepted the y-axis 
at a value of 3.13 x 107'° “4 and has a slope equal 
to 2.09 x 10~'° M. These values are equal to the con- 
centration of pseudorenin in the system and to the 
K; respectively. 

The reaction velocities of pseudorenin were deter- 
mined at substrate concentrations ranging between 





iL iL i 
10 15 20 
1/[Pepstatin] (108 M~') 





Fig. 3. Webb plot (1/i vs 1/[pepstatin]); i is the fractional 

inhibition and is equal to | — V;/V. where V,; and V, are 

the reaction velocities in the presence and absence of 

pepstatin respectively. Concentrations of TDP are: S,, 

0.5 uM (@) and Sz, 1.0uM (0). K; (x-intercept) equals 
3.8 x 10°!°M. 





Inhibition of pseudorenin by pepstatin 








W1-i 
Fig. 4. Determination of the concentration of pseudo- 
renin. Substrate concentrations are: S,, 0.5 4M, and S>, 
1.0 uM. From the y-intercept of a plot of J/i vs 1/1 —i, 
the concentration of pseudorenin is determined to be 
3.13 x 10719 M. 


0.2 and 0.5 uM in the absence or presence of pepstatin 
(3.65 x 10~'°M). The values obtained were plotted 
by the Lineweaver—Burk method (Fig. 5) and showed 
that the inhibition of pseudorenin by pepstatin was 
noncompetitive. The maximum rate of angiotensin I 
formation was 374,yg/ml/hr. In the presence of 
3.65 x 10°'°M pepstatin, the V,,,, fell to 144 ug/ml/ 
hr. The K; for pepstatin in this case was found to 
be 2.31 x 10~!°M, a value similar to that obtained 
in the Dixon and Webb plots described earlier. The 
K,, for pseudorenin was determined to be between 
0.82 and 1.23 uM. These values are similar to the K,, 
value of 1.85 .M reported by Skeggs et al. [1] for 
human kidney pseudorenin. 


a 
4 


1/S (uM~') 








Fig. 5. Lineweaver—Burk plot (1/V vs 1/S) where V is the 

reaction velocity (ug angiotensin |/ml/hr) determined at 

varying concentrations of TDP (S) in the absence (O) or 

presence of pepstatin (3.64 x 10°'° M) (@). K,, = 0.82 to 
1.22 uM. 


DISCUSSION 


Since the first report by Skeggs et al. [1] on the 
isolation of pseudorenin, very little additional work 
has been reported on this enzyme. The results 
obtained in this study demonstrate that the ability 
of pseudorenin to form angiotensin I from tetradeca- 
peptide renin substrate is inhibited by pepstatin in 
a noncompetitive manner. Although early reports 
[7, 11] in the literature suggested that pepstatin inhi- 
bition of pepsin and renin was competitive in nature, 
later work [9, 12] has shown it to be noncompetitive. 
Thus, the inhibition of pseudorenin by pepstatin is 
similar to that observed with pepsin and renin. 
Whether or not an aspartic acid residue is involved 
in the catalytic function of pseudorenin, as has been 
shown for renin [13] and pepsin [14], remains to 
be demonstrated. 

Since the spleen has an extremely high concen- 
tration of pseudorenin (Ref. 1, and A. Poisner and 
S. Strom, unpublished observations), it was chosen 
for the source of enzyme used in this study. However, 
ongoing work in our laboratory has shown that pseu- 
dorenin from other tissues and body fluids (including 
human and rat plasma) is also inhibited by pepstatin 
at very low concentrations. 

The potent inhibitory nature of pepstatin on pseu- 
dorenin should provide a useful tool in determining 
the physiological function of this enzyme and also 
in its purification by affinity chromatography. 
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SHORT COMMUNICATIONS 


The protective action of glycyrrhizin against saponin toxicity 


(Received 26 March 1976; accepted 14 November, 1976) 


Saponins are known to be of potential medical value, as 
antiinflammatory [1], antiexudative, and antiviral agents 
[2,3] and even as tumor inhibitors [4-6]. Their thera- 
peutic applications are however very limited, since when 
taken orally they are poorly absorbed from the intestines 
and when injected, especially intravenously, most of them 
are very toxic and induce marked hemolysis. It is therefore 
of great interest to find ways of inhibiting saponin-induced 
hemolysis. 

Recently [7] some purified nonhemolytic ginseng sapo- 
nins were reported to protect washed erythrocytes against 
the deterring effect of other hemolytic ginseng saponins. 
Glycyrrhizin was found to possess the same capacity 
against “saponin (Merck)”. We wish to report the results 
of our investigations which show that glycyrrhizin is a 
general inhibitor of saponin and sapogenin hemolysis. 

The in vitro experiments were performed on washed 
bovine erythrocytes (1°%% v/v). Isotonic phosphate buffer 
pH 7.4 and hemolysin (saponins and sapogenins as given 
in Tables 1 and 2) solutions were prepared as previously 
described [8]. Ammoniated glycyrrhizin (Fluka) was dis- 
solved in buffer solution. 

Inhibition of hemolysis by glycyrrhizin was determined 
by running two sets of experiments in parallel: 

(a) The erythrocyte suspension (2 ml) was incubated at 
37° with glycyrrhizin solution and buffer to give a final 
vol. of 3 ml. After | hr buffer and then hemolysin solution 
were added to give a final vol. of 4ml. (In those experi- 
ments in which dimethyl sulfoxide-H,O was the solvent 
for the hemolysin, this mixture was added instead of buffer 
to give the final vol. of 4 ml.) The mixtures were incubated 
at 37° for another hr (the standard time of incubation for 
hemolysis tests) and the percentage of hemolysis was deter- 
mined by standard methods [8]. 

(b) Erythrocyte suspension (2 ml) was incubated with 
buffer (1 ml) for Ihr at 37°, then buffer solution (or 
dimethyl sulfoxide-H ,O) and hemolysin were added to give 
a final vol. of 4ml. The mixtures were incubated for 


another hr and percentage hemolysis was determined. Per- 
centage inhibition was calculated as: 


*, hemolysis with inhibitor 


— ——___________—— _] x 100. 
*% hemolysis without inhibitor 


A plot of percentage inhibition versus glycyrrhizin con- 
centration gave a straight line for 10-90 per cent inhibition. 
The protective activity, P59, defined as the glycyrrhizin 
concentration giving 50 per cent inhibition of hemolysis, 
was determined from this plot and these values were repro- 
ducible to within 10 per cent of their value. 

The results which are summarized in Table | show that 
glycyrrhizin is a common inhibitor for all saponins tested, 
although it is effective only when its concentration greatly 
exceeds that of the hemolysin. For each particular saponin 
tested there is a direct relation between the concentration 
of hemolysin used and the concentration of glycyrrhizin 
required to achieve 50 per cent protection. 

Our previous investigations [8,9] have shown that most 
saponins induce hemolysis only after the glycosidic bonds 
have been hydrolysed by appropriate membrane glycosi- 
dases to the active aglycones. We considered the possibility 
that the protective effect exerted by glycyrrhizin is a result 
of the inhibition of the membrane glycosidases. We there- 
fore tested whether glycyrrhizin affects the hemolysis 
obtained by the aglycones as well. From the data in Table 
2 it is obvious that sapogenin-induced hemolysis is inhi- 
bited by glycyrrhizin as effectively as that of the corre- 
sponding saponins. Moreover, protection is not confined 
to this group of hemolysins, but is observed for the cationic 
surfactant N,N-dimethyl-N-(1,1-dimethyl-2-hydroxyethyl) 
ammonium bromide as well. 

The possibility was considered that glycyrrhizin exerts 
its inhibitory activity by reducing the effective concen- 
tration of hemolysin through complex formation, similar 
to the mechanism by which cholesterol inhibits saponin 
hemolysis [10,11]. The following experiments were carried 


Table 1. Glycyrrhizin inhibition of saponin induced hemolysis in washed erythrocytes 





Concentration 
of saponin 
Saponin 


°%, Hemolysis 


Pt, mg/ml 





digitonin 
digitonin 
escin 

escin 

escin 

escin 
tomatin 
tomatin 
saponin A 
saponin A 


See = NNW 


BWW DB DO wD 
OM SEE ESE A Se 


NN 


Zz 
0.75 
>4 
>4 
>4 
3.75 
0.75 
0.56 
2.8 
| 





*P.,.. = the concentration of glycyrrhizin giving 50% inhibition of hemolysis. 
This value was obtained from the plot of percentage inhibition versus glycyrrhizin 
concentration. The P;, values were reproducible to within 10 per cent of their value. 





Short communications 


Table 2. Glycyrrhizin 


inhibition ‘of sapogenin 


induced hemolysis in washed 


erythrocytes 





Concentration 4 
sapogenin (M) Hemolysis 


Sapogenin 


y Ps 
mg/ml 





to 


digitogenin 
tomatidine 
tomatidine 
sapogenin A 
sapogenin A 
sapogenin A 
N,N-dimethyl-N- 
hexadecyl- 
N-(1,1-dimethyl-2- 
hydroxyethyl) 
ammonium bromide 


ore 


10 
10 
10 
10 
10 
10 


00 Ny 


i) in 


10-4 


NwWwWe eS 
WM & NN OO OOWN 





out: (a) the hemolysin and glycyrrhizin were incubated for 
15 min at 37° before they were added to erythrocytes, (b) 
first glycyrrhizin and then hemolysin were added to eryth- 
rocytes, (c) erythrocytes were preincubated for 1 hr with 
glycyrrhizin before the hemolysin was added. The extent 
of inhibition obtained in these experiments for a number 
of hemolysins is summarized in Table 3. The results 
exclude the possibility of complex formation, since preincu- 
bation of hemolysin with glycyrrhizin did not increase pro- 
tection. The fact that greatest inhibition was obtained by 
preincubation of glycyrrhizin with the erythrocytes (experi- 
ment c) might indicate that the glycyrrhizin, which is 
known to be absorbed by the erythrocytes, prevents the 
access of the hemolysin to its receptor. This explanation 
would also account for the fact that glycyrrhizin is a non- 
specific inhibitor to the hemolysis of saponins and sapo- 
genins as well as cationic surfactants. Moreover, the inhibi- 
tion was found to be reversible, since washing of the eryth- 
rocytes which had been incubated with glycyrrhizin elimin- 
ated any inhibitory effect. 

On the basis of these results it was decided to investigate 
the influence of glycyrrhizin on the toxicity of saponins 
in vivo. Digitonin, a commercially available saponin, was 
used as model hemolysin. Since it has been established 
that the fatal effect of saponins cannot be ascribed solely 
to their hemolytic activity, we investigated the effect of 
glycyrrhizin on two parameters of digitonin toxicity: (a) 
mortality rate and (b) hemolysis. Digitonin is only spar- 
ingly soluble in water and thus a cosolvent system of pro- 
pylene glycol, dimethyl sulfoxide and water (2:1:2) was 
used. The intravenous injection of 0.1 ml of this solvent 
produced no toxic effects in mice weighing 22 g each (15 
animals tested). The experiments were conducted at digi- 
tonin concentrations which produce 50 per cent mortality 
(LDs9) by iv. injection of 0.05ml digitonin solution 
(10.1 mg/ml) into the tail of mice weighing exactly 22 g. 
(LDs59 = 23 mg/kg). For the inhibitory tests glyevrrhizin 
(13 mg/ml and 25 mg/ml) was dissolved in the digitonin 
solution to give final dosages of 30 mg/kg and 57 mg/kg 
when injecting 0.05 ml.* At the lower glycyrrhyzin dosage, 
mortality was not reduced (40 animals tested); at the 
higher dosage, however, a 40 per cent decrease in mortality 
was observed when a group of 45 animals was tested 
(P < 0-01). 

The influence of glycyrrhizin on the hemolytic effect of 
digitonin in vivo was investigated at the same concen- 
trations of saponin and glycyrrhizin as in the mortality 
tests. The extent of hemolysis was determined on hepar- 





* Toxic effects (such as convulsions, slight hemolysis etc.) 
occurred in animals receiving 70 mg/kg glycyrrhizin, below 
which, however, glycyrrhizin proved to be non toxic. 


Table 3. Extent of glycyrrhizin* inhibition under various 
experimental conditions 





o 


/o 
Concentration Inhibition in experiment 


Hemolysin of hemolysin (a) (b) (c) 





digitonin 3 45 43 35 
digitonin : 30 31 50 
tomatin "g 26 25 50 
escin : 32 35 47 
tomatidine : . 49 48 50 





*The glycyrrhizin concentrations are as outlined in 
Tables 1 and 2. 


inized blood collected from animals decapitated immedi- 
ately after injection. Tests performed on 40 animals showed 
that at both dosages glycyrrhizin did not reduce hemolysis 
(which was about 30 per cent). 

The discrepancy between the in vitro and the in vivo 
inhibitory influence of glycyrrhizin against hemolysis, 
apparently has to be ascribed to the large excess of inhibi- 
tor needed to prevent the hemolysis. Jn vitro the ratio of 
inhibitor to hemolysin was 400 whereas in vivo the ratio 
could not exceed 2.5 because of the toxicity of the glycyr- 
rhizin. On the other hand, glycyrrhizin markedly affected 
the second toxicity parameter investigated, i.e., mortality, 
although the same saponin-inhibitor ratio was used as in 
the hemolysis tests. These results further support former 
observations[12] that there need be no relationship 
between the lethal and the hemolytic effect of saponins. 

Our results indicate that non-hemolytic saponins, which 
protect against in vitro hemolysis, might prove to be effec- 
tive inhibitors to the toxic effects of saponins. 
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Effect of gamma-butyrolactone and baclofen on plasma 
prolactin in male rats* 


(Received 19 January 1976; accepted 14 June 1976) 


Gamma-hydroxybutyrate (GHB), which occurs as a 
natural metabolite in mammalian brain [1], or its precur- 
sor gamma-butyrolactone (GBL), given systemically, can 
increase dopamine levels in the neostriatum without affect- 
ing norepinephrine or serotonin levels [2]. GHB or GBL 
does not inhibit monoamine oxidase or catechol-o-methyl- 
transferase indicating that the increase in dopamine is not 
due to interference with its metabolism [2]. GHB causes 
a marked decrease in the utilization of dopamine [3]. Unit 
recordings of dopamine neurons in the zona compacta of 
the substantia nigra indicate that GHB administered syste- 
mically decreases the firing of these neurons [4]. These 
studies are consistent with the thesis that GHB inhibits 
impulse flow in dopamine neurons in the neostriatum [5]. 





*This research was supported, in part, by USPHS 
MH25116 and by Research Scientist Award MH47,808 to 
H. Y. Meltzer. 


It has been proposed that the effect of GHB on dopamine 
neurons may be due to a direct or indirect stimulation 
of an inhibitory gamma-aminobutyric acid (GABA) 
mechanism in the substantia nigra [6]. 

Dopaminergic neurons of the tuberoinfundibular region 
of the hypothalamus inhibit prolactin release from the 
anterior pituitary by a direct inhibitory effect of dopamine 
on the pituitary [7] or by promoting the release of prolac- 
tin inhibitory factor [8], or by both mechanisms. Drugs 
such as dopamine receptor blockers, e.g. chlorpromazine, 
which decrease the dopaminergic influence on the pitui- 
tary, increase plasma prolactin [9]. Alpha-methylpara- 
tyrosine (AMPT) which inhibits the synthesis of dopamine 
also increases plasma prolactin [10]. Intraventricular injec- 
tion of GABA raises prolactin on the morning of proes- 
trous in intact female rats and in ovariectomized rats [11]. 

We were interested in determining if GHB inhibited im- 
pulse flow in the dopaminergic neurons of the hypotha- 
lamus and thereby increased plasma prolactin. We report 


Table 1. Effect of drugs on rat plasma prolactin* 





Dose 
(mg/kg) 


Plasma prolactin? 


Duration (ng/ml) 





Saline 
Gamma-hydroxybutyrolactone 


Baclofen 


Alpha-methylparatyrosine- 
methyl ester 


Trifluoperazine 


10.4 + 3.6 


30 min 10.8 + 4.5 NSt 
30 min 4+ 3.6 NS 

30 min 14.6 <0.01 
30 min 14.6 <0.01 


1 hr : pe NS 
1 hr 23.4 <0.01 
1 hr 21.7 <0.01 


4, 24 hr 33. Be <0.01 


30 min 


<0-01 


ON 
a 
os 
i 


1 hr ae Ue 





* All groups consisted of five male rats. 
+ Mean + S.D. 
t Not significant. 
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here that GBL does raise plasma prolactin in male rats. 
We also found that baclofen (f-[4-chlorophenyl]-«-amino- 
butyric acid), a putative GABA agonist [12], also increases 
rat plasma prolactin levels. 

Male Sprague-Dawley rats weighing 175-200g were 
used in this study. GBL, baclofen, trifluoperazine and 
AMPT-methyl ester were injected  intraperitoneally. 
(AMPT-methyl ester was injected in two equal doses 24 
and 4hr prior to sacrifice.) Rats were sacrificed at the time 
indicated in Table 1. Rats were anesthetized with ketamine 
prior to obtaining heparinized blood from the inferior vena 
cava. Ketamine does not affect plasma prolactin in 
rats[13]. Its use contributed to smaller variances in 
plasma prolactin levels than guillotining rats. The methods 
used to determine rat prolactin have been described else- 
where [14]. The prolactin standard utilized was NIAMDD 
rat-PRL-RP-1. The significance of the difference in mean 
prolactin levels between drug-treated animals and controls 
was determined by means of a one-way analysis of vari- 
ance. The differences between groups was tested by means 
of the Honestly Significant Difference test of Tukey [see 
ref. 15]. 

As can be seen in Table 1, GBL in doses of 750 and 
1500 mg/kg raised male rat prolactin levels at 30min. 
Doses of 200 and 400 mg/kg had no effect despite the fact 
that GBL at 200 mg/kg has been reported to inhibit the 
activity of 50 per cent of A9 neurons [4]. There is a sugges- 
tion that plasma prolactin increased further as the dose 
of GBL was raised from 750 to 1500 mg/kg. Baclofen in- 
creased plasma prolactin at doses of 25 and 50 mg/kg but 
not at 10mg/kg. The increase in plasma prolactin pro- 
duced by GBL and baclofen was comparable to that pro- 
duced by the neuroleptic, trifluoperazine, and was some- 
what larger than that produced by AMPT-methyl ester 
(Table 1). 

GBL and baclofen, though both have been thought of 
as GABA agonists [6,12], and though intraventricular 
GABA can elevate serum prolactin in rats [11], may aug- 
ment prolactin secretion by other than a_ gabergic 
mechanism. The GABA agonistic properties of baclofen 
have been challenged [16] and those of GHB are far from 
certain. The inhibition of impulse flow in dopamine 
neurons by GHB may occur other than via a GABA 
agonist mechanism [4]. 

A direct inhibition of the release of dopamine from 
tuberoinfundibular neurons by GHB would be expected 
to increase plasma prolactin levels [9]. However, the fact 
that 200 and 400 mg/kg of GBL did not increase plasma 
prolactin, though both doses have been shown to inhibit 
impulse flow in A9 dopamine neurons [4], argues against 
inhibition of impulse flow as the mechanism for augmen- 
tation of prolactin secretion, but it is possible that the 
hypothalamic dopamine neurons are more resistant to the 
effects of GHB. 

It is possible that the effect of GHB on plasma prolactin 
is a non-specific anesthetic effect. Either and barbiturates 
produce prolonged increases in plasma prolactin, while 


urethane and chloral hydrate produce transient increases 
(peak at 10min, no increase by 30 min[13]). However, 
ketamine, as previously mentioned, produces no increase 
in serum prolactin levels, at anesthetic doses [13]. 

It is unlikely that the increase in plasma prolactin pro- 
duced by GBL is brought about by promoting a direct 
serotonergic influence on plasma prolactin [17] since GBL, 
600 mg/kg, had a minimal effect on the firing rate of dopa- 
mine neurons [4]. An indirect effect of serotonin release 
is not ruled out. 

Since endogenous levels in GHB in rat brain are so 
low [1], it seems unlikely that GHB could play any signifi- 
cant effect in regulating prolactin secretion. It has been 
proposed that GABA does play such a role [11]. 
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Effects of methoxyamphetamines on the uptake and release 
of [°H]5-hydroxytryptamine by human blood platelets 


(Received 26 March 1976; accepted 3 September 1976) 


We have recently demonstrated that para-methoxyamphet- 
amine (4-MA) a known hallucinogen, is the most potent 
compound among monomethoxyamphetamines in inhibit- 
ing uptake and increasing the release of [7H]5-hydroxy- 
tryptamine ({°H]5-HT) in rat brain slices [1]. The correla- 
tion between the psychotomimetic potencies [2-4] and 
their effects on 5-HT neurones led us to suggest that 5-HT 
might be involved in the production of the psychotomime- 
tic effect of 4-MA [1, 5]. 

The purpose of this study was to determine the effects 
of 4-MA and other methoxylated amphetamines on the 
uptake and release of 5-HT by platelets, a cell similar to 
the central serotonergic neurone [6.7]. It is hoped that 
greater insight may be gained regarding the mechanism 
of action of methoxyamphetamines by developing a simple 
model system. 

Fresh platelet-rich human plasma was prepared by Irwin 
Memorial Blood Bank of the San Francisco Medical 
Society, San Francisco, CA, and was used on the same 
day. 

To study the effect of methoxyamphetamines on 
[°H]5-HT uptake, 0.5ml of platelet-rich plasma was 
diluted with 1.5 ml of calcium-free modified Tyrode solu- 
tion as described previously [8] and was preincubated for 
5 min at 37° in the presence of various concentrations of 
methoxyamphetamines. Subsequently, the platelets were 
incubated for another 2 min in the presence of [*H]5-HT 
(1 x 10~7 M). The reaction was terminated by the addition 
of 5 ml of ice-cold modified Tyrode followed by rapid fil- 
tration on a modified Buchner funnel using Whatman glass 
fiber paper (GF/C). After washing twice with 5 ml of cold 
modified Tyrode solution, the platelets with filter paper 
were dissolved in 10 ml of Scinti Verse (Fisher Scientific 
Co.) in counting vials. The radioactivity was determined 
using liquid scintillation spectrometry. 

To study the release of [7H]5-HT from platelets, plate- 
let-rich plasma, 0.25 ml, was diluted with equal volume of 
modified Tyrode solution and was incubated with 
(°H]5-HT (1 x 10>? M) for 20 min. After incubation, the 
platelets were centrifuged for 20min at 2000 g and the 
supernatant was discarded. The platelets were washed 
twice with modified Tyrode solution and finally the plate- 
lets were suspended in 2 ml of modified Tyrode solution 
and incubated in the presence of methoxyamphetamine for 
20 min. The radioactivity remaining in the platelets was 
then determined by the same procedure as in the uptake 
study. Release induced by the methoxyamphetamines was 
then calculated from the difference between samples incu- 
bated with and without addition of the drugs under the 
same experimental conditions. 

The partition coefficient of each methoxyamphetamine 
was determined in duplicate at room temperature (22°) 
using n-heptane and 0.1 M phosphate buffer, pH 7.4. Both 
the n-heptane and buffer were saturated with the relevant 
aqueous or organic phase before use. Equal volumes (3 ml) 
of both phases were used and 2-hr agitation was allowed 
to achieve equilibrium. The initial concentration and final 
concentration before and after the equilibrium in the 
aqueous phase was then measured by using a DU spectro- 
photometer (nm = 280). 

Racemates of methoxyamphetamines were purchased 
from Fox Chemical Co., Los Angeles, CA. d-Para-methoxy- 


amphetamine HCI (4-d-MA) and |-para-methoxyamphet- 
amine HCI (4-l-MA) were obtained from Dr. C. F. Barf- 
necht, College of Pharmacy, The University of lowa, lowa 
City, IA. d-Amphetamine SO, was purchased from Sigma 
Chemical Co., St. Louis, MO. 5-[1,2-7H]-Hydroxytrypt- 
amine binoxalate (([*H]5-HT, 4.25 mCi/m-mole) was pur- 
chased from New England Nuclear, Boston, MA. Chlor- 
imipramine was a gift from Ciba Pharmaceutical Co., 
Summit, NJ. 

The concentrations of methoxyamphetamines, ampheta- 
mines and chlorimipramine that cause 50 per cent inhibi- 
tion of uptake (1Cs9) of [7H]5-HT and the potency ratios 
by using d-amphetamine as a reference compound (potency 
ratio = 1) are shown in Table 1. Chlorimipramine was 
found to be about 10,000 times more potent than d- 
amphetamine in inhibiting the uptake of [7H]5-HT into 
the platelets. Among monomethoxyamphetamines, 4-d-MA 
was found to be the most potent compound (potency ratio 
= 21.6) followed in decreasing order of potency by 4-dl- 
MA.4-I-MA, dl-meta-methoxyamphetamine (3-dl-MA) and 
dl-ortho-methoxyamphetamine (2-dl-MA). Dextro-isomers 
of 4-MA and amphetamine were more potent than the 
respective levo-isomers. Where comparisons were made 
among dimethoxyamphetamines and trimethoxyampheta- 
mines, 3,4-dl-dimethoxyamphetamine (3,4-dl-DMA) was 
the most potent compound (potency ratio = 5.9) followed 
in decreasing order of potency by 3,5-dl-DMA, 2,4-dl- 
DMA, 2,3-dl-DMA, 2,5-dl-DMA, and 2,6-dl-DMA. 2,3,4- 
dl-Trimethoxyamphetamine (2,3,4-dl-TMA) and 2,4,5-dl- 
TMA were the most potent compounds among trimeth- 
oxyamphetamines followed in decreasing order of potency 
by 2,4,6-dl-TMA, 2,3,5-dl-TMA and 2,3,6-dl-TMA. In gen- 
eral, the activity of methoxyamphetamines decreased by 
increasing the number of methoxyl groups. The double 
reciprocal plot shown in Fig. 1 indicated that 4-d-MA and 
4-1-MA competitively inhibited 5S-HT uptake into platelets. 
The inhibitory constant (K;) for 4-d-MA and 4-l-MA was 
found to be 8.3 x 10°’ M and 5.0 x 10°°M respectively. 

Among monomethoxyamphetamines, 4-d-MA was found 
to be the most active compound followed by 3-dl-MA and 
2-dl-MA in increasing the release of [*H]5-HT from plate- 
lets (Table 2). 4-d-MA was more active than 4-l-MA. Di- 
methoxyamphetamines are in general less active than 
monomethoxyamphetamines and a_ higher dose 
(1 x 10°*M) was needed to induce the release. 
Trimethoxyamphetamines were found to be less active 
than di- and monomethoxyamphetamine. In general, the 
potencies of methoxyamphetamines in increasing the 
release of [*H]5-HT are roughly parallel with that of inhi- 
bition of uptake of [*H]5-HT in platelets. 

In contrast to the effects of 4-MA which is effective in 
both inhibiting the uptake and increasing the release of 
[°H]5-HT by platelets, chlorimipramine was very potent 
in inhibiting the uptake of [°H]5-HT into the platelets 
but was only about 10 times more potent than d-amphet- 
amine in increasing the release of [°H]5-HT. This is con- 
sistent with the lack of hallucinogenic properties of chlor- 
imipramine. 

Our results indicated that para-methoxylation of amphet- 
amine increased and ortho-methoxylation of amphetamine 
reduced the effects of the analogues on blocking the uptake 
and increasing the release of [*H]5-HT in platelets. Meta- 
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Table 1. Effects of amphetamines and methoxyamphetamines on the uptake of [°H]5-HT into the blood platelets* 





ICs9 (M) 


Partition MU 
coefficient 


Kt 


Potency 
ratio (d-am- 
phetamine = 1) 


Man Rat 





Chlorimipramine 2.98 
Amphetamine 
d-Amphetamine 
|-Amphetamine 
Monomethoxyamphetamine 
4-d-MA 

4-l-MA 

4-dl-MA 

3-dl-MA 

2-di-MA 
Dimethoxyamphetamine 
3,4-dl-DMA 

3,5-dI- DMA 

2,4-dl-DMA 


3.24 


+ 
1.24 + 0.20 


1.50 + 0.20 
6.80 + 1.42 
2.18 + 0.58 
1.44 + 0.26 
1.19 + 0.24 


1.21 
0.20 
0.43 
0.50 
0.34 
0.20 


I+ I+ I+ 1+ 1+ + 


Trimethoxyamphetamine 
2,3,4-dl-TMA 
2,4,5-dl-TMA 
2,4,6-dl-TMA 
2,3,5-dl-TMA 
2,3,6-dl-TMA 


2.57 + 0.20 
2.88 + 0.18 
4.73 + 0.90 
1.16 + 0.16 
3.53 + 0.24 


+ 0.37 x 10 


1.19 x 


10872 


> (6) 
~> (6) 
2) 
107+ (5) 
10~* (4) 


0.35 
0.38 


107° (3) 
1075 (4) 
107° (4) 
10-4 (4) 
10~* (4) 


0.18 1.8 
8.2 
4.5 
1.4 


1.2 


0.15 
0.08 





* Blood platelets were incubated with 1 x 10°’ M [°H]5-HT in the presence of various concentrations of drugs. 
The ICs, values were determined by graphical analysis and each value represents the mean +S. E. with the number 
of determinations indicated in parentheses. For comparing the potency, the ICs9 of d-amphetamine was used as 1 


MU (mescaline unit); the data are cited from Refs. 2 and 4. 


+ K partition coeffieient = concentration of drug in n-heptane/concentration of drug in 0.1 M phosphate buffer. 


methoxylation of amphetamine altered slightly the ability 
of these compounds to block the uptake and increase the 
release of [7H]5-HT. 

To test the possibility that the different potencies of 
methoxyamphetamines on the uptake inhibition and in- 
creased release of [7H]5-HT by platelets were due to the 
differences in lipid solubility, the partition coefficients of 
those compounds were determined. As shown in Table 1, 
monomethoxyamphetamines and _ di-methoxyamphet- 
amines were found to be more lipid soluble than d-amphet- 
amine and trimethoxyamphetamines. However, there was 
no correlation between the partition coefficients of 
methoxyamphetamine and their potencies in inhibiting the 
uptake of [°H]5-HT by platelets (Q = 0.47, P > 0.05). 
Thus, the different potencies of methoxyamphetamine on 
the 5-HT of platelets cannot be explained based on the 


SOT es 1O'M 


4-I-MA,Ki=5.0x 1O°M 


m 
wast 
a 





| 
10 


1/(PH-5-HT) x 10°° 





Fig. 1. Competitive inhibition of [*H]5-HT uptake into 

blood platelets by 4-d-MA and 4-l-MA. [7H]5-HT uptake 

(V) is given as pmoles/0.5 ml of plasma/2 min. N = 4/point. 
Key: (O) control; (A) 4-d-MA; and (M) 4-l-MA. 


different rate of diffusional process across the cell mem- 
brane. 

There was an impressive correlation between the psycho- 
tomimetic potencies and the effects on blocking the uptake 
and increasing the release of [7H]5-HT of the monometh- 
oxyamphetamines, whereas no such correlation existed 
with the polymethoxyamphetamines. Harris et al. [4] and 
Smythies et al. [3] reported that 4-MA was the most 
potent compound in disrupting the operant behavior in 
rats, followed by 3- and 2-MA. Similarly, the serotonergic 
myoclonic twitch activity of suprahyoideal muscle in rats 
was activated by the monomethoxyamphetamines with the 
same order of potencies [5]. This same order of potency 
was observed with blocking the uptake and increasing the 
release of [7H]5-HT by platelets and by rat brain slices 
in a previous study [1]. This correlation suggests that 
4-MA elicits its psychotomimetic effect by altering pre- 
synaptic 5-HT neuronal activity. 

However, dimethoxyamphetamines and trimethoxyam- 
phetamines were found not to be active in inhibiting the 
uptake and increasing the release of [7H]5-HT, though 
some of them were reported to be potent hallucinogens 
(see Table 1). Obviously, mechanisms other than the effects 
involving the release and uptake of 5-HT at pre-synaptic 
5-HT neurons must be considered for the action of dimeth- 
oxyamphetamine and trimethoxyamphetamines. One poss- 
ible mechanism is that those methoxyamphetamines may 
act directly at 5-HT receptors. In support of this possibi- 
lity, Wallach et al. [9] proposed that 2,5-dimethoxy-4- 
methylamphetamine (DOM) induces its behavioral effects 
by acting at post-synaptic sites, since the behavior syn- 
drome induced by DOM is not influenced by the pre-treat- 
ment with para-chlorphenylalanine. Cheng et al. [10] 
reported that DOM activates 5-HT receptors in vascular 
strips of dog dorsal metatarsal vein. Studies are in progress 
to verify this possibility. 
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Table 2. Effects of amphetamines and methoxyamphetamines on the release of [7H]5-HT from human blood platelets* 





1x 10°°M 


1x 10-°M 


1x 10°*M 





Chlorimipramine 
Amphetamine 
d-Amphetamine 
l-Amphetamine 


10.65 + 3.97 


i.20 + 6.54 
0.77 + 4.38 


29.67 + 4.21 


9.00 + 5.50 
—3.15 + 2.28 


29.54 + 3.27 
13.23 + 6.93 


Monomethoxyamphetamine 


4-d-MA 6.08 + 2 


4-l-MA 6.91 + 
4-dl-MA 

3-dl-MA 

2-dl-MA 
Dimethoxyamphetamine 
3,4-dl-DMA 

3,5-dl-DMA 

2,4-dl-DMA 

2,3-dl-DMA 

2,5-dl-DMA 

2,6-dl-DMA 
Trimethoxyamphetamine 
2,3,4-dl-TMA 
2,4,5-dl-TMA 
2,4,6-dl-TMA 
2,3,5-dl-TMA 
2,3,6-dl-TMA 


21.73 
9.93 
19.34 
9.01 
3.25 


IN 


t 


28.19 + 0.81 
34.08 + 9.81 
16.34 + 2.24 


+ 1+ HH + 
> 


— ww > 
cSoNANW 
an 


Co 


1.95 
2.24 
0.08 
3.65 
0.95 
0.96 


10.01 
14.31 
16.66 
13.01 
5.91 
8.61 


He HEHEHE 
He He He HE HE 


4.22 + 2. 7.83 
—7.29 + 8.87 9.12 
—21.19 + 7.66 —221 
—1.73 + 4.98 —0.32 
— 3.06 + 4.35 —0.24 


he 


4.95 
2.65 
2.62 
11.68 
3.49 


He HHH 





* Blood platelets were preincubated with [*H]5-HT (1 x 10-7 M). After suitable washings, the effect of drugs on 
the release of [*H]5-HT was measured. The data are expressed as 


radioactivity of blood platelets with drug 


x 100. 





Each value is the mean + S. E. of four to five determinations. 
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Studies of lead transport in bone organ culture 


(Received 9 March 1976; accepted 17 September 1976) 


The skeleton is the reservoir for the majority of the body 
burden of lead[1]. Factors that control the metabolism 
of lead (Pb) in bone are particularly critical: (1) bone is 
the major source of Pb mobilized during chelation therapy 
[2], and (2) “subtoxic” amounts of Pb may be mobilized 
during skeletal remodeling. Yet, little is known concerning 
the metabolism of the rapidly mobile Pb compartment 
loosely bound to bene [3], compared to tightly and deeply 
bound Pb in bone [3]. Recent studies have suggested that 
it is the former component of bone Pb that is metabolically 
active and readily miscible with other soft tissue compart- 
ments of Pb [3]. 

The methods of bone organ culture have provided, in 
many cases, the link between observations in vivo and 
those made at the molecular level [4]. Moreover, it is evi- 
dent that ionic changes in the extracellular fluid control, 
in part, the osteolytic process and that hormones act 
through such changes within a specific ionic environ- 
ment [5]. The present studies in bone organ culture indi- 
cate that one skeletal Pb compartment, comprising up to 
20 per cent of total 7'°Pb incorporated into fetal rat bones, 
is controlled by cardinal agents regulating normal skeletal 
growth and remodeling, namely, parathyroid hormone 
(PTH), calcitonin (CT), calcium (Ca), inorganic phosphate 
(P;) and magnesium (Mg). 

Pregnant rats were intoxicated with stable Pb through- 
out gestation by providing a drinking solution of deionized 
water that contained Pb at a concentration of 5 mg/ml. 
According to methods described previously [6], on day 18 
of gestation, 50 uCi 7!°Pb were injected into the tail vein, 
and 24hr later, paired fetal radii and ulnae, dissected free 


of cartilage, were planted on grids in 5 ml of modified BGJ 
medium that contained no Pb. After a continuous culture 
period of 48hr, at 37° under 5% CO, in air, the total 
amount of 7!°Pb released into the experimental medium 
(EM) from treated bones (eight to ten bones/culture dish) 
was measured by liquid scintillation counting and com- 
pared to that released from paired control bones into the 
appropriate control medium (CM). The effects of adding 
one hormone (PTH or CT) to the EM of all treated bones 
and changing the concentration of one ion (Ca, P; or Mg) 
in the EM and CM, unless the ionic concentrations in 
the “Standard Medium” were used (Tables 1-3), were 
expressed as cpm EM/CM ratios. The concentration of 
other ions in the EM and CM remained constant, if the 
level of one ion was changed in both media. The EM/CM 
ratios of five to twelve paired cultures were calculated as 
the mean + S. E., and the significance of each EM/CM 
ratio, compared to 1.00, was evaluated by Student’s t-test. 
In contrast to 48-hr continuous culture periods, timed ex- 
periments were also carried out: paired bones (eight/cul- 
ture dish) were treated with and without PTH for varying 
periods of time, four to eight treated and control dishes 
time period. Both the EM and CM contained the same 
concentration of ions as those in the standard medium. 
At the end of the specific time period, medium aliquots 
were removed from each petri dish (EM and CM), and 
the total amount of 7!°Pb released was measured in the 
EM and CM as described above. Treated and control 
bones for timed and continuous cultures were ashed and 
analyzed for Ca and Pb content by flameless and flame 
atomic absorption spectroscopy respectively [7,8]. These 


Table 1. Effects of PTH on the efflux of 7!°Pb in various media in continuous cultures* 





48-Hr release 
of 7!°Pb 
(EM/CM) 


(ug/100 Pb mg bone ash) 
Treated Control 


Ion conc (mM) 
Group Ca P, 





Ca 0.70 1.0 
140 1.0 


2.80 


1.06 + 0.07+ 
2.30 + 0.14t 


1.46 + 0.16,t 


7.23 + 0.16 
7.18 + 0.19 


8.25 + 0.17 


7.04 + 0.10 
8.98 + 0.178 


9.15 + 0.178 





1.40 
1.40 


1.40 
1.40 


7.16 + 0.10 
7.00 + 0.16 


8.69 + 0.13 
8.55 + 0.15 


8.43 + 0.16§ 
8.52 + 0.148 


8.64 + 0.17 
8.25 + 0.14 


3.45 + 0.09t 
3.30 + 0.14t 


1.78 + 0.104, 





1.40 
1.40 


1.40 


5.00 + 0.10 
5.68 + 0.10 


5.52 + 0.11 


5.65 + 0.17 
6.61 + 0.198 


6.49 + 0.128 





1.6 2.22 + 0.10 





* Underlined ion concentrations are those in the standard medium. Values are expressed 
as means + S. E. Each culture dish contained ten bones. The concentrations of PTH used 
per ml of the EM were: Ca: 250 ng (3885 I.U./mg); P;: 1.0 ug (1000 I.U./mg); and Mg: 
1.5 pg (1500 I.U./mg). 

+ EM/CM ratio different from that found in standard medium, P < 0.01. 

t Different from 1.00, P < 0.01. 

§ Different Pb levels in control compared to treated bones within each group, P < 0.01. 

| Different Pb levels in treated compared to other treated bones, at different ionic concen- 
trations, within each group, P < 0.01. 
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Table 2. Effects of PTH on the efflux of 7!°Pb at various times* 





Release of 7!°Pb 
(EM/CM) 


Time of PTH 
exposure 


(ug/100 mg bone ash) 


Pb Ca 
(mg/100 mg bone ash) 





0 1.00 
10 min 0.82 + 0.05 
2 hr 1.12 + 0.04 
6 hr 1.59 + 0.08 
24 hr 
48 hr 


11.20 + 0.64 
11.32 + 0.57 
8.96 + 0.52 
8.15 + 0.48t 
8.00 + 0.59+ 


9.90 + 0.16 
9.93 + 0.14 
9.85 + 0.10 
9.00 + 0.147 
8.10 + O.15t 
8.07 + 0.067 


8.10 + 0.53+ 





*Ton concentrations were the same in the EM and CM as those in the standard medium (Ca: 
1.40 mM; P;: 1.0mM; and Mg: 0.8 mM). The values represent means + S. E. Each culture dish con- 
tained eight bones. The concentration of PTH (3885 I.U./mg) used in all treated cultures was 375 ng/ml 


of medium. 


+ Different concentrations of Pb and Ca in ashed bones, P < 0.01, compared to 0- and 10-min 
times for Ca and 0-, 10-min and 2-hr times for Pb respectively. 


t Different from 1.00, P < 0.01. 


values were similary evaluated by Student’s f-test. Bovine 
PTH (1000-3855 I.U./mg) at concentrations of 250 ng to 
1.50 pg/ml of medium was used. Therefore, since PTH of 
a different potency was used within each experimental 
group (Tables 1 and 3), only comparisons within each 
group have statistical meaning. 

At a low medium concentration of Ca, 0.7mM, a high 
rate of bone resorption (cell-mediated solubilization of 
bone mineral and matrix) occurred in both control and 
treated cultures, and there was no further increase in 7!°Pb 
release by adding PTH to medium of low Ca concentration 
(Table 1). Hence, the EM/CM ratio of 1.06 is not different 
from 1.00. Moreover, the Pb content of control bones cul- 
tured in low Ca medium was comparable to that of PTH- 
treated bones at both low and standard medium levels 
of Ca (Table 1). 

In low Ca medium, this high rate of active resorption 
was sustained and dose-related (see legend of Table 1), and 
this suggests that active resorption was increased. This 
suggestion was supported by comparing the efflux of 7!°Pb 
in living vs heat-killed bones—the efflux of 7!°Pb was far 
greater and consistent in living than in killed bones, in 
which the efflux of 7!°Pb was negligible (EM/CM: <0.10). 
Thus, net removal of label had occurred, and this was not 
simply due to physiocochemical exchange (Table 1). The 
consistent, dose-related and highly reproducible EM/CM 
ratios in living bones, noted in these experiments and the 
others reported herein, indicated that cell-mediated stimu- 
lation or inhibition of 7!°Pb release was present, compared 
to the very minor effects observed in heat-killed bones. 
On the other hand, at a high medium level of Ca, 2.80 mM, 
PTH action was inhibited (Table 1). These effects of a high 
medium level of Ca were reflected by a significant increase 
in the stable Pb content of ashed bones (Table 1). 

After bones were exposed to relatively high concen- 
trations of PTH in timed experiments (Table 2), a signifi- 
cant stimulation of 7'°Pb and stable Pb release was 
observed as early as 6hr. Moreover, by 24hr, there was 
no apparent difference in either EM/CM ratios or stable 
Pb concentrations, compared to those observed in 48-hr 
continuous cultures. The release of 7!°Pb was accom- 
panied by a proportional loss of stable Pb (Table 2), indi- 
cating that there was net removal of lead rather than only 
an increase in exchange of *!°Pb. The release of Ca and 
Pb from PTH-treated bones followed, in general, a com- 
parable time course, though the net release of Ca occurred 
somewhat earlier than that observed for the efflux of Pb. 
The larger net release of Ca, measured in ashed bones, 
was most likely a reflection of its larger concentration 
and/or greater mobility in this and other systems [5]. 

By increasing the P; concentration to 2mM from the 
standard level of 1 mM, inhibition of PTH action on 7'°Pb 


efflux was found in both treated and untreated cultures 
(Table 1). Nevertheless, a significant EM/CM ratio was 
noted. P; (4mM) inhibited PTH action further and, since 
the efflux of 7!°Pb was similarly inhibited in control cul- 
tures, the EM/CM ratio was not significantly different from 
1.00. In this instance, and at a medium P, level of 2 mM, 
significant rises in the stable Pb content of ashed bones 
were noted. In these continuous 48-hr experiments with 
Ca and P,, and the following ones, this mobile Pb com- 
partment comprises up to 20 per cent of total 7!°Pb pre- 
viously incorporated. 

At a low medium concentration of Mg, 0.4mM, com- 
pared to the standard level of 0.8 mM, the efflux of 7!°Pb 
was inhibited in PTH-treated and control cultures (Table 
1). Nevertheless, a significant EM/CM ratio and a signifi- 
cantly lower net loss of stable Pb were demonstrated. At 
a high concentration of Mg, 1.60 mM, no effect was found. 
Salmon CT, when added to the standard medium contain- 
ing | mM P,, inhibited the efflux of 7!°Pb. The combined 
effects of CT and rising medium levels of P; appeared pro- 
gressively additive, as EM/CM ratios decreased while the 
stable Pb content of ashed bones increased (Table 3). 

These data indicate: (1) that PTH enhances cell- 
mediated and rapid net release of 7!°Pb from bone; this 
release is accompanied by a proportional loss of stable 
Pb, which generally parallels in time concurrent removal 
of Ca from treated bones. In continuous cultures, this effect 
on *!°Pb efflux can be inhibited by P,; (2) that CT inhibits 
71°Pb release. CT and P, produce responses in the same 
direction; and (3) that low medium levels of Ca increase 
both bone resorption and 7!°Pb release, while high levels 
produce the opposite effects. Thus, the metabolism of Pb 
in this compartment is qualitatively similar to that of bone 
mineral, studied similarly in vitro [4,9], though its size is 
smaller than that of Ca as suggested by the larger decrease 
of stable Ca noted in the timed experiments. It is not sur- 
prising that the size (20 per cent) of this prelabeled and 
mobile compartment of 7!°Pb is smaller than that of prein- 
corporated *°Ca (30-70 per cent) [4,9-11], studied under 
similar conditions, since protein inclusions are present in 
bone [12], and it is reasonable to suggest that nondiffusible 
Pb protein complexes[13] predominate over soluble- 
exchangeable ones. However, the net release of previously 
incorporated 7!°Pb increases 2- to 3-fold when one adds 
EDTA to the medium or when the culture period extends 
to 72 and 120hr (J. F. Rosen and E. E. Wexler, unpub- 
lished observations). 

Though model(s) to explain the interaction of CT, PTH, 
Ca, Mg and P; have been proposed at the cellular 
level [5, 14] these models have yet to be extensively tested. 
Nevertheless, the observations in vitro reported herein may 
possibly yield information to explain previous studies in 
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Table 3. Effects of CT on the efflux of 7!°Pb in various media in continuous cultures* 





48-Hr release 


of 210ph 
(EM/CM) 


Ion concn (mM) 
Ca P; Mg 


(ug/100 mg bone ash) 
Treated Control 





140 10 08 


1.40 2.0 0.8 
140 4.0 0.8 


0.78 + 0.147 





0.35 + O.11F§ 
0.20 + 0.094,§ 


11.90 + 0.16 


12.00 + 0.10 
12.80 + 0.17] 


10.81 + O.11t 


10.20 + 0.15t 
10.10 + 0.16t 





* Thirty mU/ml of salmon CT (1500 M.R.C.U./mg) was added to each culture dish. Under- 
lined ion concentrations are those in the standard medium. Values are expressed as 
means + S. E. Each culture dish contained ten bones. 


+ Different from 1.00, P < 0.01. 


t Different Pb levels in control compared to treated bones within each group, P < 0.01. 
§ EM/CM ratio different from that found in standard medium, P < 0.01. 
Different Pb levels in treated compared to other treated bones, at different ionic concen- 


trations, within each group, P < 0.01. 


vivo of Pb metabolism. The present evidence indicates that 
the release of Pb from bone increases as medium levels 
of Ca decrease. Hence, low Ca levels in the extracellular 
fluid may lead to increased release of Pb from bone and 
subsequent redistribution to soft tissues and blood. Indeed, 
it has been demonstrated that low dietary Ca enhances 
Pb toxicity in rats [15], in part, by increasing bone turn- 
over of Pb with sequestration in soft tissues [15]. More- 
over, low dietary intakes of Ca and low serum levels of 
Ca have been found in a large group of children with Pb 
intoxication (blood Pb = 60 ug/dl)[16]. Though experi- 
mental studies in vivo on the effects of Pb metabolism pro- 
duced by various dietary P, intakes have not been 
reported, the data in this report, as in others [5, 9, 10, 14], 
indicate that high medium (extra-cellular) levels of P; in- 
hibit bone resorption and hence the efflux of Pb from bone. 

This culture system may well enable further study and 
definition of hormonal, ionic and other factors that control 
a rapidly mobile compartment of bone Pb regulated like 
bone mineral. 
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Dopamine levels in the striatum and the effect of 
alcohol and reserpine 


(Received 10 November 1975; accepted 10 September 1976) 


In the search for elucidation of the biochemical mechanism 
of the action of addictive drugs, the effects of ethanol on 
the neural transmission in the striatum are of particular 
interest. This part of the brain is very rich in dopamine 
(DA), and could be involved to a greater extent than other 
brain regions in alcohol-induced formation of endogenous, 
morphine-like alkaloids [1,2]. Possible interaction of eth- 
anol with biogenic amines has been studied, and changes 
in the turnover of DA in the rat brain [3], as well as 
an increase in catecholamine levels in the mouse brain. 
after acute and chronic administration of ethanol [4] have 
been reported. 

In the studies presented in this paper, our main interest 
was focused on changes occurring in the neural transmis- 
sion processes in the corpus striatum of rats subjected to 
acute and prolonged administration of alcohol; the rats 
were not given a choice of drinking fluid. They were started 
on a solution with a low content of ethanol at a very 
early age. The experiments lasted approximately 2 months, 
during which time the concentration of alcohol in the 
drinking water was increased gradually from 1.6 to 16.2%. 
Control rats, often litter-mates of experimental animals, 
were kept in identical experimental conditions on ordinary 
water. This experimental procedure was an attempt to 
simulate the usual drinking patterns of man, and to pro- 
duce tolerance to alcohol rather than dependence. The 
effects of acute and chronic administration of alcohol on 
dopaminergic and cholinergic striatal systems were exam- 
ined. We assayed the activities of choline acetyltransferase 
and tyrosine hydroxylase, and determined the levels of 
dopamine in corpus striatum. 

Sprague-Dawley rats of both sexes were used. In chronic 
experiments, immature rats (80-100 g body weight) were 
kept on solutions of ethanol instead of drinking water. 
Animals were housed in pairs in cages with wire floors, 
and the consumption of fluid was measured daily. The 
record of their growth was also kept daily for a period 
of over 2 months. Ethanol was mixed with water at an 
initial concentration of 1.6% for the first 2-3 days, and 
the concentration was increased gradually to 16.2%. Con- 
trol rats were kept under identical experimental conditions. 
In acute experiments, intraperitoneal injections of 4 g/kg 
of ethanol were given, and the rats were killed at predeter- 
mined intervals of time. After quick decapitation, the 
corpus striatum was dissected, while the material was kept 
on ice. The striatum was reached by opening the lateral 
ventricles; during the dissection of the nucleus from the 
lateral walls of the ventricles care was taken not to include 
any white matter or non-striated cortical areas. Dopamine 
was estimated in the striatum of rats according to the 
method described by Shellenberger and Gordon [5] and 
choline acetyltransferase using the procedure described by 
us previously [6]. Tyrosine hydroxylase activity was 
assayed in homogenates of corpus striatum in 9 vol. of 
0.32 M sucrose using Dounce homogenizer (clearances of 





* PPO = 2,5-diphenyloxazole; and POPOP = 1,4- 


bis-[2-(4-methyl-5-phenyloxazolyl)]benzene. 


either 0.002 or 0.004 inch). The enzyme was assayed by 
measuring the liberation of '*CO, from L-[1-!*C]tyrosine 
[7], using a slightly modified medium. The final volume 
of 0.455 ml contained: 19.4 uM L-[1-'*C]tyrosine (0.5 uCi), 
121mM NaCl, 48mM KCl, 2.0mM sodium EDTA, 
2.1 mM sucrose, 31.3 mM _ sodium phosphate (pH 6.6) and 
5.4mg tissue. The evolved '*CO, (trapped in 0.16 to 
0.12 ml of NCS tissue solubilizer) was counted in 15 ml 
of toluene scintillation fluid containing 6 g/liter of PPO 
and 75 mg/liter of POPOP.* 

The results obtained on two groups of 16 rats each were 
taken as an example of changes in body weight between 
the alcohol-treated and control rats. While the mean body 
weight was initially 72-73 g, the group receiving alcohol 
after 2 months of treatment weighed 251 + 35 g, whereas 
the control rats weighed 276 + 30g (0.02 < P < 0.05). 

Fluid consumption varied considerably; on day 1 the 
rats drank very little, but on the next day there was an 
increase to 20-25 ml/rat/day, an amount which was main- 
tained throughout the whole experiment. However, each 
time the increase in the concentration of alcohol was intro- 
duced, there was a slight decrease in the amount of fluid 
consumed that day. Water consumption was higher in con- 
trol groups (we do not have exact values), and this prob- 
ably explains the higher body weight. 

On the basis of these results, we are inclined to assume 
that there was very little difference in general growth and 
development of immature rats subjected to chronic alcohol 
uptake. 

The greatest concentration of ethanol (16.2%) was main- 
tained for a period of 7-10 days before killing the animals. 
This was equivalent to about 3-4g alcohol/day/rat. The 
rats maintained on this high dose of alcohol were visibly 
affected, but were not unconscious at any time. When 
4 g/kg was administered to rats in acute experiments intra- 
peritoneally, they lost consciousness within 10 min and did 
not regain the righting reflex until 1 hr later. 

Alcohol administered acutely (4 g/kg, ip.) produced a 
strong intoxication in rats. The righting reflex was lost 
within a few minutes after administration of ethanol and 
did not return until 1 hr later, at which time a significant 
increase in the content of DA was observed (Table 1). 
Another group was killed 15 min after ethanol injection, 
and in this group the DA content was at the normal levels. 
When the rats were maintained on ethanol drink for 2 
months, an increase (60 per cent) was still present in ani- 
mals withdrawn from alcohol for 48 hr. 

Since higher levels of dopamine could influence tyrosine 
hydroxylase (TH), the enzyme involved in the synthesis 
of DA, we examined the activity of TH. Interestingly, the 
high rises in DA content had no influence on tyrosine hy- 
droxylase. 

To include the cholinergic neural mechanism in the 
striatum, we measured the activity of choline acetyltrans- 
ferase, the enzyme involved in the synthesis of acetylcho- 
line. A possible interrelation between the two systems in 
the striatal area has been previously postulated [8,9]. 
Similar to TH activity, choline acetyl-transferase levels 
were unchanged (Table 2). 
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Table 1. Effect of administration of ethanol on striatal dopamine levels* 





Duration of 
treatment 


Experimental 
procedure 


No. of 
experiments 


Dopamine levels in g/g 
of wet weight 





Saline Ethanol 





1 hr 
4hr 
15 min 
2 months 
2 months 
48 hr 


Acute 

Acute 

Acute 

Chronic 

Chronic 
withdrawal 


7.90 + 1.53 
6.81 + 0.12 
8.11 + 1.29 
8.02 + 1.61 


6.87 + 1.00 


7.89 + 1.05 
13.09 + 2.53+ 
10.97 + 1.05+ 





*In acute experiments, rats received 4g/kg of 20% ethanol: solution (i.p.). In chronic treatment, 
ethanol was administered to immature rats (70-100 g) with drinking water, starting with 1.6% and 
increasing it to 16.2°, gradually during a period of 2 months. Dopamine levels were assayed as described 


in Methods. Values are expressed as means + S. D. 


+ 0.001 < P < 0.01. 


Since it seemed that the synthesis of dopamine was not 
affected by ethanol, we looked for a further explanation 
by examining the double action of reserpine and alcohol 
on DA levels. Mardones et al. [10], in their quantitative 
electroencephalographic studies of the effects of ethanol, 
established the interaction between ethanol and reserpine. 
According to their results the pretreatment of rabbits with 
reserpine reduced markedly the initial synchronization, 
and abolished the delayed stimulant effect of alcohol. 
Although our experiments were conducted on rats, we 
decided to examine the influence of reserpine-induced de- 
pletion of catecholamines on the alcohol-induced increase 
in DA levels. Reserpine is a very long acting drug usually 
administered in small doses 24-48 hr in advance, but we 
established that 5 mg/kg of reserpine completely depleted 
striatal DA within | hr. It was important to find a dose 
of reserpine with strong action, but below the maximal 
effect. About one-third of the normal DA levels (35 + 10 
per cent) remained in the striatum 2 hr after 1.5 mg/kg of 
reserpine. 

When alcohol (4 g/kg) was administered at this time, 
again as in the absence of reserpine, an increase in dopa- 
mine levels was found (62+ 17 per cent). However, 
because of their wide scatter and the small number of ani- 
mals tested, this difference was not statistically significant. 
Thus, further work is required to show whether the effects 
of alcohol and reserpine are independent or related by the 
action at a common locus. 

There are several methods for inducing alcohol depen- 
dence in rodents [11-13]. All of these methods assure 
strong intoxication, physical dependence, and subsequent 
severe withdrawal symptoms after only a short period of 
continuous administration. 

These methods can be classified as forced administra- 
tion. Voluntary drinking, is not only difficult to induce 


Table 2. Choline acetyltransferase activity 


in rodents, but also it is usually devoid of signs assuring 
obvious physical dependence. 

In the methods presented here, the rats were not given 
a choice of drinking fluid; therefore, the method should 
be classified as forced administration method. 

Brain monoamines have been implicated in the neuro- 
chemical changes related to the central action of alcohol 
[14]. Corrodi et al. [15] found that the turnover of nore- 
pinephrine (NE), but not that of dopamine, was increased 
after acute administration of ethanol. This was a delayed 
effect (4 hr), and it was confirmed by the findings of Davis 
et al. [16], who reported on the increase in urinary excre- 
tion of catecholamine metabolites. Thadani and 
Truitt [17], on the other hand, found a decrease in the 
turnover of norepinephrine. One explanation for these dis- 
crepancies was provided by the results of Hunt and Majch- 
rowicz [3], who suggested that the effect of a single dose 
of alcohol is biphasic and also different for NE and DA. 
During the first few hours after administration of alcohol, 
NE turnover is increased, whereas that of DA is unaffected. 
Later on, the NE turnover is slightly reduced, while that 
of DA is definitely increased. 

In experiments described here, ethanol was found to in- 
crease the steady-state levels of DA within 1 hr. Four hr 
after a dose which, although intoxicating, did not maintain 
the loss of righting reflex, the levels of dopamine were at 
normal levels. We also noticed that a lower dose of alcohol 
(1 g/kg) slightly reduced the levels of striatal DA. 

Much higher levels of DA were found in the striatum 
of rats treated chronically with alcohol. Such treatment 
did not interfere with the well-being of the animals and 
did not change their rate of growth. Our method of chronic 
treatment did not cause any dramatic display of with- 
drawal symptoms, but the tolerance to alcohol was in- 
creased. Higher levels of. DA were still present even after 


in the striatum of ethanol-treated rats* 





No. of 
experiments 


Duration of 
treatment 


Experimental 
procedure 


ChAc activity in nmoles/hr/g 
of wet weight 





Saline Ethanol Significance 





Acute l hr 
Chronic 2 months 
Chronic 2 months 
withdrawal 60 hr 
Chronic 2 months 
withdrawal 16 hr 


9.99 + 0.49 
7.38 + 0.77 
7.48 


9.90 + 0.77 NS 
7.59 + 0.89 NS 
6.25 


7.20 + 1.36 6.39 + 1.32 NS 





* Treatment with ethanol was the same as that described in Table 1. Choline acetyltransferase activity was assayed 
as described in Methods. 
NS = not significant. 
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48 hr of abstinence. This last observation differs from that 
of Griffiths et al. [18], who also reported an increase of 
50 per cent in catecholamines during the chronic adminis- 
tration of alcohol, but a return to normal within 10hr 
upon withdrawal from ethanol. 

Neither after acute, nor after prolonged, treatment with 
ethanol did we observe any changes in the activity of tyro- 
sine hydroxylase, the enzyme involved in the biosynthesis 
of DA. Changes in the levels of DA in the striatum of 
alcohol-treated rats could be produced by the influence 
of ethanol on the adrenergic storage site. To test this possi- 
bility, we studied the depleting action of reserpine on 
monoamines in alcohol-treated rats, but the results were 
equivocal; DA levels after reserpine and alcohol were not 
significantly higher than those after reserpine alone. 

We also found that alcohol did not influence the activity 
of choline acetyltransferase. Graham and Erickson [19] 
reported that the reduction in free acetylcholine found dur- 
ing intoxication with alcohol may merely reflect decreased 
neuronal activity rather than represent an important 
causative factor in ethanol-induced central nervous system 
depression. Our results suggest that the reduction in ACh 
levels does not result from a reduction in the synthetic 
ability of the cholinergic system, confirming Graham’s 
suggestion. 
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Effect of imidazoles and pH on aging of phosphylated 
acetylcholinesterase 


(Received 13 July 1976; accepted 29 October 1976) 


Cholinesterase inhibited by organophosphorus compounds 
can be reactivated by treatment with nucleophilic agents 
such as pyridine oximes [1]. However, the enzyme fraction 
susceptible to reactivation decreases exponentially with the 
time after inhibition [2,3]. This is due to a process called 
aging, which involves the release of an oxygen-bounded 
alkyl group from the enzyme phosphorus moiety [4-6]. 
Since the enzyme can no longer be dephosphylated by nuc- 
leophilic attack, aging is an important problem in therapy 
of organophosphate poisoning. The molecular mechanisms 
of aging is far from understood. The rate of aging depends 
on the structure of the organophosphorus compound [7]. 
It is pH dependent {8-11}, and is retarded by quarternary 
ammonium compounds [5, 12,13]. Present evidence sug- 
gests that the mechanism involves a unimolecular fission 
of the C—O bond of the alkoxy group [14,15], which 
may be catalyzed by a protonated group on the enzyme 
itself [8, 11, 15]. 

Previously only the effect of quarternary ammonium 
compounds on aging has been studied. In this communica- 
tion the effect of imidazole and its derivatives on aging 
of acetylcholinesterase (AChE, acetylcholine acylhydrolase, 
ED 3.1.1.7)phosphylated by Sarin (isopropylmethylphos- 
phonofluoridate) and DFP (diisopropylphosphorofluori- 
date) has been investigated. The effect of different imida- 
zoles, N-methylpyridinium iodide, and morpholin on aging 
is compared with their effect as reversible inhibitors of 
AChE. The influence of steric factors, the degree of basicity 
and hydrophobic binding ability, and the effect of pH on 
aging of isopropylmethylphosphonylated AChE itself both 
in the presence and absence of effector compounds are 
discussed. 

The effector compounds were of highest purity available 
from Fluka AG (imidazole, morpholin), Koch-—Light 
(2-methylimidazole), and K & K_ (2-ethylimidazole, 
2,4-dimethylimidazole), or was synthetized in this labora- 
tory (N-methylpyridinium iodide) [16]. 

1.26 mg/ml AChE from bovine erythrocytes (Type 1, 
Sigma) in 5mM NaK-phosphate buffer pH 6.0, 7.0, 7.4 
and 7.9, and Na-pyrophosphate buffer pH 8.9, was com- 
pletely inhibited by incubation at 37° for 10min with 
3.15 uM Sarin or 30 min with 3.15 uM DFP. The solution 
was then mixed with either an equal vol. of the incubation 
buffer containing the effector compound (Table 1), or with 
buffer containing NaCl to achieve corresponding ionic 
strength, although the aging was almost independent of 
the ionic strength within the concentration range used. 
After incubation for 0.5 to 4.5 hr at 37°, 0.4 ml was mixed 
with an equal volume of 20 mM pralidoxime mesylas (P2S, 
2-hydroxyiminomethyl-N-methylpyridinium methanesul- 
phonate) (Norsk Medisinaldepot) at pH 7.0—-7.9. The P2S 
will reactivate the enzyme, and the proportion of nonreac- 
tivated enzyme corresponds to the proportion of aged 
enzyme. The enzyme was allowed to reactivate for 1 hr at 
37°, although separate experiments showed that more than 
95 per cent was reactivated after 15min at pH 7.9. Then 
0.4 ml of the reactivation mixture was added to a 29.6 ml 
solution containing 3.04mM acetylcholine iodide (Fluka 
AG) and 137.4mM NaCl. The activity was determined by 
continuous titration at pH 7.4 and 25° [17]. P2S itself 
is a reversible inhibitor of AChE, and the results were cor- 


rected for the inhibition caused by P2S itself (25%). After 
dilution in 30 ml the effector compounds did not affect 
AChE activity. At the same time as samples of incubate 
were taken for reactivation, samples (0.2 ml) were also 
taken to control complete inhibition during the aging ex- 
periment. Only in the case of imidazole itself was spon- 
taneous reactivation observed (maximal reactivation was 
19 per cent after 3.5 hr at pH 7.9), and this was corrected 
for. Plots of the logarithm of the percentage of reactivated 
AChE vs time of aging were linear, and therefore consistent 
with first-order kinetics. The slope of the lines was found 
by the method of least squares. The results are expressed 
as first-order rate constants (Table 1). A linear relationship 
was found (Fig. 1) between the concentration of 
2,4-dimethylimidazole and the ratio of rate constants in 
absence (ky) and presence (k,) of 2,4-dimethylimidazole: 


ko/k. = 1.+ (2,4-dimethylimidazole)/constant 


The relative potency of the other effectors to 2,4-dimethyl- 
imidazole was determined from this relationship. In the 
relative values presented in Table 2, the different degree 
of protonation at pH 7.9 was also taken into account. 

AChE is reversibly inhibited by quarternary ammonium 
salts and several protonated compounds by their interac- 
tion with the so-called anionic site [18-20] in the active 
centre of the enzyme. The activity of AChE (6.2 yg 
AChE/mi 0.1 M phosphate buffer pH 7.9) in the presence 
of the effector compound and 465 uM (final concentration) 
acetylthiocholine iodide (Sigma) was determined by the 
method of Ellman et al. [21]. Five concentrations of each 
effector compound within the range 0.09-1.9mM 
(2,4-dimethylimidazole, | N-methylpyridinium _ iodide), 
0.9-9mM_  (2-ethylimidazole), 0.9-47mM (imidazole, 
2-methylimidzole), or 1.9-93mM (morpholin) were used. 
The results were corrected for non-enzymatic substrate hy- 
drolysis caused by imidazole, morpholin, or 2-methylimi- 
dazole at high concentrations. The ratio of activities in 
absence and presence of effector compounds was a linear 
function of the cencentration of the compounds. The 
results are expressed as inhibition constants for competi- 
tive inhibition (Table 2). The inhibition constants. were 
used to calculate the relative affinity of AChE for the com- 
pounds (Table 2) after correctiong for the different degree 
of protonation at pH 7.9. 

The results (Table 1) show that imidazole itself and par- 
ticularly its more basic derivatives retard the rate of aging 
of AChE phosphylated by Sarin or DFP. The mechanism 
by which aging is retarded was investigated using 
2,4-dimethylimidazole at various concentrations. As men- 
tioned above, the effect on aging was found to be a linear 
function of the concentration of the compound (Fig. 1). 
The result indicates [22] that phosphylated enzyme can 
no longer undergo aging following binding of the effector 
compound. The effect of pH on the rate of aging in the 
presence and absence of effector compounds is very com- 
plex. Firstly, the strong effect by 2,4-dimethylimidazole at 
PH 6.0, when it is almost completely protonated. indicates 
that the imidazoles are active in their protonated form. 
Secondly, the effect of N-methylpyridinium iodide, a quar- 
ternary ammonium salt, and that of all of the imidazoles 
were more pronounced at pH 7.9 than at pH 6.0 Since 
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Table 1. Rate constants of aging of phosphylated AChE incubated with different effector compounds at 37 





conc 
(mM) 


pH Effector compound 


o 10° x k (hr~') 
protonated 





pK* Sarin DFP 





None 

Imidazole 
2,4-dimethylimidazole 
N-methylpyridinium iodide 


None 

Imidazole 
2-methylimidazole 
2-ethylimidazole 
2,4-dimethylimidazole 
N-methylpyridinium iodide 
Morpholin 


7.1 92.6 

8.36 99.6 
333 + 10 
196 + 4 
167 + 3 


187 + 11 





The results are expressed as mean + S.D. from 5-25 experimental points. 


* Values from Perrin, D.D. [27]. 





4 = 4 i 


1 2 
[2,4-dimethylimidazole ] mM 
Fig. 1. The effect on aging of isopropylmethylphosphony- 
lated AChE at pH 7.9 by various concentrations of 
2,4-dimethylimidazole. The effect is expressed as ratio of 
rate constants in absence (k,) and presence (k,) of 
2,4-dimethylimidazole. 





N-methylpyridinium is a cation at any pH, this pH effect 
must be ascribed to a group on the enzyme. Thus the 
increase in retardation with an increase in pH obtained 
with the imidazoles may be accounted for by a pH effect 


Table 2. Inhibition constants, relative affinity to AChE, 
and relative effect on aging of isopropylmethylphosphony- 
lated AChE at pH 7.9 by different effector compounds 





Relative 
effect : 
on aging 


Relative 
K; affinity 


Effector compound (mM) to AChE 





Morpholin 0.09 0.1 
Imidazole : 1 1 
2-methylimidazole ; 1.1 aT 
2-ethylimidazole ! 1.9 HY 
2,4-dimethylimidazole i 8.9 14.3 
N-methylpyridinium 


iodide : 8.8 14.2 





The relative values apply to the catonic form of the com- 
pounds. 


on the enzyme rather than a pH effect on the imidazoles. 
Thirdly, the rate of aging of phosphylated AChE are in- 
creased with a lowering of pH (Fig. 2). 

A good correlation was found between the relative effect 
on aging by imidazoles, N-methylpyridinium iodide, and 
morpholin, and their ability to inhibit AChE by binding 
to its anionic site (Table 2). The increasing effectiveness 
of the more basic imidazoles could be due to an increasing 
hydrophobic binding ability. Morpholin which is as basic 
as 2,4-dimethylimidazole showed only a weak effect, show- 
ing that basicity is not the very important factor. The weak 
effect on aging by morpholin may be due to a poor ability 
to bind by noncoulombic forces. This is in agreement with 
previous results suggesting that van der Waal’s dispersion 
forces are important for binding of ammonium ions to 
the anionic site of AChE [20, 23-25]. In addition, steric 
hindrance may influence the binding of the effector com- 
pounds. The imidazoles and N-methylpyridinium are cop- 
lanar molecules, whereas morpholin is not. The good cor- 
relation found between the relative effect on aging by the 
compounds and their ability to inhibit AChE through in- 
teraction with its anionic site show that the binding sites 
involved in producing these two effects may be similar. 








‘ pH 
Fig. 2. The influence of pH on the rate of aging of isopro- 
pylmethylphosphonylated AChE at 37° in (a) absence and 
(b) presence of 1 mM N-methylpyridinium iodide. Experi- 
mental points represent 10° x k values, the lines represent 
dissociation curves of acids with (a) pK, = 7.8 and (b) 
pK, = 7.0, 
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In an attempt to characterize the residue on the enzyme 
taking part or influencing the aging, the logarithm of the 
rate constants of aging of isopropylmethylphosphonylated 
AChE in absence of effector compounds was plotted 
against pH. The points fitted the dissociation curve (% 
undissociated form vs pH) of an acid with pK, = 7.8 (Fig. 
2), indicating that an undissociated enzyme group with 
pK, = 7.8 participates in the aging of the phosphonylated 
enzyme [11]. This pK, is higher than the pK values pre- 
viously reported [11, 26]. However, the pK, values found 
by Keijer [26] differed with different organophosphates, 
the highest pK, was obtained with the organophosphate 
most similar to Sarin. The variation in the pK, may be 
due to varying degrees of stabilization of the undissociated 
enzyme group by formation of a hydrogen bond and/or 
nonpolar environment, which may considerably enhance 
the pK, of the group [11]. When the logarithm of the 
rate constants of aging in the presence of N-methylpyri- 
dinium was plotted against pH, the points fitted the disso- 
ciation curve of an acid with pK, = 7.0 (Fig. 2). The results 
show that the affinity of the enzyme for N-methylpyri- 
dinium increases when pH is increased. 

In conclusion, we have found that imidazoles in the pro- 
tonated form retards the rate of aging of phosphylated 
AChE, possibly by binding to a group on the enzyme simi- 
lar to the anionic site. The results are consistent with a 
retarding mechanism by which aging is completely blocked 
following binding of effector compound. The results also 
show that the pH dependence of aging in absence and 
presence of cationic effector compounds differs, probably 
because the affinity of the enzyme for the effector com- 
pounds increases with increasing pH. 


Norwegian Defence Research SIGRUN H. STERRI 
Establishment 

Division for Toxicology, 

N-2007 Kjeller 

Norway 
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Binding of organic ions by proteins—1. Interaction of 
1-benzyl-3-indazoleoxyacetate with serum albumin 


(Received 26 February 1976; accepted 28 September 1976) 


Interaction of acidic non-steroid drugs with proteins even 
though not in itself sufficient to insure biological activity, 
apparently reflects some pertinent property of these com- 
pounds [1]. It has been observed that anti-inflammatory 
drugs of a variety of structures (aspirin, indomethacin, 
phenilbutazone) inhibited the thermal denaturation of 
serum albumin [2, 3]. Mizushima first proposed a relation- 
ship between clinical efficacy and the ability of drugs to 
stabilize plasma proteins [2]. However it seems that this 
antidenaturating property is connected with the antirheu- 
matic and not with the anti-inflammatory effect. Thus ace- 
tylsalicylic acid is active as an antirheumatic agent only 
at doses which bring about hematic concentrations capable 
of stabilizing proteins but not at anti-inflammatory doses, 
and benzydamine, an effective anti-inflammatory agent 
devoid of antirheumatic activity, does not have any stabi- 
lizing effect on proteins [3,4]. Reports concerning 1-ben- 
zyl-3-indazoleoxyacetate* (BZ) showed a good correlation 
between its biological activity and the ability of BZ to 
stabilize certain proteins [5-7]. BZ appears to be a good 
agent to check the theoretical and practical significance 
of the pathogenetic role of the altered properties of extra- 
cellular protein systems [8]. Thus to have a reasonably 
adequate understanding of the functional properties of the 
drug, the interaction of BZ with serum albumin has been 
studied. The work reported in the present paper involves 
determination of the binding isotherms for BZ of native 
human (HSA) and bovine (BSA) serum albumin and the 
kinetics of competitive reaction between BZ and 1-ani- 
lino-8-naphtalene sulfonate (ANS) with albumin. 

HSA (fraction V) and BSA were obtained from Sigma 
Chem. Co. (U.S.A.). Solutions of approx. 1% of protein 
were deionized on a mixed-bed ionic exchange column 
(AG 501-X8, Biorad Lab.); these solutions were stored at 
4° and discarded after 6 days if not used earlier. Concen- 
trations were determined from optical density measure- 
ments at 279nm by a Cary 14 spectrophotometer, using 
E}%, = 6.67 for BSA [9] and 5.8 for HSA; all calculations 
were carried out assuming a mol. wt of 69,000. 

BZ was obtained from Angelini Laboratories, Italy; its 
extinction coefficient is E}%, = 195 at 310 nm. 

The extent of binding of BZ by HSA and BSA was 
measured by the equilibrium dialysis technique. Visking 
tubing (the Scientific Instrument Center, England) was 
treated by boiling 1hr in distilled water, followed by 
repeated washing. Dialysis bags (with 3 ml of 25 uM pro- 
tein) were suspended in 9 ml of buffer solution containing 
BZ and shaken for 18 hr. Binding of BZ by protein was 
calculated by comparing the absorbance at 310 nm of the 
dialysate and of the content of the dialysis tube. Reversibi- 





*Structural formula of 1-benzyl-3-indazoleoxyacetate 
(BZ). 


lity of binding was checked. The precision of the method 
was determined by repeated experiments; the standard de- 
viation for affinity constants was about 0.09. 

The equilibrium data have been evaluated by the Hill 
equation, commonly used in work with heme proteins 
[10]. 

Y/(1 — Y) = (BSA. BZ)/((BSA) = K(BZ)" 


where Y is the fractional saturation, K is the overall 
affinity constant, n an empirical parameter, and the terms 
in parenthesis are the concentrations of the protein bound 
to ligand (BSA. BZ), of the free protein (BSA) and of the 
free ligand (BZ). The middle term of the equation is valid 
even for more than one binding site to BZ, when they 
are equivalent and independent [11] (see below). A plot 
of log (Y/(1 — Y)) vs log (BZ) should give a straight line 
with a slope equal to n, the apparent order of reaction; 
a value of n equal to 1 corresponds to an hyperbolic curve 
[12]. A least squares analysis was employed for fitting ex- 
perimental data. 

Binding of BZ to serum albumin is not associated with 
significant optical density or fluorescence changes. There- 
fore the kinetics of the reaction between BZ and serum 
albumin could be followed only indirectly, using the com- 
petition in binding to serum albumin between BZ and the 
fluorescence probe ANS. 

Fluorescence spectra were determined with the use of 
a Turner spectrofluorimeter Model 210. The excitation 
wavelength was 370 nm and the fluorescent emission was 
recorded between 400 and 600 nm. 

The rate of displacement of ANS by BZ (and vice versa) 
was determined with a Gibson—Durrum apparatus, mea- 
suring the fluorescence of ANS. 

The reactions involved in the replacement on the protein 
(P) of one ligand (X) by another (Y) can be represented 
by the scheme: 


PX + Y=>PY+ X, 


which may be considered to involve the reactions: 


ky 
PX=P +X 


P+Y=yY. 


Therefore, R, the first order rate constant for the approach 
to equilibrium, will be a function of the rate constants 
for the reaction of P with X and Y [10]. The individual 
R values obtained in several experiments under the same 
conditions showed a reproducibility measured by a stan- 
dard deviation of about 0.1. 

Binding of BZ to serum albumin in 0.1 M phosphate 
buffer pH 7 and 17° is illustrated in Fig. 1, in which it 
is shown that the behaviour of human and bovine albumin 
is identical. Moreover the data indicate (by the best fit) 
that under these conditions 3 molecules of the organic 
anion may be bound by a single protein molecule with 
a value of the apparent affinity constant of 7.6 + 0.7 x 
10*M~!. 

The addition of NaCl to the system does not produce 
a change in the stoichiometry (Fig. 2). Under these condi- 
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uM [8Z),.. 

Fig. 1. Binding of BZ to human (@, A, «) and bovine 

(CQ, A, O) serum albumin (25 uM) in 0.1 M phosphate pH 

7 and 17°. The line is a rectangular hyperbole calculated 

according to the Hill equation (see Materials and 
Methods). 


tions the binding constant decreases by a factor of 3, sug- 
gesting the importance of charge effects in the interaction; 
however this effect tends to reverse at a high salt concen- 
tration (KCI 3 M). 

In order to get further insight into the interaction 
between the aromatic anion and serum albumin, the effects 
of pH and temperature have been investigated. Binding 
of BZ by BSA between pH 5.3 and 10, is almost constant. 
At pH 4.5 however there is a decrease in the association 
constant and an increase in the number of BZ molecules 
bound. This may be related to the known conformation 


change of the protein under these conditions [13]. Tem-. 


perature changes also do not affect the binding of BZ by 
BSA. 

Interaction studies, at equilibrium, between BZ and the 
complex HSA.ANS have been carried out. It is well 
known that the quantum yield of ANS, which is very small 
in water solution, increases dramatically upon a binding 
to serum albumin [14, 15]. On addition of BZ to this sys- 
tem a significant fall (about 50 per cent) in fluorescence 
of ANS (at a molar ratio of ANS to HSA of 1.5) occurs, 
which is interpreted as due to direct binding of BZ to 
the protein. 

The kinetic behaviour of the competition reaction 
between BZ and ANS for binding sites on HSA is shown 
in Figs. 3 and 4. The reaction involved in the displacement 
of ANS by BZ (Fig. 3) may be written: 


HSA.ANS* + BZ =HSA + ANS + BZ 
= HSA.BZ + ANS 


where the star indicates the fluorescent species. The time 
course of the reaction, over the concentration range 
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Fig. 2. Effect of ionic strength on the binding of BZ to 
bovine serum albumin (25 uM) in 0.1 M phosphate at two 
different pH’s and 17°. pH 7: O—1 M KCI; @—2M KCI; 
O—3M KCI; pH 6: *—2M KCI. Dashed line refers to 
the control experiment (A) in low salt concentration and 
pH 7. Full and dotted lines are rectangular hyperbole cal- 
culated according to the Hill equation, with three binding 
sites per molecule of serum albumin. 
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Fig. 3. Replacement of ANS (25M) bound to human 

serum albumin (6.25 uM) by BZ in 0.1 M phosphate pH 

7 and 20°. Open symbols refer to the rate constant of re- 

placement (R); closed symbols to relative fluorescence 
change (AF). 





explored, was pseudo first order. The rate of approach to 
equilibrium is independent from BZ concentration (Fig. 
3), at least at a concentration ratio of the two ligands 
above 50; this indicates that under the conditions of the 
experiment the rate limiting step is the dissociation of ANS 
from the protein. 

The replacement of BZ by ANS is shown in Fig. 4. The 
pseudo first order velocity constant for the fluorescent 
change increases initially with increasing concentration of 
ANS but then tends to remain constant. The direct binding 
of ANS to the protein is probably lost in the dead time 
of the apparatus. The observed pseudo first order process 
should then reflect the replacement of BZ by ANS. The 
change in rate with ANS concentration is consistent with 
a replacement reaction, the limiting value at high ANS 
concentration reflecting the dissociation velocity constant 
of BZ from the protein. 

Therefore the results show that a constant value of 3 
moles of BZ bound/mole of protein is found over the dif- 
ferent experimental conditions studied. This number of 
high affinity binding sites on serum albumin for BZ 
appears to be less than that for other organic ions, which 
is usually between 4 and 10 [16]. In particular it is the 
same as that for flufenamic acid [17], for phenylbutazone 
[18] as well as for nitroderivatives of aromatic anions [19] 
and is one half of that for sodium salicylate [20, 21]. 

Some ligands, such as ANS, show deviation from statisti- 
cal binding equilibria when bound to serum albumin and 














| | 
200 400 





CANS], pM 


Fig. 4. Rate constant of replacement (R) of BZ (6.25 uM) 
bound to human serum albumin (6.25 uM) as a function 
of ANS concentration in 0.1 M phosphate pH 7 and 20°. 
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the data have been interpreted in terms of both hetero- 
geneity of sites [22] and sites equivalence with cooperative 
interaction [23]. The reported results, instead, indicate that 
the binding of BZ by serum albumin is of simple type 
and statistical; in fact the system appears to obey the law 
of mass action with equivalent and independent sites: this 
is shown by the value of n near unity in the Hill plot 
(Fig. 5). 

The strength of interaction between serum albumin and 
BZ is high and of the same order of magnitude of the 
high affinity site of phenylbutazone [17], of indole ana- 
logues [24-26] and some derivatives (nitro and chloro) of 
benzene-sulphonate [16]; moreover the affinity of BZ for 
serum albumin is about 4 times stronger than that reported 
for the salicylate binding sites [21] and more than twice 
that of the two lower affinity sites of phenylbutazone [18]. 
These latter results could explain the data which indicate 
that BZ possesses a stabilizing effect on proteins higher 
than those of phenylbutazone and of salicylic acid [8]. 

Moreover it must be recalled that blood levels obtained 
in volunteers, following administration of BZ [8], corre- 
spond to the order of magnitude of concentration used 
in these experiments. 

It has been suggested [27, 28] that the binding sites on 
serum albumin for organic anions are constituted by non- 
polar and positively charged aminoacid residues, the latter 
being arginines. In fact, chemical modifications on serum 
albumin show a marked decrease in the affinity for large 
anions only when arginine residues (not lysine) are blocked 
[27]. 

The absence of pH dependence of the BZ binding, 
together with the ionic strength effect, agree with such a 
hypothesis on the structural conformation of the interac- 
tion sites. As far as temperature effect is concerned, the 
results indicate that the affinity of BZ for serum albumin 
is due primarily to positive entropy changes (AF = —6.7 
kcal/mole; AH ~ 0 kcal/mole; AS = +22e.u.); this is in 
line with the general conclusions on combination of serum 
albumin with aromatic anions [16, 29], even though some 
exceptions exist, such as ANS, for which AH is about half 
of AF° at room temperature. 

The constancy of the number of BZ’s sites in serum albu- 
min with increasing the ionic strength suggests that purely 
electrostatic factors do not have major importance in the 
complex formation, even though there is a decrease in the 
affinity constant. 

Changed and unchanged derivatives of serum albumin 
prepared by partial chemical modification of the native 














log [BZ] 


tree 


Fig. 5. Hill plot of the data at high ionic strength reported 
in Fig. 2. The slope is equal to unity. 
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protein show a difference in binding affinity for ANS and 
indicate that about 1 kcal of free energy is derived from 
electrostatic interactions and the rest from van der Waais 
forces [27]; it would appear that a similar deduction may 
be made here. 

The case of BZ is similar to that of flufenamic acid [17], 
but contrary to the interaction of phenylbutazone with 
serum albumin, for which the strength of electrostatic bind- 
ing of the drug with a lysine-amino group of the protein 
[30] seems to be the principal determinant of the magni- 
tude of the association constant [1]. The effect of salt con- 
centration on the interaction between BZ and serum albu- 
min may be explained in terms of: (a) changes in ionic 
atmosphere of the associating molecules, (b) competitive 
inhibition by the chloride ions, (c) a ‘salting out’ effect. 

Both the first two mechanisms may be involved in the 
weakening of the binding when the ionic strength is in- 
creased; the direct competition for the same site between 
the carboxylate group and chloride ion has previously been 
noted for the indole analogues containing the carboxylate 
group [31]. On the other hand, the reversing of the inhibi- 
tion effect at very high salt concentration (3M KCl) is 
reminiscent of the stabilization of unchanged indole ana- 
logues with serum albumin; the increase in the ionic 
strength over a certain salt concentration favours their as- 
sociation to serum albumin [31]. 

The competition experiments with ANS suggests that 
the high affinity sites for BZ might be common with some 
of those for ANS, which are 4 [32]. 

In fact, it has been suggested the existence of two main 
classes for binding of high affinity ligands, the one compris- 
ing phenolsulphonphtalein dyes, ANS and bilirubin, and 
the other fatty acids and aromatic aminoacids [33]. 

The equilibrium and kinetic data, obtained by fluor- 
escent measurement, are compatible with a simple com- 
petitive binding mechanism, but the possibility that the 
BZ binding produces structural changes in protein, which 
alter the interaction of the remaining sites with ANS, can- 
not be excluded. 

The kinetic experiments indicate that the rate of disso- 
ciation of BZ from the protein is about 30sec”. 

Assuming the simple scheme: 

BZ + HSA==(HSA. BZ) 
the combination velocity constant can be calculated to be 
2 x 10° M7! sec"! 

In conclusion the present results on the interaction of 
BZ with serum albumin may be summarized as follows. 

(i) The interaction occurs at three binding sites with high 
affinity. (ii) The sites behave as if they were equivalent 
and independent. (iii) Charge effects are present but not 
of primary importance in the binding: thermodynamically, 
entropy effects dominate the reaction. (iv) Rates of associ- 
ation and dissociation are high and in line with those’ 
found in general for interaction of proteins with specific 
ligands. 

From another point of view the present results may help 
to rationalize the antirheumatic power of this organic 
anion [5], on the basis of the proposed relationship 
between clinical efficacy and the ability of this molecule 
to interact with plasma proteins [7, 8]. 
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Section of Biochemical Pharmacology 


Division of Biology and Medicine 
Brown University, Providence, R. I. 02912, USA 


(Received 27 December 1976; accepted 21 January 1977) 


Recently, there has been a surge of interest in the identification of potent inhibitors 
of adenosine deaminase (ADA, adenosine aminohydrolase, EC 3.5.4.4), because this enzyme 
plays a key role in the inactivation of many adenosine analogs of chemotherapeutic interest, 
e.g. arabinosyl adenine and formycin A (1,2). Several potent ADA inhibitors are currently under 
intensive study and include the antibiotics coformycin and deoxycoformycin (3,4), and the 


synthetic compounds, erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) and 1,6-dihydro-6-hydroxy- 


methyl purine ribonucleoside (DHMPR)(5,6). Inhibition constants (K, ) determined with human 


erythrocytic ADA are: deoxycoformycin, 2.5 x 10°** M; coformycin, 1-10 x os M; EHNA, 


1.62 10°? M; and DHMPR, 1.3 x 107° M (7,8). Marked potentiation of the antitumor action of 
arabinosyl adenine was observed when the analog was administered with deoxycoformycin or 
EHNA (9-12). Also, ADA inhibitors may impair the maturation (13) or mitogen-stimulated 
blastogenesis (14) of lymphocytes, suggesting the use of compounds of this class as immuno- 
suppressive agents. In view of the therapeutic potential of potent ADA inhibitors, ques- 
tions have arisen about possible interactions with other enzymes of purine nucleoside or 
nucleotide metabolism. Of special interest is 5'-AMP deaminase (5'-AMP aminohydrolase, EC 
3.5.4.6), which, in vital tissues such as muscle and brain (15,16), is subject to strong 
allosteric control and may play a key role, not only in the regulation of intracellular 
purine nucleotide metabolism but also in amino acid deaminations (17). Since interference 
with the normal functions of 5'-AMP deaminase might cause toxicity, the interactions of 
several ADA inhibitors with purified rabbit muscle 5'-AMP deaminase were examined. 
Coformycin, deoxycoformycin, EHNA, DHMPR and 2-fluoroadenosine were gifts as described 
previously (7, 8). When 66% glycerol suspensions of purified rabbit muscle 5'-AMP deaminase 
(Sigma, Sp. Act. 3 units per mg) were diluted for enzymatic assay, they became highly 
unstable. The enzyme could be stabilized, however, by dilution into a buffer mixture that 


contained: 2-(N-morpholino) ethane sulfonic acid buffer (MES-Tris, 50 mM with respect to 
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MES), pH 6.3; KCl, 0.5 M; 6-mercaptoethanol, 1.0 mM; glycogen, 0.5 mg/ml; and bovine plasma 
albumin, 0.5 mg/ml. The concentrated enzyme preparation could be diluted approximately 
50-fold in this mixture without loss of activity for several hrs at 0°. Omission of 
glycogen causes significant activity loss within 10 to 15 min. The above buffer mixture was 
employed both for dilution of the enzyme and for enzymatic assays. The enzyme was preincu- 
bated (15 min, 30°) in buffer mixture containing 0.5 mM ATP, unless stated otherwise, in the 
presence or absence of the inhibitor. The reaction was started by addition of AMP (2.0 mM, 
final concentration in routine assays). Increases in absorbance at 285 nm at 30° were 
recorded on a Beckman spectrophotometer equipped with Gilford recorder. The difference in 
molar absorbancy of AMP and IMP at 285 nm was assumed to be 300 (15). 

As shown in Table I, ADA inhibitors EHNA, DHMPR and 2-fluoroadenosine did not inhibit 
5'-AMP deaminase activity when used at concentrations of 1.1 x 10° M, 2.0 x 10° M and 1.0 
x 1073 M respectively. On the other hand, deoxycoformycin, a tight-binding inhibitor of 
ADA, inhibited the 5'-AMP deaminase 45% and 66% at the concentrations of 1.3 x 107° M and 
2.8 x 10°° M respectively. Preincubation of the enzyme with coformycin caused marked 
increases in inhibition (67-99.5% at concentrations of 5.5 x 108 M and 1.3 x 10°° M), where- 
as preincubation in the presence of deoxycoformycin had little or no effect. Therefore, in 
the following experiments 15 min preincubation of the enzyme with the inhibitor was employed. 

Figure 1A presents double reciprocal plots of 5'-AMP deaminase activity in the preseme of 
several concentrations of coformycin. Patterns of non-competitive inhibition were observed. 
(K 


From the replots of intercepts (Fig. 1B) and slopes (Fig. 1C), the values of K, inter- 


i 2" 


cept) and Kis (K, 5 slope) for coformycin were estimated at 4.9 x 1078 M and 5.2 x 10°° M 


respectively. Deoxycoformycin also produced a pattern typical of non-competitive inhibition 


. M and 1.4 x 10°° M respectively. 


(data not shown), with the Ky and Kis values of 3.6 x 10 
An observation of both interest and potential importance is that, although deoxycofor- 
mycin is at least four times more potent as an inhibitor of ADA than the related ribonucleo- 
side, coformycin, the opposite situation exists with 5'-AMP deaminase. Here, the ribonucle- 
oside, coformycin, is about 30- to 70-fold more potent as an inhibitor than deoxycoformycin. 


These findings are consistent with the markedly superior substrate activity of AMP over 


2'-deoxy AMP, with 5'-AMP deaminase (18). Also significant is the observation that the K 
8 


i 
M, whereas the Kh of 5'-AMP with 5'-AMP deaminase has 


been reported in the range of 0.7 to 2.0 x 10°? M, i.e. a difference of about l x 10° fold. 


value of coformycin is about 2 x 10. 


Perhaps when the 5'-monophosphate nucleotide of coformycin becomes available, it will prove 
still more potent as an inhibitor of 5'-AMP deaminase. One may also speculate that, as with 


ADA, both coformycin and deoxycoformycin represent transition-state inhibitors of 5'-AMP 





Preliminary Communications 


Table I. Percent Inhibition of Rabbit Muscle 5'-AMP Deaminase by 
Various Inhibitors of Adenosine Deaminase* 





Inhibitors Preincubation 


(+) (-) 





None 0 


Coformycin 


Deoxycoformycin 


EHNA 
DHMPR 


5 
1 
1. 
2. 
1 
2 
1 


2-Fluoroadenosine 





*The enzyme was preincubated with (+) or without (~) the inhibitor in the buffer 
mixture containing 0.5 mM ATP for 15 min at 30°. The reaction was started by addition of 
AMP to (+) samples and AMP plus the inhibitor to (-) samples. 
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Fig. 1. (A) Double reciprocal plots of 5'-AMP deaminase reaction in the presance of various 
concentrations of coformycin. (B) Replots of 1/v-intercepts vs coformycin concentrations 
and (C) replot of slopes from A vs coformycin concentrations. 
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deaminase (7,8). Also of interest are the findings that EHNA, DHMPR, and 2-fluoroadenosine, 


all of which display significant inhibitory activity with ADA, did not inhibit muscle 5'-AMP 


deaminase, even at relatively high concentrations (see Table I). 

The above observations may have relevance to the possible clinical applications of ADA 
inhibitors. Although the physiological role of 5'-AMP deaminase is not fully understood and 
is currently under intensive investigation, it is becoming increasingly clear that in many 
tissues this enzyme plays a key role in the regulation of purine nucleotide concentrations 
and interconversions, as well as in the deamination of amino acids (17). Therefore, potent 
inhibition of this enzyme could have deleterious effects on cellular survival. It seems 
likely that, since many vital normal tissues may be highly dependent upon 5'-AMP deaminase 
for crucial metabolic regulations, inhibition of this enzyme might result in severe toxicity. 
If these speculations are valid, one might predict that toxicity resulting from inhibition 
of 5'-AMP deaminase would be much greater with coformycin than with deoxycoformycin and 
would be negligible with compounds such as EHNA or DHMPR. 

In preliminary studies with human erythrocytic 5'-AMP deaminases, differences in the 
inhibitory effects of coformycin have been observed with the soluble and membrane-bound 
enzymes, with little inhibition of the membrane-bound enzyme detected. Thus, it is possible 
that inhibitors such as coformycin may be useful biochemical tools for examining the 
properties and physiological functions of 5'-AMP deaminases. 


Acknowledgements: This work was supported by USPHS Grant CA 07340 from the National 
Cancer Institute. We wish to thank Michael Pimental for his excellent technical assistance. 
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CHANGES IN THE MIXED FUNCTION OXIDASE ENZYMES AS A RESULT 


* 
OF INDIVIDUAL AMINO ACID DEFICIENCIES 


aK aK 
C. Richard Truex, Lena Brattsten and Willard J. Visek 


Department of Animal Science and Department of Entomology 


Cornell University, Ithaca, New York 14850 
(Received 19 January 1977; accepted 31 January 1977) 


The activity of the hepatic mixed function oxidase (MFO) enzyme system in animals is 
changed by the quality and quantity of protein consumed. Protein deficient diets reduce 
microsomal activity and decrease the metabolism rate of drugs in vivo (1,2). Different 
sources of dietary protein also cause changes in the metabolism of drugs (3). The experi- 
ments herein reported describe some effects of specific amino acid deficiencies on MFO 
activity. 

Male Sprague Dawley rats with initial body weights of 130-160 g were maintained in 
pairs in cages with mesh floors and no bedding. The synthetic control L amino acid diet was 
that of Rogers and Harper (4). For feeding, the agar gel suspensions of the diet were formed 
by mixing the dry diet with an equal quantity of boiling 3% agar suspension (4). All diets 
were isonitrogenous and refrigerated until fed. Glycine was used to replace the nitrogen for 
the particular amino acid which was removed to create a deficiency. All rats were allowed 3 
days to adjust to the control gel diet. Then fifteen pairs were separated into three dietary 
treatment groups (5 pairs/group) for each deficiency experiment. One group was fed the con- 
trol diet ad libitum, a second, the amino acid deficient diet fed ad libitum; and a third was 
given the control diet pair-fed to the second group. Liver microsomes were prepared by dif- 
ferential centrifugation. Cytochrome P-450 and cytochrome bs were determined as described by 
Omura and Sato (5). Aldrin epoxidase was assayed as described by Krieger and Wilkinson (6). 
K, and oom were obtained by regression analysis according to Lineweaver and Burk (7). 

The quantity of food eaten, weight gain, and liver weight as % of body weight were 
altered uniquely for each specific amino acid deficiency (Table 1). A tryptophan deficiency 


per se reduced the content of cytochrome P-450 per g body weight whereas deficiencies of 
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Table 1 EFFECT OF AMINO ACID DEFICIENCIES ON FOOD CONSUMPTION 
AND GROWTH OF MALE RATS 





Parameter 





Experiment Dietary Weight Liver Weight 
Treatment Gain as % of 
g/7 days body wt 





Tryptophan Control-- ‘ 
ad libitum fed +3542 
Deficiency 
Control-- b 
pair-fed -12+1 


Deficient-- m 
ad libitum fed -21+6 


Isoleucine Control-- ie 
ad libitum fed +28+3 
Deficiency 
Control-- b 
pair-fed + -15+2 


Deficient-- “ 
ad libitum fed = 2 -38+2 


Valine Control-- 
ad libitum fed 
Deficiency 
Control-- 
pair-fed 


Deficient-- b ™ 
ad libitum fed 99+1 -27+2 





Data represent means + SE for 5 samples, each pooled for 2 animals. Data with 
statistically significant differences (P<0.05) show a different superscript for 
particular amino acids. 


isoleucine or valine caused no reduction (Table 2). Restricted food intake due to isoleucine 
deficiency caused a reduction in P-450 as evidenced by data for pair-fed animals. Cytochrome 
b. content per g body weight was not changed for the tryptophan pair-fed controls. However 
isoleucine and valine deficient rats pair-fed the control diet had significantly less b. due 
to depressed food intake alone. Tryptophan deficiency per se reduced the aldrin epoxidase 


a per 100 g body weight, and the restricted food intake accounted for no difference in 


enn for this enzyme. The Ka was elevated in response to the restricted food intake caused 


by the tryptophan deficiency. Isoleucine deficiency did not alter the a per 100 g body 


weight but restricting intake of the control diet to that of the isoleucine deficient animals 
caused a 74% reduction in the ae The Kh was not altered by the isoleucine deficiency per 
se or by the restricted food intake. Valine deficiency did not alter the _ or Kh for 


aldrin epoxidase. 
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Table 2 EFFECT OF AMINO ACID DEFICIENCIES ON CYTOCHROME P-450 


AND bs AND KINETIC PARAMETERS FOR THE EPOXIDATION OF 
ALDRIN BY RAT LIVER MICROSOMES 





Experiment 


Dietary 
Treatment 


** 
Parameter 





Cytochrome 
P-450 


Cytochrome 
bs 


Aldrin Epoxidase 





(n moles/g 
body wt) 





(n moles/g 
body wt) 





y * 
max 
(100 g 
body wt) 





Tryptophan 


Deficiency 


Isoleucine 


Deficiency 


Valine 


Deficiency 


Control-- 
ad libitum fed 


Control-- 
pair-fed 


Deficient-- 
ad libitum fed 


Control-- 
ad libitum fed 


Control-- 
pair-fed 


Deficient-- 
ad libitum fed 


Control-- 
ad libitum fed 


Control-- 
pair-fed 


Deficient-- 
ad libitum fed 


0. 235+0.030° 
0.256+0.015" 


0.148+0.012° 


0. 361+0.019° 
b 
0.159+0.015 


0. 323+0.011° 


0. 201+0.016" 


0.195+0.021° 


0.158+0.0127 


.232+0.018* 


a 


- 229+0.020 


.212+0.022% 


.228+0.009° 
.162+0.020° 


. 349+0. 058" 


. 224+0.0177 
.171+0.016° 


.258+0.026" 


7.86+1.227 
16.4440.83° 


7.4440.95° 


7.93+1.05° 
a 


9.00+1.06 


7.18+0. 36° 


7.00+0.33° 
9.55+2.10° 


7.74+0.447 





* 
Micromoles of dieldrin produced per minute per 100 g body weight. 


Kk 
Data represent mean + SE for 5 pooled samples, each from 2 animals assayed in duplicate 


at five substrate levels (5-50 mM). 


Data having statistically significant dif- 


ferences (P<0.05) show different symbols for a particular amino acid. 


These experiments show: 


(1) that specific amino acid deficiencies caused unique al- 


terations in hepatic microsomal levels of cytochrome P-450, cytochrome be» and the apparent 


Vv and Kh of aldrin epoxidase and (2) that the effects of specific amino acid deficiencies 


max 


were caused by the deficiency per se and/or an associated depressed feed intake. 


T. C. Campbell and J. R. Hayes. 


T. K. Basu and J.W.T. Dickerson. 


3. C. L. Miranda and R. E. Webb. 
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DIFFERENCES IN BENZO(a)PYRENE METABOLISM BETWEEN LUNG AND LIVER HOMOGENATES 


Teruyuki Kimura, Masahiko Kodama and Chikayoshi Nagata 


Biophysics Division, National Cancer Center Research Institute, Tokyo 104 Japan 


(Received 5 January 1977; accepted 17 January 1977) 


Although recently accumulated data on the metabolism of benzo(a)pyrene (B(a)P) in liver 
homogenates or in microsomes have shed light on the complicated pathways of B(a)P, an important 
problem remains whether the metabolic pattern of B(a)P in the target organ is the same as in the 


liver. In parallel experiments where rat-liver and rat-lung preparations were used, Grover and 


1) 2) showed that metabolic patterns in both tissues are quantitatively different, 


Sims ’ and Grover 


but not qualitatively different. In their experiments, 34-1abel led B(a)P was used and hydroxy, 


epoxide and diol metabolites were estimated by radioactivity. By using the fluorometric method 
and electron spin resonance (ESR) method, we have carried out a comparative study on the 
metabolism of B(a)P in rat-liver and lung homogenates, and different metabolic patterns between 
two tissues were observed, which will be reported in this communication. 

Male Sprague-Dawley rats, 5 weeks old (100-130 g) were killed 24 hr after the i.p. admini- 
stration of 3-methylcholanthrene (MC) with a single dose of 20 mg/kg dissolved in corn oil once 
a day for 3 days or phenobarbital (PB) with 60 mg/kg in saline once a day for 3 days. Lungs 
were homogenized in 2 volumes of 0.05 M Tris-HCl buffer (pH 7.5) containing 0.15 M KCl ina 
Potter-Elvehjem homogenizer and livers were homogenized in 3 volumes of the same buffer. The 
homogenates were centrifuged at 9000 x g for 20 min and the supernatant was used to study the 
metabolism of B(a)P. 

The reaction mixture, in a total volume of 100 ml contained 80 umole of NADPH, 5 mmole of 
Tris-HCl buffer (pH 7.5), 15.4 mmole of KC1, 10 umole of B(a)P in 4 ml of methanol and 60 ml 
of the supernatant fraction. After incubation at 37° for 10 min, 10 ml of reaction mixture was ~ 
used for the fluorometric assay, which is the same as the method of Nebert and Gelboin?), 
except that the hexane extract was evaporated to dryness to redissolve in 1 ml of hexane. 

The remaining mixture for the ESR measurement was extensively extracted with benzene (90, 90 
and 90 ml) and the extract was evaporated in vacuum by tap water for overnight. The evaporated 
residue redissolved in 0.3 ml benzene was subjected to the ESR measurement. 

In Fig. 1, the excitation spectra for lung homogenates were given in comparison with those 
for liver homogenates. The difference in spectral pattern is apparent; thus, the maximum peaks 
around 320 nm and 460 nm were shifted to the longer wavelength from (a) to (f). The most 
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Excitation spectra of alkali-extractable products formed by lung homogenates from 
control (a), PB-treated (b), and MC-treated rats (c); by liver homogenates from 
control (d), PB-treated (e), and MC-treated rats (f); (g) and (h) are the spectra 

for the authentic samples of 3-QH-B(a)P and 9-OH-B(a)P, respectively. No difference 
was observed in the emission maxima for all spectra, from (a) to (f). Induction ratio 
by MC was 10-15 in lung and liver and by PB it was 4-5 in liver but no induction 

was observed in lung. 


remarkable fact is that the maximum peak appears at 440 nm in lung homogenates from control 
and PB-treated rats ( a and b), but it is absent in liver homogenates from PB- and MC-treated 
rats ( e and f). While the latter spectra closely resemble to that of authentic 3-OH-B(a)P, 
the component at 440 nm in the former spectra is not considered to be originated from it. The 
most likely candidate for this component is 9-OH-B(a)P which has the excitation maximum at 
400 nm and 440 mm. In fact, the similar spectrum of B(a)P metabolites as in Fig. 1 (a) was 
reported in the reconstituted liver microsome system and the analysis revealed that the 

4) 


metabolites contained 9-OH-B(a)P half as much as 3-OH-B(a)P°’. In our case, the participation 
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Fig. 2. ESR signals of the free radicals produced by incubating B(a)P with lung homogenates 
from control (A), PB-treated (B), and MC-treated rats (C). Signal C is reduced to 1/5 
of the original one. Modulation width: 4 gauss. 


of other phenolic metabolites cannot be excluded. In order to characterize the metabolites 
in lung homogenates, more detailed investigation using high pressure chromatography is 
required. However, it is worth noticing that the different metabolic pattern of lung and 
liver homogenates could be detected by the usual fluorometric method. 

By using the ESR method, we previously found that 6-oxybenzo(a)pyrene (6-oxy-B(a)P) radical 
was formed as a metabolite by incubating B(a)P with liver homogenates from control, PB-treated 


and MC-treated rats??°) 7). 


» and this result was confirmed by Lesko et al We applied the 
same technique to the case of lung homogenates and found that the feature of metabolism of 
B(a)P in lung homogenates was different from the case of liver homogenates. Thus, the signals 
were different each other in their linewidth and signal pattern when lung homogenates from 
the control, PB-treated and MC-treated rats were used (Fig. 2), indicating that different 


species of free radical are formed metabolically from B(a)P in lung homogenates from the 


control, PB-treated and MC-treated rats. Magnitudes of the signals obtained by incubating 


B(a)P with homogenates from control and PB-treated rats were comparable, but in the case of 
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Hyperfine structure of the signal (C) in Fig. 2 after degassing the sample tube. 
Modulation width: 0.8 gauss. 
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homogenates from MC-treated rats, the magnitude of the signal was several times as the former 
ones. After degassing, the signal (C) in Fig. 2 was further resolved into hyperfine structure 
as seen in Fig. 3, which was previously identified as 6-oxy-B(a)P radical in liver homogenates 


from control, PB-treated and MC-treated rats??”) 


. Identification of the signals (A) and (B) in 
Fig. 2 is not easy because of difficult resolution of these signals into hyperfine structure. 
However, from the fluorometric data indicated in Fig. 1, free radical derived from 9-OH-B(a)P 
is considered to be a plausible candidate for the signal (A). Confirmation of this supposition 


is under progress in our laboratory. 


This work was supported in part by the grant from the Ministry of Education, Science and 


Culture, Japan. 
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FORMATION AND REDUCTION OF A NITROXIDE RADICAL BY LIVER MICROSOMES 


Gerald M. Rosen and Elmer J. Rauckman 
Department of Physiology and Pharmacology, Duke University Medical Center, 
Durham, N.C. 27710, U.S.A. 


(Received 28 October 1976; accepted 31 January 1977) 


Cytochrome P-450 is termed a mixed-function oxidase since it requires the presence of 
both a reducing agent and molecular oxygen (1). The ambivalent nature of this relatively 
non-specific enzyme system has led to its implication in reducing processes other than the 
reduction of molecular oxygen (2). The reductive intermediate, if cytochrome P-450 is to 
act as a reducing agent, is the ferrous form of the cytochrome in which to be reduced, the 
substrate replaces oxygen in its reaction with the ferrohemochrome. 

Stable nitroxide radicals can be considered as oxygen analogs since they are paramagnetic, 
have relatively low reactivity under physiological conditions and have a terminal oxygen. 
Stier and Reitz (3) have reported that 2,2,6,6-tetramethylpiperidinoxyl (I) (Fig. 1) is 
reduced in the presence of liver microsomes, oxygen and NADPH. They also reported (4) 
that (I) could be formed enzymatically by the NADPH-dependent oxidation of 2,2,6,6-tetra- 
methylpiperidine (II) in the presence of the microsomal enzymes and oxygen, and that a 
stable equilibrium concentration of (I) could be observed by electron paramagnetic resonance 
(e.p.r.) spectroscopy, indicating that an equilibrium between the oxidation of (II) and the 
reduction of (I) is achieved. Since Stier and Reitz (3,4) gave no experimental details, we 


decided to reinvestigate these reaction sequences. 


The synthesis of 2,2,6,6-tetramethylpiperidinoxy] (I) was carried out according to the 


method of Rauckman et al. (5) by oxidation of 2,2,6,6-tetramethylpiperidine (II) using m- 
chloroperbenzoic acid. Reduction of (I) with platinum oxide and hydrogen gave 1-hydroxy- 
2,2,6,6-tetramethylpiperidine (III) (6). 

Liver microsomes were prepared as reported in the literature (7). The microsomes were 
resuspended in 1.15% potassium chloride solution such that a final concentration of 0.5 g of 
whole liver/ml of suspension was obtained. The microsomal protein and cytochrome P-450 con- 
tents were determined by the methods of Lowry et al.(8) and Omura and Sato (9) respectively. 
For the drug induction studies, rats were injected intraperitoneally with phenobarbital 
(80 mg/kg) each day for 4 days. The liver microsomes were isolated as reported earlier. 
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Electron paramagnetic resonance spectra were obtained using a Varian Associates model 


E-9 spectrometer. The kinetic studies were conducted by measuring the decrease or increase 


in the height of the central peak of the nitroxide triplet as a function of time. Ina 


5 


typical experiment, the reaction medium contained 5 x 10 ~ M of the nitroxide or hydroxylamine 


4 M of NADPH, 0.1 ml of the microsomal enzymes and sufficient buffer (the 


solution contained 2.33 x 10° M KH,PO, and 8.33 x 10° M MgCl, adjusted to pH 7.4) to bring 


(III), 2.5 x 10 


the final volume to 0.5 ml. These experiments were conducted at ambient temperature in a 
0.1 mm flat cell. 

2,2,6,6-Tetramethylpiperidine (1 x 1074 M) was incubated with the microsomal enzymes at 
ambient temperature in the presence of NADPH (2.5 x 1074 M) and oxygen. Two controls were 
used: the first containing everything except NADPH, and the second containing everything 
except the microsomal enzymes. These mixtures were then placed in an e.p.r. spectrometer and 
the concentration of the nitroxide was determined. 

Incubating 2,2,6,6-tetramethylpiperidine (II) in the presence of the microsomal enzymes, 
oxygen and NADPH did not increase the concentration of the nitroxide (I) over that of the 
control. This experiment was performed both by continuous observation of an oxygen-saturated 
solution in the e.p.r. cell for 30 min and by taking aliquots from a mixture through which 
oxygen was bubbled during a period of 1 hr. These experiments suggested that either the 
piperidine (II) is not oxidized to the nitroxide (I) via (III) or that the rate of reduction 
of (I) is greater than the rate of oxidation of (II) to (I). On the other hand, it is known 


that (III) undergoes relatively rapid autoxidation in the presence of air (10), suggesting 


that enzymatic oxidation of the amine (II) could be the rate-limiting step in the conversion 


of the amine (II) to the nitroxide (I). 

Although we did not observe nitroxide formation from the amine (II), incubation of (III) 
with the microsomal enzymes and NADPH under aerobic conditions led to the formation of the 
nitroxide as evidenced by the appearance of its characteristic e.p.r. signal. This reaction 


4 M and ‘.. of 8.4 x 1073 m-moles min”! umole”! of 


was found to have a K, of 3.2 x 10° 
cytochrome P-450 (Fig. 2). We feel that the enzyme responsible for this oxidation is the 
mixed-function amine oxidase described by Ziegler and Mitchell (11). Evidence was gathered 
to demonstrate that cytochrome P-450 is not responsible for this oxidation: (1) the rate of 
oxidation is not increased using phenobarbital-induced microsomes, (2) the oxidation is not 
inhibited by SKF-525A as well as other specific inhibitors of cytochrome P-450, and (3) carbon 
monoxide only inhibited this reaction by 50 per cent when added to dithionite-reduced microsomes. 
We have also observed that the nitroxide undergoes an NADPH-dependent reduction to the 


hydroxylamine (III) at a kinetically measurable rate with a K, of 1.8 x 1074 


M and a Vaan of 
8.9 x 10°? m-moles min”! umole”! of cytochrome P-450 (Fig. 3). This reduction is inhibited 
competitively by specific antagonists of cytochrome P-450. Pretreating the microsomal enzymes 


with a minimal amount of dithionite and then exposing the enzymes to carbon monoxide prior 
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to introducing the nitroxide and NADPH prevented the reduction of the free radical. On the 


other hand, this reduction was greatly increased if phenobarbital-induced microsomal enzymes 


were used in place of control enzymes. 


Fig. 1. Structure of the compounds investigated. 


Fig. 2. Lineweaver-Burk plot for the oxidation 
of the hydroxylamine, (III) to the nitroxide 
(I); Km is 3.2 x 1077 Ms Vmay is 8.4 x 1073 
m-moles/min/yumole. 








Fig. 3. Lineweaver-Burk plot for the 
inhibition of microsomal nitroxide re- 
duction by various inhibitors: 5 
SKF-525A (0.018 mM) K; is 3.3 x 104 M; 
PCMA (0.25 mM) K; is 8.1 x 10 5 M; 
aniline (12.5 mM) K, is 1.9 x 10°°M 
PCMA is p-chloro-N-methylani1ine. 
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An alternative mechanism which would account for the loss of the nitroxide signal is 


alkyl oxidation of the piperidine ring and subsequent rearrangement to a non-radical prod- 
uct. To discount this possiblity, the product of the reduction was isolated by thin-layer 
chromatography and identified as the hydroxylamine (III). 

In conclusion, we have shown that the hydroxylamine (III) is oxidized by the micro- 
somal enzymes to the nitroxide (I) via an enzyme different than cytochrome P-450 and that 
cytochrome P-450 will reduce the nitroxide (I) to the hydroxylamine (III). These obser- 
vations are consistent with the findings of Jenner et al.(12) and Das and Ziegler (13) 
who suggest that basic amines are N-oxidized by a non-cytochrome P-450-dependent system. 
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ENZYMATIC FORMATION AND PROPERTIES OF A CONJUGATE OF 


SULFATE WITH 3-HYDROXYBENZO (A) PYRENE 


Nobuo Nemoto and Shozo Takayama 
Department of Experimental Pathology, Cancer Institute, 


1-37-1, Kami-Ikebukuro, Toshima-ku, Tokyo, Japan 
(Received 13 December 1976; accepted 31 January 1977) 


The powerful and ubiquitous carcinogen benzo(a)pyrene(BP) is metabolized to phenols, 
quinones, dihydrodiols, epoxides, and dihydrodiol-epoxide by NADPH-dependent mixed-function 
oxidases and epoxide hydratase in the microsomes (1-8). In addition, water-soluble metabo- 
lites of BP have been detected, especially in experiments in vivo (9, 10); less than half 
the metabolites of BP formed when BP was administered to tissue culture cells or animals 
could be extracted with organic solvents (11-14). The water-soluble metabolites were 
partially sensitive to -glucuronidase and sulfatase, so it has been suggested that they 
include conjugates with glucuronic acid and sulfate (14, 15). Recently, a conjugate with 
sulfate was identified in thé medium after incubating human tissue culture cells with BP 
(16). Conjugates of glutathione (GSH) with BP-epoxides may be formed also, because Waterfall 
and Sims (17) have reported that GSH reacts with these epoxides. A quantitative method for 
assay of these conjugates was developed very recently by Hayakawa and Udenfriend (18) and 
by us (19). We established also a method for assay of UDP-glucuronyl transferase using 3- 
hydroxybenzo(a) pyrene (3-OH BP), a major metabolite formed by microsomal mixed-function 
oxidases, as standard substrate (20). This paper is about the enzymatic formation of a 


conjugate of sulfate with 3-OH BP by rat liver 105,000 g supernatant. 


MATERIALS AND METHODS 
Tritium-labeled and cold 3-OH BP were generously given by Dr. H. V. Gelboin, N.I.H., 
USA. Rat liver 105,000 g supernatant was prepared from male Wistar rats, weighing about 


150 g, as described previously (19). The reaction mixture in 0.1 ml of 40 mM Tris-HCl, pH 


>? *°s-na,S0, (5.6 mCi/mmole, The Radiochemical 
4 


Centre, Amersham, England), 100yg of 105,000 g supernatant and 1.25 X 10 


7.5, contained 5 mM ATP, 5 mM MgCl 2 mM 
M 3-OH BP in 
5 sl of methanol. The mixture was preincubated at 37°C for 30 min without 3-OH BP; 10 min 


after addition of 3-OH BP, 2 vol. of cold ethanol was added to stop the reaction and the 


mixture was centrifuged to precipitate the proteins. Half the supernatant was applied to 
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a silica gel thin-layer chromatography sheet (J. T. Baker Chemical Co., Phillipsburg, N.J., 
U.S.A.) and the sheet was developed with a mixture of ethyl acetate : methanol : water : 
formic acid, 100 : 25 : 20 : 1 by vol. Unreacted 3-OH BP and Na,SO, were found at the 
solvent front and at Rf 0.1 respectively. During the incubation, material formed which 


gave a spot with blue fluorescence at Rf 0.75. The radioactivity in this spot was counted 


as described previously (19). 


RESULTS AND DISCUSSION 
Of the enzymes tested only sulfatase digested the material in the new spot (Table 1). 
Commercial sulfatase has low §-glucuronidase activity but this did not affect the result, 
because the 105,000 g supernatant did not form a conjugate of eee with 3-OH BP (20). 


When 3y-Labeled 3-OH BP was used, the spot had 3y-radioactivity; similar values for the 


Table 1. Effects of various enzymes on the conjugate 





Radioactivity 





Total In conjugate 
cpm cpm 





1 1743 1558 


# 

Bovine Serum Albumin 
* 

Acid Phosphatase 2 1690 1574 
* 

Pancreatic RNase 3 2893 2714 


* 
Sulfatese 3184 14 





The fluorescence spot obtained as described in the text was extracted with ethanol : 
water (2 : 1, v/v) and then treated with various enzymes in 0.15 M sodium acetate buffer, 
pH 5.0 for 2 hr. Then the proteins were precipitated with ethanol, and the soluble 
fractions were subjected to TLC using the same system as before. 

*1. Protein concentration, 3 mg/ml. 

Phosphatase (Type I, Sigma) concentration, 1.5 mg/ml. 
Enzyme (Sigma) concentration, 150 yg/ml. 


Sulfatase (Type V, Sigma) concentration, 300 ps/ml. 


amount of conjugate formed were calculated on the basis of specific activity using 34-3-0H BP 


Ra 


and S-Na SO, (Table 2). These results show that the spot was probably that of a conjugate 


2 
of sulfate with 3-OH BP. The fluorescence spectra of the material in the spot were slightly 


different from those of 3-OH BP. On excitation at 385 nm, peaks of fluorescence were observed 
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Table 2. Effects of incubation conditions on formation of the 


conjugate of sulfate with 3-OH BP 





Conjugate 
Reaction System 
(nmole/10 min-mg protein) 





Exp. 1 Complete 7°s-na,S0, 
34-3-0n BP 
Exp. 2 Complete 
-ATP 
“MgCl, 
-Na,S0,, 
-105,000 g sup. + BSA 
Exp. 3 Complete 
EDTA 1 m™ 
EDTA 5 mM 


EDTA 25 mM 





Incubations were carried out in the presence of either *°s-Na,S0, or 3y- 


3-OH BP and the amount of conjugate was calculated from the specific 
activity of the substrate. 
Incubations were carried out using 34-3-0H BP. 


EDTA at the indicated concentration was added after preincubation. 


at 415 and 435 nm in aqueous ethanol; the fluorescence excitation spectra, with emission at 
415 nm, had peaks at 268, 298, 370 and 385 nm. These fluorescence spectra were similar to 
those of synthetic benzo(a)pyren-3-yl hydrogen sulfate reported by Cohen et al (16). 

The amount of sulfate conjugate formed depended on the amount of 105,000 g supernatant 
added and the incubation period. It also depended on the period of preincubation, but this 
did not need to be more than 20 min when the period of incubation with 3-OH BP was fixed at 
10 min. ATP could not be replaced by AMP, GTP, or GMP, so the ultimate precursor for the 
sulfate conjugation must be 3'-phosphoadenosine 5'-phosphosulfate (PAPS), as indicated by 

‘Miller's group (21, 22). The enzyme reaction was dependent on the concentrations of MgCl, 
and ATP, possibly due to the formation of PAPS, but sulfate transferase itself may also be 
affected by the presence of MgCl,, because addition of EDTA after preincubation decreased 


the amount of the conjugate (Table 2). The optimal pH for the sulfate-activating: enzyme 
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was 7.5, but that for the sulfate transferase was pH 7.75. Figure 1 shows the effect of 
changing the pH after preincubation. After preincubation the amount of conjugate formed 
increased linearly for 10 min. The enzyme preparation was unstable on overnight dialysis, 
but was stable for at least 3 months on storage at -70°C. 

The conjugate was less polar than other conjugates such as those of glutathione and 
glucuronide. About half of the conjugate could be extracted from aqueous solution with 2 
vol. of ethyl acetate and all the rest could be recovered by further extractions with ethyl 
acetate. However, the conjugate could not be extracted from aqueous solution with benzene 
or n-hexane. It is of interest that Cohen et al. found a sulfate conjugate among the 
metabolites of BP extracted with ethyl acetate from the medium of human, hamster, and rat 


lung cells (16). 


Fig. 1. Dependency of Conjugate Formation on pH 
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e—e pH not changed during incubation. 


o---o pH fixed at 7.48 during preincubation and then changed to the 


indicated value by addition of HCl or NaOH. 


When Na,SO, was not added, the fluorescence spot which appeared at Rf 0.75 contained 
about half of the amount of conjugate, when 3y-1abeled 3-OH BP was used as substrate 
(Table 2). It has been reported that N-hydroxy-N-acetylaminofluorene (N-OH AAF) is able to 


bind nucleic acids by making an unstable intermediate phosphate ester (23). However, 3- 
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OH BP did not conjugate with phosphate from ATP, because the fluorescent spot was not 


affected by phosphatase and no radioactivity was incorporated into this material from 4- 
3 


2p-labeled ATP. The 105,000 g supernatant contains a small amount of endogenous sO, 


ion. The exact amount of this was unknown. Because of this and the fact that the sulfate 
conjugate was formed in two steps it was impossible to calculate the Km value for Na,SO, . 
35 


However, quite large amounts of conjugate were obtained at low concentrations of s- 


Na, SO, . 

The sulfate ester of N-OH AAF, which is considered as an ultimate carcinogen, is very 
unstable (21, 22), whereas, the sulfate conjugate of 3-OH BP reported here was rather stable. 
Thus the latter was easy to detect, whereas activity of sulfotransferase for N-OH AAF was 
scarcely detectable when the ester was trapped with nucleic acids or macromolecules. We 
think that the conjugation of 3-OH BP with sulfate may serve to detoxify the 3-OH BP. 
Moreover, as 3-OH BP is not known to be carcinogenic, the idea that formation of the sulfate 


ester of 3-OH BP is necessary for transport of 3-OH BP from the liver to target organs may 


be overlooked, whereas it should be tested. 
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REDUCTION OF 2,6-DICHLOROPHENOL INDOPHENOL BY BOVINE METHEMOGLOBIN REDUCTASE 


IN THE PRESENCE OF A NUMBER OF NON-STEROIDAL ANTI-INFLAMMATORY COMPOUNDS 


C.N. Verboom, J. de Vries*, L van Bree and W.Th. Nauta 
Department of Medicinal Chemistry, Vrije Universiteit, De Boelelaan 1083, 


Amsterdam, The Netherlands 


(Received 6 October 1976; accepted 3 February 1977) 
Anti-inflammatory drugs have been reported to inhibit cellular oxidation-reduc- 
tion reactions [1]. In particular sodium salicylate inhibits a number of 
enzymes, all of which require NAD*-NADH as cofactors [2,3]. 
Within the framework of a study on the metabolism of 2-aryl-1,3-indandiones [4] 
we are investigating the distribution of 2-phenyl-1,3-indandione (PID) - a well- 
known anticoagulant with anti-inflammatory activity - over the blood components. 
The erythrocyte contains a number of enzymes which reduce methemoglobin to hemo- 
globin, the methemoglobin reductase system (a diaphorase) [5-10]. Some of these 
enzymes require NADH as a cofactor, while others require NADPH [6,7]. 
In this context it was interesting to know whethe PID would also inhibit methe- 
moglobin reductase. 
In this communication we describe the reduction of 2,6-dichlorophenol indophenol 
(DCIP) by bovine methemoglobin reductase isolated according to Splittgerber 
[9], in the presence of NADH, sodium salicylate, 2-phenyl-1,3-indandione, 


phenylbutazone or indometacin. 


The assay of enzyme activity was carried out at 20°c with a Cary model 1605 


recording spectrophotometer in 1-cm cuvettes at 600 nm, the wavelength of 
maximum absorption of DCIP. The reaction mixture contained 40 mM Tris-HCl buffer 


(pH 7.5), 1 mM EDTA and 9-59 uM DCIP ( determined in the cuvette by using milli- 


* To whom correspondence should be addressed. 
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molar extinction coéfficient of 20.1 [9]. When NADH was used, its concentration 
was 133 uM. The protein concentration was 100 ug/ml. The anti-inflammatory 
compounds were added in 0.05 ml DMSO. The reactions were started by the 
addition of the cofactor. In the inhibition studies the inhibitor was added 


just before the reaction was started. 











Absorbance 




















time (min) time (min) 


Fig. 1. Reduction of DCIP - 11 uM (I) and 51 uM (II) - by methemoglobin reduc- 
tase in the presence of (a) 1 mM PID, (b) 1 mM PID + 133 uM NADH and (c) 133 UM 


NADH and nonenzymatic reduction of DCIP by 1 mM PID (d). 


The data presented in Fig. 1 show first of all the effect of addition of PID 


on the reduction of DCIP by methemoglobin reductase. At 11 uM DCIP (Fig.1, 


curve Ib) PID produced a decrease of the rate of reduction and at 51 uM DCIP 


( Fig.1, curve IIb) an increase. 

These findings are also illustrated by the Lineweaver-Burk plots of the enzyma- 
tic reduction of DCIP with and without PID (Fig. 2). (The rate of the nonenzy- 
matic reduction (less than 5% of the final rate) of DCIP by NADH, PID or phenyl- 


butazone was measured and deducted from the final velocity). The rather confu- 
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Fig. 2. Lineweaver-Burk plots of the reduction of DCIP by methemoglobin reduc- 
tase in the presence of 133 uM NADH (0-0) and of 133 uM NADH + 1 mM PID (0-0). 


Each point represents the mean value of 6 experiments. 


sing kinetics could be interpreted as originating from a retardation of the 
reduction at DCIP concentrations below 42 uM and an acceleration at DCIP concen- 
trations above 42 uM (Fig. 1). 


Additionally, Fig. 1 shows that DCIP can be reduced by methemoglobin reductase 


15 





Fig. 3. Lineweaver-Burk plots of the 


reduction of DCIP by methemoglobin 
reductase in the presence of 0.35 mM 
PID (Q0-0), of 0.5 mM PID (0-0) and of 
0.5 mM phenylbutazone (A-A). Each 
point represents the mean value of 6 


experiments. 














Preliminary Communications 


in the presence of PID instead of NADH. This reduction was found to be of the 
first order with respect to PID and DCIP. The double reciprocal plot for this 
reduction is given by Fig. 3. The rate of reduction increases continuously with 
the substrate concentration. In other words, the values of K, and Vmax are in- 
finitesimally high using PID as a cofactor. Such kinetics are also known of 
catalase in the reaction [11]: 

2 H2027 —® 2 H20 . O2 
The difference in kinetics between the reduction of DCIP with NADH as a cofac- 
tor and that in the presence of PID suggests the existence of two active sites, 
one for NADH and one for PID. This was strengthened by the observation that 
sodium salicylate - a competitive inhibitor of methemoglobin reductase - had no 
effect at all on the reduction of DCIP with PID as electron donor. It should be 
pointed out, however, that PID has been described as an inhibitor of an other 
diaphorase, rat liver DT-diaphorase 122,23). 
Phenylbutazone acted like PID: also replacement of NADH and the same kinetics, 
perhaps indicating that PID and phenylbutazone interact with the same active 
site on the enzyme. However, the rate of reduction was lower in this case 
(Pig. 3). 
Indometacin like sodium salicylate inhibited the reduction. 
Thus, the tested anti-inflammatory drugs fall in two groups: substitutes for 
NADH - PID and phenylbutazone - and inhibitors of methemoglobin reductase - 
sodium salicylate and indometacin - . This point and the possibility that a 


well-known anticoagulant - PID - and a well-known anti-inflammatory drug - 


phenylbutazone - may affect the hemogiobin-methemoglobin ratio in the red blood 


cell in other words the oxygen transport - are worthy of further investiga- 


tion. 
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EDITORIAL 


The European Society of Biochemical 
Pharmacology (ESBP) 


The International Society of Biochemical Pharmacology 
(ISBP) has been in existence for a number of years*. In 
the past, ISBP has sponsored and organized a variety of 
international symposia, although in recent years, it has 
been rather quiescent. Numerous scientists have voiced the 
opinion that there is a need for some international body 
devoted to the biochemical aspects of pharmacology. The 
undersigned have decided to experiment with a revised 
organization of the ISBP in order to fulfill the wishes 
expressed by these pharmacologists as well as the many 
workers from such allied disciplines as clinical pharma- 
cology, physiology, biochemistry, biophysics, electron 
microscopy and genetics, who have also expressed an inter- 
est in such a society. 

The suggested new structure will be based on a Euro- 
pean organization (ESBP), highly flexible and therefore 
better suited to satisfy varying needs. Because of various 
difficulties, pharmacologists of some Eastern European 
countries (Poland, Czechoslovakia, Yugoslavia) have 
decided to form national groups. Naturally, these scientists 
would be welcome to participate in ESBP activities either 
as individuals or collectively. 

The society will elect its chairman, vice-chairman, secre- 
tary and treasurer. Unavoidably, a few people must start 
the organization and the undersigned biochemical pharma- 
cologists have agreed to lead the ESBP (pending 
eventual confirmation of their position by the first assem- 
bly) and will organize the activities of ESBP according 
to the wishes of members. 

Suggested activities for the ESBP include the following: 

1. An international meeting centred on some field of 
major interest to be held every four to five years. 





* Past presidents of ISBP include E. B. Chain, C. Hey- 
mans; Present president, Z. Bacq; General Scientific Secre- 
tary, R. Paoletti; North American Secretary, N. Back. 
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2. Workshops or summer courses in methodology, spon- 
sored by pharmacologists from industry, universities or 
research institutes. 

3. Seminars with practical demonstrations, especially 
advanced courses in fields where younger scientists feel the 
need to acquire first hand information. 

4. Symposia or colloquia with limited audiences and suf- 
ficient time for thorough discussions. 

Emphasis will be given to personal contact and freedom 
of expression for the younger scientist. 

Membership is open to all including undergraduates. 
Those interested in joining should apply in writing to the 
chairman (R. Flower, The Wellcome Research Labora- 
tories, Langley Court, Beckenham, Kent BR3 3BS, Eng- 
land) or to the Secretary (P. Laduron, Janssen Pharma- 
ceutica, Beerse B-2340, Belgium). The registration fee is 
1,000 Belgian Francs (half price for students). 


Honorary Chairman: 

Z. Bacq (Liége) Belgium 
Honorary Secretary: 

R. Paoletti (Milano) Italy 
Chairman: 

R. Flower (Beckenham) England 
Secretary: 

P. Laduron (Beerse) Belgium 
Counsellors: 

G. L. Gessa (Cagliari) Italy 

J. Glowinski (Paris) France 

I. Janku (Prague) Czechoslovakia 

L. Samochowiec (Szczecin) Poland 

L. Terenius (Uppsala) Sweden 

H. Thoenen (Basel) Switzerland 

L. Tomatis (Lyon) France 

V. Ullrich (Homburg) Germany 

D. Versteeg (Utrecht) The Netherlands 
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COMMENTARY 


ENDOGENOUS ANTI-INFLAMMATORY PROTEINS 


D. A. Lewis 


Pharmacological Laboratories, Department of Pharmacy, University of Aston in Birmingham, 
Birmingham B4 7ET, United Kingdom 


Inflammation is characteristic of the rheumatic dis- 
eases and when it persists it is accompanied by des- 
truction of connective tissue. An essential part of the 
modern treatment of the rheumatic diseases is the use 
of anti-inflammatory drugs. Unfortunately these 
drugs have side-effects and since the nature of the 
disease often demands long term drug therapy the 
problem of side-effects is a major one particularly 
when steroids are employed in treatment. Much effort 
has been devoted to developing new drugs, particu- 
larly non-steroidal ones, that are less toxic to the 
patient. However despite the efforts of medicinal 
chemists it appears unlikely, in the near future at 
least, that a major breakthrough will be made in this 
field of synthetic chemistry. The development of new 
anti-inflammatory drugs suffers from the disadvan- 
tages that no satisfactory animal model for the rheu- 
matic diseases exists and the etiology of the human 
diseases is largely unknown. Consequently research 
leading to the production of new anti-inflammatory 
drugs must be largely empirical in approach. 

This approach has produced drugs that are un- 
doubtedly beneficial to the patient but the biochemi- 
cal action of these drugs is poorly understood. 
Although drugs may relieve the pain and inflamma- 
tion in arthritic joints it is by no means certain that 
they inhibit the crippling erosions of connective tissue 
in such serious diseases as rheumatoid arthritis. It 
is well documented that natural remissions occur in 
the rheumatic diseases. Certain specific conditions 
(e.g. pregnancy [1], viral hepatitis [2]) often result 
in the remission of the disease. Furthermore some- 
times spontaneous remissions occur but the patients 
have a greater risk than normal of rheumatoid disease 
reoccurring. 

The biochemical events in these remissions is un- 
known but the fact that such remissions occur has 
stimulated efforts to elucidate the molecular 
mechanisms involved. This commentary is concerned 
primarily with the role of endogenous anti-inflamma- 
tory proteins which, for the purposes of this commen- 
tary, are defined as proteins which can mediate 
against biochemical mechanisms induced by inflam- 
mation. Due to the heterogeneous nature of inflam- 
matory mediators the possibility exists that other 
molecular species may also have anti-inflammatory 
properties. 

It is known that inflammatory exudates contain 
substances with anti-inflammatory properties [3] 
which inhibit a range of features associated with in- 
flammation in animals such as the deposition of 
granulation tissue [4], the oedema induced by carra- 
geenin [5] and delayed hypersensitivity [6]. It is 


likely that some, or all, of these substances are pro- 
teins. 


Anti-inflammatory proteins 


It has been shown that the implantation of irritant 
substances at one site has an anti-inflammatory effect 
at other sites in the animal [7]. There are various 
explanations for this phenomenon. It is possible that 
anti-inflammatory substances are produced at one site 
and transported in the circulation to the other, or 
that in response to local inflammation, anti-inflamma- 
tory substances are synthesised at a central site (e.g. 
liver) and enter the circulation. A third possibility is 
that a ‘counter-irritant’ action would lead to competi- 
tion between inflammatory stimuli for mediators or 
for their precursors [8]. The implantation in animals 
of irritants such as polyester sponge caused inflamma- 
tory exudates which contained substances with both 
irritant [9] and anti-inflammatory properties [5]. 
This anti-inflammatory substance was separated from 
the irritant substance by Sephadex G150 gel filtration 
followed by preparative polyacrylamide gel electro- 
phoresis [10]. The anti-inflammatory activity was as- 
sociated with a protein fraction that migrated electro- 
phoretically between the «-glycoproteins and transfer- 
rin. The final product represented a 75-fold purifica- 
tion on a weight basis over the freeze dried crude 
inflammatory exudate and its anti-inflammatory ac- 
tivity was measured against the carrageenin rat 
model. At a dose of 8 mg kg! (s.c.) the oedema was 
suppressed by 55 per cent. In this animal model the 
effectiveness of this protein fraction is of the same 
order as that of many established non-steroidal drugs 
[11]. It has been suggested that the liver is the site 
of the synthesis of anti-inflammatory proteins, since 
in animals injured by sponge implantation proteins 
with anti-inflammatory activity have been isolated 
from the plasma and have been detected in perfusates 
of livers [12]. The synthesis of the anti-inflammatory 
proteins was blocked by treating the rats with actino- 
mycin D. Although these experiments show that in- 
flammatory injury induces the synthesis of anti- 
inflammatory substances, there is evidence that sub- 
stances may be present in plasma of normal rats, 
although in much lower concentration. In other work 
it was found that the plasma from adrenalectomised 
Wistar rats had anti-inflammatory activity in the car- 
rageenin rat model [8]. An anti-inflammatory activity 
of a high molecular weight protein fraction isolated 
from normal Wistar rat plasma has been shown in 
the carrageenin and arthritic rat models [13]. 

The stimulating action of inflammation on the bio- 
synthesis of anti-inflammatory proteins by the liver 
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is not an immediate one for appreciable amounts of 
the proteins were only found in plasma and exudates 
3-4 days after the original injury [14]. This delay 
in the response of the liver to injury was found in 
other work [15] when the liver toxin dimethylnitros- 
amine was administered to rats with induced adjuvant 
arthritis. The anti-inflammatory action induced by the 
toxin was only evident 3 days after its administration. 
Furthermore saline extracts of livers taken from rats 
treated with dimethylnitrosamine had anti-inflamma- 
tory activity when injected (i.p.) into rats with adju- 
vant induced arthritis. It was noted that the activity 
was only present in extracts from livers taken from 
rats that had been treated 3 days previously with the 
toxin. This delay of 3 days eliminated the possibility 
that the toxin itself was anti-inflammatory since 
dimethylnitrosamine, like other alkylating agents, is 
rapidly metabolised by the liver. The possibility that 
endogenous corticosteroids contributed to the anti- 
inflammatory properties of the inflammatory exudates 
was eliminated by the use of adrenalectomised rats 
or by monitoring corticosteroid concentrations [5]. 
However the anti-inflammatory action of inflamma- 
tory exudates may be explained in part by their abi- 
lity to stimulate corticosteroid production. In a recent 
experiment [16] the exudate produced by carrageenin 
in rat plantar tissue contained a factor of unknown 
identity that elevated corticosteroids in other rats 
when the exudate was administered by injection (i.p.). 
This factor appeared at an early stage in the exudates 
whereas proteins with anti-inflammatory activity 
appeared later. It is possible that the corticosteroid 
stimulating factor was itself an irritant because the 
irritant action of inflammatory exudates has been cor- 
related with the appearance of anti-inflammatory ac- 
tivity [17] and it is known that the corticosteroid 
levels rise in the circulation after inflammatory stimuli 
[18]. The nature of the irritant fraction in inflamma- 
tory exudates is not known but it may contain 
enzymes, or their products, and products of cell and 
tissue damage arising from the inflammation. 

It is likely that other factors with anti-inflammatory 
activity in addition to proteins or hormones are pres- 
ent in human blood. A substance active in the carra- 
geenin rat model and which can also inhibit the 
release of chemotactic and anaphylatoxic factors from 
rat and guinea pig serum has been described. The 
active substance has a mol. wt below 500 daltons and 
is resistant to acid and to proteolytic hydrolysis 
(19, 20]. 

The methods employed in the examination of 
plasma and of other fluids for substances with anti- 
inflammatory activity are very similar to those 
employed in testing synthetic compounds in conven- 
tional screening programmes. Consequently very little 
information is gained of the biochemical mode of 
action of the substance under test. An alternative 
approach has been taken by other workers who 
examined both normal and diseased mammalian tis- 
sues, such as blood, connective tissue, synovial fluid 
and inflammatory exudates for substances with bio- 
chemical properties that suggest that they may have 
a retarding action on inflammatory disease. This 
approach has an advantage in the fractionation of 
protein mixtures because a single protein can be iden- 
tified with a specific biochemical property. 
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Lysosomal membrane stabilising proteins 

The central role of lysosomes and of lysosomal 
enzymes in inflammation is well established. Lysoso- 
mal enzymes have been associated with both the 
inflammation and the destruction of connective tissue 
in rheumatoid disease. Leucocyte destruction and the 
release of their granule contents (the granules are 
similar to lysosomes) have been associated with vaso- 
dilation, oedema, tissue disintegration and the chemo- 
tactic accumulation of leucocytes, all of which would 
perpetuate and extend the inflammatory reaction 
[21,22]. Anti-inflammatory drugs have proved to be 
useful tools in probing the role of the lysosome in 
inflammatory disease and the discovery that steroids 
[23] and some non-steroidal drugs [24] can inhibit 
the release of enzymes from lysosomes has encour- 
aged some workers to examine endogenous sub- 
stances for similar properties. The release of lysoso- 
mal enzymes into the blood [25], and into inflamma- 
tory exudates, in parallel with the inflammation in 
rats with adjuvant induced arthritis has been reported 
[26]. The inflammation associated with this model 
induces the appearance in the blood of a substance 
with charge properties similar to that of an «-globulin 
[27]. The molecular weight of the protein was found 
to be greater than 170,000 daltons on the basis of 
Sephadex G200 gel filtration. It reacted with the 
membranes of both normal washed rat erythrocytes 
and isolated rat liver large granules and it was re- 
sponsible for the stabilising action of arthritic rat sera 
on rat liver lysosomes in vitro. The possibility that 
the stabilising action of the sera was due to circulat- 
ing corticosteroids or antibodies was eliminated. The 
tentative suggestion was made that the protein was 
an ‘acute-phase’ protein. However other work [28] 
has shown that dialysed plasma from normal rats has 
the ability to inhibit Triton X-100 induced lysis of 
granules of rabbit polymorphonuclear leucocytes. In 
these experiments it was found that the stabilising 
action of the plasma decreased during adjuvant in- 
duced arthritis. This finding may indicate species dif- 
ferences in the adjuvant rat model since the per- 
sistence of inflammatory symptoms in this series of 
experiments [28] was different from that in the strain 
of rats employed in the earlier work [27]. Human 
sera also has the ability to stabilise rabbit poly- 
morphonuclear leucocytes against lysis [29] by Triton 
X-100, and this property is sharply elevated during 
the last 3 months of pregnancy, a period when rheu- 
matoid arthritis often regresses in patients. Although 
the factor in 6-9 month human pregnancy sera has 
not been identified the possibility that the stabilising 
action of the sera was due to increased corticosteroid 
levels was eliminated. Synovial fluid aspirated from 
patients with rheumatoid disease can also stabilise rat 
liver lysosomes in vitro [30]. This stabilising action 
of the fluid was abolished by pre-treatment of the 
fluid with trypsin. In these experiments it was shown 
that proteins in the synovial fluid were responsible 
for its stabilising action on the lysosomes. Rat liver 
lysosomes were incubated with freshly aspirated 
human rheumatoid synovial fluid and after lysis and 
washing, the isolated rat liver lysosomal membranes 
were used to raise anti-sera in rabbits. The anti-sera 
was used in immunoelectrophoresis studies on human 
rheumatoid synovial fluid and two precipitin lines 
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were obtained in the «/f globulin region. Recent work 
(unpublished) in our laboratory has shown that these 
proteins bound by rat liver lysosomes react with com- 
mercial anti-sera against human plasma proteins but 
not with commercial anti-sera against human «-mac- 
roglobulin. When the rheumatoid synovial fluid was 
fractionated by Sephadex G200 gel filtration both of 
the proteins were detected in the higher molecular 
weight «/f globulin fraction and not in the immuno- 
globulin (150,000 daltons) fraction. In our experi- 
ments it seems likely that the proteins present in the 
synovial fluid, that can stabilise rat liver lysosomes, 
are normal plasma proteins. Anti-bodies raised by 
lysosomes can also stabilise the lysosomal membrane 
directly since immunoglobulins in anti-sera produced 
in the rabbit against rat peritoneal leucocyte granules 
have been reported to stabilise rat liver lysosomes 
in vitro [31]. 

Although proteins stabilising lysosomal membrane 
have properties that suggest that they may be anti- 
inflammatory, there is no direct evidence that they 
have an anti-inflammatory action against the usual 
animal models. Further investigations of the bio- 
chemical properties of these proteins would appear 
to be justified since they could gain access to lyso- 
somes in vivo by pinocytosis or alternatively these 
proteins may be synthesised within cells containing 
lysosomes (e.g. stimulated lymphocytes) and attached 
to lysosomes in situ. 


Anti-proteases 


The central role of intra- and extra-lysosomal pro- 
teases in the biochemical pathology of inflammatory 
disease, together with the wide incidence of protease 
inhibitors throughout the plant and animal world has 
stimulated investigations into the possible role of 
both exogenous and endogenous inhibitors in con- 
trolling inflammatory disease. The distribution and 
the clinical use of protease inhibitors has been exten- 
sively reviewed [32-34]. A survey of naturally occur- 
ring protein inhibitors shows that in the main they 
are polypeptide in character and that they can be 
broadly divided into a group of relatively small mol- 
ecules (6000—12,000 daltons) stable to acids and to 
heat and a group of larger, more labile, polypeptides 
(20,000-60,000 daltons). There are some notable in- 
hibitors outside this range such as the important 
plasma anti-proteases «,;-macroglobulin and «2-mac- 
roglobulin (about 800,000 daltons). There is no com- 
mon spectrum of action for these inhibitors since 
some inhibit only one enzyme whilst others are poly- 
valent against a variety of proteases. It is this latter 
type of protease inhibitor that is of interest in the 
study of inflammatory disease. 

Direct anti-inflammatory activity has been associ- 
ated with protease inhibitors. The inflammatory 
symptoms of kaolin arthritis in the rat are strongly 
suppressed by the soybean inhibitor (i.p.) [35] and 
the potato inhibitor (i.v.) [36]. The bovine inhibitor 
aprotinin (Trasylol) has been used experimentally in 
the treatment of rheumatoid arthritis where its anti- 
rheumatic action was found to approach that of the 
corticosteroids [37]. Trasylol is also anti-inflamma- 
tory in the various oedema rat models [38], in the 
adjuvant arthritis rat model and [39] in the dextran 
rat model [40] where it was reported to reduce the 
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acid and neutral protease activity in serum. A similar 
result was obtained with sodium urate induced in- 
flammation in the skin and joints of rabbits [41] 
where Trasyiol was found to reduce the proteolytic 
activity of polymorphonuclear lysates at both acid 
and neutral pH. A preparation of rat plasma protein 
that was anti-inflammatory against the carrageenin 
and adjuvant arthritic rat models also inhibited tryp- 
sin and it was found that 20mg of the preparation 
contained the same activity as 5 ml of rat blood [13]. 
Endogenous protease inhibitors have been found in 
a variety of mammalian tissues and fluids. The best 
known are the plasma anti-proteases and since these 
are polyvalant in their action much interest has been 
aroused in the possible role of these substances in 
inflammatory disease. Plasma anti-proteases may 
have defensive roles in a number of diseases [42, 43]. 
The possible role of the anti-proteases in rheumatoid 
disease is part of this commentary. 

a,-Antitrypsin [44]. This anti-protease is the most 
abundant anti-protease in blood (2 g/l) and is respon- 
sible for about 90 per cent of the trypsin inhibiting 
capacity of blood. It is also present in other tissues, 
in mast cells [45] and macrophages [46]. The protein 
is a-glycoprotein with mol wt reported over the range 
47,500-55,000 daltons and it migrates on electro- 
phoresis with the a-globulins. Its half-life in plasma 
is 2-4 days. It is polyvalent in its anti-proteolytic 
actions and it binds proteases such as kallikrein [47] 
the granulocytal enzymes elastase and collagenase 
[48] and skin and synovial collagenases [49, 50] all 
enzymes associated with inflammation, in a 1:1 molar 
ratio [48]. However not all collagenases are bound 
by «,-antitrypsin. A neutral collagenase isolated from 
human gastric mucosa is not inhibited by -antitryp- 
sin [51] and neither are the acid proteases [52]. The 
main anti-collagenlytic activity of plasma is usually 
attributed to x,-macroglobulin rather than z,-anti- 
trypsin [53]. «,-Antitrypsin has two overlapping 
active sites, one contains an arginyl residue and reacts 
with residues that split peptides at arginyl residues 
and the second contains an aromatic amino acid or 
leucyl residue and splits peptides at this type of resi- 
due. There is also an inhibitor site that inactivates 
serine proteases [54]. 

There is an association between «,-antitrypsin and 
rheumatoid arthritis [55]. Heterozygotes for the defi- 
ciency gene for a,-antitrypsin have been found to 
have a risk factor between three to four times the 
average for adult classical, or definite, rheumatoid 
arthritis. The risk is of practical significance, for the 
average incidence of rheumatoid arthritis in adults 
aged over 45 yr in the U.S.A. has been reported to 
be 1.3 per cent of the population. The risk amongst 
homozygotes for the deficiency gene is probably much 
higher but there is little data connecting this type 
of deficiency with adult rheumatoid arthritis. This is 
not surprising since these individuals usually fail to 
survive early life due to pulmonary disease. In rheu- 
matoid disease the blood and synovial fluid levels rise 
over normal values [56]. Its level also rises in serum 
in acute inflammatory conditions where it behaves 
as an acute phase protein [57]. The levels of ,-anti- 
trypsin in rheumatoid synovial fluid appear to be in- 
fluenced by the protease levels in the fluid since it 
was found that the amount of active »,-antitrypsin 
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present varied inversely with the neutral protease ac- 
tivity of the fluid against hide powder Azure [39]. 
A similar relationship between protease activity and 
%,-antitrypsin levels has been found in the sera and 
plasma of rats with adjuvant induced arthritis [58]. 
The levels of x,-antitrypsin fell as the arthritis devel- 
oped. At the same time the proteolytic activity of the 
blood increased, presumably due to the leakage of 
proteases from the inflamed sites into the circulation. 
It is of interest that the administration of cortisol to 
both adjuvant arthritic and normal rats elevates 
%,-antitrypsin levels above normal values [58] sug- 
gesting the possibility that cortisol may exert at least 
part of its anti-inflammatory activity by elevating ~,- 
antitrypsin levels in the circulation. Plasma z,-anti- 
trypsin levels also rise in pregnancy to double the 
normal values [59] and in hepatitis [60] and it is 
known that remission of rheumatoid disease can 
occur in both conditions. In this laboratory (unpub- 
lished) we have repeated the work on the anti-inflam- 
matory action induced by the liver toxin dimethyl- 
nitrosamine on adjuvant induced arthritis in the rat 
[15]. In addition to confirming the anti-inflammatory 
action induced by the toxin we have found that the 
toxin elevates plasma «,-antitrypsin levels and that 
this anti-protease is also present in significant 
amounts in the dialysed saline extracts prepared from 
the livers of rats that had been treated three days 
previously with the toxin. 

Protease-x,-antitrypsin complexes have only a 
slightly larger Stoke’s radius than the free antipro- 
tease. However, the penetration of the free antipro- 
tease into cartilage may be slow since although the 
degradation of cartilage proteoglycans by human leu- 
cocyte elastase and ‘chymotrypsin like’ enzyme can 
be inhibited by preincubation of the enzymes with 
%,-antitrypsin, when %,-antitrypsin was added to the 
incubation medium it failed to penetrate cartilage 
slices and thereby prevent its degradation [61]. Both 
%,;-antitrypsin and 2,-macroglobulin-protease com- 
plexes are cleared from the circulation. Experiments 
in the dog with radio-iodinated trypsin suggest a 
mechanism for this clearance since %,-antitrypsin- 
trypsin complexes were dissociated by x -macroglo- 
bulin which firmly bound the trypsin. The new com- 
plexes were rapidly eliminated from the circulation 
by the recticuloendothelial cells [62]. The rapid up- 
take of protease-macroglobulin complexes by rabbit 
alveolar macrophages has been described [63] but 
protease-x,-antitrypsin complexes were not taken up 
by these cells [63]. 

Serum f,-protein inhibitor. This inhibitor has recently 
been discovered in human plasma [64]. It was separ- 
ated from x,-antitrypsin and x,-macroglobulin by gel 
filtration on Sephadex G200 and Sephadex G100 
superfine with an intermediate ion exchange chroma- 
tography step on DEAE-Sephadex. When examined 
by agarose electrophoresis it migrated as a single 
band in the f-globulin region. Its mol. wt is about 
40,000 daltons. It has inhibitor properties that suggest 
that it may have a function in rheumatoid disease 
since it was found to be an effective inhibitor against 
neutral collagenases present in gastric mucosa, rheu- 
matoid synovium, skin and granulocytes. In view of 
its smaller molecular size it is likely to be more diffus- 
able than x,-macroglobulin in tissues and therefore 
more likely to,reach focal points of inflammation. Its 
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activity, as known at present, is directed towards the 
metal dependent collagenases and the name ‘f,-anti- 
collagenase’ is proposed for this inhibitor [65]. 

%2-Macroglobulin [44]. The macroglobulin antipro- 
teases are important plasma inhibitors and the plasma 
levels vary from about 4.5g/l. at 1-3yr to level 
out at about 2g/l. at 25 yr. The plasma levels in 
women are about 20 per cent higher than in men 
[66]. Its mol. wt is in the range 725,000—820,000 
daltons but there is no clear picture of its quaternary 
structure. Electron microscope studies have presented 
an image similar to two beans facing each other [67]. 
Several degradation studies suggest an eight chain 
subunit structure with dimers of these chains forming 
stable quarter molecular intermediates with a mol wt 
of 196,000 daltons [68]. x%,-Macroglobulin has a 
broader spectrum of activity than x,-antitrypsin. It 
can bind irreversibly with most of the proteases 
associated with inflammation [69] such as_ the 
serine proteases including kallikrein, the granulocytic 
enzymes including elastase and collagenases, the thiol 
proteases including cathepsin B,, the carboxyl pro- 
teases including cathepsin D and the metal proteases 
with collagenolytic activities. The inhibition of these 
enzymes is important since neutral collagenases and 
cathepsin B, are capable of attacking the triple helix 
region of collagen [70] and both cathepsin D and B, 
degrade proteoglycans [71]. Lysosomal enzymes in- 
cluding the cathepsins are elevated in rheumatoid 
synovial fluid [72] so the presence of ~,-macroglobu- 
lin and its concentration may be important in inhibit- 
ing degradation of cartilage. 

Opinions vary on whether 2 -macroglobulin is 
monovalent or bivalent in its interaction with pro- 
teases [69, 73]. Its broad specificity towards proteases 
is explained by a theory that the approaching pro- 
tease induces conformational changes in %-macroglo- 
bulin which result in the protease being irreversibly 
bound in a complex with the antiprotease [69]. 

%>-Macroglobulin levels are elevated in the plasma 
during pregnancy [74]. In one survey of patients with 
rheumatoid disease [75] «-macroglobulin was 
detected in synovial fluid, but, in about 25 per cent 
of the patients, the inhibitor was present in an inac- 
tive form. It was, however, active in the sera from 
these patients. In patients with osteoarthrosis about 
60 per cent lacked the active antiprotease in their 
synovial fluids. The absence of active antiprotease in 
some fluids suggests that the supply was exhausted 
owing to excessive proteolytic activity. Since the 
molecule has a large Stoke’s radius it is probable 
that replenishment from the plasma is slow. In the 
rat, x,-macroglobulin only appears in response to 
inflammation and is therefore an acute phase pro- 
tein in that species. In plasma of normal rat and of 
other species, x;-macroglobulin has similar inhibitory 
properties to %-macroglobulin. During adjuvant in- 
duced arthritis in the rat the trypsin protein esterase 
activity in plasma due to the two macroglobulin («, 
and x,) antiproteases rises in response to inflamma- 
tion [76]. The administration of cortisol lowers these 
levels of activity towards normal values, but this is 
probably due to the anti-inflammatory activity of the 
steroid since cortisol has no effect on x,-macroglobu- 
lin plasma levels in the normal rat [76]. In a recent 
paper a suggestion was made for another role for 
%,-antitrypsin and 2% -macroglobulin, it was found 
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that the pretreatment of washed human neutrophil 
polymorphonuclear leucocytes with the antiproteases 
increased the transient random migration of the cells 
but inhibited their chemotactic responsiveness to C54 
(a fragment of the fifth component of complement) 
[77]. It is possible that the interaction of the antipro- 
teases with surface receptors influenced their respon- 
siveness to chemotactic factors. 

Other human antiproteases [44]. These are the 
minor antiproteases and although there is no evidence 
at present to connect them with anti-inflammatory 
action they may merit further study. Inter-x-trypsin 
inhibitor is responsible for about 3 per cent of the 
trypsin inhibiting capacity of plasma and its concen- 
tration in plasma is 0.2-0.7 g/l. Its biological function 
and variations in disease is largely unknown but it 
is present in high concentrations in rheumatoid syno- 
vial fluid [78]. It may be identical to the inhibitors 
of secretion in the mucosal membranes of the upper 
respiratory tract which protect the epithelium from 
granulocytic proteases [79]. Antichymotrypsin (an 
%,-glycoprotein) binds chymotrypsin but not trypsin 
in vitro. Its plasma concentration is about 0.5 g/l. and 
it behaves as an acute phase protein after surgical 
trauma, myocardial infarction and acute bacterial in- 
fections [80]. Its concentration in bronchial secretions 
is higher than that of other plasma proteins apart 
from IgA and this may reflect a defence function 
for this antiprotease [81 ]. 

Other endogenous protease inhibitors. Our know- 
ledge of these is somewhat scanty. However, the wide 
distribution of these in tissues is established and in 
some places (e.g. lung) [82] they appear to be identi- 
cal to the smaller plasma antiproteases. The intracel- 
lular distribution of antiproteases may be particularly 
important in lysosome enriched cells such as macro- 
phages. In the rabbit polymorphonuclear leucocyte 
a neutral histonase (neutral protease) was located 
within the azurophil granules but it was inhibited 
almost completely by an inhibitor in the supernatant 
obtained by the subcellular fractionation procedure 
[83]. This inhibitor may have been located in the 
cytoplasm or in secondary lysosomes that lysed dur- 
ing the separation procedure. Since the plasma is a 
potent inhibitor of neutral proteases the inhibitor 
may have been taken into the cells by pinocytosis. 
This possibility is of interest because it is well known 
that endocytosis and macrophage activity at inflam- 
matory sites and the uptake of plasma inhibitors by 
endocytosis from plasma and the consequential intra- 
cellular merger with primary lysosomes might inacti- 
vate lysosomal proteases in situ. This possibility 
would appear to warrant further investigation. Pro- 
tease inhibitors of unknown identity have also been 
reported in rat liver microsomes and cytoplasm [84]. 


Conclusions 


The evidence accumulating for the existence of anti- 
inflammatory proteins would suggest a real role for 
their proteins rather than their dismissal as artifacts. 
Although suggestions as to their mode of action are 
speculative at this stage, the evidence is consistent 
with both lysosomal membrane stabilising proteins 
and plasma antiproteases acting as anti-inflammatory 
proteins. The disadvantage of the membrane stabilis- 
ing proteins appears to be their low resistance to pro- 
teolytic degradation and the disadvantage of the 


plasma antiproteases appears to be their relatively 
slow rate of penetration into connective tissue leading 
to the possibility of upsetting the protease-antipro- 
tease balance at focal sites of inflammation. The liver 
would seem to have a central role in the production 
of anti-inflammatory proteins but its synthetic re- 
sponse to inflammatory stimuli is relatively slow and 
consequently this response is probably more impor- 
tant in the later stages of inflammation. The early 
defensive response in acute inflammation may well 
involve lower mol. wt substances, produced locally 
and acting against inflammatory mediators. 

The endogenous anti-inflammatory proteins offer a 
possible therapeutic advantage in that they are un- 
likely to have the side effects associated with conven- 
tional anti-inflammatory drugs. Their most promising 
mode of use would appear to be a lysosomotropic 
agents [85] entering the cell by endocytosis. Proteins 
have been encapsulated in liposomes [86] and a tar- 
get oriented carrier of this type would appear to be 
a possibility. Another approach to a new therapy 
would be to search for substances that stimulate the 
synthesis of anti-inflammatory proteins by the liver, 
or to increase our knowledge of the amino acid 
sequences in the active sites of the smaller plasma 
antiproteases which might lead to the synthesis of low 
molecular weight peptide inhibitors with low anti- 
genic activity. 

Undoubtedly, the best way of treating the rheu- 
matic diseases is to treat the primary source of the 
inflammagenic stimulus. Failing this a drug that 
breaks or slows the cycle of self perpetuating stimuli 
that is the characteristic feature of the auto-immuno 
diseases would be a useful advance. Since a synthetic 
drug with this property has yet to be discovered the 
continued search for an endogenous factor would 
appear to be justified for it appears to offer a more 
systematic approach than present methods to the 
treatment of rheumatic disease. 
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Abstract—Effects of acute anesthetic doses and chronic administration of pentobarbital on y-aminobu- 
tyric acid (GABA) and glutamic acid levels in mouse brain have been investigated. Acute administration 
of pentobarbital caused an increase in the brain level of GABA which was associated with pentobarbital- 
induced narcosis. This was further substantiated by the finding that pentobarbital-induced sleeping 
time was prolonged when brain GABA level was elevated by the administration of either amino-oxyace- 
tic acid (AOAA), an inhibitor of GABA-2-oxoglutarate aminotransferase (GABA-T), or glutamate, the 
precursor of GABA. In addition, the activity of L-glutamate-l-carboxylase (GAD) measured during 
pentobarbital-induced narcosis was higher than that of the control group. On the other hand, chronic 
administration of pentobarbital resulted in a decrease of both GABA and glutamate levels. There 
was a concomitant 30 per cent decrease in the activity of GAD. This was confirmed by the finding 
that the rate of brain GABA accumulation induced by AOAA administration in tolerant mice was 
slower than that of the non-tolerant animals. Brain GABA remained at significantly lower levels after 
an abrupt withdrawal from pentobarbital; however, brain glutamate levels showed no significant differ- 
ence as compared to the control group. It appears that the GABA system in the central nervous 
system may be involved in barbiturate narcosis and further linked with the development of tolerance 


to barbiturate. 


Ample evidence has been presented to suggest that 


y-aminobutyric acid (GABA) is an important inhibi- 
tory synaptic transmitter in the central nervous sys- 
tem of vertebrates [1-9]. It has been shown that 
chronic administration of pentobarbital decreases the 
turnover of the metabolic pool of GABA [10]. How- 
ever, contradictory data exist concerning the acute 
and chronic effects of barbiturates on brain GABA 
levels in rodents. Some investigators reported that 
brain GABA concentrations were increased [11], 
while some observed no change [10,12,13] and 
others reported decreased concentrations [14]. 

Pharmacological manipulations of the GABA sys- 
tem had suggested indirectly that GABA may be in- 
volved in barbiturate narcosis. The administration of 
amino-oxyacetic acid (AOAA), a potent inhibitor of 
GABA-2-oxoglutarate aminotransferase (GABA-T), 
potentiated the pentobarbital hypnosis [15]. Also, it 
was reported that both desipramine and pargyline ele- 
vated the brain concentration of GABA and _ pro- 
longed barbital-induced narcosis [16]. 

In view of the inconsistent findings, we have investi- 
gated the effects of acute and chronic administration 
of pentobarbital on brain L-glutamate-1-carboxylase 
(GAD) activities and brain levels of GABA and gluta- 
mate. The results obtained on the effects of AOAA 
and glutamate on pentobarbital-induced narcosis and 
brain levels of GABA and glutamate also further sub- 
stantiated the finding that the GABA system may be 
involved in barbiturate-induced narcosis. 


METHODS AND MATERIALS 


Male ICR mice weighing 24 + 2g (Charles River, 
Wilmington, MA) were used in the various experi- 
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ments. Animals were maintained on standard labora- 
tory chow and tap water and were housed in a room 
lighted artificially for 12 hr of the day. The chemicals 
and their suppliers were as follows: GABase (a par- 
tially purified cell-free preparation from Pseudo- 
monous fluorescens containing GABA-T and succinic 
semialdehyde dehydrogenase), sodium pentobarbital 
and pyridoxal-5-phosphate from Sigma Chemical Co., 
St. Louis, MO; nicotinamide adenine dinucleotide 
phosphate (NADP), nicotinamide adenine nucleotide 
(NAD*), reduced glutathione (GSH), AOAA, GABA, 
bovine serum albumin and L-glutamic acid from Cal- 
Biochem, La Jolla, CA; Aquasol and [U-'*C]gluta- 
mic acid from New England Nuclear, Boston, MA; 
and L-glutamate dehydrogenase from Boehringer 
Mannheim Corp., San Francisco, CA. 

Determination of GABA and glutamate concen- 
trations. Preparation of brain extracts and the fluoro- 
metric determination of GABA and glutamate levels 
were as described by Jakoby and Scott [17] and Gra- 
ham and Aprison [18] with only minor modifications. 
Animals were decapitated and brains were removed 
and frozen immediately in crushed dry ice. After 
weighing each brain, it was homogenized in pre- 
cooled 75% ethanol with a Polytron homogenizer. 
After centrifugation at 20,000 g for 30 min, the super- 
natants were dried under an air stream and then 
resuspended in water. The slightly cloudy suspension 
was recentrifuged in a model L5-65 ultracentrifuge 
at 100,000 g for 30 min. Aliquots (100 yl) of the super- 
natant were used for GABA and glutamate assays. 

The levels of GABA were determined by the enzy- 
matic fluorometric method [17,18]. Briefly, the 
NADPH, formed in the presence of GABA and 
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z-ketoglutarate by GABase, is directly measured. The 
glutamate levels also were determined fluorometri- 
cally by measurement of NADH formation from 
L-glutamate and NAD*~ using a purified preparation 
of beef liver glutamate dehydrogenase. 

Measurement of GAD activity. The activity of GAD 
(EC 4.1.1.15) was determined by measuring the '*CO, 
formation from [U-'*C]L-glutamic acid according to 
the method described by Roberts and Simonsen [19] 
with minor modifications. Each brain was homogen- 
ized with a glass homogenizer immediately in 5 ml 
of ice-cold 0.1 M potassium buffer, pH 6.5, containing 
0.03°,, GSH at 4°. Each assay mixture (total volume 
1.0ml) in a 18 x 150mm test tube contained 
100 zmoles of potassium phosphate buffer, pH 6.5, 
100 zmoles L-glutamate (0.9 wCi), 4 umoles GSH and 
1 zmole pyridoxl-5-phosphate. Two-tenth ml of 1M 
hyamine hydroxide solution in methanol was placed 
in a plastic vial hung on the rubber stopper in the 
test tube. The reaction was started by injecting 2.5 mg 
of brain homogenate protein at 37°. After 30 min, 
0.2 ml of 4 N H,SO, was injected to stop the reaction 
and to release CO,. After shaking another 90 min, 
the contents of the plastic vials were transferred to 
a liquid-scintillation-counting vial which contained 
10 mi Aquasol. The enzyme activity in ymoles gluta- 
mate decarboxylated/30 min/100mg of protein of 
brain homogenate was calculated from the '*CO, 
liberated from [U-'*C]L-glutamate. The protein con- 
tent of brain homogenate was determined by the 
method of Lowry et al. [20] with crystalline bovine 
serum albumin as a standard. 

Effect of acute treatment of pentobarbital on brain 
levels of GABA and glutamate and GAD activity. Mice 
were injected with sodium pentobarbital at either 37.5 
or 75 mg/kg, i.p. Controls received saline. The sleep- 
ing time induced by pentobarbital was recorded. The 
duration of sleeping time was taken as the time 
between loss of the righting reflex and the time at 
which the animal righted itself. The brain levels of 
GABA and glutamate and GAD activity were deter- 
mined at 0, 10, 30, 60 and 120 min after the adminis- 
tration of the drug. 

Effect of AOAA on pentobarbital sleeping time and 
brain levels of GABA and glutamate. Mice were 
divided into three groups of 20 mice in each group. 
Two groups of mice received either 20 or 40 mg/kg 
(i.p.) of AOAA and the other group received saline 
as control. At the end of 2hr, six mice from each 
group were sacrificed and the supernatant of the brain 
homogenate was prepared for GABA and glutamate 
assays. The rest of the animals from each group 
received sodium pentobarbital, 60 mg/kg, ip. The 
sleeping time induced by pentobarbital was recorded. 

Effect of glutamate on pentobarbital sleeping time 
and brain levels of GABA and glutamate. Sleeping time 
was measured after the i.p. injection of pentobarbital, 
60 mg/kg, given 5 min after pretreatment with saline, 
300 or 600 mg/kg of L-glutamic acid (i.p.), which was 
adjusted to pH 7.0 with 2 N sodium hydroxide. The 
brain levels of GABA and glutamate were determined 
at 9, 10, 30 and 60min after the administration of 
glutamate or vehicle. 

Chronic administration of pentobarbital by pellet im- 
plantation. Specially formulated pentobarbital pellets 
containing 75 mg of free acid were implanted for 3 


days in mice as reported previously [21, 22]. The con- 
trol animals were implanted with placebo pellets for 
the same period of time. This treatment conveys 
about 6-fold tolerance to the loss of righting reflex 
response to pentobarbital. 

Effect of AOAA on brain GABA and glutamate levels 
in tolerant animals. Brain levels of GABA and gluta- 
mate were estimated at 0, 10, 30 and 60min after 
the administration of AOAA, 20 mg/kg, i.p. Compari- 
sons were carried out in mice implanted with pento- 
barbital and placebo pellets for a period of 72 hr. 

Statistical tests for significance. Statistical analysis 
for significance was checked by the one-tail t-test and 
the P values are shown in the tables and figures. 


RESULTS 


Effect of acute pentobarbital administration on sleep- 
ing time, brain levels of GABA and glutamate, and the 
GAD activity. in the mouse. In the animals given Na- 
pentobarbital, 37.5 or 75 mg/kg, i.p., the sleeping time 
of mice was 12.5 + 2.1 or 59.8 + 4.2 min respectively. 

Acute pentobarbital administration increased brain 
GABA levels and reduced the levels of glutamate (Fig. 
1). The brain GABA levels in the animals receiving 
sodium pentobarbital, 75 mg/kg, i.p., was increased 
significantly at 10 and 30 min but returned to control 
levels by 60 min, the same time that mice regain their 
righting reflex. On the other hand, the glutamate 
levels in mice receiving the same dose of pentobarbi- 
tal were significantly lower in comparison with those 
of the control group at 10, 30 and 60 min after admin- 
istration but returned to the control levels at 120 min. 
At 37.5 mg/kg of sodium pentobarbital administra- 
tion, there was a significant increase in GABA levels 
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Fig. 1. Effect of acute pentobarbital administration on 
brain GABA and glutamate levels. Sodium pentobarbital 
was dissolved in saline. The animals given saline alone 
were used as the control. Values shown in the figure are 
means from four mice +S. E. 
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Fig. 2. Effect of acute pentobarbital administration on 


GAD activity. Values shown in the figure are means from 
four mice +S. E. 


at 10min with a return to control by 30min. How- 
ever, the glutamate levels were decreased significantly 
at 10, 30 and 60min in comparison with the saline 
control group. The values returned to the control 
level at 120 min. Measurement of GAD activities at 
the same time intervals after the administration of 
sodium pentobarbital showed that the increase of 
GAD activity corresponded to the increase of GABA 
levels (Fig. 2). 
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Fig. 3. Effect of AOAA on pentobarbital-induced narcosis 

and brain levels of GABA and glutamate. AOAA, 0, 20 

or 40 mg/kg, i.p., was given 2hr before a challenge dose 

of sodium pentobarbital, 60 mg/kg, i.p. Sleeping times 

shown in the figure are méans from fourteen mice + S.E.; 

brain levels of GABA and glutamate are from six mice 
+S. E. 
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Fig. 4. Effect of glutamate administration on brain GABA 

and glutamate levels. Values shown in the figure are means 

of four mice +S. D. The animals treated with saline were 
used as the control. 


Effect of AOAA on pentobarbital-induced narcosis 
and brain levels of GABA and glutamate. AOAA, an 
inhibitor of GABA-T, prolonged the pentobarbital 
sleeping time (Fig. 3) at both doses tested when ad- 
ministered 2 hr prior to the pentobarbital challenge. 
Brain GABA levels increased (227 and 250 per cent) 
and glutamate levels decreased (12 and 26 per cent) 
after AOAA pretreatment. 

Effect of glutamate administration on pentobarbital 
narcosis and brain GABA and glutamate levels. The 
data in Table 1 demonstrate that the larger dose of 
glutamate (600 mg/kg) given 5min before the chal- 
lenge of pentobarbital significantly increased sleeping 
time by 75 per cent. The lower dose of glutamate 
had no significant effect. 

Acute administration of glutamate, 600 mg/kg, i.p., 
increased the level of brain GABA, as shown in Fig. 
4. A significant increase was evidenced as early as 
10 min. The level of GABA remained elevated at 1 hr 
after administration of glutamate. At a glutamate 


Table 1. Effect of glutamate administration on pentobar- 
bital-induced narcosis* 





No. of 
animals 


Glutamate 
(mg/kg, i.p.) 


Sleeping time Significance 
(min + S.E.) (P) 





0 9 41.7 + 3.9 
(29-60) 
49.1 + 4.0 
(29-79) 
130 3-53 
(50-104) 


300 10 > 0.05 


600 10 < 0.0005 





*Five min after glutamate administration, the animals 
were challenged with 60 mg/kg, i.p., of sodium pentobarbi- 
tal. Numbers in parentheses indicate the range of values. 
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Table 2. Effect of chronic pentobarbital administration on brain levels of GABA and 
glutamate and the GAD activity in the mouse 





GABA 


Glutamate 


GAD activity 
(umoles CO, 





Experimental 
group 


(umoles/g brain tissue + S. E.; 
N = 4) 


30 min/100 mg 
protein + S.E.; 
N = 6) 





1.95 + 0.05 
2.10 + 0.03 
P < 0.025 


Pentobarbital 
Placebo 


12.44 + 0.22 
13.24 + 0.24 
P < 0.025 


9.95 + 0.77 
13.69 + 1.35 
P < 0.025 





dose level of 300 mg/kg, the brain GABA level was 
not significantly elevated. Brain glutamate levels were 
not altered significantly by either pretreatment. 

Effect of chronic pentobarbital administration on 
brain levels of GABA and glutamate and the GAD ac- 
tivity in the mouse. As shown in Table 2, in mice 
receiving pentobarbital pellet implantation for 3 days, 
the brain GABA and glutamate levels were slightly 
(but significantly) lower than that of the pacebo con- 
trol group. The GAD activity in the brains of pento- 
barbital-pellet-implanted animals was decreased sig- 
nificantly to 72.5 per cent of the control level. 

Effect of AOAA on GABA and glutamate in tolerant 
and non-tolerant animals. After injection of AOAA, 
20 mg/kg, i.p., the expected increase in brain GABA 
content occurred in both tolerant and non-tolerant 
mice. However, as shown in Fig. 5, the rate of GABA 
accumulation in tolerant mice was 30 per cent slower 
than in the controls. On the other hand, AOAA had 
no effect on glutamate levels at 10 and 60 min after 
AOAA administration. 
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Fig. 5. Effect of AOAA on brain GABA and glutamate 
levels in tolerant mice. A dose of 20 mg/kg, i.p., of AOAA 
was given to each mouse which had been implanted with 
a pentobarbital pellet for 72hr. The animals receiving 
placebo implantation were used as the control. Values 
shown in the figure are means of four mice +S. E. 


Effect of abrupt withdrawal of pentobarbital on brain 
GABA and glutamate levels in the mouse. Measure- 
mént of GABA and glutamate of the brain after the 
withdrawal of pentobarbital pellets revealed that 
there was a significant decrease of GABA which was 
not accompanied by a change in glutamate. As shown 
in Table 3, after removal of the pentobarbital pellet, 
the brain GABA level was decreased about 15 per 
cent at 3hr and 8 per cent by 23 hr. The glutamate 
level immediately before pentobarbital pellet removal 
was significantly lower than that of the control group. 
However, the glutamate levels were not significantly 
different at 3 and 23 hr after the removal of pentobar- 
bital pellets as compared to the control group. 


DISCUSSION 


The data from the present studies indicate that an 
increase in brain levels of GABA is associated with 
pentobarbital-induced narcosis in mice. When the loss 


of righting reflex in the mouse was induced by a lower 
dose of sodium pentobarbital, 37.5 mg/kg, i.p., the 
duration of sleeping time was short and the period 
of elevation in GABA level also was short. On the 
other hand, in mice receiving a higher dose of sodium 
pentobarbital (75 mg/kg), the sleeping time of the ani- 
mals was prolonged. With this treatment, the brain 
level of GABA was significantly increased and per- 
sisted for a longer period of time. Our results in the 
mouse substantiate the prior evidence provided on 
rats, indicating that the acute administration of an 
anesthetic dose of sodium pentobarbital caused a 
small but significant increase in the GABA concen- 
tration within a short time (1 hr) after the administra- 
tion of the drug [10]. The time course studies of GAD 
activity in the brain after administration of two differ- 
ent doses of sodium pentobarbital also substantiate 
the findings on brain GABA level. We also found 
that when brain GABA levels were increased with 
the administration of AOAA, an _ inhibitor of 
GABA-T, or glutamate, the precursor of GABA, the 
pentobarbital-induced sleeping time also was pro- 
longed. Thus, it appears that GABA is associated with 
pentobarbital-induced narcosis. 

Although the acute administration of sodium pen- 
tobarbital and AOAA significantly decreased the 
brain level of glutamate, there was no correlation with 
pentobarbital-induced narcosis. The administration of 
glutamate prolonged the pentobarbital sleeping time. 
Under these conditions the brain level of glutamate 
was not elevated, but brain GABA levels were signifi- 
cantly elevated at 10, 30 and 60 min after the adminis- 
tration of glutamate, indicating a correlation between 





Effects of pentobarbital administration on GABA system 


Table 3. Effect of abrupt withdrawal from pentobarbital on brain GABA and glutamate levels in 
the mouse* 





Amount 
(moles/g 
brain tissue) 


Time after 
withdrawal (hr) 


Withdrawal 


Control Significance 





GABA 0 


Glutamate 0 


1.98 + 0.05 

3 1.82 + 0.02 
23 1.91 + 0.03 
12.08 + 0.11 


P < 0.025 

P < 0.0005 
P < 0.0005 
P < 0.0025 


3 11.96 + 0.19 2. * NS 
23 12.27 + 0.07 : ; NS 





* Values shown are means of four mice + S. E. NS = not significant. 


GABA levels but not glutamate levels, and pentobar- 
bital-induced narcosis. 

The current study also demonstrated that chronic 
pentobarbital administration by pentobarbital pellet 
implantation caused significant decreases in both 
GABA level and GAD activity. In addition, the 
GABA ievels in the brains were significantly de- 
creased for at least 23hr in mice after withdrawal 
of the pentobarbital pellet. Although evidence with 
rats indicates that the chronic administration of bar- 
biturate did not cause marked changes in the brain 
concentration of GABA or in the activity of GAD 
or GABA-T [10], we obtained contrary evidence in 
the mouse. The discrepancy can be explained by the 
differences in experimental conditions, ours being 
more drastic. In the rat experiments, barbiturate was 
given in the drinking water as a chronic administra- 
tion of barbiturate; therefore, the degree of tolerance 
development probably was not sufficient to affect the 
GABA systems. With our recent development of pen- 
tobarbital pellet implantation [21,22], we were able 
to induce a much greater degree of tolerance to the 
hypnotic effect of pentobarbital in a shorter time 
period than that produced by the conventional paren- 
teral or oral administration techniques. Under such 
conditions we have demonstrated that the chronic ad- 
ministration of pentobarbital caused marked changes 
in the concentration of GABA in mouse brain and 
in the GAD activity. 

Decreased brain levels of GABA have been casually 
related to the occurrence of convulsions (Killam and 
Bain [23] and Killam [24]). Eidelberg et al. [25] and 
Wallach [26] also have shown that GABA might 
have anticonvulsant properties. Recently, Wood and 
Peesker [27] re-evaluated the anticonvulsant action 
of GABA-elevating agents and concluded that all 
agents which elevate the content of GABA in the 
brain are potential anticonvulsant agents. Although 
no neurochemical basis for barbiturate abstinence 
properties has been established, Essig [28] showed 
that AOAA could serve as an anticonvulsant against 
barbiturate abstinence seizures in dogs. Direct 
measurement of brain GABA during barbiturate in- 
toxication and withdrawal in current studies supports 
the findings in the withdrawal dogs [28]. 

The precise mecchanism by which the GABA sys- 
tem is involved in pentobarbital narcosis, tolerance 
and physical dependence remains to be elucidated. 
We are in the process of seeking answers to this ques- 
tion by studying regional distributions of glutamate 


and GABA levels and of GAD and GABA-T in dis- 
crete areas of the brain after acute or chronic admin- 
istration of pentobarbital. 
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Abstract—The effects of amphotericin B (AmB) on four established animal cell lines were compared. 
measuring cell viability, inhibition of uridine incorporation into RNA, leakage of the enzyme lactate 
dehydrogenase, and leakage of RNA. In all assays, cell susceptibilities, in decreasing order, were: 3T3. 
L, BHK and HeLa. The cells, which were more sensitive, had significantly lower cholesterol: phospholi- 
pid ratios (c:p) than the less sensitive cells. Furthermore, 3T3 and L cell lines adapted to growth 
on higher levels of AmB had higher c:p molar ratios than did nonresistant cells. AmB binding to 
the cell was similar for all of the cell lines tested. These observations suggest a possible relationship 
between c:p ratios and sensitivity of cells to polyenes. 


Polyene antibiotics interact with sterols present in the 
membranes of eukaryotic cells and increase cell mem- 
brane permeability [1, 2]. Considerable evidence indi- 
cates that the activity of these agents against cells 
depends on the type of sterol incorporated into the 
biomembranes. For example, the development of re- 
sistance in yeast to amphotericin B is accompanied 
by changes in the sterol composition of the cells 
[3, 4]. Also, fungi are more sensitive to amphotericin 
B (AmB) than are animal cells, and this is probably 
linked to the more avid binding of this polyene anti- 
biotic to the ergosterol found in fungal cell mem- 
branes than to the cholesterol characteristic of animal 
cell membranes [5, 6]. 

Several reports, and a further number of unpub- 
lished trials in our own laboratory, have indicated 
that different animal cell lines containing the same 
sterol also differ extensively in sensitivity to AmB 
[7-9]. Here we report a study in which relative sensi- 
tivity of four cell lines to AmB was established by 
four different assays. The order of sensitivity of the 
cell lines tested, in decreasing order, was consistently 
3T3, L, BHK and HeLa cells. An attempt was also 
made to look for the basis of the different sensitivities. 
We found that the sensitivity of the cells to AmB 
appeared to be correlated with the molar ratio of 
cholesterol: phospholipid in the cells. 





* Some of these results were presented at the American 
Society for Microbiology Meeting in Atlantic City, NJ, 
U.S.A., May 1976. 
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MATERIALS AND METHODS 


Chemicals. Amphotericin B in the form of Fungi- 
zone was purchased from E. R. Squibb & Sons, Inc., 
Princeton, NJ. It was dissolved in sterile water before 
use. The concentrations of the AmB solutions were 
calculated on the basis of the amounts of AmB in 
the Fungizone, as stated by the manufacturer. Filipin, 
in the form of the unfractionated antibiotic complex 
which was 86 per cent pure, was donated by the 
Upjohn Co., Kalamazoo, MI. The amounts noted 
refer to the crude product. Miconazole was a gift from 
Janssen Pharmaceutical N.V. (Beerse/Belgium). Fili- 
pin and miconazole were dissolved in dimethylforma- 
mide before use. 

[*H]uridine (sp. act. 8 Ci/m-mole) was purchased 
from Schwarz-Mann, Orangeburg, NY. 

Cell culture. HeLa, L 929 and Balb 3T3 cells were 
maintained in monolayer in Eagle’s minimum essen- 
tial medium supplemented with 0.2 mM of nonessen- 
tial amino acids, 2mM glutamine, 10% fetal calf 
serum, 100 units/ml of penicillin and 100 ug/ml of 
Kantrex (growth medium). The same medium was 
used for BHK cells except that the glutamine concen- 
tration was doubled and 6% fetal calf serum was used. 
All experiments were done with cells cultured in the 
growth medium. Treated cells were removed from 
monolayer cultures using glass beads or a rubber 
policeman. 

Cell viability determined by three _ different 
assays. The viability of L cells after exposure to AmB 
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for 1 hr at 37 was determined by three different 
methods: 

(1) Trypan blue exclusion [10]. Cells (4 x 10°) in 
ml of growth medium were plated in plastic dishes 
5mm in diameter and grown for 17 hr. The medium 
was removed and the cells were incubated with 1 ml 
of fresh medium containing AmB. The incubation was 
terminated by aspiration of medium. The cells were 
rinsed twice with 2 ml of fresh medium, incubated for 
15min at 37° with 0.1%, trypan blue, removed from 
monolayers with a rubber policeman and counted in 
a hemocytometer. 

(2) Enzymatic hydrolysis of diacetylfluorescein 
[11]. This assay is based on hydrolysis of diacetyl- 
fluorescein by living cells and an intracellular ac- 
cumulation of fluorescein which could be visualized 
under a microscope. Glass slides were placed in plas- 
tic dishes 35mm in diameter and the cells were 
seeded, grown and exposed to AmB as in the trypan 
blue assay. After the AmB-containing medium was 
aspirated, cells were rinsed two times with 3-ml ali- 
quots of phosphate-buffered saline (PBS) and incu- 
bated for S5min at 37 with 1 ml PBS containing 
8 ug/ml of diacetylfluorescein. The slides were then 
removed and rinsed with PBS and the number of 
fluoresced cells was counted under an inverted fluor- 
escence microscope, Nikon model M. 

(3) Growth of clones [12]. Cells were freed from 
monolayer by 0.25°,, trypsin, centrifuged for 4 min at 
200 g, the trypsin was removed, and the cells were 
dispensed in growth medium at 5 x 10° cells/ml. Ali- 
quots (1 ml) were then incubated with AmB for 1 hr 
and then diluted with medium to 20 cells/ml. Aliquots 
(Sml) were plated on plastic dishes 60mm in dia- 
meter. After 8 days macroscopic colonies were stained 
with methylene blue and counted. 

The sample containing the highest AmB concen- 
tration (40 g/ml) only contained 1.6 ug/ml when 
diluted to a cell concentration of 20 cells/ml. AmB 
at this concentration did not affect the growth of 
clones. 

Viability of different cell lines. Cell viability after 
exposure to AmB was examined by trypan blue exclu- 
sion [10]. Cells were assayed in suspension or in 
monolayer formed by 17 hr growth of 8 x 10° cells 
seeded in plastic dishes 35 mm in diameter. 

Protein measurement. A modified Folin method 
was used [13], with bovine serum albumin as a stan- 
dard. 

Leakage of lactate dehydrogenase. Lactate dehydro- 
genase (LDH) (EC 1.1.1.27) was measured colorime- 
trically [14]. In the presence of NADH, LDH reduced 
added pyruvate acid to lactic acid; the remaining pyr- 
uvic acid was converted to the colored 2,4-dinitro- 
phenylhydrazone. The absorption of the sample 
depended on remaining pyruvate and was inversely 
proportional to the amount of LDH released. 

The cells (8 x 10°) were seeded in 5ml of growth 
medium in plastic flasks of 25cm? area and grown 
for 17 hr. The medium was then removed, and the 
cells were rinsed three times with 3-ml portions of 
Hank’s solution and incubated in 3 ml Hank’s solu- 
tion with 3.3 ug/ml of AmB at 37°. Samples (50 pl) 
taken at various time intervals were reacted with pyr- 
uvate reagent containing 150nmoles pyruvate and 
with hydrazine reagent. The developed color was read 
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at 490 nm on a Coleman Junior II spectrophotometer 
and compared with a standard curve for pyruvate 
concentration to determine nmoles of pyruvate 
reduced. 

[°H]Uridine incorporation. Incorporation of radio- 
activity into trichloroacetic acid-insoluble material 
was measured by a slight modification of a previously 
described method [15]. Cells (2.5 x 10° cells/plastic 
dish, 35mm in diameter) were incubated in 3 ml 
medium for 18 hr and then re-fed with 3 ml of fresh 
growth medium containing [*H Juridine (0.04 wCi/ml) 
and the drugs being studied. Eighteen hr later the 
medium was removed. Cells were washed three times 
with 2-ml aliquots of Hank’s solution, then removed 
from the monolayer and put into 5%, trichloroacetic 
acid, filtered onto a glass fiber filter and counted in 
a liquid scintillation counter. 

Leakage of trichloroacetic acid-insoluble material 
(RNA) from cells. The leakage of prelabeled RNA was 
determined by comparing the amounts of RNA 
remaining in AmB-treated cells with amounts in un- 
treated control cells. Cells in monolayer (4 x 10° 
cells/dish, 35 mm in diameter) were first incubated in 
3ml of growth medium with radioactive uridine 
(0.3 wCi). After 18 hr the medium was removed, the 
cells were rinsed two times with 2-ml aliquots of 
Hank’s solution, and 1 ml of fresh growth medium 
with graded AmB concentrations was added. After 
1 hr of incubation at 37° the medium was aspirated, 
the cells were washed three times with 2-ml aliquots 
of Hank’s solution, and the radioactivity remaining 
in the cells was measured. 

Adaptation of cells to AmB. 3T3 (3 x 10° cells in 
15ml medium) and L cells (2 x 10° cells/15ml of 
medium) were seeded in plastic flasks 75 cm? in area. 
After 3 hr on monolayer, AmB was added in the fol- 
lowing final concentrations: 2 wg/ml (3T3-R), 6 ug/ml 
(L-R) and 12 g/ml (L-R,). The cells were re-fed every 
day with fresh medium containing the same concen- 
trations of AmB. 3T3-R cells approached confluency 
(5.8 x 10° cells/flask) on day 3 and were harvested 
at this time; L-R cells approached confluency on day 
4 (6.0 x 10° cells/flask) and were harvested. The L-R, 
cells were also harvested on day 4 although they were 
not confluent (3 x 10° cells/flask). 

The harvested 3T3-R, L-R and L-R, cells .were re- 
plated in plastic flasks at lower density (0.5 x 10° to 
1 x 10° cells/flask) and grown in the presence of AmB 
concentrations previously noted for another 4-5 days, 
after which they were harvested and seeded on 
35-mm-diameter plastic dishes in 3ml of growth 
medium containing AmB. Adaptation of the cells to 
AmB was measured by determining the amount of 
radioactive uridine incorporated into RNA in the 
presence of increasing concentrations of AmB. The 
cholesterol: phospholipid content of these cells was 
also measured at this time. 

AmB binding. AmB binding to cells was measured 
fluorometrically, essentially as reported previously for 
strong binding to yeast cells [16]. Cell suspensions 
(1 ml) were incubated with AmB in the growth 
medium, diluted with 10 ml medium and ‘centrifuged 
for 4min at 200g. The pellets were rinsed twice with 
5-ml aliquots of growth medium, and extracted at 
60-65° with two consecutive aliquots of 1 ml of 50% 
isopropanol (pH adjusted to 10.5 by NaOH). Ad- 
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ditional rinsing with growth medium or additional 
extraction with isopropanol did not change the 
results. The values from mock-assay samples (assay 
tubes without cells) were subtracted from the results 
of an actual assay. 

Extraction and analysis of lipids. The cells were 
grown in monolayers almost to confluency in plastic 
flasks of 75 cm? area. The medium was then removed, 
and the cells were washed three times with 10 ml of 
phosphate-buffered saline, removed from the mono- 
layer with a rubber policeman, counted in a hemocyt- 
ometer, and extracted with chloroform—methanol 
(2:1) at room temperature [17]. 

The samples were divided and portions of the 
extract for lipid phosphorus measurements were 
washed by the method of Folch et al. [18] with 0.1 N 
KCI in the upper phase. Lipid phosphorus was deter- 
mined in the Biochemical Laboratory of the Jewish 
Hospital of St. Louis. After the lipid extract was sub- 
jected to hot acid digestion, an automated colori- 
metric molybdic acid—stannous chloride procedure for 
phosphate was used [19]. 

For cholesterol and cholesterol ester measurements, 
portions of the chloroform—methanol lipid extract 
were concentrated under a flow of nitrogen, applied 
to Silica gel G thin-layer chromatography plates and 
developed in a mixture of petroleum ether—ethy! ether 
(7:3). Zones corresponding to free and esterified cho- 
lesterol were separated and extracted several times 
with ethyl acetate. Esterified cholesterol was saponi- 
fied with 15% ethanolic KOH, extracted with ether 
and finally subjected to thin-layer chromatography to 
recover all of the cholesterol by appropriate solvents. 
Samples of cholesterol were assayed by gas-liquid 
chromatography and quantitatively compared with a 
standard cholesterol peak. This procedure enabled us 
to detect cholesterol or cholesterol ester in amounts 
as low as 0.1 ug. Duplicates were reproducible to +1 
per cent. 

Control experiments. Because Fungizone contains 
41°, sodium deoxycholate by weight, all experiments 
designed to investigate AmB effects on cells were 
repeated with appropriate control amounts of deoxy- 
cholate. The control experiments for filipin and 
miconazole effects were run with dimethylformamide 
at a concentration equal to that used in experiments 
with drugs (0.8% or less). We found that deoxycholate 
and dimethylformamide at these levels produced no 
detectable effects on cells. 


RESULTS 


Cell viability studied by different assays. After L 
cells were exposed to AmB, the number of cells 
remaining viable was determined by trypan blue 
exclusion and by enzymatic hydrolysis of diacetyl- 
fluorescein. Using the viable cell number after incuba- 
tion without AmB as the 100 per cent value, the per 
cent of L cells remaining viable after incubation with 
10, 20 or 40 ng/ml of AmB was, respectively, 87, 69 
and 49 when assayed by trypan blue exclusion, and 
96, 67 and 46 by diacetylfluorescein technique. 

AmB also decreased the ability of L cells to form 
macroscopic colonies on plastic dishes (cloning assay). 
AmB (10 g/ml) decreased the number of macroscopic 
colonies to 67 per cent of control; 40 ug/ml of AmB 
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decreased the number to 58 per cent of controls. The 
cloning efficiency of controls was 50 per cent. 

The similarity of our results on cell viability 
obtained with trypan blue and with diacetylfluores- 
cein suggests that both measured a similar kind of 
cell damage. The cloning assay measured the ability 
of cells to multiply in culture after AmB exposure, 
and its results were similar to those of trypan blue 
and diacetylfluorescein. Therefore, in this case, similar 
concentrations of AmB affected cell viability and abi- 
lity to multiply in culture. 

AmB sensitivity of four cell lines. The effects of 
AmB on cell viability, RNA synthesis and leakage 
of lactate dehydrogenase were compared for each of 
four cell lines. Each assay was done under the same 
conditions for all the cell types. Cell viability, 
measured by trypan blue exclusion, was estimated as 
the per cent of cells remaining viable after incubation 
with different AmB concentrations in suspension (Fig. 
1A) or in monolayer (Fig. 1B). The relative cell sus- 
ceptibility was in decreasing order: 3T3, L, BHK and 
HeLa. 

Cells incubated with AmB became fragile, and sub- 
sequent centrifugation or detachment from monolayer 
by rubber policeman disrupted cells with the number 
depending on the extent of previous damage. For 
example, when 5 x 10° cells/ml were incubated in 
100 ug/ml of AmB for 30 min, no pellet was formed. 
After centrifugation of 7 x 10° cells/ml under the 
same conditions, the number of cells in the pellet was 
70 per cent of the cell number in the control pellet. 

The same order of cell sensitivity was found when 
inhibition of radioactive uridine incorporation into 
the RNA of actively growing cells was measured (Fig. 
2), though RNA synthesis was affected at lower con- 
centrations of AmB than was cell viability. This differ- 
ence could be caused by experimental differences in 
the assays such as lower cell number and different 
incubation times (see Materials and Methods), or it 
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Fig. 1. Toxicity of amphotericin B against (O) HeLa, (0) 

BHK, (@) L and (A) 3T3 cell lines. (A) Per cent of cells 

remaining viable after incubation of 3 x 10° cells/ml in 

suspension with amphotericin B for 15 min at 37. (B) Per 

cent of cells remaining viable after incubation of cell mono- 
layer with amphotericin B for 20 min at 37°. 
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Fig. 2. Effect of different amphotericin B concentrations 
on [°H]uridine incorporation into RNA of (©) HeLa, (0) 
BHK, (@) L and (A) 3T3 cells. 


is possible that the AmB-induced effects measured 
occurred with different thresholds. Experiments 
designed to resolve this question are now in progress. 

When cells were incubated in Hank’s solution they 
released a variable amount of LDH into the medium. 
No pyruvate was released by the cells. The amount 
of enzyme released could be measured by determining 
the ability of the medium to reduce added pyruvate. 
Standardized aliquots of medium from HeLa mono- 
layers reduced 70 or 80 nmoles pyruvate after 1.5 or 
2hr of incubation. For BHK, L and 3T3 cells, the 
amounts of pyruvate reduced were 10nmoles after 
1.5 hr and 14nmoles after 2 hr. When the cells were 
incubated with 3.3 ug/ml of AmB, the nmoles of pyru- 
vate reduced by the medium from each cell type in- 
creased to 87 (HeLa), 40 (BHK), 55 (L) and 120 (3T3) 
after 1.Shr of incubation and 90 (HeLa), 50 (BHK), 
72 (L) and 148 (3T3) after 2hr of incubation. The 
difference in the amount of pyruvate reduced after 
incubation in the presence or in the absence of AmB 
increased for each cell type in the same order as was 
observed with other assays (3T3 > L > BHK > 
HeLa). 

We also measured the amount of pyruvate reduced 
by equal numbers (1 x 10°) of each cell type after 
complete lysis (caused by incubation of cells in 
Hank’s solution with 30 yvg/ml of filipin for 30 min). 
The lysed HeLa, BHK, L and 3T3 cells reduced 2.0, 
1.2, 0.9 and 1.2 nmoles pyruvate respectively. When 
the data on pyruvate reduction after AmB exposure 
were adjusted by correcting them for these different 
values, the order of sensitivity did not change. 

In order to estimate AmB-induced leakage of RNA 
from cells preincubated with radioactive uridine, we 
compared the amounts of acid-insoluble radioactivity 
remaining in untreated and AmB-treated cells. L and 
HeLa cells incubated with 60 ug/ml of AmB retained 
55 and 87 per cent of radioactivity remaining in un- 
treated cells. Therefore, in this assay the order of sen- 
sitivity of the cells to AmB again appeared to be the 
same. 

' Effects of another polyene, filipin, and of miconazole 
on the different cell types. The AmB effects on HeLa 
and L cells were further compared with the effects 


Table 1. Binding of amphotericin B to ceils* 





Amphotericin B bound (ug/ml) 
Expt. B 





HeLa 
BHK 
L 





* Cells (3 x 10°/ml) were incubated in suspension at 37 
for 15 min with two concentrations of AmB in the growth 
medium: Expt. A, 40 ug/ml; and Expt. B, 80 ug/ml. 


of two other membrane-active agents: filipin, another 
polyene antibiotic, and miconazole, an imidazole deri- 
vative. In conditions identical to those in the corre- 
sponding assays with AmB, filipin was toxic for both 
cell lines at lower concentrations than AmB, but L 
cells were again more sensitive than were HeLa cells. 
When miconazole was tested, the results were differ- 
ent. For example, HeLa cells were more sensitive to 
miconazole than L cells, and miconazole was a more 
potent inhibitor of RNA synthesis in HeLa cells than 
was AmB (data not shown). 

Binding of AmB to cells. 3T3 cells were lysed at 
an AmB concentration that was lower than the limit 
of our binding assay, and therefore binding could not 
be measured. The AmB binding to L, BHK and HeLa 
cells, however, could be assayed under conditions 
which did not cause cell lysis. The results presented 
in Table 1 show that the binding of AmB at two 
different concentrations in the growth medium was 
similar in all three cell lines. 

Cells adapted to AmB. Cells grown in the presence 
of AmB for 10 days became relatively resistant to 


AmB as measured by [*H]uridine incorporation into 
RNA (Fig. 3) and viability (data not shown). In addi- 
tion to the increased resistance of these cells to AmB, 
several other changes were apparent. The L cells 
adapted to growth with the low AmB concentration 








% of control 








L 1 
20 40 60 


Amphotericin B, ug/ml 





Fig. 3. Effect of different amphotericin B concentrations 
on [*H]uridine incorporation into RNA of (A) 3T3, (A) 
3T3-R cells, (O) L, (@) L-R and (CO) L-R, cells. 





Sensitivity of mammalian cells to amphotericin B 


Table 2. Cholesterol, phospholipid (as P) and cholesterol ester content of whole cell extracts 





Proteins 
(mg/l x 107 
cells) 


Cholesterol 
Replicate (ug/l x 107 


Cell line experiments 


cells + S. E.) 


Ratio + S. E.* 
cholesterol 
lipid 
(moles/moles) 


Cholesterol 
ester 
(ug/l x 107 


cells) 


Lipid phosphorus 
(ug/l x 107 
cells + S. E.) 





HeLa 23.6 + 1.7 
BHK 25.3 + 6.0 
L ‘ 5 18.6 + 2.5 
L-R ¥ 7 154+09 
L-R, i 10.0 + 1.9 
3T3 ; 32.0 +18 
3T3-R 3 20.4 


6.3 +0.7 
6.0 + 2.0 
92+08 
5.6 + 1.3 


0.30 + 0.02 12.3 + 5.3 
0.30 + 0.02 4.6 +18 
0.16 + 0.004 0.3 + 0.10 
0.24 + 0.015 2.3 + 0.66 
25 +01 0.32 + 0.04 7.9 + 1.6 
13.0 + 2.0 0.20 + 0.017 1.6 + 0.5 
6.48 0.25 63 





*S.E. was calculated from paired ratio values. 


developed long processes and intracellular vacuoles 
not seen in normal L cells. The resistant cells also 
decreased in size, as estimated morphologically by 
light microscopy and by comparison of protein, chol- 
esterol and phospholipid content. 

The resistance of these cells was reversible, for 
when L-R and L-R, cells were transferred to AmB 
free growth medium, AmB sensitivity returned to the 
level of control cells after 4 days. 

Cellular lipid content. The content of cholesterol. 
cholesterol ester and phospholipid (as P) in whole 
cell extracts was determined to see if there was a cor- 
relation between the AmB sensitivity of the various 
cell types and the cellular lipid content. 

Table 2 presents the levels of cholesterol, choles- 
terol ester and phospholipid and the calculated chol- 
esterol:phospholipid molar ratio of the four investi- 
gated cell lines and of AmB-resistant cells. We found 
that HeLa and BHK, the two cell lines relatively re- 
sistant to AmB, had a higher cholesterol: phospholi- 
pid molar ratio (0.30) than L and 3T3, the two cell 
lines relatively sensitive (molar ratios 0.16 and 0.20). 

The AmB-resistant L and 3T3 cells had an in- 
creased ratio compared to control cells, and the 
extent of the increase correlated with the degree of 
resistance (see Table 2, L, L-R and L-R,). 

Tabie 2 also shows the content of cholesterol ester 
in whole cell extracts of the cells. The cholesterol ester 
level correlated positively with the cholesterol: phos- 
pholipid molar ratio and with cell resistance to AmB. 
The net loss from the cell of the cholesterol was 
nearly matched by a gain in cholesterol ester. 


DISCUSSION 


The four cell lines examined differed significantly 
in their susceptibility to AmB. In all of the assays, 
the relative cell sensitivity decreased in this order: 
3T3, L, BHK and HeLa cells. These results confirm 
previous observations of the different AmB sensitivi- 
ties of cultured cell lines, and the parallel actions of 
polyene antibiotics on cells as reflected by changes 
in membrane permeability to the enzyme lactate de- 
hydrogenase, inhibition of nucleoside incorporation 
into nucleic acids, and the lethal and inhibitory 
actions of the drugs [15, 20]. 

The relative sensitivity of the cells was the same 
for filipin, the other polyene antibiotic studied. Also, 
as expected, the effect of filipin was always more pro- 
nounced than AmB activity. The same order of sensi- 
tivity was not observed, however, for another type 
of membrane-active agent. In two assays, inhibition 


of uridine incorporation and drug-increased leakage 
of RNA, miconazole [21, 22] was more potent against 
HeLa than against L cells. Its inhibition of uridine 
incorporation into HeLa cells surpassed AmB toxi- 
city, whereas it was less active than AmB against L 
cells. Another membrane-active agent, croton oil fac- 
tor TPA, has also been described [23] as a more 
potent inhibitor of [°H]thymidine incorporation into 
HeLa than L cells. Therefore, the order of cell sensi- 
tivity to AmB and filipin appeared to reflect a charac- 
teristic response of the cells to polyene antibiotics. 

Neither the cellular content of free cholesterol nor 
the amount of AmB bound to cells appeared to corre- 
late directly with the sensitivity of the cells to the 
polyene antibiotics. AmB-resistant HeLa cells bound 
amounts of AmB similar to the more sensitive BHK 
and L cells. Similar results were obtained by Amati 
and Lago [24], who showed that transformed 3T3 
cells, AmB resistant and AmB sensitive, bound equal 
amounts of radiolabeled AmB. 

However, cells more sensitive to AmB effects (3T3 
and L) had a lower cholesterol: phospholipid molar 
ratio than did the more resistant cell lines (HeLa and 
BHK). This suggests that, rather than sterol content 
itself, the sterol content in relation to phospholipid 
levels was critical. The hypothesized correlation 
between AmB sensitivity and cholesterol: phospholi- 
pid molar ratio was supported by the experiments 
with the AmB-adapted cells, which show that AmB 
resistance increased along with the cellular choles- 
terol: phospholipid molar ratio. 

We cannot explain at present why the differences 
in sensitivity between 3T3 and L cells or BHK or 
HeLa cells were not correlated with differences in the 
cholesterol: phospholipid ratios. It may be that our 
analytical methods were not sensitive enough to 
detect small differences in lipid content, or that the 
cellular cholesterol: phospholipid ratios we measured 
do not reflect small differences in membrane ratios. 
The latter is unlikely because when our results on 
the determination of cellular cholesterol: phospholipid 
ratios are compared with the membrane cholesterol: 
phospholipid ratios determined by others [25-29], the 
same relative order is seen. 

We think it is probable, as an alternative, that other 
factors also play a role in the cell sensitivity to AmB 
and may explain these discrepancies in our results. 
For example, Huschen and Feingold [30] have shown 
that the fatty acid composition of the phospholipids 
in cells was a determinant of sensitivity to AmB. 
Plasma or serum also influences cell sensitivity to 
polyene antibiotics [31,32]. The extent of influence 
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in one study [31] depended not only on unesterified 
cholesterol! content in plasma but also on the plasma 
phospholipid to cholesterol ratio, and various lots of 
commercial fetal bovine sera have shown a high 
degree of variability in content of cholesterol and 
other components [33]. Although each of our assays 
was conducted under the same conditions using the 
same serum lots for all cell types, we cannot com- 
pletely exclude the possibility that some serum com- 
ponents affected AmB action differently for different 
cell types. 

In addition to these variables, the nature of AmB 
binding, the transport rate of the polyene, and the 
biochemical characterization of the AmB effects all 
require further study, and prevent an unequivocal in- 
terpretation of the results. However, it is tempting 
to speculate that the correlation between AmB sensi- 
tivity of different cell lines and the cholesterol: phos- 
pholipid molar ratio is real, and reflects the relation- 
ship between cell sensitivity and the fluidity of the 
lipid in the surface membrane. Changes in the ratio 
of cholesterol to phospholipids affect the internal vis- 
cosity and molecular motion of lipids within mem- 
branes [34,35] and this may somehow result in the 
differences in sensitivity of cells to AmB. 
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Abstract—The effect of various inhibitors, ouabain, ethacrynic acid (EA), thiomerin and N-ethyl male- 
imide (NEM) was studied on (Na + K)-ATPase in the rat kidney cortex and medulla and on sodium 
extrusion and potassium accumulation in slices from cortex and medulla. With each inhibitor the 
sensitivity of (Na + K)-ATPase in medulla was similar to that in the cortex. Mg-ATPase was more 
resistant than (Na + K)-ATPase to Thiomerin and NEM. Medullary Mg-ATPase was more sensitive 
than medullary (Na + K)-ATPase to EA. Na-extrusion and K-accumulation were completely inhibited 
in cortical and medullary slices by NEM. Thiomerin had no significant effect on Na extrusion or 
K accumulation in cortical slices; Thiomerin inhibited Na extrusion in the medulla but enhanced 
K-accumulation. Ouabain inhibited Na-extrusion and K-accumulation in the medulla significantly more 
than in the cortex. In the absence of K* in the medium Na extrusion persisted in the cortex at 
56 per cent of maximal extrusion rate while in the medulla only 30 per cent of the maximal extrusion 
rate persisted. EA inhibited Na-extrusion and K-accumulation significantly more in slices of cortex 
than in slices of kidney medulla. It is suggested that transport of sodium in kidney cortex and medulla 


involve quantitatively and qualitatively different mechanisms. 


Sodium transport is one of the major functions of 
the kidney. However, the role of sodium reabsorption 
differs in different parts of the kidney. Sodium reab- 
sorption by the proximal tubules serves mostly over- 
all sodium balance, whereas in thick ascending limb 
of Henle sodium reabsorption results in diluted tubu- 
lar fluid. This enables excretion of a dilute urine and 
the sodium extracted from the lumen serves to build 
up the interstitial sodium gradient, necessary for the 
formation of concentrated urine. 

Since (Na + K)-ATPase is believed to be the enzy- 
matic basis of the sodium pump [1] the activity and 
properties of this enzyme, isolated from different parts 
of the kidney, under different conditions in vitro, were 
studied in our laboratory [2,3]. Differences in the 
characteristics of this enzyme in various regions of 
the kidney were found: the enzyme from the papilla 
was more susceptible to inhibition by high concen- 
tration of urea, sodium and some other inhibi- 
tors [2-4]. Recently differences in the response of 
(Na + K)-ATPase in various parts of the kidney to 
salt loading in vivo were also observed [4a]. 

Whittembury and Proverbio, using in vitro incuba- 
tion of kidney slices, have reported that ion move- 
ment in slices of kidney cortex of the guinea pig 
showed two types of transport: one inhibited by car- 
diac glycosides, presumably dependent on (Na + K)- 
ATPase activity, and another process, not inhibited 
by cardiac glycosides but reduced by ethacrynic 
acid [5]. 
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To find out whether two different transport 
mechanisms existed in the kidney medulla, too, it 
seemed of interest to us to study the effects of various 
inhibitors of (Na + K)-ATPase on the enzyme ac- 
tivity in cortex and medulla and to compare the 
characteristics of sodium transport in in vitro incuba- 
tion of slices of kidney cortex and kidney medulla. 

By comparing the effect of the inhibitors on the 
activity of (Na + K)-ATPase on the one hand and 
on sodium extrusion and potassium accumulation in 
slices on the other, one could hope to characterize 
the transport mechanisms in the cortex and medulla 
of the kidney and their possible contribution to the 
different physiological processes in these parts. 


MATERIALS AND METHODS 


Male rats, 180-250 g, of the Hebrew University 
strain, were used throughout the experiments. The 
rats were anesthetized with ether, and were then sacri- 
ficed by cervical dislocation. The kidneys were 
removed immediately. After decapsulation the kid- 
neys were cut sagittally and separated into three 
parts: cortex, medulla and papilla, as described pre- 
viously [6]. 

Preparation of enzyme. Preparation of the microso- 
mal ATPase was carried out essentially following the 
description of Jorgensen and Skou [7]. The three dif- 
ferent parts of the kidney (each batch was collected 
from 10-20 rats) were homogenized in 10 vol. of a 
medium consisting of: 0.25 M sucrose, 2mM EDTA, 
buffered with Tris-HCl (5SmM) to pH 7.4-7.5. The 
homogenate was centrifuged at 7000 g for 15 min; the 
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supernatant was separated and the pellet was sus- 
pended and rehomogenized (same medium and same 
vol. as the first homogenization) and centrifuged 
again at 7000g for 15min. The combined superna- 
tants were centrifuged at 48,000 g for 40 min. 

The pellet was resuspended and rehomogenized 
(1:1) in a medium of the same composition. To this 
suspension were added 10vol. of desoxycholate 
0.067%, containing 2mM EDTA and 25mM 
Tris-HCl (pH 7.0). The suspension was then incu- 
bated at room temperature for 30min. Thereafter, 
centrifugation at 5600 g for 30 min was performed and 
the supernatant was collected and centrifuged at 
25,000 g for 30min. The pellet was suspended in a 
sucrose-EDTA-Tris, identical with the original 
homogenizing medium. This final suspension was 
either assayed immediately or frozen at —20° until 
used. 

Assay of ATPase. ATPase activity was determined 
by the amount of inorganic phosphate (Pi) released 
during incubation at 37° in a shaking, thermostatic 
bath, as previously described [8]. All assays were run 
in duplicate. Pi released was studied with and without 
the addition of ouabain at a final concentration of 
10-7 M, to differentiate Mg-ATPase and (Na + K)- 
ATPase. The basic incubation medium consisted of: 
NaCl—100 mM, KCIl—10mM; MgCl,—4 mM, Tris 
buffer 33 mM (pH 7.4), ATP—4mM. Enzymatic ac- 
tivity was stopped by the addition of 10%, trichloro- 
acetic acid. Pi was determined according to the 
method of Fiske and SubbaRow [8]. Enzymatic pro- 
tein was assayed according to Lowry et al. [9]. 

Sodium extrusion and potassium accumulation by 
kidney slices. Slices from cortex and medulla, weigh- 
ing 30-40 mg per slice, were prepared. Enrichment of 
intracellular sodium and loss of cellular potassium 
were achieved according to the method of Munday 
et al.{10] by incubating the slices anaerobically for 
12 min in a medium containing 142mM sodium but 
no potassium or glucose, at 37°. Under these condi- 
tions the intracellular electrolyte composition 
approached the composition of the incubation 
medium. The composition of the incubation medium 
for this incubation was: 142 mM NaCl, 3mM CaCl,, 
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1.5mM MgSO,, 3.5mM Sodium phosphate buffer, 
pH 7.4. 

The sodium-loaded slices were then transferred to 
another medium and were incubated aerobically at 
25° for 30 min, according to the method of Whittem- 
bury [11]. The composition of this medium was 
112mM NaCl, 5mM KCl, 9mM Na Acetate, 15 mM 
NaHCO,, 0.6mM NaH,PO,, 2.4mM Na,HPO,, 
1.2mM MgSO,, 0.6mM Na,SO,, 1.0mM Ca glu- 
conate and 5.0mM glucose. The total concentration 
of sodium was 143mM, and the total osmolality 
290 mOsmol. A mixture of 95% O, and 5% CO, was 
bubbled through the medium during the entire incu- 
bation. The pH was kept between 7.3—7.6. For reincu- 
bation in a potassium-free medium the KCI was re- 
placed by NaCl. In experiments where sodium extru- 
sion and potassium accumulation were determined in 
the presence of drugs, the drug was added to the incu- 
bation medium at final concentration as specified 
under Results. 

Determination of sodium and potassium concen- 
tration was carried out in fresh tissue, in tissue after 
preincubation in anaerobic medium and in tissue after 
reincubation, so as to enable estimation of the 
changes in sodium and potassium content of the slices 
throughout the experiment. 

Determination of sodium, potassium and water con- 
tent of slices. Fresh or incubated slices were blotted 
on filter paper, weighed, and dried in an oven at 105° 
overnight, to constant wt. The difference in wt before 
and after drying accounted for the water content of 
the slice. Each slice was then immersed in 2ml of 
1 N HNO, and incubated (with shaking) for 48 hr 
at room temperature to dissolve the tissue. The con- 
centration of sodium and potassium was determined 
in these samples of dissolved slices by flame photom- 
etry. Results are expressed as meq. sodium or potas- 
sium per gram dry tissue weight. 

Drugs: Ouabain was purchased from Merck, Sharp 
and Dohme Research Lab., West Point. Ethacrynic 
acid was a gift of Assia Pharmaceuticals, Ramat Gan. 
Thiomerin was purchased from Wyeth Laboratories, 
Philadelphia. N-ethyl-maleimide was purchased from 
Sigma Chemical Co., St. Louis, MO, U.S.A. 


Table 1. Inhibition by various drugs of (Na + K)-ATPase and Mg-ATPase from rat kidney 
cortex and medulla 





Is, of drug 





(Na + K)-ATPase 


c 


Mg-ATPase 
M Cc M 





Quabain 
I<, x 10°*M 
Ethacrynic acid 
bo x 10°7 M 
Thiomerin 0.57 + 0.1 
I59 x 10°7M (n = 4} 
NEM 2.8 + 0.4 
Is59 x 10°7M (n = 5) 


2.45 + 0.17 
(n = 4) 
19+ 0.2 
(n = 8) 


0.55 + 0.1 
(n = 8) 
12.0 + 3.4 
(n = 4) 
78 + 2.9 
(n = 5) 


0.77 + 0.1 
(n = 8) 

99 + 40 
(n = 4) 

6.2 + 1.1 
(n = 5) 


0.57 + 0.08 
(n = 4) 
19+ 0.2 
(n = 5) 





C—Enzyme obtained from kidney cortex. 


M—Enzyme obtained from kidney medulla. 
159 —Concentration of drug producing 50 per cent inhibition of enzyme activity. 


NEM—N-ethyl-maleimide. 
Results expressed as mean + S.E. 


n = number of experiments. 
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Fig. 1. Effect of ouabain on sodium extrusion from slices 
of rat kidney cortex and medulla. C—slices from cortex. 
M-—slices from medulla. 2,5,8—concentration of K* in 
medium during incubation of slices. Ordinate—inhibition 
of sodium extrusion by ouabain (10~ > M) expressed as per 
cent of sodium extrusion in the absence of ouabain. Verti- 
cal bars—S.E. At 2mM K*—n = 18, for C and for M. 
At 5mM K*—n=29, for C and for M. At 8mM 
K *—n = 22, for C and for M. All slices were first preincu- 
bated to cause loading of sodium, as described in Materials 
and Methods. Note that at each concentration of K* in 
the medium, inhibition by ouabain was more marked in 
the medulla than in the cortex, the largest difference being 
at 8mM K* in the medium. 


RESULTS 


1. The effect of ouabain. The inhibitory effect of 
ouabain in the cortex and medulla was compared on 
(Na + K)-ATPase activity on the one hand, and on 
Na* extrusion and K* accumulation on the other 
hand. Table 1 shows that I;9 values of ouabain were 
similar for (Na + K)-ATPase from the cortex and 
from the medulla. Figure 1 and Table 2 show the 
inhibitory effect of ouabain on Na® extrusion and 
K* accumulation, at different K* concentrations in 
the medium. As expected, the inhibitory effect of oua- 
bain was antagonized by increasing concentrations of 
K* in the medium. However, at all concentrations 
of K* in the medium inhibition of Na* extrusion 
by ouabain was significantly greater in slices from 
the medulla than in slices from the cortex. At 8 mM 
K* in the medium Na®* extrusion in cortical slices 
was not affected at all by ouabian, while in slices 
from the medulla sodium extrusion was inhibited by 
48 per cent. Figure 2 shows the effect of ouabain on 
Na* extrusion and K* accumulation in slices from 
kidney cortex and medulla, expressed in meq./kg dry 
wt. It is evident that both Na” extrusion and K* 
accumulation were inhibited more in the medulla 
than in the cortex. Ouabain affects (Na + K)-ATPase 
and Na* transport to the same extent as does omis- 
sion of K* from the medium. Figure 3 shows net 
Na* extrusion from kidney slices in the complete 
absence of K* from the medium, and sodium extru- 
sion at increasing K* concentrations in the medium 
(up to 8mM). In the absence of K* in the medium 
Na®* extrusion from cortical slices was quite marked 


Table 2. Inhibition of Na* extrusion and K* accumulation in slices of rat kidney cortex and medulla 





Per cent inhibition of ion transport 





Na™~™ 


Cc 


M 


K* Na* K* 





Ouabain 

([K] in medium— 
2mM) 

Ouabain 

([K] in medium— 
5 mM) 

Ouabain 

([K] in medium—8 mM) 

Ethacrynic 
acid 

Thiomerin 


39.4+98 
(n = 18) 


30.3 + 3.2 
(n = 30) 


0.5 + 3.4 
(n = 22) 
77.4 + 5.1 
(n = 17) 
11.1 + 3.9 
(n = 19) 
100.0 + 0 
(n = 6) 


NEM 


92.3 + 3.9 
(n = 18) 


65.8 + 6.8 
(n = 18) 


98.7+ 0.9 
(n = 18) 


56.3 + 3.4 
(n = 30) 


57.6 + 5.6 
(n = 29) 


75.5 + 3.7 
(n = 30) 


39.9 + 2.1 
(n = 24) 
63.3 + 48 
(n = 17) 
@15.1 + 9.4 
(n = 19) 
95.8 + 4.2 
(n = 6) 


48.0 + 4.8 
(n = 22) 
23.3 + 7.6 
(n = 15) 
22.1 + 3.8 
(n = 19) 
82.1 + 8.7 
(n = 6) 


54.0 + 2.9 
(n = 24) 
44.3 + 3.3 
(n = 17) 
@33.0 + 7.2 
(n = 19) 
83.8 + 7.6 
(n = 6) 





C—Ion movement in slices of kidney cortex. 
M—Ion movement in slices of kidney medulla. 
NEM—N-ethy]l-maleimide. 


Na*—Net sodium extrusion after preloading of slices with Na, as described in Materials and 


Methods. 


K *—Net potassium accumulation in slices after washout of K by preincubation in K-free medium, 


as described in Materials and Methods. 


Ouabain—At concentration of 10-3 M; ethacrynic acid at concentration of 5 x 10~3 M; thiomerin 
at concentration of 5 x 10°? M; NEM at concentration of 5 x 107? M. 
Results—Inhibition of ion transport in presence of drug expressed as per cent of transport in absence 


of drug (mean + S.E.) n = number of experiments. 


@ Enhancement of potassium accumulation above control, significant only in medulla (P < 0.01). 
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Fig. 2. Effect of different drugs on sodium extrusion and 


potassium accumulation in slices of rat kidney cortex and 
medulla. C—slices from cortex. M—slices from medulla. 
Upper panel—potassium. Lower panel—sodium. Thio. 

effect of Thiomerin (5 x 1077 M). NEM—effect of N-ethyl- 
maleimide (5 x 10°*M). EA—effect of Ethacrynic acid 
(5 x 10°* M). Ouab—effect of ouabain (10°37 M). In each 
group of three columns, the column on the left (diagonal 
stripes) represents the concentration of sodium (lower 
panel) or potassium (upper panel) after pre-incubation of 
the slices in a potassium free medium, as described in 
Materials and Methods. The middle column of each three 
(horizontal stripes) represents sodium or potassium con- 


and accounted for more than 55 per cent of the maxi- 
mal Na* extrusion observed at 8mM K”™. Na’ 
extrusion from slices of medulla was comparatively 
low when K* was omitted from the medium, and 
accounted for only about 30 per cent of the maximal 
Na™* extrusion, found at SmM K”™ in the medium. 

2. Effect of ethacrynic acid (EA). The effect of EA 
was studied on both (Na + K)-ATPase activity and 
on Na* extrusion and K* accumulation in slices of 
kidney cortex and medulla. 

Table 1 shows that I;,. of EA for (Na + K)-ATPase 
was practically the same in cortex and medulla. It 
is interesting to note that in the cortex and medulla, 
Mg-ATPase was more sensitive to inhibition by EA 
than (Na + K)-ATPase. This was in contrast to our 
observations with other inhibitors of ATPase 
reported previously [4]. Figure 2 and Table 2 show 
the inhibitory effect of EA on Na* extrusion and K* 
accumulation in slices from cortex and medulla. In 
contrast to ouabain, EA inhibited Na* extrusion and 
K* accumulation significantly more in slices from 
kidney cortex than in slices from medulla. 

3. Effect of Thiomerin. Thiomerin is an organic 
mercurial diuretic. Its effect is ascribed to liberation 
of inorganic mercuric ions[12] which bind SH 
groups, apparently essential for ion transport. The 
effect of Thiomerin was studied both on (Na + K)- 
ATPase activity and on Na” extrusion and K* ac- 
cumulation in slices of kidney cortex and medulla. 
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centration in slice after re-incubation in complete medium 
(Krebs), in the absence of any drug. The column on the 
right, in each group of three, represents the sodium or 
potassium concentration in the slices after re-incubation 
in the presence of drug, as indicated below columns. Verti- 
cal bars—S.E. n = 12 for each column of Thiomerin ex- 
periment. n = 6 for each column of NEM experiment. 
n = 17 for each column of EA experiment. n = 29 for each 
column of ouabain experiment. * P < 0.025 for ion concen- 
tration in slice after re-incubation in the presence of drug 
compared to re-incubation in the absence of drug (middle 
column of each three). 
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Fig. 3. Effect of potassium in medium on sodium extrusion 
from slices of rat kidney cortex and medulla. C—-slices 
from kidney cortex. M—slices from kidney medulla. O— 
incubation in a K*-free medium. 2,5,8—incubation in the 
presence of 2,5,83mM K* in medium. All slices were first 
pre-incubated, as described in Materials and Methods, to 
cause sodium loading of slice. Ordinate—sodium extrusion 
during | hr of re-incubation in complete medium. Vertical 
bars—S.E. n = 6 for experiments in K-free medium. n = 12 
in experiments with 2mM K* in medium. n = 29 in ex- 
periments with 5mM K* in medium. n = 22 in experi- 
ments with 8mM K* in medium. 





Differences in Na and K transport’in kidney cortex 


Table 1 shows that I,. of thiomerin for (Na + K)- 
ATPase was similar in cortex and medulla. Mg- 
ATPase was much more resistant to inhibition by 
thiomerin than (Na + K)-ATPase. This is similar to 
results obtained previously with other inhibitors [4]. 
Figure 2 and Table 2 show the effect of 5mM Thio- 
merin on Na®* extrusion and K* accumulation in 
slices from cortex and medulla. In the cortex, Na* 
extrusion and K* accumulation were almost unaf- 
fected by thiomerin. In the medulla, Na* extrusion 
was significantly inhibited (by 22.1 + 3.8 per cent) 
while K* accumulation was significantly enhanced 
(by 33.0 + 7.2 per cent). 

4. Effect of N-ethyl-maleimide (NEM). SH-reagents 
have been shown to inhibit (Na + K)-ATPase ac- 
tivity, thus implicating SH-groups in this enzyme as 
part of the active site[13]. We have compared the 
inhibitory effect of NEM on (Na + K)-ATPase and 
on Na* extrusion and K* accumulation in slices of 
kidney cortex and medulla. Table 1 shows that there 
was no difference in I;, of NEM between cortex and 
medulla for either (Na + K)-ATPase or Mg-ATPase. 
Both in cortex and medulla (Na + K)-ATPase was 
more sensitive to inhibition by NEM than Mg- 
ATPase. Figure 2 and Table 2 show the inhibitory 
effect of NEM on Na® extrusion and K* accumu- 
lation in slices from the cortex and medulla. 5mM 
NEM caused total inhibition of Na* extrusion and 
K* accumulation in cortical slices. In the medulla 
the inhibition by 5mM NEM was almost complete. 


DISCUSSION 


The experiments reported in this paper demon- 
strate differences between cortex and medulla of rat 
kidney in the characteristics of Na and K transport 
in slices incubated in vitro. The transport mechanism 
was characterized by studying the effect of various 
inhibitors on microsomal (Na + K)-ATPase prepared 
from kidney cortex and medulla and by following Na 
extrusion and K accumulation in slices of cortex and 
medulla, preloaded with Na* and rendered potas- 
sium-poor by preincubation in vitro. For each of 
several inhibitors studied the I5,9 for (Na + K)- 
ATPase from cortex was similar to that for the 
enzyme from medulla (Table 1). Mg-ATPase was 
more resistant to inhibition by all the compounds 
studied, except for EA, where Mg-ATPase was more 
sensitive than (Na + K)-ATPase. 

In contrast to the similarity in (Na + K)-ATPase 
of cortex and medulla, striking differences between 
kidney cortex and medulla were observed in ion 
transport of slices: (1) ouabain inhibited significantly 
more Na* extrusion and K* accumulation in medull- 
ary slices than in cortical slices (Fig. 2); (2) in the 
absence of K* in the medium, Na* extrusion from 
cortical slices persisted to a marked extent, whereas 
in slices of the medulla it was significantly lower (Fig. 
3). 

The concept of two different transport mechanisms 
of sodium was also supported by the effect of etha- 
crynic acid on Na* extrusion and K* accumulation 
in slices of cortex and medulla. Figure 2 and Table 
2 show that EA inhibited Na* extrusion and K ac- 
cumulation significantly more in the cortex than in 
the medulla. According to Whittembury and Prover- 
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bio [5] EA is a specific inhibitor of the ‘second pump’ 
in guinea pig kidney cortex slices. While EA (at 
5mM) inhibited completely microsomal (Na + K)- 
ATPase from the medulla, the effect on Na-extrusion 
and K accumulation in slices of medulla was rather 
small. (At concentrations of EA lower than 1 mM no 
effect on Na extrusion was observed.) It should be 
recalled that the rat is rather insensitive to the diure- 
tic action of EA [14]. The site of action of this diure- 
tic is ascribed to the thick ascending limb of Henle’s 
loop within the medulla[15]. But the major effect 
on transport in slices was observed in kidney cortex 
(Table 2 and Fig. 2). One possible mechanism for in- 
hibition of Na extrusion in cortical slices by EA may 
be the accumulation of EA in kidney cortex which 
is a Na-dependent process [16]. Corroborating this 
suggestion we have recently observed that probenecid, 
another organic acid accumulating in kidney cortex, 
also inhibited net Na extrusion in cortical slices in 
vitro (Gutman, Wald and Czaczkes, unpublished 
observations). 

Although both EA and mercurial diuretics are 
believed to act through SH binding [17, 18], thio- 
merin, showed a different pattern of action on ion 
movement in slices (Fig. 2 and Table 2), especially 
in the medulla, where Na*-extrusion was significantly 
inhibited (by 22.1 + 3.8 per cent) while K* accumu- 
lation was significantly enhanced (by 33.0 + 7.2 per 
cent). It is evident that the effect of Thiomerin on 
K* accumulation cannot be explained by inhibition 
of (Na + K)-ATPase. This effect of thiomerin on K* 
accumulation in kidney slices in vitro corroborates 
clinical observations that mercurial diuretics do not 
cause kaliuresis in vivo [19,20]. Since K~ loss is at 
the luminal side of the tubular cell, the effect of thio- 
merin could be decreased permeability of the luminal 
membrane to K*, thereby K~ secretion is decreased. 

The difference in the effects of EA and thiomerin 
on ion transport in kidney slices precludes the possi- 
bility that their effect is exerted through reaction with 
the same SH groups. However, there could be a com- 
mon fundamental mechanism, e.g. reaction with some 
critical SH-groups. Therefore, a general SH reagent, 
NEM was studied. The action of NEM on Na* extru- 
sion and K* accumulation in kidney slices was differ- 
ent both from that of EA and thiomerin: 5mM NEM 
caused complete inhibition of Na* extrusion and K* 
accumulation in cortical slices as well as in slices of 
medulla (Fig. 2, Table 2). This may suggest that 
neither the effect of EA nor that of thiomerin resulted 
purely from SH-group binding. 

Sodium transport in the cortex is related mainly 
to sodium balance [21]. The experiments reported 
here show that Na-movement in the rat kidney cortex 
depends only to a small extent on (Na + K)-ATPase 
activity. This corroborates the observation that even 
during ouabain infusion into the renal artery 60-70% 
of the filtered sodium is still reabsorbed in the proxi- 
mal tubule [22]. In slices of medulla sodium extrusion 
depends largely on (Na + K)-ATPase activity (Table 
2, Fig. 3). This may be related to the high sp. act. 
of medullary (Na + K) dependent ATPase [3]. The 
main part of the nephron located in the medulla is 
the thick ascending limb of Henle’s loop [23]. The 
medulla contains those parts of the nephron impli- 
cated in urine concentration and dilution [24, 25]. It 
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seems, therefore, that the role of (Na + K)-ATPase 
in the medulla is in the concentration-dilution func- 
tion. Under ouabain infusion the concentration and 
dilution ability of the kidney is impaired [25, 26]. 
However, some reports ascribe a major function to 
chloride transport rather than to a sodium pump in 
the thick ascending limb of Henle [15, 27]. It is rather 
difficult to find a comprehensive explanation to 
account for the chloride pump and the high sp. act. 
of (Na + K)-ATPase in the same part of the nephron, 
i.e. the thick ascending limb [28]. 
{cknowledgement—This study is part of a Ph.D. thesis sub- 
mitted by H. Wald. 
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Abstract—The effect of phenformin over a wide range of concentrations on oxidation of several sub- 
trates by rat liver mitochondria was studied polarographically. Biphasic responses with both stimulatory 
and inhibitory phases were observed: their order of appearance depended on the nature of the substrate. 
Dose-response data for these phenomena are reported. At low phenformin concentrations (<10~* M) 
only stimulation occurred, while at high concentrations (>10~? M) only inhibition was observed. In- 
sensitivity to dinitrophenol and ADP suggested that the stimulation was due to progressive uncoupling. 
Very high concentrations of phenformin did not inhibit the oxidation of ascorbate/TMPD. Possible 
sites of action of phenformin are discussed. Although it is not possible to define these with certainty 


it appears that several sites must be involved. 


Although phenformin (phenethylbiguanide, PEBG) 
and similar biguanides have been used successfully 
as oral hypoglycaemic agents in certain types of dia- 
betes mellitus for a number of years, their mechanism 
and even their site(s) of action are unknown. Effects 
claimed for these drugs are diverse and include inhibi- 
tion of intestinal glucose absorption [1—5S], inhibition 
of gluconeogenesis [6-9] and of a variety of other bio- 
synthetic processes [9, 10], and stimulation of glyco- 
lysis [9, 11, 12]. It has also been suggested that phen- 
formin may promote the release of an intestinal hor- 
mone such as glucagon-like-immunoreactivity which 
may have peripheral effects on carbohydrate metabo- 
lism and uptake [13]. Each of these effects, except for 
the hormonal one, could be expected if cellular ATP 
levels were depleted. 

Morphological damage to mitochondria [14] and 
inhibition of oxidative phosphorylation [15-18] by 
phenformin have been well demonstrated. However 
the actual site(s) and mechanism(s) of the effect on 
oxidative phosphorylation remain controversial. Sites 
of inhibition of electron transport between NAD and 
cytochrome b [17], at cytochrome oxidase [16], and 
site specific uncoupling [18] have all been proposed. 
Non-specific interactions with membranes and sub- 
sequent changes in electrostatic surface potential have 
also been suggested [19]. The use of different sub- 
strates, phenformin concentrations and methodolo- 
gies has made it impossible to interpret these findings 
from different laboratories coherently. Therefore we 
have investigated the effects of phenformin over a 
wide range of concentrations on the oxidation of 
several Krebs Cycle substrates by isolated mitochon- 
dria by monitoring polarographically the oxygen 
uptake over several min. Since the effects were clearly 
complex we also tested the effects of ADP and 





* MOPS—3-(N-morpholine)-propane sulphonic acid; 
EGTA—1,2-di(2-aminoethoxy)-ethane-N,N,N’,N’-tetracetic 
acid; TMPD—N,N,N’,N’-tetramethyl-p-phenylene  dia- 
mine; DNP—2,4-dinitrophenol; DCPIP—2,6-dichloro- 
phenol indophenol. 


2,.4-dinitrophenol on oxygen uptake following treat- 
ment with phenformin. 

While this type of investigation may shed light on 
the pharmacological action of the biguanides it may 
also yield evidence on the mechanism of oxidative 
phosphorylation. For example it has been claimed 
that phenformin is a site-specific uncoupling agent 
[18]. As Schafer pointed out [18], if this were to be 
substantiated then it might cast doubt on the validity 
of Mitchell’s chemiosmotic hypothesis [20]. 


MATERIALS AND METHODS 


Mitochondria were isolated according to Hoge- 
boom and Schneider’s procedure [21] from the livers 
of female albino rats weighing 180-200 g. The isola- 
tion medium contained sucrose (250mM), MOPS* 
(10mM) and EGTA* (1 mM) at pH 7.2 [21]. 

Mitochondrial protein was estimated by a biuret 
method incorporating sodium deoxycholate 
(0.2 mg/ml) to solubilize particulate matter [22]. 

Oxygen uptake was monitored in a stirred reaction 
chamber which was water-jacketed at 35° and 
equipped with a Clark recording oxygen electrode 
(Rank Bros, Bottisham, Cambridge). The standard 
reaction medium contained sucrose (625 umoles), 
MOPS (25 yumoles), EGTA (2.5 zmoles), sodium phos- 
phate buffer, pH 7.2 (50 umoles), plus 0.1 ml mito- 
chondrial suspension (containing on average 2.5 mg 
protein). Appropriate substrates from the following 
list were added as aqueous solutions of the sodium 
salts pre-adjusted to pH 7.0: succinate, citrate, pyru- 
vate or z-oxoglutarate (50 umoles), malate plus gluta- 
mate (25yumoles of each), «-glycerophosphate 
(20 umoles) or ascorbate (3 umoles) plus TMPD* 
(0.2 umoles). Other additions as required were: 
malonate (50 moles), rotenone (1 ug) in ethanol, 
DNP* (140 nmoles) in ethanol or ADP (0.5 yxmoles). 
The final vol. was normally 2.9 ml. 

The reduction of DCPIP* by mitochondria which 
had been lysed in 0.02M sodium phosphate buffer. 


yy | 





pH 7.3, was measured using a recording spectro- 
photometric technique [23]. 

Phenformin hydrochloride (PEBG) was donated by 
Winthrop Laboratories, Surbiton-on-Thames, Surrey, 
and in all cases was added from a 0.55M aqueous 
solution. 


RESULTS AND DISCUSSION 


Viability and stability of mitochondrial preparations. 
Any preparations which gave respiratory control in- 
dex values of less than 4.0 were discarded. The viabi- 
lity with respect to coupling of the preparations was 
monitored by the determination of P:O ratios before, 
during and at the end of each experimental session. 
Mean values (and number of experiments) were as 
follows: Succinate 1.83(9), Malate plus glutamate 
(together) 3.07(22), x-ketoglutarate 2.83 (3), pyruvate 
2.96 (4), citrate 3.20(3). Since these values are close 
to the theoretical values of 3.0 for the NAD-linked 
substrates and 2.0 for the FAD-linked substrates, it 
appears that the respiring mitochondria were coupled 
and that they remained so during each experimental 
session. 

In the absence of added phenformin but in the pres- 
ence of substrate the rate of oxygen consumption 
remained fairly constant for at least 5 min. 

The polarographic results shown in figures in this 
paper have been constructed by tracing typical traces. 
In all cases however the features reported were 
observed on at least two separate batches of mito- 
chondria. In some instances (Figs. 7-10) mean rates 
of oxygen uptake in nmoles O, per mg protein per 
min are shown in brackets adjacent to the traces. 

Effect of phenformin on oxidation of glutamate plus 
malate. Figure 1 shows the effects of phenformin at 
several concentrations in the range 440 mM on res- 
piration when malate plus glutamate (together) were 
the substrates. As seen from Fig. | a biphasic response 
was obtained with an initial rapid stimulation of res- 
piration, especially at the lower phenformin concen- 
trations, followed by inhibition of respiration. At 
40mM phenformin no stimulatory phase was seen, 
but inhibition was noted immediately on addition of 
the phenformin. 

Effect of phenformin on oxidation of succinate. 
Figure 2 shows the effects of phenformin at several 
concentrations from 5 to 20mM on respiration when 
succinate was the substrate. At the lower phenformin 
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Fig. 1. Oxygen consumption in the presence of glutamate 
and maiate. At the second arrow phenformin was added. 
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Fig. 2. Oxygen consumption in the presence of succinate. 
At the second arrow phenformin was added. 


concentrations a biphasic response was again seen; 
however, the immediate effect was inhibition of respir- 
ation and this was followed by a stimulatory phase 
at phenformin concentrations up to and including 
15 mM-—-.e. the order of these effects was the reverse 
of that observed with glutamate plus malate as sub- 
strate. At 20mM the phenformin caused inhibition 
only, and this was immediate. Figures 3 and 4 show 
the dose-response relationships for the stimulation 
and inhibition phases respectively for both substrates. 
There is a sharp peak showing maximum stimulation 
of both glutamate-plus-malate and succinate oxi- 
dation by phenformin at about 4-5 mM phenformin 
(Fig. 3). 

A limited number of experiments were made with 
other substrates. The oxidation of x-ketoglutarate and 
pyruvate (both NAD-linked substrates) was affected 
in a biphasic fashion closely similar quantitatively to 
that found with glutamate-plus-malate. However no 
stimulatory phase was seen when citrate, which is 
oxidised by an NAD-limked dehydrogenase, was the 
test substrate. The oxidation of «-glycerophosphate 
(an FAD-linked substrate) however gave a similar 
pattern to that for glutamate-plus-malate but with 
only mild stimulation by 5mM _ phenformin. 

Thus Figs. 3 and 4 show that (i) at low concen- 
trations of phenformin (<10~* M) only stimulation 
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Fig. 3. Maximum stimulation of oxygen consumption pro- 

duced by various concentrations of phenformin. suc- 

cinate as substrate; malate plus glutamate as sub- 

strates. Each point is the mean of 3-10 observations, and 
the S.E. of mean is shown in some instances. 
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Fig. 4. Maximum inhibition of oxygen consumption pro- 
duced by various concentrations of phenformin. ——— suc- 
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of respiration was observed, (ii) at intermediate con- 
centrations (10~*-10~? M) biphasic responses were 
observed, and (iii) at high concentrations (> 107? M) 
inhibition alone was seen. We therefore sought to 
determine whether the stimulatory effect was due to 
uncoupling and also at what site(s) the inhibition was 
located. 

Effects of addition of ADP or dinitrophenol after 
phenformin. In the absence of phenformin, addition 
of the uncoupling agent DNP caused an immediate 
and dramatic increase in the rate of oxygen uptake 
with all substrates. Similarly, addition of ADP 
resulted in a temporary increase in oxygen consump- 
tion (from which the P:O ratio could be calculated). 

For all the NAD-linked substrates examined it was 
found that PEBG at concentrations greater than 
2mM resulted in total insensitivity to added ADP 
or DNP at all times after the addition of the PEBG. 
This suggests that the mitochondria have already 
been uncoupled fully by the phenformin. The absence 
of stimulation by ADP or DNP is unlikely to be due 
to inhibition by phenformin since the maximum inhi- 
bition caused by 2mM phenformin was only about 
50 per cent (Fig. 4) and oxygen was being consumed 
when the ADP or DNP was added. At lower phenfor- 
min concentrations addition of either ADP or DNP 
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Fig. 5. Respiratory control values and sensitivity to DNP 

(i.e. ratio of rate of respiration after DNP addition to rate 

before addition) as a function of time after addition of 
2 x 10°*M phenformin. Succinate as substrate. 
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Fig. 6. P:O ratios for succinate oxidation at various phen- 
formin concentrations. 


stimulated respiration. This corresponds to previous 
reports that DNP ‘overcomes’ the inhibition by phen- 
formin [24]; it appears however that different sites 
of action are involved (see below). At a phenformin 
concentration of 0.2 mM the eventual onset of inhibi- 
tion was slow and progressive. Addition of DNP at 
varying times after 0.2mM _ phenformin showed that 
the sensitivity to DNP decreased with time; a similar 
and closely parallel decrease in the respiratory control 
value with time was observed (Fig. 5). 

When succinate was the substrate ADP insensiti- 
vity was observed at phenformin concentrations of 
1mM and above. As Fig. 6 shows, at lower phenfor- 
min concentrations the apparent P:O ratios de- 
creased progressively as the phenformin concen- 
tration was increased. Previous studies had suggested 
that the P:O ratio was only affected at very high 
concentrations [9]. It thus appears that the average 
degree of uncoupling does increase with the phenfor- 
min concentration, and that it is complete at phenfor- 
min concentrations above about | mM. These effects 
were observed regardless of whether the ADP was 
added during the initial phase of inhibition or during 
the subsequent phase of stimulated respiration. On 
the other hand when DNP was added shortly after 
the phenformin (5mM), i.e. during the early phase 
of inhibition, it did increase the rate of oxygen uptake 
(Fig. 7). This implies that the mitochondria had not 
been uncoupled, at least completely. When the DNP 
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Fig. 7. Effect on oxygen consumption of addition of DNP 
shortly after phenformin (5mM)—i.e. during inhibitory 
phase. Figures in brackets represent mean oxygen uptake 
in nmoles O, per mg mitochondrial protein per min. Suc- 
cinate as substrate. 
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was added some 2-3 min after the addition of phen- 
formin (5mM), i.e. during the stimulated phase, no 
significant effect was observed (Fig. 8). This is consis- 
tent with complete uncoupling by the phenformin. 

Phenformin inhibition of respiration by uncoupled 
mitochondria. When phenformin was added after the 
DNP the respiration of the DNP-uncoupled mito- 
chondria was gradually inhibited and the extent of 
inhibition increased as the phenformin concentration 
was increased—see Fig. 9. Thus, marked inhibition 
was observed, but it was not followed by the phase 
of stimulation which was seen in the absence of DNP 
(Fig. 2), presumably because the DNP had already 
fully uncoupled the mitochondria. 

Effect of phenformin on ascorbate oxidation. Ascor- 
bate in the presence of TMPD donates electrons at 
the cytochrome c level in the respiratory chain [25]. 
No effect on oxygen uptake was observed in the pres- 
ence of phenformin at concentrations of 20mM and 
below. However, phenformin at 40mM caused slight 
inhibition, but much less than had been observed with 
other substrates. Figure 10 shows oxidation of ascor- 
bate proceeding in the presence of 40 mM phenformin 
which had drastically inhibited oxidation of malate- 
plus-glutamate and of succinate and had made the 
mitochondria completely non-responsive to 
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Fig. 9. Effect on oxygen consumption of addition of phen- 

formin (5 or 20mM) after uncoupling by DNP. Rates of 
O, uptake shown in brackets. 


ADP—i.e. they were presumably fully uncoupled. 
However, oxidation of the ascorbate was abolished 
by potassium cyanide. Therefore, phenformin inhibi- 
tion appears to occur at a site other than, and proxi- 
mal to, that at which KCN inhibits. 

Location of the site(s) of phenformin inhibition. The 
fact that the dose-response curves for phenformin in- 
hibition of both succinate and glutamate-plus-malate 
oxidation were similar (Fig. 4) suggests that the site, 
or the main site, of inhibition is in that part of the 
main respiratory chain which is common to both 
NAD- and FAD-linked substrates, namely between 
ubiquinone and cytochrome oxidase. Since ascorbate 
oxidation was not affected by the phenformin at con- 
centrations up to 20mM (Fig. 10—see above), it 
appears that there is no inhibition between cyto- 
chrome c and cytochrome oxidase. Therefore the 
main site of inhibition is likely to be between ubi- 
quinone and cytochrome c. This contrasts with the 
conclusion of Steiner and Williams that cytochrome 
oxidase was a major site of inhibition [16]. These 
authors, however, did express the reservation that “It 
cannot be concluded definitely ...that the observed 
effects on tissue respiration result from inhibition at 
this particular enzyme site”. On the other hand inhi- 
bition of succinate oxidation was marginally greater 
than that of glutamate-plus-malate oxidation (Fig. 4), 
and this might indicate one relatively minor site of 
action to be between succinate and ubiquinone. 
Steiner and Williams tentatively concluded that phen- 
formin could inhibit succinate dehydrogenase. We 
examined this further by monitoring succinate oxi- 
dation by lysed mitochondria spectrophotometrically 
with an artificial electron acceptor, DCPIP. This 
compound has Ey = +0.217 V [26] and would there- 
fore be expected to accept electrons from the cyto- 
chrome b and ¢ region of the respiratory chain. Inhi- 
bition by phenformin (5-20mM) was observed, but 
the extent of inhibition was scarcely dependent on 
the phenformin concentration in this range. Further- 
more, the extent of inhibition was significantly less 
than that determined in the oxygen electrode experi- 
ments (Table 1); in the latter experiments the extent 
of inhibition was dependent on the phenformin con- 
centration. These differences between the two sets of 
experiments would be consistent with two sites of in- 
hibition by phenformin, with one site proximal and 
one distal to the point of electron acceptance by 
DCPIP. In general this is consistent with Steiner and 
Williams observations on succinate dehydrogenase. In 
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Fig. 10. Ascorbate/TMPD oxidation in the presence of 

40 mM phenformin. The mitochondria were already unres- 

ponsive to added ADP. Figures in brackets represent 
oxygen uptake. 
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Table 1. Maximal percentage inhibition of succinate oxidation by phenformin as 
determined by (a) the oxygen electrode (polarographically) and (b) DCPIP as elec- 
tron acceptor (spectrophotometrically) 





°% Inhibition 





Phenformin (a) (b) Significance 
concentration Polarographic Spectrophotometric of 
(mM) method difference 





NS. 
P < 0.001 
P < 0.001 


a 64 + 4.8 (6) 
10 79 + 2.6(5) 
20 89 + 2.5 (6) 





Values are means + S.E.M. and the number of observations is given in paren- 


theses. 


contrast to the polarographic experiments (Fig. 2) no 
stimulation was observed. However, caution must be 
exercised in any comparisons of data from experi- 
ments on lysed and intact mitochondria. The evidence 
is insufficient to identify the site(s) of action of the 
phenformin with confidence. Inhibition is observed at 
at least one and possibly two sites, and uncoupling 
is also observed. Uncoupling is seen especially at the 
lower phenformin concentrations; at relatively high 
concentrations uncoupling appears to be complete 
although stimulation of respiration is not seen prob- 
ably because it is masked by the predominating in- 
hibitory effect. 

Location of the site(s) of uncoupling by phenformin. 
As seen in Fig. 3 the maximal extent of stimulation 
of respiration by phenformin is closely similar for 
both the NAD- and the FAD-linked substrates. This 


might suggest that the main stimulatory effect of 
phenformin is located after ubiquinone in the region 
of the electron transport chain which is common to 


both classes of substrate—i.e. that there was little 
or no uncoupling at ‘Site I’. However, it must be 
noted that the data for maximum stimulation shown 
in Fig. 3 are presumably the net result of two oppos- 
ing effects of stimulation and inhibition, and therefore 
do not necessarily reflect absolute values of stimu- 
lation. (A similar reservation must be placed on the 
interpretation of the inhibition results discussed 
above.) 

The absence of phenformin stimulation of electron 
transfer to DCPIP while succinate was being oxidised 
might imply that the phenformin was not uncoupling 
at ‘Site II’; however as these experiments were made 
on lysed mitochondria, phosphorylation had prob- 
ably already been uncoupled and so this interpre- 
tation is not valid. 

Therefore while these results are fully consistent 
with site-specific uncoupling they cannot be accepted 
as firm evidence for this hypothesis. 

Although it is not possible to explain fully these 
findings and to define the sites of action of phenfor- 
min, the results reported here suggest that this drug 
has multiple actions on mitochondria which are more 
complex than those previously reported. Further- 
more, the actions of phenformin are to some extent 
substrate specific as evidenced particularly by the dif- 
ferent types of biphasic responses obtained with 
NAD- and FAD-linked substrates. 
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Abstract—The effects of methylglyoxal-bis(guanylhydrazone) on selected cellular immune functions and 
on S-adenosylmethionine decarboxylase activity were studied in spleen cells from mice given sublethal 
doses of this drug. The development of antibody-forming cells was markedly inhibited after administra- 
tion of methylglyoxal-bis(guanylhydrazone) whereas the functions of cytotoxic effector cells and phago- 
cytes were not affected. The activity of S-adenosylmethionine decarboxylase was found to be greatly 
increased in spleen cells from mice given the drug, and this increase was 4- to 5-fold greater in nylon 
wool-adherent cell populations as compared to that in non-adherent cell populations. The uptake 
of methylglyoxal-bis(guanylhydrazone) was 1.5- to 2-fold greater in nylon wool-adherent cells than 
in non-adherent cells. These studies suggest that methylglyoxal-bis(guanylhydrazone) selectively affects 
antibody-forming cells among mouse spleen cell populations. 


Methylglyoxal-bis(guanylhydrazone) (CH3-G) is ac- 
tive against acute myelocytic leukemia and certain 
solid tumors in humans [1,2]. Its use, however, has 
been limited by host toxicity, most of which stems 
from the antiproliferative actions of the compound. 
One of the major expressions of the toxicity of 
CH,-G is immunosuppression as reflected in the bone 
marrow depression and bacterial infections seen in 
humans [3] and in the inhibition of hemagglutinin 
production and prolongation of allograft survival 
seen in mice [4]. 

Although the exact mechanism of cytotoxicity of 
CH;-G is still not understood, several lines of evi- 
dence suggest that it may be related to the ability 
of the drug to interfere with polyamine: biosynthesis. 
Increase in intracellular polyamine levels has been 
correlated with increase in cell proliferation [5S]. In 
proliferating systems such as rapidly growing tumors, 
the administration of CH3-G resulted in decreased 
spermidine levels [6]. This was presumably due to the 
specific inhibition by the drug of putrescine-activated 
S-adenosylmethionine decarboxylase (SAMDC) [7], a 
key enzyme in the biosynthesis of spermidine. Simi- 
larly, the conversion of labeled putrescine into sper- 
midine was markedly inhibited in rat liver and kidney 
after CH;-G administration [8]. However, consider- 
able increase in SAMDC activity was found in dia- 
lyzed extracts of tissues obtained from animals treated 
with CH,;-G[9]. This paradoxical enhancement of 
enzyme activity was presumably due to enzyme stabi- 
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lization by CH3-G in vivo leading to an increase in 
the apparent half-life of the enzyme [9]. Since spermi- 
dine synthesis is inhibited in animals treated with 
CH,-G, it is unlikely that this accumulated SAMDC 
is functional in vivo. 

In light of the immunosuppressive effects of the 
drug mentioned above, the purpose of this study was 
to investigate the selectivity of action of CH3-G dur- 
ing the response of mice to antigenic stimulation. 
After immunization with sheep red blood cells 
(SRBC), mice were treated with CH;-G, and the func- 
tion of various cell populations within mouse spleen 
was studied. The CH,-G related increase in SAMDC 
which was described above was followed in these cell 
populations as a possible marker for drug selectivity. 
These effects in vivo of CH3-G were correlated with 
drug uptake in vitro. A preliminary report of this 
work has been published [10]. 


MATERIALS AND METHODS 


Materials. All chemicals were reagent grade. Radio- 
active sodium chromate (°'Cr) was purchased from 
Amersham/Searle, and labeled S-adenosyl-L-meth- 
ionine-['*COOH] (SAM ['*COOH]) (10 mCi/m- 
mole) was purchased from New England Nuclear. 
SRBC, guinea pig complement, and fetal calf serum 
were purchased from Grand Island Biological Co. 
Methylglyoxal-bis(guanylhydrazone) labeled with '*C 
in the glyoxal portion of the molecule ('*C-CH;-G) 


_ (50 utCi/m-mole) was synthesized and kindly supplied 


by Dr. S. F. Zakrzewski of this department. 
Treatment of animals. Three- to four-month-old 
C57Bl/6Ja female mice were used. Mice were im- 
munized with 5 x 10° SRBC given ip. on day 0. 
Three hr after administration of antigen, daily i.p. 
treatment with CH3-G (85 mg/kg) was begun and 
continued for 5 days skipping day 4 after antigen. 
Mice were sacrificed by cervical dislocation on day 
7 after antigen, and their spleens were used as a 
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source of immunocompetent cells. This schedule was 
chosen because administration of a single dose of 
drug on day 0, 1 or 2 after antigen did not result 
in suppression of the immune response on the optimal 
day of assay, which was day 7. Furthermore, adminis- 
tration of drug was stopped 2 days before assay to 
eliminate residual drug, which could interfere with the 
determination in vitro of SAMDC activity. 

Spleen cell suspensions. Upon removal, spleens were 
immediately immersed into ice-cold RPMI 1640 
medium supplemented with 5°, heat-inactivated fetal 
calf serum and 100 units/ml of penicillin G and 100 
ug/ml of streptomycin. Four spleen from each group 
were pooled and suspensions of single cells were 
obtained [11], washed twice in saline and once in 
media, counted microscopically, and then used in the 
various assays. In all the cases involving different 
groups of mice, the spleen cell suspensions were found 
to be more than 90 per cent viable by trypan blue 
dye exclusion technique [12], and the total recovery 
of cells was similar in all the groups. 

Target cells. SRBC were washed with saline, and 
5 x 10’ cells in 0.1 ml saline were incubated with 50 
uCi *'Cr for 3hr at 37° in an atmosphere of 10% 
CO, in air. The cells were then washed, resuspended 
in RPMI 1640 medium, and adjusted to 1 x 10° 
cells/ml. Target SRBC for complement-dependent and 
complement-independent cytotoxicity assays (see 
below) were obtained by incubating aliquots of this 
SRBC suspension for | hr at 37° followed by centrifu- 
gation to remove any unbound or loosely bound 
>'Cr. Antibody-coated target SRBC for antibody- 
dependent cytotoxicity and phagocytosis assays were 
obtained by incubating aliquots of *'Cr-labeled 
SRBC suspension in the presence of day 11 C3H anti- 
SRBC antisera (dilution 1:100) for 1 hr at 37°, again 
followed by thorough washing to remove unbound 
or loosely bound *'Cr or antibody. 

Cytotoxicity assays. Five separate assays were used 
to determine the immunological functions studied. In 
each case the release of °'Cr from target SRBC was 
used as the index of cellular lysis [13]. 

(a) Complement-dependent cellular cytotoxicity 
(CDCC) was determined by incubating in a volume 
of 0.2ml 1 x 10° spleen cells with 1 x 10° *'Cr- 
labeled target cells in 12 x 75mm plastic tubes (Fal- 
con) at 37° in an atmosphere of 10% CO, in air. 
After 45 min of this incubation, 0.4 ml of a 1 to 40 
dilution of guinea pig complement was added and 
the incubation was continued for another period. of 
45 min. In this test, antibody to SRBC is secreted 
by sensitized spleen cells, binds to target SRBC, and 
marks them for complement-mediated cytotoxi- 
city [14]. 

(b) Complement-independent cellular cytotoxicity 
(CICC) was determined by incubating as above 
5.x 10° spleen cells with 1 x 10° target cells for 20 hr 
in the absence of complement. This test involves the 
secretion of antibody from sensitized spleen cells, the 
binding of antibody to target SRBC, and the lytic 
action of a killer spleen cell on the antibody-coated 
target cells [14]. 

(c) Antibody-dependent cellular cytotoxicity (ADCC) 
was determined by incubating for 20hr 5 x 10° 
spleen cells as in (b) above with 1 x 10° antibody- 
coated targets (see Target cells). This test, somewhat 
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similar to the CICC above, has been originally used 
for determining the lytic action of ‘killer’ cells nor- 
mally present in the spleen of non-immunized mice 
[15]. The difference between CICC and this test is 
that an excess of exogenously prepared target anti- 
serum, rather than endogenously secreted antibody, 
is added for the immune reaction to occur. In the 
conditions of experiments, immunization with SRBC 
did not result in any significant enhancement of this 
reaction. The CDCC, CICC and ADCC reactions 
were stopped by diluting the incubation mixtures with 
2 ml of ice-cold media. 

(d and e) Phagocytosis was measured based on the 
protection from osmotic lysis of macrophage-engulfed 
SRBC using the method described by Hersey [16]. 
Briefly, 5 x 10° spleen cells were incubated for 20 hr 
with 1 x 10° target SRBC in a final volume of 0.2 ml. 
For both conditions 1 ml of distilled H,O was then 
added to the tubes for 15 sec followed by the addition 
of 1 ml of twice concentrated RPMI 1640 medium. 
Phagocytosis was measured as the difference after 
hypotonic shock between *'Cr released from SRBC 
in the presence of sensitized spleen cells or normal 
spleen cells plus mouse antiserum to SRBC and the 
°'Cr released in the presence of normal spleen cells 
or normal spleen cells plus normal mouse serum. 

For determination of release of *'Cr in each test, 
cell suspensions were centrifuged at 500g for 5 min 
and supernatants were poured off into 12 x 75mm 
disposable glass tubes. Radioactivity in both pellet 
and supernatant was obtained as counts per minute 
in a Packard Auto-Gamma spectrometer. The per 
cent of °'Cr released from the target cells was calcu- 
lated in the following way: 


. *'Cr release = 


supernatant cpm 
a. x 100% 


pellet cpm + supernatant cpm 


The percentage of specific release was the difference 
between the values obtained with effector cells from 
immunized animals and those obtained with effector 
cells from non-immunized animals. 

Cell separation techniques. Subpopulations of spleen 
cells were obtained by two different methods, namely 
by passage of cell suspensions through nylon wool 
columns or by layering of spleen cells on SRBC 
monolayers coated with anti-SRBC antibody. In the 
case of nylon wool columns [17], 0.6 g of nylon wool 
was packed in a 12cm® syringe. Columns were satu- 
rated with Dulbecco’s phosphate-buffered saline 
(PBS) containing 5°, heat-inactivated fetal calf serum, 
sealed to prevent drying and allowed to equilibrate 
at 37° for 45 min. Approximately 4 x 10° spleen cells 
in 3ml PBS were layered on the column and allowed 
to incubate as above for 45 min. At the end of incuba- 
tion the non-adherent fraction was eluted by dropwise 
addition of PBS to the column until the eluate 
measured 25 ml. The remaining adherent cells were 
removed from the nylon wool by agitation in RPMI 
1640 medium. Using the fluorescence-labeled anti- 
mouse IgG antibody technique, 70 per cent of the 
adherent cells and 15 per cent of non-adherent cells 
were found labeled (Dr. C. Porter, personal communi- 
cation). This is also consistent with ‘the ‘results 
reported earlier from this laboratory[11]. In the 
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other fractionation procedure [18], SRBC monolayers 
were formed on plastic tissue culture dishes through 
a poly-L-lysine bridge and then coated with mouse 
hyperimmune anti-SRBC antibody. Twenty million 
spleen cells in 2 ml media were placed on the mono- 
layer and allowed to incubate for 10 min at 37°. The 
cell suspensions were then centrifuged at 100g for 
5 min at 24°. After centrifugation, supernatants con- 
taining non-adherent cells were collected. For elution 
of adherent cells the SRBC monolayer was lysed by 
hypotonic shock for 60 sec and cells were collected 
in RPMI 1640 medium. In both fractionation pro- 
cedures, fractions were washed thoroughly and 
adjusted to the appropriate cell density. 
Determination of SAMDC. Approximately 1 x 10° 
spleen cells in 0.5 ml of ice-cold 25 mM Tris buffer, 
pH 7.5, containing 0.1 mM EDTA and 5 mM dithio- 
threitol were disrupted in a Potter-Elvehjem hom- 
ogenizer with a motor-driven Teflon pestle. Homo- 
genates were centrifuged at 100,000g for 60 min in 
a Beckman L 2-65B ultracentrifuge and supernatants 
were used as a source of enzyme. SAMDC activity 
was determined by measuring the release of '*CO, 
from SAM ['*COOH] as previously described [19]. 
The standard incubation mixture contained in a final 
volume of 0.2ml: 0.5 umole putrescine; 1 pmole 
dithiothreitol; 20 umoles of sodium potassium phos- 
phate buffer, pH 7.2; 0.04 umole SAM['*COOH] 
(~ 30,000 dis./min); and 50 jl of the cell extract. Incu- 
bations were carried out for 60 min at 37° in glass 
tubes (16 x 100mm) fitted with a rubber stopper 
equipped with a disposable polypropylene center well 
(Kontes). The released '*CO, was trapped into 1.0 ml 
phenethylamine placed in the center well. The reac- 
tion was stopped by injecting 0.5 ml of 20° H,SO, 
through the rubber stopper into the reaction mixture, 
and after all '*CO, had been absorbed, the center 
well and its contents were plunged into a counting 
vial containing 3 ml of counting fluid (toluene con- 
taining 0.6% 2,5-diphenyloxazole, 0.06% dimethyl 
1,4-bis-[2-(4-methyl-5-phenyloxazole) ]benzene, and 
15°,, Beckman Biosolv-3) and counted in a Packard 
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scintillation counter. The results were corrected for 
cell extract which had been heated at 100° for 10 
min and thereafter assayed as above. The reaction 
was linear with time and enzyme concentration, and 
the activity was expressed as nmoles '*CO,/mg of 
protein/60 min. Protein concentration was deter- 
mined by the method of Lowry er al. [20]. 

Uptake and efflux determinations. Spleen cell sus- 
pensions (1 x 10” cells/ml) in RPMI 1640 medium 
containing 10% dialyzed fetal calf serum were incu- 
bated with 10 »M '*C-CH,-G for 15 min at 37°. At 
the end of the incubation period, 5-ml aliquots of 
cell suspension were pipetted into tared centrifuge 
tubes and centrifuged at 4° for 5 min at 500g. Uptake 
of '*C-CH;-G/mg of wet cells was determined as the 
'4C radioactivity remaining after corrections for 
extracellular space. The extracellular '*C counts were 
estimated on the basis of data obtained with [*H ]inu- 
lin [21]. For efflux determinations, cells were preincu- 
bated with 100 uM '*C-CH,-G for 15 min at 37 
as described for uptake. Cells were then centrifuged, 
resuspended in drug-free medium, and incubated at 
37° for various periods of time, and the amount of 
'4C.CH,-G remaining was determined as described 
above for intake. 

All assays in this investigation (immune, enzyme 
and uptake) were carried out in duplicate and each 
experiment was repeated at least three times; similar 
results were obtained each time. Unless otherwise 
stated, results from representative experiments are 
shown. 


RESULTS 


Immunosuppressive effects of CH3-G. As shown in 
Table 1, CH3-G caused marked inhibition of the 
CDCC, CICC and phagocytosis with endogenous 
antibody. The CDCC response with spleen cells from 
mice treated with CH3-G was reduced to 4 of that 
found with cells from mice which had not received 
drug. The CICC response was reduced to background 
levels with spleen cells from mice treated with CH;-G. 


Table 1. Effects of CH3-G on immune functions of mouse spleen cells* 





Treatment 


CH,;-G SRBC Caco. -CICL 


°o 


‘ °'Cr release 
Phagocytosis 
ADCC 


Endog. Ab Exog. Ab 





7 


; 

5 
+ 44 
+ 7 





* C57BL/6 Jacobs mice were immunized (+) ip. with a single dose of 5 x 10° 
SRBC on day 0, and their spleen cells were tested on day 7. Some groups of mice, 
as indicated in the table (+), were also injected i.p. with CH3;-G (85 mg/kg), on 
day 0, 3hr after antigen administration, and again on days 1, 2, 3 and 5. Spleen 
cells were incubated with °'Cr-labeled SRBC at an effector cell to target cell ratio 
of 10:1 for 1.5hr in the CDCC test (with added guinea pig complement for the 
last 45 min) and at a ratio of 50:1 for 20hr in the other tests. Antibody released 
into the incubation mixture by sensitized spleen cells is referred to as endogenous 
antibody (endog. Ab). When the SRBC target cells are precoated with anti-SRBC 
antiserum raised in a separate batch of mice, the antibody is referred to as exogenous 


antibody (exog. Ab). 
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Table 2. Effects of CH;-G on immune functions of nylon wool-separated mouse spleen 
cells* 





Spleen cell 


population CH;-G CDCC 


CICC 


°% Specific *'Cr release 


Phagocytosis 


ADCC _ Endog. Ab Exog. Ab 





NA - Z 
NA + L 
A ~ 5 
A + 3 





* Mice were treated and their spleen cells were tested according to the schedule 
outlined for Table 1. Per cent specific release is obtained by subtracting the values 
obtained with cells under appropriate control conditions from those obtained with 
cells under indicated experimental conditions. Spleen cells were separated on nylon 
wool columns into nylon wool non-adherent (NA) and nylon wool adherent (A) frac- 
tions, as outlined in Materials and Methods. 


In contrast, the ADCC response was approximately 
the same with spleen cells from both untreated and 
drug-treated mice. In the phagocytic system, a de- 
. crease in the per cent of *'Cr released indicates an 
increase in the fraction of labeled SRBC which 
became engulfed by the phagocytes and thereby was 
protected from hypotonic shock. Antibody has been 
shown to be necessary for this protection [16]. In 
these systems, antibody to SRBC is supplied either 
by spleen cells from immunized mice (endogenous 
antibody) or is contained in the antiserum added to 
the assay mixture (exogenous antibody). In the case 
of endogenous antibody, water lysis was significantly 
reduced with cells from mice not treated with drug, 
indicating protection of target consequent to phago- 
cytosis. However, with sensitized spleen cells from 
mice treated with CH,-G, very little phagocytic pro- 
tection of target cells was seen. In the case of exo- 
genous antibody, there was a significant phagocytic 
acitivity in all the groups and no differences were 
observed regardless of treatment of spleen donor mice 
with CH,-G. 

Resulis obtained with spleen cells separated 
through nylon wool columns into non-adherent (NA), 
T cell-enriched, and adherent (A), non-T cell-enriched 
fractions are shown in Table 2. Here control values 
obtained with cells from non-immunized mice were 
subtracted from those obtained with cells from im- 
munized mice and the per cent of specific *'Cr release 
is reported. In the case of both CDCC and CICC, 
there was only background release of *'Cr when non- 
adherent cells were used as effectors. However, with 
adherent cells, a good response was obtained in both 
CDCC and CICC, and this response was significantly 
inhibited when cells from mice treated with CH,-G 
were used. In the phagocytic system which depends 
on endogenous antibody, that is antibody which is 
secreted by effector spleen cells during incubation, 
phagocytic protection from hypotonic lysis was evi- 
dent only with adherent cells and was reduced by 
drug treatment. However, when exogenous antibody 
was added to the incubation mixture, there was no 
drug-related effect on either ADCC or phagocytosis. 

Activity of SAMDC in mouse spleen cells. As shown 
in Table 3, administration of CH;-G to mice resulted 
in a dramatic increase in the activity of SAMDC in 


the extracts from spleen cells. This increase occurred 
only upon drug administration and appeared not to 
be affected by immunization. After fractionation of 
spleen cells through nylon wool columns, an even 
more striking difference in enzyme activity was seen. 
In the drug-treated groups there was consistently a 
4- to 5-fold greater activity of SAMDC in the adher- 
ent cells as compared to that in non-adherent cells. 
Again these differences appeared not to be affected 
by immunization. 

In order to confirm that these enzymatic differences 
were indeed an intrinsic property of these cell types 
and not simply an artifact related to the nylon wool 
separation, another procedure for separating mouse 
spleen cells into non-T cell-enriched and T cell- 
enriched fractions was carried out. Spleen cell suspen- 
sions were layered onto monolayers of antibody- 
coated SRBC, and the spleen cells which adhered (A) 
to the monolayers were separated from those which 
did not adhere (NA). The results shown in Table 4 


Table 3. Activity of SAMDC in nylon wool-separated 
spleen cells from normal and immunized mice treated with 
either saline or CH,-G* 





SAMDC activity (nmoles 
'4CO,/mg protein/60 min) 


Treatment in cell populations 


CH;-G SRBC Non-separated NA 





- - } 0.3 
+ _ k 2.4 
- ' 0.2 
a + . $3 





* Mice were treated according to the regimen outlined 
in Table 1 and their spleen cells were separated on nylon 
wool columns into nylon wool non-adherent (NA) and 
nylon wool adherent (A) fractions. Spleen cells were hom- 
ogenized and centrifuged, and the 100,000g supernatant 
was used as a source of enzyme. The S-adenosylmethionine 
decarboxylase (SAMDC) activity was determined in reac- 
tion mixtures containing, in a final volume of 0.2 ml: 0.5 
umole putrescine, 1 pmole dithiothreitol, 20 pmoles of 
sodium potassium phosphate buffer, 0.04 umole S-adeno- 
sylmethionine ['*COOH], and 50 yl of 100,000 g superna- 
tant. Tubes were incubated for 1 hr at 37°. 





Effects of CH3-G on development of antibody-forming cells 


Table 4. Activity of SAMDC in SRBC monolayer separ- 
ated spleen cells from normal and immunized mice treated 
with either saline or CH3-G* 





SAMDC activity (nmoles 
'4CO,/mg protein/60 min) 
Treatment in cell populations 


CH;-G SRBC Non-separated A 





0.1 ie 8, OZ 
5.9 : 6.8 
0.2 SOE 


+ 
+ 5.8 . 6.2 





* Mice were treated according to the regimen outlined 
in Table 1. The enzyme was obtained and assayed as out- 
lined in Table 3. Spleen cells were separated on antibody- 
coated SRBC monolayers into non-adherent (NA) and 
adherent (A) fractions as outlined in Materials and 
Methods. 


are consistent with those reported in Table 3. The 
administration of CH3-G brought about a large in- 
crease in the activity of SAMDC, and this activity 
was 4- to 5-fold greater in the non-T cell-enriched 
fraction as compared to the T cell-enriched fraction. 

Uptake and efflux of '*C-CH,-G in mouse spleen 
cells. The uptake of '*C-CH;-G was studied with 
non-separated as well as nylon wool-separated spleen 
cells obtained from mice treated as above. After incu- 
bating the different groups of cells with '*C-CH,-G 
for 15 min the results shown in Table 5 were 
obtained. There was no consistent change in the cellu- 
lar uptake of this compound as a result of either im- 
munization or CH;-G treatment in vivo. However. the 
uptake by the nylon wool adherent spleen cells was 
consistently greater than the uptake by the nylon 
wool non-adherent cells. 

Similar studies were carried out to measure the 
efflux of '*C-CH,-G from these spleen cell popula- 
tions. Following a 15-min incubation of drug with 
cells, the rate of efflux measured at 1, 15, 30 and 60 
min was found to be approximately the same in both 
adherent and non-adherent cells (data not shown). 


DISCUSSION 


Drug selectivity within the immune system has 
been reported [22,23]. Recently it has been shown 
that treatment with methotrexate followed by 5-fluor- 
ouracil inhibited 19S hemolytic antibody production 
but had no effect on allograft rejection or contact 
sensitivity to oxazolone [24]. Knowledge of such sel- 
ectivity is important. Often therapeutic efficacy of a 
particular agent may be compromised due to debili- 
tating immunosuppression. Since many different cell 
types are involved in the development of immune re- 
sponses, the immunological damage done by a par- 
ticular chemotherapeutic agent cannot be accurately 
assessed nor can specific replacement therapy be set 
up until the immunocompetent cells and functions 
most sensitive to that agent are known. 

The results of this study indicate that CH,;-G is 
selective in its immunosuppressive activity. Adminis- 
tration of CH3-G to mice was found to inhibit 
CDCC. CICC and phagocytosis with sensitized spleen 
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cells (namely in the presence of endogenous antibody). 
The production of antibody by sensitized spleen cells 
is common to all of these tests and is thus a likely 
site of inhibition by the drug. The killer and phagocy- 
tic cell functions also involved in these tests appear 
to be spared from the inhibitory effects of the drug. 
In fact, no reduction of response was seen in drug- 
treated groups when the killer and phagocytic cell 
functions were measured in the ADCC and phagocy- 
tosis (exogenous antibody) tests, respectively, in which 
antibody to SRBC is added to the system and is 
therefore no longer a limiting component. The actual 
secretion of antibody, the binding of antibody to tar- 
get cells, and the interaction of effector cells with tar- 
get cells were also not inhibited by the drug. This 
conclusion is based on results (not shown) where the 
above tests were carried out in the presence of 100 
uM CH;-G added in vitro to the assay mixture. This 
is unlike other agents which have been found to in- 
hibit specific effector to target cell interactions [25]. 

Similar results were found in the cell separation 
experiments in which a non-T cell fraction enriched 
in antibody-secreting cells was used in the assays. 
Even though the inhibition of the sensitive responses 
observed in this fraction of spleen cells was signifi- 
cant, it was not as great as that seen with non-separ- 
ated cells. This may be due to selective destruction 
or retention of drug-damaged cells on nylon wool 
columns. This is a realistic possibility because recov- 
ery from the nylon wool columns of spleen cells from 
mice not treated with drug was 80-85 per cent, 
whereas recovery of cells from drug-treated mice was 
only 60-65 per cent. Since the number of cells as well 
as the final volume of incubation used for these tests 
was kept constant, cell loss in the drug-treated groups 
might reflect the selection of a population of cells 
less perturbed by the toxic effects of the drug. 

The enhancement of SAMDC activity after CH,-G 
administration was used as a possible marker for drug 
effect. The greater activity in non-T cell-enriched as 
compared to T cell-enriched fractions is suggestive 
of greater drug effect in non-T cell-enriched fractions. 
It has been reported that the CH;-G-related increase 
in SAMDC is mediated through a stabilization of the 


Table 5. Uptake of '*C-CH;-G into nylon wool-separated 
spleen cells from normal and immunized mice treated with 
either saline or CH3-G* 





Treatment Total uptake in cells 


> 


CH;-G SRBC _ Non-separated NA 





A = 0O 
+ + + I+ 


ms 


A = Oo WwW 


4 
10 
3 
5 


S222 
when 
to Ww WY bv 
AW 

t+ H+ H+ H+ 
H+ H+ HH 


oa 
. + 





* Mice were treated as outlined in Table 1. Spleen cells 
were separated on nylon wool columns into nylon wool 
non-adherent (NA) and nylon wool adherent (A) fractions 
as outlined in Materials and Methods. Cells were incu- 
bated with 10 uM '*C-CH,-G at 37° for 15 min and 
uptake was determined as outlined in Materials and 
Methods and is shown as pmoles CH 3-G/mg of cells. Each 
value is an average of three experiments + the standard 
deviation except for NA, which represents an average of 
two experiments + 0.5 range. 
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enzyme [9]. However, other factors may also play 
a role. There are studies [26] which suggest that 
the biosynthesis of ornithine decarboxylase, another 
enzyme involved in the synthesis of polyamines, is 
regulated through the levels of intracellular poly- 
amine pools and that CH;-G can alter this biosyn- 
thesis through a disruption of these pools. A similar 
phenomenon may exist in the regulation of SAMDC. 
Studies by Dave and Cheng[27] have shown a 
further enhancement in the already accumulated 
SAMDC activity upon removal of CH3-G from 
monolayer cultures of HeLa TK™ cells, which sug- 
gests factors in addition to enzyme stabilization to 
be responsible for the increased enzyme activity. 
However, it should be mentioned here that the CH;- 
G-related changes in SAMDC reported in this study 
seemed specific for SAMDC, for no corresponding 
changes were seen in ornithine decarboxylase under 
the conditions of this investigation. 

The results of this investigation indicate that 
CH,-G selectivity inhibits the development of the 
antibody-forming cell response in vivo. It is possible 
that CH,-G acts by blocking the proliferation of anti- 
body-forming cells. Alternatively, the possibility can- 
not be ruled out a priori that the effects of this agent 
are due to an inhibition of T-helper cells which would 
then inhibit the antibody response. However, bio- 
chemical evidence presented in this study, such as the 
4- to. 5-fold greater enhancement of SAMDC in non-T 
cell-enriched fractions as compared to T cell-enriched 
fractions, as well as the 1.5- to 2-fold greater uptake 
of '*C-CH,-G in the non-T cell fraction as compared 
to the T cell fraction, appears to support the concept 
of a selective inhibition of antibody-forming cells by 
CH,-G. 
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Abstract 


The activation of 2,4-diaminoanisole to a mutagen in the Salmonella test system by liver 


fractions of rats and mice is increased by treatments of animals with inducers of the cytochrome 
P-450 system and is decreased by in vivo and in vitro inhibitors of cytochrome P-450. Higher revertant 
rates were seen with 2,4-diaminoanisole in aromatic hydrocarbon responsive mice than in nonresponsive 
mice after treatment with f-naphthoflavone. Mutagenic activity of 2,4-diaminoanisole is also induced 
in kidney and lung as well as transplacentally in fetal liver after treatment with f-naphthoflavone. 
We suggest that metabolic activation of 2,4-diaminoanisole to the hydroxylamine(s) may be the underly- 
ing reaction for the formation of mutagenic intermediates. 


The importance of environmental contaminants in the 
etiology of human cancer has recently been empha- 
sized [1, 2]. It has been concluded on the basis of epi- 
demiological studies that a majority of human cancers 
may be caused by chemicals in the environment [3, 4]. 
It is therefore a great neeed for detecting and identify- 
ing the environmental contaminants which are cap- 
able of inducing cancer in man and animals. 

Recently, Ames and coworkers have developed a 
sensitive bacterial test system for the detection of 
chemical mutagens in vitro [5, 6,7]. This system has 
been used as a screening test for carcinogens, and 
90 per cent of the chemical carcinogens were shown 
to be mutagens in this assay [8], even if a causal rela- 
tionship between mutagenesis and _ carcinogenis 
remains to be proven. Ames et al. have shown that 
commercial hair dyes, estimated to be used regularly 
by 20 million people in the USA, are potent 
mutagens [9]. The mutagenic components contained 
in the hair dyes were shown to be substituted aryldia- 
mines, which were activated by the liver microsomes 
into strong frameshift mutagens. 

Acetylarylamines, a related group of compounds, 
are known to be activated via cytochrome P-450 
dependent N-oxidation into reactive metabolites cap- 
able of causing acute liver necrosis [10,11] and car- 
cinogenesis [12]. Felton and coworkers [13], using 
the Ames-system for the detection of activated pro- 
mutagens, showed that N-oxidation of 2-acetylamino- 
fluorene is important in the mutagenic activity of that 
N-acetylarylamine. This paper is concerned with the 
role of cytochrome P-450 metabolism in the in vitro 
mutagenicity of the aryldiamine hair dye component 
2,4-diaminoanisole. 


MATERIALS AND METHODS 


Chemicals. Chemicals were obtained from the fol- 
lowing sources: 2,4-diaminoanisole from ICN Phar- 


maceuticals, USA; 2,4-diaminotoluene, 3,4-diamino- 
benzoic acid, 2,4-dinitroanisole, «-naphthoflavone, 
and f-naphthoflavone from Aldrich, W. Germany; 
3.4-diaminotoluene, 2,6-diaminotoluene, o0-phenylene- 
diamine. m-phenylenediamine, p-phenylenediamine, 
3,5-diaminobenzoic acid, and 2,4-diaminophenol from 
Koch-Light, W. Germany; NADP, glucose 6-phos- 
phate, yeast glucose 6-phosphate dehydrogenase, and 
l-cysteine from Sigma, USA; diethyl maleate and 
cobaltous chloride from Merck, W. Germany; metyr- 
apone from Ciba-Geigy, Switzerland; Aroclor 1254 
from Monsanto, USA; piperonyl butoxide from 
Cooper, McDougall & Robertson, England; and 
phenobarbital from the Norwegian Medicinal Depot. 
Other chemicals were reagent grade. 

Treatment of animals. Male Wistar rats (200 g), male 
NMRI mice (25 g), and pregnant Wistar rats (250 g) 
were obtained from Mollegard Breeding Labora- 
tories, Denmark. Male C57BL/6J/BOM /spf mice (B 6, 
25g) and male DBA/2J/BOM/spf mice (D2, 25 g) 
were purchased from Bombholtgard Breeding and 
Research Centre, Denmark. Animals were pretreated 
with phenobarbital (75 mg/kg in 0.9% NaCl ip. 72, 
48 and 24hr before death), /-naphthoflavone 
(80 mg/kg in corn oil i.p. 48 hr before death), Aroclor 
1254 (500 mg/kg in corn oil ip. 5 days before death), 
cobaltous chloride (40 mg/kg in saline s.c. 48 and 
24hr before death in rats, 60 mg/kg ip. 72, 48 and 
24hr before death in mice), piperonyl butoxide 
(1360 mg/kg ip. 30min before death), controls 
received vehicle alone. Control, phenobarbital, and 
B-naphthoflavone-pretreated mice were injected with 
diethyl maleate (600 mg/kg i.p. 30 min before death) 
or cysteine (200 mg/kg i.p. at 2hr and 30 min before 
death). 

Preparation of enzyme fractions. All steps were car- 
ried out at 0-4° with cold sterile solutions and sterile 
equipment. Animals were killed by decapitation, the 
organs were removed and minced with an Ultra-Tur- 
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rax homogenizer (max 2 sec) and subsequently homo- 
genized with a motor driven glass-Teflon homogen- 
izer in 2 vol. of 1.15% KCI containing 20mM Tris- 
buffer, pH 7.4, using 5 strokes. The homogenate was 
centrifuged for 20 min at 9000 g, the supernatant (the 
§9-fraction) was diluted to the appropriate protein 
concentration (usually 40 mg/ml) after protein deter- 
mination according to Lowry et al.[14], and used 
as enzyme source. Microsomes were prepared after 
centrifugation of the 9000g supernatant at 105,000 g 
for 60 min, the microsomal pellet was washed in the 
Tris-KCI buffer and centrifuged once more at 
105.000 g for 60 min. The washed microsomal pellet 
was resuspended in the Tris-KCI buffer. 

Mutagenesis assay. Mutagenesis was carried out 
essentially as described by Ames et al. [6]. To 2 ml 
of molten top agar at 45° were added 0.1 ml of a 
17hr culture of the bacterial tester strain TA 1538 
(a generous gift from Dr. Bruce N. Ames, Berkeley, 
USA: 6 x 10° bacteria/ml), 0.1 ml dimethyl sulfoxide 
containing chemicals to be tested, and 0.5 ml of the 
$9-mixture, containing 0.1 ml of S9-fraction (2 mg 
protein per plate unless otherwise stated), 8 wmoles 
of MgCl,, 33 umoles of KCl, 5 moles of glucose 
6-phosphate, 4 umoles of NADP, and 100 umoles of 
sodium phosphate buffer, pH 7.4, per milliliter. In ex- 
periments where microsomes were used as enzyme 
source, the glucose 6-phosphate concentration was in- 


Revertants/ 


plate 


100+ 


creased to 20 yzpmoles/ml and each milliliter of reaction 
mixture also contained 2 units of glucose 6-phosphate 
dehydrogenase. The colonies on each plate (histidine 
revertants) were counted after a 2-day incubation at 
37°. Values from plates without mutagen (represent- 
ing spontaneous revertants, averaging 25 colonies per 
plate) were always subtracted. For bacterial toxicity 
tests, mutagen and bacteria (after a 1:200,000 dilu- 
tion) were plated on full agar plates containing 
8 g/liter of Difco nutrient broth (15). 


RESULTS 


Characterization of 2,4-diaminoanisole mutagenesis 
in vitro. The relationship between varying concen- 
trations of 2,4-diamincanisole, concentration of liver 
homogenate, and the histidine revertant rate in con- 
trol and Aroclor-pretreated rats and mice is shown 
in Fig. 1 A-D. Whereas mice showed the highest rate 
of revertants compared to rats with control liver, rats 
had the highest rates compared to mice with induced 
liver. No inhibition of the absolute bacterial counts 
was seen in the concentration range used. 

Effect of pretreatment with inducers and _ inhibitors 
of cytochrome P-450. Pretreatments of animals with 
chemicals that are known to alter the concentration 
or activity of microsomal cytochrome P-450 enzymes 
were tested for their effect on the mutation rate with 
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Fig. 1. A-D. Dependence of histidine revertant rate on concentration of 2,4-diaminoanisole in vitro 

in control (A) and Aroclor-pretreated (B) rats and in control (C) and Aroclor-pretreated (D) mice. 

Two S9 protein concentrations (milligrams per plate) for each treatment group are shown. Values 
are means of duplicate estimations with pooled livers from 2 rats and 5 mice. 
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Table 1. Effect of pretreatments on 2,4-diaminoanisole 
mutagenicity in vitro in rats and mice 





Mice 
Revertants 
per plate 


Rats 
Revertants 


Pretreatments per plate 





252 + 41 
485 + 73 
2077 + 114 


473 + 27 
630 + 51 
920 + 96 
481 + 85 
623 + 95 


Control 
Phenobarbital 
Beta-Naphthoflavone 
Cobaltous chloride 
Piperonyl butoxide 





Each plate contained 10 yg 2,4-diaminoanisole and 2 mg 
protein. Values are means + S.D. of 4 estimations with 
pooled livers from 2 rats and 5 mice. 


2,4-diaminoanisole (Table 1). Pretreatment with 
phenobarbital or f-naphthoflavone gave increased 
mutation rates in both rats and mice, /-naphthofla- 
vone was the more effective inducer of 2,4-di- 
aminoanisole mutagenicity in both rats and mice. 
Cobaltous chloride, a compound thought to inhibit 
cytochrome P-450  synthesis[16], reduced the 
mutation rates in rats, whereas the mice were resistant 
to this treatment. Piperonyl butoxide, an inhibitor of 
many cytochrome P-450 mediated reactions [17], 
however, increased 2,4-diaminoanisole mutagenicity 
in both rats and mice. An explanation for this could 
be that piperonyl butoxide only inhibits a non- 
mutagenic metabolic pathway thereby increasing the 
substrate concentration available for the mutagenic 
pathway. 


po &-NAPHTHOFLAVONE PER PLATE 


20 100 


Addition of cytochrome P-450 inhibitors in vitro. 
The cytochrome P-450 inhibitors «-naphthoflavone 
and metyrapone have been used to differentiate 
between the various forms of the cytochrome [18]. 
a-Naphthoflavone was shown in mice to inhibit the 
3-methylcholanthrene-inducible aryl hydrocarbon hy- 
droxylase activity more than the phenobarbital-induc- 
ible hydroxylase activity, whereas metyrapone inhi- 
bited the phenobarbital-inducible hydroxylase activity 
more than the 3-methylcholanthrene-inducible hy- 
droxylase activity [18]. A similar pattern to the one 
seen on hydroxylase inhibition was seen when the two 
inhibitors were tested on 3-methylcholanthrene muta- 
genicity in vitro with S9-liver fractions from DBA/2N 
mice [19]. Figures 2 A-F’show the effects of «-naph- 
thoflavone and metyrapone on 2,4-diaminoanisole 
mutagenicity in control, phenobarbital-, and f-naph- 
thoflavone-pretreated rats and mice. «-Naphthofla- 
vone was most inhibitory in the polycyclic hydrocar- 
bon-induced animals, least inhibitory in control mice 
and phenobarbital-pretreated rats. Metyrapone was 
hardly inhibitory in any of the mouse preparations. 
whereas it showed the greatest inhibition in pheno- 
barbital-pretreated rats. 

Genetic differences in 2,4-diaminoanisole mutageni- 
city. The mutagenicity of 2-acetylaminofluorene has 
been shown [13] to be increased by liver postmito- 
chondrial fractions from 3-methylcholanthrene- 
treated B6 inbred mice, but not from 3-methylcho- 
lanthrene-treated D2 inbred mice. Furthermore, the 
aromatic hydrocarbon induced metabolic activation 
of 2-acetylaminofluorene to a mutagen in vitro 
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Fig. 2. A-F. Effects of addition of «-naphthoflavone and metyrapone on 2,4-diaminoanisole mutageni- 

city in vitro in control (A), phenobarbital-pretreated (B), and B-naphthoflavone-pretreated (C) rats and 

in control (D), phenobarbital-pretreated (E), and $-naphthoflavone-pretreated (F) mice. The designated 

amount of each inhibitor was added directly to the top agar. Each plate contained 10 yg 2,4-diaminoani- 

sole and 2 mg protein. Values are means of duplicate estimations with pooled livers from 2 rats and 
5 mice. 
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Fig. 3. 2,4-Diaminoanisole mutagenicity in vitro in control and f-naphthoflavone-pretreated nonrespon- 

sive DBA/2J (D 2) and responsive C57BL/6J (B 6) mice. Each plate contained 10 yg 2,4-diaminoanisole 

and 1.0, 1.5, or 2.0 mg protein. Open circles, control mice; filled circles, B-naphthoflavone-pretreated 
mice. Values are means of duplicate estimations with pooled livers from 10 mice. 


appeared to be expressed as an additive trait in 
appropriate backcrosses and intercross involving B6 
and D2 mice[13]. Figure 3 shows the histidine rever- 
tant rate with 2,4-diaminoanisole using liver fractions 
from untreated and f-naphthoflavone pretreated non- 
responsive D2 and responsive B6 mice. Although 
B-naphthoflavone pretreatment did increase the rever- 
tant rate with liver fractions from the nonresponsive 
mice, a higher increase was seen with liver fractions 
from the responsive mice in this experiment. 

2,4-Diaminoanisole mutagenicity with extrahepatic 
tissues and fetal liver. Aroclor 1254, which very effec- 
tively induced 2,4-diaminoanisole mutagenic activity 
with liver preparations, was also tested for its possible 
effect on extrahepatic tissues (Table 2). In rats, both 
kidney and lung 9000 g supernatant fractions had low 
basal activity compared to the liver; however, the ac- 
tivity could be induced both in kidneys and lungs, 
but the effect was especially striking in the kidney 
preparation. 

Induction of aryl hydrocarbon hydroxylase activity 
has been shown to occur in fetal rat liver [20, 21]. 
Recently, induction of benzo(a)pyrene mutagenicity 
with fetal rat liver has also been demonstrated [15]. 
Table 3 gives the results of experiments in which fetal 
liver was tested for 2,4-diaminoanisole mutagenic ac- 
Table 2. 2,4-Diaminoanisole mutagenicity in vitro with 
liver and extrahepatic tissues in rats 





Controls 
Revertants 
per plate 


Aroclor-pretreated 
Revertants 
per plate 


Enzyme 
source 


tivity. Twenty-day-old fetal liver did not show any 
activity, however, when the pregnant mothers had 
been pretreated 24hr previously with /-naphthofla- 
vone considerable activity was present. 

Subcellular localization of activating enzymes. 
Various subcellular liver fractions from control and 
f-naphthoflavone-pretreated rats and mice were 
tested for their ability to form mutagenic products 
from 2,4-diaminoanisole (Table 4). Washed micro- 
somes were found to be active in this system, whereas 
very little activity was found in the 105,000 g superna- 
tant fraction. Combining microsomes and 105,000g 
supernatant together increased the mutation rate con- 
siderably compared to the rate with microsomes only. 
For some reason, the absolute mutation frequency 
rate with 2,4-diaminoanisole in the B-naphthoflavone- 
induced animals were considerably lower than usual 
in these experiments. 

Comparison of the mutagenic activity of several aryl- 
diamines. Several aryldiamines were tested for muta- 
genicity with rat and mouse control and f-naphtho- 
flavone-induced liver S9-fractions (Table 5). 2,4-Dia- 
minoanisole showed by far the greatest activity, 


Table 3. 2,4-Diaminoanisole mutagenicity in vitro with 
fetal rat liver 





BNF-Pretreated 
Revertants 
per plate 


Control 
Revertants 
per plate 


Enzyme 
preparation 





Fetal liver 0* 
Maternal liver 187 + 18 


235 + 11 
2389 + 207 





20 2291 + 204 
4 685 + 176 
5 55 +5 


Liver 
Kidney 
Lung 


‘oO 
H+ He H+ 





Each plate contained 10 yg 2,4-diaminoanisole and:2 mg 
protein of each enzyme preparation. Values are means 
+ §.D. of 4 estimations with pooled organs from 2 rats. 


* 20-23 colonies per plate without mutagen; 18-27 col- 
onies per plate with mutagen. Pregnant rats were pre- 
treated with £-naphthoflavone 80 mg/kp i.p. on day 19 of 
gestation, they were killed 24 hr later. Each plate contained 
10 xg 2,4-diaminoanisole and 2mg protein. Values are 
means + S.D. of 4 estimations with pooled livers from 
2 litters and dams. 
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Table 4. 2,4-Diaminoanisole mutagenicity in vitro with various subcellular liver fractions in control and f-naphthofla- 
vone-pretreated rats and mice 





Rats 


Mice 





Control 
rev./plate 


Subcellular 
fraction 


rev./plate 


BNF 
rev./plate 


Control 
rev./plate 


BNF 





163 (153-172) 
45 (28-73) 
5 (0-12) 


9000 g Supernatant 
Microsomes 
105,000 g Supernatant 
Microsomes 

+ 360 (339-399) 
105,000 g Supernatant 


839 (758-980) 
237 (164-302) 
23 (19-25) 


873 (826-946) 


449 (402-495) 
136 (105-151) 
8 (5-12) 


656 (632-701) 
226 (211-244) 
3 (0-7) 


379 (361-397) 359 (318-391) 





Preparation of liver cell fractions are described in Materials and Methods. Each plate contained 10 yg 2,4-diaminoani- 
sole and 2 mg protein of each fraction. Values are means of 3 estimations with pooled livers from 2 rats and 9 mice, 


range in parenthesis. 


Table 5. Histidine revertant rate with 2,4-diaminoanisole analogs in control and f-naphthoflavone-pretreated rats and 
mice 





Rats 


Mice 





Control 


Aryldiamine rev./plate 


BNF 
rev./plate 


BNF 
rev./plate 


Control 
rev./plate 





2,4-Diaminoanisole 

2,4-Diaminotoluene 10 

2,4-Diaminophenol 0 

m-Diaminobenzene 6 

p-Diaminobenzene 0 

o-Diaminobenzene 0 
0 
0 
0 
0 


2,6-Diaminotoluene 
3,4-Diaminotoluene 
3,4-Diaminobenzoic acid 
3,5-Diaminobenzoic acid 


2304 410 1299 
16 8 23 
77 0 9 
49 36 58 
73 26 55 

5 4 7 
25 18 17 
5 0 0 
0 0 0 
1 3 0 





Each plate contained 10 yg aryldiamine and 2 mg protein. Values are means of duplicate estimations with pooled 


livers from 2 rats and 5 mice. 


whereas alteration of the anisole moiety to a methyl- 
or hydroxyl-group or a hydrogen markedly reduced 
activity. Even less activity was seen with the ortho- 
aryldiamines; and the diaminobenzoic acids were not 
mutagenic at the concentration tested. None of these 
aryldiamines were cytotoxic at this concentration. 
2,4-Dinitroanisole also showed slight mutagenic ac- 
tivity (65 colonies per plate with 10 yg), however, this 
rate was also found when the S9-Mix was omitted. 
The explanation for this could be the activation of 
the dinitro-compound by bacterial reductases. 
Effects of pretreatments which alter the availability 
of hepatic glutathione. Experiments with control, 
phenobarbital-, and £-naphthoflavone-pretreated ani- 
mals were performed to see if the availability of hepa- 
tic glutathione would influence the rates of 2,4-di- 
aminoanisole mutagenicity with rat and mouse liver 
S9-fractions. Pretreatments with diethyl maleate, 
which depletes hepatic glutathione, and cysteine, a 
glutathione precursor [22], did not markedly alter the 
revertant rate (data not shown), neither did the direct 
addition of 0.9 umole diethyl maleate per plate. 


DISCUSSION 


The use of a bacterial mutagenesis assay as an indi- 
cator for the study of cytochrome P-450 mediated 
metabolic reactions has successfully been demon- 


strated using polycyclic hydrocarbons[19] and 2- 
acetylaminofluorene [13] as substrates. Although 
such an assay does not allow a kinetic analysis of 
the reactions studied, much can be learned about the 
activation pathways by in vivo and in vitro manipula- 
tions of the cytochrome P-450 system. 

Our data indicate that activation of the aryldiamine 
2,4-diaminoanisole to a mutagenic intermediate(s), 
occurs via cytochrome P-450 metabolism. Pretreat- 
ments that alter the concentration and activity of 
cytochrome P-450 have similar effects on 2,4-di- 
aminoanisole mutagenicity. The difficulties encoun- 
tered with cobaltous chloride-pretreatment in mice 
have also been seen with other cytochrome P-450 par- 
ameters in another mouse strain [23]. Addition of 
cytochrome P-450 inhibitors in vitro also inhibits 
2,4-diaminoanisole mutagenicity, the pattern of inhi- 
bition in rats being very similar to the effects seen 
with these inhibitors on aryl hydrocarbon hydroxyl- 
ase [18] and 3-methylcholanthrene mutagenicity [19] 
in mice. The pattern of relative activity and inducibil- 
ity of 2,4-diaminoanisole mutagenicity in extrahepatic 
tissues are similar to the pattern of many other cyto- 
chrome P-450 mediated ractions. The differences in 
2,4-diaminoanisole mutagenicity with liver fractions 
from f-naphthoflavone-treated D2 and B6 mice sug- 
gest that the induction of cytochrome P-450 mediated 
2.4-diaminoanisole activation by polycyclic aromatic 
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hydrocarbons is controlled in the mouse by the same 
(or closely linked) gene(s) as that regulating induction 
of 2-acetylaminofluorene activation to a frameshift 
mutagen and aromatic hydrocarbon  responsive- 
ness [13]. 

No definite answers to the question of the nature 
of the mutagenic intermediate(s) of 2,4-diaminoanisoie 
can be given. However, it is tempting to suggest the 
involvement of a N-hydroxylated metabolite(s). 
N-Acetylarylamines have been shown to be N-oxi- 
dized by a cytochrome P-450-dependent mixed-func- 
tion oxidase [24]. This reaction is linked to aromatic 
hydrocarbon responsiveness in mice[11], and the 
metabolic activation of 2-acetylaminofluorene to a 
mutagen in vitro is controlled by the same gene as 
that regulating aromatic hydrocarbon responsive- 
ness [13]. Further activation of the N-hydroxy-2-ace- 
tylaminofluorene is thought to occur via deacetyla- 
tion and formation of a sulfate ester [13]. As with 
2-acetylaminofluorene, 2,4-diaminoanisole is found to 
be mutagenic when microsomes are used as the 
enzyme source in the assay. A considerable increase 
over the activity in control microsomes alone are seen 
when the cytosol fraction is combined with the micro- 
somes. This might be due to further activation of 
N-hydroxylated products by soluble enzymes, but 
could also simply be due to the stabilization of the 
microsomes. 

Activation via demethylation of the anisole moiety 
is another possibility. However, judging from the low 
activity seen with 2,4-diaminophenol, this seems 
rather unlikely. The anisole-group must be important 
for activity perhaps by making the molecule more 
lipophilic, or possibly for steric reasons when the 
mutagen intercalate in the DNA-base-pair stack, since 
the other 2,4-diamino-derivatives were much less 
active. 2,5-Diaminoanisole[9] is also much less 
active. 

The demonstration of inducibility of benzo(a)pyr- 
ene mutagenesis with fetal rat liver [15] correlates 
well with the observed transplacental induction of 
mono-oxygenase —_activity[20,21]. The _ results 
reported here show that also the enzyines responsible 
for the formation of a reactive intermediate from an 
aryldiamine can be synthesized in fetal liver. 

What is the possible in vivo significance of the find- 
ing of 2,4-diaminoanisole mutagenic activity in vitro? 
Very little is known about the toxicology of 2,4-di- 
aminoanisole. A two year study with rats that had 
been painted on the skin twice weekly with 0.25 g 
of a mixture containing 0.75% 2,4-diaminoanisole 
together with 3° 2,5-diaminotoluene and 0.75% 
resorcinol apparently did not cause any adverse 
effects [25]. The test substances were applied after 
mixing with an equal vol. of 6°% hydrogen peroxide 
immediately before use. A similar topical application 
study in mice, where 2,4-diaminoanisole was tested 
as a 0.38%, mixture together with 2,5-diaminotoluene, 
p-phenylenediamine, vehicles and hydrogen peroxide, 
did not show any evidence of systemic toxicity or 
carcinogenicity [26]. Whereas 2,4-diaminotoluene is 
reported to give hepatocellular carcinomas in feeding 
experiments in rats[27], and rhabdomyosarcomas 
after repeated subcutaneous injections in rats [28], 


this compound did not give signs of carcinogenicity 
in a chronic skin-painting study in mice [29]. To be 
able to fully assess the safety of 2,4-diaminoanisole 
much needs to be learned regarding its toxicokinetics. 
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Abstract—Verapamil is known to abolish glucose- or sulfonylurea-induced insulin release by the isolated 
perfused rat pancreas. The mode of action of verapamil upon islet function is investigated. The drug 
apparently does not interfere with the process of glucose metabolism and recognition by the B-cell, 
since the utilization and oxidation of glucose, the total production of lactate, the synthesis of proinsulin, 
and the inhibitory effect of glucose on **calcium efflux in isolated islets were all unaffected by verapamil. 
The drug inhibited basal and glucose- or sulfonylurea-stimulated *°calcium net uptake, without facilitat- 
ing **calcium efflux from perifused islets. It failed to abolish the increase in both **calcium efflux 
and insulin output evoked by theophylline. These data suggest that a major effect of verapamil is 
to inhibit calcium entry in the B-cell, as if such an influx were to occur, in part at least, through 
calcium channels analogous to those described in myocardium and myometrium. The proper effect 
of glucose on calcium handling by the islets was not abolished by verapamil and may, therefore, 
not require the functional integrity of the system responsible for calcium inward transport in the 
B-cell. 


Phentolamine, which is known to abolish the inhibi- 
tory effect of epinephrine upon glucose-induced insu- 


Verapamil, often described as a selective Ca?*-anta- 
gonist, is currently used to probe the significance of 


Ca** inward transport in cells exerting a Ca?*- 
dependent function [1-5]. For instance, it was pro- 
posed that verapamil might help to elucidate the pre- 
cise modality by which agents such as glucose or 
theophylline exert their insulinotropic action [6, 7]. In 
the present study, reported in abstract form elsewhere 
[8], it was investigated whether the influence of vera- 
pamil upon various parameters of islet function is in- 
deed compatible with its postulated mode of action, 
namely the inhibition of Ca?* influx in the B-cell. 


MATERIALS AND METHODS 


The methods used for the measurement of insulin 
release [9], proinsulin biosynthesis [10,11], glucose 
utilization as judged by the production of 7H,O from 
[5*H]glucose [12, 13], glucose oxidation [14], lactate 
production [15], **calcium net uptake [16] and *°cal- 
cium efflux [17] in isolated islets removed from fully 
fed female albino rats were previously described. 


RESULTS 


Effect of verapamil upon insulin release. Figure | 
illustrates the dose—action relationship for the inhibi- 
tory effect of verapamil upon insulin release evoked 
by glucose (16.7 mM) in isolated islets. Whereas vera- 
pamil at a 0.01 mM concentration suppressed glucose- 
induced insulin release, it did not abolish the en- 
hancing action of theophylline (Table 1). The latter 
experiments were performed in the presence of glu- 
cose (16.7mM) for, at the concentration here used 
(1.4mM), theophylline does not exert any significant 
insulinotropic action in the absence of glucose [18]. 


lin release [19] failed to protect the B-cell against the 
inhibitory action of verapamil (Table 1). 

Effect of verapamil upon insulin biosynthesis. The 
effect of verapamil upon proinsulin synthesis was 
tested at two glucose concentrations (4.2 and 
16.7 mM), the first close to the threshold value for 
the stimulant action of glucose upon proinsulin syn- 
thesis and the second inducing a near-to-maximal 
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Fig. 1. Mean values (+ SEM) for insulin release evoked 

by glucose (16.7 mM) at various verapamil concentrations 

(logarithmic scale) are shown together with the number 
of individual experiments (n). 
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Table 1. Effect of verapamil, theophylline and phentolamine upon insulin release 
evoked by glucose (16.7 mM) in isolated islets 





Verapamil 
(mM) 


Theophylline 
(mM) 


Phentolamine Insulin output* 
(mM) (%) 





100.0 + 5.1 (56) 
15.6 + 4.2 (55) 
18.6 + 3.0(9) 

1.4 - 255.1 + 15.9 (18) 
0.01 1.4 — 62.3 + 6.3 (18) 


0.01 
0.01 





* Mean values (+ SEM) for insulin output are shown together with the number 
of individual experiments (in parentheses) and are expressed in percent of the mean 
control value found in the presence of glucose alone within the same experiment(s), 
such a control value averaging 292 + 21 wU/islet per 90 min. 


Table 2. Effect of glucose and verapamil upon proinsulin biosynthesis and conversion by isolated islets 





Proinsulin synthesis* 
Glucose 
(mM) 


Verapamil 
(mM) 


Proinsulin conversion* 
(% of total synthesis) (%) 





(cpm. 10~ 3/25 islets) 





4.2 45.3 + 14.6 
4.2 0.01 40.5 + 2.6 

16.7 136.8 + 24.0 
16.7 0.01 122.4 + 21.8 


33.4 + 8.5 
33,2: + 3.2 
55.7 + 4.1 
54.7 + 6.1 


43.7 + 68 
40.5 + 7.2 
34.8 + 3.7 
43.7 + 6.7 





* Mean values (+ SEM) are each derived from 4 individual measurements. 


Table 3. Effect of verapamil and theophylline upon glucose metabolism in isolated islets 





Glucose (mM) 16.7 
Verapamil (mM) 0.01 _ 
Theophylline (mM) - — 1.4 


16.7 16.7 





105 + 10(20) 
65 + S(11) 
30 + 4(17) 


Glucose utilization* 
Lactate output* 
Glucose oxidation* 


106 + 9(18) 
44 + 4*(11) 
29 + 5(16) 


98 + 11 (16) 
58 + 5(11) 
35 + 4(17) 


84 + 7(18) 
57 + 6(11) 
26 + 3(17) 





* Mean values (+ SEM) for the utilization of glucose (as judged by the production of *H,O from 
[S*H]glucose over 120 min incubation), the output of lactate in the incubation medium (measured 
over 90 min incubation) and the oxidation of glucose (as judged by the production of '*CO, from 
[U-'*C]glucose over 120 min incubation) in the islets are invariably expressed as pmol of glucose 
residues metabolized per islet and per hr, and are shown together with both the number of individual 
determinations (in parentheses) and the statistical significance (a: P < 0.01) of differences between ex- 


perimental and control (glucose alone) data. 


biosynthetic response [10]. Verapamil failed to signifi- 
cantly affect the various parameters of islets biosyn- 
thetic activity at these two glucose levels (Table 2). 

Effect of verapamil upon glucose metabolism. At high 
glucose concentration (16.7mM), verapamil 
(0.01 mM), theophylline (1.4mM) and the combina- 
tion of both agents failed to affect glucose utilization 
and oxidation by the islets (Table 3). Verapamil also 
failed to affect the total production of lactate by the 
islets but apparently retarded its exit from the islets 
(Fig. 2), so that the amount of lactate released by 
the islets in the medium was decreased. Such a reduc- 
tion was not encountered when theophylline was also 
present in the incubation medium (Table 3). 

Effect of verapamil upon **calcium uptake. The 
results of the measurements of **calcium net uptake 
are summarized in Table 4. Verapamil (0.01 mM) in- 
hibited basal net uptake (Table 4, lines 1 and 2). 


Theophylline (1.4mM) failed to protect against such 
an inhibitory effect (Table 4, line 3). Verapamil 
(0.01 mM) also reduced tolbutamide- and gliclazide- 
stimulated calcium net uptake (Table 4, lines 4 to 
7). In the presence of glucose (16.7 mM), verapamil 
(0.002 to 0.1 mM) cause a dose-related inhibition of 
calcium net uptake (Table 4, lines 8-10 and 12), a 
significant effect (P < 0.005) being already noted with 
the lowest concentration of verapamil here examined 
(0.002 mM). Theophylline (1.4mM) again failed to 
protect against the inhibitory action of verapamil 
(Table 4, lines 10 and il). The mean degree of inhibi- 
tion in calcium net uptake attributable to verapamil 
(0.01 mM), relative to the appropriate control value 
found in its absence within the same experiment(s), 
was invariably and significantly (P < 0.001) less pro- 
nounced in the presence of glucose (16.7 mM;; inhibi- 
tory effect of verapamil: —21 + 6%; n = 66) than 
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Fig. 2. Isolated islets were incubated for 60 or 90 min with 
glucose (16.7 mM) in the absence (open columns) or pres- 
ence (shaded columns) of verapamil (0.01 mM). After incu- 
bation, lactate was measured either after sonification of 
the islets in their incubation medium (total production; 
upper left panel), or separately in the medium (upper right 
panel) and in the islets homogenates (lower left panel), the 
sum of these two latter measurements being shown in the 
lower left panel. Each value represents the mean (+ SEM) 
of four individual experiments. 


either in its absence (basal uptake; —59 + 8%; 
n = 43) or when tolbutamide (—72 + 6%; n= 20) 
and gliclazide (—73 + 5%; n = 19) were used as the 
insulinotropic agents. 

Effect of verapamil upon **calcium efflux. We have 
examined the effect of verapamil upon **calcium 
efflux from islets which were first exposed to glucose 


and **calcium for 60 min, extensively washed, and 
eventually placed in a perifusion chamber where they 
were exposed to media deprived of calcium and 
enriched with EGTA (ethyleneglycol-bis-(f$-amino- 
ethyl ether)N,N-tetraacetic acid, 1.0mM). The latter 
media were used to prevent the release of *°calcium 
often associated with the exocytosis of secretory 
granules [17]. 

Addition of verapamil (0.01 mM) to the perifusate, 
whether in the absence (Fig. 3) or presence (Fig. 4) 
of glucose, failed to cause any obvious accident in 
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Fig. 3. Effect of verapamil upon **calcium efflux in the 
absence of glucose. The islets were perifused with calcium- 
deprived media enriched with EGTA (#Ca) and containing 
no glucose (Go). Verapamil (0.01 mM; VER, o) was added 
at the time shown by the dotted line (upper panel). Control 
experiments performed throughout in the absence of vera- 
pamil are shown in the lower panel. Individual values for 
*Scalcium efflux are expressed in percent of the mean con- 
trol value found within the same experiment between 
40-44 min. Mean values (+ SEM) are shown together with 
the number of individual experiments in each group (n). 


Table 4. Effect of verapamil and other insulinotropic agents upon **calcium net uptake by isolated islets 





Tolbutamide 
(mM) 


Glucose 
(mM) 


Line 
(Nr) 


Theophylline 
(mM) 


Gliclazide 


Calcium uptake* 
(pg/islet at 90th min) 


Verapamil 


(mM) (mM) 





OCeOAIYDMNLHWN 


1.4 


0.010 
0.010 


0.010 
0.010 
0.002 
0.010 


0.010 
0.100 





* Mean values (+ SEM) are shown together with the number of individual determinations (in parentheses). 
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Fig. 4. Effect of verapamil upon **calcium efilux in the 
presence of glucose. Same presentation as in Fig. 3. Glu- 
cose (16.7 mM; G;) was present throughout the perifusion. 


the pattern of progressively decreasing effluent radio- 
activity normally observed in the present system. Ver- 
apamil did not prevent the immediate reduction in 
*calcium efflux normally seen on addition of glucose 
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Fig. 5. Effect of glucose upon * calcium efflux in the 

absence (lower panel) or presence (upper panel) of verapa- 

mil. Same presentation as in Fig. 3. Glucose (16.7 mM; 
G,) was added at the time shown by the dotted line. 


- (16.7mM) to the perifusate (Fig. 5). Thus, both in 


the absence and presence of verapamil (0.01 mM), the 
rate of fall in effluent radioactivity was significantly 
increased by glucose (Table 5, lines 5 and 6). Likewise, 
verapamil did not prevent the immediate increase in 
*Scalcium efflux normally seen on addition of theo- 
phylline (2.0 mM) to the perifusate (Fig. 6). 

A closer examination of the experimental data sug- 
gested that verapamil may tend to minimize the effect 
of theophylline on *°calcium efflux, both in the pres- 
ence and absence of glucose (Table 5, lines 7-10). This 
behaviour contrasts with that seen in the absence of 
theophylline, where an opposite trend towards facili- 
tation of *°calcium efflux was noted upon addition 
of verapamil to the system (Table 5, lines 1-4). 
Although none of these changes achieved statistical 
significance, it should be noted that a clear-cut facili- 
tation of **calcium efflux, characterized by an in- 
crease in the effluent radioactivity, was observed when 
verapamil was added to the perifusate in a much 
higher concentration (0.1 mM), the latter phenom- 
enon being observed both in the absence and presence 
of glucose (data not shown). 


DISCUSSION 


The inhibitory effect of verapamil upon glucose- 
induced insulin release is apparently not due to any 
major defect in the process of glucose metabolism 
and/or recognition by the B-cell. The utilization and 
oxidation of glucose, its inhibitory effect on *°calcium 
efflux and its stimulant action upon proinsulin bio- 
synthesis were all unaffected by the calcium-anta- 
gonist. 
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Fig. 6. Effect of theophylline upon **calcium efflux in the 

absence (lower panel) or presence (upper panel) of verapa- 

mil. Same presentation as in Fig. 3. Theophylline (2.0 mM; 

T) was added at the time shown by the dotted line. The 

broken line in the lower panel refer to mean control data 

obtained when no theophylline was added to the system 
(see Fig. 3). 
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Table 5. Effect of glucose, verapamil and theophylline upon .**calcium efflux 
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* Verapamil (0.01 mM; V, 9) and theophylline (2.0mM; T) were used in the absence (Go) or presence of glucose 


t The slope (b) of the regression line characterizing the rate of change in mean effluent radioactivity is expressed 
as percent per min (°%.min~') for two successive periods of 7min each (min 38-44 and min 44-50). Whenever a 
change in composition of the perifusate was introduced, the change took place at min 44. Also shown are the number 
of individual experiments in each group (n) and the statistical significance for the change in slope over the two successive 
periods (a: P < 0.05; b: P < 0.001) and for the difference between changes observed in different sets of experiments 


(NS: not significant). 


A more likely explanation for the effect of verapa- 
mil B-cell function would be an inhibition of calcium 
entry in the B-cell, since the drug, at concentration 
up to 0.01 mM, inhibited the net uptake of *°calcium 
by the islets without causing any obvious facilitation 
of *°calcium efflux. A primary effect of verapamil 
upon the channel for calcium influx in the B-cell 
would also explain why the drug inhibited basal as 
well as glucose-stimulated calcium net uptake and 
why it abolished sulfonylurea-induced calcium net 
uptake and subsequent insulin release. Last, because 
the insulinotropic action of theophylline is thought 
to result from an intracellular translocation rather 
than a change in the net uptake of calcium by the 
B-cell [20, 21], it is not surprising that the methylxan- 
thine protected glucose-induced insulin release 
against the inhibitory action of verapamil[7] but 
failed to protect against the verapamil-induced reduc- 
tion in calcium net uptake. 

Within the framework of such a hypothesis, the fol- 
lowing unexpected findings should be considered. 
First, verapamil (0.01 mM) caused lactate accumu- 
lation in the islets and retarded its appearance in the 
incubation medium. Second, the verapamil-induced 
reduction in glucose-stimulated *°calcium net uptake 
was, in relative terms, less marked than that evoked 
by the calcium-antagonist in the absence of glucose 
or presence of sulfonylurea. Third, there might have 
been a tendency for verapamil to minimize the theo- 
phylline-induced increase in *°calcium efflux from 
perifused islets. And last, from preliminary observa- 
tions, it would appear that, in islets exposed to vera- 
pamil, there is no obvious reduction in the amount 
of calcium pyroantimonate precipitates detected in 
the secretory granules, whereas a significant depletion 
of this cationic pool can be evoked by incubating 
the islets in the presence of a calcium-chelating agent 
(M. Ravazzola and F. Malaisse-Lagae, personal com- 
munication). Further work is obviously required to 
explore these phenomena and their possible interrela- 
tionship. 


B.P. 26/8—pD 


Meanwhile, our experimental data are compatible 
with the view that a major effect of verapamil upon 
islet function is to inhibit calcium entry in the B-cell, 
as if such an influx were to occur, in part at least, 
through calcium channels analogous to those de- 
scribed in myocardium and myometrium [1, 2]. That, 
despite the impairment of calcium entry, glucose was 
still able both to stimulate calcium net uptake by the 
islets and to support the insulinotropic action of theo- 
phylline suggests that the proper effect of glucose on 
calcium metabolism is not dependent on the func- 
tional integrity of the system responsible for calcium 
inward transport in the B-cell. Such a conclusion is 
consistent with the idea that glucose mainly regulates 
some other step of calcium handling by the B-cell, 
such as the outward transport of the cation across 
the B-cell membrane [17]. 
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EFFECTS OF DISULFIRAM AND CHLORAL 
HYDRATE ON THE METABOLISM OF CATECHOLAMINES 


IN RAT LIVER AND BRAIN* 
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Abstract—Disulfiram and chloral hydrate are known inhibitors of aldehyde dehydrogenase (ALDH), 
an enzyme involved in the metabolism of dopamine and noradrenaline as well as acetaldehyde. The 
inhibition in vivo of this enzyme by these drugs was investigated in rat liver and brain by measuring 
the distribution of catabolites obtained from catechol amines. Incubations of brain and liver tissues 
as well as perfusions of the caudate nucleus of conscious animals were performed with '*C-labeled 
catechol amines. Data from slice incubations revealed that disulfiram at a dose of 200 mg/kg-day 
given for at least 3 days inhibits brain ALDH more effectively (48 per cent) than the liver enzyme 
(16 per cent), as measured by the decreased formation of 3,4-dihydroxyphenylacetic acid. Furthermore, 
disulfiram increases the rate of deamination of dopamine in liver slices by approximately 25 per cent, 
but did not alter the rate of dopamine deamination in the brain tissues. Tetrahydropapaveroline (THP) 
was formed in every experiment utilizing dopamine. Approximately 10 per cent of the deaminated 
dopamine was recovered as the alkaloid. In addition, a non-identified metabolite of dopamine was 
isolated, primarily from incubations of brain tissues: Some, but substantially less, of the non-identified 
metabolite was obtained from incubations of liver slices as well as from brain perfusions. Chloral 
hydrate at a dose of 100 mg/kg: day given for at least 3 days did not significantly affect the metabolism 
of dopamine in either organ. The metabolism of noradrenaline was not significantly altered by either 
drug. Data from the brain perfusions confirmed the conclusions from incubations of slices: disulfiram 
is a potent inhibitor of 3,4-dihydroxyphenylacetic acid formation, while chloral hydrate is virtually 
ineffective at inhibiting the acid formation. The major differences found from the perfusion studies 
compared to the slice incubations were in the increased concentration of homovanillic acid (HVA) 
and the decreased formation of the non-identified metabolite. The finding that disulfiram only inhibited 
by 16 per cent the liver metabolism of dopamine while drastically inhibiting the liver metabolism 
of acetaldehyde suggests that different isozymes of aldehyde dehydrogenase are involved in the oxidation 
of these two aldehydes. The lack of inhibition of 3,4-dihydroxymandelic acid formation suggests that 
the aldehyde derived from noradrenaline may be metabolized by still a different isozyme of aldehyde 
dehydrogenase. 


Aldehyde dehydrogenase (aldehyde:NAD  oxido 
reductase, EC 1.2.1.3, ALDH) catalyzes the oxidation 
of aldehydes to acids. The aldehydes are formed in 
vivo from either alcohols such as ethanol or from bio- 
genic amines such as the catechol amines and sero- 
tonin. These amines are converted to aldehydes by 
an oxidative deamination catalyzed by monoamine 
oxidase (monoamine:O, oxido reductase, EC 1.4.3.4, 
MAO) while alcohols are oxidized to aldehydes by 
alcohol dehydrogenase (alcohol: NAD oxido reduc- 
tase, EC 1.1.1.1, ADH). Though aldehydes such as 
acetaldehyde are almost exclusively oxidized to acids, 
biogenic aldehydes can be either oxidized to acids 
or reduced to alcohol derivatives. Prior to excretion, 
the catechol amine-derived compounds can be methy- 
lated by catechol-O-methyl transferase (S-adenosyl- 
methionine: catechol-O-methyl transferase, EC 2.1.1.6, 
COMT). Though acetaldehyde is primarily formed 
and metabolized in the liver [1]. ALDH is located 
in other tissues such as brain and heart. In these tis- 
sues, the role of the enzyme is presumed to be to 
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oxidize biogenic aldehydes derived from amines to 
their acid derivatives. The catabolic pathway for bio- 
genic amines is found to be essentially the same in 
the liver [2], heart [3] and brain [2]. Thus, a drug 
which inhibits liver aldehyde dehydrogenase may also 
inhibit the enzyme located in non-hepatic tissue. 

Disulfiram is a potent inhibitor of ALDH, both 
in vivo [4] and in vitro [5]. If alcohol is ingested 
when disulfiram is present, acetaldehyde levels rise. 
The increased blood acetaldehyde is presumably 
partly responsible for the well-known disulfiram—alco- 
hol reaction [6]. For this reason the drug is often 
given to the alcoholic patient in order to deter drink- 
ing. Chloral hydrate is another inhibitor of ALDH, 
and is sometimes used for the treatment of with- 
drawal syndrome in conjunction with other drugs [7], 
and in cases of insomnia of alcohol-addicted indivi- 
duals [8]. 

Since ALDH is involved in both ethanol and bio- 
genic amine metabolism, any drug which inhibits the 
enzyme could also affect biogenic amine metabolism. 
In this paper, we report on the effects of disulfiram 
and chloral hydrate on catechol amine metabolism 
in the liver and brain of rats. 
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EXPERIMENTAL 


Materials 

All chemicals were reagent grade and used, except 
when stated, without further purification. Soluble car- 
boxymethyl cellulose, disulfiram, 2,4-dinitrophenyl- 
hydrazine, catecholamines and other catechol prod- 
ucts were purchased from Sigma Chemical Co. (St. 
Louis, Mo.), and chloral hydrate from Fisher Scien- 
tific Co. (Fair Lawn, N.J.). [Ethylamine 1-'*C] dopa- 
mine hydrochloride and pL[carbinol-'*C]noradrena- 
line bitartrate were obtained from Amersham/Searle 
Corp. (Arlington Heights, IL), Parafilm M from 
American Can Co. (Greenwich, CT), phenol re- 
agent (Folin) from Harleco (Gibbstown, NJ) and 
3.MM chromatography paper from Whatman W & 
R Balston Ltd. (Maidstone, England). Tetrahydropa- 
paveroline was a gift of Dr. A. Collins, Inst. for Be- 
havioral Genetics, Univ. of Colorado (Boulder, CO). 
All other chemicals were purchased from Mallinck- 
rodt Chemical Works (St. Louis, MO). Wistar rats 
were supplied by the breeding facilities of Purdue’s 
Department of Biochemistry. Double-distilled water 
was used throughout this work. 


Methods 


Drugs administration. Disulfiram (recrystallized 
from water—acetone mixtures [9]) was suspended 
(200 mg/ml) in 1% carboxymethyl cellulose. Chloral 
(distillated after treatment of the hydrate crystals with 
concentrated sulfuric acid [10]) was mixed 
(100 mg/ml) with 1°, carboxymethyl cellulose. Either 
one of the drugs was intubated in the stomach of 
300-g male Wistar rats (1 ml/kg) every 24hr for at 
least 3 days, when tissue slices were to be incubated. 
Reference animals were treated with an equivalent 
amount of carboxymethyl cellulose. An additional 


dose of chloral hydrate was given 1 hr before sacrific- ° 


ing the animal. Either a dose (3 ml/kg) of chloral hyd- 
rate or disulfiram (0.5 or 16 hr before dopamine injec- 
tion respectively) was intubated in the stomach of the 
animal when drug inhibition was to be measured by 
brain perfusion. 

Incubation of tissue slices. Brain and liver were 
removed from the body within 2 min after decapi- 
tation. Slices (SOmg) were prepared with a Stadie- 
Riggs microtome, briefly washed in standard Krebs 
Ringer phosphate buffer [11] and incubated for 4 hr 
in Iml of the same solution containing 2mM 
(0.2 Ci) '*C-labeled dopamine or noradrenaline. The 
incubation tubes (13 x 100mm) were flushed with 
oxygen, sealed with Parafilm and shaken con- 
tinuously in a thermostatic bath at 37°. 

Separation of products. After removing the slice 
from the incubation mixture, a 25-ul sample was sub- 
jected to paper electrophoresis in 50 mM sodium bor- 
ate buffer, pH 9.5 (3 hr, 10 V/cm, 4°), in order to sep- 
arate the metabolites of dopamine or noradrenaline 
[12,13]. Standard solutions of expected products 
were run simultaneously. Spots were visualized with 
50%, aqueous phenol reagent, cut from electrophore- 
grams and quantitated by scintillation counting as de- 
scribed by Tank et al.[13]. Individual components 


were identified by comparison of electrophoretic . 


mobility with reference standard solutions in either 
sedium borate or 30mM sodium phosphate buffer, 


pH 6.8. The presence of aldehydic function was recog- 
nized by spraying with 0.4% of 2,4-dinitrophenylhyd- 
razine in 2 N HCl. Schematic electrophoregrams are 
presented in Fig. 1. 

Surgery. A thin-wall stainless steel guide tube was 
implanted stereotaxically in the brain of the rat under 
aseptic conditions, as described by Myers [14]. The 
coordinates of the site to be perfused, the caudate 
nucleus, were determined using the stereotaxic atlas 
of Pellegrino and Cushman [15]: AP = 8.2, L = 3.0 
and V = 4.0. After surgery, the animals were allowed 
5 days for recovery. 

Push-pull perfusions. The microinjection and the 
push-pull perfusion canulae were fashioned and filled 
with a physiological sterile solution as described by 
Myers [16]. Approximately 1yCi (2p, 0.6 to 
1.0 umole) ['*C]dopamine was injected at 1 pl/min 
1 mm below the tip of the implanted guide tube. Five 
min later, the push-pull perfusion was started and 
performed for 30 min continuously at 25 yl/min; the 
perfusate was stored at 0° in a long coil of PE 50 
polyethylene tubing, and fractions of ca. 50 ul were 
collected and acidified to pH 4.0 with 0.1 N HCI. The 
products were analyzed as described above for the 
incubation experiments. Each animal was submitted 
to one perfusion daily. Reference metabolism was 
determined before any drug was given to the rat. His- 
tology of the area of implantation was performed 
according to Wolf [17]. 
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Fig. 1. Schematic electrophoregrams of metabolites from 
dopamine (left) or noradrenaline (right) incubated with 
brain or liver tissues. Migration is in borate buffer, as de- 
scribed in the Experimental section. Abbreviations are as 
follows: AMN: dopamine or noradrenaline; PRO: 
'4C_labeled compound(s) bound to protein; NTR: neutral 
metabolites (alcohol and aldehydes); THP: tetrahydropa- 
paveroline; HVA 4-hydroxy-3-methoxyphenylacetic acid; 
NIM: non-identified metabolite; and ACD: 3,4-dihydroxy- 
phenylacetic acid or 3,4-dihydroxymandelic acid. 
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Calculations. Except when stated, all values are 
expressed as mean and standard deviation of dupli- 
cate analysis from eight animals. Statistical signifi- 
cance was determined by Student’s t-test for two 
means with a programmed Hewlett-Packard 25 cal- 
culator. 


RESULTS 
Dopamine metabolism in tissue slices 


Liver metabolism. Approximately 50 per cent of the 
dopamine was deaminated during the course of the 
incubation. The major metabolites isolated were acids 
(48 per cent), either 3,4-dihydroxyphenylacetic acid 
(DOPAC) or 4-hydroxy-3-methoxyphenylacetic acid 
(homovanillic acid, HVA), and neutrals (28 per cent), 
which were previously shown to be a mixture of both 
3,4-dihydroxyphenylethanol (DOPET) and 3,4-dihyd- 
roxyphenylacetaldehyde (DOPAL) [13]. Tetrahydro- 
papaveroline (THP), a condensation product of dopa- 
mine and DOPAL [18], was also obtained. Two ad- 
ditional radioactive components were found. The first, 
which migrated between dopamine and THP, con- 
tained proteins. It was not ascertained which metabo- 
lites were associated with, or how they were bound 
to, this proteic material. The second was a metabolite 
which is not yet identified (non-identified metabolite, 
NIM) migrating close to DOPAC. Since the chemical 
nature of this component is still unknown, the same 
specific activity as dopamine (1 '*C atom/molecule) 
was assumed to calculate the levels of this component 
(Table 1). The distribution of these products is pre- 
sented in Fig. 2A. When dopamine was incubated 
with free intact hepatic cells, the same distribution 
of metabolites was obtained, within experimental 
error. 

Brain metabolism. The same metabolites were iso- 
lated from incubations of brain and liver tissues. 
However, the rate of deamination of dopamine was 
50 per cent lower than in incubations of liver slices 
(Table 1). The major difference in product distribution 
between results from these two organs was in the level 
of the non-identified metabolite. After incubations of 
brain tissues, this component was a major metabolic 
product, reaching a level comparable to that of 
DOPAC, as shown in Fig. 2B. In addition, more 
radioactivity was recovered in the protein fraction. 

Effect of disulfiram and chloral hydrate. Assays in 
vitro [19,20] using p-nitrobenzaldehyde or acetalde- 
hyde revealed that disulfiram is a potent inhibitor of 
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aldehyde oxidation; less than 10 per cent of ALDH 
activity remained when 25 uM disulfiram was present 
in the assay. However, only a modest 16 per cent 
decrease in DOPAC formation was observed in the 
incubation of liver slices. A higher inhibition (48 per 
cent) was found in incubations of brain tissues. For 
both organs, the level of HVA was unaffected by the 
drug. Concomitant with the decrease of DOPAC con- 
centration was a proportional increase of the neutral 
accumulation. The overall effect of disulfiram on the 
metabolism is presented in Fig. 2 and Table 1. 

Chloral hydrate, though a potent inhibitor in vitro 
of ALDH, is relatively ineffective in producing alter- 
ations in DOPAC or neutral levels as shown in Fig. 
2. The response in vivo of ALDH to the drug, as 
measured by the alteration of DOPAC formation in 
incubation of tissues, is summarized in Table 2, where 
only the concentrations of major metabolites were 
considered. Chloral hydrate produced a small but sta- 
tistically significant increase (ca. 12 per cent) in brain 
neutral levels. However, the ca. 7 per cent decrease 
in brain DOPAC levels that was observed did not 
reach a Statistical significance due to broader indivi- 
dual variation. 

Disulfiram-treated animals, but not chloral hy- 
drate-treated ones, exhibited an enhancement of the 
overall deamination of dopamine in the liver slices. 
Neither drug affected this deamination in the brain 
tissues. 

Noradrenaline metabolism in tissue slices. In con- 
trast with the deamination of dopamine, disulfiram 
did not affect the rate of noradrenaline disappearance. 
After incubations of liver and brain slices from any 
control or drug-treated animals, two major fractions 
were isolated. The neutral one comprised 3,4-dihyd- 
roxyphenylglycol (DOPEG) and  3,4-dihydroxy- 
phenylglycolaldehyde; the acid one contained only 
3,4-dihydroxymandelic acid (DOMA). A. slightly 
higher level of acid was found as a result of liver 
metabolism (19 per cent), as compared to brain meta- 
bolism (14 per cent). Some radioactivity was also 
found in a fraction containing proteins; 17 and 22 
per cent of the recovered labeled components were 
associated with this fraction in the incubation mix- 
tures of liver and brain tissues respectively. The drugs 
did not alter these values (data not presented). 


Brain perfusions 


Basal metabolism. The metabolism of dopamine in 
the brain was also measured in situ by perfusion of 


Table 1. Radioactivity (cpm) found in compounds isolated from incubations of ['*C]dopamine with liver or brain 
tissue in control and drug-treated animals 





Activity* (cpm) 
NTR 


Drug 


Total count 


recoveredt 


DOPAC 





Liver 

Reference + S. D. 

Disulfiram + S. D. 

Chloral hydrate 
+S. D. 

Brain 

Reference + S. D. 

Disulfiram + S. D. 

Chloral hydrate 
+S. D. 


2375 + 981 +2 + 
1814 + 824 +t 2 + 


2507 + 986 + 418 + 145 


3063 + 406 30 + 2 219 + 51 
2982 + 256 227 + 92 
2994 + 339 


165 + 108 211 + 62 


599 + 132 
968 + 154 


66 + 20 
123 + 68 


75 + 27 


232 + 91 
265 + 111 


219 + 80 





* For abbreviations of compounds see Fig. 1. 
+ Ca. 5000 cpm was placed in the paper. 
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Fig. 2. Relative concentration of the deaminated products isolated 
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from incubation of liver (A) or 


brain (B) slices with dopamine. Abbreviations are as follows: PRO: '*C-labeled compound(s) bound 
to proteins; THP: tetrahydropapaveroline; NTR: neutral metabolites (3,4-dihydroxyphenylacetaldehyde 


(DOPAL) + 3,4-dihydroxyphenylethanol 


DOPET); 


HVA: 4-hydroxy-3-methoxyphenylacetic acid; 


NIM: non-identified metabolite; and ACD: 3,4-dihydroxyphenylacetic acid (DOPAC). Comparison 


of control animals ( 


. left), animals treated with disulfiram ( 


, center) or chloral hydrate 


( , right). Conditions are as described in the Experimental section. 


the caudate nucleus of conscious rats. In Table 3 are 
presented representative results obtained at selective 
time points during perfusion. In contrast to results 
from incubation of brain slices, where the ratio of 
HVA to DOPAC was 0.2, the perfusion data showed 
a ratio from 1.2 to 4.0. Also, the level of the non-iden- 
tified: metabolite was three to five times lower. 

The relative levels of acid and neutral metabolites 
at different times after micro injection of dopamine 
are presented in Fig. 3. Each time point of the curves 
is analogous to the single entry of Table 2. The levels 


of non-identified metabolite were omitted from Fig. 
3 for clarity of presentation. 

Effect of disulfiram and chloral hydrate. The total 
radioactivity isolated at any time point differed prior 
to and after drug treatment (Table 3). It cannot be 
concluded from this difference that the drug altered 
the uptake of dopamine or MAO activity, for it is 
often observed that there is a high degree of variabil- 
ity in the levels of radioactivity in the effluent. This 
variability does not prevent the measurement of the 
inhibition of aldehyde dehydrogenase activity. As 


Table 2. Distribution of the major metabolites isolated from incubation of brain or liver tissues with dopamine (norma- 


lized to equal 


100 per cent) 





Neutrals* (°,) 


Organ Drug Mean + 


Acidst (°,) 
Mean + S. D 


NIM¢ (%) 
Mean + S. D. 





29.4 +2 
43.6 + 
32.9 + 
36.4 + 
43.2 + 
38.2 + 


Brain 
< 0.001 
< 0.02 


Disulfiram 
Chloral hydrate 


NS 
NS 


Disulfiram 
Chloral hydrate 


42.2 

25.8 + 
39.3 + 
59.8 + 10.3 
51.3 + 108 
$7.0 + 13.1 


5.4 
4.7 
6.0 


28.4 + 3.9 
30.5 + 7.3 
27.8 + 4.2 
3.8 + 0.6 
5.5 + 3.6 
48 + 2.5 


< 0.001 
NS 


< 0.05 
NS 





* Neutrals: 3,4-dihydroxyphenylethanol (DOPET) + 3,4-dihydroxyphenylacetaldehyde (DOPAL). 
+ Acids: 3,4-dihydroxyphenylacetic acid (DOPAC) + 4-hydroxy-3-methoxyphenylacetic acid (HVA). 


{ NIM: non-identified metabolite. 
§ NS = not significant. 





Effects of disulfiram and chloral hydrate on metabolism 


Table 3. Radioactivity (cpm) found in compounds derived from dopamine isolated at various times 
for perfusion of the caudate nucleus in the presence and absence of drugs 





Time* 


(min) AMN NTR 


Activityt (cpm) 


Total counts 


NIM recovered 





Reference (animal 1) 
12.5 4,091 
15.0 1,263 31 
15.7 865 22 
Disulfiram-treated 
12.5 216 46 
15.0 161 31 
17.5 107 18 
Reference (animal 2) 
12.5 8,786 314 
15.0 2,945 162 
17.5 1,984 97 
Chloral hydrate-treated 
12.5 3,449 166 
15.0 1.116 91 
17.5 536 43 





* Time after injection of dopamine. 


+ For abbreviations of compound see Figs. 1 and 2. 


expected from the incubation of brain slices, disul- 
firam drastically inhibited the formation of acids as 
shown in Fig. 3A. The inhibition is observed ca. 
10 min after the onset of perfusion. Similar effects can 
be noted if either HVA or DOPAC was plotted separ- 
ately, since both of their respective levels were simi- 
larly decreased by this drug. The expected increase 
in the level of neutral metabolites was observed as 
well as the unaltered amounts of both THP and non- 
identified metabolite. 

No alteration of the metabolism was observed with 
the chloral hydrate-treated animals. Though the 
representative results presented in Table 3 and Fig. 
3B indicate a slight difference between the metabolic 
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levels, it was established that they were within the 
range of metabolic variation observed for a given ani- 
mal, as opposed to experimental errors. 


DISCUSSION 


Incubations of liver slices or free intact hepatocytes 
yielded similar patterns for the dopamine metabolism. 
Comparable results were also obtained with incuba- 
tions of brain tissues and from perfusions of the cau- 
date nucleus. However, an exception is the low level 
of HVA obtained; this O-methylated acid is not 
formed in high amounts in the incubations, presum- 
ably due to the non-regeneration of endogenous 





a 
o 


CONCENTRATION [%] 
8 


' 
°o 








! L 


20 30 
TIME [min] 





Fig. 3. Representative curves of brain perfusion of animals before (@ or O) or after (A or A) treatment 

with disulfiram (A) or chloral hydrate (B). For simplification, only relative concentrations of neutral 

[——, A, @; 3,4-dihydroxyphenylacetaldehyde (DOPAL) + 3,4-dihydroxyphenylethanol (DOPET)] and 

acid [--—-, A, O; 3,4-dihydroxyphenylacetic acid (DOPAC) + 4-hydroxy-3-methoxyphenylacetic acid 

(HVA)] metabolites are shown as a function of the time elaspsed after injection of dopamine. Conditions 
are as described in the experimental section. 





746 


S-adenosylmethionine (SAM) in the cell. In brain per- 
fusates from live animals, where regeneration of SAM 
is possible, a large fraction of the recovered acids was 
HVA. Since O-methyl amines were not detected in 
any incubation or perfusion, COMT must have trans- 
ferred methyl groups to DOPAC and/or DOPAL. 

No one has reported the presence of aldehydes de- 
rived from the catecholamines in urine. They were 
identified in incubations of liver [13] and brain tis- 
sues and perfusions. This suggests that the aldehyde 
is further metabolized or oxidized before excretion. 

Though not normally found in urine, THP has 
been detected from subjects treated with 3,4-dihyd- 
roxyphenylalanine (L-DOPA) [21]. The isolation of 
THP in every experiment in this study shows, as ori- 
ginally published by Davis and Walsh [18], that this 
compound can indeed be formed in the animal. No 
attempt was made to determine where THP forms 
in the organs and if it is further metabolized. The 
relationships between dopamine, DOPAL and THP 
concentrations will be presented elsewhere. 

A presumably new but still not identified metabo- 
lite from dopamine was isolated. This compound was 
found in large amounts from incubation of brain 
slices but in low concentrations from liver tissues. 
Finding the compound primarily from incubations of 
brain slices shows that the compound was not one 
of the typical catechol degradation products that are 
formed when incubating catechols in the presence of 
oxygen. Perfusions of the caudate nucleus yielded a 
level more similar to that obtained with liver slices, 
suggesting that the main site of synthesis is located 
in another region of the brain. Preliminary attempts 
to characterize this compound by mass spectrometry 
remained unsuccessful. Its high electrophoretic mobi- 
lity in borate buffer could be due to either the pres- 
ence of acidic residues or of additional hydroxyl 
groups being complexed by the borate anion. 

Chloral hydrate is metabolized rapidly in the liver 
[22]. Assays in vitro performed under V,,,, conditions 
using crude rat liver homogenates showed that 
10mM chloral hydrate was necessary to totally in- 
hibit ALDH activity. It was not possible to adminis- 
ter the drug at such a concentration in the animal, 
so the lack of inhibition in the liver or brain slice 
experiments could be due to either the fact that the 
drug was completely metabolized or that there was 
not enough drug present to inhibit the enzyme in the 
presence of the substrate. However, Huff et al. [23] 
found that chloral hydrate given to rats greatly 
affected the serotonin metabolism. It was found in 
this study that even if an additional dose (0.6 LDso) 
of chloral hydrate was given intragastrically only 
30 min prior to brain perfusion, no alteration in the 
metabolism of dopamine was observed. It is possible 
that the enzymes located in the caudate were not as 
inhibited by chloral hydrate as were the enzymes 
located in the serotonergic regions of the brain. Thus, 
the finding of essentially no inhibition by the drug 
cannot be used as evidence to prove that the drug 
is not an inhibitor in vivo of aldehyde dehydrogenase. 

In contrast to chloral hydrate, disulfiram not only 
inhibited ALDH in brain and liver but stimulated 
the deamination of dopamine in the liver. It did not 
affect the deamination of noradrenaline. The cause 
of this stimulation, presumably of liver MAO activity, 
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was not investigated. There are multimolecular forms 
of MAO [24] and different isozymes are involved in 
the oxidative deamination of noradrenaline and dopa- 
mine [25]. It appears, then, that disulfiram is affecting 
these isozymes differently. 

As can be seen from the data in Table 2, inhibition 
of DOPAC formation in disulfiram-treated animals 
is three times more effective in the brain than in the 
liver. This small extent of inhibition (16 per cent) of 
the liver enzyme was unexpected, since it is known 
that acetaldehyde is barely oxidized in the presence 
of the drug and that the same mitochondrial ALDH 
[26] isozyme is preferentially responsible for both 
acetaldehyde and DOPAL oxidation (to be published). 
Deitrich and Erwin [4] have shown that all rat liver 
ALDH isozymes are not equally inhibited by disul- 
firam. Such an uninhibited isozyme could thus 
account for the DOPAL oxidation in the drug-treated 
animals. This would be valid only if the uninhibited 
isozyme had higher specific activity toward DOPAL 
than toward acetaldehyde. Preliminary work on sub- 
strate specificity supports this hypothesis. 

From brain perfusions of control rats, 55-80 per 
cent of the acid product obtained was HVA. DOPAC 
as well as HVA levels were decreased in perfusions 
of disulfiram-treated animals. This suggests that the 
unaltered levels of HVA found after incubation of 
brain slices were due not to lack of ALDH inhibition, 
but more likely to the rapid depletion of SAM as 
discussed above. 

The large standard deviations of the presented 
results are due to differences between individual ani- 
mals and not to simple experimental errors. It could 
be caused by differences in the rates of drug absorp- 
tion and interactions, as illustrated by the broader 
variation in incubations of brain slices from disul- 
firam-treated animals (see Table 2). 

Among the multiple effects on the organism, disul- 
firam affects brain and liver dopamine metabolism 
mainly by inhibition of ALDH. In addition it inhibits 
dopamine-f-hydroxylase (3,4-dihydroxyphenylethyl- 
amine, ascorbate:oxygen oxido reductase, EC 
1.14.2.1, DBH), thus lowering the concentrations of 
noradrenaline in the organism [6, 27]. Since the drug 
inhibits DBH and ALDH, the physiological balances 
of every metabolite from dopamine and noradrenaline 
are altered. The extrapolations from animal models 
to humans are always difficult. Rats neither exhibit 
a “knock-out” effect when chloral hydrate and eth- 
anol are given simultaneously, nor the well-known 
ethanol-disulfiram syndrome. When disulfiram is pre- 
scribed to patients in order to deter drinking, the 
treatment is usually for a long period of time. If some 
similarities exist between the metabolism of rats and 
humans, disulfiram-treated patients would encounter 
a serious change in their overall catecholamine meta- 
bolism. What the long-term effects of such an alter- 
ation would be is not predictable. 
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Abstract—Various factors known to alter hepatic drug metabolism were examined for their effects 
on drug metabolism in certain extrahepatic organs, viz. lung and kidney. The prominent sex-related 
differences in drug metabolism in rat liver.were not seen in either lung or kidney. Pretreatment of 
rats with phenobarbital produced the expected large increases in hepatic NADPH cytochrome c reduc- 
tase, cytochrome P-450, aminopyrine demethylase and biphenyl hydroxylase activities without concomi- 
tant changes in any of these parameters in lung, and only scattered and smaller changes in kidney. 
3-Methylcholanthrene (3-MC) pretreatment significantly increased cytochrome P-450 levels in all three 
organs. Pretreatment of rats with carbon tetrachloride (CCl,) produced consistent inhibition of mixed- 
function oxidation in hepatic microsomes, but the extrahepatic effects were less predictable and were 
both organ- and enzyme-specific. An increase in renal UDP-glucuronyltransferase activity was observed 
after CCl, treatment that paralleled a similar but larger increase observed in liver. Extrahepatic 
NADPH cytochrome c reductase and N-methyl-p-chloroaniline demethylase values were unaffected 
by CCl,. Lung and kidney responded in a like manner to liver to the additions in vitro of f-diethyl- 
aminoethyl diphenylpropylacetate (SKF-525A). Losses in enzyme activities in lung and kidney micro- 
somes roughly paralleled those of liver when stored as pellets for up to 14 days at —70°. Two or 
4 days of starvation produced substrate-specific changes in enzyme-specific activity in liver and kidney, 
with lung appearing resistant to the effect. When. enzyme activity was expressed on a whole organ 
basis, however, lung cytochrome P-450 values decreased significantly and parameters from liver and 
kidney increased or decreased in a substrate-specific manner. It is concluded that some physiological 
and pharmacological factors that influence hepatic drug metabolism produce similar effects in iung 


and kidney, while other factors produce organ-specific effects. 


Much interest has been recently demonstrated in 
extrahepatic drug metabolism. Our group has com- 
pared mixed-function oxidation and conjugation of 
xenobiotics in lung and liver [1,2] and has described 
the microsomal drug-metabolizing capabilities of 
lung, liver and kidney from a number of common 
laboratory species [3,4]. Similar work has been car- 
ried out by other groups using lung or kidney, or 
other organs, such as intestine, adrenal or placenta. 
In addition, numerous investigators have studied the 
effects of various xenobiotics on drug metabolism in 
extrahepatic systems. Thus, Reid et al. [5] have exam- 
ined the effect of bromobenzene on lung microsomal 
drug metabolism, and Zampaglione and Manner- 
ing[6] have examined the effect of a number of 
potential inducers or inhibitors of microsomal drug 
metabolism in adrenals and intestinal mucosa. The 
data that have accumulated on extrahepatic drug 
metabolism from these studies are fragmentary and 
present no concise and comprehensive picture of the 
comparability of extrahepatic and hepatic drug meta- 
bolism to exogenous influences. In a continuing 
attempt to arrive at a more thorough understanding 
of the biological control mechanisms active in the 
extrahepatic tissues, we have therefore studied the re- 
sponse of lung and kidney microsomal enzymes to 
some factors that have a well-documented effect on 
liver microsomal] drug metabolism [7]. 


METHODS 
General design 


Adult male and female Sprague-Dawley-derived 
rats (170-230 g) or New Zealand rabbits (2 to 2.5 kg) 
were used throughout. Rabbits were housed two/cage 
on wire mesh floors and rats were housed four/cage 
on hardwood bedding chips in clear plastic cages. All 
animals were allowed food and water ad lib. except 
where specifically noted. Experiments were conducted 
on tissue pools from two rabbits or four rats and 
repeated a minimum of four times; data were 
expressed as the mean + S.D. A two-tailed Student’s 
t-test was used to distinguish significant differences 
between treated and control groups, except where it 
was appropriate to use a Dunnett’s test for statistical 
analysis [8]. 


Experimental design 


Sex differences. Possible sex differences in extrahe- 
patic drug metabolism were investigated using adult 
male and female Sprague-Dawley rats. 

Starvation. In experiments designed to determine 
the effect of starvation on drug metabolism, control 
(non-starved) animals were sacrificed for the prep- 
aration of microsomes on the morning of day 0 (con- 
trol group 1). Remaining animals were either fed ad 
lib. (control groups 2 and 3) or starved for 48 or 96 hr, 
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and microsomal enzyme activities were determined 
simultaneously on fed and starved animals. Since no 
differences were found between control groups 1, 2 
and 3, only the day 0 control data are presented for 
brevity (see Tables 2 and 3). Similar dual controls 
were run in the carbon tetrachloride experiments de- 
scribed below with similar results (see Table 4). 
Storage. The effect of storage on microsomal drug 
metabolism was determined using microsomes from 
rats and rabbits. Microsomes were prepared as de- 
scribed below and either analyzed immediately upon 
resuspension (day 0) or were overlaid with 1.15% KCl 
containing 0.05M Tris-HCl (pH 7.4) and frozen at 
—70° until analysis. On the day of the assay, pellets 


were thawed on ice prior to being resuspended as. 


described below. 

Carbon tetrachloride. Carbon tetrachloride (CCl4) 
was examined for its effect on drug metabolism by 
injecting rats ip. with 1.5 ml/kg of CCl, as a 25% 
(v:v) solution in corn oil. Control animals were in- 
jected with corn oil only. At various times after injec- 
tion with CCl,, animals were killed and analyzed as 
described below. 

Inducers and inhibitors. Rats were injected once 
daily: for 4 days with 80 mg/kg of Na phenobarbital 
in physiological saline or once daily for 3 days with 
25 mg/kg of 3-methylcholanthrene (3-MC) dissolved 
in corn oil. Control animals received equivalent 
volumes of the solvents only. All injections were made 
i.p. Twenty-four hr after the final dose, animals were 
killed and enzyme activities determined. The response 
of microsomal enzymes to the addition in vitro of 
B-diethylaminoethyl diphenylpropylacetate (SKF- 
525A) was studied utilizing microsomes from un- 
treated rabbits. 


Preparation of microsomes, enzyme assays and analyti- 
cal procedures 

Animals were killed by cervical dislocation, and 
liver, lungs and kidneys were promptly removed and 
chilled in ice. The tissue was carefully trimmed and 
minced into small pieces with scissors and then hom- 
ogenized in 3 vol. of cold 0.25M sucrose containing 
50 mM Tris-HCl (pH 7.4) in a Potter-type glass hom- 
ogenizer with a motor-driven Teflon pestle. The 
homogenate was centrifuged for 20min at 9,000g, 
after which the supernatant was centrifuged for an 
additional 60 min at 105,000 g. The supernatant was 
aspirated and discarded and the microsomal pellet 
suspended in 1.15°% KCI containing 0.05 M Tris-HCl 
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(pH 7.4). Protein content was determined by the 
method of Lowry et al. [9] and the microsomes were 
diluted with KCI-Tris to contain 3 mg protein/ml. 

All enzyme assays have been described in detail 
elsewhere [3]. Briefly, mixed-function oxidase activity 
was estimated by aerobically incubating substrates 
[biphenyl, 15 mM; aminopyrine, 25 mM; N-methyl-p- 
chloroaniline (NMPCA), 5mM] with microsomes 
(1 mg protein/ml, final), Tris-HCI buffer (100 mM, pH 
7.4) and an NADPH-generating system at saturating 
concentrations for 15 min. UDP-glucuronyltransfer- 
ase activity utilizing p-nitrophenol (PNP) as substrate 
(1 mM) was determined in the presence of saturating 
concentrations of UDPGA. Standard methods were 
then used to detect the products formed [3]..Cyto- 
chrome P-450 levels were determined by the method 
of Omura and Sato [10] by its dithionite difference 
spectrum, and NADPH cytochrome c reductase was 
determined as described by Williams and Kamin [11], 
and modified by Gigon et al. [12]. 


RESULTS 

Sex differences 

In rat liver, the expected significant sex-related dif- 
ferences were noted in aminopyrine N-demethylase 
and in cytochrome P-450 levels (Table 1). No corre- 
sponding differences were noted in lung or kidney 
for these parameters (Table 1). Similar observations 
(data not presented) were made with rabbit lung and 
kidney. 


Starvation 


Table 2 shows the response of hepatic and extrahe- 
patic drug-metabolizing enzymes to 2 or 4 days of 
starvation. The lung appears to be resistant to 
changes induced by starvation, while kidney and liver 
show only isolated and bidirectional changes in drug 
metabolism. The liver shows the expected minor 
changes in specific activity that have previously been 
shown by others [13,14]. Table 3 shows that, when 
the data are expressed on a whole organ basis, the 


' changes in the activity of different enzyme pathways 


are more marked than was the case when data were 
expressed relative to microsomal protein (Table 2). 
In addition, significant changes are observed in lung, 
where cytochrome P-450 decreases significantly after 
only 2 days of starvation. It is interesting to note 
that when data are normalized in this way, the con- 
tent of cytochrome P-450 and the activity of biphenyl 


Table 1. Lack of sex difference in extrahepatic microsomal drug metabolism in adult Sprague-Dawley rats* 





Lung Kidney 





Aminopyrine N-demethylase 
Male 
Female 

Cytochrome P-450 (AO.D./mg protein) 
Male 
Female 

NADPH cytochrome c reductase 
Male 
Female 


0.48 + 0.17 
0.47 + 0.18 


0.71 + 0.22 
0.72 + 0.06 


0.084 + 0.005 
0.066 + 0.007+ 


0.007 + 0.003 
0.006 + 0.003 


0.012 + 0.005 
0.014 + 0.007 





* Enzyme activities are expressed as nmoles product formed/mg of protein/min. Values represent mean + S.D.; N = 4. 
+ Male and female values significantly different at P < 0.05. 
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Table 2. Effect of starvation on hepatic and extrahepatic microsomal drug metabolism in rats* 





Days starved 





4 





Cytochrome P-450 (AO.D./mg protein) 


Liver 
Lung 
Kidney 
NADPH cytochrome c reductase 
Liver 
Lung 
Kidney 
Biphenyl-4-hydroxylase 
Liver 
Lung 
Kidney 
Aminopyrine N-demethylase 
Liver 
Lung 
Kidney 
UDP-glucuronyl transferase (PNP) 
Liver 
Lung 
Kidney 
Microsomal protein (mg/g) 
Liver 
Lung 
Kidney 


0.077 + 0.012 
0.009 + 0.001 
0.013 + 0.002 


0.086 + 0.009 
0.008 + 0.003 
0.014 + 0.015 


I 


1+2 
6+6 
6+6 


0.83 + 0.12 
0.07 + 0.01 
0.03 + 0.01 


5.42.3 iA 
0.21 + 0.18 
035+ 6.15 


0.076 + 0.019 
0.009 + 0.004 
0.020 + 0.005t 


100 + 20 
42+7 
24+ 1 


1.06 + 0.08t 
0.06 + 0.02 
0.07 + 0.017 


105 + 1.12 
0.33 + 0.16 
0.64 + 0.29 





* Enzyme activities are expressed as nmoles product formed/mg of microsomal protein/min. Values are the mean 


+S$.D.;N =4. 


+ Values at day 2 or 4 significantly different from day 0 at P < 0.05. 


Table 3. Effect of starvation on microsomal drug metabolism in lung, liver and kidney of rats* 





Days starved 





2 





Organ weights 
Body 
Liver 
Lung 
Kidney 
Cytochrome P-450 (AO.D./organ) 
Liver 
Lung 
Kidney 
NADPH cytochrome c reductase 
Liver 
Lung 
Kidney 
Biphenyl-4-hydrox ylase 
Liver 
Lung 
Kidney 
Aminopyrine N-demethylase 
Liver 
Lung 
Kidney 
UDP-glucuronyltransferase (PNP) 
Liver 
Lung 
Kidney 


NVwarvr 


I+ I+ I+ I+ 
SoOoNw 
DAN 

IH IH H+ + 
Sorry 
Dw oo 
won 


25,241 + 3,934.0 
116.4 13: ° 
463 + 71 


15,884.0 + 1,662.0+ 


33,108.0 + 9,506 
464 + 77 
926 + 214 


272 + 38 
0.90 + 0.13 
1.07 + 0.35 


1S3°+ 51 
5.09 + 1.437 
1.02 + 0:23 
1.46 + 0.26 


12,730.0 + 3,182.0 
89 + 19 
727 + 1817 


16,750.0 + 3,350T 
415 + 69 
872 + 36 


177 + 13F 
0.59 + 0.19 
2.54 + 0.367 


Hit+H HHI 
cee HEe 
tn nN > ~ 2 ps § 
= 





* All enzyme activities are expressed as nmoles product/whole organ/min. Values are the mean + S.D.; N 
+ Values at day 2 or 4 significantly different from day 0 at P < 0.05. 


t Not measured. 
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Table 5. Effect of pretreatment of rabbits with phenobarbital or 3-methylcholanthrene (3-MC) on hepatic and extrahepatic 
microsomal drug metabolism 





Liver Kidney 





Biphenyl-4-hydrox ylase 
Control 
Phenobarbital 
3-MC 

NMPCA N-demethylase 
Control 4.05 + 0.28 
Phenobarbital 9.44 + 0.43+ 
3-MC t 

UDP-glucuronyltransferase (PNP) 
Control 
Phenobarbital 
3-MC 

NADPH cytochrome c reductase 
Control 133 
Phenobarbital 194 
3-MC 131 

Cytochrome P-450 (AO.D./mg protein) 
Control 
Phenobarbital 
3-MC 

Microsomal protein (mg/g) 

Control 27.7 + 6.2 
Phenobarbital 7.2t 
3-MC 55 


1.06 + 0.68 
2.97 + 0.72t 
0.90 + 0.08 


O.11 + 
0.22 + 


0.17 + 


0.69 
1.43 


ee H+ 


7.11 + 3.00 
5.20 + 0.84 
1.39 + 2.95 


0.12 + 0.28 
0.00 + 0.00 
0.33 + 0.27 


+ 


2.40 
2.84 
3.05 


HF 


25.8 
37.44 
i Be 


85.8 + 14.4 
96.9 + 4.9 
110 + 9.47 


29.3 + 
41.6 + 10.8 
30.8 + 4.0 
0.128 + 0.022 
0.232 + 0.028T 
0.224 + 0.034 


0.021 + 0.001 
0.022 + 0.006 
0.027 + 0.004+ 


0.014 + 0.003 
0.030 + 0.008t 
0.004+ 


+ 


6.61 + 0.86 
6.13 + 2.70 
5.08 + 0.52 


I+ 1+ I+ 





* Enzyme activities are expressed as nmoles product formed/mg of protein/min. Values represent mean + S.D.; N = 4. 

+ Values significantly different from control at P < 0.05. Student’s t-test was used to compute the significance of 
differences between 3-MC-treated vs corn oil-treated and between saline-treated vs phenobarbital-treated rats. (P< 0.05). 
“Control” refers to the combined corn oil and saline data, which were found not to differ statistically. 

t Not measured. 


hydroxylase in kidney actually increase significantly 
after fasting, while in the liver these parameters either 
decrease or show no change. 


CCl, 


Alterations produced by CCl, administration on 
mixed-function oxidases were complex and varied 
from organ to organ. For example, on the one hand, 
CCl, administration significantly reduced biphenyl 
hydroxylase activities in liver, lung and kidney (Table 
4). On the other hand, CCl, significantly reduced 
NADPH cytochrome c reductase activity in liver 
without influencing this activity in lung or kidney. 


Levels of cytochrome P-450 in liver and lung were 
reduced by CCl, administration but kidney levels 
were unaffected. Demethylation of NMPCA was 
reduced in liver but unaltered in lung and kidney. 
Thus, the enzyme activities were consistently reduced 
in hepatic microsomes from CCl,-treated animals, but 
the extrahepatic response was far less predictable and 
was both organ- and enzyme-specific (Table 4). 
Finally, it is of interest that hepatic UDP-glucuronyl- 
transferase activity was markedly _ stimulated 
(> 3-fold) by CCl, pretreatment (Table 4). A similar 
but less significant trend was observed in kidney, 
although the pulmonary system was unresponsive. 


Table 6. Effect of SKF-525A on drug oxidation by microsomes from rabbit lung, liver and kidney* 





SKF-525A 


Substrate concn (mM) Liver Lung Kidney 





Biphenyl 0 0.62 + 0.07 
0.01 0.47 + 0.06 
0.1 0.31 + 0.05+ 
I 0.14 + 0.07 
Aminopyrine 0 7.26 + 1.08 
6.20 + 0.89 
5.88 + 0.93 
2.91 + 0.70+ 


0.74 + 0.04 
0.70 + 0.09 
0.39 + 0.044 
0.03 + 0.01+ 
1.64 + 0.39 
1.45 + 0.30 
0.70 + 0.187 
0.12 + 0.09% 
Ethylmorphine 0 0.44 + 0.09 
0.01 ; 0.32 + 0.09 
0.1 . i 0.19 + O.11F 
l : ¥. 0.03 + 0.04+ 


+ 0,02 
0.11 + 0.02 
0.07 + 0.02 
0.02 + 0.01+ 
0.51 + 0.03 
0.31 + 0.144 
0.27 + 0.144 
O.11 + 0.124 
0.08 + 0.09 
0.19 + 0.14 
0.07 + 0.10 
0.09 + 0.11 


0.11 





* Enzyme activities are expressed as nmoles product formed/mg of protein/min. Values represent mean + S.D.; N = 3. 
+ Values significantly different from control at P < 0.05. 
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Fig. 1. Effect of storage at —70° on specific activity of 
NADPH cytochrome c reductase ( ) and N-methyl-p- 
chloroaniline ( ) N-demethylase in rabbit liver (0), 
lung (A) and kidney (QO). Each point is the mean + S.D. 
of six replicates from pools of tissue that were prepared 
on 2 separate days. Values which are significantly different 
from the © day control are indicated by an asterisk 
(P < 0.05). 


Induction and inhibition 


Phenobarbital pretreatment produced the expected 
significant increases in hepatic biphenyl hydroxylase, 
NMPCA  N-demethylase, cytochrome — P-450, 
NADPH cytochrome c reductase activities, and in 
microsomal protein (Table 5), but produced only scat- 
tered and generally smaller increases in extrahepatic 
parameters. 3-MC treatment significantly increased 
microsomal cytochrome P-450 content in liver, lung 
and kidney (Table 5). Table 6 shows the response of 
selected substrates of the mixed-function oxidase sys- 
tem in rabbit organs to SKF-525A in vitro. It can 
be seen that enzymes from all three organs responded 
similarly to this inhibitor of drug metabolism. 


Storage 

Figure | shows the influence of storage at —70 
on NADPH cytochrome c reductase and NMPCA 
demethylase activities in microsomes from rabbit 
liver, lung and kidney. It can be seen that in all cases 
the lung and kidney activities responded qualitatively 
similarly to those from liver in their rate of loss in 
activity. In addition, the transient increase in 
NMPCA activity during week | of storage was seen 
in all three organs, although the extent and duration 
of the increas¢ were organ-specific. Storage experi- 
ments conducted with rat microsomes (not shown) 
yielded similar results, except that the rat enzyme ac- 
tivities decayed more rapidly than those of rabbit, 


usually reaching a 50 per cent activity level within 
10-14 days. 
DISCUSSION 


Kato [15] suggested that the well-documented sex 
difference in hepatic microsomal drug oxidation in 


_ rats may be related to higher plasma testosterone 


levels in males as compared with females. Our data 
demonstrating a lack of sex difference in rat lung and 
kidney drug metabolism (see Table 1) suggest a more 
complex system which must involve differences in 
end-organ responsiveness. In another study [16], 
comparable to the present investigation, no signifi- 
cant sex differences in drug metabolism were observed 
in rat lung or intestine with a number of drug sub- 
strates different from those used here. 

The effects of starvation on hepatic drug metabo- 
lism show some apparently conflicting results, and 
various authors have shown no change, increases or 
decreases in enzyme activities depending on the speci- 
fic parameter studied and the duration of star- 
vation [14, 17, 18]. Furthermore, changes in activity 
become more significant or even reverse direction 
when data are normalized per whole organ rather 
than per unit of microsomal protein [17-20]. The im- 
portance of conducting inter-organ comparisons in 
the same laboratory and under the same conditions 
is, therefore, of great importance. The data shown in 
Table 2 suggest that lung microsomal drug-metaboliz- 
ing enzymes appear relatively unresponsive to starva- 
tion-induced changes, while liver and kidney enzymes 
appear more susceptible. When the data are recalcu- 
lated on the basis of organ weight, however (see Table 
3), one sees, for extrahepatic organs, changes that are 
similar to those reported for the liver. 

The storage of liver microsomes from various spe- 
cies has been thoroughly investigated, and the stabi- 
lity of various enzymes shown to be non-uniform. 
Little comparable work, however, has been done uti- 
lizing microsomes from extrahepatic sources [21]. 
The data in Fig. | demonstrate that the enzyme ac- 
tivity from extrahepatic organs responded qualitati- 
vely similarly to hepatic activities. Although only two 
pathways are shown in the figure, the response of 
other parameters showed the same inter-organ rela- 
tionships. Furthermore, parallel experiments with rat 
microsomes duplicated these results with rabbit 
microsomes except that the time course was much 
shorter (data not presented). 

The relative lack of effect of CCl, on drug metabo- 
lism in extrahepatic organs may seem surprising, par- 
ticularly in view of the nephrotoxicity and to a lesser 
extent pneumotoxicity of CCl, [22,23], and the fact 
that the lung is a major excretory route for this com- 
pound [24, 25]. However, it is now generally accepted 
that CCl, itself is inactive and must be activated to 
the proximate toxicant by mixed-function oxi- 
dases [26]. Although the presence of these enzymes 
has been demonstrated in both lung and kidney [3, 4], 
it is possible that the levels of this activating system 
in these organs may be too low to produce sufficient 
amounts of the toxic metabolite after a single dose 
of CCl,. Alternatively, the proximate toxicant may 
be rapidly inactivated or cleared by lung and kidney. 
It is of interest to note that CCl, produces an increase 
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in the specific activity of UDP-glucuronyltransferase 
particularly in liver but to a lesser extent in kidney 
(see Table 4). One might suspect that this represents 
an activation of UDP-glucuronyltransferase rather 
than induction of synthesis of enzyme protein. Sup- 
port for this suggestion can be found in the ease with 
which UDP-glucuronyltransferase is known to be 
activated [27] by a variety of solvents, detergents and 
other compounds and the recent findings of Aitio [28] 
and Otani et al.{29], who demonstrated that CCl, 
produced an activation of hepatic UDP-glucuronyl- 
transferase activity. 

The induction of mixed-function oxidase activity in 
extrahepatic organs has previously been demon- 
strated [30-33], but most work has dealt with either 
the induction of aryl hydrocarbon hydroxylase or 
with induction by polycyclic aromatic hydrocarbon 
administration [28, 30, 32]. Some work, however, has 
been done with phenobarbital and other drugs, and 
most of these studies suggest that the activity of extra- 
hepatic enzymes may be relatively refractory to induc- 
tion by drug treatment [31, 33, 34]. Data presented in 
Table 5 show mixed-function oxidases in the lung and 
kidney to be relatively resistant to induction, and to 
differ in substrate specificity and responsiveness to in- 
ducing agents. It can be seen that the lung cyto- 
chrome P-450 is responsive to 3-MC treatment but 
not to phenobarbital, although phenobarbital did 
provide significant increases in several hepatic par- 
ameters. The kidney, on the other hand, responds to 
both 3-MC and phenobarbital, as does the liver, but 
to different degrees, Mixed-function oxidases from all 
three tissues responded similarly to the addition in 
vitro of SKF-525A, a known inhibitor of microsomal 
drug metabolism (see Table 6). 

The present study has shown that drug metabolism 
in the lung and kidney responds in a parameter-speci- 
fic manner to factors that produce consistent and sig- 
nificant effects on hepatic drug metabolism. Because 
the liver also often responds in a substrate-specific 
manner to exogenous stimuli, this suggests that the 
non-uniform responsiveness of the mixed-function 
oxidase system in the three organs may be related 
to separate control mechanisms. It should be recalled 
‘that both the lung and kidney, in addition to the 
parameter specificity of their responses, responded in 
an inconsistent manner relative to the liver response 
to the various factors examined in this work. This 
lack of general similarity in responsiveness suggests 
that drug metabolism in each organ may be under 
individual control and not interrelated. 
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THE INTERACTION OF CARBAMATES 
WITH ACETYLCHOLINESTERASE 
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Abstract—It has been shown that the kinetic schemes proposed by earlier workers to describe the 
reactions of carbamates with acetylcholinesterase are incomplete. A reaction scheme has been developed 
and tested by the use of methyl- and dimethyl-carbamoylcholines; it adequately explains the reactions 
observed in the carbamate—enzyme system, including the catalysis of decarbamoylation of carbamoy- 
lated acetylcholinesterase by excess carbamate. This study has been extended to include the reaction 
of acetylcholinesterase with more complex carbamates, pyridostigmine, physostigmine, mobam and 


decarbofuran. 


The inhibition of acetylcholinesterase by carbamates 
has been studied by many workers [1—3] and schemes 
to represent the inhibition have been proposed [3-9]. 
However, the observation [7] that the spontaneous 
reactivation of carbamoylated acetylcholinesterase is 
accelerated by free carbamate showed that these 
schemes did not fully account for all the facts. A rein- 
vestigation of the carbamate—acetylcholinesterase 
reaction was therefore necessary. 

It was decided initially to investigate the reaction 
of acetylcholinesterase with the structurally simple 
mono- and dimethyl-carbamoylcholines and then to 
extend the study to include the more complex carba- 
mates, pyridostigmine (I), physostigmine (II), mobam 
(III) and decarbofuran (IV). 


MATERIALS AND METHODS 


The enzyme used was’ purified bovine erythrocyte 
acetylcholinesterase, E.C.3.1.1.7. (ex Sigma Chemical 
Company). Mono- and dimethyl-carbamoylcholine 
iodides and pyridostigmine bromide were prepared 
in our laboratories by published procedures [3a, b], 
and the identities of the compounds were confirmed 
by melting point and spectroscopic methods. Physo- 
stigmine sulphate, mobam, and decarbofuran were 
obtained from British Drug Houses (U.K.), Mobil Oil 
(U.S.A.) and Bayer (F.D.R.) respectively. 

Apparatus. Potentiometric titrations were carried 
out using a Radiometer TTTlc Autotitrator and 
SBR2c Titrigraph fitted with an SBU titration assem- 
bly using a G2222B glass electrode and a K4112 refer- 
ence electrode (all ex V. A. Howe Limited). 


CO-NH:CH, 


as 


0-CO-N(CH3)_ 


Carbamoylation. The carbamate was dissolved in 
water to give a 10~? M stock solution (it was shown 
that there was no measurable hydrolysis of the com- 
pounds in this aqueous solution). 0.5 ml of enzyme 
solution (containing ca. 2 wmolar units of acetylcho- 
linesterase in pH 7.4, 5 x 10°3M phosphate buffer, 
made up to a total ionic strength of 0.1M with 
sodium chloride) was pipetted into each of ten tubes 
contained in a water bath at 37°. An appropriate vol 
of carbamate solution was pipetted into tube 1 and 
after shaking a 0.1ml sample was immediately 
removed and added to 10 ml of 0.1 M sodium chlor- 
ide solution containing acetylcholine iodide at 
5.0 x 10°*M in a Radiometer pH-stat thermostatted 
cell. The solution was assayed at pH 7.4 and 37° using 
a twin syringe pH-stat technique so that the substrate 
concentration was maintained constant. The second 
syringe containing acetylcholine iodide (10~? M) was 
driven synchronously with the syringe containing 
sodium hydroxide (10~? M). 

An identical amount of carbamate was added to 
tube 2 and a sample was removed after an appro- 
priate time interval for assay. This procedure was 
repeated at varying time intervals until a constant 
value of enzyme activity was reached. Reactions were 
then carried out using different concentrations of car- 
bamate. 

At the maximum concentration of carbamate in the 
assay solution, further inhibition during the assay 
period was minimal. 

Decarbamoylation. 1 ml of enzyme solution (pre- 
pared as above) was incubated at 37° for about 1 hr 
with the required concentration of carbamate to 


OCONH-CH, 
| 


o NH, 
OCONH:CH; 
(IZ) 
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obtain maximum inhibition of the enzyme. Of this 
solution, 0.5 ml was then diluted to 100ml with pH 
7.4. 5 x 10°*M phosphate buffer (of total ionic 
strength 0.1M with sodium chloride). Aliquots 
(10 ml) were assayed at appropriate time intervals 
using the method described above (with the acetyl- 
choline iodide concentration again 5.0 x 10~* M). 

The linear rates of acid production observed indi- 
cated that negligible decarbamoylation of the inhi- 
bited enzyme occurred during the assay. The concen- 
tration of carbamate in the diluted solution was so 
low that no significant carbamoylation of the free 
enzyme would occur. The decarbamoylation rate 
coefficient, k,, obtained was thus unambiguous in that 
it was measured in the absence of carbamate. The 
rate coefficient was evaluated by plotting In(E,, — E,) 
against time, where: 


E,, = final measured enzyme activity 
E, = enzyme activity measured at time, t 


The final enzyme activity, E,,, was found to be in 
close agreement with the value obtained from a blank 
experiment carried out with no carbamate i.e. Ep. 


RESULTS AND KINETIC ANALYSIS 


It has been suggested that acetylcholinesterase (E) 
reacts with organophosphates and carbamates (CX) 
in‘an analogous manner to its reaction with sub- 
strates. Thus, the reaction is supposed to proceed via 
a complex (ECX) to give a carbamoylated enzyme 
(EC) which can be hydrolysed to regenerate the 
enzyme [3, 5, 6]. 


E+ CX A ECXK+EC—*+E + product 
(1) 
where 
_ [ECX] 
'  [EJ(CX] 
k, = rate coefficient for breakdown of complex to 
form carbamoylated enzyme 


k, = rate coefficient for decarbamoylation of 


carbamoylated enzyme 


The reaction reaches a steady state, where the rate 
of carbamoylation is equal to the rate of decarbamoy- 
lation, the extent of carbamoylation of the acetylcho- 
linesterase depending upon the concentration of car- 
bamate. It has been observed, however, that the car- 
bamate itself can increase the rate of decarbamoyla- 
tion of the carbamoylated acetylcholinesterase [7]. 

The present inhibition data were analysed using the 
kinetic scheme: 


C+ CXR tek (2) 


which can be considered as two opposing first order 
reactions provided the carbamate is in considerable 
molar excess, as is usually the case. The differential 
equation for Equation 2 is 


d[E] 


ar 7 FelEC] ~ k.LE] 


or 
wt) = kyLE) ~- E] - k.CE] 
where 
Ey = E+ EC 
can be solved to give: 
E, — E, 
E, — E, 


I 
kote = ke + ky = —In 


= original enzyme activity 

= enzyme activity at equilibrium 

= enzyme activity at time, t 
k, = rate coefficient for carbamoylation 
k, = rate coefficient for decarbamoylation 


From the reaction scheme given in Equation 1 it can 
be seen that 


aS k,K,[(CX] 
© 1+ K, [CX] 


The data in Table 1 and Fig. 1 show that the appar- 
ent second order rate constant k,/[CX] (=k,) for both 
monomethy! and dimethyl carbamoyl cholines are ap- 
proximately constant over the concentration range 
used. Thus it is not possible to distinguish between 
a bimolecular carbamoylation step and a unimolecu- 
lar carbamoylation step preceded by an association 
step with only a low affinity constant for the complex, 
i.e. K, is so small that Equation 7 reduces to: 

ke = ky*Ky [CX] (8) 

Since the results listed in Table 1 show that the 
values of k,, the rate constant for decarbamoylation 
of the carbamoylated acetylcholinesterase, increase 
with increasing carbamate concentration, the simple 
scheme of Equations 1 and 2 must be modified to 
account for this acceleration process. The variation 
is shown in Fig. 2. 

The reaction scheme and kinetic analysis conse- 
quently proposed to account for these deviations in- 
volves a direct interaction between the carbamate and 
the carbamoylated enzyme to produce a complex, 
which breaks down to regenerate enzyme as shown 
in the following Scheme. 


(7) 


Scheme ' 
E + CX—++EC + CX—+E 
Ke 
ECCX—+E 
This scheme can be analysed kinetically as follows: 
_ [ECCX] , 
* (EC][CX]’ 
d[E} 


—— k3[EC] + k,[ECCX] — k{E][CX] 


= [EC](ks + ks: K4[CX]) — k{E](CX] 
(9) 
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Table 1. Rate coefficients for carbamoylation of acetylcholinesterase and the decarbamoylation of 
carbamoylated acetylcholinesterase 





Dimethyl-carbamoylcholine Monomethyl-carbamoylcholine 





a? a 10*k 
[CX] [CX] . 
10*[ CX] (s~*) (M~'s~*) % (s~*) (M~'s~') 


10°k, 10°k, 





— 393° — 
0.77 : 4.72 — 
1.05 : 5.18 4.40 
1.37 , 5.32 5.33 
1.93 5. 5.46 ~~ 
= — 8.68 
2.82 ’ 7.02 10.9 
3.13 ‘ 7.34 — 
4.61 ; 8.80 18.1 
5.07 ‘ 8.28 — 
6.23 6.2 9.32 23.4 
10.0 6. 11.1 37.4 





* Measured by decarbamoylation method—see Experimental Section. 


showing that there is significant association ie. Ky 
is not negligible. It should therefore be possible to 
calculate k; and K4. 
Values of ks; and K4 were calculated by obtaining 
% a least mean squares fit of Equation 12 to the experi- 
7 mental values of k, in Table 3 using an iterative 
Monomet hyicarbamoyicholine method [10]. 
Values of k,, which are calculated by combination 


of Equations 5 and 6, viz. 
Dimethyicarbamoyicholine 
| j , 
10 15 aoe * ts (14) 


10* [Cx], ™M 


Fig. 1. Variation of the calculated rate coefficients for car- are reproducible to ca. +10%. The errors on k, are 
bamoylation of acetylcholinesterase with carbamate : eae eee . 
sansnaniitian proportional to k, and weights were taken as propor- 
tional to 1/k?. The values of k,; shown in Table 2 
were assumed to be without error so that the estimate 
of error on k, and K, is reduced. 
Table 2 shows the calculated values of k; and K, 
[E]o = [E] + [EC] + [ECCX] together with standard errors. Best fit calculated 
[E]) = [E] + [EC](1 + K4:[CX]) (10) Values of k, are shown in Table 3 together with the 
observed k, values. 
Combining Equations 10 and 9 gives: It should be noted that since the errors are large 
and the values of k; and K,4 heavily negatively corre- 








d[E] _ k; + ks*Kg-[CX] . 
“a” 1+8C0 (LEJo — LE) . 


— k fEJECX] (11) rama 


Equating coefficients in Equations 4 and 11, it can be 


seen that: ~ z x MonomethyIcarbamoylcholine 
_ ky + ks“ Kal CX] ; yi 


” 12 
ka 1+ K4:(CX] (12) 








If K, is small, as is the case with K,, then Equation 
12 reduces to Dimethyicarbamoyicholine 








If the curvature of the k, — [CX] plot is not very 10 
great, then Equation 13 is adequate and it is not poss- ie* CCxa, 
ible to separate ks; and K4. Fig. 2. Variation of the calculated rate coefficients for 
However, the slope of the k,— [CX] plots de-  decarbamoylation of carbamoylated acetylcholinesterase 
creases as the carbamate concentration is increased with carbamate concentration. 
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Table 2. Rate and 
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equilibrium constants for the reactions of carbamates with acetylcholinesterase using the scheme 


illustrated 





k; 


Carbamate (s~') 


K, 
(M~') 


ksKg 
(M~'s~'*) 





Physostigmine $1 x 10-* 


Mobam 8.1 
Decarbofuran 8.1 
Pyridostigmine 4.0 


39 


Dimethyl- 
carbamoyicholine 
Monomethyl- 
carbamoylcholine 


8.1 


3.6 + 1.0 x 10° 
(3.5 x 10°) 
1.25 + 0.53 x 10* 
(2.0 x 10%) 
4.5 + 1.7 x 104 
(6.0 x 10*) 
5.0 + 1.6 x 10* 
(7.6'x 10*) 
1.9 + 1.2 x 10? 
(3.1 x 107) 
1.04 + 0.23 x 103 
(1.0 x 10%) 


408 + 18 
(405) 
219 +33 
(290) 
298 + 31 
(318) 
331.42 
(403) 
0.70 + 0.11 
(0.81) 
4.45 + 0.45 


(4.5) (4.50) 





lated it-is unlikely that the errors are normally distri- 
buted. 
Equation 12 can be rearranged to yield 
k,—k 
al = ksK, — kiK4 

and thus it is also possible to evaluate k; and Ky 
graphically. Values obtained from the graphical 
method are included in Table 2 in parentheses. It can 
be seen that there are some quite large variations over 
the data obtained by the statistical method. The 
graphical method, although much more convenient 
to use, suffers the normal inconvenience of a Hofstee 
plot, i.e. lack of surveyability since both y and x con- 
tain k,, and also that when k, — k,; is small, consider- 
able errors will be observed in the function 


ka — ks 
[CX] © 


(15) 


The scheme derived is a general one, but in the 
limiting case of very low carbamate concentrations, 
it can be seen from Table 1 that the rate coefficient 
for decarbamoylation, calculated from Equation 2 
approaches the value for the rate coefficient for decar- 
bamoylation measured in the absence of carbamate. 


Thus the kinetic schemes of earlier workers can be 
justified in this limiting case. 


DISCUSSION 


It can be seen that excellent agreement is obtained 
between the rate constants k, for decarbamoylation 
of the monomethylcarbamoylated acetylcholinester- 
ases produced from the various carbamates studied, 
thus indicating that k, is a spontaneous decarbamoy- 
lation rate constant. A similar agreement is found for 
the rate constant for decarbamoylation of dimethy]l- 
carbamoylated acetylcholinesterase produced from 
the two dimethylcarbamoyl compounds studied. No 
such agreement is found amongst the values of ks, 
which also involves a decarbamoylation reaction. 
Furthermore, it might be expected that the same 
order of reactivity for decarbamoylation of mono- 
methylcarbamoylated acetylcholinesterase relative to 
dimethyl-carbamoylated acetylcholinesterase would 
be observed as for k3. However, in the case of ks, 
decarbamoylation is occurring in the presence of the 
carbamate itself and therefore the nature of the ester 
group of the intact carbamate may play an important 
part in the decarbamoylation reaction. For the 


Table 3. Comparison of observed and calculated rate coefficients for the decarbamoylation of carbamoylated 
acetylcholinesterase 





0.5 0.6 
10.2 


10.3 
1.5 


0.7 
10.6 
10.7 

2.0 
13.5 
13.3 

2.0 
13.0 
12.9 

0.75 

5.68 


1.0 
11.7 
11.8 


35 
16.9 
17.0 


3.5 
16.2 
16.0 


1.5 
8.94 
8.34 


5.0 
7.02 
6.79 
y fee. 
24.6 
235 


10’ [CX] 
10*k, obs. 
10*k, calc. 
10° [CX] 
10*k, obs. 
10*k, calc. 
10° [CX] 
10*k, obs. 
10*k, calc. 
10° [CX] 
10*k, obs. 
10*k, calc. 6.25 
10* [CX] — 
10*k, obs. y ‘ 5.32 
10*k, calc. 

10* [CX] 

10*k, obs. 

10*k, calc. 


Physostigmine 


Mobam 


Decarbofuran 


to 
21.6 
21.0 
10.0 

9.32 

9.22 


Pyridostigmine 


Dimethy!carbamoylcholine ‘ 
8.28 
8.53 


8.80 

8.05 
15.0 
28.0 
29.3 


Monomethylcarbamoylcholine 
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dimethyl and monomethylcarbamoylated enzymes 
where the ester group is the same, ie. choline, the 
error on ks for dimethyl-carbamoylcholine is too 
large to give a meaningful comparison of the ks ratio 
with the corresponding ratio of k; values for the 
simple decarbamoylation. To _ substantiate this 
explanation, it would be necessary to examine the 
dimethylcarbamoyl analogues of physostigmine, 
mobam and decarbofuran, and the monomethylcar- 
bamoyl] derivative of pyridostigmine. 

The larger ks value relative to k; is probably a 
consequence of a conformational change of the carba- 
moylated enzyme or a change in the micro environ- 
ment of the carbamoylated site. A study involving 
quaternary ammonium compounds is being under- 
taken in order to investigate this difference. 
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INTESTINAL TRANSFER OF THE QUATERNARY 
AMMONIUM COMPOUND N-METHYL-SCOPOLAMINE 
BY TWO TRANSPORT MECHANISMS IN SERIES* 


KLAUS TURNHEIMt, FRITZ LAUTERBACH{ and NORBERT KOLASSAT 
+Pharmakologisches Institut der Universitat Wien, A-1090 Vienna, WihringerstraBe 13a, Austria and 
tInstitut fiir Pharmakologie und Toxikologie der Ruhr-Universitaét Bochum, D-463 Bochum-Querenburg, 
Im Lottental, West Germany. 


Abstract—In order to localize the previously demonstrated intestinal transport mechanism for quatern- 
ary ammonium compounds, counter-transport and efflux experiments were performed with N-methyl- 
scopolamine (NMScop) on isolated jejunal epithelia of guinea pigs. (1) Both [*H]NMScop uptake from 
and [7H]NMScop release to the blood side of jejunal epithelia were stimulated by the presence of 
high concentrations of unlabelled NMScop in the compartment, into which flux was occurring. The 
phenomenon of counter-transport was not apparent at the luminal cell membrane. (2) From preloaded 
epithelia [7H]NMScop efflux to the lumen side was markedly reduced during NaCN-intoxication 
as compared to controls, whereas that to the blood side increased. These effects were brought about 
mainly by a decrease in the luminal transfer coefficient. (3) At the luminal membrane the efflux coeffi- 
cient far exceeded that for influx, in spite of the negative potential of the cell interior. It is concluded 
that NMScop is transferred across the jejunal epithelium by two transport mechanisms in series, one 
located in the basolateral and one in the luminal cell membrane. 


In previous in vitro and in vivo investigations an 
intestinal secretory system for monoquaternary 
ammonium compounds, capable of uphill transport, 
was demonstrated in guinea pig jejunum [1, 2]. Since 
transcellular permeation involves movements across 
at least two membranes arranged in series, the ques- 
tion arose in which membrane the _ transport 
mechanism for quaternary ammonium compounds is 
located. 

Earlier data on cellular uptake and transcellular 
permeation of quaternary ammonium compounds 
during aerobic and anaerobic conditions suggested a 
cell model consisting of both a luminal and a baso- 
lateral carrier, both transporting _ preferentially 
towards the gut lumen [1 ]. It is the aim of the present 
study to obtain more evidence for the postulated two 
transport processes. 

One of the most compelling arguments for the 
existence of a carrier is the demonstration of counter- 
transport, defined as the acceleration of the per- 
meation of a substrate across a membrane by the 
presence of the same or a chemically related sub- 
stance on the opposite side of the membrane [3]. This 
phenomenon was studied both at the luminal and the 
basolateral membrane of the intestinal epithelium by 
use of the method of the isolated mucosa of guinea 
pig jejunum [4, 5]. 

In a second series of experiments the effect of inhi- 
bition of oxydative metabolism on bidirectional sub- 
strate efflux from preloaded epithelia was tested and 
the respective transfer coefficients were calculated. 

NMScop was shown to exhibit the highest se- 
cretion rate of the compounds previously tested [1] 
and was therefore chosen for the present study. 





* Part of this paper was presented at the FEBS-Sympo- 
sium on the Biochemistry of Membrane Transport, Zurich, 
Switzerland, July 18-23, 1976, Abstract P 201. 
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MATERIALS AND METHODS 

Materials 

Guinea pigs of both sexes (inbred strain, Fa.Rost, 
D-581 Witten), ranging in weight from 367 to 548g 
and fed a diet (Altromin 3022/MS®, Altromin GMBH, 
D-491 Lage/Lippe) enriched with vitamins (Multivita- 
minsaft Lappe, Lappe-Arzneimittel, D-506 Bensberg) 
were used for the experiments. 

N-[2H]methylscopolamine bromide (107 mCi/m- 
mole) was supplied by C. H. Boehringer & Sohn, 
D-6507 Ingelheim. [Carboxyl-'*C]inulin (1-3 mCi/g) 
was obtained from New England Nuclear Corp., Bos- 
ton, MA., USA. All chemicals used were of analytical 
grade. 


Experimental procedure 

The method of the isolated mucosa has been de- 
scribed in detail elsewhere [1, 4,5]. In principle, iso- 
lated epithelia from guinea pig jejunum constitute a 
separating membrane of 0.2cm? area between two 
plexiglass chambers, which are filled with 200 yl buf- 
fered physiological salt solution (composition in mM: 
98.3 NaCl, 7.0 KCl, 3.0 CaCl,, 10 MgSO,, 0.9 
sodium phosphate buffer pH 7.4, 29.4 tris-(hydroxy- 
methyl)-aminomethan buffer pH 7.4, 14.0 glucose, 14.0 
mannitol) and supplied with O,. All experiments were 
performed at 37°. Preloading of epithelia was per- 
formed by administering the substrate from the blood 
side during a 45 min preincubation period. 

Counter-transport experiments. For the study on 
the phenomenon of counter-transport isolated epithe- 
lia were subjected to two successive incubation 
periods. In the first set of experiments the epithelia 
were preincubated for 45min with 1IyuM 
[7H]NMScop, then the preparations were mounted 
in new chambers and the release of [7H]NMScop 
within 10 min into incubation medium containing no 
(controls) oz 1 mM unlabelled NMScop on the lumen 
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or the blood side of the mucosa was measured. In 
the second set of experiments the uptake within 
10 min of 1 «M [7H]NMScop from the blood or the 
lumen side into epithelia preincubated for 45 min with 
1mM unlabelled NMScop or no NMScop (controls) 
was tested. The substrate concentrations used for the 
counter-transport study, 1 uM [*H]JNMScop and 
1mM unlabelled NMScop, are either below or above 
the apparent half-saturation constant of 450 4M 
found for transepithelial secretion of NMScop [1]. 

As a marker for extracellular space and paracellular 
permeation ['*C]inulin was added to the incubation 
medium together with [7H]NMScop. 

At the end of the second incubation period the 
radioactivity in 100 wl incubation medium of both the 
lumen and the blood side was determined in 9 ml 
Bray’s [6] scintillator by a Packard Scintillation 
Spectrometer, Tri Carb, Model 3380. In order to 
determine the tissue radioactivity the mucosa was 
punched out, weighed (11.82mg wet wot, 
S.E.M. = 0.17, n = 123), and soaked in 0.2 ml water 
for 2hr at room temperature with subsequent addi- 
tion of 9 ml Bray’s scintillator. 

Efflux experiments. For the calculation of the 
transfer coefficients of both the luminal and the baso- 
lateral membrane isolated epithelia were preloaded 
for 45 min with 10 uM [7H]NMScop. After changing 
the mucosa to new chambers, the time-course of sub- 
strate efflux into 200 yl buffered saline on either side 
of the epithelium was determined from the radioac- 
tivity in 100 yu] luminal and basolateral incubation 
medium, which were withdrawn every 4 min and re- 
placed by the same volume of fresh saline. 


Calculations 


The cellular amount of substrate, which will be 
dealt with as the parameter of cellular uptake, was 
defined as the difference between the total amount 
in the tissue and the amount in the extracellular space 
(inulin space), thus including possible cell membrane 
binding. Transcellular permeation was calculated 
from the difference between the amounts of substrate 
and inulin in the counter-compartment, both in per- 
cent of the amount administered. 

The compartmental analysis of the efflux experi- 
ments and all other calculations were carried out on 
a pdp 11/10 computer, Digital Equipment Corp. 
Maynard, MA, U.S.A. 


RESULTS AND DISCUSSION 


Counter-transport experiments 


In the first set of experiments isolated mucosae 
were preloaded with 1 uM [*H]NMScop. The addi- 
tion of 1 mM unlabelled NMScop to the blood side 
stimulated the release of labelled substrate substan- 
tially (Table 1): The cellular content after the 10 min 
efflux period was decreased by approximately 1/3 in 
comparison to controls. This fall was brought about 
by a marked increase in basolateral release, whereas 
that to the lumen decreased. The addition of 1mM 
unlabelled NMScop to the lumen side of the mucosa 
had no significant effect on the rate of [7>H]NMScop 
release. 

The observed effects are consistent with the 
phenomenon of counter-transport at the basolateral 
membrane of the epithelial cells. But displacement of 
labelled NMScop from binding sites on the external 
face of the cells by the excess of unlabelled NMScop 
may also be responsible for the increase in basolateral 
outflow. 

In order to exclude this possibility experiments 
with the reverse design were performed: The cellular 
uptake of 1 uM [7H]NMScop was tested in epithelia 
which were preloaded with 1mM_ unlabelled 
NMScop, yielding a cellular concentration of ap- 
proximately 350 uM [1]. Since the cellular NMScop 
concentration was more than 2 orders of magnitude 
higher than the [SH]NMScop concentration on the 
side of administration, displacement of unlabelled 
NMScop from the external face of the cells cannot 
account for an increase in cellular uptake of 


[7H]NMScop. 

In preloaded epithelia the cellular uptake of 
labelled substrate across the basolateral membrane 
was 50 per cent higher than in not-preloaded controls 
(Table 2). Yet the cellular uptake from the lumen side 


was not significantly altered by preloading the 
epithelia. 

Thus in both sets of experiments the phenomenon 
of counter-transport was clearly evident at the basola- 
teral membrane, strongly indicating the existence of 
a basolateral carrier mechanism for monoquaternary 
ammonium compounds. But at the luminal mem- 
brane neither uptake nor release of labelled substrate 
was accelerated by the presence of unlabelled sub- 
strate at the trans-side of the cell membrane: hence 


Table 1. Counter-transport experiments: Influence of unlabelled NMScop in the incv 
bation medium on the cellular release of [7H]NMScop 





Control 


1 mM NMScop 
on the blood side 


1 mM NMScop 
on the lumen side 





Residual cellular 
[7H]JNMScop content 
(pmoles) 
[7H]NMScop release 
(pmoles) 
to the blood side 
to the lumen side 


2.15 + 0.14 


1.74 + 0.14 
1.42 + 0.16 


1.99 + 0.12 


1.49 + O.11T 


1.94 + 0.20 
1.40 + 0.16 


3.08 + 0.147 
1.06 + 0.04* 





Isolated jejunal epithelia, preloaded for 45 min with 1 uM [7H]NMScop. Release 
of labelled substrate within 10 min into incubation medium containing | mM NMScop 
on the blood or the lumen side in comparison to controls (no NMScop present on 
either side of the epithelium). Means + S.E.M. of 18 to 20 experiments. 


*+2P < 0.05 and 0.001, respectively. 
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Influence of 
uptake of 


Table 
cellular 


2. Counter-transport experiments: 
unlabelled NMScop on_ the 
[7H]NMScop 





Epithelia 
preloaded with 


Control 1 mM NMScop 





Cellular uptake of 
[?H]NMScop (pmoles) 
from the blood side 
from the lumen side 
Transcellular 
permeation of 
[7H]NMScop (pmoles) 
blood-to-lumen 
lumen-to-blood 


3.94 + 0.15 
0.72 + 0.07 


6.02 + 0.17* 
0.80 + 0.07 


0.76 + 0.10 
0.14 + 0.04 


0.34 + 0.04* 
0.14 + 0.02 





Isolated jejunal epithelia, preloaded for 45min with 
1mM NMScop or not-preloaded (controls). Cellular 
uptake and transcellular permeation of label within 10 min 
after the administration of 1 uM [°H]NMScop to either 
the blood or the lumen side. Means + S.E.M. of 14 to 
16 experiments. 

*2P < 0.001. 


in the counter-transport study a clear indication for 
a luminal carrier was not found. 

However, considering the transcellular permeation, 
which under the conditions employed is small in com- 
parison to cellular uptake, it is striking that in muco- 
sae preloaded with 1mM _ unlabelled NMScop the 
permeation of [7H]NMScop in the direction blood- 
to-lumen was substantially lower than in controls, 
although the cellular content was markedly enhanced 
(Table 2). This observation may be explained in terms 
of inhibition of carrier-mediated transfer of labelled 
substrate across the luminal membrane by the excess 
of unlabelled substrate in the cell, whereas in case 
of mere passive permeability of the luminal mem- 
brane an increase in transcellular permeation blood- 
to-lumen as compared to controls would kave to be 
expected with an increase in cellular concentration. 





Efflux experiments 


The failure to demonstrate the phenomenon of 
counter-transport at the luminal membrane does not 
exclude the existence of a luminal carrier, but may 
be attributed to a low affinity of the carrier on the 
outside of the luminal membrane. The assumption of 
a very low affinity of the luminal transport 
mechanism for substrate at the outside of the luminal 
cell membrane as compared to the inside is consistent 
with the secretory direction of the transport system. 
But the luminal carrier should become clearly appar- 
ent from a study of substrate transfer in the preferen- 
tial direction of transport, from the cell towards the 
lumen. A higher permeation rate across the luminal 
membrane in the direction of efflux as compared to 
that in the direction of uptake would strongly argue 
for the presence of a luminal carrier mechanism. 

For this investigation the time-course of substrate 
efflux to both the lumen and the blood side of epithe- 
lia preloaded with [7H]NMScop was studied simul- 
taneously either under aerobic conditions or under 
inhibition of oxydative metabolism with 1mM 
NaCN. Within 60 min approximately 90 per cent of 
the total tissue content was released. The total 
amount released during infinite incubation time to 
either the lumen or the blood side was calculated as 
the sum of all efflux values of the individual sampling 
periods (see Methods) plus a proportional fraction of 
the residual radioactivity in the epithelium. As is 
apparent from a plot of the difference between the 
amount released to either side of the epithelium dur- 
ing infinite time and that up to time ¢ versus time 
(Fig. 1), efflux to the lumen as well as to the blood 
side originates from at least two compartments. 
Assuming a two compartment model for efflux, the 
individual rate constants and initial contents of the 
compartments were calculated by approximating par- 
ameter estimates to the experimental data by use of 
an iterative curve fitting procedure [7]. 

The rapidly exchanging compartment was defined 
as extracellular, because both its content and rate 








) 20 40 60 


r) 20 40 


Fig. 1. Efflux experiments. Isolated jejunal epithelia, preloaded for 45 min with 10 uM [?H]NMScop. 
Time-course of the decrease of the virtual [7H]NMScop tissue pools destined for luminal (circles) 
or basolateral (triangles) efflux during aerobic conditions (O;) or intoxication with | mM NaCNn. 
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constant approximated the corresponding values 
obtained from the simultaneously determined 
['*C]inulin efflux. The slowly exchanging compart- 
ment is therefore considered to represent the func- 
tional cellular space. 

The rate constant of the cellular compartment is 
equal to (K., + K.,), the sum of the transfer coeffi- 
cients of the luminal and the basolateral membrane, 
since the cellular substrate content is decreased by 
both a luminal and a basolateral elimination process 
in parallel. A detailed description of an analogous 
mathematical treatment is given elsewhere [8,9]. The 
values for the total amount of cellular substrate 
released to the lumen and the blood side (C.,.) and 
Cerio Tespectively), and (K., + Ky) obtained from 
the compartmental analysis are given in Table 3. 

During aerobic conditions Cj.) was higher, 
although not significantly, than C.,.). This difference 
was markedly enhanced during NaCN-intoxication, 
the cellular efflux to the lumen side being greatly 
reduced, wherreas that to the blood side increased 
(Table 3). 

The fact that the values for (K., + K.,) derived 
from either the luminal or basolateral efflux are 
almest identical is in agreement with the assumption 
that both fluxes originate from one cellular compart- 
ment. 

The transfer coefficients of the individual mem- 
branes, K,, and K,.,, given in Table 3 were obtained 
from the relationship K./K. = Coyo/Ceo) [8.9)- 
With unimpaired metabolism the luminal transfer 
coefficient K., was somewhat smaller than that for 
the basolateral membrane, K,,. During NaCN-intoxi- 
cation the luminal transfer coefficient fell to half the 
value obtained with intact metabolism, whereas the 
basolateral transfer coefficient rose insignificantly by 
27 per cent. The marked increase in total cellular 
efflux to the blood side observed under NaCN is 


Table 3. Efflux experiments 





NaCN 





Coo) + Cero) (pmoles) 63.4 + 2.5 
C0) (pmoles) 13.9 + 0.7* 
C40) (pmoles) 49.4 + 3.0 
(K., + K.,) from luminal : 321 + 44 
efflux (10° * min~') 

(K., + K.,) from basolateral 323 +3 303 + 18 
efflux (10~* min~') 

K., (10>* min~') + 
K., (10-* min“ ') 187 + 37 


69 + 7* 
239 + 16 





Isolated jejunal epithelia, preloaded for 45 min with 
10 uM [7H]NMScop. From a compartmental analysis of 
the time-course of substrate efflux to both sides of the 
mucosa the total amount of cellular [*H]NMScop 
excreted to the lumen (C,,,)) and the blood side (C,,,,)) 
during infinite incubation, the rate of decrease of the cellu- 
lar content (K,, + K,,), derived from either luminal or 
basolateral efflux, and the transfer coefficients of the 
luminal (K,,) and the basolateral membrane (K,,) during 
aerobic conditions (O,) and during NaCN-intoxication 
were estimated from the experimental data given in Fig. 
| by use of an iterative curve fitting procedure. Means 
+ S.E.M. of 4 experiments. 

*2P < 0.05. 


EPITHELIAL CELL 


Fig. 2. Model for NMScop transfer across a jejunal epithe- 

lial cell. The arrows indicate the apparent flux coefficients 

(10-*cm min~') of the individual cell membranes for 

NMScop concentrations below the apparent K,, for trans- 
cellular transport. 


therefore primarily brought about by the pronounced 
decrease of the luminal transfer coefficient. 

The possibility that the observed changes in the 
transfer coefficients are due to alterations in the pas- 
sive permeability of the cell membranes does not seem 
very likely, because the flux across a cell membrane 
in either direction would have to be influenced in 
the same manner. But whereas the efflux of 
[7H]NMScop to the lumen side decreased and that 
to the blood side increased with NaCN, uptake of 
[7H]NMScop from the lumen side was enhanced and 
that from the blood side unchanged, when oxydative 
metabolism was inhibited by equilibrating the incuba- 
tion medium with N, instead of O, [1]. Further, the 
fact that the two membranes of the epithelial cells 
were affected by NaCN in a reverse manner argues 
against changed passive permeability properties of the 
cell membranes. 

Finally, for both membranes the efflux coefficients 
were compared with the influx coefficients. The efflux 
coefficients were derived from the transfer coefficients 
given in Table 3 according to k = K x V/A, and the 
influx coefficients were calculated from the values of 
[7H]NMScop uptake in not-preloaded epithelia given 
in Table 2 according to k = J/(A x S), where V, A, 
J, and S are the vol. of the cellular space (with these 
preparations 11 yl), the cross-sectional area of the 
epithelium exposed to the incubation medium 
(0.2 cm), the cellular uptake per min and the sub- 
strate concentration administered. The resulting cell 
model with the flux coefficients in the direction of 
efflux and influx for both cell membranes is depicted 
in Fig. 2. 

As is apparent, the luminal efflux coefficient far 
exceeds the luminal influx coefficient. Since at the 
luminal membrane of rabbit [10] and frog [11] intes- 
tinal cells a potential difference of 36 mV and 45 mV, 
respectively, was measured, cell interior negative, the 
asymmetry of the flux coefficients in spite of an 
opposing electrical potential substantiates the active 
nature of the luminal carrier mechanism. 


CONCLUDING REMARKS 


According to the presented evidence NMScop is 
transferred across the jejunal epithelium by two car- 
rier mechanism in series, one located in the basola- 
teral and one in the luminal cell membrane. 
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The existence of the basolateral carrier is clearly 
apparent from the demonstration of counter-trans- 
port: both the uptake from and the efflux to the blood 
side of the epithelium were stimulated by the presence 
of substrate in the compartment, into which flux was 
occurring. The basolateral carrier mechanism was 
additionally substantiated by the saturability of cellu- 
lar uptake from the blood side found earlier [1]. 

The presence of the luminal pump was demon- 
strated by the finding that the luminal transfer coeffi- 
cient in the direction of efflux decreased during inhibi- 
tion of oxydative metabolism (Table 3), whereas 
luminal uptake increased as compared to aerobic con- 
ditions [1]. Furthermore, the predominance of the 
luminal flux coefficient in the direction of efflux over 
that for influx (Fig. 2) despite an electrical potential 
in the reverse direction strongly argues for an extru- 
sive mechanism in the brush-border membrane. 

The arrangement of a basolateral and a luminal 
carrier, both preferentially transporting towards the 
lumen, explains the earlier observation that the cellu- 
lar uptake of NMScop from the blood side was un- 
changed in anaerobiosis in comparison to aerobic 
conditions, although secretion was markedly inhibited 
[1]. Assuming a single luminal pump alone inhibition 
of secretion would have to result in increased cellular 
uptake, while with a single basolateral carrier alone 
a decrease in cellular uptake would have to be 
expected with inhibited secretion. Yet the model with 
two carrier mechanisms in series complies with the 
experimental findings: Since less substrate enters and 
leaves the cells in anaerobiosis, the cellular concen- 
tration may remain unaltered as compared to aerobic 
conditions, although secretion is inhibited. 

A three compartment model of the intestinal epi- 
thelium without carriers, based on different degrees 
of dissociation of a weak electrolyte in different com- 
partments due to pH-gradients and different ionic 
permeabilities of the individual boundaries, was pro- 
posed by Jackson and coworkers [12] to explain the 
higher flux rates of the organic bases benzylamine, 
hexylamine, and D-amphetamine in the direction 
serosa-to-lumen than in the opposite direction. This 
system, however, cannot explain the observations 
with NMScop, because quaternary ammonium com- 
pounds are fixed cations. But considering that the 
compounds tested by Jackson and coworkers have 
rather high pK,-values, ranging between 9 and 10, 
the findings of these investigators may also be 
explained by intestinal secretion of these substances 
in their charged form, using the transport system 
shown for quaternary ammonium compounds. 


Secretion by two transport mechanisms in series 
does not seem to be unique for quaternary 
ammonium compounds. A similar system has been 
inferred for the intestinal secretion of cardiac glyco- 
sides [13, 14]. Furthermore, evidence has been pre- 
sented that the influx of quaternary ammonium com- 
pounds into the liver cells as well as their efflux into 
the bile canaliculi proceed against electrochemical 
gradients [15,16]. Thus the arrangement of two 
transport mechanisms in series might prove to be a 
widely distributed principle to accelerate transcellular 
permeation without unduly high intracellular sub- 
strate accumulation. 
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Abstract—The biotransformation of [6,7-*H]2-hydroxy-3-deoxyestradiol, which is a positional isomer 
of the naturally occurring estrogen, has been investigated with rat liver microsomes. 2-Hydroxyestradiol 
separated from the lipophilic fraction of the incubation mixture was unequivocally characterized by 
means of thin-layer chromatography, gas chromatography—mass spectrometry, and the reverse isotope 
dilution method. The formation of glutathione 1- and 4-thioethers of 2-hydroxyestradiol as water- 
soluble metabolites was also confirmed by chromatographic properties and coloration tests, followed 
by reverse isotope dilution analysis of the aglycone produced by desulfurization with Raney nickel. 
Incubation of [3-7H]2-hydroxy-3-deoxyestradiol with rat liver microsomes yielded 2-hydroxyestradiol 
without any retention of the label, indicating that C-3 hydroxylation proceeded through a quinoid 
intermediate. When a 1 to | mixture of 3-deuterated and nonlabeled 2-hydroxy-3-deoxyestradiols 
was incubated, no substantial change was seen in the deuterium content with the recovered substrate, 
which implied the absence of the isotope effect in C-3 hydroxylation. 


In the preceding papers of this series, the biotransfor- 
mation of 3-deoxyestrone,+ which is used as a lipid- 
shifting drug [1], has been studied in rabbits [2] and 
rats [3,4]. Hydroxylation occurs at C-2 and C-3 in 
the aromatic ring, resulting in the formation of 2-hyd- 
roxy-3-deoxyestrone and estrone as the main metabo- 
lites. 2-Hydroxy-3-deoxyestradiol (1) (Fig. 1), which 
is a positional isomer of the endogenous female hor- 
mone, does not exhibit any significant estrogenic ac- 
tivity [5]. 2-Hydroxyestradiol, a major metabolite of 
female hormone in humans and rats [6-13], is further 
transformed into the glutathione conjugate and pro- 
tein-bound metabolites in the rat [12-17]. It appears 
to be of interest to learn whether the close similarity 
in the structural feature of this modified steroid to 
estrogen will be associated with their metabolic fates. 
The present paper deals with the biotransformation 
in vitro of 2-hydroxy-3-deoxyestradiol by rat liver. 


MATERIALS AND METHODS 


Animals. Male Wistar rats (10- to 14-weeks-old) 
weighing 200-250 g were used. 

Materials. NADPH and glutathione were pur- 
chased from Sigma Chemical Co. (St. Louis, Mo.), 
Amberlite XAD-2 resin from Rohm & Haas (Phila- 
delphia, Pa.), Soluene 100 from Packard Instrument 
Co. (Downers Grove, IL), silica gel H and G from 





* Part CXVIII of “Studies on Steroids” by T. Nambara. 

+The following trivial names are used in the text: 
3-deoxyestrone, estra-1,3,5(10)-trien-17-one; estrone, 3-hy- 
droxyestra-1,3,5(10)}-trien-17-one; estradiol, estra-1,3,5(10} 
triene-3,17f-diol; 2-hydroxy-3-deoxyestrone, 2-hydroxy- 
estra-1.3,5(10)-trien-17-one; — 2-hydroxy-3-deoxyestradiol, 
estra-1,3,5(10)-triene-2,17f-diol; 2-hydroxyestradiol, estra- 
1,3,5(10)-triene-2,3,17f-triol; 2-hydroxyestradiol 1-SG, S- 
(2.3.17f-trihydrox yestra-1,3,5(10)-trien-1-yl)-glutathione; 2- 
hydroxyestradiol 4-SG, S-(2,3,17f-trihydroxyestra-1,3, 
5(10)-trien-4-yl)}-glutathione. 
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E. Merck AG (Darmstadt, West Germany), cellulose 
powder from Asahi Kasei Kogyo Co. (Tokyo, Japan), 
and [6,7-*H]estradiol (48 Ci/m-mole) from the Radio- 
chemical Centre (Amersham, England) respectively. 
[6,7-3H]2-hydroxy-3-deoxyestradiol (10.8 pCi/m- 
mole) was synthesized chemically from [6,7-*H Jestra- 
diol by the methods developed in these laboratories 
(total yield 28 per cent) [18,19], and the radiochemi- 
cal purity was checked by thin-layer chromatography 
(t.Lc.) prior to use. 2-Hydroxyestradiol was prepared 
in the manner described by Gelbke et al. [20]. 
2-Hydroxyestradiol 1-SG and 4-SG were synthesized 
according to the procedure of Kuss [12, 13]. 
Synthesis of [3-?H]2-hydroxy-3-deoxyestradiol. To 
a solution of 2-hydroxy-3-deoxyestradiol (500 mg) in 
glacial acetic acid (20ml) a solution of Hg(OAc), 
(375 mg) in glacial acetic acid (20 ml) saturated with 
I, (580mg) was added dropwise over a period of 
5 min and stirred at 45—55° for 2hr. After removal 
of the precipitate by filtration the filtrate was poured 


GSH : glutathione 


Fig.,1. Structures of the substrates and metabolites. 
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into 10°, Na,S,O; solution. The precipitate was col- 
lected by filtration, washed with H,O, and dried. The 
crude product obtained was dissolved in hexane and 
chromatographed on silica gel. Elution with hexane 
ethyl acetate and recrystallization of the eluate from 
ethyl acetate gave 2-hydroxy-3-iodo-3-deoxyestradiol 
(131mg) as colorless prisms (m.p. 177-82), 
[a]5* + 71.8° (c = 0.11 in methanol). Anal. Caled. for 
C,gH23;0 1: C, 54.28; H, 5.82. Found: C, 54.51, 54.28; 
H, 5.73, 5.77. NMR (0.5 per cent solution in CDC1,) 
6: 0.78 (3H, s, 18-CH;), 3.70 (1H, t, J = 8 Hz, 17x-H), 
6.88 (1H, s, 1-H), 7.30 (1H, s, 4-H). 

To a solution of 2-hydroxy-3-iodo-3-deoxyestradiol 
(30 mg) in CH,OD (2 ml) was added PdCl, (30 mg) 
and stirred at 0° under a stream of nitrogen gas. To 
this solution NaBD, (12 mg) was added in portions 
and stirred for 30min. The reaction mixture was 
poured into 1% HCI and extracted with ether. The 
organic layer was washed with H,O, dried over anhy- 
drous Na,SO,, and evaporated. Recrystallization of 
the crude product from methanol gave [3-7H]2-hyd- 
roxy-3-deoxyestradiol (15 mg) as colorless plates (m.p. 
220-23"). Mixed melting point on admixture with the 
nonlabeled authentic sample showed no depression. 
Mass spectrum m/e: 273 (M*) (84.2% dj). 

Thin-layer chromatography. Thin-layer chroma- 
tography was carried out on a plate coated with a 
layer (0.25 mm thick) of Silica gel H impregnated with 
ascorbic acid [21], silica gel G, and cellulose employ- 
ing the following systems: TL-I hexane-ethyl acetate 
(1:1, v/v); TL-II benzene-ether (1:1, v/v); TL-III 0.2 N 
acetic acid-0.1N NH,OH (14.7:20,v/v); TL-IV 
n-butanol-acetic acid—water (4:1:1,v/v), and the R, 
value was given. The distribution of radioactivity on 
the chromatogram was determined by scraping off 
0.5-cm-wide zones and counting after suspension of 
the silica gel in scintillator liquid. 

Gas-liquid chromatography (g.l.c.). The apparatus 
used was a Shimadzu model GC-3BF gas chromato- 
graph equipped with a hydrogen flame ionization 
detector. A siliconized glass tube (3 mm i.d.) packed 
with 3° SE-30 (2 m) or 1.5° OV-1 (3 m) on Chromo- 
sorb W (60-80 mesh) was employed. The temperature 
of the column and detector was 230°, while the injec- 
tion chamber was kept at 260°. Nitrogen gas was used 
as a carrier at a flow rate of 60 ml/min. The test 
samples were treated with trimethylchlorosilane and 
hexamethyldisilazane according to the method of 
Sweeley et al. [22] and the resulting trimethylsilyl de- 
rivatives were injected into the gas chromatograph. 

Gas chromatography-—mass spectrometry (GC-MS). 
Mass spectra were recorded on a Shimadzu model 
LKB-9000S gas chromatograph—mass spectrometer. 
The operating conditions were as follows: injection 
port temperature 290°, column temperature 270°, 
separator temperature 260°, ion source temperature 
200°, carrier gas (He) flow rate 40 ml/min, ionization 
energy 70 eV, and ionization current 75 pA. 

Radioactivity counting. Counting was carried out on 
a Packard Tri-Carb model 3380 liquid scintillation 
spectrometer employing the Bray’s scintillator [23]. 
The quenching was corrected by the external standard 
method. 

Preparation of microsomes. The rats were sacrificed 
by decapitation, and liver was immediately removed 
and chilled on ice. All the subsequent procedures were 


carried out at 0-4°. The tissue was weighed, finely 
minced with scissors, homogenized with a 4-fold 
volume of an ice-cold 1.15°% KCI solution by a Tef- 
lon-glass Potter-Elvehjem homogenizer, and centri- 
fuged at 10,000g for 30min. The supernatant was 
carefully transferred and centrifuged at 105,000 g for 
60 min by a Hitachi model 40P ultracentrifuge. The 
microsomal pellet separated was washed twice with 
1.15% KCI for removal of endogenous glutathione 
and other soluble sulfhydryl compounds and then 
gently resuspended in 1.15% KCI in such a way that 
1 ml was equivalent to 400mg wet weight of liver. 
Microsomal protein was determined by the method 
of Lowry et al.[24] using bovine serum albumin as 
a reference. One g liver was found to be equivalent 
to 10-12 mg protein. 

Enzyme assay. The incubation studies were under- 
taken with the following two systems: (1) a microso- 
mal preparation (0.5 ml), NADPH (4 umoles), gluta- 
thione (0.4 umole), [6,7-*H]2-hydroxy-3-deoxyestra- 
diol or [6.7-*H estradiol (0.2 umole) dissolved in 50% 
aqueous methanol (0.1 ml), and sufficient 0.05 M 
Tris-HCI buffer (pH 7.4) to make the total volume 
1.3ml; and (2) a microsomal preparation (5 ml), 
NADPH (40 umoles), [3-7H]2-hydroxy-3-deoxyestra- 
diol or nonlabeled 2-hydroxy-3-deoxyestradiol 
(2 pmoles) dissolved in ethanol (0.18 ml), and sufficient 
0.05 M Tris-HCI buffer (pH 7.4) to make the total 
volume 10.2ml. Incubations were carried out for 
40 min at 37° under aerobic conditions. After addition 
of 1 N HCI (2 ml) and ascorbic acid (2 mg) the incuba- 
tion mixture was brought to 10% trichloroacetic acid 
solution and centrifuged at 3000g for 20min to 
remove the protein-bound metabolites. The sediment 
obtained was washed with 10° trichloroacetic acid, 
ethanol and ethyl acetate, successively. The precipi- 
tate was dissolved in Soluene 100 and submitted to 
the radioactivity counting. The supernatant was then 
extracted with ethyl acetate (5 ml x 3). The organic 
layer was combined and evaporated to dryness in 
vacuo, and the residue obtained was dissolved in 
methanol (lipophilic fraction). In the case of the ex- 
periment using the *H-labeled substrate the remain- 
ing aqueous phase was adjusted to pH 5.0 with 2N 
NH,OH, gently poured onto a column packed with 
Amberlite XAD-2 resin (30 ml) and percolated. The 
column was washed with distilled water (100 ml) and 
then eluted with methanol (50 ml). The methanol frac- 
tion was evaporated in vacuo below 50° and the resi- 
due was dissolved in 0.5 N acetic acid (water-soluble 
fraction). 


Table 1. Reverse isotope dilution analysis of 2-hydroxy- 
estradiol formed from 2-hydroxy-3-deoxyestradiol by rat 
liver microsomes 





Crystallization* 
from 


Sp. act. 
(dis/min/mg) 





23,200 
22,800 
22,700 
22,900 


Aqueous ethanol 
Methanol 
Methanol 

Aqueous methanol 





* Nonradioactive 2-hydroxyestradiol (25 mg) was added 
as a Carrier. 
+ Calculated: 23,800 dis/min/mg. 
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Table 2.. Reverse isotope dilution analysis of 2-hydroxy- 
estradiol formed from water-soluble metabolites by desul- 
furization with Raney nickel 





Sp. act.t 
(dis/min/mg) 


Crystallization* 
from 





Methanol 
Aqueous methanol 
S Aqueous methanol 





* Nonradioactive 2-hydroxyestradiol (20 mg) was added 


- aS a Carrier. 


+ Calculated: 1650 dis/min/mg. 


Desulfurization of glutathione conjugates with Raney 
nickel. To a solution of the glutathione conjugate 
(1.5 x 10° dis/min) in 0.5N acetic acid, 2-hydroxy- 
estradiol (2 mg) and Raney nickel W-6 [25] (100 mg) 
were added and the mixture was stirred at 4° for 3 
days under a stream of nitrogen gas. The resulting 
solution was saturated with NaCl and then extracted 
with ethyl acetate (5 ml x 3). The organic layer was 
washed with water, dried over anhydrous Na,SO,, 
and evaporated to dryness under a stream of nitrogen 
gas. A portion of the residue was chromatographed 
on a thin-layer plate of silica gel H together with 
2-hydroxyestradiol as a carrier. 


RESULTS 


[6,7-3H]2-hydroxy-3-deoxyestradiol was incubated 
in the air with rat liver microsomes, and the ethyl 
acetate-soluble fraction (lipophilic fraction) was separ- 
ated. The results of t.l.c. indicated the formation of 
the more polar metabolite, whose chromatographic 
behaviors were identical with those of 2-hydroxyestra- 
diol (2) (TL-I 0.30; TL-II 0.42). The remaining portion 
of this fraction was applied to preparative t.l.c., and 
the area corresponding to 2-hydroxyestradiol was 
scraped off and eluted with ethyl acetate. To the 
eluate was added 2-hydroxyestradiol as a carrier and 
it was crystallized repeatedly to constant specific ac- 
tivity (Table 1). These results indicated that 
2-hydroxy-3-deoxyestradiol underwent hydroxylation 
at C-3 to form catechol estrogen (ca. 13 per cent of 
the total radioactivity). For the definite structure elu- 
cidation the nonlabeled substrate was incubated and 
the more polar metabolite was isolated in the manner 
described above. The trimethylsilylated derivative was 
analyzed by g.l.c. on two stationary phases, 3° SE-30 
and 1.5% OV-1, as well as by GC-MS. On g.l.c., the 
silyl ether exhibited retention values identical to those 


of 2-hydroxyestradiol (tg 98min on 3% SE-30; 
12.3min on 1.5% OV-1). In the mass spectra, the 
metabolite and authentic sample exhibited an identi- 
cal fragmentation pattern with a molecular ion peak 
at m/e 502. 

A portion of the water-soluble fraction which was 
equivalent to ca. 25 per cent of the total radioactivity 
was submitted to t.l.c. on silica gel G. The metabo- 
lites exhibited a single spot (TL-IV 0.65) of radioac- 
tivity, purple coloration with ninhydrin, and a posi- 
tive test with potassium dichromate-silver nitrate re- 
agent [26]. The Ry value was found to be identical 
to that of the synthetic 2-hydroxyestradiol 1- or 4-SG 
conjugate (3, 4). Being applied to t.lc. on cellulose 
powder using solvent system TL-III, the metabolites 
were divided into two radioactive peaks of roughly 
equal height corresponding to 2-hydroxyestradiol 1- 
and 4-SG conjugates (R, values of 0.62 and 0.45). The 
steroid aglycone formed from these metabolites by 
desulfurization with Raney nickel seemed to be 2-hyd- 
roxyestradiol as judged from the chromatographic be- 
haviors on the thin-layer plate (TL-I 0.30; TL-II 0.42). 
In actuality, the structure of the steroidal moiety was 
unequivocally characterized by reverse isotope dilu- 
tion analysis as listed in Table 2. Any detectable 
amounts of the water-soluble metabolites were not 
produced, unless glutathione was added prior to incu- 
bation. These results lend support to the argument 
assigning the structures 2-hydroxyestradiol 1- and 
4-SG to the water-soluble metabolites. 

In the protein-bound fraction, ca. 7 per cent of the 
total radioactivity remained even after thorough 
washing with ethanol and then with ethyl acetate. The 
result implied that the metabolites in this fraction 
would possibly be bound with protein through a 
covalent bond. The amounts of these three metabo- 
lites formed from 2-hydroxy-3-deoxyestradiol were 
much less than those from estradiol under identical 
conditions (Table 3). 

In order to elucidate the mechanism of C-3 hy- 
droxylation, [3-?H]2-hydroxy-3-deoxyestradiol (5) 
was necessary as a substrate for the incubation study. 
The preparation of the desired compound was under- 
taken by reductive dehalogenation with the deuter- 
ated reagent. When 2-hydroxy-3-deoxyestradiol was 
treated with iodine in the presence of mercuric acetate 
as a catalyst, halogenation occurred preferentially at 
C-3, yielding 2-hydroxy-3-iodo-3-deoxyestradiol as a 
sole product. The orientation of an introduced 
halogen was confirmed by inspection of the aromatic 
ring proton signal in the nuclear magnetic resonance 
spectra. An initial attempt for dehalogenation with 


Table 3. Conversion of [6,7-7H]2-hydroxy-3-deoxyestradiol and [6,7-*H]estradiol to 
2-hydroxyestradiol, water-soluble and protein-bound metabolites by rat microsomes 





Substrate 


2-Hydroxyestradiol 


Metabolite* 


Water-soluble Protein-bound 





2-Hydroxy-3- 
deoxyestradiol 13+18 
Estradiol 24+ 2.2 


5 6 7 mS 
8 0 14 4 





* Recovery of radioactivity of the combined organic, aqueous and protein phase 
was approximately 100 per cent. The figures express per cent of total radioactivity 


(mean + S. E.). 


B.P. 26/8—F 
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lithium aluminum deuteride resulted in failure, since 
the 2-hydroxy-3-deoxyestradiol yielded showed no 
significant incorporation of deuterium. Recently, it 
was disclosed that a deuterium atom can be intro- 
duced into an aromatic system by treatment of the 
appropriate aryl halide with sodium borodeuteride in 
the presence of transition metal as a catalyst [27]. In 
actuality, 2-hydroxy-3-iodo-3-deoxyestradiol under- 
went reduction with sodium borodeuteride—palladium 
chloride, yielding [3-7H]2-hydroxy-3-deoxyestradiol 
with satisfactory isotopic purity. 

Incubation of [3-7H]2-hydroxy-3-deoxyestradiol 
with liver microsomes yielded 2-hydroxyestradiol as 
a sole product. The content of labeled deuterium was 
determined by inspection ofthe molecular ion peak 
in the mass spectrum. Measurement by GC-MS 
demonstrated that C-3 hydroxylation occurred with- 
out any retention of the heavy isotope. 

In order to examine the isotope effect on C-3 hy- 
droxylation, the | to 1 mixture of the 3-deuterio and 
nonlabeled compounds was used as a substrate for 
incubation under the same conditions. Determination 
of the isotope of the recovered substrate by GC-MS 
revealed that deuterium content was 43 per cent, and 
hence only 7 per cent of the label was lost during 
the incubation. Moreover, when the | to 1 mixture 
was incubated with boiled microsomes, the content 
of the isotope in the recovered substrate was 45 per 
cent. These results verified the lack of the isotope 
effect due to deuterium labeling at C-3. 


DISCUSSION 


The present study has demonstrated that 2-hy- 
droxyestradiol and its glutathione 1- and 4-thioethers 
are formed when 2-hydroxy-3-deoxyestradiol is in- 
cubated with rat liver microsomes in the presence of 
NADPH and glutathione. Inspection of the proper- 
ties, chromatographic behaviors, and reactivity with 
Raney nickel revealed that the water-soluble metabo- 
lites should be 2-hydroxyestradiol glutathione conju- 
gates, where the thiol is bound to the steroid nucleus 
at C-1 and C-4 ‘via a thioether linkage. It is of particu- 
lar interest that estradiol and 2-hydrox y-3-deox yestra- 
diol similarly undergo ortho hydroxylation to form 
catechol estrogen and subsequent conjugation with 
glutathione at C-1 and C-4, yielding the water-soluble 
metabolites in the rat, although the latter is metabo- 
lized at a slower rate than the former. On the other 
hand there can be seen a somewhat different meta- 
bolic pattern between these two substrates. Being 
incubated with rat liver microsomes, estradiol under- 
goes hydroxylation at C-2 and C-16 [13,28], whereas 
2-hydroxy-3-deoxyestradiol yields solely the 3-hy- 
droxylated metabolite. In a preceding paper of this 
series, we reported that pretreatment with 3-methyl- 
cholanthrene influences the 2- and 3-hydroxylase 
activities in a different way, indicating the enzyme 
systems involving these two aromatic hydroxylations 
to be different in nature [4]. It seems to be worth- 
while to clarify whether or not 2- and 3-hydroxylases 
which are capable of forming catechol estrogen would 
be identical to the corresponding hydroxylases involv- 
ing 3-deoxyestrone. 

The formation of the glutathione conjugates from 
estrogen is explained in terms of the reaction 


sequence involving the initial hydroxylation at C-2, 
followed by oxidation of the resulting catechol into 
o-quinone or semiquinone [13-16]. However, we have 
previously suggested an alternative mechanism for the 
formation of the glutathione conjugate where conju- 
gation does not require the preceding ortho hydroxy- 
lation and proceeds via the arene oxide as an inter- 
mediate [29]. As for the biotransformation of 2-hy- 
droxy-3-deoxyestradiol, the similar mechanism may 
be also operative for the formation of the glutathione 
conjugates. 

It is well known that catechol estrogen is further 
metabolized into the methyl ether by catechol-O- 
methyltransferase (COMT) [30-32], and enzymatic 
methylation of the phenolic group is an important 
biotransformation to inactive catecholamines [33]. 
Recently, it was demonstrated that both catechol sub- 
stances underwent O-methylation by the same COMT 
[34], and in addition inactivation of neurotrans- 
mitters was strongly inhibited in vivo [35,36] and in 
vitro [34,37] by catechol estrogen. In the light of 
these findings, it is supposed that the highly elevated 
production rate of 2-hydroxylated estrogen [38] may 
be associated with the prolonged effect of neurotrans- 
mitters and the occasionally occurring hypertension 
during pregnancy [34, 39, 40]. 

The physiological significance of glutathione conju- 
gation and protein binding in liver in connection with 
the action of the female hormone appears to be of 
interest, but still remains unclear. The blockage of 
a sulfhydryl group by a nonspecific binding reaction 
may result in alteration or inactivation of enzymes 
and disturbance of metabolic transformation in the 
liver cell. Therefore, it can be speculated that a certain 
mechanism for protecting the biologically important 
protein against damage may be operative in the intact 
liver [40]. The soluble thiol compounds such as gluta- 
thione may trap preferentially the active estrogen 
metabolites which may possibly react with protein. 

The result of deuterium analysis demonstrated that 
the 3-hydroxylated metabolite lost completely the 
heavy isotope initially labeled at C-3; in other words 
the “NIH shift” did not occur during the formation 
of catechol estrogen. This result is not surprising, 
since the lack of retention of deuterium during ortho 
hydroxylation has already been reported with estra- 
diol [41] and other instances of catechol forma- 
tion [42]. The loss of the label can be explained in 
such a way that hydroxylation proceeds through a 
quinoid intermediate which would release readily 
ortho hydrogen. 

There could be seen no substantial difference in 
the deuterium content of 2-hydroxy-3-deoxyestradiol 
before and after incubation with the enzyme prep- 
aration. The retention of deuterium in the recovered 
substrate implied that hydrogen removal from C-3 
is not a reversible process and C-3 hydroxylation pro- 
ceeds without the isotope effect. The present finding 
is in good accord with the results on C-2 hydroxyl- 
ation of estradiol in humans [41]. 

2-Hydroxy-3-deoxyestradiol does not possess any 
estrogenic acitivity, but its mode of biotransformation 
is very similar to that of estradiol. Recently consider- 
able attention has been directed to the physiological 
effects of catechol estrogen on the level of luteinizing 
hormone [43] as well as catecholamine. In these re- 
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spects, the biological activity of this modified steroid 
in the living animals is a fertile field for further inves- 
tigation. 
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EFFECTS OF DIMETHYLSULFOXIDE ON CYCLIC AMP 
ACCUMULATION, LIPOLYSIS AND GLUCOSE 
METABOLISM OF FAT CELLS* 
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Division of Biological and Medical Sciences, Brown University, Providence, RI 02912, U.S.A. 
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Abstract—Dimethylsulfoxide (DMSO) decreased insulin-stimulated [1-'*C]glucose oxidation and in- 
creased lipolysis. DMSO also potentiated the rise in lipolysis due to glucagon, norepinephrine or 
theophylline. The rise in cyclic AMP levels due to these lipolytic agents was increased by 1.10M 
DMSO. This effect was rapid in onset, since increases in cyclic AMP due to DMSO were detected 
as early as 40sec after addition of lipolytic agents. The drop in cyclic AMP accumulation seen after 
addition of propranolol to fat cells incubated with norepinephrine was reduced by DMSO. DMSO 
inhibited both the soluble and particulate cyclic AMP phosphodiesterase activity present in fat cells. 
The metabolites of DMSO, dimethylsulfone and dimethylsulfide, did not cause any change in cyclic 
AMP accumulation due to norepinephrine, indicating that DMSO and not a metabolite was responsible 
for the observed effects. These data indicate that DMSO at high concentrations inhibited cyclic AMP 
phosphodiesterase and is a stimulator of cyclic AMP accumulation and lipolysis in fat cells. 


Dimethylsulfoxide has been characterized as a dipolar 
aprotic solvent [1]. It is able to act as a strong hydro- 
gen bond acceptor [2] but possesses no hydrogens 
suitable to act as hydrogen bond donors. Thus, 
DMSO is able to compete with water molecules 
where water is acting as a hydrogen bond acceptor 
[2]. These factors have been used to explain the abi- 
lity of DMSO to act as a solvent for many non-polar 
molecules and its ability to rapidly penetrate biologi- 
cal membranes in high concentration [1-3]. 

DMSO also has been shown to have a wide variety 
of direct biological effects [1, 3], including stimulation 
of melanophore stimulating hormone release [4] and 
induction of differentiation in various cell types in 
culture [5, 6]. 

We decided to test the effects of DMSO on glucose 
metabolism, lipolysis and cyclic AMP metabolism in 
isolated fat cells. The two metabolites of DMSO, 
dimethylsulfone and dimethylsulfide [7], were also 
tested to determine if these substances might be re- 
sponsible in part for the observed effects of DMSO. 


MATERIALS AND METHODS 


Free white fat cells were obtained from i20 to 160g 
female Sprague-Dawley rats (Charles River CD 
strain) fed laboratory chow ad lib. White fat cells were 
isolated by a modification of the procedure of Rod- 
bell [8] from the pooled parametrial adipose tissue 
of two or more rats. Krebs-Ringer phosphate buffer 
of the following composition was used in all experi- 
ments: NaCl, 128mM; CaCl,, 14mM; MgSQu,, 
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1.4mM; KCl, 5.2mM; and Na,HPO,, 10mM. The 
buffer was prepared daily and adjusted to pH 7.4 with 
NaOH after addition of Armour bovine fraction V 
albumin powder (No. 10101). All incubations were 
done in duplicate for each experiment at 37° in a 
shaking incubator in the presence of 0.5 mM glucose. 

In the experiments with DMSO, it was necessary 
to allow the experimental tubes to cool before the 
addition of hormones or cells because of the large 
amount of heat generated when DMSO is mixed with 
aqueous solutions. The pH of the incubation medium 
was not affected by the addition of DMSO. 

Labeled glucose conversion to carbon dioxide and 
triglyceride content of fat cells were determined as 
previously described [9]. Samples were also removed 
at the end of the experiment for glycerol analysis [10]. 

Total cyclic AMP (cells plus medium) was 
measured by a modification of the procedure of Gil- 
man [11], using rabbit muscle protein kinase, 0.1 ml 
of 2N HCI was added to the tubes prior to placing 
in a boiling water bath for 1 min. The tubes were 
allowed to cool and were neutralized with 0.05 ml of 
4N NaOH. Duplicate 20 yl aliquots were removed 
for determination of cyclic AMP [12]. The cyclic 
AMP standards were made up in incubation medium 
treated in the same manner as the unknowns. The 
free cyclic AMP was separated from the bound cyclic 
AMP by charcoal adsorption [13]. 

Membrane-bound adenylate cyclase activity was 
determined on ghosts prepared by hypotonic lysis of 
fat cells [14]. The gosts (60 wg protein) were used im- 
mediately and incubated for 10 min at 37° in a total 
volume of 100yl containing 40mM Tris buffer 
(pH 8.0), 5mM MgCl,, 30mM KCl, 8 mM creatine 
phosphate, 1 mg creatine phosphokinase, 1 mM ATP, 
1 mM 1-methyl-3-isobutyl xanthine and the test sub- 
stances. Cyclic AMP was determined after the reac- 
tion mixture containing the ghosts was boiled for 
3min and then diluted to a final volume of 1 ml. 
Twenty-yl aliquots were measured by the protein 
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Fig. |. Effect of dimethylsulfoxide on glucose oxidation 
and lipolysis. Fat cells (33 mg/tube) were incubated for 1 hr 
in the presence of 0.5 mM [1-'*C]glucose and the concen- 
tration of insulin indicated. Dimethylsulfoxide (DMSO) 
(0.12 M, stars; 0.56M triangles; or 1.10M squares) was 
present from the start of the incubation. The data are the 
results of two experiments done in duplicate. 


kinase binding assay for cyclic AMP. However, the 
cyclic AMP binding protein was that from the 
10,000 g supernatant of homogenized bovine adrenal 
glands. The assay was conducted as described by 
Brown et al.[15] to eliminate interference by ATP. 

Soluble cyclic AMP _ phosphodiesterase was 
measured using the 48,000 g supernatant of homogen- 
ized fat cells. The precipitate from the 48,000 g centri- 
fugation ‘was washed and resuspended in 2ml of 
40 mM Tris buffer (pH 7.4) and 0.25M sucrose and 
was used to assay particulate phosphodiesterase ac- 
tivity. The phosphodiesterase assay was carried out 
according to the procedure of Thompson and Apple- 
man [16]. 

Crystalline bovine insulin was a gift of Eli Lilly 
Co. and contained less than 0.003% glucagon by 


weight. The other hormones and DMSO were from 
Sigma Chemical Co. 


RESULTS 


Figure 1 shows the effect of dimethylsulfoxide on 
insulin-stimulated glucose oxidation and _ lipolysis. 
The concentrations chosen represent 0.8, 4 and 8% 
of DMSO in the incubation medium. The low dose 
of DMSO had no significant effect on basal or insu- 
lin-stimulated glucose oxidation. This is an important 
consideration since DMSO has been used as a solvent 
for many water-insoluble compounds and the data 
indicate that higher concentrations of DMSO should 
not be used in experiments with fat cells. The higher 
concentrations of DMSO did not alter basal glucose 
oxidation but did inhibit the stimulation by insulin 
of glucose oxidation. This might have been secondary 
to activation of lipolysis by DMSO (Fig. 1), since free 
fatty acids have been shown to inhibit insulin-stimu- 
lated glucose oxidation [17]. However, insulin com- 
pletely blocked the lipolytic effect of 0.567M DMSO 
but there was still a decrease in insulin-stimulated 
glucose oxidation. 

Table | shows that DMSO is able to potentiate 
the lipolytic effect of 100 ng/ml of glucagon, 0.15 uM 
norepinephrine or 50 uM theophylline but does not 
cause a further increase in lipolysis due to the com- 
bination of norepinephrine and theophylline. DMSO 
was able to potentiate the rise in cyclic AMP elicited 
by norepinephrine in the presence or absence of theo- 
phylline (Fig. 2). There was a significant increase in 
cyclic AMP due to norepinephrine at 40 sec in the 
presence of 1.1 M DMSO, while no increase in cyclic 
AMP could be detected in the absence of 1.1M 
DMSO. DMSO also increased cyclic AMP accumu- 
lation in the presence of 0.154M _ norepinephrine, 
50 uM theophylline or 100 ng/ml of glucagon after a 
10-min incubation (data not shown). 

To determine the mechanism of this rise in cyclic 
AMP, the activity of adenylate cyclase in fat cell 
ghosts was measured in the presence and absence of 
dimethylsulfoxide. DMSO at 1.3 M inhibited the rise 
in adenylate cyclase activity due to norepinephrine 
or glucagon but not that due to fluoride ion (Table 
2). There was a slight increase in basal cyclase ac- 
tivity. 

The possibility that the rise in cyclic AMP due to 
DMSO was caused by inhibition of cyclic AMP 
degradation was tested in the experiments shown in 


Table 1. Effect of DMSO on lipolysis* 





Additions 


Glycerol release (umoles/g fat cells) 





Change due to 


Basal 1.10 M DMSO 





None 

Norepinephrine (0.15 uM) 
Theophylline (50 uM) 
Norepinephrine + theophylline 
Glucagon (100 ng/ml) 


0.8 + 0.6 
9.0 + 3.6 
0.6 + 0.3 
32.0 + 3. 
6.3 


He + 14+ H+ I+ 
wr on- 
DncoWe 





* Fat cells (37 mg/tube) were incubated for 1 hr in the presence or absence of 1.10 M 
DMSO and glucagon, norepinephrine, theophylline or both agents. The data are the 
mean + standard error for four experiments done in duplicate. 
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Fig. 2. Effect of DMSO cyclic AMP accumulation at short 

incubation times. Fat celis (41 mg/tube) were incubated for 

the times indicated in the presence of norepinephrine 

(0.15 .M) or norepinephrine (0.15 uM) and theophylline 

(50 uM). Dimethylsulfoxide (1.1 M) was present where indi- 

cated. The data are from a representative experiment done 
in duplicate. 


Fig. 3. Fat cells were incubated with norepinephrine 
plus theophylline for 60 sec and then propranolol was 
added to block adenylate cyclase activation by cat- 
echolamine. The results in Fig. 3 indicate that after 
a 20-sec lag period there was a 50 per cent drop in 
cyclic AMP due to propranolol alone over the next 
100 sec. In other studies (not shown), the values for 
cyclic AMP progressively increased under identical 
conditions over the same time period in the absence 
of propranolol. During the period from 100 to 180 sec 
the drop in cyclic AMP seen in the presence of pro- 
pranolol was reduced 50 per cent by 1.1 M DMSO 
(Fig. 3). A concentration of 0.55 M DMSO gave the 
same value for cyclic AMP at 180sec as was seen 
with 1.1 M DMSO, while 0.27 M DMSO had an in- 
hibitory effect which was only 65 per cent of that 
seen with 0.55 M DMSO (data not shown). The im- 
mediate increase in cyclic AMP seen after DMSO 
addition might be due to rapid inhibition of cyclic 
AMP phosphodiesterase or some other effect. 

Table 3 shows that DMSO was able to inhibit both 
soluble and particular cyclic nucleotide phosphodies- 
terase activity at the two concentrations of cyclic 
AMP tested. The inhibition due to 1.3 M DMSO was 
comparable to that of 50 uM theophylline. 

The possibility that known metabolites of DMSO 
(i.e. dimethylsulfone or dimethylsulfide [7]) could be 
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Fig. 3. Inhibition by DMSO of the drop in cyclic AMP 
seen after the addition of propranolol to fat cells incubated 
with catecholamines. Fat cells (55 mg/tube) were incubated 
for 180 sec with 1.5 uM norepinephrine plus 200 uM theo- 
phylline. Sixty sec after the start of the incubation, /-pro- 
pranolol (20 uM) was added to all tubes either without 
or with 1.1M DMSO. The values are the means of four 
paired experiments. 


responsible for the effects of DMSO on cyclic AMP 
accumulation was examined. These compounds para- 
doxically decreased cyclic AMP accumulation due to 
norepinephrine. Dimethyllsulfide at a concentration 
of 100mM decreased cyclic AMP from 0.38 nmole/g 
in the presence of norepinephrine (0.15 4M) to 
0.05 nmole/g; dimethylsulfone (500 mM) also caused 
cyclic AMP to decrease to 0.05 nmoles/g when nore- 
pinephrine and dimethylsulfone were incubated 
together. At lower concentrations of these agents (ie. 
100 uM), there was no detectable effect on cyclic 
AMP accumulation. 

Other parameters of lipolysis in fat cells were tested 
with negative results. DMSO (1.1 M) did not affect 
the binding of *H-cyclic AMP to protein kinase iso- 
lated from rabbit muscle or the activity of cyclic 
AMP-dependent protein kinase from fat cells either 
in the presence or absence of cyclic AMP. There was 
no effect of DMSO (1.1 M) on the activity of hormone 
sensitive triglyceride lipase from chicken adipose tis- 
sue in the activated (i.e. cyclic AMP present) or in 
the basal state (Wieser, Malgieri and Shepherd, un- 
published observations. 


Table 2. Effect of DMSO on adenylate cyclase* 





Additions Basal 


*% Change due to DMSO 





0.8 M 1.3M 





None 65 
Fluoride, 10 mM 420 
Norepinephrine, 100 uM 1185 
Glucagon. 5 pg/ml 410 


+ 44 (52, 35) 
+ 17 (33,0) 
— 3(0, —7) 
+ 6(12,0) 


+ 105 (180, 30) 

+ 32 (64, 0) 

— 36(—29, —43) 
— 22 (0, —44) 





* Fat cell ghosts (62 yg/tube) were incubated for 10 min in the absence or presence 
of fluoride or norepinephrine in medium containing | mM 1-methyl-3-isobutyl xan- 
thine. Adenylate cyclase activity is expressed as pmoles cyclic AMP accumulated over 
10 min. The results are the mean percentage changes due to DMSO and the values 
in parentheses are the individual values for each experiment. 
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Table 3. Inhibition of cyclic AMP phosphodiesterase by 
DMSO* 





i) 


Phosphodiesterase 
activity 
(pmoles/min x 
mg protein) 


Inhibition 
by DMSO 
(1.3 M) 


Cyclic 
AMP 
(uM) 


Source of 
enzyme 





48.000 g 
Supernatant 0.1 
48.000 g 
Supernatant 1.0 Sl + 3 + 
48.000 g 
Precipitate 0.1 fe ae 
48.000 g 
Precipitate 1.0 + + 11 
*Fat cells were homogenized and then centrifuged at 
48,000 g for 30 min. The phosphodiesterase activity during 
a 10-min incubation of both the precipitate and superna- 
tant was examined at cyclic AMP concentrations of 0.1 uM 
and 1.0 uM. The effect of DMSO is expressed as per cent 
inhibition and the data are the mean + standard error of 
three experiments. 


39 + 3 


4 





The stimulation of cyclic AMP accumulation by 
1.1 M DMSO was reversible, since in fat cells washed 
three times after prior incubation with DMSO for 
10 min the rise in cyclic AMP accumulation due to 
norepinephrine and theophylline was actually reduced 
from a control value of 1.6 to 0.8 nmoles/g. The direct 
addition of 1.1 M DMSO to these cells increased cyc- 
lic AMP by 4.7 nmoles/g in cells previously exposed 
to DMSO and to 3.5 in control cells. These results 
indicated that the effects of DMSO are readily rever- 
sible and do not result from irreversible inactivation 
of cyclic AMP phosphodiesterase. 


DISCUSSION 


The ability of dimethylsulfoxide to inhibit insulin- 
stimulated glucose oxidation is not the result of the 
increased lipolysis observed in the absence of insulin 
with DMSO (Fig. 1). Free fatty acids have been 
shown to inhibit insulin action on fat cells [17] but 
DMSO still inhibited insulin-stimulated glucose oxi- 
dation under conditions (0.56 M DMSO plus insulin) 
in which there was no lipolytic action of DMSO. 

The lipolytic effect of DMSO and its ability to 
potentiate lipolysis due to agents such as norepineph- 
rine or glucagon (Table 1) may result from DMSO’s 
potentiation of cyclic AMP accumulation due to these 
agents (Table 1 and Fig. 2). Cyclic AMP accumu- 
lation due to DMSO alone was slight, but there was 


a potentiation of the rise in cyclic AMP due to nore- 
pinephrine or norepinephrine plus theophylline (Fig. 
2). 

The mechanism by which DMSO increased cyclic 
AMP accumulation due to catecholamines could 
result from stimulation of adenylate cyclase activity. 
However, DMSO actually inhibited the activation of 
adenylate cyclase by catecholamines. A much more 
likely possibility is that DMSO inhibits cyclic AMP 
phosphodiesterase and this effect predominates in in- 
tact cells. We suggest that the activation of lipolysis 
by DMSO is secondary to an elevation of cyclic AMP 
accumulation resulting from inhibition of cyclic AMP 
phosphodiesterase. 
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Abstract—A wide variety of chemically unrelated anesthetics protects red blood cells against osmotic 
hemolysis. The protective effects of most anesthetics are mutally additive, suggesting common rather 
than separate mechanisms of action. Other properties shared by these anesthetics are their inhibition 
of facilitated diffusion of glycerol into human erythrocytes and their stimulation of passive transport 
of this solute in bovine red blood cells. With respect to their influence on passive K* translocation, 
anesthetics can be divided into two groups. Neutral and anionic anesthetics cause in isotonic NaCl 
solutions a large K* loss and in hypotonic NaCl solutions a K* leakage which decreases rapidly 
with increasing cell volume. Cationic anesthetics have the opposite effect; no K* loss occurs at the 
optimal protective concentration, whereas at higher concentrations a K* leakage occurs which increases 
with increasing cell volume. The possible significance of these differences in action is discussed. 


Anesthetics have several common effects on the mem- 
brane of red blood cells. They inhibit hemolysis in 
hypotonic solutions [1], cause hemolysis at higher 
concentrations [1], and are responsible for a decrease 
of cell. deformability [2]. Membrane stabilization is 
coupled with a simultaneous drug-induced membrane 
expansion [1, 3-5]. In some cases other effects have 
been described, including anesthetic-induced _ re- 
arrangement and aggregation of membrane particles 
as seen in freeze-etch electron microscopy [1, 6]. 

As Seeman pointed out [1], the effects of anesthe- 
tics on transmembrane transport are less clearly un- 
derstood, due in part to the lack of distinction drawn 
between passive transport, active transport and facili- 
tated diffusion. A general tendency seems to be drug- 
induced inhibition of facilitated diffusion and varying 
effects on passive fluxes [1]. 

In this context it was decided to study the influence 
of anesthetics on glycerol and K* translocation over 
the red cell membrane. K* translocation, measured 
as K* leakage from the cells, was chosen because 
previous investigations had revealed that the effect of 
dimethylsulfoxide on this passive transport depends 
on cell vol. [7]; the influence of anesthetics on trans- 
location of glycerol in both human and bovine cell 
species was chosen because glycerol transport should 
be considered a facilitated diffusion in human red 
blood cells and passive translocation in bovine ery- 
throcytes [8]. 


METHODS 


Heparinized human and bovine blood were centri- 
fuged shortly after collection. Red blood cell suspen- 
sions were prepared as described previously [7]. 
Osmotic fragility and protection against osmotic lysis 
by anesthetics were measured as described before [7]. 
K* in the medium was determined with a flame phot- 
ometer. Two methods were used to measure glycerol 
permeability: the hemolysis technique as described by 


Naccache and Sha’afi [9] and the stopped-flow tech- 
nique according to Owen et al. [10]. Similar results 
were obtained with both methods. 

For technical reasons protection against osmotic 
lysis was measured at a cell concentration of 7 per 
cent, whereas glycerol permeability was measured 
with the hemolysis technique at a cell concentration 
of 0.12 per cent. Although the degree of osmotic 
hemolysis is influenced by cell concentration, this has 
no impact on the interpretation of the experimental 
results: in each set of experiments the results were 
compared with controls at the same cell concen- 
trations. 


RESULTS 

For the anesthetics used in the present experiments 
the protective effect against osmotic hemolysis was 
measured at a final NaCl concentration of 0.41 per 
cent, giving 70-80 per cent hemolysis in the absence 
of anesthetics (Fig. 1). At relatively low drug concen- 
trations the decrease of hemolysis is proportional to 
the drug concentration. For each drug the concen- 
tration at which hemolysis is reduced to about 50 
per cent of the initial value was measured (Cso., in 
Fig. 1). In further experiments the half-Cso., of one 
anesthetic was supplemented with the half-C5o., of 
another anesthetic (Fig. 2). Within the experimental 
error the protective effects appeared to be additive 
for the anesthetics used (chlorpromazine, dibucaine, 
methanol, ethanol, n-butanol, butane-2,3-diol, 
octanol, urethane, dimethylsulfoxide and sodium 
dodecyl sulphate), with one exception. Sodium dode- 
cylsulphate in combination with either chlorproma- 
zine or dibucaine revealed a slight but significant 
potentiation, which effect is possibly related to the 
opposite charges of the combined anesthetics. 

With respect to the influence on passive K”~ trans- 
location the anesthetics can be divided into two 
groups. The neutral and negatively charged anesthe- 
tics showed the same effects as described previously 
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Fig. 1. Protection of a 7% erythrocyte suspension against 
osmotic hemolysis by varying concentration of chlorpro- 
mazine. The final NaCl concentration was 0.41%. 
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Fig. 2. Protection against osmotic hemolysis by butane-2,3- 
diol (O——©), sodium dodecyl sulphate (A——C), dibu- 


caine (@——@) and combinations of 1/2 Csoe, of butane- 

2,3-diol and dibucaine (©), sodium dodecyl sulphate and 

dibucaine (©) and sodium sulphate and butane-2,3-diol 
(©). 
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Fig. 3. The relationship between drug-induced K* loss 

from human red blood cells (1.7°%%) at 25° and the NaCl 

concentration in the medium. A——A: 1.6 x 10°*M 

sodium dodecyl sulphate; @——@: 2.5 x 1073M octanol; 

A——A: 2 x 10°3M dibucaine; O——D: 3.3 x 10°*M 
chlorpromazine. 
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Fig. 4. Hemolysis time of bovine red blood cells (0.12%) 
suspended in 300 mM glycerol. With the other anesthetics 
similar results were obtained. 


for dimethylsulfoxide [7]. At the optimal protective 
concentration these drugs provoked a K™ loss that 
was very pronounced in isotonic NaCl solution, and 
decreased rapidly as cell vol. increased in hypotonic 
NaC! solutions (Fig. 3). The positively charged anes- 
thetics. on the other hand, did not cause K* leakage 
at the optimal protective concentration. At slightly 
higher concentrations these anesthetics caused K* 
leakage, in this case increasing with increasing cell 
vol. (Fig. 3). 

The effects on glycerol transport were similar for 
all anesthetics tested. Glycerol transport was stimu- 
lated in bovine red blood cells (Fig. 4). In human 
erythrocytes, however, glycerol transport was strongly 
impeded at relatively low anesthetic concentrations. 
At higher concentrations the inhibition was reversed 
(Fig. 5). In the presence of Cu** the facilitated diffu- 
sion of glycerol in human red blood cells is strongly 
retarded [8]. The influence of anesthetics on this 
Cu’*-inhibited transport is also shown in Fig. 5. 
Under these experimental conditions the anesthetics 
caused a marked stimulation of glycerol transport. 


hemolysis time, minutes 


rt 1 i 
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Fig. 5. Hemolysis time of human erythrocytes (0.12%,) sus- 
pended in 300mM glycerol in the absence (® @) and 
in the presence (O——0O) of 10°° M CuSOg. 
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DISCUSSION 


Although anesthetics comprise a wide variety of 
chemically unrelated compounds, experiments with 
combinations of anesthetics indicate that in general 
there are no separate mechanisms of action of special 
classes of anesthetics with respect to the effect of anes- 
thesia [1]. This conclusion was reached a.o. from the 
mutual additive effects of these drugs. However, des- 
pite many studies on this subject, the mechanism of 
action of anesthetics is not yet clear. 

It appeared that a similar additive effect existed 
for the anesthetics used in the present experiments 
relating to protection against osmotic hemolysis of 
human erythrocytes (Fig. 2). If an analogy can be 
drawn with respect to this effect, then the anesthetics 
share a common mechanism of action. 

The effects of glycerol permeability in human red 
blood cells comply with the general pattern of inhibi- 
tion of facilitated diffusion by anesthetics. Glycerol 
transport in bovine red blood cells and in Cu**- 
treated human erythrocytes can be considered as pas- 
sive flux. The passive flux of this highly hydrophilic 
permeant is strongly accelerated by all anesthetics 
used in these experiments. The curves in Fig. 5 indi- 
cate that the reversal of inhibition of glycerol trans- 
port in normal human erythrocytes can be interpreted 
as accelerated passive diffusion, superimposed on the 
inhibited facilitated diffusion. 

An indication of possible separate mechanisms of 
action of anesthetics emerges from the effects on K* 
leakage. The cationic anesthetics have a different 
effect from the neutral and anionic drugs. At the opti- 
mal protective concentration no _ drug-induced 
K*-loss was observed, but at higher concentrations 
a K* leakage appeared which increased with increas- 
ing cell vol. The effect of the other anesthetics was 
quite different, with strong K* leakage at the protec- 
tive concentration in isotonic medium and sharply 
decreasing K*-loss in hypotonic medium (Fig. 3). 

As noted previously for dimethylsulfoxide, the in- 
fluence of the cellular vol. on the effects of anesthetics 
is presumably caused by a conformational change in 
receptor sites of the cell membrane [7]. Not only the 


dimethylsulfoxide-induced K *-loss but also the effects 
of this drug on cell deformability were influenced by 
the cellular vol. [7]. According to Kregenow, such 
a volume-dependent conformational change in recep- 
tor sites is physiologically involved in the volume- 
controlling mechanism of red blood cells [11, 12]. 

The observation that a volume-dependent confor- 
mational change enhances K*-loss, induced by 
cationic anesthetics, and inhibits K*-loss caused by 
neutral and anionic anesthetics, may be of consider- 
able importance. Elucidation of the mechanism of this 
physiologically important conformational change 
could lead to a better understanding of the effects 
of anesthetics on biomembranes. 
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Abstract—The inducing effect of PCB on mixed-function oxidase was investigated in rabbits. No induc- 
tion of microsomal aminopyrine- and p-nitroanisole-demethylation as well as of aniline- and 4-chlorobi- 
phenyl-p-hydroxylation was found, whereas the cytochrome P-450 level was increased by 150-300 per- 
cent normal after Clophen A 50 administration. In rat liver microsomes corresponding enzyme activities 
and P-450 levels were increased 2-—S-fold after identical pretreatment. Similarly, hexobarbital half life 
remained unchanged in rabbits when hexobarbital sleeping time was reduced by more than SO percent 
after the same dose of Clophen A 50 in the rat. Pretreatment of rabbits with different acute doses 
or with low chronic doses of Clophen A 50 increased P-450-content but confirmed the noninducibility 
of the enzyme activities measured. Evidence is presented that this phenomenon is not caused by inhibi- 
tory action of residual PCBs on mixed-function oxidase. The results are discussed with regard to 
the well known response of mixed-function oxidase in rabbit liver to 3-methylcholanthrene (3-MC)-treat- 


ment. 


Studies on the biological effects of polychlorinated 
biphenyls (PCBs) showed a strong and long lasting 
induction of the hepatic enzyme system which oxi- 
dizes many drugs and lipophilic foreign compounds. 
Proliferation of smooth endoplasmic reticulum [1-3], 
increase of the microsomal hemoprotein, cytochrome 
P-450, and enhancement of drug oxidation in vitro 
and in vivo have been demonstrated with PCB-mix- 
tures [4-6], and pure chlorinated biphenyls [7]. 
Beyond these quantitative effects there are qualitative 
alterations: the cytochrome P-450 of rats after treat- 
ment differs in its spectral properties from that pres- 
ent before treatment and resembles the cytochrome 
P-448 which is induced by the polycyclic hydrocarbon 
3-MC [8]. The marked increase in benzo(a)pyrene- 
hydroxylase activity after PCB-as well as after 3-MC- 
administration further indicates similar inducing 
effects of the two chemicals. In contrast, PCBs induce 
hydroxylation of hexobarbital and N-demethylation 
of ethylmorphine which are not enhanced by 3-MC 
but by PB-treatment of rats. 

Rabbits are known to differ from rats in their re- 
sponse to polycyclic hydrocarbon inducers [9, 10]. 
Thus, the rabbit might offer an alternative model to 
study the induction pattern of mixed-function oxidase 
by PCBs and to establish their characteristics as in- 
ducers. Little is known on the PCB-mediated induc- 
tion pattern in rabbits. Two communications report 
on increased aminopyrine demethylation in vitro and 
hexobarbital metabolism in vivo [11,12]. In that, in- 
duction by PCBs appeared to be similar to that by 
phenobarbital (PB). In contrast, we have recently 
reported some evidence for a 3-MC-type of PCB- 
induction in rabbits. With respect to the difference 
spectrum of the reduced P-450-CO-complex and the 
microsomal metabolism of two substrates, 4-chlorobi- 


phenyl and p-nitroanisole, the effects of PCBs were 
similar to those of 3-MC, but completely different 
from those of PB [33]. 

To clarify whether the PCB-mediated induction 
pattern in rabbit liver can be assigned to one of the 
two types of induction produced by PB or 3-MC, 
or has properties of both types, we have investigated 
the effects of the technical PCB-mixture Clophen 
A 50, a potent inducer in rats [13] on several types 
of mixed-function oxidase activities in vitro and in 
vivo in male rabbits. Parallel studies were undertaken 
with rats after identical pretreatment. 


MATERIALS AND METHODS 

Chemicals 

Enzymes and coenzymes were purchased from 
Boehringer/Mannheim, Germany. Clophen A 50, a 
mixture of chlorinated biphenyls with an average 
chlorine content of 5 atoms per biphenyl molecule 
was obtained from Bayer AG/Leverkusen, Germany. 
“Bayer Evipan-Na” was a generous gift of Dr. Meyer- 
Uhl. 4-Chlorobipheny! was obtained from Riedel-de- 
Haen, 3016 Seelze, Germany. All other chemicals 
were of analytical grade and were bought from Merck 
AG, Darmstadt, Germany. The hydrochlorides of ani- 
line and p-aminophenol were prepared by bubbling 
hydrogen chloride into an ethereous solution of these 
chemicals. 


Animals 

Male rabbits of the “White Russian” strain were 
obtained from Fa. Gassner, Sulzfeld/Germany, or 
from our own animal breeding station. Rabbits of 
1400-1800 g corresponding to an age of 2-3 months 
and SPF Wistar rats, weighing between 100-200 g 
were utilized. All animals received water and a nor- 
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mal labotatory diet (Altromin®, Lage/Lippe, Ger- 
many) ad lib. Clophen A 50 was administered in a 
5% (w/v) solution in olive oil. For feeding experiments 
rabbits received daily portions of 200g Altromin® 
containing 100 ppm Clophen A 50. 


Preparation of microsomes 


At 8 a.m. rabbits were killed by a blow on the neck 
and exsanguination. Rats were sacrificed by decapi- 
tation. Livers were perfused with ice cold NaCl 
(0.9°%%)-sclution through the vena cava. After storage 
on ice, approximately 50 g of rabbit liver or the entire 
rat liver were minced with scissors and further dis- 
rupted by a tissue press [14]. The disrupted tissue 
was homogenized in a cooled Potter-Elvehjem hom- 
ogenizer (400 rotations/min) in a 4-fold vol. of 0.25M 
sucrose, centrifugation was performed as described 
[15]. The pellets of the last centrifugation were resus- 
pended and recentrifuged in 0.15 M KCL. The final 
pellets were suspended in sufficient volumes of 0.05 M 
Tris-HCI buffer, pH 7.5, containing 0.25M_ sucrose 
to obtain a protein concentration of 10-20 mg/ml. 
The suspensions were frozen in liquid nitrogen and 
stored at —22°. 


Protein content of microsomes 


Protein concentration was determined by the biuret- 
method described by Szarkowska and Klingenberg 
[16], with dried bovine serum albumin (Behring- 
Werke, Marburg/Lahn) as standard. The turbidity 
arising from insoluble material is substrated from the 
initial extinction at 546nm after decolorization with 
KCN. Microsomal protein content per g fresh liver 
was calculated by multiplying the microsomal protein 
content per g perfused liver with a factor of 1.34 
obtained from dry weight determinations of fresh and 
perfused liver tissue respectively. 


In-vitro assays of drug metabolism 

Demethylation of p-nitroanisole was determined 
with freshly prepared microsomes. All other in vitro 
assays were performed with microsomes stored for 
1 or 2 days. No significant activity changes compared 
to fresh microsomes were observed. 

The activity of p-nitroanisole-O-demethylase was 
determined by a modified procedure of the method 
described by Netter and Seidel [17]. The assay mix- 
ture contained 1mg microsomal protein, 1mM 
p-nitroanisole, 10 mM isocitrate, 0.4 units isocitrate- 
dehydrogenase, 5mM MgCl,, in a total vol. of 1 ml 
0.1M potassium phosphate buffer, pH 7.85. After 
temperature equilibration the reaction was started by 
addition of a mixture of 0.13 umole of NADP/ 
NADPH. Initial velocities were recorded at 420 nm 
and 33°. Activity was proportional to protein concen- 
trations of 0.5 and 1.0 mg/ml. 

p-H ydroxylation of 4-chlorobiphenyl. A microcristal- 
line suspension of 4-chlorobiphenyl was prepared by 
sonification, since organic solvents or detergents like 
Tween 80 inhibit microsomal hydroxylase activity 
[18]. Approximately 20 mg of 4-chlorobiphenyl were 
dissolved in 50 yl of chloroform in a test tube and 
5 ml water added in drops. The chloroform solution 
at the bottom was sonified for 10-20 sec by the micro- 
tip of a Branson-sonifier at 50 W output. After eva- 
porating the chloroform and filtering, a suspension 
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being stable for at least 15 min was obtained. Concen- 
tration was determined by the UV-absorption in 
methanol. 

Two umoles of 4-chlorobiphenyl were preincubated 
with 5 mg microsomal protein for 5 min. The reaction 
was started by adding this mixture to a medium 
containing 0.05M Tris-HCl buffer, pH 8.6, 10mM 
glucose-6-phosphate (G6P), 1 mM NADP, 0.5 units/ 
ml glucose-6-phosphate-dehydrogenase (EC 1.1.1.49) 
(G6PDH) and 4mM MgSO, in a total vol. of 10 ml. 
The mixture was incubated for 4 min at 33°. Extrac- 
tion with ethylacetate terminated the reaction and the 
metabolite 4-chloro-4’-hydroxybiphenyl was purified 
on thin layer plates of Kieselgel G (Merck, Darm- 
stadt) with chloroform as solvent (R- = 0.2-0.3). The 
absorption difference between 266 and 320nm of the 
solution in methanol was taken for quantitative deter- 
mination. The authentic sample had a molar extinc- 
tion coefficient of 22000litre: mol~'-cm~'. The 
overall yield starting with the ethylacetate extraction 
was 70 per cent. Under these conditions extinction 
of 0.2 was equal to an enzyme activity of 1.30 nmoles 
metabolite-mg protein~'-min~'. Enzyme activity 
was linear for 5 min with 0.5 and 1.0 mg of protein/ml. 
The Ky with microsomes from phenobarbital-treated 
rabbits was 2:10°* M. With rabbit microsomes no 
further phenolic metabolite could be detected when 
the TLC-plates were stained with FeCl,/K,3(Fe(CN).,) 
reagent. 

Aniline-p-hydroxylase. Determination by the indo- 
phenol-method was performed according to Imai et 
al. [19], as described by Mazel [20]. Optimal condi- 
tions were found with fivefold higher concentrations 
of substrate and NADPH-regenerating system. 
Enzyme activity in rabbit liver microsomes was found 
to be linear with respect to protein concentration at 
0.5 and 1.0 mg/ml within 30 min. Incubation time was 
20min at 0.5 mg protein/ml. Microsomes from rat 
liver gave similar results within 15 min. Incubation 
time here was 10 min at 0.5 mg protein/ml. 

Aminopyrine-N-demethylase. The metabolite amino- 
antipyrine was determined by diazotation and 
coupling with «-naphtol [21]. Substrate and cofactor 
concentrations were the same as described by Mazel 
[20], except that nicotinamid was omitted. Incubation 
procedures and linearity of enzyme activity were the 
same as described for aniline-p-hydroxylase. 

Cytochrome P-450 content of microsomes. Deter- 
mined according to Omura and Sato [22], using a 
molar extinction coefficient of 91-mM~'-cm™~', in a 
Beckman-Spectrophotometer, model Acta C-III. 
Wavelength accuracy was checked by the absorption 
lines at 418.5 and 453.4nm of holmium-oxide and 
the D f-line of the deuterium lamp at 486.0 nm. For 
accurate determination of maximal wavelength differ- 
ence spectra were recorded with a chart expansion 
of 2nm/inch and evaluated graphically according to 
R. B. Mailman et al. [23]. 


In vivo assays 

Half life of hexobarbital in rabbits. Four untreated 
animals received 40 mg sodium salt of hexobarbital/ 
kg body wt in 2ml of waier by cautious injection 
into the ear vein. Samples of arterial blood were 
collected from the other ear into heparinized vessels 
5 times within 1.5 hr. Plasma concentration of non- 
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metabolized hexobarbital was determined according 
to Cooper and Brodie [24]. Blanks were obtained 
from two blood samples taken immediately before 
hexobarbital-injection. Clophen A 50 dissolved in 
olive oil (5% w/v) was given to the same animals by 
stomach tube. 

Sleeping time of rats. Groups of 10 Wistar rats were 
starved for 16 hr and then received a 5% (w/v) solu- 
tion of Clophen A 50 in olive oil by stomach tube. 
Control groups only received olive oil. After i.p. injec- 
tion of the sodium salt of hexobarbital (1.5% in 0.9% 
NaCl) the time until the righting reflexes reappeared 
(from the side position) was determined. 


Gaschromatographic determination of PCBs in tissues 


For estimation of PCB-content 1 ml microsomes 
were extracted by shaking with 5-10 ml hexane. The 
organic phase was concentrated to 1 ml vol. and chro- 
matographed on a 1 x 10cm column of AI,O,; 
(Woelm neutral, 5.5% H,O content) with 15 ml n-hex- 
ane. Gas liquid chromatography was performed on 
a Carlo Erba gas chromatograph, model Fractovap 
2300, equipped with a 63 Ni-electron-capture detec- 
tor. A glass column of 6 feet length was packed with 
5% SE 30 on Chromosorb W/AW/DMCS, 80/100 
mesh. The column temperature was 210°. Argon/ 
methane (90/10) was used as carriergas. Automatic 
intergration of the gaschromatogram was taken for 
quantitative estimation. 


RESULTS 


Rabbit and rat liver drug metabolism in vitro after 
5 x 50mg/kg of Clophen A 50 


When rabbits and rats were pretreated daily with 
50 mg/kg Clophen A 50 for 5 consecutive days, only 
liver weight and cytochrome P-450 level were mark- 
edly increased in rabbits, whereas the rates of p-hyd- 
roxylation of 4-chlorobipheny! and aniline as well as 
of the oxidative demethylation of aminopyrine and 
p-nitroanisole remained unchanged. No augmentation 
of microsomal protein was observed (Fig. 1). 

In contrast, all parameters determined with Clo- 
phen-treated rats were significantly increased, in 
agreement with the results obtained by other authors 
[4-7]. 

Two parameters were similarly increased in both 
species: the relative liver weight by 50% and the cyto- 
chrome P-450 level by 140%. The maximal wave- 
length of the CO-difference spectrum of the rabbit 
cytochrome was 448.4 + 0.2 nm. It differs significantly 
from the maximum of 449.8 + 0.2 nm after phenobar- 
bital (P <0.01) and from the maximum of 
447.8 + 0.2nm after 3-MC-pretreatment (P <0.001). 
In rats, the maximal wavelength of 448.6 + 0.2nm 
after Clophen A 50 treatment was significantly differ- 
ent (P <0.001) from 449.9+0.2nm, the maximal 
wavelength of controls. 


Hexobarbital half life in rabbits and hexobarbital nar- 
cosis in rats after a single oral dose of 50mg/kg 
Clophen A 50 


The differences of inducibility between the two 
species observed in vitro were further confirmed by 
the determination of hexobarbital metabolism in vivo. 
In untreated rabbits hexobarbital half life was 
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28 + 6min. Two days later, a similar half life was 
found in the same animals. This indicates that 
repeated hexobarbital administration does not alter 
its own metabolism. When these rabbits were treated 
with a single oral dose of 50 mg/kg Clophen A 50, 
a dose which induced P-450-content 2 days later by 
60%, hexobarbital half life remained unaffected. 

Rats after identical treatment with Clophen A 50 
showed a markedly reduced hexobarbital sleeping 
time (Table 1) 8hr after PCB-administration. This 
reduction was not significantly different between both 
sexes. One, resp. three days later, a reduction to 35% 
resp. 24% of control values was observed in female 
rats. With male rats, a similar reduction of sleeping 
time was found by other authors [5]. 


Microsomal enzyme activities of rabbits at different 
times after 5 x 50 mg/kg Clophen A 50 


The high P-450 level observed within the first week 
after 5 x 50mg/kg Clophen A 50 decreased slowly 
during the following week whereas microsomal pro- 
tein content and oxidation of 4-chlorobiphenyl were 
not significantly altered (Fig. 2). 

Demethylation rate of p-nitroanisole after 2 wk was 
the same as 3 days after the last PCB-administration. 
Liver wt was maximally increased while cytochrome 
level decreased, indicating that these two responses 
of the liver cell to PCB-uptake may be not correlated 
to each other. 


%. of control 


























amino- aniline- 4-Cl-biph- 


relative micros. cytochr p-NOs 
liver protein P450 anisol@- pyrine- hydrox. 
weight demeth. demeth 
Fig. 1. Induction parameters after i.p.-administration of 50 
mg/kg Clophen A 50 given daily on 5 consecutive days 
to male rabbits and rats. Microsomes were prepared 3 days 
after the end of treatment. For experimental details see 
“materials and methods”. The columns represent mean 
values + S.D. of rabbits @ and rats 0 relative to control. 
Control values for rabbits and rats were: Relative liver 
weight: 3.9 + 0.4 (n = 22) and 5.5 + 0.4g/100g body wt, 
microsomal protein: 8.8 + 1.5 (n = 21) and 18.3 + 1.1 mg 
protein/g fresh liver, cytochrome P-450: 1.94 + 0.25 (n = 18) 
and 1.01 + 0.20 nmoles/mg protein, p-nitroanisole-demeth- 
ylation: 1.8 + 0.2 (n = 12) nmoles and 0.9 + 0.2 nmole p- 
nitrophenol/mg protein/min, aminopyrine-demethylation: 
0.40 + 0.05 (n = 11) and 0.25 + 0.09 nmole amino-antipyr- 
ine/mg protein/min, aniline-p-hydroxylation: 0.83 + 0.12 
(n = 12) and 1.72 + 0.22 nmole p-aminophenol/mg protein/ 
min, 4-chlorobiphenyl-p-hydroxylation: 1.2 + 0.1 (n = 9) and 
2.6 + 0.5nmole 4-chloro-4’-hydroxy-biphenyl/mg protein/ 
min. Number of treated rabbits is the same as indicated 
for controls. For determination of drug metabolism in rats, 
groups of 8 animals each weighing 150 + 20g were used. 
Livers of two animals were pooled. 


hydrox. 
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Table 1. Effect 


of a single oral dose of 50mg/kg Clophen A 50 on hexobarbital 


narcosis in rats 





Dose of 
hexobarbital 
(mg/kg) 


Time after 
PCB-dosage 


Sex (hr) 


Sleeping time (min) 


Oo 


50 mg/kg é 


Control Clophen A 50 Decrease 





150 
150 
120 
150 


male 8 
female 8 
female 24 
female 72 


42 32 
113 

92 + 

97 + 21.6) 





Male rats weighing 165 + 10g and female rats weighing 120 + 20g were used. 
Data are mean values + S.D. Groups of 10 animals were treated. n, given in brackets 
was <10, when animals died or did not sleep. 


Effect of feeding 100 ppm Clophen A 50 on microsomal 
drug metabolism in rabbits 

To find out whether chronic low dosage has an 
effect similar to acute high dosage, rabbits were fed 
with a diet containing 100mg/kg Clophen A_ 50, 
which corresponds to an approximate daily uptake 
of 10 mg/kg. After 6 wk, no changes in drug metabo- 
lizing enzymes could be observed, whereas cyto- 
chrome P-450 content was doubled. 


DISCUSSION 


PCBs are known inducers of P-450 dependent mic- 
rosomal drug metabolism in rats [4-6] and mice [25] 
and of steroid metabolism in birds [26-28]. There 
are similarities and some striking differences between 
rabbits and rats in the response to PCB-treatment 
(Fig. 1). Some parameters, relative liver wt, cyto- 
chrome P-450 content and the wavelength shift of the 
reduced CO-difference spectrum were similarly 
altered in rabbits and rats. However, two demethyla- 
tion reactions, the N-demethylation of aminopyrine 
and the O-demethylation of p-nitroanisole as well as 
the aromatic p-hydroxylation of aniline and 4-chioro- 


rel liver weight 
micros. protein 
cytochr P.450 
4-Cl-biph.-hydrox 


of control 


°lo 








days after removal of treatment 


Fig. 2. Induction parameters at different time intervals after 
administration of 50 mg/kg Clophen A 50 given daily on 
5 consecutive days. Each point represents a mean value 
+ §.D. relative to control of 3 animals 2, 4, 9 and 14 
days after treatment and of 2 animals 12 days after treat- 
ment. n for day 3 after treatment is given under Fig. 1. 
For experimental details see “materials and methods”. 
Control values see legend of Fig. 1. 





*S. Hesse. unpublished result. 


biphenyl, type II and type I compounds respectively 
[30,*], were not enhanced in microsomes of Clophen 
A 50-treated rabbits but in microsomes of rats. 
4-Chlorobiphenyl was chosen as substrate instead of 
the more generally used biphenyl [29] in order to 
test whether PCBs can stimulate their own metabo- 
lism. 

Similarly to the in vitro activities, in vivo hexo- 
barbital half life remained unchanged in Clophen 
A 50-treated rabbits, whereas in rats shortening of 
hexobarbital sleeping time soon after uptake of 
Clophen A S50 indicated accelerated barbiturate meta- 
bolism. 

These findings are in disagreement with reports of 
a 3-fold increase in aminopyrine-demethylation [11], 
or shortened hexobarbital sleeping time [12] after ad- 
ministration of a low dose of Aroclor 1254 to rabbits. 
Differences in rabbit strains which were made respon- 
sible for large differences in hexobarbital metabolism 
rate after phenobarbital treatment [32] may account 
for the conflicting results. However, the rabbit strain 
we used does not generally behave as a non- or 
weakly inducible strain, because after pretreatment 
with phenobarbital we observed a marked induction 
of ail enzyme parameters measured [33]. 

Considering the missing induction of several P-450 
dependent reactions, it is possible that residual PCBs 
remaining in the microsomes during isolation inhibit 
the in vitro metabolism sufficiently to mask induced 
mixed-function oxidase activity. This appears un- 
likely, since gaschromatographic determination 
showed a microsomal PCB-concentration not more 
than 0.5-2 nmol/mg protein (Table 2). A 10 per cent 
inhibition of p-nitroanisole-O-demethylation in vitro 


Table 2. Determination of PCB-residues in liver micro- 
somes 





Time after 
removal of 
administration 
(days) 


Content 
(ug/g protein) 


Dose (i.p.) 


(mg/kg) Animal 





1 x 50 rabbit 3 
5 x 50 rabbit 3 
5 x 50 rat 3 


95* 
430 + 55 (4) 
100 + 20(4) 





* Pooled livers of 4 animals. 
Data are mean values + §.D. Numbers of individual 
microsomal preparations are given in brackets. 
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required the presence of 25nmol of 2,4,6,2',4',6’- 
hexachloro- or 40nmol of  2,5,2’,5’-tetrachloro- 
biphenyl/mg protein, ic. 10-SO times the residual 
PCB-concentration. Aniline-hydroxylase was even 
found to be stimulated when 100 nmol/mg protein 
were added in vitro (results not shown). 

Likewise it is unlikely that induction occurs later 
than 3-4 days after the last dosage, the time chosen 
for the preparation of microsomes and enzyme assay, 
since p-hydroxylation activity was not found to be 
increased within two wk after the last application of 
5 x 50 mg/kg Clophen A 50 (Fig. 2). 

It has been established that 3-MC increases hepatic 
cytochrome level and shifts the CO-difference spec- 
trum to 448 nm, but does not change the microsomal 
protein content or the rate of several hydroxylation 
and demethylation reactions in the rabbit [9, 10]. 
Recent observations indicate that the 3-MC-induced 
cytochrome may have specific catalytic properties. 
Acetanilide-p-hydroxylation and N-2-acetylamino- 
fluorene-N-hydroxylation were markedly stimulated 
after treatment [35]. Preliminary results showed that 
Clophen, like 3-MC causes a 2- and 5-10-fold in- 
crease, respectively, in these two microsomal enzymes 
in rabbits*. 

Thus, our results suggest that PCBs induce only 
one type of mixed-function oxidase in the rabbit liver. 
The substrate specificity of the induced cytochrome 
totally differs from the specificity of the PB-type, 
which is characterized by a general increase in mixed- 
function oxidase activities [33, 34] and is closely simi- 
lar to the activity pattern caused by 3-MC-treatment. 
We are aware of the fact, that the similarity in the 
enzyme activity pattern after PCB- as well as after 
3-MC-treatment does not prove the identity of the 
two cytochromes. 

The failing stimulation of 4-chlorobiphenyl-p-hy- 
droxylase in the rabbit liver after PCB-treatment indi- 
cates that PCBs do not stimulate their own metabo- 
lism in this animal. In the rat, PCBs are enhancing 
the metabolism of 4-chlorobiphenyl after PCB- 
administration (Fig. 1). This species difference would 
explain why the microsomal PCB-content of the rab- 
bit liver is much higher than in rat liver after identical 
treatment (Table 2). Thus, if PCB-metabolism is 
merely a detoxification mechanism, PCBs might be 
more toxic to the rabbit than to the rat. 
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SHORT COMMUNICATIONS 


Ketogenesis in isolated rat hepatocytes 
Effect of oleate and chlorpropamide on ketogenesis from 
endogenous lipids 


(Received 18 August 1976; accepted 10 November 1976) 


The hypoglycemic drug chlorpropamide (5 mM) has been 
shown to inhibit ketogenesis from endogenous lipids by 
80 per cent in livers of fasted rats [1] and by 40 per cent 
in livers of alloxan-diabetic rats perfused without fatty acid 
substrate [2], but no effect of the drug on ketogenesis 
could be observed when fasted livers were perfused with 
either 1mM oleate or with 5mM octanoate [2]. These 
results suggested that chlorpropamide could interfere with 
hepatic triglyceride breakdown but not with fatty acid oxi- 
dation. However, since the effect was most pronounced 
in those situations where fatty acid oxidation was relatively 
low (e.g. fasted livers perfused without fatty acids), the pos- 
sibility remained that chlorpropamide inhibited keto- 
genesis at some point in a competitive manner. This possi- 
bility has now been further examined using isolated rat 
hepatocytes and a wider range of substrate and drug con- 
centrations. The use of [1-'*C]oleate as substrate and 
measurements of the specific radioactivity of the ketone 
bodies formed allowed for the discrimination between 
ketone bodies derived from the radioactive exogenous sub- 
strate and from unlabeled endogenous lipids (mainly trigly- 
cerides), so that the effect of chlorpropamide on both 
sources of ketogenesis could be examined. 


MATERIALS AND METHODS 


Hepatocytes were prepared from livers of fasted rats by 
the method of Zahlten et al. [3]. 5 x 10° cells were incu- 
bated in duplicate in siliconized glass scintillation vials in 
a final vol. of 2 ml of Krebs-Henseleit bicarbonate buffer, 
containing 2.3g per 100ml of defatted albumin, 
0.1-1 umole per ml of [1-'*C]oleate and 1-5 umoles per 
ml of chlorpropamide. 1 umole of L-carnitine per ml of 
incubation mixture was routinely added since preliminary 
experiments had shown that with some cell preparations 
carnitine stimulated ketogenesis, possibly as a consequence 
of a variable washout of carnitine reported to occur during 
isolation of hepatocytes[4]. The vials were gassed with 
O,:CO, (95:5, v/v) and incubated with shaking at 37° for 
30 or 60 min. More than 80 per cent of the cells excluded 
trypan blue at the end of a 60 min incubation. The reac- 
tions were stopped with perchloric acid and f-hydroxybu- 
tyrate [5] and acetoacetate [6] were determined enzymati- 
cally in the neutralized supernatant. Ketogenesis refers to 
the production of f-hydroxybutyrate plus acetoacetate. 
After conversion of B-hydroxybutyrate to acetoacetate the 
radioactivity associated with the carbonyl and carboxyl 
group of acetoacetate was measured according to McGarry 
et al.[7]. Appropriate corrections for blanks and reco- 
veries were always performed. The known sp. act. of the 
substrate allowed for the calculation of the amount of the 
ketone bodies derived from the radioactive substrate (exo- 
genous ketogenesis). The difference between the total and 
the radioactive ketones from exogenous oleate gave the 
amount derived from hepatic lipid stores (endogenous 
ketogenesis). The adequacy of the methodology is well 
established [7, 8]. 


RESULTS 


In a first series of experiments, the effect of chlorpropa- 
mide on endogenous ketogenesis of isolated hepatocytes 
incubated in a fatty acid free medium was examined. Over 
a 60 min period endogenous ketogenesis proceeded at the 
rate of 17.56 + 1.35umoles ketone bodies x 60 min~! 
x 10° cells~' (mean + S.E.M.) and was reduced to 4.19 + 
0.57 umoles x 60 min~! x 10° cells~' in the presence of 
2.5mM chlorpropamide (n = 3, P < 0.05). 

The effects of chlorpropamide on ketone body produc- 
tion by liver cells in the presence of 0.1-1.0mM [1-'*C]- 
oleate are shown in Fig. 1. During the first half hr of incu- 
bation (Fig. 1A) ImM chlorpropamide significantly inhi- 
bited total ketogenesis in the presence of 0.1, 0.3 and 
0.5mM oleate by 18, 13 and 9 per cent respectively. The 
inhibition was always the result of a significantly reduced 
contribution of endogenous lipids. The effect of chlorpro- 
pamide was dose-dependent. Higher drug concentrations 
tended to slightly inhibit exogenous ketogenesis but the 
effect was significant in only two cases and at the highest 
drug concentration. At 1.0mM oleate concentration, a sig- 
nificant inhibition of endogenous and total ketogenesis 
could only be demonstrated in the presence of 5 mM chlor- 
propamide. Essentially the same pattern of inhibition was 
observed during the second half hr of incubation (Fig. 1B). 
Surprisingly, at all substrate concentrations, total keto- 
genesis during the second half hr proceeded almost at the 
same rate as during the initial half hr, despite a decrease 
of the. substrate concentration in the medium. This may 
be explained by the results of a series of control experi- 
ments depicted in Fig. 2. Total ketogenesis increased 
linearly with substrate concentration. However, with in- 
creasing substrate concentrations the contribution of the 
exogenous fatty acid leveled off, while ketogenesis from 
endogenous lipids increased. This phenomenon was most 
apparent during the second half hr (Fig. 2B) where at 
1mM _ oleate concentration, endogenous ketogenesis in- 
creased to almost three times the rate observed in the 
absence of substrate, accounting for 67 per cent of the 
total ketogenesis. 


DISCUSSION 


In addition to its inhibiting effect on ketogenesis by 
livers perfused without substrate, chlorpropamide has now 
been shown to retain its inhibiting effect on endogenous 
ketogenesis in liver cells incubated in the presence of exo- 
genous fatty acids. The marked reduction of endogenous 
ketogenesis caused by chlorpropamide sharply contrasts 
with its small effect on exogenous ketogenesis, which 
reached the level of significance at the highest drug concen- 
tration only. Therefore, the present observations corrobor- 
ate the earlier suggestion by us [1,2] and others [9] that 
sulfonylureas primarily affect hepatic ketogenesis through 
interference with hepatic triglyceride breakdown. Note- 
worthy is the fact that t!:< inhibitory effect of chlorpropa- 
mide on endogenous ketogenesis strongly diminishes when 
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Fig. 1. Liver cells of fasted rats were incubated for 60 min as described in Methods. Fig. 1A presents 
the results obtained during the first half hr, Fig. 1B those of the second half hr of incubation. Each 
bar represents the mean of at least 4 different liver cell preparations. Total ketogenesis is represented 
by the total height of a column: it has been subdivided into its endogenous (shaded area) and exogenous 
(white area) components as described in Methods. A star on top of a column indicates a statistically 
significant difference (at least P < 0.05) versus the corresponding control total ketogenesis; within either 
the shaded or the white area, it refers to the corresponding area of the control. Significance of difference 


between means was established by Student’s t-test for paired data. 


= control experiments, 


b = + 1mM chlorpropamide, c = + 2.5mM chlorpropamide, d = + 5mM chlorpropamide. 


the cells are incubated in the presence of 1 mM oleic acid. 
This decrease in inhibitory action of chlorpropamide is 
accompanied by a strong stimulation of endogenous keto- 
genesis by oleate (see further), and it is therefore likely 
that both phenomena are related. 

The moderate inhibition of endogenous ketogenesis 
observed in the presence of therapeutic concentrations of 
chlorpropamide (1 mM or less) precludes any significant 
effect of the drug on ketogenesis in diabetic patients. How- 
ever, an interference of the drug with triglyceride break- 
down could affect hepatic triglyceride content and secre- 
tion which plays a central role in blood lipid homeostasis. 
Studies on the effect of chlorpropamide on hepatic trigly- 
ceride metabolism performed in this laboratory will -be 
published in extenso elsewhere [10]. 

The data of Fig. 2 are at variance with those of Ontko 
[11] who reported a decrease of endogenous ketogenesis 
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with increasing substrate concentration. Whether this dis- 
crepancy is due to differences in methodology is not clear. 
Since up to 30 per cent of the substrate taken up by liver 
cells of fasted rats can be esterified [11] the stimulatory 
effect of oleate on endogenous ketogenesis could be inter- 
preted as the result of an increase in hepatic triglyceride 
content and thus an increase in endogenous ketogenesis. 
This process would be an energy wasting futile cycle that 
could explain in part the very low ADP/O ratio deter- 
mined by us for the oxidation of 1 mM oleate by the per- 
fused livers of fasted rats [12]. However. esterification of 
incoming oleate resulting in a mobilization of preexisting 
triglycerides is probably not the only mechanism respon- 
sible for the observed increase in endogenous ketogenesis. 
Indeed, when liver cells were incubated in the presence 
of 1mM _ octanoate total ketogenesis was 60.62 + 1.87 
umoles x 30min~! x 10° cells~' and endogenous keto- 
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Fig. 2. Incubation conditions and the meaning of total, endogenous and exogenous ketogenesis have 
been explained in Methods. Each point represents the mean + S.E.M. of at least 5 different liver 


cell preparations. A— total ketogenesis, 


exogenous ketogenesis, —@— endogenous 


ketogenesis. 
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genesis was as high (22.64 + 2.93 pmoles x 30 min~' x 10° 
cells~', n = 4) as with 1mM oleate. Since octanoate is 
not esterified by the liver[13] it appears that not only 
esterification but rather the overall metabolic state of liver 
cells rapidly utilising free fatty acids is responsible for the 
observed labilization of endogenous triglycerides. The 
details of the mechanism(s) involved remain to be eluci- 
dated. They could provide valuable information pertaining 
to the situation in the perfused liver of diabetic rats which 
produces ketone bodies at a high rate, regardless whether 
fatty acids are present in the perfusion medium or not 
[14]. It is possible that in this situation, as in the experi- 
ments reported here, the continuous increased supply of 
fatty acids to the liver in vivo would not only sustain the 
high concentration of hepatic triglycerides but also accel- 
erate their turnover. 
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Effects of local anesthetics and cholesterol on the (Na’ + K*)-dependent ATPase 


(Received 18 August 1976; accepted 27 September 1976) 


The (Na* + K*)}-dependent ATPase represents the bio- 
chemical basis for transporting Na* and K”, the sodium 
pump, and is present in vivo in the plasma membrane [1]. 
Among the consequences of this localization is the sensi- 
tivity of the enzyme to membrane structure. Early studies 
showed that alternations in membrane lipids (such as enzy- 
matic digestion or solvent extraction) drastically decreased 
activity, and that activity could be restored by replacing 
lipids [2-5]. Nevertheless, disagreements about the relative 
importance of various lipid classes have been difficult to 
resolve. For example, Wheeler and Whittam [4] obtained 
optimal restoration of ATPase activity only when phos- 
phatidyl serine was added, and Noguchi and Freed [5] 
found that the presence of cholesterol was crucial, whereas 
Hilden and Hokin [6] were able to restore activity when 
the only lipid present was phosphatidyl choline. 

The experiments presented here are concerned with 
another aspect of enzyme-lipid interactions, the effects on 
enzyme activity of agents known to interact with the lipid 
bilayer: cholesterol and two local anesthetics, procaine and 
benzyl alcohol (one largely ionized at the pH used and 
the other unionized). These agents were studied in terms 
of their effects on cation activation both of the 
(Na* + K*)-dependent ATPase and of the related K*- 
dependent phosphatase reaction, which appears to reflect 
the terminal hydrolytic steps of the overall ATPase reac- 
tion [1]. The data demonstrate differences between the 
three agents in effects on several kinetic parameters, as 


well as generally greater effects at an incubation tempera- 
ture below the lipid phase transition temperature of the 
membrane. 

The enzyme preparation used was obtained from rat 
brain microsomes after treatment with deoxycholate and 
Nal, as described previously [7]. For addition of choles- 
terol, a suspension of 0.2 mM cholesterol in 60 mM histi- 
dine-HCl/Tris (pH 7.8) was sonicated to translucence, and 
then mixed with an equal volume of the enzyme prep- 
aration 10 min before initiating the assay. The final concen- 
tration of cholesterol in the incubation medium was 
0.01 mM. Controls without cholesterol were run concur- 
rently. 

(Na* + K*)-dependent ATPase activity was measured 
in terms of the production of P;, as previously described 
{7]. The standard medium contained 30mM histidine- 
HCI/Tris (pH 7.8), 3mM MgCl,, 3mM ATP (as the Tris 
salt), 90mM NaCl, 10mM KCl, and the enzyme prep- 
aration (0.1 mg protein/ml). Activity in the absence of Na* 
and K* was measured concurrently; such activity averaged 
only a few per cent of the (Na* + K*)-dependent ATPase 
activity [7], and was subtracted from the total activity in 
the presence of Na* and K* to give the (Na* + K”*)- 
dependent activity. Because of variations in the absolute 
activity of different enzyme preparations, enzyme velocities 
are expressed relative to the (Na* + K*)dependent 
ATPase activity of the concurrent control incubation in 
the standard medium, defined as 1.0. K *-dependent phos- 
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Fig. t. Effect of KCl on (Na* + K*)-dependent ATPase 
activity at 37°. The enzyme preparation was incubated in 
media containing 30mM_histidine-HCl/Tris (pH 7.8), 
3mM ATP, 3mM MgCl,, 90mM NaCl, and the concen- 
trations of KCl, plus other additions as noted: none (@), 
procaine (O), benzyl alcohol (@), or cholesterol (0). Data 
are presented in double-reciprocal Lineweaver-Burk form, 
with velocity expressed relative to that in the presence of 
10mM KCI (and the absence of experimental agents) 
defined as 1.0. 


phatase activity was measured in terms of the production 
of p-nitrophenol after incubation with p-nitrophenylphos- 
phate, as previously described [8]. The standard medium 
contained 30mM_histidine-HCl/Tris (pH 7.8) 3mM 


’ MgCl,, 3mM _ p-nitrophenylphosphate (as the Tris salt), 


10mM KCl, and the enzyme preparation (0.1 mg pro- 
tein/ml). Activity in the absence of added KCl was 
measured concurrently; such activity averaged only a few 
per cent of the K*-dependent phosphatase activity under 
optima! conditions [8], and was subtracted from the total 
activity in the presence of KCI to give the K *-dependent 
activity. As with the ATPase, velocities are expressed rela- 
tive to the K *-dependent phosphatase activity of a concur- 
rent control incubation in the standard medium, defined 
as 1.0. In these experiments, the incubation was initiated 
by adding the enzyme to the complete medium. Prelimi- 
nary studies indicated that under control conditions and 
in the presence of 3 mM procaine and 60 mM benzyl alco- 
hol the liberation of product increased linearly with time 
during the standard incubation periods used, 8 min at 37 
and 25 min at 16°; to obtain consistent results with added 
cholesterol, however, it was necessary to preincubate the 
enzyme with the suspension for 10 min, as specified above. 
For both activities the data presented represent the aver- 
ages of four or more experiments performed in duplicate. 
Statistical significance was calculated by the procedure of 
Dunnett [9]. 

The (Na* + K*)-dependent ATPase was inhibited dur- 
ing incubations with 3mM procaine and 60mM benzyl 
alcohol, and after preincubation with 0.1 mM _ cholesterol. 
The degree of inhibition, however, varied not only between 
inhibitors but also with the concentration of monovalent 
cations and incubation temperature (Fig. 1; Tables 1 and 
2). To quantitate such effects, both the Ko.; for the cations 
(the concentration for half-maximal activation) and V,,,,, 


Table 1. Kinetic parameters for K** 





ATPase 


Phosphatase 


Temperature 


Additions 


V 


max 


Ko.5 (mM) 


Ky.5 (mM) 





37 


None 
Procaine 


Benzyl alcohol 


Cholesterol 
None 
Procaine 


Benzyl alcohol 


Cholesterol 


1.06 + 0.01 
1.00 + 0.09 
0.59 + 0.07t 
0.55 + 0.067 


0.90 + 0.04 
0.90 + 0.02 
0.79 + 0.03 
0.77 + 0.14 


1.18 + 0.12 
1.62 + 0.12 
1.14 + 0.04 
0.76 + 0.07 


0.59 + 0.09 
1.174 0.11 
0.87 + 0.09 
0.46 + 0.07 


0.41 + 0.03+ 
0.94 + 0.03+ 


1.46 + 0.16 
1.44 + 0.07 
6.84 + 0.75t 
2.19 + 0.147 


0.45 + 0.03 

0.74 + 0.04+ 
4.23 + 0.77+ 
1.02 + 0.06t 





* ATPase and phosphatase activities were measured at 37° and 16°, as described in the text. V,,,, was obtained 
from Lineweaver—Burk plots and Ko; from least squares lines of Hill plots of the individual experiments [7]. 
+P < 0.05. 


Table 2. Kinetic parameters for Na** 





ATPase 


Temperature Additions 


V 


max 


Ko.5(mM) 





37 None 
Procaine 
Benzyl alcohol 
Cholesterol 


None 

Procaine 
Benzyl alcohol 
Cholesterol 


1.02 + 0.04 
1.08 + 0.11 
0.44 + 0.03+ 
0.73 + 0.03+ 


0.97 + 0.02 

0.88 + 0.02 
0.67 + 0.017 
0.88 + 0.017 


5.35 + 0.37 
6.00 + 0.38 
7.38 + 0.37 
5.48 + 0.43 


5.64 + 0.25 
4.73 + 0.45 
11.32 + 0.61t 
3.47 + 0.317 





* Vinax and Ko 5 were obtained as in Table 1. 


+P < 0.05. 
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were determined in the presence and absence of the agents 
Data are presented for these parameters in Tables 1 and 
2; the experiments measuring K * -activation of the ATPase 
are also illustrated in Fig. 1. 

Although procaine, at the concentration used, had little 
effect on the V,,,, of the ATPase reaction, benzyl alcohol 
and cholesterol reduced V,,,, significantly (Table 1). On 
the other hand, cholesterol did not alter the V,,,, of the 
related K *-dependent phosphatase reaction, whereas ben- 
zyl alcohol reduced it to the same extent as with the 
ATPase. 

With regard to the Ky; values for the cations activating 
the ATPase reaction, procaine increased the Ky; for K* 
2-fold at 16° (with a smaller but non-significant increase 
at 37°), although procaine did not affect the Ko; for Na~ 
at either incubation temperature. By contrast, benzyl alco- 
hol did not alter significantly the Ko; for K*, but in- 
creased the Ky; for Na*. Cholesterol also had little effect 
on the Ky; for K*, but significantly reduced the Ko; 
for Na* at 16°. 

Effects on K*-activation of the phosphatase activity 
were also distinctive, and differed from effects on K *-acti- 
vation of the ATPase as well. Benzyl alcohol produced 
a 5- to 9-fold increase in Ko.5 (although it did not signifi- 
cantly alter the Ky; for K* of the ATPase). Cholesterol, 
which if anything tended to decrease the Ko; for K* in 
the ATPase reaction, significantly increased the Ko.5 for 
K* in the phosphatase reaction. As before, effects were 
generally greater at 16° than at 37°. 

Although lipid-enzyme interactions are incompletely un- 
derstood, certain qualitative descriptions are possible, and 
the effects of the local anesthetics and of cholesterol may 
be considered in this context. Local anesthetics apparently 
increase disorder within the lipid bilayer of the membrane, 
thereby producing a more fluid state [10, 11]. Cholesterol 
also dissolves in the hydrophobic portion of the mem- 
brane, but through intercalations between the phospho- 
lipid molecules may decrease fluidity [12]. Kimelberg [13] 
found a rise in energy of activation of the (Na~ + K*)- 
dependent ATPase associated with an increase in mem- 
brane cholesterol, and Farias et al. [14] attributed an in- 
creased cooperativity for fluoride-inactivation of the 
ATPase in enzyme preparations from rats fed a high cho- 
lesterol diet to tighter packing of membrane lipids. 

The effect of temperature on the response to these agents 
also bears on lipid—enzyme interactions, and is consistent 
with actions of the agents through the lipid matrix. Arr- 
henius plots of the (Na* + K*)}dependent ATPase show 
a break near 20° [15,16]; this change in energy of acti- 
vation is sensitive to the lipid composition of the enzyme 
preparation [17], and is attributed to lipid phase transi- 
tions [18]. In accord with this, the effects of these agents 
were generally greater at 16°, below the lipid phase transi- 
tion, than at 37°, above the transition temperature. 

Finally, the disparate effects of these agents on K * -acti- 
vation of the ATPase and phosphatase reactions also relate 
to the nature of the K ~-sites of the enzyme. Although in 


both reactions of this enzyme K * activates a dephosphory- 
lation, the K*-sites for each have been shown to differ 
in terms of several criteria, including apparent affinity for 
K*, relative efficacy of other cations as substitutes for K”, 
and sensitivity to pH [19]. The agents studied here reflect 
a further distinction between the higher affinity f-sites seen 
in the ATPase reaction, and the lower affinity «-sites seen 
in the phosphatase reaction [19], the latter being far more 
sensitive. 


Acknowledgement—This work was supported by USPHS 
research grant NS-05430, and was taken in part from a 
thesis submitted by G. A. M in partial fulfillment of the 
requirements for the M.S. degree at the State University 
of New York. 


Gary A. MAIER 
JOSEPH D. ROBINSON 


Department of Pharmacology, 
State University of New York, 
Upstate Medical Center, 
Syracuse, NY 13210, U.S.A. 


REFERENCES 


1. J. Dahl and L. E. Hokin, A. Rev. Biochem. 43, 327 
(1974). 
2. R. Tanaka and K. P. Strickland, Archs Biochem. Bio- 
phys. 111, 583 (1965). 
3. K. Taniguchi and Y. Tonomura, J. Biochem., Tokyo 
69, 543 (1971). 
. K. P. Wheeler and R. Whittam, J. Physiol., Lond. 207, 
303 (1970). 
. T. Noguchi and S. Freed, Nature New Biol. 230, 148 
(1971). 
. S. Hilden and L. E. Hokin, Biochem. biophys. Res. 
Commun. 69, 521 (1976). 
.. J. D. Robinson, Biochemistry 6, 3250 (1967). 
. J. D. Robinson, Biochemistry 8, 3348 (1969). 
. C. W. Dunnett, J. Am. statist. Ass. 50, 1096 (1955). 
. J. C. Metcalfe, P. Seeman and A. S. V. Burgen, Molec. 
Pharmac. 4, 87 (1968). 
. P. Seeman, Pharmac. Rev. 24, 583 (1972). 
2. J. Kroes, R. Ostwald and A. Keith, Biochim. biophys. 
Acta 274, 71 (1972). 
. H. K. Kimelberg, Biochim. biophys. Acta 413, 143 
(1975). 
. R. Farias, B. Bloy, R. Morero, F. Sineriz and R. 
Trucco, Biochim. biophys. Acta 415, 231 (1975). 
. N. Gruener and Y. Avi-Dor, Biochem. J. 100, 762 
(1966). 
. J. D. Robinson, J. Neurochem. 14, 1143 (1967). 
. R. Tanaka and A. Teruya, Biochim. biophys. Acta 323, 
584 (1973). 
. C. M. Grisham and R. E. Barnett, Biochemistry 12, 
2635 (1973). 
. J.D. Robinson, Biochim. biophys. Acta 384, 250 (1975). 








794 Short communications 


Biochemical Pharmacology, Vol. 26, pp. 794-797. Pergamon Press, 1977. Printed in Great Britain 


Antiviral activity of O'-methylated derivatives of adenine 
arabinoside 


(Received 28 September 1976, Accepted 17 November 1976) 


Ara-A*, originally synthesized as a potential antitumor 
drug, has demonstrated significant in vitro and in vivo ac- 
tivity against a variety of DNA viruses[1], including 
herpes simplex, varicella-zoster and cytomegalovirus, i.e., 
viruses that are implicated in various often life-threatening 
or debilitating diseases in man. Preliminary clinical studies 
suggest that some of these virus infections may be amen- 
able to ara-A therapy [2]. 

Ara-A is readily deaminated to ara-Hx (hypoxanthine 
arabinoside) by adenosine deaminase, ubiquitously present 
in tissues and cell culture systems. Only a minor part of 
ara-A is phosphorylated by cellular enzymes to yield ara- 
ATP [3,4]. The primary site of action of ara-A appears 
to be the DNA-dependent DNA polymerase [5,6]. In 
DNA synthesis catalyzed by this enzyme, ara-ATP would 
act as a competitive inhibitor of dATP. The major degra- 
dation product of ara-A, ara-Hx, is distinctly less effective 
than ara-A in inhibiting virus replication [7]. Thus, prema- 
ture deamination may be expected to impair the antiviral 
potency of ara-A. Accordingly, addition of an adenosine 
deaminase inhibitor was found to increase the inhibitory 
effects of ara-A on virus replication in cell culture [8,9]. 
The protective action of the adenosine deaminase inhibitor 
was particularly striking in LLC-MK, cells which are 
known to deaminate ara-A very rapidly [10]. 

Recently, we have observed that 2’-, 3’- and 5’-O- 
methylation markedly increases the resistance of ara-A to 
deamination by either rabbit kidney or calf intestine 
adenosine deaminase[11,12]. It appeared interesting, 
therefore, to examine whether these O’-methylated deriva- 
tives of ara-A would also be endowed with enhanced bio- 
logical activities (antiviral and/or antimetabolic). 

Ara-A was obtained from Parke, Davis and Co. (Detroit, 
Michigan) through the courtesy of Dr. H. E. Machamer 
and Dr. R. A. Buchanan, and of Dr. R. Wolf (Parke-Davis 
Clinical Research Western Europe, Miinchen). The same 
batch (CI-673) was used to prepare the O’-methyl ana- 
logues: 2'-O-methyl ara-A, 3’-O-methyl ara-A, 2’,3’-O- 
dimethyl ara-A and 5’-O-methyl ara-A. The synthesis and 
physico-chemical properties of the O’-methylated deriva- 
tives of ara-A have been described elsewhere [12]. 

The technique for evaluating the effects of the ara-A ana- 
logues on cytopathogenicity induced in PRK cells by vac- 
cinia, herpes simplex (type 1) and vesicular stomatitis virus 
has been described previously [13]. The methodology for 
measuring vaccinia virus growth has also been de- 
scribed [13]. 





{bbreviations. ara-A, adenine arabinoside, 9-f-D-ara- 
binofuranosyl-adenine; ara-C, cytosine arabinoside, 1-f-p- 
arabinofuranosyl-cytosine; ara-Hx, 9-f-p-arabinofurano- 
syl-hypoxanthine; CCDs, cell culture infecting dose 50 
(infecting 50 per cent of the cell cultures); PFU, plaque 
forming units; MEM, minimal essential medium; PRK, 
primary rabbit kidney; HSV, herpes simplex virus; VSV, 


effect, 
concen- 


cytopathic 
inhibitory 


vesicular stomatitis virus; CPE, 
cytopathogenicity; MIC, minimal 
tration; IDso, inhibitory dose-50. 


A microassay was developed to assess the effects of the 
ara-A analogues on [*H]methyl-thymidine incorporation 
into PRK cell DNA. Serial dilutions of the compound 
stock solutions were prepared in MEM + 1% HCO; + 
5% foetal calf serum and 1001 vol. of these dilutions 
were transferred into the wells of disposable Linbro plastic 
trays (model FB — 48 — TC; Linbro Chemical Co., New 
Haven, CT). To each well 50 yl of a PRK cell suspension, 
containing 10° cells per 50 yl, and 50 yl of a [7H]methyl- 
thymidine (specific radioactivity: 12 Ci/m-mole) solution, 
containing 0.125 wCi per 50 yl, were added and the trays 
were incubated for 16 hr at 37° in a CO, controlled atmos- 
phere. The cells were then treated with cold TCA (5%) 
for 30 min at 4°, washed 6 times with cold TCA (5%) and 
4 times with cold ethanol, and, finally, allowed to dry for 
1 hr at 37°. The cups were then cut out and assayed for 
radioactivity in a toluene based scintillant. DNA synthesis 
was also determined in PRK cells which had been infected 
with herpes simplex virus. To this end HSV (type 1) (10° 
CC1ps59/ml) was included in the initial assay mixture. As 
compared to the uninfected PRK cells, HSV-infected cells 
showed a reduction of [*H]methyl-thymidine incorpor- 
ation by circa 75 per cent (measured after a 16 hr incuba- 
tion period). 

In PRK cell cultures ara-A inhibited vaccinia virus CPE 
at 0.3 ug/ml and herpes simplex virus CPE at 3 pg/ml 
(Table 1). These MICs (minimal inhibitory concentrations) 
compare favorably with those obtained before with ara-A 
in similar indicator systems (HEp-2 cells[7], human 
embryonic lung (WI-38) cells [14-16], rat brain cells [15], 
human foreskin fibroblasts [16] and mouse embryo fibro- 
blasts [16]). The level of anti-vaccinia activity recorded 
with ara-A in PRK cells in the absence of adenosine de- 
aminase inhibitor (Table 1) corresponds quite closely to 
the level of anti-vaccinia activity of ara-A in LLC-MK, 
cells in the presence of adenosine deaminase inhibitor [9]. 
A similar high level of activity was observed in chick 
embryo fibroblasts [17], also in the absence of adenosine 
deaminase inhibitor. Chick embryo cells are assumed to 
be poor deaminators of ara-A [10]. 

Ara-A proved also effective in curtailing the cytopatho- 
genicity induced by vesicular stomatitis virus (Table 1), 
although the MIC at which ara-A did so was considerably 
higher than those required for inhibiting vaccinia and HSV 
CPE. The inhibitory effect of ara-A on VSV is not surpris- 
ing in view of the previously reported inhibition of rhabdo- 
virus multiplication by both ara-C [18] and ara-A [19]. 
Rhabdo- and leukoviruses are in fact the only RNA viruses 
that fall within the spectrum of activity of ara-C and ara-A. 

As observed previously [13] with the 2’-, 3’- and S’-O- 
alkyl analogues of ara-C, the 2’-, 3’- and 5’-O-methylated 
derivatives of ara-A were considerably less effective in inhi- 
biting viral CPE than their parent compound (Table 1). 
5'-O-methylation and 2',3'-O-dimethylation completely 
abolished the antiviral behaviour of ara-A. 2’-O-methyl- 
ation or 3’-O-methylation reduced the anti-herpes and anti- 
VSV properties of ara-A beyond detectable levels but did 
not completely destroy its anti-vaccinia activity. The MICs 
of 2’-O-methyl ara-A and 3’-O-methyl ara-A in vaccinia 
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Table 1. Effect of O’-methylated derivatives of ara-A on virus-induced cytopathogeni- 
city in PRK cell cultures 





Minimal inhibitory concentration* (ug/ml) 


Vaccinia 
virust 


Compounds* 


Vesicular 
stomatitis 
virust 


Herpes 
simplex 
virus (type 1) 





Ara-A 

2'-O-methyl ara-A 
3'-O-methyl ara-A 
2',3'-O-dimethyl ara-A 
5'-O-methyl ara-A 


0.3 (0.1-1) 


30 


20 (3-30) 
> 100 
> 100 


30 
> 100 
> 100 
> 100 
> 100 


3 (1-10) 
> 100 
> 100 
> 100 
> 100 





* Required to inhibit virus-induced cytopathogenicity by 50% (mean values for 5 
experiments). The data in parentheses refer to the range of minimal inhibitory concen- 
trations obtained in the individual experiments. 

+ Compounds added immediately after virus adsorption. 


t Virus input: 100 CCips, per tube. 


virus-infected cells amounted to 30 and 20 ug/ml respect- 
ively (Table 1). 

That the inhibitory effects of 2’-O-methyl ara-A and 
3'-O-methyl ara-A on vaccinia virus CPE actually reflected 
an inhibition of virus multiplication, was ascertained by 
measuring virus growth in PRK cell cultures which had 
been inoculated with vaccinia virus and subsequently 
exposed to either 10 or 100 ug/ml of ara-A or the O’-methyl 
ethers thereof (Fig. 1). At 10 ug/ml, only ara-A caused an 
appreciable inhibition of vaccinia virus growth (Fig. 1a). 
At 100 ug/ml, ara-A completely arrested virus multiplica- 
tion, 2’-O-methyl ara-A and 3’-O-methyl ara-A brought 
about a significant reduction in virus yield, and 5’-O- 
methyl ara-A and 2’,3’-O-dimethyl ara-A were devoid of 
any inhibitory effect (Fig. 1b). 

As shown in Table 1, none of the O’-methylated deriva- 
tives of ara-A proved particularly effective against herpes 
simplex virus. To ensure that this lack of activity was not 
related to some peculiarities of the HSV-PRK assay system 
employed, our investigations were extended to different 
herpes simplex strains in human diploid cells. Ara-A inhi- 
bited the CPE of all HSV strains tested: HSV (type 1) 
strain KOS, HSV (type 2) strain 333, HSV (type 1) strain 


LYONS and HSV (type 2) strain 196. In these tests, the 
MIC of ara-A ranged from 4 to 20 ug/ml, depending on 
the virus strain. The O’-methylated derivatives of ara-A, 
however, failed to inhibit the cytopathogenicity of any of 
the four HSV strains at concentrations equal to or below 
100 pg/ml. 

Is ara-A a selective antiviral agent or should its antiviral 
activity, like that of ara-C [13,20], be regarded as the di- 
rect consequence of its inhibitory effect on cellular DNA 
synthesis? Shipman et al. [21] recently reported that ara-A 
specifically inhibited the synthesis of herpesvirus DNA at 
concentrations (3.2—32 g/ml) which did not affect host cell 
DNA synthesis. In our assay system, ara-A effectively inhi- 
bited DNA synthesis, as monitored by [*H]methyl-thymi- 
dine incorporation, of actively growing PRK cells (Fig. 2a). 
The IDs, (dose inhibiting DNA synthesis by 50 per cent 
after a l6hr incubation period was approximately 
25 ug/ml. Since the metabolism of ara-A in a virus-infected 
cell may differ drastically from its metabolism in a normal 
cell [20], ara-A was also tested for its inhibitory effect on 
DNA synthesis in HSV-infected PRK cells (Fig. 2b). The 
IDs9 Of ara-A in virus-infected cells was almost identical 
to the 1D<, in noninfected cells. At lower concentrations 
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Fig. 1. Effect of the O’-methylated derivatives of ara-A on vaccinia virus growth in PRK cells. Com- 

pounds added at either 10 pg/ml (a) or 100 pg/ml (b), immediately after virus adsorption. Virus input: 

10*-° PFU (a) or 10*° CCID<, (b) per petri dish. Control (™), Ara-A (0), 2’-O-methyl ara-A (0), 3’-O- 
methyl ara-A (A), 2’,3’-O-dimethyl ara-A (@), 5'-O-methyl ara-A (A). 
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Fig. 2. Effect of the O’-methylated derivatives of ara-A on 
[°H-methy!]-thymidine incorporation into DNA of normal 
PRK cells (a) and PRK cells infected with HSV (type 1) 
(10° CCDs per ml) (b). The cells were exposed to different 
concentrations of the compounds (indicated in the ab- 
scissa) for 24 hours. Data represent means + S.D. Ara-A 
(QC), 2’-O-methyl ara-A (0), 3’-O-methyl ara-A (A), 2’,3’-O- 
dimethyl ara-A (@), 5’-O-methyl ara-A (A). 


(3.12-12.5 pg/ml), ara-A inhibited DNA synthesis in nonin- 
fected cells by 15 to 30 per cent (Fig. 2a). In HSV-infected 
cells, it failed to do so (Fig. 2b). 

2'-O-methyl ara-A, 5’-O-methyl ara-A and 2’,3’-O- 
dimethyl ara-A exerted little, if any, inhibitory effect on 
DNA synthesis in either virus-infected or noninfected PRK 
cells (Fig. 2). 3’-O-methyl ara-A, however, displayed a dose- 
dependent inhibitory effect which resembled that of ara-A. 
As compared to ara-A, the dose-response curve of 3’-O- 
methyl ara-A was shifted to a 2-4-fold higher concen- 
tration (Fig. 2a and b). 

The results described herein with ara-A, as well as those 
reported previously with ara-C [13,22] and formycin [23], 
support the general contention that 2’-, 3’- or 5’-O-alkyla- 
tion renders nucleosides, whether ribosyl or arabinosyl, less 
active, if not inactive, as antiviral or antimetabolic agents. 

The inactivity of 5’-O-methyl ara-A is understandable 
if it is assumed that no free ara-A is released, hence phos- 
phorylation to the biologically active 5’-triphosphate form 
does not occur. The inactivity or low activity of 2’-O- 
methyl and 3’-O-methyl ara-A is more difficult to rational- 
ize, unless one assumes steric hindrance in the interaction 
of these analogues with the cellular kinases, or the neces- 
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sity of 2’- and 3’-OH in enzyme-substrate complex forma- 
tion. 

In fact, 3’-O-methyl ara-A retained partial activity which 
varied considerably from one assay system to another: 
3'-O-methyl ara-A was about 60 times less effective than 
ara-A in inhibiting vaccinia virus CPE in PRK (Table 1), 
but only 2-4 times less effective in inhibiting DNA syn- 
thesis in PRK cells (Fig. 2a and b). 

It is noteworthy that the order of antiviral activity of 
the O’-methyl analogues of ara-A reflects the degree of 
their susceptibility to deamination by calf intestinal adeno- 
sine deaminase [12]. The order of decreasing antiviral ac- 
tivity (or decreasing susceptibility to deamination) is: ara- 
A > 3’-O-methyl ara-A > 2’-O-methyl ara-A > 2’,3’-O- 
dimethyl ara-A ~ 5S’-O-methyl ara-A. It remains to be 
established, however, whether this relationship is causal 
or fortuitous. 
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Ascorbic acid and heme synthesis in deficient guinea pig liver 


(Received 2 July 1976; accepted 17 September 1976) 


Ascorbic acid deficiency in guinea pigs results in marked 
reduction in the activity of the hepatic microsomal drug 
metabolism system. Examples of the type of reactions 
affected include O-demethylation, N-demethylation, hy- 
droxylation, nitroreduction and steroid hydroxylation 
[1-5]. Furthermore, there is a marked decrease in the 
quantity of the microsomal electron transport component, 
cytochrome P-450 [6-8]. Luft et al. [9] found that the 
quantity of the heme protein, cytochrome P-450, 
approached normal levels when ascorbic acid-deficient 
guinea pigs were injected with 6d-aminolevulinic acid 
(ALA), a key substrate in heme synthesis. These authors 
suggested that the reduced quantity of cytochrome P-450 
could be due to an impairment in heme synthesis [9, 10]. 
It was important, therefore, to determine the effect of 
ascorbic acid deficiency on the activities of the key 
enzymes involved in heme biosynthesis, namely ALA syn- 
thetase, ALA dehydratase and ferrochelatase. 

Male albino guinea pigs (Hartley strain) weighing 
180-200 g were maintained on an ascorbic acid-deficient 
diet or on a normal chow diet for 18-21 days as previously 
described [11]. Animals were sacrificed by decapitation 
and their livers were perfused in situ with ice-cold physio- 
logical saline. Livers were homogenized with a Potter— 
Elvehjem glass homogenizer in 0.9% NaCl and 0.01 M Tris 
(pH 7.4) for the determination of ALA synthetase activity, 
in 0.25 M sucrose and 0.01 M Tris (pH 7.4) for ALA dehy- 
dratase activity, or in 0.25 M sucrose 0.05 M Tris (pH 8.0) 
and 0.001 M EDTA for ferrochelatase activity. 

ALA synthetase activity was determined using a modifi- 
cation of the radiochemical assay of Ebert et al. [12] with 
[2,3-!*C]succinate as the substrate. One ml of whole liver 
homogenate (2.5 to 5%, w/v) was added to 1 ml of a solu- 
tion containing 200mM glycine, 150mM Tris (pH 7.4), 
20mM EDTA, 0.4mM pyridoxal phosphate and 1 pCi 
['*C]succinate (22.5 mCi/m-mole). Incubations were car- 
ried out at 37° for 10 min and the reaction was terminated 
with 0.25 ml of 50° trichloroacetic acid. The trichloroace- 
tic acid supernatants were prepared for chromatography 
according to Ebert et al. [12] and subsequently added to 
columns of Dowex 50-Na* resin (100-200 mesh). The 
columns were washed with 20 ml methanol—0.05 M acet- 
ate buffer (pH 4.0)(2:1, v/v), washed with 10 ml of 0.1M 
HCl, and the ['*C]ALA eluted with 1M NH,OH. The 
initial 2ml of 1M NH,OH eluate was discarded, since 


it did not contain appreciable radioactivity. ['*C]ALA was 
eluted in the subsequent 3 ml of 1M NH,OH. Aliquots 
(0.5 ml) were added to 10 ml naphthalene dioxane scintilla- 
tion fluid and counted. The recovery of ['*C]ALA from 
Dowex columns was monitored using 0.01 wCi ['*C]ALA 
(25.4 mCi/m-mole) and was 81 + 3 per cent. Enzyme ac- 
tivity was corrected for this recovery. ALA synthetase ac- 
tivity was also determined in sonicated liver mitochondria 
[13] to eliminate possible effects on activity arising from 
differences in mitochondrial integrity or amounts of endo- 
genous cofactors present. Washed mitochondria were 
diluted to 1 mg protein/ml and sonicated using two 5-sec 
bursts at 4-8 A with a model S 125 Bronson sonifier. The 
incubation mixture (2 ml) contained 200 ug of mitochon- 
drial protein, 75 mM Tris (pH 7.4), 10 mM EDTA, 125mM 
sucrose, 10 mM MgCl,, 100 mM glycine, 0.2 mM pyridoxal 
phosphate, 0.1 mM GTP, 0.1mM CoA, 0.5 unit succinyl 
CoA synthetase (Succinic thiokinase from the Sigma 
Chemical Co.) and 1yCi ['*C]succinate (22.5 mCi/m- 
mole). Incubations were carried out at 37° for periods up 
to 15min and the ['*C]ALA formed was isolated and 
counted as described above. The modifications described 
were necessary to obtain guinea pig ALA synthetase ac- 
tivity which was proportional to enzyme concentration (up 
to 12 mg of whole homogenate protein or 200 yg of soni- 
cated mitochondrial protein) and linear with time for at 
least 15 min. 

ALA dehydratase activity was determined in 15,000g 
supernatant fractions from guinea pig livers according to 
the method of Gibson et al. [14] except that the reaction 
was terminated with 1.0 ml of 10% trichloroacetic acid and 
0.1M HgCl,. The amount of product, porphobilinogen, 
was measured directly in the deproteinized supernatants 
with Erlich’s reagent using a molar extinction coefficient 
of 61,000 [15]; its recovery from liver supernatant fractions 
was greater than 94 per cent. In other experiments, por- 
phobilinogen was isolated by column chromatography on 
Dowex 1-acetate [16]. 

Ferrochelatase activity was determined in liver mito- 
chondria by the method of Wagner and Tephly [17], which 
measures the incorporation of °?Fe into heme under anaer- 
obic conditions. Ferrochelatase activity was proportional 
to enzyme concentration (1.5 to 4.0 protein/ml) and linear 
with time for at least 40min. The labeled heme was 
extracted into cyclohexanone as described by Jones [18]. 
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Table 1. Liver 6-aminolevulinic acid synthetase activity in normal and ascorbic acid-deficient guinea pigs* 





ALA synthetase 


Cytochrome 





Homogenatet 


Treatment (nmoles/hr/100 mg) 


Mitochondriat 
(nmoles/hr/100 mg) 


P-450t 
(nmoles/100 mg) 


Ascorbic acid§ 
(nmoles/100 mg) 





Normal 

Fed 

Starved 
Ascorbate-Deficient 


680 + 50(5) 


720 + 90(5) 


19.2 + 1.1 (12) 1740 + 190(12) 


9.5 + 0.7 (11) 99 + 7(11) 





* Normal guinea pigs received 1 mg ascorbic acid/ml in their drinking water, daily. Ascorbic acid-deficient animals 
were on the diet 18 days. Values are means + S.E.; number in parentheses equals number of animals. 
+ Activity equals nmoles ALA formed/hr/100 mg of whole cell homogenate or sonicated mitochondrial protein at 


ar. 


t Cytochrome P-450 was determined in the liver 15,000 g supernatant fraction; CO was present in control and experi- 
mental cuvettes and dithionite was added only to the experimental cuvette. Quantity of P-450 equals nmoles/100 mg 


of protein; P < 0.01. 


§ Ascorbic acid was determined in the liver 15,000 g supernatant fraction [21]. Quantity equals nmoles/100 mg of 


protein. 


A 2-ml aliquot of the cyclohexanone fraction was washed 
with 8ml of 0.5N HCl! saturated with cyclohexanone 
before determining the radioactivity in a 0.1-ml sample by 
liquid scintillation spectrometry. 

Liver cytochrome P-450 and ascorbic acid were 
measured in 15,000g supernatant fractions as previously 
described [11]. Protein was determined by the method of 
Lowry et al. [19]. 

Table 1 gives the activity of ALA synthetase, the quan- 
tity of cytochrome P-450 and the ascorbic acid in livers 
from ascorbic acid-deficient and normal guinea pigs. 
Ascorbic acid-deficient guinea pigs contained half the 
amount of cytochrome P-450 compared with normal ani- 
mals (9.5 vs 19.2 nmoles/100 mg of supernatant protein). 
In spite of the decrease in cytochrome P-450, ALA synthe- 


tase activity was not significantly different between the two 
groups in either whole cell homogenate (18.1 vs 16.5 
nmoles/hr/100 mg of protein) or sonicated mitochondria 
(720 vs 680). The possibility existed that the deficient ani- 
mals had a lower caloric intake which might affect synthe- 
tase activity [20]; therefore, a group of normal animals 
were starved for 24 hr prior to sacrifice. ALA synthetase 
activity was somewhat higher in starved compared with 
fed animals (18.9 vs 15.2 nmoles/hr/100 mg), but the differ- 
ence was not statistically significant. 

The results obtained for ALA dehydratase activity in 
livers from ascorbic acid-deficient and normal guinea pigs 
are given in Table 2. Whereas cytochrome P-450 was 
5.6 nmoles/100 mg of protein in deficient animals and 15.9 
in normal animals, ALA dehydratase activity was not sub- 


Table 2. Liver 6-animolevulinic acid dehydratase activity in normal and ascorbic acid- 
deficient guinea pigs* 





ALA dehydrataset 


Treatment (nmoles/hr/100 mg) 


Cytochrome P-450{ 
(nmoles/100 mg) 


Ascorbic acid§ 
(nmoles/100 mg) 





Normal (5) 1056 + 53 
Ascorbic acid- 


deficient (5) 922 + 33 


15.9 + 1.1 1560 + 170 


5.6 + 1.0 944+17 





* Normal guinea pigs received 1 mg ascorbic acid/ml in their drinking water, daily. 
Ascorbic acid-deficient animals were on the diet 21 days. Values are means + S.E.; 
number in parentheses equals number of animals. 

+ Activity equals nmoles porphobilinogen formed/hr/100 mg of 15,000 g supernatant 


fraction protein at 37°. 
t See footnote to Table 1; P < 0.01. 
§ See footnote to Table 1. 


Table 3. Liver ferrochelatase activity in normal and ascorbic acid-deficient guinea 
pigs* 





Ferrochelataset 


Treatment (nmoles/hr/100 mg) 


Ascorbic acid§ 
(nmoles/100 mg) 


Cytochrome P-450t 
(nmoles/100 mg) 





Normal 536 + 33 (9) 
Ascorbic acid- 
deficient 589 + 58 (6) 


21.8 + 0.7 (6) 1880 + 80 (6) 


8.3 + 0.6 (6) 125 + 15 (6) 





* Normal guinea pigs received 1 mg ascorbic acid/ml in their drinking water, daily. 
Ascorbic acid-deficient animals were on the diet for 21 days. Values are means + S.E.; 
number in parentheses equals number of animals. 

+ Activity equals *°Fe incorporated/hr/100 mg of mitochondrial protein. 


t See footnote to Table 1; P < 0.01. 
§ See footnote to Table 1. 
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stantially different (922 vs 1056 nmoles/100 mg of protein). 
In addition, there were no significant differences in ALA 
dehydratase activity between normal and deficient animals 
when the product, phorphobilinogen, was isolated on 
Dowex |-acetate. 

Since iron must be maintained in its ferrous state for 
incorporation by ferrochelatase into protoporphyrin IX 
[22], the effect of ascorbic acid deficiency on this enzyme 
was of interest. As can be seen in Table 3, although the 
quantity of cytochrome P-450 in ascorbic acid deficient 
animals was markedly decreased (8.3 vs 21.8 nmoles/ 
100 mg of protein), there were no significant differences 
in ferrochelatase activity (589 vs 536 nmoles/hr/100 mg of 
protein). 

Contrary to the proposal that the initial and rate-limit- 
ing steps in heme synthesis might be impaired in ascorbic 
acid deficiency [9,10], our results indicate no significant 
differences in ALA synthetase activity in either whole cell 
homogenates or sonicated mitochondria. In addition, there 
were no substantial differences in ALA dehydratase or in 
ferrochelatase activities. Thus, ascorbic acid deficiency does 
not affect the activities of the key enzymes involved in 
heme synthesis. However, the possibility that it might be 
involved in the synthesis of the apoprotein of cytochrome 
P-450 or in the degradation of the heme protein should 
be considered. 
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Acute and chronic effects of (—)-amphetamine on seizure threshold 
and brain catecholamines in mice 


(Received 16 July 1976; accepted 27 September 1976) 


Amphetamine has been employed for over 35 years for 
the treatment of epilepsy [1,2]. While the acute and 
chronic effects of (+ )-amphetamine on the seizure suscepti- 
bility of rodents have been the subject of numerous publi- 
cations [3-9], few studies have examined the effects of its 
(—)-isomer on changes in seizure threshold [4, 8,9]. We 
have recently reported that acute administration of 
(—)-amphetamine at doses of 1.25 to 10 mg/kg increases 
seizure threshold in mice by 12-49 per cent, while doses 
of 15-45 mg/kg were without effect [9]. 

The present study was designed to determine whether 
(—)-amphetamine-induced changes in pentylenetetrazol 
(PTZ) seizure threshold (a model system for central exci- 
tation) could be correlated with drug-induced alterations 
in endogenous concentrations of brain norepinephrine and 
dopamine and their rates of biosynthesis. Two doses of 
(—)-amphetamine were compared, 4 and 15 mg/kg, the 


former highly effective in elevating seizure threshold after 
acute administration and the latter previously observed to 
be ineffective in this test system [9]. It was also of interest 
to ascertain whether chronic (—)-amphetamine administra- 
tion for 7 days could produce alterations in these neuro- 
pharmacological and neurochemical parameters, when 
compared with acute drug treatment. 


Materials and methods 

Animals. Male albino CD-1 mice (Charles Rivers) weigh- 
ing 20-30g were used in this study. The animals were 
housed in groups of 5-10 mice in cages of 16.5 x 28cm 
and permitted free access to food (Purina rat chow) and 
water. The animal quarters were illuminated for 12 hr, 
alternating with 12 hr of darkness. 

Drug-dosing schedule. Saline and (—)-amphetamine sul- 
fate were administered i.p. in a constant volume of 
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1 ml/100 g body weight: doses of (—)-amphetamine refer 
to the sulfate salt. (—)-Amphetamine (4 mg/kg) has been 
shown previously to produce maximal changes in PTZ 
seizure threshold when administered 30 min prior to test- 
ing [9]. In chronic studies, (— )-amphetamine or saline was 
administered once daily for 7 consecutive days, with alter- 
ations in seizure threshold or neurochemical determina- 
tions evaluated 30 min after the final injection on day 7. 
In both acute and chronic studies, seizure threshold and 
neurochemical determinations were conducted in separate 
groups of mice. 

Determination of PTZ seizure threshold. PTZ was 
employed to induce clonic seizures in groups of 10-15 
mice, each animal tested only once. The method of Orloff 
et al.[10] was modified as previously described [8]. The 
mouse was briefly restrained while a 0.5% solution of PTZ 
was infused into a lateral tail vein at a constant rate of 
2.55 mg/min; the endpoint was 3 consecutive sec of clonic 
seizure activity characterized by jerking movements of the 
ears and jaw with purposeless running movements of the 
forelimbs. 

Neurochemical determinations. Endogenous concen- 
trations of tyrosine (TY), norepinephrine (NE) and dopa- 
mine (DA) and an estimation of the rates of biosynthesis 
of the catecholamines were determined in single mouse 
brain samples as described earlier [11]. [3,5-*H]tyrosine 
((7H]TY; sp. act. 50 Ci/m-mole) was obtained from New 
England Nuclear Corp. This material was found to be 
> 95 per cent pure by spotting on thin-layer chroma- 
tography plates and developed using a solvent system of 
n-butanol—acetic acid—water (5:1:4). [7H]TY (3 mCi/kg, 
i.v.) and (—)-amphetamine were injected 45 and 30 min 
prior to decapitation respectively. The catecholamines and 
TY (endogenous and [*H]TY) were extracted from the 
brain using a 0.4 N perchloric acid reagent. TY was separ- 
ated from the catecholamines by alumina adsorption, and 
endogenous concentrations determined fluorometrically 
(Aminco—-Bowman spectrophotofluorometer). Samples con- 
taining [7H]TY were purified on a Dowex-50 chromato- 
graphic column, and the radioactive TY was quantitated 
by liquid scintillation spectrometry (Beckman LSC models 
345 or 355). NE and DA were eluted from the alumina 
with 0.05 N perchloric acid and endogenous concentrations 
were determined fluorometrically following oxidation with 
iodine reagent. The [H]NE and [°H]DA formed from 
[°H]TY were separated on a Dowex-50 chromatographic 
column and quantitated using liquid scintillation spectro- 
metry. Estimation of the rates of biosynthesis of [*H]cate- 
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cholamines ((7H]CA) from [7H]TY was calculated by 
using the following equation: 


dis./min CA/g-2 


specific activity [SH]TY 


nmoles CA/g t=’ = 


where t = the time interval between the administration of 
[SH]TY and animal sacrifice. The factor 2 in the numera- 
tor corrects for the loss of one tritium atom from the 
[7H]TY when it is converted to [7H]DA or [*7H]NE. 

Data analysis. Results are expressed as the mean + 
S.E.M. Statistical comparisons of (—)-amphetamine- 
treated vs control mice were performed using the 95 per 
cent confidence interval of a ratio [12]. 


Results and discussion 

The results of this study are summarized in Table 1. 
Acute administration of (—)-amphetamine (4 mg/kg) in- 
creased PTZ seizure threshold by 49 per cent, an effect 
which was attenuated to 31 per cent after seven daily injec- 
tions of the same dose of (—)-amphetamine. Acute and 
chronic administration of (—)-amphetamine at a dose of 
15 mg/kg failed to significantly alter the seizure threshold. 

A single injection of the lower dose of (—)-amphetamine 
increased endogenous concentrations of NE and DA by 
7 and 21 per cent, and enhanced their rates of biosynthesis 
by 55 and 51 per cent, respectively. On day 7, these re- 
sponses were reduced or absent. The endogenous concen- 
trations and rates of biosynthesis of whole brain NE were 
not significantly different in control and drug-treated mice; 
endogenous DA levels were increased by 14 per cent, while 
its rate of biosynthesis was nonsignificantly elevated by 
14 per cent after chronic drug administration. 

The results of this study suggest that the (—)-ampheta- 
mine (4 mg/kg)-induced increase in PTZ seizure threshold 
is mediated indirectly by the central noradrenergic and/or 
dopaminergic systems. This hypothesis is supported by 
studies in this laboratory demonstrating that pretreatment 
with «- and f-noradrenergic and dopaminergic receptor 
blockers prevented or reduced the magnitude of this re- 
sponse [9]. Moreover, pretreatment with reserpine, «-meth- 
yltyrosine methylester, the specific dopamine /-hydroxy- 
lase inhibitor FLA-63[13] and 6-hydroxydopa, the car- 
boxyl analog of 6-hydroxydopamine capable of selectively 
destroying noradrenergic nerve terminals [14, 15], all sub- 
stantially reduced or abolished the ability of (—)-ampheta- 
mine to increase PTZ seizure threshold after acute admin- 
istration (M. Gerald and T. Gupta, manuscript submitted 


Table 1. Effects of acute and chronic administration of (—)-amphetamine on pentylenetetrazol seizure threshold, endo- 
genous mouse brain catecholamines, and their rates of synthesis.* 





Seizure 
threshold of 
PTZ 
(mg/kg) 


Pretreatment 
(days + 


Treatment 30 min) 


Endogenous 
(ug/g) 


Dopamine 
Synthesis 
(nmoles/g x 
min~! 


Norepinephrine 
Synthesis 
(nmoles/g x 


Me Endogenous 





Saline 39.9 + 1.4 


42.1 + 0.5 
58.6 + 2.87 
55.3 + 3.8t 


40.8 
40.0 


(—)-Amphetamine 
(4 mg/kg) 

(—)-Amphetamine 
(15 mg/kg) 


I+ 1+ I+ 1+ 


0.50 + 0.01 
0.50 + 0.01 
0.53 + 0.01t 
0.50 + 0.01 
18 0.46 + 0.015 
1.7 0.48 + 0.01 





* Seizure threshold or neurochemical determinations were carried out 30 min after a single injection (day 1) or 
after seven consecutive daily i.p. injections (day 7) of (—)-amphetamine or saline. Values represent the mean + S.E.M. 
N = 10-15 in seizure studies; N = 12 and 20-24 in drug- and saline-treated mice, respectively, in neurochemical studies. 


+ Significant increase in seizure threshold (P < 0.05). 


t Significantly higher than corresponding controls (P < 0.05). 
§ Significantly lower than corresponding controls (P < 0.05). 
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for publication). The metabolite p-hydroxynorephedrine 
has been proposed to mediate the development of toler- 
ance to (+)-amphetamine [16, 17]. It has been shown that 
(—)-amphetamine is not metabolized to this compound 
[18], nor is p-hydroxynorephedrine an amphetamine meta- 
bolite in mice [19]. While tolerance was not acquired to 
the increase in PTZ seizure threshold elicited by 
(—)-amphetamine, this effect was decreased after chronic 
administration. These effects might be the consequence of 
a reduction of noradrenergic and/or dopaminergic in- 
fluences, as reflected by nonsignificant increases in the rates 
of biosynthesis of these catecholamines after chronic 
(—)-amphetamine administration. At this time, we cannot 
exclude the possibility that this reduction is the conse- 
quence of diminished or altered central receptor sensitivity 
[20, 21]. 

Acute administration of 15 mg/kg of (—)-amphetamite 
elicited a slight reduction in NE levels and increased the 
concentration and rate of synthesis of DA by 24 and 42 
per cent, respectively. After chronic administration, NE 
levels returned to normal, while its rate of synthesis was 
increased by 38 per cent; endogenous DA concentrations 
remained increased by 20 per cent and its biosynthetic rate 
enhanced to 68 per cent above control. While the neuro- 
chemical profile observed after chronic administration of 
15 mg/kg was very similar to that observed after a single 
dose of 4 mg/kg, these changes were not accompanied by 
corresponding elevations in seizure threshold. At this time, 
it is not clear whether the neurochemical changes in whole 
brain catecholamines after these high doses of (—)-amphe- 
tamine (15 mg/kg) represent an accurate portrayal of the 
dynamic changes occurring at the central neuronal recep- 
tor sites [22]. 
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Lack of effect of phenobarbitone treatment on 
metabolism and brain uptake of delta-aminolaevulinic 
acid in rats 


(Received 28 October 1976; accepted 14 November 1976) 


The hereditary hepatic porphyrias, acute intermittent por- 
phyria (AIP), variegate porphyria (VP) and _ hereditary 
coproporphyria (HC) are characterized by acute attacks 
of a neuropsychiatric nature. The aetiology of the neural 
dysfunction in these attacks which can be life-threatening 
is unknown. Association with the administration of a var- 
iety of drugs, including barbiturates, sulphonamides and 
some steroids which affect hepatic haem biosynthesis has, 
however, been well established [1]. 

One of the current hypotheses linking disordered hepatic 
haem biosynthesis with neurological or psychiatric disturb- 
ances is that one or other of the haem precursors which 
are overproduced in these diseases in neurotoxic [2]. The 
obvious candidates are delta-aminolaevulinic acid (ALA) 
and porphobilinogen (PBG) which are the only known 
metabolites overproduced in all three conditions. In vitro 
experiments, both with ALA and PBG [3,4], have shown 
that these compounds can influence neural function but 
considerable doubt exists with regard to the physiological 
or pathological significance of these findings. Studies in 
vivo on experimental animals indicate that ALA and PBG 
penetrate the blood brain barrier only to a limited extent 
[5,6] and no marked behavioural, neurological or elec- 
troencephalographic disturbances are produced [5-8]. 

An alternative suggestion is that drugs such as barbitu- 
rates may either “facilitate neural uptake of ALA and or 
PBG, or may possibly promote the formation of neuro- 
toxic metabolites from these compounds. In this connec- 
tion it is notable that substances such as the anaesthetic, 
fluoroxene, which are normally non-toxic give rise to 
highly noxious metabolites in animals pre-treated with bar- 
biturate, as a result of induction of hepatic cytochrome 
P-450 [9,10]. This study was designed to test some of 
these possibilities. 

Two groups comprising three female Wistar rats 
(100-130 g) each were used. The animals were kept indivi- 
dually in metabolic cages to facilitate urine collection. Both 
groups were starved for the full duration of the experiment. 
Drinking water was supplied ad lib. One group was in- 
jected with phenobarbitone (50 mg/kg) subcutaneously and 
the other with an equivalent vol of saline once daily for 
5 days. ALA (500 mg/kg)(pH 6.7—7.4) was administered to 
both groups intraperitoneally twice daily for 3 days, begin- 
ning on the second day of phenobarbitone or saline admin- 
istration. On the fifth day one dose of ALA, together with 
phenobarbitone or saline, was given at 8 a.m. and the ani- 
mals were sacrificed 30min later by decapitation. Blood 
was collected and the livers and brains were immediately 
removed for determination of the substances indicated in 
Table 1. Urine samples were stored at — 20° until analysis. 
The ALA content of serum [11], brain and liver [12] and 
the ALA and PBG content of the urine [12] were deter- 
mined spectrophotometrically. Microsomes were isolated 
from liver according to Fry and Bridges [13] and the cyto- 
chrome P-450 content was determined by the method of 
Omura and Sato [14]. 

No gross behavioural effects were noted in either group 
of animals at any stage of the study, other than those attri- 
butable to phenobaritone alone. On the morning of the 
fifth day prior to termination of the experiment all the 
animals appeared to be quite normal. The results of the 


ALA, PBG and cytochrome P-450 determinations are 
shown in Table 1. It is evident that phenobarbitone treat- 
ment did not increase the uptake of ALA from the blood 
into brain or liver. Hepatic microsomal P-450 concen- 
tration was, on the other hand, markedly and highly sig- 
nificantly increased in the phenobarbitone-treated animals. 
However, no clinical differences between the two groups 
were noted as mentioned above, and no significant differ- 
ences in serum concentration or in urinary excretion of 
ALA or PBG were found. 

Previous in vivo studies involving administration of ALA 
or PBG to animals have failed to reveal evidence of neuro- 
toxicity comparable to the neuropathic manifestations of 
acute porphyria [5-8]. Moore, McGillion and Gold- 
berg [15] have reported that ALA has a hypotensive effect 
in pithed, anaesthetized rats and that acute and chronic 
administration of this compound produces behavioural 
effects in these animals, including alteration in spontaneous 
locomotor activity and rearing times and decreased excit- 
ability. These findings do not correspond with the clinical 
manifestations of acute porphyria [16] and may simply 
reflect pharmacological effects of relatively large doses of 
ALA on systems other than the nervous system. Further- 
more, no evidence has been produced that ALA can cause 
pathological lesions in neural tissue such as have been de- 
scribed by a number of authors [17-20] in patients with 
acute porphyria. 

The results of the present study have again demonstrated 
that neither acute nor chronic administration of ALA to 
rats produces significant neuropathic effects. 

We have previously reported that ALA and PBG pen- 
etrate the blood brain barrier only to a limited extent [5, 6] 
and that having gained entry to the brain, neither of these 
compounds accumulate there [5,6] as has been previously 
suggested [2]. 

Phenobarbitone administration did not apparently affect 
the rate of uptake of ALA from plasma into brain tissue 
or liver in the present study. It may be argued that obser- 
vation at a single point in time could give an erroneous 
impression. On the other hand, we have found repeatedly 
that brain concentrations of ALA are maximal at 30 min 
after intraperitoneal administration of a dose of 
500 mg/kg [6]. Furthermore, had there been accumulation 
of ALA in the brain over the 5-day period this should 
have been reflected in our results. The fact that the values 
reported are not higher than those previously found, fol- 
lowing a single injection of ALA [6], is good evidence 
against this possibility. 

Induction of cytochrome P-450 in the livers of the 
phenobarbitone-treated animals undoubtedly occurred. 
However, this did not apparently influence the metabolism 
of ALA in these animals. Urinary ALA and PBG excretion 
was not significantly different in the two groups, suggesting 
that hepatic uptake and metabolism of ALA was not 
affected. These findings do not, of course, exclude the pos- 
sibility of the production of other unidentified metabolites 
from ALA under the influence of phenobarbitone. But the 
lack of any distinctive clinical effect of combined treatment 
with phenobarbitone and ALA does not appear to warrant 
pursuit of this line of investigation. 

Various drugs, including barbiturates, sulphonamides 
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Table 1. Effect of phenobarbitone on tissue uptake, metabolism and urinary excretion 
of administered delta-aminolaevolinic acid in the rat* 





Determination Controlst 


Phenobarbitone-t 


treated Significance 





Hepatic microsomal 
cytochrome P-450 
(nmole/g liver) 
Serum ALA 
(umole/ml) 
Brain ALA 
(nmole/g) 
Liver ALA 
(umole/g) 
Urinary ALA 
(umole/24 hr) 

day 2 

day 3 

day 4 
Urinary PBG 
(umole/24 hr) 

day 2 

day 3 

day 4 


14424 
2.3 + 0.45 


a9 + 52 


32+ 1.4 P < 0.001 


2.5 + 0.2 P>0.1 
P> 0.1 


P> 0.1 


P>0.1 
P> 0.1 
P> 0.1 


P>0O.1 
P> 0.1 
P> 0.1 


NNN 





* All values represent mean + S.D. for three rats. 

+ Control animals received saline. Phenobarbitone dosage was 50 mg/kg daily. Both 
groups received ALA intraperitoneally (500 mg/kg) twice daily from day 2. Animals 
were sacrificed by decapitation on day 5, 30 min after final doses of saline, phenobarbi- 


tone and ALA. 


and some steroids, have been implicated in the precipi- 
tation of the acute neuropsychiatric symptomatology of 
the hereditary hepatic porphyrias. This study was designed 
to test the proposal that the mechanism of action of such 
drugs might be (i) to promote neural uptake of porphyrin 
precursors which have been claimed to be potentially neur- 
otoxic or (ii) to alter the metabolism of porphyrin precur- 
sors with resultant formation of neurotoxic products. Rats 
were treated daily with phenobarbitone and delta-aminolae- 
vulinic acid (ALA) for 5 days. Phenobarbitone treatment 
had no significant effect on ALA metabolism and excretion 
or on ALA uptake into brain tissue. No significant behav- 
ioural effects other than those attributable to phenobarbi- 
tone alone were observed. These results do not support 
the suggestion that porphyrinogenic drugs may precipitate 
acute neuropathic effects in the hereditary hepatic por- 
phyrias through altering porphyrin precursor metabolism 
or uptake of these compounds by neural tissue. 


Acknowledgements—The authors thank the South African 
Medical Research Council for financial assistance, and the 
University of Stellenbosch and the Cape Provincial Ad- 
ministration for the use of facilities. 


VIVIENNE A. PERCY 
BRIAN C. SHANLEY* 


Department of Chemical Pathology, 
University of Stellenbosch, 

P.O. Box 63, 

Tygerberg 7505, 

South Africa 


REFERENCES 


1. L. Eales, S. Afr. J. Lab. clin. Med. 17, 120 (1971). 
2. S. Kramer, D. Becker and D. Viljoen, S. Afr. med. J. 
47, 1735 (1973). 





*Correspondence should be addressed to this author. 


B.P. 26/8—H 


. D. S. Feldman, R. D. Levere, J. S. Lieberman, R. A. 
Cardinal and C. J. Watson, Proc. natn. Acad. Sci. 
U.S.A. 68, 383 (1971). 

. D. M. Becker, N. Goldstuck and S. Kramer, S. Afr. 
med. J. 49, 1790 (1975). 

. B. C. Shanley, A. C. Neethling, V. A. Percy and M. 
Carstens, S. Afr. med. J. 49, 576 (1975). 

. B. C. Shanley, V. A. Percy and A. C. Neethling, in 
Porphyrins in Human Diseases (Ed. M. Doss), p. 155. 
S. Karger AG, Basel (1976). 

. F. B. McGillion, M. R. Moore and A. Goldberg, Scott. 
med. J. 18, 133 (1973). 

. R. J. Marcus, L. Wetterburg, A. Yuwiler and W. D. 
Winters, Electroenceph. clin. Neurophysiol. 29, 602 
(1970). 

. K. M. Ivanetich, J. J. Bradshaw, J. A. Marsh, G. G. 
Harrison and L. S. Kaminsky, Biochem. Pharmac. 25, 
773 (1976). 


. K. M. Ivanetich, J. J. Bradshaw, J. A. Marsh and 


L. S. Kaminsky, Biochem. Pharmac. 25, 779 (1976). 


. K. Miyagi, R. Cardinal, I. Bossenmaier and C. J. Wat- 


son, J. Lab. clin. Med. 78, 683 (1971). 


. H. S. Marver, D. P. Tschudy, M. G. Perlroth, A. Col- 


lins and G. Hunter, Analyt. Biochem. 14, 53 (1966). 


. J. R. Fry and J. W. Bridges, Analyt. Biochem. 67, 309 


(1975). 


. T. Omura and R. Sato, J. biol. Chem. 239, 2370 (1964). 
. M. R. Moore, F. B. McGillion and A. Goldberg, in 


Porphyrins in Human Diseases (Ed. M. Doss), p. 148. 
S. Karger AG, Basel (1976). 


. H. S. Marver and R. Schmid, in The Metabolic Basis 


of Inherited Disease (Eds. J. B. Stanbury, J. B. Wyn- 
gaarden and D. S. Frederickson) 3rd ed. p. 1087. 
McGraw-Hill, New York (1972). 


. D. Denny-Brown and D. Sciarra, Brain, 68, 1 (1945). 
. J. B. Gibson and A. Goldberg, J. Path. Bact. 71, 495 


(1956). 


. J. B. Cavanagh and R. S. Mellick, J. Neurol. Neuro- 


surg. Psychiat. 28, 320 (1965). 


. V. P. Sweeney, M. A. Pathak and A. K. Asbury, Brain 


93, 369 (1970). 





804 


Short communications 


Biochemical Pharmacology, Vol. 26, pp. 804-805. Pergamon Press, 1977. Printed in Great Britain 


A survey of rat tissues for phylloquinone epoxidase activity 


(Received 30 June 1976; accepted 27 September 1976) 


The vitamin K-dependent post-translational modification 
of prothrombin is the j-carboxylation of a number of glu- 
tamic acid residues in the polypeptide to convert them 
into y-carboxyglutamic acid (GLA) residues [1]. GLA has 
also been identified in the vitamin K-dependent coagu- 
lation factor X [2] as well as in protein C [3], a plasma 
protein of unknown function, and in a protein isolated 
from bone, osteocalcin [4], the formation of which also 
appears to be vitamin K dependent [5]. Low levels of 
['*C]GLA have been found after incubation of 
NaH'*CO, with chick calvaria [4], thus suggesting that 
tissues other than liver may also synthesize GLA-containing 
proteins. 

Epoxidation of phylloquinone (K,), in which K, is con- 
verted to its stable 2,3-epoxide, occurs in liver microsomes 
in the presence of oxygen and reduced pyridine nucleo- 
tides [6]. Epoxidase activity, which is not inhibited by car- 
bon monoxide and does not appear to be P-450-mediated, 
is proportional to the amount of prothrombin precursor 
present in liver [6]; inhibitors which block carboxylation 
also block epoxidation [7]. All evidence to date suggests 
that locations where epoxidation occurs are sites at which 
carboxylation will also occur. Epoxidation is easily 
measured in crude liver homogenates, while vitamin 
K-dependent carboxylation is not. In the latter, significant 
non-vitamin K-dependent fixing of '*CO, into molecules 
other than y-carboxyglutamic acid occurs, which obscures 
vitamin K-dependent carboxylation. 

Because of the prior association of the carboxylase and 
epoxidase reactions, we have conducted a survey for K, 
epoxidase activity in homogenates from the tissues of the 
rat. Such information might reveal likely locations of the 
vitamin K-dependent carboxylation reaction. 


Materials and methods 


Rats were purchased from Charles River Farm. Since 
it has been shown that liver microsomes from K-deficient 
rats give higher levels of epoxidation than those from nor- 
mal rats [6], in most experiments 250-g male CD rats fed 
K-deficient chow (Teklad Industries) for 8 days in copro- 
phagy minimizing wire-bottom cages were used. After 8 
days, prothrombin levels were reduced to 20 per cent of 
normal. Placentas and fetal liver were obtained from an 
18-day pregnant rat. In one experiment, bone and liver 
were obtained from 4 hr newborns; calvaria, vertebrae arid 
long bones were scraped clean of soft tissue in a cold room 
at 4. Animals were killed by a single blow to the head, 
and after exsanguination through the neck vessels, tissues 
were rapidly removed in the cold, rinsed in cold 0.05 M 
potassium phosphate buffer, pH 7.5, containing 0.25 M su- 
crose (PS buffer), blotted, weighed, finely minced, and then 
homogenized in 3 vol. of PS buffer with several passes 
on a motor driven Potter-Elvehjem grinder with a Teflon 
pestle rotating at 2000 rev/min. The homogenates were 
used directly. When bones were used, they were minced 


as fine as possible; then 1 ml of the PS buffer was added . 


for each 500 mg of bone, and the minced bones were hom- 
ogenized at top speed for 1 min in the microcontainer of 
a Virtis homogenizer set in ice. The bony debris was centri- 
fuged at 1000g for 5 min and the supernatant assayed. 


Tritiated phylloquinone (K,) was synthesized from tri- 
tiated menadiol sodium diphosphate (Amersham-Searle; 
sp. act. 96 ci/mole) by a published procedure [8]. Phyllo- 
quinone epoxide was prepared chemically from K, [9]. 
Epoxide formation in homogenates was measured by 
reversed phase thin-layer chromatography, using paraffin- 
impregnated silica gel G plates and a solvent system of 
acetone—water (92:8) as has been described [8]. Tetra- 
chloro-4-pyridinol (4-TCP) was a gift of the Dow Chemical 
Co., Indianapolis, IN. 

Reactions were run in air in a total volume of 1.0ml 
and contained: potassium phosphate, pH 7.5, 50 «moles; 
sucrose, 250 umoles; homogenate or extract, 800 pl; 
NADH, 4umoles; warfarin, 20 ug; tritiated K,, 400 ng 
(10,000 cpm); and 4-TCP 50 wg, when present. All reac- 
tants except K, were mixed and, after a 30-sec incubation 
at 37°, K, was added and a further 20-min incubation 
ensued. After the second incubation, 1 ml water was added 
and the K, and its epoxide were extracted into 6 ml hex- 
ane-isopropanol (3:2). It could be shown that 85-90 per 
cent of the radioactivity present after incubation could be 
extracted from the tissues studied by this method. Aliquots 
(2 ml) of the organic phase were evaporated to dryness 
under N,; the residue was dissolved in 0.1 ml ethanol, con- 
taining carrier K, and epoxide; 0.05 ml samples were spot- 
ted on paraffin-impregnated silica gel G plates which were 
developed as described above [8]. After drying, K, and 
epoxide spots were detected with an ultraviolet lamp; they 
were scraped into scintillation vials to which 1 ml meth- 
anol and 10 ml Instagel were added, and the samples were 
counted for radioactivity. Unincubated complete reaction 
mixtures served as controls. 


Results and discussion 


The epoxidase activities of the tissues studied are sum- 
marized in Table 1. Epoxidase activity is present in an 
18-day rat fetal liver, and there is a progressive increase 
in the epoxidase activity in fetal, newborn and adult liver, 
expressed as activity per unit volume. 4-TCP, an inhibitor 
of K-dependent carboxylation and K, epoxidation [7, 10], 
effectively inhibited epoxidation in fetal, newborn and 
adult liver. Substantial epoxidase activity, which was inhi- 
bited by 4-TCP, was also found in placenta and in kidney. 
Lesser but easily measurable amounts of epoxidation were 
found in splenic homogenates as well as in the bone 
extract. The activity in the bone extract was low (the radio- 
activity found in the epoxide spot of the thin-layer chroma- 
tograph is only 50 per cent above the background level). 
However, since it is consistently reproducible, it is likely 
that we are measuring a low rate of epoxidation in bone, 
a finding consistent with the observation that in situ GLA 
synthesis occurs in bone. Low levels of epoxidation were 
also found in incubations of minced bones with tritiated 
K,. In this preparation, however, 4-TCP did not inhibit 
the reaction, perhaps reflecting its inability to penetrate 
the bony matrix. The following tissue homogenates had 
no detectable activity: lung, heart, skeletal muscle, pan- 
creas, brain, skin and small intestine. It should be empha- 
sized that a negative result does not exclude the existence 
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Table 1. Phylloquinone epoxidase activity in rat tissues* 





Per cent 

K, converted to 
epoxide in 
presence 
of 4-TCP 


Per cent 
K, converted 
to epoxide 


Tissue 
homogenate 





Fetal liver 19.4 
Newborn liver 44.5 
Adult liver 70 
Kidney 8 
Placenta 22 
Spleen 48 
Bone extract k2 
Heart <0.3 
Peripheral <0.3 
muscle 
Forebrain 
Hindbrain 
Pancreas 
Small 
Intestine 
Lung 
Skin 


<0.3 
<0.3 
<0.3 
<0.3 


<0.3 
<0.3 





* For reaction conditions, see Materials and Methods. 
Conversion is expressed as the percentage of the radioac- 
tivity converted to the epoxide (ratio cpm epoxide 
spot/cpm epoxide plus K, spots minus the same ratio from 
a zero time control). All numbers are the average of dupli- 
cate determinations that differed by less than 5 per cent. 


of epoxidase activity in these tissues but may only reflect 
the inability of our assay to detect activity. 

Apart from identifying tissues capable of converting K, 
to its epoxide, it was hoped that this study might reveal 
tissues that synthesize GLA-containing proteins. In pre- 
liminary experiments, GLA-containing protein has been 
identified in kidney cortex, while vitamin K-dependent for- 
mation of radioactive GLA from '*CO, has been detected 
in kidney microsomes prepared from K-deficient rats and 
dicoumarol-treated chicks [11]. The nature of the GLA- 
containing protein(s) is as yet unknown. Vitamin K-depen- 
dent carboxylation may also occur in spleen and placenta. 

Finally, it is interesting to attempt to relate tissue epoxi- 
dase activity to the distribution of K, in rat tissues. It 
has been shown that radioactive K, fed to male rats is 
widely distributed in the animals [12]; the highest concen- 


trations (expressed as dis./min/mg of tissue) were observed 
in liver and spleen; bone and cartilage, as well as lung, 
each had about two-thirds the concentration of liver while 
kidney had about one-third. Other tissues had lesser con- 
centrations. Although the levels of epoxidase activity do 
not correlate with the concentrations of K, found in the 
various tissues, with the exception of lung, those tissues 
with the highest concentrations of K, are those with 
measurable epoxidase activity. Since there is no reason to 
predict a correlation between tissue epoxidase activity and 
K, concentration, neither the lack of such a correlation 
nor the absence of measurable epoxidase activity in lung 
is unexpected. Experiments in which lung and liver homo- 
genates were mixed did not show evidence for an inhibitor 
of epoxidation in lung homogenate. 
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Interaction of selective inhibitors of monoamine oxidase 
with pethidine in rabbits 


(Received 1 July 1976; accepted 15 November 1976) 


Pethidine can cause serious reactions in patients treated 
with monoamine oxidase (MAO) inhibitors [1]. Similar 
toxic reactions can be produced to rabbits and aggregated 
mice, and biogenic amines may play the main role in its 
mechanism. Both 5-hydroxytryptamine (SHT) and norad- 
renaline (NA) have been suggested to be involved [2, 3]. 
We have provided indirect evidence to suggest that phenyl- 
ethylamine (PEA), a metabolite of phenylalanine, and a 
substrate for MAO, could contribute to initiating the toxic 
interaction in rabbits [3]. 

Two forms of MAO have been demonstrated in the 
mammalian brain both in vitro and in vivo [4,5]. SHT and 
NA are the preferred substrates of MAO type A, being 
sensitive to selective inhibition by clorgyline. PEA is the 
preferred substrate of MAO type B which is sensitive to 
selective inhibition by deprenyl in the rat brain [6,7] but 
not in the rabbit brain [8]. Phenelzine appears to inhibit 
both types [4]. 

In rabbits, excitation, hyperthermia and hypertension 
result from the combined administration of non-selective 
MAO inhibitor phenelzine and pethidine [3]. Although 
deprenyl may not be a selective MAO type B inhibitor 
in rabbits, it did not cause the toxic interaction with pethi- 
dine. We therefore tested both clorgyline and deprenyl in 
this respect. 

Materials and methods 

Rabbits of either sex weighing 2.2-3.0 kg received food 
and water ad lib. until the experiments. Behaviour of the 
animals was observed in plastic cages, one animal in each. 
Rectal temperature was measured with the thermocouple. 
Clorgyline hydrochloride (May & Baker, Dagenham), 
1-deprenyl hydrochloride (Chinoin, Budapest), pethidine 
hydrochloride, and phenelzine hydrogen sulphate (Leo AB, 
Hi!singborg) were freshly dissolved in sterile saline, the 
doses used referring to the base. Pretreatment drugs were 
injected subcutaneously whereas pethidine was given into 
the marginal ear vein. 


Table 1. 


Contents of SHT and of 5-hydroxyindole acetic acid 
(SHIAA) were assayed according to Ashcroft and Shar- 
man [9], and the NA content of the right haemisphere 
according to Shore & Olin[10]. The recovery of added 
NA in the latter method was low but the results obtained 
were about similar to those we have previously found with 
a more accurate Dowex column method [1!]. The statisti- 
cal significance of the differences between two means was 
determined by Student’s t-test. 


Results 

Phenelzine and pethidine. Pethidine (1.25 mg/kg i.v.) 
exerted no behavioural effects but slightly lowered rectal 
temperature when compared to saline treated controls. 
Pretreatment with phenelzine (5 or 20 mg/kg s.c.) 10 hr pre- 
viously to pethidine rendered the animals alert but they 
still were easy to handle. As seen in Table 1, pretreatment 
with phenelzine 5 mg/kg elevated hypothalamic SHT and 
the SHT/SHIAA ratio, and lowered hypothalamic SHIAA, 
thus demonstrating a strong MAO inhibition. The NA 
levels in .haemisphere after pethidine alone were 
554 + 31 ng/g whereas higher levels (831 + 9ng/g) were 
measured in two animals pretreated with phenelzine. 

In phenelzine-treated rabbits pethidine caused exci- 
tation, tremor and nodding being the most prominent 
symptoms. Rectal temperature rose by 0.5° and by 2.8° 
in these two pretreated groups, respectively (Fig. 1, left). 
These rises were clearest at 60 min after pethidine. Two 
out of five rabbits died after pethidine injected to rabbits 
pretreated with 20 mg/kg of phenelzine. Just before the 
death the rises in rectal temperature were 3.4° and 4.4°, 
respectively. 

Clorgyline and pethidine. Pretreatment with clorgyline 
(1,5 or 20mg/kg s.c.) 10hr before pethidine had no 
observable behavioural or temperature effects. Pethidine 
(1.25 mg/kg i.v.) caused no excitation or hyperthermia in 
these animals (Fig. 1, right). As seen in Table 1, clorgyline 
proved less potent MAO inhibitor towards SHT than 


Hypothalamic SHT and SHIAA after different MAO inhibitors 





SHT and SHIAA levels in hypothalamus ng/g, 


Treatment 


SHT 





Controls 
Phenelzine 
Clorgyline 
Clorgyline 
Deprenyl 
Clorgyline 

+ Deprenyl 
Clorgyline 

+ Deprenyl 


1023 
952 


1739 


656 + 49 
1449 + 144+ 
1150 + 31f 


312 + 


+ 176+ 


197 
100* 


1.22 
6.91 
2.74 
2.59 + 
3.33 


I++ I+ IE I+ 4+ 


794 202 + 42t 7.74 + 1.67 


Nilt 





10hr after the injection of MAO inhibitors the rabbits were given 1.25 mg/kg i.v. 
of pethidine and the animals were killed 2 hr later. Number of rabbits in parentheses. 
Significant differences from controls are marked, *P < 0.05, +P < 0.001. 


For more details see text. 
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Fig. 1. Changes in rectal temperature after an i.v. injection of pethidine to rabbits pretreated with 
saline (S), phenelzine (P), clorgyline (C), or deprenyil (D), alone or in combinations. Mean values + SE 
of 5-8 rabbits are given. For more details see text. 


phenelzine was but it significantly elevated SHT and low- 
eted SHIAA as compared with controls. The doses of 5 
or 20 mg/kg of clorgyline did not differ essentially from 
each other in this respect since their SHT/SHIAA ratios 
proved similar. The NA levels of brain haemisphere 
(750 + 65 ng/g) measured after 5 mg/kg of clorgyline were 
higher than those found in controls. 

Deprenyl and pethidine. Pretreatment with deprenyl (1,5 
or 20 mg/kg s.c.) 10 hr before pethidine had no constant 
behavioural effect, but some rabbits were alert after 5 or 
20 mg/kg of deprenyl. As seen in Table 1, deprenyl 5 mg/kg 
proved a moderate MAO inhibitor towards SHT, elevating 
the SHT/SHIAA ratio about as 5 mg/kg of clorgyline did. 
It showed a clearer effect in the SHIAA reduction than 
in the SHT elevation. Contrary to the findings with phenel- 
zine and clorgyline, the NA levels in haemisphere 
(493 + 50 ng/g) measured in five rabbits remained similar 
to those measured in control rabbits, possibly due to the 
complex action of deprenyl on NA neurons [12]. 

Pethidine showed variable effects in these animals. As 
a rule, in those animals who were alerted after pretreat- 
ment with deprenyl (5 or 20 mg/kg), pethidine caused 
slight excitation and hyperthermia. The mean change in 
rectal temperature is illustrated in Fig. 1. If excitation and 
hyperthermia occurred, they seemed to last shorter time 
interval than after phenelzine + pethidine. In some ani- 
mals the response to pethidine was also tested 24, 48 and 
72 hr aftér the administration of deprenyl, and the results 
were similar to those seen after the 10-hr time interval. 

Clorgyline + deprenyl + pethidine. Combined pretreat- 
ment with clorgyline (1 or 5 mg/kg s.c.) together with 
deprenyl (1 or 5 mg/kg s.c.) given 10 hr previously to pethi- 
dine, rendered the animals alert without changing the rec- 
tal temperature, thus resembling the situation after pre- 
treatment with phenelzine. As seen in Table 1, pretreat- 
ment with clorgyline + deprenyl, 1 mg/kg each, inhibited 
MAO about to the same extent as 5 mg/kg of phenelzine 

’ did. When using 5 mg/kg of clorgyline and deprenyl each, 
‘ acomplete inhibition of MAO towards SHT was seen since 
SHT levels were high and SHIAA levels fell to zero. The 
effects of this combination on the hypothalamic 5HT and 


S5HIAA were significantly (P < 0.05 to 0.001) superior to 
those seen after clorgyline or deprenyl alone or after their 
combination in low doses (1 + 1 mg/kg). The haemisphere 
NA levels (611 + 55 ng/g) measured after the combination 
of 5 + 5mg/kg of drugs did not differ from the control 
values. 

Pethidine caused some restlessness and elevated rectal 
temperature (P < 0.01) in animals pretreated with | mg/kg 
of both MAO inhibitors (Fig. 1). In animals pretreated 
with 5 mg/kg of both clorgyline and deprenyl pethidine 
evoked a characteristic toxic reaction always seen in ani- 
mals after the injection of pethidine to phenelzine-treated 
rabbits: nodding, restlessness, tremor, and sometimes 
jumping were evident in every animal, and marked 
hyperthermia with maximum at 30-90 min after pethidine 
followed. Three out of ten animals died. At death the mean 
elevation of temperature was 4.7°. 


Discussion 

The present data confirm the phenelzine-induced eleva- 
tion of hypothalamic SHT associated with the toxic inter- 
action between phenelzine and pethidine [3,11]. Also clor- 
gyline, a selective inhibitor of MAO type A, moderately 
elevated the brain levels of SHT and NA but the toxic 
effects after pethidine did not appear in these animals. 
Since substantial amounts of SHIAA still were formed even 
after 20 mg/kg of clorgyline (Table 1), the inhibition of 
MAO obviously remained incomplete in spite of elevated 
brain 5HT and of the documented high potency of clorgy- 
line previously found on the rabbit tissues in vitro [8] and 
on the rat brain in vivo[7]. This finding agrees with the 
recent view that recommends caution when applying in 
vitro data to in vivo conditions[13]. Actually, few data 

, are available on the actions of selective MAO inhibitors 
in rabbits. 

Pretreatment of rabbits with non-selective depreny] ele- 
vated hypothalamic SHT and lowered SHIAA without 
pethidine toxicity. Administration of both deprenyl and 
clorgyline even in low doses provided high levels of SHT 
and low levels of SHIAA, and provoked toxic symptoms 
after pethidine. This combined effect is stronger than their 
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effect on the brain dopamine in rats[7], and it may not 
be just an additive effect on MAO type A. The finding 
rather supports the view that the strict subdivision of 
MAO into types A and B may not work as strictly separ- 
ated in vivo. Green & Youdim[14] as well as Squires & 
Buus Lassen[15] have demonstrated that the character- 
istic tryptophan syndrome in rats is obtained after inhibi- 
tion of MAOB by deprenyl and MAOA by clorgyline 
whereas either drug alone failed to produce this syndrome. 
They concluded that after inhibition of MAO A by clorgy- 
line a further oxidation of SHT by MAOB occurs if 
needed. In rabbit hypothalamus there are two forms of 
MAO B, but generally MAO is more active towards SHT 
than PEA[16]. Our results with rabbits do not disagree 
with the data quoted above. A pharmacokinetic interaction 
of deprenyl and clorgyline is possible. 

It is also possible that mediators other than 5HT are 
needed for the toxicity of pethidine in these circumstances. 
Deprenyl inhibits not only MAO but also the uptake of 
NA on the noradrenergic neurons[12] and these two 
mechanisms together are well known to provoke to toxic 
actions and interactions. 

We have previously demonstrated that high SHT levels 
per se are not sufficient since the phenelzine—pethidine 
toxic interaction was absent in rabbits pretreated with 


p-chlorophenylalanine and SHTP resulting in extremely: 


high hypothalamic S5HT levels [11]. p-Chlorophenylalanine 
can desensitize central monoamine receptors since it is a 
weak agonist on peripheral SHT receptors [17]. To answer 
the question whether other monoamines (PEA, dopamine 
etc.) contribute to the toxic interaction, needs a thorough 
analysis of their kinetics in vivo condition. Experiments 
with PEA and dopamine are in progress. 
Department of Medicine, ANTTI J. JOUNELA 
Oulu University Hospital, 
Finland. 
Department of Pharmacology, 
University of Helsinki, 
Finland. 
Department of Pharmacology, 
Semmelweis University of Medicine, 
Budapest, Hungary. 


Maur! J. MATTILA 


JOSEPH KNOLL 


REFERENCES 


1. L. I. Goldberg, J. Am. Med. Ass. 190, 456 (1964). 

2. K. J. Rogers and J. A. Thornton, Br. J. Pharmac. Che- 
mother. 36, 470 (1969). 

3. A. J. Jounela, Annls Med. exp. Biol. Fenn. 48, 249 
(1970). 

4. J. P. Johnston, Biochem. Pharmac. 17, 1285 (1968). 

. D. W. R. Hall and B. W. Logan, Biochem. Pharmac. 
18, 1955 (1969). 

. J. Knoll, Z. Ecseri, K. Keleman, J. Nievel and B. Knoll, 
Arch. int. Pharmacodyn. Ther. 155, 154 (1965). 

. H.-Y. T. Yang and N. H. Neff, J. Pharmac. exp. Ther. 
189, 733 (1974). 

. R. F. Squires, In Advances in Biochemical Psychophar- 
macology, Vol. 5 (Eds. E. Costa and P. Greengard) 

Raven Press, New York (1972). 

. G. W. Ashcroft and D. F. Sharman, Brit. J. Pharmac. 
19, 153 (1962). 

. P. A. Shore and J. S. Olin, J. Pharmac. exp. Ther. 
122, 295 (1958). 

. M. J. Mattila and A. J. Jounela, Biochem. Pharmac. 
22, 1674 (1973). 

. J. Knoll and K. Magyar, In Advances in Biochemical 
Psychopharmacology, Vol. 5 (Eds. E. Costa and P. 
Greengard) p. 393. Raven Press, New York (1972). 

. M. B. H. Youdim and H. F. Woods, Biochem. Pharmac. 
24, 317 (1975). 

. A. R. Green and M. B. H. Youdim, Br. J. Pharmac. 
55, 415 (1975). 

. R. F. Squires and J. Buus Lassen, Psychopharmacologia 
41, 145 (1975). 

. D. J. Edwards and S.-S. Chang, Life Sci. 17, 1127 
(1976). 

. E. Marley and J. Whelan, Br. J. Pharmac. 56, 133 
(1976). 








Biochemical Pharmacology, Vol.26, ppe 809-813. Pergamon Fress, 1977+ Printed in Great Britain. 


PRELIMINARY COMMUNICATION 


THE HEPATIC METABOLISM OF 1°y LABELLED 
DIMETHYLNITROSAMINE IN THE RAT 


Richard C. Cottrell, Brian G. Lake, 
John C. Phillips and Sharat D. Gangolli 


The British Industrial Biological Research Association, 
Woodmansterne Road, Carshalton, Surrey SM5 4DS, UK. 


(Recieved 12 January 1977; accepted 8 February 1977) 
SUMMARY 


The metabolism of dimethylnitrosamine (DMN) by rat 
liver 10,000g supernatant fraction was found to produce 
gaseous nitrogen at less than 5% of the rate of either 
of the carbonaceous products, formaldehyde and methanol. 
This observation was shown to be inconsistent with the 
generally accepted mechanisms of nitrosamine degradation. 


Dimethylnitrosamine, a potent hepatocarcinogen (1), is 
considered to be metabolized in rat liver initially by a 
cytochrome P-450 dependent pathway (2,3) involving oxidative 
demethylation (4,5,6) to yield formaldehyde and a methylating 
species. It has been suggested that the biodegradation 
proceeds either via an a-nitrosocarbinol intermediate (7), as 
shown in Scheme I, or via monomethylnitrosamine (8). The 
former hypothesis has received a degree of support from 
several studies. Lijinsky et al.(9) have shown that the 
methylation of guanine residues in DNA and RNA of rat liver 
following the administration of deuterated dimethylnitrosamine 
involved the transfer of an intact CD3 group as predicted by 
Scheme I, but not by the alternative hypothesis in which 
diazomethane was the postulated alkylating agent (10). 
Additionally, the hydrolysis of the acetyl derivative of 
hydroxy methyl methyl nitrosamine (I) has been shown to 
produce methanol, formaldehyde and a gaseous product, presumed 
to be nitrogen (11). 


Further support for the metabolism of dimethylnitrosamine 
proceeding by this route has been inferred from the observation 
that this acetyl derivative is mutagenic in drosophila and 
carcinogenic in the rat (12), although the site of tumour 
formation is different (13). 


Earlier results from this laboratory have shown that the 
metabolism of dimethylnitrosamine in the intact rat and by rat 
liver preparations leads to the formation of methanol (14). 

In this paper we present our findings on nitrogen evolution 
on hydrolysis of the acetyl derivative of (I) and the 
degradation of dimethylnitrosamine by rat liver. 


SCHEME I 


CH, Enzymatic CH,OH Spontaneous eee 
>N-NO > _ N-NO —> CH,O + CH,N,OH 
3 Oy; NADPH 








CH 
(1) (11) 


Cellular 
Nucleophiles 
xX 


or H,O 


CH,0H + CH,X + No-— 
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Experimental 





15y labelled dimethylamine hydrochloride and sodium nitrite 
were purchased from Prochem, London, SW19, U.K. Acetoxy 
dimethylnitrosamine (11) and 15N labelled dimethylnitrosamine 
(95% 15N) (15) were synthesised by published methods. Chemical 
purity and isotopic purity were established by combined gas 
chromatography - mass spectrometry using a 5 ft. glass column 
containing carbowax 20 M (10%) on acid washed celite (100-120 
mesh) at 120°C (14) with helium as carrier gas connected via 
an all glass single stage jet separator to a VG 7070F organic 
mass spectrometer interfaced to a VG 2040 data system. 
Computer calculated total ion current was used for the 
estimation of chemical purity and the appropriate computer 
calculated single ion current ratios for isotopic purity. 


Rat liver 10,000g supernatant fractions were prepared (14) 
from male Sprague-Dawley rats (approx. 100g body weight) 
supplied by Olac (Southern) Ltd., Bicester, Oxon, U.K., and 
utilised immediately. Studies of the metabolism of 15N labelled 
DMN were carried out under an oxygen atmosphere in sealed 7 ml 
septum vials (Pierce, Rockford, Illinois, USA). The conditions 
of the incubations and cofactor requirements were as described 
previously (14). 15N2g formed was measured by injecting 1.0 ml 
gas samples from the headspace into a stainless steel reservoir 
provided with a capillary leak into the mass spectrometer source. 
The ion current at m/e 30,00 from these samples was_ compared 
with that from 1.0 ml air (which contained 12.3 ng 15Ng per ml 
at atmospheric pressure and 298°K). Formaldehyde and methanol 
production were monitored by the Nash colorimetric technique and 
gas chromatography respectively as described by Lake et al.(14). 


The non-specific esterase catalysed solvolysis of acetoxy 
dimethlnitrosamine was carried out as described by Roller et al. 
(11) and the No released determined by Warburg manometry. In 
a separate experiment the gas liberated was collected and 
identified as pure nitrogen by mass spectrometry and the 
quantitative production of methanol and formaldehyde (11) 
was confirmed. 


Results 


The release of Ng gas during the solvolysis of hydroxy 
dimethylnitrosamine produced by the esterase catalysed hydrolysis 
of acetoxy dimethylnitrosamine is shown in Fig.1. The quantity 
of No produced was found to be 100% of the theoretical yield. 

The same result was obtained when acetoxy dimethylnitrosamine 
was incubated with esterase and rat liver 10,000g supernatant 
fraction in the presence of NADPH and Oo. 


FIG. 1 











Release of No gas during solvolysis at 37°C of acetoxy dimethyl- 
nitrosamine (2.85 umole). Tris-HCl buffer pH 7.4 (3.1 ml) 
containing 1 mg esterase. 


Table 1 shows the production of 15yo, methanol and formal- 
dehyde during the metabolism of 15N labelled DMN by rat liver 
10,000g supernatant fractions. 
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TABLE 1 
Rate of Formation 


Product Determined Method umole/g liver/hr. 








15y5 MS. 0.114 + 0.018 (9) 


CH,0H Gc. 1.88 + 0.23 (9)? 


CHO NASH 2.42 + 0.21 (20)? 


1 
@ Rate of product formation during (CH3)9— N 15yo (5 mM) 


metabolism by rat liver 10,000g supernatant fraction. 
b Results expressed as mean + S.E.M. (number of observations). 


The rate of formation of 15No was linear with time over a 
60 min incubation period of a complete reaction system whereas 
the low blank signal obtained from an incubation system which 
contained all components other than either the nitrosamine or 
the tissue fraction did not alter with time. In the absence 
of NADPH or Og no measurable amount of 15N2q was formed. The 
rate of N2 production was not greater than 5% of that of 
formaldehyde. 


Investigations into the variation in the rate of 15N2Q 
production with substrate concentration (Fig.2) showed that 
the maximal rate of N2 formation was achieved at concentrations 
of DMN in excess of 5 mM. 
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15 35 
15N9 formation from (CH3)2 -— N — NO by rat liver 10,000g 
supernatant fraction as a function of substrate concentration. 


The effect on the degradation of DMN to N2 and formaldehyde 
of pretreatment of the rats with sodium phenobarbitone is shown 
in Table 2. In the strain of rats employed sodium phenobarbitone 
produced a comparable increase in the rate of metabolism of DMN 
to the two products N2 and formaldehyde. The rates of metabolism 
in the presence of two in vitro inhibitors of cytochrome P-450 
dependent mixed function oxidase activities, SKF 525A and 
Metyrapone, are also shown in Table 2. Whereas SKF 525A 
slightly inhibits the formation of both of these products of 
DMN metabolism, Metyrapone causes an increase in metabolic 
rate (16). Aminoacetonitrile, a known inhibitor of DMN 
metabolism, toxicity and carcinogenicity (17) as well as amine 
oxidase activity (18) was also found to inhibit the production 
of No (Table 2). 


The rate of metabolism of DMN 15N to 15Nq and H2CO by 
10,000g supernatant fractions prepared from the livers of olive 
baboons was also determined and found to be similar to the rat. 
Again the rate of nitrogen production was found to be much less 
than that of formaldehyde. 
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TABLE 2 


Pretreatment or Rate of 15N9 Rate of H2CO 
in vitro inhibitor production % Control production % Control 





5 x 100mg/kg sodium pu 


phenobarbitone 135* (4) 140*” (4) 


Aminoacetonitrile (10 mM) 23***(4) 47***(4) 
SKF 525A (1 mM) 55***(4) 61***(4) 


Metyrapone (1 mM) 180***(3) 162***(3) 


Effect of pretreatment and in vitro modulation of DMN metabolism 
by rat liver 10,000g supernatant. Results expressed as % control 
value. Number of independent experiments in brackets. P values 
for groups compared with controls are: 


* ** KK 
P < 0.05; Pt. O82 5 P< 0.001. 


DISCUSSION 


According to either of the two schemes suggested (7,8) for 
the metabolism of dimethylnitrosamine, the degradation of this 
nitrosamine should lead to the formation of methanol, formal- 
dehyde and nitrogen. Whereas the amounts of methanol and 
formaldehyde generated would depend on the availability of 
nucleophiles and the activities of enzymes involved in the 
metabolism of the alcohol and aldehyde, the quantity of 
nitrogen evolved must be directly related to the consumption 
of dimethylnitrosamine. Indeed, the putative intermediate, 
a-hydroxy methyl methylnitrosamine was found to degrade with 
the quantitative evolution of nitrogen. 


In clear contrast, the amount of nitrogen produced during 
the biodegradation of dimethylnitrosamine by rat liver 
preparations was unexpectedly low and accounted for less than 
5% of the nitrosamine decomposed. These findings were not 
unique to the rat; similar results were obtained with liver. 
from baboons (unpublished observations). Thus our results are 
clearly at variance with the proposition that the degradation 
of dimethylnitrosamine proceeds by the intermediacy of either 
the a-nitrosocarbinol or monomethylnitrosamine derivative. At 
best these routes would constitute a very minor component of 
the pathway(s) involved in the mammalian metabolism of this 
nitrosamine. 


The results of this study taken in conjunction with our 
earlier findings questioning the assumption that the cytochrome 
P-450/448 dependent mixed function oxidase system is the sole 
mediator of dimethylnitrosamine metabolism, suggest that an 
alternative explanation for the relevant mechanisms involved 
must be sought. Clearly, a crucial issue is the metabolic 
fate of the nitrogen moiety, and studies directed to providing 
an answer to this question are currently in progress. 
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ANNOUNCEMENT 


THE SIXTH EUROPEAN WORKSHOP ON DRUG METABOLISM 


The Sixth European Workshop on Drug Metabolism will be held from 19-23 June, 1978 in Leiden, The 
Netherlands, at the Gorlaeus Laboratories of Leiden State University. Approximately 25 main lectures by 
leaders in the field on biochemical, toxicological and clinical aspects will be given during the morning sessions. 
Seminars on various topics will be organized in the afternoon. The presentation of a poster or a short 
communication by the participants of the workshop will be considered by the organisers. For further informa- 
tion: Professor D. D. Breimer, Department of Pharmacology, State University of Leiden, Wassenaarseweg 
72, Leiden (The Netherlands). 
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COMMENTARY 


TRANS-SYNAPTIC REGULATION OF TYROSINE 
3-MONO-OXYGENASE BIOSYNTHESIS IN RAT 
ADRENAL MEDULLA 


ALESSANDRO GUIDOTTI and ERMINIO COSTA 


Laboratory of Preclinical Pharmacology, National Institute of Mental Health, 
Saint Elizabeth’s Hospital, Washington, D.C. 20032, U.S.A. 


In neurons the regulation of transmitter biosynthesis 
is synchronized with their activity rate; perhaps an 
increase in the cyclic nucleotide content or changes 
in specific ion fluxes are operative in coupling the 
rate of transmitter biosynthesis with neuronal activity 
[1-3]. In this regulation, adaptive increases in the 
biosynthesis of enzymes that synthesize neurotrans- 
mitters are also important. Often, such increases in 
protein synthesis are triggered by a persistent acceler- 
ation of afferent neuronal activity [1,3—-S]. For in- 
stance, when environmental stimuli impose a sus- 
tained increase in the secretion rate of the catechol- 
amines stored in adrenal medulla, the synthesis of tyr- 
osine-3-mono-oxygenase or tyrosine hydroxylase 
(TH) which is believed to be a major factor in main- 
taining catecholamines at steady state [6] is increased 
[4]. Since the increase in TH synthesis in chromaffin 
post-synaptic cells of medulla is elicited by an in- 
crease in the activity of afferent neurons, this process 
has been termed trans-synaptic induction of TH [4]. 
In adrenal medulla, the uniformity in the afferent in- 
nervation of chromaffin cells and the limited number 
of cell types facilitate the search for the biochemical 
events which couple rates of chromaffin cell stimu- 
lation with the biosynthesis rate of TH. As a long- 
range objective in the studies of TH regulation in 
medulla, we have to elucidate how synaptic stimuli 
regulate gene expression coding for TH. As a corol- 
lary of this commentary, we are suggesting a model 
which depicts how, in chromaffin cells, the rate of 
nicotinic receptor stimulation modifies the mRNA 
synthesis in the nucleus. In this model we have also 
attempted to single out the temporal and spatial 
sequence of intracellular molecular events whereby 
the biosynthesis of new mRNA, including that which 
regulates TH biosynthesis, is promoted by trans- 
synaptic stimuli. The model also proposes that the 
first (acetylcholine) and second (3’,5’-cyclic adenosine 
monophosphate, cAMP) messengers are involved in 
the trans-synaptic induction of TH and stresses the 
role of protein kinases in the regulation of poly A 
RNA synthesis which precedes the increase in TH 
synthesis. Although it may be reasonable to assume 
that mechanisms similar to those of chromaffin cells 
may be operative also in adrenergic neurons of the 
central nervous system (CNS), a verification of this 
similarity has not been obtained. 
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Genetic mechanisms in the trans-synaptic induction of 
TH 


It was Julius Axelrod et al. [4, 7,8] who discovered 
that, in the adrenal medulla, the persistent neurally 
mediated release of acetylcholine onto post-synaptic 
nicotinic receptors was the signal for the induction 
of TH. Since a blockade of RNA translation or tran- 
scription, at appropriate times, inhibits the increase 
of medullary TH elicited trans-synaptically, it was 
proposed that in adrenal medulla an increase in the 
number of TH molecules was responsible for the in- 
duction of TH [4,9, 10]. This proposal was upheld 
by showing that in adrenal medulla during TH induc- 
tion there was an increase in the number of molecules 
that were precipitated by an antibody directed toward 
TH [11, 12]. Successive studies have shown that, dur- 
ing the trans-synaptic induction of TH, the synthesis 
rate of the TH molecules was increased while their 
rate of degradation remained unaltered [13]. Since 
the synthesis rate of TH was increased over a period 
of about 9-30hr after application of an inducing 
stimulus, we studied the possibility of poly A RNA 
being increased after the application of the inducing 
stimulus. We found that in rats the rate of poly A 
RNA biosynthesis dependent on RNA polymerase II 
was increased already at 6hr, reached a maximum 
at 8-10 hr and was terminated at 16 hr after exposure 
to 4° [14]. This increase was abolished ipsilaterally 
to the transection of the afferent nerves to the adrenal 
medulla [14]. These findings are consistent with the 
hypothesis that nuclear chromatin is the site where 
an important step for the trans-synaptic regulation 
of TH synthesis takes place and that cold exposure, 
by increasing the release rate of acetylcholine, acti- 
vates nicotinic receptors and thereby brings about an 
increase in the formation of messenger RNA coding 
for TH synthesis. 


Participation of cyclic AMP (cAMP) and cyclic GMP 
(cGMP) in the trans-synaptic induction of medullary 
TH 


Since a gene regulation hypothesis [4,5] had been 
proposed to explain the trans-synaptic induction of 
medullary TH, we began to search for a suitable 
mechanism whereby synaptic activity could be trans- 
duced into a signal that changes the synthesis rates 
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of nuclear RNA coding for TH and for other specific 
proteins of chromaffin cells. 

Using as a stimulus cold exposure or the injection 
of carbamylcholine, or reserpine with and without a 
pretreatment with ganglionic blocking agents, it was 
established that various stimuli became operative in 
inducing TH if they persisted for about 90min 
[ 15, 16]. We reasoned that the biochemical signal in- 
volved in transducing the membrane depolarization 
into a change in mRNA synthesis should last for 
about 90 min. Moreover, while the onset of the bio- 
chemical response should be coupled with the stimu- 
lus, its duration should be about 90 min and it should 
be otherwise independent of the duration of the in- 
ducing stimulus. The biochemical signal occurring in 
adrenal medulla in conjunction with trans-synaptic 
induction of TH which closely fulfills the theoretical 
requirement defined above was an increase of medull- 
ary cAMP content [3, 15-17]. 

A stimulation of nicotinic receptors by carbamyl- 
choline or by drugs which release acetylcholine from 
splanchnic nerve terminals elicits a sharp increase in 
the cAMP content of rat adrenal medulla (see Fig. 
2B and Table 1) [16-18]. While the onset of the in- 
crease in medullary cAMP content is coupled with 
the stimulus, its duration is independent of the time 
course of the stimulus. The cAMP increase never 
exceeds 90 min even though the stimulus lasts for 
several hours [15-20]. All the stimuli that induce 
TH increase medullary cAMP content, but they 
change the cGMP content in both directions; more- 
over, the direction of the cGMP change is unrelated 
to the TH induction and its intensity is modest when 
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compared to that of the increase in cAMP 

[16, 19, 20]. Using specific receptor blockers, we have 
. established that, in medulla, the stimulation of nico- 

tinic receptors causes accumulation of cAMP, 
whereas the stimulation of muscarinic receptors 
causes the accumulation of cGMP [18-20]. Using 
specific stimulants of the two receptors, the 
cAMP/cGMP ratio increases or decreases after the 
stimulation of nicotinic or muscarinic receptors re- 
spectively. Since the cAMP/cGMP ratio increases 
after stimuli that induce TH, the characteristics of 
the second messenger response uphold earlier pro- 
posals [4] that the stimulation of nicotinic receptors 
mediates TH induction. 

In adrenal medulla, the duration of the 
cAMP/cGMP increase appears to be regulated by the 
release from binding sites in synaptic membranes of 
an endogenous protein. This protein in the presence 
of 20 uM Ca?* increases the affinity of the high K,, 
cyclic nucleotide phosphodiesterase for cAMP. Since 
this high K,, enzyme has a high V,,,,,, the metabolism 

in vivo of cAMP is accelerated following the release 
of this endogenous protein from binding sites in the 
membrane [21-23]. 

The fundamental role of cAMP or the cAMP, 
cGMP concentration ratio in the mechanisms lead- 
ing to the induction of medullary TH is suggested 
by the following findings: (1) all the stimuli that in- 
duce TH increase the cAMP/cGMP ratio of medulla 
for a threshold duration of 1-2hr (see Table 1) 
[20, 21, 24]. Injections of propranolol [25], dopamine 
[26], ACTH [26, 27], or of small doses of carbamyl- 
choline [28], which fail to induce TH, increase the 


Table 1. Relationship between the increase in cAMP content, the increase in cytosol protein kinase catalytic subunits, 
the increase in nuclear protein kinase activity and the tyrosine-3-mono-oxygenase induction in rat adrenal medulla* 





% CAMP 


Increase of 
nuclear PK 
activity 


PK catalytic 
subunits in 


increase cytosol 





30 
Stimulus 


Denervation min 


60 
min 


240 
min 


Time of 
maximal effect 


At 
2 hr 


At 
6 hr 





No 
Yes 
No 
No 
Yes 
No 


Exposure to 4 


Repeated swimming stress 
Reserpine (8 pmoles/kg i.p.) 


Reserpine (16 zxmoles/kg i.p.) 
Propranolol (40 pmoles/kg, i.p.) + 
reserpine (16 umoles/kg, i.p.) 
Dexamethasone (1 umoles/kg, i.p.) + 
reserpine (16 zmoles/kg, i.p.) 
Carbamycholine (3 ymoles/kg, i.p.) 
Carbamylcholine (9 pmoles/kg, i.p.) 


Carbamylcholine (9 pmoles/kg, i.p.) + 
atropine (4 zmoles/kg, i.p.) 

Hexamethonium (4 ymoles/kg, i.p.) + 
carbamylcholine (9 jxmoles/kg, i.p.) 

Aminophylline (200 umoles/kg, i.p.) 


Dopamine (50 umoles/kg, s.c.) 
ACTH (1 1.U./kg, iv.) 
Propranolol (40 pmoles/kg, i.p.) 


t 





* The symbols are defined as follows: (t) increase in number of enzyme molecules; and ( 


+ Maximum increase occurs after 32 hr. 


) response not present. 
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cCAMP/cGMP ratio of medulla by an extent compar- 
able to that elicited by a dose of reserpine which in- 
duces TH. However, these stimuli elicit a second mes- 
senger response lasting Jess than 30min (Table 1), 
whereas reserpine causes a longer lasting increase of 
medullary cAMP content; (2) high doses of corticos- 
teroids delay the increase of medullary cAMP/cGMP 
ratio and the onset of the increase in TH activity 
elicited by reserpine [29]; (3) blockade of nicotinic 
receptors or denervation inhibits the increase of 
medullary cAMP/cGMP ratio and the induction of 
TH [15, 16, 20, 30]; and (4) carbamylcholine increases 
the cAMP content and induces TH in adrenal medul- 
lae which were denervated 5 days before the experi- 
ment [18, 31]; however, this drug fails to elicit either 
response if the denervation was performed 15 days 
before the experiment [32]. This parallelism could be 
expected if adenylate cyclase and nicotinic receptors 
were the components of the same supramolecular 
complex. This view is in line with reports that medul- 
lary adenylate cyclase in a cell free system is not acti- 
vated by acetylcholine [31, 33,34], but the enzyme 
is activated by acetylcholine added to medullary slices 
(26, 31]. 

The findings discussed above suggest that it could 
be highly misleading to evaluate the involvement of 
cAMP in the trans-synaptic induction of TH by mea- 
suring the cAMP/cGMP ratio in medulla at a fixed 
time interval after the inducing stimulus. The neces- 
sity of providing a complete time course of the second 
messenger response and of the increase in TH activity 
was documented by experiments with swimming 
stress [35,36] or with injections of corticosteroids 
and reserpine [29, 37] (see also Table 1). 

It has been suggested that the increase in cAMP 
content measured in medulla after cold exposure is 
not elicited by the stimulation of nicotinic receptors, 
but reflects a diffusion of cAMP from cortical tissue 
to medulla [26]. However, denervation virtvally abo- 
lishes the increase in cAMP content elicited in 
medulla by reserpine and cold exposure but not the 
increase of cAMP content elicited by these stimuli 
in adrenal cortex [18, 20, 30, 31]. It is conceivable that 
the mechanism that regulates the increase in medul- 
lary cAMP content is independent of that which 
causes the increases of cAMP in adrenal cortex. 
Therefore, the “trans-synaptic theory” of the medul- 
lary increase of cAMP content [15-20] appears to 
be more consonant with experimental results than the 
“diffusion theory” [36, 37]. 


Significance of cAMP dependent protein kinase (PK) 
activation in the trans-synaptic induction of TH 

The time sequence of the biochemical events which 
have been measured in the adrenal medulla in the 
time interval between the stimulus application and 
the induction of TH (Fig. 1) shows that there is an 
interval of several hours between the termination of 
the increase in the cAMP/cGMP concentration ratio 
and the increase in the poly A RNA synthesis. In 
fact, in no instance could we find that the change 
in the cAMP/cGMP concentration ratio lasted longer 
than 2hr, and in no instance did the increase in 





* A. Kurosawa, A. Guidotti and E. Costa, manuscript 
in preparation. 
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Fig. 1. Temporal sequence of molecular events taking 
place in chromaffin cells of adrenal medulla during the 
trans-synaptic induction of tyrosine hydroxylase (TH). 
After application of a stimulus (exposure to 4°; reserpine, 
carbamylcholine), cAMP increases for about 90 min. The 
cAMP-dependent protein kinases, type 1 (PK,) and type 
2 (PK), of cytosol are activated and release their catalytic 
subunits for 2-3 hr. This activation is followed by a de- 
crease of the total cytosol PK activity and by a nuclear 
uptake of the catalytic subunit of PK,. The increase of 
nuclear PK is initiated before the increase in RNA syn- 
thesis, lasts for about 18 hr and precedes the increase in 
TH synthesis and TH activity. 


RELATIVE INTENSITY OF RESPONSE (%) 


mRNA synthesis occur prior to 5-6hr from the 
stimulus application [14]. This suggests that the sti- 
mulus-coupled increase in the cAMP content of 
medulla triggers one or more intermediate metabolic 
responses in chromaffin cells which, in turn, promote 
new synthesis of RNA. To broaden the present under- 
standing of how cAMP regulates communications 
between events occurring in chromaffin cell mem- 
brane and in the nuclei, we have studied in detail 
the dynamics of the PK activation during the time 
period elapsing from the increase in cAMP content 
elicited trans-synaptically to the beginning of the in- 
crease in RNA synthesis. Since it is currently believed 
that in eukariotic cells the regulatory subunits of 
PKases are a generalized receptor for cAMP [38-41], 
we have explored whether, in vivo, following the in- 
crease in medullary cAMP elicited trans-synaptically 
there is an activation of cAMP-dependent PK con- 
comitant with a dissociation of free catalytic subunits 
of PK. 

Using gel filtration and ion exchange chroma- 
tography [41-43], it is possible to isolate the cAMP- 
dependent PK present in tissue homogenates and to 
distinguish whether the kinase activity is due to cata- 
lytic subunits of cAMP-dependent PKases or to 
kinase molecules which are cAMP independent. By 
these techniques we have determined that about 75 
per cent of the PK molecules present in the cytosol 
of rat adrenal meduila are cAMP dependent [25, 28]. 
When the cytosol of adrenal medulla from control 
rats was chromatographed with DE-52 cellulose ion 
exchange resin and eluted with an NaCl gradient, two 
peaks of cAMP-dependent PK activity were dis- 
tinguished. The first peak was eluted by 0.1 M NaCl 
and the second by approximately 0.2M NaCl sug- 
gesting that they correspond to PK, and PK, accord- 
ing to the nomenclature of Corbin et al. [43]. The 
PK, represented about 40 per cent and the PK, 
about 60 per cent of the total cytosol activity;* only 





820 


20 per cent of the cAMP-dependent PK, or PK, mol- 
ecules were present in the activated state as free cata- 
lytic subunits, while 80 per cent of the molecules were 
in the inactive state [28, 44]. 

An inactive cAMP-dependent PK is a high molecu- 
lar weight form of PK, composed of regulatory and 
catalytic subunits held together by ionic bonds [45]. 
All the trans-synaptic signals that elicit an increase 
of cAMP content and determine an induction of TH 
24hr later also produce an early activation of the 
cytosol cAMP-dependent kinases with dissociation of 
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Fig. 2. Response of chromaffin cells of adrenal medulla 
to trans-synaptic stimuli. Control (A). The acetylcholine 
released from the splanchnic nerve terminals interacts with 
nicotinic receptors located on the membrane of chromaffin 
cells (B). The stimulation of nicotinic receptors results in 
an increase of CAMP content and in the activation of cyto- 
sol protein kinase | and 2 which dissociate into regulatory 
(CO, @) and catalytic subunits (0, ©) (B). After 2hr the 
increase of cAMP is extinguished and at 4hr the cytosol 
protein kinase 2 is reassociated (C). However, the catalytic 
subunits of protein kinase | migrate from cytosol (C) and 
are taken up by the nucleus (D). The uptake of protein 
kinase | catalytic subunits by the nucleus causes the phos- 
phorylation of chromosomal proteins and increases mRNA 
synthesis (D). The increase of mRNA synthesis precedes 
the synthesis of new tyrosine hydroxylase molecules (E). 
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free regulatory and catalytic subunits of PK, and 
PK, (Figs. 1, 2B, and Table 1; see also Refs. 28, 44 
and 46). By studying stimuli of increasing intensity, 
and measuring PK at various times, we have found 
that the number of free catalytic subunits present at 
2hr correlates with the degree of the TH induction 
24 hr later [25, 28, 44,46]; moreover, the increase in 
the number of free catalytic subunits of PK in cytosol 
persists several hours longer than the increase in 
cAMP content (Figs. 1 and 2; see also Refs. 25, 28 
and 44). 

In adrenal medulla, the cAMP content ranges from 
1.5 to 2 umoles/kg wet weight. Stimuli which induce 
TH increase cAMP content to about 5—16 wmoles/kg 
wet weight [18]. In medullary homogenates, the con- 
centration of cAMP which activates PK half maxi- 
mally, is in the range of 0.20—0.3 uM [25]. However, 
we observed that when the adrenal medullae from 
normal rats were homogenized in 3 vol. of isotonic 
sucrose, although the concentration of cAMP may 
be greater than 0.3 uM, only 20 per cent of the protein 
kinase was present as a free catalytic subunit [25]. 
As proposed by Beavo et al. [47,48], the PK acti- 
vation does not depend exclusively on the concen- 
tration of cAMP but also depends on the tissue con- 
centrations of PK and on an endogenous heat-stable 
small molecular weight protein which inhibits PK ac- 
tivity [49]. From the data published by Beavo et al. 
[47,48] and Walsh and Ashby [49], one might pre- 
dict that, if the concentrations of endogenous inhibi- 
tor were sufficient to inhibit 20 per cent of the cata- 
lytic subunits of PK molecules present, only an acti- 
vation involving more than 20 per cent of the inactive 
cAMP-dependent enzyme molecules can be expressed. 
Obviously, the tissue content of this endogenous PK 
inhibitor together with the cAMP concentration regu- 
lates the expression of the second messenger response. 
Conceivably, a decrease in endogenous inhibitor faci- 
litates PK activation in the presence of a small in- 
crease of cAMP content, and an increase of the 
amount of inhibitor limits the amount of protein 
phosphorylation that can be expressed by a given in- 
crease in medullary cAMP content. An appreciation 
of these possibilities convinced us that this could be 
an additional cuase of error when the measure of 
cAMP content is taken as an index of the involve- 
ment of cAMP in the mediation of the trans-synaptic 
induction of TH. 

To avoid being misled by measuring cAMP, one 
can assess whether at various times after the stimulus 
there is an activation of the cAMP-dependent protein 
kinase in cytosol. A demonstration that many drugs 
can increase the medullary cAMP content without 
increasing the number of free catalytic subunits of 
PK is shown in Table 1. Whenever the cAMP in- 
crease lasted less than 30min, it was not followed 
by an increase in the number of the free catalytic 
subunits of PK and by an induction of TH: however, 
whenever the increase of cAMP lasted 60min or 
longer, the PK was activated for about 2 hr and. TH 
was induced. These results suggest that PK activation 
is the intermediary process preceding the increase in 
RNA synthesis elicited trans-synaptically. Moreover, 
it appears that both duration and intensity of cAMP 
increase regulate the induction of TH through an acti- 
vation of PK. 
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Nuclear uptake and retention of cAMP-dependent cata- 
lytic subunits, an essential process for the trans-synap- 
tic induction of medullary TH 

A variety of molecular forms of PKases have been 
found in nuclei of eukariotic cells (for a review, see 
Ref. 50). Most of these kinases phosphorylate nuclear 
proteins in a cyclic nucleotide independent fashion. 
Also. since in rat adrenal medulla the nuclear phos- 
phorylation is not regulated by cAMP* [46, 51.52] 
the possibility that an increase of cAMP may in- 
fluence nuclear phosphorylation and, consequently 
regulate RNA transcription, may appear paradoxical. 
The apparent paradox can be reconciled by the obser- 
vation that specific nuclear protein phosphorylation 
may be achieved as a consequence of a redistribution 
in the cytosol of cAMP-dependent PKases. Based on 
these assumptions, the PK activation could be viewed 
as a third messenger in the trans-synaptic induction 
of TH. In fact, this activation is an essential prerequi- 
site for the nuclear uptake of free catalytic subunits 
of PK,, which precedes the new synthesis of nuclear 
RNA. 

After the stimulus-induced rise of medullary cAMP 
and the subsequent dissociation of PK, and PK, we 
observed that the total cytosol PK activity measured 
in the presence of cAMP fell* [28, 46.53] (Fig. 1). 
This decrease was already significant 2 hr after the 
stimulus application when the activation of PK, and 
PK, was maximal, reached a peak at about 4 hr when 
the regulatory and catalytic subunits of PK, and PK, 
were reassociated, and persisted longer than 12-18 hr 
[ 28, 44, 46, 53] (Fig. 1). At 7hr after various stimuli 
that induce TH, 30-40 per cent of the PK activity 
disappeared from the cytosol [28, 44,46]. When the 
cytosol of adrenal medullae from rats killed 7 hr after 
an inducing stimulus was applied to a DE-52 cellulose 
ion exchange column, we found that the PK, virtually 
disappeared while the PK, was unchanged.* It is im- 
portant to stress that the number of free catalytic 
subunits in medullary cytosol had returned to normal 
several hours earlier [28]. 

As reported in Figs. 1 and 2C, D and E, when 
the cytosol PK, was decreased, the nuclear PK ac- 
tivity was increased. Nuclei, isolated from medulla of 
rats injected with reserpine or exposed to cold 7-10 hr 
earlier, phosphorylated endogenous nuclear proteins 
at a rate twice as fast as that of nuclei from rats 
injected with saline.* This increase was maintained 
when the nuclei were treated to remove contaminant 
PK. adsorbed from cytosol.* 

The medullary nucle: were also extracted with Tri- 
ton X-100 and 0.5M NaCl and the PK activity of 
these extracts was measured [28, 46,53]. The phos- 
phorylating activity of nuclear extracts prepared from 
adrenal medullae of rats killed 7 hr after a stimulus 
that induces TH was greater than that of extracts 
prepared from adrenal medullae of rats injected with 
only saline [46]. This difference was nullified by the 
addition of regulatory subunits of PK and was rein- 
stated by the addition of cAMP to the reaction 
medium. Moreover, in nuclei purified from rat ad- 
renal medulla, the phosphorylation of endogenous 
substrates was increased only if they were incubated 
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with PK, but not with PK. Since, in vivo, PK, disap- 
peared from cytosol after stimuli that induce TH, and, 
in vitro, only PK, can increase nuclear phosphoryla- 
tion, we have inferred that the increase in phosphory- 
lating activity found in nuclei derives from the nuclear 
uptake of catalytic subunits of PK, (see Figs. 1 and 
2D and E). 

Recent reports by Palmer et al. [54,55] have shown 
that perfusion of the liver with glucagon or dibutyryl 
cAMP elicits a redistribution of protein kinase cata- 
lytic subunits: they decrease in cytosol and accumu- 
late in the nuclear fraction. A similar redistribution 
of PK has been described in calf ovary in response 
to injections of chorionic gonadotrophines [56]. The 
proposal was made that the transfer to the nucleus 
of cytosolic PK can influence nuclear events such as 
RNA transcription. Usually these studies have dealt 
with short-term translocation of PK and have never 
followed in time the evolution of this translocation. 
Actually, the physiological significance of the rapid 
shift of PK distribution in these tissues has been ques- 
tioned by Keely et al. [57]. These authors, working 
with isolated heart preparations, have suggested that 
the rapidly occurring and the short-lasting transloca- 
tion of cytosol PK to particulate fractions may be 
due to artifactual binding of dissociated catalytic 
subunits of PK; this binding occurs in conjunction 
with the increase of cAMP and requires the presence 
of a low salt buffer. 

The PK redistribution that we have described in 
the adrenal medulla was observed when the homo- 
genization was performed in 0.5M NaCl, lasted for 
several hours, and persisted after the cAMP increase 
was back to normal. The nucleus intervenes probably 
with an active uptake mechanism transferring inside 
the nuclear membranes a specific molecular form of 
cytosol PK; we suggest PK,. Although the exact 
mechanism involved in this uptake is not readily 
understood, we have found that the molecular proper- 
ties of cytosol PK, change during the nuclear 
uptake.* Moreover, an active control is presumably 
operative in causing the nuclear retention of PK, for 
12-18 hr. For this reason and to avoid confusion, we 
have dismissed the term “translocation” to indicate 
the increase in nuclear enzyme activity in adrenal 
medulla and prefer the term “nuclear uptake” to indi- 
cate, on one hand, the crucial physiological value of 
this event, and on the other hand, the long-lasting 
characteristic of this change. 

In view of the above, it is now pertinent to ask 
whether the nuclear uptake and retention of the cata- 
lytic subunits of PK, could have any physiological 
significance for the nuclear control of the TH syn- 
thesis. The evidence available [53] suggests that in 
rat adrenal medulla a nuclear directed uptake of a 
specific catalytic subunit of the cytosol PK is a mol- 
ecular signal designed to expand and amplify the 
message brought to a cell membrane by activation 
of nicotinic post-synaptic receptors: (1) there is a 
striking correlation between a large variety of experi- 
mental conditions that induce TH with a trans-synap- 
tic mechanism and the increase of nuclear phosphory- 
lation (see Table 1); (2) when the cAMP-dependent 
PK, was incubated with nuclei isolated from adrenal 
medulla, there was an increase in nuclear phosphory- 
lation* [52], and poly A RNA synthesis [52]; (3) the 
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increase in nuclear PK activity of medulla reached 
a maximum at 7hr after the stimulus application 
when the synthesis of poly A RNA dependent on 
RNA polymerase II was increased (Fig. 2); (4) carba- 
mylcholine and aminophylline, by activating nicotinic 
receptors or inhibiting cyclic nucleotide phosphodies- 
terase, respectively, increased cAMP content, and 
activated and translocated cytosol PK, (see Table 1). 
In medulla, denervated 5 days before the experiment, 
all four responses elicited by carbamylcholine were 
unchanged. In contrast, aminophylline [53] increased 
the cAMP content and maximally activated the cyto- 
sol. PK of denervated medulla but failed to cause a 
nuclear uptake of PK and to induce TH; (5) experi- 
ments performed in the pineal also give support to 
the specificity of the nuclear uptake of PK, catalytic 
subunits to promote an increase of protein synthesis. 
When the cAMP content of pineal was increased by 
isoproterenol and the cytosol PK in this tissue was 
activated, we failed to observe nuclear uptake of PK 
and an increase in the protein synthesis. We have 
studied the properties of pineal protein kinase and 
found that this tissue virtually does not contain PK. ,.* 
These experiments confirmed the concept that only 
the catalytic subunits of PK, are taken up by the 
nucleus and promote activation of nuclear RNA syn- 
thesis; and (6) in vivo, the nuclear retention of PK, 
appears to require innervation. In fact, when the 
adrenal medulla was denervated during PK transloca- 
tion, the catalytic subunits left the nucleus promptly 
[53] and as a result of the decrease in nuclear phos- 
phorylation caused by denervation, TH failed to be 
induced [53]. 


Relationship between the increase of cAMP, the acti- 
vation of PK and the nuclear uptake of free catalytic 
subunits of PK, in the trans-synaptic control of the 
genetic code expression in rat adrenal medulla 

The cascade of temporal and spatial biochemical 
events leading to TH induction triggered by the acti- 
vation of nicotinic receptors located on chromaffin 
cell membranes is schematically depicted in Figs. 1 
and 2. After the stimulation of nicotinic receptors, 
there is an increase in membrane bound adenylate 
cyclase activity leading to an intracellular increase of 
cAMP (Figs. | and 2B). This newly synthesized cAMP 
is bound to receptor proteins present in the cytosol 
which are the regulatory subunits of the two different 
types (PK, and PK,) of cAMP-dependent PK (Fig. 
2B). As a result of this interaction, the inactive undis- 
sociated PK, and PK, release the free active catalytic 
subunits (Figs. 1 and 2B). The active catalytic 
subunits phosphorylate the membranes and release 
in the cytosol the membrane bound protein activator 
of phosphodiesterase which lowers the K,, of the high 
K,, enzyme and increases the rate of cAMP degrada- 
tion. Thus, by a self-regulatory mechanism the second 
messenger concentratioon returns to basal levels. 
When the cAMP content is back to normal, the free 
catalytic subunits of PK in cytosol are still increasing 
(Fig. 1). Their normalization occurs by two different 
processes: first, the catalytic subunits of PK, reasso- 
ciate with the regulatory subunits (Fig. 2C), and 
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second, the catalytic subunits of PK, are taken up 
by the nucleus, while the respective regulatory 
subunits remain in the cytosol (Fig. 2C). 

The detailed mechanism whereby catalytic subunits 
of PK, are taken up and retained by the nucleus 
is unknown. Presumably this mechanism requires 
some enzymatic process and change in the properties 
of the kinase. It is still unknown how compounds 
cross the nuclear membrane, but it is suspected that 
specific enzymatic mechanisms are operative [58]. We 
know that the nuclear uptake of PK, catalytic 
subunits precedes the increase in the RNA synthesis 
and the induction of TH (Figs. 1 and 2C, D and E). 
The increase of protein kinase subunits in nucleus 
is terminated after the termination of the increase in 
mRNA synthesis. We do not have as yet any informa- 
tion as to whether the catalytic subunits taken up 
by the nucleus are transferred back to the cytosol 
or if new protein synthesis replaced the cytosol cata- 
lytic subunits. The mechanisms regulating the nuclear 
uptake and retention of the cytosol protein kinase 
in relation to the regulation of genetic mechanisms 
coding for TH are now a direct object of our studies. 
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Abstract—The increase in negative surface charge density resulting from binding of the anionic dye 
bromosulfophthalein to mitochondrial membranes affects the movement of a variety of ions, depending 
on the dye concentration. At low concentrations, a sort of membrane-stabilization with decreased 
“permeabilities is observed, whereas at high concentrations, a detergent like action occurs. (1). Acidifica- 
tion on respiration of mitochondrial suspensions is increased by very small concentrations 
(= 3 nmol/mg protein) of bromosulfophthalein. It reflects an increased transmembranal pH gradient. 
The effect is mainly due to inhibition of phosphate translocation. (2). Mitochondrial swelling experi- 
ments under specific conditions showed that transport of inorganic phosphate is inhibited in either 
direction. (3). Concentrations of > 100 nmol bromosulfophthalein/mg protein result in a membrane- 
destabilization. This is reflected in a release of Ca?* ions and a subsequent increase in membrane 
permeability for succinate and inorganic phosphate. (4). All effects of bromosulfophthalein are freely 
reversible by the addition of albumin, to which the dye is bound with high affinity. (5). Similar effects 
can be observed with other compounds which are similar in structure, although none of those tried 


is effective in such small concentrations. 


Bromosulfophthalein is a triphenylmethane dye which 
owes its strong anionic character to two sulfonic acid 
groups. Since the amphiphilic reagent is routinely 
used in clinical chemistry to test liver function, its 
interactions with biological structures have been in- 
tensely investigated. Strong binding to serum albu- 
min[1] and interaction with the liver cell mem- 
brane [2] have been ascribed to its amphiphilic 
character. It is known that bromosulfophthalein inter- 
feres with mitochondrial functions [3,4]. Very 
recently, Laperche and Oudea[5] have shown that 
transport of inorganic phosphate and other anions 
is inhibited by bromosulfophthalein. Since there are 
some inconsistencies in the results of these authors 
(see e.g. their Fig. 1 where ADP still stimulates respir- 
ation inhibited by bromosulfophthalein) which may 
be caused by difficulties in the experimental approach, 
the mechanisms of bromosulfophthalein action 
deserve further investigation, using other experimen- 
tal techniques. Studies in this laboratory have shown 
that bromosulfophthalein results in a variety of 
membrane effects. It is of biochemical and toxico- 
logical interest to differentiate between the various 
mechanisms. In preceding papers, binding of bromo- 
sulfophthalein to mitochondrial membranes [6] and 
inhibition of respiration[7] have been described. It 
has been suggested that bromosulfophthalein acts on 
the activity of various respiratory components by the 
electrostatic effects of the increase in surface charge 
with binding. In the present paper, the concept of 
the changed surface charge, which may alter permea- 
bilities of biological [8,9] as well as artificial mem- 
branes [10-12], is applied to explain bromosulfoph- 
thalein effects on ion movement. This concerns 
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moderate bromosulfophthalein concentrations, where 
membrane destabilizing effects are not yet apparent. 


MATERIALS AND METHODS 


Materials were essentially as described pre- 
viously [6,7], except for the following substances 
additionally used in the present experiments: *H,O 
(250 wCi/ml), ['*C]carboxydextran (MW_ 75,000, 
1.3 mCi/g), 5,.5’-[2-'*C]dimethyloxazolidine-2,4-dione 
from NEN Chemicals, Dreieichenhain, Germany; 
[°?P]phosphate in HCI solution, carrier free from 
Amersham Buchler, Braunschweig, Germany; bromo- 
phenol blue, bromophenol red, bromthymol blue, 
phenol red, and fluorescein sodium from Merck, 
Darmstadt, Germany; auramine O and 4,5,6,7-tetra- 
bromphenolphthalein from Eastman Kodak Co., 
Rochester, NY USA; rose bengal from Chroma 
Gesellschaft, Stuttgart, Germany, and sodium dode- 
cylsulfate from Serva, Heidelberg, Germany. The best 
grades available were used without further purifica- 
tion. 

The methods used have been described elsewhere: 
preparation of mitochondria [13], preparation of sub- 
mitochondrial particles [14], dete: mination of protein 
concentration [15], determination of adenine nucleo- 
tides (ATP by hexokinase method) [16], silicone cen- 
trifugation [17], measurement of adenine nucleotide 
translocation [18], measurement of proton movement 
[1], also for assay of ATPase, radioactivity measure- 
ment [cf.6], measurement of swelling by turbidity 
measurements [cf. 19], and by direct vol. determina- 
tion with *H,O and ['*C]dextran [20]. 


RESULTS 


Mitochondrial parameters demonstrating inhibition 
of phosphate transport by bromosulfophthalein. Figure 
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Fig. 1. Effect of bromosulfophthalein (BSP) on succinate 
respiration and accompanying proton movement. Mito- 
chondria (1.3mg mitochondrial protein/ml) were 
pended in KCI medium consisting of 140mM KCl, |1mM 
MgSO,, 0.8mM P;. 10mM succinate and 44M rotenone 
at pH 7.1 and 25°. Additions were made as indicated in 
the figure: 2mM ADP, bromosulfophthalein in consecu- 
tive additions, | «M CCP and 3 yg antimycin A/ml. Res- 
piration and concomitant proton movements’ were 
measured synchronously. but in parallel incubations. 


SuS- 


1 shows the effects of bromosulfophthalein on oxygen 
consumption and on the concomitant proton move- 
ments in state 3. The increase in oxygen consumption 
on addition of ADP corresponds to a respiratory con- 
trol ratio of 3.2. The concomitant proton uptake upon 


ATP synthesis amounts to 5.2H*/O. On addition of 


small amounts of bromosulfophthalein (4 nmol/mg 
protein), respiratory and pH traces immediately 
return to state 4 conditions (the gradual inhibition 
of the remaining respiration by further bromosulfo- 
phthalein additions has been considered in a preced- 
ing paper [7]) 

On uncoupling, ATP hydrolysis is stimulated, 
resulting in H “-ejection. At pH 7.2, about 0.8 H™ is 
liberated in the hydrolysis reaction itself. Since the 
mitochondrial ATPase is not accessible from the 
extramitochondrial space, the observed net proton 
efflux of 1.3 protons results from ATP splitting and 
phosphate release and, in addition, from differences 
in pK values of ATP taken up and ADP 
released [21]. Phosphate efflux makes the biggest con- 
tribution to proton liberation[21]. This may be 
expected to be abolished, if phosphate is retained in 
the matrix space. Table | demonstrates that on addi- 
tion of bromosulfophthalein, acidification is 
diminished. As shown below, direct inhibition of the 
ATPase at these low concentrations could be ruled 


out. Here, inhibition of phosphate transport out of 


the mitochondria may be the cause of this bromosul- 
fophthalein effect. 

A comparison of the degree of inhibition imposed 
by bromosulfophthalein on oxygen consumption in 
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Table 1. Inhibition by bromosulfophthalein (BSP) of the 
mitochondrial ATPase 





Oxygen uptake Release of protons 
(natom O x min~') (nmol H* x min™! 
mg protein”') x mg protein~') 


Subsequent 
additions 
None 18 
8 & 
ATP 
BSP (nmol/mg prot) 
10 
20 
30 
40 
Succinate, 4mM 








pended in | ml medium made up of 140mM KCl, 10mM 
Tris, 5mM_ pyruvate, 0.5mM malate, 1.2mM MgSO, at 
pH 7.2 and 25. Additions were made subsequently. 
ATPase activity was elicited by addition of 14M CCP 
prior to 4mM ATP and was monitored by proton release. 
The concomitant oxygen consumption was followed. 


state 3 and on proton release in ATP hydrolysis, re- 
spectively, is given in Table 2. Nearly identical I< 
values suggest that both effects are caused by a com- 
mon mechanism. This appears to be phosphate trans- 
location since it is involved in both reactions, either 
as uptake (as in state 3 respiration), or as release (as 
in the ATPase reaction). Inhibition in both cases is 
independent of the substrate used. 

When the mitochondrial ATPase is stimulated by 
carbonyl cyanide m-chlorophenylhydrazone (CCP) 
and ATP, the hydrolys. products leave the matrix 
space via .»e adenine nucleotide translocase and the 
phosphate carrier. If, however, the phosphate carrier 
is inhibited, phosphate remains in the matrix space, 
causing intensive swelling [19]. As is seen from Fig. 
2a, swelling is induced by bromosulfophthalein. Its 
velocity increases with concentration. The maximal 
extent of swelling is comparable to that caused by 
mersalyl. This demonstrates again that not only in- 
flux, but also efflux of inorganic phosphate is inhi- 
bited by bromosulfophthalein. This inhibition can be 


+ 


Table 2. Comparison of I,) values on bromosulfophtha- 
lein inhibition of active respiration and ATP hydrolysis 





ATP- 
hydrolysis 


State 3 
respiration 
mM 


Substrate, I59 (nmol/mg protein) 





Succinate 
5 


4 


Pyruvate 
| 


4 


fb-Hydroxybutyrate 
Glycerol-phosphate 





The experimental procedure was as in the experiment 
of Table 1. Is>5 values were derived as mean values from 
three independent measurements. 
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(b) 


Fig. 2(a,b). Inhibition by bromosuifophthalein (BSP) of 
release of mitochondrial P;. Mitochondria were suspended 
in sucrose medium containing 220mM sucrose, 15mM 
KCl, 0.1mM MgSO,, 4mM triethanolamine buffer at 
pH 7.4 and 25° to a final concentration of 0.5 mg mito- 
chondrial protein/ml. The optical density was followed at 
546 nm in a 10mm cuvette. ATPase activity was elicited 
by 1 uM CCP in the presence of 1 mM external ATP. Bro- 
mosulfophthalein concentrations in Figure 2a are given in 
nmol/mg protein; mersalyl concentration was 100 uM. In 
Figure 2b, 10 nmol bromosulfophthalein/mg protein and 
0.5 mg albumin/ml were added. 


released by addition of albumin, but then is reim- 
posed by mersalyl (Fig. 2b). 

Mitochondrial swelling in the presence of substrate 
and valinomycin plus potassium ions is induced by 
addition of phosphate and shows oscillatory cycles. 
It can be monitored photometrically [22, 23]. Volume 
oscillations after phosphate addition [24-26] are 
quenched by bromosulfophthalein (Fig. 3a). As shown 
in Fig. 3b, in the presence of substrate, there is a 
residual oscillation with smaller amplitude and in- 
creased period. Similar effects as with pyruvate plus 
malate are seen in the presence of other substrates. 
Again, these findings can be explained by inhibition 
of influx of phosphate by bromosulfophthalein. 

















BSP 
| | val 
peciaet Se! | Pi + pyremal 
‘ 











(b) 


Fig. 3 (a, b). Inhibition by bromosulfophthalein of the cyc- 
lic swelling-shrinking process. Incubation conditions and 
monitoring of vol. changes were as in the legend to Figure 
2. Additions were 2.5 ng valinomycin/ml, 5mM succinate 
or pyruvate, 0.5mM malate, 2.5mM P,. Figure 3a shows 
vol. oscillations after phosphate; Figure 3b after addition 
of phosphate and substrate with and without 20 nmol 
bromosulfophthalein/mg protein. 
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The results indicate that the adenine nucleotide in- 
flux and the mitochondrial ATPase are not markedly 
affected by bromosulfophthalein in the concentrations 
used. The velocity of swelling is reduced only above 
50 nmol bromosulfophthalein/mg, which may be due 
to the inhibition of either the ATPase or the adenine 
nucleotide translocation at these high bromosulfoph- 
thalein concentrations. 

Inhibition of adenine nucleotide translocase and 
ATPase. It is not clear how Laperche and Oudea [5] 
calculated the K; values of 4.4-1.75 nmol/mg protein 
for the inhibitory action of bromosulfophthalein on 
adenine nucleotide translocation. Our own experi- 
ments using the inhibitor stop method [18] gave a 
value for half maximal inhibition of ADP[*H]-ATP 
exchange of about 35 nmol bromosulfophthalein/mg 
protein. 

In addition, high concentrations of bromosulfo- 
phthalein seem to inhibit the ATPase reaction as was 
seen by use of submitochondrial particles, where no 
permeation step interferes with the ATPase reactions. 
The hydrolysis of ATP by the CCP stimulated 
ATPase, as measured by acidification of the suspen- 
sion, was inhibited with a half maximal effect at 
45 nmol bromosulfophthalein/mg protein. 

Effect of bromosulfophthalein on proton movements. 
Mitochondria respiring in state 4 build up a pH gra- 
dient by transmembranal proton movement [27, 28]. 
In unbuffered incubations, this can be measured as 
acidification of the medium. Figure 4 shows effects 
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Fig. 4. Proton ‘movements on bromosulfophthalein addi- 
tion to mitochondria. Mitochondria (5 mg mitochondrial 
protein) were suspended in 2.5 ml KCI medium consisting 
of 150mM KCl, 0.5mM P;, 1mM MgSO, and 2mM 
f-hydroxybutyrate at 25°. pH changes were followed with 
a glass electrode and calibrated by known amounts of HCl. 
Bromosulfophthalein was repeatedly added in amounts of 
10 nmol/mg protein at a time as indicated by the strokes 
at the base line of the figure. One ~M CCP was added 
in experiment b; 4 zg antimycin A/ml in experiment c. For 
direct comparison of the experiments, the different buffer- 
ing capacities of the mitochondria in the various states 
have to be considered. 
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Fig. 5. Respiration and proton movements in response to 
a single high dose of bromosulfophthalein. Mitochondria 
were suspended in KCl medium (150mM KCl, 1mM 
MgSOg, 0.8 mM P;, 10mM pyrevate, | mM malate at pH 
7.1 and 20°) to a final concentration of 1.3 mg protein/ml. 
In separate incubations, pH movement and respiration 
were synchronously followed on addition of 200 nmol bro- 
mosulfophthalein/mg protein. 


of bromosulfophthalein on proton movements under 
various conditions. The acidification in state 4jcurve 
a) is increased by bromosulfophthalein. After addition 
of a total amount of 80-100 nmol bromosulfophtha- 
lein/mg protein, there is a short latency period, then 
the pH trend is reversed, and the suspension becomes 
even more alkaline than at the beginning of respir- 
ation. 

As can be seen from a comparison with curve b, 
this additional release of hydroxyl ions is almost iden- 
tical to that caused by the uncoupler CCP. On the 
other hand, if bromosulfophthalein is added after the 
reequilibration of protons across the membrane in the 
presence of CCP (curve b), it initially leads to a 
slightly increased alkalinization with a subsequent 
slight acidification. Under the conditions of the ex- 
periment of Fig. 4, inhibition of respiration by anti- 
mycin A (curve c) also prevents acidification by bro- 
mosulfophthalein. 

The effect of a single very high dose of bromosul- 
fophthalein (200 nmol/mg protein) is shown in Fig. 
5. The initial acidification of the extramitochondrial 
space is accompanied by a transient increase in 
oxygen consumption which is not observed if bromo- 
sulfophthalein is added in small amounts. The 
observed proton extrusion suggests that the increased 
respiration is employed to transport protons actively 
from the matrix space to the extramitochondrial 
space in order to establish the new transmembranal 
pH gradient. 

The gradual inhibition of oxygen consumption after 
about 90sec is accompanied by an alkalinization of 
the medium. Thereafter, ADP and CCP have no more 
effect on respiration or proton movements, indicating 
membrane leakage. 

Movements of ions. The inhibitory effect of bromo- 
sulfophthalein on substrate dehydrogenases [7] might 
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Fig. 6. Release of succinate and P; by bromosulfophthalein. Mitochondria (20 mg mitochondrial protein) 


were suspended in 4.2 ml of 150mM KCI medium with 5mM Tris, pH 7.2 and 25°. 


At zero time 


incubation was started by addition of 124M ['*C]succinate, 14M malonate and 124M [??P]P,. 

Uptake was followed by centrifugal filtration. At each time indicated, bromosulfophthalein additions 

were made. Total concentrations added are given. After each addition, the mitochondrial content of 
bromosulfophthalein, succinate and [°?P]P, was determined. 


be caused by competition with other anions for trans- 
location. If this were true, one should observe efflux 
of succinate or phosphate on additon of bromosul- 
fophthalein. To test this hypothesis, mitochondria 
were incubated with ['*C]succinate in the presence 
of malonate. Addition of bromosulfophthalein stops 
uptake of ['*C]succinate and [**P]inorganic phos- 
phate (P;), but at low amounts, intramitochondrial 
succinate and phosphate remain constant. With high 
bromosulfophthalein additions, there is a gradual in- 
crease of the rate of efflux (Fig. 6). 

Likewise, [°7P]P; fluxes were followed, together 
with the pHo, in the medium, and dimethyloxazoli- 
dine-dione (DMO) distribution ratios. DMO is a 
weak acid and distributes between compartments 
according to the A pH. Figure 7 shows that low con- 
centrations of bromosulfophthalein lead to the acidifi- 
cation of the suspension, already described, and an 
alkalinization of the matrix. The pH change in the 
matrix exceeds that of the medium. Thus, the distribu- 
tion of DMO indicates that this effect is not merely 
a membrane effect, but that protons are actually 
transferred from the matrix to the extramitochondrial 
space. Again, the phosphate distribution remains con- 
stant at these concentrations. 

High concentrations of bromosulfophthalein 
(120 nmol/mg protein) lead to an efflux of P; and to 
a sudden increase of extramitochondrial pH while in- 
tramitochondrial pH continues to increase for a short 
time before it also declines. This appears as a specific 
release of P, as phosphoric acid or in symport with 
protons before further additions of bromosulfophtha- 
lein render the membrane unspecifically permeable. 
Thus, as shown in Fig. 8, at 80 nmol bromosulfoph- 
thalein/mg/protein, K * leaks out of the mitochondria. 
This increased unspecific permeability seems to be 
caused by the release of Ca?* by bromosulfophtha- 
lein, which plays an important role in the regulation 
of permeabilities of the membrane [cf. 29]. Figure 9 
indicates that the release of *°Ca into the supernatant 


precedes the influence on general permeability of the 

mitochondrial membrane. 
The labilization of the membrane by high amounts 
of bromosulfophthalein is not, however, an irrevers- 
pH; 
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Fig. 7. Proton movement, pHo, mitochondrial pH;, and 
release of P; on bromosulfophthalein addition. Mitochon- 
dria (12mg mitochondrial protein) were incubated in 
3.4ml KCI medium (150mM KCl, 1mM Tris buffer, 
1.2mM MgSO,). At zero time, 3.4yumol [*H]DMO 
(0.45 wCi) and 0.8 pmol [3?P]P; (0.5 wCi) were added. The 
pHy of the medium was continuously recorded. 200 ul 
samples were subjected to centrifugal filtration to deter- 
mine extramitochondrial P,; and mitochondrial and 
medium DMO concentrations from which pH was calcu- 
lated. At each time indicated, 30 nmol bromosulfophtha- 
lein/mg protein was added. 
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Fig. 8. Simultaneous registration of proton and K* move- 
ment on bromosulfophthalein addition. Mitochondria 
(4 mg mitochondrial protein) were suspended in 2.5 ml KCI 
medium (140mM KCl, 10mM sucrose, 1.2mM MgSQg, 
1 mM triethanolamine buffer, 5ng valinomycin). Simul- 
taneously, there was measured in the medium the pH by 
a pH electrode and the K* concentration by a highly sen- 
sitive potassium electrode (Philips ISS60K). Additions were 
5 mM pyruvate, 0.5mM malate, 1mM P,, 4uM rotenone, 
31 and 80 nmol bromosulfophthalein/mg protein, respect- 
ively, 1 mM succinate, 2mg albumin, 3 yg antimycin A. 


ible process. K* and P, release are still partially 
reversible with albumin even if the gradients of these 
ions completely disappear across the membrane. 
Thus, we observed a reuptake of 80 per cent of the 
released Ca?* and 23 per cent of the released P, on 
additon of 17 uM bovine serum albumin to a mito- 
chondrial suspension, to which antimycin A was 
added prior to a total of 80 uM bromosulfophthalein. 

Transport of bromosulfophthalein into the matrix 
space. After it has been demonstrated that bromosul- 


LX 104 cpm 


45ca 





nmoles BSP/mg protein * 
100 160 / 


tophthalein does not enter the mitochondria in any 
measurable amount via the dicarboxylate carrier, the 
question arises if bromosulfophthalein enters the 
matrix space at all. If it passed through the inner 
membrane in symport with a counterion, osmotic 
swelling should be observed. The matrix vol., how- 
ever, as measured with HTO- and ['*C]dextran, was 
not altered by bromosulfophthalein. Only at concen- 
trations where the membrane is disorganized is there 
a rapid decrease in turbidity. 

If bromosulfophthalein permeated as undissociated 
acid, it would cause alkalinization of the medium. 
Acidification is observed, however. 

Inhibitory effects of bromosulfophthalein analogues. 
If its amphiphilic nature causes the effects of bromo- 
sulfophthalein [6], it can be expected that compounds 
with similar amphiphilic character, such as other 
triphenylmethane dyes with sulfonic acid groups, will 
exert similar effects. To study this possibility, we 
tested the effect of bromthymolblue, bromophenol- 
blue, bromophenolred, phenolred, bengal rose, fluor- 
escein, 1-anilino-naphthalene-8-sulfonic acid (ANS), 
sodium dodecylsulfate (SDS), taurocholate and tetra- 
bromophenolphthalein on phosphate transport and 
on uncoupled respiration (Table 3). It can be seen 
that within this group of substances, bromosulfo- 
phthalein has by far the strongest inhibitory effect 
in both mitochondrial functions. 


DISCUSSION 


It has been shown that binding of bromosulfoph- 
thalein to mitochondrial membranes [6] not only 
results in inhibition of respiration [7], but also affects 
various membrane permeability qualities. 

Exchange of bromosulfophthalein for succinate or 
inorganic phosphate could not be observed (Fig. 6). 
In addition, one may calculate if bromosulfophthalein 
permeated as a dianion, only about one-ten thou- 
sandth of the external concentration could be 
expected to be in the matrix space, assuming a mem- 
brane potential of e.g. 100 mV. Thus, it seems to be 


pant 








Fig. 9. Simultaneous measurement of calcium release and proton movement on bromosulfophthalein 

addition. Mitochondria (5 mg mitochondrial protein) were suspended in 3 ml KCl medium (as in Fig. 

6); 0.4 Ci *°Ca were added. Total calcium was about 15 nmol/mg protein. The pHo was registered. 
Samples were withdrawn and centrifuged for measurement of *°Ca in the supernatant. 
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Table 3. Inhibition of respiration by amphiphilic anions 





Respiration 


Substance State 3 Uncoupled 





Bromosulfophthalein : 9:5 
Bromthymolblue 20 
Bromophenolblue 32 
SDS 

Bengalrose 

Phenolrot 70 
Bromphenolrot 70 
Fluorescein 

ANS 

Tetrabromphenolphthalein 

Taurocholate 





The table gives I; values for the inhibition of respir- 
ation by various amphiphilic anions in the presence of 
4mM succinate. The substances are arranged in order 
according ot their effectiveness. A dash means no measur- 
able effect. 


reasonable to discuss all the effects on mitochondrial 
functions from the view of increased negative surface 
charge density [6], triggering permeabilities of the 
membrane and enzyme activities [7]. This is in agree- 
ment with the fact that most of the enzymes are 
located on the inner surface of the inner mitochon- 
drial membrane [30-32]. 

The effects at small concentrations (< 50 nmol/mg 
protein) may be summarized as membrane stabiliza- 
tion. Most impressive is the inhibition of phosphate 
translocation. Kinetics of respiratory inhibition [7] 
suggest that two molecules are acting as an inhibitory 
unity at or in the vicinity of the phosphate carrier. 

The fact that not only uptake (Fig. 3) but also efflux 
(Fig. 2) of phosphate is inhibited by bromosulfophtha- 
lein suggests that it is not only the access and binding 
of the anionic phosphate that is inhibited by the in- 
creased external negative surface charge, but that the 
phosphate translocase is immobilized, preventing con- 
formational changes necessary for translocation 
[cf. 33, 34]. 

The inhibitory effect on phosphate translocation 
caused by bromosulfophthalein is even stronger than 
that caused by the mercurial compound, mersalyl 
(Fig. 2a). Likewise, at small concentrations of bromo- 
sulfophthalein, increased proton extrusion (Fig. 4, 5) 
and increased transmembranal proton gradient (Fig. 
7) are observed. This effect resembles energization by 
respiration in also having increased externa! surface 
potential of the mitochondrial membrane [27]. But 
while in bromosulfophthalein action dissociated sul- 
fonic acid groups are involved, in respiratory energi- 
zation the charges are derived from dissociating 
groups of membrane components. (The pH effect of 
bromosulfophthalein is, however, in great part due 
to inhibition of phosphate translocation.) Effects of 
similar substances [35] reported in abstract form have 
been discussed analogously. 

In contrast to membrane stabilization at small con- 
centrations, high concentrations (> 100 nmol/mg pro- 
tein) result in a membrane labilization. Release of 
Ca?* ions is followed by increased permeability for 
inorganic phosphate (Fig. 9) and breakdown of trans- 
membranal pH gradient (Fig. 7). The permeability 


changes are gradual, as can also be deduced from 
the dissociation of changes of the A pH from Ca?* 
release and P; movement (Fig. 8, 9). 

These effects may be described as decreased pac- 
king of the phospholipid structure [cf. 32] on bromo- 
sulfophthalein binding, from which inhibition of 
ATPase reaction (Table 2) and of adenine nucleotide 
transport may result. 

Bromosulfophthalein is a very potent inhibitor of 
mitochondrial functions. All observed effects are, at 
least in part, freely reversible by the addition of albu- 
min (Fig. 2b) to which the dye is bound [2]. Thus, 
the compound offers itself as a useful tool in mito- 
chondrial research. 
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Abstract—Chromatographyically pure, essentially salt-free radioactive 6-n-propyl-2-thiouracil (PTU) 
glucuronides were isolated from rat bile and urine and synthesized with guinea pig liver microsomes 
to determine if more than one PTU glucuronide was formed and to determine which group or groups 
in the PTU molecule was glucuronidated. Analyses on Bio-Gel P-2 and DEAE-Sephadex A-25 columns 
and on TLC sheets in five solvent systems demonstrated that the three glucuronide preparations were 
chromatographically identical. Furthermore, the reactivities of the three glucuronides with 1 N HCl, 
methyl iodide, sodium azide-iodine reagent, 2,6-dichloroquinone-chloroimide and H,O, were also iden- 
tical strongly indicating that a single PTU glucuronide was formed. The PTU glucuronide was partially 
hydrolyzed by 1 N HCI to 6-n-propyl-uracil (PU), a reaction typical of S-conjugated PTU; demonstrated 
greatly reduced reactivity with methyl iodide whereas the S of PTU was readily methylated; exhibited 
a negative reaction in the azide-iodine test which was a certain indication that the C—SH or C=S 
group was not present; failed to react with 2,6-dichloroquinone-chloroimide which reacts with the 
C=S of PTU and provides the basis for a colorimetric assay for PTU; and was not oxidized by 
H,O, to form sulfate as are all PTU derivatives except S conjugates of PTU. Furthermore PU, which 
possesses identical potential conjugation sites with the exception of the S, was not glucuronidated 
under conditions in which PTU was readily conjugated. The results obtained strongly indicate that 


the glucuronide is conjugated to the S of PTU. 


The antithyroid drug 6-n-propyl-2-thiouracil (PTU) is 
readily metabolized after administration to humans 
and rats and the major metabolite in urine, plasma 
and bile has been identified as PTU_ glucur- 
onide [1-4]. Enzymatic conversion of PTU to the glu- 
curonide has been demonstrated with guinea pig liver 
microsomes in vitro[5]. Glucuronide conjugation is 
also a major mechanism for biological inactivation 
since PTU glucuronide is only about 10 per cent as 
effective as PTU as an inhibitor of porcine thyroid 
peroxidase [6]. Marchant et al. [7,8] concluded that 
man has a vastly greater ability to conjugate PTU 
than rats and suggested that this could contribute to 
the lesser effectiveness of PTU in man. 

The glucuronide is apparently attached to an exist- 
ing group in the PTU molecule since metabolism of 
PTU is not observed in microsomal preparations 
which readily conjugate PTU in the presence of 
UDPGA [5] and hydrolysis of PTU glucuronide with 
B-glucuronidase yields intact PTU [1, 5]. This is con- 
trary to findings with methimazole (MMI), another 
important antithyroid drug. /-Glucuronidase hy- 
drolysis of the major MMI glucuronide in rat bile 
yields a MMI metabolite rather than MMI[3] and 
guinea pig liver microsome UDP glucurony! transfer- 
ase, which readily conjugates PTU, does not utilize 
MML as a substrate [5]. 





* Supported by the Medical Research Service of the 
Veterans Administration. 

+ Present address of H. Y. Aboul-Enein: Dept. of Medi- 
cinal & Pharmaceutical Chemistry, School of Pharmacy, 
University of Riyadh, Riyadh, Saudi Arabia. 


PTU possesses several potential sites at which glu- 
curonide conjugation may occur. These are the sulfur 
at C-2, the enolic hydroxyl at C-4 and the two 
nitrogens in the heterocyclic ring. Sitar and Thorn- 
hill [4] reported that the PTU glucuronides in rat 
bile and urine have different chromatographic proper- 
ties and suggested the formation of two conjugates 
with the glucuronide being conjugated to different 
sites in the PTU molecule. Early results in our labor- 
atory with impure, salt-contaminated PTU glucur- 
onides from the same two fluids also indicated a dif- 
ference in their chromatographic properties. 

One objective of the present study was to compare 
various chromatographic and chemical properties of 
purified, essentially salt-free PTU glucuronides iso- 
lated from rat bile and urine and synthesized with 
guinea pig liver microsomes to determine if more than 
one PTU glucuronide could be demonstrated. A 
second objective was to determine which group or 
groups in the PTU_molecule were conjugated. 


MATERIALS AND METHODS 


Materials. [2-'*C]PTU was obtained from Mal- 
linckrodt/Nuclear at a sp. act. of 3.78 wCi/umole and 
[°°S]PTU from Amersham-Searle Corp. at a sp. act. : 
of 45.2 wCi/umole. [2-'*C] or [°°S]PTU glucuronide 
was synthesized with guinea pig liver microsomes as 
previously described [1, 5]. Isolation of PTU glucur- 
onide from the incubation mixture and from rat bile 
and urine was carried out initially by chroma- 
tography on 2x 115cm_ Bio-Gel P-2 columns 
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(200-400 mesh) eluting with water as previously de- 
scribed [1,5]. The tubes corresponding to the radio- 
active glucuronide peaks were pooled and lyophi- 
lized. Bile and urine glucuronides were dissolved in 
H,O and applied as 18cm streaks on preparative 
cellulose TLC sheets which were developed in 1M 
ammonium acetate:95°% ethanol (15:75). The glucur- 
onides were located by counting segments of a | cm 
strip of the TLC, eluted with water and lyophilized. 
All three glucuronides were further purified on 
1 x 10cm columns of DEAE-Sephadex A-25. The 
samples were dissolved in 1.0m] freshly prepared 
0.1 M ammonium carbonate and applied to columns 
previously equilibrated with the carbonate. The 
columns were eluted with 0.1M ammonium car- 
bonate and 3.0 ml fractions collected. The radioactive 
glucuronide peak for each preparations was located 
by counting 0.1 ml aliquots in a Packard Tri-Carb 
liquid scintillation spectrometer. The fractions con- 
taining the glucuronide from a single sample were 
pooled and lyophilized to vaporize the ammonium 
carbonate. The resulting glucuronides from each of 
the three sources gave a single peak after chroma- 
tography in four systems and were essentially salt- 
free. [2-'*C]-6-n-Propyluracil (PU) was synthesized 
as previously described [6] and purified by passage 
through a 2 x 115cm Bio-Gel P-2 column eluting 
with H,O[1}. 

PTU was purchased from Sigma Chemical Co. PU, 
S-methyl PTU, PTU disulfide, N-methyl PTU and 
N-acetyl! PTU were synthesized as previously de- 
scribed [6]. Methyl iodide and 2,6-dichloroquinone-4- 
chloroimide were purchased from Aldrich Chemical 
Co. Bio-Gel P-2 (200-400 mesh) was obtained from 
Bio-Rad Labs and DEAE-Sephadex (A-25) from 
Pharmacia Fine Chemicals, Inc. TLC sheets of cellu- 
lose (No. 6064) and silica gel on plastic (No. 6061) 
were obtained from Eastman Kodak, sheets of Baker- 
flex cellulose DEAE from J. T. Baker Co. and silica 
gel impregnated fiber glass sheets from Gelman In- 
strument Co. 

Chemical Modification of PTU-Glucuronide. Acid 
hydrolysis of PTU glucuronides was carried out with 
1 N HCl! in a boiling HO bath for 10 min. The mix- 
ture was lyophilized, the dry sample dissolved in 50 pl 
of H,O and aliquots chromatographed on TLC 
plates. The S of PTU is completely stable under these 
conditions whereas S-conjugates are labile [9]. 

Oxidation of PTU glucuronides with 3% H,O, was 
carried out at room temperature for 30min. The 
samples were then lyophilized, dissolved in 50 yl of 
H,0 and aliquots spotted on TLC plates. H,O, oxi- 
dation of PTU occurs primarily on the S which may 
be removed forming sulfate and primarily PU [1,9]. 
Substitutions on the S$ (such as S-methyl PTU) pro- 
tect the S from oxidation [9]. 

S-Methylation of [?°S|PTU and [3°S|PTU deriva- 
tives. PTU and PTU derivatives were S-methylated 
with meihyl iodide by a modification of the method 
previously described [6,9]. Samples containing ap- 
proximately 100,000dpm [°°S]PTU or [°5S]PTU 
glucuronide (3.78 wCi/umole) were dissolved in 0.5 N 
NH,OH in 95%, ethanol and reacted with 570 yg of 
methyl iodide/5 ug PTU at 70° for 10 min. The reac- 
tion mixture was then lyophilized and dissolved and 
chromatographed in TLC systems previously de- 


scribed [9] to determine the extent of S-methylation. 
Aliquots of 0.8 ml of all samples were added to 25 ml 
Erlenmeyer flasks containing 1 mg of “cold” S-methyl 
PTU in 0.2m! H,O in the main compartment and 
1.0 ml Hyamine in a removable center well. One ml 
2N HCl was added and the flasks were quickly 
capped with a rubber penicillin stopper covered with 
a thin plastic sheet. The vessels were then incubated 
at 50° for 20 hr and the methyl [*°S]mercaptan col- 
lected in Hyamine. [*°S]PTU remained stable under 
these conditions. After incubation, the Hyamine was 
quantitatively transferred to counting vials. and the 
amount of methyl [°°S]mercaptan formation 
measured in a Packard Tri-Carb liquid scintillation 
spectrometer. 

Iodine-azide spot test for C=S or C—SH groups. 
All PTU derivatives tested were dissolved in ethanol 
and 5-10 ul containing 0.5-10 nmoles of a single deri- 
vative pipetted onto a transparent spot plate and 
allowed to air dry. In each test, 0.5 nmoles of PTU 
was applied to a separate concavity and served as 
a positive control. Two drops of the iodine-azide solu- 
tion were added and the formation of nitrogen bub- 
bles observed wiih indirect light and a magnifying 
glass. The iodine-azide solution was composed of 
3gm sodium azide in 100ml 0.1N iodine in an 
aqueous solution. The reagent solution is slightly 
alkaline and hydrolytic splitting of disulfides and 
some other thio compounds may occur after they 
have been in contact with the reagent solution; how- 
ever, immediate distinct production of nitrogen is 
considered certain proof of the C=S or C—SH 
groups and a lack of reaction a sure indication of 
the absence of such groups [10]. 

Colorimetric assay for C=S or C—SH groups. The 
reaction of PTU with 2,6-dichloroquinone-4-chloroi- 
mide is reported to require C=S as the reactive 
chemical group [11] and provides a convenient color- 
imetric assay for PTU. The method used was essen- 
tially that described by Ratliff et al. [11] with all PTU 
derivatives being dissolved in absolute ethanol. 

Glucuronidation of ['*C]PTU and ['*C]PU by 
UDP glucuronyl transferase. ['*C]PTU or ['*C]PU 
(0.1 uymoles) were incubated with guinea pig liver 
microsomes under the conditions previously de- 
scribed [5]. The reaction was terminated with 2 vol. 
of 95% ethanol and the mixture centrifuged. The 
supernatant was lyophilized, reconstituted with 0.3 mi 
H,O, and applied to 2x 115cm_ Bio-Gel P-2 
columns (200-400 mesh) previously equilibrated with 
H,O. Chromatography was carried out as previously 
described [5]. 

['*C]PTU and ['*C]PU glucuronides in rat bile 
and urine. The appearance of glucuronides of PTU 
and PU in rat bile and urine was examined as pre- 
viously described [1,5] after the administration of 
[‘4C]PTU or ['*C]PU. All radioactive peaks separ- 
ated by chromatography on 2 x 115cm columns of 
Bio-Gel P-2 were reacted with f-glucuronidase as 
previously described [1,5] and the formation and 
identification of any products determined by TLC [5]. 


RESULTS 


The results of Sitar and Thornhill [4] and our early 
results with impure PTU glucuronides suggested that 
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Fig. 1. Chromatographic properties of purified, essentially 
salt-free '*C-labeled PTU glucuronides isolated from rat 
bile and urine and prepared enzymatically with guinea pig 
liver microsomes. Aliquots of each radioactive glucuronide 
were chromatographed on 2x 115cm_ Bio-Gel P-2 
columns eluting with water and on 1 x 10cm DEAE- 
Sephadex A-25 columns eluting with freshly prepared 
0.1 M ammonium carbonate. See Materials and Methods 
for details of purification and chromatography. 


the glucuronides from urine and bile had different 
chromatographic properties. Subsequently radioactive 
PTU glucuronides from three sources, rat bile and 
urine and synthesized with guinea pig liver micro- 
somes, were purified to obtain samples which were 
essentially salt free and which formed a single radio- 
active peak in the column systems in Fig. 1 and the 
TLC systems in Table 1. 

The chromatographic properties of the three puri- 
fied glucuronide samples on separate 2 x 115cm 
columns of Bio-Gel P-2 and on separate 1 x 10cm 
columns of DEAE-Sephadex were compared with the 
results shown in Fig. 1. All three glucuronide samples 
had essentially the same elution properties from each 
column with the slight variation seen being well 
within the column reproducibility for a single com- 
pound. Furthermore, simultaneous chromatography 
of all three PTU glucuronide samples on each of five 
different TLC plates as shown in Table 1 demon- 
strated that migration of the three glucuronides was 
identical in each TLC system. Thus the chromato- 


graphic properties of the three purified PTU glucur- 
onide samples in seven different chromatographic sys- 
tems are identical and do not provide any evidence 
for more than one glucuronide of PTU. 

The purified '*C-labeled glucuronides were par- 
tially hydrolyzed with 1 N HCl and further analyzed 
by TLC. Qualitative and quantitative conversion to 
hydrolysis products was examined with each purified 
glucuronide in the appropriate solvent system with 
DEAE cellulose, cellulose, silica gel on plastic sheets 
and silica gel impregnated glass fiber sheets. The 
results obtained were essentially the same with the 
three glucuronides and are illustrated in Fig. 2 with 
the bile preparation chromatographed on silica gel 
plastic TLC sheets. ['*C]PTU is very stable to HCI 
hydrolysis as illustrated in Fig. 2C and 2D while PTU 
glucuronide is partially hydrolyzed (Fig. 2A and 2B) 
to PTU, PU and an unidentified derivative. PU is 
the major product of hydrolysis and is the usual prod- 
uct formed by HCl hydrolysis of S_ substituted 
PTU’s [1,9]. The unknown was not observed when 
[°°S]PTU glucuronides were hydrolyzed demonstrat- 
ing that it is a desulfurated product like PU. 

N-Methyl PTU is unaltered by HCl treatment 
under the conditions employed above [9] suggesting 
that a glucuronide conjugated to the N of PTU would 
not labilize the S$ to HCl and that a glucuronide C 
to N bond would be stable to HCI hydrolysis. Confir- 
mation of the stability of the C—N bond was 
obtained with 1,2-dimethyl-PTU in which methyl 
groups are attached to both the N and the S. HCl 
had no effect on the N-methyl group but quantitat- 
ively hydrolyzed the S-methyl group to yield 
N-methyl PU (data not shown). Consequently, HCl 
hydrolysis of PTU glucuronide to PU suggests that 
the S is conjugated and is the primary site of glucur- 
onidation in the PTU molecule. 

Involvement of the S in conjugation was further 
investigated by determining the availability for meth- 
ylation of the S group in PTU glucuronides. If the 
S were conjugated by glucuronide, it would not react 
with methyl iodide to form an S-methyl compound 
while N or O glucuronide conjugation is unlikely to 
affect the reactivity of the S. 

35§-Labeled PTU and the three purified glucur- 
onides were reacted with methyl iodide in an attempt 
to form the S-methyl analog with the results shown 
in Table 2. S-Methylation of PTU, measured after 
separation of PTU and S-methyl PTU by TLC [9], 


Table 1. Chromatographic properties of purified, essentially salt-free PTU glucuronides isolated from 
rat urine and bile and synthesized with guinea pig liver microsomes 





Rf’s of Radioactive PTU Glucuronides 


in TLC Systems* 





Source of 
PTU 


Glucuronide Cellulose 


DEAE-Cell. (A) (B) 


Silica Gel-P 
Silica Gel-FG 





0.48 0.21 
0.46 


0.46 


Rat Urine 
Rat Bile 


Synthesized 0.21 


0.23 


0 
0 
0 





* The results shown are averages obtained from 7 TLC’s with each TLC system. TLC cellulose 
sheets were developed in 1M ammonium acetate-95°%% ethanol (15:75), DEAE-cellulose in 0.05 M 
ammonium carbonate, silica gel on plastic sheets in (A) benzene-isopropanol (60:10) or (B) 95%, ethanol- 

glacial acetic acid (9:1), and silica gel impregnated glass fiber sheets in hexane—acetone (50:10). 
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Fig. 2. HCl treatment of purified, essentially salf-free 
['*C]PTU glucuronide isolated from rat bile. The PTU 
glucuronide or PTU was hydrolyzed with 1 N HCl for 
10 min in a boiling water bath, the mixture lyophilized 
and the dry sample dissolved in 50 ul of H,O. Aliquots 
were chromatographed with “cold” authentic PTU and PU 
standards on silica gel plastic TLC strips developed in ben- 
zene-isopropanol (60:10). The TLC strip, with the position 
of the uv absorbing cochromatographed standards circled, 
is outlined with broken lines; the distribution of radioac- 
tivity on the TLC strip is shown in solid lines. 


readily occurred with an 83.1 per cent yield being 
obtained. Chromatography of the reaction mixtures 
containing the three glucuronides did not demon- 
strate any evidence of S-methylation. The reaction 
mixtures were further treated with HCl to convert 
any S-methyl moieties to volatile methyl [*°S]}mer- 
captan which was collected in Hyamine. The results 
obtained with PTU demonstrate that 92.3 per cent 


of the radioactive S-methyl PTU (77 per cent of the 
original PTU) was recovered as methyl mercaptan. 
Under identical conditions, less than 14 per cent of 
the radioactivity originally present as the [*°S]PTU 
glucuronides was recovered in the Hyamine. Similar 
results were obtained with the three glucuronide prep- 
arations suggesting that they were probably identical. 
Consequently, the S group in the three PTU glucur- 
onide preparations does not appear to react with 
methyl iodide suggesting that the reaction is blocked 
by a group conjugated to the S. 

A very sensitive and specific spot test for C—SH 
or C=S has been described by Feigl [10] in which 
organic compounds with these groups catalyze a reac- 
tion between sodium azide and iodine producing 
nitrogen. Feigl has pointed out that if adequate 
sample is tested, an immediate distinct production of 
nitrogen can be taken as certain proof of the presence 
of C—SH or C=S groups and that a complete lack 
of reaction is certain proof of the absence of such 
groups. Slow hydrolytic cleavage of some compounds 
may occur with formation of C—SH or C=S groups 
resulting in a positive test that develops slowly after 
contact of the test substance with the iodine-azide 
reagent solution. 

Reaction of PTU and PTU derivatives in the 
iodine-azide test is shown in Table 3. As little as 
0.5Snmoles of PTU catalyzed an immediate and 
prominent production of nitrogen bubbles whereas 
more than 10 times as much of each of the PTU 
glucuronide preparations produced a negative reac- 
tion. At 7.9nmoles, the bile glucuronide formed 
nitrogen bubbles which appeared slowly and were less 
pronounced than with 0.5 nmoles of PTU suggesting 
hydrolytic cleavage. As expected, neither propyluracil 
nor S-methyl PTU produced a reaction due to the 
absence of S in propyluracil and the presence of a 
thioether (R—S—R) group in S-methyl PTU rather 
than C—SH or C=S. The unstable PTU disulfide 
produced a slight reaction, which was slow to appear, 
at an amount 10 times that producing a strong reac- 
tion with PTU suggesting hydrolytic splitting. The 
two N-substituted PTU derivatives readily catalyzed 
nitrogen formation in the test demonstrating that 
conjugation to the heterocyclic N of PTU does not 
affect the reactivity of the C=S or C—SH group in 
this test. The results presented in Table 3 provide 
additional strong support for the conclusion that the 


Table 2. Availability of S group of PTU and PTU glucuronide for S-methylation* 





%, Radioactivity in Reaction Product 





Initial 


Compound DPM’s 


methyl 
mercaptan 


S-methyl 


derivative residual 





[25S]PTU 

[°°S]PTU glucuronide 
synthesized 
bile 
urine 


85,600 


61,400 
75,100 
68,950 


83.1 + 2.3 16.7 + 3.1 11.1 + 0.7 
: 92.1 + 4.0 
1. 79.9 + 3.7 
Ne 


84.5 + 3.9 


None j 
None 1 
None 1 





*[°°S]PTU and [°°S]PTU glucuronides were reacted with methyl iodide as described in Materials and Methods. 
An aliquot of the reaction mixture was applied to TLC sheets to quantitate conversion to the **S-labeled methyl 
derivative and another aliquot treated with 1 N HCI to convert any *°S-labeled methyl derivative to methyl [°°S]mercap- 
tan which was collected in Hyamine. The residual fraction contained the non-volatile radioactivity remaining after 


HCl treatment. 
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Table 3. Reaction of PTU and PTU derivatives in the iodine-azide test for 
C=S or C—SH groups 





Amount 


PTU Derivative (nmoles) Nitrogen Formation 





PTU 0.5 
PTU-glucuronide 
synthesized 5.4 
urine 5.4 
bile 5.4 
bile 79 
Propyluracil 10.0 
S-methyl PTU 10.0 
PTU-disulfide 5.0 
10.0 
N-methyl PTU 1.0 


positive 


negative 
negative 
negative 
trace* 
negative 
negative 
trace* 
positive 
positive 


N-acetyl PTU 1.0 


positive 





* Nitrogen bubbles less pronounced than with 0.5 nmoles PTU and develop 
more slowly indicating possible hydrolysis to PTU. 


S of PTU is altered due to glucuronide conjugation 
at this site and that it does not exist as a C=S or 
C—SH group as it does in the parent PTU molecule. 

The absence of a reactive S group was confirmed 
with the colorimetric assay for PTU described by 
Ratliff et al.[11] which depends upon the reaction 
of 2,6-dichloroquinone-4-chloroimide with the C=S 
group of PTU. Neither of the three PTU glucur- 
onides, PU nor S-methyl PTU produced a colored 
reaction product whereas N-methyl and N-acetyl 
PTU formed more color than PTU (results not 
shown) to confirm that conjugation to the heterocyc- 
lic N of PTU does not suppress the reactions of the 
PTU sulfur. 

The results presented thus far are consistent with 
glucuronide conjugation to the S of PTU forming a 
thioether (glucuronide-S-PTU) or to conjugation on 
the heterocyclic NH or enolic OH of a PTU in which 
oxidation of the C—SH group has occurred to form 
a PTU-SO,H or PTU-SO 3H derivative. If the S is 
oxidized, HCI hydrolysis would form PU (if the:con- 
jugated glucuronide was removed) and the S would 
not react with methyl iodide or 2,6-dichloro- 
quinone-4-chloroimide and would not catalyze the 
iodine-azide reaction. 

It is highly unlikely that the S of the PTU glucur- 
onide is oxidized since f-glucuronidase hydrolysis 
yields unaltered PTU [1, 5] which is readily separated 
from PTU-SO,H and PTU-SO3H in the TLC sys- 
tems used to identify the PTU product (R. H. Lind- 
say, unpublished observations) and the conditions of 
incubation with f-glucuronidase favor oxidation of 
the S rather than reduction. However, further evi- 
dence was needed to clarify the state of the S group 
in PTU glucuronide and was provided by H,O, oxi- 
dation. If the S were partially oxidized or unconju- 
gated, H,O, oxidation would yield sulfate. The 
results obtained when H,O, treated and untreated 
samples were chromatographed in TLC systems are 
illustrated in Fig. 3 with the synthesized preparation 
chromatographed on cellulose TLC strips and 
demonstrate that PTU (Fig. 3C and D) is almost 
completely oxidized by H,O, with sulfate being the 
major product. Under identical conditions, none of 
the [°°S]PTU glucuronides was oxidized to sulfate 


(Fig. 3A and B). Previous studies with S-methyl 
PTU [9] demonstrated that substitution on the heter- 
ocyclic nitrogen of PTU did not affect the susceptibi- 
lity of the S to H,O, oxidation whereas substitution 
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Fig. 3. H,O, treatment of purified, salt-free, microsome 
synthesized [°°S]PTU glucuronide. [*°S]PTU or 
[°°S]PTU glucuronide was incubated with 3% H,O, for 
30 min at room temperature. The sample was lyophilized 
and dissolved in 50 pl of H,O. Aliquots were cochromato- 
graphed with “cold” PTU and/or PTU glucuronide on 
cellulose TLC strips developed with 1 M ammonium ace- 
tate-95% ethanol (15:75). The TLC strip, with the position 
of the uv absorbing cochromatographed standards circled, 
is outlined with broken lines; the distribution of radioac- 
tivity on the TLC strips from the H,O, treated and un- 
treated samples are shown in solid lines. The position of 

a >5SO, standard is shown with broken lines in 3C. 
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on the S stabilized this group and prevented oxi- 
dation by H,O,. Consequently the results obtained 
with the PTU glucuronides confirm that the S in each 
of the three preparations was not partially oxidized 
but was blocked, as could logically occur in the PTU 
glucuronide only by glucuronide conjugation to the 
S, preventing H,O, oxidation of the S. 

Further evidence that the S of PTU was the site 
of glucuronide conjugation was obtained by compar- 
ing the utilization of PTU and PU in glucuronidation 
experiments. The structures of these two compounds 
are shown in Fig. 4. PU is identical to PTU except 
that an O in PU replaces the S in PTU. Since PU 
is actually an oxidation product of PTU, all other 
potential glucuronide conjugating sites in the two 
compounds are identical. ['*C]PU and ['*C]PTU 
were compared as substrates for guinea pig liver mic- 
rosomal UDP glucurony! transferase with the results 
shown in Fig. 5. Chromatography on Bio Gel 
columns of reaction mixtures incubated with and 
without UDPGA demonstrated that PTU was an 
excellent substrate for the enzyme with approximately 
10 per cent of the available PTU being converted 
to PTU glucuronide. Under identical conditions, no 
measurable glucuronidation of PU was observed. The 
absence of PU glucuronidation was confirmed by 
TLC chromatography in the 5 systems used in Table 
1. 

Similar results were obtained after radioactive PU 
and PTU were administered to rats and the bile and 
urine examined. Chromatography on Bio Gel 
columns and in various TLC systems demonstrated 
the formation of PTU giucuronide but uniformly 
failed to provide any evidence for the glucuronidation 
of PU. 


DISCUSSION 


In studies of PTU metabolism in rats, Sitar and 
Thornhill [4] observed that the PTU glucuronide in 
urine was eluted much earlier from DEAE-Sephadex 
columns than the glucuronide from bile and that their 
chromatographic properties in one TLC system were 
different. These apparent differences were interpreted 
as indicating that the PTU glucuronides in urine and 
bile were different and probably represented metabo- 
lites in which the glucuronide was conjugated to dif- 
ferent sites in the PTU molecule. The implication was 
that the metabolite in urine consisted primarily of 
glucuronide attached to PTU at one site while the 
metabolite in bile consisted primarily of glucuronide 
attached to PTU at a different site. This concept 
requires a high degree of selectivity by the excretory 
systems in which one PTU glucuronide is excreted 


c 
S=C 


l 
N——CH,CH,CH.CH, 


I 
N 


—CHCHCH CH, 
PTU PROPYLURACIL 
(PU) 


Fig. 4. Structures of PTU and PU. 
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Fig. 5. Glucuronidation ['*C]PTU and ['*C]PU by 

guinea pig microsomes. The compounds were incubated 

with guinea pig liver microsomes for 1 hr in the presence 

(broken line) and absence (solid lines) of UDPGA, as de- 

scribed in Materials and Methods, and aliquots of the in- 

cubation mixture chromatographed on 2 x 115cm Bio- 
Gel P-2 columns eluting with water. 


only in urine while the other is excreted only in bile. 


This would be a highly unusual occurrence and it 
would be contrary to the pertinent observations of 
Bastomsky and Marchant [12] in which an iv. injec- 
tion of biosynthetic radioactive PTU glucuronide 
(presumably isolated from either bile or urine) into 
rats resulted in the appearance of 61 per cent of the 
unchanged PTU glucuronide in urine and 27 per cent 
in bile after 3 hr. Thus selective excretion of a single 
PTU glucuronide into urine or bile did not occur. 

Nevertheless, preliminary experiments in our labor- 
atory with impure PTU glucuronide preparations iso- 
lated after the passage of rat bile and urine through 
Bio-Gel columns also demonstrated different chroma- 
tographic properties for the two samples on DEAE 
cellulose TLC strips. The urine preparation had a 
high salt content while the bile preparation was 
almost salt-free. It had been observed that the chro- 
matographic properties of the PTU metabolites in 
several chromatographic systems were salt sensitive 
and the differences that we observed between urine 
and bile PTU glucuronides were thought to be salt 
effects. The results presented in the present study with 
highly purified PTU glucuronides from rat bile and 
urine and a preparation synthesized with liver micro- 
somal UDP glucuronyl transferase demonstrate that 
the chromatographic differences we had noted pre- 
viously were not observed with the pure preparations 
which were chromatographically identical in seven 
chromatographic systems. Furthermore, the PTU glu- 
curonides from the three different sources yielded 
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similar products in similar yields after HCl hydrolysis 
and the reactivity of the S in the PTU glucuronide 
from each source was drastically altered preventing 
reaction with methyl iodide, 2,6-dichloroquinone-4- 
chloroimide and the iodine-azide reagent and pre- 
venting oxidation by H,O;. 

The absence of chromatographic differentiation and 
the identical reactivity of the PTU glucuronides in 
the reactions summarized above provide strong evi- 
dence that the PTU glucuronides are identical and 
that conjugation probably occurs to a single site in 
the molecule. 

A consideration of the observed properties of PTU 
glucuronide and PTU derivatives provides essential 
information regarding the precise moiety in the PTU 
molecule conjugated. Conjugation to an enolic hy- 
droxyl group, such as the one at C-4 of the PTU 
molecule, is very common and PTU was thought to 
have a high potential for conjugation at this site. 
MMI, which is not glucuronidated by UDP glucur- 
onyl transferase, does not possess a comparable group 
and conjugation at the C-4 hydroxyl of PTU would 
explain the difference in the utilization of these two 
drugs. However, three important observations indi- 
cate that this is not the site of conjugation. First, 
glucuronidation of PTU markedly reduces biological 
activity with PTU glucuronide being approximately 
10 per cent as active as PTU as an inhibitor of thy- 
roid peroxidase [6]. The enolic hydroxyl at C-4 is not 
essential for the antithyroidal activity of PTU and 
conjugation at this site would be very unlikely to pro- 
duce the alteration in biological activity observed. 
Second, glucuronidation of PTU drastically altered 
the reactivity of the $ in the PTU molecule as demon- 
strated in the present study. Conjugation at the C-4 
hydroxyl would have only minor effects on the reacti- 
vity of the S and would not abolish the reactions 
typical or specific for the C—=S or C—SH group. 
Third, PTU was readily conjugated after administra- 
tion to rats and by UDP glucuronyl transferase 
whereas PU, which differs from PTU only in the re- 
placement of the S with O, was not conjugated. Thus 
in spite of the ready availability of the C-4 hydroxyl 
group in a molecule almost identical to that of PTU, 
conjugation did not occur. 

Glucuronidation of a heterocyclic nitrogen is es- 
pecially rare and the authors are aware of only one 
report of conjugation to this site and that involves 
the heterocyclic nitrogen of sulfisoxazole [13]. The 
heterocyclic nitrogens of PTU are constituents of the 
thionamide moiety which is essential for the antithyr- 
oidal activity of the drug [14] and conjugation to the 
heterocyclic nitrogen could abolish the antiperoxidase 
activity as observed with N-methyl PTU [6]. How- 
ever, conjugation to a heterocyclic nitrogen in the 
thiourylene moiety of PTU is not compatible with 
the observed properties of the PTU glucuronide. PTU 
glucuronide is readily and rapidly hydrolyzed by 
f-glucuronidase [1,5] whereas N-glucuronides are 
either not affected by the enzyme or are hydrolyzed 
only after prolonged treatment by large amounts of 
enzyme [15, 16]. Hydrolysis of PTU glucuronide with 
1 N HCl yielded PU as a major product but N substi- 
tuted PTU (N-methyl PTV) is stable to HCI which 
neither removes the N-methyl group nor alters the 
S$ [9]. It was demonstrated in this presentation that 
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glucuronidation of PTU essentially abolishes the 
reaction of the S in the molecule whereas N-methyl 
and N-acetyl substituted PTU reacted equally as well 
as PTU in the iodine-azide test and with 2,6-dichloro- 
quinone-4-chloroimide. Earlier reports also demon- 
strated that the S of N-methyl substituted PTU was 
readily oxidized by H,O, [6,9] and readily S-methy- 
lated by methyl iodide [6]. Consequently, a substitu- 
tion or conjugation to a heterocyclic nitrogen of PTU 
is highly unlikely to affect the reactivity of the S. 
Finally, PU, with heterocyclic nitrogens identical to 
those in PTU was not glucuronidated. 

In contrast to the above, all of the data obtained 
with PTU glucuronide are consistent with and 
strongly support the conclusion that conjugation of 
the glucuronide is to the S of PTU. It was observed 
that PU was formed by hydrolysis of the glucuronide 
with 1 N HCl. PU is known to be a hydrolytic prod- 
uct of PTU only when the S$ is substituted or oxi- 
dized. Oxidation was ruled out by the formation of 
PTU upon f-glucuronidase hydrolysis and by the 
lack of desulfuration with H,O,. Thus the S must 
be conjugated. It was observed that the S in PTU 
glucuronides did not participate in reactions which 
are typical for the S of PTU. The only molecular 
alterations which abolish S reactivity are S substitu- 
tion (S-methyl PTU), oxidation or removal. Oxi- 
dation has been ruled out above. Since radiolabeled 
S remains in the molecule after glucuronidation and 
B-glucuronidase hydrolysis yields PTU, the S remains 
in the molecule and must be conjugated. It was 
observed that PU was not glucuronidated under con- 
ditions readily conjugating PTU. Since PU is identi- 
cal to PTU, except for the replacement of the S of 
PTU by O, all potential conjugating sites are identical 
with the exception of the S. Thus all potential sites 
for glucuronidation other than the S appear to be 
ruled out. 

On the basis of the evidence presented above it 
was concluded that the glucuronide is conjugated to 
the S of PTU to form a S-glucuronide. 

S-Glucuronide conjugation is not common but it 
does occur and several S-glucuronides have been 
reported [17,18]. In further studies of the S-glucur- 
onide of diethyldithiocarbamate, Dutton and _Ill- 
ing [18] observed that the S-glucuronide was readily 
formed by a mouse UDP-glucuronyl transferase and 
was readily hydrolyzed by f-glucuronidase. Similar 
properties have been observed for the PTU glucur- 
onide [1, 5]. 

The S$ is the most metabolically active moiety in 
the PTU molecule since all metabolites of PTU iden- 
tified thus far involve an alteration of the S. PU, 
S-methyl PTU, PTU-S-glucuronide and sulfate are all 
metabolites of PTU and appear in various body 
fluids [1-4]. The formation of PTU disulfide has also 
been suggested [19], but not confirmed, and the oxi- 
dative metabolites PTU-SO,H and PTU-SO,H have 
been identified in rat thyroid extracts (Lindsay et al., 
unpublished observations). 

The S of PTU is also a component of the thiona- 
mide moiety of PTU and as such is required for the 
biological activity of PTU. It has been repeatedly 
demonstrated that conjugation or substitution on the 
S abolishes the anti-thyroidal activity of the thiona- 
mide. Consequently, it is no surprise that the S-glu- 
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curonide of PTU has little effect on thyroid peroxi- 
dase activity [6]. 

MMI is a thionamide antithyroid drug like PTU 
but the biological reactivity of the S group is appar- 
ently qualitatively different. It was previously demon- 
strated that PTU, but not MMI, was S-methylated 
by a thiol transmethylase [9] and that PTU, but not 
MMI, was glucuronidated by UDP glucurony]l trans- 
ferase [5]. The present report identifies this as an 
S-glucuronide of PTU indicating that the S of PTU 
participates in enzymatic transformations not utiliz- 
ing MMI. 
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Abstract—Rats were presented water and alcohol solutions [up to 30 per cent (v/v)] in a free choice 
screening test. High drinkers ingested the equivalent of ca. 6 g/kg- day of pure ethanol, at any concen- 
tration offered. Low drinkers consumed only ca. 2/kg- day, but stopped drinking alcohol solutions 
at concentrations higher than 7.5%. Males and females exhibited similar drinking habits. As measured 
by incubations of tissue slices and analysis of the components formed, high as well as low drinkers 
metabolize serotonin and dopamine at the same rate and produce identical metabolites. However, 
some small differences in the metabolism of these biogenic amines exist between males and females. 
The isozyme patterns of both aldehyde reductase (ALRed) and aldehyde dehydrogenase (ALDH) from 
the brain of high and low drinkers are identical. The levels of activity and isozymes of liver ALRed 
are the same, as are those of liver ALDH from the matrix of mitochondria which is responsible 
for the oxidation of acetaldehyde. Though the level of liver ALDH from the cytosol fraction is unaltered, 
the isozyme pattern is very different. Low drinkers always have three isozymes at pl 5.9, 6.0 and 
6.2, while high drinkers have only one isozyme in this range, either at p! 5.9 or 6.2. Both animals 


have many more isozymes of the enzyme. 


Though the effects of ethanol on the organism are 
well studied, little is known about factors which 
lead individuals to drink alcoholic beverages. One 
of the major effects of ethanol is to alter both bio- 
genic amine levels and metabolism [1-4]. The first 
step in the metabolism of both alcohol and biogenic 
amines is an oxidation to the corresponding alde- 
hydes, by alcohol dehydrogenase (alcohol: NAD oxi- 
doreductase, EC 1.1.1.1, ADH) or monoamine oxi- 
dase (monoamine:O, oxidoreductase, EC 1.4.3.2, 
MAO) respectively. Aldehyde dehydrogenase (alde- 
hyde:NAD oxidoreductase, EC 1.2.1.3, ALDH) 
further oxidizes these aldehydes to their respective 
acid derivatives. In the liver, multiple molecular forms 
of this last enzyme are present in cytosol, mitochon- 
drial and microsomal fractions of the cell [5]; how- 
ever, most of the oxidation of acetaldehyde takes 
place in mitochondria [6], where 3,4-dihydroxy- 
phenylacetaldehyde (DOPAL) is also metabolized.t 
The specificity and the function of the cytosol and 
microsomal isozymes are not known. 

Alternatively, some biogenic aldehydes are reduced 
to the alcohol form by aldehyde reductase (alcohol: 
NADP oxidoreductase, EC 1.1.1.2, ALRed). This 
enzyme is located mainly in the cytosol and also 
exists in multiple molecular forms [7]. In the presence 
of alcohol, some biogenic aldehydes which are usually 
oxidized are found to be reduced [1-4]. 

Interactions between ethanol and neurotransmitters 
could be involved in the biochemical mechanisms 
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controlling alcohol abuse and/or addiction. Several 
authors have found slight variations of ADH and/or 
ALDH level in some subcellular liver fractions of dif- 
ferent strains of rats [8,9] and mice [10, 11] selected 
and bred for their alcohol preference. Eriksson [8] 
has shown that such strains of Wistar rats exhibit 
differences in the rate of metabolism of ethanol and 
acetaldehyde. The purpose of this study was to deter- 
mine if any changes in the isozyme distribution of 
ALDH and/or ALRed were related to the observed 
responses of our animals with respect to their drink- 
ing habits. 


MATERIALS AND METHODS 


All chemicals were reagent grade and used, except 
when stated, without further purification. NAD and 
NADP were purchased from P-L Biochemicals, Inc. 
(Milwaukee, WI) and 4-methoxybenzyl alcohol from 
Aldrich Chemical Co. (Milwaukee, WI). Phenazine 
methosulfate, nitro blue tetrazolium and _ p-nitroben- 
zaldehyde were obtained from Sigma Chemical Co. 
(St. Louis, MO). Acrylamide, N’,N’-methylene-bis- 
acrylamide, ammonium persulfate and Photo-flo were 
products of Eastman Kodak Co. (Rochester, NY). 
Ampholines were purchased from LKB Instrument, 
Inc. (Bromma, Sweden), Panheprin was obtained from 
Abbott Laboratories (Chicago, IL), and all the other 
chemicals from Mallinckrodt Chemical Works (St. 
Louis, MO). Double-distilled water was used 
throughout this work, except for drinking purposes. 


Animals 

Both male and female Wistar rats (21-days-old, 
50-60 g) were obtained from the closed breeding faci- 
lities of the Department of Biochemistry of Purdue. 
The colony contains at least fifty breeding pairs and 
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no attempt has been previously made to prevent poss- 
ible inbreeding. The animals were isolated in indivi- 
dual cages, at least | week prior to the first screening 
test. Anosmic animals were obtained by injection of 
aqueous 5°, ZnSO, (w/v) in the nasal cavity as de- 
scribed by Alberts and Galef [12]. 


Screening 

The selection of animals with respect to their alco- 
hol drinking habits was performed with a three-bottle 
choice system, as described by Myers and Holman 
[13]. The concentration of alcohol was increased by 
2.5°,, (v/v) for 12 consecutive days in a range from 
2.5 to 30°. Food was available ad lib. The weight 
of animals was recorded on days 1 and 12 of the 
screening test. 


Preparation of tissues 


The blood was drained from the animal by per- 
fusion of 0.9°%, NaCl solution (w/v) containing 0.025% 
Panheprin (v/v) which was injected into the blood 
stream through heart puncture, under ether anesthe- 
sia. The edges of the liver lobes were immediately 
clipped and the perfusion was performed until the 
perfusate was colorless. The liver was then removed, 
cooled below 5° on ice and sliced with a Stadie—Riggs 
microtome for the metabolism studies. Simul- 
taneously, the brain tissues were chopped to ca. 
| mm? pieces and suspended in 4 vol. (w/v) of Krebs- 
Ringer buffer [14]. 


Metabolism studies 


The metabolism of dopamine and serotonin were 
measured as described by Tank et al. [4]. The separ- 
ation of the products from incubations with serotonin 
was performed by paper electrophoresis in 34.5 mM 
phosphate buffer, pH 6.5, followed by ascending 
chromatography in a mixture of isopropanol— 
NH,OH-water (40:5:5), at 90° to the direction of 
electrophoresis. 

Isoelectric focusing on polyacrylamide gels 

The preparation of stock solutions, gels, samples 
and the procedures for focusing and staining were 
performed as modified based upon a procedure ori- 
ginally described by Vesterberg [15]. 

Preparation of samples. Brain and liver were 
removed from the animal in the 2 min after decapi- 
tation. A small amount (100-500 mg) of either tissue 
was homogenized with 4vol. of 10mM_ phosphate 
buffer, pH 7.4, in a Kontes 23 glass-Teflon homogen- 
izer (0.5 min, 1000 rev./min), extracted for 1 hr at 4 
and centrifuged in an IEC B-20 centrifuge (30,000 g, 
| hr, 4°). The supernatant was dialyzed for 16hr in 
500 vol. of 1 mM phosphate buffer, pH 7.4, and recen- 
trifuged under the same conditions. This supernatant 
was used for the preparation of isoelectrofocusing 
samples. 

Preparation of the gels. The stock solutions of re- 
crystallized acrylamide and bisacrylamide, 20 and 1% 
(w/v), respectively, were filtered on a 0.22 um pore-size 
membrane filter and stored at 4° in the dark. 
Ammonium persulfate solution (0.1 per cent) was pre- 
pared daily. The gel solution contained 1 ml of each 
acrylamide and bisacrylamide stock solution, 0.3 ml 
of 40°, Ampholine, pH 5-8, and 3.7ml of the 
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ammonium persulfate solution, and was degassed 
under vacuum at 0°. Glass tubes (120 x 2mm) were 
soaked overnight in chromic acid, rinsed with distilled 
water, immersed 15min in 0.5% Photo-flo and 
drained briefly. The damp tubes were stopped with 
rubber caps and filled with 0.25 ml of the gel solution. 
The top of the gel was overlaid with 10-20 ul water. 
Polymerization occurred overnight at room tempera- 
ture. The water from the top of the gels was removed 
with an unbeveled needle connected to a vacuum line, 
and replaced with 10 ul of 5% sucrose solution con- 
taining 2% Ampholine, pH 5-8. The glass tubes were 
placed in an electrophoresis cell containing 0.1M 
phosphoric acid in the bottom (anodic solution) and 
overlaid and filled with 4° ethylenediamine, which 
was used in the top chamber (cathodic solution). A 
pre-electrofocusing (1—2 hr, 2 mA/12 gels, up to 600 V) 
established the pH gradient and eliminated strong 
ions from the gels. 

Focusing. The tubes were removed from the cell 
and the upper section of the gels was washed with 
distilled water. The sample (5 < x < 20yl) was 
placed on top of the gels and overlaid with the 2% 
Ampholine—S% sucrose solution (10 < y < 25 yl, y = 
30 — x) which was then overlaid by the cathodic solu- 
tion. The isoelectric focusing was performed up to 
equilibrium at 4° (2mA/12 gels, max 900 V, ca. 2 hr). 
The gels were removed from the glass tube by injec- 
tion of water with a 26-gauge needle. 

Enzyme detection. The activity-staining solutions 
contained 0.5mg nitro blue tetrazolium, 0.2 mg 
phenazine methosulfate, 1 mg coenzyme and some 
substrate, in 2 ml of 0.1 M phosphate buffer, pH 7.4. 
For aldehyde dehydrogenase detection, NAD and 
2.5mM p-nitrobenzaldehyde were used. For aldehyde 
reductase, NAD or NADP, and 75mM p-methoxy- 
benzylalcohol were chosen [16]. The gels were incu- 
bated for 3hr at 37° in closed tubes in the dark. 
Stained gels were conserved in 7% acetic acid. Pos- 
ition and intensity of the stain were measured at 
546 nm with a Gilford 2520 gel scanner connected 
to a Honeywell recorder/disc integrator. 


Calculations 


Except when stated, all values are expressed as 
mean and standard deviation of duplicate analysis 
from six animals. Statistical significance was deter- 
mined by Student’s t-test for two means with a pro- 
grammed Hewlett-Packard 25 calculator. 


RESULTS 
Drinking patterns 


The screening tests of our rats did not reveal well- 
defined groups, but rather a heterogenous distribution 
with respect to their drinking habits. The daily alco- 
hol intakes of 210 rats averaged over the screening 
period are presented in Fig. 1. The sex of the animals 
did not contribute to this distribution. The 30 highest 
and lowest drinkers were subjected to a second identi- 
cal screening 2-4 weeks later. Only the animals exhi- 
biting consistent drinking patterns were used for sub- 
sequent experiments at least 3 weeks after the last 
ingestion of alcohol. The results of screening tests of 
these animals are shown in Fig. 2. At any concen- 
tration in the range tested, except 2.5%, the low 
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Fig. 1. Distribution profiles of deliberate ethanol ingestion 

by Wistar rats [male (0), N = 105; female (A), N = 105; 

both sexes (O), N = 210). Values for ethanol ingested are 

means of a standard 12 days, twelve concentrations screen- 
ing test as shown in Fig. 2. 


drinkers drank less than half of the volume of alcohol 
solutions as compared to the high drinkers. At con- 
centrations higher than 7.5%, the low drinkers 
stopped to drink alcohol solutions. In contrast with 
these results, the high drinkers never chose to drink 
only water. As appears from Fig. 2B, the amounts 
of ethanol ingested voluntarily by either group of ani- 
mals were fairly constant, at concentrations between 
10 and 25%. The destruction of the olfactory system 
by ZnSO, [12] did not affect the drinking habits. 
The measurements were corrected for evaporation but 
not for spillage by the animals. 


DAY NO. 





LIQUID INGESTED (ml- kg"! - day”) 








5 10 iS 20 25 30 
CONCENTRATION OF ETHANOL (%) 





Metabolism of biogenic amines 


The metabolism of neurotransmitters in brain and 
liver was measured by incubation of tissue samples. 
The results for the metabolism of dopamine are sum- 
marized in Table 1. In incubations of brain tissues, 
the only statistically significant difference was found 
in the concentration of 3,4-dihydroxyphenylethanol 
(DOPET), which was 16% higher in the high than 
in the low drinkers. No differences were found 
between high and low drinkers with respect to their 
liver metabolism. The respective levels of tetrahydro- 
papaveroline (THP) were unaltered in incubations of 
either liver or brain. Some differences appeared in 
the levels of metabolites from dopamine when ani- 
mals of different sex were taken into consideration. 
As compared to the females, the males showed an 
18 per cent lower level of 3,4-dihydroxyphenylacetal- 
dehyde (DOPAL) after incubations of brain tissue. 
This was related to a higher 3,4-dihydroxyphenylace- 
tic acid (DOPAC) level, even though no statistical 
significance was reached for this last component, 
mainly due to broad individual variations. In contrast 
with brain metabolism, the oxidizing pathway in the 
liver was more efficient for the males than for the 
females, as shown by a 22 per cent increase in 
DOPAC formation. This was accompanied by lower 
DOPAL accumulation and DOPET level. The results 
for the metabolism of serotonin are presented in 
Table 2; the concentrations of every metabolite 
detected are unaltered for high and low drinkers, as 
well as for males and females. 


Isozymes pattern 
The complete isozyme patterns of rat liver and 


brain aldehyde dehydrogenase, as well as NAD- and 
NADP-dependent aldehyde reductase activities, are 
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Fig. 2. Drinking pattern of two groups of animals selected with respect to their alcohol preference 
(high drinkers: @, A, or M) or rejection (low drinkers: O, A or 0). (A) Amounts of alcohol (@, 0, 


——); water (A, A, ); and liquid (@, D, 


) ingested daily. (B) Amounts of pure ethanol 


(@, O, ——) ingested daily, and ratio of the ingested volume of water to that of alcohol (Qyw 4: A, 
). Conditions are as described in Materials and Methods. 
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Table 1. Relative concentrations of the metabolites isolated from incubations of brain and liver tissues with dopamine* 





. DOPAL (%) 


Organs Animals (Mean + S. D.) 


DOPET (%) 
(Mean + S. D.) 


DOPAC (%) 
(Mean + S.D.) 


THP (%) 
(Mean + S. D.) 





Low drinkers 

High drinkers 

P 

Females 

Males 

pP 

Low drinkers 

High drinkers 

P 

Females 

Males 15.0 + 3.8 
P <0.05 


Brain 


38.2 + 9.3 10.4 +44 


47.2 + 13.2 
57.8 + 8.0 
<0.05 








*The metabolites are: DOPAL, 3,4-dihydroxyphenylacetaldehyde; DOPET, 3,4-dihydroxyphenylethanol; DOPAC, 


3,4-dihydroxyphenylacetic acid; and THP, tetrahydropapaveroline. 


+ NS = not significant. 


Table 2. 


Relative concentrations of the metabolites isolated from incubation of brain 


and liver tissue with serotonin* 





Aldehyde 


Organ (Mean + S. D.) 


(Mean + S. D.) 


Acid 
(Mean + S. D.) 


Alcohol 





Brain 26.5 + 3.7 


Liver 


+ 
T3443 


49.7 + 6.2 
39.7 + 13.0 


239 4-59 
43.6 + 15.1 





* Aldehyde: 5-hydroxyindolacetaldehyde; alcohol: 5-hydroxyindolethanol; and acid: 
5-hydroxyindolacetic acid. No significant differences were found between either high 
and low drinkers or males and females. Values are means + standard deviations of 


duplicate analysis from twelve animals. 


to be published elsewhere;* a preliminary isoelectric 
focusing result has been presented [17] which showed 
that at least six isozymes of liver aldehyde dehydro- 
genase can be identified from the cytosolic fraction. 
The isozyme patterns of brain ALDH as well as liver 
and brain aldehyde reductase are the same in the high 
and the low drinking animals. However, in the cytosol 
fraction of the liver only, a major difference is found 
between high and low drinkers. The low drinkers 
exhibit a triple peak at pi 5.9, 6.0 and 6.2, although 
only one peak is found in high drinkers, either at 
pi 5.9 or at pi 6.2 (Fig. 3). Even though the number 
of isozymes from cytosol differ between high and low 
drinkers, the total ALDH activity remains constant 
in this fraction. 


DISCUSSION 


The first step to generate a highly inbred strain 
of animals selected for their alcohol preference is a 
screening test which allows discrimination between 
different drinking habits. Though no definite polymo- 
dal distribution is observed, rats from our colony 
clearly exhibit a heterogenous behavioral pattern in 
this respect (see Fig. 1). The general shape of the 
curves is not Gaussian, suggesting a genetically con- 
trolled drinking behavior not linked to the sexual 
chromosomes, since distribution profiles are similar 
for males and females. Groups of high and low 
drinkers are not apparent from the profiles in Fig. 





* A. W. Tank, D. Berger, J. A. Thurman, W. R. Bensch 
and H. Weiner, manuscript submitted for publication. 


1. However, a subsequent rescreening of animals dis- 
tributed on both extremes of the curves is sufficient 
to allow the selection of rats with consistent drinking 
habits and consistent isozyme patterns. An indivi- 
dual’s isozyme patterns were not determined as a 
function of age; however, within a group, animals 
between 100 g (ca. 4-weeks-old) and 700 g (males, ca. 
8-months-old) exhibit identical isozyme distributions 
and drinking habits. 

High or low drinkers differ not only in their liver 
ALDH isozyme pattern, but in many aspects of their 
drinking behavior. Both groups consistently drink 
between 100 and 120ml/kg-day. However, the 
amounts of water and ethanol solution they ingest 
differ as well as their total intake of pure ethanol. 
The average high drinkers drink 6 g/kg - day indepen- 
dently of the concentration of ethanol presented to 
them. The low drinkers do not drink significant 
amounts of ethanol solutions at any concentration 
higher than 7.5%. At lower concentrations these ani- 
mals drink up to 2 g/kg: day. 

It has been shown in animal models that strains 
which drink alcohol can have higher (mice [11]) or 
lower liver ADH (rats [9]) than strains which reject 
it. Eriksson [8] suggests that the levels of liver ALDH 
may also differ. Recent work in our laboratory as 
well as that of others [6] shows that the enzyme from 
the matrix of the mitochondria is the enzyme-oxidiz- 
ing acetaldehyde. By measuring the concentration of 
the matrix isozyme on the isoelectric focusing gels 
it was found that within experimental error this 
enzyme is at the same level in the liver of high and 
low drinkers. Though total ALDH levels were not 
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Fig. 3. Partial isozyme patterns of rat liver aldehyde de- 
hydrogenase from cytosol fraction. Isoelectric focusing 
(0.16 mA/gel, up to 900 V, ca. 2 hr) on 5% polyacrylamide 
gels (2 x 80mm) containing 2% Ampholine, pH 5-8. 
Curves are representative patterns of low (L) and high (H,, 
H,) drinkers. A complete isozyme pattern was presented 
in Ref. 17 (and will also be published in A. W. Tank, D. 
Berger, J. A. Thurman, W. R. Bensch and H. Weiner, 
manuscript submitted for publication). 


measured by assays in vitro, a relative quantitation 
of this enzyme was calculated from isoelectric focus- 
ing gels scanned after activity staining. No significant 
difference is observed between our two groups of ani- 
mals. This is not in total agreement with previous 
results by Koivula et al. [9]. The different substrates 
used and the exclusion of particulate isozymes from 
the gels (microsomal and some bound mitochondrial 
isozymes [5]) could account for this small discre- 
pancy. Furthermore, the individual variations in a 
heterogenous strain of animals are greater than in 
a highly inbred strain. Thus, small group variations 
within our colony could be masked by broader indivi- 
dual variations. It appears that no definitive conclu- 
sion can as yet be made as to the roles played by 
ADH and ALDH levels in the determination of alco- 
hoi preference. 

The high drinkers were found to drink amounts 
of alcohol as high as 6 g/kg: day at all concentrations 
presented. The low drinkers truly reject alcohol solu- 
tions for, even at concentrations where they do con- 
sume some ethanol, they always drink more water. 
This can be seen in Fig. 2b, where, except at 2.5%, 
the low drinkers always have a Ow, greater than 1.0; 
this indicates that they choose to drink water rather 
than ethanol solutions. Opposite results are found 
with the high drinkers. At concentrations below 7.5% 
the high drinkers choose to drink the ethanol solution 
(Qw., = 0.1), but at concentrations higher than 10%, 


the animals take most of their liquid as water. Thus, 
the high drinkers seem to stop drinking when they 
have consumed ca. 6 g/kg, even though Wistar rats 
are able to metabolize more ethanol in a single day 
(ca. 10 g/kg- day) [8]. Some authors attribute this 
control of alcohol ingestion to acetaldehyde accumu- 
lated in the organism [8, 10]. The factors which dis- 
courage the low drinkers to drink ethanol at concen- 
trations above 7.5% are probably related to taste 
[18]. 

Eriksson [8] has shown that small differences in 
the rate of disappearance of ethanol and acetaldehyde 
may occur in his highly inbred strains from Wistar 
rats. Preliminary work with some of our male high 
and low drinkers is in agreement with his observa- 
tions. 

Since ethanol affects both metabolism and levels 
[1-4] of biogenic amines, the isozyme patterns of the 
enzymes involved in the degradation of these com- 
ponents were investigated. No differences are detected 
when the isozyme patterns from the brain of high 
and low drinkers were compared. However, though 
the isozymes of liver ALRed are identical in both 
groups (data not shown), the liver ALDH isozyme 
patterns of high and low drinkers differ greatly in 
the region pi 5.9 to 6.2. The low drinkers always 
possess three isozymes in the cytosol fraction, while 
the high drinkers always have only one. Each type 
of drinker possesses many other isozymes of ALDH 
[17]. 

Two types of isozyme patterns are identified from 
the liver of all the high drinkers tested: either one 
isozyme at pli 5.9, or another at pli 6.2 (see Fig. 3). 
In the pattern of all the low drinkers tested, these 
two isozymes are present, along with a third isozyme 
of intermediate pi (6.0). The latter is never formed 
alone, or with just one of the others, suggesting that 
this pI 6.0 isozyme is a hybridization product from 
the pi 5.9 and 6.2 isozymes. These isozyme patterns 
(Fig. 3) are consistent with a genetic model where 
high drinkers would be homozygous, either genes aa 
or bb, and low drinkers heterozygous ab. However, 
an alternative, where each isozyme could be the prod- 
uct of separate genes, two of them being absent or 
totally repressed in the high drinkers, cannot be 
excluded at this time. 

The specificities of the cytosol ALDH isozymes are 
not known. From the metabolic studies presented, it 
can safely be concluded that these isozymes are not 
primarily involved in biogenic aldehyde oxidation, for 
the high and low drinkers, though possessing different 
isozyme patterns, metabolize dopamine and serotonin 
at the same rate. Liver ALDH can oxidize some ster- 
oids [19, 20] and, conceivably, these isozymes could 
be involved in the degradation of such compounds. 
In any case, there appears to be a good correlation 
between the drinking behavior of the individual ani- 
mal and the liver ALDH isozyme patterns. Whether 
this correlation is at the origin of the individual 
drinking habits or is more coincidence is not yet 
known. It can be concluded from the results presented 
that it will be important to look for isozyme patterns 
and not total enzyme activity when comparing high 
and low drinkers. Breeding experiments are underway 
to determine if the offspring will possess the same 
correlation of isozyme pattern and drinking behavior. 
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An animal was classified as a high or low drinker 
prior to the determination of the isozyme pattern. It 
could be argued that the ingestion of ethanol for 12 
days caused the disappearance of the two isozymes 
in the high drinker. It has been shown by Deitrich 
et al. [21] that cytosol ALDH isozymes can be in- 
duced by drugs. However, chronic treatment of ani- 
mals with ethanol reduces the activity of ALDH in 
the mitochondrial fraction of the liver, and the cytosol 
isozymes are only slightly affected [22]. Thus, it 
appears unlikely that the ethanol ingested during the 
screening tests caused such dramatic alteration of the 
isozyme distributions which were measured at least 
2 weeks after the screening tests were completed. 

The relationship between biogenic amines and alco- 
hol consumption is not well understood. Dopamine 
and serotonin are deaminated at the same rate by 
high and low drinkers. The high drinkers, however, 
produce slightly higher DOPET levels as a result of 
dopamine metabolism in the brain. It is interesting 
to note that this increase in DOPET formation is 
detected even in the absence of ethanol in the 
organism. Such a small difference in the overall 
balance of dopamine metabolites, as well as the more 
dramatic changes in the isozyme patterns of liver 
ALDH, could be related to the biochemical 
mechanisms which control alcohol preference in the 
rats. 
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Abstract—The inhibitory actions of phenylbutazone, oxyphenbutazone and y-hydroxyphenylbutazone 
on the growth of human bone marrow granulocyte/monocyte colonies in vitro have been compared. 
Oxyphenbutazone is more toxic than phenylbutazone in this system. y-hydroxyphenylbutazone is inhibi- 
tory over a wider concentration-range than either phenylbutazone or oxyphenbutazone, but has about 
the same inhibitory potency as phenylbutazone at concentrations corresponding to the peak plasma 
concentrations during treatment. Three patients who had recovered from phenylbutazone-induced bone 
marrow depression with neutropoenia were studied. The proliferative capacity of the bone marrow 
from all three patients was reduced as judged by the measured formation of granulocyte/monocyte 
colonies in vitro. The sensitivity of the patients’ bone marrow to inhibition by either phenylbutazone 
(two patients) or by oxyphenbutazone (three patients) was compared with that of normal subjects’ 
bone marrow. Increased sensitivity to phenylbutazone was demonstrated in the patients. The difference 
between the patients’ and normal subjects’ marrow with respect to their sensitivity to oxyphenbutazone 
was insignificant. The present results are compared with the results of similar studies with other drugs 
which produce neutropoenia. It is concluded that they are not inconsistent with the suggestion that 


phenylbutazone-induced neutropoenia is due to an underlying marrow abnormality. 


Phenylbutazone (4-butyl- 1,2-diphenyl-3,5- pyrazoli- 
dine-dione) is widely used in rheumatological prac- 
tice, and agranulocytosis, aplastic anaemia and 
thrombocytopoenia are well recognised adverse side 
effects. The drug is metabolised to oxyphenbutazone 
(4- butyl - 1,2 - (4’ - hydroxypheny]) - 3,5 - pyrazolidine - 
dione) and y-hydroxyphenylbutazone (4-(3’-hydroxy- 
butyl}-1,2-diphenyl-3,5-pyrazolidine dione) in vivo. 
Oxyphenbutazone is also used therapeutically, and 
can depress the bone marrow [1]. The overall toxicity 
of phenylbutazone is presumably due to both that 
of the parent compound and its metabolites. 

Bone marrow cells proliferate and differentiate into 
granulocytes and monocytes in semi solid agar pro- 
vided that a source of the specific glycoprotein colony 
stimulating factor is present [2]. This phenomenon 
can be made the basis for an assay of either colony 
stimulating factor or of the proliferative activity of 
bone marrow and its sensitivity to myelotoxic 
drugs [3]. Greenberg and Schrier [4] reviewed some 
applications of in vitro bone marrow culture to the 
study of neutropoenia and myeloproliferative dis- 
orders generally. 

The present studies were designed to: (i) compare 
the toxicities of phenylbutazone, oxyphenbutazone 
and y-hydroxyphenylbutazone towards human bone 
marrow granulocyte/monocyte precursor cells in 
vitro; (ii) determine if the bone marrow of patients, 
who had recovered from an episode of granulocyto- 


poenia or agranulocytosis which had been attributed 
to phenylbutazone, could proliferate normally as 
judged by the formation of granulocyte/monocyte col- 
onies in vitro, and if these cells were abnormally sensi- 
tive or abnormally resistant to either phenylbutazone 
or oxyphenbutazone. 


MATERIALS AND METHODS 


These studies were approved by the Ethical Com- 
mittee of Northwick Park Hospital and Clinical 
Research Centre. The patients gave their informed 
consent to a sternal puncture and aspiration of mar- 
row for the purpose of the investigations. Control 
human bone marrow was also obtained from ribs 
removed at thoracotomy for benign or malignant 
conditions and by sternal puncture from one of the 
investigators (RWEW) and a healthy professional col- 
league, who also gave his informed consent. All the 
specimens of control bone marrow were examined 
microscopically and judged to be normal by the usual 
morphological haematological criteria. Sternal bone 
marrow aspirates (0.5—2 ml) were transferred to con- 
ical centrifuge tubes after the addition of 2-3 drops 
of heparin (1000i.u. ml~' preservative free) and 
allowed to settle under gravity. The supernatant 
enriched in white cell precursors, was removed and 
centrifuged (10 min, 300g,,). The cells were washed 
twice using ‘Liebovitz’ L15 medium (Flow Labora- 
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tories, Irvine, Scotland). Bone marrow cells were 
flushed from the rib specimens using: “Liebovitz’ L15 
medium containing 2-3 drops heparin (1000i.u. ml~', 
preservative free). The cells were dispersed to form 
a single cell suspension by forcing the suspension 
through a 10 um needle. This cell suspension was then 
treated in the same way as the leukocyte precursor 
enriched bone marrow preparation. The cell cultures 
were set up as described previously. 

The drugs were dissolved in double strength modi- 
fied Eagle’s minimum essential medium [3] without 
added foetal bovine serum, complete solution of these 
relatively insoluble compounds was only achieved by 
raising the pH value to about 10. The pH value was 
then readjusted to 7.4, the foetal bovine serum added 
(final concentration 18° v/v) and the vol. adjusted 
with glass-distilled deionised water to give single 
strength modified Eagle’s minimum _ essential 
medium [3]. The final concentrations of these drug- 
solutions was 1.25 mM. This corresponds to a concen- 
tration of 250 uM in the culture dish. The concen- 
trated (1.25mM) drug solutions were diluted to give 
the desired final concentrations by adding single 
strength modified Eagle’s minimum _ essential 
medium [3]. Portions (0.5 ml) of these diluted drug 
solutions or control drug-free medium were pipetted 
over the semi solid agar layer containing the bone 
marrow cells. Most of the observations were per- 
formed in quadruplicate, and the same batch of foetal 
bovine serum (Flow Laboratories, Irvine, Scotland) 
was used throughout to permit the assessment of pro- 
liferative capacity of the bone marrow granulocyte 
monocyte precursors. 

In the studies to compare the inhibitory effects of 
the three compounds on normal bone marrow cells, 
the groups of cells in the whole dish were counted 
after 10 days incubation as described previously [3]. 
Groups containing between 4 and 49 cells were scored 
as aggregates and those containing more than 49 cells 
were scored as colonies. Additional observations were 
made in the studies of the proliferative capacity of 
the patients and the relevant normal control subjects. 
Here, the groups of cells present in a randomly 
selected half of each culture dish were counted at 2 
day intervals during the culture period. This modifica- 
tion in the area of the dish counted was introduced 
in order to reduce the period of time for which the 
culture dishes were exposed to the ambient atmos- 
phere during the counting process, and because of 
the large number of dishes which had to be counted 
in these particular experiments. The cells were 
counted in the warm room (37°) in which they were 
incubated. The patients’ and the control subjects’ cells 
were treated identically. ' 

, Dose-response curves relating the drug concen- 
\tration to the number of colonies were obtained and 
analysed by a probit method as described pre- 
viously [3]. Percentage inhibition of colony formation 
-was calculated after estimating the mean number of 
colonies formed in the absence of drug. As the present 
data are consistent with the number of colonies 
formed at a fixed drug concentration having a Pois- 
son distribution the tests for parallelism and coinci- 
dence of the regressions of normal equivalent deviate 
on logarithm of drug concentration are made by 
goodness of fit tests. The data described pre- 
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viously[3] showed more variability than was 
expected from the assumption of the Poisson distribu- 
tion, and were handled accordingly. 


PATIENTS 


Patient 1. This woman took phenylbutazone 
(300 mg daily) for 4wk in February 1970 and for 
about 6wk in May-June 1970 when she was 61 yr 
old, the drug being prescribed because of sacro-iliac 
pain. She developed purpura and ecchymoses at the 
end of the second period of phenylbutazone adminis- 
tration, and proved to have aplastic anaemia (haemo- 
globin 70%, platelets 15000/yl, total leukocyte count 
800/u1 with increased bleeding and clotting times). 
She is known to have had a normal haemoglobin 
(90%) and a morphologically normal stained blood 
film immediately before the first course of phenylbu- 
tazone. Treatment with blood transfusions and pred- 
nisolone produced a satisfactory clinical improvement 
although she has remained moderately anaemic. 
There is no history of other drug medication although 
the patient had received deep X-ray therapy after an 
ovarian cystectomy in 1957. The present studies were 
undertaken in 1975 when the patient was well clini- 
cally. The haematological data at this time are sum- 
marised in Table 1. 

Patient 2. This woman, who has rheumatoid arth- 
ritis, was treated with phenylbutazone (300 mg daily) 
for 8 wk in 1967 when she was 41 yr old. She took 
calcium aspirin (3.6g daily) concurrently with the 
phenylbutazone, having taken a smaller dose of cal- 
cium aspirin during the previous 4 months. The 
patient developed a sore throat and an ear infection, 
which did not respond to penicillin treatment, and 
she proved to be markedly neutropoenic (total white 
blood count = 1,400/ul, neutrophils 84/ul) having 
been normal (total white cell count = 7,600/y1) before 
phenylbutazone was given. The sternal bone marrow 
was relatively acellular with abnormal primitive cells 
of reticulum cell type and abnormal megakaryocytes; 
the numbers of erythroid and myeloid cells were 
markedly reduced, the picturg suggesting an acute 
maturation arrest. She was treated with penicillin, 
prednisolone and nystatin, and improved so that one 
month after the onset of the acute episode her total 
white blood’ cell count = 7,200/ul, neutro- 
phils = 5,190/ul, and the bone marrow was normal. 
The present studies were undertaken in 1975, when 
the patient was asymptotic and the haematological 
findings are summarised in Table 1. 

Patient 3. This patient developed granulocyto- 
poenia, thrombocytopoenia. and anaemia in 1970 
when she was 71 yr old, and whilst she was taking 
phenylbutazone (200-300 mg daily) having taken the 
drug intermittently in this dosage for the previous 
five yr. She was treated with corticosteroids, and 
antibiotics, and gradually recovered over the course 
of the following yr. Since when, she has been well. 
The present studies were undertaken in 1975 when 
the patient was asymptomatic and the haematological 
findings are summarised in Table |. 


RESULTS 


The effects of phenylbutazone, oxyphenbutazone and 
y-hydrox yphenylbutazone on the proliferation of normal 
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Table 2. The effect of phenylbutazone, oxyphenbutazone and »-hydroxyphenylbutazone on control human bone marrow 
cells and of phenylbutazone and oxyphenbutazone on bone marrow cells from patients who had experienced phenylbuta- 
zone-induced bone marrow depression 





Subject 
(Bone marrow 


Drug identification) 


Combined slope 
for group 


EDs, (95% fiducial limits) 


(uM) 95% Range 








Control P6 
Control P11 
Control P13 
Control P14 
Patient | 
Patient 3 


Phenylbutazone 


Control P12 
Control P19 
Control P24 
Control P27 
Control P30 
Control P35 
Control P37 
Patient | 
Patient 2 


+ 


Patient 3 


Oxyphenbutazone 





Control P22 
Control P28 
Control P33 
Control P38 
Control P39 


y-Hydroxyphenylbutazone 


120.6-295.0 
95.1-232.7 
112.0-274.0° 
109.2-267.2 
64.6-157.9 
89:0-217.8 


10.4-56. 1 
17.5-94.2 
13.4-71.9 
12.6-67.8 
18.3-98.6 
19.4-104.2 
14.3-76.9 
10.2-55.0 
12.3-66.5 
12.4-66.9 


28.9-1550.5 
29.8—1600.0 
20.8-1116.3 
24.8-1333.4 
21.1-1130.5 


188.6 (171.4—202.6) 
148.8 (136.8-159.4) 
175.2 (161.3-188.4) 
170.8 (159.1-181.7) 
101.0 (89.0—113.0) 

139.2 (119.7—-160.2) 


24.2 (20.4-28.5) 
40.6 (34.4-47.5) 
31.0 (27.2-34.9) 
29.2 (26.6-31.8) 
42.5 (38.1-47.0) 
44.9 (40.2-49.9) 
33.1 (30.2-36.1) 
23.7 (19.9-27.9) 
28.6 (24.6-33.1) 
28.8 (19.6-42.4) 


271.6 (154.2-292.7) 
218.3 (167.4-283.7) 
152.3 (102.5—220.0) 
182.0 (135.5—238.8) 
154.3 (113.8-197.0) 








The slopes refer to the linear regression equations of normal equivalent deviate (NED) on the logarithm of drug 
concentration. The values given are the combined slopes for all of the experiments with one drug because they were 
parallel (see text). The EDs, values are the drug concentrations, which produced 50 per cent inhibition of colony forma- 


tion. 


human bone marrow to form granulocyte/monocyte col- 
onies in vitro. The numerical results of these studies 
are shown in detail in Table 2. 

The regression lines of normal equivalent deviates 
of inhibition on logarithm of the drug concentrations 
were all parallel for the within drug comparisons. The 
chi-squared test for parallelism of the dose-response 
curves from the normal marrows for phenylbutazone 
gave 73 = 1.42 (0.7 < P < 0.75), for oxyphenbutazone 
7% = 6.98 (0.3 < P < 0.5) and for y-hydroxyphenylbu- 
tazone 73, = 7.24 (0.1 < P < 0.2). Those for phenylbu- 
tazone and y-hydroxyphenylbutazone were also co- 
incident in the within drug comparisons. 

The regression lines for oxyphenbutazone were not 
coincident (72 = 75.99; P< 0.001) although they 
were parallel. 

The EDs, values (drug concentration at which there 
is 50% inhibition of colony formation) are in the 
order: oxyphenbutazone < phenylbutazone < y-hyd- 
roxyphenylbutazone. Thus, oxyphenbutazone is the 
most toxic of the three compounds from the stand- 
point of inhibiting granulocyte/monocyte colony for- 
mation. However, the slope of the regression line for 
y-hydroxyphenylbutazone is low so that it produces 
some inhibitory effect over a wider range of concen- 
tration than the other compounds and is more toxic 
than phenylbutazone at lower concentrations. The 
curves cross in the region of the peak concentrations 
which are observed during phenylbutazone-treatment 
(197-487 uM) [5]. This is shown diagrammatically in 
Fig. 1. The corresponding data for phenylbutazone 


and oxyphenbutazone obtained with bone marrow 
from the patients are also shown in Fig. 1. 

The ability of the bone marrow from patients who 
have had bone marrow depression associated with 
phenylbutazone treatment to proliferate in vitro. The 
reduced proliferative capacity of the patients’ bone 
marrow in vitro is shown in Figs. 2 and 3. The results 
presented in Fig. 3 show that the low colony counts 
observed after 10 days of culture were not due to 
an increase in the ratio of cell aggregates (groups of 
4-49 cells) to colonies (groups of >49 cells).: 

The effects of phenylbutazone and ox yphenbutazone 
on the proliferation of bone marrow from patients who 
have had bone marrow depression associated with 
phenylbutazone therapy. Phenylbutazone. The slopes 
(weighted regression coefficients of normal equivalent 
deviates on log dose) for the two patients were not 
significantly different from the controls (y2 = 1.44, 
0.9 < P < 0.95; test for parallelism of all 6 curves). 
Using the combined slope in calculating the EDs, 
values (Table 2) these values for the patients were 
significantly lower than those of the control curves 
(tg = 2.98; P= <0.05). Thus, phenylbutazone 
appears to act in the same way in the patients’ mar- 
row and in the control subjects’ although the patients’ 
marrow is more sensitive to the inhibitory action of 
the drug. 

Ox yphenbutazone. The curves obtained for the three 
patients were parallel with one another and their 
slopes were not significantly different from the con- 
trols (yg = 7.52; 0.5 < P < 0.7; test for parallelism of 





The sensitivity of human bone marrow 
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Fig. 1. The range of the control dose-response curves 
found for phenylbutazone, &; oxyphenbutazone, @; and 
for y-hydroxyphenylbutazone, &. In the lower panel, the 
results obtained for the inhibition of colony formation in 
three patients by phenylbutazone (@ patient 1; O patient 
3) and by oxyphenbutazone (A patient 1; 0 patient 2; 
@ patient 3) have been superimposed on the ranges of 
the corresponding control data. 


all 10 curves). The EDs, values for the patients were 
not significantly less than those of the controls by 
the t-test (tg = 1.71). Patient 1 had the lowest EDs9 
for oxyphenbutazone as well as for phenylbutazone 
(Table 2). 


DISCUSSION 


The present results show that phenylbutazone and 
its two metabolites are directly toxic to human granu- 
locyte/monocyte progenitor cells in vitro. The extent 
to which each compound contributes to the depres- 
sion of bone marrow function, and of granulopoiesis 
in particular in vivo is not known. The other known 
phenylbutazone metabolite, y-hydroxyphenbutazone 
(4-(3’-hydroxybutyl)-1,2-(4’-hydrox yphenyl)-3,5-pyra- 
zolidine-dione) was not available for study. In vivo 
toxicity depends on several pharmacokinetic factors 
which include: the extent of protein-binding, the rate 
of excretion and the rates of metabolism of the ad- 
ministered drug to different metabolites with different 
relative toxicities. Protein binding also has to be con- 
sidered in in vitro systems, which contain serum, as 
in the present case. 
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Fig. 2. Bone marrow colony formation in three patients 

who had recovered from phenylbutazone-induced bone 

marrow depression and 16 control subjects. In most cases, 

each point is the mean of 4 cultures from the same speci- 

men of marrow. The bars show the extreme range of values 
upon which each mean is based. 


Whittaker and Evans[6] concluded that phenylbu- 
tazone metabolism is controlled by both polygenic 
and environmental factors, the genetic contribution 
being about 66 per cent. Cunningham et al. [7] pre- 
sented evidence suggesting that reduced oxidation of 
phenylbutazone to oxyphenbutazone might be a fac- 
tor associated with, or responsible for, drug-asso- 
ciated bone marrow hypoplasia. In so far as the pres- 
ent in vitro observations can be extrapolated to the 
in vivo situation, they do not support this contention, 
because phenylbutazone is less toxic than oxyphenbu- 
tazone ((EDs9-oxyphenbutazone) < (EDs9-phenylbuta- 
zone)). However, this difference could be offset in vivo 
by the pharmacokinetic factors. y-hydroxyphenylbu- 
tazone has a similar EDs) to phenylbutazone, with 
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Fig. 3. The number of cell aggregates (groups of 4-49 cells) 
plus colonies (groups of >49 cells) per half culture dish 
when the bone marrow cells were grown without any of 
the drugs and counted at the 2 day intervals shown. The 
shaded area represents the extreme range of values for 6 
specimens of normal marrow including those which were 
grown simultaneously with the patients marrow samples. 
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some effect over a wider concentration range so that 
it could contribute appreciably to the overall toxicity 
of phenylbutazone. Bakke et al. [8] found that the 
side chain oxidised metabolites including y-hydroxy- 
phenylbutazone are excreted more rapidly than 
phenylbutazone or oxyphenbutazone. 

The concentration ranges which were studied in 
order to determine the EDs, values were established 
in preliminary experiments over a wide range of con- 
centrations. In the case of phenylbutazone they cover 
the reported range of peak concentrations observed 
during therapy [5,9]. It is of interest that, among the 
enzymes which catalyse the first five steps on the 
pathway of pyrimidine biosynthesis de novo, dihydro- 
orotate dehydrogenase (EC 1.3.3.1) is uniquely sensi- 
tive to phenylbutazone inhibition in this concen- 
tration range [9]. Data on the plasma concentrations 
of oxyphenbutazone and y-hydroxyphenylbutazone 
during phenylbutazone therapy are not available. 
However, plasma concentrations of drugs may be a 
poor guide to their concentrations in the target 
organs or at the active sites on drug-sensitive enzyme 
molecules. There is a discrepancy between the present 
finding of inhibition of granulocyte/monocyte precur- 
sor proliferation by phenylbutazone with an EDs of 
about 180 uM and the previous report [3] that there 
was no inhibition in the range 5—SO00 uM. We ascribe 
this discrepancy to failure to completely dissolve the 
highest concentration of phenylbutazone in the Tris 
buffer which was used in the earlier work. Later ex- 
periments showed that the technique described under 
Methods is necessary in order to ensure that high 
concentrations of phenylbutazone remain in solution. 
The present results show that the drug has a direct 
toxic effect on the marrow and are in better accord 
with the suggestion that phenylbutazone-induced 
bone marrow depression is due to a direct myelotoxic 
action, which may reflect genetically determined dif- 
ferences in the mechanisms by which different indivi- 
duals metabolise the drug [6]. 

Phenylbutazone inhibits mitosis in human lympho- 
cytes [10], and the present finding that oxyphenbuta- 
zone in man is more toxic towards growing bone 
marrow cells than phenylbutazone, agrees with the 
observation that oxyphenbutazone depressed DNA 
synthesis in bone marrow cells more powerfully than 
phenylbutazone [11]. 

The proliferative capacity of the patients’ bone 
marrow was reduced, and the granulocyte/monocyte 
precursor cells were more sensitive to the inhibitory 
properties of phenylbutazone than control subjects’ 
marrow. These observations contrast sharply with the 
results of previous similar studies with chlorampheni- 
col{12] and with sodium aurothiomalate [13]. The 
proliferative capacity of the marrow was reduced in 
two cases of delayed chloramphenicol-induced bone 
marrow depression, but the cells were more resistant 
to chloramphenicol in vitro than were control 
cells[12]. In the case of sodium aurothiomalate, 
although the bone marrow proliferative capacity was 
reduced during the acute phase, it was normal after 
recovery from the neutropoenia and was not abnor- 
mally sensitive to the inhibitory action of the drug 
in vitro[13]}. These differences may reflect different 


mechanisms whereby drugs cause neutropoenia as an 
adverse side effect. The results of bone marrow cul- 
ture studies in sodium aurothiomalate-induced neu- 
tropoenia were interpreted as indicating an alteration 
in the patients’ overall metabolism of the drug, which 
causes high local concentrations in the bone marrow 
and a direct myelotoxic action [13]. The results with 
phenylbutazone are compatible with an underlying 
bone marrow abnormality rather than abnormal sys- 
temic handling of the drug, but with no tendency to 
breed out lines of drug-resistant bone marrow cells 
during recovery. 

Rickard, Brown & Kronenburg[14] showed that 
an agar colony system similar to that used in the 
present work assays the committed myeloid stem cell 
compartment of human bone marrow. The present 
results show that it is possible to use in vitro bone 
marrow culture as the basis of a test system in which 
the inhibitory potency of potentially myelotoxic 
agents can be assessed as well as to quantitate the 
proliferative potential of a patient’s bone marrow. 
Further refinements of the technique might make it 
useful as an adjunct in the testing of new drugs. 
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Abstract—Human platelet monoamine oxidase (MAO) preferentially deaminated benzylamine and 
phenylethylamine, two substrates relatively specific for type B MAO, in comparison to 5-hydroxytrypta- 
mine, a substrate specific for type A MAO. In studies comparing human platelet and rat brain MAO 
specific activities, benzylamine and 5-hydroxytryptamine deamination by platelets was approximately 
90 and 2 per cent, respectively, that of brain, while platelet deamination of dopamine, tryptamine 
and tyramine was 20 per cent or less than that of brain. Among sixteen drugs studied, platelet MAO 
activity was selectively inhibited by low concentrations of the MAO-B inhibitors, deprenyl and par- 
gyline, and was relatively insensitive to the MAO-A inhibitors, clorgyline and Lilly 51641. These obser- 
vations, in addition to the simple sigmoid inhibition curves obtained with increasing concentrations 
of either clorgyline or deprenyl, suggest that platelet MAO consists of essentially one distinguishable 
form of MAO which most closely resembles the MAO type B found in other tissues. 


Platelet monoamine oxidase (MAO) [monoamine:O, 
oxidoreductase (deaminating) EC 1.4.3.4], like other 
tissue monoamine oxidases, appears to be primarily 
located in mitochondria [1]. Human platelet MAO 
has been purified approximately 12-fold by Collins 
and Sandler [2], who have estimated its molecular 
weight to be 235,000. Considering differences in 
enzyme preparation and experimental conditions, 
generally similar patterns of substrate specificity have 
been observed in previous studies of human platelet 
MAO using tryptamine, tyramine, dopamine, benzyl- 
amine and serotonin as substrates [2-4]. Benzylamine 
is most actively deaminated, while serotonin, the 
amine present in the highest concentration in platelet, 
is least actively deaminated [2-4]. 

Recently two forms of MAO have been described 
on the basis of substrate specificity and inhibitor sen- 
sitivity in brain, liver and other tissues [5-8]. Type 
A MAO deaminates 5-hydroxytryptamine [5, 6] ‘and 
is sensitive to inhibition by low concentrations of 
clorgyline [S—7,9]. Type B MAO preferentially de- 
aminates benzylamine [6] and phenylethylamine [10] 
and is sensitive to inhibition by low concentrations 
of deprenyl and pargyline [7-11]. Other amines such 
as tryptamine, tyramine and dopamine appear to be 
deaminated by both forms of MAO[6]. Previous 
studies of human platelet MAO based on substrate 
specificities [2-4] and preliminary data on its sensi- 
tivity to depreny]l [4, 8] led to the suggestion that this 
enzyme might primarily represent a type B MAO 
[4, 8]. 

In the present study, we have further characterized 
human platelet MAO with respect to substrate- and 
inhibitor-related characteristics and have directly 


compared platelet MAO with that of rat brain, which 
has previously been described to contain both 
MAO-A and MAO-B [6, 12,13], in an attempt to 
better define the MAO form present in the human 
platelet. 


MATERIALS AND METHODS 


Enzyme preparation. Human blood platelet concen- 
trates prepared from venous blood collected in ACD 
solution (USP formula A, 75 ml/500 m1 of whole 
blood) were obtained from Community Blood and 
Plasma, Baltimore, MD. The concentrates were centri- 
fuged at 175g for 5 min at 4°. The supernatant was 
removed and centrifuged at 2000g for 20 min to 
obtain a platelet pellet. The pellet was washed once 
with ice-cold saline, resuspended in distilled water 
and sonicated for 10 sec (Sonifier cell cisruptor, Heat 
Systems-Ultrasonics, Inc., Plainview, L.I., NY). The 
sonicated preparation was distributed in 50-pl ali- 
quots containing 0.2 to 0.9mg protein for most 
studies; the K,, determinations for phenylethylamine 
used aliquots containing 0.01 to 0.08 mg protein. The 
samples were stored at either —20° or —70° until 
assayed. 

Wistar and Sprague-Dawley male rats (150-250 g) 
were obtained from Microbiological Associates, 
Walkersville, MD, and Taconic Farms, Germantown, 
NY respectively. Whole brains were homogenized in 
10% (w/v) 0.08M_ phosphate buffer, pH 7.2. The 


homogenate was centrifuged at 900g for 10min at 


4°. The supernatant was sonicated for 10sec, distri- 
buted in 50-yl aliquots (0.2 to 0.7 mg protein) and 
stored at — 70° until assayed. 
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MAO activity studies. MAO activity was deter- 
mined by a modification of the method used by 
Robinson et al.[3] using the following substrates: 
['*C]-5-hydroxytryptamine creatinine sulfate (55 
mCi/m-mole), ['*C]dopamine HCl (57.3 mCi/m- 
mole), ['*C]-1-noradrenaline bitartrate (57 mCi/m- 
mole) (Amersham/Searle Corp., Arlington Heights, 
IL): ['*C]tyramine HCI (9.2 mCi/m-mole), ['*C]tryp- 
tamine bisuccinate (47 mCi/m-mole), ['*C]-6-phenyl- 
ethylamine HCl (9.86 mCi/m-mole) (New England 
Nuclear, Boston, MA); and ['*C]benzylamine HCI 
(3.5 mCi/m-mole) (Mallinkrodt Chemical Works, St. 
Louis, MO). 

The sonicated preparations were assayed in dupli- 
cate by incubating 50-yl aliquots in 0.5 ml of 0.08 M 
phosphate buffer (Na,HPO,-KH,PO,), pH 7.2, with 
25 ul of '*C-labeled substrate (in final concentrations 
indicated below) for 20min at 37°. Aliquots heated 
at 100° for 10 min were assayed simultaneously to 
establish blank values which were subtracted from 
those of the active enzyme preparation. When nore- 
pinephrine, dopamine or tyramine was used as the 
substrate, ascorbic acid (10°*M) and EDTA 
(10° * M) were added to the phosphate buffer to pre- 
vent non-enzymatic alteration of the substrate. 

After incubation, the samples were placed on ice 
and then transferred to Pasteur pipettes containing 
0.5 x 2.5cm Amberlite resin (CG-50, 100-200 mesh, 
Mallinkrodt Chemical Works). The columns were 
washed twice with 1 ml of distilled water, and the 
entire 2.5 ml was collected in glass vials containing 
17.5 ml Aquasol (New England Nuclear). The radio- 
activity of the products was determined by liquid 
scintillation spectrometry. In all of the tissues, mono- 
amine oxidase activity was found to be linear with 
respect to the previously described protein concen- 
tration and time of incubation. Protein was deter- 
mined by a modification [14] of the method of Lowry 
et al. [15]. 

K and) Vina, determinations. The apparent 
Michaelis constants and maximum velocities were 
obtained by fitting the data to the following equation, 
assuming equal variance for the velocities: 


m 


VA 
v=— 

K+ A 
where v is the reaction velocity for a given substrate 
concentration, A; K is the apparent Michaelis con- 
stant; and V is the apparent maximum velocity of 
the reaction. All fits were performed by means of the 
MLAB interactive curve-fitting program [16]. Amine 
metabolism did not exceed 10 per cent at the lowest 
concentration of the substrates used with the single 
exception of phenylethylamine, which did not exceed 
15 per cent. 

Comparison of platelet and brain MAO activity. 
MAO specific activities and the inhibitory effects of 
clorgyline (10~’ M) and deprenyl (10~° M) were com- 
pared in platelet and brain preparations using the 
following substrates at the final concentrations and 
specific activities indicated: 5-hydroxytryptamine 
(serotonin, 5-HT, 1.67mCi/m-mole) and tyramine 
(TYR, 0.5mCi/m-mole), 10°*M; norepinephrine 
(NE, 3.3 mCi/m-mole) and dopamine (DA, 3.3 mCi/m- 
mole), 5 x 10°*M:; benzylamine (BA, 3.5 mCi/m- 
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mole), 2 x 10°*M:; tryptamine (TA, 4.46 mCi/m- 
mole), 8 x 10°°M; and phenylethylamine (PEA, 
9.86 mCi/m-mole), 2 x 10°°M. Non-radiolabeled 
amines [5-hydroxytryptamine creatinine sulfate com- 
plex, tyramine monohydrochloride, (—) arterenol 
bitartrate hydrate (NE), 3-hydroxytyramine HCl 
(DA), and tryptamine HCI (CalBiochem, San Diego, 
CA)] were added when required to obtain the 
desired final concentration. The concentrations 
chosen were those identified from preliminary studies 
as (a) approaching saturation according to substrate 
curves and (b) equal to or greater than the K,, values 
for the platelet and brain preparations for each sub- 
strate. In some instances (e.g. with benzylamine and 
phenylethylamine), apparent substrate-type inhibition 
was observed at higher concentrations than those 
used in this study. In some of these experiments (C. 
Donnelly and D. L. Murphy, manuscript in prep- 
aration), K,, values for rat brain had been found to 
be generally similar to those found in the present 
study for the platelet: benzylamine, 1.2 x 10°-*M; 
dopamine, 2.6 x 10°*M; tyramine, 1.0 x 10°*M; 
phenylethylamine, 5.1 x 10°°M; and_tryptamine, 
0.7 x 107° M. 

MAO inhibition. In cases where inhibitors were 
used, the samples were preincubated at 25° for 30 
min in the presence of inhibitor (final concentration 
range: 10~'! to 10-3. M), and then incubated at 37° 
with 10°*M (final concentration) tyramine as de- 
scribed above. The plo values (negative logarithms 
of the inhibitor concentration resulting in 50 per cent 
inhibition) were determined from plots of per cent 
MAO inhibition vs concentration of inhibitor (—log 
M). Inhibitors used in this study were amitriptyline, 
iproniazid and isocarboxazid (Hoffmann-La Roche 
Inc., Nutley, NJ), d-amphetamine (K & K _ Labs. 
Plainview, NY), J/-amphetamine (Aldrich Labs., 
Morristown, NJ), clorgyline (May & Baker, Ltd, 
Essex, England), chlorpromazine and _tranylcypro- 
mine (Smith, Kline & French Labs., Philadelphia, 
PA), deprenyl (Prof. J. Knoll, Semmelweis University 
of Medicine, Budapest, Hungary), desipramine (Geigy 
Pharmaceuticals, New York, NY), «-ethyltryptamine 
(Aldrich Chemical Co., Inc., Milwaukee, WI), har- 
mine (Sigma Chemical Co., St. Louis, MO), Lilly 
51641 (Eli Lilly & Co., Indianapolis, IN), nialamid 
(Pfizer Inc. New York, NY), pargyline (Abbott 
Labs., N. Chicago, IL), and phenelzine (Warner- 
Lambert Research Institute, Morris Plains, NJ). 
Semicarbazide (10~*M) final concentration; Fisher 
Scientific Co., Fair Lawn, NJ) was used only in the 
study of platelet 5-HT metabolism. 


RESULTS 


The apparent Michaelis constants and maximum 
velocities for platelet MAO are listed in Table 1. With 
the exception of 5-HT, rectangular hyperbolic sub- 
strate concentration curves were observed within the 
indicated concentration ranges for all the substrates 
studied. In contrast to that of the other amines, the 
substrate plot obtained with 5-HT (0.1 to 2x 
10-3 M; Fig. 1) did not reflect typical saturation, and 
attempts to fit the data within reasonable error either 
to the equation previously described or to an equa- 





Human platelet monoamine oxidase 


Table 1. Apparent K,, and V,,,, values for human platelet monoamine oxidase* 





Ky, 
(M) 


Substrate 


(nmoles/hr/mg protein) 


V Concn range studied 


(M) 


max 





i3<«2* 
23 “iG * 
7 x 10°* 
1.5 x 107° 
3.5 x 1075 


Benzylamine 
Dopamine 
Tyramine 
Phenylethylamine 
Tryptamine 


49 0.33 to 2 x 107 
27 0.2 to 10 x 107 
32 0.1 to 5 x 10 
15 1.0 to 8 x 107 
8 0.1 to 2 x 107 





*N = 5. 


tion for two enzymes catalyzing the same reaction 


V,A VA 
v= + = 
( Ka,+A Ka,+ 4) 

[17], were unsuccessful. The metabolism of serotonin 
was considerably less than that of the other substrates 
but greater than that of norepinephrine, which was 
slight and variable and could not be reliably 
measured in the platelet preparation. 

Comparison with rat brain MAO. MAO-specific ac- 
tivities in the platelet and brain preparations were 
most similar with benzylamine and phenylethylamine 
as substrates. Platelet specific activities with benzyl- 
amine and phenylethylamine were 89 and 40 per cent, 
respectively, those of brain, while activities with other 
substrates studied were 20 per cent or less than those 
of brain (Table 2). The addition of 10° M deprenyl 
(Fig. 2) almost completely inhibited MAO activity in 
the platelet preparations regardless of the substrate 
used, with the exception of 5-HT metabolism, which 
was inhibited only about 40 per cent by deprenyl in 
preparations from seven individuals at 5-HT con- 
centrations 0.1 x 10°7>M (40 per cent + 10, 
mean + S.E.), 0.2 x 10°7M (38 per cent + 5), and 
1 x 10-3M (45 per cent + 6). The addition of semi- 
carbazide (10~* M) to the platelet preparation had 
no inhibitory effect on 5-HT metabolism. 

MAO in rat brain preparations was less sensitive 
to inhibition by deprenyl. Benzylamine and phenyl- 
ethylamine deamination in rat brain was inhibited 
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Fig. 1. Effect of 5-hydroxytryptamine concentration on 

human platelet monoamine oxidase activity. Each point 

represents the mean (+ S. E.) of duplicate determinations 
on six individuals. 


Table 2. Specific activity of human platelet and rat brain 
monoamine oxidase* 





Platelet as 
per cent of 


Substratet Platelet Brain brain 





Benzylamine 
Phenylethylamine 
Tyramine 

Dopamine 
Tryptamine 
5-hydroxytryptamine 
Norepinephrine 





* Specific activity is expressed as nmoles/hr/mg of pro- 
tein. 

+ Final concentrations of substrates used were: benzyl- 
amine, 2 x 10°* M; phenylethylamine, 2 x 10~° M; tyra- 
mine, 10°*M; dopamine, 5 x 10°*M; tryptamine, 8 x 
10~° M; and 5-hydroxytryptamine, 10°? M. 


approximately 90 per cent by 10°°M deprenyl and, 
while activity with other substrates was inhibited 
almost 40 per cent, activity with 5-HT was inhibited 
less than 10 per cent (Fig. 2). Human platelet MAO 
was relatively insensitive to inhibition by 10°’7M 
clorgyline in contrast to rat brain MAO, which was 
markedly inhibited by this drug for most of the sub- 
strates used, especially 5-hydroxytryptamine, whose 
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Fig. 2. Deprenyl (10~° M) inhibition of human platelet and 

rat brain monoamine oxidase activity using 10° M tyr- 

amine (TYR), 10°7M _ 5-hydroxytryptamine (5-HT), 5 x 

10° * M dopamine (DA), 8 x 10° M tryptamine (TA), 2 x 

10-5 M phenylethylamine (PEA) and 2 x 10°~* M benzyl- 
amine (BA) as substrates. 
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Fig. 3. Clorgyline (10~’ M) inhibition of human platelet 

and rat brain monoamine oxidase activity using 10°* M 

tyramine (TYR), 10° * M 5-hydroxytryptamine (5-HT), 5 x 

10-*M dopamine (DA), 8 x 10~° M tryptamine (TA), 2 x 

10°-°M phenylethylamine (PEA) and 2 x 10°* M benzyl- 
amine (BA) as substrates. 


deamination was inhibited by more than 90 per cent 
(Fig. 3). Benzylamine and phenylethylamine deamina- 
tion in brain, however, was inhibited less than 10 per 
cent by this concentration of clorgyline. 

Increasing concentrations of either deprenyl or 
clorgyline resulted in simple sigmoid inhibition curves 
for the platelet preparation when 10°3M _ tyramine 
was used as the substrate (Figs. 4 and 5). Tyramine 
deamination by platelet MAO was more than 100- 
fold more sensitive to inhibition by deprenyl than by 
clorgyline. Simple sigmoid curves similar to those 
with tyramine were also obtained for the plaielet 
preparation with tryptamine and benzylamine as sub- 
strates. In the rat brain preparations studied with tyr- 
amine as substrate, increasing concentrations of these 
inhibitors resulted in biphasic curves with a distinct 
plateau region with clorgyline at 58 per cent inhibi- 
tion and a less distinct plateau with deprenyl, with 
a midpoint at 44 per cent inhibition. Estimated pl<o 
values from the separate portions of curves presented 
in Figs. 4 and 5 for rat brain and for the simple sig- 
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Fig. 4. Inhibition of human platelet (@) and rat brain (@) 
monoamine oxidase activity by increasing concentrations 
of deprenyl. Tyramine (10~* M) was used as substrate. 
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Fig. 5. Inhibition of human platelet (@) and rat brain (@) 
monoamine oxidase activity by increasing concentrations 
of clorgyline. Tyramine (10°37 M) was used as substrate. 


moid curves for platelet are listed in Table 3. Of the 
two. pl,, values calculated for clorgyline and deprenyl 
for rat brain MAO, the lower value for deprenyl and 
higher value for clorgyline closely resembled those 
estimated for human platelet MAO. 

Inhibition by various drugs. Table 4 lists the pI5o 
and IDs) values for various drugs (estimated from 


Table 3. The piso values for clorgyline and depreny] inhibi- 
tion of tyramine deamination by monoamine oxidase in 
rat brain and human platelet preparations 





Clorgyline 
Plso 


Deprenyl 


Preparation PIso 





Rat brain 8.6, 5.3* 13,45" 
Human platelet 5.4 7.6 





* Estimated separately for the two phases of the inhibi- 
tion curves presented in Figs. 4 and 5. 


Table 4. Inhibition by various drugs of tyramine (10~* M) 
deamination by human platelet MAO* 





Dru gt 





Deprenyl 
Pargyline 
Tranylcypromine 
Phenelzine 
Isocarboxazid 
Clorgyline 

Lilly 51641 
Iproniazid 
Nialamide 
Amitriptyline 
Harmine 
Desipramine 
d-Amphetamine 
Chlorpromazine 
|-Amphetamine 
a-Ethyltryptamine 





*N = 5. 

+ Drug concentrations ranged from 107!! to 10°~3M. 
In each case pI;, values were estimated from plots of per 
cent inhibition of MAO activity vs concentration of the 
inhibitor (—log M). 





Human platelet monoamine oxidase 


curves similar to those presented in Figs. 4 and 5 
for human platelet) in the order in which they most 
effectively inhibit platelet MAO deamination of 107? 
M tyramine. Of the various drugs tested, deprenyl 
and pargyline most effectively inhibited platelet 
MAO, with clorgyline and Lilly 51641 being 100-fold 
less effective. The least effective inhibitors were des- 
ipramine, clorpromazine, amphetamine and 2z-ethyl- 
tryptamine. 


DISCUSSION 


Where data involving common substrates are avail- 
able, a limited comparison of our K,, and V,,,,, values 
for human platelet MAO may be made with those 
reported in previous studies. The apparent K,, and 
V max Values obtained here for most substrates were 
similar to those reported by Robinson et al. [3] and 
Edwards and Chang [4], but were generally higher 
than those reported by Collins and Sandler [2]. Dif- 
ferences in values may be possibly related to the 
enzyme preparations used. Collins and Sandler [2] 
determined K,,, and V,,,,, values using a partially puri- 
fied MAO preparation. Robinson et ,al.[3] used an 
unsonicated, freeze-thawed platelet suspension, while 
Edwards and Chang [4] used outdated sonicated 
blood bank platelets. It is also possible that individual 
variations in human platelet MAO may contribute 
to differences in our values and those previously 
reported. We found that K,,, values for platelet MAO 
from 21 individuals in our study using tryptamine 
as substrate ranged from 0.82 to 4.7 x 10°° M. 

In comparison with whole rat brain MAO, the spe- 
cific activities of human platelet MAO are consider- 
ably lower for most of the substrates studied, even 
though the substrate concentrations chosen were 
selected to be optimal for the platelet as well as the 
brain enzyme. Relatively low concentrations of 
deprenyl (10~° M) almost completely inhibited plate- 
let MAO activity with tyramine, tryptamine, dopa- 
mine, benzylamine and phenylethylamine as sub- 
strates, in contrast to MAO from brain, where inhibi- 
tion by deprenyl was most effective with benzylamine 
and phenylethylamine. Although we were unable to 
demonstrate complete inhibition of 5-hydroxytrypta- 
mine metabolism in our platelet preparation, Edwards 
and Chang [4], using an ethyl acetate extraction pro- 
cedure, reported a 98 per cent inhibition of platelet 
5-HT deamination by 10~’ M deprenyl. Deamination 
of 5-hydroxytryptamine in two other studies of plate- 
let MAO [3,18] was apparently not examined for 
sensitivity to MAO inhibitors. It is possible that in 
our use of a column procedure, the apparent residual 
activity we have measured actually reflects binding 
of 5-HT to the non-boiled platelet preparation. Bind- 
ing of 5-HT in various brain preparations has been 
previously reported by several investigators [19, 20]. 
Other possibilities that might be considered are 5-HT 
metabolism by other enzymatic processes (e.g. N-ace- 
tylation [21]), or perhaps deamination by a clorgy- 
line/deprenyl insensitive form of MAO. 

Plots of per cent inhibition of MAO activity with 
increasing concentrations of deprenyl or clorgyline 
yield simple sigmoid curves with platelet MAO, in 
contrast to the pair of sigmoid curves joined by a 
plateau region obtained with rat brain MAO. Studies 
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of clorgyline inhibition of MAO in brain led John- 
ston [5] to suggest that MAO may exist as a binary 
system of enzymes, enzyme A and enzyme B, each 
of which has a detectably different sensitivity to in- 
hibitors; the ratio of MAO-A to MAO-B in rat brain 
has been reported to be 6/4 using 2.1 mM tyramine 
as a substrate [13]. In contrast, it would appear that 
the human platelet contains essentially one detectable 
tyramine-deaminating form of MAO, which in our 
study is over 100-fold more sensitive to inhibition by 
deprenyl than by clorgyline. Edwards and Chang [4] 
have also recently reported human platelet MAO to 
be approximately 200-fold more sensitive to inhibi- 
tion by deprenyl (IDs) = 1.8 x 10~° M) than by clor- 
gyline (IDs, = 4.0 x 10°°M). That platelet MAO 
consists of only one distinguishable form is also con- 
sistent with the single tetrazolium-stained band de- 
scribed by Collins and Sandler[2] which was 
obtained by polyacrylamide gel electrophoresis, un- 
like the monoamine oxidases in human brain and 
liver which exhibit multiple electrophoretic bands 
[22]. Edwards and Chang [23] recently provided evi- 
dence for interacting catalytic sites for human platelet 
MAO and observed two tetrazolium-stained bands 
obtained by gel electrophoresis. Each band, however, 
had the same relative activity for each of the sub- 
strates used, and one of the bands of activity localized 
at the top of the gel appeared to be due to protein 
aggregation. The characterization of human platelet 
MAO as type B does not exclude the possibility of 
the occurrence of subtypes of this form. Species differ- 
ences in platelet MAO types may also occur, as pre- 
liminary evidence suggests that rabbit platelet MAO 
most closely resembles MAO type A [4]. In previous 
studies, similar responses to MAO-inhibiting drugs 
were observed for human whole brain and platelet 
monoamine oxidases using kynuramine as substrate; 
both tissues were most sensitive to inhibition by par- 
gyline [2, 24]. 

Our estimated pI;. values for various drugs for 
human platelet MAO are remarkably similar (with 
the exception of nialamide and inroniazid) to those 
reported by Johnston[5] for human brain. These 
similarities may possibly be related to the specificity 
and mode of inhibition of the various drugs, or per- 
haps may reflect the relative proportion of MAO-A 
to MAO-B in Johnston’s particular human brain 
preparation. Clorgyline was the only drug studied by 
Johnston for which two separate pl,, values (9.2 and 
5.3) were reported for human brain; the lower pls 
is similar to the value for human platelet MAO (5.4) 
found in our studies. Deprenyl and pargyline, which 
have been reported to selectively inhibit MAO type 
B in other tissues [7,9-11], were also observed to 
be the most effective inhibitors of human platelet 
MAO. Thus, in all characteristics studied, the platelet 
MAO-B appears similar, if not identical, to the B 
component of MAO found in other tissues, including 
brain. 
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Abstract—Repeated administration of cannabis extract on two uterine glycogen metabolising enzymes, 
glycogen phosphorylase and glycogen synthetase in prepubertal rats, treated with or without estradiol 
benzoate reduces the glycogen content of uterus by increasing phosphorylase activity (both total and 
form a) and by decreasing glycogen synthetase activity. In estradiol treated rats, however, cannabis 
extract has been found to inhibit the estradiol-induced rise in type a phosphorylase activity, glycogen 
synthetase activity being inhibited as in the previous case. Hence reduction of glycogen content in 
uterus by cannabis extract in estradiol-treated rats appears to be primarily due to decreased synthesis. 
The results indicate the antiestrogenic effect of this drug at the level of uterine glycogen metabolizing 


enzymes. 


Several studies done in the past by other workers 
[1-3] as well by our laboratory [4-8] have indicated 
that both cannabis extract and its active component 
delta-9-tetrahydrocannabinol (A°-THC) might have 
an antiestrogenic type of action in the female rats. 
Earlier work in this laboratory [4] has shown that 
the drug prolongs the estrous cycle particularly at 
the Di-estrous—Met-estrous phase. Borgen et al. [1] 
further showed that A°-THC decreases lactation. 
Observations made by Nir et al. [3] as well as by 
us [5,6] indicate that the drug suppresses serum 
luteinizing hormone and prolactin concentrations and 
also blocks ovulation. Further confirmation of the 
work came from Freudenthal et al. [2] who showed 
that radioactive A°-THC, when injected to female 
mice, is localized in high concentration in the corpora 
lutea of ovary. 

Working with prepubertal rats it was further indi- 
cated from our laboratory that cannabis extract in- 
creases uterine monoamine oxidase activity [8] and 
decreases uterine glycogen and water content [7,9] 
significantly, even in the presence of extraneous estra- 
diol. 

In the present paper we have tried to ascertain the 
mode of action by which cannabis reduces the gly- 
cogen content of uterus in normal as well as in estra- 
diol-treated prepubertal rat uterus. For this study two 
most important glycogen metabolizing enzymes of the 
organ have been estimated, namely glycogen phos- 
phorylase (a-1,4-glucan orthophosphate-a-glucosyl 
transferase) and glycogen synthetase (UDP glucose- 
glycogen glucosyl transferase). 





Address correspondence to: Prof. J. J. Ghosh, Ph.D., 
D.Sc., Centenary Professor & Head of the Department of 
Biochemistry, University College of Science, 35, Ballygunge 
Circular Road, Calcutta-19, India. 
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MATERIALS AND METHODS 


Animals and treatment. Eleven-days-old female rats 
of Charles Foster strain (10-12 g) were used in this 
study. The rats used were from an average litter size 
of 4 or 5 per mother and were maintained under stan- 
dard conditions of light for 14 hr/day (5.00—19.00 hr). 
The animals were divided into six groups, each group 
having at least ten rats. 

(I) Control groups treated with saline-6% Tween 
80 vehicle using the same volume as in treated ani- 
mals. 

(II) Animals treated daily with cannabis extract 
starting on day 11 after birth to 21 days of age, with 
11 injections. 

(III) Animals treated with a single dose of estradiol 
14 hr prior to sacrifice. 

(IV) Animals treated with cannabis extract as in 
Group II plus treatment with estradiol 14 hr before 
sacrifice. 

(V) Animals treated with estradiol 40 hr prior to 
sacrifice. 

(VI) Animals treated with cannabis extract as in 
Group II plus treatment with estradiol 40 hr prior 
to sacrifice. 

Injection was given between 10.00 hr to 11.00 hr 
daily and all the rats were sacrificed by decapitation 
at 22 days after birth, about 24 hr after the last injec- 
tion of cannabis. Estradiol was administered at two 
time-intervals viz., at 20.00 hr on day 21 and at 18.00 
hr on day 20 before sacrifice. The uterine tissues were 
rapidly removed, trimmed, weighed and a small piece 
was used for glycogen estimation. The rest was then 
homogenized in ice cold saline using a Potter—Elveh- 
jem homogenizer. The homogenate was centrifuged 
at a low speed of 3000 g for 30 min in an Interna- 
tional Refrigerated Centrifuge and the supernatant 
was used as the enzyme source. 
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Table 


I. CHAKRAVARTY and J. J. GHOSH 


i. Effect of cannabis extract on uterine glycogen content and phosphorylase activity of prepubertal rats 





Uterine wt Glycogen content 


Sp. act of phosphorylase 





(ug present 
per uterus; 
mean + S.E.M.) 


(mg; 


Group mean + S.E.M.) t-value t-value 


Total activity Phos-a activity 





Activity* 


(mean + S.E.M.) t-value mean + S.E.M. t-value ratio 





51.73 + 2.67 
39.18 + 1.36 


20.60 + 1.21 18.21* 


20.00 + 2.21 


Control 
Cannabis 


Estradiol'* 
Cannabis * 


224.78 
$7.74 


6.10 
3.76 


30.60 + 4.12 88.62* 
28.40 + 3.16 


Estradiol'* 


626.40 + 9.01 
166.11 + 9.59 


Estradiol*” 
Cannabis* 
Estradiol*® 


75.60 + 3.12 
60.50 + 1.12 


0.064 
0.082 
0.226 
0.141 


21.40* 9.92 + 1.52 


93.22 + 228 


151.9 + 7.21 
282.8 + 6.23 


284.8 + 12.67 2.26 
323.3 + 22.12 


64.48 + 3.15 
45.59 + 3.21 


0.037 
0.015 


166.6 + 4.23 


= 6.22 + 0.86 
175.0 + 10.68 


2.71 + 0.33 





Superscript in group column indicates hr of estradiol treatment. 
t-Values calculated on the basis of data obtained from ten rats in each group; students t-test. 


* Highly significant P > 0.005. 


Specific activity of phosphorylase expressed as yg phosphate liberated/mg protein/hr. 
** Activity ratio = (Phosphorylase a activity)/(Total phosphorylase activity) 


Dosage of A°-THC. Standard samples of cannabis 
obtained from United Nations Narcotics Laboratory, 
Geneva (Sample No. UNC-266, containing 10.6% 
A°’-THC) was semi-purified in the laboratory [10] 
and used for the experiments. The cannabis extract 
sample containing 8.0° A°-THC, 0.8% cannabidiol, 
2.2% cannabinol and other undetermined cannabi- 
noids, was administered at a dose of 10 mg A®-THC 
kg body wt subcutaneously (s.c.). Dosages were pre- 
pared by diluting the extract to a concentration of 
1 mg A’-THC/ml with normal saline containing 6% 
Tween 80 [11]; the suspension was administered in 
a volume of 0.1 ml/10 g body wt to each animal for 
eleven consecutive days, beginning when the rats were 
11 days old till they reached 21 days of age. Control 
animals received equivalent volumes of saline Tween 
80 vehicle for a similar period. 

Dosage of estradiol. Estradiol benzoate (Ovocycline, 
Ciba) in olive oil suspension was administered s.c. 
at a single dose of 1 yg in 0.1 cm*/rat either 14 hr 
or 40 hr prior to sacrifice of animals on 22 days of 
age (body wt 25-30 g). 

Estimations. Glycogen content: Glycogen content 
of fresh tissue was estimated according to the method 
of Seifter et al. [12] by the anthrone colour reaction. 

Glycogen phosphorylase activity: Glycogen phos- 
phorylase activity was estimated according to the 
method of Freedland et al. [13], both in the presence 
of 6 mM AMP (total activity) and in the absence 
of AMP (active phosphorylase a), respectively. Liber- 
ated phosphate was measured by using the method 
of Lowry et al. [14]. 

Glycogen synthetase activity: Glycogen synthetase 
activity was estimated according to the method of 
Rogers et al. [15], by using the phosphoenol pyruvate 
kinase coupled reaction method for UDP of Leloir 
and Goldenberg [16]. Specific activity has been 
expressed as change in O.D. 540 um/mg protein/hr. 

Protein content: Protein was estimated according 
to the method of Lowry et al. [17]. 


RESULTS 


Results presented in Table | indicate that cannabis 
extract reduces glycogen content of normal rat uterus 


significantly and also very prominently inhibits estra- 
diol-triggered accumulation of this component in the 
uterus [7,9]. This observation receives support from 
the work of El-sourogy et al. [18] who showed that 
A°-THC depletes liver glycogen content and increased 
blood glucose level at the same time. 

Regarding the results for total phosphorylase acti- 
vity (in the presence of 6 mM AMP), Table 1 further 
indicates that the total phosphorylase activity is signi- 
ficantly increased by cannabis extract in normal rat 
uterus, whereas in the estradiol-treated rat uterus, this 
increase is not so significant (P < 0.005). Individually 
both cannabis extract and estradiol increase total 
phosphorylase activity but when given together an 
additive effect is not seen. In case of the active phos- 
phorylase a, it is seen from Table 1 that, in normal 
rats, cannabis extract increases the enzyme activity 
significantly. Estradiol also increases type a forma- 
tion. But when cannabis extract and estradiol are 


[J Saline, tween 80 control 
Cannabis treated 
Cestradiol treated 


EE Cannabis + oestradiol 
treated 





Specific activity 

















No Oestradio! 14 hr 


40 hr 


hr after oestradiol injection 


Fig. 1. Effect of cannabis extract on uterine glycogen syn- 
thetase activity. 





Uterine glycogen metabolism in prepubertal rats 861 


given together, their combined effects are less than 
additive, i.e. the enzyme activity becomes lower than 
its respective hormonal control. Activity ratio (which 
is indicated by [Phosphorylase a activity]/[Total 
phosphorylase activity]) values also show similar 
trend. Both estradiol and cannabis increase the acti- 
vity ratio, but when given together the drug inhibits 
the estradiol-induced increase significantly. 

Figure 1 indicates that total uterine glycogen syn- 
thetase activity (in presence of 50 uM glucose-6-phos- 
phate) is significantly decreased by cannabis extract, 
both in normal as well as in estradiol-treated condi- 
tions. Estradiol by itself is observed to increase the 
enzyme activity, but when cannabis is given simul- 
taneously, this estradiol-induced increase is very 
prominently counteracted. 


DISCUSSION 


The two enzymes studied in the present text are 
glycogen phosphorylase and glycogen synthetase. 
Glycogen phosphorylase exists in two forms in almost 
all tissue systems including uterus [19, 20]. The active 
form of the enzyme is known as phosphorylase a, 
which is active even in absence of 5’ AMP while the 
inactive form, called phosphorylase b requires 5’ 
AMP for activation. Both types a and b are intercon- 
vertible by separate regulatory enzymes—phosphory- 
lase b kinase favoring the formation of the a form 
while phosphorylase phosphatase favours the b form 
of the enzyme [21]. Glycogen synthetase acting at 
the rate-limiting step in the conversion of glucose to 
glycogen [22] also exists in two forms [23]. Intercon- 
version of type I (active form) to type D (inactive 
form) proceeds by a phosphorylation reaction, similar 
to that described for the conversion of type b phos- 
phorylase (inactive form) to type a (active form). Syn- 
thetase D requires glucose-6-phosphate for activation. 
Type I to Type D conversion is catalysed by the 
enzyme phosphoprotein kinase, which is very similar 
to the phosphorylase b kinase. In fact, there is now 
good evidence that phosphorylase kinase and synthe- 
tase I kinase are the same enzyme [24]. 

Cannabis when given to normal rats is found to 
increase total phosphorylase activity (with increased 
type a formation), and to decrease total synthetase 
activity. Hence in normal, prepubertal rats reduction 
of glycogen content by this drug may be due to both 
increased breakdown and decreased synthesis. Since 
there is evidence that the same kinase may be respon- 
sible for both of these processes, it is possible that 
cannabis might in some way enhance this enzyme 
activity so that more type a phosphorylase (active 
form) and more type D synthetase (inactive form) are 
synthesised. Adrenaline may also be involved in these 
reactions, since on one hand the sensitivity of kinase 
to adrenaline is well-known [25,26], while on the 
other hand, the adrenal activation by cannabis has 
been observed by several workers [27]. 

In the case of estradiol-treated rats, the picture is 
quite different. Though total phosphorylase activity 
goes up to some extent, although not significantly 
(P < 0.005), it is seen that type a (active form) forma- 
tion is being prominently inhibited. This provides 
further evidence for the anti estrogenic nature of the 
action of A°-THC. Glycogen synthetase, on the other 


hand, is always inhibited by the drug in our exper- 
iments, while estradiol activates it. Hence in estradiol- 
treated uterus decreased synthesis appears to be the 
major mechanism by which cannabis extract reduces 
the glycogen content of the organ. 

The inhibition by cannabis of this delicate, well- 
controlled process appears to be at a very basic level 
because more than one of the principal enzymes re- 
sponsible seem to be affected. The lipophilic nature 
of the drug may play some important role regarding 
this. Previous studies made by Chari-Bitron and Bino 
[28], Mahoney and Harris [29] and Sarkar and 
Ghosh [30] showed A?-THC to have a great affinity 
for membrane phospholipids and it is therefore poss- 
ible that the drug may exert its anti estrogenic effect 
by inhibiting the binding of estradiol with some com- 
ponents at specific sites on the case membrane. 
A°-THC-induced lowering of estradiol level in man 
has already been reported by Jones [31], while 
Dingell et al. [32] reported the inhibitory effect of 
A°-THC on its conjugation. 

All the data obtained so far indicate that cannabis 
causes drastic changes in the hormonal balance of 
the body. But the main problem which still remains 
to be solved is the mechanism by which these changes 
are mediated—are they central or are they peripheral? 
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Abstract—The interactions of starch, cellulose, phosphocellulose, diethyl amino cellulose (DEAE-C), 
trimethylamino ethyl cellulose (TEAE-C), cellulose-acetate, carboxymethyl cellulose (cm-c), cellulose 
Ecteola (Ecteola-c) with aflatoxins B, and G, were studied by equilibrium dialysis. The ligands 
bind with starch at two sites but with ECTEOLA-C, DEAE-C and TEAE-C at one site. No 
significant binding to other derivatives of cellulose was observed. The chemical groups: 
—CH,—CH,—N={CH,—CH;), (DEAE), —{CH,—CH,—N*=(CH,—CH;),; (TEAE), and 
—CH,—CH,—CH,—N *=(CH,—CH,;—OH), (ECTEOLA), seem to aid binding. They are, however, 
not critical prerequisites for binding to occur since there was binding to starch in which these chemical 


groups are absent. 


The interaction of aflatoxins with proteins [1], DNA, 
purines, pyrimidines and their derivatives [2—5, 7] and 
histones [8] have been studied. These interactions 
were proposed as the biochemical basis of the toxic 
effects of aflatoxin B, on these macromolecules 
{1-5,12]. Further investigation to pinpoint the 
chemical basis of these interactions have also been 
reported [1,4,7,12]. Studies on the interaction of 
aflatoxin with DNA have particularly been detailed; 
embracing the roles of amino groups on the macro- 
molecule and ionic factor in the interaction [4, 6, 7]. 

These studies notwithstanding, the picture of the 
role of functional groups in the interaction of afla- 
toxins with macromolecules, particularly non-DNA 
macromolecules, remains hazy. A clear picture of the 
role of functional groups on macromolecules in their 
interaction with aflatoxins is necessary in the elucida- 
tion of the biochemical mechanism of action of afla- 
toxins. In this paper, therefore, we describe the effects 
of alteration of various chemical groups on polysac- 
charides on their interaction with aflatoxins. B, and 
G,. Although, starch, cellulose and its derivatives are 
not targets of aflatoxin lesion in mammalian cells, 
we have chosen them as macromolecular models for 
our study because the glucose chain is basically a 
constant moiety in all their structures, while the func- 
tional groups are variable. Any differences in their 
interaction with aflatoxins, therefore, could only have 
been due to the variations in their functional groups. 


MATERIALS AND METHODS 


Aflatoxins. Aflatoxins B, and G,; were purchased 
from Makor Biochemicals Ltd., Jerusalem, Israel. 

Polysaccharides and derivatives. Cellulose, phospho- 
cellulose, carboxymethyl-cellulose, diethylammocellu- 
lose, trimethyl-aminocellulose and ecteola-cellulose 
were all purchased from Solka-floc. Brown Company, 
500 Fifth Avenue, New York, 36 New York. Starch 
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was, however, purchased from Hopkin and Williams, 
Chadwell Heath, Essex, England. 

Dialysis tubing. Visking cellophane tubing was pur- 
chased from Scientific Instrument Centre, London, 
U.K. 

Before use, they were cleaned by rinsing on a shak- 
ing bath (Gallenkamp, U.K.) with deionized water for 
about 48 hr and were next stored in a 0.01 M sodium 
phosphate buffer pH 7.0 at a temperature of 4°. 

Dialysis experiment. 20 umole + 0.4 of each of the 
polysaccharides was suspended in 12ml 0.01M 
sodium phosphate buffer in pretreated Visking cello- 
phane tubing (12cm length x 3cm diameter). The 
solutions of aflatoxin ligands were prepared to give 
a concentration of 80 umole in 0.01 M sodium buffer 
pH 7.0 and diluted as required to give 40 umole, 
20 umole, 10 umole, and Symole concentrations. 
Since the aflatoxins are not readily soluble in water, 
they were initially dissolved in a minimum quantity 
of N,N-dimethyl formamide before being diluted to 
volume with the buffer [1]. 

The cellophane tubings holding the 20 umole sus- 
pensions of polysaccharides were placed in 15 ml 
buffer solutions of aflatoxins B, and G, in 50 ml glass 
tubes covered with cotton wool. The assemblies were 
rocked in a shaking bath at a frequency of 150 cycles/ 
min at 25° + 1 for 12hr. Within this time interval 
equilibration had occured. Controls consisting of afla- 
toxins in buffer solutions outside and buffer solutions 
devoid of polysaccharides inside were included in all 
runs. These controls were also used to determine the 
degree of binding of aflatoxins to the Visking cello- 
phane materials of the tubings. As binding to the 
material did not occur with any of the two aflatoxins, 
no corrections for dialysis tubings was required in 
the experimental calculation. 

Five different concentrations of the aflatoxins (5, 
10, 20, 40 and 80 umole) were used while the level 
of polysaccharides was maintained at 20 umole. The 
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amount of free aflatoxins in equilibrium with bound 
aflatoxins was estimated by measuring the concen- 
tration in Unicam S.P. 500 (Unicam Instruments, 
Cambridge, England) at the appropriate wavelength 
of either aflatoxin B, (360nm) or aflatoxin G, 
(362nm) [9,i0]. The amounts of polysaccharide- 


and unbound ligand concentration from the initial 
concentration [13]. Binding constants were analysed 
using the scatchard equation [11], assuming the law 
of mass action. Other calculations to determine the 
free energy associations constants, average number of 
binding sites on polysaccharides were based on the 


bound aflatoxin was calculated by subtracting the free method of R. A. O’Reilly [13-15]. 
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Fig. l(a) (aflatoxin B,) and Fig. 1(b) (aflatoxin G,}—Scatchard plot of data for binding of aflatoxins 
B, and G, to starch and three derivatives of cellulose—ECTEOLA-cellulose (ECTEOLA-C), DEAE-cel- 
lulose, (DEAE-C) and TEAE-cellulose, (TEAE-C). Five different concentrations of aflatoxins B, and 
G, (S5umole, 10 umole, 20 mole, 40 ymole, 80 ymole) were interacted with 20 umole of each of the 
polysaccharides. Scatchard equation for the law of Mass action, V/A = Kn-K V, was made use of: 
where V is the molar ratio of bound aflatoxins B, and C, to polysaccharides. A is the molar concentration 
of free aflatoxins G, and B, at equilibrium. K is the average association constant for the binding 
at each site and n is tie average number of binding sites on a polysaccharide molecule. For each 
polysaccharide, V and V/A and their standard errors at each concentration studied were calculated. 
The regression line was calculated for each set of data by the method of least squares. Each point 
on the graph is the mean of five determinations. Starch, @——-@; ECTEOLA-cellulose, A——-A; TEAE- 
cellulose, B——@; DEAE-cellulose W-——-¥; Mean + S.E., é. The values of V/A plotted against 
V give a straight line when the binding sites are independent and equivalent. 
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RESULTS 


In the binding experiment, aflatoxins B, and G, 
were found to bind to starch, diethylaminocellulose 
(DEAE-C), triethylamino-cellulose (TEAE-C) and 
ECTEOLA-cellulose. No binding was _ observed 
between the aflatoxins and cellulose, phosphoceilu- 
lose, carboxymethyl! cellulose and cellulose acetate. 

The binding data for the four polysaccharides 
which bind aflatoxins B, and G, are shown in Table 
1. From this table, it is apparent that starch has an 
average number of binding sites of two for aflatoxins 
B, and G, while the other polysaccharides have one 
binding site. Also, the standard free energies for the 
binding of aflatoxins B, and G, to the polysacchar- 
ides seem to be highest in starch and least in DEAE- 
cellulose (Starch > ECTEOLA-cellulose > TEAE- 
cellulose > DEAE-cellulose). Aflatoxin B, seems to 
bind more strongly to any of the polysaccharides than 
aflatoxin G,. 

Figures !(a) and 1(b) show a typical Scatchard plot 
for binding sites that are independent and equivalent 
(i.e. non-cooperative type of binding). 


DISCUSSION 


The significant difference between the binding 
properties of starch compared with those of cellulose, 
show that the —OH groups on the glucose units 
which make up the two polysaccharides do not play 
critical roles in the binding interaction. This should 
be expected because of the hydrophilic nature of the 
—OH groups [14-17]. Since, in addition, starch and 
cellulose have similar primary chemical structures, it 
would appear that the secondary and tertiary struc- 
tures of the two polysaccharides play a decisive role 
in this difference in their binding interactions. 

The results for the binding of the aflatoxins to 
cellulose and its derivatives show a marked variation 
based on different chemical groups substituted in the 
basic chemical structures of cellulose. Thus, cellulose 
and its derivatives-carboxymethy] cellulose, phospho- 
cellulose and cellulose acetate did not bind the afla- 
toxin while the amino derivatives of cellulose-Ecteo- 
la-cellulose, TEAE-cellulose, and DEAE-cellulose 
bound the aflatoxins. The presence of an amino group 
seems to induce binding ability in cellulose. The abi- 
lity of amino groups to aid the binding of aflatoxins 


to macromolecules has previously been reported [5]. 
The increase in the number of methylaminoethyl 
chemical group from 2 in DEAE-cellulose to 3 in 
TEAE-cellulose seems to have increased the binding 
ability of the latter. This increase in the binding abi- 
lity was probably due to an increase in the hydro- 
phobic nature of the macromolecule [13, 14, 18]. The 
effect of increase in the number of methylamino ethyl 
groups seems less significant beyond 3. This is appar- 
ent in the similarity between the binding data of 
TEAE-cellulose and ECTEOLA-cellulose. 

On the whole, the binding data of aflatoxins B, 
and G, are similar for any particular polysaccharide. 
This trend seems to conform to the belief that the 
critical structure in the binding of aflatoxins is the 
5-methoxycoumarin moiety [1,15] which is present 
in aflatoxins B, as well as G,. 
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Abstract—The effect of f-receptor blocking agents on ['*C]Jamino acid incorporation into protein 
in cultures of chick embryo liver cells was studied. DL-Propranolol, a f-blocker with non-specific 
membrane effects, caused a 40 per cent inhibition of incorporation of ['*C]amino acids into protein. 
The inhibition was concentration dependent and reversible. A similar inhibition was obtained by 
oxprenolol (Trasicor), which is also a f-receptor blocking agent with non-specific membrane effects, 
and by the membrane active compounds: D-propranolol, lidocaine and quinidine. Pindolol (Visken), 
and practolol, which are almost devoid of membrane activity, were ineffective. These data indicate 
that the inhibitory effect of pL-propranolol and oxprenolol on protein synthesis is caused by their 


non-specific membrane effects. 


In previous investigations we have shown that DL- 
propranolol, an agent blocking adrenergic f-receptors 
with non-specific membrane effects [1], reduces sig- 
nificantly the induction of experimental porphyria in 
rats [2]. Further experiments carried out in tissue cul- 
tures of chick embryo liver cells showed an inhibitory 
effect of propranolol and some other f-blockers on 
induction of  delta-aminolevulinate synthetase 
(EC 2.3.1.37) [3,4], the rate limiting enzyme in por- 
phyrin biosynthesis [5]. It was not clear whether this 
inhibition is caused by a specific effect of some 
B-receptor blocking agents on induction of delta- 
aminolevulinate synthetase or whether these agents 
non-specifically inhibit protein synthesis in general. 
We, therefore, examined the effect of DL-propranolol 
and other f-receptor blocking agents on amino-acid 
incorporation into protein in tissue cultures of chick 
embryo liver cells. The experiments showed that some 
of these agents reduce the incorporation of amino 
acids into proteins in this system. 


MATERIALS AND METHODS 


Preparation of cell cultures: Seventeen days old 
chick embryo liver cells were prepared and incubated 
in Eagle’s Minimal Essential Medium with 10% fetal 
calf serum at 37° and 5% CO,: 95% air, according 
to Granick [6]. Leucine concentration in the medium 
was 25.8 mg/l. Incubations were carried out in petri 
dishes, 5cm diameter (Nunclon, Denmark). After a 
preliminary incubation of 24 hr the medium contain- 
ing non-adherent cells was discarded, replaced by 
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fresh medium and incubations were continued for 
another 24 hr. 

Determination of incorporation of ['*C]leucine 
and ['*C]amino acids into trichloroacetic acid preci- 
pitable proteins: the culture medium was removed 
and fresh medium (3 ml) was added prior to labelling 
with ['*C]leucine. 1 Ci uniformly labelled ['*C]:- 
leucine 270-324 mCi/m-mole or ['*C]amino acids, 
high sp. act. mixture, both from the Radiochemical 
Centre, Amersham, England, were added to the cul- 
tures, together with DL-propranolol or other drugs. 
After 30 min incubation the medium was discarded 
and the petri dishes with adherent cells were rinsed 
twice with 0.05 M Tris-buffer pH 7.4. The cells were 
scraped from the bottoms of the dishes in 1 ml buffer 
and homogenized. For protein determination 0.02 ml 
homogenate were removed. Ice cold 10% TCA was 
added in equal vol to the homogenate and mixed. 
After centrifugation for 10 min at 5000g the precipi- 
tate was washed three times with ice cold 5% TCA, 
transferred to a Millipore filter, 0.45 um, (Millipore 
Corporation, Massachusetts) washed again with ice 
cold 5% TCA and dried. Each filter was placed in 
a counting vial containing 10 ml scintillation fluid 
composed of PPO 11.2 g, dimethyl POPOP 15 mg, 
dioxan 375 ml, toluene 375 ml, methanol 225 ml, and 
naphthalene 78 g. Radioactivity was measured in a 
Packard Tri-Carb liquid scintillation spectrometer, 
Model 544, with a correction unit for dis/min. Results 
were calculated as dis/min per mg protein. 

In control experiments t-RNA was hydrolysed with 
1 M NaOH, hot TCA (80°) or RNase. The difference 
in radioactivity between these samples and those 
treated with cold TCA was not significant. 

Protein determination: Proteins were determined 
by the method of Lowry et al. [7] with bovine serum 
albumin as standard. 
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Fig. 1. The effect of pL-propranolol on incorporation of 
['*C]leucine and of ['*C]amino acids into protein in chick 
embryo liver cells. pL-Propranolol in various concentra- 
tions and 1 wCi ['*C]leucine or ['*C]amino acids were 
added to cultures of chick embryo liver cells. After 30 min 
incubation the incorporation of ['*C]leucine or 
['*C]amino acids into protein was determined (see Mater- 
ials and Methods). The value of incorporation obtained 
in the control cultures was 8467 + 656 dis/min/per mg pro- 
tein. This value was considered as 100 per cent and results 
are expressed as per cent inhibition of ['*C]leucine or 
['*C]amino acids incorporation into protein. Each value 
represents the mean and standard deviation of 6-8 deter- 
minations. @ @ Inhibition of incorporation of 
['*C]leucine. x x Inhibition of incorporation of 
['*C]amino acids. 


The addition of cycloheximide, 250 ng/ml medium, 
caused an inhibition of 99 per cent of ['*C]leucine 


incorporation in this system. Each experiment was 
carried out in duplicate or triplicate 2-5 times. 

pL-Propranolol and practolol were donated by 
Abic, Ramat-Gan, Israel, and D-propranolol by Dr. 
H. A. Johnston, Imperial Chemical Industries, Eng- 
land. Pindoloi was a generous gift from Dr. H. 
Friedli, Sandoz AG, Basel, Switzerland. Quinidine 
sulfate was obtained from Pharmaplantex, Netanya, 
Israel. Fetal calf serum was obtained from the Grand 
Island Biological Company, U.S.A. and Eagle’s Mini- 
mal Essential Medium from the Laboratory of Pub- 
lic Health, Jaffa, Israel. All other reagents were of 
the highest purity commercially available. 


RESULTS 


DL-Propranolol inhibited to the same extent the in- 
corporation of both ['*C]leucine and a mixture of 
['*C]amino acids into trichloroacetic acid precipi- 
table material in cultures of chick embryo liver cells; 
the inhibition was lineary related to the concentration 
of propranolol and reached 35-40 per cent in the 
presence of 60 ug propranolol per ml medium (Fig. 
1). At higher concentrations of propranolol the cells 
lost their viability according to the trypan blue test 
and became detached from the bottoms of the culture 
dishes. 

Figure 2 shows that the inhibition of leucine incor- 
poration was dependent upon the duration of contact 
of the cells with propranolol. The curve relating per 
cent inhibition to duration of contact shows a steep 
slope during the first 30min and a plateau after 
60 min. Maximal inhibition of nearly 50 per cent was 
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Fig. 2. The effect of time on inhibition of incorporation 
of ['*C]leucine into proteins caused by DL-propranolol in 
cultures of chick embryo liver cells. Cultures were incu- 
bated for 0-270 min in the presence of DL-propranolol, 
60 ug/ml medium. In simultaneously run experiments con- 
trol cultures were incubated for 0-270 min in the presence 
of vehicle only. At each time indicated incorporation of 
['*C]leucine into protein of the cells was determined. 
Results are expressed as per cent inhibition of ['*C]leucine 
incorporation compared to control values. Each value is 
the mean and standard deviation of 6-8 determinations. 


obtained after incubation of the cells in the presence 
of propranolol during approximately one hr after 
which no further increase in inhibition occurred. 

The inhibition of incorporation of leucine into pro- 
teins was reversible, but the reversal required changes 
of the medium, as shown in Table 1. 

Relief of the inhibition induced by propranolol 
could not be obtained without changing the medium 
several times, even when the incubation was con- 
tinued for several hours after exchanging the pro- 
pranolol containing medium with medium without 
propranolol. 


Table 1. Reversibility of the effect of propranolol on incor- 
poration of ['*C]leucine into protein* 





% decrease in 
incorporation 
of ['*C]leucine 


Min incubation 
after removal 
of propranolol 


Number of 
changes of 
medium 





38.5 + 4.5 

28.5 + 4.5 

23.0 + 2.0 

19:5: + O85 
0 





* Cultures of chick embryo liver cells were incubated 
with and without DL-propranolol, 60 yg/ml medium. After 
30 min the medium was removed, the adherent cells were 
rinsed and incubated for another 30min with fresh 
medium not containing propranolol. Medium was 
exchanged up to four times after each 30 min of incubation. 
1 uCi ['*C]leucine was added to the cultures at the begin- 
ning of the last 30min incubation period. The per cent 
decrease was calculated on the basis of controls which 
were treated exactly like the propranolol experimental cul- 
tures but no propranolol was added to the medium during 
the first 30 min of incubation. The per cent decrease shows 
the mean and standard deviation of 4 separate experi- 
ments. 
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Table 2. The effect of B-receptor blocking agents and membrane active compounds 
on ['*C]leucine incorporation into protein in cultured chick embryo liver cells 





Concentration 
ug/ml medium 


Drug 


% inhibition 
of ['*C]leucine 
incorporation 





B-Receptor blocking 
agents with non-specific 
membrane effects 


1. DL-Propranolol 


2. Oxprenolol (Trasicor) 


B-Receptor blocking 
agents without membrane 
effects 


3. Pindolol (Visken) 


4. Practolol 


Membrane active compounds 
5. D-Propranolol 


6. Quinidine sulfate 


7. Lidocaine 





Cultures were prepared as described in Materials and Methods. ['*C]leucine, 


1 wCi, was added to each culture together with the agent the effect of which was 
examined. After 30 min incubation the medium was removed and ['*C]leucine 
incorporation was determined. The control value was considered as 100 per cent 
and results are expressed as per cent inhibition of ['*C]leucine incorporation into 
protein. Each value represents the mean and standard deviation of 4-8 determina- 


tions. 


DL-Propranolol has both f-receptor blocking 
properties and a membrane stabilizing effect. In order 
to ascertain which of these activities caused the 
observed inhibition of protein synthesis some other 
drugs were examined. 

Table 2 shows that the f-blockers DL-propranolol 
and oxprenolol caused virtually similar inhibitions of 
incorporation of L-leucine when given at high concen- 
trations. Both these drugs also have membrane effects. 
Pindolol and practolol which are devoid of mem- 
brane activity were ineffective in concentrations 
related to their potency as f-receptor blocking agents. 

D-Propranolol, the D-isomer of propranolol, has a 
very slight B-blocking effect but its membrane action 
is similar to that of DL-propranolol. Quinidine and 
lidocaine have a membrane stabilizing action but are 
structurally and functionally unrelated to f-receptor 
blocking agents. These three drugs also inhibit amino 
acid incorporation when added to the cultures. D-Pro- 
pranolol was effective at a concentration similar to 
that of pL-propranolol. The effective concentrations 
of quinidine and lidocaine were determined experi- 
mentally. The high concentration of lidocaine 
required is in accordance with its lesser potency as 
compared to quinidine. 


DISCUSSION 

B-Receptor blocking agents with non-specific mem- 
brane activity have a multitude of effects, some of 
which are related to blockade of the f-receptors and 
others to their effects on membrane. 

In previous investigations it was shown that DL- 
propranolol, a B-blocker drug with membrane effects, 
markedly decreased induction of the enzyme delta- 
aminolevulinate synthetase in rat liver in vivo and in 
tissue cultures of chick embryo liver cells. The drug 
had no effect on the basal activity of this enzyme 
[2-4]. 

This induction is thought to be the result of in- 
creased synthesis of the enzyme, either by increased 
translation or enhanced transcription [8-10]. In the 
present experiments, it is shown that the above inhibi- 
tion caused by DL-propranolol is not specific for in- 
duction of delta-aminolevulinate synthetase but for 
protein synthesis in general. In cultures of chick 
embryo liver cells DL-propranolol, a f-blocker with 
non-specific membrane effects, partially inhibits the 
incorporation of ['*C]leucine and of ['*C]amino 
acids into proteins. This inhibition is reversible, 
though the technique required for complete reversal 
indicated that the drug has a high affinity for liver 
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cells. ‘This is in accordance with other observations 
[11]. 

Examining a variety of other substances it was 
further shown that the membrane active compounds: 
D-propranolol, quinidine and lidocaine in appropriate 
concentrations also inhibit the incorporation of 
['*C]leucine into proteins. Oxprenolol, a f-blocker 
drug with membrane effects, acted like DL-proprano- 
loi. On the other hand, pindolol and practolol, two 
drugs which are f-blockers practically devoid of 
membrane effects, did not influence the incorporation 
of ['*C]leucine into proteins. It seems, therefore, 
reasonable to assume that the membrane effects cause 
the inhibition of incorporation of amino acids into 
proteins in cultured chick embryo liver cells. 

It has been pointed out that remarkably little infor- 
mation is available about the interaction between 
properties of biological membranes and protein syn- 
thesis [12]. Similarly, very little is known about the 
effect of membrane active drugs on protein synthesis. 
Loca! anesthetics are membrane active compounds. 
Their action is possibly mediated by an increase in 
the disorder of lipid molecules, an expansion of the 
lipid portion of the membrane, or conformational 
changes in proteins, intimately associated with lipids 
[13-15]. According to Vail et al. [16] the ability of 
these drugs to displace membrane bound Ca**, could 
induce changes in the organization of peripheral pro- 
teins involved in regulating the distribution of cell 
surface receptors. DL-Propranolol, a f-blocker agent 
with non-specific membrane activity, affects markedly 
the permeability and buffering capacity of mitochon- 
drial membranes. These changes were interpreted to 
be the result of a change in the membrane charge 
distribution and of perturbation of the membrane 
structure [17]. It has also been shown that DL-pro- 
pranolol affects sodium and potassium exchange 
[18,19] and inhibits membrane ATPase [20]. 

Which of these membrane properties, or others, are 
related to inhibition of incorporation of amino acids 
into proteins in cultures of chick embryo liver cells 
is unclear. The effects observed might be caused by 
reduced uptake of amino acids by the cells. Further 


investigations are in progress to elucidate this inhibi- 
tion. 
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Abstract—Atropine sulphate was found to inhibit rat brain and heart monoamine oxidase in vitro. 
It was found to act as competitive inhibitor, the enzyme-inhibitor dissociation constant (K;) was found 
to be 7.36 x 10-3 M and 5.5 x 10°? M for brain and heart monoamine oxidase, respectively. In addi- 
tion, the kinetics of inhibition of rat brain and heart monoamine oxidase by atropine sulphate was 


also investigated. 


Atropine is the drug of choice in the treatment of 
organophosphate poisoning. It can antagonise the in- 
crease of cerebellar choline induced by oxotremorine 
or physostigmine [1] in the mouse. In rat brain it 
prevents the decrease in the level of iron and total 
flavines induced by physostigmine or amiton [2]. 

In continuation to our studies on rat brain choline- 
esterase and rat brain monoamine oxidase inhibi- 
tors [3-5], the inhibitory effect of atropine on rat 
brain and heart monoamine oxidase is evaluated. 


MATERIALS AND METHODS 


Materials. Serotonin creatinine sulphate (contains 
43.5% serotonin) was obtained from May and Baker, 
Dagenham, England; Antemovis ampoules (each con- 
tains 5 mg of serotonin creatinine double sulphate) 
were obtained from Vister, Casatenovo, Italy. Atro- 
pine sulphate was obtained from E. Merck, Darm- 
stadt. 

Rat brain or heart monoamine oxidase were pre- 
pared according to the method described by Roth 
and Gillis [6]. Albino rat brains (30 g) or heart (50 g) 
were removed and placed immediately into ice-cold 
250 mM sucrose, blotted dry, weighed and then each 
homogenized in 2 vol. of potassium phosphate buffer 
(w/v; pH 7.4, 0.1 M) containing sucrose (250 mM) in 
a Waring blender (5 sec, two times) and then in a 
motor driven Teflon-glass homogenizer. The resulting 
homogenates were centrifuged twice at 600g for 10 
min to remove cellular debris. The supernatant solu- 
tions from the second centrifugation were centrifuged 
at 10,000 g for 20 min and the resulting mitochondrial 
precipitates were resuspended by homogenization in 
the phosphate buffer previously described. These sus- 
pensions were again centrifuged at 10,000 g for 20 min 
and the final mitochondrial precipitates were resus- 
pended by homogenization in potassium phosphate 
buffer (pH 7.4, 0.1 M) to give protein concentration 
of approximately 20 mg/ml. The protein content was 
determined by the method of Lowry [7]. These sus- 
pensions were frozen in aliquots and thawed immedi- 
ately before use. 

Determination of enzyme activity. Brain or heart 
monoamine oxidase activities were determined by the 
method described by Udenfriend et al. [8]. The pro- 
tein concentrations of the enzyme suspensions were 
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adjusted to approximately 1.5 mg/ml. In this method, 
the assay mixture contained serotonin as substrate, 
0.124 wmole/ml; Na,HPO,: NaH,PO,, pH 7.4, 375 
umole/ml; and 0.3ml of brain or 0.2ml of heart 
monoamine oxidase preparation. Incubations were 
performed in a shaking water bath at 37° for 5 min. 
The rate of deamination of serotonin by brain mono- 
amine oxidase was determined in absence of inhibitor 
and in presence of 7mM of atropine sulphate at dif- 
ferent intervals: 0, 3, 5, 8 and 10 min. Heart mono- 
amine oxidase was also investigated during these time 
intervals. 

Substrate-enzyme inhibitor response. The effect of 
different concentrations of atropine sulphate on brain 
or heart monoamine oxidase was carried out by 
preincubating the enzymes with different concen- 
trations of the inhibitor for 5 min after which the 
substrate was added and the residual activity of the 
enzyme assayed after further incubation for 5 min. 
With brain monoamine oxidase, atropine sulphate 
concentrations were: 0.35, 1.1, 1.8, 3.5, 7.1, 17.8 and 
35.5 mM, while in case of heart monoamine oxidase, 
the inhibitor concentrations were: 0.7, 1.8, 3.5, 7.1, 
17.8 and 35.5 mM. 

The kinetics of inactivation of brain or heart mono- 
amine oxidase by atropine sulphate. This was carried 
out by preincubation of the enzyme with the inhibitor 
for 5, 10, 15 and 20 min in case of brain monoamine 
oxidase and for 5, 8, 13 and 16 min in case of heart 
monoamine oxidase. After the specified time intervals 
the substrate was added and the reaction mixture was 
further incubated for 5 min then the enzyme activity 
assayed as described above. Atropine sulphate was 
kept at constant concentration for each experiment 
(3.5 or 7.0 or 14.0 or 28.0 mM). 

For the determination of the type of inhibition and 
the enzyme-inhibitor dissociation constants (K;,); the 
enzymes were instantaneously inhibited by atropine 
sulphate in the presence of the substrate; in this case 
the substrate concentration was varied (0.62, 0.94, 
1.24, 1.85 and 2.47 x 10~*M). The inhibitor was kept 
at constant concentration for each experiment (7 or 
14 or 28mM), then the mixture was incubated for 
5 min at 37°. 

Dialysis. The enzyme (0.3 ml of brain or 0.2 ml of 
heart monoamine oxidase preparations) with the in- 
hibitor (28 mM) were dialysed overnight against phos- 
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Fig. 1. 


phate buffer at 4° with occasional change of buffer. 
Controls of enzyme without inhibitor dialysed and 
undialysed were also taken. 


RESULTS AND DISCUSSION 


In all experiments carried out in this work the 
amount of brain or heart monoamine oxidase prep- 
arations used were adjusted to deaminate not more 
than 20% of the substrate. Under these conditions, 
the rate of the reaction was satisfactorily linear during 
the first 8 min in absence or presence of atropire 
sulphate (Fig. 1). 

Behaviour of brain and heart monoamine oxidase 
under the influence of different concentrations of atro- 
pine sulphate. Figure 2 shows the effect of preincubat- 
ing increasing concentrations of atropine sulphate 
with brain or heart monoamine oxidase prior to 
assaying their activities towards serotonin as sub- 
strate. It can be seen that inhibition of serotonin de- 
amination in case of heart monoamine oxidase shows 
the biphasic response (pI;, = 1.6) which is in agree- 
ment with the results previously described by Mantle 
et al. [9] in their studies on the inhibition of trypta- 
mine deamination by rat liver monoamine oxidase 
using 5-phenyl-3-(cyclopropyl)ethyl-amine 1, 2, 4-oxa- 
diazole (PCO) as inhibitor. In case of the inhibition 
of serotonin deamination by brain monoamine oxi- 
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dase using atropine sulphate as inhibitor, the inhibi- 
tion followed a classical sigrnoidal dose-response 
curve (pI;, = 1.65) which is similar to that described 
by Mantle et al. [9] for the inhibition of serotonin 
deamination by rat liver monoamine oxidase using 
PCO as inhibitor. 

Kinetics of inhibition of rat brain and heart mono- 
amine oxidase by atropine sulphate. Varying the period 
of preincubation of the enzymes with atropine sul- 
phate showed that in all cases, the inhibition was time 
dependent in the first part of the curves. Figures 3 
and 4 show the time course of the inhibition of brain 
and heart monoamine oxidase by increasing concen- 
trations of atropine sulphate. By increasing the prein- 
cubation time up to 10 min in case of brain mono- 
amine oxidase or up to 8 min in the case of heart 
monoamine oxidase, inhibition of the enzymes in- 
creased progressively. On further increase in the 
preincubation time no more inhibition could be 
observed. In the case of both brain or heart mono- 
amine oxidase the curves were nearly similar in out- 
line and also in accordance with those given by 
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Inhibition of rat brain and heart monoamine oxidase by atropine 


Table 1. First order and bimolecular rate constants for the inactivation of rat brain 
or heart monoamine oxidase by atropine sulphate 





Atropine 
sulphate 
concn. 
(mM) 


Rate constant 
10° k; (min~') 


Bimolecular rate 
constant 
k, (M7! min~') 


Bimolecular rate 
constant 
k, (M7! min~') 


Rate constant 
10° k; (min~') 





10.3 + 1.5 
23.0 + 0.0 
Ne ae a 
120.4 + 9.5 


27.6 + 0.0 7.9 + 0.0 
7.9 + 0.0 
8.8 + 0.2 


8.4+ 03 





First order rate constants (k;) were calculated from the first part of the curves 
(Figs. 3 and 4), where the slope is: —k;,/2.303. The bimolecular rate constant (k,) 
was calculated from the relationship: k; = k, [1] [9]. 


Mantle et al. [9] in their study on liver monoamine 
oxidase inhibition by PCO. 

In case of heart monoamine oxidase, in presence 
of a concentration of 3.5mM _ of atropine sulphate, 
serotonin deamination showed 30 per cent inhibition 
at zero time preincubation. By increasing the concen- 
tration of atropine sulphate to 7, 14 and 28 mM and 
also at zero time preincubation, the percent inhibition 
was increased and gave 40, 60 and 70, respectively. 
A similar behaviour of brain monoamine oxidase was 
also obtained. At zero time preincubation, increasing 
concentrations of atropine sulphate, 3.5, 7.0, 14.0 and 
28.0 mM, serotonin deamination was inhibited by 16, 
33, 50 and 71 per cent, respectively (Fig. 4). At low 
inhibitor concentrations, 3.5 and 7.0mM, heart 
monoamine oxidase showed higher degree of inhibi- 
tion than brain monoamine oxidase, at higher con- 


centrations both enzymes were similarly inhibited. 
The kinetic behaviour of atropine sulphate towards 
brain or heart monoamine oxidase could be explained 











on the basis of “fast” and “slow” reaction centres on 
the enzyme surface[9]. The inhibition values 
obtained at zero time preincubation represent the fast 
inhibition while the inhibition values obtained during 
the first part of the curves (Figs. 3 and 4) represent 
the slow inhibition. The rate constant and bimolecu- 
lar rate constant (Table 1) for the inactivation of rat 
brain and heart monoamine oxidase by atropine sul- 
phate were calculated from the first parts of the 
curves, Figs. 3 and 4. It seems that the slight vari- 
ations (Table 1) in the apparent bimolecular rate con- 
stants (k,) caused by using different concentrations 
of atropine on brain or heart monoamine oxidase is 
insignificant within each system. However, there is 
significant difference between those values of apparent 
bimolecular rate constants (k,) obtained for brain or 
heart monoamine oxidase, under the influence of the 
same concentration of atropine sulphate. 

With respect to the type of inhibition, Figs. 5 and 
6 showed that the double reciprocal curves of I/v plot- 
ted against I/[s], keeping the inhibitor (atropine sul- 
phate) at constant concentration for each experiment 
(7, 14 and 28 mM) and changing the substrate concen- 
trations (serotonin) in case of both brain or heart 
monoamine oxidase, were in accordance with those 
mentioned by Dixon [10] for the competitive type of 
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Table 2. The enzyme inhibitor dissociation constant (K;,) for brain and heart mono- 
amine oxidase in the presence of atropine sulphate. K,, is Michaelis constant 





Constant Brain 


Heart 





*K; (calculated) 
K; (slope replot) 


m 


7.36 x 10°37 +0.9M 
7.70 x 10°3M 
2.65 x 10°*M 


54x 10°7+08M 
5.2 x 10°3M 
6.25 x 10°*M 





* The mean value of K; at different inhibitor concentrations: 7, 14 and 28 x 10°7M 


of atropine sulphate. 


inhibition. The slope replots (inset Figs. 5 and 6) show- 
ing that atropine sulphate was a linear competitive 
inhibitor (after the Cleland nomenclature, Mantle et 
al.[9]) of brain and heart monoamine oxidase with 
a K; of 7.7 and 5.2 mM, respectively. The calculated 
values of K; (Table 2) (the enzyme-inhibitor dissocia- 
tion constant) and those found from the slope replots 
are in satisfactory agreement with each other. 
Michaelis constant (K,,) for both brain and heart 
monoamine oxidase are also given in Table 2. 

The inhibitory effect of atropine sulphate on brain 
or heart monoamine oxidase could be abolished by 
dialysis. The dialysed enzymes recovered their ori- 
ginal strength and hydrolyzed nearly the same 
amount of substrate as that of uninhibited controls. 
These results suggest that the action of atropine sul- 
phate as inhibitor on brain or heart monoamine oxi- 
dase is reversible. 
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Abstract—The effect of betamethasone-17-valerate on the biosynthesis of collagen was studied in matrix- 
free chick embryo tendon cells in vitro and the activity of prolyl hydroxylase was assayed in the 
cells after incubation with the steroid in vitro and after injection of the steroid on to chorioallantoic 
membrane of embryonated eggs. Tendon cells synthesized collagen at a rapid rate and the synthesis 
was essentially linear for up to about 7 hr when studied by labelling with ['*C]proline. The secretion 
of collagen ['*C]hydroxyproline was also almost linear for up to 7 hr. Betamethasone-17-valerate de- 
creased the total incorporation of ['*C]proline and the decrease in the synthesis of ['*C]hydroxyproline 
was larger than the decrease in the total incorporation, indicating that the collagen synthesis was 
affected more than other protein synthesis. Betamethasone-17-valerate had no effect on the activity 
of prolyl hydroxylase, when the cells were incubated with this steroid in vitro or, when the activity 
of the purified enzyme was assayed in the presence of this steroid. When the steroid was injected 
on to chorioallantoic membrane of embryonated eggs, the activity of prolyl hydroxylase decreased 
markedly in the tendon cells, indicating that in the system studied the amount of prolyl hydroxylase 


is decreased or that the enzyme is inactivated by this steroid in vivo. 


The administration of anti-inflammatory steroids pro- 
duces profound effects on collagen metabolism both 
in humans [1] and in experimental animals [2, 3, 4]. 
There is general agreement that steroids have mainly 
an anti-anabolic effect on collagen metabolism 
[3, 4,5]. Recently it has been reported that the anti- 
anabolic effect of anti-inflammatory steroids may 
result from a decrease in the activity of prolyl hy- 
droxylase [6], the enzyme catalyzing the hydroxyl- 
ation of certain prolyl residues during collagen bio- 
synthesis (for reviews on collagen biosynthesis, see 
[7-10]. Triamcinolone diacetate decreased markedly 
the activity of prolyl hydroxylase in rat tissue and 
the effect was dependent on the dosage of steroid [6]. 
The decrease in the activity of prolyl hydroxylase cor- 
related to a decrease in the synthesis of collagen [11]. 

Matrix-free chick-embryo tendon cells have been 
used to study collagen biosynthesis in vitro [12, 13]. 
The major protein synthesized by the cells is collagen 
[12] and so these cells are suitable for studying col- 
lagen synthesis in vitro. 

In the present work the effect of betamethasone-17- 
valerate on collagen biosynthesis was studied in vitro 
in freshly isolated chick-embryo tendon cells. In addi- 
tion the activity of prolyl hydroxylase was assayed 
in tendon cells in vitro and after administration of 
this steroid on to chorio-allantoic membranes of 
chick embryos. 


MATERIALS AND METHODS 


Fertilized eggs of white Leghorn chickens were 


obtained from _ Siipikarjanhoitajien  liitto r.y. 
(Hameenlinna, Finland) and were incubated in a 
moist atmosphere at 37° until used. 
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['*C]Proline was purchased from New England 
Nuclear Corp. (Boston, MA, U.S.A.), purified bac- 
terial collagenase from Sigma Chemical Co. (King- 
ston-upon-Thames, U.K.), and trypsin, 2.5°%, solution 
in physiological saline from Gibco Corp. (Grand 
Island, NY). Eagle’s minimum essential medium with 
glutamine for monolayer cultures was purchased from 
Orion Yhtyma (Helsinki, Finland) and foetal calf 
serum from Flow Laboratories (Irvine, Ayrshire, U.K.), 

Betamethasone-17-valerate was provided from 
Glaxo Laboratories (Greenford, Middlesex, U.K.). 

Isolation and incubation of chick-embryo tendon 
cells. Cells were isolated from leg tendons of 17-day- 
old chick embyos by controlled digestion with trypsin 
and purified bacterial collagenase, as described pre- 
viously [12, 13]. After the digestion for 45-60 min the 
cells were filtered through lens paper and washed 
three times with modified Krebs medium [12, 13] 
containing 10°, foetal calf serum, then resuspended 
in Eagle’s minimum essential medium. The incuba- 
tions were carried out in siliconized flasks with shak- 
ing at 37° under 95°, O, and 5% CO,. In most ex- 
periments the incubation medium contained 1—1.5 wCi 
['*C]proline and 7.5-10 ug of unlabelled proline in 
one ml of Eagle’s medium. Betamethasone-17-valerate 
was dissolved in physiological saline containing 80%, 
(w/v) ethylalcohol in vitro incubations. In control in- 
cubations, physiological saline containing 80°, ethyl 
alcohol was used [4]. 

At each time point 2.0 ml aliquots of the incubation 
system (cells plus medium) were quickly pipetted into 
test tubes contining a one-tenth vol. of modified 
Krebs medium with sufficient cycloheximide and «,a’- 
bipyridyl to provide a final concentration of 100 ug 
of cycloheximide and 1 umole of x,«’-bipyridyl per ml 
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[12]. The samples were centrifuged at 1200g for 
10 min at room temperature in order to separate the 
medium from the cells and the cell pellet was washed 
with 1.5ml of modified Krebs medium containing 
100 zg of cycloheximide and | umole of «,x’-bipyridyl 
per ml. The sample was then re-centrifuged and the 
wash solution discarded [12]. 

Preparation of ['*C]proline-labelled protocollagen. 
Isolated cells obtained from leg tendons of 100 
17-day-old chick embryos were incubated with 60 uCi 
['*C proline in the presence of 0.3 mM a,2’-bipyridyl 
for 4hr [13] and the protocollagen was extracted 
with 0.1 M-acetic acid [14]. After centrifugation at 
20,000 g for 30 min, the supernatant was dialyzed 
against a solution containing 0.2 M-NaCl and 
0.05 M-Tris-HCl buffer adjusted to pH 7.8 at 4 with 
several changes. The preparation was then heated to 
100° for 10 min, centrifuged at 1000g for 10 min to 
remove the precipitate formed during heating, and the 
supernatant was stored frozen in aliquots of 60,000 
d.p.m. [15]. 

Assay of prolyl hydroxylase activity in tendon cells. 
The cells were incubated with the substances for the 
times indicated and after incubation the cells were 
separated by centrifugation at 600 g at room tempera- 
ture for 5min. The supernatant was discarded and 
the cells in the pellet were gently suspended in 2 ml 
of homogenizing medium (without addition of Triton 
X-100) and recentrifuged. The cells were then hom- 
ogenized in 1-2ml of 0.2M NaCl, 0.1M_ glycine, 
50 uM dithiothreitol, 20mM Tris-HCI buffer (pH 7.5 
at 4°) containing 0.1% of Triton X-100 [16]. Cells 
were homogenized either with sonicator (30-60 sec) 
or with a Teflon and glass homogenizer for 60 strokes 
[17]. Because the latter led to better recovery of 
enzyme activity, this was used further. After hom- 
ogenizing the samples were centrifuged at 15,000 g for 
20 min and the protein content was determined [18]. 
Aliquots of the supernatant, 10-20 yg protein (see Fig. 
1), were incubated with 60,000d.p.m., ['*C]proline 
labelled protocollagen substrate, 50mM_ Tris-HCl 
buffer (pH 7.8 at 25°), 2mM ascorbic acid, 0.5mM 
a-ketoglutarate, bovine serum albumin 2 mg/ml, 
0.05 mM FeSo,, 0.1 mM dithiothreitol and 0.1 mg/ml 
catalase, all in a final vol. of 2.0 ml [19]. After incuba- 
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Fig. 1. Effect of enzyme concentration on product forma- 

tion in the prolyl hydroxylase reaction. The enzyme con- 
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tion for 30min at 37° the samples were hydrolyzed 
in 6M HCI overnight at 120°. Thereafter the total, 
'4C-radioactivity and ['*C]hydroxyproline were 
determined in the hydrolysates [20]. 

When the effect of betamethasone-17-valerate on 
the activity of prolyl hydroxylase was studied in vivo, 
test substances were injected on the chorioallantoic 
membrane of chick embryos in the amounts indicated 
and after the incubation times indicated, tendons were 
dissected and the tendon cells were isolated as 
described above. The cells were homogenized as 
described above. Protein content was determined in 
the 15,000 g supernatant of the cell homogenates and 
aliquots of supernatant were used to assay the activity 
of prolyl hydroxylase as described above. 

For the experiments in which the effect of beta- 
methasone-17-valerate on the activity of purified pro- 
lyl hydroxylase was tested the enzyme was purified 
by an affinity column procedure using poly (L-pro- 
line) [21]. During this investigation substrates having 
various specific activities were used in the enzyme 
assay. As a result comparisons of enzyme activities 
can only be made within each table or figure. 

Assays. After incubation with ['*C]proline the 
medium and cell fractions were dialyzed separately 
against running tap water for 24 hr and the dialysates 
were hydrolysed in sealed tubes in 6 M HCI at 120 
overnight. The hydrolysed samples were evaporated 
on a steam bath and dissolved in 4 ml of water. The 
total radioactivity was determined and the ['*C]hy- 
droxyproline content was assayed by a specific radio- 
chemical procedure [20]. 

All '*C-radioactivity counting was performed in a 
Wallac liquid-scintillation spectrometer with an effi- 
ciency of 80% and a background of 25 c.p.m. 


RESULTS 


Incorporation of proline and synthesis of hydroxypro- 
line by isolated tendon cells. Tendon cells were isolated 
as described in Materials and Methods and usually 
about 10-10° cells were obtained from one chick 
embryo and over 90 per cent of the cells were alive 
when stained with Trypan Blue. In initial experiments 
the cells were incubated as described by Dehm and 
Prockop [12] in a modified Krebs medium not con- 
taining added unlabelled proline. In these experiments 
the amount of free ['*C]proline in the medium de- 
creased markedly after incubation for 3 hr, resulting 
in nonlinear incorporation curves (data not shown). 
The modified Krebs medium was therefore replaced 
by Eagle’s minimum essential medium containing a 
small amount of unlabelled proline in order to supply 
steady incorporation of ['*C]proline. In continuous 
labelling experiments with this medium the cell frac- 
tions contained more radioactivity than the medium 
for up to 90min. Thereafter the medium fractions 
contained most of the radioactivity and the appear- 
ance of radioactivity in the medium was linear for 
up to 7 hr (Fig. 2a). The appearance of ['*C]hydroxy- 
proline in the medium, which measures the collagen 
secretion, was also linear for up to 7 hr (Fig. 2b). 

The capacity of the isolated tendon cells to synthe- 
size and secrete collagen was further studied with 
pulse experiments. The cells were pulsed after incuba- 
tion intervals indicated with ['*C]proline and the 
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Fig. 2. Incorporation of ['*C]proline and synthesis of ['*C]hydroxyproline by isolated tendon cells. 

Tendon cells, 1-10°, were incubated in 23 ml of Eagle’s medium with 30 Ci ['*C]proline and 200 yg 

unlabelled proline. At each time point an aliquot of 2.0 ml was taken and assayed for total radioactivity 

and ['*C]hydroxyproline in the cells and medium. Symbols: (2a) total radioactivity in the medium, 

O——;; total radioactivity in the cells, @——@. (2b) ['*C]hydroxyproline in the medium, O——O: 
['*C]hydroxyproline in the cells, @——@. 


total radioactivity and ['*C]hydroxyproline were 
assayed in the cell and medium fractions. There was 
a slight decrease in the total radioactivity, in the syn- 
thesis of ['*C hydroxyproline and in the secretion of 
collagen ['*C]hydroxyproline in this experiment 
when cells were incubated for 6 hr (Fig. 3). 

Effect of betamethasone-17-valerate on the incorpor- 
ation of proline and on the synthesis of hydroxyproline 
in isolated tendon cells. Tendon cells were incubated 
with betamethasone-17-valerate or without this com- 
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Fig. 3. Effect of incubation interval on the incorporation 
of ['*C]proline, the synthesis of ['*C]hydroxyproline and 
the secretion of collagen ['*C]hydroxyproline by isolated 
tendon cells. Tendon cells, 2-10’, were incubated for 
periods indicated in 4ml of Eagle’s medium containing 
10 g/ml unlabelled proline. The cells were pulsed with 
('*C]proline (1.5 uCi/ml) at the beginning of the last 60 
min of each incubation period. Thereafter samples were 
handled as described in Materials and Methods. Values 
are the mean of duplicate samples from one experiment. 
Symbols: total radioactivity in the medium plus cells, 
@——@; total ['*C]hydroxyproline in the medium plus 
cells, @——@; ['*C]hydroxyproline in the medium 
O——O. 
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Fig. 4. Effect of different amounts of betamethasone-17- 
valerate and the incubation time on the incorporation of 
['*C]proline and on the synthesis of ['*C]hydroxyproline 
in isolated tendon cells. Tendon cells were incubated in 
Eagle’s minimum essential medium containing different 
amounts of betamethasone-17-valerate and unlabelled pro- 
line (7.5 pg/ml). The cells were pulsed with ['*C]proline 
(1 wCi/ml) for 1(4a), 3(4b) and 7(4c) hours and total radio- 
activity and ['*C]hydroxyproline were assayed in the total 
system (cells plus medium). Values are expressed as a per- 
centage of control values. Symbols: total radioactivity in 
the cells plus medium, (O——0); total ['*C]hydroxypro- 
line in the cells plus medium (@——@). Each point is the 
mean of duplicate samples from different experiments. The 
deviation of the values between the duplicate samples was 
less than 20 per cent in every experiment. 
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pound. This steroid markedly decreased the total in- 
corporation of ['*C]proline (Fig. 4a—c), and the de- 
crease in the synthesis of ['*C]hydroxyproline was 
even larger than the decrease in the total radioactivity 
(Fig. 4a—c). The decrease in the total protein synthesis 
and in the collagen synthesis was dependent on the 
amount of steroid used and on the incorporation time 
(Fig. 4a—c). 

Experiments were continued to study the effect of 
reversal of betamethasone-17-valerate induced inhibi- 
tion. The cells were incubated for 150 min with beta- 
methasone-17-valerate (40 ug/ml) or without this 
compound and thereafter the cells were washed three 
times with modified Krebs medium [12] and resus- 
pended in Eagle’s minimum essential medium and in- 
cubated with ['*C]proline for a further 3 hr. In this 
experiment betamethasone-17-valerate decreased the 
total radioactivity by about 50 per cent and the syn- 
thesis of ['*C]Jhydroxyproline by about 80 per cent 
(data not shown.). 

Effect of betamethasone-17-valerate on the activity 
of prolyl hydroxylase in vitro and in vivo in tendon 
cells and on the activity of purified enzyme. Tendon 
cells were incubated in Eagle’s minimum essential 
medium for the times indicated and the cells were 
separated. The cells were homogenized with a Teflon 
and glass homogenizer in a medium containing 0.1 
per cent Triton X-100. This homogenizing system 
liberated over 90 per cent of the enzyme activity (data 
not shown). The amount of protein obtained from 
1-10° tendon cells was about 30 yg in the 15,000g 
supernatant of cell homogenate. For the 7 hr of incu- 
bation the activity of prolyl hydroxylase did not 
change significantly and betamethasone-17-valerate 
had no effect on the enzyme activity (Table 1). 

Betamethasone-17-valerate was injected in vivo on 
the chorioallantoic membranes of chick embryos and 
the activity of prolyl hydroxylase was assayed in ten- 
don cells. The activity of prolyl hydroxylase decreased 


markedly after administration of betamethasone-17- 
valerate (Table 1). 

The effect of betamethasone-17-valerate on the ac- 
tivity of purified prolyl hydroxylase was tested. A 
dosage of 100 yg/ml of this steroid had no effect on 
the activity of this enzyme (data not shown). 


DISCUSSION 


Freshly isolated chick embryo tendon cells were 
used to study collagen synthesis in vitro. Collagen 
synthesis was studied by continuous labelling and 
pulse experiments. These experiments indicated that 
the incorporation of ['*C]proline and the synthesis 
of ['*C]hydroxyproline were almost linear for up to 
7 hr and pulse experiments further indicated that the 
total radioactivity, the synthesis of ['*C]hydroxypro- 
line and the secretion of collagen ['*C]hydroxypro- 
line were essentially constant and there was only a 
slight decrease in these parameters in an incubation 
lasting 6 hr. 

Betamethasone-17-valerate decreased both the in- 
corporation of ['*C]proline and the synthesis of 
['*C]hydroxyproline, indicating that the total protein 
synthesis was decreased by this steroid. Since the de- 
crease in the amount of ['*C]hydroxyproline was 
larger than the decrease in the total incorporation, 
the collagen synthesis was affected even more than 
other protein synthesis. This is consistent with experi- 
ments with rats [11] and chick-embryo tibias [4]. 

The effect of betamethasone-17-valerate on the ac- 
tivity of prolyl hydroxylase was studied both in ten- 
don cells and with purified enzyme preparation. The 
enzyme activity could be measured in the 15,000g 
supernatant of the cell homogenate. Using a Teflon 
and glass homogenizer and adding Triton X-100 to 
the medium liberated over 90 per cent enzyme activity 
[17]. The activity of prolyl hydroxylase did not 
change significantly during incubation for 7hr in 


Table 1. Effect of betamethasone-17-valerate on the activity of prolyl hydroxylase in chick 
embryo tendon cells in vitro and in vivo 





Incubation 
time 
hr 


Experimental condition 
and test substance 


Prolyl hydroxylase activity 
(d.p.m. - 10~*/mg 


supernatant protein) (%) 





In vitro 
Control 
Betamethasone (20 pg/ml) 
Control 
Betamethasone (20 g/ml) 
In vivo 
Control 
. Betamethasone 


100 
37 





In experiments in vitro, tendon cells, 5-10° per one ml of Eagle’s minimum essential 
medium, were incubated with test substances for 1 and 7 hr and thereafter the cells 
were separated and homogenized. In experiments in vivo, 200 ug of betamethasone-17- 
valerate in 0.1 ml of physiological saline containing 80 per cent ethyl alcohol was injected 
on the chorioallantoic membranes of ten 15-day-old fertilized eggs two times at 24hr 
intervals. Control eggs twice received the same amount of physiological saline containing 
80 per cent ethyl alcohol. The tendon cells were isolated as described in Materials and 
Methods after 24hr incubation and the activity of prolyl hydroxylase was assayed in 
the 15,000 g supernatant of the cell homogenates. 

The values are expressed as dis./min ['*C]hydroxyproline formed in an aliquot of 
50,000 dis./min ['*C]proline labelled protocollagen substrate per 30 min. Values are the 


mean of duplicate samples. 
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vitro. Betamethasone-17-valerate had no effect on the 
enzyme activity in vitro under the conditions studied. 
This finding is consistent with experiments in cell cul- 
ture [6]. The activity of purified prolyl hydroxylase 
did not change when betamethasone-17-valerate was 
added in the incubation mixture, indicating that this 
steroid has no direct effect on the activity of formed 
prolyl hydroxylase in vitro. When betamethasone-17- 
valerate was injected on to the chorioallantoic mem- 
brane of chick embryos and the activity of prolyl hy- 
droxylase was assayed in the tendon cells there was 
a marked decrease in enzyme activity. This is in con- 
trast to findings in chick embryo tibias [4], but it 
should be noted that in the present study the incuba- 
tion time with the steroid was longer, and that in 
the present study prolyl hydroxylase activity was 
measured directly from the cells that synthesize col- 
lagen. Other experiments with rats have indicated 
that prolyl hydroxylase activity decreases after the 
treatment with anti-inflammatory steroid [6]. The de- 
crease observed in the present study in the activity 
of prolyl hydroxylase may be due to a decrease in 
the amount of enzyme protein in chick embryo ten- 
don cells or due to the possibility that this steroid 
or some of its metabolites have some effect on the 
activation mechanism of prolyl hydroxylase in vivo. 
However, the decrease in the activity of prolyl hy- 
droxylase cannot be due to the decrease in the 
number of cells synthesizing collagen, because enzyme 
activity was measured directly in the cells. 

Since in the present study collagen synthesis was 
decreased more than other protein synthesis by beta- 
methasone-17-valerate in vitro and prolyl hydroxylase 
activity remained unchanged in these experiments, it 
seems that this steroid has a specific effect on collagen 
synthesis which is not mediated by a decrease in pro- 
lyl hydroxylase activity [11]. 
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B-GLUCURONIDASE IN RATS: RELEASE OF 
B-GLUCURONIDASE FROM LIVER MICROSOMES 
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Yasuo SUZUKI, HIDEAKI KIKUCHI, CHIKAKO KATO, YUMI HORIUCHI, KOOKO ToMITA 
and YOSHIYUKI HASHIMOTO 


Pharmaceutical Institute, Tohoku University, Aobayama, Sendai, Japan 


(Received 10 June 1976; accepted 16 November 1976) 


Abstract—Injection of alkyl phosphates elicits an elevation of rat serum f-glucuronidase activity without 
altering levels of serum lysosomal hydrorases and cholinesterase. Among alkyl phosphates tested, dibu- 
tyl phosphate and tributyl phosphate were much more effective and the activities increased 120- and 
90-fold of control activity after 1 and 2 hr, respectively. Subfractionation study showed that after the 
injection of tributyl phosphate the increase in serum f-glucuronidase activity correlated with a depres- 
sion in the activity of liver microsomal f-glucuronidase but not lysosomal one. Density gradient subfrac- 
tionation study suggested liver microsomes as the main source of increased serum /-glucuronidase. 


Alterations of serum f-glucuronidase activity have 
been reported in animals after administration of 
several drugs [1-5]. Williams reported the increase of 
the activity in rat serum caused by administration 
of pesticides and hepatotoxic agents [6]. We obtained 
the result that injection of several organophosphorus 
insecticides such as diazinon, DDVP and ethylthio- 
meton remarkably elevate serum f-glucuronidase ac- 
tivity in rats [7]. Recently Stahl et al. showed that 
paraoxon and DFP elicit a massive and selective ele- 
vation of rat plasma f-glucuronidase [8]. From the 
observation that this response is neither blocked by 
atropine nor mimicked by neostigmine, they assumed 
that it is not cholinergically mediated. 

In the previous paper [9], we reported that the 
extent of increase in serum f-glucuronidase activity 
of diazinon treated rats correlates well with the degree 
of decrease in enzyme activity in microsomal fraction 
of the liver. 

In the present paper, we describe the structure-acti- 
vity relationship of alkyl phosphates in elevating 
serum f-glucuronidase and the origin of the increased 
enzyme. 


MATERIALS AND METHODS 


Chemicals. Trimethyl phosphate (TMP), triethyl 
phosphate (TEP), tri-n-butyl phosphate (TBP), tri-n- 
amyl phosphate (TAP) and di-n-butyl phosphate 
(DBP) were purchased from Tokyo Chemical In- 
dustry Co. (Tokyo, Japan), and diethyl phosphate 
(DEP) from Eastman Kodak Co. All these chemicals 
were of reagent grade. Tri-n-hexyl. phosphate (THP) 
and tri-n-octyl phosphate (TOP) were prepared by 
reacting corresponding alcohols and phosphorus 
oxychloride in the presence of pyridine following the 
procedure described by Noller and Dutton[10]} 
Their purities were checked by thin-layer chroma- 
tography system of Lamotte et al. [11] and identified 
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as expected phosphate esters by elemental analysis. 
Dimethyl, monomethyl, monoethyl and mono-n- 
butyl phosphate were isolated from the mixture of 
corresponding mono and dialkyl phosphate (Tokyo 
Chemical Industry Co.) through fractional crystaliza- 
tion of the barium salts by the procedure of Plimmer 
et al.[12]. The barium salts were converted to the 
free acids and extracted with ether. Their purities 
were checked by paper-chromatography system de- 
scribed by Plapp and Casida[13] and identified by 
elemental analysis. Triton WR-1339 was purchased 
from Nakarai Chemicals Ltd. (Kyoto, Japan). All 
other chemicals were of reagent grade. 

Animals and treatment. Female Wistar rats weigh- 
ing 150-200 g were used. Alkyl phosphates were dis- 
solved in corn oil and injected i.p. The concentration 
was adjusted so that injection vol. was | ml/kg body 
wt. As a control corn oil was injected. After desired 
intervals, rats were sacrificed by decapitation and 
blood was collected from the carotid artery. In time 
course experiments, blood was collected from the tail 
vein under anesthesia with sodium phenobarbital 
(100 mg/kg, i.p.). Phenobarbital treatment did not 
affect the serum f-glucuronidase activity. 

Subcellular fractionation of liver. Animals were 
fasted for 24 hr before sacrifice. Liver was homogen- 
ized in 3vol. of 0.25M sucrose containing 1mM 
EDTA using a Teflon-glass Potter-Elvehjem type 
homogenizer. The homogenate was centrifuged at 
1000 g for 10 min. The sediments were washed 2 times 
by homogenizing as above, the pellets being sedi- 
mented at 600g for 10min on each occasion and 
called nuclear fraction. Resulting supernatants were 
combined and successively centrifuged at 3300g for 
10 min, at 17,000 g for 15 min and 105,000 g for 30 min 
to obtain mitochondrial, lysosomal and microsomal 
fractions, respectively. The final supernatant was 
called supernatant fraction. Each sediment obtained 
was suspended in 0.25 M sucrose so as to adjust the 
vol. to 4ml per g of the original tissue. 
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Preparation of tritosomes. Tritosomes were isolated 
by the procedure reported by Vignais and Nach- 
baur [14]. Three and a half days prior to sacrifice, 
rats were injected with Triton WR 1339 ip. in a dose 
of 850 mg/kg. Rats were starved 24 hr prior to sacri- 
fice. Liver was homogenized in 3 vol. of 0.25M su- 
crose containing 1 mM EDTA. The nuclear fraction 
was sedimented by centrifuging at 1000g for 10min 
and resulting supernatant was diluted with 6 vol. of 
the medium. After sedimentation of this supernatant 
at 1700 g for 10 min, resulting supernatant was centri- 
fuged at 11,000 g for 20 min. The pellets obtained in- 
cluding mitochondria and lysosomes were resus- 
pended in 5 vol. of the medium and centrifuged again 
at 11,000g for 20 min. This procedure was repeated 
once more. Resulting sediments were resuspended in 
the medium so that protein concentration was 
10-15 mg/ml. Two ml of this suspension was placed 
on the top of a 2 layer gradient formed by successi- 
vely layering 4.5 ml of 41.4%, (w/v) sucrose and 4.5 ml 
of 39.3°,, (w/v) sucrose. The tubes were centrifuged 
for 2.5 hr at 55.000 g in a swinging bucket rotor (Hita- 
chi 40PS). The band floating on the top of 39.3°% layer 
was collected and diluted slowly with equal vol. of 
water, and then centrifuged at 20,000g for 20 min. 
Resulting sediments were suspended in 0.25M _ su- 
crose and called tritosomes. 

Hypotonic treatment of microsomes. Microsomal 
pellets obtained after Triton WR-1339 treatment were 
suspended in distilled water and then centrifuged at 
105,000 g for 30 min. Resulting sediments were resus- 
pended in 0.25M sucrose and called hypotonically 
treated microsomes. As previously reported by us [9] 
or other group[15], the hypotonic treatment des- 
troyed lysosomes and solubilized lysosomal f-glucur- 
onidase without affecting total /-glucuronidase ac- 
tivity in original microsomal fraction. 

Enzyme assays. fB-Glucuranidase (E.C. 3.2.1.31) ac- 
tivity was assayed as previously reported [9] using 
p-nitrophenyl f-glucuronide as substrate. Acid phos- 
phatase (E.C. 3.1.3.2) activity was assayed by the 
method of Gianetto er al.[16]. In determining both 
enzyme activities in liver subfractions, Triton X-100 
was added in a final concentration of 0.1°% (w/v). Glu- 
cose-6-phosphatase (E.C. 3.1.1.9) activity was assayed 
by the method of de Duve et al. [17]. Cholinesterase 
(E.C. 3.1.3.8) activity was assayed by the method of 
Voss and Sachsse [18] with slight modifications. The 
incubation medium containing | mM acetylthiocho- 
line, 0.2 mM DTNB, 0.08 M phosphate buffer (pH 7.4) 
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and serum in a final vol. of 3ml was incubated at 
37° for 20 min. The reaction was stopped by the addi- 
tion of 0.5 ml of 7mM neostigmine and thiocholine 
released was measured from the absorbance at 
412 nm. N-acetyl-f-glucosaminidase (E.C. 3.2.1.30) ac- 
tivity was assayed by the procedure of Walker et 
al.{19] with slight modifications. The substrate, 
p-nitrophenyl N-acetyl-f-glucosaminide was prepared 
by the method of Findlay et al. [20]. The incubation 
medium containing 5mM substrate, 0.05M citrate 
buffer (pH 4.4) and serum in a final vol. of 1 ml was 
incubated at 37° for 1 hr. The reaction was stopped 
by the addition of 2.0ml of 0.4M _ glycine-NaOH 
buffer (pH 10.3) and p-nitrophenol released was 
measured from the absorbance at 420 nm. Hyaluroni- 
dase (E.C. 3.2.1.35) activity was assayed by the pro- 
cedure of Bonner and Canty [21] with slight modifi- 
cations. The incubation medium consisted of 0.4 mg 
potassium hyaluronate obtained from human umbili- 
cal cords, 0.033 M acetate buffer (pH 3.5), 0.1 M NaCl 
and serum in a final vol. of 0.3 ml was incubated at 
37° for 6 hr covering with toluene. The reaction was 
stopped by the addition of 10 ul of 3 N NaOH and 
0.3 ml of 0.27 M potassium tetraborate. After heating 
for 3min in boiling water, N-acetylglucosamine 
released was measured from the absorbance at 
585 nm following the method of Reissig et al. [22]. 

Protein determination. Protein was determined by 
the procedure of Lowry et al. [23] using bovine serum 
albumin as a standard. 


RESULTS AND DISCUSSION 


Effect of alkyl phosphates on serum f-glucuronidase 
activity. Table 1 shows the effect of a single i.p. injec- 
tion of several trialkyl phosphates on f-glucuronidase 
activity in rat serum at 3 and 6hr after the adminis- 
tration. Among them, TBP was most effective and 
showed 90-fold increase in activity. In other trialkyl 
phosphates, the potency decreased in the order of 
TEP, TAP, THP, TOP and TMP. Table 2 shows the 
effect of mono alkyl and dialkyl phosphates on the 
activity at | and 3hr after the administration. Only 
DBP was effective and clicited 120-fold increase after 
1 hr. 

Figure 1 shows time course of serum f-glucuroni- 
dase activity after the injection of DBP, TBP and 
TEP (1 m-mole/kg body wt, respectively). In the case 
of DBP, the enzyme activity was rapidly increased 
and reached to a maximum at | hr. In the case of 


Table 1. Effect of trialkyl phosphates on f-glucuronidase activity in rat serum* 





f-Glucuronidase (ymoles/hr/ml) 





Trialkyl phosphate 


3 hr 6 hr 





Control 

Trimethyl phosphate 
Triethyl phosphate 
Tributyl phosphate 
Triamyl phosphate 
Trihexyl phosphate 
Trioctyl phosphate 


0.17 + 0.03 
0.33 + 0.03 
7.42 + 0.59 
15.40 + 2.97 
2.47 + 1.03 
0.56 + 0.07 
0.54 + 0.07 


0.20 + 0.03 


6.10 + 0.79 
5.48 + 1.01 
2.98 + 2.79 
0.70 + 0.07 
0.24 + 0.07 





* Trialkyl phosphates (1 m-mole/kg) were injected i.p. Values are means + 


S.D. of four rats. 
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Table 2. Effect of mono and dialkyl phosphates on f-glucuronidase activity 
in rat serum* 





B-Glucuronidase (umoles/hr/ml) 





Alkyl phosphate 1 hr 3 hr 





0.16 + 0.03 
0.21 + 0.06 
0.23 + 0.06 
0.31 + 0.07 
0.21 + 0.05 
0.50 + 0.16 


0.17 + 0.03 
0.32 + 0.07 
0.20 + 0.05 
0.36 + 0.07 
0.24 + 0.05 
0.65 + 0.17 


Control 

Monomethy! phosphate 
Monoethyl phosphate 
Monobuty! phosphate 
Dimethyl phosphate 
Diethyl phosphate 


Dibutyl phosphate 


20.20 + 2.10 


7.40 + 1.05 





* Mono and dialkyl phosphates (2 m-mole/kg) were injected ip. Values are 


means + S.D. of three rats. 
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Fig. 1. Time course of f-glucuronidase activity in rat 
serum after administration of trialkyl phosphates. DBP, 
TBP or TEP was injected ip. to rats in a dose of 
1 m-mole/kg. Vertical lines show + S.D. of the mean of four 
rats. A——A DBP, @ @ TBP, O——O TEP. 


TBP and TEP, the enzyme activity was increased 
gradually and maximum activity was obtained 2 and 
4hr after the treatment respectively. By injecting 
TAP, THP and TOP, the enzyme activity was more 
slowly increased later than 4hr (not shown). The 
slower elevation by the administration of TBP than 
DBP might suggest that TBP would be metabolized 
and DBP formed would act on animals. However the 
fact that DEP, a metabolite of TEP, was ineffective 
to increase the activity may indicate that trialkyl 
phosphates act as themselves. 

Recently Stahl et al. showed the elevation of serum 
B-glucuronidase activity mediated by non-cholinergic 
mechanism after the administration of organophos- 
phorus insecticides [8]. We also tested the effect of 
alkyl phosphates on the elevation of B-glucuronidase 
comparing with the inhibitory action on serum cho- 
linesterase. As indicated in Table 3, the increase of 





* Y. Suzuki and H. Kikuchi, unpublished observations. 


serum f-glucuronidase by TBP treatment was dose 
dependent. However, serum cholinesterase activity 
was not affected irrespective of the dose level. This 
suggests that the increase of serum f-glucuronidase 
activity was not mediated cholinergically. 

It has been reported that f-glucuronidase is loca- 
lized in both lysosomes and microsomes at subcellu- 
lar level [17, 24-27]. Barzu et al. reported that an 
organophosphorus insecticide, TETPP (asymmetric 
tetraethyl dithio pyrophosphate), labilizes lysosomal 
membrane in vitro [28]. In order to examine whether 
lysosomes take part in the elevation of serum f-glu- 
curonidase, levels of two lysosomal enzymes were 
measured. Table 4 shows that these enzyme activities 
were same as control activity irrespective of the dose 
level of TEP. This result suggests that TEP did not 
attack lysosomes in the target cells in vivo. 

Effect of alkyl phosphates on hepatic B-glucuronidase 
activity. We tested direct effect of alkyl phosphates 
in vitro on serum f-glucuronidase and obtained the 
result that all alkyl phosphates tested in this experi- 
ment had neither activating nor inhibitory action on 
B-glucuronidase activity of both normal and TBP 
treated serum in concentrations from 10°* to 
10°? M. We also examined the nature of f-glucuroni- 
dase activity obtained from TBP treated serum. The 
results are summarized as follows*. (1) The enzyme 
activity was a linear function of serum concentration 
over 40-fold range. (2) Enzyme activity of the serum 
obtained by mixing normal and TBP treated serum 
had additive activity in all proportions. (3) Dialysis 
of the serum did not affect the enzyme activity after 
the treatment. From these observations the increase 
of the activity in serum was thought to be the release 


Table 3. Effect of tributyl phosphate on /-glucuronidase 
and cholinesterase activities in rat serum* 





Cholinesterase 
(umoles/min/ml) 


B-Glucuronidase 
(umoles/hr/ml) 


Dose 
(m-mole/kg) 





0.17 + 0.03 
0.28 + 0.11 
0.46 + 0.37 
0.250 1.94 + 1.09 
0.50 4.04 + 0.88 
1.0 8.82 + 3.64 


2.47 + 0.28 
1.95 + 0.41 
1.73 +.0:37 
1.94 + 0.58 
1.69 + 0.39 
1.99 + 0.48 


Control 
0.062 
0.125 





* TBP was injected ip. 1 hr prior to sacrifice. Values 
are means + S.D. of four rats. 
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Table 4. 


Effect of triethyl phosphate on lysosomal enzyme activities in rat serum* 





B-Glucuronidase 
(umoles/hr/ml) 


Dose 
(m-mole/kg) 


N-acetyl-f- 
glucosaminidase 
(umoles/hr/ml) 


Hyaluronidase . 
(umoles/hr/ml) 





0.17 
12.71 
9.63 
10.83 


Control 
1.0 
1.5 
3.0 


I+ I+ I+ I+ 


Oo 
w 


0.56 + 0.18 
0.57 + 0.08 
0.47 + 0.05 
0.52 + 0.07 
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* TEP was injected i.p. 3 hr prior to sacrifice. 


of the enzyme from a tissue or tissues abundant in 
B-glucuronidase. 

In female rats, it has been reported that /-glucur- 
onidase is mainly localized in liver (70-80%), prepu- 
tial gland (10°), spleen and kidney [25, 29]. Since we 
found that after the administration of TBP only the 
activity in liver among four tissues was decreased to 
85°% of the control, it was suggested that liver is the 
main source of the enzyme appeared in serum. Table 
5 shows the results of subcellular distribution of hepa- 
tic B-glucuronidase activity 3 hr after the injection of 
TBP (1 m-mole/kg). B-Glucuronidase activity in mic- 
rosomal fraction was significantly decreased in total 
and specific activities (28% of control). There were 
no significant changes in the activities in mitochon- 
drial, lysosomal and supernatant fractions. 

To confirm the action of TBP on microsomes, lyso- 
somes were prepared by using pretreatment technique 


Values are means + S.D. of four rats. 


with Triton WR-1339. As shown in Table 6, B-glucur- 
onidase activity in tritosomes was increased 3 hr after 
the injection of TBP. When microsomes were treated 
hypotonically to remove contaminating lysosomes, 
f-glucuronidase activity in the microsomal prep- 
aration was decreased to 21 per cent of the control 
activity. These data suggests that the elevation of 
serum f/-glucuronidase activity by TBP is mainly due 
to the release of the enzyme from liver microsomes. 
Acid phosphatase activity in the tritosomes and glu- 
cose-6-phosphatase in the microsomes did not change 
significantly after the injection of TBP. Uchiyama et 
al. reported that P = O analogs of organophosphorus 
insecticides such as sumioxon and DDVP did not 
affect drug metabolizing activity in microsomes [30]. 
So far as the biochemical data concerned, the effect 
of alkyl phosphates would be specific to 6-glucuroni- 
dase in microsomes. Recently Swank and Paigen 


Table 5. Subcellular distribution of B-glucuronidase activity in liver of control and tributyl phosphate 
treated rats* 





Total activity 


(umoles/hr/g of liver) 


Specific activity 
(umoles/hr/mg of protein) 





Fraction Control 


TBP 


Control TBP 





Homogenate 170.7 + 6.3 
Nuclei 

Mitochondria 

Lysosomes 

Microsomes 

Supernatant 

Recovery (%) 


149.5 + 5.8 


0.85 + 0.09 
0.77 + 0.05 
1:39 + 0.12 
1.52 + 0.12 
0.64 + 0.03 
0.11 + 0.02 


0.72 + 0.07 
0.64 + 0.05 
1.78 + 0.21 
1.43 + 0.18 
0.18 + 0.02 
0.14 + 0.02 





* TBP (1 m-mole/kg) was injected i.p. 3hr prior to sacrifice. Values are means + S.D. of four rats. 
Recovery of protein was 93.5% for control and 95.2% for treatment. 


Table 6. Effect of tributyl phosphate on f-glucuronidase, acid phosphatase and glucose-6-phosphatase activities in trito- 
somes and hypotonically treated microsomes* 





Tritosomes 


Hypotonically treated 
microsomes 





Enzyme, Control 


TBP Control TBP 





B-Glucuronidase 
(umoles/hr/mg protein) 
Acid phosphatase 
(umoles/30 min/mg protein) 
Glucose-6-phosphatase 
(umoles/20 min/mg protein) 


3.97 + 0.34 


7.07 + 1.03 


7.85 + 0.43 0.77 + 0.08 0.16 + 0.03 


8.42 + 0.90 


6.25 + 0.67 7.46 + 0.40 





* TBP (1 m-mole/kg) was injected i.p. 3 hr prior to sacrifice. Tritosomes and hypotonically treated microsomes were 


prepared as described in the text. Values are means + S.D. 


of six rats. 
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demonstrated that f-glucuronidase in microsomal 
membrane exists as complexes consisting of one cata- 
lytic protein of 280,000 mol. wt and one to four 
additional proteins of 50,000 to 55,000 mol. wt [31]. 
Tomino and Paigen speculated that these additional 
proteins named egasyn would have very hydrophobic 
regions and would be necessary for a core protein 
to bind microsomal membrane [32]. This unique 
mode of existence in microsomal membrane might 
be responsible for the specific release of this enzyme. 

Concerning the pharmacological effects of alkyl 
phosphates, only narcotic action of trialkyl phos- 
phates has been reported. Vandekar showed that 
trialkyl phosphates including TMP, TEP and TBP 
in sublethal doses produced anesthesia in rats and 
among them TBP provoked deep anesthesia in lesser 
doses [34]. TEP- and TBP-induced narcosis was 
further investigated by other groups [34-37] and it 
was clarified that narcosis is not related to cholines- 
terase inhibition. It is assumed that anesthetic drugs 
possess adequate lipid/water partition coefficient to 
enter nervous membrane. Speculating from this, alkyl 
phosphates composed of medium carbon chains such 
as DBP, TBP and TEP possess high affinities for liver 
microsomal membrane and detach f-glucuronidase 
directly or indirectly from the membrane. As it has 
been reported that trialkyl phosphates can act as 
alkylating agents [38], effect of alkylating action on 
microsomes might be concerned with the mechanism 
of enzyme release. 
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Abstract—4-Alkyl-2,6,7-trioxa-1-phosphabicyclo [2,2,2] octanes are weak competitive inhibitors of the 
high-K,,, form of cyclic adenosine 3’,5’-monophosphate phosphodiesterase (PDE) and non-competitive 
inhibitors of the low-K,, form enzyme. The possibility that inhibition of the low-K,, form enzyme 
by the bicyclic organo-phosphates may contribute to their toxic action is discussed. The compounds 
do not affect the binding of adenosine 3’,5’-monophosphate (cyclic AMP) with specific binding proteins, 
and are unlikely to have any effect on cyclic AMP receptors. 


tanes (I) with X as P, P(O) or P(S) are a class of 
highly toxic organophosphorus esters[1] whose toxi- 
city is not mediated through cholinesterase inhibi- 
tion [2]. Animals poisoned by these compounds die 
with convulsive seizures indicative of action on the 
CNS [3], but do not show the characteristic symp- 
toms of the excessive parasympathetic stimulation 
typical of poisoning with anticholinesterases. The 
similarities between the symptoms of poisoning by 
the inhibitors of cyclic adenosine 3’,5’-mionophos- 
phate diesterase (E.C. 3.1.4.17) (PDE), caffeine and 
theophylline [4], together with the structural resem- 
blance of the bicyclic phosphates and adenosine 
3’,5'-monophosphate (cyclic AMP) suggested that in- 
terference with the control of the physiological levels 
of cyclic AMP might account for the toxicity of the 
organophosphates. 


Q R 
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Thus, the interaction of some bicyclic compounds 
(I with X = P(O), R = methyl (Ia), ethyl (Ib) and iso- 
propyl (Ic) and I with X = P, R = isopropyl! (Id)) 
with PDE whose activity will influence the levels of 
cyclic AMP, was investigated. The effects of the com- 
pounds on the binding of cyclic AMP to proteins 
with a specific binding capacity for this nucleo- 
tide [5, 6] were also investigated to determine whether 
the bicyclic compounds might act like cyclic AMP 
at a cyclic AMP receptor site which would be an 
alternative basis for the mechanism of action. 
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MATERIALS AND METHODS 


Adenosine 3’,5’-monophosphoric acid was supplied 
by Sigma Chemical Co., and [8-7H] adenosine 3’,5’- 
monophosphate (ammonium salt, 27 Ci/m-mole) was 
supplied by the Radiochemical Centre, Amersham. 
Cyclic AMP binding protein from adrenal cortex and 
cyclic AMP binding protein from bovine skeletal 
muscle were supplied by British Drug Houses and 
Calbiochem, respectively. The bicyclic organophos- 
phates were synthesised at the Chemical Defence 
Establishment. All other chemicals, which were either 
AR or scintillation grade, were obtained from British 
Drug Houses. 


Enzyme preparation 

A preparation of PDE from sheep cerebral cortex 
was used. The brains were removed as soon as poss- 
ible after death, chilled and cleaned of extraneous 
blood vessels and meninges. The cortical tissue was 
homogenised in distilled water (1 part of tissue to 3 
of water). The homogenate was filtered through cheese 
cloth and, after adjustment of its pH to 5.9 with 
6 M acetic acid, the filtrate was centrifuged at 13 000g 
for 30 min. The resulting supernatant was filtered 
through glass wool to remove lipid material and the 
pH of this filtrate was adjusted to 7.0 with 1M 
ammonium hydroxide. Stepwise ammonium sulphate 
fractionation of the filtrate with solid ammonium sul- 
phate gave a protein precipitate which was rich in 
PDE at 40-50%, saturation with ammonium sulphate. 
This precipitate was dissolved in a minimum vol. of 
Tris-HCl buffer (20mM) and the solution dialysed 
against the same buffer. The dialysate was centrifuged 
at 18000g for 30 min and the supernatant freeze 
dried. All the above operations were carried out at 
4°. The purification is a modified version of that de- 
scribed by Cheung [7]. 





D. B. CouLt and R. G. WILKINSON 


Enzyme assays 

(i) Tritrimetric method for PDE activity. This 
method is based on the continuous titration of the 
acid produced during the hydrolysis of cyclic AMP 
to adenosine 5’-monophosphate (AMP) by the 
enzyme PDE [8], and is applicable for the high-K,,, 
form of the enzyme. The freeze dried enzyme prep- 
aration was dissolved in phosphate buffer (5mM; 
pH 7.4) containing sodium chloride (100mM) and 
magnesium chloride (1 mM). Enzyme solution (1 ml 
= 0.5 unit or | mg of protein) (where 1 unit of PDE 
will convert 1 ymole of cyclic AMP to 5 AMP per 
min at pH 7.5 at 30°) was mixed with sodium chloride 
(9ml; 100mM) containing magnesium chloride 
(1 mM) in the titration vessel of a Radiometer auto- 
matic titrator, and the mixture was maintained at 37 
under an atmosphere of nitrogen. The pH of the mix- 
ture was adjusted to 7.4 with sodium hydroxide solu- 
tion (10 mM) and cyclic AMP added. The acid pro- 
duced was titrated with 10mM sodium hydroxide 
using a twin syringe technique which allowed not 
only the pH to be maintained constant, but also the 
substrate concentration by the addition of 10mM 
substrate with the second syringe. 

Assays with a fixed substrate concentration 0.5 mM 
showed a linear relationship between the rate of acid 
production and the concentration of PDE. Substrate 
concentrations between 10~° and 10°7M were used 
for the determination of K,, values, which were calcu- 
lated graphically using the Hofstee plot (values 
obtained were reproducible to +10 per cent). 

The inhibition of the enzyme was examined by 
monitoring the rate of acid production before and 
after the addition of a solution of the compound 
being tested to the assay system. This was done under 
two regimes: one in which the substrate concentration 
was constant and the concentration of the compound 
being tested was varied, and the other in which the 
concentration of cyclic AMP was varied and the con- 
centration of the compound was constant. 

(ii) Radiometric method ‘for PDE activity. This 
method is based on the measurement of the conver- 
sion of radio-labelled cyclic AMP to radio-labelled 
AMP [9], and allows the enzyme activity to be 
assayed at low. substrate concentrations viz. 
2.5 x 10°°M to 10°’ M. 

Tris buffer (0.9 ml; 50 mM; pH 7.4) containing mag- 
nesium chloride (1 mM) and cyclic AMP (10°? M to 
10-7 M) were mixed with a solution of radio-labelled 
cyclic AMP (50 yl; 0.25 Ci) in small test tubes 
(10mm x 75mm). A solution of enzyme (100 pl; 
0.1 mg protein in 1 ml 50 mM Tris buffer; pH 7.4) was 
added to start the reaction. The tubes were incubated 
at 37° for 10 min, then placed in a boiling water bath 
for 3 min to stop the reaction. After cooling, each 
reaction mixture was thoroughly mixed with 50 pl of 
a solution containing cyclic AMP (100mM) and 
AMP (100 mM). A sample (50 yl) from each tube was 
streaked onto a glass plate (10cm x 20cm) coated 
with silica gel GF 254 (0.5mm thick) for thin layer 
chromatography. The chromatograms were developed 
in a solvent system of ethylacetate:ethyl alcohol: 
pH 7.4 Tris buffer (50:35:15) for 2.5h, dried and 
examined under UV light. The non-fluorescing areas 
of silica gel containing AMP (R,; = 0) and cyclic 


AMP (R,; = 0.3) were located and transferred to glass 
vials. Dioxane-based scintillation mixture (15 mi) was 
added to each vial and the radioactivity was deter- 
mined in a Packard Tris Carb Scintillation Counter. 
The number of moles of cyclic AMP hydrolysed was 
calculated from the fraction of radioactivity present 
as tritiated AMP and the concentration of cyclic 
AMP utilised. Propan-2-ol solutions of the com- 
pounds tested as inhibitors and aqueous solutions of 
caffeine and theophylline were added to the reaction 
mixture before the addition of substrate. 

(iii) Assay of other enzyme activities. The activities 
of other enzymes present in the PDE preparation 
were assayed using a titrimetric method similar to 
that described in (i). 

Acetyl f-methy! choline was used as substrate for 
acetylcholinesterase, benzoyl choline for cholinester- 
ase, 5’ AMP was used for 5’ nucleotidase and bisnitro- 
phenyl phosphoric acid for non-specific phosphodies- 
terases. 


Binding studies 


Binding studies using cyclic AMP and the bicyclo 
organophosphate (Ic) to displace cyclic [8-7H] AMP 
were carried out with the binding protein from skele- 
tal muscle according to the method of Gilman [5]. 
Studies using the preparation from adrenal cortex 
were according to the method of Brown [6], except 
that the mixtures were filtered through GSWP Milli- 
pore filters, not adsorbed on charcoal. 


Protein assay 


Protein was assayed spectrophotometrically using 
bovine serum albumin as standard [10]. 


Protein activator 


The protein activator was obtained from sheep 
brain using the method described by Cheung [9], but 
was not purified beyond the ammonium sulphate 
fractionation stage. 


RESULTS 


The supernatant from the homogenate before puri- 
fication contained the following enzyme activities per 
10 mg protein: PDE 1.2 units (using cyclic AMP as 
substrate), acetylcholinesterase 0.6 units (using acetyl 
choline as substrate). Non-specific phosphodiesterase 
and 5’ nucleotidase were not detected. After partial 
purification the only enzyme activity found was for 
cyclic AMP. 

The PDE activity of the supernatant used for the 
purification of the enzyme was 1100 units and 
ammonium sulphate fractionation of the supernatant 
gave 0-30%, 30-40%, 40-50%, 50-60% ammonium 
sulphate stauration fractions with 100, 160, 420 and 
120 units of PDE, respectively. The 40-50% satu- 
ration fraction gave 850 mg of protein with a sp. act. 
of 0.46 units/mg after freeze drying. The activities of 
the various protein fractions of the purification pro- 
cedure were not enhanced by the addition of the pro- 
tein activator. A typical Hofstee plot for the activity of 
the sheep brain preparation with cyclic AMP as sub- 
strate is shown in Fig. 1. The titrimetric method gave 
K,, = 1.7 x 10°*M, V,,,, = 0.46 umoles/mg protein/ 


min whilst the values from the radiometric method 
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were K,, 1.0 x 10°*M, V,,,, 0.22 umoles/mg protein 
min and K,, 2.2 x 10°° M, ¥,,,, 0.008 umoles/mg pro- 
tein/min, indicating the presence of two forms of the 
enzyme. The proportion of the low-K,, form enzyme 
was only 4 per cent in freshly prepared solutions of 
the enzyme, but this proportion was found to be as 
high as 15 per cent after the solution had been stored 
at —20 to —25°. 

The results of the inhibition studies wtih caffeine, 
theophylline and the bicyclic organophosphates are 
summarised in Table 1. The inhibition for the 
high-K,, form was competitive; however it was not 
possible to determine K; values for the bicyclic 
organophosphates because of their low solubility in 
water. The inhibition was non-competitive for the 
low-K,, form enzyme as indicated by a plot of 
log;o V/V,, — V against log,» [cyclic AMP]. 

The binding studies showed that the bicyclic 
organophosphates bound at least 10° times less 
strongly than cyclic AMP to both preparations. 


DISCUSSION 


The bicyclic organophosphates (I) are weak com- 
petitive inhibitors of the high-K,, form of PDE, and 
fifty-fold less effective than theophylline. The toxicity 
data[1,3,4] indicate that bicyclic organophos- 
phate (Ic) is several hundred times more toxic than 
theophylline or caffeine. It is therefore unlikely that 
the toxicity of the bicyclic organophosphates can be 


Table 1. Inhibition of PDE by caffeine, theophylline and 
bicyclic organophosphates 





10*-K; (M) 


Compound High-K,, PDE Low-K,, PDE 





Caffeine 
Theophylline : 3.3 
la 


1.5 





* This compound is hydrolysed rapidly and undergoes 
ring opening in aqueous solution at 37°, pH 7.4. K; is that 
of a product which has not been definitely isolated. 
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explained on the basis of their inhibition of the 
high-K,, form of PDE. 

The bicyclic organophosphate (Ic) inhibits the PDE 
with a high affinity for cyclic AMP (low-K,, form) 
non-competitively, with a K; value similar to that for 
theophylline. Since theophylline and the organophos- 
phate have similar signs of poisoning [3, 4] the possi- 
bility still exists that inhibition of the low-K,, form 
of PDE could account for the toxicity of the organo- 
phosphates. Supporting evidence comes from recent 
observations that rat adrenal PDE is inhibited by this 
compound at a concentration of 10~° to 10~* M, and 
that the brain levels of cyclic AMP of rats convulsing 
after the administration of the compound showed sig- 
nificant changes [11]. The low-K,, form PDE is prob- 
ably important for the control of the physiological 
levels of cyclic AMP because, not only are the normal 
tissue levels of cyclic AMP low (ca. 107’ M) [12], but 
it is also the form of the enzyme which increases in 
activity in animals treated with f-adrenergic agonist, 
PDE inhibitors or mixtures of these [13]. 

The higher toxicity of Ic compared to theophylline 
may be explained in terms of comparative transport, 
membrane penetration and metabolism. Recent work 
has shown that the bicyclic organophosphates are not 
readily metabolised, and that the hydrophobic 
character of the 4-alkyl group is important regarding 
their toxicity [14]. The bicyclic organophosphates are 
more hydrophobic than theophylline, and thus may 
be able to penetrate more easily to its probable site 
of action in the CNS. 

The lack of binding of the bicyclic organophos- 
phates to the cyclic AMP binding proteins suggests 
that the toxic action is unlikely to be mediated 
through interaction with cyclic AMP receptors, which 
would be expected to show a similar specificity to 
the cyclic AMP binding proteins. 

The data does indicate a possible mechanism of 
toxic action for the bicyclic organophosphates, but 
further work is necessary to establish that the basis 
of their toxic action is inhibition of the low-K,, PDE. 
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SHORT COMMUNICATIONS 


Effect of phenobarbital and 3-methylcholanthrene administration 
on epoxide hydrase levels in liver microsomes 


(Received 8' June 1976; accepted 27 September 1976) 


Enzymatic oxidation of aromatic double bonds of polycyc- 
lic hydrocarbons is believed to proceed through an initial 
epoxidation reaction, catalyzed by the microsomal mixed 
function oxidase system [1-6]. Such was first proved to 
be the case when naphthalene 1,2-oxide was identified as 
a metabolite of naphthalene [7] and has been confirmed, 
subsequently, with several other polycyclic aromatic hyd- 
rocarbons (reviewed in Refs. 8-10). Formation of arene 
oxides of polycyclic aromatic hydrocarbons is of great im- 
portance in view of their increased biological activity in 
producing malignant transformation of cells in vitro as 
compared to the parent compounds [11-13]. Indeed, evi- 
dence has been presented which implicates arene oxides 
not only in carcinogenicity but in toxicity as well (reviewed 
in Refs. 9 and 10). Although the application of K-region 
arene oxides of polycyclic hydrocarbons to mice has not 
led to marked tumor production [14—-17], the in situ forma- 
tion is associated with increased tumor yield [17, 18]. Con- 
siderable evidence has since accumulated which suggests 
that the formation of non-K-region arene oxides may be 
critical to the carcinogenic process [19-21]. Thus, ben- 
zo[a]pyrene 7,8-oxide, a non-K-region arene oxide of ben- 
zo[a]pyrene (BP), has been found to be a potent car- 
cinogen on mouse skin, although weaker than the parent 
hydrocarbon [20], and the 7,8-dihydrodiol of BP exhibited 
marked tumorigenic properties on mouse skin [21]. 

These literature citations amply indicate the importance 
of the enzymatic systems which are responsible for the 
maintenance of steady state levels of arene oxides, i.e. the 
balance between formation of arene oxides by the mixed 
function oxidases and “detoxication” by glutathione 
S-transferases and epoxide hydrase. We have been investi- 
gating the factors which influence the intracellular activity 
of these enzymes, and in particular, we have examined the 
effects of prior administration to rodents of 3-methylcho- 
lanthrene (3-MC) and phenobarbital (PB) upon epoxide 
hydrase. Our results indicate that PB administration does 
in fact elevate the hydration of a number of oxide sub- 
strates, while 3-MC is generally weak and variable in this 
regard. 

[*H]naphthalene 1,2-oxide [22], [7-*H]styrene oxide 
[23], octene 1,2-oxide [24] and 3-MC 11,12-oxide [25] 
were prepared as previously described. Substrates were 
purified until homogeneous as judged by NMR spec- 
troscopy and thin-layer chromatography. All other mater- 
ials were obtained from commercial sources. Male Spra- 
gue-Dawley and Long Evans rats, 60-80 g in weight, were 
used in these studies. The livers from the animals were 
removed, homogenized in cold 0.25M sucrose (1:5, w/v), 
and the homogenate was centrifuged at 9,000 g for 15 min 
at 5°. The supernatant was further centrifuged at 105,000 g 
for | hr at 5° and the soluble fraction was discarded. The 
microsomes were suspended in 0.15 M KCI to a final con- 
centration of 20-30 mg protein/ml. Protein concentration 
of the microsomal preparation was determined by the 
method of Lowry et al. [26] with bovine serum albumin 
as the reference standard. 

Each tube contained 1.0 to 3.0 mg of microsomal pro- 
tein, 0.1 M sodium phosphate buffer, pH 8.0, to a final 
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volume of 0.4ml, and 0.21 umole 3-MC 11,12-oxide in 
25 ul dimethylsulfoxide (DMSO). The formation of trans- 
dihydrodiol from 3-MC 11,12-oxide was measured by gas 
chromatography as previously described [27,28]. DMSO 
at the concentration employed in the assay (6%) was with- 
out effect on the system. A preparation containing no mic- 
rosomal protein or microsomes that had been boiled for 
30 min served as controls for non-enzymatic diol forma- 
tion. The activity in the latter was never more than 5 per 
cent of that seen with control microsomes. 

For the assay of glycol formation from [*H]-styrene 
oxide, the method of Oesch et al. [23] was employed. The 
data were corrected for a zero time control which was 
identical to the boiled enzyme control described above, 
but are not corrected for recovery (approximately 86 per 
cent). 

The hydration of [*H]-naphthalene oxide was measured 
at 30° for 10 min as described by Dansette et al. [22]. 
Results were corrected for boiled enzyme values and for 
recovery of trans-1,2-dihydroxy-1,2-dihydronaphthalene 
(77 + 2 per cent) through the isolation procedure. 

The hydration of octene 1,-2-oxide was assessed exactly 
as described by Oesch et al. [24]. Results were corrected 
for boiled enzyme values and recovery (83 + 2 per cent). 

The effects of phenobarbital or 3-MC administration 
upon the ability of Sprague-Dawley liver microsomes to 
catalyze the hydration of a series of oxides are presented 
in Table 1. Phenobarbital administration to Sprague-Daw- 
ley rats resulted in increases in the specific activity of the 
hydrase(s) toward styrene oxide (134 per cent), naphthalene 
oxide (171 per cent), octene oxide (152 per cent) and 3-MC 
11,12-oxide (133 per cent). At 20 mg/kg, 3-MC moderately 
affected the hydration of octene oxide by increasing 
enzyme activity after 48 hr by 29 per cent At 40 mg/kg 
of 3-MC, the hydration of octene was elevated by 40 per 
cent at 72 hr. No elevations in hydrase activity were noted 
with styrene oxide, naphthalene oxide, or 3-MC 
11,12-oxide as substrates after 3-MC administration under 
the conditions of the latter experiments. However, in separ- 
ate experiments, induction with 40 mg/kg of 3-MC given 
daily for 3 days resulted in 40-60 per cent induction ac- 
tivity toward octene oxide and 3-MC 11,12-oxide. 

The ability of liver epoxide hydrase activity to respond 
to the administration of either PB or 3-MC with 3-MC 
11,12-oxide as substrate was also tested in the Long Evans 
rat (data not shown). Although 3-MC administration at 
25 mg/kg was ineffective in elevating the hydration of 
3-MC 11,12-oxide, phenobarbital did increase enzyme ac- 
tivity by approximately 80 per cent at 72hr after PB ad- 
ministration. 

In a recent review on mammalian epoxide hydrases [29], 
Oesch stated that the latter are inducible. This conclusion 
was largely based upon the choice of an assay system in 
which styrene oxide is employed as substrate. However, 
the data of the present report would suggest that this state- 
ment is only partially accurate. With phenobarbital as the 
administered agent, the hydrations of all substrates were 
clearly elevated: styrene oxide (134 per cent), naphthalene 
oxide (171 per cent), octene oxide (152 per cent) and 3-MC 
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Table 1. Effect of 3-MC or PB administration on epoxide hydrase in Sprague-Dawley 
rats* 





Diol 
{nmoles/5 min/mg protein) 


Styrene Naphthalene Octene 3-MC 11, 


Treatment 


oxide oxide 12-oxide 





Saline 

PB (72 hr) 

Corn oil 

3-MC, 20 mg/kg (24 hr) 
3-MC, 20 mg/kg (48 hr) 
Corn oil 

3-MC, 40 mg/kg (72 hr) 


— —o— 
N2ON ON 
Oonmnnn 
He HE HE H+ 
C0wO 


a) 


6.7 + 0.7 
15.6 + 1.5 
TE POs 
7.2 + 0.4 
8.0+04 
LT + 03 
7.9 +0.4 


5.0 + 0.6 


SCNUNICHKY 
I I I+ I+ 14+ I I+ 
NYANE hwH 
CON KK AK hN 





* Sprague-Dawley rats were injected with PB (75 mg/kg body wt) in saline, 3-MC 
(at doses indicated) in corn oil, i.p., or with the vehicles alone every 24hr. The rats 
were sacrificed 24hr after the last injection and hydrase activity was determined as 
described in the text. The data are presented for three to six rats as mean + standard 


error. 


11,12-oxide (133 per cent). After 3-MC administration, the 
hydration of octene oxide was elevated. At 20 mg/kg, the 
increase was 29 per cent after 48 hr and at 40 mg/kg, the 
elevation was 40 per cent at 72hr. In contrast the hyd- 
rations of styrene oxide, naphthalene oxide and 3-MC 
11,12-oxide (Table 1) were unaffected by pretreatment with 
3-MC (20 mg/kg, 48 hr). However, in other experiments, 
when 3-MC was given at a_ higher concentration 
(40 mg/kg), approximately 50 per cent elevations of epoxide 
hydrase activity toward octene oxide or 3-MC 11,12-oxide 
were noted. The extent of induction was variable between 
sets of animals and was occasionally not significantly 
above control. In more than ten groups of animals (four 
to six animals/group) examined over a period of 1 year, 
no basis for this variability in induction could be estab- 
lished. The data presented in this report do indicate, how- 
ever, that prior exposure of animals to certain drugs, e.g. 
phenobarbital, may result in an increase in the ability to 
form potentially pharmacologically active trans-dihydro- 
diol derivatives of polycyclic hydrocarbons and, therefore, 
regulation of the activity of epoxide hydrase may be an 
important determinant in the carcinogenic process. 
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Effect of acetaminophen on liver microsomal drug-metabolizing enzyme 
in vitro in mice 


(Received 7 June 1976; accepted 27 September 1976) 


Acetaminophen (AAP) is widely used as an analgesic and 
an antipyretic, and no particular adverse reaction of the 
drug at therapeutic doses has been reported. However, 
large doses of AAP were found to cause hepatic necrosis 
in man[1,2] and in several animal species [3]. Recently, 
some investigators have reported that AAP is metabolized 
to an active metabolite by liver microsomal cytochrome 
P-450 and the metabloite binds covalently to tissue macro- 
molecules causing hepatic necrosis [4,5]. In this regard, 
no spectral and kinetic studies of AAP. have been eluci- 
dated. 

The present study was undertaken, therefore, to deter- 
mine the effect of AAP on the drug-metabolizing enzyme 
in mouse liver microsomes in vitro. 

Male mice of ddY strain (18-21 g) were maintained on 
commercial chow and given tap water ad lib. Animals were 
fasted for about 18 hr prior to sacrifice. Throughout the 
present study, livers were pooled and used for each ex- 
periment. The animals were decapitated and the livers 
were perfused with 1.15% KCl in situ to remove the blood. 
The livers were then homogenized in 3 vol. of ice-cold 
1.15% KCI in a Potter-Elvehjem-type glass homogenizer 
with a Teflon pestle. The homogenate was centrifuged at 
9000 g for 20 min and the resultant supernatant fraction 
was recentrifuged at 105,000g for 1 hr in a Hitachi pre- 
parative ultracentrifuge, model 65P. The microsomal pellet 
was suspended in the isotonic KCI solution or 0.2 M phos- 
phate buffer, pH 7.4. The resultant microsomal suspension 
was used as the enzyme preparation. 
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Fig. 1. Difference spectra produced by increasing concen- 
trations of AAP in mouse liver microsomal suspension. 
Equal volumes of microsomal suspensions were placed in 
the reference and sample cuvettes. Difference spectra were 
recorded after the addition of 1 ml each of AAP and equal 
volumes of redistilled water to sample and reference 
cuvettes respectively. The microsomal protein concen- 
tration was 1.33 mg/incubation mixture. 


Aniline hydroxylase activity was measured by determin- 
ing the amount of p-aminophenol (PAP) formed using the 
method of Imai et al. [6]. The method could be also used 
for the determination of PAP in the presence of AAP. 
Ethylmorphine N-demethylase activity was measured by 
the determination of the amount of formaldehyde formed 
according to the method of Nash [7]. 

Cytochrome P-450 was assayed by the method of 
Omura and Sato [8]. Difference spectra were obtained at 
room temperature with a DW-2 Aminco—Chance spectro- 
photometer in the split beam mode. Absorbance changes 
at the peaks and troughs were determined relative to 
500 nm. A description of the condition for obtaining differ- 
ence spectra is given in the legends to the figures. Commer- 
cial aniline was redistilled under vacuum and the distillate 
was stored at about —10° under a nitrogen atmosphere. 
Other substrates were purchased from commercial sources 
and used without further purification. 

The microsomal protein was determined according to 
the method of Lowry et al. [9]. 

As shown in Fig. 1, AAP produced a characteristic type 
II spectrum with a peak at 424 nm and a trough at 391 nm. 
In addition, AAP has two spectral dissociation constants 
(K,), 3.82 and 22.7 mM (Fig. 2). Dixon plots of the inhibi- 
tory effect of AAP on aniline hydroxylation and ethylmor- 
phine N-demethylation are illustrated in Fig. 3. Figure 3a 
shows that the nature of the inhibitory effect of AAP on 
aniline hydroxylation appears to be competitive, and the 
apparent K; value is found to be 2.7mM. On the other 
hand, Fig. 3b shows that the inhibitory effect of AAP on 
N-demethylation of ethylmorphine seems to be noncompe- 
titive, and its K; value is 5.4mM. 

Since AAP was found to inhibit the metabolism of both 
type I and type II compounds, attempts were made to 
determine its effect on the difference spectra produced by 


| 
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Ks=3.82 mM 
and 
22.7mM 
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Fig. 2. Reciprocal plots of changes in absorbance/mg of 
microsomal protein at peak (424nm) minus trough 
(391 nm) relative to 500 nm caused by the addition of AAP 
to microsomal suspensions. Equal volumes (2 ml) of micro- 
somal suspension in 0.2 M phosphate buffer, pH 7.4, were 
placed in the reference and sample cuvettes. Difference 
spectra were recorded in the presence of | ml of AAP solu- 
tion and | ml of redistilled water in the sample and refer- 
ence cuvettes respectively. K, values for AAP were 3.82 
and 22.7 mM. The microsomal protein concentration was 
1.33 mg/incubation mixture. 
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Fig. 3. Inhibition of ethylmorphine N-demethylation and aniline hydroxylation by AAP. The incubation 
mixture consisted of either ethylmorphine (0.3, 0.5 and 1.0mM) or aniline (0.02 and 0.04 mM), liver 
microsomes, 0.1 mM EDTA, AAP ranging from 1.0 to 5.0mM, 5mM _ semicarbazide, pH 7.4, an 
NADPH-generating system (0.33 mM NADP, 8 mM glucose 6-phosphate, 6mM MgCl, and 0.045 unit 
of glucose 6-phosphate dehydrogenase) and 0.3 ml of 0.2M phosphate buffer, pH 7.4, in a final volume 
of 1.0 ml. In the case of aniline hydroxylation, redistilled water was used in place of semicarbazide. 
Incubations were carried out at 37° for 20 min aerobically. Protein concentrations of microsomes were 
0.98 mg in Fig. 3a and 0.76 mg/incubation mixture in Fig. 3b respectively. 
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Fig. 4. Effect of AAP on the difference spectra of aniline-microsome and ethylmorphine—microsome 

complexes. Figure 4 (panels a and b) was obtained with either 0.5mM ethylmorphine or 0.5mM 

aniline in the sample cuvette and 5mM AAP in both the sample and reference cuvettes. The concen- 

trations of microsomal protein used with the substrates were 1.73 mg for ethylmorphine and 1.87 mg 
incubation mixture for aniline. 


Table 1. Effect of AAP on the duration of zoxazolamine paralysis and the content of cytochrome 
Pi ) ) 
P-450* 





AAP 
treatment Time Paralysist Cytochrome P-450 
(mg/kg, i.p.) (hr) (min) contentt 





None 64.4 + 3.3(27) 0.656 + 0.061 
200 24.0 76.6 + 4.6(15) <0.05 0.331 + 0.039 <0.05 
500 24.0 94.4 + 6.9(16) <0.01 0.303 + 0.034 <0.01 





* Male mice weighing 16-22 g received zoxazolamine 100 mg/kg, i.p. in 0.2 N HCl solution 24 after 
AAP pretreatment at doses of 200 and 500 mg/kg in 0.9% saline solution. Control animals received 
the 0.9°, saline solution as a vehicle of AAP and, later, 0.2 N HCl instead of zoxazolamine solution. 
The values represent mean + S.E. Animals were sacrificed 24hour after AAP administration, and 
control animals received saline solution. Figures in parentheses indicate the number of animals used 
in each experiment. 

+ Duration of paralysis was measured from the injection of zoxazolamine to the time the animals 
regained righting reflex. 

t Values are expressed as nmoles/mg of protein. 
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ethylmorphine and aniline. As illustrated in Fig. 4, differ- 
ence spectra of ethylmorphine (0.5mM) and aniline 
(0.5 mM) were found to decrease when AAP (5 mM) was 
added to the cuvette. 

The inhibitory effect of PAP formed from AAP on the 
hydroxylation of aniline was examined, because AAP is 
known to be hydrolyzed to form PAP by liver microsomal 
esterase [10]. No significant inhibition of hydroxylation of 
aniline (0.01, 0.03 and 0.04 mM) by PAP in five concen- 
trations (3, 5, 10, 20 and 30 uM) was observed (Fig. 5). 
These findings indicate that aniline hydroxylation was inhi- 
bited by AAP itself, not its metabolite, PAP. 

Experiments were conducted to determine whether the 
duration of paralysis produced by zoxazolamine, a type 
II compound [11], may be changed by pretreatment with 
AAP. Zoxazolamine (100 mg/kg, i.p.) was administered to 
mice 24 hr after AAP treatment (200 mg/kg or 500 mg/kg, 
ip.), and the duration of loss of righting reflex was used 
as an index of paralysis. The data in Table 1 show that 
significant prolongation of paralysis was observed when 
zoxazolamine was injected 24hr after AAP pretreatment 
even at a dose of 200 mg/kg. Table 1 also shows that the 
content of cytochrome P-450 of mouse liver microsomes 
treated with AAP at doses of 200 and 500 mg/kg was de- 
creased to 50 per cent (P < 0.05) and 46 per cent (P < 0.01) 
of control level respectively. These results suggest that 
duration of paralysis produced by zoxazolamine was due 
to a decrease of cytochrome’P-450 content, not to competi- 
tive inhibition of AAP and zoxazolamine. 

It is known that large oral doses of AAP cause hepatic 
necrosis [1-3]. Recently, Jollow et al. [4] and Potter et 
al. [5] reported that AAP is oxidized to N-hydroxyacetani- 
lide by liver microsomal cytochrome P-450. This reactive 
metabolite is postulated to bind to tissue macromolecules. 
Mice were shown to be more susceptible to AAP-induced 
necrosis than rats[4], and thus mice were chosen for use 
in this study. 

Spectral and kinetic studies with mouse liver microsomal 
suspensions demonstrated that AAP produces typical type 
II difference spectra possessing two dissociation constants. 
These findings suggest the possibility that AAP may be 
bound to different sites of the molecule of one cytochrome 
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Fig. 5. Effect of p-aminophenol on aniline hydroxylation. 
Experimental details of the incubation mixture were de- 
scribed in Fig. 3 except that aniline in three concentrations 
(0.01, 0.03 and 0.04mM) was used as substrate and 
p-aminophenol ranging from 3 to 30 4M was used as an 
inhibitor in place of AAP. The concentration of PAP 
added to the incubation mixture was subtracted from the 
PAP determined by assay. Microsomal protein was 
0.91 mg/incubation mixture. 


P-450 or to two species of cytochrome P-450, since evi- 
dence for the existence of multiple forms of cytochrome 
P-450 has been presented [ 12, 13]. 

Ethylmorphine and aniline were chosen as model com- 
pounds of type I and type II substrate to test AAP as 
a possible inhibitor of drug metabolism in vitro. AAP 
exhibited noncompetitive inhibition for ethylmorphine 
N-demethylation and competitive inhibition for aniline hy- 
droxylation (Fig. 3). In addition, the decrease in difference 
spectra of ethylmorphine and aniline caused by adding 
AAP may support the data obtained on the inhibitory 
effects of AAP on the metabolism of aniline and ethylmor- 
phine (Fig. 4). 

AAP is hydrolyzed to PAP by liver microsomal hydro- 
lase, and it is possible to speculate that the inhibition of 
aniline metabolism by the addition of AAP may be caused 
by PAP. No inhibition of p-hydroxylation of aniline by 
PAP was observed (Fig. 5). 

It is well known that zoxazolamine is oxidized by liver 
cytochrome P-450 to produce an inactive metabolite [14]. 
The present studies demonstrate that AAP prolongs the 
duration of paralysis produced by zoxazolamine and de- 
creases the content of cytochrome P-450 simultaneously. 
Therefore, AAP-induced prolongation of the duration of 
zoxazolamine paralysis may be due to the decrease of cyto- 
chrome P-450 content rather than competitive inhibition 
of zoxazolamine with AAP. 
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Studies on the mutagenicity of nitrofurans in 
Salmonella typhimurium 


(Received 17 August 1976; accepted 12 November 1976) 


‘he Salmonella mutagenicity procedure developed by 
Ames and his associates [1] has found wide applicability 
in the detection and classification of mutagens. Results 
obtained with this assay also have a predictive value to 
identify carcinogens as a recent analysis reveals a remark- 
able correlation between mutagenicity in this assay and 
carcinogenicity in animals [2,3]. Our laboratory has been 
concerned with an evaluation of short-term mutagenicity 
procedures and with gaining an understanding of the lack 
of reactivity in the Salmonella assay of substances reported 
to be mutagenic in other systems and to be carcinogenic 
as well [4]. In the present report we are concerned with 
nitrofurans which are mutagenic in E. coli and Neurospora 
crassa and carcinogenic in laboratory animals [5-11] but 
which were found to be non-mutagenic in the Salmonella 
assay when the original tester strains (TAI535, TA1538 
etc.) were used [6,8,11]. More recently strain TA100, a 
derivative of TA1535, bearing a plasmid was constructed 
[12], this tester strain displays enhanced sensitivity to a 
number of mutagens and indeed nitrofurans exhibit muta- 
genicity in this strain [2, 12-15]. Still the question remains 
why nitrofurans are non-reactive in the original tester 
strains and why other known mutagens, carcinogens and 
DNA-modifiers are non-mutagenic in the original as well 
as the newer tester strains [4]. An elucidation of this lack 
of reactivity might help in the development of tester strains 
that are even more universal than TAI100 (and TA 
98 [12]). 

Previous studies [4, 16-18] with strongly antimicrobial 
agents endowed with DNA-modifying activity have 
revealed that some of these agents are not detected as 
mutagens in the standard Salmonella assay because their 
antibacterial action which is exerted over a 48 hour period 
allows too few survivors to permit the scoring of mutants. 
Moreover, frequently the concentration for optimal muta- 
genicity is very close to or actually overlaps with the maxi- 
mal antibacterial level. In- this connection it must be 
remembered that in the standard Salmonella assay results 
are expressed as mutants per plate and not as mutants 
per survivors. We have shown that the mutagenic potential 
of some antimicrobial agents could be demonstrated when 
bacteria in liquid suspension are exposed for limited 
periods to the agent and then processed for the determina- 
tion of the number of mutants and of survivors [4, 16-18]. 
In this report we show that nitrofurans are mutagenic for 
the original Salmonella tester strains when tested by this 
procedure. 

For the present study two carcinogenic nitrofurans: 
(N(4(5-nitro-2-furyl)-2-thiazolyl] formamide (NFTF) and 
2 - (2,2 - dimethylhydrazino) - 4 - (5 - nitro - 2 - furyl)thiazole) 
(DMNT) were chosen. Neither of these substances was 
mutagenic for Salmonella strains G46, TA1530, TA1535, 
TA1978 and TA1538 when tested by the two modifications 
of the Ames procedure [1, 19]: the spot test in which the 
bacteria are incorporated into the agar overlay and the 
test agent is placed onto the surface of the agar or the 
quantitative procedure in which the tester bacteria together 
with known amounts of the test agent are placed in the 
agar overlay (results not shown). 

These findings confirm the results of other investigators 


[6,8, 11]. When, however, the bacteria were exposed to 
the test agents in liquid suspension then the bacteria 
washed free of the chemical and processed for determina- 
tion of the number of survivors and of mutants by plating 
on selected media, the mutagenicity of the two nitrofurans 
was readily demonstrable (Table 1). Moreover it was found 
that under these testing procedures the test agents induced 
mutations of both the base-substitution and the frameshift 
type. Agents with known mutagenic specificities were also 
tested, these retained their specificities, e.g. nitrofluorene 
induced mutations of the frameshift type only while ethyl- 
methanesulfonate gave rise to base-substitution mutations 
(Table 1). 

Neither of the two nitrofurans exhibited (Table 1) signifi- 
cant mutagenicity when tested with tester strains that are 
deficient in nitro reductase activity [20]. 

The present findings indicate that under modified condi- 
tions the mutagenicity of nitrofurans for the original S. 
typhimurium tester strains can be demonstrated. This is not 
unexpected in view of the demonstrated mutagenicity of 
these substances (see above). It was, however, puzzling to 
find that the two nitrofurans tested were capable of induc- 
ing mutations of the base-substitution as well as of the 
frameshift type. This in turn suggests that nitrofurans are 
capable of interacting with cellular DNA in at least two 
manners. The chemical basis of this dual effect and its 
possible relevance to the carcinogenic process remain to 
be elucidated. It is noteworthy that both events are depen- 
dent upon a metabolic conversion involving the nitro func- 
tion (see also refs. 15 and 20), as they are both abolished 
when nitro reductase deficient tester strains are used. It 
should be noted that evidence of a dual mutagenic action 
of nitrofuran derivatives exists in the literature. Thus the 
E. coli strain used by McCalla et al. [6] and others [8] 
for demonstrating the mutagenic activity of nitrofurans is 
one which responds to base-substitution mutations [6] 
while the earlier report of Zampieri and Greenberg [9] 
which demonstrated the mutagenicity of nitrofurazone for 
E. coli, showed that this chemical was capable of reversing 
mutations induced by proflavin, which indicates that this 
nitrofuran is a frameshift mutagen. 

The present findings together with the fact that these 
nitrofurans are endowed with DNA-modify activity in E. 
coli and Salmonella systems as evidenced by their ability 
to preferentially inhibit the growth of DNA repair-deficient 
bacteria [11] and unpublished results), suggest that in rou- 
tine testing the Salmonella mutagenicity assay should be 
used in tandem with bacterial systems capable of detecting 
DNA-modifying activity. Substances that are positive in 
a DNA-modifying assay but negative by the Ames pro- 
cedure may then be tested in liquid suspension. It is further 
noteworthy that certain agents (e.g. 1,i,2,2-tetrabrometh- 
ane, sodium hypochlorite) that are DNA-modifiers 
[16,17], but non-mutagenic in the standard Ames assay 
using TA1535 and TA1538 are also non-mutagenic when 
tested under standard conditions with TA100 (unpublished 
results). These substances are, however, mutagenic for 
TA1530, TA1535 and TA100, when tested in liquid suspen- 
sion ({16, 17] and unpublished results). These findings sug- 
gest that additional tester strains be developed. 
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The effect of salicylate on the activity of acetyl-CoA 
carboxylase in rat liver 


(Received 25 August 1976; accepted 30 November 1976) 


One of the characteristics of the widely used pharmacologi- 
cal drug—salicylate—is its effect on lipid metabolism, par- 
ticularly, on lipid synthesis. It has been established that 
salicylate administered intraperitoneally to rats in doses 
of 200-500 mg/kg inhibits the incorporation of the labelled 
acetate into fatty acids of the liver [1]. Goldman[2] has 
shown that salicylate in concentrations of 10°~* and 
10°*M inhibits by 30 and 90 per cent respectively the 
synthesis of fatty acids in the soluble fraction of rat liver. 

In our laboratory it has been shown that salicylate in- 
hibits the incorporation of [1-'*C]acetate into the total 
unsaponifiable lipids and fatty acids but does not affect 
the incorporation of [2-'*C]mevalonate into cholesterol 
by the supernatant fraction (700g) of rat liver homo- 
genate [3]. Later it was shown that salicylate in concen- 
tration of 10~? M almost completely inhibits the incorpor- 
ation of [1-'*C]acetyl-CoA into unsaponifiable lipids and 
decreases markedly (by 65-79 per cent) incorporation of 
this substrate into fatty acids. However, the incorporation 
of [2-'*C]malonyl-CoA into unsaponifiable lipids and 
fatty acids is not inhibited by salicylate[4,5]. It was 
assumed that salicylate acts upon the stage of carboxyla- 
tion of acetyl-CoA, inhibiting the key enzyme of fatty acid 
synthesis—acetyl-CoA carboxylase (Acetyl-CoA: CO, 
ligase (ADP), E.C.6.4.1.2). 


The present research concerns the effect of salicylate on 
the activity of acetyl-CoA carboxylase in the partially puri- 
fied soluble fraction of rat liver. In the experiments in vitro 
salicylate was added directly to the soluble fraction; in 
the experiments in vivo salicylate was administered intra- 
peritoneally. 


METHODS 


Wistar male rats (150-200 g) were used and kept on the 
usual laboratory ration. To study the possible inhibition 
of carboxylase activity by salicylate in vivo potassium sali- 
cylate was administered intraperitoneally twice, 14 and 2 hr 
prior to decapitation, in a dose of 250 mg per 1 kg of body 
wt. The control animals received saline twice. After decapi- 
tation of the animals the blood in the liver was washed 
out with physiological saline through V. portae and the 
pooled 4-8 livers passed through a tissue press to remove 
the connective tissue and then homogenized in phosphate 
buffer solution, pH 7.4, containing EDTA and 2-mercap- 
toethanol [6]. All procedures were conducted at 0°. The 
homogenate was centrifuged at 700g for 10min. The 
resulting supernatant was centrifuged twice at 12,000g for 
15 min and once at 140,000 g for 60 min, and then subjected 
to gel filtration in a Sephadex G-25 column to remove 
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Table 1. Inhibition by salicylate of acetyl-CoA carboxylase in the partially purified soluble rat liver fraction 





Index Control 5x 10°37M 


Salicylate 
2.5 x 10°7M 


10-7 M 10°*M 





Activity 
of enzyme* 
(M + m) 
n 6 6 
Pp _ < 0.01 
%, of decrease as 62 


8110 + 1146 3046 + 479 


4556 + 596 5680 + 1574 6035 + 1229 
6 6 y 
< 0.05 < 0.2 < 0.4 


44 30 25 





* The activity of enzyme is expressed in cpm of H'*CO; 


for 10 min of incubation. 


endogenic low-molecular substrates. The purified fraction 
was used as a crude enzyme preparation. The activity of 
acetyl-CoA carboxylase in this fraction was determined by 
fixation of H'*CO ; after activation of enzyme by citrate 
according to the method of Chang et al. [7]. NaH'*CO, 
was added in concentration of 104M _ per sample 
(6-8 x 10° cpm). Radioactivity was measured in the liquid 
scintillation counter Mark II (Nuclear Chicago). The back- 
ground radioactivity was measured in all instances without 
acetyl-CoA in reaction mixture. Protein determination was 
made by the biuret method [8]. Acetyl-CoA was received 
from Sigma. 


RESULTS AND DISCUSSION 


The data obtained in the experiments in vitro (Table 
1) show that salicylate does inhibit the activity of acetyl- 
CoA carboxylase in partially purified rat liver supernatant. 
Ata salicylate concentration of 5 x 10~? and 2.5 x 10~3M, 
the inhibition of H'*CO; incorporation was in average 
62 and 44per cent respectively. At a concentration of 
10° 3-10~* M the salicylate inhibited reaction by 30-25 per 
cent, although this inhibition was not statistically signifi- 
cant. Approximately the same degree of inhibition was 
observed in earlier studies on the inhibiting effect of salicy- 
late on ['*C]acetate and ['*C]acetyl-CoA incorporation 
in fatty acids and unsaponifiable fraction [4, 5]. This allows 
the suggestion that the latter is due to the inhibition of 
acetyl-CoA carboxylase activity. 

The in vivo experiments show that i.p. injection of salicy- 
late (250 mg per kg body wt) in rats produces in average 


Table 2. Effect of intraperitoneal administration of 
250 mg/kg body wt of salicylate on acetyl-CoA carboxylase 
activity in liver (cpm/mg j; rotein) 





Number of 


experiment* Control Experiments 





1520 
1250 


3080 
2570 
3000 394 
2880 + 171 1050 + 314 
_ < 0.01 
°%, of decrease — 63.5 


M+m 





* Each experiment represents the data obtained by inves- 
tigation of homogenate prepared from 4 rat livers. 


fixed by acetyl-CoA in the liver fraction per mg of protein 


63 per cent inhibition of acetyl-CoA carboxylase in liver 
(Table 2). 

Thus salicylate inhibits the activity of acetyl-CoA car- 
boxylase both in vitro and in vivo. 

This appears to account for the inhibition by salicylate 
of fatty acid synthesis observed by several workers [1-5]. 
The doses used in the present study (250 mg per 1 kg of 
body wt) were also employed by other researchers to study 
the effect of salicylate on the synthesis of fatty acids [1]. 

The molar salicylate concentration of the order of 1073 
and 10~*M used in the in vitro experiments correspond 
to the wt concentrations of about 0.1 and 0.01 mg/ml. Con- 
sidering that in some diseases salicylate is taken in large 
doses, one may assume that the above concentrations can 
also be attained in the liver. Note that many workers con- 
cerned with salicylate action on various types of metabo- 
lism used salicylate in similar concentrations [9-11]. 

The results obtained permit the conclusion that the 
hypolipidemic action of salicylate observed by many 
workers is related to the inhibition of acetyl-CoA carboxy- 
lase activity. 
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Dopa and dopamine formation from phenylalanine 
in human brain* 


(Received 20 August 1976; accepted 22 October 1976) 


Little work has been done on the formation of the putative 
neurotransmitter dopamine (DA) in the CNS of human 
despite the invaluable nature of the data obtained directly 
from human tissue. A limited number of publications [1-3] 
on tyrosine hydroxylation, considered to be the critical 
step in DA synthesis [4], have appeared reporting data on 
postmortem human brain tissue. No study however, to the 
best of our knowledge, has been reported on DA formation 
from phenylalanine in the same tissue although it is known 
that both DA and norepinephrine may be formed from 
this amino acid in laboratory animal brain [5-8]. We have 
now examined human brain tissue for the presence of any 
activity forming DA and its precursor Dopa from phenyl- 
alanine. 

Uniformly '*C-labelled L-phenylalanine and L-tyrosine 
(specific radioactivity, 350-400 mCi/m-mole) were pur- 
chased from New England Nuclear, Boston, MA. Triton 
X-100 was obtained from J. T. Baker Chemical Co. and 
the decarboxylase inhibitor NSD-1034 was a kind gift from 
Smith and Nephew Co., Fngland. Crude Dopa decarboxy- 
lase was prepared by the method of Clark, et al. [9]. The 
determination of phenylalanine concentration was done by 
fluorometry as described before [10]. Human brain tissue 
samples were obtained following autopsies at various local 
hospitals. Wistar rats (female, 150-170 g) were supplied by 
the Carworth division of Charles River Co., Wilmington, 
MA. The brain region of caudate nucleus was dissected 
out in each case and employed for the experiments. The 
chilled tissue samples were homogenized in ice-cold 0.32 M 
sucrose containing 10 micromolar calcium chloride [11]. 
The whole homogenate (10°,) was spun once at 27,000 gq 
and the particulate fraction was suspended in 0.125M 
sodium phosphate buffer (pH 6.0). The particulates were 
then incubated with ['*C]phenylalanine as described 
before [12]. Briefly, the method consisted of incubating 
0.5 ml of the phosphate buffer suspension of the particu- 
lates (50-160 mg wet tissue equivalent from human 
samples; 20 mg of rat brain) diluted to approximately 675 
microliters of final vol. containing the final concentrations 
of 0.05 M mercaptoethanol, 0.4mM _pargyline hydrochlo- 
tide (MAO inhibitor) and 0.092 M sodium phosphate at 
pH 6.0. The incubation was for 30 min at 37°. At the end 
of the incubation, crude Dopa decarboxylase and 0.5M 
sodium phosphate buffer (pH 7.0) was added and the mix- 
ture was shaken for 15 more min to complete the decar- 
boxylation of any remaining labelled Dopa to DA. The 
reaction was stopped by adding ice-cold 0.8 N perchloric 
acid and then the whole mixture was extracted twice by 
homogenizing, centrifuging and rehomogenizing the pellet 
followed by recentrifugation. The analysis of the combined 
extracts was carried out as described in detail before [6, 12] 
for the separation of the products, tyrosine and DA formed 
from phenylalanine substrate. The tyrosine formed was 
purified by chromatography on Dowex-50 (Na*) and 
paper. The same ion-exchange resin and acid alumina was 
employed for the isolation of DA which contained only 
a trace (<10°%) of norepinephrine as reported before [6]. 





* Some of the results were presented at the annual meet- 
ing of the American Society for Neurochemistry, March, 
1975, at Mexico City, Mexico. 


The analytical recoveries were checked by analyzing 
known labelled compounds and the average values from 
a number of such analyses were 58 per cent for tyrosine 
and 55 per cent for DA; the reported results were not 
corrected for the losses. The presence of any contaminating 
compound in the labelled phenylalanine substrate was 
checked by incubating either perchloric acid or Triton 
X-100 treated (tissue preparation in either 0.4 N perchloric 
acid or 0.1% final Triton concentration at 0° for 15 min) 
brain tissue samples with the labelled substrate and analyz- 
ing for the radioactivities in the purified tyrosine and DA 
fractions. Such blank radioactivities were quite low; tyro- 
sin and DA radioactivities formed from the uninhibited 
human brain (Table 1) samples were between 5 and 50 
times of those from the blanks. All the purified tyrosine 
and DA fractions were counted in model 100C Beckman 
liquid scintillation counter and the counting efficiencies 
were checked by internal standards. The results reported 
are the averages of 2-4 experimental values usually differ- 
ing by less than 10 per cent. 

The results in Table 1 show the radioactivities in DA 
and tyrosine formed from the incubation of ['*C]phenyl- 
alanine with the particulates from human brain samples. 
The results also indicate the effects of various agents and 
alterations of incubation conditions upon the product for- 
mations. DA products were 8.6 and 4.2 nCi/gm/hr from 
case 3 and 7 respectively and the corresponding tyrosine 
formations were 48.5 and 53.7 nCi/gm/hr. Alpha methyl 
p-tyrosine strongly (98 per cent and 87 per cent) inhibited 
the formations of DA and tyrosine (case 3). Potent (92 
per cent and 45 per cent) inhibitory effects of tyrosine as 
well were indicated by the results (case 7). In one of our 
experiments (case 3), 1.7 x 10~° M phenylalanine inhibited 
74 per cent of DA formation from ['*C]tyrosine substrate 
suggesting mutual inhibition. Detergents are known to dis- 
rupt synaptosomes [13] and Triton X-100 pretreatment 
resulted in complete loss of DA forming activities. DA for- 
mation (case 3) was also potently blocked by the decarbox- 
ylase inhibitor compound NSD-1034 and the results indi- 
cated that the product which accumulated as Dopa could 
be, subsequent to its purification, decarboxylated to DA 
by the kidney decarboxylase preparations. The human 
samples in our studies (Table 1) had 3.5 hr and 29 hr post- 
mortem delay of experiment and it is quite likely that 
enzyme activity loss may occur in that period. Although 
human and rat brain may not be strictly compared regard- 
ing such activity losses, we have carried out some prelimi- 
nary studies with rat brain. Rat heads, following decapi- 
tation, were stored at 4° for varying periods and then 
assayed for product formation from phenylalanine by the 
standard method. The results (Table 1) indicate that some 
postmortem losses may occur; tyrosine formation was, 
compared to Ohr postmortem delay, 98 per cent and 81 
per cent after Shr and 17hr respectively. DA formation 
was reduced to 87 per cent and 51 per cent at the corre- 
sponding periods. 

It is apparent from the results (Table 1) that human 
brain tissue may form DA and its precursors, Dopa and 
tyrosine, from phenylalanine. In our previous 
studies [6, 12] demonstrating phenylalanine hydroxylation 
by rat brain, we have used various approaches to rule out 
non-enzymatic product formations. Several observations 
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Table 1. DA formation from ['*C]phenylalanine incubation with human and rat brain particulates 





Addition/ 


Sample Condition 


Product radioactivity (nCi/gm/hr) 
Tyrosine (°%) DA (%) 





Human brain: 
Case No. 3 
Age—49; Sex—M 
Cause of death: 
respiratory failure 
Expt. 3.5 hr 
postmortem. 


None 

MPT (3.2 x 107* M)* 
Triton X-100** 

DA (7 x 10°5 M) 
NSD-1034 (4 x 107* M)t 
23 hr at O°f 

No decarboxylaset 


Human brain: 
Case No. 7 
Age—80; Sex—F 
Cause of death: 
coronary arterio- 
sclerosis 

Expt. 29 hr 
postmortem. 


Rat brain (n = 4) 


None 

Triton X-100** 
Tyrosine (3.1 x 10~* M) 
18 hrs. at O°f 


Expt. 0 hr postmortem 
Expt. 5 hr (at 4°) 
postmortem. 

Expt. 17 hr (at 4°) 
postmortem. 


8.6(100) 
0.2( 2) 
0.2( 2) 
1.0( 12) 
O:2¢'- 2) 
3.7( 43) 
1.2( 14) 


48.5 (100) 
6.3( 13) 
7.4( 15) 
17.8 ( 36) 
61.6 (127) 
27.6 ( 57) 
43.7( 90) 


53.7 (100) 
19.7( 37) 
29.6 ( 55) 
30.9 ( 58) 


4.2 (100) 
0.2( 5) 
0.3( 8) 
1.9( 45) 


284.0 (100) 
278.1 ( 98) 


171.0 (100) 
149.1 ( 87) 


230.8 ( 81) 87.5( 51) 





* Alpha methyl p-tyrosine 


** Particulates in buffer kept at 0° for five min in 0.15°% Triton X-100 before the incubation. 
+ Dopa fractions (Dowex-50 columns) isolated from these experiments were decarboxylated by the crude decarboxylase 
and purified as DA before radioactivity assay; case 3 had 13.7 nCi/gm/hr of Dopa in the presence of NSD-1034 and 


5.1 nCi/gm/hr when decarboxylase was omitted. 


¢t Whole homogenate kept at 0° for 18-23 hr before the separation of the particulates. 
The particulates from human and rat brain were incubated with ['*C]phenylalanine under the standard conditions 
or any listed variation. The data indicate the formation of the products, DA, Dopa and tyrosine as radioactivity 
per gram wet tissue per hour. The final concentrations (micromolar) and specific radioactivities (nCi/nM) of phenylalanine 
in the incubation mixtures were: case 3, 11.4 and 27.2; case 7, 4.0 and 74.6; rat brain 11.7 and 18.2 respectively. 


suggest that the appearance of products from phenyl- 
alanine in human brain is also enzymatic, (a). We have 
observed before [12] that tyrosine and DA formation from 
phenylalanine is strongly inhibited when rat brain particu- 
lates are pretreated with detergents as Triton X-100, 
sodium dodecyl sulphate, etc. In our present experiments, 
Triton X-100 pretreatment of the human brain particulates 
potently blocked tyrosine (63-85%) and DA (95-98%) for- 
mations (Table 1). We have also ensured that the presence 
of Triton X-100 did not affect our analyses of tyrosine 
and DA by actual recovery analyses of authentic labelled 
tyrosine and DA in the presence of the detergent. (b). In 
our present experiments, alpha methyl p-tyrosine, tyrosine 
and DA added to the incubation mixture markedly inhi- 
bited labelled tyrosine (45-87%) and DA (88-98%) forma- 
tions as also we have observed [6, 12] with rat brain prep- 
aration; these compounds are not likely to be inhibitory 
towards a non-enzymatic product formation. (c). The 
results of our experiments (Table 1) with the Dopa decar- 
boxylase inhibitor, NSD-1034, clearly indicate the enzyma- 
tic nature of the reaction. The radioactivity in DA was 
reduced to 2 per cent in the presence of this inhibitor. 
The accumulated Dopa, following its purification, could 
be decarboxylated to DA by the action of the decarboxy- 
lase. (d). There were activity losses of both human and 
rat brain upon storage (17-23 hr) at 0-4° (Table 1). Such 
activity decrement also support the enzymatic character 
of the product formation. 

The actual nature of the enzyme responsible for tyrosine, 
Dopa and DA formations from phenylalanine has not been 
established in our present study. Of the three likely 
enzymes, tyrosine, tryptophan and phenylalanine hydroxy- 


lases, as discussed before [6], only tyrosine hydroxylase 
may however form Dopa from phenylalanine [14]. Further 
studies on the nature of the human brain enzyme are 
planned. 

The present results suggest some broad similarities 
between the enzyme activities in human and rat brain. 
Human brain tissue, like that from rat [6,12], may form 
Dopa and DA in addition to tyrosine, from phenylalanine 
substrate. Inhibition of the product formation in the pres- 
ence of DA, alpha methyl p-tyrosine and tyrosine may be 
observed with both the tissues. Triton X-100 treatment of 
the particulates is as effective in blocking the rat brain 
activity [12] as it is towards that in human tissue. It is 
also possible that such comparisons of human to rat brain 
may be extended to cow, guinea-pig (our observations, not 
reported), mouse [8], monkey and cat[7] brains all of 
which have been observed to form Dopa and DA from 
phenylalanine. Our recent data[10] indicate that some 
psychoactive drugs, commonly employed for human use, 
may affect catecholamine formation from phenylalanine in 
rat brain. If indeed the human and rat brain activities are 
of the same nature, further studies of Dopa/DA formation 
in human brain may prove useful. 
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Effect of parenteral dimethy! sulfoxide (DMSO) on drug 
metabolizing enzyme activities in the phenobarbital pretreated rat 


(Received 11 June 1976; accepted 19 November 1976) 


Since many substrates are nonpolar compounds, small 
volumes of a solvent or detergent are frequently utilized 
to enhance their aqueous solubilization. It is recognized 
that the addition of such organic solvents may stimulate 
or inhibit biotransformation studies involving the microso- 
mal mixed function oxygenase enzyme system [1,2] and, 
therefore, misinterpretation of biologic events may occur 
unless the solvent effect is determined. Because we were 
interested in investigating drug metabolizing enzyme ac- 
tivities associated with experimental hepatic injury, and 
DMSO was to be used as the solubilizing agent for a 
known hepatotoxin, we assessed the effect of the in vivo 
administration of DMSO upon hepatic microsomal 
enzyme activities in the phenobarbital pretreated rat. 

Normal Sprague-Dawley rats (240-260 g), as well as 
those pretreated with phenobarbital (75 mg/kg/day) intra- 
peritoneally for 4 days, were studied. They had free access 
to Purina Rat Chow and water, and were caged in a con- 
stant temperature room (22°) with alternating 12 hr of light 
and darkness. All experiments were done in the early 
merning. Animals were divided into the following groups: 
Group 1—normal rats received a single injection of 
0.55 gm (0.5 ml) undiluted DMSO (Fisher Scientific, spec- 
tral grade) intraperitoneally 72 hr prior to sacrifice; Group 
2—on the day 4 of the phenobarbital pretreatment, rats 
received a single injection i.p. of 0.55 gm undiluted DMSO 
and were sacrificed 72 hr later. Control rats (no DMSO 
injection) were also studied in each group. 

Following decapitation, blood was collected for SGOT 
(Sigma Kit) and serum bilirubin [3] determinations. The 
liver was rapidly biopsied and specimen were fixed in for- 
malin and stained with hemotoxylin and eosin for evalu- 
ation by light microscopy. The liver was then perfused in 
situ with 75 ml of ice cold 0.15M sodium chloride and 
excised. Microsomes were prepared by differential centrifu- 
gation at 105,000 g for 60 min in a Beckman L2-65 B cen- 
trifuge. The suspended microsomal pellet obtained from 
the centrifugation was used for the following assays: Cyto- 
chrome P-450 content [4], aminopyrine demethylase [5], 
aniline hydroxylase [6], and bilirubin glucuronyl transfer- 
ase [7]. Protein concentrations were determined by the 


method of Lowry et al. [8] using bovine albumin as stan- 
dard. 

Statistical indices were calculated by standard methods 
and are expressed as the mean + SEM. A ¢ test of the 
difference between two sample means was utilized to assess 
the significance between parameters [9]. P values equal 
to or less than 0.01 were considered significant. 

DMSO had no effect on the drug metabolizing enzyme 
activity in the normal rats (Group 1). A previous report 
[10], utilizing larger doses of DMSO ip. in normal Spra- 
gue-Dawley rats, demonstrated that aniline hydroxylase 
activity was increased within the first 24 hr, however, this 
had returned to control level by 48 hr. Further, there was 
no change in the cytochrome P-450 levels. Therefore, the 
results reported here are in agreement with this report as 
our assays were determined 72hr after the lower dose of 
DMSO administration. 

The phenobarbital pretreated rats, however, responded 
differently to the DMSO. The cytochrome P-450 content, 
ard the activities of aminopyrine demethylase and aniline 
hydroxylase were reduced by 27, 32 and 19 per cent, re- 
spectively (Table 1). All reductions were significantly differ- 
ent from the phenobarbital controls. To determine whether 
the reduction of either the aminopyrine demethylase or 
aniline hydroxylase activities were disproportionate to the 
reduction in cytochrome P-450 conteni, we calculated the 
ratio of the enzyme activity per nmole of cytochrome 
P-450 [11]. For aminopyrine demethylase, the ratio was 
essentially the same in the phenobarbital control and 
DMSO treated animals; 3.4 and 3.2 respectively. Similarly, 
the ratios for aniline hydroxylase were essentially the same 
(0.55) and 0.62) between control and DMSO treated ani- 
mals. This would imply that the reduced enzyme activities 
were largely related to a diminished cytochrome P-450 
content, and not due to specific alteration of the two 
enzyme activities. We did assess, however, the substrate 
spectral binding curve for DMSO in rat microsomes, and 
this revealed a modified Type II with a lambda maximum 
at 417nm and lambda minimum at 395nm [12]. Thus, 
the DMSO could competitively inhibit at both Type I 
{aminopyrine) and Type II (aniline) substrate binding sites 
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Table 1. Effect of in vivo DMSO on microsomal protein and enzyme activities in phenobarbital pretreated rats 





Treatment Microsomal protein Cytochrome P-450 


Aniline 
hydroxylase 


Glucuronyl 
transferase 


Aminopyrine 
demethylase 





n moles/mg protein 
2.33 F 0.04 (22) 


mg/ml 
Phenobarbital 11.09 = 0.59 (44) 
Control* 
DMSO 10.80 $ 0.50 (33) 


Pt NS 


1.70 $ 0.07 (28) 
0.001 


n moles HCHO 
formed/mg prot/min 
8.25 F 0.57 (15) 


n moles p-aminophenol 
formed/mg prot/min 
1.29 $ 0.03 (15) 


ugm bilirubin 
formed/mg prot/min 
1.34 F 0.05 (13) 


1.05 F 0.02 (27) 1.29 F 0.04 (28) 
0.001 NS 


5.45 F 0.43 (31) 
0.001 





* Values given are the mean + SEM with number of observations in parentheses. 
+ Comparison of Control with DMSO rats. NS—not significant. 


on the cytochrome P-450 molecule, and this would result 
in reduced activities of aminopyrine demethylase and ani- 
line hydroxylase. Such inhibition would not, however, 
result in a reduced cytochrome P-450 content. In contrast, 
the glucuronyl transferase activity was not diminished as 
compared with the control animals. Since this enzyme sys- 
tem is independent of cytochrome P-450, it would further 
suggest that the mixed function oxygenase enzymes were 
diminished secondarily to the reduction in cytochrome 
P-450 content. 

Histologic sections revealed no evidence for hepatocellu- 
lar injury as compared with norma! rat liver histology. 
Further, there were no changes in the SGOT levels or 
serum bilirubin in rats given DMSO. 

The ip. administration of dimethyl sulfoxide caused a 
reduction in activity of the mixed function oxygenase 
enzyme system. DMSO has previously been reported to 
stimulate, inhibit, or have no effect when added in vitro 
to various enzyme systems [13,14]. It has further been 
reported to stimulate aniline hydroxylase activity when 
given i.p. to the rat [10]. The mechanisms leading to these 
changes in enzyme activity are unknown, however, postula- 
tions include that DMSO may alter pH, modify protein 
conformation or biochemical structure [15]. Further, when 
DMSO is given in vivo, the effect of its metabolites must 
also be considered [16]. Because phenobarbital enhances 
the metabolism of DMSO [14], our results may reflect 
such a metabolite effect, and this is supported by the find- 
ing of the differences between the normal and phenobarbi- 
tal pretreated rats. This may partly explain our reduced 
mixed function oxygenase activities as compared with a 
previous study [10]. It appeared, however, that the reduced 
content of cytochrome P-450 was the major factor in the 
diminished activity of the drug metabolizing enzyme sys- 
tem. It is appreciated that cytochrome P-450’s catalytic 
activity is dependent upon its association with intracellular 
membranes [17]. Since DMSO has recognized effects on 
membranes [18], it may alter the integrity of the cyto- 
chrome P-450 by disrupting its membrane-bound position. 
Further, it has been shown that synthetic detergents inter- 
act with the cytochrome P-450, and this may involve either 
inhibition of drug binding sites on the P-450 molecule or 
degradation of the hemeprotein itself [19]. Thus the inter- 
action of DMSO with the cytochrome P-450 is consistent 
with our results and would also explain the non interfer- 
ence with the glucuronyl transferase activity. We conclude 
that when DMSO is utilized as a solvent in drug metabo- 
lizing enzyme studies, adjustments may have to be made 
for its effect on enzymes in the mixed function oxygenase 
system if phenobarbital pretreatment is employed. 
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Increase caused by desmethylimipramine in the production 
of [°H]melatonin by isolated pineal glands 


(Received 31 August 1976; 


We have recently found that the widely used antidepres- 
sant desmethylimipramine (DMI) causes an increase in 
pineal gland N-acetyltransferase activity in vitro and in vivo 
[1]. This enzyme is adrenergically regulated; DMI appears 
to act by blocking the neuronal uptake of catecholamines 
(uptake, ), thus causing an accumulation in pineal extracel- 
lular space of catecholamines which have been leaked or 
released from sympathetic nerve terminals within the gland 
[1]. Previous studies have indicated that N-acetyltransfer- 
ase activity regulates large changes in melatonin produc- 
tion [2,3]. It seemed probable, therefore, that DMI would 
also cause an increase in melatonin production. 

We examined this possibility by measuring the amount 
of [*H]melatonin in the culture medium of pineal glands 
incubated with [*H]tryptophan and treated with DMI. 
Pineal glands were obtained from male Sprague-Dawley 
rats (100-120 g) which had been housed for 4 days in a 
room with an automatically regulated lighting schedule 
(L:D 14:10). Animals were killed by decapitation 6 hr after 
the lights were turned on; pineal glands were immediately 
removed and placed into organ culture. After | hr of incu- 
bation, glands were transferred to wells containing medium 
with 0.2 mM [*H]tryptophan (sp. act. ~ 70 uCi/umole) for 
a 6-hr treatment period. 

A dose-dependent increase in both N-acetyltransferase 
activity and [7H]melatonin production was observed after 
treatment of pineal glands with DMI (Table 1). At the 
higher concentration of DMI tested (100 uM), N-acetyl- 
transferase activity and [*H]melatonin production were 
statistically indistinguishable from the respective values 
measured after treatment with a maximally effective con- 
centration [1] of epinephrine (EPI). Substantially more 
[°*H]N-acetylserotonin ({(*H]NAS), the immediate precur- 
sor of [*H]melatonin, was also recovered from cultures 
containing glands treated with EPI or 100 uM DMI ‘as 
compared with that from control cultures, in confirmation 
of the hypothesis that production of [*H]melatonin in- 
creased because N-acetylation was increased. The amount 
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of [*H]serotonin ({°H]5-HT) recovered from the medium 
of the cultures containing the DMI-treated glands, but not 
from that of EPI-treated glands, was about 3-fold greater 
than that recovered from the medium of control glands. 
Pineal 5-HT is partially stored out of solution in gtanules 
in sympathetic nerve terminals; it seems likely that the 
large increase in medium [*H]5-HT in DMlI-treated cul- 
tures is due to a blockade of neuronal uptake of 5-HT 
caused by DMI treatment [7,8]. Likewise, this increased 
availability of free 5-HT may explain why DML treat- 
ment did not result in a decrease in [*H]5-hydroxyindole- 
acetic acid ({7H]JHIAA) «nd [*H]hydroxytryptophol 
((7H]HTOH) levels substantially below those found in the 
media of control glands, as has been found after f-adrener- 
gic stimulation [9], and as we observed here after treat- 
ment with EPI. It would appear that a portion of the 
released [*H]5-HT may have been subsequently oxidized 
to [7H]JHTOH and [7H]HIAA by monoamine oxidase in 
pinealocytes. 

The effects of DMI reported above may be only of phar- 
macological interest because of the high concentration of 
DMI used. To determine whether a lower concentration 
of DMI might alter pineal indole metabolism, we treated 
pineal glands with 14M DMI or 1 “uM _ norepinephrine 
(NE) or with a combination of these drugs. The combina- 
tion was substantially more, effective as a stimulant of N- 
acetyltransferase activity, [*H]melatonin production, and 
[7H]NAS production than either drug alone (Table 2). 
This apparent sensitizing effect of DMI derives from the 
pre-synaptic action of DMI as an inhibitor of uptake,, 
as outlined in the model proposed by Trendelenburg [10]. 
Production of [*H]5-HT relative to control values was 
increased by DMI treatment, depressed by NE treatment, 
and unaffected by treatment with the combination of 
drugs. Production of [7H]HIAA and [*H]HTOH, how- 
ever, was unaffected by treatment with NE or DMI but 
was depressed by treatment. with the combination of 
DMI + NE. The divergent effects of DMI + NE treatment 


Table 1. Activity of N-acetyltransferase in tissue and the amount of derivatives of [*H]tryptophan in the medium 
from pineal organ cultures treated with EPI or DMI* 





Drug treatment (1-7 hr) 





None 


EPI (100 uM) 


DMI (100 uM) DMI (10 uM) 





N-acetyltransferase activity 0.08 + 0.003 
(nmoles product/gland/hr) 
[*H]tryptophan derivativest 
(nCi/gland/6 hr) 
Melatonin 
NAS 
HIAA 
HTOH 
5-HT 


3 + 0.04 
3 + 0.04 
7.1 + 0.27 
0.8 + 0.06 
2.3 + 0.17 


6.0 + 0.867 4.8 + 1.077 


2.3 + 0.527 
0.3 + 0.05 
5.4 + 0.96 
0.7 + 0.06 
73 + 1.16Ff 


wOownN Ss 
SNAWwWaAD 
I I+ I+ I+ I+ 





* Details of the culture method, N-acetyltransferase assay, and thin-layer chromatographic isolation of [*H]tryptophan 
derivatives and the sources of the drugs, chemicals and animals used have been published [1,4-6]. Data are based 


on four glands and are given as the mean (+S.E.). 
+ Significantly different from the control value, P < 0.01. 


t Assuming that the specific activity of the [°H]tryptophan derivatives and [*H]tryptophan was the same (71.6 uCi 
uumoles), 1 nCi of a derivative would be equivalent to 14.0 pmoles of compound. 
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Table 2. Activity of N-acetyltransferase in tissue and the amount of derivatives of [*H]tryptophan in the medium 
from pineal organ cultures treated with NE and/or DMI* 





Drug treatment (1-7 hr) 





None NE (1.0 uM) 


DMI (1.0 uM) NE (1.0 «M) + DMI (1.0 nM) 





0.1 + 0.01 


N-acetyltransferase activity 0.1 + 0.03 
(nmoles product/gland/hr) 
[*H]tryptophan derivatives 
(nCi/gland/6 hr) 
Melatonin 
NAS 
HIAA 
HTOH 
5-HT 


0.3 + 0.3 
0.1 + 0.06 


2.1 + 0.07 6.4 + 0.95+ 


0.76+ 
0.97+ 
1.267 
0.22t 
1.69 


sor 
RO 
I+ I+ I+ 14+ He 


SO s 
Nee 
I+ I+ I+ I+ I+ 





* The specific activity of [*H]tryptophan in this experiment was 66.2 wCi/umole; 1 nCi of derivative would be equiv- 
alent to 15 pmoles, if the specific activity of tryptophan was equal to that of the tryptophan derivatives. 


+ Significantly different from the control value, P < 0.01. 
t Significantly different from the control value, P < 0.05. 


on medium [*H]melatonin and [*H]NAS as compared 
with that on medium [°H]5-HT, [*H]HIAA and 
[7H]HTOH support the conclusion that N-acetylation of 
5-HT, and not uptake or hydroxylation of tryptophan, is 
altered by this treatment. 

The activity of N-acetyltransferase and the concentration 
of melatonin in the rat pineal gland increase at night [2, 3]. 
Recent studies have indicated that serum and urine mela- 
tonin in humans also increase at night [11-13]. If mela- 
tonin production in humans is regulated through an 
adrenergic mechanism similar to that in the rat, DMI 
treatment might increase melatonin production in humans; 
some of the observed effects of DMI treatment might be 
mediated by the pineal gland. 


ANDREW PARFITT 
Davip C. KLEIN 


Section on Physiological Controls, 

Laboratory of Biomedical Sciences, 

National Institute of Child Health and 
Human Development, 

National Institutes of Health, 

Bethesda, MD 20014, U.S.A. 
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Effect of dipyridamole and its monoglucuronide derivative 
on adenosine uptake by human platelets and 
ADP-induced platelet aggregation 


(Received 15 September 1976; accepted 19 November 1976) 


Dipyridamole, a vasoactive substance, is a potent inhibitor 
of adenosine uptake by human platelets [1,2]. The drug 
also inhibits platelet aggregation [2, 3] and release reaction 
in vitro [2]. Several clinical and experimental studies sug- 
gested that dipyridamole alters platelet function in vivo 
[4-6]. Recently it was shown that dipyridamole is more 
active in vivo than under in vitro conditions [7]. A possibi- 
lity therefore exists that dipyridamole is less potent than 
its metabolite. Previously, it was shown that dipyridamole 
is readily metabolized into its mono- and diglucuronide 
derivatives within 30 min after the intravenous administra- 
tion of the drug [8]. We, therefore, compared the inhibi- 
tory potencies of dipyridamole and its monoglucuronide 
derivative on ADP-induced platelet aggregation of washed 
platelet suspension as well as on adenosine uptake by 
platelets. We found that the monoglucuronide derivative 
of dipyridamole is less active than the parent compound. 

Dipyridamole (Persantin®) and its monoglucuronide 
derivative were gifts from Pharma Research Canada, Mon- 
treal and Dr. K. Thomae, Biberach, Germany. Stock solu- 
tion of dipyridamole monoglucuronide (1 mM, pH 6.5) was 
made in 0.15 M NaCl. Dipyridamole (1 mM) was dissolved 
in 0.1 N HCl, then the solution was adjusted to pH 4.3 
with 0.1 N NaOH. Further dilutions were made in 0.15 M 
NaCl. The pH of the platelet suspending medium after 
addition of these solutions was between 7.3 and 7.4. The 
['*C]8-adenosine (59 mCi/m-mole) purchased from Amer- 
sham/Searle, (Arlington Heights), was used to prepare a 
stock solution of 1 uM in 0.03 M Tris buffer, pH 7.2 (Triz- 
ma-HCl, Sigma, St. Louis, Mo). Washed human platelets 
(10° cells/ml) were prepared according to Mustard et 
al. [9]. The inhibitory effect of dipyridamole and its deriva- 
tive on ADP-induced platelet aggregation was studied as 
described before [10]. The adenosine uptake by washed 
platelets was determined with 1.0 ml samples containing 


0.81 ml washed platelet suspension (10” cells/ml), 0.1 ml of 


the tested compound and 0.1 ml of 1 uM ['*C]8-adenosine 
stock solution. The platelets were incubated with ['*C]8- 
adenosine for 5 min at 37° and centrifuged for 2 min at 
7,600 g and 22° (Eppendorff centrifuge, Brinkman Instru- 
ments). The radioactivity in platelet pellet and supernates 
was estimated after mixing with 15 ml scintillation fluid 
containing triton X-100, by using liquid scintillation 
counter. The percent of total ['*C]adenosine radioactivity 
in platelet pellet was estimated from the radioactivity 
measured in platelet pellet and the supernatant. It has been 
found that these conditions for measurements of adenosine 
uptake are not rate limiting. The uptake of adenosine by 
platelets is a slow process reaching equilibrium after 
30-60 min incubation. In fact, values obtained after 5 min 
incubation measure the initial rate of uptake. 

The effect of dipyridamole and its monoglucuronide deri- 
vative on the ADP-induced platelet aggregation of washed 
platelets is shown in Table i. Under identical conditions, 
dipyridamole exerted greater inhibition on platelet aggre- 
gation than its glucuronide derivative. Correspondingly, 
the potency of dipyridamole for 50 per cent of inhibition 
of adenosine uptake by platelets is 200-fold higher than 
its monoglucuronide derivative (Fig. 1). 

We have demonstrated previously that dipyridamole 
forms complexes with acid glycoproteins of human plasma 
that interfere with the inhibitory effects of this compound 
on ADP-induced platelet aggregation [10], and adenosine 
uptake (unpublished observation). Therefore, it seemed in- 
teresting to compare binding of dipyridamole and dipyri- 
damole monoglucuronide to acid glycoproteins. This has 
been done as described previously [10]. In brief, 0.2 ml 
of 3°, Cohn Fraction VI (Pentex Biochemicals, Kankakee, 
III.) used as a source of acid glycoproteins was mixed 
either with 0.2ml dipyridamole (2 x 10°*M), or with 
0.2 ml dipyridamole monoglucuronide (2 x 10~* M) and 
applied to Sephadex G 25 column. Protein bound and pro- 


Table 1. Effect of dipyridamole and dipyridamole monoglucuronide on 
the ADP-induced aggregation of washed human platelets* 





Light transmission increase (LTU) 





Concentration 
of compoundt* 


Dipyridamole 


Dipyridamole 
Monoglucuronide 





10°*M 
10-5 
None 


Num 


wNN 
NN Ww 
I+ I+ I+ 
- oS 


_ 





* Aliquots, 0.1 ml each of the tested compound or 0.9% NaCl were 
incubated with 0.7 ml platelet suspension (10° platelets/ml) for 1 min 
at 37° with constant stirring in Payton aggregometer (Payton Associates, 
Scarborough, Ont.). Then 0.1 ml of 0.5°% human fibrinogen (Kabi, Stock- 
holm, Sweden) and 0.1 ml ADP (10~* M) were added and aggregation 
was revealed by changes in light transmission and expressed in arbitrary 
light transmission units (LTU). The data. represent mean values and 
standard deviations from 4 experiments. 

+ Vaiues refer to the final concentration of the drug in platelet suspen- 
sion. 
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Fig. 1. The concentration dependent effect of dipyrida- 
mole (O——-O), and its monoglucuronide derivative 
(@——@) on ['*C]8-adenosine uptake by platelets. 
Washed human platelets of 0.8 ml (10° cells/ml) in a total 
vol. of 1 ml were incubated with varying concentrations 
of dipyridamole or its derivative for 5 min at 37° before 
the addition of 0.1 uM ['*C]8-adenosine. The total radio- 
activity of platelet pellet and supernatant of each sample 
was determined after incubating the platelets with 
['*C]8-adenosine for 5 min at 37°. Abscissa:-log concen- 
tration of the tested compound (M); ordinate: percent of 
the total '*C-adenosine radioactivity. The uptake of 
adenosine without drugs was 30 percent. The concen- 
tration of the drug and its derivative required to produce 
50 percent of inhibition on adenosine uptake by platelets 
are 0.1 uM and 0.5 nM, respectively. 


tein-free ligands were eluted by means of 0.05M Tris 
buffer, pH 7.2. The concentration of both ligands in the 


eluted samples was estimated by measuring absorbancy at 
415 nm. It has been found that under these experimental 
conditions, the percentages of dipyridamole and dipyrida- 
mole monoglucuronide bound to protein were 43 and 42, 
respectively. 

This experiment suggests that dipyridamole monoglu- 
curonide and dipyridamole have the same affinity to 
plasma acid glycoproteins. Therefore, it cannot be expected 
that dipyridamole monoglucuronide might have stronger 
antiplatelet activity in the plasma than the parent com- 
pound. Accordingly, we found in 5 experiments that dipyri- 
damole monoglucuronide (10~* M) added to platelet rich 
plasma did not inhibit ADP-induced platelet aggregation 
at all while dipyridamole, at the same concentration, 
caused 23 + 1.8 per cent inhibition. 
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These results indicate that the increased potency of 
dipyridamole under in vivo conditions is not due to its 
conversion to monoglucuronide derivative. The results also 
suggest that the hydroxyl group of dipyridamole linked 
to glucuronic acid is involved in the pharmacological 
action of the drug since it is not available when converted 
into a glucuronide ester. The decreased potency of the deri- 
vative can also result from the diminished binding of the 
glucuronide derivative to platelets since it was shown that 
the binding of dipyridamole to these cells is required for 
its pharmacological action [11]. 
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GENETIC DIFFERENCES IN MOUSE OVARIAN METABOLISM OF BENZO[a]PYRENE AND OOCYTE TOXICITY 
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Section on Molecular Toxicology, Developmental Pharmacology Branch, National Institute of 


Child Health and Human Development, National Institutes of Health, Bethesda, Md. 20014, U.S.A. 


(Received 24 January 1977; accepted 18 February 1977) 


The polycyclic aromatic hydrocarbons (PAH) [benzo[a]pyrene (BP), 3-methylcholanthrene 
(3-MC) and 7,12-dimethylbenz[a]anthracene (DMBA)] are carcinogens capable of initiating 
ovarian granulosa cell tumors in mice? The mechanism of tumor initiation by PAH is as- 
sumed to be dependent on metabolic activation of the PAH in the ovary because treatment of 
the ovary with PAH in organ culture and transplantation into castrated, PAH-free hosts re- 
sult in ovarian granulosa cell tumor formation.” The subsequent development of PAH- 
initiated ovarian tumors appears to require depletion of primordial follicles® as well as 
gonadotropin promotion. * However, the interrelationship of ovarian PAH metabolism and 
oocyte destruction has not been previously demonstrated. We have investigated ovarian 
metabolism of BP to 3-hydroxybenzo[a]pyrene by aryl hydrocarbon hydroxylase (AHH, EC 
1.14.14.2, EN 1972) and changes in oocyte number after treatment with 3-MC in C57B1/6N (B6) 
and DBA/2N (D2) mice. These two inbred strains of mice were chosen because they differ in 
expression of induction of AHH after PAH treatment. The B6 strain, homozygous for the ah? 
locus, exhibits a several-fold increase in AHH activity after treatment with PAH in all tis- 
sues investigated.” The D2 mice, homozygous for the an? locus, however, do not exhibit in- 
duction of AHH after treatment with PAH. The locus for the induction of aryl hydrocarbon 
hydroxylase activity by aromatic hydrocarbons is designated Ah for aromatic hydrocarbon re- 
sponsiveness. The ah? allele represents the autosomal dominant responsive trait as observed 


in the prototype B6 mice. The an? allele represents the recessive nonresponsive trait as 


typified by D2 mice.” Associated with the Ah? locus is the formation of the microsomal cy- 


tochrome P7450, increases in several mono-oxygenase activities” as well as 3-MC-initiated 


6 
subcutaneous fibrosarcomas. 
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Ovarian AHH activity was increased 3-fold in the B6 ovary after treatment with 3-MC but 
no increase was found in the D2 ovary after 3-MC treatment (Table 1). This strain differ- 


ence in ovarian response to 3-MC is the same as that observed in the liver, lung, kidney, 


bowel, skin, lymph nodes and bone marrow of these strains.” Further experiments using 


genetic crosses between these two strains suggest that induction of ovarian AHH activity by 
PAH segregates as an autosomal dominant trait (D. R. Mattison, in preparation). The PAH 
induction of ovarian AHH in B6 mice as compared to D2 mice will result in different rates 

of ovarian metabolism of PAH as well as different metabolic profiles of PAH which could lead 
to differences in both the kind and the degree of observed toxicity. For example, it has 
been shown that death from hepatic necrosis in the first 24 hr after administration of large 
doses of acetaminophin occurs only in 3-MC-pretreated B6 mice, and not in 3-MC-pretreated D2 
mice. In addition, the extent of hepatic necrosis in the survivors was greater in the 3-MC- 


treated B6 mice than in the 3-MC-treated D2 mice.® 


Table 1. Mouse ovarian AHH activity* 





Mouse strain Untreated 3-Methylcholanthrene- 
treated 





DBA/2N + 0.86 (3) 1.43 + 0.43 (11)t 


C57B1/6N 0.93 + 0.35 (3) 3.46 + 0.98 (8)* 





*Mouse ovarian AHH activity (mean + S.D.) is expressed in pmoles of fluorescent metabolite(s) 
equivalent to 3-hydroxybenzo[a]pyrene standard formed/mg of protein/min. The number of ani- 
mals assayed is given in parentheses. Six-week-old B6 and D2 mice were obtained from the 
NIH Veterinary Resources Branch. Animals treated with 3-MC were given a single intraperi- 
toneal dose of 80 mg/kg dissolved in corn oil 40 hr prior to sacrifice. Control animals 
were untreated after initial experiments demonstrated no effect of corn oil on AHH activity. 
Both ovaries were removed from an animal, dissected free of connective tissue and fat and 
homogenized with a Willems Polytron in 0.5 M Tris buffer, pH 7.8, containing 0.45 mM NADPH 
and 0.6 mM NADH. The homogenate was centrifuged at 9000 g for 20 min and the supernatant 
used in the assay. All preparative procedures were carried out at 0-4°. Duplicate ali- 
quots from each animal were assayed and averaged. The AHH assay was performed at 37°. The 
reaction was started by adding benzo[a]pyrene (Sigma) dissolved in methanol to a final con- 
centration of 0.1 mM in the incubation medium. Each assay flask contained approximately 
1 mg protein. The reaction was stopped after 45 min with ice-cold hexane-acetone (3.25:1). 
The phenolic metabolites were extracted from the organic phase into 1 N sodium hydroxide 
and the fluorescence was determined immediately with an Aminco fluorocolorimeter (American 
Instrument Co., Silver Spring, Md.). 

+ Not different from untreated values: P > 0.2 (t-test). 

+ Different from untreated value: P < 0.005 (t-test). 


The event common to all experimentally induced, spontaneous or genetically predisposed 
mouse ovarian tumors is loss of the primordial oocytes.> Therefore, we were interested in 
determining if the difference in induction of ovarian AHH in response to 3-MC was accom- 
panied by differences in the rate of primordial oocyte destruction. One possible explana- 
tion for the destruction of primordial oocytes after PAH exposure could be the formation of 


a toxic metabolite(s) from the parent PAH. To explore this possibility, 4-week-old animals 





Preliminary Communication 911 


were treated with corn oil or 3-MC. The animals in the 3-MC-treated group were given a 
single intraperitoneal injection of 3-MC (80 mg/kg) dissolved in corn oil. The corn oil- 
treated animals were given the appropriate volume of corn oil on a weight basis. The ani- 
mals were sacrificed 7 days later. The ovaries were removed, fixed in Bouins, serially 
sectioned at 6 ym and stained with hematoxylin and eosin. The result of a l-week exposure 
to 3-MC was the destruction of 97 percent of the primordial oocytes in the responsive B6 
strain, while only 50 percent of the primordial oocytes in the nonresponsive D2 strain were 


destroyed (Table 2). 


Table 2. Strain difference in 3-methylcholanthrene primordial oocyte toxicity* 





Corn oil- 3-Methylcholanthrene- 
Mouse strain treated treated 





DBA/2N 2394 + 565 (7) 1299 + 369 (8) Tf 


C57B1/6N 1980 + 733 (8) 60 + 77 (8) ¥ 





*Primordial oocytes per ovary (mean + S.D.) in corn oil-treated and 3-MC-treated (80 mg/kg) 
D2 and B6 mice. Both ovaries from each mouse were used for oocyte counts. The number of 
ovaries counted is given in parentheses. Ovaries were prepared as described in the text; 
every tenth section was counted and the total determined by multiplication. Primordial 
oocytes were counted without knowledge of the mouse strain or treatment. 

+ Different from corn oil-treated: P < 0.005 (t-test). 


The almost complete destruction of primordial oocytes in the B6 mice in comparison to 


the extent of ovotoxicity in D2 mice parallels the previously noted effects of 3-MC in in- 


duction of fibrosarcomas® and acetaminophin hepatotoxicity® suggesting metabolic activation 


of PAH as a cause of ovotoxicity in the PAH-treated mice. The sensitivity of primordial 
oocytes to PAH and radiation treatment has been previously noted, but the mechanism remains 
obscure. The striking concordance of increased ovarian AHH activity and oocyte destruction 
in the B6 mouse compared with that in the D2 mouse suggests that oocyte destruction is 
mediated by formation of one or more toxic metabolites, which are formed more rapidly in the 
B6 than in the D2 mouse. Because the D2 mouse ovary does indeed have constitutive AHH ac- 
tivity, we would expect to find oocyte destruction occurring at a slower rate. Preliminary 
results from experiments now in progress show that D2 mice sacrificed at periods greater 
than 1 week after PAH treatment demonstrate more extensive primordial oocyte loss. 

At the present time we do not know if there is a difference in AHH activity between the 
several cell types represented in the ovary. The destruction of the primordial oocyte with 
no apparent histological change in the granulosa, theca or stroma may suggest that the AHH 
activity resides in the oocyte itself. Alternatively, the stroma, theca or granulosa cells 


may possess the AHH activity with the primordial oocyte being a sensitive target for the pre- 
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sumed toxic metabolite(s). Modern primary culture techniques give us a means of separating 
these cell types and studying their capacity to metabolize PAH and may provide the infcrma- 
tion needed to answer these questions. The ovary may indeed provide a model for studies, 
both in vivo and in vitro, of carcinogenicity and cytotoxicity of PAH. 

Existing data suggest that PAH are potent ovarian carcinogens in nonresponsive as well 
as responsive mouse strains.- The doses of PAH used, however, were generally higher and ex- 
posure time considerably longer than those used in our experiments. Dose and time response 
curves will allow us to characterize the differential rate of primordial oocyte destruction 


in these different mouse strains. The striking regional variation in human ovarian cancer 


with high incidence in industrialized countries, ” regions where PAH pollution is ‘common, as 


well as a 3-fold increase in incidence in the past 40 years, underscores the need for further 


study of ovarian PAH metabolism as well as the effects of metabolites on ovarian components. 
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THE RECEPTOR CONCEPT IN EVOLUTION 
E. J. ARIENS and A. J. BELD 


Pharmacological Institute, University of Nymegen, Geert Grooteplein N21, Nymegen, The Netherlands 


A proper understanding of drug action requires a 
molecular approach, since a bioactive agent can only 
induce a pharmacological effect in a biological object 
as the result of an interaction between its molecules 
and certain counterparts in the biological object. 
Consequently the chemical properties of a drug are 
determinant for its action and activity, and a relation- 
ship between chemical properties and action must 
exist [1]. Based on experiments with nicotine Langley 
[2] introduced more than 50 years ago already the 
concept of a receptor substance present in the biologi- 
cal object with which a drug has to interact in order 
to exert its biological effect. Since then the receptor 
concept and especially the views on drug-receptor in- 
teraction as a basis for drug action have evolved. 
Starting from a purely conceptual receptor idea its 
full materialization has been realized now with the 
isolation of the nicotinic acetylcholine receptor in 
several laboratories [3-13]. The existence of 
f-adrenergic receptors [14-17], muscarinic acetylcho- 
line receptors [18-26], insulin receptors [27-29], 
estrogen receptors [30-33] and many others not to 
be mentioned separately have been firmly established 
on basis of direct binding studies with radioactively 
labeled ligands (see review articles [81—83]). 

The molecular sites of action of drugs, i.e. those 
molecules with which the active agent must interact 
in order to induce the effect considered, are called 
the specific receptors. They are located in or on target 
cells, which are not necessarily the cells in which the 
effect is generated. The parameter, considered as 
effect, is to a certain degree arbitrary. The receptors 
for the convulsant agent strychnine, for instance, are 
located in the central nervous system, but the convul- 
sions are generated in the striated muscle. Instead of 
the convulsions, as a matter of fact also the changes 
in the electroencephalogram may be measured as the 
effect. 

The sequence of processes at the basis of drug 
action can be divided into three main phases: the 
pharmaceutical phase comprising the release pro- 
cesses of the active drug from its dosage form, thus 
determining the concentration available for absorp- 
tion (the pharmaceutical availability); the pharmaco- 
kinetic phase comprising the processes that play a 
part in the absorption, distribution, metabolic conver- 
sion and excretion of the drug, determining the con- 
centration of the active agent in the plasma and thus 
at the site of action (the biological availability); the 
pharmacodynamic phase comprising the interaction 
between the active agent and its molecular sites of 
action, initiating a stimulus, leading via a sequence 
of processes covering the transduction, amplification 
and modulation of the stimulus to the change in the 


parameter measured and considered as the effect 
[34, 35]. 

Sometimes the receptors are the active sites on 
enzymes, like for the MAO-inhibitors and acetylcho- 
linesterase-inhibitors. In other cases receptors appear 
to be closely associated with enzyme action, possibly 
by allosteric changes in the enzyme molecule. Recep- 
tors further may be associated with functional macro- 
molecules or macromolecular complexes, for instance 
particular lipoproteins, determinant for the properties 
of membranes. The various types of binding sites for 
bioactive agents that are not directly involved in the 
induction of the effect, such as those on plasma albu- 
min, are often indicated as silent receptors or sites 
of loss. They play a role in the pharmacokinetic phase 
of drug action. The same holds true for the active 
sites On enzymes involved in the bio-activation or 

inactivation of the drug. 

Drug-receptor interaction as a rule is reversible and 
is much more dynamic than the classical key-and-lock 
model suggests. It implies a mutual moulding of drug 
and receptor by intermolecular forces. In the receptor 
molecule conformational changes are induced consti- 
tuting the stimulus that triggers the sequence of 
events leading to the effect [36,37]. In the case of 
enzyme-substrate interaction the changes induced in 
the substrate molecule are most prominent and deter- 
minant for the effect. Although highly dynamic, the 
receptors can yet be regarded as pre-existing specific 
structural entities since, for instance, the activities of 
optical isomers often differ to a large extent. However, 
the structural requirements for action are not always 
highly specific. For the various gaseous anaesthetics, 
for instance, a certain lipophilicity appears to be the 
only requirement. Their anaesthetic action is mainly 
based on a change in the cell membrane properties 
due to a diffuse accumulation in the lipid bilayer of 
the membrane. For plasma extenders and osmotic 
diuretics the term receptor is hardly applicable since 
they mainly act, by binding of water [1 ]. 

Analogously to the differentiation between the 
active site on an enzyme and the enzyme, the mol- 
ecule as a whole, it makes sense to distinguish 
between the receptor site and the receptor molecule 
the receptor—bearing the receptor site. Enzymes can 
be isolated but not their active sites; similarly recep- 
tor molecules or macromolecular complexes may be 
isolated but not the receptor sites. Since structure- 
action relationship is based on the interaction 
between the drug molecule and the receptor site it 
may give information on the properties of the site 
but not on the receptor molecule as a whole. 

Bioactive agents can be extremely potent. This im- 
plies that apparently only a few molecules of the 
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active agent have to interact with the receptors to 
induce a massive response in which tremendous 
numbers of molecules are involved. This requires 
amplifier mechanisms. The simplest unit for assemb- 
ling strong amplifier systems is the step in which one 
drug molecule activates one enzyme molecule which 
then converts hundreds of substrate molecules to 
product molecules [34]. Such an amplifier unit can 
be coupled to a second one if the product molecules 
in their turn can activate a second enzyme etc. 
Examples are the various agents which act by acti- 
vation of adenylate cyclase and generation of cyclic 
AMP [38]. 

The activation process may imply an action of the 
bioactive agent as a co-factor. Examples are the vita- 
mins and vitamin analogues that serve as co-enzymes 
for apoenzymes. The binding of steroid hormones 
such as estrogens to their cytosol receptor protein 
followed by migration of the active complex into the 
nucleus where it finally acts as a derepressor, too can 
be regarded as the combination of a “coderepressor”, 
the steroid hormone, with an “apoderepressor”, the 
cytosol receptor, under formation of the active dere- 
pressor. 

In efforts to interpret the characteristics of dose 
response curves and time-response curves of drugs 
on basis of the mass action law, a variety of partially 
overlapping theoretical models have been worked out 
part of which can be found in various reviews [39-—S5, 
90-92]. The following model presents a condensate, 
covering essential aspects of various models. 


[D] + [R] 2 [DR]~> [DR*]~> [D] + [R]; (R1-> (RI 


(case I) 


[D] + [R] [DR] [D] + [R*]:(R*14S (R145 [RI 


(case II) 


The symbols represent: D drug; R receptive receptors; 
R* activated receptors; R non-receptive receptors. 

Case I “occupation” model, case IT “Hit and run” 
model related to the “rate” model (47). The affinity 
is mainly determined by k,/k2, the intrinsic activity 
by k3/k,, high for full, intermediate for partial 
agonists and very low for competitive antagonists. 
he rate of receptor regeneration, (k;) is mainly deter- 
minant for the degree of “fade” in the dose-response 
curves or for the degree of specific desensitization of 
the receptors and thus for tachyphylaxis if k, is low. 
The stimulus is defined as proportional to the fraction 
of the receptors in the activated state. The receptor 
reserve phenomenon is interpreted on basis of the 
processes, especially the amplifier systems, relating the 
stimulus to the effect [34-37]. 

Receptor activation results in the induction of a 
stimulus which by definition is proportional to the 
fraction of the receptors present in the activated state. 
The effect as a rule will not be proportional to the 
stimulus although a certain stimulus is postulated to 
result always in the same effect. The amplification 
processes in the transduction of the stimulus to the 
effect imply that possibly only a fraction of the recep- 
tors has to be activated to obtain the maximal effect 
attainable with the effector system. This is illustrated 
by the action for, for instance, ACTH and ACTH 
analogues with regard to the enhancement of the cor- 
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tisol synthesis in the adrenal cortex. The various ana- 
logues give clearly different rates of cyclic AMP gen- 
eration. Only those analogues which have a very low 
capacity in this respect, in other words with a very 
low intrinsic activity with regard to cyclic AMP gen- 
eration, behave as partial agonists with regard to the 
rate of cortisol production. Analogues with an inter- 
mediate intrinsic activity as far as the cyclic AMP 
generation is concerned still act as full agonists for 
the cortisol production [56]. There is a spare capacity 
as far as the receptor system is concerned. It illus- 
trates that in situations where an effector system is 
more closely connected with the receptor system more 
direct information on drug-receptor-interaction is 
provided. Direct binding studies of drugs to receptors 
are advantageous in the sense that they give more 
direct information on receptor occupation and there- 
with on affinity, but on the other hand other aspects 
of drug action like receptor activation are largely 
obscured. 

As shown by binding studies the receptors for 
various drugs, hormones and hormonoids are located 
in plasma membranes [57]. The receptors for acetyl- 
choline (the cholinergic receptors) could be proven 
to be located on the outside of the plasma membrane 
since application of cholinergic agents intracellularly 
appears to be ineffective [58]. For other receptor 
types, viz. those for noradrenaline, histamine and ser- 
otonin, a location at the outside of the cell membrane 
is highly probable since these receptors are easily ac- 
cessible for the quaternized form of the respective 
competitive blocking agents, compounds known to 
penetrate intracellularly only with great difficulty or 
not at all [1,59]. Also for the receptors of various 
peptide hormones and noradrenaline involved in the 
activation of adenylate cyclase a location on the cell 
membrane has been confirmed by binding studies 
(60, 61, 82]. 

With regard to receptor isolation and identification 
there is an essential difference between soluble recep- 
tors, e.g. the cytoplasmic steroid receptor proteins and 
membrane-bound receptors. There is a tight interrela- 
tion of the receptor molecule and surrounding mol- 
ecules in the latter case. Separation of the receptor 
molecule from its surroundings may weli disturb its 
conformation, and thus its specific characteristics. 
Undoubtedly the isolation techniques, especially 
those in which detergents [62] are used as solubilizing 
agents, may influence the conformation of the isolated 
protein drastically. The variation in binding constants 
reported for the interaction of drugs with “isolated 
receptors” therefore does not warrant the existence 
of various receptor states or conformations physio- 
logically. A special problem which holds for the sol- 
uble as well as the membrane-bound receptors, is that 
with isolated receptors no measurable “pharmacologi- 
cal” effect can be induced anymore, making their 
identification extremely difficult in certain cases. 

Since structure-action relationships (SAR) are 
based on an interaction between the drug molecule 
and the receptor site, it may give information on the 
properties of this site. Thereby a certain degree of 
chemical complementarity between the drug and the 
specific receptor site with which it interacts is 
assumed. Structure-binding relationships, therefore, 
can serve as a tool for the identification of isolated 
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receptors. However, only the receptor molecules, not 
the sites can be isolated. One may expect that struc- 
ture-binding relationships for isolated receptors, as far 
as these are not to a certain degree denaturated in 
the isolated form, will parallel the SAR, with this dis- 
tinction that on the isolated receptors as a rule there 
will be no differentiation between agonists, partial 
agonists and competitive antagonists, because only 
affinity and binding capacity are measured and not 
intrinsic activity. Opiate receptors are an exception 
in this sense because agonist binding is dependent 
on the presence of Na* or Li* ions, while antagonist 
binding is not, making a clear differentiation possible 
[63]. In efforts to isolate and identify receptors also 
use is made of agents which irreversibly bind in a 
selective way to the receptors or better to the specific 
receptor sites. However, such agents are only excep- 
tionally available [64]. 

Based on the postulated complementarity for the 
drug molecules and the specific receptor site, SAR- 
studies can be used for receptor-site-mapping. Inter- 
esting results are thus obtained with regard to various 
membrane-active agents such as acetylcholine, hista- 
mine and noradrenaline and their respective competi- 
tive antagonists. Agonist and antagonist both have 
an affinity to “common” receptors, only the agonists 
have an intrinsic activity. The interaction of the 
agonist molecule with the receptor results in a change 
to the activated (R*) state or conformation. The com- 
petitive antagonist keeps the receptor in the non-acti- 
vated (R) state. With partial agonists only a fraction 
of the drug-receptor interactions result in an acti- 
vation; the intrinsic activity depends on the size of 
this fraction [65]. 

Taken into account the postulated complementar- 
ity of drugs and their receptor sites agonists and an- 
tagonists should be chemically related. For the mem- 
brane-active agents just mentioned this appears 
hardly or not to be the case [34, 55,59, 66,67]. The 
various agonists, like acetylcholine, histamine and 
noradrenaline are highly polar molecules with clear- 
cut differences in, for instance, charge distribution. 
There is little or no chemical relationship between 
agonists and corresponding antagonists. There is, 
however, much similarity in the chemical structure 
of the various types of antagonists, anticholinergics, 
antihistaminics and x-adrenergic blockers, predomi- 
nantly hydrophobic, non-polar in nature. As a rule 
they have hydrophobic double ring systems located 
at a certain distance (3-5 atoms) of an amino or a 
quaternary ammonium group in common. The hydro- 
phobic groups essentially contribute. to the high 
affinity for the receptors and impossibly can be bound 
to the receptor site complementary to the highly polar 
agonistic molecules. Introduction of centers of asym- 
metry into various moieties of the drugs, for instance 
in cholinergic and anticholinergic agents, indicates 
that in the binding of the agonists and the corre- 
sponding antagonists essentially different chemical 
groups and different receptor sites are involved 
[34, 55, 59]. 

The anticholinergics apparently bind through their 
hydrophobic moieties to accessory binding areas topi- 
cally or functionally related to the receptor site for 
cholinergic agonists, in some way blocking the acti- 
vation of the receptor by agonists. They interfere with 


the binding of the agonist to its receptor site, without 
occupying this receptor site itself in a strict sense. 
There appears to be a “dualism” in the receptor sites 
for agonists and corresponding antagonists. On basis 
of this concept the lack of structural similarity 
between agonists and their corresponding competitive 
antagonists, the existence of close structural relation- 
ships between competitive antagonists blocking differ- 
ent types of receptors, the existence of competitive 
antagonists blocking receptors for different agonists, 
and the dependence of the selectivity in action of the 
competitive antagonists on the sterical configuration 
of the hydrophobic moieties in the molecule [68, 69] 
are understandable [59]. The receptor sites for 
agonists and competitive antagonists are not as com- 
mon as suggested by the original “one receptor site 
concept”. 

The receptor sites for the drugs not necessarily have 
to be located on the surface of receptor proteins. The 
accessory receptor sites for the hydrophobic moieties 
in the various competitive antagonists of membrane- 
active agents may well be constituted by an interface 
between a hydrophobic surface of the receptor protein 
and lipid groups in the membrane. The extremely 
high affinity constants, 10° and 10'°, for competitive 
antagonists (e.g. anticholinergics and antihistaminics) 
which are mainly based on the contribution of the 
hydrophobic groups to the affinity can hardly be rea- 
lized on a mere protein surface. Lipoproteins would 
be more suitable in this respect. The lipid molecules 
in a membrane facing the hydrophobic surface of the 
protein, are fixated to a large extent in a quasi crystal- 
line form, making the high degree of stereospecificity 
of the antagonists, especially with regard to centers 
of asymmetry in their hydrophobic moiety, under- 
standable. Drug-receptor interaction then results in 
changes in the interface characteristics. It is even 
possible that the reiatively polar sites for agonists are 
also located at or constituted by an interface, e.g. 
there where the polar groups of a membrane protein 
are close to polar groups of membrane lipids like the 
phosphate and choline groups in phospatidic acids, 
phosphatidylcholines and sphingomyelins. The isola- 
tion of receptors as molecular entities would become 
an impossible task, if this turns out to be the case. 
Studies on purified receptors of such a nature would 
only be possible after isolation of the constituting 
parts and reassembly into artificial membrane-like 
structures [57]. 

The receptor molecule or macromolecular complex 
must be assumed to occur in different states, an acti- 
vated and a non-activated form dependent on the 
presence of an agonist or a competitive antagonist. 
Kasai and Changeux [70] postulated that even in the 
absence of drugs there is a dynamic equilibrium 
between different functional states of the cholinergic 
receptor. The simplest concept in this respect is the 
“dual receptor concept”, supposing the occurrence in 
the cell membrane of an equilibrium between the 
receptors in the R*- and those in the R-form. The 
R*-form contributes to the effect, the R-form does 
not. An agonist shifts the equilibrium towards the 
R*-conformation and a competitive antagonist to the 
R-conformation; the agonist has a relatively high 
affinity to the receptors in the R*-conformation, the 
competitive antagonist to those in the R-conforma- 
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tion, thus in a way fixating the receptors in their re- 
spective states [65,93,94]. Partial agonists have an 
affinity for both states, the ratio of the affinities being 
determinant for the intrinsic activity of the com- 
pound. As long as the rate constants for the equilib- 
rium between R and R* are large enough, this model 
will predict phenomena similar to those expected for 
a competition between drugs based on the “one recep- 
tor site concept”. The receptor sites for agonist and 
“competitive” antagonist—although one receptor pro- 
tein is involved—are different now [65,93]. This is 
in accordance with the dualism in receptor sites out- 
lined before on basis of structure-action relationships 
[65]. In case that the receptor molecules are embed- 
ded in the lipid membrane structure, one may expect 
that the behaviour of such protein molecules, for in- 
stance their tendency to aggregate or segregate, 
strongly depends on the hydrophobic and hydrophilic 
properties of the protein surface, especially of that 
part of the receptor molecule in contact with the 
lipids in the membrane. The receptor proteins, 
although hydrophobic, in their overall nature [71], 
have an amphiphilic character. Binding of agonists, 
usually strongly polar agents, could stabilize a rela- 
tively polar conformation and thus shift the equilib- 
rium towards the more hydrophilic R*-form. Binding 
of the hydrophobic antagonist would then stabilize 
a hydrophobic R-state. The different character of the 
R*- and R-form will imply differences in the quatern- 
ary structure of the proteins, the degree and type of 
aggregation among receptor molecules or among 
receptor molecules and other proteins (e.g. effector 
proteins) present in the membrane. 

This activation-aggregation concept postulates the 
presence of a receptor as well as an effector molecule 
in the membrane. The degree of aggregation between 
the two, influenced by the presence of a hormone is 
supposed to be determinant for the effect. The model 
fits quite well with the fluid mosaic concept for mem- 
brane structure [74]. 

Various membrane-active drugs clearly change the 
degree and type of receptor protein aggregation in 
membrane preparations. The proteins in the luminal 
cell membrane of the toad bladder aggregate to a 
mosaic pattern under the influence of the antidiuretic 
hormone [75]. The protein-walled pores thus formed 
may well account for the increased water permeability 
induced by this hormone. Specific receptor proteins 
for the different hormones activating adenyl cyclase 
are supposed to aggregate with the enzyme molecule 
under influence of the hormones, thus activating the 
enzyme in an allosteric way [72,73]. Also existing 
modes of aggregation of receptor proteins may be 
changed under influence of drugs. 

The amphiphilic character of receptor proteins, 
shifting towards a more hydrophilic or hydrophobic 
state by agonists and antagonists respectively, with 
as a consequence a change in intermolecular relation- 
ships between receptor and other membrane constitu- 
ents, may well imply that the extraction of receptor 
proteins from membrane fragments could be either 
facilitated or impeded by the presence of certain 
drugs. Moreover, such drugs might protect the recep- 
tor from becoming denaturated once outside the 
membrane by preventing conformational changes to 
occur. 
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Receptor sites for membrane-active drugs also may 
be located on proteins or protein complexes constitut- 
ing the wall of pores [76,77]. The passage by ions 
of such protein-walled pores in a membrane may well 
change under the influence of drugs as a result of 
an altered charge distribution in the receptor mol- 
ecules constituting the pores. The proteins may switch 
from an open to a closed conformation. Again an 
equilibrium between both conformations, shifted by 
agonists to an apparently open conformation and by 
competitive antagonists to a closed confort.ation can 
be postulated. In the dual receptor site model, 
although only one type receptor protein or protein 
complex is postulated, the receptor sites for agonists 
and for the corresponding antagonists are func- 
tionally distinct interdependent entities. The observa- 
tion that affinity constants of agonists derived from 
displacement experiments depend on_ whether 
agonists or antagonists are displaced [78,79] does 
not find an explanation in such a model. 

One should not expect that one universal receptor 
concept or theory of drug action will account for all 
the modes of action of the nearly unlimited variability 
of bioactive agents. Undoubtedly the one receptor site 
concept and the classical theories for drug action 
explain a variety of experimental findings. The dual 
receptor concept opens intriguing perspectives for the 
interpretation of the action of drugs and hormones, 
there where the classical concepts do not provide a 
satisfactory explanation. An extensive discussion of 
both theoretical and experimental aspects of the dual 
receptor model is in press [80]. 

Although the receptor concept was mainly of theor- 
etical significance in the past, it has evolved into con- 
crete reality and receptors can now be studied as tan- 
gible molecular entities. The design of new drugs can 
be based on relationship between structure and recep- 
tor affinities measured by direct binding studies 
[84-86]; receptor density measurements in malignant 
tissue can tell whether hormonal treatment is indi- 
cated or not [87] and alterations in receptor proper- 
ties and density distributions enhance insight in cer- 
tain pathological conditions like myasthenia gravis 
and diabetes [88, 89]. 
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Abstract 


The liver supernatant of adult female rats contains proteins with a high specificity for binding 


radioactive estradiol and other potent estrogens. Several properties of the liver macromolecules are 
similar to those of the presumed estrogen receptor found in the uterus. Specific estrogen binding 
is also present in the liver supernatant of the rabbit and green monkey. Estrogens are known to 
influence liver composition and function in mammals. The estrogen binding protein observed in the 


mammalian liver may be an estrogen receptor. 


High affinity binding of estradiol has been demon- 
strated in the supernatant fraction of target organs 
such as the uterus, hypothalamus and pituitary. This 
is thought to represent the initial interaction of the 
steroid with its receptor. The complex may then cross 
the nuclear membrane, attach to chromatin and 
modulate RNA synthesis [1—3]. 

In non-mammalian vertebrates, estrogens act in the 
liver to increase the synthesis of egg yolk proteins 
which are secreted into the plasma and incorporated 
into the egg by the ovarian follicles [4-7]. It is also 
known that estrogen administration modulates the 
composition and function of the mammalian liver [8]. 
It is not established if this is a direct effect of estrogen 
on the liver. The effect may be indirect, for example, 
via the hypothalamic-pituitary axis. 

Early studies did not show substantial levels of high 
affinity estrogen specific binding in a mammalian liver 
supernatant after the neonatal period [9-13]. We 
have described in abstracts [14-16] and in a summary 
report [17] that the adult mammalian liver does con- 
tain binding proteins with a high affinity for 
estrogens. The present report extends the data in par- 
ticular comparing the estrogen binding properties 
found with liver supernatant to those of the presumed 
estrogen receptor from the uterus. 


MATERIALS AND METHODS 


The animals were intact adult females. The rats 
were obtained from Charles River (CD strain) and 
weighed 200-300 g. The rabbits were New Zealand 
Whites. The green monkeys (Cercopithecus aethiops) 
were obtained from Primate Imports. The animals 
were housed and cared for in the Animal Science 
Division. 

To diminish the blood contained in the tissue 
samples, the anesthetized rats and rabbits were per- 
fused with normal saline through the left ventricle 
after incising the right atrium. The monkeys were 
anesthetized with fluothane and nitrous oxide and 
liver portions obtained by open wedge resection at 


laparotomy. The monkey liver samples were sliced 
and rinsed briefly in the cold saline. 

The tissues were homogenized in 6 vol. of 0.01 M 
Tris-HCl, pH 7.4, with 0.0015 M EDTA in a conical 
all-glass homogenizer. After centrifugation in a Sor- 
vall RC2-B at 5000 g, the supernatant below the float- 
ing lipid phase was transferred to a clean tube and 
recentrifuged at 100,000g for 1hr in a Beckman 
L5-65 ultracentrifuge. The clear supernatant was 
obtained with a Pasteur pipette, once again excluding 
the lipid layer 

Radioactive estradiol-2,4,6,7-[7H] (100 Ci/m-mole) 
was obtained from New England Nuclear. Aqueous 
solutions from the benzene methanol stocks were pre- 
pared by addition of water and flash evaporation at 
40°. All non-radioactive steroids and enzymes were 
of the highest purity available from commerical 
sources. 

Unless otherwise specified, 25 ul of radioactive 
estradiol in water was added to 200 pl of the superna- 
tant to a final concentration of estradiol of 
2 x 10°? M. Each experimental group contained at 
least triplicate samples. The tubes were briefly shaken 
and then placed in ice for 1 hr. Macromolecular- 
bound radioactivity was separated from free with 
small polyacrylamide gel filtration columns (Biogel 
P10, exclusion mol. wt. 20,000, 1.15cm in diameter 
and 10 cm in height) maintained at 4° in a cold room. 
One hundred yl of 1°% dextran blue was added to 
the incubated supernatants immediately before appli- 
cation to the column. The column eluate (3 cm*) was 
collected starting with the appearance of the dye 
marker. Organic solvent soluble radioactivity in this 
macromolecular-bound fraction was extracted into 
10 ml of 95% toluene-5°%% isoamyl alcohol. Five ml 
of the organic phase was added to 10 ml of scintilla- 
tion fluid containing 4g of 2,5-diphenyloxazole and 
50mg ___p-bis[2-(5-phenyloxazolyl)]benzene/liter of 
toluene. The samples were counted in a Packard 3380 
at 50 per cent efficiency. This experimental procedure 
has been previously described [18]. The protein con- 
tent of the supernatants was determined by the assay 


919 





920 


of Lowry et al. [19] using bovine serum albumin as 
the standard. 

The identity of radioactivity in the toluene extract 
of the supernatant after incubation and also after gel 
filtration was determined by thin-layer chroma- 
tography using silica gel with 80°, chloroform—20% 
ethyl acetate as solvent. The radioactivity in the 
toluene extract after gel filtration was further charac- 
terized by derivative formation using conditions for 
methylation described by Brown [20]. The methy- 
lated products were identified with the 80% chloro- 
form—20°,, ethyl acetate thin-layer chromatographic 
system. 

The sedimentation coefficient of the macromol- 
ecular-bound radioactivity was determined after gel 
filtration. In some experiments, a sedimentation co- 
efficient marker, 1 mg of albumin, was added to the 
gel-filtered supernatant immediately before layering 
the sample onto the sucrose gradients. The 5-20% 
gradients contained 0.01 M Tris-HCl, pH 7.4; 0.01 M 
KCl: 0.001M NaN,; and 0.0015SM EDTA. The 
samples were centrifuged in a Spinco L5-65 in the 
SW56Ti rotor at 36,000 rev./min (126,000g R,,.) for 

16 hr. Eight-drop fractions were collected after punc- 
turing the bottom of the tubes. The albumin peak 
was localized by measuring the 280 nm optical density 
of the fractions; then radioactivity was measured after 
the addition of 10cm? Aquasol. 
To determine the equilibrium dissociation constant, 
a dialysis system was devised to minimize the effect 
of metabolism on the [*H]estradiol concentrations. 
In preliminary experiments, it was found that the 
radioactive estradiol was extensively metabolized to 
estrone in prolonged incubations even at 4°. Liver 
was homogenized in 24 vol. of Tris-EDTA buffer and 
the cytosol was obtained by ultracentrifugation. A 
portion of the supernatant (1 ml) was mixed with 
eight concentrations of [*H]E, with and without 
10-° M diethylstilbestrol (DES) in dialysis bags. Each 
of the sixteen dialysis bags was suspended in 50 ml 
of the buffer containing the corresponding concen- 
trations of radioactive estradiol with and without 
DES. After magnetic stirring for 24hr in the cold 
room (4°), binding (in quadruplicate 0.2-ml samples 
of the dialyzed cytosol) was measured by gel filtration. 
Another portion of the supernatant and a portion of 
‘the dialysis buffer were extracted with toluene, and 
the extract was counted and the radioactivity identi- 
fied by thin-layer chromatography. Only slight meta- 
bolism was found; the free radioactive estradiol levels 
were near the initial concentrations. 


RESULTS 


The macromolecular binding of radioactive estra- 
diol by rat liver supernatant is compared to other 
tissue supernatants in Table 1. The supernatants of 
the tissues were incubated with 2 x 10°°M [7H]E, 
for 1 hr in ice before gel filtration. The liver binding 
is lower than that found with uterine supernatants 
but higher than plasma, spleen or heart. Upon thin- 
layer chromatography, the bound radioactivity in the 
liver is 90 per cent estradiol and 10 per cent estrone. 
After methylation with dimethyl sulfate, which con- 
verts estradiol to 3-methoxyestradiol, 90 per cent of 
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Table 1. [7H]E, macromolecular binding in liver and 
other organs* 





Bound 
radioactivity 
(dis./min/mg 

cytosol protein) 


Bound 
radioactivity 


Supernatant (dis./min) 





6200 + 350+ 
1500 + 50 
740 + 20 
300 + 20 

30,800 + 4707 


1900 + 1107 
720 + 20 
560 + 20 
110 + 10 

23,000 + 3507 


Liver 
Spleen 
Heart 
Plasma 
Uterus 





* [SH]JE, (2 x 10>? M) was incubated with 0.2 ml super- 
natant for 1 hr at 0° followed by gel filtration. 
+P < 0.01, significantly higher than other organs. 


the radioactivity has a similar chromatographic mobi- 
lity to authentic 3-methoxyestradiol. 

The specificity of the binding of 2 x 10~° M radio- 
active estradiol was studied by adding 2 x 10°7M 
non-radioactive compounds to the incubation mix- 
ture. The potent estrogens—estradiol, ethinyl estradiol 
or DES—decrease liver [17] and uterine radioactive 
estradiol binding to 10 per cent of controi or less. 
There is no significant decrease with testosterone, 
dihydrotestosterone (DHT), progesterone, corticoster- 
one or dexamethasone with either liver [17] or uterus. 
As shown in Table 2, estrone, estriol or mestranol 
partially decreases both liver and uterine estradiol 
binding. Using higher concentrations (10~° M), only 
dihydrotestosterone of the steroids studied diminishes 
liver estradiol binding. Dihydrotestosterone (10~° M) 
diminishes liver and uterine binding to the same 
extent. Thus, the steroid specificity for estradiol bind- 
ing in liver and uterine supernatant is similar. The 
binding of estradiol to liver or uterine supernatant 
macromolecules is also equally sensitive to the pro- 
teolytic enzymes papain, trypsin or chymotrypsin. 

The binding of estradiol in liver is inhibited by the 
addition of a sulfhydryl reacting reagent [17]. The 
concentration of —p-chloromercuriphenylsulfonate 
(PCMS) required for similar levels of inhibition is 
higher for the liver than the uterus (Table 3). 


Table 2. Steroid specificity of radioactive estradiol macro- 
molecular binding* 





Per cent of contro! 
Liver Uterus 


Conc 


Steroid (M) 





Estrone a 
Estriol 107 
Mestranol 
Dihydrotesto- 

sterone 
Testosterone 
Progesterone 
Corticosterone 
Dexamethasone 
Cortisol 


17 + 4+ 
17 + 3t 


8.5 + 0.7+ 
14.0 + 0.6+ 
39.0 + 1.0% 
53.0, + It 


He IH HEH H+ 
UMM dM Ww bo 





* [>H]JE, (2 x 10°-°M) was mixed with 1 x 10°” or 
1 x 10°° M non-radioactive steroids. After adding the tis- 
sue supernatants and incubating for 1 hr at 0°, the samples 
were gel filtered. Values are the per cent of control bind- 
ing:+ S.E.M. Control binding has been set at 100 per cent. 
+ P < 0.05, lower than controls. 





[*H]Estradiol binding in mammalian liver 


Table 3. Sensitivity of [*H]JE, liver and uterine binding 
to a sulfhydryl reacting reagent* 





Per cent of 
control binding 


PCMS concn (M) Liver Uterus 





6 e+ 1 
1 2+ 0.2 
i+ 


: 
6 
9 
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Table 5. [7HJE, binding in rabbit liver supernatant* 





Liver 





Control 11,400 + 760 
5 x 10°3M PCMS 

Heat (50°) 

Estradiol 

DES 

Cortisol 





* Liver or uterine supernatants were incubated at 0° with 
p-chloromercuriphenyl-sulfonate (PCMS) for 30min fol- 
lowed by the addition of [7H]JE, for 1 more hr before 
gel filtration. 

+P < 0.05. less inhibited than uterus. 


The liver is the major site of metabolism of steroids 
including estrogens. Upon incubation of the superna- 
tant at higher temperatures, most of the estradiol is 
converted to estrone. Conceivably, the enzyme re- 
sponsible for this conversion, 17-hydroxysteroid oxi- 
doreductase (EC 1.1.1.-) could be the binding protein. 
This possibility is ruled out by the data shown in 
Table 4. Fifty per cent of the radioactive estradiol 
is metabolized to estrone in 1 hr at 22°. Addition of 
non-radioactive DES almost completely abolishes the 
macromolecular binding but does not diminish the 
oxidation of estradiol to estrone. 

The sedimentation coefficients for the estradiol 
binding macromolecules from liver and uterine super- 
natants were determined by ultracentrifugation in su- 
crose gradients. The supernatants were first incubated 
with 5 x 10~° M radioactive estradiol in the presence 
and absence of 1 x 10°’ M DES for Lhr in ice and 
then gel filtered. For liver supernatant, the specific 
binding (the difference between the binding in the 
presence and absence of DES) was distributed as 38 
per cent in the 8S region and 62 per cent in the 4S 
region [17]. For uterus, the specific binding was dis- 
tributed as 55 per cent in the 8S region and 45 per 
cent in the 4S region. The ratio of 8S to 4S specific 
binding is 0.6 for the liver supernatant and 1.2 for 
the uterine supernatant. 

As previously described [17], the dissociation con- 
stant and binding capacity for the liver were deter- 
mined using dialysis conditions which maintain the 
radioactive estradiol at its initial concentrations. The 
dissociation equilibrium constant is approximately 


Table 4. Dissociation of [*H]estradiol macromolecular 
binding from 17-oxidoreductase activity in liver super- 
natant* 





Conversion of 
supernatant 
radioactivity 

to estrone 
(%) 


Macromolecular 
binding 
(dis./min) 





13,760 + 1500 


Control 51 
586 + 40 63 


DES 





* Rat liver supernatant was incubated at 22° for 30 min 
with 2 x 10°°M [?H]estradiol with or without 10°7M 
DES; 0.5 ml of the supernatant was gel filtered to measure 
macromolecular binding. Another portion of the superna- 
tant was extracted with toluene and the radioactivity iden- 
tified by thin-layer chromatography. 


* Studies of adult female rabbit liver supernatant were 
conducted as described for the rat. The control represents 
binding of 2 x 10°°M [H]E, in 0.2ml supernatant; 
values are expressed as dis./min. The other results are 
expressed as per cent of control binding. Temperature sta- 
bility of the preformed complex was determined by a 
10-min incubation at 50°. For competition, the concen- 
tration of estradiol was 2 x 10°’ and 10°7M for DES 
or cortisol. 

+ P < 0.05, lower than control. 


1 x 10°!°M and the binding capacity for estradiol 
is 4.7fmoles/mg of liver (58 fmoles/mg of cytosol 
protein). The corresponding values found with the 
uterine supernatant using this dialysis system were 
a Kp of 1.4 x 10°'°M and a binding capacity of 
15 fmoles/mg of uterus. 

The liver supernatant of other mammals also binds 
estradiol. The adult female rabbit liver supernatant 
has high levels of binding which are diminished in 
the presence of non-radioactive E, or DES (Table 
5). The adult female green monkey liver supernatant 
binds high levels of [*H]estradiol (Table 6), and 70 
per cent of the bound radioactivity is estradiol. When 
the radioactivity from the toluene extract of the mac- 
romolecular-bound fraction reacts with dimethyl sul- 
fate, the estradiol peak is converted to a derivative 
with the mobility of authentic 3-methoxyestradiol. 
The specificity of the green monkey liver binding 
clearly distinguishes it from the sex hormone-binding 
globulin found in green monkey blood. Serum sex 
hormone-binding globulin is known to bind estrogens 
and androgens, but not DES. In liver, DES [17] is 
an effective binding competitor; testosterone and 
DHT are relatively ineffective. The estradiol binding 
to macromolecules in the supernatant from rabbit or 


Table 6. [*H]JE, binding in monkey liver* 





Bound radioactivity 





Control 13,500 + 3400 
Estradiol (1077 M) 
Estrone 
Testosterone 
Dihydrotestosterone 
Cortisol 
PCMS (1073 M) 
(5 x 10°3M) 
Heat 50°, 10 min 





* Adult female green monkey liver supernatant (0.2 ml) 
was incubated with 2 x 10°? M [*H]estradiol for 1 hr fol- 
lowed by gel filtration. The concentration of the non- 
radioactive hormones was 10-7 M. Values for the control 
are expressed in dis./min. The other results are expressed 
as the per cent of control binding. 

+ P < 0.05, less than control. 
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monkey liver is diminished by heating to 50° or by 
addition of a sulfhydryl reacting reagent. 


DISCUSSION 


[his paper demonstrates a high affinity estrogen 
specific binding protein in the adult female rat liver 
with several similar properties to the presumed 
estrogen receptor in the uterus. The only apparent 
differences between the liver and uterine binding are 
that the liver macromolecule is predominately 4S in 
sucrose gradients using low salt conditions and that 
higher concentrations of PCMS are required for com- 
parable inhibition. The adult female rabbit and green 
monkey liver supernatants also contain estrogen spe- 
cific binding macromolecules. 

The characteristics of this rat liver estrogen binder 
do not correspond to some systems with a poorer 
affinity which have been described previously 
[21-23]. Although earlier reports could not demon- 
strate the present system, two recent reports confirm 
its presence in the adult female rat liver supernatant 
[24, 25]. 

There are several factors which contribute to the 
previous experimental difficulties in demonstrating 
estrogen receptor-like interaction in the mammalian 
liver. The concentration of the binding protein in the 
adult liver is lower than the uterus. The liver contains 
metabolizing enzymes that will metabolize the 
[*H estradiol especially at elevated temperatures. A 
major factor in previous studies using rat supernatant 
in vitro is that the liver supernatant was obtained 
from prepubescent rats. The accompanying paper 
[26] indicates that the concentration is low in the 
liver before puberty and correlates this with a liver- 
mediated response to estrogen administration. 

Work in progress in this laboratory further sup- 
ports the concept that the present system may be 
the estrogen receptor in the rat liver. There is tem- 
perature-dependent transfer of the binding protein 
from the cytosol to nucleus in liver slices. In a cell- 
free system, the cytoplasmic-binding protein-estradiol 
complex can attach to the liver chromatin [17]. 
Furthermore, we have preliminary evidence that the 
binding macromolecules can be translocated to the 
liver nucleus by estrogen administration in vivo. 

The biologic and pharmacologic significance of this 
potential estrogen receptor in the mammalian liver 
is further discussed in the accompanying paper [26]. 
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Abstract 


The adult female liver supernatant contains a high affinity estrogen specific binding protein. 


The liver of the prepubescent female rat has less estrogen specific binding macromolecules than the 
adult. This difference in quantity is maintained when binding activities are partially purified by precipi- 
tation with ammonium sulfate at 30°, saturation. After administration in vivo of ethinyl estradiol, 
plasma renin substrate (PRS) levels increase 167 per cent above control in the adult female rat. The 
corresponding increase is only 15 per cent in the prepubescent rat. In contrast, renin substrate levels 
are markedly increased in both the prepubescent and adult by administration of the glucocorticoid, 
dexamethasone. The substantial increase in the amount of estrogen binding and PRS responsiveness 
to estrogen administration with sexual maturation suggests that the estrogen binding protein may 
be an estrogen receptor involved in modulating synthesis of at least one plasma protein. 


The preceding companion paper [1] indicates that 
the liver supernatant of the adult female rat contains 
estrogen specific binding proteins. The present study 
shows that this binding is relatively low in the prepu- 
bescent rat. In earlier studies from other laboratories, 
prepubescent animals were used and _ substantial 
estrogen binding in liver supernatant could not be 
demonstrated [2-6]. 

Estrogen may act in the mammalian liver to change 
its biochemical composition and function [7]. It has 
been known that estrogen administration to mam- 
mals can change the level of selective plasma proteins, 
presumably by modulating their hepatic synthesis. In 
women, estrogen administration increases several 
plasma proteins and decreases others [8]. Fewer 
plasma protein levels are changed in some lower 
mammals [8]. In adult rat, the plasma protein that 
undergoes the largest change is renin substrate. Renin 
substrate increases several-fold after administration of 
high doses of estrogens [9,10]. The present study 
shows that, unlike the adult, the prepubescent female 
rat has little, if any, increase in plasma renin substrate 
(PRS) after estrogen administration. 

This report extends the data we have previously 
presented [11]. Estrogen binding in the prepubescent 
and adult rat liver supernatant is further studied. 
Plasma renin substrate responses after administration 
of an estrogen or of a glucocorticoid are compared. 


MATERIALS AND METHODS 


Macromolecular binding of radioactive estradiol to 
tissue supernatants was studied using gel filtration 
columns to separate bound from free .radioactivity. 


The procedures followed are described in the preced- 
ing companion paper [1]. 

Ammonium sulfate fractionation of liver superna- 
tant and plasma was accomplished by the slow addi- 
tion of a neutralized saturated ammonium sulfate 
solution. The mixture was maintained on ice and con- 
stantly stirred during and for 45min after the 
ammonium sulfate addition to 30°, saturation. The 
precipitate was separated by centrifugation at 23,000 g 
for 10min and then redissolved in the Tris-EDTA 
buffer in a volume corresponding to the initial volume 
of the supernatant. Radioactive estradiol was then in- 
cubated with the partially purified preparations and 
assayed for radioactive estradiol binding in a fashion 
similar to supernatant preparations. 

The studies of estradiol binding and of administra- 
tion with ethinyl estradiol used 200g adult or 25 to 
29-day-old female (60 g) Sprague-Dawley rats. They 
were obtained from Charles River and were of known 
birthdate. Ethinyl estradiol (Mann Research) was dis- 
solved in propylene glycol at a concentration of 
1 mg/cm?; 100 pg (0.1 cm?) was injected in the subcu- 
taneous space between the scapulae at 0 and 24 hr. 
The controls received the vehicle alone. Blood 
samples were obtained at 48 hr for renin substrate 
determination. 

For the studies with dexamethasone treatment, the 
Sprague-Dawley rats were obtained from Zivic 
Miller. Blood samples were obtained from the jugular 
vein under light ether anesthesia. (0.5 ml/Blood 100 g 
of body weight) was aspirated into a syringe contain- 
ing 0.05ml of 2% disodium EDTA. These blood 
samples were obtained just prior to steroid adminis- 
tration so that each animal served as its own control. 
The rats then received a single subcutaneous injection 
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Table 1. [*H]E, binding in tissue supernatants of the prepubescent and adult female rat * 





Bound radioactivity in supernatants 


(dis./min) 


Bound radioactivity in supernatants 
(dis./min/mg cytosol protein) 





Liver Uterus 


Plasma 


Liver Uterus Plasma 





4,200 
230 


65,000 
42,000 


1.900 + 600 
9,600 + 1.800% 


+ 400 
1,300 


Prepubescent 


Adult 


+ 
af. 


+ 
2 


390 


20t 


930 + 120 
4.800 + 9007 


99,000 + 600 
59,000 + 1,800t 


3,600 +300 
130 + 10t 





*[>H]estradiol (2 x 10 


°M) was incubated with 0.2 ml of tissue supernatant from 28-day-old or mature female 


rats for | hr at O° before gel filtration. In this experiment, the uteri were homogenized in 12 vol. buffer. Results are 
expressed as dis./min bound/0.2 ml of supernatant and/mg of cytosol protein + S.E.M. 


+P <0.01, significantly higher in adult. 
t P <0.001, significantly lower in adult. 


of 4 mg/kg of dexamethasone phosphate dissolved in 
isotonic saline. A second blood sample was obtained 
24hr later. The blood samples were collected into 
chilled tubes containing EDTA. The plasma was im- 
mediately separated in a refrigerated centrifuge and 
frozen until analyzed. Plasma renin substrate was 
determined by radioimmunoassay of angiotensin I. 
Angiotensin I was generated by incubating the plasma 
with an excess of purified rat kidney renin in the pres- 
ence of inhibitors of converting enzyme and angio- 
tensinases as previously described [12]. 


RESULTS 


The prepubescent rat liver supernatant has less 
macromolecular-bound estradiol than the adult 
expressed as either per mg of tissue or per mg of 
supernatant protein (Table 1). This contrasts with 
higher levels bound in the uterine supernatant or 
diluted plasma from the 28-day-old rat. The lower 
binding in the prepubescent liver supernatant is not 
due to more rapid metabolism of the [*H]estradiol. 
As shown by thin-layer chromatography, approxi- 
mately 75 per cent of the radioactivity in the superna- 
tant remains unchanged estradiol after adult or pre- 
pubescent liver supernatant was incubated 1 hr at 0°. 
Mixing of prepubescent and adult liver supernatants 
before incubation with the estradiol leads to approxi- 
mately the binding expected from the separate incu- 
bations (Table 2). Accordingly, the prepubescent liver 
does not seem to contain an inhibitor of the binding 
process. 

The top panel of Fig. 1 illustrates that the low level 
of [7H]E, binding in prepubescent liver supernatant 
is partially diminished by 10-7 M non-radioactive E, 
or diethylstilbestrol (DES). The macromolecular bind- 


Table 2. Effect of mixing prepubescent and adult female 
m liver supernatants* 





Prepubescent Adult 


(cm?) 


Binding 
(dis./min) 





1050 
6170 
3150 


- 10 
+ 100 
130 





* Prepubescent and adult female liver supernatants were 
incubated separately or mixed before adding 2 x 10°? M 
[7HJE, for thr at 0° followed by gel filtration. The 
expected binding in the mixture based upon the separated 
incubations is 3600 dis./min. 


ing of [°H]E, in prepubescent plasma differs from 
that of the liver in that estradiol but not DES com- 
petes. The estrogen binding was further characterized 
by ammonium precipitation at 30% saturation. The 
adult estrogen binding macromolecules are partially 
purified without loss of binding activity. As illustrated 
in the bottom panel of Fig. 1, the adult has an 8-fold 
higher level of binding (subject to estradiol or DES 
competition) than the prepubescent liver. The binding 
in prepubescent liver remains partially inhibited by 
addition of either E, or DES, while that of plasma 
is inhibited only by E;. Figure 2 illustrates the same 
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2x10°9M 3H-E> 
+10°M E> 


BOUND RADIOACTIVITY (DPM) 


30% AMMONIUM SULFATE FRACTION 


+10°7M DES 


p<.05 less than Control 


Liver Plasma 
PREPUBESCENT 











* 
WY | 


Liver 
ADULT 





Fig. 1. Lower levels of [*H]estradiol binding in the prepu- 
bescent female liver supernatant before and _ after 
(NH,).SO, fractionation. The top panel illustrates the 
macromolecular binding of 2 x 10°? M [?H]estradiol to 
0.2 ml of liver supernatant or plasma after 1 hr at 0°. The 
prepubescent females were 28 days old and the adults 
(200 g) 60 days old. The columns in each group represent 
the control binding (open) and in the presence of 10°’ M 
E, (hatched) or 10°? M DES (dotted). The results in the 
bottom panel were obtained by precipitation of a fraction 
of supernatant with (NH4),SO, at 30% saturation, redis- 
solving the precipitate in the same volume as the original 
supernatant and then incubating with [*H]estradiol as de- 
scribed above. An asterisk indicates P <0.05, lower than 
corresponding control. 
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aPall 


30,000 
(CJ) 2«10-9m 3H-E> 
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* p<.05 less than control 


BOUND RADIOACTIVITY (OPM/mg protein) 





30% AMMONIUM SULFATE FRACTION 








Pees Fel | be 


Liver Plasma Liver 
PREPUBESCENT ADULT 





Fig. 2. Binding of [*H]estradiol in liver supernatant and 

the 30% ammonium sulfate fraction/mg of protein. The 

conditions of the experiment are described in the legend 
to Fig. 1. 


pattern of results when expressed as binding per mg 
of protein. The radioactive estradiol binding of adult 
liver subject to competition with DES is concentrated 
more than 25-fold/mg of protein by this ammonium 
sulfate fractionation of cytosol. 

The estradiol binding in the adult liver supernatant 
is sensitive to heat and the sulfhydryl reagent, p-chlor- 
omercuriphenylsulfonate (PCMS) (Fig. 3). The low 
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Control EE Treated 
ADULT 


Control EE Treated 
PREPUBE SCENT 





BOUND RADIOACTIVITY (dpm) 














Control Heat PCMS Control Heat 
PREPUBE SCENT ADULT 
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Fig. 3. Properties of supernatant liver binding in the prepu- 
bescent and adult female. Temperature stability was deter- 
mined by reacting 2 x 10°? M [*H]E, with the superna- 
tant for | hr at 0° followed by heating to 50° for 10 min 
(heat). Sensitivity to a sulfhydryl reacting reagent was 
determined by adding 5 x 10° *M _ p-chloromercuriphenyl- 
sulfonate (PCMS) to the supernatants for 30 min before 
adding the radioactive estradiol. The values are expressed 
as dis./min bound in 0.2 ml supernatant + S.E.M. An 
asterisk indicates P <0.05, less than control. 


level of binding in the prepubescent rat liver super- 
natant does not exhibit this sensitivity. The binding 
studies shown in Fig. 3 used livers from the control 
groups of prepubescent and adult rats of the following 
experiment. Figure 4 compares the effect of estrogen 
or glucocorticoid administration in vivo upon PRS 
levels. Groups of prepubescent and adult rats received 
two daily injections of 100 ug 17-alpha ethinyl estra- 
diol or the vehicle alone as control. For the prepubes- 
cent rats, this represents a four times higher dose/g 
of body weight. Plasma renin substrate levels were 


(B) 














PLASMA RENIN SUBSTRATE (ng/ml) 
































Control DEX Treated 
ADULT 


Control DEX Treated 
PREPUBE SCENT 


Fig. 4. Effect of administration of ethinyl estradiol or dexamethasone on plasma renin substrate levels 

in prepubescent and adult female rats. (A) Ethinyl estradiol (100 yg) was given s.c. in 0.1 ml propylene 

glycol to 25-day-old and to adult (200g) female rats. The controls received the vehicle alone. The 

estrogen was injected at 0 and 24 hr with plasma renin substrate determined at 48 hr. (B) Prepubescent 

and adult female rats were treated with 4mg/kg of dexamethasone at Ohr. Plasma renin substrate 
was measured at 0 and 24hr. An asterisk indicates P <0.05, compared to control. 
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determined by radio-immunoassay 48 hr after the first 
ethinyl estradiol injection. As anticipated from pre- 
vious reports, administration of high doses of ethinyl 
estradiol increases plasma renin substrate in the adult. 
In this experiment, the increase in PRS in the adult 
was 169 per cent above control. As previously de- 
scribed [13], estrogen administration had little, if any, 
effect on the plasma renin substrate level in the prepu- 
bescent rat. In addition, little plasma renin substrate 
response was observed when prepubescent rats were 
given four daily injections of ethinyl estradio! and the 
PRS level was measured at 96 hr. 

Plasma renin substrate is also increased by gluco- 
corticoid administration to adult rats. Figure 4B indi- 
cates that dexamethasone administration increased 


plasma renin substrate levels of both prepubescent 
and adult rats. The increase in PRS was 156 per cent 
in the prepubescent and 156 per cent in the adult. 


DISCUSSION 


Early studies did not demonstrate substantial levels 
of estrogen specific binding in mammalian liver. 
These studies examined prepubescent, not adult, 
mammalian liver supernatants [2-6]. Our results in- 
dicate that lower concentrations of a [*H ]estradiol- 
binding macromolecule are found in the prepubescent 
rat liver supernatant and 30°,, ammonium sulfate frac- 
tion than in the adult. By DES competition, the low 
levels in the prepubescent liver can be distinguished 
from a plasma binder which is known to have a poor 
affinity for DES [14]. At the moment it is unclear 
if the low levels of binding in the prepubescent liver 
represent the same binding protein as in the adult 
liver, since there is an apparent difference in heat and 
sulfhydryl reagent sensitivity. 

In addition to examining the levels of estrogen spe- 
cific binding, we have examined the levels of plasma 
renin substrate after administration of ethinyl estra- 
diol or glucocorticoid to adult and prepubescent rats. 
Our evidence, as well as that of others, indicates that 
plasma renin substrate levels in the adult female rat 
are substantially increased by either estrogen or glu- 
cocorticoid administration. We have also found that 
the prepubescent rat has a substantial response to 
glucocorticoid administration; however, a poor re- 
sponse was observed after ethinyl estradiol adminis- 
tration. 

There is evidence which suggests that the estrogen 
induction of plasma renin substrate levels is most 
likely a direct effect on the liver, resulting in increased 
hepatic synthesis of the plasma protein. Administra- 
tion of an estrogen in vivo or directly in the perfusate 
increases the synthesis of renin substrate in isolated 
perfused rat liver [15]. 

Based on the above evidence, we propose that the 
number of occupied estrogen or glucocorticoid bind- 
ing sites present per liver cell determines the level 
of plasma renin substrate response. Although the 
estrogen-binding sites appear to be deficient in the 
prepubescent liver, the presumed glucocorticoid 
receptor is known to be present in high concen- 
trations in prepubescent rat liver [16]. However, this 
model is not the only possibility. It may be that the 
rate of metabolism of ethinyl estradiol to less active 
derivatives is more rapid in the hepatocyte of the pre- 


pubescent than in the adult. The following evidence 
suggests that this possibility is unlikely. Ethinyl estra- 
diol is predominantly metabolized to hydroxylated 
derivatives by the liver microsomal mixed-function 
oxidase system [17]. When estradiol was used as the 
subsirate for mixed-function oxidase activity, little dif- 
ference was observed between prepubescent and adult 
female rats [13]. 

We propose that the estrogen binding protein in 
liver supernatant may be the estrogen receptor. Its 
effects may include modulating hepatic synthesis of 
selective plasma proteins. Consistent with current 
concepts of steroid hormone receptor action, we have 
preliminary evidence that the liver estrogen binding 
protein can translocate to the nucleus and can attach 
to chromatin [11]. 

A major reason for our interest in a possible 
estrogen receptor in the mammalian liver is its poten- 
tial role in modulating plasma protein levels and 
other aspects of liver function of women taking 
estrogens alone or oral contraceptives containing 
estrogens. Estrogen administration to women is 
known to increase the plasma concentration of 
several plasma proteins and decrease that of others 
[8]. Women on the estrogen-containing birth control 
pills are known to have increased clotting factors 
[18,19], decreased clotting inhibitor anti-thrombin 
III [18-20], increased renin substrate [21,22], and 
increased triglycerides and prebetalipoproteins [21, 
22]. These proteins are synthesized in, and secreted 
from, the liver. Although their relative importance as 
initiating factors remains unresolved, increased clot- 
ting factors and decreased anti-thrombin III may con- 
tribute to thromboembolism, increased renin sub- 
strate may contribute to hypertension, and increased 
triglycerides and lipoproteins might accelerate athero- 
sclerosis [19,21-24]. It has recently been reported 
that oral contraceptives increase the incidence of 
hepatomas [25]. Estrogens might also act in the liver 
to change the composition of bile secreted and there- 
by contribute to the observed increased incidence of 
gall stones and inflammation of the gall bladder [26, 
27]. Possibly an estrogen interaction with its receptor 
in the liver might contribute to these side effects. 
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INHIBITION BY 3’-METHYL-4-DIMETHYLAMINO- 
AZOBENZENE OF IN VITRO CELL-FREE PROTEIN 
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Abstract—ZJn vitre addition of the hepatocarcinogen 3’-Me-DAB} to a cell-free protein synthesizing 
system using PMS from rat liver resulted in a marked inhibition of ['*C]leucine incorporation. The 
inhibitory effect was dependent on the carcinogen being preincubated in the system in the presence 
of NADP*. NADP* alone caused a marked stimulation of ['*C]leucine incorporation. Both xenobiotic 
metabolism and the 3’-Me-DAB inhibitory effect were decreased by Triton X-100 treatment of the 
PMS and increased by phenobarbitone pretreatment of the rats. The NADP* stimulatory effect on 
protein synthesis was doubled by Triton X-100 treatment and decreased by phenobarbitone pretreat- 
ment. The results indicate that the effects of 3'-Me-DAB and NADP* on protein synthesis may occur 
via independent mechanisms, and suggest that the 3’-Me-DAB effect is mediated by a metabolite. 
This metabolite appears to be electrophilic since in vitro addition of the nucleophiles GSH and L-cys- 
teine decreased the inhibitory effect of 3’-Me-DAB on protein synthesis. There was no correlation 
between the inhibitory effect of a series of azo dyes (3’-Me-DAB, 2’-Me-DAB, 2-Me-DAB and DAB) 


on in vitro protein synthesis and their respective carcinogenic potencies. 


In vivo administration to rats of a number of hepato- 
carcinogens leads to a marked impairment of liver 
protein synthesis [1-8]. General opinion suggests that 


in most cases this inhibitory effect is mediated by elec- 
trophilic metabolites of the carcinogens [9-11]. Few 
studies, however, have been reported to date directly 
verifying this proposal. 

A recent preliminary report from this laboratory 
[12] showed that the addition of the aminoazo car- 
cinogen 3’-Me-DAB to an in vitro cell-free protein 
synthesizing system, using PMS from rat liver, 
resulted in a marked inhibition of amino acid incor- 
poration. The inhibitory effect on protein synthesis, 
however, was dependent on the concurrent presence 
of the cofactors NADP* and G-6-P in a preincubated 
medium. Since these two cofactors are also required 
for xenobiotic metabolism [13], the results suggested 
that a dye metabolite was involved in the inhibitory 
effect. 

The two cofactors, however, almost doubled the 
level of ['*C]leucine incorporation into protein as 
compared with the incorporation level in the control 
system [12]. This stimulatory effect of the cofactors 
on protein synthesis was subsequently shown to be 
due to the apparent prevention by NADP* of the 





* Present address: Department of Pathology, Melbourne 
University, Parkville, Victoria, 3052, Australia. 

+ To whom reprint requests should be addressed. 
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methylaminoazobenzene; DAB, 4-dimethylaminoazoben- 
zene; PMS, postmitochondrial supernatant; G-6-P, glucose 
6-phosphate; GSH, reduced glutathione; Hepes, [2-(N-2- 
hydroxyethylpiperazin-N’-yl)-ethanesulphonic acid]. 
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degradation of an unidentified factor involved in pro- 
tein synthesis (data to be published). 3’-Me-DAB 
could possibly interact with, and impair the activity 
of, this factor. 

A further possible explanation for the inhibitory 
action of the carcinogen is that involvement of NADP 
(as NADPH) in microsomal metabolism of the car- 
cinogen might limit the availability of the dinucleo- 
tide for its apparent protective role in protein syn- 
thesis as previously mentioned. 

Studies have been undertaken to determine which 
of these possible mechanisms would explain the in- 
hibitory effect of 3’-Me-DAB on protein synthesis. Ex- 
periments were carried out using postmitochrondrial 
supernatant obtained from phenobarbitone pretreated 
rats, a treatment known to induce the microsomal 
drug metabolizing enzymes [14], or using Triton 
X-100 solubilized PMS, which destroys such enzymes 
[15-17]. The results suggest that the inhibitory effect 
of 3’-Me-DAB on in vitro protein synthesis is initiated 
by an electrophilic dye metabolite. No correlation 
could be made between the inhibitory effect on in 
vitro protein synthesis and the carcinogenic potency 
of a series of structurally related dye analogues. 


MATERIALS AND METHODS 


Reagents. 3'-Me-DAB (m.p. 119-121°) and 2’-Me- 
DAB (technical grade) were purchased from Koch- 
Light Laboratories Ltd., Colnbrook, Bucks., U.K. 
The 2’-Me-DAB (m.p. 66-67°) was purified by 
chromatography on alumina and _ recrystallization 
from methanol. 2-Me-DAB (m.p. 66-68°) and DAB 
(m.p. 117—118°) were gifts from Dr. Jill Blunck. L-cys- 
teine and dithiothreitol were purchased from Sigma 
Chemical Co., St. Louis, MO, U.S.A. and GSH from 
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Calbiochem, San Diego, CA, U.S.A. All other re- 
agents were either as previously described [12] or of 
analytical grade. 

Animals. Random bred male Sprague-Dawley ‘rats 
(200-250 g) were obtained from the colony main- 
tained in this Institution. IRM pellets (supplied by 
the Victorian Wheat-growers Corp. Ltd., Nth. Mel- 
bourne) and water were available ad lib. to the rats 
until killing. Where indicated, rats were pretreated 
daily with sodium phenobarbitone (90 mg/kg in 0.9% 
NaCl) by i.p. injection for three consecutive days. The 
last injection was administered 24 hr prior to sacrifice. 
Contol rats were injected with normal saline. 

Preparation of postmitochondrial supernatant. All 
rats were routinely sacrificed by a blow to the head and 
exsanguinated between 1100 and 1200hr, thus mini- 
mizing diurnal variation. Livers were removed and 
weighed, and 6g samples added to 12 ml of homo- 
genizing buffer (5SmM MgCl,, 50mM KCl, 50mM 
Hepes and 0.25M sucrose, pH 7.3 at 20°). The 
samples were homogenized with eight passes of a 
Potter-Elvehjem homogenizer with a teflon pestle. 
These homogenates were centrifuged at 20,000 g,,,, 
for 8 min in a Sorvall RC2-B centrifuge and the resul- 
tant supernatant, the PMS, used within 15 min. 

In experiments using Triton X-100, an 11% (w/v) 
solution of the detergent was prepared in homogeniz- 
ing buffer. This was then diluted with a suitable 
volume of PMS to give a final Triton X-100 concen- 
tration of 1° (w/v). Control PMS was likewise diluted 
with homogenizing buffer. The homogenates were 
then kept ice-cold with occasional shaking for 2 hr, 
according to the procedure outlined by Koffer [18]. 

Amino acid incorporation studies. Two incubation 
mixtures were prepared. The first of these, referred 
to as Mixture I (preincubation medium), contained 
in a final volume of 1.0ml: SmM MgCl,, 0.1M 
Hepes buffer (pH 7.8, 20°) and 0.2 ml of PMS. Other 
optional additions, where indicated in the Results sec- 
tion included the appropriate aminoazo dye 
(240 nmole) in 20 ul of ethanol with the corresponding 
controls receiving ethanol only, NADP* (1 or 
2 umole), G-6-P (5 umole), GSH (1 mole), L-cysteine 
(1 umole) or dithiothreitol (1 umole). 

Mixture I was incubated for 15 min at 37° under 
air. Samples were then chilled and added to 1.0 ml 
of a second mixture (Mixture II) which contained: 
5mM MgCl,, 140mM KCl, 4mM ATP, 20mM 
phosphoenolpyruvate, pyruvate kinase (100 g/ml), 
8.92 uM _ L-[1-'*C]leucine (0.5 wCi), 0.1M Hepes 
buffer (pH 7.8, 20°) and 0.1 ml of PMS. The 2.0 ml 
of combined mixture (Mixture III) was similar in 
composition to that described by Richardson et al. 
[19] as being optimal for ['*C]amino acid incorpor- 
ation in a PMS system. GSH (1 umole), L-cysteine 
(1 umole) or dithiothreitol (1 wmole) were added to 
Mixture II if these compounds had been present in 
Mixture I. 

The combined mixture (Mixture III) was then incu- 
bated for 10min at 37° under air. Incorporation of 
['*C]leucine into acid-insoluble protein was ter- 
minated by the addition of 2.0ml of ice-cold 10% 
(w/v) trichloroacetic acid containing 0.1°% (w/v) unla- 
belled leucine. The precipitated protein was washed, 
dried and dissolved in 1 M NaOH, and samples were 
then assayed for radioactivity in a liquid scintillation 
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counter [12]. The incorporated activity was expressed 
on the basis of the RNA content of the final volume 
of PMS present in Mixture III (0.3 ml). RNA was 
determined by the Schmidt-Thannhauser method as 
described by Blobel and Potter [20]. 

Drug metabolizing enzyme studies. Xenobiotic meta- 
bolizing activity in Mixture I was investigated by 
assaying aminopyrine N-demethylase, aniline p-hyd- 
roxylase and 3’-Me-DAB reductase. The composition 
of Mixture I was as described above [5mM MgCl,, 
20 ul ethanol, 0.1 M Hepes buffer (pH 7.8, 20°) and 
0.2 ml PMS, final volume 1.0 ml], but contained the 
additions NADP* (1 umole) and G-6-P (5 umole) 
where indicated. 

(a) Aminopyrine N-demethylase. Samples of Mixture 
I containing aminopyrine (2 umole) and semicarba- 
zide HCl (4 mole) were incubated for 15 min at 37 
under air. Formaldehyde production was measured 
by a modification of the Nash method as described 
by Cochin and Axelrod [21]. 

(b) Aniline p-hydroxylase. Samples of Mixture I con- 
taining aniline HCl (2 mole) were incubated for 
15 min at 37° under air. Production of p-aminophenol 
was measured by the method outlined by Mazel [22]. 

(c) 3'-Me-DAB reductase. Samples of Mixture I con- 
taining 3’-Me-DAB (240 umole) were incubated for 
15 min at 37° under air. The amount of dye with an 
intact azo linkage remaining at the end of incubation 
was measured by the method described by Mueller 
and Miller [23]. 

The results for the three enzyme activities were 
expressed as nmole product formed/g wet wt liver/ 
15 min. 


RESULTS 


In agreement with our previous report [12], the 


addition of the cofactors NADP* and G-6-P to 
Mixture I was found to virtually double the basal 
incorporation of ['*C]leucine into protein in Mix- 
ture III (from 16.94 + 0.53 x 10° cpm/mg RNA to 
29.15 + 0.70 x 10° cpm/mg RNA, n = 46) (Fig. 1). 
This effect was attributable to NADP”. 

The addition of 3’-Me-DAB to Mixture I in the 
absence of the two cofactors, on the other hand, 
resulted in a slight inhibition of the basal level of 
['*C]leucine incorporation (Fig. 1). If NADP* and 
G-6-P were present, however, the extent of this 3’-Me- 
DAB inhibitory effect was markedly increased. This 
effect was also shown to be attributable to the pres- 
ence of NADP*. G-6-P had no significant modifying 
action on either the NADP* stimulatory effect or the 
3'-Me-DAB inhibitory effect on ['*C]leucine incor- 
poration. 

The xenobiotic metabolizing capacity of Mixture 
I was also dependent on supplementation of the 
system with exogenous NADP* (Fig. 2). Only in the 
instance of aniline p-hydroxylase activity did the 
inclusion of G-6-P cause a significant, though small, 
decrease in NADP*-directed metabolism. 

The addition of exogenous NADP* to Mixture I 
therefore appears to be the sole requirement for (a) 
the NADP* stimulatory effect on amino acid incor- 
poration in Mixture III, (b) the 3’-Me-DAB inhibitory 
effect on ['*C]leucine incorporation in Mixture III 
and (c) xenobiotic metabolism in Mixture I. 
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Fig. 1. The stimulatory effect of NADP* and the inhibitory 
effect of 3’-Me-DAB on protein synthesis in Mixture III 
using a cell-free liver system. A. Percentage stimulation 
from control. B. Percentage inhibition by 3’-Me-DAB. 
['*C]Leucine incorporation into protein in Mixture III 
(i.e. Mixtures I and II) was measured as outlined in the 
Materials and Methods section. NADP®* (1 umole) and 
G-6-P (5 zmole) were added to Mixture I where indicated. 
3'-Me-DAB (240 nmole) was added to Mixture I in the 
inhibitory studies (B). Results shown are the mean + - 
S.E.M. values obtained from 10 separate experiments, each 
carried out in duplicate. 


The addition of 2 umole NADP* to Mixture I in- 
stead of 1 umole, as normally added, did not increase 
the magnitude of either the NADP* stimulatory 
effect or the 3’-Me-DAB inhibitory effect on protein 
synthesis in Mixture III (Table 1); the NADP* stimu- 
latory effect was, in fact, slightly decreased. NADP* 
addition at these concentrations was therefore not a 
rate limiting factor in either effect. It is thus unlikely 
that the azo dye competes for NADP* with the factor 
necessary for stimulation of protein synthesis, a pos- 
tulated mechanism for the inhibition of protein syn- 
thesis by the azo dye. 
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Fig. 2. The effect of NADP* and G-6-P on xenobiotic 
metabolism in Mixture I using a cell-free liver system. The 
metabolic activities of the 3 enzymes tested in Mixture 
I were assayed as outlined in the Materials and Methods 
section. NADP* (1 umole) and G-6-P (5pmole) were 
added where indicated. Results shown are the mean + 
S.E.M. values obtained from a minimum of 3 separate ex- 
periments, each carried out in duplicate. 


Hydroxylase 


Table 1. The effect of doubling the concentration of 

NADP* on the NADP* stimulatory effect and the 3’-Me- 

DAB inhibitory effect on protein synthesis in Mixture III 
using a cell-free liver system* 





Per cent inhibition 
by 3’-Me-DAB 


Per cent stimulation 
by NADP* 


NADP* 
(umole) 





0 110.8 + 9.1 
Au) 101.0 + 8.5t 





*['4C]Leucine incorporation into protein in Mixture 
III (ice. Mixtures I and II) was measured as outlined in 
the Materials and Methods Section. NADP* (1 or 
2 umole) and G-6-P (5 umole) were added to Mixture I 
in all cases. 3’-Me-DAB (240 nmole) was included only in 
the 3’-Me-DAB inhibitory studies. Results are the 
mean + S.E.M. values obtained from 3 separate experi- 
ments, each carried out in duplicate. 

+P <0.001 from group containing | ymole NADP* 
(paired student’s t-test). 


Solubilization of the PMS with the nonionic deter- 
gent Triton X-100 resulted in a marked decrease in 
the basa! level of ['*C]leucine incorporation into 
protein [from 18.33 + 1.22 x 10° cpm/mg RNA to 
5.22 + 0.42 x 10°cpm/mg RNA (n = 3)]. The 3’-Me- 
DAB inhibitory effect on ['*C]leucine incorporation 
in Mixture III was also markedly lessened in Triton 
X-100 treated PMS (Fig. 3), as were the activities of 
the three drug metabolizing enzymes assayed in Mix- 
ture I (Fig. 4). The NADP®* stimulatory effect on 
['*C]leucine incorporation in Mixture III, on the 
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Fig. 3. The effect of Triton X-100 and phenobarbitone pre- 
treatment on the NADP” stimulatory effect and the 3’-Me- 
DAB inhibitory effect on protein synthesis in Mixture III 
using a cell-free liver system. A. Percentage stimulation 
by NADP*. B. Percentage inhibition by 3’-Me-DAB. 
Triton X-100 treated PMS and PMS obtained from pheno- 
barbitone pretreated rats were prepared as outlined in the 
Materials and Methods section. ['*C]leucine incorpor- 
ation into protein in Mixture III (i.e. Mixtures I and II) 
was measured according to the method also described in 
this section. NADP* (1 umole) was added to Mixture I 
in all cases and 3’-Me-DAB (240 nmole) only in the inhibi- 
tory studies (B). The results shown are the mean + S.E.M. 
values obtained from a minimum of 3 experiments each 
carried out in duplicate. 
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Fig. 4. The effect of Triton X-100 and phenobarbitone pre- 
treatment on xenobiotic metabolism in Mixture I using 
a cell-free liver system. Triton X-100 treated PMS and 
PMS obtained from phenobarbitone pretreated rats were 
prepared as outlined in the Materials and Methods section. 
The metabolic activities of the three enzymes tested in 
Mixture I were assayed according to the methods also 
described in this section. NADP* (1 umole) and G-6-P 
(5S umole) were added in all cases. Results shown are the 
mean + S.E.M. values obtained from a minimum of 3 sep- 
arate experiments, each carried out in duplicate. 


other hand, was more than doubled by Triton X-100 
treatment. The effects of 3'-Me-DAB and NADP* on 
leucine incorporation therefore do not appear to be 
directly related. 

Pretreatment of rats with the microsomal drug 
metabolizing enzyme inducer phenobarbitone 
resulted in an opposite pattern of results. The basal 
level of ['*C]leucine incorporation into protein was 
slightly, but significantly enhanced in the phenobarbi- 
tone pretreated rats [from 16.81 + 1.73 x 10° cpm/mg 
RNA to 21.67 + 1.56 x 10° cpm/mg RNA (n= 7)]. 
No significant difference in RNA content/g liver could 
be detected between the two groups. The 3’-Me-DAB 
inhibitory effect on ['*C]leucine incorporation in 
Mixture III (Fig. 3) and the aminopyrine demethylase 


Table 2. The effect of added nucleophiles on the inhibitory 
effect of 3’-Me-DAB on protein synthesis in Mixture III 
using a cell-free liver system* 





Per cent inhibition 


Addition by 3’-Me-DAB 





None 

|1mM GSH 

1 mM L-cysteine 
None 

1 mM _ Dithiothreitol 


I+ I+ I+ I+ 


42.8 + 1.7 
43.9 + 0. 





*['*C]Leucine incorporation into protein in Mixture 
III (i.e. Mixtures I and II) was measured as outlined in 
the Materials and Methods section. NADP* (1 umole), 
G-6-P (5 umole) and 3’-Me-DAB (240 nmole) were added 
to Mixture I in all cases. GSH (1 umole), L-cysteine 
(1 zmole) or dithiothreitol (1 umole) were added to both 
Mixtures | and II where indicated. Results shown are the 
mean + S.E.M. values obtained from 3 separate experi- 
ments, each carried out in duplicate. 

+ P <0.001 from control (paired student’s t-test). 


Table 3. The inhibitory effect of a series of azo dye ana- 
logues on in vitro protein synthesis 





Carcinogenic 
potency? 


Per cent inhibition of 


Dye protein synthesis* 





DAB 

2-Me-DAB 
3'-Me-DAB 
2'-Me-DAB 





*['4C]Leucine incorporation into protein in Mixture 
III (i.e. Mixtures I and II) was measured as outlined in 
the Materials and Methods section. NADP* (1 umole), 
G-6-P (5 umole) and the appropriate dye (240 nmole) were 
added to Mixture I. Results shown are the mean +S.E.M. 
values obtained from 3 separate experiments, each carried 
out in duplicate. 

+ From Miller, Miller and Finger (24). 

tP <0.001 from the inhibitory value for 3’-Me-DAB 
(paired student’s t-test). 


and aniline hydroxylase activities in Mixture I (Fig. 
4) were similarly enhanced by this pretreatment. The 
3'-Me-DAB reductase activity was also increased, but 
not to a significant extent (Fig. 4). The NADP* 
stimulatory effect on ['*C]leucine incorporation in 
Mixture III, on the other hand, was significantly de- 
creased in the PMS obtained from phenobarbitone 
pretreated rats (Fig. 3). Once again, it appears that 
the effects of 3’-Me-DAB and NADP” on leucine in- 
corporation are not directly related. The results also 
support the involvement of a metabolite of 3’-Me- 
DAB in the carcinogen’s inhibitory action on in vitro 
protein synthesis. 

Addition to both Mixtures I and II of either of 
the two nucleophiles GSH or L-cysteine resulted in 
a marked reduction in the magnitude of the 3’-Me- 
DAB inhibitory effect (Table 2). The addition of the 
nucleophile dithiothreitol, however, had no significant 
effect. The evidence therefore suggests that the postu- 
lated active metabolite of 3’-Me-DAB may be electro- 
philic in nature. 

A comparison was made between the inhibitory 
effect on in vitro protein synthesis and the carcino- 
genic potency of a series of structurally related dye 
analogues (Table 3). There was no _ correlation 
between the two properties. 


DISCUSSION 


Of the co-factors added to Mixture I, NADP* 
alone is necessary for three effects: (a) the NADP* 
stimulatory effect on protein synthesis in Mixture III, 
(b) the 3’-Me-DAB inhibitory effect on protein syn- 
thesis in Mixture III and (c) xenobiotic metabolism 
in Mixture I. However, no direct indication as to the 
precise nature of dinucleotide involvement in each of 
these three effects can be obtained from the results, 
for NADP* can undergo either reduction or conver- 
sion to products such as NAD* and nicotinamide 
mononucleotide in biological systems. 

Xenobiotic metabolism is well known to require 
the reduced form of NADP* in the microsomal elec- 
tron transport chain [13]. A significant amount of 
NADP* reduction might therefore be taking place 
in the system used in the present study. The reduction 
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step is catalyzed by G-6-P dehydrogenase which is 
present in cell sap. Inhibition of in vitro protein syn- 
thesis by 3’-Me-DAB also appears to require the 
reduced form of NADP*. This conclusion stems in- 
directly from our demonstration that the inhibitory 
effect of the azo carcinogen on protein synthesis is 
probably mediated by a dye metabolite. 

The NADP* stimulatory effect, on the other hand, 
may be mediated by the oxidized form of the dinuc- 
leotide since studies by Kalkhoff et al. [25] and 
Kroon [26] have suggested the involvement of oxi- 
dized NADP* in in vitro protein synthesis. 

Possible mechanisms of inhibition of in vitro pro- 
tein synthesis by the aminoazo carcinogen 3’-Me- 
DAB include the assumption that the quantity of 
NADP” present in the system was rate limiting for 
the NADP* stimulatory effect on protein synthesis 
and that the metabolism of the carcinogen merely 
competed for the available NADP*. At the concen- 
trations added to Mixture I, the quantity of NADP* 
in the system, however, was shown not to be a rate- 
limiting factor for either the NADP* or 3’-Me-DAB 
effects on protein synthesis. 

A second possible mechanism of inhibition is the 
involvement of a dye metabolite. Triton X-100 treat- 
ment of PMS affords a means of destroying xenobio- 
tic metabolism [15-17] without affecting protein syn- 
thesis [18, 27, 28]. If a dye metabolite is responsible 
for the inhibitory effect on protein synthesis observed 
in our system, Triton X-100 should abolish the effect. 
Unfortunately we found in contrast with earlier work 
[18, 27, 28], that the basal level of ['*C]leucine incor- 
poration into protein in our cell-free system was 
greatly decreased in the Triton-treated PMS. This dis- 
crepancy may be due to differences in tissue prep- 
aration, since the previous workers [18, 28] had used 
Sephadex-filtered PMS. The inhibitory effect of 
3’-Me-DAB on in vitro protein synthesis was mark- 
edly lessened by the detergent treatment. However, 
this effect could be due to either decreased metabolic 
activation of the dye or to a decrease in available 
target for the dye as a result of the solubilization 
process. 

A further means of investigating the possible role 
of a 3’-Me-DAB metabolite in the mechanism of the 
inhibition of amino acid incorporation is by the use 
of PMS obtained from phenobarbitone pretreated 
rats. Phenobarbitone pretreatment is well known to 
induce the metabolism of xenobiotics in general 
[14,17] and more specifically in the present context, 
the oxidative metabolism of the aminoazo dyes 
[29-31]. The azo reductase pathway for the dyes, 
however, is not induced by phenobarbitone pretreat- 
ment [29, 30,32]. We confirmed some of these find- 
ings in the present study. This inductive effect is a 
result of de novo synthesis of drug metabolizing 
enzymes and is reflected by increased rates of in vitro 
amino acid incorporation as reported here and by 
others [33-35]. The extent of the 3’-Me-DAB inhibi- 
tory effect was enhanced by phenobarbarbitone pre- 
treatment of rats. However, the stimulation could be 
due to either increased metabolic activation of the 
dye or an increase in target available to the dye as 
a result of de novo protein synthesis. 

In summary, therefore, both the 3’-Me-DAB inhibi- 
tory effect and xenobiotic metabolism are dependent 
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on supplementation of the system with NADP”. Both 
are decreased by Triton X-100 solubilization of the 
PMS, and both are enhanced by phenobarbitone pre- 
treatment of the rats. The evidence therefore suggests 
that the 3’-Me-DAB inhibitory effect is mediated by 
a metabolite of the carcinogen. Further evidence for 
this proposal is the finding that the in vitro addition 
of the nucleophiles GSH and L-cysteine results in a 
marked decrease in the extent of the 3’-Me-DAB in- 
hibitory effect. 

Both GSH and L-cysteine have been proposed to 
play a fundamental role in protecting body tissues 
from the detrimental effects of many carcinogens and 
toxins [36-38]. By virtue of their free sulphydryl 
groups, these nucleophiles can interact with the elec- 
trophilic metabolites of the carcinogens and toxins, 
and thus prevent the binding of such electrophiles 
to cellular proteins and nucleic acids [39-42]. Since 
3’-Me-DAB itself is nucleophilic, the result obtained 
in the present study further support the concept that 
a dye metabolite is involved in the inhibitory effect 
on protein synthesis; this metabolite presumably 
being electrophilic. Dithiothreitol, on the other hand, 
had no effect on the 3’-Me-DAB inhibitory effect. This 
nucleophile has been previously shown to inhibit the 
binding of 2-acetylaminofluorene to transfer RNA 
[43]. Kadlubar et al. [44] have also shown it to be 
oxidized, as are cysteine and GSH, by N-hydroxy-4- 
monomethylaminoazobenzene, the proposed proxi- 
mate carcinogen for the aminoazo dyes. The reason 
for the lack of effect of dithiothreitol in the present 
study is not known. 

The precise nature of the electrophilic metabolite 
(ultimate carcinogen) responsible for the toxic and 
carcinogenic properties of the aminoazo dyes has not 
been established to date. The general consensus of 
opinion suggests this molecule to be a conjugate of 
the N-hydroxylated secondary amine [9-11]. Very 
recent studies by Kadlubar et al. [44,45] have shown 
that such an eletrophilic azo dye metabolite can be 
generated in vitro by rat hepatic microsomes, the 
N-hydroxylation being catalyzed by the mixed-func- 
tion amine oxidase of Ziegler and Mitchell [46], 
rather than by the cytochrome P-450 pathway. Fur- 
thermore, this metabolite binds to amino acids and 
nucleotides in a similar way to when the azo dyes 
are administered in vivo. 

Although it is well established that either in vivo 
or in vitro administration of chemical hepatocar- 
cinogens results in the inhibition of protein synthesis 
under certain circumstances [1-8], the role of this 
inhibitory effect in tumour induction is not under- 
stood. No correlation could be made in the present 
study between the inhibitory effect on in vitro protein 
synthesis and the carcinogenic potencies of a series 
of structually related dye analogues. Although the lat- 
ter property varied considerably, all four dyes tested 
were virtually equipotent with respect to the inhibi- 
tory effect. This result has several implications. 
Firstly, it is possible that the inhibition of protein 
synthesis is an early step in tumour induction but 
is not the main factor in determining the carcinogenic 
potencies of the dyes. It is also possible that a detailed 
analysis of the proteins synthesized in the in vitro sys- 
tem may show qualitative differences in inhibition by 
the dyes, even though no differences in the inhibition 
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of total synthesis are observed. On the other hand, 
it is possible that the inhibitory effect on protein syn- 
thesis is merely a manifestation of the toxicity of the 
aminoazo dyes. Dietary feeding of the dyes, which 
leads to tumour formation, has not yet been shown 
to result in the inhibition of protein synthesis. From 
as early as one to ten days after the onset of dye 
feeding, protein synthetic rates are increased with re- 
spect to controls [47-49]. Only in acute in vivo 
dosage experiments, conditions which have not been 
shown to induce tumours, is protein synthesis inhi- 
bited [2,3]. In these studies, however, the inhibitory 
effect is obtained when using high doses of the dyes: 
200-250 mg/kg body wt, as opposed to the approxi- 
mate 6-mg daily dose in dietary experiments. The in- 
hibitory effect is also rapidly overcome by a second- 
ary stimulatory action on protein synthesis, within 
40 hr of dye administration [2]. Flaks and Teh [50] 
have concluded from their experiments that the high 
doses used in such acute dosage experiments produce 
structural effects not normally observed under condi- 
tions which lead to tumour induction. The inhibitory 
effect of the aminoazo dyes on protein synthesis 
observed in this and other studies, may eventually 
prove to be & toxic effect of the dyes rather than 
an essential factor in the process of tumour induction. 
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MULTIPLE MONOAMINE OXIDASE ACTIVITIES 
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LUNG MITOCHONDRIA* 
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Abstract—Both monoamine oxidase (MAO) A and B activities were almost exclusively found associated 
with mitochondrial fractions in mouse lung, and these activities could be partially separated on linear 
sucrose gradients. The peak MAO B activity measured by the deamination of f-phenylethylamine 
(PEA) was consistently found in a population of mitochondria sedimenting in a denser region of 
the gradient than peak MAO A activity for 5-hydroxytryptamine (5-HT). Clorgyline strongly inhibited 
deamination of 5-HT across the mitochondrial fractions, while deamination of PEA remained high. 
Pargyline blocked PEA deamination, while considerable activity remained for 5-HT. These results 
provide evidence for the possible existence of heterogeneous subpopulations of lung mitochondria 
differing in sedimentation behavior and containing monoamine oxidase with different substrate speci- 


ficity and inhibitor sensitivity. 


The mammalian lung has the capacity to remove 
several amines[1-4] from the pulmonary vascular 
space and rapidly deaminate them via monoamine 
oxidase (MAO) [monoamine: O, oxidoreductase 
(deaminating); EC 1.4.3.4]. MAO exists not as a 
homogeneous enzyme but rather in several forms with 
different substrate specificity[5], inhibitor  sensi- 
tivity [6], thermal stability[7], antigenic proper- 
ties [8], and electrophoretic mobility [9]. The type A 
form of mitochondrial MAO, which deaminates 
5-hydroxytryptamine (5-HT) and norepinephrine, is 
selectively inhibited by harmaline and clorgyline [10]. 
Type B MAO preferentially deaminates f-phenylethy- 
lamine (PEA) and benzylamine and in most species 
is selectively inhibited by pargyline and deprenyl [10]. 
Evidence for the existence of these multiple forms of 
MAO in the lung derive chiefly from studies with 
whole organ homogenates [11], lung mitochondria 
isolated by differential centrifugation [12], and intact 
perfused lung [13-15]. 

Mitochondria from different tissues are not homo- 
geneous organelles, but rather exist as heterogeneous 
populations with different distribution in sucrose den- 
sity gradients[16-19] and enzymatic activi- 
ties [5, 19, 20-25]. In view of these recent findings and 
the seemingly important function of the lung in the 
removal and deamination of various amine substrates, 
it was of interest to investigate the possibility that 
the multiple forms of MAO observed previously may 
be associated with different mitochondrial popula- 
tions in the lung. 


MATERIALS AND METHODS 


Adult male Swiss albino mice (BNL strain) were 





* Research performed under the auspices of the U.S. 
Energy Research and Development Administration. Por- 
tions of this work were presented at the Sixtieth Annual 
Meeting of the Federation of American Societies for Exper- 
imental Biology, Anaheim, Calif. 
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injected intraperitoneally 1 hr prior to sacrifice with 
10 mg/kg of pargyline, 10 mg/kg of clorgyline or 0.9% 
saline. The animals were sacrificed by cervical frac- 
ture, the thorax was rapidly opened, and the lungs 
were perfused via the heart with cold 0.25 M sucrose 
in 0.1M _ potassium phosphate buffer, pH 7.4, to 
remove excess blood from the vascular space. The 
lungs were dissected free from trachea, bronchi and 
external blood vessels, minced finely and homo- 
genized in 4 vol. of the above buffer with a Potter— 
Elvehjem homogenizer (10-12 strokes) at 0°. The 
homogenate was centrifuged twice at 600 g for 10 min 
each, the pellets were discarded, and the supernatants 
were layered on 4.5 ml, 0.25 to 1.73 M continuous suc- 
rose gradients in 0.1 M potassium phosphate buffer, 
pH 7.4, prepared by a previous method [26]. The 
gradients used were either exponential or linear. In 
some experiments, mitochondria were first isolated by 
centrifugation at 12,100 g for 10 min at 4° and washed 
two times by resuspension in 0.25 M _ sucrose—0.1 M 
phosphate buffer before being layered onto sucrose 
gradients. The gradients were centrifuged at 
32,500 rev/min in a SW65Ti rotor for 60 min or 17 hr 
at 4°. Fractions were collected by bottom puncture 
and stored at — 20°. No detectable loss of MAO acti- 
vity was noted up to several weeks. 

MAO activity was measured radiometrically by a 
method similar to that described previously [27, 28]. 
5-Hydroxytryptamine binoxolate[2-'*C] (48.5 mCi/ 
m-mole) and f-phenylethylamine[1-'*C]hydrochlor- 
ide (9.86 mCi/m-mole), both purchased from New 
England Nuclear (Boston, MA), were checked for im- 
purities by thin-layer chromatography and used as 
specific substrates for type A and B MAO respect- 
ively [5]. The reaction mixtures typically contained 
25-50 ul of gradient fraction (10-120 ug protein), 
33.7 uM '*C-substrate in a total volume of 300 yl of 
0.1 M potassium phosphate buffer, pH 7.4. The reac- 
tion mixtures (without substrates) were warmed at 37 
for 10 min, the substrate was added, and the reactions 
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were allowed to proceed for 25 min at 37°. The reac- 
tions were stopped with 200 ul of 2 N HCl, 3 ml ethyl 
acetate was added, and the deaminated metabolites 
were extracted by vigorous shaking for several min. 
The phases were separated by centrifugation at 1000 g 
for 5min, and a 1-ml aliquot of the organic phase 
was counted in 10 ml Aquasol in a liquid scintillation 
counter. Samples were corrected for quenching by in- 
ternal standardization. Blank reaction tubes contain- 
ing boiled enzyme or no enzyme were handled identi- 
cally to the samples. All enzyme determinations were 
carried out in duplicate. Greater than 85 per cent 
of the activity applied to the gradient was recovered 
in the fractions collected. 

Cytochrome oxidase was measured [29] and pro- 
tein was estimated in duplicate using bovine serum 
albumin as a standard [30]. Sucrose concentrations 
were measured with an Abbé refractometer. 


RESULTS 


In preliminary experiments, the subcellular locali- 
zation of monoamine oxidase in lung homogenates 
was measured on exponential sucrose gradients 
designed to separate the mitochondrial fraction from 
the microsomal and soluble fractions (Fig. 1). The 
peaks for both A and B forms of monoamine oxidase 
and cytochrome oxidase, specific markers for outer 
and inner mitochondrial membranes [31], respect- 
ively, were coincident and occupied the denser regions 
of the gradient, suggesting minimal organelle damage 
during preparation. Some activity for these enzymes 
near the top (microsomal/soluble region) of the gra- 
dient may represent mitochondrial fragments and/or 
microsomal MAO activity. This activity could be 
eliminated by prior isolation and washing of the mito- 
chondria. However, the majority of both mitochon- 
drial MAO and cytochrome oxidase activities cosedi- 
mented during centrifugation on exponential gra- 
dients. 





T 

PEA 

5 HT 

CYTOCHROME OXIDASE 
PROTEIN 


b 
2) 
°o 


% TOTAL ACTIVITY 
4—4 1g PROTEIN/FRACTION 


° 
re) 











4 6 8 
FRACTION NUMBER 


Fig. 1. Distribution of MAO A, B, cytochrome oxidase 

and protein from whole lung homogenates separated on 
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When linear gradients were used, the mitochondrial 
protein peaks (Fig. 2a) and cytochrome oxidase activi- 
ties (Fig. 2b) became somewhat heterogeneous but 
correlated well between animals pre-treated with par- 
gyline or clorgyline. The MAO activities did not, 
however, follow this pattern (Fig. 3). The MAO acti- 
vity for 5-HT in mitochondria isolated from animals 
treated with pargyline (Fig. 3a) remained high and 
consistently peaked in a less dense region of the gra- 
dient, whereas the activity in the same density frac- 
tions from animals treated with clorgyline was 
strongly inhibited. The MAO activity toward PEA 
was almost completely blocked by prior treatment of 
animals with pargyline, but remained high in mito- 
chondria isolated from clorgyline-treated animals 
(Fig. 3b). Furthermore, a peak of PEA-deaminating 
activity was consistently found at significantly higher 
sucrose density. The total lung PEA-deaminating acti- 
vity was higher than 5-HT-deaminating activity in all 
preparations from mouse lung. 

When the data were plotted as specific activities 
to compensate for differences in the mitochondrial 
protein distribution across the gradient, both types 
of MAO activities were heterogeneous (Fig. 4). The 
absolute pattern varied with the number of fractions 
collected and with different preparations; however, 
the peak MAO B activity was consistently at a denser 
region of the gradient than peak MAO A activity. 
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Fig. 3. (a) MAO A activity in mitochondria on linear gra- 

dients using ['*C]5-HT as substrate from animals treated 

with pargyline or clorgyline (10 mg/kg). (b) MAO B activity 

measured with ['*C]PEA in mitochondria from animals 
treated with pargyline or clorgyline. 





The partial separation of activities was more pro- 
nounced in some preparations and became sharper 
in samples centrifuged 17 hr under conditions that 
allow for separation by buoyant density (Fig. 5). Thus, 
the 1-hr separation of activities may reflect a com- 
bination of differences in size, shape and density. 


DISCUSSION 


These results are the first report of the possible 
existence of heterogeneous subpopulations of lung 
mitochondria having a differing sedimentation pat- 
tern, MAO inhibitor sensitivity and MAO substrate 
specificity. Partial separation of MAO A and MAO 
B activities has been previously demonstrated in rat 
brain preparations [5]. As in the present results, the 
highest activity toward the MAO B substrate, PEA, 
was located in denser regions of the gradient than 
peak MAO A activity. However, brain tissue provides 
several problems during homogenization in isotonic 
sucrose in that the pre-synaptic mitochondria are lar- 
gely enclosed in particles (synaptosomes) of varying 
size. This size variation depends on the amount of 
associated membrane material whereas the free mito- 
chondria, believed to be of glial origins, lack this as- 
sociation [21]. Thus, the observed differences in the 
sedimentation pattern of brain mitochondria may re- 
flect primarily differences in contaminating mem- 
branous material. 
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Fig. 4. Mitochondrial MAO distribution on linear sucrose 
gradients plotted according to specific activities in saline 
control or drug-treated animals. 


Much of the difficulty in demonstrating multiple 
MAO species has resulted from the use of “purified” 
MAO preparations [31,32] and arises from differ- 
ences in the techniques used for solubilization and 
purification. Although high sucrose concentrations 
used in density gradient techniques can alter mito- 
chondrial structures [33], intact mitochondria may 
provide a more useful system for study. Such an 
approach has met with some success in separating 
brain mitochondria having different MAO activi- 
ties [21, 33]. 

The presently observed differences in the MAO ac- 
tivities of lung mitochondria in sucrose gradients 
might result from membrane contaminants, but it 
seems unlikely that such contaminants could simul- 
taneously and consistently confer substrate and in- 
hibitor specificities and also determine the character- 
istic sedimentation patterns. This is particularly true 
in light of recent evidence that both the substrate and 
inhibitor selectivities reported here were also found 
in intact perfused rat and rabbit lungs [13-15]. The 
finding [15] that the deamination of 5-HT and PEA 
by lung was not significantly influenced by 200-fold 
molar excess of the competing substrate strongly sup- 
ports the evidence for separate forms of lung mito- 
chondrial MAO. The present findings are consistent 
with these reports and suggest that these enzymatic 
activities may be associated with distinct subpopula- 
tions of lung mitochondria. 

The cellular origin of the mitochondria used in 
these studies is not known since the lung contains 
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some 42 cell types [34], but autoradiographic studies 
have implicated the capillary endothelial cells as the 
sites of amine degradation in lung [35-37]. These 
studies have used labeled MAO substrates and MAO 
inhibitors to slow the metabolism of these highly dif- 
fusible molecules. In view of the present findings on 
inhibitor selectivity and the previous reports demon- 
strating the use of specific irreversible MAO inhibi- 
tors as MAO titrants, studies are currently in progress 
with labeled inhibitors to determine the cellular ori- 
gins of the MAO activities responsible for the dea- 
mination of 5-HT and PEA. 


Acknowledgements—Pargyline- HCl and_ clorgyline- HCl 
were provided by Abbott Laboratories and May & Baker, 
Ltd. respectively. I express my appreciation to Drs. 
Richard Ehrenkaufer and David Lloyd for helpful discus- 
sions during this work and to Dr. A. P. Wolf for reading 
the manuscript. 


REFERENCES 


1. J. R. Vane, Br. J. Pharmac. 35, 209 (1969). 
2. C. N. Gillis, Anesthesiology 39, 626 (1973). 


. V.A. Alabaster and Y. S. Bakhle, Br. J. Pharmac. 40, 


468 (1970). 


. J. S. Fowler, B. M. Gallagher, R. R. Mac Gregor and 


A. P. Wolf, J. Pharmac. exp. Ther. 198, 133 (1976). 
. H. T. Yang and N. H. Neff, J. Pharmac. exp. Ther. 
187, 365 (1973). 
. J. P. Johnston, Biochem. Pharmac. 17, 1285 (1968). 
. R. F. Squires, Biochem. Pharmac. 17, 1401 (1968). 


3. B. K. Hartman and S. Udenfriend, Adv. Biochem. Phar- 


mac. 5, 119 (1972). 

. M. B. H. Youdim, G. G. S. Collins and M. Sandler, 
Nature, Lond. 223, 626 (1969). 

. R. F. Squires, in Adv. Biochem. Psychopharmac. (Eds. 
E. Costa and M. Sandler), Vol. 5, p. 355. Raven Press, 
New York (1972). 

. J. A. Roth and C. N. Gillis, Biochem. Pharmac. 23, 
1138 (1974). 

. J. A. Roth and C. N. Gillis, Biochem. Pharmac. 23, 
2537 (1974). 

. C. N. Gillis, J. A. Roth and K. R. Baker, Chest 67, 
26S (1975). 

. J. A. Roth and C. N. Gillis, J. Pharmac. exp. Ther. 
194, 537 (1975). 


5. Y. S. Bakhle and M. B. H. Youdim, Br. J. Pharmac. 


56, 125 (1976). 

. R. W. Swick, J. L. Strange, S. L. Nance and J. F. 
Thompson, Biochemistry 6, 737 (1967). 

. L. Salganicoff and E. De Robertis, J. Neurochem. 12, 
287 (1965). 
A. Neidle, C. J. Van der Berg and A. Grynbaum, J. 
Neurochem. 16, 225 (1969). 


. G.G. D. Blokhuis and H. Veldstra, Fedn Eur. Biochem. 


Soc. 11, 197 (1970). 
A. Hamberger, C. Blomstrand and A. L. Lehninger, 
J. Cell Biol. 45, 221 (1970). 


. M.C. Kroon and H. Veldstra, Fedn Eur. Biochem. Soc. 


Lett. 24, 173 (i972). 


. M. A. Wilson and J. Cascarano, Biochem. J. 129, 209 


(1972). 


. G. Weiss, C. Lamartimere, B. Muller-Ohly and W. 


Seubert, Eur. J. Biochem. 43; 391 (1974). 


. C. Lamartimere and G. Weiss, Hoppe-Seyler’s Z. phy- 


siol. Chem. 355, 1549 (1974). 


. C. Lamartimere and G. Weiss, Hoppe-Seyler’s Z. phy- 


siol. Chem. 356, 1079 (1975). 


. J. De Champlain, R. A. Mueller and J. Axelrod, J. 


Pharmac. exp. Ther. 166, 339 (1969). 

. R. J. Wurtman and J. Axelrod, Biochem. Pharmac. 12, 
1439 (1964). 

. R. E. McCaman, M. W. McCaman, J. M. Hunt and 
M. S. Smith, J. Neurochem. 12, 15 (1965). 


29. S. J. Cooperstein and A. Lazarow, J. biol. Chem. 189, 


665 (1951). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. C. Schnaitman and J. W. Greenawalt, J. Cell Biol. 38, 
158 (1968). 

. K. Tipton, M. Houslay and N. Garrett, Nature New. 
Biol. 246, 213 (1973). 

. M. B. H. Youdim, Biochem. Soc. Trans. 1, 1126 (1973). 


34. E. A. B. Brown, Drug Metab. Rev. 3, 33 (1974). 
. J. Hughes, C. N. Gillis and F. E. Bloom, J. Pharmac. 


exp. Ther. 169, 237 (1969). 
. J. M. Strum and A. F. Junod, J. Cell Biol. 54, 456 
(1972). 


37. S. A. M. Cross, V. A. Alabaster, Y. S. Bakhle and J. 


R. Vane, Histochemistry 39, 83 (1974). 





Biochemical Pharmacology, Vol. 26, pp. 939-942. Pergamon Press, 1977. Printed in Great Britain 


SOME BIOCHEMICAL CHANGES ASSOCIATED WITH 
NAFENOPIN-INDUCED LIVER GROWTH IN THE RAT* 


WALTER G. LEVINE, MARGERY G. ORD and LLoyp A. STOCKEN 


Department of Biochemistry, University of Oxford, 
Oxford, England 


(Received 6 August 1976; accepted 8 October 1976) 


Abstract—The response of the liver to a single oral or intraperitoneal dose of the hypolipidemic drug 
nafenopin has been investigated in rats. Liver weight increased for 3 days and returned to normal 
in 6 days, although at no time did food consumption differ from that of controls. During the experimen- 
tal period, liver protein concentrations were unchanged while DNA concentration decreased slightly. 
Ornithine decarboxylase activity, DNA synthesis and amino acid uptake were markedly stimulated, 
as has been reported in the regenerating liver. After intraperitoneal nafenopin the onset of these re- 
sponses was more rapid and the degree of induction greater than that seen after oral nafenopin. 
Since ornithine decarboxylase and DNA synthesis increased at approximately the same time after 
orally administered nafenopin, there is some doubt as to whether induction of ornithine decarboxylase 
is obligatory prior to the synthesis of DNA. The results, however, do support a role for increased 
amino acid uptake in the pre-replicative phase of liver growth. It is speculated that the oral/intraperi- 
toneal difference in induction rates of these parameters may be attributable to a slow rate of disposition 


of orally administered nafenopin in the rat or to an unknown alternative mechanism. 


Treatment of rats with the hypolipidemic drug 
nafenopint (NP) (SU-13437) inhibits the hepatic 
transport of drugs and other foreign chemicals and 
brings about a profound choloresis [1-6]. It also pro- 
duces a marked enlargement of the liver, and both 
hyperplasia and cell hypertrophy are seen [1, 7-11]. 
In contrast to most other agents that induce liver 
growth [12], NP has little or no effect on microsomal 
drug metabolism [1,5,9], although it does elicit a 
proliferation of the endoplasmic reticulum [10] and 
an increase in peroxisomes and in catalase ac- 
tivity [10, 11]. 

After treatment with NP, the liver presents a mor- 
phologic picture similar to that of the regenerating 
liver after partial hepatectomy[13]§. Functional 
changes that occur early during regeneration include 
induction of ornithine decarboxylase [14, 15], 
enhanced uptake of amino acids [16] and rapid incor- 
poration of thymidine into DNA[17]. In an effort 
to determine whether the liver growth stimulated by 
NP proceeds by mechanisms similar to those seen 
during regeneration, the above parameters were 
measured in rats treated with NP. 


EXPERIMENTAL 


Animals. Male rats (body wt 120-180g) of the 
laboratory’s Wistar strain were kept under controlled 





*Supported in part by a grant to W. G. L. from the 
National Cancer Institute of the U.S. Public Health Service 
(CA 14231). 
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U.S.A. 

t Nafenopin = 2-methyl-2[p-(1,2,3,4-tetrahydro-1-naph- 
thyl)phenoxy ]-propionic acid. 

§ J. Padawar, personal communication. 
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lighting (0900-2300 hr) conditions. Food was avail- 
able from 1700 to 0900 hr but water was available 
at all times. For the initial experiments, a weighed 
amount of food was given to the animals each day 
at 1700 hr, and the amount consumed was determined 
the next morning. NP was dissolved in polyethylene 
glycol-400 (300 mg/ml) and given orally or intraperi- 
toneally in a dose of 200 mg/kg unless otherwise indi- 
cated. Control animals received an equal volume of 
vehicle. 

Ornithine decarboxylase. Rat livers were homogen- 
ized in 4 vol. of 50mM phosphate buffer, pH 7.4, 
containing 1 mM dithiothreitol, 0.1 mM EDTA and 
0.1 mM _ pyridoxal phosphate (added fresh each day) 
and centrifuged for 1 hr at 100,000 g. Supernatant 
fluid (1.8 ml) was preincubated for 10 min at 37°. The 
reaction was started by addition to each flask of 
0.2 ml (0.5 wCi) pi-[-1-'*C]ornithine HCI. The final 
concentration (0.6 mM) was sufficient to saturate the 
enzyme [18]. The flasks were capped and shaken at 
37° for 30 min. The reaction was stopped by the addi- 
tion of 0.2ml of 5NH,SO, and the shaking con- 
tinued for 30min. The '*CO, evolved was trapped 
by hyamine hydroxide in methanol and counted. 
Enzyme activity was calculated as pmoles CO, evol- 
ved/30 min/mg of protein. 

DNA synthesis. [*H]thymidine (25 wCi) was in- 
jected intraperitoneally. The livers were removed | hr 
later and homogenized with 4 vol. of ice-cold 0.9% 
NaCl. A sample of the homogenate was mixed with 
an equal volume of ice-cold 10% trichloroacetic acid 
and centrifuged. The precipitate was washed twice 
with 5% trichloroacetic acid, twice with ethanol and 
twice with hot ethanol-ethyl ether, 3:1 (v/v). The 
DNA was extracted in hot 5% trichloroacetic acid. 
A sample of the extract was counted and DNA deter- 
mined. Thymidine incorporation was calculated as 
cpm/mg of DNA. 
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Amino acid uptake was determined with the use 
of '*C-labeled 2-amino isobutyric acid, which is 
rapidly taken up by the liver but not metabo- 
lized [19]. Three wCi/100 g was injected intravenously 
and the livers were removed 5 min later. They were 
perfused thoroughly with ice-cold 0.9%, NaCl and 
homogenized with 4 vol. of 0.9%, NaCl, and the 5% 
trichloroacetic acid-soluble radioactivity was deter- 
mined. The uptake was calculated as cpm/g of liver. 
The amino acid composition of these extracts was 
determined using a Locarte amino acid analyzer. 

Protein was determined by the method of Lowry 
et al. [20], and DNA by the diphenylamine procedure 
of Munro and Fleck [21]. 

Chemicals. pt-[1-'*C]ornithine HCl (sp. act. 
58 wCi/m-mole), [6-*H]thymidine (sp. act. 23.3 Ci/m- 
mole) and 2-amino[1-'*C]isobutyric acid (sp. act. 
51 wCi/m-mole) were purchased from The Radio- 
chemical Centre, Amersham, Bucks, U.K. 


RESULTS 


Groups of three rats were given a single dose of 
NP orally (500 mg/kg), and body weight, liver weight, 
protein, DNA and food consumption were deter- 
mined at various intervals thereafter. The gain in 
body weight for the treated animals initially lagged 
behind that of the controls but resumed a normal 
rate after the second day (Fig. 1A). This was not due 
simply to anorexia, since food consumption was 
essentially the same in control and treated groups 
(Fig. 1F). As expected, liver weight, as a percentage 
of body weight, increased by approximately 60 per 
cent and returned to control levels by day 6 (Fig. 
1B). Total liver DNA increased (Fig. 1D) but to a 
lesser extent than did liver weight, so that the concen- 
tration of DNA (Fig. 1E) actually decreased during 
the experimental period. The concentration of protein 
within the liver increased slightly during the latter 
part of the experiment (Fig. 1C). 

Ornithine decarboxylase activity was determined at 
various times after the oral or intraperitoneal admin- 
istration of NP. Peak activity in treated animals was 
19-24 hr after oral administration and 10 hr after the 
intraperitoneal route (Fig. 2). A second increase after 
intraperitoneal injection was apparent to 24hr, but 
observations were not extended further. Multiple 
peaks of ornithine decarboxylase during liver regener- 
ation have been observed by others [22-25]. 
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Fig. 1. Effect of a single oral dose of NP (500 mg/kg) on 
body weight, liver protein, liver DNA and food consump- 
tion. Each point is the mean for a group of three rats. 


DNA synthesis was also markedly stimulated after 
NP administration (Fig. 3). Peaks of thymidine incor- 
poration were seen at 17hr after the oral route and 
at 21 hr after the intraperitoneal route. 

Amino acid uptake by the liver was assessed using 
2-amino-isobutyric acid, which undergoes very litcie 
metabolism within the body. A fairly broad peak of 
activity was seen 24hr after oral NP, and a sharp 
peak 11 hr after intraperitoneal administration (Fig. 
4). 

Amino acid analyses revealed that there were no 
significant differences in the amino acid composition 
during the maximum periods of uptake after both 
oral and intraperitoneal NP. 


DISCUSSION 


The hepatic response to the administration of 
nafenopin is of particular interest since, unlike the 
vast majority of substances that stimulate liver 
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Ornithine decarboxylase activity in liver supernatant after a single oral or intraperitoneal dose 


of NP (200 mg/kg). Each point is the mean + S. E. M. for five or more animals. An asterisk indicates 
values that differ significantly from those of controls (P < 0.05). 





Nafenopin-induced liver growth 941 


INTRAPERITONEAL 


o controls 
@ NP 


cpm/mg DNA x109 
rape = nN La) 
@ Ge Wee see - 


> 











16 24 

Hr. after nafenopin 

Fig. 3. Hepatic DNA synthesis after a single oral or intra- 
peritoneal dose of NP (200 mg/kg). [7H]thymidine (25 Ci) 
was injected intraperitoneally and 1 hr later radioactivity 
and DNA were determined in the hot trichloroacetic 
extract of whole liver. Values are the mean + S.E.M. for 
four or more animals. An asterisk indicates values that 

differ significantly from those of controls (P < 0.05). 


growth, it does not induce microsomal drug-metabo- 
lizing enzymes [1, 5,9]. On the other hand, like most 
inducing agents, it causes a proliferation of the hepa- 
tic endoplasmic reticulum [10] and does undergo 
metabolism in the rat [3] and in man [26]. Clofibrate, 
a structurally related hypolipidemic agent, 
similarly stimulates liver growth with little or no 
effect on drug metabolism [9, 27, 28], although steroid 
hydroxylation by microsomes is significantly in- 
creased [28-30]. Other evidence for the dissociation 
of liver growth from induction of microsomal drug 
metabolism is found in experiments using aminotria- 
zole. This inhibitor of haem synthesis prevents the 
induction of cytochrome P-450 by phenobarbital, 
while liver growth in response to the barbiturate is 
unimpaired [31]. 

In the regenerating liver, dependence of DNA syn- 
thesis upon prior induction of ornithine decarboxy- 
lase was suggested by Gaza et al.[23] and Short et 
al. [25]. These investigators found that after partial 
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Fig. 4. Amino acid uptake by the liver after a single oral 
or intraperitoneal dose of NP (200 mg/kg). ['*C]-2-amino 
isobutyric acid was injected intravenously (5 wCi/100 g). 
Five min later the trichloroacetic acid-soluble radioactivity 
was determined in the perfused livers. Each value is the 
mean -- S. E. M. for five or more animals. An asterisk indi- 
cates values that differ significantly from those of controls 
(P < 0.05). 


hepatectomy, or administration of a mixture of hor- 
mones and amino acids, or restoration of a normal 
diet to protein-deficient rats, hepatic ornithine decar- 
boxylase was markedly induced within a few hours 
while DNA synthesis was stimulated at 20-24 hr. Cer- 
tain foreign chemicals which stimulate liver growth 
also induce ornithine decarboxylase [32-34]. 

Some doubt as to the causal relationship between 
induction of ornithine decarboxylase and DNA syn- 
thesis is seen in the work of Schrock et al. [35], who 
found that hypertonic glucose given intravenously or 
Celite given intraperitoneally, procedures that do not 
stimulate liver growth, induces decarboxylase activity. 
Hydrocortisone administration at the time of partial 
hepatectomy delays by several hours the peak of 
DNA synthesis but has no effect on ornithine decar- 
boxylase induction [36]. Conversely the «-adrenergic 
blocking agents, phenoxybenzamine and_phentol- 
amine, given at the time of partial hepatectomy, pat- 
tially suppress the rise in ornithine decarboxylase but 
are without effect on the subsequent increase in DNA 
synthesis [37, 38]. These drugs do inhibit DNA syn- 
thesis if given 18hr after partial hepatectomy, long 
after initiation of ornithine decarboxylase induction. 
Pariza et al. [39] found in rats that decarboxylase ac- 
tivity in hepatoma 5123-C was markedly increased 
while activity in hepatoma 7800 was approximately 
normal, although the rates of growth, and presumably 
DNA synthesis, of both tumors were equal. The pres- 
ent work also demonstrates a dissociation between 
ornithine decarboxylase and DNA synthesis. After in- 
traperitoneal injection of nafenopin, the peaks of 
ornithine decarboxylase and DNA synthesis were at 
10 and 21 hr, respectively, a pattern not unlike that 
seen after partial hepatectomy. On the other hand, 
after oral administration of nafenopin, decarboxylase 
activity was not seen until 19-24 hr, while DNA syn- 
thesis showed a peak slightly before this, at 17 hr. 
Thus, the usual order of these events was actually 
reversed. This would seem to argue against ornithine 
decarboxylase playing an essential role prior to the 
synthesis of DNA associated with liver growth. 

The mechanisms underlying the induction of 
ornithine decarboxylase are not yet understood. Ad- 
ministration of amino acids to starved or protein-defi- 
cient animals increases the level of hepatic ornithine 
decarboxylase [23,40]. After a single dose of oral 
nafenopin there was a slight lag in the rate of growth 
(see Fig. 1A), suggesting the possibility of an induced 
protein-deficient state. However, at no time after ad- 
ministration of the drug does food consumption de- 
crease or liver protein fall below control values (see 
Fig. 1C and 1F) [9,11]. Liver protein concentration 
is similarly unchanged after clofibrate, which also 
produces marked hepatomegaly [41]. It is unlikely, 
therefore, that the effect of nafenopin on ornithine 
decarboxylase is the result of a temporary protein 
deficiency. 

Enhanced uptake of 2-amino-isobutyric acid is seen 
after nafenopin (see Fig. 4) as well as after partial 
hepatectomy [25]. Although significantly increased 
levels of ornithine decarboxylase are seen slightly 
prior to increased amino acid uptake, the time 
courses of these two responses are in the main similar 
after either route of administration (see Figs. 2 and 
4). This parallel is also seen during liver regener- 
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ation [25] and suggests the possibility of a functional 
relationship between these events in the pre-replica- 
tive phase of liver growth. However, as in the case 
of ornithine decarboxylase, peak DNA _ synthesis 
actually occurs prior to peak amino acid uptake after 
the oral route. This again suggests that a re-examina- 
tion of the temporal relationships of these responses 
may be in order, or that nafenopin stimulates liver 
growth through alternative mechanisms. 

The difference in the rates of induction of ornithine 
decarboxylase after oral as compared to intraperi- 
toneal nafenopin is rather large. A significant rise in 
enzyme activity is apparent 4hr after intraperitoneal 
injection, while 12 hr after oral feeding, activity was 
still within normal range. Thus, the delay between 
the two routes of administration is greater than 8 hr. 
In humans, peak plasma levels of nafenopin are 
reached 1.3 to 3.6hr after oral administration [26]. 
A much slower rate of absorption in rats would be 
required to explain the oral/intraperitoneal differences 
in induction time. Otherwise an _ alternative 
mechanism must be postulated. As yet, the pharma- 
cokinetics of nafenopin in the rat have not been 
reported. 

The possibility was considered that nafenopin 
causes hepatic necrosis, and therefore the biochemical 
changes observed would reflect a compensatory 


growth response. However, after periods of treatment 
with nafenopjn ranging from 2 days to several weeks, 
morphologic observations have revealed no instance 
of necrosis [7,9,11,13]*. The stimulation of liver 
growth, therefore, should be considered: to be an 
adaptive rather than a toxic response. 
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Abstract 


The biliary excretion of oestradiol and mestranol in the female rat is rapid. The continued 


circulation of the free steroids depends on their reabsorption from the gut following the hydrolysis 
of biliary conjugates. The antibiotic neomycin markedly inhibits this enterohepatic recirculation by 
directly affecting the viability of the gut microflora which are partly responsible for deconjugation, 
and also by inhibiting reabsorption of the free steroid. These effects may be important in considering 
the half-life of oestrogenic components of the contraceptive pill. 


Mestranol (17z-ethynyloestradiol-3-methyl ether) has 
found wide application as the oestrogenic factor in 
many combination type contraceptive formulations. 
Its metabolism has been studied by Bolt and Rem- 
mer [1-3] and by Fotherby [4]. 

Ethynyloestradiol (the active metabolite of mes- 
tranol) undergoes extensive enterohepatic circulation 
[5], which is probably important in determining its 
effectiveness. Consequently factors affecting the hy- 
drolysis and subsequent reabsorption of biliary conju- 
gates in the gut must be equally important. The latter 
seems to have received little attention. 

The gut microflora undoubtedly contribute to the 
hydrolytic enzymes present in the gut [6] and there- 
fore suppression of the flora may modify the degree 
of enterohepatic circulation and consequently impair 
the efficacy of the oral contraceptive. This report de- 
scribes the effect of neomycin on the enterohepatic 
circulation of mestranol and 17/-oestradiol in an 
attempt to assess the importance of the gastro- 
intestinal microflora in the metabolism of these 
oestrogens. 


MATERIALS AND METHODS 


Mestranol (4-'*C), sp. act. 59.8 mCi/m-mole, was 
obtained from New England Nuclear, Boston, U.S.A. 
Oestradiol (4-'*C), sp. act. 56.7 mCi/m-mole was 
obtained from the Radiochemical Centre, Amersham, 
England. Neomycin sulphate was obtained from the 
Sigma Chemical Co., and Ketodase from Warner- 
Chilcott, Eastleigh, England. 

Female Wistar albino rats (220-240 g) were used 
in all experiments. During surgery the bile duct of 
each animal was cannulated using a standard length 
(50cm) or Portex PP25 tubing (Portex Ltd., Hythe, 
England). Animals receiving labelled steroids (0.25 
uCi) or labelled bile intraduodenally also had the 
duodenum fitted with a cannula connected to a dos- 
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ing syringe. All cannulae were exteriorised and bile 
collection commenced after suturing. Bile was col- 
lected as. half hourly samples, and aliquots suspended 
in 4ml Synperonic NXP/toluene/PPO scintillant for 
counting [7]. Anaesthesia was both achieved and 
maintained with Nembutal. 

For monitoring the hydrolysis, reabsorption and 
subsequent biliary excretion of mestranol and oestra- 
diol biliary conjugates, the following procedure was 
adopted. The 30-90 min bile samples collected from 
animals given labelled mestranol or oestradiol by i.p. 
injection were separately combined and diluted with 
0.9% saline such that 1 ml contained approximately 
50,000 dis/min. These aliquots were then administered 
to new subjects via an i.d. cannula followed by 0.25 ml 
0.9% saline. Bile from animals dosed in this manner 
was collected as previously described. Radioactive 
content of this bile was taken as direct evidence of 
enterohepatic recirculation. The administered bile was 
checked before use for its free steroid content by 
extraction with diethyl ether (3 x 8 vol.) at pH 5.0. 
This process readily extracts free steroids. It was 
found in all experiments that the bile samples always 
contained >98°%, of the radioactivity in conjugated 
form. 

For experiments involving neomycin, rats received 
oral neomycin sulphate (100 mg in 0.2 ml water) twice 
daily for 4 days and once on the fifth day 1-2 hr 
prior to the experiment. 

For in vitro studies designed to assess the ability 
of rat gastrointestinal microorganisms to deconjugate 
mestranol and oestradiol conjugates, incubations with 
samples of rat caecal contents were performed by 
methods similar to those used by Scheline [8]. Thirty 
to 90 min oestradiol and mestranol bile samples were 
pooled as described earlier. Incubates consisted of 
labelled bile (200 yl), 10° (v/v) suspension of rat cae- 
cal contents (100 yl), and incubation medium (10 ml) 
containing 0.6°% yeast extract, 0.6°%, peptone and 0.6%, 
D-glucose in 0.1M phosphate buffer, pH 6.9. The 
volume of caecal contents was minimised since extra- 
cellular enzymes were likely to be present [9]. Incuba- 
tions were carried out under anaerobic conditions in 
25 ml Thunberg tubes for 40 hr at 37°. Incubates were 
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Fig. 1. Biliary excretion of radioactivity after ip. and id. 
administration of [4-'*C]mestranol (0.25 pCi) or [4-'*C]- 
oestradiol (0.25 Ci) to female rats. Results are expressed 
as percentage of administered dose. @—Intraduodenal oes- 
tradiol; O—Intraduodenal mestranol; W—Intraperitoneal 
oestradiol; V—Intraperitoneal mestranol. Points represent 
the mean of 3 or 4 experiments (S.E.M. shown). Mean 
bile flow rates (+S.E.M.) were: intraduodenal oesiradiol 
763 + 85 ul/hr:; intraduodenal mestranol 738 + 62 pl/hr; 
intraperitoneal oestradiol 585 + 26 ul/hr; intraperitoneal 
mestranol 593 + 185 pl/hr. 


then adjusted to pH 5.0 with IN HCl and deconju- 
gated material determined in the ether extractable 
fraction (3 x 10 ml extractions). 

Incubations of bile with 6-glucuronidase (Ketodase) 
were performed to determine the proportion of 
‘glucuronides present. Appropriate controls were run 
with each incubation to determine the amount of 
background hydrolysis. 


RESULTS 
Biliary excretion of mestranol and 17f-oestradiol. 


The biliary excretion of [4-'*C]mestranol and 
£4-'*C]-17f-oestradiol by intraduodenal (i.d.) and 


intraperitoneal (i.p.) routes is shown in Fig. 1. Mes- 
tranol is cleared slightly slower following both routes 
of administration. More striking than this is the con- 
siderable difference in the rate of. excretion of both 
steroids between i.d. and i.p. administration. Ninety 
min after dosing with the radiolabelled steroids the 
amount of radioactivity recovered in the bile was 
25-35% for the ip. route and 65-70% for the i.d. 
route. 

Effect of neomycin pretreatment on the enterohepatic 
recirculation of mestranol and oestradiol. As can be 
seen in Figs. 2 and 3 a very significant reduction in 
the degree of enterohepatic circulation was observed 
for oestradiol and mestranol after neomycin pretreat- 
ment. After 8hr there was approximately a 50 per 
cent reduction for both steroids. It is interesting to 
note that for both steroids the rate of excretion over 
the first 3 hr is similar in both untreated and neomy- 
cin-treated animals. 

Hydrolysis of steroid conjugates by rat caecal micro- 
organisms in vitro. The ability of rat caecal micro- 
organisms to hydrolyse the biliary conjugates of mes- 
tranol and oestradiol is shown in Table 1. The degree 
of hydrolysis may be taken as the difference between 
the steroids extractable from untreated bile at pH 5.0 
and that extractable at pH 5.0 after in vitro incubation 
with rat caecal microorganisms. Incubations after 
the microorganisms had been destroyed by boiling 
brought the degree of hydrolysis down to the levels 
of controls (no caecal contents added). The presence 
of neomycin also brought about considerable inhibi- 
tion of hydrolysis. Hydrolysis of the biliary conjugates 
with pure f-glucuronidase showed that glucuronide 
conjugates were significant metabolites. 

Effect of neomycin on the biliary excretion of mes- 
tranol and oestradiol. Neomycin pretreated animals 
showed a 15-20 per cent reduction in the biliary 
excretion of id. administered oestradiol and mes- 
tranol after 6 hr. The decrease in excretion was, how- 
ever, smaller than the reductive effect of neomycin 
on enterohepatic recirculation (see Figs. 2 and 3). 


DISCUSSION 


It is probable that an efficient enterohepatic circu- 
lation of oestrogenic steroids and therefore an 


Table |. In vitro hydrolysis of the biliary conjugates of mestranol and /7f-oestradiol by rat caecal microorganisms 





°. Free steroid 
after incubation 
with rat caecal 
microorganisms 


° Free steroid 
in untreated 
bilet 


(i) with culture 
medium only 


°% Free steroid after incubation: 


°%%, Free steroid after 
incubation with 
f-giucuronidase 
(10,000 units) 


(ii) with prior 
boiling of 
incubatet 


(ili) in presence 
of neomycin 
(250 pg/ml) 





Oestradiol 
conjugates 
(a)* 1.0 
(b)* 1.1 
Mestranol 
conjugates 
(c)* 0.7 
(d)* 0.7 


58.0 
56.0 


9.3 
5.1 


8.9 
10.5 





Figures represent the 
ether (3 x 10 ml) at pH 5.0 after the treatment indicated. 


percentage of radioactivity in the original bile (200 yl) which could be extracted by diethyl 


* bile diluted with an equal vol. of water before extraction. 
frat caecal extract plus medium boiled for 3 min before bile addition and subsequent incubation. 


* Individual experiments with bile from separate animals. 
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Fig. 2. Biliary excretion of radioactivity following i.d. 
administration of labelled biliary conjugates of mestranol 
to neomycin pretreated female rats. Results are expressed 
as a percentage of the administered dose of labelled bile. 
O—control rats; (—neomycin pretreated rats. Points 
represent the mean of 3 or 4 experiments (S.E.M. shown). 
Mean bile flow rates: controls 672 + 54 yl/hr; neomycin 
treated 553 + 44 wl/hr. 


extended half-life in the body is important in deter- 
mining the effectiveness of these compounds with re- 
spect to their oestrogenic action. In order to reduce 


side effects many combination type contraceptive for- 
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Time after administration, h 
Fig. 3. Biliary excretion of radioactivity following i.d. 
administration of labelled biliary conjugates of oestradiol 
to neomycin pretreated rats. Results are expressed as a 
percentage of the administered dose of labelled bile. @— 
control rats; M—neomycin pretreated rats. Points 
represent the mean of 3 or 4 experiments (S.E.M. shown). 
Mean bile flow rates: controls 809 + 30 yl/hr; neomycin 
treated 608 + 42 pl/hr. 
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mulations contain the oestrogen mestranol at levels 
close to the minimum effective dose. Clearly, factors 
which affect the hydrolysis and reabsorption of the 
biliary conjugates may be important in determining 
its efficacy as an orally active oestrogen. One such 
important factor is the hydrolytic capacity of the 
gastrointestinal microflora. 

That oestradiol and mestranol are efficiently biliary 
excreted and undergo enterohepatic circulation has 
been clearly demonstrated. The degree of biliary 
excretion and recirculation is larger than that quoted 
for ethynyloestradiol [11]. Using a method involving 
intraduodenal administration of bile containing 
labelled metabolites to normal rats and rats in which 
the gastrointestinal microflora had been suppressed 
by neomycin the degree of enterohepatic circulation 
was studied. In neomycin treated rats recirculation 
was impaired by up to 50 per cent. The deconjugation 
of mestranol and oestradiol biliary conjugates has 
been demonstrated in vitro upon incubation with rat 
caecal microorganisms as has the inhibition of such 
hydrolysis by neomycin. 

The results have also shown that neomycin pre- 
treatment reduced the biliary excretion of mestranol 
and oestradiol after intraduodenal administration. 
This could be a result of the malabsorption syndrome 
of neomycin [10]. This reduction is, however, not as 
great as the reduction of enterohepatic recirculation 
by neomycin. It is likely that suppression of the gut 
flora is still a major factor in the impairment of enter- 
ohepatic circulation by neomycin and possibly other 
antibiotics. Complete suppression of enterohepatic 
recirculation by neomycin would not be expected as 
this antibiotic does not suppress the entire flora. The 
Bacteroides, a major group of intestinal micro- 
organisms are largely unaffected [12]. 

In conclusion it has been shown that neomycin 
reduces the enterohepatic circulation of mestranol 
and oestradiol metabolites. This reduction is due to 
its bacteriocidal and malabsorption effects and may 
be important in considering ‘low level’ contraceptive 
formulations. The effect of antibiotics with a wider 
antibacterial spectrum may be even more important. 
Although apparently via a different action it is inter- 
esting to note that the antibiotic rifampicin has been 
shown to cause failures of the oral contraceptive [13]. 
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Abstract—Methy] retinoate, ethyl retinoate and a trimethylmethoxyphenyl (TMMP) analog of ethyl 
retinoate are cleaved by enzymes widely distributed in tissues of mice; brain, liver and ovary contain 
high activity and plasma contains low activity for all three substrates. In the lung, enzymatic activity 
is primarily localized in the microsomal fraction, with some activity also in the soluble cytoplasmic 
fraction. From studies on subcellular distribution, the effect of pH, sensitivity to inhibitor and thermal 
stability, it appears that there are several esterases that act upon retinoid acid esters. 


Retinoids (vitamin A compounds and their synthetic 
analogs) are potent agents for controlling differentia- 
tion and growth and for preventing the process of 
chemical carcinogenesis in several different epithelial 
tissues including lung [1—3]. However, the usefulness 
of natural retinoids as anticarcinogenic agents is 
limited by excessive toxicity [3]. Since the undesirable 
toxic effects may be associated with the presence of 
a free terminal carboxyl group, carboxy! esters of 
retinoic acid and an ester of a aromatic retinoic acid 
analog have been synthesized in an attempt to reduce 
toxicity of these compounds while retaining their bio- 
logical activity [4]. We present in this report informa- 
tion on retinoid acid esterase activity in lung and 
other tissues of mice. 


MATERIALS AND METHODS 


Methyl retinoate, ethyl retinoate, and the trimethyl- 
methoxyphenyl (TMMP)? analog of ethyl retinoate 
[ethyl all-trans-9-(4-methoxy-2,3,6-trimethylphenyl)- 
3,7-dimethyl-2,4,6,8-nonatetraenoate] were prepared 
by Hoffmann-La Roche, Nutley, New Jersey, and 
Basel, Switzerland, and were supplied to us by the 
Lung Cancer Segment of the National Cancer Insti- 
tute. Diethyl p-nitrophenyl phosphate, glucose-6-phos- 
phate, p-nitrophenyl-N-acetyl-f-D-glucosaminide, and 
p-nitrophenyl-f-pb-glucuronide were purchased from 
Sigma Chemical Company, St. Louis, Missouri. 

For retinoid acid esterase, the standard assay mix- 
ture contained 0.1 ml of buffer of desired pH, 0.025 ml 
of 20°, ethanol containing 0.025 umole of substrate, 
and enzyme preparation in a total of 0.Sml. All 
buffers, potassium phosphate. pH 6.6-pH 7.4: sodium 
barbital, pH 8.4; sodium glycinate, pH 9.2-pH_ 10.4. 


‘ had an ionic strength of 0.2. Appropriate blanks lack- 


ing substrate or enzyme were included in the assays. 
all of which were performed in duplicate or triplicate. 





* This study was supported by Contract NO1-CP-22064 
from the Division of Cancer Cause and Prevention, 
National Cancer Institute. 

+ Abbreviations used are: TMMP, trimethyl methoxy- 
phenyl! analog. 


No detectable nonenzymatic hydrolysis occurred 
under the assay conditions. Preparations were incu- 
bated for 2 hr at 37°, and unhydrolyzed substrate was 
extracted by adding 2 ml of ethanol-petroleum ether 
(1:2, v/v). After centrifugation, the upper layer was 
removed and the extraction repeated with 1 ml of the 
same solvent. The extracts were combined and the 
unhydrolyzed ester measured spectrophotometrically 
at 370 nm. At this wavelength, the absorption due to 
interfering substances was minimal. In control experi- 
ments, the recovery was always greater than 98 per 
cent. Under these conditions, the solvent did not 
extract retinoid acids. N-Acetyl-f-D-hexosaminidase 
(EC 3.3.1.30), B-glucuronidase (EC 3.2.1.31) and glu- 
cose-6-phosphate (EC 3.1.3.9) activities were deter- 
mined as previously described[5]; protein was 
measured by the Lowry method [6]. 


RESULTS AND DISCUSSIONS 


Table 1 shows the distribution of esterase activity 
for methyl retinoate, ethyl retinoate and the TMMP 
analog of ethyl retinoate in mouse tissues. The data 
show that (a) for all three substances, brain, ovary 
and liver have high activity; (b) the TMMP analog 
of ethyl retinoate is hydrolyzed at faster rates than 
methyl retinoate and ethyl retinoate by brain, lung, 
spleen, and ovary enzymes; and (c) there is no large 
difference in the hydrolysis of methyl retinoate and 
ethyl! retinoate by all tissues examined. 

The results of esterase assays following differential 
centrifugation of homogenized lung tissue are shown 
in Fig. 1. The subcellular distribution pattern of 
methyl retinoate esterase, ethyl retinoate esterase and 
TMMP analog of ethyl retinoate esterase are similar 
to that of glucose-6-phosphatase, a microsomal 
marker enzyme, and distinct from f-glucuronidase 
and N-acetyl-f-b-hexosaminidase, which are lysoso- 
mal markers. Both the retinoid acid ester hydro- 
lyase(s) and glucose-6-phosphatase have highest ac- 
tivity in the microsomal fraction; the lysosomal 
enzymes, f-glucuronidase and N-acetyl-f-D-hexosa- 
minidase, have the highest activity in the mitochon- 
dria + lysosome fraction. The relative specific activity 
of the hydrolases in the soluble cytoplasmic fraction 
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Fig. 1. Intracellular distribution of retinoid acid esterase 
and 3 marker enzymes in mouse lung. The tissues were 
homogenized in 9 vol. of 0.25M sucrose and centrifuged 
at 2000 g for 10 min to give a nuclear fraction containing 
cellular debris (D + N). The resulting supernatant was cen- 
trifuged at 13000g for 10min to give a crude mitochon- 
dria-lysosome (M + L) fraction. To prepare the microso- 
mal fraction (P), the post M + L supernatant was centri- 
fuged at 105000 g for 45 min. The supernatant constituted 
the soluble cytoplasmic fraction. Each pellet isolated was 
appropriately diluted in 0.25M sucrose so that 0.15 ml 
contained 0.5 mg of protein, the amount used for assay. 
Similar subcellular distribution patterns were observed 
when lower protein concentrations (i.e. 0.3 and 0.15 mg) 
were used. Other conditions were as described in the text. 
The buffer used was Na glycinate, pH 9.5, except for assay 
of TMMP analog of ethyl retinoate esterase, which was 
sodium barbital, pH 8.4. Other enzymes were assayed as 
described in the text. The results are presented by the 
method of DeDuve et al. [13]. Relative specific activity = 
percentage of total activity/percentage of total protein. On 
the abscissa, the fractions are represented by their relative 
protein content. The recovery for the enzyme activities are: 
methyl retinoate esterase, 87.7%; ethyl retinoate esterase, 
75.2%; TMMP analog of ethyl retinoate esterase, 80.6%; 
glucose-6-phosphate, 123°; N-acetyl-B-pb-hexosaminidase, 
91%; B-glucuronidase, 152°; protein, 106°%. 


is higher than that of glucose-6-phosphate, a result 
suggesting the presence of an extra-microsomal ester- 
ase in this fraction. 

The dependence of hydrolysis of retinoid esters on 
pH is shown in Fig. 2. Although the activities of 
methyl retinoate esterase in the microsomal and 
supernatant fractions show similar pH optima at pH 
9.5, the soluble esterase activity for the TMMP ana- 
log of ethyl retinoate and the microsomal esterase 


Table 1. Distribution of esterases for methyl retinoate, 
ethyl retinoate and the TMMP analog of ethyl retinoate 
in mouse tissues 





Percent of substrate hydrolyzed* 
TMMP 
analog of 
ethyl 
retinoate 


Methyl 
retinoate 


Ethyl 


Tissue retinoate 





Brain 
Ovary 
Liver 
Kidney 
Spleen 
Lung 
Heart 
Plasma 


15.6 + 1.4 
13.9 + 0.4 
12.0 + 1.6 


14.6 + 0.8 
11.2 + 1.0 
14.4 + 3.0 
844+ 19 
43+15 
6.8 + 2.7 
47+08 


— 
o 
+ 
nN 
oo 


NWA: 
MAnnNo 


I+ I+ I+ I+ | 
Care 


—— i 





* DBA/29 mice were killed by CO, suffocation and tis- 
sues were homogenized in 10vol. of 0.25M_ sucrose. 
Appropriate dilutions were made so that 20 ul contained 
60 yg of protein, the amount used for assay. With larger 
amounts the enzymatic activity did not increase propor- 
tionally for all tissues. Incubations were performed as de- 
scribed in the text. The buffer used was phosphate, pH 
7.4. Actual absorbance values for controls (incubation of 
substrates without enzyme) were 0.47 + 0.02 (mean + 
standard error) for methyl retinoate, 0.51 + 0.02 for ethyl 
retinoate and 0.51 + 0.02 for TMMP analog of ethyl 
retinoate. 


activity fer this substr: te show distinct pH-activity 
profiles. The supernatant enzyme has an activity opti- 
mum at pH 8.4; but the microsomal enzyme displays 
a broad activity optimum at pH 9.5—10.0. 
Microsomal esterase activity for the TMMP analog 
of ethyl retinoate was completely inhibited by 1 uM 
diethyl p-nitrophenyl phosphate (Table 2). Similar 
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Fig. 2. Effect of pH on the hydrolysis of methyl retinoate 
by lung microsomal (@) and supernatant (O) esterases, and 
of TMMP analog of ethyl retinoate by lung microsomal 
(@) and supernatant (DL) esterases. Tissues were homogen- 
ized in 3 vol. of 0.25 M sucrose, and microsomal and super- 
natant fractions were prepared by centrifugation as de- 
scribed in the legend to Fig. 1. Portions of 150 ul were 
used for assay. Other conditions were the same as those 
described in the text. Abbreviations used are: RAME, 
methyl retinoate; TMMP/RAEE, TMMP analog of ethyl 
retinoate. 





Retinoid acid esterase 


Table 2. Effect of Diethyl p-nitrophenyl phosphate on microsomal and supernatant 
esterase activities* 





Subcellular 


Substrate fraction 


Concentration 
of inhibitor 
(M) 


% Inhibition 
of enzyme activity 





TMMP analog of Microsomal 


ethyl retinoate 


Soluble 
cytoplasmic 


Methyl] retinoate Microsomal 


Soluble 
cytoplasmic 


62 
100 
99 


a a ae ae ae ae a ae ee ee 





* Enzyme preparation and assay conditions were the same as for Fig. 3, except 
the enzymes were preincubated with buffer and inhibitor for 30min at 0° before the 


addition of substrates. 


results were obtained with both microsomal and 
supernatant methyl retinoate esterases. In contrast, 
the soluble esterase activity for the TMMP analog 
of ethyl retinoate was insensitive to the inhibitor even 
at a concentration of 104M. The microsomal and 
supernatant esterases hydrolyzing the TMMP analog 
of ethyl retinoate can also be differentiated by their 
thermal stability, as revealed by heating the enzymes 
at 52° (Fig. 3A). The microsomal enzyme loses about 
25 per cent of its activity after 10 min of incubation 
but retains the remaining activity for up to 2hr. In 
contrast, activity of the supernatant esterase initially 
increases about 10 per cent, but this is followed by 
a decrease to about 50 per cent of its original activity. 

The difference in pH optima, sensitivity to inhibi- 
tor, and thermal stability demonstrate the presence 
in mouse lungs of different microsomal and superna- 
tant forms of enzymes hydrolyzing the TMMP analog 
of ethyl retinoate. As a further indication of a possible 
multiplicity of esterases acting upon retinoid esters, 
there is also a difference in the thermal stability of 
microsomal and supernatant methyl retinoate ester- 
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ases (Fig. 3B). The microsomal enzyme activity has 
a stability similar to that of microsomal enzyme hyd- 
rolyzing the TMMP analog of ethyl retinoate, losing 
about 30 per cent of its activity after 10 min of incu- 
bation but retaining the remaining activity for up to 
2 hr. In contrast, activity of the supernatant methyl 
retinoate esterase initially increases about 10 per 
cent, stays at this level for 20 min, then gradually de- 
creases to about 70 per cent of original activity after 
2 hr of incubation. 

These data indicate the presence in mouse lung of 
at least one microsomal and two soluble esterases uti- 
lizing retinoid esters as substrates. The main microso- 
mal localization of retinoid acid esterase is similar 
to those of retinyl acetate hydrolase [7] and non-spe- 
cific esterase [8] but is distinct from the nucleic and 
mitochondrial-lysosomal localization of retinyl palmi- 
tate hydrolase [7]. 

By the use of inhibitors, enzyme fractionation and 
a comparison of enzyme properties, Ganguly [9] con- 
cluded that liver retinyl acetate esterase, non-specific 
esterase, and cholesterol esterase are independent 
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Fig. 3. (A). Heat inactivation of lung microsomal (@) and soluble (O) esterase for TMMP analog 
of ethyl retinoate at 52°. The enzyme fractions were prepared as described in the legend to Fig. 2. 
Following the heat treatment, the mixtures were cooled in ice and analyzed for esterase activity. The 
assay conditions were as described in the legend to Fig. 2, except that sodium barbital, pH 8.4, was 
used as the buffer. (B). Heat inactivation of lung microsomal (@) and soluble (©) esterase for methyl 
retinoate at 52°. The enzymes were assayed at pH 9.5. Other details were as for Fig. 3A. 





950 C.-C. WANG and D. L. HILL 


entities. On the other hand, it was recently shown 
that retinyl acetate is also a substrate for a highly 
purified non-specific esterase from liver and kid- 
ney [10]. It is questionable, therefore, whether the dis- 
tinction between retinyl acetate esterase and non- 
specific esterase is still justified. We do not know from 
the present work whether retinoid acid ester hydro- 
lase and non-specific esterase are similar or indepen- 
dent enzymes. However, since the non-specific ester- 
ase is known to exist in multiple forms, it is likely 
that one or more of its forms participates in the hy- 
drolysis of retinoid acid esters. 

The occurrence of an unidentified, “physiological” 
ester of retinoic acid in all tissues of rats [11,12] and 
the present finding that retinoid acid esterase activity 
is present in all tissues suggest that the enzymes have 
a role in the action of retinoic acid. 
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EFFECT OF SCH 15280, A NEW BRONCHODILATOR, 
ON CYCLIC 3’,5’-NUCLEOTIDE 
PHOSPHODIESTERASE ACTIVITY AND CYCLIC 
3’,5'-ADENOSINE MONOPHOSPHATE LEVELS 
IN GUINEA PIG LUNG 


WILLIAM KREUTNER and JOSEPH E. SHERWOOD 
Department of Molecular Biology, Schering Corporation, Bloomfield, NJ 07003, U.S.A. 
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Abstract—Sch 15280, 5[4-(N-methyl)-piperidylidene] 5 H-(1)benzopyrano(2,3,b)pyridine maleate is a 
bronchodilator and antihistamine in animal models. The bronchodilatation produced by Sch 15280 
and aminophylline are not antagonized by f-receptor blockade. Sch 15280 and aminophylline inhibited 
the high affinity cyclic AMP phosphodiesterase of guinea pig whole lung and bronchi. Sch 15280 
was approximately one-half as potent as aminophylline. Aminophylline increased the concentration 
of cyclic AMP and potentiated the cyclic nucleotide elevation due to isoproterenol in lung tissue 
in vitro. Neither effect was elicited by Sch 15280. Burimamide (anti-H,) and chlorpheniramine (anti-H,) 
antagonized the cyclic AMP elevation caused by histamine. Sch 15280 (anti-H,) failed to alter the 
response to histamine. The bronchodilatory activity of Sch 15280 may be independent of its inhibitory 


effects on cyclic AMP phosphodiesterase activity. 


Sch 15280, 5[4-(N-methyl)-piperidylidene] 5 H-(1)ben- 
zopyrano(2,3,b)pyridine maleate, has shown broncho- 
dilator and antihistaminic properties in animal 
models [1,2]. In addition, this compound has been 
shown to inhibit antigen-induced release of histamine 
from sensitized rat mast cells [3]. 

Numerous investigations have indicated a role for 
intracellular cyclic 3’,5’-adenosine monophosphate 
(cyclic AMP) in the regulation of smooth muscle tone 
and antigen-induced mediator release from sensitized 
tissue [4-6]. Stimulation of f-adrenergic receptors by 
agents such as isoproterenol and the resultant bron- 
chodilatation has been associated with an activation 
of membrane bound adenylate cyclase and increased 
synthesis of cyclic AMP [7, 8]. 

The tissue level of cyclic AMP is also controlled 
by its rate of degradation by cyclic AMP phospho- 
diesterases (E.C.3.1.4.c) [9]. The intrinsic bronchodila- 
tor activity of the methyl xanthines (e.g. aminophyl- 
line), as well as their ability to potentiate the action 
of catecholamines, is due in large measure to the inhi- 
bition of cyclic AMP phosphodiesterase activity by 
these compounds [5-7]. 

The bronchodilatation produced by Sch 15280 and 
the methyl xanthines are not sensitive to f-adrenergic 
receptor blockade. We therefore investigated the effect 
of Sch 15280 on cyclic AMP phosphodiesterase ac- 
tivity of guinea pig lung and compared it to that of 
aminophylline. In addition, the effects of these com- 
pounds on basal and hormone-induced cyclic AMP 
levels were measured in guinea pig lung slices in vitro. 


MATERIALS AND METHODS 
Assay of cyclic 3',5'-nucleotide phosphodiesterase. 


Cyclic 3’,5’-nucleotide phosphodiesterase activity was 
determined by the radiometric method of Brooker et 
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al. [10] on the 70,000 g supernatant obtained from the 
whole lungs or dissected bronchi of male albino 
guinea pigs (Marland Farms, 300 g body wt). Previous 
studies have emphasized the importance in using a 
low concentration of substrate to assay the activity 
of the high affinity form of phosphodiesterase [9]. 
Therefore, the substrate used for inhibition studies 
was either 1 uM cyclic AMP or 1 uM cyclic GMP. 
In other kinetic studies the concentration of cyclic 
AMP was varied between 0.1—1 1M to determine the 
nature of the inhibition and the K; of the inhibitor. 
Preliminary experiments established that reaction vel- 
ocity was linear with respect to time and enzyme con- 
centration. The test compounds were added to the 
assay solution containing enzyme 5 min before initiat- 
ing the reaction with the addition of substrate. All 
assays were performed in triplicate. 

Effect of compounds on cyclic AMP levels. Male 
albino guinea pigs (Marland Farms, 300 g body wt) 
were killed by decapitation and the lungs quickly 
removed and cleaned of visible connective tissue and 
blood vessels. In each experiment, the lungs from 3-5 
guinea pigs were pooled, sliced into 1 mm cubes and 
suspended in Krebs-Ringer bicarbonate buffer, pH 
7.4, containing 1 mg/ml glucose. One milliliter ali- 
quots, containing approximately 15 mg of tissue pro- 
tein were transferred to incubation vials. The tissues 
were incubated for 5min at 37° in an atmosphere 
of 95% O,: 5% CO, in the presence or absence of 
various compounds, after which either histamine or 
isoproterenol were added where indicated, and the 
incubation was continued an additional 5 min. The 
reaction was terminated by adding 0.2ml of 36% 
trichloroacetic acid. Extracts from the incubation 
mixture (tissue plus medium) were washed with acidi- 
fied diethyl ether and the cyclic AMP content of the 
aqueous phase determined by the protein binding 
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method of Gilman[11]. Standard concentrations of 
cyclic AMP were prepared in Krebs-Ringer bicar- 
bonate buffer (in the absence of tissue) and carried 
through the entire procedure. None of the agents 
tested interfered with the assay for cyclic AMP. 

The trichloracetic acid precipitable protein content 
of the tissues were assayed by the method of Lowry 
et al. [12] using bovine serum albumin as a standard. 
The levels of cyclic AMP were expressed as pmoles 
per mg of protein. Statistical comparisons were made 
using Student’s t-test for paired comparisons. 

Aminophylline, histamine dihydrochloride, and DL- 
propranolol-HCl were obtained from Sigma Chemical 
Co. Burimamide was kindly supplied by Smith Kline 
and French Laboratories. DL-Isoproterenol-HCl was 
obtained from Ayerst Laboratories. [*H]Cyclic AMP 
(24 Ci/m-mole) and [*H]cyclic GMP (2.1 Ci/m-mole) 
were purchased from New England Nuclear. DL- 
Chlorpheniramine-maleate and Sch 15280 were syn- 
thesized in the Schering Laboratories department of 
Medicinal Chemistry. 


RESULTS 


Inhibition of cyclic 3’,S'-nucleotide phosphodiesterase 
activity. Table 1 summarizes the inhibition of lung 
and bronchi cyclic AMP phosphodiesterase activity 
‘produced by aminophylline and Sch 15280 at a cyclic 
AMP concentration of 1 uM. From the ICso values 
it can be seen that Sch 15280 is approximately one- 
half as potent an inhibitor as aminophylline. Further- 
more, both compounds inhibited the hydrolysis of 
cyclic GMP with ICs, values similar to those against 
cyclic AMP phosphodiesterase. 

The kinetics of the hydrolysis of cyclic AMP by 
the guinea pig lung phosphodiesterase and the inhibi- 
tion by aminophylline and Sch 15280 were investi- 
gated by Lineweaver—Burk analysis and are presented 
in Fig. 1. The K,, for hydrolysis of cyclic AMP in 
the absence of inhibitor was 9 x 10~7 M. The inhibi- 
tion produced by aminophylline appeared competi- 
tive with a K; of 1.2 x 10°*M. In contrast, the inhi- 
bition produced by Sch 15280 appeared non-competi- 
tive and the K; was calculated to be 2.5 x 1074 M. 
The kinetics of the hydrolysis of cyclic GMP was not 
examined. 

Cyclic AMP levels in lung slices. In all experiments 
cyclic AMP was determined in the entire incubation 
_mixture, tissue plus medium. Studies by Murad and 
Kimura [6] and Lindl and Cramer [13] have shown 
that significant quantities of cyclic AMP are released 
into the medium during incubation in the absence 
or presence of hormones and that total (tissue plus 


Table 1. 1Cs59) of phosphodiesterase inhibitors* 





Cyclic AMP 
Phosphodiesterase 
Lung Bronchi 


Cyclic GMP 
Phosphodiesterase 


Drug Lung 





0.13 
0.28 


0.14 
0.39 


0.16 
0.37 


Aminophylline 
Sch 15280 





*1Csq = Millimolar concentration causing 50 per cent 
inhibition at a substrate concentration of 1 uM cyclic AMP 
or 1 uM cyclic GMP. Values were calculated from the data 
in Fig. 1. 
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Fig. 1. Double-reciprocal plot of the hydrolysis of cyclic 

AMP by the low K,, cyclic AMP phosphodiesterase and 

the inhibition by aminophylline and Sch 15280. Each point 
represents the mean of two experiments. 


medium) levels of cyclic AMP adequately reflect 
changes in tissue cyclic AMP. 

Incubation of lung slices for 10min with 10°*M 
aminophylline produced a significant accumulation of 
cyclic AMP whereas Sch 15280 (10°* and 10~3 M) 
was inactive (Table 2). Also, aminophylline (10~ > M) 
but not Sch 15280 increased the amount of cyclic 
AMP accumulated during a 5min exposure to 
10° M isoproterenol. 

The effect of phosphodiesterase inhibitors and anti- 
histamines on the cyclic AMP accumulation pro- 
duced by histamine (5 x 10~° M) are shown in Table 
3. Aminophylline markedly increased the level of cyc- 
lic AMP above that seen with histamine alone. The 
response to histamine was not altered in the presence 
of 10°*M Sch 15280 but was significantly reduced 
by 10-4 M of the antihistamine burimamide (anti-H 3) 
or chlorpheniramine (anti-H ,). Burimamide appeared 
somewhat more effective than chlorpheniramine at 
the concentration tested. Other experiments (not 
shown) confirmed that chlorpheniramine and burima- 
mide did not alter basal cyclic AMP levels in our 
lung preparation. 


Table 2. Effects of phosphodiesterase inhibitors in the 
absence and in the presence of isoproterenol on cyclic 
AMP levels in lung 





Cyclic AMP/(pmole/mg protein) 
Isoproterenol 


Addition (107° M) 





73 + 8* 

Aminophylline (107 * M) 100 + 18 

Aminophylline (107 + M) ; 206 + 26+ 
Sch 15280 (10~* M) . 87 + 10 

Sch 15280 (1073 M) ‘ » 82+4+5 


None 





Lung slices were incubated for 5 min in the absence or 
presence of either aminophylline or Sch 15280. Isoproter- 
enol was then added where indicated and the incubation 
continued an additional 5 min. Cyclic AMP levels in tissue 
plus medium are reported as the mean + S.E.M. of 6 
experiments. 

*P < 0.0! isoproterenol or phosphodiesterase inhibitors 
compared to basal incubation (no additions). 

+ P < 0.01 compared to isoproterenol alone. 





Sch 15280 and aminophylline on lung cyclic AMP 


Table 3. Effect of agents on histamine-induced cyclic AMP 
levels in lung 





Cyclic AMP 


Addition (pmole/mg protein) 





Series I 
None 
Histamine (H) 
_(H) + Aminophylline (1073 M) 
(H) + Sch 15280 (107+ M) 
Series II 
None 
Histamine (H) 
(H) + Burimamide (107 * M) 
(H) + Chlorpheniramine (10~* M) 


t 
fe be ee 





Lung slices were incubated for 5 min in the absence or 
presence of either aminophylline, Sch 15280, burimamide, 
or chlorpheniramine. Histamine (5 x 107° M final concen- 
tration) was then added where indicated and the incuba- 
tion continued an additional 5 min. Cyclic AMP levels in 
tissue plus medium are reported as the mean + S.E.M. of 
6 experiments. 

*P < 0.01 histamine alone compared to basal incuba- 
tion (no addition). 

+P <0.0i compared to histamine alone. 

t P < 0.05 compared to histamine alone. 


DISCUSSION 


It is established that hormonal stimulation of bron- 
chodilatation is secondary to an increase in cyclic 
AMP levels. Cyclic AMP phosphodiesterases rep- 
resent a possible target for the pharmacological 


modulation of the intracellular concentration of cyclic 
AMP. The methyl xanthines are known to produce 
both phosphodiesterase inhibition and bronchodila- 
tation. Sch 15280 is a new, non-adrenergic, broncho- 
dilator which has been shown to relax the isolated 
guinea pig trachea, delay histamine-induced dyspnea, 
decrease pulmonary resistance and increase com- 
pliance in dogs and rats[1], inhibit methacholine- 
induced bronchoconstriction [2], and inhibit antigen- 
induced histamine release from sensitized rat mast 
cells [3]. Sch 15280 was approximately one-half the 
potency of aminophylline as an inhibitor of the low 
K,, cyclic AMP phosphodiesterase of guinea pig lung 
and bronchi. Unlike aminophylline, however, Sch 
15280 did not ircrease the concentration of cyclic 
AMP nor potentiate the cyclic nucleotide elevation 
due to isoproterenol in lung tissue in vitro. 

The lack of a significant increase in lung cyclic 
AMP levels with Sch 15280 may indicate that the 
compound does not penetrate the intact cell mem- 
brane for exposure to intracellular cyclic AMP phos- 
phodiesterase and suggests that its bronchodilatory 
activity may be independent of its inhibitory effects 
on cytosolic cyclic AMP phosphodiesterase activity. 
It is possible, however, that because of its hetero- 
geneous nature our lung tissue may not reflect cyclic 
AMP responses of the smooth muscle or mast cell 
components to phosphodiesterase inhibition. 

It is often difficult to correlate the activity of agents 
as inhibitors of cyclic AMP phosphodiesterase with 
their pharmacological action. Polacek et al. [14] 
demonstrated that theophylline relaxed the rat uteri 
with no change in cyclic AMP concentration. Neither 
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papaverine [15] nor SQ 20009 [16] raised the levels 
of cyclic AMP or stimulated lipolysis of intact adipo- 
cytes despite potent inhibition of cyclic AMP phos- 
phodiesterase activity in cell homogenates. 

Activation of H,-receptors by histamine raises the 
tissue concentration of cyclic AMP [4, 6, 7, 13, 17-19]. 
This effect is antagonized by burimamide (anti-H) 
and in some cases by classical antagonists of H,-res- 
ponses [6, 7, 13, 19]. Other workers have reported this 
effect of histamine was not blocked by H,-anta- 
gonists [4, 17, 18]. McNeil and Verma [20] reported 
that antagonism of the histamine (H,) response on 
the heart by promethazine (anti-H,) was not of a 
competitive nature. 

The failure of Sch 15280 (anti-H,) to attenuate the 
cyclic AMP response to histamine is surprising since 
chlorpheniramine (anti-H,) significantly diminished 
the histamine effect. The possibility exists that at the 
relatively high concentrations used in these experi- 
ments, anti-H, agents such as chlorpheniramine also 
antagonize H,-responses whereas Sch 15280 exhibits 
less affinity for the H,-receptor than does chlor- 
pheniramine. 

The mechanism by which Sch 15280 causes bron- 
chodilatation and inhibition of mast cell histamine 
release remains unknown. Cyclic 3’,5’-guanosine 
monophosphate (cyclic GMP) and cyclic AMP are 
antagonistic physiological regulators of cell func- 
tion [21]. Elevation of cellular cyclic GMP levels has 
been associated with respiratory smooth muscle con- 
traction[8] and immunologic release of hista- 
mine [4, 5]. The effect of Sch 15280 on immunologic 
and cholinergic-induced increases in lung cyclic GMP 
remains to be studied. 

The interaction between Sch 15280 and calcium 
(Ca**) transport may also shed light on the nature 
of the bronchodilatory action. Ca?* has an integral 
role in smooth muscle contraction and histamine 
release [22]. A change in Ca’* transport or cellular 
localization could cause bronchial relaxation [14]. 
Also, it is evident that Ca** modulates the adenylate 
cyclase and phosphodiesterase systems responsible for 
controlling the cellular concentration of cyclic 
AMP [23]. 


Acknowledgement—The authors wish to thank Mrs. 
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Abstract—Synthesis of hepatic ribosomal precursor RNA (45S rRNA) was investigated in rats treated 
with single intraperitoneal injections of methylcholanthrene (MC) (30 mg/kg) or phenobarbital (PB) 
(100 mg/kg). Labeling in vivo of total nuclear RNA and of nuclear 45S rRNA with [*H]orotic acid 
was unchanged in rats sacrificed 3 or 20 hr after reveiving a single dose of MC. These results agreed 
with measurements in vitro of nucleolar RNA polymerase activity, which was unaffected by either 
MC or PB pretreatment. In rats sacrificed 6 hr after receiving an injection of PB or 3 or 20hr after 
receiving an injection of MC, incorporation of [7H]UTP into isolated nucleoli was not enhanced. 
Labeling in vivo of microsomal 28S and 18S rRNA with [*H]Jorotic acid increased 50 per cent 6 hr 
after a single dose of PB but was unchanged 3 or 20hr after a single dose of MC. The stability 
of 45S rRNA in rats treated with PB or MC was tested in a nuclear incubation system. After incubation 
of nuclei at 37° for 2 min in 0.25M sucrose containing 5mM MgCl,, RNA was extracted and layered 
on 10-40% sucrose gradients. Planimetric analysis of these sucrose gradients demonstrated that, 16 hr 
after PB treatment, the stability of 45S rRNA was increased over that of controls, whereas 20 hr 
after MC, 45S rRNA stability was unchanged. These results suggest that PB, but not MC, enhances 
post-transcriptional stability of 45S rRNA and labeling in vivo of microsomal RNA. Neither MC 


nor PB increases synthesis of ribosomal precursor RNA. 


Phenobarbital (PB) and methylcholanthrene (MC), 
potent inducers of hepatic microsomal mixed-function 
oxidases, have served as prototypes of two distinct 
classes of compounds that stimulate the enzyme sys- 
tem in different ways. For example, PB enhances the 
metabolism of a wide variety of xenobiotics and endo- 
genous compounds, whereas polycyclic hydrocarbons, 
such as MC, increase the metabolism of relatively few 
chemicals. Each inducer stimulates the formation of 
spectrally distinct carbon monoxide-binding hemo- 
proteins in liver microsomes [1—5]. MC stimulates 
primarily the metabolism of polycyclic aromatic hy- 
drocarbons [6]. Unlike PB, MC is a carcinogen in 
a variety of animals [6,7]. Furthermore, the RNA 
synthesized in the presence of chromatin from MC- 
treated animals differs in base composition from that 
produced by chromatin of PB-treated animals [8]. 

Although effects of PB and MC on RNA metabo- 
lism have been extensively studied, the precise rela- 
tionship between the inductive effects of these com- 
pounds and RNA metabolism remains controversial. 
It has been postulated that PB or MC stimulates 
transcription [9-14] of messenger as well as riboso- 
mal RNA [9, 11-13, 15]. However, some investigators 
failed to observe significant alterations in transcrip- 
tion after administration of either PB or MC 
[16, 17-19]. Conflicting reports exist concerning the 
particular species of cellular RNA primarily affected 
by PB or MC treatment [12-20]. 

Thus, the mechanisms by which PB and MC exert 
their inductive effects at the molecular level remain 
to be defined. Among the possible sites for their 
action are transcription, translation and direct effects 


on the microsomal drug-metabolizing system. Our 
previous data [17] and that of Cohen and Ruddon 
[19] suggested that PB does not affect the rate of 
transcription of ribosomal precursor RNA but pro- 
duces post-transcriptional stabilization of this RNA. 
In the present study, we compare PB and MC with 
respect to transcription and post-transcriptional sta- 
bilization. Under the conditions of our study, neither 
MC nor PB affected nucleolar RNA polymerase ac- 
tivity. PB, but not MC, enhanced 45S rRNA stability 
and cytoplasmic RNA labeling. 


MATERIALS AND METHODS 


Drugs and isotopes 


PB (Merck) or MC (Sigma) was injected intraperi- 
toneally (i.p.) in male Sprague-Dawley rats (Charles 
River) as follows: a single dose of PB (100 mg/kg) 
in 0.9°%% NaCl was injected in rats weighing 170-200 g. 
Animals were sacrificed 6 or 16hr later. MC 
(30 mg/kg) was injected in 0.3 to 1 ml corn oil in rats 
weighing 40-60 or 170-200 g; rats were sacrificed 3, 
6, 12 or 20hr after MC injection. In some experi- 
ments, rats were fasted for 20 hr before decapitation 
at 9:00a.m. Overnight fasting did not affect the 
results. Control rats were injected with 0.9% saline 
or corn oil alone. All rats were sacrificed at 9:00 a.m. 
The different treatment schedules for rats injected 
with PB or MC were based on previous studies, sug- 
gesting that a single dose of MC [10-14,21] or PB 
[ 11-13, 15] increased synthesis of 45S rRNA and/or 
ribosomal RNA at these times. 
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[5-*H]orotic acid (12.2 Ci/m-mole) and [*H]UTP 
(36 Ci/m-mole) were obtained from New England 
Nuclear Corp. For labeling in vivo of nuclear RNA 
or microsomal RNA, each rat received 20-30 or 
100 zCi of [*H]orotic acid, respectively, at various 
times before sacrifice. Excised livers were placed in 
ice-cold 0.25™M sucrose. All further steps were per- 
formed at 4°. 


Isolation of nuclei 


Isolation of nuclei for labeling and stability studies. 
For each time point or experimental group, livers 
from three to six rats were pooled. Minced liver tissue 
was homogenized in 2.4M sucrose (1:11, w/v) con- 
taining 3.3 mM CaCl, with four up-and-down strokes 
in a Teflon-glass homogenizer (0.015 to 0.020 in. 
pestle clearance). After successive filtrations through 
two and four layers of cheesecloth, the homogenate 
was centrifuged at 40,000g for 75 min to sediment 
the nuclei [22, 23]. 

Isolation of nucleoli for RNA polymerase assay. 
Minced liver tissue from six to eight rats placed in 
a freshly prepared solution of 2.3 M sucrose contain- 
ing 15mM MgCl, and 0.25mM spermine was hom- 
ogenized as above [23, 24]. The homogenate was cen- 
trifuged at 40,000 g for 65 min to sediment the nuclei. 
Nucleoli were prepared using the sonication tech- 
nique [25]. 

Phase contrast microscopy revealed that the nuc- 
lear and nucleolar preparations obtained by either the 
sucrose-calcium or sucrose-magnesium procedure 
were highly purified. No differences were observed 
between drug-treated and control rats in the purity 
or gross morphology of isolated nuclei or nucleoli. 

Isolation of hepatic cytoplasmic microsomes. Minced 
livers from three rats were homogenized using a 
loosely fitting Teflon pestle, and microsomes were 
prepared as described previously [17]. 


Determination of nucleolar RNA _ polymerase activity 

RNA polymerase was assayed in low ionic media 
containing Mg?* [26]. The assay carried out for 
30min at 37 contained the following in a final 
volume of 0.5 ml: Tris-HCI buffer, pH 8.5, 50 umoles; 
MgCl,, 2.5 moles: NaF, 3 moles; dithiothreitol, 
5 umoles; ATP, GTP and CTP, 0.3 umole each;.UTP, 
0.05 pymole; [7H]UTP (36 Ci/m-mole), 33.6 pmoles; 
and nucleoli (0.1 to 0.15 mg DNA). 
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The reaction was terminated by adding 400 yg 
UTP and 1.5 ml of ice-cold 10°, trichloroacetic acid 
containing 0.04 M Na,P,O0,. Each enzyme assay was 
performed in quadruplicate. The reaction mixtures 
were filtered under light vacuum through Whatman 
GF/C filters and washed four times with 2 ml of ice- 
cold 5° trichloroacetic acid containing 0.02M 
Na,P,0, followed by four washes with 2 ml of 95% 
ethanol containing 2°, potassium acetate. Dried filter 
discs were placed in glass vials, and 8 ml of Omni- 
fluor—toluene scintillation fluid was added. Samples 
were counted in a Beckman LS-100 scintillation 
counter. Data were expressed as pmoles UMP incor- 
porated/mg DNA. 


Chemical determination of DNA 


DNA was extracted from aliquots of nucleoli by 
acid hydrolysis; DNA content was determined by 
Burton’s modification of the diphenylamine method 


[27]. 


RNA extraction 

RNA was extracted from nuclei or microsomes 
using the sodium dodecyl sulfate-phenol (SDS- 
phenol) procedure [28-30]. For extraction of “cold” 
nuclear RNA or cytoplasmic microsomal RNA, heat- 
ing at 65° was omitted. 


Sucrose gradients 

Between | and 2 mg RNA was layered over 10-40% 
sucrose gradients (38 ml) containing 0.1M NaCl, 
1.0mm EDTA and 0.1M sodium acetate, pH 5.1 
[31]. The gradients were centrifuged in a Spinco SW 
27 rotor at 122,000g for 16hr at 5°. Analysis of gra- 
dients was performed with the aid of an ISCO auto- 
matic fractionator system. Absorbance at 254 nm was 
transcribed with a Honeywell recorder to obtain 
enlarged, sharp peaks for planimetric analysis 
[32, 33]. Elevations of the baseline occurred as a func- 
tion of increasing sucrose density, a phenomenon cor- 
rected by subtraction of blank gradients. 

Radioactivity patterns for the gradients were deter- 
mined by hydrolyzing the individual 1-ml fractions 
in 0.25M perchloric acid for 20min at .70°. The 
samples were then counted by liquid scintillation 
[34]. 


Table 1. Effect of treatment with MC on labeling of rat hepatic nuclear 45S rRNA with [*H]orotic acid* 





Sp. act. 
of 45S rRNA 
Treatment 


(dis./min/mg, RNA x 107?) 


Sp. act. of 
acid-soluble nucleotides: 
ratio of MC to control 

(dis./min/O.D.2609) 


Ratio of MC 
to control 





MC 7 + 6667 
Control 260 
MC 2087 
Control 307 


0.98 1.00 


0.78 0.86 





* Rats weighing 170-200 g were treated, i.p. with MC (30 mg/kg) in corn oil at 3 hr or 20 hr before sacrifice. Controls 
received corn oil alone at these same times. Animals were sacrificed 20min after receiving, i.p., 20 wCi [*H]orotic 
acid. Nuclear 45S rRNA was extracted and specific activity of 45S rRNA was determined as described in Materials 
and Methods. Each value is the mean + S.E.M. of four to six experiments, and three to four rats were used for 
each experiment. 

+ No significant difference between experimental and control means. 





3-Methylcholanthrene effects on 45S rRNA 


Determination of specific activity 

The specific activities of the nuclear 45S rRNA and 
of the microsomal 18S and 28S rRNA were deter- 
mined by pooling the gradient fractions that consti- 
tuted each peak and precipitating them in ethanol 
overnight. The specific activity of total nuclear RNA 
was determined prior to layering the samples on su- 
crose gradients. Each precipitate was dissolved in 
water and its absorbance measured at 260 nm; the 
radioactivity of the solution was then measured as 
described above. 


Acid-soluble pool 


From aliquots of the sucrose homogenates, the 
total acid-soluble nucleotides were extracted with 
perchloric acid [35]. 


Determination of the stability of 45S rRNA in a nuclear 
incuhation system in vitro 


Isolated nuclei from control or drug-treated ani- 
mals were resuspended in 0.25M sucrose containing 
5mM MgCl, (0.4 ml/g original wet weight of liver) 
and divided into two fractions. One fraction remained 
in an ice bath, and the other was incubated at 37 
for 2 min [17]. From nuclei pelleted by centrifugation, 
RNA was extracted and analyzed on sucrose density 
gradients as described above. In some experiments, 
hepatic nucleoli were isolated and incubated as de- 
scribed above in 0.25M sucrose containing 5mM 
MgCl, (0.08 ml/g original wet weight of liver). 

The proportion of 45S rRNA in each of the gra- 
dient profiles was estimated as follows. The total area 
included under the profile was either measured plani- 
metrically [17. 32,33] or cut out and weighed on an 
analytical balance; the area under the 45S rRNA peak 
was determined similarly, and the ratio of the 45S 
rRNA to total RNA was then computed. The percent- 
age of 45S rRNA (45S rRNA/total nuclear RNA) in 
the incubated samples was divided by the percentage 
of 45S rRNA in the unincubated samples. This value 
represented the percentage of 45S rRNA remaining 
after incubation of nuclei. 


RESULTS 


Effect of MC treatment on labeling of rat hepatic nuc- 
lear 45S rRNA with [?H orotic acid 

Labeling of nuclear 45S rRNA in vivo was not sig- 
nificantly changed in rats sacrificed either 3 or 20 hr 
after receiving a single dose of MC (Table 1). More- 
over, treatment of rats with MC for either 3 or 20 hr 
had no effect on labeling of total hepatic nuclear 
RNA. No alterations had previously been observed 
in nuclear 45S rRNA labeled in vivo 16hr after a 
single dose of PB [17]. In the present experiments, 
no significant alterations were obtained in hepatic 45S 
rRNA labeling 5 or 10hr after a single dose of MC 
or after three daily injections of MC. Previously, four 
daily doses of PB were reported not to affect labeling 
of 45S rRNA in vivo [17]. Labeling of the total acid- 
soluble nucleotides (see Tables | and 3) or of acid- 
soluble UMP is unaffected under these conditions in 
rats treated with PB [17] or MC [16]. 

Figure 1 demonstrates, for cold phenol-extracted 
RNA, similarity between MC-treated and control rats 
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with respect to sucrose gradient sedimentation pro- 
files, labeling patterns, and specific activity of 45S 
rRNA (dis./min/O.D. 369). Only hot phenol extraction 
has been considered to be capable of releasing inter- 
phase-bound 45S rRNA into the aqueous phase 
[29, 30]. However, Fig. 1 shows that some 45S rRNA 
is extracted from isolated nuclei even in the absence 
of heating at 65°. 


Effects of PB or MC on nucleolar RNA polymerase 
activity 

Fluctuations in precursor pool size [17,18] could 
produce errors in labeling in vivo of 45S rRNA in 
rats treated with PB or MC. This possibility was in- 
vestigated by determining the effect of PB or MC 
on nucleolar RNA polymerase activity under condi- 
tions where precursors are not rate limiting, but pres- 
ent in excess concentrations. Table 2 shows that 6 hr 
after a single dose of PB or 3 hr or 20 hr after a single 
dose of MC in young adult rats or 6hr after MC 
treatment of immature rats, no alterations occurred 
in nucleolar RNA polymerase activity assayed in low 
ionic media containing Mg?*. Previously, similar 
results were obtained for rats 16hr after PB [18]. 
These results agree with those of labeling studies in 
vivo in MC-treated rats (Table 1) and PB-treated rats 


[17]. 
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Fig. 1. Sucrose gradient analysis of nuclear RNA extracted 
by cold SDS-phenol from rats treated with MC. Rats 
weighing 170-200 g were sacrificed 3 hr after a single ip. 
injection of MC (30 mg/kg). Each rat received, i.p., 30 uCi 
[*H]orotic acid 20 min before death. Nuclei were isolated, 
cold nuclear RNA was extracted and sucrose gradient 
analysis was carried out, as described in Materials and 
Methods. The sucrose gradients in this figure and in Figs. 
2 and 3 give mean values of four to seven experiments; 
three to five rats were used for each control and each ex- 
perimental group. 
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Table 2. Effects of single doses of PB or MC on hepatic nucleolar RNA polymerase 
activity* 





Rat weight 
Treatment (g) 


UMP incorporated in 

the presence of Mg** 
and low ionic media 
(pmoles/mg DNA) 





PB 170-200 
Control 


170-200 


; 170-200 
Control 
MC 40-60 
Control 


2835 + 387+ 
2676 + 492 
5324 + 3407 
6283 + 850 
6726 + 962+ 
6880 + 576 
6020 + 8407 
6320 + 630 





* Rats were treated, i.p., with a single dose of PB (100 mg/kg) or 0.9% NaCl 6 hr 
before death. Treatment of rats with MC was carried out as described in Table 1. 
Nucleoli from five to eight rat livers were isolated and the assays were performed 
as described in Materials and Methods. Enzyme activity was linear with increasing 
concentrations of nucleoli under the conditions of our assay. The results are means 
+ S.E.M. of four to six separate experiments. 

+ No significant difference between experimental and control means. 


Effect of PB or MC on labeling of microsomal RNA 
with [?H orotic acid 


Table 3.shows that in young adult rats treated with 
MC for 3 or 20hr, or in immature rats treated with 
MC for 12 hr, no increase occurred in labeling in vivo 
of microsomal 28S or 18S rRNA. In contrast, 6 hr 
(Table 3) or 16 hr [17] after a single dose of PB, label- 
ing of microsomal rRNA was enhanced approxi- 
mately 50 per cent. The specific activity of the total 
acid-soluble nucleotides was not significantly affected 
in rats treated with MC or PB under these conditions 
(Table 3). After a single dose of PB, enhanced labeling 
of cytoplasmic microsomal RNA appears not to result 
from transcriptional effects [17] (Table 2), but from 
decreased degradation of 45S rRNA [17, 18]. To in- 
vestigate the possibility that 45S rRNA from PB- 
treated rats is more stable than 45S rRNA from MC- 


treated rats or from saline- or corn oil-treated rats, 
a nuclear incubation system in vitro was devised [17]. 


Effects of PB or MC on stability of nuclear 45S rRNA 

Liver nuclei from rats treated with PB or MC or 
from saline-treated rats were suspended in 0.25 M su- 
crose containng S5mM MgCl,. Nuclear RNA 
extracted from incubated and non-incubated nuclei of 
saline-treated rats or drug-treated rats was analyzed 
on sucrose gradients. Figure 2 shows that, 16 hr after 
PB treatment, enhanced metabolic stability of 45S 
rRNA occurred compared to its stability in nuclei 
of control rats. Similar results occurred in rats sacri- 
ficed 6hr after PB. Figure 3 shows that MC failed 
to alter 45S rRNA stability. Nucleoli isolated from 
PB- or MC-treated rats were incubated and similar 
results were obtained as shown in Figs. 2 and 3. Unal- 
tered 45S rRNA stability in hepatic nuclei from MC- 


Table 3. Effects of PB or MC on labeling of microsomal RNA with [*H]orotic acid* 





Sp. act. 
of acid-soluble 
nucleotides: 
ratio of 
experimental 
to control 
(dis./min/O.D. 560) 


Sp. act. 
(dis./min/mg 
RNA) 


Treatment 


28S RNA 


18S RNA 


Ratio of 
experimental 


Sp. act. 
(dis./min/mg 
RNA 


Ratio of 


experimental 


to control 





PB, 6 hr 1.01 
Control 

MC, 3hr 1.02 
Control 

MC, 20hr 0.97 
Control 

MC, 12hr 0.98 
Control 


7960 + 7607 
5200 + 400 
2220 + 40t 
2140 + 150 
4640 + 137 
4360 + 374 
38600 + 5200t 
35600 + 840 


153 


1.04 


1.06 


1.08 


7140 + 460+ 
4600 + 500 
2080 + 230t 
1920 + 514 
3940 + 370t 
3640 + 359 

31260 + 3840t 

31760 + 5620 


1.55 


1.06 


1.08 


0.98 





* Rats weighing 40 or 170-200 g were treated with MC as described in Tables | and 2 and in Materials and Methods. 
Immature rats were treated with MC 12hr before sacrifice and received, ip., 100 u4Ci [*H]orotic acid 4hr before 
death. Rats treated with MC 3 hr before sacrifice received 100 uCi [*H]orotic acid at 90 min before death. Rats weighing 
170-200 g received PB 6hr before sacrifice as described in Table 2 and were injected, i.p., with 100 wCi [*H]Jorotic 
acid 3 hr before sacrifice. Microsomes were isolated and specific activity of microsomal 28S and 18S rRNA was deter- 
mined as described in Materials and Methods. Each value is the mean + S.E.M. of five to six experiments, and three 


to five rat livers were used for each experiment. 


+ Difference between experimental and control means, P < 0.05. 
t No significant difference between experimental and control means. 
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treated animals (Fig. 3) correlates with the observa- 
tion that MC produced no increase in labeling of mic- 
rosomal RNA in vivo (Table 3), whereas PB enhanced 
metabolic stability of 45S rRNA (Fig. 2) and increased 
labeling of microsomal RNA in vivo (Table 3). Plani- 
metric analysis of the sucrose gradients presented in 
Figs. 2 and 3 showed that the ratio of 45S rRNA 
to total nuclear RNA increased 50 per cent in PB- 
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Fig. 2. Effects of a single dose of phenobarbital on stability 
of hepatic nuclear 45S rRNA. Rats weighing 170-200 g 
were treated with PB for 16hr as described in Materials 
and Methods. Each rat received, ip. 20 uCi [*H]orotic 
acid 10 min before death. Liver nuclei of control and drug- 
treated rats were suspended in 0.25 M sucrose containing 
5mM MgCl, and left in an ice bath or incubated at 37° 
for 2min. RNA was extracted from the nuclei with hot 
sodium dodecyl sulfate-phenol and analyzed on 10-40% 
sucrose gradients as described in Materials and Methods. 
The area of the gradient represented by 45S rRNA and 
total RNA was estimated by planimetric analysis as de- 
scribed in Materials and Methods. The solid line represents 
optical density; the dashed line represents dis./min; the 
shaded area represents the 45S RNA as estimated by plani- 
metric analysis. 
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Fig. 3. Effects of a single dose of MC on hepatic nuclear 
45S rRNA stability. Rats weighing 170-200 g were treated 
with MC for 20hr as described in Table |. Isotope injec- 
tion, incubation of nuclei, RNA extraction and planimetric 
analysis of RNA on sucrose gradients were performed as 
described in the legend of Fig. 2. The solid line represents 
optical density; the dashed line represents dis./min; the 
shaded area represents the 45S rRNA as estimated by 
planimetric analysis. 


treated rats compared to saline-treated controls; this 
ratio was unaltered by MC treatment. 


DISCUSSION 


Neither PB nor MC appears to increase synthesis 
of 45S rRNA (see Tables 1 and 2). Our data suggest 
that PB, but not MC, increases post-transcriptional 
stability and enables transport of some 45S rRNA 
molecules that, in the absence of PB, would have been 
degraded in the nucleus [17, 18]. The mechanisms re- 
sponsible for PB-induced increases in stability of 45S 
rRNA are unclear, but could be related to enhanced 
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methylation or decreased nuclear RNase activity [18]. 
PB treatment of rats exerted no effect on total nuclear 
alkaline RNase activity [18], but increased incorpor- 
ation in vivo of labeled methionine into total nuclear 
RNA [18]. Recent studies carried out in our labora- 
tory show that, in rats sacrificed 6 or 16hr after 
receiving a single dose of PB, the incorporation of 
[*H]S-adenosylmethionine into isolated nucleoli was 
significantly enhanced over that of controls [36]. 

Investigations of the effects of various drugs on 
RNA labeling in vivo present methodological difficul- 
ties, particularly with respect to possible drug-induced 
changes in precursor pool size [17, 18,37-41]. 
Although absence of changes in the labeling of total 
acid-soluble nucleotides by either PB or MC is incon- 
clusive by itself, evidence from many sources supports 
our labeling data in vivo (see Tables | and 3): 

(1) Results of studies on nuclear RNA labeled in 
vivo agree with those of RNA polymerase data in vitro 
[17,18] (see Tables | and 2). These investigations 
reveal that neither MC nor PB increases labeling of 
45S rRNA in vivo or in vitro. 

(2) In rats sacrificed within 24hr after receiving a 
single dose of PB, labeling in vivo of membrane- 
bound ribosomes was significantly greater than that 
of free ribosomes [42]. PB increased the number of 
membrane-bound ribosomes to maximal levels 16 hr 
after a single dose of the drug [43], but four daily 
doses of PB decreased the number of bound ribo- 
somes toward normal [43] and failed to change sig- 
nificantly incorporation of [*H]orotic acid into mic- 
rosomal RNA [17]. 

(3) In rats sacrificed 3, 12 or 24hr after a single 
dose of MC, no change occurred in the incorporation 
of [*H]orotic acid into microsomal RNA or acid- 
soluble UMP [16]. Moreover, in rats sacrificed within 
24 hr after a single dose of PB, labeling of microsomal 
rRNA in vivo with [*H]orotic acid increased, but 
labeling of total acid-soluble nucleotides was unaf- 
fected [17, 19]. 

(4) A single dose of MC does not alter the stability 
‘of 45S rRNA extracted from incubated nuclei com- 
pared to controls, whereas PB enhances the stability 
of 45S rRNA under identical conditions of incubation 
of nuclei (see Figs. 2 and 3). 

These data are all compatible with the hypothesis 
that MC exerts no effect on the synthesis or stability 
of ribosomal precursor RNA. In most earlier studies 
[9, 10, 13, 16,44], MC treatment enhanced nuclear 
RNA labeling in vivo; however, in these earlier studies 
hot phenol extraction was not used and, furthermore, 
in contrast to the results shown in Fig. 1, sucrose 
gradient analysis showed very low amounts of 45S 
rRNA _ suggestive of appreciable degradation 
[9, 10, 13,44]. Using hot SDS and phenol, Bresnick 
et al. [45] reported that MC failed to alter nuclear 
RNA labeling in vivo, an observation confirmed by 
our results. 

After MC treatment, no increase was observed in 
labeling with [*H]orotic acid of hepatic microsomal 
RNA from immature rats (see Table 3) or young adult 
rats [16] (see Table 3), whereas other investigators 
reported increased labeling of microsomal RNA 
under these same conditions [21]. 

The apparent lack of any significant effect of MC 
or PB on the activity of nucleolar RNA polymerase 
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I (see Table 2) also contrasts with certain published 
studies [9, 11-14]. The reasons for some of the discre- 
pancies enumerated above are unclear, but may be 
related to differences in dosage, animal age, tech- 
niques of isolation of nuclei and/or extraction of 
RNA, use of nuclei or nucleoli as sources of enzyme, 
and method of assay of RNA polymerase activity. 

MC and PB have been reported to increase incor- 
poration of labeled amino acid precursors into pro- 
tein both in vivo and in vitro [46—53]. In addition, 
recent studies indicate that MC [51,52] and PB [53] 
enhance initiation of protein syiithesis. Treatment 
with PB, MC or both may produce cytoplasmic 
changes in the efficiency of translation or directly 
affect drug-metabolizing enzymes in the endoplasmic 
reticulum. The present data and those of others 
[9, 51,52] suggest that MC-induced alterations in 
rRNA metabolism may not be required for induction 
of microsomal drug-metabolizing enzymes. 

Reports that MC-treated [8, 54,55] or PB-treated 
rats exhibit increased template efficiency are incom- 
patible with our observation that nucleolar RNA 
polymerase activity remains unaltered after MC or 
PB. However, these prior studies [8, 54,55] on tem- 
plate efficiency did not distinguish between segments 
of the genome responsible for ribosomal and mes- 
senger RNA synthesis. Although neither PB nor MC 
appears to increase synthesis of 45S rRNA, these 
studies do not deal with the possibility that either 
or both of these agents increase synthesis of mes- 
senger RNA. In this regard, Lanclos and Bresnick 
[56] observed that labeling in vivo of hepatic cyto- 
plasmic poly(A) coritaining RNA was increased in 
MC-treated rats. 
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Abstract—Nitromethane interacts with sodium dithionite reduced rabbit liver microsomes to generate 
a difference spectrum characterized by maxima at 388, 423, 454 and 520nm and minima at 405, 
436, 480 and 550nm. Spectral binding constants (K,) of 0.306 + 0.082mM (A,,,,= 0.032 + 0.004), 
0.178 + 0.029 mM (A,,,, = 0.040 + 0.002), and 1.168 + 0.250 mM (A,,,, = 0.035 + 0.006) were calculated 
for the 388, 423 and 454nm peaks respectively. These difference spectra are qualitatively different 
from those previously reported for aromatic nitro compounds [L. A. Sternson and R. E. Gammans, 
Drug Metab. Dispos. 3, 266 (1975)]. Interaction of nitromethane with microsomes from rabbits pre- 
treated with phenobarbital produced absorbance maxima and minima within 2nm of the controls. 
Interaction of nitromethane with reduced microsomes from 3-methyl-cholanthrene (3-MC)-pretreated 
animals produced ferrohemochromes in which maximal absorbance changes were shifted to maxima 
at 384, 422, 451 and 514nm and minima at 407, 433, 473 and 552nm. Peak-height ratios derived 
from difference spectra generated by the addition of 1 mM nitromethane to the sample cuvette were 
considerably different depending on whether the microsomes were obtained from control, phenobarbi- 
tal- or 3-MC-pretreated rabbits and may indicate that phenobarbital, like 3-MC, induces qualitative 
changes in cytochrome P-450. Nitromethane apparently competes with carbon monoxide for a common 
binding site. Addition of nitromethane to CO-saturated microsomes reduced the magnitude of the 
450 nm peak with a concomitant increase in the 423nm peak of nitromethane. Similarly, addition 
of CO to reduced microsomes containing nitromethane caused reduction of the 423 nm peak of nitro- 
methane with a corresponding increase of the 450nm peak of CO. Nitromethane does not generate 
difference spectra with oxidized microsomes nor does it alter the K, or A,,,, of aminopyrine, hexobarbi- 
tal, aniline or zoxazolamine binding spectra. Nitromethane does inhibit the binding of the type II 
compound, nicotinamide. Addition of nitromethane to incubation flasks enhanced the metabolism of 
aniline while tending to inhibit the oxidative demethylation of ethylmorphine. 


Interaction of many substrates with hepatic microso- 
mal cytochrome P-450 is assumed to be essential for 
their oxidation. This interaction, resulting in the for- 
mation of substrate-P-450 complexes, often produces 
absorbance changes which are characteristic for the 
substrate. These changes are usually observed after 
interaction of the substrate with oxidized cytochrome 
P-450 with relatively few compounds interacting with 
microsomes in which the heme iron is in the reduced 
divalent state. Sternson and Gammans[1] reported 
that several aromatic nitro compounds interact with 
dithionite reduced rabbit liver microsomes to induce 
absorbance changes. Other compounds producing 
substrate binding spectra upon interaction with cyto- 
chrome P-450 include carbon monoxide [2], ethyliso- 
cyanide [3], metyrapone [4] and some structurally 
related pyridine derivatives [5]. We have investigated 
the interaction of nitromethane with rabbit liver mic- 
rosomes and the results of this investigation are 
reported here. 


METHODS 


Microsomes were prepared from livers of male New 
Zealand white rabbits (1.5 to 3.0 kg) as previously de- 
scribed [6]. In specified experiments, enzyme induc- 
tion was accomplished by the intraperitoneal injec- 


tion of phenobarbital Na (80 mg/kg daily for 3 days) 
or 3-methylcholanthrene (20 mg/kg daily for 3 days) 
prior to sacrifice of the animals. The microsomal pel- 
lets obtained by differential centrifugation of the 
9000 g supernatant of the 25% liver homogenate in 
0.15M KCl were routinely resuspended in 0.1M 
phosphate buffer, pH 7.4. Washed microsomal pellets 
were stored at — 25° for 1-3 days prior to use. Protein 
concentration of the resuspended pellets was deter- 
mined by the method of Lowry et al. [7] using bovine 
serum albumin as protein standard. Cytochrome 
P-450 concentration was determined by the method 
of Omura and Sato [2]. 

Spectral changes associated with the addition of 
nitromethane to dithionite reduced microsomes (1.5 
to 2.0 mg protein/ml) were measured under aerobic 
conditions with an Aminco DW-2 dual wavelength 
scanning spectrophotometer operated in the split 
beam mode. Nitromethane diluted with water was 
added in 1-40 pl volumes to establish concentrations 
of 0.05 to 2 mM. Spectral binding constants were cal- 
culated from measurements of absorbance differences 
between peaks and adjacent troughs. 

When measuring the effect of nitromethane on the 
absorbance spectra of drug substrates, nitromethane 
was added to both cuvettes, a base line established 
and the drug substrate then added by microsyringe 
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in volumes of 1-40 yl (0.05 to 2.0mM). The effect of 
nitromethane on the kinetics of hydroxylation in vitro 
of aniline and demethylation of ethylmorphine was 
measured by adding a 0.5 or 2.0mM concentration 
of nitromethane to incubation flasks containing 
enzyme, cofactor and substrate (six concentrations, 
0.125 to 3.0mM). V,,,, and K,, values were calculated 
from 15-min incubations [8]. 


RESULTS 


Like aromatic nitro compounds [1], nitromethane 
added to oxidized rabbit hepatic microsomes was in- 
capable of generating difference spectra. Added to 
microsomes reduced with NADPH, a difference spec- 
trum was observed which was characterized by a peak 
at 404nm and a trough at 424nm which intensified 
with time up to 40 min. With increased intensity, the 
peak absorbance shifted to 410 nm. 

Nitromethane interacts with sodium dithionite 
reduced rabbit liver microsomes to generate difference 
spectra characterized by maxima at 388, 423, 454 and 
520 nm and minima at 405, 436, 480 and 550 nm (Fig. 
1). Spectral binding constants (K,) for these interac- 
tions are presented in Table 1. Interaction of nitro- 
methane with reduced microsomes from phenobarbi- 
tal-pretreated rabbits produced absorbance difference 
spectra qualitatively similar to control microsomes 
with calculated spectral constants which are also 
shown in Table 1. Liver microsomes obtained from 
rabbits pretreated with 3-MC, when reduced with Na 
dithionite, induced formation of nitromethane-ferro- 
hemochromes with maximal absorbance changes at 
384, 422, 451 and 514nm, with minima at 407, 433, 
473 and 552 nm. The spectral binding constants (K,) 
calculated for the three major absorbance peaks are 
different in control, phenobarbital- and 3-MC-pre- 
treated groups indicating that there are three binding 
sites for the nitromethane—a high affinity site respon- 
sible for the 422-423 nm peak, an intermediate affinity 
site responsible for the 384-388 nm peak and a low 
affinity site responsible for the 451-454 nm peak. 

The binding spectra observed upon addition of 
nitromethane to reduced microsomes are probably 
not due to reduction products of nitromethane, since 
methyl hydroxylamine has no absorbance peak at 454 
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Fig. 1. Difference spectra generated by the interaction of 

nitromethane (1 mM) with dithionite reduced hepatic mic- 

rosomes from control (——), 3-MC-pretreated (——-) and 
phenobarbital-pretreated (—-—) rabbits. 


nm and methyl amine does not produce a measurable 
difference spectrum when added to dithionite reduced 
microsomes. 

Also Mansuy et al [9] reported that the oxime 
having the next higher oxidation level after 
N-hydroxyamphetamine gave no difference spectrum 
with dithionite reduced rat liver microsomes nor does 
the related nitrosamine, dimethylnitrosamine (unpub- 
lished observations). 

The difference spectra generated with nitromethane 
added to dithionite reduced microsomes are qualita- 
tively different from those previously reported for aro- 
matic nitro compounds [1]. The resemblance of nitro- 
methane binding spectra to those of ethylisocyanide 
and the fact that 3-MC pretreatment induced qualita- 
tively different spectral peak heights led us to investi- 
gate the influence of pH on these spectra. pH had 
negligible effect on the magnitude of spectral peaks 
in microsomes from (nontreated) control rabbits; 
however, increasing pH from 6.0 to 74 or 8.2 
enhanced the absorbance at 384nm of microsomes 


Table 1. Apparent spectral dissociation constants (K,) calculated for the interaction 
of nitromethane with reduced cytochrome P-450 from rabbit liver microsomes 





Absorbance maxima 


Animal pretreatment Amax(im) 


K,* 
(mM) 


AA max 5 
mg protein* 





Phenobarbitalt 


3-Methylcholanthrenet 


0.306 + 0.082 
0.178 + 0.029 
1.168 + 0.250 
0.753 + 0.153 
0.182 + 0.055 
1.323 + 0.272 
0.384 + 0.073 
0.205 + 0.040 
4.279 + 1.755 


0.032 + 0.004 
0.040 + 0.002 
0.035 + 0.006 
0.065 + 0.008 
0.046 + 0.006 
0.102 + 0.015 
0.044 + 0.004 
0.023 + 0.002 
0.064 + 0.029 





* Values are means + S.E. for six determinations. 
+ Administered by intraperitoneal injection (80 mg/kg daily) for three days prior 


to sacrifice of animals. 


t Administered by intraperitoneal injection (20 mg/kg daily) for three days prior 


to sacrifice of animals. 
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Table 2. Effect of peak-height ratios of nitromethane in- 
duced difference spectra from control, phenobarbital- and 
3-MC-pretreated rabbits* 





Pretreatment 384/423 nm 423/454 nm 





Control 0.30 
Phenobarbital 0.35 
3-MC 

Control 

Phenobarbital 

3-MC 

Control 

Phenobarbital 

3-MC 





* Peak height measured from absorbance maximum to 
adjacent trough. 


from both phenobarbital- and 3-MC-pretreated rab- 
bits while decreasing absorbance at 422 nm in micro- 
somes from phenobarbital induced rabbits. Also, at 
the more basic pH values, the absorbance change 
measured at 454 nm of microsomes from phenobarbi- 
tal-pretreated rabbits was enhanced. Translating these 
absorbances to peak-height ratios (Table 2), it was 
possible to distinguish three different reactive forms 
of cytochrome P-450. Measuring peak heights at 
pH 7.4, the 384/423 peaks distinguish control from 
phenobarbital and 3-MC_ induced microsomes, 
whereas the 423/454nm_ peak ratios distinguish 
phenobarbital induced microsomes from control and 
3-MC induced microsomes. 

The addition of nitromethane to CO-saturated or 
one-half saturated microsomes reduced the magnitude 
of the 450nm peak with a concomitant increase in 
absorbance at 423 nm. Similarly, addition of CO to 
reduced microsomes containing nitromethane caused 
a reduction of the 423 nm peak of nitromethane with 
a corresponding increase of the 450 nm peak of CO. 
It appears that nitromethane competes with carbon 
monoxide for a common binding site. The rate of 
displacement of CO from the ferrohemochrome esti- 
mated as the decrease in magnitude of 450 nm absor- 
bance after addition of nitromethane was found to 
be 0.775 x 10~? and 0.1925 x 107? absorbance units/ 
min at room temperature for control and 3-MC-pre- 
treated rabbits respectively. The rate of CO displace- 
ment in microsomal suspensions in which the CO 
concentration was reduced to approximately one-half 
(microsomes diluted to proper protein concentration 
by adding equal volume of CO-saturated buffer) was 
1.6 x 10°? absorbance units/min. 


The addition of nitromethane to microsomes of 
sample and reference cuvettes did not alter the spec- 
tral binding constants of hexobarbital, ethylmorphine, 
aminopyrine, zoxazolamine or aniline; however, it 
significantly inhibited the binding of the low-affinity 
type II substrate, nicotinamide (Table 3). 

Neither nitromethane nor aromatic nitro com- 
pounds bind to oxidized microsomes; however, the 
latter were reported to markedly inhibit binding of 
type I substrates to cytochrome P-450 and to inhibit 
the oxidative metabolism of type II substrates in a 
system in vitro[10]. Nitromethane added to incuba- 
tion flasks in a concentration of 0.5 or 2.0mM signifi- 
cantly enhanced the V,,,, of aniline hydroxylase with- 
out affecting the K,, for this reaction. Similar concen- 
trations of nitromethane added to incubation flasks 
containing the type I substrate, ethylmorphine, tended 
to reduce the V,,,, without significantly altering the 
K,, (Table 4). 


DISCUSSION 


The interaction of nitromethane with reduced hepa- 
tic microsomes appears to be both qualitatively and 
quantitatively different than that observed with aro- 
matic nitro compounds. The difference spectra gener- 
ated by interaction of aryl nitro compounds with 
reduced microsomes were characterized by maxima 
at 395-400, 420 and 514-520 nm with minima at 404, 
444 and 550nm; nitromethane produced difference 
spectra characterized by absorption maxima at 388, 
423 and 454 nm. A broad absorption band was appar- 
ent with maximum at 520nm and minimum at 550 
nm similar to that observed with the aromatic com- 
pounds. Pretreatment of animals with phenobarbital 
did not alter the qualitative aspects of the nitrometh- 
ane spectra nor did it induce significant quantitative 
changes (as measured by K, or AA,,,,) in the 423 
or 454nm peaks. The spectral binding constant (K,) 
for the 388nm peak was significantly increased by 
phenobarbital pretreatment with a concomitant in- 
crease in AA,,,,. The magnitude of the difference spec- 
trum, calculated as AA,,,,/mg of protein, may be con- 
sidered to be a measure of the capacity of the binding 
site [1]. The significance of this increase in AA,,,, 
observed after phenobarbital pretreatment is not 
clear, but may suggest that the number of sites avail- 
able for the interaction of nitromethane with the 
heme protein per unit weight of protein increases. 
However, the relative affinity of substrate for binding 


Table 3. Effect of nitromethane (1 mM) on spectral binding constants of drug substances 





K 


In presence of nitromethane 


Substrate (mM) A * K, yen 





0.028 + 0.002 


Aniline 
Hexobarbital 
Zoxazolamine 


Ethylmorphine 


Aminopyrine 
Nicotinamide 


0.629 + 0.068 
0.133 + 0.014 
0.507 + 0.083 
0.123 + 0.007 
0.382 + 0.052 
8.345 + 1.879 


0.031 + 0.002 
0.031 + 0.009 
0.012 + 0.001 


0.0121 + 0.0002 
0.0029 + 0.0001 


0.064 + 0.013 


0.721 + 0.070 
0.181 + 0.023 
0.469 + 0.007 
0.150 + 0.018 
0.379 + 0.023 
12.5t 


0.034 + 0.001 
0.012 + 0.001 
0.0117 + 0.0002 
0.0035 + 0.0001 

0.0187 





*A 


max 


= absorbance difference/mg of microsomal protein. 
+ Estimated from Lineweaver—Burk plot. 
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Table 4. Effect of nitromethane on the kinetics of aniline and ethylmorphine metabo- 
lism by rabbit liver microsomes 





Nitromethane Aniline 
concn 


(mM) K,,, (mM) J 


Ethylmorphine 


ys (mM) toe 





0.036 + 0.009 
0.043 + 0.010 
0.030 + 0.006 


96+ 0.4 
14.7 + 0.77 
16.3 + 0.5t 


2.280 + 0.077 
0.921 + 0.414 
0.703 + 0.258 


97.4 + 22.8 
57.9 + 13.6 
46.4 + 7.5 





* Expressed as nmoles metabolized/mg of protein/hr. 
+ Significantly different from control, P < 0.01. 


sites is often expressed as K,, so the concomitant in- 
crease in K, after phenobarbital pretreatment suggests 
that although the capacity of the binding site may 
increase, the affinity of nitromethane for the cyto- 
chrome decreases. Pretreatment of animals with 
3-MC causes a slight alteration in the qualitative 
appearance of the nitromethane—ferrohemochrome 
complex, over that observed in untreated or pheno- 
barbital-treated animals. 

Hyposochromic shifts of all peaks were observed 
for the spectra obtained with 3-MC-treated prep- 
arations; the 388nm peak is shifted to 384nm, the 
423 nm peak moved to 422nm, the 454nm band is 
shifted to 451 nm and the 520nm peak to 514nm. 
Relative nitromethane-ferrohemochrome _ spectral 
binding parameters (K, and AA,,,,) for the peaks in 


max 


the region of 385 and 423nm are similar for cyto- 
chrome P-450 obtained from 3-MC-treated and un- 
treated animals. ‘The peak at 451 nm obtained with 


3-MC cytochrome P-450 has a significantly higher K, 
than the apparent corresponding peak at 454nm 
obtained with untreated animals. 

Addition of nitromethane to CO-saturated reduced 
microsomes reduced the magnitude of the 450nm 
peak associated with CO-cytochrome interaction and 
resulted in a concomitant increase in the 423 nm peak 
of nitromethane. The rate of displacement of CO was 
approximately twice as fast when CO concentration 
of microsomes was reduced to approximately one-half 
saturation. Similarly, addition of CO to reduced 
microsomes containing nitromethane caused reduc- 
tion in the magnitude of the 423 nm peak of nitro- 
methane with a corresponding increase in the CO 
peak at 450 nm. These data suggest that nitromethane 
competes with carbon monoxide (CO) for common 
binding sites or there is at least a strong mutual 
dependency of the two ligands for reduced cyto- 
chrome P-450 binding sites. 

Although nitromethane binds to reduced cyto- 
chrome P-450 with an affinity greater than that 
demonstrated for most aromatic nitro compounds [1] 
and appears to bind to the same site on cytochrome 
P-450 as CO, it affects drug-metabolizing reactions 
in vitro differently than aromatic nitro compounds or 
other ligands such as CO or metyrapone. Whereas 
CO nonselectively inhibits cytochrome P-450 linked 
oxidation, metyrapone inhibits several type II and 
type I substrate oxidations while aromatic nitro com- 
pounds only inhibit the metabolism of type II sub- 
strates. Nitromethane, although tending to reduce the 
Vinex Of the type I substrate, ethylmorphine, enhanced 
the V,,,, Of aniline hydroxylation. These changes in 


velocity were not accompanied by significant changes 
in K,, for these reactions and, therefore, may be con- 
sidered noncompetitive [11]. Metyrapone [11,12] has 
also been shown to enhance type II substrate oxi- 
dation while generally inhibiting type I oxidation 
noncompetitively. 

The ratio of peak heights from control, phenobarbi- 
tal- and 3-MC-pretreated rabbits at various pH 
values are shown in Table 2. Peak-height ratios from 
control rabbit microsomes were only slightly altered 
by pH whereas a large change was noted in peak- 
height ratios of microsomes from phenobarbital- and 
3-MC-pretreated rabbits when measured at different 
buffer pH. The absorbance ratios at pH 7.4 strongly 
suggest that nitromethane may be used to differen- 
tiate cytochrome P-450 derived from phenobarbital- 
or 3-MC-pretreated rabbits from those of nontreated 
rabbits. The 384/423nm ratios of absorbance of 
microsomes from phenobarbital- or 3-MC-pretreated 
rabbits was about five times that of control micro- 
somes, whereas the ratio of 423/454 absorbance calcu- 
lated from microsomes obtained from control or 
3-MC-pretreated rabbits was about three times that 
obtained from  phenobarbital-pretreated rabbits. 
From these data it appears that pretreatment of rab- 
bits with phenobarbital as well as 3-MC produced 
qualitative alterations in cytochrome P-450 which is 
manifest in an altered substrate binding spectrum 
when reacted with nitromethane. 

Other evidence: indicating qualitative changes in 
microsomal drug-metabolizing enzymes after pheno- 
barbital pretreatment has been presented [13-17]. 
These include different patterns of drug and steroid 
hydroxylation [14,17], different responses to specific 
antibody [15] and the induction of cytochrome P-450 
of different molecular weights [13, 16]. 

In conclusion, nitromethane appears to be a useful 
reagent to sense qualitative variations among forms 
of cytochrome P-450 present in rabbit liver micro- 
somes. 
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Abstract—The preparation and growth characteristics of a novel mixed hepatocyte-fibroblast culture 
system is described together with its use as a test for metabolism-mediated cytotoxicity using cyclophos- 
phamide as the compound under test. Cyclophosphamide has a low toxicity per se to the fibroblasts 
but is converted to extremely toxic metabolites when hepatocytes are incorporated with the fibroblasts. 
This increased toxicity of cyclophosphamide in the presence of hepatocytes can be inhibited by 
SKF-525A, as can the production by hepatocytes of total alkylating activity from cyclophosphamide. 
The results are discussed in relation to the relevance of incorporating microsomal suspensions as 
metabolizing components into the various toxicity tests currently available. 


A number of different cell culture systems have been 
used to assess the cytotoxicity of a wide range of che- 
micals [1-3]. The criteria of cytotoxicity most com- 
monly employed in these systems include enzyme 
leakage [4], inhibition of respiration [5], impairment 
of DNA synthesis[6,7] and impairment of cell 
growth [8]. It is now recognized that the majority 
of chemicals require metabolic activation for their 
toxic potential to be realized and that this activation 
is localized predominantly in mammalian hepato- 
cytes [9]. Conversely, a number of chemicals are inac- 
tivated by metabolism and this is also preferentially 
localized in mammalian hepatocytes [9]. Further- 
more, it appears that these specialized cellular meta- 
bolic functions (viz. normal drug metabolism), which 
are retained in freshly isolated cells, are either com- 
pletely absent or not retained in a normal state in 
culture, even for hepatocytes in culture [10]. What 
drug metabolizing capability does remain in cultured 
cells is confined to a very small number of substrates, 
most of which are polycyclic aromatic hydrocarbons 
[10]. For this reason the use of most cell culture cyto- 
toxicity tests currently available is restricted to those 
compounds that are directly cytotoxic and do not 
require prior metabolic activation. 

Attempts have been made to overcome this short- 
coming by the introduction of liver microsomes as 
a metabolizing component into the cell culture sys- 
tem [8, 11, 12]. However, it is highly probable for a 
number of reasons that this use of microsomes leads 
to a very abnormal production of toxic metabo- 
lites [13]. These reasons include the following: (a) the 
very high levels of cofactors used which do not rep- 
resent those existing within intact cells; (b) the lack 
of active detoxicating enzymes, such as those for con- 
jugation; (c) the possibility that non-microsomal 
pathways may bring about production of the toxic 
metabolite; and (d) the probable loss in integrity of 
the sequence of the various metabolic reactions. 

The use of viable, functional adult mammalian 
hepatocytes, with their full complement of drug meta- 
bolizing enzymes, as the metabolizing component is 
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not open to such criticisms and therefore the incor- 
poration of these cells into a suitable culture system 
would, on these theoretical grounds, be a more 
rational approach with which to broaden the useful- 
ness of cell culture cytotoxicity tests. 

In the course of our studies into the short-term 
culture of viable rat hepatocytes it became apparent 
that whilst it was relatively straightforward to isolate 
appreciable numbers of viable hepatocytes, cultures 
of these cells for more than 3-4 days was hampered 
by the rapid overgrowth of fibroblasts. We therefore 
decided to utilize this novel mixed cell culture system 
in studies of the metabolism-mediated cytotoxicity of 
cyclophosphamide (CPA), using the freshly-isolated 
hepatocytes as the “metabolizing component” and the 
cultured fibroblasts as the “testing” component. 

CPA is an anti-cancer drug that is metabolised in 
the liver to alkylating agents [14]. The initial step in 
hepatic metabolism of CPA is microsomal in origin 
leading to the production of 4-hydroxy CPA which, 
via its tautomeric aldehyde, can be converted by alde- 
hyde dehydrogenase, a soiuble enzyme, to its non- 
toxic propionic acid, or can undergo a chemical f-eli- 
mination to form phosphoramide mustard and acro- 
lein both of which are extremely cytotoxic [8, 15]. The 
cytotoxicity of CPA is therefore believed to be depen- 
dent on the balance between the production of poten- 
tially toxic metabolites by microsomal enzymes and 
the detoxication of these metabolites by soluble 
enzymes [15]. This example of metabolism-mediated 
cytotoxicity prompted us to study the usefulness of 
our novel mixed cell culture system in cytotoxicity 
tests, using CPA as the nodel compound. The results 
of this study are presented in this paper. 


MATERIALS AND METHODS 


Male Wistar/albino rats (60-80g body weight), 
bred in the University Animal House and allowed 
free access to standard laboratory diet and water, 
were used throughout this study. Tissue culture 
medium, serum and reagents were obtained from 
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Gibco-Biocult, Scotland, CPA was purchased from 
Koch-Light Laboratories, Colnbrook, 4-(p-nitro- 
benzyl)-pyridine (4-NBP) was obtained from Aldrich 
Chemical Co., Gillingham, and pronase (Type CB) 
was supplied by Calbiochem, Hereford. 2-diethyl- 
aminoethyl-2,2-diphenylvalerate HCl (SKF 525-A) was 
a generous gift from Smith Kline and French, 
Welwyn Garden City, Herts, and phosphoramide 
mustard was a generous gift from Dr. P. J. Cox, 
Chester Beatty Research Institute, London. “Falcon” 
tissue culture plasticware was purchased from Scien- 
tific Supplies, London. 

Hepatocytes were isolated from rat liver by colla- 
genase/hyaluronidase digestion as described -pre- 
viously [16] using sterile techniques throughout and, 
after assessment of viability by the dye exclusion 
test [17] (routinely 77-88°%), diluted to 2 x 10° viable 
hepatocytes/ml of culture medium which comprised 
10°, (v/v) foetal calf serum, 10% (v/v) tryptose phos- 
phate broth in Leibovitz L-15 medium. One ml 
samples of this cell suspension were pipetted into 
10 ml conical flasks and incubated with various con- 
centrations of CPA at 37° in a shaking water bath 
(approx. 100 oscillations/minute). The CPA and 
SKF-525A were dissolved in saline at 10 times the 
desired final concentration and sterilized by mem- 
brane filtration prior to use. 

At the end of the incubation period the cell suspen- 
sion was diluted | in 10 in complete medium and 
| ml samples of this diluted cell suspension were in- 
troduced into plastic tissue culture grade tubes or 
flasks already containing 2 ml of medium and these 
were cultured at 37°. Medium was changed 24 hr after 
initiation of the culture and thereafter at every third 
day. After 6-8 days in culture, nuclei counts were per- 
formed using crystal violet in 0.1 M citric acid [18]. 

Rat liver fibroblasts essentially free of hepatocytes 
were obtained as follows. 2 x 10° viable cells freshly 
isolated from liver were introduced into 8 0z glass 
bottles and incubated until the fibroblasts formed a 
confluent monolayer. Cells were then stripped off the 
glass by means of pronase treatment and these iso- 
lated fibroblasts were incubated with CPA and sub- 
sequently cultured in Falcon flasks as described 
above. Light microscopy confirmed that hepatocytes 
constituted less than 1% of the total cell population 
both before and after subculturing. 

Production of total alkylating activity was assessed 
as follows. 2 x 10° freshly isolated viable hepatocytes 
in | ml medium were incubated with CPA (final conc. 
83 ug/ml) for | hr at 37°, in the absence or presence 
of SKF-525A (final conc. 107° M). Alkylating activity 
produced during this time was measured by reaction 
with 4-NBP essentially according to the method of 
Sladek [19]. 

Cultures at various stages of growth were fixed and 
stained with haematoxylin/eosin, and the stained 
preparations were photographed using an Olym- 
pus CK inverted microscope and a PM 6 camera sys- 
tem. 

Statistical analysis was carried out using a standard 
t-test. 

RESULTS 


Preliminary experiments confirmed that whilst the 
freshly-isolated cell suspension contained more than 
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Nuclei count(x 10° /flask ) 
% Hepatocytes in culture o 











Days in culture 
Fig. 1. Growth characteristics of rat liver cells in culture. 
Cells were inoculated at a level of 2 x 10° cells per 25 cm? 
flask, and nuclei counts and assessment of % hepatocytes 
performed at the times indicated. 


90°,, hepatocytes, this figure had dropped to less than 
1% by day 8 of culture as the fibroblasts overgrew 
the other cells (Fig. 1). Also, incubation of the cultures 
with colcemid (0.05 ug/ml for 2 hr) indicated that the 
hepatocytes in culture were not dividing (mitotic in- 
dex less than 0.1%). A growth curve (Fig.’1) demon- 
strated that very little increase in cell number 
occurred in the first 4 days of culture but that after 
this time a very rapid increase in cell number took 
place which started to plateau by the eighth day of 
culture due to the onset of confluency. This finding 
was confirmed by light microscopy (Fig. 2) in that 
the cells predominant after 24 hr in culture were hepa- 
tocytes (Fig. 2a); by 4 days in culture the fibroblasts 
started to grow up (Fig. 2b) such that by the eighth 
day the fibroblast monolayer was nearly confluent. 
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Fig. 2. Light microscopic appearance of rat liver cell cul- 
tures at (a) 1 day, (b) 4 day, and (c) 8 days in culture. 


When CPA at 91 g/ml was incubated with freshly- 
isolated liver cells for varying periods of time and 
the cells were then cultured, there was a decrease in 
the number of cells present after 6 days of culture 
(Fig. 3). The extent of this change increased in a linear 
manner with increasing incubation times and was not 
observed when CPA was omitted from the incuba- 
tion. A very slight (approx. 10°) decrease in cell 
number was observed after | hr incubation of rat liver 
cells without CPA (Fig. 3) and it is believed this small 
change is due to binding of some cells to the surface 
of the glass conical flasks used for the initial incuba- 
tion, thus making them unavailable for culturing. 


& 


Nuclei count(x!O® /flask ) 





Growth inhibition 


%o 





Incubation time, min 


Fig. 3. Effect of incubation time with CPA on the resulting 
cytotoxicity. (a) Cell suspensions were incubated with (0) 
and without (@) CPA at a final conc. of 91 ug/ml. The 
cells were then cultured and counted 6 days later. Each 
point is mean of 3 experiments with SEM as bar. (b) % 
Growth inhibition of fibroblasts as a function of incuba- 
tion time with CPA. Each point is mean of 3 experiments 
with range as bar. 


The effect of varying the CPA concentrations on 
inhibition of fibroblast growth in the presence and 
absence of hepatocytes was also studied, and the 
results are shown in Fig. 4. In the presence of hepato- 
cytes there was a sharp fall-off in the number of fibro- 
blasts recovered after 6 days in culture as the concen- 
tration of CPA increased such that at a concentration 
of 455 ug/ml only 4% of the cell number present in 
the control cultures was recovered. When the hepato- 
cytes were omitted from the incubation stage no toxi- 
city could be detected even at the highest concen- 
tration of CPA used. 


Nuclei count as % of control 








| | i J 
100 200 300 400 500 


Concentration of CPA (ug/ml) 





Fig. 4. Influence of CPA concentration on fibroblast 

growth in the presence (O) and absence (@) of hepatocytes. 

Cells were incubated for | hr, cultured and then counted 
when confluency was reached. 
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Table 1. Effect of SKF-525A on the cytotoxicity and alkylating equivalents produced when CPA is 
incubated with rat liver cells. 





° Growth inhibition 
in presence of CPAt 


Incubation conditions 


Production of alkylating 
equivalents* 





Control : 
+ SKF-525A (final conc. 107° M) 


45.3 + 5.6 (3) 
18.7 + 8.2t 


7.65 + 0.15 (4) 
4.50 + O.11t 





Values are mean + SEM. The number of determinations are in parentheses. 
* Expressed as nmoles phosphoramide mustard equivalent produced in | h/2 x 10° cells. CPA con- 


centration 83 pg/ml. 
+ CPA concentration 18 ug/ml. 


t Statistically different from controls at P < 0.01. 


The results from Figs. 3 and 4 are taken to indicate 
that CPA is nontoxic per se at the levels used in this 
study but is converted to extremely toxic entities 
when incubated in the presence of hepatocytes. This 
contention is substantiated by the findings that co- 
incubation of the freshly-isolated cells with CPA and 
SKF-525A, a known inhibitor of microsomal drug 
metabolism in intact hepatocytes [20], results in a 
reduction of cytotoxicity which is paralleled by a de- 
crease in the production of total alkylating activity 
by the cells (Table 1). Initial experiments confirmed 
that the level of SKF-525A used was not toxic to 
the cells as judged by growth inhibition. Interestingly, 
only 3% of the CPA is detectable as alkylating equiv- 
alents at the period of maximal cytotoxicity (i.e. 1 hr). 

From these results we have been able to construct 
a dose-response curve for the toxicity of activated 
CPA (Fig. 5), from which it has been possible to cal- 
culate an IDs, value (defined as that dose of CPA 
which inhibits cell growth by 50°) and this value 
has been compared with other literature values (Table 
2). 


DISCUSSION 

Previous studies from this laboratory have clearly 
demonstrated that rat hepatocytes isolated by colla- 
genase/hyaluronidase digestion retain a capability for 
metabolizing a wide range of xenobiotic chemicals 
similar to that found in the in vivo situation [13,20]. 
This conclusion has been further confirmed in this 
study in that CPA is of low toxicity when incubated 
with rat liver fibroblasts alone but that this toxicity 
is considerably enhanced when these fibroblasts are 
co-incubated with rat hepatocytes as the metabolizing 
component. The inhibition by SKF-525A both of the 
cytotoxicity of, and the production of total alkylating 
activity from, CPA strengthens the argument that 


Growth inhibition 


% 








log dose 





1Ds9 (20 yxg/ml) 

Fig. 5. Dose-response curve for CPA with hepatocy- 

tes + fibroblasts. Each point is the mean of 4-6 experi- 
ments with SEM as the bar. 


metabolism of CPA is required for its full cytotoxicity 
to be expressed. Attempts to increase the extent of 
growth inhibition of CPA by the addition of inhibi- 
tors of aldehyde dehydrogenase (i.e. disulfiram and 
N,N-bis(dichloroacetyl)-1,8-octane-diamine) proved 
unsuccessful due to the high toxicity of these com- 
pounds. It is interesting to note that at all concen- 
trations tested CPA was not toxic to the hepatocytes 
themselves as judged by dye exclusion (unpublished 
work). 

Previous work [8,11,15] has indicated that acti- 
vation of CPA by liver microsomes is required for 
its full cytotoxicity to be expressed. This present study 


Table 2. Comparison of IDs values obtained in this study with those reported in the literature. 





Control 


+ SKF-525A (final conc. 107° M) 


45.3 + 5.6(3) 
18.7 + 8.2t 


7.65 + 0.15 (4) 
4.50 + O.11t 





‘KB 

KB + mouse liver microsomes 

Ascites 

Ascites + rat liver microsomes 

Rat liver fibroblasts 

Rat liver fibroblasts + Rat hepatocytes 


Dolfini et al. [11] 


> 1000 
~ 56 (computed) 


6000 
10 


Phillips [8] 


> 500 
20 


This study 
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has extended this argument in that we have demon- 
strated: 

(a) That the activation occurs predominantly in 
hepatocytes and not to any appreciable extent in 
other cell types that may be present in liver homo- 
genates. Hepatocyte constitute only 60°, of the total 
cell number of rat liver [21]. 

(b) That microsomal metabolism is the major cellu- 
lar pathway for CPA activation. This is based on the 
fact that the 1D;) value for CPA in the presence of 
cells + microsomes (10 yg/ml®; see Table 2) is of the 
same order as that for CPA in the presence of fibro- 
blasts and hepatocytes (20 ug/ml; see Table 2), and 
that cytotoxicity can be inhibited by SKF-525A 
(Table 1). 

(c) The reactive metabolite(s) of CPA once formed 
in the hepatocytes can pass readily out from these 
cells. 

In conclusion, we consider that this study has 
demonstrated the feasibility of using mixed hepato- 
cyte-“tester cell” (i.e. fibroblasts) systems for assess- 
ing metabolism-mediated cytotoxicity and that this 
approach for the testing of liver-generated toxic 
metabolites which subsequently affect other cell types 
is probably of more predictive value (to the in vivo 
situation) than is the use of microsome-“tester cell” 
systems previously used. It is for this reason that the 
use of isolated viable hepatocytes may also be of 
value as the metabolizing component in the various 
microbial mutagenesis [22] and mammalian cell trans- 
formation [23] systems currently being employed as 
tests for chemical carcinogens. The method described 
in this paper is relatively simple to use as a routine 


test although it should be borne in mind that this 
method is probably satisfactory only for those situ- 
ations in which the reactive metabolite once formed 
in the hepatocyte is stable enough to be excreted from 
these cells and taken up by the “tester” cells. 
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Abstract—Histamine dihydrochloride increases ceruloplasmin-catalyzed reactions with p-phenylenedia- 
mine and o-dianisidine. This effect is entirely due to the influence of chloride ions; histamine itself 
does not alter ceruloplasmin activity. The effect of chloride and phosphate ions on ceruloplasmin 
activity is reported, and the significance of these findings relative to previous assays for amine oxidase 
is discussed. In addition, the histamine H,-receptor antagonists: burimamide and metiamide were found 
to cause disappearance of colour formed during o-dianisidine oxidation; this effect probably depends 


on the thiourea residue. 


o-Dianisidine (0-DA) and p-phenylenediamine (p-PD) 
are substrates for ceruloplasmin (Cp) [1,2,3] and Cp 
oxidising activity may be measured against these dia- 
mines [1,3]. Histamine dihydrochloride increases Cp 
activity [2,4]. The purpose of this paper is to show 
that this increase is due to the anion and not the 
base as previously thought [4]. It has been shown 
that Cp may interfere with determination of histami- 
nase by the o-DA test [2]. Accordingly, additional 
experiments were performed in phosphate buffer pH 
7.0 to evaluate the influence of this medium (com- 
monly used in amine oxidase determinations) on Cp- 
catalyzed reactions. The interference of two H,-recep- 
tor antagonists with the estimation of Cp has also 
been studied. 


MATERIALS AND METHODS 


Purified human ceruloplasmin (5% solution in 
0.15M NaCl) was purchased from WSS, Warsaw, 
Poland; p-phenylenediamine dihydrochloride-p-PD 
(Merck);  o-dianisidine = (3,3’-dimethoxybenzidine 
BDH); burimamide and metiamide (Smith, Kline and 
French Labs., England); histamine dihydrochloride 
and histamine diphosphate (Sigma); histamine base 
(Fluka). 

When Cp oxidase activity was measured against 
o-DA, the substrate concentration was 8.19 x 10~* M, 
in acetate buffer pH 5.5, total volume 2 ml. The reac- 
tion was stopped by addition of 2 ml 9.8 N HCI; this 
produced a colour change from brownish to pink 
(absorbance maximum at 535 nm [5]). In the reaction 
with p-PD as the Cp substrate (final concn 5 x 10° 
M in acetate buffer pH 5.5) the reaction was ended 
by addition of sodium azide. The coloured product 
was measured at 530 nm [3]. 


RESULTS 


Addition of histamine dihydrochloride to the reac- 
tion mixture enhances the oxidative activities of Cp 
against o-DA and p-PD. The effect is much more evi- 
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dent if the reaction is carried out in phosphate buffer 
at pH 7.0 than in acetate buffer at pH 5.5. 

This enhancing action was also seen when hista- 
mine dihydrochloride was replaced by an equivalent 
amount of sodium chloride (Fig. 1). Phosphate ions 
on the other hand depressed Cp activity when 
measured in acetate buffer (Fig. 2). High concen- 
trations of chloride ions (>10~7™M) also had a 
depressant action in this medium. 

Because of Bozhkov’s report of an effect of hista- 
mine on Cp activity [4], and our own previous results 
[2] it was necessary to estimate Cp in the presence 
of H,-receptor antagonists. In the presence of burima- 
mide and inetiamide o-DA oxidation by Cp was de- 
creased. The experiments reported in Fig. 3 show that 
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Fig. 1. Influence of histamine dihydrochloride and NaCl 
(expressed in final concentrations) on the o-DA (@ @) 
and p-PD (Oo ©) oxidations. General conditions of 
incubation: o-DA—8.19 x 10°*M and p-PD x 2 HCl 

5 x 10°*M in final concentrations. Two-ml mixtures in 
acetate and phosphate buffers contain 33 ug and 150 yng 
ceruloplasmin respectively. Each point represents mean 
value from four samples. Results for NaCl in place of hista- 

mine dihydrochloride in p-PD oxidations ( x ). 
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this effect was not due to a change of enzyme activity, 
but due to the instability of the chromophore formed 
during the reaction. Thus, addition of burimamide or 
metiamide to the acidified oxidation product of o-DA 
caused the slow disappearance of the colour. 

Thiourea, but not imidazole, also caused the colour 
to fade and as this group is common to the side chain 
of both H,-antagonists it is implicated in the inter- 
ference produced by these antagonists. 


DISCUSSION 


Chloride ions in low concentrations increase Cp 
activity; higher concentrations inhibit [1, 6, 7]. Acti- 
vation is especially evident at neutral pH and in phos- 
phate buffer (Fig. 1). Phosphate anions themselves 
inhibit the oxidative activity of Cp [6] and (Fig. 2). 

This fact may explain why histamine diphosphate 
inhibits Cp activity in acetate buffer. Addition of 
chloride ions (in form of histamine dihydrochloride) 
to enzyme inhibited by phosphate ions, reversed this 
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inhibition. A similar effect of chloride ions on azide- 
inhibited Cp was described by Curzon [7]. Our data 
(Figs. 1 and 2) suggest that the influence of histamine 
on Cp activity is mainly related to the effects of par- 
ticular anions but not to histamine itself. Histamine 
is neither a substrate for Cp [2] nor a regulator of 
its activity. We presume that our results also have 
a methodological significance. Several methods have 
been described [5,8,9,10] in which o-DA was used 
to assay activity of several amine oxidases (including 
histaminase), not only in tissues but also in plasma; 
Cp is a normal constituent of plasma. Thus while 
a blank contains only plasma (amine oxidase and Cp 
together), o-DA and peroxidase, in the sample proper 
histamine (or any other amine) is added, usually as 
the hydrochloride. The chloride ions increase 0-DA 
oxidation by Cp relative to the blanks. The elevated 
o-DA oxidation might be mistaken for amine oxidase 
activity and treated as oxidative deamination of hista- 
mine (or other amines). 

Hampton et al. [11] reported the existence of 
histaminase activity of Cp. Their results may be 
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explained by such a Cp-catalyzed reaction of o-DA 
which is more rapid in the presence of chloride ions 
(histamine dihydrochloride) especially in phosphate 
buffer and at pH 7.0. 

Our data also show that false Cp activity values 
might be obtained using o-DA if burimamide, meti- 
amide or thiourea are present in the incubation mix- 
ture (or in plasma). Amine oxidases determinations 
(MAO or DAO) are also subject to the same inter- 
ference for the final product of o-DA oxidation is the 
same. Thus their estimation by an o-DA test may 
give the unreliable results in the presence of thiourea 
compounds e.g. those used in the treatment of thyroid 
diseases. 
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Abstract—Cycloheximide administered to rats in non-toxic doses immediately after pyloric ligation 
results in a lower incidence of experimental gastric ulcers. The effect is paralleled by an impaired 
secretion of hydrochloric acid (more than 90 per cent inhibition). Simultaneously the activity of pepsin 
in gastric juice and in homogenates of gastric mucosa was reduced by 60 per cent and mucoproteins 
were lowered by 30 per cent. The basal and pentagastrin-stimulated secretion were inhibited by cyclo- 


heximide to the same extent. 


Cycloheximide was used by Young and Dowling [1] 
to produce defervescence in patients with Hodgkins’ 
disease. Low toxicity of the drug facilitated its suc- 
cessful clinical use. Nausea and vomiting were, how- 
ever, side effects and their severity and duration were 
dosage related. Cycloheximide inhibits protein syn- 
thesis [2] and affects the synthesis of RNA in various 
systems [3, 4]. An increased uptake of orotic acid into 
liver RNA in rats pretreated with the drug was 
observed recently[5]. Since 5-azacytidine-mediated 
decrease of gastric secretion [6] resulting in digestion 
disturbances [7,8] was found to be connected with 
the enhanced incorporation of orotic acid into liver 
RNA we followed in this study the effect of cyclohexi- 
mide on gastric secretion. 


MATERIALS AND METHODS 


Chemicals. Cycloheximide was obtained from Cal- 
biochem, hemoglobin was product of Difco, galactose, 
mannose and pentagastrin were obtained from 
Merck. 

Animals. Groups of 8-16 male rats (270-300 g) kept 
under standard conditions were fasted 22 hr before 
starting the experiments. Pyloric ligation [9] was per- 
formed at 2 p.m., the animals received cycloheximide 
and were killed 22 hr later. In the case of stimulated 
secretion ligation was performed at 8 a.m., pentagas- 
trin was administered subcutaneously immediately 
after the operation and then four times at 20 min 
intervals. The animals were killed 40 miu after the 
last dose of the drug. Cycloheximide was adminis- 
tered 30 min before pyloric ligation. 

Analysis of gastric juice. Gastric juice was diluted 
twenty times. The content of hydrochloric acid was 
assayed by titration with NaOH, 0.1 M and expressed 
in milli equivalents of H* + S.E. Proteolytic activity 
was measured with 2.5°% hemoglobin at pH 1.6 and 
expressed [10] as milliequivalents of released tyrosine 
+ S.E. Total mucoproteins were assayed by the orcin 
method [11] and expressed as mg of hexoses + S.E. 
All the results are expressed for the totality of the 
excreted gastric juice. The classification system 


applied for the evaluation of the number and size 
of experimental gastric ulcers was the same as already 
described [6]. The data were analyzed for statistical 
significance by the Student’s ¢ test. 


RESULTS AND DISCUSSION 


The changes in gastric secretion in rats receiving 
increasing amounts of cycloheximide in a single dose 
immediately after pyloric ligation are expressed in 
Figs | and 2. The secretion of gastric juice was signifi- 
cantly lowered after the administration of the drug 
at the dose of 1.0 to 2.5 mg per kg body wt. Similar 
depression was observed measuring gastric acidity 
and proteolytic activity. A significant decrease of total 
hexoses was found only after the highest dose of 
cycioheximide. The most pronounced changes were 
observed in the number and size of experimental 
gastric ulcers (Fig. 2). Their decrease was observed 
already after the administration 0.2mg of cyclo- 
heximide per kg body wt. Also total hexoses and, 
especially, the amount of pepsinogen in gastric 
mucosa were lowered in the treated animals. 

Cycloheximide inhibits basal as well as stimulated 
gastric secretion. However, following pentagastrin ad- 
ministration only the output of hydrochloric acid was 
significantly stimulated. There were no differences in 
the secretion following 50 or 100 yg of pentagastrin 
administered per kg body wt (Table 1). Cycloheximide 
(0.25-2.5 mg per kg) injected 30 min before pentagas- 
trin decreased markedly the vol. of gastric juice and 
the output of hydrochloric acid. The secretion of pep- 
sin was significantly lowered only using higher doses 
of the drug. The changes in hexose levels were not 
significant (Table 2). 

Following the administration of cycloheximide 
both the depression and the stimulation of various 
metabolic processes were observed in different bio- 
logical systems. Sundler et al. [12] have demonstrated 
that the addition of cycloheximide to isolated hepato- 
cytes leads to inhibition of lipoprotein secretion. The 
drug blocks the development of experimental acute 
pancreatitis in rats by a process associated with the 
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Fig. 1. Decreased activity of proteolytic enzymes and lower level of mucoproteins in gastric juice 
and the stomach of rats following cycloheximide treatment (mg/kg). Groups of 10-16 male rats received 
the drug immediately after pyloric ligation 22 hr before killing. 





—— 
an 


T 


Gastric secretion,ml+ S.E.(0) 


10) 
~ 
n 
+! 
uw 
= 
& 
& 


(@)°3°S FAINDaW‘AyIpIOV 


g 


| 
05 1-0 
Cycloheximide , mg /kg 














Fig. 2. Lower gastric secretion and acid output associated 

with the decreased incidence of experimental gastric ulcers 

in rats treated with cycloheximide. Groups of 12 maie rats 

received the drug (mg/kg) immediately after pyloric liga- 

tion 22 hr before killing. Gastric ulcers are expressed [6] 
as the number of points + S.E.M. 


lowering of lipase and amylase activities in abdominal 
fluid [13]. On the contrary, cycloheximide causes an 
increase of sucrase and maltase activities in the 
jejunum of suckling rats[14]. Also hepatic uridine 
kinase [5] and renal ornithine decarboxylase [15] are 
known to be elevated in cycloheximide-treated ani- 
mals 

A single injection of cycloheximide given to animals 
with ligated pylorus causes the depression of gastric 
secretion and prevents the development of gastric 
lesions (Figs | and 2). While there was only a slight 
effect of the drug on mucoproteins, proteolytic ac- 
tivity and secretion of hydrochloric acid were mark- 
edly affected. The almost complete block of hydro- 
chloric acid secretion caused by a single dose of cyclo- 
heximide represents a way of depressing gastric aci- 
dity for a relatively long period of time. 

The development of gastric ulcers in animals with 
ligated pylorus depends on the metabolic and neuro- 
vegetative changes. The inhibition by cycloheximide 
of pentagastrin-stimulated gastric secretion (Table 2) 
indicates the possible role of cyclic 3’, 5'-AMP in this 
process[16]. The lowering of carbonic anhydrase 


Table 1. Gastric secretion in rats stimulated by pentagastrin* 





Expressed 


Measured in Controls 


Pentagastrin-stimulated 





50 pg/kg (%) 100 pg/kg (%) 





ml 
mequiv. H* 
mg 


Secretion 
Acid output 
Total hexoses 
Proteolytic 


activity mequiv. Tyr 


3.23 + 0.52 
0.116 + 0.063T 
2.30 + 0.39 


2.82 + 0.56 


4.00 + 0.50 
0.241 + 0.0407 
2.54 + 0.35 


124 
208 
110 


4.10 + 0.33 
0.206 + 0.020 
2.08 + 0.42 


127 
178 
91 
3.51 + 0.55 124 


sor s+GIs t357 





* Pentagastrin or saline were administered s.c. to groups of 10 male rats immediately after pyloric 
ligation and then 4 times at 20 min intervals. The animals were killed 40 min later. 


+P < 0.01. 





Inhibitory effect of cycloheximide on gastric secretion in rats 


Table 2. Inhibitory effect of cycloheximide on gastric secretion in rats stimulated by pentagastrin* 





+Cycloheximide 





Expressed 
Measured in 


Pentagastrin 
alone 


0.25 mg/kg = (%) 


1.0 mg/kg (%) 2.5 mg/kg (%) 





4.00 + 0.50+ 
0.24 + 0.04+ 
2.54 + 0.35t 


Secretion ml 
Acid output mequiv. H* 
Total hexoses mg 
Proteolytic 
activity 


mequiv. Tyr 3.51 + 0.55t 


2.00 + 0.28¢ 50.0 
0.048 + 0.010F 20.0 
2.174051 85.4 


2.88 +048 82.1 


2.40+0.60 600 138+0.20t 345 
0.048 + 0.0227 20.0 0.008 + 0.004F 3.3 
156+034 614 1414016 55.5 


140+ 0.34 39.9 1.22+4+0.14¢ 348 





* Cycloheximide was administered i.p. to groups of 10 male rats 30 min before pyloric ligation. Pentagastrin (50 pg/kg) 
was injected s.c. immediately after operation and then four times at 20 min intervals. The animals were killed 40 


min later. 
+P < 0.005. {P < 0.01. 


activated following pentagastrin administration by 
3’,5'-AMP dependent protein kinase was observed 
recently in animals treated with cycloheximide [17]. 
5-Azacytidine blocks the evacuation of the stomach 
and causes a similar depression of gastric secretion 
and the lower incidence of experimental gastric 
ulcers [6] as cycloheximide. However, while the pyri- 
midine analogue is rather toxic [18] cycloheximide is 
non-toxic at low doses. Experiments are in progress 
to show the possible use of cycloheximide as an 
ant ulcer agent. 
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SHORT COMMUNICATIONS 


Effect of piperidines and fire ant venom on ATPase activities from 
brain homogenate fractions and characterization of Na*-K* ATPase inhibition* 


(Received 17 July 1976; accepted 20 October 1976) 


We reported the presence of an ATPase inhibitor(s) in the 
abdomen of the fire ant, Solenopsis richteri (Forel), and 
demonstrated that pure samples of C,5- and C,5.,-2,6- 
methyl piperidine derivatives produced similar inhibitory 
effects [1-3]. During our initial studies, we believed that 
the piperidine derivatives of fire ant venom were not the 
inhibitory components [1, 2]. An investigation of the effects 
of pure piperidine (at 1.0mM in the reaction mixture) on 
a fire ant head (FAH) homogenate showed little or no 
inhibition of the ATPase activities. Also, the fact that the 
inhibitor sedimented with the 13,000 g fraction of a 0.32 M 
sucrose homogenate of fire ant abdomens led to our initial 
false conclusion. However, further study of a pure venom 
collected by the method of Blum et al.[4] and of syntheti- 
cally prepared samples of C,,; and C,5., piperidine deriva- 
tivest (samples were gifts from Dr. Murray S. Blum, Uni- 
versity of Georgia) showed that our initial findings were 
indeed due to the piperidine derivatives [3]. 

Our initial false conclusion, however, did lead us to a 
further investigation of piperidine, piperidine derivatives 
and the fire ant venom to determine the importance of 
the hydrocarbon side chain in ATPase inhibition. Brain 
homogenates were prepared from chickens, catfish and fire 
ants (the latter was a whole head homogenate) according 
to the procedure reported earlier[3]. A cyclohexane 
extract of crushed whole fire ants, used at a concentration 
shown to give essentially the same inhibition of ATPase 
activities as 3 x 10~° M synthetic derivatives [3], was used 
as the source of fire ant venom inhibitor. 

In earlier studies, piperidine inhibition was investigated 
at a maximum concentration of 1.0mM. From Table 2 
it is evident that even at 20 mM, piperidine had little effect 
on FAH ATPase activities. Substantial inhibition required 
the addition of 40 mM piperidine. A comparison of a FAH 
preparation with chicken and catfish brain preparations 
using piperidine and N-methyl piperidine (see Table 2) 
showed that, in general, the FAH ATPase activities were 
least sensitive to the inhibitors. This was also true for pro- 
pyl piperidine when comparing FAH with catfish prep- 
aration (Table 1). The reverse was true for the whole fire 
ant (WFA) cyclohexane extract preparation (Table 1). 

In general, there was very little inhibition of ATPase 
activities from the three types of brain tissue at the lower 
concentrations of piperidine and N-methyl piperidine 
(Table 2). Some differences in inhibition occurred at the 
higher concentration as mentioned above, but they were 
not consistent enough to indicate that methylation of the 
ring nitrogen had strong adverse or enhancing effects on 
ATPase inhibition by piperidine. However, it is obvious 
from Tables I and 2 that the addition of even, a short 
hydrocarbon chain to a ring carbon of piperidine had a 
profound effect on the inhibition of the ATPase activities. 





* Paper No. 3371, Mississippi Agricultural Experiment 
Station, Mississippi State, MS 39762. 

+ C,5 = cis-2-methyl-6-n-pentadecylpiperidine; C,5.,; = 
cis-2-methyl-6-(cis-6'-n'pentadecenyl) piperidine. 

t The rat brain preparation was selected for these studies 
because it was readily available and its Na*-K* ATPase 
well characterized. 


The extension of the non-polar hydrocarbon chain, as is 
found in the fire ant venom [5], produced an even greater 
enhancement of ATPase inhibition by piperidine (Table 
2). The sensitivity of the ATPase activities from the FAH 
fraction was greater than 1,000- and 10,000-fold more sen- 
sitive to WFA extract and C,, piperidine derivatives 
(Table 1 and Ref. 3) than to propyl piperidine (Table 1) 
and piperidine and N-methyl piperidine (Table 2) respect- 
ively. 

It has been reported that interference with nerve func- 
tion caused by fire ant venom may be due to one of the 
hydrocarbon derivatives present therein [8]. To further un- 
derstand the inhibitory action of the venom, studies were 
conducted on the Na*-K* ATPase in isolated plasma 
membranes from rat brain.{ Preparation, properties and 
characterization of the rat brain preparation have been 
described [9-11]. The synthetically prepared venom com- 
ponents, C,; and C,.., piperidine derivatives (from M. S. 
Blum), were used to further define the sites of action of 
fire ant venom on some of the various partial reactions 
of the Na*-K* ATPase. These studies included the overall 
Na*-K* ATPase activity, the Na*-dependent phospho- 
enzyme formation, the Na*-dependent ADP-ATP ex- 
change, and the K*-dependent p-nitrophenyl phosphatase 
activity. 

Tris salts of the substrates ATP and p-nitrophenyl phos- 
phate were prepared by chromatography on a 2.5 cm x 30 
cm column containing the Tris form of AG-50 x 8 Dowex 
resin. Sucrose and Tris were of an ultrapure grade obtained 
from Schwartz-Mann, New York. [)-??P]ATP was pre- 
pared and purified as described previously [12, 13]. EDTA 
was dissolved in Tris base and chromatographed on the 
Dowex AG-50 x 8 (Tris form) column. NaCl, KCl and 
MgCl, were spectroscopically pure. All stock solutions 
were stored frozen. 

Preparation and measurement of Na*-dependent 
[(°?P]phosphoenzyme have been described in detail [11]. 
The Na*-dependent ADP-ATP exchange reaction was 
measured as described earlier [14]. The Na*, K *-ATPase 
activity and K *-dependent p-nitrophenyl phosphatase ac- 
tivity were assayed according to Ahmed et al. [9]. In all 
of these assays, the reaction medium was prepared to 
accommodate the final concentrations of 5 uM piperidine 
compounds and 0.5% ethanol. These agents were added 
to the reaction medium prior to the enzyme and substrate, 
and immediately the tubes were vortexed vigorously. Suit- 
able controls containing the same amount of ethanol were 
included throughout. Protein was estimated by the method 
of Lowry et al. [15]. 

The effects of 5 uM piperidine derivatives on the reac- 
tions of the Na*, K*-ATPase are shown in Table 3. The 
C,; derivative inhibited the ATPase reaction by about 13 
per cent and only slightly stimulated the ADP-ATP 
exchange (7 per cent). The C,5.,; derivative inhibited the 
ATPase reaction by 34 per cent and stimulated the 
exchange by 62 per cent. There was no significant effect 
of either agent on the other two partial reactions, i.e. the 
Na*-dependent phosphoenzyme formation and the K*- 
dependent p-nitrophenyl phosphatase activity. 

The mechanism of operation of the Na*, K*-ATPase 
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Table 1. Effect of propyl piperidine and whole fire ant extract on brain ATPase activities* 





ATPaset (per cent inhibition) 


Oligomycin- 
insensitive Mg 


Oligomycin- 


sensitive Mg?* 2+ 


Inhibitor and tissue source 





Propyl piperidine (5 yl)t 
Fire ant head z= 9.4 
Catfish 62.9 

Whole fire ant extract (2 pls 
Fire ant head 
Catfish 
Chicken 


ta? 
30.8 


40.0 
47.6 
36.0 


74.0 
88.8 
55.5 





* ATPase activity was measured essentially according to the method of Pullman et al. [6] and 
Fritz and Hamrick [7]. A 1-ml reaction mixture contained: 4.3mM ATP, 5mM Mg?*, 100mM 
Na*, 20mM K”~, 135mM imidazole—Cl buffer (pH 7.5), 0.2mM NADH, 0.5mM phosphoenol 
pyruvate, 0.02°, bovine serum albumin, approximately 9 units pyruvate kinase and 12 units lactic 
acid dehydrogenase. Fifty-yl aliquots of the tissue preparations were used with a protein content 
of 20-30 yg. Absorbance changes in the reaction mixture were measured at 340 nm using a Gilford 
2400 recording spectrophotometer with temperature controlled at 37°. The change in absorbance 
at 340 nm over a period of 10 min was used in calculating the specific activity. Enzyme activities 
were expressed as umoles P, mg™' protein hr~'. 

+The data obtained were based on, for the most part, triplicate determinations. The variation 
in the replicate values was less than 10 per cent of the average. 

t Coniine: HBr (2-propyl piperidine: HBr) in 0.2 ml H,O was adjusted to pH 10.0 with NaOH 
and then extracted with cyclohexane. The volume of the cyclohexane extract was adjusted to 0.2 ml. 
Assuming 100 per cent recovery of coniine, a 5-yl aliquot would yield 1.7mM in the reaction 
mixture. 

§ WEA cyclohexane extract (2 ul) was shown to inhibit FAH ATPase activities to the same level 
as 3 x 10°°M C,;., and C,.« piperidine derivatives (see Ref. 3). 


is believed to involve a series of sequential steps as illus- 
trated previously [11]. Several of these steps may be kineti- 
cally isolated and observed separately as in the present 
studies. In the presence of free enzyme, Na*, ATP and 
Mg?*. an E,-phosphoenzyme complex is formed which is 
sensitive to breakdown by ADP but not K*. This complex 
undergoes a change in the enzyme conformation to form 


an E,-phosphoenzyme complex which is sensitive to hy- 
drolysis by K* but not ADP [16]. 

In order for an agent to fail to inhibit either the first 
step, represented by Na*-dependent phosphoenzyme for- 
mation and the ADP-ATP exchange, or the terminal step, 
represented by the K *-dependent p-nitrophenyl phospha- 
tase reaction [17, 18], but still inhibit the ATPase reaction, 


Table 2. Effect of piperidine and N-methyl piperidine on brain ATPase activities 





Inhibitor and tissue source 


Na*-K* 


ATPase* (per cent inhibition) 


Oligomycin- 


Oligomycin- 
insensitive Mg** 


sensitive Mg?* 





Pure piperidinet (20 mM) 
Fire ant head 
Chicken brain 
Catfish brain 
Pure piperidinet (40 mM) 
Fire ant head 
Chicken brain 
Catfish brain 
N-methyl piperidine+ (20.5 mM) 
Fire ant head 
Chicken brain 
Catfish brain 
N-methyl piperidinet (41 mM) 
Fire ant head 
Chicken brain 
Catfish brain 
Specific activities} 
Fire ant head 
Chicken brain 
Catfish brain 





*The data obtained were based on, for the most part, triplicate determinations. The variation 
in the replicate values was less than 10 per cent on the average. 

+ Piperidine and N-methyl piperidine solutions were prepared by appropriate dilutions with 
deionized water to require 5 yl additions to obtain indicated concentrations. 

t For reaction conditions and specific activity units see Table 1. 
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Table 3. Effect of aliphatic piperidines on reactions of the Na*, K*-ATPase of rat brain* 





Na‘, K*-ATPase 


Experimental (uM P;/mg/hr) 


K * -p-NPPase 
(uM pNPP/mg/hr) 


ADP-ATP exchange 
Phosphoenzyme cpm ATP x 100 
(pmoles *7P/mg) cpm ADP 





Control 
Cis piperidine 
Ci5.; piperidine 


14.26 
14.15 
14.79 


3.57 
3.82 
5.79 


93.49 
98.03 
98.29 





* Each activity was assayed as described in the text. The piperidine compounds were present in a final concentration 
of 5 uM. The values are the mean of two experiments, with less than 5 per cent variation in the replicates. 


it must of necessity act at an intermediate step which may 
include a conformational change of the enzyme. Similar 
effects on the partial reactions of the Na*, K*-ATPase 
have been observed for oligomycin and related types of 
antibiotics [19, 20]. Therefore, it appears that the aliphatic 
derivatives of piperidine may be oligomycin-type inhibitors 
of the Na*, K*-ATPase. This similarity of action may 
not be related to common structural features but perhaps 
to their solubility in the membrane lipids. It is interesting 
that the degree of inhibition by aliphatic piperidines [3] 
and fatty acids [21] is related to the length of the hydro- 
carbon chain. In conclusion, the aliphatic derivatives of 
piperidine represent a new class of toxins of the Na*, K*- 
ATPase that appear to interfere with a conformational 
transition of the enzyme from an E, state to an E,j state. 
Thus, this cation transport enzyme is a likely candidate 
as one locus of action of these toxins in vivo. 

However, the fire ant venom has a broader action on 
the ATPase system in that unlike oligomycin it also has 
an uncoupling action on oxidative phosphorylation [22]. 
It also has an unusual effect on oligomycin-insensitive 
Mg?* ATPase activity. At low concentrations, fire ant 
venom and the C,;., piperidine derivative were equally 
inhibitory to the three types of ATPase activity (see Table 
4 of Ref. 3). But at higher concentrations of the above 
components, where Na*-K* ATPase and mitochondrial 
Mg?* ATPase were completely inhibited, the oligomycin- 
insensitive Mg** ATPase activity showed strong stimu- 
lation (> 200 per cent [3]). 

It seems clear that the length of the C,-hydrocarbon 
side chain of piperidine plays an important role in enhanc- 
ing piperidine inhibiton of the ATPase activities. Because 
of the lipoprotein nature of the ATPase, we propose that 
the nonpolar hydrocarbon side chain assists the more 
polar piperidine moiety in obtaining access to an inhibi- 
tory site on the enzyme complex. Additional work is in 
progress to isolate and purify the cis C,3., and C,, piperi- 
dine derivatives from WFA extracts. The latter two com- 
pounds are the more prevalent piperidine derivatives in 
the black fire ant, S. richteri, venom [5]. This will enable 
a direct comparison to be made of more closely related 
C, derivatives. 
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Rapid changes and half life of dopamine-f-hydroxylase; effect of glucagon 


(Received 8 September 1976; accepted 28 October 1976) 


Serum dopamine-f-hydroxylase (EC 1.14.2.1) (DBH) ac- 
tivity has been measured by many workers to detect 
change in the activities of the sympathoadrenal system. 
A number of reports were recently summarized in the con- 
siderate commentaries by Laduron [1] and Schanberg and 
Kirshner [2]. These measurements were based on the fact 
that this enzyme is specifically localized in granules or vesi- 
cles containing catecholamines and is secreted with cat- 
echolamines by the mechanism of exocytosis from adreno- 
medullary cells and sympathetic nerve endings [3-7]. In 
theory it should be possible to measure the level of circu- 
lating catecholamines, but this is very difficult since they 
are metabolized very rapidly and also taken up to various 
tissues. Therefore the level of serum DBH was measured 
instead. 

The serum DBH activity has been measured in many 
pathological states, such as familial dysautonomia, Parkin- 
sonism, Down’s syndrome and hypertension and in 
patients with catecholamine-secreting tumors and results 
have been compared with those in normal individuals [8]. 
It has also been reported that the serum DBH level 
changes rather fast after a load of physical work [9-11]. 

In a clinical survey of the serum DBH level in a patient 
with the Shy-Drager syndrome, we observed a rapid 
change of its activity. Accordingly we re-examined the fate 
of serum DBH in experimental animals and found that 
the half life of injected DBH was less than 30 min, due 
to very rapid degradation of DBH. 

Measurement of serum DBH activity. Serum DBH ac- 
tivity was measured by the formation of octopamine from 
tyramine following to the original method of Pisano et 
al. [12]. The incubation mixture consisted of 10 mM tyra- 
mine, 10mM _ ascorbate, 10 mM fumarate, 50mM acetate 
buffer (pH 5.0), 0.1mM_ p-chloromercuribenzoate and 
0.5 ml of serum in a final vol. of 5.0 ml. Incubation was 
carried out at 37° for 30 min and the reaction was stopped 
by adding 1.5 ml of 2N perchloric acid. As blanks, the 
sera were incubated under the same conditions except that 
the tyramine was added after perchloric acid. 

Preparation of DBH from bovine adrenal medulla. DBH 
was prepared from chromaffin granules isolated by the mil- 
lipore filter, as described previously [13]. The isolated 
granules were lysed in distilled water and the lysate was 
centrifuged at 105,000 g, for 1 hr. Under these conditions, 
about 50 per cent of the DBH was recovered in the super- 
natant, the rest being bound to the stroma of the granules. 
Then the supernatant was adjusted to 35 per cent satu- 
ration of ammonium sulfate. In this way about 80 per cent 
of the DBH activity in the supernatant was precipitated. 
The precipitated material was dissolved in Ringer’s solu- 
tion and the ammonium sulfate was removed by passage 
through a Sephadex G-25 column. The DBH preparation 
obtained was injected into rats to measure the half life 
of DBH. 

Determination of the half-life of injected DBH. Samples 
of the DBH preparation from bovine adrenal medulla 
(with activity to form 80 nmoles of octopamine/mg protein 
min) were injected into the tailvein of Wistar strain rats. 
The animals were killed at intervals for 60 min after the 
injection by bleeding and the blood was collected in flasks, 
to which had been added 2 ml of Ringer’s solution contain- 
ing 500 units of heparin. The serum was separated by cen- 
trifugation and the DBH activity was measured as de- 
scribed above. In some experiments, purified m-GOT from 


pig heart was injected with the DBH preparation to com- 
pare the half-lives of the two enzymes. The activity of 
m-GOT was estimated by the method of Karmen [14]. 

Results and discussions. In a patient with the Shy-Drager 
syndrome showed typical orthostatic hypotension (blood 
pressure: 140/90 mmHg supine and 70/48 mmHg standing), 
the serum DBH level increased very rapidly when the 
patient tilted from the horizontal to the upright position 
and then decreased very rapidly within 20 min to a steady 
level (Fig. 1.A). Normal volunteers did not show such an 
increase in the DBH level when they stood up. 

The elevation of serum DBH level in the patient with 
the Shy-Drager syndrome by standing up may be due to 
increased activity of the sympathoadrenal system as a com- 
pensatory reaction to the rapid onset of hypotension. 
Assuming that catecholamines were liberated into circula- 
tion with DBH the inadequate response of x-receptor to 
catecholamines seems to underlie in this case. 

When glucagon (1 mg, i.v.) was administered to normal 
volunteers, the serum DBH level showed a prompt increase 
and it returned to the initial level 60 min later (Fig. 1.B). 
Such an increase of serum DBH level by glucagon was 
not reported previously. Their serum lactate dehydrogen- 
ase level did not show any change after injecting glucagon. 

Another interesting problem is the mechanism of rapid 
recovery of serum DBH to a steady level. It seems most 
unlikely that, like catecholamine, DBH was taken up again 
at the sites from which it was secreted, because its mol. 
wt is known to be more than 2 x 10°. There seems to 
be two possible mechanisms for the rapid decrease in 
DBH. The first is the presence of sulfhydryl compounds 
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Fig. 1. Changes of serum DBH level in a case of Shy- 
Drager syndrome upon assuming the upright position and 
in a normal volunteer after injection of glucagon. 

A: The patient stood up at zero time, indicated by the 
arrow (@ @). 100°%: 9 umoles/I/min (i.u.). 

B: The normal volunteer was injected i.v. with 1.0 mg 
of glucagon at zero time (@ ®). 100%: 26 umoles/I/min 
(i.u.). 

At the times indicated, blood samples were taken from 

the antecubital vein. 
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Fig. 2. Decreases of DBH and m-GOT injected into rats. 
DBH from bovine adrenals and m-GOT from pig heart 
were injected into rats together i.v., and their changes in 
activity in the serum were followed with time. Values are 
the mean averages and standard deviations (expressed by 
vertical bars) from five experiments. The one hundred per- 
cent means the enzyme level after 10min of injection. 
100%: DBH (400 umoles/I/min i.u.) (@——@) m-GOT (3000 
iu.) (i——@). 





in the blood, which are known to mask DBH activity. 
However, from experiments using p-chloromercuribenzoate 
to block SH-groups in the serum during estimation of 
DBH activity, this mechanism seems unlikely. Moreover 
when the DBH preparation from bovine adrenal medulla 


was incubated with fresh whole blood from humans or 
rats, it did not show any decrease in activity (data not 
shown). These findings clearly indicate that the change of 
serum SH-compounds level is not involved in the rapid 
decrease of serum DBH level in these experiments. 

The second possibility is the existence of a specific 
mechanism to inactivate or destroy the DBH secreted into 
the circulating system. As shown in Fig. 2, after injection 
of bovine adrenal DBH and pig m-GOT into rats, the ac- 
tivity of DBH decreased quite rapidly, whereas the activity 
of m-GOT decreased very slowly. The half-life of injected 
DBH was calculated to be less than 20 min, which is in 
good accordance with the rate of the changes in the serum 
DBH level shown in Fig. 1. These results suggest that DBH 
in the serum is inactivated very rapidly and that the 
mechanism of its inactivation is relatively specific, because 
m-GOT was inactivated much slower. 

The steady level of serum DBH must represent the 
balance between the rate of its secretion from the sympatho- 
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adrenal system and the rate of its degradation. However, 
the serum DBH level changes very rapidly, so it is rather 
questionable how nearly the steady level of serum DBH 
reflects changes of sympathoadrenal activity. 

Based on these results we consider that statistical com- 
parisons of the steady state levels of DBH in pathological 
and normal states do not provide exact representations 
of the levels of sympathoadrenal function. Thus we would 
like to propose that serum DBH should be determined 
by monitoring rapid changes in individual subjects after 
various stimuli. The estimation of the rate of rise and decay 
of serum DBH level after various stimuli might be valid 
to detect the function of sympathoadrenal system and its 
regulation. 


Acknowledgement—We thank Dr. H. Kagamiyama for his 
kindly gift of purified pig heart m-GOT. 


AKIHIKO WADA 
TAKESHI MIYASHITA 
FUTOSHI IZUMI* 
TAKESHI KASHIMOTO* 


Second Department of 
Internal Medicine and 
Department of Pharmacology,* 
Osaka University School of 
Medicine, 
33 Joancho, Kitaku, Osaka, 
Japan, Pc530 
Department of Pharmacology,t Mortoo OKAt 
Tokushima University, 
School of Medicine 


REFERENCES 


1. P. Laduron, Biochem. Pharmac. 24, 557 (1975). 
2. S. M. Schanberg and N. Kirshner, Biochem. Pharmac. 
25, 617 (1976). 
3. P. Banks and K. Helle, Biochem. J. 97, 40 (1965). 
4. W. W. Douglas, Br. J. Pharmac. 34, 451 (1968). 
5. L. B. Geffen, B. G. Livett and R. A. Rush, J. Physiol. 
204, 58 (1969). 
. W. P. De Potter, A. F. De Schaepdryver, E. J. More- 
man and A. D. Smith, J. Physiol. 204, 102 (1969). 
. R. M. Weinshilboum and J. Axelrod, New Engl. J. 
Med. 285, 938 (1971). 
. L. S. Freedman, M. Roffman and M. Goldstein, in 
Frontiers in Catecholamine Research, p. 1109 (1973). 
. G. F. Wooten and P. V. Cardon, Archs Neurol. 28, 
103 (1973). 
. G. Planz and D. Palm, Eur. J. clin. Pharmac. 5, 255 
(1973). 
. Y. Hashimoto, Y. Kurobe and K. Hirata, Biochem. 
Pharmac. 23, 2185 (1974). 
. J. J. Pisano, C. R. Creveling and S. Udenfriend, Bio- 
chim. biophys. Acta 43, 566 (1960). 
. M. Oka, T. Ohuchi, H. Yoshida and R. Imaizumi, Life 
Sci. 5, 427 (1966). 
. A. Karmen, J. clin. Invest. 34, 131 (1955). 








988 


Short communications 


Biochemical Pharmacology, Vol. 26, pp. 988-991. Pergamon Press, 1977. Printed in Great Britain 


Binding of barbiturates to hepatic microsomes of the rat 


(Received 4 November ‘1975; accepted 19 July 1976) 


It has been recognized for more than a decade that certain 
drug substrates may bind to microsomes to a high enough 
degree that their free concentrations in the incubation 
medium may be lowered sufficiently to give misleading kin- 
etic constants for the reaction under observation [1], yet 
microsomal drug-binding studies have been few and they 
have been limited largely to drugs that are known to bind 
very strongly to plasma proteins, such as imipramine [1-4] 
and 2-diethylaminoethyl 2,2-diphenylvalerate HCl (SKF 
525-A) [1]. Recently, Bickel and Steele[4] published a 
comprehensive study which included Scatchard plots of the 
binding of chloropromazine, imipramine, methadone and 
phenylbutazone to rat hepatic microsomes. The current 
communication describes the binding of seven barbiturates 
to rat hepatic microsomes. Barbiturates were selected for 
this study because a great deal is known about their physi- 
cal properties and their biotransformation by hepatic 
microsomes. The series includes three barbiturates (pento- 
barbital, phenobarbital and barbital) which were studied 
by Soyka [5] for their abilities to bind to hepatic micro- 
somes of newborn and adult rats. 


MATERIALS AND METHODS 


Chemicals. Secobarbital and amobarbital were obtained 
from Eli Lilly & Co., pentobarbital and hexobarbital from 
K & K Laboratories, phenobarbital and barbital from 
Merck Chemical Co. and aprobarbital from Hoffmann 
LaRoche, Inc. All were sodium salts; fresh solutions 
(50mM) were prepared on the day of each experiment. 
All other chemicals were at least reagent grade. 

Preparation of microsomes. Washed hepatic microsomes 
were prepared from male, albino Holtzman rats 
(200-250 g) as described previously [6]. The microsomal 
pellet was suspended in phosphate buffer (0.2 M, pH 7.4) 
to a final concentration of 2 or 4 mg protein/ml. 

Microsomal water. Aliquots of microsomal suspensions 
containing from 2-20 mg of protein were centrifuged at 
100,000 g for 60 min and the supernatants were removed 
by decantation. The pellets were dried to constant weight 
in a vacuum desiccator at room temperature over sodium 
hydroxide pellets. The difference between the wet and dry 
weights was used as the measure of the water content of 
the pellets. This was determined to be 6.9 + 0.5 yl/mg of 
protein or 3.64+0.06yl/mg of dry microsomes 
(mean + S.E.; n = 5). This is in reasonable agreement 
with Nilsson et al. [7], who found 3.30 + 0.08 ul water/mg 
of dry microsomes. 

Binding of barbiturates to microsomes. Various amounts 
of barbiturate (500-5000 nmoles) were mixed with 5.0 ml 
of microsomal suspension (2 or 4mg protein/ml of phos- 
phate buffer, 0.2 M, pH 7.4) using a vortex mixer, and 
allowed to stand at room temperature for 20 min. The sus- 
pensions were centrifuged at 100,000 g for 60 min. The pel- 
lets were extracted with 2.0 ml of 70%, ethanol (v/v) using 
a vortex mixer. The extract was centrifuged at low speed, 
1.5 ml of this supernatant fraction was mixed with 2.0 ml 
of 0.1 N NaOH solution, and the mixture was scanned 
between 280 and 230nm against extracts prepared from 
microsomes which had not been exposed to barbiturates. 
Quantification was accomplished by peak height analysis 
with reference to 280 nm as the baseline. The accuracy of 
the method was assessed in each analysis by determining 


the barbiturate content of the 100,000 g supernatant frac- 
tion as well as that of the pellet. One ml of the 100,000 g 
supernatant fraction was mixed with 1.0 ml of 95% ethanol 
(v/v) and 2.0 ml of 0.1 N NaOH solution, and the barbitu- 
rate content of the mixture was determined as described 
for the microsomal pellet. Standard curves were established 
using both the 100,000 g supernatant fraction and the pellet 
to which known quantities of barbiturate had been added. 
Recoveries of added barbiturates from pellets and superna- 
tant fractions were determined to be 99 + 2 and 97+ 4 
per cent (mean + S. E.), respectively, when microsomal sus- 
pensions of 2 and 4 mg protein/ml were used. Binding data 
were corrected as follows for the amount of barbiturate 
contained in the pellet water with the assumption that the 
concentration of barbiturate in this water was the same 
as that in the medium: 


A = (B — C)/D, where 


A = nmoles barbiturate/mg of pellet protein; B = nmoles 
barbiturate in wet pellet, determined experimentally; 
C = nmoles barbiturate in pellet water calculated by mul- 
tiplying the nmoles barbiturate/ml of supernatant (deter- 
mined experimentally after equilibrium was established) by 
the volume (ml) of water in the pellet; and D = mg protein 
in pellet. 

Spectral measurements were made with a Beckman 
model DB spectrophotometer. 

Microsomal protein. The protein content of the microso- 
mal suspensions was determined by the method of Lowry 
et al. [8]. 

Statistical analysis. Correlation analyses were made by 
the method of least squares linear regression. Correlation 
coefficients were examined for significance (P < 0.05) by 
a t-test reported by Goldstein [9]. 


Results and discussion 


Figures 1 and 2 show the binding of seven barbiturates 
(initial concentrations: 0.1, 0.5 and 1.0 mM) to microsomes 
(2 or 4mg protein/ml). A comparison of Figs. 1 and 2 
shows that the binding of each of the barbiturates, based 
orn.the amount of barbiturate bound per mg of protein, 
was approximately the same regardless of whether the 
medium contained 2 or 4 mg of microsomal protein/ml. 
These figures also show that binding was a linear function 
of the concentration of barbiturate throughout the range 
of concentrations employed. This also suggests that bind- 
ing sites were probably not saturated at the highest initial 
concentration of barbiturates used (1.0mM). Concen- 
trations of barbiturate in the microsomes (nmoles/l) rela- 
tive to those in the medium were observed to range from 
about 2.5-fold (barbital to about 25-fold (secobarbital). 

Using interpolated values from Figs. 1 and 2 for a bar- 
biturate concentration of 0.5 mM, statistical analyses were 
performed to determine whether binding of barbiturates 
to microsomes might correlate with binding to bovine 
serum albumin, with corn oil—water partition coefficients, 
or with pKa values. The correlation coefficient (r) relative 
to binding of barbiturates to bovine serum albumin was 
determined to be 0.91 and 0.94 when the media contained 
2 and 4 mg of microsomal protein/ml respectively (Fig. 3). 
Both values are significant at the P < 0.01 level. Correla- 
tion with oil-water partition was 0.83 and 0.85 when the 
concentration of microsomal protein was 2 and 4 mg/ml 
respectively (Fig. 4). These values are significant at the 





Short communications 


Conc. of microsomal protein :2mg/ml 
60 | Bart ta 
Aprobarbito 
2 Phenobarbital 
Hexobarbita 
Amobarbita 
4 Pentobarbita 


Secobarbita 


mg microsomal protein 


nmoles of barbiturate bound/ 
__nmoles of barbiturate I of microsomes * 
nmoles of barbiturate || of medium (corrected) 


rs 
0.5 


Conc. (corrected) of barbiturate in medium, mM 


Fig. 1. Binding of barbiturates to hepatic microsomes (2 mg protein/ml). Concentrations of barbiturate 
were corrected to the concentration of barbiturate contained in the medium after equilibrium had 
been achieved between medium and microsomes as follows: A = (B — aC)/1000, where A = concen- 
tration of barbiturate in medium after the addition of microsomes (mM); B = nmoles barbiturate/ml 
of medium before the addition of microsomes; C = nmoles barbiturate in microsomes represented 
by 1 mg of protein; and a = mg of microsomal protein/ml of medium. All curves were drawn with 
the assistance of statistical analysis. The asterisk (*) indicates that the volume of microsomes relative 
to protein content was derived from the information that microsomes relative to protein content was 
derived from the information that microsomes contain 1.44 ul of intramicrosomal water/mg of dry 
weight of microsomes [7] and a phospholipid/protein ratio of 0.27 [10], and the assumptions that 
almost all of the microsome is composed of protein, lipid and water with specific gravities of 0, 0.9 
and 1 respectively. In accordance with these observations and assumptions, the volume of microsomes 
represented by 1 mg of microsomal protein = 1.0 x 1 + 0.27 x 10/9 + 1.44 x 1 = 2.74 ul. 


tion mixture is equal to, or merely relative to, the concen- 
tration of the substrate at the catalytic site in the micro- 


P < 0.05 level. No significant correlation was found 
between the pKa values of the barbiturates and binding 


to microsomes; the highest r value was determined to be 
0.26. 

The binding of certain of the barbiturates to microsomes 
was of sufficient magnitude te raise the question as to 
whether or not binding might affect the measurement of 
apparent kinetic constants for the biotransformation of 
barbiturates by the microsomal mono-oxygenase system. 
The binding of secobarbital, pentobarbital and amobarbi- 
tal to microsomes was great enough that falsely high 
apparent Michaelis constants would be derived if the con- 
centration of microsomes was high. 

The question is sometimes raised as to whether the con- 
centration of a drug substrate in the medium of the incuba- 
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some. The current study does not answer this question 
but demonstrates that the concentrations of different barbi- 
turates—and by inference, other drug substances—may 
very greatly in the microsome. Concentrations of drug sub- 
strates at the catalytic site might be expected to vary 
accordingly. If. for the sake of discussion, it is assumed 
that each of the seven barbiturates would be biotrans- 
formed at the same true V,,,, if capable of attaining the 
same molar concentration at the catalytic site, it could 
then be predicted that the apparent V,,,, for a given bar- 
biturate would be a function of its ability to accumulate 
at the catalytic site. In this case, the apparent V,,,, values 
of 85, 341 and 91 moles substrate metabolized/mg of pro- 


nmoles of barbiturate |! of microsomes * 
nmoles of barbiturate |! of medium (corrected) 


Conc. (corrected) of barbiturate inmedium, mM 


Fig. 2. Binding of barbiturates to hepatic microsomes (4 mg protein/ml). Relevant details are given 
in Fig. 1. 
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Fig. 3. Correlation of binding of barbiturates to microsomes with binding of barbiturates to bovine 

serum albumin. Values for binding of barbiturates to microsomes are interpolated values at the 0.5 mM 

concentration derived from Figs. 1 and 2. Values for binding of barbiturates to bovine serum albumin 

were taken from a publication by Goldbaum and Smith [11], except that for hexobarbital, which 

was determined in our laboratory by their method. Uncircled and circled symbols designate values 
obtained with 2 and 4mg of microsomal protein/ml respectively. 
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Fig. 4. Correlation of binding of barbiturates to microsomes with corn oil/phosphate buffer (pH 7.4) 

partition coefficients. Values for binding of barbiturates to microsomes are interpolated values at the 

0.5mM concentration derived from Figs 1 and 2. Partition coefficients were taken from a publication 

by Jansson et al.[12]. Uncircled and circled symbols designate values obtained with 2 and 4mg of 
microsomal protein/ml respectively. 


tein/hr for anobarbital, hexobarbital and pentobarbital, re- 
spectively [6], might be expected to relate to their microso- 
mal binding capacity. In fact, such a relationship does not 
exist; of the three barbiturates, hexobarbital had the high- 
est V,,,,, but the lowest binding capacity. 
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Correlation between gastric protein kinase and 
secretion in the pylorus ligated rat 


(Received 24 July 1976; accepted 15 October 1976) 


Protein kinase has been shown, in many tissues, to mediate 
some of the biological effects of cyclic nucleotides [1]. In- 
vestigators have implicated cyclic AMP (cAMP) and/or 
cyclic GMP (cGMP) in the regulation of gastric se- 
cretion [2, 3]; however, evidence suggesting the mediation 
of this physiological effect by cAMP and/or cGMP acti- 
vated protein kinase activity in vivo has not been reported. 
The isolation and characterization of protein kinase in the 
rabbit gastric mucosa [4, 5] raised a possibility that these 
enzymes mediate the effects of cyclic nucleotides on gastric 
secretion. 

We have undertaken an investigation of the effects of 
certain anti-secretory agents on gastric protein kinase ac- 
tivity in order to demonstrate a possible relationship 
between enzyme activity and acid secretory levels. For this 
investigation we have selected the pylorus ligated rat, com- 
monly used in gastric secretory studies. 

Male Sprague-Dawley rats (body wt 160-180g) were 
fasted for 18 hr with free access to water until compound 
administration. Thirty minutes after compound treatment 
the pylorus was ligated. Two hr following pylorus ligation 
the animals were sacrificed by cervical dislocation and 
their stomachs removed and emptied for analysis of gastric 
juice volume and acidity. The stomachs were placed in 
ice-cold saline prior to removal of the mucosa. The muco- 
sal layer was scraped and pooled (two animals/group) and 
then homogenized with a glass-to-glass homogenizer in 
20 vol. of 0.25M sucrose containing 5mM MgCl, and 
25 mM KCl. Homogenates were centrifuged at 27,000 g for 
15min and the resulting clear supernatant was used as 
the enzyme source. Protein kinase activity was determined 
according to the procedures of Miyamoto et al. [6] and 
Hiestand et al. [7] in a total vol. of 0.2 ml. The standard 
incubation mixture contained pL-z-glycerophosphate 
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Fig. 1. Protein kinase time response. ATP = 10 ym. 


buffer (pH 7.5), 50 uM; protamine sulfate, 40 yg; (y*?P) 
ATP, 10 uM; MgCl,, 10 mM; NaF, 10mM;; theophylline. 
4 mM; dithiothreitol, 10 mM; mucosal enzyme, 20 yg: and 
cyclic nucleotide as indicated. Trichloroacetic acid (TCA)- 
precipitable proteins were collected on Millipore mem- 
branes (Type HA, 0.45 ym) and the incorporation of 
pMoles of 3*P into these proteins was calculated after 
enzyme blank subtraction. For this crude enzyme extract 
we determined the optimum pH, optimum cyclic nucleo- 
tide concentration, time course and K,,,. Finally, the effects 
of the anti-secretory agents, 2-pyridylthioacetamide 
(CMN-131) [8], metiamide [9] and propantheline [10] on 
this enzyme were determined in vivo with the pylorus 
ligated rat preparation. 





x No Cyclic Nucleotide 
© + cAMP (10-6m) 
o + GMP (10-5m) 














t 
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Fig. 2. Activity of rat gastric mucosal protein kinase as a function of pH, in 0.05 M DL-a-glycerophos- 
phate buffer (solid lines) and in 0.05M Tris-HCl buffer (hatched lines) ATP = 100 uM (2.5 x K,,), 
= 15 min. 
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Fig. 3. K,, determination for ATP. The phosphorylation of protamine. sulfate was measured in the 
absence (— x —) or presence (—O—) of cyclic AMP (10~° M) with varied ATP concentrations. 


1200 ‘ . : 2 
i Incubation of rat gastric mucosal extracts with (y**P) 


ATP and protamine sulfate results in the incorporation 
of TCA precipitable radioactivity. Under the assay condi- 
tions, phosphorylation of the protamine sulfate proceeded 
linearly for 15 min. Cyclic AMP (1 uM) exerted a stimula- 
tory effect (30-50% stimulation) at all incubation times 
tested (Fig. 1). The pH optimum of the gastric mucosal 
protein kinase either in the presence or absence of cyclic 
nucleotide was in the range of 7.0 to 8.0 (Fig. 2). The buffer 
of choice appears to be DL-2z-glycerophosphate since 
Tris-HCI in our system did not support exogenous cyclic 
nucleotide activation of protein kinase. Similar observa- 
tions have been reported using bovine adrenal ribosome 
preparations [11]. The K,, of the enzyme for ATP was 
found to be 41.74M by Lineweaver-Burk plot. Cyclic 
AMP (1 uM) had no effect on the K,, of ATP (Fig. 3). 
The optimum concentration of cyclic AMP, cyclic GMP 
and cyclic IMP for our system are 10°° M, 10°° M and 
r 10~° M, respectively (Fig. 4). Cyclic IMP activation of pro- 
tein kinase usually falls between the cyclic AMP and cyclic 
GMP activation curves, thus serving as an in vitro refer- 
Fig. 4. Effect of cyclic nucleotide concentration on protein —_ence curve. 
kinase activity. cIMP used as reference for cAMP and As summarized in Table 1, the results obtained with 
cGMP activation curves. ATP = 10 uM. the antisecretory agents reveal significantly greater levels 
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Table 1. In vivo effect of anti-secretory agents on gastric secretion and protein kinase activity in the 2hr pylorus 
ligated rat* 





Protein kinase activity 
Gastric secretion pM(*?P)/mg/min 
Vol. Acidity No exogenous cAMP cGMP 
Treatment (ml) (mEq/L) (uEq/2 hr) cyclic nucleotide (10-°M) (10~°M) 





11.4 94 
+4.9 +39 
(12) (9) 
389.3t 342.2t 

+52.4 +50.1 

(6) (3) 
155.48 171.18 
+9.8 +223 

(3) (3) 
101.6§ 83.5 

+23.6 +253 
(6) (6) 


Control 5.7 113.3 650.5 
(0.5%, Methocel, +0.3 +24 +40.6 
2 ml/kg, p.o.) (24) (24) (24) 
2-Pyridyl- 2.17 10.67 27.9t 
thioacetamide +0.3 +4.] +10.8 
(10 mg/kg, p.o.) (11) (8) (8) 
Metiamide Eo 45.5t 147.5t¢ 
(50 mg/kg, p.o.) +0.7 +10.5 + 38.1 
(6) (6) (6) 
Propantheline 37 79.2 336.1f 
(25 mg/kg, p.o.) +0.5 +7.0 +60.1 
(12) (11) (11) 
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* Compound given 30 min prior to ligation and values represent mean + S.E.,n =(_ ). 

+ Significant difference from control, P < 0.05, t-test. 

t Significant difference from control and both drug groups, P < 0.05, t-test. 

§ Significant difference from control and 2-pyridylthioacetamide treated groups, P < 0.05, t-test. 
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Table 2. In vivo effect of gastrin pentapeptide on protein kinase activity in the intact 
rat 





Protein kinase activity 
pM(??P)/mg/min 
No exogenous cAMP 


Treatment cyclic nucleotides (10-° M) 





23. 261.3 
+ 36.3 

141.6 
+32.0 


Control* I 
(Iso-saline 4 ml/kg, S.C.) +10. 
Gastrin Pentapeptide* 80. 
(400 ug/kg, S.C.) 23. 


316.5 
+19.0 
238.6 
+67.9 


102.0 
+16.4 
82.2 
+15.7 


Controlt 

(Iso-saline 4 ml/kg, S.C.) 
Gastrin Pentapeptidet 
(400 yg/kg, S.C.) 





* Compound/vehicle given 30 min prior to sacrifice. 

+ Compound/vehicle given 60 min prior to sacrifice. 

Values represent mean + S.E. (n = 3). Statistically significant variation between con- 
trol and treatment groups could not be ascertained due to the small sample size; 
however, lower values following treatment with gastrin pentapeptide were consistent 


on two separate occasions. 


of protein kinase activity (P < 0.05) when compared to 
controls. CMN-131 (10 mg/Kg, p.o.) produced a greater 
than thirty-fold increase in enzyme activity, while inhibit- 
ing acid output by greater than 90 per cent of controls. 
Likewise, metiamide (50 mg/Kg, p.o.) produced a greater 
than ten-fold increase in enzyme activity, while inhibiting 
acid output by greater than 75 per cent of controls. Finally, 
propantheline (25 mg/Kg, p.o.) produced a greater than six- 
fold increase in enzyme activity with inhibition of acid out- 
put by nearly 50 per cent. The cyclic nucleotide depen- 
dency as indicated by the degree of exogenous cyclic nu- 
cleotide stimulation was similar between control and treat- 
ment groups. 

Further studies of the relationship between acid se- 
cretion and mucosal protein kinase were carried out with 
various doses of CMN-131. The results in Fig. 5 indicated 
a significant inverse correlation between protein kinase ac- 
tivity and gastric anti-secretory response (P < 0.0001); the 
higher the protein kinase activity, the lower the acid out- 
put. 

The results reported here demonstrate the presence of 
protein kinase in the rat gastric mucosa and reveal an 
inverse relationship between gastric acid output and gastric 
mucosal protein kinase activity. Since acid secretion is 
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Fig. 5. Correlation between acid output and protein kinase 
activity. ATP = 10 uM. 
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believed to be near maximum in the pylorus ligated rat 
preparation, we could not use this model to study the effect 
of secretagogues on protein kinase levels. Nevertheless, in 
the intact rat, we did observe a decrease in protein kinase 
activity after pentagastrin administration (Table 2). The 
methods employed do not differentiate between the various 
cyclic nucleotide activated kinases; therefore, it is likely 
that the stimulation of protein kinase activity by cyclic 
GMP was unspecific, and required higher levels for acti- 
vation. 

The significance of these findings in relation to the regu- 
lation of gastric secretion is yet to be elucidated. One 
might hypothesize that protein kinase, whose activity is 
regulated by the levels of cyclic nucleotides, plays a role 
as activator and/or inactivator of other enzyme systems 
responsible for acid production (carbonic anhydrase sys- 
tem) and secretion (transport systems such as Na*-K”~ or 
HCO; dependent ATPase). Narumi and Miyamoto [12] 
reported that isoenzymes of carbonic anhydrase I can be 
activated in vitro by cyclic AMP dependent protein kinase 
and that this activation is associated with the phosphoryla- 
tion of the carbonic anhydrase. They speculated that cyclic 
AMP dependent protein kinase in the gastric mucosa may 
stimulate gastric juice secretion by activation of carbonic 
anhydrase. The data presented in this report does not sup- 
port the contention that increased protein kinase activity 
is associated with increased gastric secretion. The isolation 
and characterization of endogenous substrates that can be 
differentially phosphorylated by gastric protein kinase may 
clarify the mechanisms related to changes in secretion. 

Recent findings of Rosenfeld et al. [13], using rat gastric 
mucosal membrane preparations, revealed that adenylyl 
cyclase activity was not altered by known secretagogues 
but was increased by several inhibitors of gastric secretion. 
Their data was supportive of the hypothesis that increased 
cyclic AMP levels correlate, in general, with inhibition of 
gastric acid secretion [14]. Since endogenous cyclic nucleo- 
tide levels were not determined in our investigation, an 
unqualified link between cyclic nucleotide activation and 
gastric acid secretion was not established. However, our 
findings tend to favor the contention that gastric acid se- 
cretion may be inversely related to intracellular cyclic nu- 
cleotide levels. 
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The activation of cyclic 3’, 5'-adenosine monophosphate-dependent 
protein kinase on sarcoplasmic reticulum fractions of various smooth 
muscles and its related novel relaxants 


(Received 22 April 1976; 


The mechanisms of smooth muscle relaxants have been 
found to be connected with an increase in the cyclic AMP 
(cAMP) level of the tissues concerned, partially caused by 
an inactivation of phosphodiesterase (for example, papa- 
verine) or as a consequence of stimulation of adenylcyclase 
(for example, isoproterenol). Recently Nillson et al. [1] 
have suggested that the basic mechanism by which drugs, 
increasing the cAMP levels, exert their relaxing effect con- 
nects with stimulation of the protein kinase system. We 
studied on the phosphorylation of sarcoplasmic reticulum 
fractions (SR-F) in various smooth muscles of domestic 
pigs using cAMP-dependent protein kinase (PK) of cardiac 
or tracheal muscles or bile ducts, in order to clarify the 
site of action of a potent relaxant different from papaverine 
for Oddi’s sphincters. 

The relaxant, a novel compound 3-(2’-hydroxy-4’, 
5'-diethoxybenzoyl) propionic acid (AA373), did not have 
any inhibitory effect on the intestinal phosphodiesterase 
of guinea-pigs, and also the response on adrenergic 
f-receptor, because of no inhibition by f-adrenergic anta- 
gonist on bile ducts. The fact was observed, however, that 
PK was activated by its compound both in the presence 
of and in the absence of saturated dose of cAMP on a 
substrate histone. 

Recently Katz et al.[2] have shown the possibility of 
controlling calcium transport in the myocardium by PK 
system. This paper is presented on the possible mechanism 
of relaxing the Oddi’s sphincter by AA373, by which the 
phosphorylation of biliary sarcoplasmic reticulum may 
accelerate relaxation in the smooth muscles of bile ducts. 

Microsomal fractions (M-F) and SR-F were prepared 
by the method of Katz and Repke [3] as follows. After 
a removal of most of the fat and vessels, 16g of every 
tissue from domestic pigs were minced and then homogen- 
ized in a Waring Blender for 90sec with 2.5 vol. of ice 
cold 0.3 M sucrose, 5mM Tris—oxalate and 5 mM histidine 
at pH 7.4. After centrifugation for 30 min at 12,000 g, the 
supernatant was filtered through four layers of gauze, if 
necessary, and centrifuged for 90 min at 105,000 g. The pel- 
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let was taken up in 3 ml of 0.3 M sucrose, | mM Tris—oxa- 
late and 5mM histidine at pH 7.4 and homogenized by 
ten gentle strokes of a Teflon—glass Potier homogenizer. 
This M-F diluted with a 0.3M sucrose to contain about 
60 ug of protein were used to the assay of protein kinase. 
Homogenate (0.25ml), containing approximately 
3.6-2.1 mg protein of crude microsomes, was applied to 
the top of a sucrose gradient consisting of 2 ml of 35% 
sucrose and 2 ml of 20°% sucrose, layered in a polyallomer 
tube. The gradient tubes were centrifuged for 2hr at 
25,000 rpm in RPS 40 swinging rotor (Hitachi Co. Ltd.). 
The purified microsomes (corresponding to SR-F) 
appeared in one prominent middle layer, of which we used 
about 2 ml. These SR-F had been reported to show a lower 
contamination by both soluble and mitochondrial enzymes 
one ninth of crude microsomes and to have Ca?* uptake 
capacity and Ca?*-activated ATPase activity [3]. These 
fractions were heated to 78-84° for 2 min to inactivate 
several interfering enzymes [4]. 

The preparation of protein kinase was supernate frac- 
tions obtained from 0.9g cardiac muscles, terminal bile 
ducts and gall bladders of domestic pigs minced, incubated 
in 9 ml Tyrode solution with or without drugs for 10 min, 
homogenized for 3 min, and supercentrifuged at 105,000 g 
for | hr. 

Protein kinase assay was as follows: the. reaction 
medium (0.25 ml) consisted of 8mM_ phosphate buffer 
(pH 7.0), 1.6 mM theophylline, 8 mM NaF, 12 mM Mg ace- 
tate, 1 wCi/ml ATP-y-*?P (The Radiochemical Centre Ltd., 
England), 10 uM ATP, SR-F (20-48 yg protein) or M-F 
(53-81 ug protein) and PK (13-68 yg protein) with 44M 
cAMP incubated at 37° for 5, 10 and 15 min. The phos- 
phorylation reactions at the concentrations of SR-F, M-F 
and PK were ascertained to be almost linear. The reaction 
was stopped by the addition of 5 ml of 10% cold trichlor- 
acetic acid (TCA) containing 20 mg ‘Hyflosuper celite’. The 
mixture was filtered through a paper (‘Toyo’ No. 2) and 
a thin layer of 50 mg ‘Hyflosuper celite’. The residue was 
washed with 15 ml of 10% TCA, 3 ml acetone, 10 ml of 
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Table 1. The comparison of contents of phosphates incorporated by cardiac protein kinase with cyclic AMP into 
sarcoplasmic reticulum fractions from various muscles of domestic pigs 





Observations of phosphates 


incorporated for 10 min into* 


Phosphorylation 
ratios of SR-F % 


Calculations of 
those into SR-Ft 





Yield ratio % 
(mg protein)g + 
(mg protein), + 

(A) 


M-F 


(B) 


SR-F 
n mole/((mg PK: mg protein)) 


(C) 


(n mole)cg + 
(n mole)y + 
(AC/B) 


(n mole)y 5 
(mg protein}, -° mg PK 
(B/A) 





31.4 
16.7 
30.4 
17.7 
18.6 
16.4 
15.7 


2.43* 
3.06 
4.61 
4.51 
3.97 
3.50 
5.90 


Diaphragm 
Heart 

Bile duct 
Aorta 
Trachea 
Taenia coli 
Uterus 


6.41 
5.03 
6.87 
8.14 
5.90 
4.64 
5.52 


* 


7.744 
18.3 
15.2 
25.5 
21.3 
21.3 
37.6 


82.8 
27.5 
45.2 
31.9 
27.7 
21.8 
14.7 





* These values subtracted those without substrates and without cAMP. 
+ The phosphorylation of microsomal fractions (M-F) was assumed to come only from that of sarcoplasmic reticulum 


fractions (SR-F) contained within the M-F. 
95°% ethanol and 3 ml of ether, and dried. After the dried 
residue was solubilized by 0.5 ml of hyamine hydroxide, 
10 ml phosphor solution was added. The final solution was 
counted with a liquid scintilation spectrometer. Proteins 
were measured according to Lowry’s method [5]. 

The contents of phosphate incorporated by PK into 
SR-F were estimated as a ratio of observations of phos- 
phates incorporated into SR-F to calculations obtained by 
assumption that observations of phosphates incorporated 
into M-F may only be dependent on all SR-F contained 
within its M-F. 


Table 2. Relative potencies of relaxing action on various 
muscles induced by papaverine-related compounds 





Pap AA373 AA149 





0.15 
0.057 
0.039 


+ 
If 


1.13 
0.10 


1.5 
0.60 
0.35 


Oddi’s sphincter* 
Tracheal m.* 
Taenia-colit 





* domestic pig, + guinea-pig, { EDs, of papaverine 1.3 uM 
as unity. 

The direct relaxing actions of these compounds were 
assayed by (*) the increase of flow rates through the Oddi’s 
sphincter and isotonically by (+) a modified Magnus 
method [6], in the bath containing 35 ml or 5 ml Tyrode 
or Lock-Ringer solution at 37° or 26° bubbled through 
by air. 


ad 
o 


n mole/mg protein-mg PK 
da 
oO 


Phosphate incorporated 





it 1 


0 


— 





0 5 10 


15 


From the last columns in Table 1, it was found that 
the phosphorylation ratio of SR-F existing in M-F for ter- 
minal bile ducts, tracheal muscles and taenia coli was 
almost 1:0.61:0.48. These ratios are almost parallel with 
the order of pharmacological relaxing effects on the corre- 
sponding smooth muscles for AA373 and its 2’-ethoxy deri- 
vative (AA149), but not for papaverine, which is shown 
in Table 2. 

Table 3 showed that the relaxing effect of cAMP on 
taenia coli is potentiated both by papaverine and by 
AA373, and that the potentiative effect of AA373 is less 
than that of papaverine, in striking contrast to the relaxing 
effect on the bile duct. From these findings, the site of 


Table 3. Relaxing effects of cyclic AMP potentiated by 
relaxants on isolated guinea pig taenia coli 





Effect of 
cAMP EDs (uM) 


Relative 


Drugs Dose (uM) potency 





1 
3.4 
5.9 


without 
AA373 
Pap 


1 
1 





The direct relaxations were obtained isotonically by a 
Magnus method in which the tissues were immersed in 
Locke-Ringer solution at 26° bubbled by air. The concen- 
tration of AA373 and Pap used induced 10.4 and 27.2% 
relaxation by themselves. 








1p 


min 





"Bee 


Fig. 1. The phosphorylations of crude microsomal fractions (left) and sarcoplasmic reticulum fractions 

(right) by cAMP-dependent protein kinase as a function of incubation time with (@,4) or without 

cAMP (0,A). Circles; crude microsomal fractions, sarcoplasmic reticulum fractions and protein kinase 

from bile ducts of domestic pigs. Triangles; the same kind of preparations were obtained from gall 

bladders of domestic pigs. Note that the degree of phosphorylation of crude microsomal fractions 

and sarcoplasmic reticulum fractions of bile ducts are greater than those of gall bladder, and almost 
the same as those by the cardiac protein kinase as shown in Table 1. 





Short communications 


pig bile duct 


Activity ratio 


4 


1 mM 








0.01 /° 0.1 


Fig. 2. Effects of incubation for 5 min with drugs on the 
phosphorylation of sarcoplasmic reticulum fractions from 
bile ducts by cAMP-dependent protein kinase from the 
same tissues with cAMP. Activities are expressed as the 
ratio of protein kinase activities after incubation with 
drugs to the activities obtained in the absence of drugs. 
Note that both compounds have almost the same activities, 
indicating that there are some different responses in the 
experimental levels between for the protein kinase and for 
the cells of smooth muscles. 


action of AA373 seemed to be closely associated with the 
post-process of the formation of cAMP, that is the phos- 
phorylation of SR-F caused by cAMP-dependent protein 
kinase. This assumption was supported in Fig. 2 by finding 


that AA373 and AA149 clearly activated effects of cAMP- 
dependent PK on SR-F in the bile ducts shown in Fig. 
1, while that, in the presence of cAMP, PK was not acti- 
vated by papaverine or isoproterenol. 

These results suggested that the mechanisms of action 
of AA-compound series might be partly explained by the 
linked system of cAMP-dependent PK-SR. 2, 4, 6-Trihy- 
droxy-l-propiophenone (THPP), which is similar to AA- 
compound series except for a carbonic acid group, has 
almost no activating effect, indicating that the carbonic 
acid group plays an important role to join AA-compound 
series with endogenous substrates in the linked system of 
cAMP-dependent PK. The more specific effects of AA 
compound series on bile ducts than on the other smooth 
muscles also might be explained by the distribution of the 
activity of PK. 

M. KIMURA 
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Department of Chemical Pharmacology 

Toyama Medical and Pharmaceutical 
University 
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Effect of dichlorvos (DDVP) on mouse liver glutathione levels and 
lack of potentiation by methyl iodide and TOTP 


(Received 18 August 1976; accepted 29 October 1976) 


Dichlorvos (DDVP) [2,2-dichlorovinyl dimethyl phos- 
phate] is an organophosphate insecticide widely used in 
pet flea collars, veterinary anthelmintics, and volatile resin 
strips. It is generally accepted that organophosphate toxi- 
city results from inhibition of the critical nervous system 
enzyme, acetylcholinesterase. DDVP, however, is regarded 
as less toxic than most organophosphates since prolonged 
exposure of humans to insecticidal concentrations of 
DDVP did not lead to significant depression of blood 
cholinesterase activity [1-4]. 

The comparatively low mammalian toxicity of DDVP 
is thought to result from its rapid detoxification to metabo- 
lites which do not inhibit acetylcholinesterase activity. Of 
the several biotransformation reactions demonstrated for 
DDVP, hydrolysis of the phosphorus-vinyl bond has been 
suggested as the single most important metabolic pathway 
[5-11]. The esterases catalyzing this reaction are termed 
A-esterase (E.C. 3.1.1.2) [12] and are located primarily in 
the liver but are also found in other mammalian tissues. 

In addition to A-esterase hydrolysis, binding to carboxy- 
lesterases (E.C. 3.1.1.1) may represent an important detoxi- 
fication mechanism in that any organophosphate bound 
to and inhibiting carboxylesterases would not be available 
to inhibit the critical enzyme, acetylcholinesterase. Binding 
has been suggested as an important detoxification 
mechanism for malaoxon and paraoxon since inhibition 
of binding by prior treatment with triorthotolylphosphate 
(TOTP) decreased binding and subsequently increased the 
toxicity of these organophosphates [13, 14]. A previous in- 
vestigation in this laboratory [15] demonstrated that 
DDVP was inactivated in vitro by mouse liver under assay 
conditions which were consistent with a_ binding 
mechanism of inactivation. In contrast to results obtained 
with malaoxon and paraoxon inhibition of binding by 
TOTP had no effect on the toxicity of DDVP. These find- 
ings suggested that other mechanisms play a more impor- 
tant role in DDVP detoxification in mice. 

Hutson [10] suggested that, in the mouse, glutathione 
(GSH)-dependent dealkylation was also an important 
detoxification pathway for organophosphates, like DDVP, 
which contained at least one O-methyl group. Other inves- 
tigations demonstrated that organophosphates with O- 
methyl substituents reduced liver GSH levels, suggesting 
that they were metabolized by GSH-dependent pathways 
[16-18]. The excretion of S-methyl metabolites after ad- 
ministration of labeled DDVP to rats and mice suggested 
that GSH-alkyl transferase was responsible for at least part 
of the dealkylation of this organophosphate [5, 6]. Holling- 
worth [18] demonstrated that methyl iodide treatment de- 
pleted liver GSH and thereby impaired GSH-dependent 
detoxification of sumithion and sumioxon and increased 
their anticholinesterase toxicity. The present investigation 
was undertaken to determine the effect of DDVP on mouse 
liver GSH levels and to determine if methyl iodide pre- 
treatment would increase the toxicity of DDVP. In addi- 
tion we studied the effect of combined inhibition of binding 
and depression of GSH concentration on DDVP’s anticho- 
linesterase action. 


METHODS 


Adult male Charles River mice (CD-1, 24-36 grams) 
were used for this study. They were kept in air-conditioned 
(25) animal quarters and given Purina Laboratory Chow 


and water ad lib. Mice were housed six per cage in stainless 
steel cages. The cages had a grid flooring which was sus- 
pended 2.5inches above waste pans containing sawdust. 
Animals quarters were on a 12hr (7-7) light-dark cycle. 
All injections were times to permit sacrifice between 8 and 
11 AM. DDVP, 90% was supplied by Shell Chemical Co, 
TOTP, practical grade, was purchased from Eastman, and 
methyl iodide, 99%, was purchased from Aldrich Chemical 
Company. All compounds were dissolved in sufficient corn 
oil to provide the appropriate dose in an injection volume 
of 5ml/kg. DDVP and TOTP were injected intraperi- 
toneally and methyl iodide was administered orally. Con- 
trol animals were given 5 ml/kg of corn oil by the appro- 
priate route. Animals were sacrificed by decapitation and 
exsanguination and 10% (w/v) tissue homogenates were 
prepared in sodium phosphate buffer (0.1 M, pH 8) for cho- 
linesterase determinations, or in sodium bicarbonate buffer 
(0.026 M, pH 7.6) for carboxylesterase and A-esterase deter- 
minations. Homogenates were kept on ice until used the 
same day or frozen and used within 8 days. Experiments 
in this laboratory have indicated that enzyme activities 
were unchanged over this period of time. 

Brain and liver cholinesterase activities were determined 
using the spectrophotometric method of Ellman, et al. [19]. 
Acetylthiocholine iodide (0.001 M, SIGMA) served as the 
substrate for hydrolysis by 0.8 mg brain or 2 mg liver dur- 
ing 30min at 27°. Mean + S.E. cholinesterase activities 
from 10 or more control mice were 11.4 + 0.2 and 5.9 + 
0.2 micromoles of substrate hydrolyzed/minute/gram (wet 
wt) of brain and liver, respectively. For assays of carboxyl- 
esterase activity, hydrolysis of 0.0067 M diethylsuccinate by 
2.5 mg, 0.027 M triacetin by 5.0 mg, and 0.02 M procaine 
HCI by 100mg of liver was determined manometrically 
as described previously [20,21]. Mean + S.E. carboxyl- 
esterase activity of 5 control mice was 182 + 4, 242 + 14, 
and 1.1 +0.7 micromoles of substrate hydrolyzed per 
gram (wet wt) of liver/minute for triacetin, diethylsuccinate, 
and procaine, respectively. All assays were performed in 
duplicate and tissue levels and substrate concentrations 
employed were selected to provide optimum conditions at 
which enzyme activity of the tissue would be the rate-limit- 
ing factor in the assays. Liver GSH concentrations were 
determined based on extinction (412 nm) of a trichloroace- 
tic acid treated homogenate supernatant reacted with the 
thiol reagent, 5,5’-dithiobis-(2-nitrobenzoic acid) (Sigma), 
as described previously [16]. The Mean + S.E. level of 
GSH in livers from 5 control mice was 750.0 + 22.5 nmoles 
per 100 mg (wet wt) of tissue. 

Hydrolysis of DDVP by A-esterase was determined 
manometrically [22]. The incubate consisted of 40 mg liver 
homogenate, 0.001 M Mn, 0.01 M DDVP, and sufficient 
bicarbonate buffer (0.026 M, pH 7.6) for a total volume of 
3.0 ml. After gassing with 5% carbon dioxide in nitrogen 
and equilibrating at 37°, DDVP was added to liver and 
carbon dioxide production was measured for the next 
30 min as an indication of DDVP hydrolysis. All data in 
this study were analyzed by the Student’s t test. Probability 
values of 0.05 or less were considered statistically signifi- 
cant. 


RESULTS 


Effect of DDVP on liver glutathione levels. To determine 
if DDVP would reduce liver GSH concentration, groups 
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Table 1. Effect of DDVP on mouse liver glutathione (GSH) levels 





Time after 
injection (min) 


DDVP 
mg/kg, i.p. 


GSH* 


nmoles/100 mg °, Reduction 





30 
30 
30 
120 


19 
35 10 
294 19 
68 7 


750 
675 
610 
700 


He He + He 





* Controls received corn oil 5 cc/kg, ip. 
+ Mean + S.E. of 5 or more mice. 


t Significantly different from control (P < 0.05). 


of mice were given corn oil or DDVP and sacrificed 30 
or 120 min later for GSH determinations. Results are given 
in Table 1. Significant depression of GSH concentration 
was observed only $hr after 30 mg of DDVP per kg. Two 
hr after DDVP, GSH levels were not significantly different 
from control. Fifteen mg/kg did not significantly affect liver 
GSH concentration. After 35 mg of DDVP per kg all mice 
died within 10 min, yet liver GSH concentrations were not 
significantly different from controls (not shown in Table 
1). 

Effect of glutathione depletion on DDVP toxicity. The 
results in Table 1 are consistent with the hypothesis that 
GSH-dependent demethylation has a role in DDVP detox- 
ification [7, 8]. If this biotransformation mechanism played 
a major role in DDVP inactivation in the mouse, one 
would expect that prior depression of hepatic GSH con- 
centrations by methyl iodide would enhance the toxicity 
of subsequently administered DDVP. To test this, groups 
of mice were pretreated with corn oil or with methyl iodide ° 
(135 mg/kg orally) and one hr later half the mice in each 
group were sacrificed without challenge. The remaining 
mice in each group were challenged with DDVP (30 mg/kg, 
ip.) and sacrificed 30 min later. Results are shown in Table 
2. Brain cholinesterase activity was inhibited to the same 
degree by DDVP in both control and methyl iodide pre- 
treated mice. Methyl iodide alone did not inhibit liver hy- 
drolysis of triacetin yet it appeared to enhance the inhibi- 
tion of this enzyme activity by DDVP. In contrast, additive 
inhibitory effects of methyl iodide and DDVP were 
observed for liver hydrolysis of diethyl succinate and pro- 
caine. Liver GSH concentrations were decreased less in 
the mice given both methyl iodide and DDVP than would 
be predicted from simple addition of the effects of the two 
agents when given alone. 

Effect of combined inhibition of binding and lowered hepa- 
tic glutathione concentrations on the toxicity of DDV P. The 


preceding experiments suggest that GSH dependent meta- 
bolism plays only a minor role in the detoxification of 
DDVP in the mouse. Previous studies [15, 21,23] sug- 
gested that DDVP was inactivated by binding to carboxy- 
lesterases but that such binding played only a minor role 
in DDVP detoxification. In spite of the fact that both 
mechanisms seem to be of minor importance in vivo, in 
mice, it is possible that simultaneous impairment of these 
two apparently minor pathways might result in enhanced 
DDVP toxicity. To test this, groups of mice were pre- 
treated with corn oil or with TOTP (125 mg/kg ip. 18 hr 
prior to DDVP) to inhibit binding or with methyl iodide 
(135 mg/kg orally, 1 hr prior to DDVP) to decrease GSH 
levels, or with both methyl iodide and TOTP (at the above 
dosages and times before DDVP). Half the mice in the 
methyl iodide pretreated group and half in the methyl 
iodide and TOTP treated group were challenged with 
DDVP (30 mg/kg i.p.) and sacrificed 30 min later for deter- 
mination of liver and brain cholinesterase activities and 
liver GSH levels. The remaining mice were sacrificed with- 
out DDVP challenge. TOTP reduced DDVP binding to 
zero. Results are presented in Table 3. DDVP’s anticho- 
linesterase action was not altered by the combination pre- 
treatment. 

Hydrolysis of DDVP by A-esterases. In vitro hydrolysis 
of DDVP by mouse liver A-esterase has not been reported. 
However, Hutson and Hoadley [6] suggested that this 
enzyme may be responsible for 50 to 85 per cent of DDVP 
metabolism in mice. Their estimate was based upon 
measurement of the amount of dimethyl phosphate meta- 
bolite recovered after DDVP exposure. If their estimates 
were correct, the extensive metabolism of DDVP by mouse 
liver A-esterase might have been sufficient to prevent 
poisoning when minor detoxification pathways were 
blocked by TOTP and methyl iodide. Thus, we felt that 
it would be worthwhile to measure mouse liver A-esterase 


Table 2. Effect of methyl iodide pretreatment on DDVP’s antiesterase action 





Methyl iodidet 
alone 


Per cent inhibition* 
DDVPt 
alone 


Methyl iodides 
and DDVP 





Brain 
Cholinesterase (CHE) 
Liver hydrolysis 
Triacetin (TA) 
Diethylsuccinate (DES) 
Procaine (PROC) 
Liver 
Glutathione (GSH) 


+4 21+4 


wr 
a 
I+ 
aN 


3 
5 


Nnoad + 
mon 
I+ I+ I+ 
ONMw 


> 
on 
I+ 
\o 





* Mean + S.E. of 5 mice. Values of corn oil controls were 11.4 + 0.2, 182 + 4, 242 + 14, and 1.1 + 0.7 
micromoles substrate hydrolyzed/min/gm for CHE, TA, DES and PROC respectively. GSH = 


750 + 19 nmoles/100 mg. 


+ Methyl iodide 135 mg/kg, P.O. 60 min before sacrifice or DDVP challenge. 


{ DDVP 30 mg/kg, i.p. 30 min before sacrifice. 


§ Methyl iodide pretreated, DDVP challenged mice. 
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Table 3. Effect of TOTP and methyl iodide pretreatments on DDVP’s anticholinesterase (CHE) action 





DDVPt 
alone 


TOTPt 
alone 


Per cent inhibition* 
Methyl iodide 
and DDVP§ 


TOTP 
and DDVP)| 


TOTP, methyl! iodide, 
and DDVP®" 





Brain CHE 3 2 
Liver CHE 85 
Liver GSH 


3 
5 


6 
9 





* Mean + S.E. of 5 mice. Values of corn oil controls were 11.4 + 0.2 and 5.9 + 0.2 micromoles substrate hydrolyzed/ 
gm/min for brain and liver CHE, respectively. Gluthathione (GSH) = 750 + 19 nmoles/100 mg. 


+ DDVP, 30 mg/kg, i-p., 30 min before sacrifice. 


t TOTP 125 mg/kg, i.p., 18 hr before sacrifice or DDVP challenge. 
§ Methyl iodide 135 mg/kg, p.o., 1 hr before DDVP challenge. 


| TOTP pretreated, DDVP challenged mice. 


© TOTP and methyl iodide pretreated, DDVP challenged mice. 


hydrolysis of DDVP. Furthermore, it has been reported 
that TOTP did not affect rat liver A-esterase hydrolysis 
of paraoxon and methyl paraoxon [24, 25]. Therefore, for 
comparison, we also measured DDVP hydrolysis by livers 
from mice which had been sacrificed 18hr after 125 mg 
of TOTP/kg. Control mouse liver hydrolyzed 1100 + 
60 nmoles of DDVP/gm/min (mean + S.E.; n = 6). Livers 
from TOTP-treated mice hydrolyzed 990 + 60 nmoles/mg, 
min. The difference between the groups was not statisti- 
cally significant (P > 0.05). 


DISCUSSION 


This investigation has demonstrated that DDVP de- 
creased mouse liver GSH concentrations. It is interesting 
to note that a significant decrease was detected only after 
30mg of DDVP per kg and not after 15 mg/kg. Hut- 
son[10] proposed that GSH-dependent metabolism of 
organophosphates becomes important only after hydrolytic 
pathways are ‘overloaded.’ The observation that 35 mg of 
DDVP per kg killed all mice in less than 10 min suggests 
that the lower, non-lethal 30 mg/kg dose of DDVP may 
have approached an ‘overload’ situation. The rapid return 
of liver GSH levels observed after DDVP is consistent with 
the reported rapid resynthesis of mouse liver GSH [26]. 

It should be noted that the degree and duration of GSH 
reduction observed after DDVP was much less than that 
reported after sumithion and sumioxon [18]. The toxicity 
of the latter compounds was potentiated by prior depres- 
sion of liver GSH subsequent to methyl iodide pretreat- 
ment. In this study we used the same methyl iodide pre- 
treatment and observed similar depletion of GSH, yet, 
methyl iodide did not potentiate DDVP toxicity. Of 
course, it remains possible that further reduction of hepatic 
GSH levels by more potent compounds might alter DDVP 
toxicity. However, these observations suggest that, in con- 
trast to sumithion and sumioxon, GSH-dependent metabo- 
lism does not represent a major detoxification pathway 
for DDVP in the mouse. Lack of DDVP potentiation in 
mice pretreated with sufficient TOTP to completely inhibit 
hepatic DDVP binding suggested that binding also did 
not represent a major detoxification pathway in the mouse 
[15,21]. This was further emphasized in this study in that 
combined inhibition of binding and depression of hepatic 
GSH concentrations by TOTP and methyl iodide, respect- 
ively, did not alter DDVP’s anticholinesterase action. 

The mouse liver hydrolysis of DDVP observed in this 
study was somewhat lower than that reported for rat liver 
[11,22] and as has been reported for rat liver [17,24] 
DDVP hydrolysis by hepatic A-esterases was not inhibited 
in TOTP-pretreated mice. The present study considered 
along with those cited above suggest that the low mam- 
malian toxicity following exposure to DDVP results from 
rapid metabolism by A-esterases. 


Summary. DDVP (30 mg/kg, i.p.) caused 50 per cent inhi- 
bition of mouse brain cholinesterase activity and 20 per 
cent decrease in mouse liver GSH concentration 30 min 
after injection. Methyl iodide (135 mg/kg, i.p.) reduced liver 
GSH concentration to 50 per cent of control within one 
hr. However, this methyl iodide treatment did not alter 
the anticholinesterase action of subsequently administered 
DDVP. This suggested that GSH-dependent metabolism 
does not represent an important detoxification mechanism 
in the mouse. Combined treatment with TOTP and methyl 
iodide inhibited DDVP inactivation by binding and 
depressed liver GSH levels yet the toxicity of subsequently 
administered DDVP was not altered. Results suggest that 
low DDVP toxicity and lack of toxic interaction with 
TOTP and methyl iodide result from the rapid hydrolysis 
by A-esterases. 


MARION EHRICH 
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DDE-Induced microsomal mixed-function oxidases 
in the puffin (Fratercula arctica) 


(Received 1 December 1975; accepted 29 October 1976) 


Hepatic microsomal mixed-function oxidases of different 
avian species respond to organochlorine insecticides in 
various ways. Davison and Sell[1] found, for example, 
that DDT pretreatment decreased aniline hydroxylase ac- 
tivity in chicken liver microsomes, but increased this ac- 
tivity in duck liver microsomes. Although a considerable 
volume of work has been done concerning enzyme induc- 
tion of hepatic mixed-function oxidases in birds [2-5], it 
has been largely confined to domesticated species. The sole 
exception is a study on the American kestrel (Falco spar- 
verius) [6]. In view of the observed species-to-species vari- 
ation it is desirable that studies designed to elucidate poss- 
ible environmental effects be carried out on the species 
concerned rather than extrapolating from others. This 
report is part of a series of studies undertaken to evaluate 
the effect of toxicants on a variety of physiological 
mechanisms in seabirds [7]. In this note the effects of 
DDE, a metabolite of DDT that occurs as a widespread 
environmental contaminant, on some xenobiotic-metabo- 
lizing enzyme activities of microsomes prepared from puf- 
fin liver are reported. The puffin is a fish-eating pelagic 
species of the auk family for which large declines in popu- 
lation have recently been noted on both sides of the North 
Atlantic [8,9]. This report describes the response of puffin 
hepatic microsomal aniline hydroxylase and benzpheta- 
mine demethylase activities to oral dosing of puffins with 
DDE. 


Immature puffins (approximately 40-days-old) were 
dosed orally by intubation with DDE dissolved in corn 
oil (experimental birds) or with corn oil alone (control 
birds) for 16-21 days before sacrifice. The DDE adminis- 
tered was selected to approximate 50 ppm in the diet, 
based on a total daily intake of 120g fish per day. (Thus, 
each treated bird received approximately 6 mg daily). Birds 
were maintained in artificial burrows made of tile until 
the pre-fledging starvation phase had started when they 
were brought into the laboratory. This pre-fledging star- 
vation phase is a normal physiological change that occurs 


a few days before fledging and is not influenced by the 


presence of food. This lack of feeding caused mobilization 
of DDE previously stored in the fat and this release was 
enough to cause toxic manifestations in the treated birds. 

After decapitation of puffins, an aliquot of liver, minus 
the gall bladder, was immediately removed and frozen. 
Liver was assayed for mixed-function oxidase activity 
within 48 hr of sacrifice. Use of this procedure has not 
resulted in significant loss of mixed-function oxidase ac- 
tivity in any of the mammalian or marine species we have 
tested. 

Prior to microsome preparation, the liver aliquots were 
placed in ice-cold 0.15 M KCI adjusted to pH 7.5 with 
HEPES-NaOH buffer and were allowed to thaw slowly. 
All subsequent steps were carried out at 0-4°C. The livers 
were minced with scissors and homogenized in a glass Pot- 


Table 1. Effect of DDE administration on the hepatic microsomal mixed-function oxidase system of 
the Puffin and on tissue residues. 








Control 


Puffin 
DDE-fed' 





Yield Microsomal 
Protein (mg/g liver) 
Aniline Hydroxylase 
(nmoles/min/mg protein) 
Benzphetamine Demethylase 
(nmoles/min/mg protein) 


Residual DDE in liver 4.9 


(ppm dry weight) 


>> 


0.19 + 0.05 (4) 


1.05 


+ 2.2(4)° 24.2 + 1.0(5) N.S. 


0.70 + 0.10 (5) < 0.05 


+ 0.19 (4) 5.46 + 0.45 (5) < 0.05 


+ 1.8 (3) 2037 + 586 (4) < 0.05 





' Puffins dosed orally with DDE in corn oil for 16-21 consecutive days (amount selected to approxi- 
mate 50 ppm in diet). Controls received only corn oil. 
* Statistical comparisons made using the nonparametric Mann-Whitney U test [14]. 


3 Mean + S.E.M. (n). 
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ter-Elvejhem homogenizer having a motor driven teflon 
pestle. Four passes of the pestle (from top to bottom of 
the homogenizer) were used. The final homogenate was 
diluted to 33 1/3 percent (w/v) by addition of buffered ice- 
cold 0.15M KCI. Cell debris, nuclei and mitochondria 
were removed by centrifugation at 10,000 g for 20 min. The 
10,000 g supernatant was carefully aspirated into a syringe 
so that the fat layer was left behind. Microsomes were 
isolated from the 10,000g supernatant by sedimentation 
at 177,700 g for 40 min (Beckman 60 Ti rotor, 50,000 rpm). 
The resulting pellet was washed by resuspension in buf- 
fered 0.15 MKCI and resedimentation at 177,700g for 
20 min. The washed microsomal pellets were resuspended 
in KCI to a final protein concentration of 10-20 mg/ml. 
The Lowry procedure was used for protein measurement 
[10]. 

Aniline hydroxylase activity was measured by deter- 
mination of the p-aminophenol formed [11] and d-benz- 
phetamine demethylase activity by determination of the 
formaldehyde produced using a modified Nash procedure 
[12]. Incubation mixtures (2.5 ml) used to measure aniline 
hydroxylase activities contained 3.75 mg microsomal pro- 
tein, 0.1 M HEPES buffer, (pH 7.6), 8 mM aniline HCl and 
an NADPH-generating system consisting of 1.0mM 
NADPH, 5mM MgSQO,, 5mM glucose 6-phosphate and 
2 units glucose 6-phosphate dehydrogenase. Those used 
to determine benzphetamine demethylase activity (final vol. 
2.5 ml) varied only in that d-benzphetamine HCI (3.0 mM) 
replaced aniline HCl and 5mM semicarbazide HCl was 
included in the incubation mixture. Reactions were in- 
itiated by the addition of substrate in both cases. 

Incubations were carried out at 37° for 15min in air 
in a Dubnoff metabolic shaker whose shaking rate was 
100 rpm. Analysis of DDE residue levels in liver was car- 
ried out as previously described [13]. 

As shown in Table 1, hepatic microsomal aniline hy- 
droxylase and benzphetamine demethylase activities in the 
immature puffin were significantly increased (2.7- and 
5.2-fold, respectively) by animal pretreatment with DDE. 
The DDE treatment, at our dosage levels, did not cause 
significant increases in liver weight nor in the yield of mic- 
rosomal protein on a per gram basis (Table 1). 

In conclusion, we have demonstrated that the xenobio- 
tic-metabolizing enzyme system of puffin liver is readily 
induced by DDE treatment. To our knowledge, no pre- 
vious studies of this type have been carried out with any 
species of sea bird. Unfortunately, the mobilization of 
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DDE and tissue wasting caused by the pre-fledging star- 
vation makes it impossible to compare the degree of induc- 
tion with that which has been found in other avian species. 
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Neuroleptic drugs are known to increase dopamine turnover not only in both the basal 
ganglia 1 and mesolimbic system 2 but also in the mesocortical system 3,4. These effects 
have been interpreted in terms of blockade of dopamine receptors (cfr. ref.5). The recent 
findings that neuroleptic drugs can inhibit dopamine-sensitive adenylate cyclase 6 and speci- 
fically bind to receptors in dopaminergic regions of the brain 7, 8 have provided more direct 
evidence to support the hypothesis that neuroleptic drugs block dopamine receptors, Since 
the enzyme and the specific binding sites have been reported to be localized in different sub- 
cellular structures from rat striatum 9, they might be considered as two possible targets 
capable of eliciting different biochemical and behavioral effects. The purpose of the present 
investigations was to examine to what extent these receptors are really involved in the phar- 
macological activity of neuroleptic drugs. Therefore, an in vivo assay was developed using 
two different neuroleptic drugs ; spiperone, a butyrophenone derivative and pimozide, the 
prototype of the diphenylbutylpiperidines, 

Male Wistar rats (250 g) were given 3H spiperone (0.005 mg.kg-! spec.act. 9 Ci/ 
mmol or 3H pimozide (0.02 mg.kg-! spec.act. 13 Ci/mmol Janssen Pharmaceutica) by in- 
travenous injection. Two hours later, the animals were killed by decapitation, Brains were 
removed and various areas were dissected, They were combusted in a tissue sample oxidi- 
zer and the radioactivity was measured in a liquid scintillation spectrometer, 

Table 1 shows the regional distribution of 3H spiperone and 3H pimozide in the rat brain. 
Both drugs were found to be more specifically taken up in the dopaminergic areas of the rat 
brain, thus confirming earlier findings !0 in the dog when using 34 haloperidol and 3H pimo- 
zide. As shown in table 1, the difference in the labelled drug content between the brain 

areas known to contain dopaminergic terminals and the other ones (e.g. parietal cortex, ce- 
rebellum and brain remainder) was much more pronounced with spiperone than with pimozide. 
For instance, there was about 10 times more 3H spiperone in the nucleus accumbens than in 
the cerebellum, Although less marked, a higher retention capacity in the dopaminergic areas 
was also observed using 34 pimozide. It is noteworthy that the frontal cortex was found to 
contain more 3H spiperone than the parietal side, and this may explain the much higher HVA 
increase in the former than in the latter after haloperidol treatment 4. The substantia nigra 


where dopamine release has recently been demonstrated 11, also appeared to possess the 


higher retention capacity for neuroleptic drugs. The regional distribution of 34 spiperone 


and of 3H pimozide closely parallels that of the neuroleptic receptor binding sites when 
measured in in vitro conditions, This suggests that the different retention capacity of a given 
region is directly related to the number of receptor sites involved. 


34 spiperone was also found to be specifically displaced by a larger dose of unlabelled com- 
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Table 1. Regional distribution of labelled drugs in rat brain 2 hours after i,v. injection of 


3H spiperone (0.005 mg.kg~!) and 3H pimozide (0.02 mg.kg-!). 


pg.mg-! + SEM (n=6) pg.mg~! + SEM (n=5) 


Brain region Spiperone Pimozide 





-36 £0.19 
.63 + 0.49 
-11 +0.19 
«06 + 0.37 
~2t £0.19 

0 

0 

0 


Nucleus accumbens ; + 0.38 
Striatum ; a5 
Substantia nigra ‘ + 0.30 
Tuberculum olfactorium ; . 08 
Frontal cortex ; ‘ O.85 
05 19 
. 65 ao 
«35 2! 


Parietal cortex . 7 .06 


Cerebellum 2 mA 


ww nv +& fF OF ND 


Rest of the brain 2 .06 


pound in the dopamine containing areas, Indeed fig.1 shows that labelled spiperone decreased 
much more rapidly in the striatum when unlabelled spiperone was injected one hour after the 
radioactive drug. In contrast to this, no displacement was detectable in the cerebellum, In 


other dopaminergic areas such as the nucleus accumbens, the tuberculum olfactorium and 


STRIATUM 


| 
44 


LABELLED SPIPERONE (pg. mg~') 





HOURS AFTER 3H SPIPERONE 


Fig. 1. In vivo displacement of 3H spiperone (0.005 mg.kg~! i.v.) in rat 
striatum and cerebellum, In the first group ( @——@® ), rat brains were 
removed at different time intervals after injection of labelled spiperone. 
In the second group ( ©O--- ), 0.63 mg.kg~! unlabelled spiperone was 
injected intravenously one hour after 3H spiperone, The hatched part 
represents displaceable 3H spiperone, Each point is the mean of 4 deter- 
minations, Significant differences from control values are indicated by 


*p<.05 #*** pc.001. (FP: student t-test) 
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even, but to a lesser extent, the frontal cortex, we have observed a similar displacement 
after a large dose of unlabelled drug using either 34 spiperone or 34 pimozide (in prepara- 
tion), Thus, only those molecules which are specifically bound to the receptors of the 
dopaminergic structures can be displaced from their binding sites whereas those which are 
bound aspecifically, cannot, 

A third line of evidence for specific in vivo binding of neuroleptic drugs was provided by the 
study of the subcellular localization of 3H spiperone in rat striatum and cerebellum, Brain 
samples were fractionated by differential centrifugation according to the analytical five- 
fraction procedure 12,13. In order to assess the composition of the subcellular fractions 
thus obtained, several marker enzymes were determined according to methods previously 
described 12, 13, 

Fig.2 shows the distribution pattern of 3H spiperone in fractions obtained from rat 
striatum and cerebellum homogenates, Ninety percent of the radioactivity was recovered 
in particulate fractions in the striatum against only 49 percent in the cerebellum, 3H spipe- 
rone was mainly found to have been enriched in the P (microsomal) fraction (42 %) in the 
striatum but not in the cerebellum (7 %). It is noteworthy that the 3H spiperone profile in 
the striatum closely parallels that of the neuroleptic receptor as previously reported 2; 
when assayed in in vitro conditions. In contrast to this, in both regions, its profile marked- 
ly differed from that of cytochrome oxidase (mitochondrion) of lactate dehydrogenase (sy- 
naptosome) of N-acetyl-f -D glucosaminidase (lysosome) and even of dopamine -sensitive 


adenylate cyclase as already described 13, Consequently, none of these structures seems 


STRIATUM CEREBELLUM 
CYTOCHROME OXIDASE 


2) 


" 


° 


0 
LACTATE DEHYOROGENASE 


2} 


: 


N- ACETYL -8-D- GLUCOSAMINIDASE 


eo - 


x 


2) 


ae 


S-NUCLEOTIDASE 
| 


° 


2) 


on 


° 


0 
RADIOACTIVITY 


~ 


(PERCENTAGE OF TOTAL ACTIVITY / PERCENTAGE OF TOTAL PROTEINS) 


RELATIVE SPECIFIC ACTIVITY 


PERCENTAGE OF TOTAL RECOVERED PROTEINS 


Fig. 2. Distribution pattern of radioactivity and marker enzymes in sub- 


cellular fractions of rat striatum and cerebellum obtained by differential 
centrifugation, two hours after i.v. injection of 3H spiperone (0.005 mg. 
kg-). The absolute amount of 3H spiperone in the starting material was 
2.9 ng g-! in the striatum and 0.4 ng g-l in the cerebellum, while their 
distribution in percent was respectively 6 and 17 in N (nuclear fraction), 
28 and 19 in M (heavy mitochondrial fraction), 14 and 6 in L (light mito- 


chondrial fraction), 42 and 7 in P (microsomal fraction), 10 and 51 inS 


(supernatant), 
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to be the main target in vivo for neuroleptic drug activity. In control experiments in which 


labelled spiperone was added to the starting homogenate at a concentration corresponding to 


that normally found in the homogenate under in vivo conditions, only 18 % and 40 % of 34 


spiperone were respectively recovered in the P and S fractions in the striatum, On the 
contrary, the distribution pattern in the cerebellum was identical in both conditions indica- 
ting that in this brain region, no specific binding occurred in vivo, a fact which is quite 
compatible with the absence of neuroleptic receptors in this area, Therefore, one may 
conclude that the 3H spiperone enrichment in the P fraction corresponds to a specific in vivo 
binding on neuroleptic receptors, Moreover, although we cannot quite rule out that a small 
amount of spiperone should also be associated with structures bearing dopamine-sensitive 
adenylate cyclase, the inhibition of this enzyme does not seem to be of great importance for 
the antipsychotic activity of neuroleptic drugs, We believe that the inhibition of the dopami- 
ne-sensitive adenylate cyclase is only involved in the mechanism of action of neuroleptic 
drugs endowed with sedative effects. 

Throughout the present work, radioactivity was always considered either as unchanged spi- 
perone or as unchanged pimozide, Metabolic studies have shown that 2 hours after intrave- 
nous injection 90 percent of 3H spiperone and 3H pimozide were found in the rat brain as un- 
changed drug !4, Moreover the amount of pimozide metabolites per mg.tissue was similar 
in all the brain regions for 24 hours after injection, These metabolites were never found 

to have been. particulate -bound but well contained in the supernatant fraction (J. Heykants ; 
unpublished results), 

Spiperone seems to be particularly appropriate for such in vivo studies ; indeed, recent in 
vitro binding experiments have shown that, when compared to haloperidol, spiperone has a 
slower dissociation rate, a higher affinity for neuroleptic receptor but a lower one for aspe- 
cific sites (unpublished results). This is also true for pimozide except that its aspecific bin- 
ding was relatively higher, a fact which can explain why the retention of 34 pimozide in the 
cerebellum was relatively more pronounced than that of 3H spiperone (table 1). 

In the present study, three lines of evidence were provided to demonstrate a speci- 
fic in vivo binding for neuroleptic drugs, First, these drugs were specifically taken up in 
the dopaminergic areas of the brain so that the higher retention capacity in these regions, 
when compared to that in non dopaminergic areas, (e.g. the cerebellum), might be taken as 
an index for specific in vivo binding. However, specific distributions are only possible ifa 
very low dose of the drug is used in a way that the high affinity specific binding is predomi- 
nant, thus not masked by the low affinity aspecific binding 15, Secondly, larger doses of un- 
labelled drug could displace the labelled drug in vivo only in the dopaminergic areas, Recent 
results have shown that apomorphine and aminotetralin derivatives can also be used in these 
displacement experiments, a fact which provides further evidence concerning the dopaminer- 
gic nature of the neuroleptic receptor. Thirdly, specificity for this in vivo binding was fur- 
ther assessed at the subcellular level since the labelled neuroleptic drug was found to be spe- 
cifically enriched in the microsomal fraction of the dopamine containing areas, 

The present results support the view that, in vivo, the neuroleptic receptor may be 


a more important target for neuroleptic drugs than dopamine-sensitive adenylate cyclase. 
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THE ROLES OF FOLATE AND PTERIDINE DERIVATIVES IN 
NEUROTRANSMITTER METABOLISM 


ANTHONY J. TURNER 
Department of Biochemistry, University of Leeds, 9 Hyde Terrace, Leeds LS2 9LS, England 


The biologically active folate coenzymes are the deri- 
vatives of tetrahydrofolic acid (FH4) that function in 
the transfer of 1-carbon groups in a variety of reac- 
tions in purine, pyrimidine and amino acid metabo- 
lism [1]. The pteridine moiety, in addition to forming 
an integral part of the folic acid molecule, is also 
required as a donor of reducing equivalents in several 
amino acid hydroxylation reactions. A number of de- 
fects in both folate and pteridine metabolism are 
known to affect neurological function, suggesting an 
essential role for these compounds in the maturation 
of the nervous system and in synaptic dynamics [2-4]. 
This review will concentrate on aspects of the meta- 
bolism of these compounds of current relevance to 
neurochemistry and, in particular, to the metabolism 
of amino acid and amine neurotransmitters. Such 
studies have been limited in the past because of the 
low concentrations of folate derivatives in tissues, 
their instability and problems associated with their 
analysis, although radioimmunoassay procedures are 
now available for folate measurements. The structures 
of folates and pteridines and the biochemistry of one- 
carbon transfer reactions have been described in 
detail elsewhere [1], although pathways relevant to 
this essay are shown in Fig. 1. Throughout this article 
the term ‘pterin’ will be used to refer to derivatives 
of the naturally occurring 2-amino-4-hydroxypteri- 
dine, as suggested elsewhere [1]. The role of folates 
in nucleic acid metabolism in brain will not be dis- 
cussed here. 

Folate metabolism in brain. Although the synthesis 
of the pteridine ring system has been extensively stud- 
ied in bacterial and insect systems, there is little infor- 
mation available concerning the biosynthesis of 
pterins in mammalian systems. However, it has been 
established that various mammalian tissues, including 
brain, possess the capacity to synthesize biopterin 
from GTP[5], and neuroblastoma cell lines have 
been shown to effect a similar synthesis [6]. The path- 
way of mammalian pterin synthesis is presumed to 
be similar to that found in microbial systems. In con- 
trast mammalian tissues do not have the capacity to 
synthesize folate derivatives and for human beings 
there is a daily dietary requirement of about 50 yg 
folic acid [2]. 

The folic acid molecule is composed of a pterin 
linked through a p-aminobenzoyl moiety to one or 
more glutamate residues in y-carboxyl linkage (folate 
mono- and oligo-glutamates). 5-Methyltetrahydrofo- 
late (CH,FH,) is the major form of folate present 
in serum and peripheral tissues as well as in the deve- 
loping brain. However this is apparently not the case 
in the mature brain where almost 50 per cent of the 


total folate is present as FH, oligoglutamates [4, 7]. 
Folate levels in brain and cerebrospinal fluid are 2-3 
times higher than those found in serum even in states 
of folate deficiency [8]. This indicates the importance 
of these compounds to the brain and suggests the 
existence of a regulatory mechanism for maintaining 
brain folate levels. CH3;FH, exists predominantly in 
a protein bound form in blood [9] and is concen- 
trated into brain by a saturable uptake mechanism 
specific for folates [10]. This requirement for the 
transport of reduced folates from blood is necessitated 
by the absence in brain of significant quantities of 
dihydrofolate reductase [11]. Formiminotransferase, 
an enzyme which can contribute to the one-carbon 
pool in liver is also apparently absent from 
brain [12], suggesting that serine is the major endo- 
genous source of one-carbon units in this tissue 
through the action of serine hydroxymethyltransfer- 
ase. All the enzymes required for the de novo synthesis 
of S-adenosylmethionine from serine are known to 
occur in brain (see Fig. 1). 

A number of studies [12-16] have examined the 
subcellular distributions of folate-metabolizing 
enzymes in nerve tissue and although there is general 
agreement on the cytosolic location of methylene FH, 
reductase, methionine synthetase and methionine 
adenosyl transferase, discrepancies are apparent in the 
reported distribution of serine hydroxymethyltransfer- 
ase. Davies and Johnston[13] and McClain et 
al.{12] have reported significant proportions 
(20-30%) of serine hydroxymethyltransferase in the 
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PPP, +43 
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Fig. 1. Interconversion of FH, derivatives in relation to 
amino acid and amine metabolism. The principal enzymes 
involved are: (1) methylene-FH, reductase (EC 1.1.1.68); (2) 
CH,FH, homocysteine methyltransferase (EC 2.1.1.13); (3) 
methionine adenosyltransferase (EC 2.5.1.6); (4) serine hy- 
droxymethyltransferase (EC 2.1.2.1). The association of 
FH, with formaldehyde is presumed to be non-enzymic. 
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cytosol, with the majority of the remaining activity 
occurring in the mitochondrial fraction as in liver. 
In contrast, other workers have concluded that this 
enzyme occurs almost exclusively in mitochondria 
with negligible activity being present in the cyto- 
sol [14-16]. The discrepancies may reflect the differ- 
ences in homogenisation and fractionation conditions 
employed in these studies. A careful re-investigation 
of the localisation of serine hydroxymethyltransferase 
in brain is important because of its possible involve- 
ment in a one-carbon shuttle system across the inner 
mitochondrial membrane [17], which would require 
both cytosolic and mitochondrial forms of the 
enzyme. 

Although a considerable proportion of cellular 
folates are present as their oligoglutamate derivatives, 
most studies on folate-metabolizing enzymes have 
tended to use the monoglutamates as _ substrates 
because of their ready availability. However the olli- 
_ goglutamate forms of the folates have been shown 
to be better substrates than the monoglutamates for 
a number of folate-interconverting enzymes [18—20]. 
Thus the oligoglutamate derivatives may not only 
represent storage forms of the folates as previously 
suggested [1], but may function both as natural sub- 
strates and as regulators of intracellular folate-depen- 
dent reactions. Such possibilities should be borne in 
mind in studies on the enzymology of folate metabo- 
lism. 

The role of pterins in the synthesis of biogenic 
amines. The primary and rate-limiting step in the syn- 
thesis of the catecholamines involves the conversion 
of L-tyrosine to — L-3,4-dihydroxyphenylalanine 
(DOPA) by the enzyme tyrosine hydroxylase [21]. 
This enzyme catalyses a 3-substrate reaction involving 
tyrosine, oxygen and a reduced pterin cofactor (prob- 
ably tetrahydrobiopterin, BH,) as shown in reaction 
(1): 


L-tyrosine + BH, + O, 
— DOPA + BH,+H;0 (1) 
BH, + NADH + H* — BH, + NAD“. (2) 


Regeneration of the reduced pterin is carried out by 
a pyridine nucleotide-dependent enzyme, dihydropter- 
idine reductase [22] (reaction 2). Phenylalanine [23] 
and tryptophan hydroxylases [24] also use pterin 
cofactors for the donation of reducing equivalents and 
similarly require pteridine reductase for regenerating 
the reduced cofactor. The related enzyme dihydrofo- 
late reductase probably plays no role in the supply 
of BH, [25]. The regulation of catecholamine syn- 
thesis occurs mainly at the tyrosine hydroxylase step 
and may involve long-term modifications of the 
amount of tyrosine hydroxylase protein (trans-synap- 
tic induction) and short-term regulatory processes in- 
dependent of changes in enzyme levels [26]. This 
review will consider only the latter mechanisms. 

It is now well established that dopamine and _ nor- 
adrenaline inhibit tyrosine hydroxylase competitively 
with respect to the pterin cofactor [27]. Such observa- 
tions suggest that release of catecholamines from the 
nerve ending may result in an increase in the rate 
of amine synthesis due to the relief of end-product 
inhibition of tyrosine hydroxylase. Indeed, several 
studies have demonstrated an increase in the rate of 
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catecholamine biosynthesis following amine release 
due to electrical stimulation or K*-induced depolari- 
zation [28, 29]. In addition cyclic nucleotides have 
been reported to regulate amine synthesis [30], and 
cyclic AMP has been shown to mediate activation 
of tyrosine hydroxylase in vitro by reducing the K,, 
of the enzyme for the pterin cofactor [31,32]. It is 
at present uncertain whether or not the activation 
by cyclic AMP involves a direct phosphorylation of 
tyrosine hydroxylase by a cyclic AMP-dependent pro- 
tein kinase [32, 33]. 

The synthesis of a number of neurotransmitters in- 
cluding the catecholamines may be regulated by pre- 
cursor availability (for discussion see ref. 34). For 
example, elevation of tyrosine levels can bring about 
a transient increase in catecholamine synthesis [35] 
and it has also been proposed that the levels of 
reduced pterin cofactor may regulate tyrosine hy- 
droxylation and amine synthesis [36]. This suggestion 
is sustained by the demonstration that intraventricu- 
lar injection of biopterin [37] or its addition to sym- 
pathetic nerve tissue in culture [38] or synaptosomal 
preparations [39] results in an increased conversion 
of tyrosine to catecholamines. Furthermore the use 
of an inhibitor of pteridine reductase has been shown 
to abolish noradrenaline fluorescence in neuronal 
processes [38]. Glucagon administration increases 
both pteridine reductase levels and the conversion of 
phenylalanine to tyrosine in rat liver [40]. This obser- 
vation further supports the hypothesis that avail- 
ability of reduced pterin is a regulatory factor in such 
hydroxylation reactions. 

Chemical sympathectomy with 6-hydroxydopamine 
has been reported to have no effect on the levels of 
rat brain pteridine reductase [41] which would sug- 
gest that only a small proportion (probably less than 
10 per cent) of the total pteridine reductase in brain 
is located in catecholaminergic neurons. Some will 
of course be present in serotonergic neurons, but it 
would appear that the majority of pteridine reductase 
activity is extraneuronal and may serve in, as yet, 
unidentified hydroxylation reactions. 

Less is known about the control of serotonin syn- 
thesis in brain, although tryptophan hydroxylation is 
thought to be the most likely site for regulation to 
occur. Brain serotonin levels are also controlled by 
precursor availability and are increased by treatments 
that raise brain tryptophan levels [34]. Studies on the 
effects of administered biopterin on serotonin syn- 
thesis have not been reported, although it is likely 
that pterin levels are a regulatory factor in the biosyn- 
thesis of the indoleamines, by analogy with the regu- 
lation of catecholamine biosynthesis. 

Folates and transmethylation reactions. Several 
methyl transferases are of importance in the metabo- 
lism of biogenic amines [42]. For example, both the 
biosynthesis of adrenaline and the inactivation of his- 
tamine involve N-methylation reactions, whereas the 
formation of melatonin and the inactivation of cat- 
echolamines involve O-methylation processes. A 
number of methylated derivatives of the biogenic 
amines (e.g. mescaline and N,N-dimethyltryptamine) 
produce psychotomimetic effects in human beings and 
hence abnormal or excessive methylation of amine 
neurotransmitters has been implicated in the aetio- 
logy of psychotic illnesses [43]. This transmethylation 
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hypothesis of schizophrenia [44], originally proposed 
in 1952, is supported by the ability of the methyl 
donor methionine to intensify psychotic symptoms in 
a significant proportion of schizophrenic patients. 
However, at present there is no convincing evidence 
for significant differences in the levels of psychotomi- 
.metic, methylated amines between schizophrenic 
patients and controls. Recent reviews have discussed 
the varying popularity of this transmethylation hy- 
pothesis [43, 45]. 

A critical factor in the concept of an “endogenous 
hallucinogen” would be the ability of mammalian tis- 
sues to synthesize psychotomimetic compounds such 
as dimethyltryptamine. A significant advance was 
provided in 1961 by Axelrod [46] who demonstrated 
the presence, in rabbit lung, of an enzyme capable 
of forming N-methylated tryptamine derivatives from 
the parent amine. This enzymic activity was also 
shown to be present in brain [47], and N-methylated 
tryptamines have been reported to occur in various 
mammalian tissues [48], although the specificity of 
identification of these compounds using thin layer 
chromatographic studies has been challenged [49]. 

In all the above work it had been tacitly assumed 
that the methyl donor in such methylation reactions 
was S-adenosyl methionine (SAM). This assumption 
was challenged by Laduron [50] who proposed that 
CH,;FH, may function directly as methyl donor to 
biogenic amines. Previously CH3,;FH, had merely 
been regarded as the donor of a methyl group 
to homocysteine in the biosynthesis of methionine 
[42]. Further reports from Laduron [51] and others 
[52,53] described an enzyme from brain that could 
apparently donate the methyl group of CH,FHy, to 
a variety of catecholamine derivatives to form both 
O- and N-methylated products. Characterization of 
this enzyme from brain showed it to be more active 
than SAM-dependent amine methylases, and it was 
proposed that increased brain levels of CH,;FH, may 
be responsible for the abnormal methylation pro- 
cesses thought to occur in schizophrenia [54]. 

A number of discrepancies among reported results 
have led to a re-investigation of the specificity of 
this novel CH,FH,-dependent methylation reaction 
[55-57]. Lin and Narasimhachari [57] first noted 
that the amine reaction products differed from those 
produced by SAM-dependent methylation processes 
and they suggested that the products formed 
were not due to direct methylation of the acceptor 
amines. The specificity of identification provided by 
gas chromatography combined with mass spectro- 
metry showed that the major product of the incuba- 
tion of CH,;FH, and dopamine with enzyme extract 
was not N-methyl dopamine but 6,7-dihydroxytetra- 
hydroisoquinoline [58]. Correspondingly, tetrahydro- 
B-carbolines were formed from CH FH, and trypta- 
mine derivatives [59-62]. Such compounds are 
known to be formed by the non-enzymic condensa- 
tion of formaldehyde with the parent amines, and the 
enzyme originally identified as a methyl transferase 
was subsequently shown to catalyse the release of for- 
maldehyde from CH;FH, [63]. 

Current evidence suggests that this “formaldehyde- 
forming activity” is identical with the generally distri- 
buted enzyme of one-carbon metabolism, methy- 
lene-FH, reductase [55,56], although homogeneous 
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preparations of the enzyme will be required to con- 
firm this suggestion. The major physiological function 
of methylene-FH, reductase is presumed to be the 
synthesis of CH,FH, (see Pearson and Turner [55] 
for discussion), and the central role of this enzyme 
in providing methyl groups for subsequent synthesis 
of SAM is indicated by the regulation of its activity 
by SAM levels [55]. However, in the presence of a 
suitable oxidant in vitro a reversal of the methy- 
lene-FH, reductase reaction can occur which results 
in the conversion of CH,FH, to FH, and formalde- 
hyde. The formaldehyde produced can then condense 
non-enzymically with a suitable acceptor such as a 
catecholamine or indoleamine. Since the amine does 
not enter directly into the enzymic reaction, pre- 
viously quoted kinetic constants for amine sub- 
strates [51,52] are of little significance. The analo- 
gous formation of tetrahydroisoquinoline alkaloids by 
the non-enzymic condensation of catecholamines with 
acetaldehyde or biogenic aldehydes has been reported 
to occur in vivo in mammalian tissues [64]. Such alka- 
loids have been implicated in the process of alcohol 
addiction and in some of the side-effects of DOPA 
therapy in Parkinson’s disease (for discussion see ref. 
64). It is therefore feasible that formaldehyde-derived 
tetrahydroisoquinoline and __ tetrahydro-f-carboline 
alkaloids may form in vivo in sufficient concentrations 
to modify the uptake or metabolism of neurotrans- 
mitters. These alkaloids could arise by the formation 
of “active formaldehyde” from CH3FH, through the 
action of methylene-FH, reductase or from other for- 
maldehyde-generating systems such as sarcosine de- 
hydrogenase [1]. Recent studies by Ordonez and Vil- 
laroel [65] have indicated that the reversal of the 
methylene-FH, reductase reaction may occur under 
certain conditions and these studies suggest that alka- 
loid formation in brain merits further investigation. 

The incorrect identification of a number of prod- 
ucts of one-carbon transfer reactions [50-53] has in- 
dicated that any discussion of a role for methylated 
amines in schizophrenia based solely on thin layer 
chromatographic studies for identifying these com- 
pounds should be treated with caution. Future work 
should rely on more specific methods of product char- 
acterization, for example mass fragmentography. Such 
an approach has recently been used to show the pres- 
ence of amine-N-methylase activity in lung using 
either SAM or CH,;FH, as methyl donor [66]. There- 
fore, although the majority of the activity originally 
identified as a folate-dependent amine . N-methyl 
transferase appears to be due to the action of methy- 
lene FH, reductase, the presence of small amounts 
of a genuine folate-dependent methylase cannot be 
precluded. 

Folates and glycine metabolism. Although a large 
body of evidence supports a role for glycine as an 
inhibitory neurotransmitter, particularly in the spinal 
cord [67], our present knowledge of the metabolism 
of glycine in the nervous system is limited. However, 
both the synthesis and degradation of glycine are 
known to involve folate coenzymes [67] and they rep- 
resent further points of interaction between folates 
and neurotransmitter metabolism. 

Neuronal glycine is probably provided from serine 
through the action of serine hydroxymethyltransferase 
rather than by transport from the blood [68]. Indeed, 
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the regional distribution of glycine within the rat cen- 
tral nervous system correlates well with the distribu- 
tion of serine hydroxymethyltransferase [14]. The 
reversible reaction catalysed by this enzyme involves 
the transfer of the 3-carbon atom of serine to FH,: 


Serine + FH, = glycine + methylene-FH4. 


An alternative pathway to glycine exists from glyoxy- 
late although the contribution of this route has been 
estimated to be less significant than that from ser- 
ine [69]. Serine itself can be derived from glucose via 
3-phosphoglycerate or glycerate with the former route 
predominating in brain in vivo [70]. 

Glycine catabolism may follow several different 
pathways [69]. Since the serine hydroxymethyltrans- 
ferase reaction is readily reversible, glycine may be 
converted to serine in the presence of excess methy- 
lene-FH, although the presence of amines or other 
compounds that can sequester the active formalde- 
hyde moiety may regulate this reaction. An alterna- 
tive route for the removal of glycine is through its 
oxidation to glyoxylate by L-amino acid oxidase, an 
enzyme that is known to occur in brain [71]. How- 
ever, the major mechanism for glycine catabolism, at 
least in peripheral tissues, is by the glycine cleavage 
system [69] which catalyses the folate-dependent 
decarboxylation of glycine according to the following 
equation: 


Glycine + FH, + NAD* 
=CO,+ NH, + Methylene-FH, + NADH. 


The reversible glycine cleavage system in rat liver is 


a multi-enzyme complex involving four protein com- 
ponents [72], which may be closely linked to serine 
hydroxymethyltransferase. Little is known of the 
properties of the glycine cleavage system in brain tis- 
sue except that it is located intra-mitochondrially. 

Both serine hydroxymethyltransferase and the gly- 
cine cleavage system provide a means for the intra- 
mitochondrial generation of methylene FH,. Conver- 
sion of this folate derivative to CH,FH, is catalysed 
by a cytosolic enzyme and requires the transport of 
methylene FH, across the inner mitochondrial mem- 
brane, which may involve a specific shuttle system 
for folates as mentioned above [17]. There is at pres- 
ent little available evidence concerning the compart- 
mentation of folate-dependent enzymes either. in dis- 
tinct cell types or specific regions of brain which may 
relate to the role of glycine as an inhibitory neuro- 
transmitter. 

Implications for studies on mental illness. The recent 
interest in the metabolism of brain folates is a conse- 
quence of the increasing clinical use of blood folate 
measurements, which has revealed that a number of 
neurological syndromes may be a result of folate defi- 
ciency (for discussion, see ref. 3). For example, several 
of the inborn errors of folate metabolism that have 
been described show aspects of neurological abnor- 
mality [2]. Of particular interest with regard to the 
transmethylation hypothesis of schizophrenia is the 
description of a patient with methylene FH, reduc- 
tase deficiency who exhibited schizophrenic symp- 
toms that were relieved on treatment with folic 
acid [73]. The psychotic symptoms returned when the 
folate therapy was discontinued. However, the signifi- 
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cance of these observations in terms of a biochemical 
description of schizophrenia is not yet clear. 

Neurological abnormality and mental retardation 
have recently been described in a phenylketonuric 
patient despite the close, dietary control of phenyl- 
alanine intake [74]. In this patient. the defect was 
found not to be in phenylalanine hydroxylase but in 
pteridine reductase activity, which resulted in a sig- 
nificant reduction in the levels of the amine neuro- 
transmitters. Neurological deterioration has also been 
described in several cases of hyperglycinaemia due to 
a deficiency in the glycine decarboxylase component 
of the glycine cleavage system [75]. The neurological 
effects of this syndrome are presumably related to in- 
creased brain levels of the inhibitory neurotransmitter 
glycine. Although methionine adenosyltransferase 
deficiency has been implicated in schizophrenia [76], 
the only known case of such a defect was reported 
to show normal mental development [77] although 
the possibility of future deterioration cannot be 
excluded. Neurological involvement in various other 
cases of inborn errors of folate metabolism are known 
and have recently been reviewed in detail [2]. 

A number of workers [78,79] have described a 
relationship between the levels of anti-convulsants 
and folate derivatives during the treatment of epilep- 
tic patients. Anti-convulsant drugs, and in particular 
diphenylhydantoin, lower serum folate in a significant 
number of epileptics and it has been suggested that 
the anti-folate effect of these drugs may be an impor- 
tant factor in control of the epilepsy [80]. However, 
although folic acid and its derivatives act as convul- 
sants when injected into the cerebral cortex of rats 
or cats, millimolar concentrations of these com- 
pounds are required to elicit such effects [81]. The 
mechanism by which anti-convulsants affect folate 
levels is unclear, as is the mechanism of action of 
the anti-convulsants themselves. Nevertheless, in- 
volvement of folates in epilepsy merits further con- 
sideration and stresses the need for serum folate 
measurements of patients on anti-convulsant therapy 
as well as in undiagnosed cases of neurological abnor- 
malities. 

Conclusions. This review has attempted to highlight 
the interactions of folate and pteridine derivatives 
with the metabolism of certain amino acid and 
amine neurotransmitters. There is little evidence to 
support an involvement of folates in the metabolism 
of other known transmitters. For example, although 
choline synthesis involves a SAM-dependent methyla- 
tion reaction, it is probable that the majority of cho- 
line is synthesized peripherally and is transported into 
brain in a lipid-bound form for conversion to acetyl- 
choline [82]. Folic acid has, however, been reported 
to inhibit the high affinity uptake of glutamate and 
GABA into rat brain slice preparations, possibly 
through an effect on membrane permeability [83]. 
Our knowledge of the enzymology of folate metabo- 
lism in brain and its regulation is limited, and no 
folate-interconverting enzyme has been isolated in a 
homogeneous form from brain and characterized ex- 
tensively. The role of folates in neural function and 
their possible deficiencies in mental illness indicates 
the potential of such studies. The development of spe- 
cific inhibitors of folate-metabolizing enzymes would 
provide useful tools for studying interactions between 





Folate and pteridine derivatives in neurotransmitter metabolism 


folates, pteridines and neurotransmitter metabolism. 
A number of such applications have been reported 
in the literature but these could usefully be extended. 
For example, a specific inhibitor of pteridine reduc- 
tase has been used to investigate the significance of 
this enzyme to catecholamine biosynthesis [38]. The 
anti-Parkinsonian drug DOPA can be used to modi- 
fiy brain methionine levels and has been applied to 
demonstrate that the de novo synthesis of methyl 
groups occurs to a significant extent in brain rather 
than by transport of pre-formed methionine from 
blood [84]. Anti-folate drugs such as methotrexate in- 
hibit a number of folate-dependent enzymes although 
with a lower affinity than that for dihydrofolate 
reductase. Drugs of this general type might, however, 
prove useful in studies of brain folate metabolism 
since dihydrofolate reductase is absent from this 
tissue. 
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Abstract 


Cyclophosphamide (CPA)-induced bladder toxicity and lethality were inhibited by N-acetyl- 


cysteine (NAC) when given systemically at a 4:1 ratio prior to CPA. This dose of NAC did not 
affect the production or the formation of free alkylating agents from CPA in vivo or in vitro. The 
immunosuppressive effect of CPA against T cell response systems, such as graft vs host reaction, 
antibody to sheep red blood cells and (PHA) phytohemagglutin stimulation was unaffected by NAC. 
It is concluded that the metabolic products of CPA for cytotoxicity as expressed as cystitis and lethality 
are different from the alkylating agents, which appear to affect immunological phenomena. 


Cyclophosphamide (CPA) is a pharmacologically in- 
ert substance which has to be activated by the liver 
microsomes to become an effective therapeutic 
agent [1, 2]. It is believed that the active pharmacolo- 
gical principle comes under the general classification 
of alkylating agents. Alkylating agents are highly 
reactive compounds which have found utility as anti- 
tumor and immuno-suppressive drugs [3, 4]. Although 
the specific mechanism of action of CPA as an antitu- 
mor or immunosuppressive agent is not entirely 
known, it appears to be unique in that it acts on 
more than one pathway of the immune re- 
sponse [5,6]. This broad utility has led to extensive 
clinical use of CPA with the concomitant undesirable 
effects from this compound of sterility, infection, alo- 
pecia and hemorrhagic cystitis [4]. Hemorrhagic cys- 
titis has been extensively studied in rats and other 
species which receive high doses of CPA. Recently 
it was reported that some of the undesirable effects 
in hemorrhagic cystitis can be prevented with the use 
of N-acetylcysteine (NAC) [7-9]. Although it is desir- 
able to inhibit the toxic effects, to do so at the expense 
of the therapeutic activity would be an exercise in 
futility. Unfortunately, many compounds have been 
found to inhibit undesirable effects of CPA [10] but 
they also attenuated the desirable action of the drug. 
In this report we hope to demonstrate that two unde- 
sirable activities, namely hemorrhagic cystitis and 
lethality, can be prevented with NAC at doses which 
do not affect the blood levels of alkylating agents or 
the immunosuppressive and antiproliferative activities 
of CPA. 


MATERIALS AND METHODS 


Materials 

Cyclophosphamide and N-acetylcysteine (as Muco- 
myst) were gifts of Mead Johnson & Co., Evansville, 
IN. The cyclophosphamide was diluted with sterile 
saline, and the N-acetylcysteine for experiments in 
vivo was diluted in 3°,, gum arabic. For experiments 
in vitro, N-acetylcysteine was diluted with sterile 
saline. A new bottle of Mucomyst was used with each 
experiment. 


Seakem agarose was used for plaque tests. Phyto- 
hemagglutinin M (PHA) was obtained from Difco 
and diluted 1:10 with RPMI buffer immediately prior 
to use. 

Methods 

Hemorrhagic cystitis. The method previously de- 
scribed [7] was employed using female Wistar rats 
weighing between 150 and 175g (obtained from 
Hilltop Lab Animals, Chatsworth, CA). Thirty min 
prior to an intravenous injection of 100 mg/kg of 
CPA in the rat, test drugs were administered orally 
in varying doses. Twenty-four or 48hr after the 
administration of CPA, the animals were sacrificed, 
bladders removed, expressed and weighed wet, then 
dried overnight at 100° and re-weighed. Since all ani- 
mals were within a narrow limited weight range, the 
data are expressed on the basis of bladder weight 
only. The experiments on mice were performed on 
Swiss Webster 20-25 g male mice obtained from Curd 
Caviary, Los Angeles, CA. The CPA was adminis- 
tered intraperitoneally (i.p.) and the animals were sac- 
rificed 48hr later and the bladders removed and 
weighed the same as the rats. There was no significant 
loss of weight in either the rats or mice with any 
treatment. 

Lethality studies. Preliminary experiments deter- 
mined that 500 mg/kg of CPA given i.v. very slowly 
killed approximately 50 per cent of the animals within 
2 weeks. Those that died during the first 24 hr after 
CPA administration were not included in this study. 
This single dose of CPA was used throughout these 
experiments and the number of mice surviving at 14 
days when the CPA was either given alone or in com- 
bination with NAC was recorded. Swiss Webster male 
mice, obtained from Curd Caviary, Los Angeles, 
CA, were used in all these experiments and they 
weighed between 18 and 20 g at the outset. The NAC 
was administered orally 30 min before the iv. CPA. 
Chemical measurement of free alkylating agent and 
total CPA 


In vitro conversion. Male mice that had phenobar- 
bital in their drinking water (500 mg/liter) for a mini- 
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mum of 10 days were used. The animals were sacri- 
ficed by cervical dislocation, livers removed and 
homogenized in KCI and centrifuged at 15,000g in 
a refrigerated centrifuge for 15min. The cell-free 
supernatant containing NADPH, glucose 6 phosphate 
(G-6-P) and G-6-P dehydrogenase was used for 
measurement of conversion. When NAC was adminis- 
tered in vivo it was given intragastrically 30 min prior 
to sacrifice. The NAC in vitro was added 5 min before 
the CPA and the preparation was incubated 15 min 
at 37° after the addition of CPA. The reaction was 
stopped by putting the tubes in an ice bath. The Mor- 
ita [11] modifications of the method of Friedman and 
Boger [12] were used to determine alkylating activity 
by colormetrically determining the addition product 
of 4-(p-nitrobenzyl)-pyridine (NBP) with the alkylat- 
ing agent. 

In vivo conversion. Blood sera samples obtained 
from the retro-orbital sinus of mice given CPA or 
CPA plus NAC 30min prior were treated according 
to the method of Berenbaum et al. [13] and the NBP 
reaction developed as described above. 


Immunological studies 


Graft vs host reaction. The local graft vs host reac- 
tion originally described by Levine [14] and Ford et 
al{15] and as utilized in our laboratory [16] was 
used. Briefly, hybrid rats obtained from Fisher—Wister 
parents were given parental (Wistar) spleen cells in 
the paw. The animals were sacrificed; after 1 week 
the popliteal nodes were removed and weighed. The 
dose of spleen cells was approximately 50 x 10°/paw, 
which was adequate to give a popliteal node enlarge- 
ment to approximately 150mg. Rats were obtained 
from Hilltop Labs., Chatsworth, CA. 


Response 10 sheep red cells 


Plaque test. The Kappler modification [17] of the 
Mishell and Dutton [18] technique with Falcon Mul- 
tiwell plates with 24 wells/plate was used. Prior to 
introduction of spleen cells from sensitized and drug- 
treated mice, 0.25 ml of 1.2°, clear agarose was added 
into the wells to obtain a level base in each well so 
that when the plates were subsequently read, nearly 
all plaques would be in one focal plane upon magnifi- 
cation. The sheep cells originally used for sensitizing 
ithe mice were used in the plaque test. A 0.5°, agarose 
solution in balanced salt solution (BSS) contained 
0.1 ml of 10°, sheep red blood cells (SRBC) and 0.1 ml 
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of spleen cells in BSS with 10° to 10° cells/ml. This 
was overlayed on the clear agarose and allowed to 
gel. The plates were then incubated 1 hr at 37°. After 
the incubation, a 10% guinea pig complement solu- 
tion was added and the mixture incubated another 
2hr at 37°. The plates were then removed from the 
incubator and read or stored overnight in the cold 
and read on a magnifying viewer independently by 
two viewers. The values of the two viewers were aver- 
aged. Periodic microscopic examinations were made 
to determine the presence of a lymphoid cell in the 
center of the plaque. Only direct (19S) plaques were 
assayed from mice immunized 4 days prior to sacrifice 
with SRBC. The animals were dosed between | and 
1.5hr after receiving 10° SRBC. Each spleen was 
examined at four dilutions from 10* to 10° spleen 
cells/well in duplicate in order to obtain more accu- 
rate plaque readings. Linear plaque number vs cell 
concentrations in each series had to be obtained for 
acceptable data. The best duplicate consistent with 
the dilution was used to evaluate the plaques/10° 
spleen cells. 

Stimulation of human lymphocytes. The method of 
Berenbaum et al. [13] for PHA stimulation of lym- 
phocytes in human blood was used. Retro-orbital 
blood samples from mice which had received CPA 
or CPA + NAC were obtained and the sera har- 
vested. Human blood obtained from healthy volun- 
teers was diluted 1:10 with RPMI buffer. The mouse 
sera had to be diluted 1:1 with RPMI prior to use 
or non-specific inhibition was obtained. All dilutions 
were made in 50° mouse sera. The mixture contain- 
ing human cells, mouse sera and PHA was incubated 
at 37° for 96hr before the addition of 1 wCi of tri- 
tiated thymidine. The mixture was incubated for an 
additional 2 hr at 37°, then filtered through glass filter 
discs, put in phosphor and counted on a liquid scintil- 
lator. Statistical values were obtained using the 
method of Litchfield and Wilcoxon [19]. 


RESULTS 

Effect of NAC on CPA toxicity 
Hemorrhagic cystitis. In Table 1, the results of two 
series of experiments in rats and mice are shown. The 
rats used were approximately three times as sensitive 
to CPA as was the mouse to hemorrhagic cystitis 
based upon the dosage required to obtain consistent 
injury. The time of evaluation in both species was 


Table 1. Effect of NAC on CPA-induced hemorrhagic cystitis* 





Bladder weight 
Water 





Species Treatment 


Wet mg +S. E. M. (n) 


Dry mg +S. E. M. (n) conient (mg) 





Rat ‘PA (100 mg kg) 1 
CPA (100 mg/kg) + 73 4 


NAC (400 mg/kg) 
CPA (350 mg/kg) 
CPA (350 mg/kg) + 

NAC (1400 mg/kg) 


Mouse 34.96 + 


+ 
20.18 + 


3.3 (5) 
2.1 (15)* 


5 (34) 16 
S(11)* 12 


4.98 
3.94 





“Female rats and male mice within limited respective weight ranges were used. For the CPA-treated animals and 
CPA- and NAC-treated animals, both wet and dry weights of bladders were compared statistically. The average untreated 


rat bladder weighs 68 mg and the mouse bladder 22 mg. 
+P < 0.05. 





Effect of NAC on CPA-induced toxicity 


Table 2. Effect of NAC on CPA 14-day lethality in mice* 





Drug 
(mg/kg) 


Dead/No. treated °., Death 





CPA (500) 
CPA (500) + NAC (2000) 
+ NAC (1500) 
+ NAC (1000) 


+ NAC (500) 


64 
187 
2 
50 
33 





* The NAC-treated groups were compared to those receiving only CPA. The major- 
ity of mice died between days 4 and 10 after dosage. The cages were examined daily 


to remove the dead animals. 
+P < 0.05. 


also different; the rat manifested the hemorrhagic cys- 
titis consistently in 24hr, while the mouse needed 
48 hr for reproducible results. Despite the obvious dif- 
ference between the two species, a definite increase 
in bladder weight from control (bladder wet weight 
rat average 68mg and mouse average 22mg) was 
observed when CPA was given to the animals. Not 
only was there an obvious increase in water content 
but grossly the bladders were obviously hemorrhagic. 
Histological sections were not taken, but the animals 
receiving only CPA showed petechial or gross 
hemorrhages while this was rarely observed in the 
NAC-treated animals. A single administration of 
NAC at a 4:1 ratio 0.5 hr prior to CPA was capable 
of significantly (P < 0.05) preventing the edematous 
reaction and the bladderrs appeared perfectly normal. 

Lethality induced by CPA. A_ single dose of 


500 mg/kg of CPA slowly injected intravenously 
caused a 64 per cent death of mice within 2 weeks. 


Mice that died within 24hr after the CPA were not 
counted so that we only observed the more chronic 
effects of CPA. In Table 2, the data for CPA alone 
and with 4:1 NAC indicated that a single dose of 
NAC given orally 30min prior to the i.v. CPA was 
capable of significantly (P < 0.05) reducing the letha- 
lity of CPA. 

Effect on circulating leukocytes. When the 64 per 
cent lethal dose of CPA (see section Lethality Induced 
by CPA above) was given to the mice and the peri- 
pheral white count was followed by obtaining retro- 
orbital blood samples, a profound leukopenia was 
observed on day 4 after CPA dosage. This was fol- 
lowed by a recovery and an overshoot leukocytosis 
in the remaining surviving mice. In Table 3, it can 


be seen that the single dose of 2000 mg/kg of NAC 
did not quantitatively affect the leukopenia and 
secondary leukocytosis. The difference in leukocytosis 
between the two groups was not significant because 
the variability in the CPA group was too large due 
to so few surviving mice. 


Effect of NAC on production of CP A-derived alkylating 
agent 

Conversion in vitro. In Table 4, the data are pre- 
sented for the formation of free HN, from CPA as 
measured by the NBP reaction. If one adds CPA, 
either 1 or 2 moles, to a liver preparation from 
phenobarbital-treated mice, a good conversion of ap- 
proximately 50 per cent is obtained at 15-min incuba- 
tion. The presence of NAC (4 or 8 um) at four times 
the CPA concentration did not affect the rate of con- 
version of CPA to NBP reacting product. To deter- 
mine whether there was need to process the NAC 
to obtain an effect, some mice were dosed 30min 
prior to sacrifice with NAC (1 g/kg p.o.) and then 
the livers were examined for their ability to convert 
CPA to free alkylating agent. As can be seen in Table 
4, there were no observable differences in the three 
groups. 

Conversion in vivo. The blood levels, measured at 
15, 30 and 60min after administration of different 
dosages of CPA given i.p., were studied. It was 
observed that the amount of free alkylating agent de- 
creases markedly in hr 1, with the highest ratio of 
free to total alkylating agent at 30 min. Between 70 
and 90 per cent of the measurable alkylating agent 
at 30 min is free. Using only the 320 mg/kg dose and 
measuring only at 30min in Table 5, the effect of 


Table 3. Effect of NAC on peripheral WBC depression by CPA* 





White blood cells/mm? + S. E. M. 





No drugs 


CPA (500 mg/kg) 


CPA (500 mg/kg) + 
NAC (2000 mg/kg) 





8.875 + 667 
10,960 + 1,512 
7,290 + 863 
6,540 + 1,426 
6,300 + 1,245 
6,740 + 550 


4.338 
121 
10,862 
17,000 
13,400 


954 
24 
2,088 
1,865 
1,956 


+ 1,314 
2 + 39 

+ 4,015 

+ 8,180 


5 + 4,500 


+ I+ I+ I+ I+ 





* Blood was obtained from the retro-orbital sinus in heparinized micropipettes. In- 
itially each group contained eight mice and all but two of the CPA-alone animals 


died by the end of this experiment. 
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Treatment 


Table 4. Effect of NAC in vivo and in vitro on liver conversion of CPA* 





um HN, Equiv./g liver 
hr + S. E. M. 





CPA alone 
CPA + NAC (4:1) in vitro 
CPA + NAC (1 g/kg) in vivo 


7.24 + 0.36 
7.08 + 0.39 
6.92 + 0.38 








* Supernatants from mouse liver homogenate equivalent to 100 mg were incubated 
with 1 or 2umoles CPA, and 4 or 8 yxmoles NAC was added in vitro. Supernatants 
from NAC-treated animals were used for measurement of alteration in vivo of CPA 
metabolism in vitro. No significant differences were obtained as determined by Stu- 


dent’s t-test. 


NAC at the same 4:1 ratio (1280 mg/kg) does not 
decrease either the amount of free alkylating agent 
or the total amount of available circulating CPA. 


Effect on immune system 

Local graft vs host reaction in the rat. When 
Fisher-Wistar hybrid rats are given Wistar spleen 
cells in the footpad, a popliteal node enlargement is 
obtained which is used as the measurement of the 
local graft vs host reaction. In Table 6, a popliteal 
node weight of 172mg was obtained in rats not 
receiving any drugs. Daily dosage of CPA from | to 
10 mg/kg caused a significant graded inhibition of this 
popliteal node hyperplasia. When NAC at 100 mg/kg 
was administered prior to the daily dose of CPA, 
there was no significant difference between the two 
groups of rats with regard to the inhibition of the 
popliteal node enlargement. 

Plaque-forming cells. In Table 7, the plaques 
obtained from the spleens of mice given SRBC are 
reported. This is from one representative experiment 
and it has been repeated at least five times. The 
number of plaques obtained in controls on different 
days varies. In no case using this schedule of dosage 
of CPA with or without NAC did the drug-treated 
animals have greater than 10 per cent of the number 


of plaques of the control treated mice. In none of 


the experiments did NAC increase the inhibitory 
action of 50 mg/kg of CPA in the 4:1 dose ratio used. 

PHA stimulation of human lymphocytes. Mice were 
given CPA at 320 mg/kg and 30min later were bled 
for sera.. A comparable series of mice was given 
1280 mg/kg of NAC prior to CPA and then bled 
30 min after the CPA. Several dilutions of the mouse 
sera were added to the diluted human whole blood 
to which PHA had been added. After 96 hr of incuba- 
tion, tritiated thymidine was added and the cells were 
allowed to incubate another 2 hr. In Table 8, the data 
for the incorporation of [°H]T indicate that the sera 
from mice given CPA are completely inhibitory to 
the PHA stimulation but if one dilutes out the sera 


Treatment 
CPA (320 mg/kg) at 30 min 
CPA (320 mg/kg) + NAC (1210 mg/kg) 





1:16 with mouse sera approximately 50 per cent re 
covery is attained. In comparison, series of sera from 
the NAC-pretreated mice gave almost identical 
results. 

When this is plotted using probits according to the 
method of Litchfield and Wilcoxin[19], the IDs5o 
(dose needed to inhibit 50 per cent of [*H]T uptake 
by cells) concentration of blood-free HN, equivalent 
material needed is 3nM. If one adds HN, in the form 
of mechlorethamine to mouse sera and then dilutes 
the same way as with the CPA experiment 'in vivo, 
the IDs, is 9nM, which is not signficantly different 
from the sera levels in CPA-treated mice. 


DISCUSSION 


The spectrum of tests one could perform to deter- 
mine efficacy relative to toxicity is endless. Our 


Table 6. Effect of NAC on CPA inhibition of local graft 
vs host reaction* 





Popliteal node wt 
Treatment [mg + S. E. M. (n)] 





No drug treatment iS + 
CPA 


15 (24) 


9 (14)* 
12 (24)t 
3 (23)* 


16 (4)* 


(1 mg/kg x 5) 
(3 mg/kg x 5) 
(10 mg/kg x 5) 


(1 mg) + NAC 
(100 mg/kg) 
(3 mg) + NAC 
(100 mg/kg) 
(10 mg) + NAC 
(100 mg/kg) 


+ 6(10)* 


33 + 4(12)* 





*CPA was administered i.p. 1 hr after cell transfer and 
0.5 hr after p.o. NAC. The animals were dosed daily every 
morning. There are no significant differences at equal CPA 
dosages between the two groups. All treated groups were 
compared to the non-treated control. The data expressed 
are from three independent experiments. +P < 0.05 rela- 
tive no drug control. 








Free Total 


56.7 + 2.4 (16) 
62.7 + 5.6 (5) 





96.5 + 4.9 (12) 
92.6 + 9.0(5) 





* Blood was obtained from the retro-orbital sinus in conscious mice 30min after CPA administration ip. NAC, 


was given p.o. 30 min prior to the CPA. Mechlorethamine (HN) and CPA controls were used to determine the amount 


of free and total alkylating agent. 





Effect of NAC on CPA-induced toxicity 


Table 7. Effect of NAC on CPA inhibition of plaque-form- 
ing cells against sheep red blood cells* 





Treatment Plaques/10° cells 





1720 
30 
70 


No drug 

CPA (50 mg/kg x 1) 

CPA (50 mg/kg) + NAC 
(200 mg/kg) 





* Mice were sensitized with 0.1 ml of a 10°, SRBC sus- 
pension i.v. plus 0.025 ml in each rear paw. Direct plaques 
were measured in duplicate over a 4-fold dilution range. 
The CPA was administered i.p. 1 hr after SRBC injection 
and 30min after p.o. NAC. The animals were sacrificed 
4 days after SRBC injection and spleens removed. The data 
represent the average of three individual mouse spleens 
treatment. 


approach was to use representative tests at compar- 
able dose levels to obtain reasonable therapeutic 
guidelines. To obtain this end we used hemorrhagic 
cystitis and 14-day lethality with concomitant leuco- 
cyte counts to obtain an index to toxicity. It is recog- 
nized that sterility and alopecia, as well as many other 
indices in vivo and in vitro, can be used. For the com- 
parison of blood levels the amount of free measurable 
and available alkylating agent had to be demon- 
strated. Relative to the amount of available alkylating 
agent, predominantly T cell and predominantly 
T-dependent B cell immune responses were measured. 
Proliferation of lymphoid cells in vivo and in vitro 
were evaluated as to the modifications of CPA inhibi- 
tion by NAC. In some instances, blood levels and 
biological responses were performed in one animal 
from the series of animals to obtain more credibility 
for the effects observed. 

In the first two tables (1 and 2), the effect of NAC 
on our putative toxicity is demonstrated. The 
numbers in Table 1 are actually an understatement 
of the data, since we did not subtract the normal 
bladder weights. If this is done, there is essentially 
no increase in bladder weights for the CPA plus NAC 
animals. Thus, one could say we obtained 100 per 
cent protection of hemorrhagic cystitis from NAC. 
These data are consistent with the data obtained by 
Primack [20], who studied NAC and CPA in mon- 
keys and dogs, as well as with the data of Botta et 
al. [21], who evaluated NAC and CPA at different 
dosage regimens in rats. Brincker [22] studied the 
effect of cysteine in CPA toxicity as did Garattini 
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et al. [10] and Connors [23, 24], and they all arrived 
at the conclusion that inhibition of lethality was done 
at the expense of efficacy. NAC protection of lethality 
was shown by Kline ef al. [25] when they described 
an increase in the therapeutic efficacy of isophospha- 
mide (a congener of CPA) against murine L1210 leuk- 
emia in the presence of NAC. Thus, the data pre- 
sented in Tables 1 and 2 represent confirmation of 
the protective effects of NAC on CPA-induced toxi- 
city. 

The obvious next question is whether this is due 
to the fact that the NAC causes a decrease in the 
formation of distribution of the metabolically active 
compound. Cyclophosphamide is biologically altered 
so that a number of potentially active nitrogen mus- 
tard alkylating agents are found [26]. It is believed 
that these alkylating agents are responsible for antitu- 
mor and immunosuppressive activity of CPA [27]. 
The conversion of CPA to the active metabolites can 
be done in vivo or in vitro, and this is conventionally 
measured by the colored addition product to NBP 
as described in Methods. Using liver supernatant con- 
taining primarily microsomes which have been forti- 
fied with nutrients, the conversion to nitrogen mus- 
tard equivalents based on the NBP reaction appears 
to be unaffected whether we used an animal who had 
been dosed by NAC or the NAC was present in the 
solution in significant quantities. In the data of Table 
5, one must accept that, in vivo, neither the total 
amount of available alkylating agent, which is the 
sum of free alkylating agents and non-metabolized 
CPA; nor the converted CPA, which is free alkylating 
agent, is different 30min after CPA + NAC dosage 
from what it is when CPA is given alone using the 
NBP method. Thus, one can conclude that the forma- 
tion of active metabolite is unaffected by NAC. 

It is possible that the chemicals being measured 
as alkylating agents are not really representative of 
the CPA biological activity. To obtain information 
about this, we examined proliferation and immuno- 
logical reactions which were inhibited by CPA. 

Probably one of the more complicated biological 
reactions we performed was the local graft vs host 
reaction (GVHR) in the rat. In this reaction, the 
method of evaluation is the proliferation response of 
lymphoid tissue to a _histoincompatible stimulus 
which is believed to involve primary T cells [28]. Im- 
munosuppressive drugs assayed with this technique 
can be interpreted to be either immunosuppressive 


Table 8. Effect of NAC in CPA inhibition of human lymphocyte stimulation by PHA* 





Treatment 


Dilution 


oO 


Net cpm 


ml whole blood Inhibition 





PHA with sera 

PHA with CPA sera 

PHA with CPA sera 

PHA with CPA sera 

PHA with CPA + NAC sera 
PHA with CPA + NAC sera 
PHA with CPA + NAC sera 


l 
l 
l 
l 
l 
I 
l 


—-BRNSE RVD 


1.03 x 104 
100 
93 
54 
100 
90 
6 56 





* Normal human donors were used for a lymphocyte source. The CPA sera were similar to those 
shown in Table 5 and diluted with mouse sera from non-treated animals. All tubes had 1 wCi [7H]T 
added 2 hr before removal of cells and counting. Triplicate samples were used for all treatments and 
the averages are reported. This is a representative experiment which has been repeated at least twice. 





1020 


by preventing the transferred T cell from elaborating 
or teacting against the new host or by preventing 
the host from responding to the stimulus of the T 
cell. Although we did not dissect the mechanism of 
CPA inhibition, in a dose response curve (see Table 
6) it is obvious that NAC did not alter the decrease 
in popliteal node size in the GVHR when gradually 
increasing doses of CPA are administered. It should 
be noted that in this experiment, rather than the usual 
4:1 NAC:CPA ratio, we used between 10:1 and 
100:1 without altering the CPA effect. 

The formation of antibodies to SRBC is considered 
to be a T-dependent B cell response to the SRBC 
antigen. Measurements of lymphocyte hemolytic acti- 
vity were profoundly inhibited by CPA at lower 
doses. When NAC was administered, there was no 
decrease in the CPA inhibition of these SRBC anti- 
body responses. Since we did not use a T-independent 
antigen such as S III pneumococcal polysaccharide, 
we cannot say that we have any selective activity by 
CPA on a population of cells. The specific population 
of cells which is sensitive to CPA is still unsettled 
and these experiments do not support any position. 

The stimulation of lymphocytes by the plant 
mitogen, phytohemagglutinin, is believed to be pri- 
marily on the T cell population. Using sera contain- 
ing known amounts of biologically obtained alkylat- 
ing agents, we used the bioassay technique of PHA- 
stimulated human lymphocytes to determine the 
action of NAC on the efficacy of circulating CPA- 
derived alkylating agents to inhibit PHA-induced 
proliferation. In this relatively simple lymphoprolife- 
ration system in vitro, the efficacy of CPA-alkylating 
metabolite to inhibit this proliferation was not 
affected by NAC. 

These data and interpretations lead one to ask 
why some CPA effects are altered and others are not. 
Recent studies on the metabolism of CPA have indi- 
cated that a number of potential nitrogen mustards 
are formed from CPA[29]. In addition to these 
nitrogen mustards, a body of information is develop- 
ing that .acrolein is a metabolic by-product [30]. 
When analogues of CPA are incubated with rat liver 
microsomes and the products analyzed by mass spec- 
tra, analogues of acrolein are observed. Acrolein and 
other CPA-derived aldehydes were studied for irri- 
tation, and it was shown that NAC successfully inhi- 
bited the paw edema induced by acrolein and chlora- 
cetaldehyde but not that induced by mechloretha- 
mine [31]. This set of experiments supports the thesis 
that the potential tissue irritant is an irritating alde- 
hyde, probably acrolein, derived from CPA metabo- 
lism and not the nitrogen mustard. NAC because of 
its stability is present long enough to react with acro- 
lein so that tissue irritant concentration is avoided. 
Since the acrolein is more reactive than the mustards 
produced, the mustards are not affected and there is 
no significant decrease in concentration of efficacy. 
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Abstract 


The effects of P13, were examined on energy stores of the pig myocardial cell. The synthesis 


of ATP by oxidative phosphorylation was not modified in intact mitochondria. ATP hydrolysis by 
the various cell ATPases was inhibited in varying degrees: sarcolemma > sarcoplasmic reticulum > 
mitochondria > myosin. The inhibition depended on the accessibility of P13 to the enzyme since P13 
strongly inhibited submitochondrial particle ATPase activity without modifying the activity in intact 
mitochondria. P13 acted competitively with respect to ATP, but a mixed type inhibition was observed 
when the enzyme was bound to a membrane. Myosin ATPase activity was almost unaffected by P13. 
Creatine phosphate utilization by creatine kinase was strongly inhibited by P13. Therefore, P13 helps 
to maintain high levels of energy stores: ATP and creatine phosphate. 


For a long time Poterium spinosum L. (Rosaceae) has 
been known for its hypoglycaemic effect ever since 
diabetic Bedouin used decoctions prepared from the 


roots of this plant and were thus cured of their illness 
without any secondary effect[1]. The experiments 
conducted in several laboratories showed that the 


active principle was located in the main root 
bark [2]; it only acted on hyperglycaemic patients 
without affecting normal people [3-6]; it was dialys- 
able, soluble in n-butanol and not very soluble in ace- 
tone [6]. Carraz et al. thought that the hypoglycaemic 
effect might be assigned to pentacyclic triterpenes [7]. 
An extensive study of the bark root constituents of 
Poterium Spinosum L. has revealed the presence of 
tannins [8,9], flavonoids, triterpenes[10] and _tor- 
mentoside [11]. 

The Centre de Recherches Pierre Fabre has isolated 
an active principle belonging to the tannins class, 
named P13. Besides its hypoglycaemic effect on 
hyperglycaemic dogs, the product has also shown a 
variety of effects on the myocardial cell: coronarodila- 
tation, protection against anoxia [12], membrane sta- 
bilization, effect on cation transmembraneous 
exchanges during action potential of myocardial 
cells* [13], simultaneous antiarythmic [14] and car- 
diotonic effects* which constitute a new therapeutic 
class. These effects lead one to think that P13 might 
act on the energy stores of the cardiac cell and their 
utilization. 

The present paper describes the effects of P13 first 
on ATPsynthesis by oxidative phosphorylation and 
creatine phosphate synthesis by creatine kinase, two 
main sources of myocardium energy, and secondly, 





* Y. M. Gargouil, personal communication. 


on their utilization by the various ATPases of the 
cell or by creatine kinase. 


MATERIAL AND METHODS 


P13 was prepared by the Centre de Recherche 
Pierre Fabre according to the Brevet d'Invention 
(patent) No. 7027189 (23 July 1970): crushed roots 
of Poterium spinosum were extracted with methanol. 
Extracted tannins were complexed with dimethyl 
aminoethanol and repeatedly precipitated by ethyl 
acetate or chloroform, filtrated and dried under 
vacuum. Gel permeation chromatography demon- 
strated the absence of terpenes, flavonoids and low 
mol. wt tannins. Absence of tannins was confirmed 
by thin layer chromatography; P13 is a polymer of 
3,3'4.4',5,7-heptahydroxyflavane with a mol. wt of 
2000-3000, as described by Baisset et al.[14]. The 
same compound can be extracted from other plants: 
Tieghemella, Entandrophragma, Schinopsis lorentzii, 
Acacia mollissima, Uncaria gambir, Rhus coriara, but 
it is purer and more active when prepared from Poter- 
ium spinosum. 

The purity of the ATP used in kinetic studies was 
checked by high pressure liquid chromatography 
using ‘Permaphase’ ABX resin (DuPont): it was 
shown that ATP contained no more than 2° ADP. 
The concentration of ATP was also verified by its 
absorption at 259 nm. 

Preparation of the various cell ATPase fractions. 
Known procedures were applied to pig heart. 

ETP (electron transport particles or submitochon- 
drial particles) and soluble ATPase F, were prepared 
from mitochondria [15] as previously described [16]. 
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Myosin was obtained by the method of Perry [17]. 
improved by ammonium sulfate fractionation accord- 
ing to the Kielley and Bradley method[18]. Pure 
myosin was stored at —20° in 50°, glycerol—0.3 M 
KCI[19]. 

Sarcoplasmic reticulum was prepared either by the 
method of Mead et al. [20] in 0.1 M KCl, 5mM histi- 
dine-HCl, pH 7.2 buffer or by the method of Smoly 
et al. [21] in 0.25 M sucrose, 10 mM Tris-HCl, pH 7.4 
buffer. Enzyme preparation was frozen in liquid 
nitrogen. Their purity was checked by measuring 
marker enzyme activities: NADPH-cytochrome c 
reductase (EC 1.6.2.4) and _ rotenone-insensitive 
NADH-cytochrome c reductase[22] (sarcoplasmic 
reticulum), and cytochrome c oxidase (EC 1.9.3.1) [23] 
(mitochondria). 

Sarcolemma were obtained either by the method 
of Matsui and Schwartz [24] in 1 mM EDTA, pH 7.5 
or by the Pitts and Schwartz procedure [25], omitting 
the last step, in 25mM_ imidazole, |!mM EDTA, 
pH 7.0 buffer. Enzyme preparation was kept frozen 
in liquid nitrogen. Marker enzyme tested was JS- 
nucleotidase (EC 3.1.3.5) [26]. 

Marker enzymes tested had the following activities: 
cytochrome oxidase: 3.3 atom O/min/mg protein in 
purified mitochondria; NADPH-cytochrome c reduc- 
tase: 250 nmoles NADPH oxidized/min/mg protein in 
sarcoplasmic reticulum while the corresponding ac- 
tivity was 41 in mitochondria; rotenone-insensitive 
NADH-cytochrome c reductase: 96 nmoles/min/mg 
protein in sarcoplasmic reticulum and 48 in mito- 
chondria; 5’-nucleotidase: 1.4ymole Pi _ released 
hr/mg protein in sarcolemma instead of 0.35 in the 
starting homogenate. 

Assay of ATPase activity. ATPase activity was 
determined either by a spectrophotometric method, 
using pyruvate kinase and lactate dehydrogenase as 
auxiliary enzymes and measuring the rate of NADH 
disappearance as previously described [16], or by a 
colorimetric method. In the latter case, the reaction 
time was first of all 1 min at 30° for mitochondria, 
ETP and F,, secondly 5min at 25° for myosin and 
at 37 for sarcoplasmic reticulum or sarcolemma. The 
incubation medium (0.8 ml) contained ATP-Mg at 
variable concentrations and 0.25M_ sucrose, 31 mM 
Tris-HCl, pH 7.4 buffer for mitochondria and ETP. 
31mM Tris-HCl, pH 7.4 buffer for F, and sarco- 
lemma, 20 mM His, 0.1 M KCl, pH 7.2 buffer for sar- 
coplasmic veticulum and 30mM ammonium acetate, 
50mM_ Tris-HCl, pH 7.5 plus 5mM calcium acet- 
ate [19] to measure Ca’ *-dependent activity or 0.6 M 
ammonium acetate, 2mM EDTA, pH7.5[18] to 
measure NH; -dependent activity of myosin. 

All ATPase fractions showed a basal Mg? * -depen- 
dent activity except myosin, where Mg?* was re- 
placed by Ca?* or by NHQ. In all cases the ATP 
cation ratio was kept constant to | (in initial rate 
determination). 

Sarcolemmal ATPase activity was considerably 
enhanced by 120mM Na* + 24mM K’*; 0.1 mM 
ouabain specifically inhibited this (Na* + K*)- 
dependent activity without affecting the Mg? *-depen- 
dent activity. Therefore the (Na* + K~*)dependent 
activity was calculated by substracting the values 
obtained in the presence of (Na* + K™~) plus ouabain 
from the values in the absence of ouabain. The assays 
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were initiated by addition of the enzyme. At the indi- 
cated times, the reaction was stopped by adding 75 pl 
ice-cold 50°, trichloracetic acid; the inorganic phos- 
phate released was estimated by the method of 
Sumner [27]. One unit corresponds to one jmole 
ATP hydrolysed/min/mg proteins. 

Estimation of AT Psynthesis by oxidative phosphory- 
lation. Mitochondrial respiration and the coupled 
ATPsynthesis were measured by oxypolarogra- 
phy [28] incubating 2.4mg intact mitochondria in 
2ml 16mM Tris-HCl, 5mM _ potassium phosphate, 
112mM KCl, |1mM EDTA, pH7.4 medium [29] at 
28°. The respiratory substrate was either 10mM glu- 
tamate or 10 mM succinate or 10mM z-ketoglutarate 
of 15mM f-hydroxybutyrate or 10 mM pyruvate plus 
1mM malate. ADP (0.2 mM) was added to initiate 
state 3 as defined by Chance and Williams [28]. 

Creatine kinase activity. The effects of P13 were 
measured either on purified cytoplasmic creatine 
kinase (EC 2.7.3.2), purchased from Sigma (Type 1), 
or on the enzyme associated with the mitochondria 
using intact freshly prepared mitochondria. 
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Fig. 1. P13 inhibition of creatine kinase activities. 

A—Creatine phosphate synthesis: 0.52 ug cytoplasmic 
pure enzyme (@ @) was incubated in 0.5 ml final vol 
of 0.44 M glycine, 4mM ATP,4mM Mg Cl,, 33 mM crea- 
tine, 10mM_ reduced glutathione, 0.4mM_ phosphoeno! 
pyruvate, 0.25mM NADH, 20 yg pyruvate kinase, 20 ug 
lactate dehydrogenase, pH 7.6; NADH disappearance rate 
was measured at 340nm. The mitochondrial enzyme 
(O O) activity was determined as described in Methods. 
B—ATPsynthesis: 0.52 pg cytoplasmic enzyme was added 
to 0.5 ml 0.1 M imidazole-acetate, | mM ADP, 10 mM Mg- 
acetate, 35 mM creatine phosphate, | mM reduced gluta- 
thione, pH 7.0. The rate of ATP formation was measured 
by the luciferin-luciferase system in arsenate buffer [34]. 
Reaction temperature was 30°. Optimal activity (100 per 
cent) was 54ymoles creatine phosphate  synthetized 
min/mg protein or 200 moles ATP synthetized/min/mg 
for the cytoplasmic enzyme and 6.4 patomes O consumed 
hr/mg protein for the mitochondrial enzyme. C = creatine; 

CP = creatine phosphate. 
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Fig. 2. P13 effects on ATPase activities. Each ATPase fraction was incubated with various P13 concen- 
trations at a fixed saturating ATP concentration. ATPase activity was measured either by the colori- 
metric method or by the enzymatic method; the same results were obtained in both cases. 


A—tmitochondria (600 ng): 3mM ATP-Mg; no addition (O 
@). B—ETP (100 wg): 3 mM ATP-Mg; no addition (O O), 


m-chlorophenyl hydrazone (CCCP) (@ 
plus 1.25 .M CCCP (@——@). C 
dependent activity (O 


dependent activity (O 


for mitochondria and 0.23 in the presence of CCCP, 1.5—1.7 for ETP, 56 for F,, 0.80 (O 
@) for myosin, 0.69 for sarcoplasmic reticulum, 0.043 (@ 


0.085 (@ 


F, (3 ug): 3mM ATP-Mg. D 
©), Ca**-dependent activity (@ 
4.8 mM ATP. F—Sarcolemma (100 yg); 3.2 mM ATP-Mg; Mg?~ basal activity (@ 
©). 100 per cent maximal activity was respectively equal to 0.09 ypmoles/mn/mg 


©) plus 1.25 4M carbonyl cyanide 


myosin (55 ng): 5mM ATP; NHj- 
@). E—Sarcoplasmic reticulum (20 yg): 
@), (Na* + K*)- 


O) and 


@) and 0.20 (Oo ©) for 


sarcolemma. 


Creatine phosphate synthesis by cytoplasmic crea- 
tine kinase was measured in the standard medium 
of Forster et al. [30] using pyruvate kinase and lac- 
tate dehydrogenase as auxiliary enzymes and measur- 
ing the rate of NADH disappearance. 

Creatine phosphate utilization by the cytoplasmic 
enzyme was determined by incubation in the medium 
described by Forster et al.[30] and measuring the 
amount of ATP formed by the luciferin-luciferase sys- 
tem [31]. Creatine phosphate synthesis by the mito- 
chondrial enzyme was studied by adding 20 mM crea- 
tine and 6mM MgCl, to mitochondria in 15 mM glu- 
tamate (state 4 respiration) as described by Vial et 
al. [32] and calculating the increase of the final state 
4. 

Protein estimation. Protein was estimated by a 
biuret method [33] or by the Lowry et al. procedure 
[34]. 

Calculations. Kinetic constants were calculated in 
individual experiments using the weiglited least 
square method of Wilkinson [35] with an Olivetti 
Programma 101 desk top computer. When more than 
two experiments were performed, an average value 
was calculated and expressed together with the stan- 
dard error of the mean. 


RESULTS 


Effects of P13 on ATPsynthesis by oxidative phos- 
phorylation. All experiments with freshly prepared in- 
tact mitochondria showed no effect of P13 from 0.5 
to 80 ug/ml on RCR, whatever the substrate was. A 
weak inhibition (7—20 per cent) of state 4 respiration 
was observed with all substrates except glutamate but 
an equal inhibition of state 3 was obtained; therefore, 
the RCR value (respiratory control ratio [27]) was 


not affected by any of the tested P13 concentrations. 
The ADP/O ratio was also unaffected by P13 for 
every substrate studied. It is worthwhile to note that 
cytochrome oxidase was not significantly affected by 
P13 either when measured with intact mitochondria 
or with ETP. 

P13 inhibition of creatine kinase activities. Figure 
1 shows that P13 inhibited both creatine phosphate 
and ATP synthesis by creatine kinase. Figure 1A 
demonstrates that P13 inhibited creatine phosphate 
synthesis by the purified enzyme with an [55 value 
of 60 ug P13/ml, when studied by the spectrophoto- 
metric technique. It is interesting to note also that 
the same inhibition pattern and /;,. were obtained 
with the mitochondrial bound enzyme, when studied 
by the oxypolarographic technique. 

ATPsynthesis was even more strongly inhibited by 
P13 than creatine phosphate synthesis with an I 5, 
value of 15 g/ml; 95 per cent inhibition was observed 
at 80 yg P13/ml (Fig. 1B). P13 inhibition did not 
depend on the P13/protein ratio but only on the P13 
concentration in the assay (protein concentration 
ranging from 0.26 to 1.3 yg/assay). 

P13 inhibition of ATPase activities. P13 inhibited 
all the ATPase activities of the different fractions 
tested in varying degrees (Fig. 2). The (Na* + K*)- 
dependent activity of sarcolemma was the most 
affected; it was inhibited by low P13 concentrations 
with an approximate J;, value of 15 wg P13/ml. Low 
P13 concentration (5 ug/ml) inhibited by 20 per cent 
the Mg?* basal ATPase activity but increasing the 
P13 concentration did not further modify this residual 
activity (Fig. 2F). 

ATPase activity of sarcoplasmic reticulum was not 
very sensitive to P13 action: 5 per cent inhibition for 
15 ug/ml and 30 per cent for 70 ug/ml (Fig. 2E). 
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Fig. 3. Kinetics of P13 ATPase inhibition. On the left: 
initial rate of ATPase activities as a function of ATP con- 
centration in the presence of various concentrations of 
P13: O—no P13; A—S pg/ml; B—10 pg/ml; A—20 pg 
ml; @—40 pg/ml. On the right, reciprocal plots of the 
same data. A—ETP = 100 wg; B—F, = 3 wg; C—Sarco- 
lemma = 100 yg. Experimental conditions are described in 

Methods. 


P13 effects on mitochondrial ATPase varied with 
the activity and the accessibility of the enzyme. 
ATPase activity of intact, well coupled mitochondria 
was enhanced by 40 per cent with 20 ug P13/ml; in 


contrast with uncoupled mitochondria, which showed 
a high ATPase activity, P13 showed no effect up to 
20 ug/ml and a weak inhibition at higher concen- 
tration: about 30 per cent for 75 wg/ml (Fig. 2A). 
When mitochondria were disrupted by sonication to 
form essentially inside-out [36] particles named ETP, 
the mitochondrial ATPase activity became strongly 
inhibited by P13 with J59 value of about 15 ug/ml 
and 100 per cent inhibition for 75 ug/ml (Fig. 2B). 
When the same enzyme was solubilized and purified, 
an intermediate inhibition was obtained, increasing 
linearly with respect to P13 concentration, with an 
approximate I, value of 40 ug/ml (Fig. 2C). Myosin, 
which has an Mg?*-independent ATPase activity was 
almost unaffected by P13: 5-10 per cent inhibition of 
Ca? *-dependent activity and 15 per cent inhibition of 
NH, -indepent activity at 38 ug/ml (Fig. 2D). 

Kinetics of P\3 inhibition. Data given in Fig. 2 were 
obtained at a fixed saturating ATP concentration. In 
contrast Fig. 3, shows P13 inhibition at various ATP 
concentrations obtained with ETP, F, or sarco- 
lemma. 

Calculated kinetic constants for ETP were: V,, = 
1.21 + 0.01 wmoles/min/mg protein and K,,yarp) = 
0.20 + 0.01 mM. P13 inhibition appeared to be of the 
mixed type with an apparent Ki value of 55 + 5 ug/ml 
(Fig. 3A), as calculated from the graphs (average of 
3 experiments). 

The same parameters determined for F, were: 
V,, = 56.3 + 0.2 umoles/min/mg protein and K, arp) 
= 0.32 + 0.03 mM. P13 inhibition was competitive 
with respect to ATP, and gave a graphically calcu- 
lated Ki value of 10 + 2 g/ml (Fig. 3B). 

The study carried out with sarcolemma gave: V,, = 
0.225 + 0.005 ypmoles/min/mg protein and K,ys7p) = 
0.53 + 0.04 mM. P13 inhibition was of the mixed type 
with an apparent Ki value of 41 + 4 ug/ml as calcu- 
lated from the graphs. 

Reversal of inhibition. Sarcolemmal Mg?*-depen- 
dent and (Na* + K*)}-dependent activities were inhi- 
bited by 50 zg P13/ml. Table | shows that a simple 
dilution abolished the inhibition since the same levels 
of optimal activity as those obtained by | ug P13/ml 
in the incubation medium without preincubation were 
obtained (see Fig. 2F). Therefore it can be concluded 
that P13 inhibition of ATPase activity was reversible. 


Table 1. Reversal of P13 inhibition of sarcolemma ATPase activity 





Mg? *-dependent activity 


pmoles/min 
mg prot. x 10° 


(Na*~ + K*)-independent activity 
umoles/min °% maximal 
mg prot. x 10% activity 


tn) 


. maximal 
activity 





No. P13 43.3 


(7) 
50 wg P13/ml in 29.0 + 2.2 
incubation medium (4) 

50 vg P13/ml during 
preincubation and final 36.0 + 1.7 


dilution to | pg/ml (7) 


100 200 100 
(7) 

67 66.7 + 3.3 33 
(4) 


83 167 + 8.3 83 
(7) 





Sarcolemma were preincubated with 50 zg P13/ml (inhibiting concentration) at 0-4° during | min to several hr. 
The ATPase reaction was initiated by adding appropriate aliquots of enzyme—P13 solution which brought P13 concen- 
tration to | yg/ml (not inhibitory range). Controls were made without P13 and by adding 50 xg P 13/ml in the reaction 
medium. ATPase activity was measured by the enzymatic method. The number of experiments are indicated in paren- 
theses. 
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DISCUSSION 


The present study shows that P13 effects on the 
energetic metabolism are in good agreement with the 
macroscopic results observed in therapeutics. 

P13 tends to lower the rate of oxidation of sub- 
strates by mitochondria without affecting coupling 
between oxidation and phosphorylation; therefore the 
yield in synthetized ATP is not modified. Since 
according to Hearse et al. [37] “with the anoxic iso- 
lated perfused rat heart, reoxygenation after the onset 
of major enzyme release may greatly exacerbate the 
release and extend ultrastructural damage”, P13 
seems to act by preventing excessive reoxygenation. 

P13 inhibits all measured ATPase activities but the 
myosin one and inhibits creating kinase activity; 
therefore, it does not seem to be very specific towards 
enzymes whose substrate in ATP. However, P13 does 
not affect enzymes involved in the respiratory chain 
of mitochondria such as cytochrome oxidase and has 
a barely significant effect on the rate of respiration 
of various substrates: glutamate, succinate, x-ketoglu- 
tarate, B-hydroxybutyrate or pyruvate + malate. P13 
seems then to interfere mainly with enzymes con- 
cerned with ATP utilization. 

As mentioned previously, P13 inhibits all measured 
ATPase activities but the myosin one as tested with 
isolated myosin. Thus it seems to save ATP for con- 
traction. This effect combines with the unaffected 


ATPsynthesis to increase the ATP level in the cell. 
P13 also diminishes creatine kinase activity. At satu- 
rating substrate concentrations, ATPsynthesis from 
creatine phosphate and ADP is more drastically de- 
creased than creatine phosphate synthesis from crea- 


tine and ATP. The differential effect of P13 on these 
two creatine kinase activities must result in an in- 
creased level of creatine phosphate. As a decrease in 
creatine phosphate immediately follows the onset of 
infarct myocardium [38], it is not excluded that the 
protective effect of P13 against anoxia [12] could be 
related to this effect of P13 on creatine kinase activity. 
Through ATP and creatine phosphate, P13 saves the 
myocardial cell energy stores. If myosin ATPase is 
not more inhibited in situ than it is when purified, 
(15 per cent maximum) P13 would preserve a higher 
level of ATP for contraction. However, the effects of 
P13 should be checked on actin—myosin interactions 
and on the whole contractile system. The slight de- 
crease in respiratory activity and the saving of energy 
stores in myocardial cell are in agreement with the 
results of Auclair et al. [12] showing that P13 pro- 
longed the life of animals submitted to hypoxic con- 
ditions. 

The inhibition of F,-ATPase by P13 was of the 
competitive type indicating an effect only on the 
affinity for ATP. In contrast the inhibition observed 
when F, was bound to the mitochondrial membranes 
(ETP) was of the mixed type; therefore P13 not only 
affected the binding of ATP to the enzyme, but due 
to the membrane interaction, it interfered with the 
catalytic properties. It cannot be excluded that the 
P13 used in these experiments was not homogeneous 
in size. It is a polymer of an undefined length and 
light subfractions may exist in solution. The two in- 





*Y. M. Gargouil, personal communication. 
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hibitory effects could then be attributed to different 
sizes of polymer affecting two different sites. However 
one should keep in mind that oligomycin and un- 
couplers affect F, catalytic properties only by indirect 
actions at the level of membrane subunits. The bind- 
ing of P13 on the membrane did not modify unspecifi- 
cally the membrane-bound enzymes since cytochrome 
oxidase activity was not affected by P13 whatever the 
membrane orientation was; moreover P13 does not 
seem to exert its respiratory effects at the level of 
this enzyme. The inhibition of the sarcolemmal 
ATPase activity was also of the mixed type, affecting 
V,, and K,,,; this may come from a dual effect of P13 
binding to the enzyme and to the membrane. It must 
be emphasized that the sarcolemmal ATPase activity 
is the one most affected by P13. As the role of this 
enzyme is to maintain the ion gradient in the cell, 
P13 must have an effect on the permeation of ions 
through the membranes. This has been observed by 
measuring the electrical activity of a myocardial fiber: 
P13 diminished the K* permeability of this fiber.* 
Other effects of P13 on ion permeability of mem- 
branes are under investigation. 
Acknowledgements—Thanks are due to the French CNRS 
for financial help. 
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Abstract—Effects of chlorambucil (CA) on growth of Walker carcinoma 256 and on enzymes involved 


in the synthesis of thymidine monophosphate are described. A single intraperitoneal dose (25 mg/kg) 
or multiple doses (8 mg/kg/day for 3 days) of CA were “curative” for drug-sensitive (WS) tumors. 
Thymidylate (dTMP) synthetase activity of WS tumors was significantly decreased (approximately 25°,) 
at 3hr, reached its lowest level (approximately 50°, loss) at 12 hr, and remained at this level up 
to 60hr after administration of 25 mg/kg of CA. Dihydrofolate (FAH,) reductase activity did not 
change significantly up to 36 hr and then slowly decreased (approximately 20°, loss) by 60 hr. Thymidine 
(TdR) kinase activity of WS tumors was not affected. Treatment of WS tumors with multiple doses 
of CA also resulted in pronounced inhibition of dTMP synthetase activity (approximately 50°, loss), 
some decrease (approximately 15°, loss) in FAH, reductase activity and no change in TdR kinase 
activity. A Chlorambucil-resistant strain (WR) of Walker carcinoma was developed. In contrast to 
WS, after treatment with CA the enzyme activities of WR tumors remained essentially the same as 
those from untreated animals. In vitro incubation of partially purified dTMP synthetase enzymes from 
either WS or WR tumors with CA inhibited both enzymes to the same extent (approximately 50°, 
loss at 1.25 x 10°-°M). TdR kinase and FAH, reductase activities were not inhibited up to 
1.25 x 10°-*MCA. The results of these studies support the concept that CA exerts cytotoxic activity 
by inhibition of dTMP synthetase. 

Activities of dTMP synthetase and TdR kinase were found to be significantly altered in WR tumors 
as compared to WS tumors. The activity of dTMP synthetase was decreased approximately 20°, and 
that of TdR kinase was increased approximately 35°, in WR tumors. Resistance to CA may be due, 


in part, to increased dependence of WR tumors on the salvage pathway for synthesis of dTMP. 


Biological alkylating agents, such as nitrogen mus- 
tards, ethyleneimines, and esters of alkylsulphonic 
acids have received considerable attention for their 
tumor inhibiting activities [1-3]. These compounds 
are highly reactive and have been shown to interact 
with a variety of nucleophilic groups on enzymes 
[4,5], nucleic acids [6,7] and reduced folate coen- 
zymes [8]. A common effect of alkylating agents is 
the inhibition of DNA synthesis at dose levels which 
do not inhibit synthesis of other macromolecules 
[3,9]. It has been suggested that DNA is the primary 
target site and that bifunctional alkylating agents act 
primarily by alkylation and crosslinking of guanine 
moieties in DNA [7]. However, experiments with 
whole animals have failed to show a good correlation 
between the amount of alkylating agent bound to 
cellular DNA and the sensitivity of the tumor to alky- 
lating agent. Therefore, other investigators have 
argued in favour of molecular sites other than DNA 
as the most volnerable targets for these drugs 
[10-12]. 





*This research was supporied by a grant from the 
National Cancer Institute of Canada. This paper was pre- 
sented in part at the 19th Annual Meeting of the Canadian 
Federation of Biological Societies, 15-18 June 1976, Hali- 
fax, Canada. 

+ To whom reprint request should be addressed. 


Chlorambucil [p-N,N-di-(f-chloroethyl) amino- 
phenylbutyric acid] is a bifunctional alkylating agent, 
useful for the treatment of chronic lymphocytic leuke- 
mia and testicular carcinoma [2]. It has been shown 
to inhibit synthesis of DNA and RNA in L-1 tumor 
cells [13]. Recently, it has been shown that chloram- 
bucil (CA) at “curative” doses can cause accumulation 
of DNA, RNA, protein and glutathione [11], interfere 
with the biosynthesis of histone proteins [14], and 
inhibit incorporation of [*H]thymidine into DNA 
[15] of drug-sensitive Yoshida ascites sarcoma cells. 
We have conducted studies to investigate the action 
of CA using a drug-sensitive (WS) and a drug-resis- 
tant (WR) form of the Walker carcinoma 256. The 
effects of CA on regression of the WS and WR forms 
of the tumor and activities of selected tumor enzymes 
involved in the synthesis of thymidine monophos- 
phate (ATMP) were examined. Thymidylate synthe- 
tase (EC 2.1.1.6), is responsible for de novo dTMP syn- 
thesis. It requires tetrahydrofolate (FAH4) which is 
produced by dihydrofolate reductase (5,6,7,8-tetrahyd- 
rofolate: NADP* oxidoreductase, EC 1.5.1.3). The 
alternate or salvage pathway for dTMP synthesis is 
through thymidine kinase (ATP:thymidine 5’-phos- 
photransferase, EC 2.7.2.21). These enzymes were 
selected because dTMP is a regulatory metabolite in 
DNA synthesis [16]. The results of these studies are 
presented in this paper. 
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MATERIALS AND METHODS 


Tumor transplantation. Six-week-old male Wistar 
rats (Canadian Breeding Farm and Laboratories Ltd., 
Quebec, Canada) weighing 140-160 g were used for 
all experiments. Walker carcinoma tumor sensitive to 
alkylating agents was obtained through the courtesy 


of Prof. A. C. Wallace, Dept. of Pathology, Univ. of 


Western Ontario, London, Canada and was propa- 
gated by regular transplantation into male rats every 
10 days. A suspension of tumor cells from a 10-12 
day old drug-sensitive and drug-resistant tumor was 
prepared in sterile saline [17] and 0.2 ml of this sus- 
pension containing approximately 2 x 10° cells was 
injected im. into the ventromedial region of each 
thigh. Tumor resistant to CA was obtained by 
repeated treatment with progressively increasing 
doses of the drug. The resistance was maintained by 
regular treatment with 25 mg/kg of CA every 8 days 
after implantation of the tumor in animals. Measure- 
ments of tumor size were made with calipers and 
tumor weight was calculated on the assumption that 
tumors were prolate spheroids with a density of 1.0 
[18]. 

Treatment schedules. CA solution was made fresh 
daily by dissolving in a minimum vol. of 95°, ethanol 
and diluting with 1°, sodium bicarbonate solution 
(ethanol-bicarbonate solution ratio 1:5). Concen- 
trations were adjusted so that all animals received 
0.2-0.3 ml of solution. The drug was administered by 
the i.p. route. Control animals were given the same 
vol. of ethanol-bicarbonate solution. Treatment was 
initiated on day 8 after tumor transplantation. 


For enzyme studies, two treatment schedules were 
employed: (i) a single dose (10 mg/kg or 25 mg/kg) 
of CA was administered and rats were sacrificed at 


3, 6, 9, 12, 18, 24, 36, 48, and 60hr after treatment, 
(ii) to study the effects of multiple doses of CA, 5 mg 
kg/day or 8 mg/kg/day of drug was administered on 
3 consecutive days and rats were sacrificed 24 hr after 
the last treatment. 

Tumor tissue. The rats were killed by cervical dislo- 
cation. The tumor tissue was carefully separated from 
muscle and necrotic tissue and was cooled in a petri 
dish on ice. Extracts for enzyme activity measure- 
ments were prepared either from fresh tumor or from 
tissue stored at —70° for 1-2 days. Enzyme activities 
were stable in the frozen tissue. 

Extracts were obtained by homogenizing 2 g tissue 
in 8 ml of Tris-HCI buffer (50 mM, pH 7.4) containing 
1 mM EDTA and 10mM 2-mercaptoethanol. Homo- 
genization was at 4000 rpm for 2 min in a glass—teflon 
homogenizer. The homogenate was centrifuged at 
37,000 g for 30 min and the supernatant was retained 
for the assays of enzynte activities. 

Enzyme activities. Reactions were initiated by addi- 
tion of substrates and corrections were made for sub- 
strate blanks. Spectrophotometric assays were con- 
ducted at 25° in a Unicam SP800 or SP1700 equipped 
with program controller and scale expansion acces- 
sories. In this report one enzyme unit refers to the 
synthesis of | nmole of product per hr and enzyme 
activity is expressed per mg protein determined by 
the method of Lowry et al. [19]. 

Thymidylate synthetase activity was assayed by a 
spectrophotometric method [20]. The assay mixture 


contained: Tris-HCI buffer, pH 7.4, 110 «moles; 
2-mercaptoethanol, 30 «moles; formaldehyde, 
7 umoles; dl-L-FAH,. 0.2 umole; MgCl,, 60 umoles; 
EDTA, 0.02 umole, and enzyme extract in a total vol. 
of 1.0 ml. All components (except (UMP) were incu- 
bated with the enzyme for 10min at 25° and then 
the reaction was initiated by adding 0.2 umole of 
dUMP. 

Dihydrofolate reductase was assayed spectrophoto- 
metrically by measuring the decrease in absorbance 
at 340nm [21]. The reaction mixture contained: 
Tris-HCl buffer, pH7.0, 100ymoles; KCI, 
150 pmoles; NADPH, 0.1 umole; FAH, 0.05 umole; 
mercaptoethanol, 10 wmoles; enzyme extract; and 
water to make a final vol. of 1.0ml. A molar extinc- 
tion coefficient of 12,000 [22] at 340nm was used 
for calculation of activity. 

Thymidine kinase activity was determined by the 
rate of '*C incorporation from [2-'*C]thymidine into 
dTMP, dTDP, and dTTP [23]. The assay mixture 
contained: ATP, 5 umoles; MgCl,, 5 wmoles; NaF, 
0.5 mole: enzyme extract; mercaptoethanol 
5 umoles; [2-'*C]thymidine (S.A. 59 mCi/m-mole), 
2.5 mumoles; and Tris-HCI buffer pH 7.5, 10 yzmoles 
in a total vol. of 0.25 ml. After incubating the reaction 
mixture at 37° for 15 min, the reaction was terminated 
by immersing the tubes in boiling water for 3 min. 
The pyrimidine deoxyribonucleotides were separated 
by descending chromatography (16-18 hr) with iso- 
propanol-1°% (NH4),SO,4 in water (2:1) as solvent. 
Positions of the deoxyribonucleotides were located 
under ultraviolet light with the aid of reference stan- 
dards. The spots were cut out and placed into 10 ml 
of scintillation fluid for counts of radioactivity. The 
scintillation fluid contained: PPO, 4g; POPOP, 
0.1 g; Triton X-100 500 ml and toluene, 1000 ml. R, 
values were: thymidine, 0.72; dTMP, 0.33; dTDP, 
0.20 and dTTP, 0.08. Radioactivity was determined 
in a Nuclear Chicago Unilex II counter. 

In vitro inactivation experiments were carried out 
by incubation of the cell free extract or dialyzed 
ammonium sulfate fraction (40—-60°,) from WS and 
WR tumors with different concentrations of CA at 
37° for 60 min. The samples from reaction mixture 
were removed at 15min intervals and assayed for 
dTMP synthetase, TdR kinase and FAH, reductase 
activities using the standard assay procedures. 
Enzyme controls were run simultaneously to verify 
that the alterations in enzymatic activity were not due 
to inactivation at 37°. 

Statistical analysis. The t-test was used for compari- 
son of the treatment values. 

Chemicals. dl-L-Tetrahydrofolic acid was prepared 
by the method of Gupta er al. [8]. Dihydrofolate was 
synthesized by the procedure of Blakley [24] and 
stored as a fine suspension in 0.001 N HCI in vials 
at —100°. Concentrations of FAH, [24], FAH, [20] 
and NADPH [25] were determined spectrophotome- 
trically using published molar extinction coefficients. 

Chemicals were obtained from the following com- 
mercial sources: Folic acid, 2-mercaptoethanol, Tris 
(Sigma 7-9) and unlabelled nucleosides and nucleo- 
tides, Sigma Chemical Co. St. Louis, MO; EDTA 
(disodium salt), toluene (scintillation grade) and tri- 
chloroacetic acid, Fisher Scientific Co.; chlorambucil, 
Cyclochemical Corp. CA; [2-'*C]thymidine, Schwarz 
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Mann, Toronto, Ontario; and PPO, POPOP and 
Triton X-100, Amersham Searle, Oakville, Ontario. 


RESULTS 


Effect of CA upon the growth of drug-sensitive and 
drug-resistant tumors 

Tumors were palpable 6 days after transplantation 
and were 16-18mm in diameter when treatments 
were initiated on day 8. Untreated rats died between 
16 and 20 days after transplantation. Figure | shows 
the growth and regression of WS tumors in control 
and CA treated animals. Single doses of CA were ad- 
ministered at 5, 10 and 25 mg/kg. A significant de- 
crease in tumor size compared to the control was 
observed 36-48 hr after treatment. The decrease in 
growth rate of the tumor was related to the dose of 
CA administered. At the maximum tolerated dose 
(25 mg/kg), complete eradication of the tumor mass 
was achieved in 80-85 per cent of the animals. No 
tumors could be detected by palpation up to 40 days 
and no mortality was recorded up to 60 days after 
treatment. This dose is considered a “curative” dose 
in these experiments. Similarly, treatment with multi- 
ple doses of CA (5 mg/kg/day or 8 mg/kg/day) for 3 
days was also found to inhibit proliferation of WS 
tumors and eventually eradicate the tumor mass in 
all animals (Fig. 1). 

The growth rates of untreated WR tumors and of 
tumors treated with a single dose of 25 mg/kg are 
shown in Fig. 2. The growth of the treated tumors 
was only slightly slower than WR tumors growth in 
untreated animals. Administration of multiple doses 
of CA 8 mg/kg/day for 3 days also failed to retard 
growth of WR tumors. 
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Effect of CA on the activities of enzymes in drug-sensit- 
ive and drug-resistant tumors 


A. Single dose treatment. Figure 3 shows activities 
of the enzymes in WS and WR tumors from control 
animals and from animals given 25 mg/kg of CA. A 
pronounced inhibition of dTMP synthetase activity 
was Observed in WS tumors after CA treatment (Fig. 
3A). The synthetase activity was inhibited (approxi- 
mately 25 per cent) at 3 hr (first sample analyzed post 
medication), reached its lowest level (approximately 
50 per cent of zero time) at 12hr and the activity 
remained at this level up to 60hr (last sample ana- 
lyzed) after administration of the alkylating agent. In 
contrast, treatment with CA of rats bearing drug- 
resistant tumors resulted only in a slight decrease (ap- 
proximately 10%, Fig. 3A) at 3hr but thereafter ac- 
tivity rapidly recovered from inhibition and reached 
the same level as in the control group by 9hr post 
treatment. The activities of dTMP synthetase in un- 
treated WS and WR tumors remained essentially un- 
changed during this period (Fig. 3A). Thymidine 
kinase activity was not affected (P < 0.05) after a 
single dose of CA treatment in WS or WR tumors 
(Fig. 3B). There appeared to be no consistent differ- 
ence in FAH, reductase activity between control and 
treatment groups in WS tumors up to 24hr after 
treatment but activity in the treated group was less 
than in the control group (P < 0.05) at 36, 48 and 
60 hr after administration of CA (Fig. 3C). The FAH, 
reductase activity of WR tumors remained unchanged 
after treatment with the drug. 

Administration of a lower dose (10 mg kg) of CA 
also resulted in a rapid decrease of dTMP synthetase 
activity in WS tumors (maximum reduction 40 per 
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Fig. 1. Effects of ip. doses of chlorambucil on the growth of sensitive Walker carcinoma, @-——® 


control; —@® 
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single dose (5 mg/kg); —A 


single dose (10 mg/kg); —O 
O--—-O multiple doses (8 mg/kg/day for 3 days). Each point is the mean value for 16-20 tumors. 


single dose (25 mg/kg); 


Vertical bars indicate standard error. 
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Fig. 2. Effects of a single ip. dose of chlorambucil 

(25 mg/kg) on the growth of chlorambucil-resistant Walker 

carcinoma, @---@ control; treated animals —® Each 

point is the mean value for 16-20 tumors. Vertical bars 
indicate standard error. 


cent compared to control animals at 9 hr). After 9 hr 
the enzyme activity steadily increased and by 48 hr 
reached the same levels as in the control group (data 
not shown). At this dose CA afforded only temporary 
regression of tumor. 

It is interesting to note that dTMP synthetase ac- 
tivity of WR tumors was significantly lower (approxi- 
mately 20 per cent) than control WS tumors. On the 
other hand, TdR kinase activity was significantly 
higher (approximately 30-40 per cent) in control WR 
tumors than in control WS tumors. 

B. Multiple doses treatment. The effects of multiple 
doses of CA (8 mg/kg/day) for 3 days on dTMP syn- 
thetase, TdR kinase and FAH, reductase activities 
of WS and WR tumors are shown in Fig. 4. After 
CA treatment of WS tumors there was pronounced 
inhibition of dTMP synthetase activity (approxi- 
mately 50 per cent), some decrease in FAH, reductase 
activity (approximately 15 per cent) and no significant 
change in TdR kinase activity. The dTMP synthetase, 
FAH, reductase and TdR kinase activities in WR 
tumors remained essentially unchanged after adminis- 
tration of CA in multiple doses. These results are in 
agreement with data on enzymes obtained after ad- 
ministration of a single “curative” dose of CA (vide 
supra). 


In vitro experiments 

These studies were undertaken to determine if CA 
has the ability to inactivate the same enzymes in cell 
free extract. The effect of different concentrations of 
CA on dTMP synthetase activity of WS and WR 
tumors are shown in Fig. 5. The dTMP synthetase 
activities of both WS and WR tumors were inhibited 
to almost the same extent in the presence of CA. The 
loss of dTMP synthetase activity was found to be 
related to the concentration of CA in the reaction 
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mixture and the duration of incubation. At 
1.25 x 10°°M concentration of CA, approximately 
50 per cent loss of dTMP synthetase activity was 
observed after 60min of incubation. There was a 
further decrease in activity when the concentration 
of alkylating agent was increased to 1.25 x 107° M; 
only 25 per cent of the initial activity remained after 
30 min. Dialysis of CA-inactivated enzyme against 
Tris-HCl, pH 7.5 or Tris buffer containing mercap- 
toethanol 0.05M failed to restore enzyme activity. 
The substrate, (UMP (up to 500 uM) also failed to 
stabilize dTMP synthetase from CA _ inactivation. 
There was little or no inhibition of TdR kinase and 
FAH, reductase activities up to 1.25 + 10°*M con- 
centration of CA. 


DISCUSSION 


The response of WS tumors after treatment with 
CA was essentially similar to that reported for the 
solid form of plasmacytoma in hamsters with other 
alkylating agents in earlier stages of tumor regression 
[26]. Our results, however, differ from the effect of 
CA on sensitive Yoshida ascites sarcoma [11], where 
a single dose (8 mg/kg) of the drug was reported to 
be “curative”. One obvious reason for the difference 
in sensitivity of drug-sensitive Walker carcinoma to 
CA as compared to that of drug-sensitive Yoshida 
ascites sarcoma is that in these studies the solid form 
of the tumor was used. Other investigators have also 
reported that sensitivity of a tumor to the same drug 
can vary according to its site of implantation [27, 28]. 
Of particular interest was the observation that multi- 
ple treatments with CA were more effective in eradi- 
cation of tumor mass than a maximal tolerated single 
dose (25 mg/kg) even though the total dose (15 mg/kg) 
for multiple treatments was lower than for the single 
treatment. 

The most striking aspect of the enzymatic data was 
the marked and relatively early reduction in dTMP 
synthetase activity after CA treatment in drug-sensi- 
tive tumors. The regression of tumor growth and even- 
tually complete “cure” was found to be related to 
the decrease in dTMP synthetase activity. In contrast, 
dTMP synthetase activity of drug-resistant tumors 
remained essentially the same as the control animals 
after treatment with CA. The in vitro inactivation ex- 
periments showed that of the three enzymes studied, 
only dTMP synthetase activity was inhibited by CA, 
in the drug-sensitive tumors. Since dTMP synthetase 
is essential for cell division, these results suggest that 
tumor regression was due in part to the loss of ac- 
tivity of this key enzyme. 

Recent results indicate that incorporation of 
[°H]deoxyuridine into DNA was selectively inhibited 
by CA in drug-sensitive Walker carcinoma ascites 
cells*. In contrast, uptake of [*H]thymidine was not 
affected. These results also provide support for the 
key role of dTMP synthetase inhibition in relation 
to cytotoxicity of CA. 

The slight decrease in FAH, reductase activity was 
likely a secondary response because it was not 
observed until 36 hr after administration of CA. One 
possible reason for decreased FAH, reductase activity 
me y be the decreased requirement for reduced folate 
coenzymes. 
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Fig. 3. Effects of a single i.p. dose of chlorambucil (25 mg/kg) on thymidylate synthetase (A); thymidine 
kinase (B) and dihydrofolate reductase (C) activities of sensitive (WS) and chlorambucil-resistant (WR) 
Walker carcinoma. The results obtained with tumors from treated animals are shown by the solid 
line ; the dotted line show activities of tumors from control animals. Each point represents 
a mean value for 16-20 tumors. Vertical bars indicate standard error. 
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Fig. 4. Effects of multiple doses (8 mg/kg/day for 3 days) of alkylating agent on thymidylate synthetase, 

thymidine kinase and dihydrofolate reductase activities of sensitive (WS) and resistant (WR) Walker 

carcinoma. The results obtained from control animals are shown by open bars; the stippled bars 

indicate enzyme activities of tumors from treated animals. Each bar represents the mean value (+ 
the standard error) for 16-20 tumors. 
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Fig. 5. In vitro inhibition of thymidylate synthetase from sensitive (WS) and resistant (WR) Walker 


carcinoma on treatment with chlorambucil. Control @---@; chlorambucil 
and 1 x 10°*M —@® 
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Although, acquired resistance to alkylating agents 
is a common phenomenon observed in both experi- 
mental animals and man, the biochemical 
mechanisms responsible for the development of resist- 
ance to this class of drugs are poorly understood [29]. 
Yoshida ascites sarcoma cells resistant to CA were 
shown to have decreased permeability and lower pro- 
tein binding capacity as compared to drug-sensitive 
cells [30]. In the present investigation, the activity 
of dTMP synthetase was decreased and that of TdR 
kinase was increased in drug-resistant tumors. Since 
TdR kinase activity was not inhibited on treatment 
with CA in vivo or in vitro, it is possible that increased 
levels of TdR kinase activity in WR tumors may also 
be a contributory factor in the resistance to this alky- 
lating agent. 

In summary, of the three enzymes studied, dTMP 
synthetase was the only enzyme whose activity was 
markedly decreased upon treatment with CA in vivo 

‘and in vitro. These results suggest that anti-tumor ac- 
tivity of CA may occur by inhibition of the reactions 
leading to DNA synthesis rather than by alkylation 
of DNA. Experiments are now in progress to deter- 
mine further the relevance of the effect on dTMP syn- 
thetase and its relation to cytotoxic activity by use 
of other bifunctional alkylating agents. Studies are 
also underway to investigate the interaction between 
CA and dTMP synthetase by the use of ['*C]chlor- 
ambucil and purified enzyme from Walker carcinoma. 
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Abstract—The relationship between hepatic cortisol sulfotransferase activity (HCSA) and several types 
of hypertension was examined in male rats. It was found that development of Grollman hypertension 
was paralleled by increased HCSA. The maximum blood pressure differences observed between experi- 
mental animals and controls, in individual experiments, were 83 and 95mm, accompanied by 138 
and 124°, HCSA increases. HCSA was also elevated significantly, compared to controls, in spon- 
taneously hypertensive Okamoto rats (SHR) and in hypertension elicited in intact or Grollman operated 
rats by daily, intramuscular injection of 0.6 mg of FLHC (92-fluoro-11f, 17x, 21-trihydroxy-pregn-4- 
ene-3,20-dione) for 30-45 days. HCSA increased 47 and 152°, in SHR and in FLHC treated animals 
respectively. Blood pressures were elevated 40-60 mm in both cases. Grollman operated animals given 
FLHC exhibited higher blood pressures than did intact animals. Administration of cortisol (6 mg) and 
corticosterone (3 mg) also caused hypertension in intact rats. This was accompanied by elevated HCSA. 
Deoxycorticosterone (3 mg) caused hypertension only in animals restricted to drinking 1°, saline. This 
hypertension was also accompanied by elevated HCSA. Conditions or steroid concentrations that did 
not result in hypertension did not elevate HCSA significantly. The increased HCSA in all the types 
of hypertension studied was largely due to STIII, the major glucocorticoid sulfotransferase of livers 


from male rats. 


The adrenal cortex has been implicated in hyperten- 
sion for many years. Its role has most often been 
attributed to the interaction of mineralocorticoids, 
renin and angiotensin. However, several mechanisms 
may be involved in adrenal cortical control of blood 
pressure. Mineralocorticoids, as deoxycorticosterone, 
require sodium replete diets for maximal hypertensive 
effects [1,2] and their action appears to be dependent 
on plasma angiotensin II levels[3,4]. In contrast, 
cortisol and other natural and synthetic glucocorti- 
coids [5-8] cause hypertension which is unaffected by 
dietary sodium levels [5,6] and may be accompanied 
by depressed renin and angiotensin levels [8]. 

The first evidence suggesting a relation between 
hypertension and a glucocorticoid metabolite came 
from studies by Kornel and coworkers [9, 10]. They 
reported that 17-hydroxycorticosteroid sulfate levels 
in blood and urine from human essential hyperten- 
sives were elevated in parallel with increased blood 
pressure. More recently[11] the Kornel group 
showed that after injection of tracer doses of 
['*C]cortisol, glucocorticoid sulfates were among the 
metabolites present at significantly higher levels in 
hypertensives than in normotensives. One possible 
explanation for this elevation of glucocorticoid sul- 
fates could be increased glucocorticoid sulfotransfer- 
ase activity. This possibility was first examined by 
Turcotte and Silah [12] who linked elevated “corti- 
costerone sulfotransferase” activity with Grollman 
hypertension in male rats. 

The studies described in this manuscript demon- 
strate that increased glucocorticoid sulfation accom- 
panies elevated blood pressure in several types of ex- 
perimental hypertension in male rats. The glucocorti- 





*To whom reprint requests are to be addressed. 


coid used as test substrate was cortisol. It was chosen 
because we have shown[13] that it is an excellent 
substrate for all three glucocorticoid sulfotransferases 
(STI, STIL and STIII) of rat liver. Our studies also 
demonstrate that most of the observed elevation of 
the enzyme activity in the various types of hyperten- 
sion tested is due to elevation of STIII, the major 
glucocorticoid sulfotransferase of livers from male 
rats. 


MATERIALS AND METHODS 


Animals and chemicals. Animals were purchased 
from Charles River Breeding Labs (Wilmington, MA) 
or bred in our laboratory from selected Charles River 
rats. They were fed Purina rat/mouse chow and water 
ad lib. Thirteen-week-old male CFSHR rats 
(Okamoto-derived spontaneously hypertensive rats, 
SHR) and normotensive CFN controls were pur- 
chased for studies of spontaneous hypertension. Male 
CDR Fisher rats, weighing 150-170 g were purchased 
for study of Grollman [14], FLHC (9a-fluoro-11£, 
17x, 21-trihydroxy-pregn-4-ene-3, 20-dione), and other 
steroid mediated hypertension. Tritiated cortisol, 
[i,2-*H]cortisol (44 Ci/m-mole), was obtained from 
the New England Nuclear Corporation (Boston, MA). 
The steroid was checked for purity, periodically, as 
described earlier [15]. Non-radioactive steroids were 
obtained from Sigma (St. Louis, MO). All other sup- 
plies and chemicals were obtained from standard sup- 
pliers. 

Blood pressure determination. Systolic blood pres- 
sures were obtained weekly and on the day of sacri- 
fice, by the tail cuff method. Animals were anaesthe- 
sized lightly with ether before the measurements were 
made. The blood pressure module consisted of an 
electrosphygmograph coupler (No. 7211), a channel 
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amplifier (No. 7000), a pneumatic pulse transducer 
and a beeper (BPR 4) purchased from Narco Biosys- 
tems (Houston, TX). 

Enzyme assays. Suitably diluted enzyme samples 
were assayed as described earlier[13]. Assays were 
started by adding 0.20 ml of 1.2mM PAPS (3’-phos- 
phoadenosine-5’-phosphosulfate)* to O0.80ml of a 
solution (pH 6.8) containing enzyme, 300 umoles of 
KH,PO,, 5 moles of MgCl,, 3 umoles of mercap- 
toethanol and 0.040 umoles of [7H ]cortisol (1.25 mCi 
m-mole). Reaction mixtures were incubated for 0 and 
60 min at 37.5° in a Dubnoff shaker. Then the reac- 
tion was terminated by immersion, for 2 min, in a 
boiling water bath and addition of | ml of distilled 
water. The diluted mixtures were cooled on ice and 
extracted 3 times with 5 ml portions of dichlorometh- 
ane. The extracts were discarded and the aqueous 
residues transferred to scintillation vials. Ten ml of 
cabosil [16] and 4-5 drops of 1 M NaQH were added 
to each vial. Vials were shaken to ensure homogeneity 
and counted in an Intertechnique SL-30 liquid scintil- 
lation spectrometer. Suitable sets of quenched stan- 
dards were utilized to convert cpm to dis/min. 
Enzyme activity is given as pg cortisol sulfated 
hr~ ' ml of 50°, cytosol” '. Statistical significance was 
determined using Students t-test [17]. 

Production of hypertension. Renal hypertension was 
produced, in 150-205g rats by the Grollman 
method [14]? First, the renal parenchyma was com- 
pressed by drawing a suture tightly around the pole 
and body of the left kidney. Seven to 10 days later, 
the right kidney was removed. Between 15 and 20 
per cent of the animals died in the immediate post- 


operative period. The remainder were maintained un- 


til blood pressures were significantly higher than 
those in unoperated controls (2.5-6 months). Then 
both groups were sacrificed and hepatic cortisol sulfo- 
transferase levels determined. For studies of spon- 
taneous hypertension, 13-week-old SHR and CFN 
controls were monitored until maximum blood pres- 
sures were obtained in SHR (3-4 weeks). The animals 
were then sacrificed and cortisol sulfotransferase 
studies carried out. Studies of FLHC hypertension 
.were carried out with intact or Grollman-operated 
rats. The method used was a modification of that de- 
scribed by Hepp et al. [8]. Animals were injected i.m. 
with 0.10 ml of sesame oil or sesame oil containing 
0.60 mg of FLHC. Maximum blood pressure differ- 
ences were obtained within 30-45 days. Both groups 
were then sacrificed and their hepatic cortisol sulfo- 
transferase levels compared. Studies of the hyperten- 
sive effects of other steroid hormones were carried 
out similarly. Indicated amounts of cortisol, cortico- 
sterone and deoxycorticosterone were injected daily, 
im., in 0.10 ml of sesame oil. After blood pressure 
differences of 40-60mm _ had developed between 
hypertensives and oil injected controls (or a maxi- 
mum of 80 days) animals were sacrificed and cortisol 
sulfotransferase activity levels compared. In the case 





* PAPS was prepared by a rapid modification of the 
enzymatic method of the Lipmann group[19]. A manu- 
script is presently in preparation. 

+ The hypertension produced by this method is termed 
Grollman hypertension. 

t Presently unpublished studies from our laboratory. 
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of deoxycorticosterone, hormone and oil injected 
groups were each divided into two subgroups which 
received water or 1° saline to drink. 

Preparation of cytosols. Rats were sacrificed by 
decapitation. Livers were removed rapidly, trimmed, 
chilled and homogenized in one vol. of TSM [13], 
0.05 M tris-0.25M_ sucrose-0.003 M mercaptoethanol, 
pH 7.5. This and all further preparative steps were 
carried out at 0-4°. Homogenates were centrifuged 
at 35,000 g (Sorval RC-2B) for 30 min and the pellets 
discarded. The supernatants were recentrifuged at 
105,000 g (Beckman L2-65B) for 60 min. The final 
supernatant, 50%, cytosol, contains most of the corti- 
sol sufotransferase activity. 

Fractionation of cytoplasmic cortisol sulfotransferase 
activity. Cytosol samples, 2.5—3.0 ml, were loaded on 
2 x 50cm columns of DEAE Sephadex A-50. The 
columns were then eluted with linear gradients con- 
sisting of 300 ml each of TSM and TSM containing 
0.30M KCl. Three ml fractions were collected. The 
protein content of the eluates was determined from 
the absorbance at 280nm. Enzyme assays were car- 
ried out on 0.5 ml aliquots of the column fractions, 
as already described. Recoveries from columns were 
75-95%, of the enzyme activity originally applied. 
Paired columns were always run. One contained cyto- 
sol from a control animal, the other contained cytosol 
from an experimental animal. The sulfotransferases 
eluting from the columns were called STII and STIII 
as described earlier [13]. 


RESULTS 


Hepatic cortisol sulfotransferase activity and devel- 
opment of Grollman hypertension in male rats. We 
have already described the enzyme assay for tissue 
preparations from intact rats and identified the reac- 
tion product as cortisol-2]-sulfate [13]. We have also 
found that of eight tissues studied, liver contained by 
far the most cortisol sulfotransferase activityt. The 
properties of the enzyme system are similar in Groll- 
man hypertensives (data not shown). Figure | shows 
that development of high blood pressure in Grollman 
operated male rats is paralleled by elevation of hepa- 
tic cortisol sulfotransferase activity. The two largest 
blood pressure increases, 83 and 95 mm respectively, 
occurred 6 months after Grollman surgery. They were 
accompanied by 138 and 124 per cent increases of 
the enzyme activity. The insert in the figure shows 
that there is a statistically significant difference in 
blood pressure and in cortisol sulfotransferase activity 
between operated and intact rats. No significant dif- 
ference in growth or liver weight was observed 
between the two groups. The Grollman technique was 
a poor model to use to study hypertension, despite 
the indicated relation between cortisol sulfotransfer- 
ase activity and elevation of the blood pressure. Only 
40--50°,, of the operated animals survived for extended 
periods of time. In addition (see Fig. 1) few animals 
developed blood pressures more than 40mm above 
controls, and this required up to 6 months. Accord- 
ingly, we next attempted to find a better system to 
study and to extend the correlation between cortisol 
sulfotransferase activity and hypertension. 

Study of spontaneous hypertension and F LHC hyper- 
tension. First, we tested the relation between cortisol 
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Fig. 1. The relation between cortisol sulfotransferase ac- 
tivity and blood pressure in Grollman operated male rats. 
Grollman operated rats and intact controls were sacrificed 
and liver cytosols were prepared (see Methods). Cortisol 
sulfotransferase activities were determined and the per cent 
increase of cortisol sulfation in hypertensives was plotted 
against the difference in blood pressure between control 
and hypertensive animals. Each point represents a single 
experiment. The insert summarizes the blood pressure, 
enzyme activity, liver weight and body weight data for the 
two groups of animals. The data are given as the mean 
+ the standard deviation. Cortisol sulfotransferase activity 
is given as yg cortisol sulfated hr~' ml 50% cytosol” '. 
The asterisks indicate statistically significant differences 
between control and experimental groups (P < 0.01). 
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sulfation and spontaneous hypertension in Okamoto 
derived rats (SHR) purchased from Charles River 
Breeding Labs. Table la shows that SHR exhibit an 
average 53 mm blood pressure increase and an aver- 
age 47 per cent increase of hepatic cortisol sulfotrans- 
ferase activity, compared to CFN controls. Both 
changes are statistically significant. We also examined 
FLHC hypertension in male CDR Fisher rats injected 
daily for 30-45 days with 0.6 mg of FLHC. Table 1b 
shows that FLHC injected rats developed statistically 
significant increases of blood pressure (average 
46 mm) and of cortisol sulfotransferase activity (aver- 
age 152 per cent), as compared to controls. Thus it 
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appears that there is a relation between cortisol sulfa- 
tion and blood pressure in SHR and in FLHC treated 
rats, as well as in Grollman hypertension. 

We also tested the effect of administering FLHC 
to Grollman operated rats, in the hope of developing 
an even faster more extensive hypertensive response. 
These studies (Table 2) suggest that the hypertensive 
effect of FLHC may be more extensive in Grollman 
operated animals than in intact animals (78 + 7mm 
and 53+ 12mm respectively), although the final 
levels of cortisol sulfotransferase activity (26.5 + 5.4 
and 23.5 + 4.3 yg cortisol sulfated hr~' ml 50°% cyto- 
sol~') did not differ significantly. 

Fractionation of individual cortisol sulfotransferases 
of cytosols from normal and hypertensive rats. These 
studies were carried out to determine the enzymatic 
basis for increased cortisol sulfotransferase activity in 
hypertensive rats. Mixing cytosol samples from con- 
trol animals and the various experimental groups 
gave simple additive enzyme activity. This suggested 
that differences in enzyme activity were not due to 
activators or inhibitors of sulfotransferase activity or 
changes in coenzyme utilization. Cytosol samples 
were fractionated on DEAE Sephadex A-50 columns. 
Figure 2 compares fractionation of cytosol samples 
from intact rats given oil or 0.6 mg of FLHC for 40 
days. Their blood pressures were 90 mm and 165 mm, 
respectively. As indicated, most of the increased 
enzyme activity appears to be due to elevated STIII 
levels. Similar chromatograms were obtained with 
cytosol samples from Grollman rats and SHR (not 
shown). 

The effects of other steroid hormones on cortisol sul- 


fotransferase activity and blood pressure in intact rats. 


Although FLHC is a potent mineralocorticoid as well 
as a glucocorticoid, Hepp et al.[8] showed that it 
elevates the blood pressure as a glucocorticoid. We 
next examined the effects of two natural glucocorti- 
coids (cortisol and corticosterone) and of the min- 
eralocorticoid deoxycorticosterone on blood pressure 
and hepatic cortisol sulfotransferase activity in intact 
rats. These studies were carried out to determine 
whether the hypertensive response, if present, was 
separable from the elevation of the enzyme activity 


Table 1. Blood pressure and hepatic cortisol sulfotransferase activity in spontaneously 
hypertensive rats (SHR) and FLHC treated rats 





Blood pressure 


Experiment No. (mm Hg) 


Average 
% increaset 


Sulfotransferase 
activity* 





(a) CFN 9 
SHR 

(b) Oil 9 
FLHC 9 


97+6 
151 + 4t 
100 + 7 
146 + 9t 


4.7 
6.9 
9.5 
23.9 


I+ I+ I+ I+ 





16-17-week-old SHR and CFN rats were used for study of spontaneous hyper- 
tension. For studies of FLHC hypertension, CDR Fisher rats (180-200 g) were injected 
daily, i.m., for 30-45 days with 0.1 ml of sesame oil or oil containing 0.6 mg of FLHC. 
Blood pressures were monitored until differences between experimental and control 
rats were 40-60 mm. Then animals were sacrificed and hepatic cortisol sulfotransferase 
levels were determined (see Methods). 

* Cortisol sulfotransferase activity is given as ug cortisol sulfated hr~' ml 50% cyto- 
sol”! + the standard deviation. 

+ The average ° increase in cortisol sulfotransferase activity is given by 

[Experimental Activity/Control Activity x 100] — 100. 

t Statistically significant difference between experimental animals and controls 

(P < 0.01). 
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Table 2. The effect of FLHC on blood pressure and cortisol sulfotransferase activity 
of livers from intact and Grollman operated rats 





Blood pressure Sulfotransferase Average 
Experiment No. (mm Hg) activity* °, increaset 





Intact-Oil 97+5 
Intact-FLHC 150 + | 
Grollman-Oil : 122+ 4 
Grollman-FLHC : 200 + 10$ 


137 


+ 
If 


I+ I+ I+ [4+ 


100 





One week after completion of Grollman surgery, operated rats were divided into 
two groups. These groups were given 0.1 ml of sesame oil or oil containing 0.6 mg 
of FLHC daily, i.m., for 34-45 days. Two groups of intact animals from the same 
shipment were treated similarly. Blood pressures of all rats were taken weekly and 
on the day of sacrifice. After sacrifice hepatic cortisol sulfotransferase levels were 
determined as described in Methods. 

* Cortisol sulfotransferase activity is given as ug cortisol sulfated hr~' ml 50°, cyto- 
sol” ' + the standard deviation. 

+ The average °,, increase in cortisol sulfotransferase activity is given by 

[Experimental Activity/Control Activity x 100] — 100. 

t Statistically significant difference between experimental animals and controls 

(P < 0.01). 
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Fig. 2. DEAE Sephadex A-50 chromatography of cytoplasmic cortisol sulfotransferase activity from 
livers of intact and FLHC treated male rats. The figure depicts a representative paired experiment 
where cytosol samples from (A) oil and (B) FLHC treated animals described in Table 2 were used. 
Blood pressures were 90 and 165 mm, respectively. Two 2 x 50cm columns of DEAE Sephadex A-50 
were prepared. Each column was loaded with 2.5 ml of cytosol. They were then eluted with linear 
gradients consisting of 300 ml each of 0.05 M tris-0.25M_ sucrose-0.003 M mercaptoethanol, pH 7.5 
(TSM) and TSM containing 0.30M KCI. Three ml fractions were collected. Protein was estimated 
from the absorbance at 280nm. Aliquots, 0.50 ml, of indicated fractions were assayed for cortisol 
sulfotransferase activity (see Methods). Enzyme activity is expressed as yg cortisol sulfated hr~' ali- 
quot '. Roman numerals represent sulfotransferases II and HI {STII and STII). The STIII peaks 
are shaded for better comparison. Molar concentrations represent peak KCI concentrations for elution 
of the individual enzymes. Enzyme recoveries were 75 per cent. The data were from one of four 
very similar experiments. 





Cortisol sulfation and hypertension 


Table 3. Blood pressure and hepatic cortisol sulfotransferase activity in rats given 
cortisol, corticosterone, deoxycorticosterone or fludrocortisol 





Dose 
(mg) 


Days of 


Experiment injection 


Sulfotransferase 
activity* 


Blood pressure 
(mm Hg) 





(a) Oil (5) 3-40 
FLHC (5) 33-40 390.2 
(b) Oil (8) 35-53 - 
HC (5) 35-53 6.0 
DOC (5) 35-53 3.0 
COR (4) 35-53 3.0 
Oil (5)* 4-80 - 
DOC (4) 80 3.0 
DOC’ (4) 64-80 3.0 
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Rats were injected daily, i.m., as indicated with cortisol (HC), corticosterone (COR), 
deoxycorticosterone (DOC), and fludrocortisol (FLHC). Blood pressures were moni- 
tored until experimental values stabilized or were 40-50 mm above controls. Animals 
were sacrificed and hepatic cortisol sulfotransferase levels determined (see Methods). 
Numbers in parentheses are numbers of individual determinations. 

* Cortisol sulfotransferase activity is given as pg cortisol sulfated hr~' ml 50°, cyto- 


sol”! + the standard deviation. 


+ DOC and DOC’ rats were given H,O and 1% NaCl to drink, respectively. Oil 
data represents pooled values from controls given NaCl and water. 
t Statistically significant difference between experimental animals and controls 


(P < 0.01). 


and whether the cortisol sulfotransferase response 
could be used as additional differentiation between 
glucocorticoid and mineralocorticoid hypertension. 

The hypertensive effects of the hormones tested 
(Table 3) were accompanied by increased cortisol sul- 
fotransferase activity. Doses that did not elevate the 
enzyme activity did not increase the blood pressure 
significantly. For example, the results with 0.2 mg of 
FLHC and 3.0mg of DOC are shown in Table 3a 
and 3b. All of the test compounds except corticoster- 
one caused extensive weight loss compared to con- 
trols. Liver weight did not decrease markedly. Three 
mg doses of deoxycorticosterone caused hypertension 
only in the DOC’ group, which were maintained on 
1°% saline (Table 3c). Cortisol sulfotransferase activity 
was elevated only in the hypertensive group. 

Fractionation of cytoplasmic cortisol sulfotransfer- 
ase activity on DEAE Sephadex A-50 columns 
showed that compared to controls (Fig. 3A), increased 
enzyme activity in response to glucocorticoids was 
due mostly to elevation of STIII (Figs. 3B and 3C). 
Fractionation of cytosol from deoxycorticosterone 
treated hypertensives (Fig. 4B) showed a skewed 
enzyme peak which suggested that STII is present 
at a much higher relative concentration than in con- 
trols (Fig. 4A). Although clear resolution of STII and 
STIII was not obtained, STII] appears to be the 
major cortisol sulfotransferase of livers from deoxy- 
corticosterone treated hypertensives. 


DISCUSSION 


Much remains to be done before the role of gluco- 
corticoid sulfates in hypertension can be ascertained. 
However, we feel that the studies reported herein sug- 
gest the potential importance of these compounds in 
the disease. Our studies of the relation between corti- 
sol sulfation and Grollman hypertension in male rats 
confirm and extend an earlier report by Turcotte and 
Silah [12] that glucocorticoid sulfation is elevated in 
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Fig. 3. Fractionation of cytoplasmic cortisol sulfotransfer- 
ase activity from livers of intact rats given oil, corticoster- 
one or cortisol. The data represent one of three very simi- 
lar experiments. Cytosols were from animals described in 
Table 3b. The rats used in this experiment were injected, 
daily, with oil (A), 6.0 mg of cortisol (B), and 3.0 mg of 
corticosterone (C) for 42 days. Their blood pressures were 
99, 152, and 136mm respectively. Cytosols were prepared 
and treated as in Fig. 2. All symbols are described in Fig. 2. 
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Fig. 4. Fractionation of cytoplasmic cortisol sulfotransfer- 

ase activity from oil and deoxycorticosterone treated rats. 

Cytosols were from (A) oil and (B) deoxycorticosterone 

treated animals (DOC’ group) from Table 3c. Conditions 

are as described in Fig. 2. The animals were injected for 

69 days. Blood pressures were 97 and 153 mm respectively. 
This was one of three experiments. 


this experimental hypertension. In addition, we found 
that the elevation of the enzyme activity parallels the 
development of Grollman hypertension (Fig. 1). We 
have also demonstrated increased hepatic cortisol sul- 
fation in male SHR (Table 1); in FLHC hypertension 
elicited in intact or Grollman operated males (Tables 
| and 2); and in hypertension elicited by natural glu- 
cocorticoids (Table 3). These data suggest that sul- 
fated glucocorticoid metabolites could be involved in 
control of the blood pressure. This possibility relates 
well with observations from the Kornel group [9-11] 
that glucocorticoid sulfates are elevated significantly 
in blood and urine from human essential hyperten- 
Sives. 

Kornel et al. [11] suggest that elevated hepatic glu- 
cocorticoid sulfotransferase activity is a secondary 
effect of hypertension, due to increased available glu- 
cocorticoid levels. They propose that the increased 
hormone levels are a consequence of enhanced hepa- 
tic perfusion pressure and other “primary abnormali- 
ties” of glucocorticoid metabolism. We have found 
(Table 3) that the hypertensive effects of the steroid 
hormones we tested were not separable from eleva- 
tion of cortisol sulfotransferase activity. In addition, 
3 mg doses of deoxycorticosterone were effective in- 
ducers of cortisol sulfotransferase activity only in 
saline-loaded rats, which also exhibited a hypertensive 
response to the mineralocorticoid. These studies sug- 
gest the possibility that the relation between the ster- 
oid sulfotransferases and hypertension may be more 
than a side effect of the disease. 

We have already described the steroid sulfotransfer- 
ases of rat liver [13], STI. STIT and STIII, which sul- 
fate cortisol. Two of these are present in livers from 
males. They have very different substrate prefer- 


ences[13]. The minor cortisol sulfotransferase of 


livers from males (STII) sulfates dehydroepiandroster- 
one much more extensively than cortisol. The major 
enzyme (STIII) has a much greater preference for the 
glucocorticoid. In this manuscript, we have shown 
that most of the elevated cortisol sulfotransferase ac- 
tivity in all the types of hypertension studied appears 
to be due to STIII. Such elevation of STII] might 
increase glucocorticoid sulfation markedly at the 
expense of sulfation of other types of steroid hor- 
mones present at physiological concentrations. Such 
elevation of glucocorticoid sulfation could be in- 
volved in the control of blood pressure. Suggestion 
that STIII elevation could be involved in other types 
of hypertension comes from the studies of Nowac- 
zynski and coworkers [18], who reported diminished 
excretion of dehydroepiandrosterone sulfate in human 
essential hypertensives. We also wonder if the much 
slower development of hypertension we observed in 
deoxycorticosterone treated rats, compared to gluco- 
corticoid treated animals (Table 3), could be related 
to the higher ratio of STII activity to STIII activity 
observed in the mineralocorticoid treated rats (com- 
pare Figs. 3 and 4). 

We are presently carrying out additional studies 
to clarify the relation between glucocorticoid sulfates 
and hypertension and testing to determine whether 
there are additional similarities between mineralocor- 
ticoid and glucocorticoid hypertensions. 
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Abstract 


The ability of substituted imidazoles to bind to cytochrome P-450 (type II) and to inhibit 


microsomal drug-metabolizing enzyme activity is highly dependent on the position of the substituent 
in the imidazole ring. Compounds containing substituents in the 1-, 4(5)- and 1,5-positions are effective 
inhibitors of the epoxidation of aldrin in rat liver microsomes and armyworm (Spodoptera eridania) 
gut preparations and exhibit low spectral dissociation constants (K,). In contrast, compounds containing 
2- and/or 4-substitutents are essentially inactive as inhibitors and exhibit high K, values (low binding). 
It appears that both binding and inhibition depend on the accessibility of the non-bonded electrons 


on the nitrogen atom at position — 3 of the ring. 


Studies in several laboratories have now clearly estab- 
lished that many 1-[1—5] and 4(5)-arylimidazoles 
[5,6] and 1-alkylimidazoles [7,8] are among the 
most potent inhibitors of microsomal drug oxidations 
yet described. In vivo, many are remarkably active 
potentiators of barbiturate sleeping time in mammals 
[4, 6-8] and several of the 1-substituted compounds 
are effective insecticide synergists to houseflies [5, 7]. 

Inhibitory activity of the 1- and 4(5)-substituted im- 
idazoles appears to be closely related to their capacity 
to bind to cytochrome P-450 as measured by the 
spectral dissociation constants (K,) obtained from the 
type II optical difference spectra they exhibit. In a 
homologous series of 1-alkylimidazoles, both inhibi- 
tory activities and K, values are closely correlated 
with lipophilic character and are optimal in com- 
pounds containing an 8-10 carbon alkyl chain [7]. 

Although lipophilic character is clearly an ex- 
tremely important determinant of inhibitory activity, 
the previously reported low activity of two 2-substi- 
tuted imidazoles relative to the corresponding 
4(5)-derivatives [5] suggested that steric parameters 
might also play a role. This paper is concerned with 
the steric factors which determine the ability of imida- 
zoles to inhibit epoxidase activity in enzyme prep- 
arations from rat liver and the gut tissue of southern 
armyworm (Spodoptera eridania) larvae. 


MATERIALS AND METHODS 


Chemicals. The imidazoles employed in the study 
are shown in Table 1 (I-XV). Of these, compounds 
I, II1 and IV were purchased from Pfaltz & Bauer, 
Inc., Flushing, NY, VI and IX from ICN—K & K 
Laboratories, Plainview, NY, and XV from the 
Aldrich Chemical Co., Cedar Knolls, NJ, all were 
recrystallized prior to use. The remainder were pre- 
pared by a variety of synthetic procedures. 1-Methyl- 
imidazole (II), b.p. 199-200°, was obtained by the 
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reaction of imidazole (I) with methyliodide [2,9], 
and 4(5)-phenylimidazole (VII), m.p. 128-129", (lit. m.p. 
128°) [10], was prepared by the method of Bredereck 
and Theilig [10] in which phenacyl bromide is heated 
under reflux with formamide. The same general pro- 
cedure was also used to obtain 4,5-dimethylimidazole 
(VID), m.p. HCI salt 305° (lit. m.p. 305°) [10] from 
acetoin and 4,5-diphenylimidazole (IX), m.p. 230-233 
(lit. m.p. 231°) [10], from benzoin. Compound V, 
1-phenylimidazole, b.p. 112—113°, 1.0mm (lit. 100°, 
0.5 mm) [11], was prepared by the Marckwald syn- 
thesis from phenylisothiocyanate and aminoacetalde- 
hyde diethylacetal and subsequent oxidation of the 
intermediate 1-phenyl-2-mercaptoimidazole — with 
nitric acid. The similar oxidation of 1,5-diphenyl-2- 
mercaptoimidazole produced by the reaction of 
phenacylamine hydrochloride and phenyl isothio- 
cyanate [12] yielded 1,5-diphenylimidazole (XII), m.p. 
204-205° (mol. wt of 220 confirmed by mass spectro- 
metry). This procedure was also employed in the 
preparation of |-methyl-5-phenylimidazole (XI), m.p. 
96-98" (lit. m.p. 96-97°) [13], starting from phen- 
acylamine hydrochloride and methylisothiocyanate. 
Methylation of VII with methyl sulfate yielded 
|-methyl-4-phenylimidazole (X), m.p. 110-112 (lit. 
m.p. 110-111°) [13], and similar methylation of IX 
gave 1-methyl-4,5-diphenylimidazole (XIII), mp. 
147-148.5° (lit. 147°) [14]. The reaction between ben- 
zil, benzaldehyde and ammonium acetate provided 
2.4.5,-triphenyl-imidazole (XIV), m.p. 271—273° (lit. 
m.p. 275°) [15], in good yield as described by David- 
son et al. [15]. 

Analytical grade samples of aldrin § (1,2,3,4, 
10,10-hexachloro-1,4,4a,5,8,8a-hexahydro-1,4-endo- 
exo-5,8-dimethanonaphthalene) and its 6,7-epoxide, 
dieldrin, were kindly provided by the Shell Develop- 
ment Co., Modesto, CA. 

Biochemicals were purchased from CalBiochem, 
San Diego, CA, and all other chemicals and solvents 
employed were of analytical reagent grade. 

Enzyme preparation. Livers from male Sprague 
Dawley rats, purchased from Blue Spruce Farms, 
Altamont, NY, were homogenized in ice-cold 1.15% 
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KCl (1:4, w/v) and microsomes were sedimented from 
the post-mitochondrial supernatant (20,000 g,,,, for 
20 min) by centrifugation at 100,000 g,,,, for 1 hr in 
an International Equipment Co. (IEC) B-60 prepara- 
tive ultracentifuge equipped with an IEC A-321 angle- 
head rotor. For enzyme assay the microsomal pellet 
was resuspended in 1.15%, KCl to a concentration 
of 0.6 to 1.0 mg/ml. 

The insect preparation was as previously described 
[16]. It consisted of a crude homogenate of cleaned 
midguts from the sixth instar southern armyworm lar- 
vae (2 guts/ml) in ice-cold 1.15°4 KCl and had a pro- 
tein concentration of approximately | mg/ml. 

Protein concentrations were determined by a modi- 
fied Biuret method [17] using bovine serum albumin 
as a standard. 

Aldrin epoxidase. Incubations were carried out aer- 
obically in 25-ml Erlenmeyer flasks shaken in a water 
bath at 30°. The standard 5-ml incubation mixture 
consisted of 0.5 ml of the appropriate enzyme suspen- 
sion and the following components (final concen- 
tration): Tris-HCI buffer (5 x 10°? M), pH 7.4 (rat) 
or 7.8 (armyworm); G-6-P (2.4 x 10°7M); KC 
(27.6 x 10°->M); NADP (5.2 x 10°° M); G-6-P de- 
hydrogenase (1.6 units) and 100 yg aldrin in 25 yl eth- 
anol. The reactions were initiated by addition of the 
enzyme and incubations were carried out for 15 min 
before being terminated by the addition of acetone. 
Extraction and gas chromatographic assay of aldrin 
and dieldrin were as previously described [18]. 

The imidazoles were added to the incubations in 
10 ul ethanol and I;, values were determined from 
the means of duplicate incubations with at least four 
different inhibitor concentrations. 

Binding studies. Optical difference spectra were 
recorded with a Norelco Unicam SP-800 spectrophot- 


T. D. RoGerson, C. F. WILKINSON and K. HETNARSKI 


ometer equipped with a scale expander and accessory 
recorder. Suspensions of rat liver microsomes con- 
taining 1-2mg protein/ml in 67mM_ phosphate 
buffer, pH 7.4, were employed. Spectral dissociation 
constants (K,) were determined from the abscissal in- 
tercepts of double reciprocal plots of AO.D.430_390 am 
vs imidazole concentration. The means of duplicate 
determinations with five or six different imidazole 
concentrations were employed. 


RESULTS 


The molar I,,. values of 15 imidazoles toward epox- 
idase activity in enzyme preparations from rat liver 
and armyworm gut are shown in Table 1; spectral 
dissociation constants (K, M) for their binding to 
rat liver cytochrome P-450 are also shown. These 
data clearly demonstrate the dramatic changes in in- 
hibitory potency and P-450 binding capacity which 
result from the incorporation of substituents in differ- 
ent positions of the imidazole ring. 

As previously reported [5-7], imidazole (I) itself is 
a relatively poor inhibitor of epoxidase activity and 
exhibits a K, value of 2.1 x 10~*M. Substitution 
with a methyl group in the 1|-position of the ring 
causes little or no change in either inhibition or bind- 
ing, but similar substitution in the 2-position essen- 
tially eliminates both types of activity. The inclusion 
of ethyl (IV) and phenyl (VI) groups at carbon-2 simi- 
larly yields compounds devoid of any significant in- 
hibitory activity or P-450 binding capacity. The 
monopheny! substituted compounds (V, VI and VII) 
dramatically illustrate the effects on activity associated 
with the position of substitution in the ring, the 2-sub- 
stituted derivative (VI) being three or four orders of 
magnitude less active than either the 1- or 4(5)-phenyl- 
imidazoles. 


Table 1. Biological activity of substituted imidazoles* 





General structure: 


Compound R, 


Spectral 
dissociation 
constant 

(K,) (M), RLM* 


I<. (M) aldrin epoxidation 


AGt 





CoHs 
‘oH CoH; 


Benzimidazole 


2.9 x 1073 
1.3 x 1073 
= .5-* 
> 36°" 
3.4 x 107° 
5.0 x 1073 
1.3 x 1075 
> 16°" 
1.4 x 1073 
24 x > 
1.6 x 107’ 
3.3 x 107’ 
9.0 x 1075 
+ 19" * 
> 10-* 


2.10 x 1074 
2.0 x 1074 
> 10~? 
> 107? 
71x 10~° 
3.5 x 1073 
52 x 10°° 
> 10-2 
> io? 
> 107? 
1.2 x 10~° 
91x 107’ 
> 10-> 
> 107? 
= i - 





* Data for compounds I, II], V and VII have been reported in previous publications from this laboratory [5-7]. 


+ Rat liver microsomes. 
t Armyworm gut preparation. 
§ Tautomeric structure. 





Inhibitory interaction of imidazoles with microsomal enzymes 


Substitution in the 4-position of the ring also leads 
to compounds with little or no significant activity. 
This can be seen clearly with the compounds contain- 
ing 4,5-disubstituents (VIII, IX, XIII and XIV) and 
may account for the observed inactivity of benzimida- 
zole (XV). That the low activity of these compounds 
is associated mainly with the 4-substituent is well 
demonstrated by the fact that the 1-methyl-5-phenyl 
derivative (XI) is approximately four orders of magni- 
tude more active than the 1-methyl-4-phenyl (X) 
isomer. The, 1,5-disubstituted compounds (XI and 
XII) were the most active compounds evaluated. 


DISCUSSION 


Combined with previous data [1-8], those reported 
here allow a fairly precise qualitative understanding 
of the structural features which determine the ability 
of imidazoles to bind to cytochrome P-450 and to 
inhibit microsomal drug oxidation. 

In the case of monosubstituted compounds, a large 
number of l-aryl-, l-alkyl- and 4(5)arylimidazoles 
show high inhibitory potency toward a variety of dif- 
ferent types of drug oxidation [1-8]. The usually close 
agreement between the I;, and K, values strongly 
suggests that inhibition results from the capacity of 
the imidazoles to bind to the microsomal cytochrome 
P-450 complex [6,7]. Multiple regression analysis of 
binding and inhibition data from a homologous series 
of 1-alkylimidazoles has established that the major 
factor determining activity is the hydrophobic binding 
constant (z) and that optima! biological activity 
occurs with l-alkyl substituents of 8-10 carbon 


atoms. It is probable that lipophilic character is also 


of dominant importance with |- and 4(5)-substituents 
other than alkyl groups. 

In contrast, imidazoles containing substituents in 
either the 2- or 4-positions of the ring show little 
propensity for binding and these compounds exhibit 
little or no inhibitory activity toward drug oxidation 
irrespective of their lipophilic character. With these 
compounds steric considerations are undoubtedly of 
paramount importance and indeed the remarkable 
10*-fold differences in the activities of the mono- 
phenyl imidazoles (V, VI and VII) and of the two 
methyl-phenyl isomers (X and XI) provide excellent 
examples of the importance of steric parameters in 
enzyme/substrate/inhibitor interactions. The relatively 
high inhibitory activity of 2-(2,4-dichlorophenyl)thio- 
methylimidazole (3-4 x 10~° M) previously reported 
[5] is an exception to the usually low activity of the 
2-substituted compounds. However, this compound is 
substantially less active than the corresponding 
4(5)-derivative (almost 1000-fold in the case of the 
armyworm gut preparation), and it is possible that 
the structural flexibility provided by the thiomethyl 
linkage allows a relatively more favourable steric 
alignment of the bulky aromatic ring than with other 
more compact 2-substituents. 

It is usually considered that the type II optical dif- 
ference spectra such as those exhibited by the imida- 
zoles and other nitrogen-containing compounds result 
from direct interaction between the non-bonded elec- 
trons of the nitrogen atom and the fifth or sixth 
ligand on the heme moiety of the cytochrome P-450 
[19-22]. Presumably in the imidazole ring the non- 
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bonded electrons associated with nitrogen — 3 are 
those responsible for ligand binding and consequently 
these must be freely accessible to approach the heme 
moiety. This appears to be the case with I- and 
4(5)-monosubstituted and 1,5-disubstituted derivatives 
but not with compounds containing 2- and/or 4-sub- 
stituents. Even relatively small groups in these latter 
positions prevent or reduce ligand interaction by 
either directly affecting the accessibility of the non- 
bonded electrons (an intramolecular effect) or by pre- 
venting a sufficiently close approach of the imidazole 
molecule to the heme (an intermolecular effect). The 
latter possibility suggests that cytochrome P-450 
might be situated at the bottom of a membrane 
“hole” with a diameter closely approximating that of 
the imidazole ring. An alternative explanation could 
be that binding of the 2- and/or 4-substituents to the 
hydrophobic patch, which aids the interaction of 1-, 
4(5)- and 1,5-substituted compounds [5,7] in some 
manner changes the spatial orientation of the imida- 
zole nitrogen and prevents its interaction with cyto- 
chrome P-450. The nature of the hydrophobic site(s) 
with which the imidazoles interact is not known, 
although it has been suggested that they may be 
closely associated with the sites involved in substrate 
binding [5,7]. This suggestion is supported by the 
fact that the degree of inhibition of drug oxidation 
by the imidazoles is to some extent dependent on 
the substrate employed and by the demonstration of 
both type I and type II characteristics in the binding 
of 1-geranylimidazole to rat liver microsomes [8]. 
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Abstract—Metabolism in vitro of N-methylamphetamine (NMA) by means of a 10,000g supernatant 
of rat liver fortified with the usual co-factors has shown that metabolism occurs only to a small 
(<10 per cent) but reproducible extent. The major metabolic products isolated were amphetamine 
(ca. 4 per cent) and 1-phenyl-2-propanone oxime (ca. 1 per cent); smaller amounts (ca. 0.2 per cent) 
of N-hydroxy-N-methylamphetamine (N-hydroxy-NMA) were also detected. The yield of the oxime 
increased to ca. 3 per cent when incubation mixtures were basified prior to extraction. This indicated 
that a chemically unstable precursor of the oxime was present in the incubation mixtures. This interme- 
diate, which could not be detected by gas chromatography, is tentatively identified as N-[(1-methyl-2- 
phenyl)ethyl]methanimine N-oxide (a nitrone). A synthetic sample of this nitrone possessed chemical 
and physical properties comparable to those of the suspected precursor. The nitrone may be formed 


by oxidation of N-hydroxy-NMA. 


Despite the fact that N-methylamphetamine (NMA; 
1) has been a drug of abuse for some years, surpris- 
ingly few metabolism studies have been carried out 
on this compound. It is known that NMA and its 
metabolites are excreted mainly in the urine of man 
and various animal species. In dog and man. the 
major metabolite in vivo is amphetamine [1—3}, but 
the former also excretes significant amounts of free 
and conjugated p-hydroxyamphetamine [1]. In rat, 
aromatic hydroxylation is the major metabolic route; 
p-hydroxy-NMA, p-hydroxyamphetamine and _p-hy- 
droxy-norephedrine were all excreted in appreciable 
amounts in the urine as well as unchanged NMA and 
some amphetamine [4]. In contrast, no aromatic hy- 
droxylation occurred in the guinea pig which metabo- 
lizes NMA mainly to benzoic acid, norephedrine and 
amphetamine [4]. No N-oxygenated metabolites were 
observed in any of the investigations cited above. 

In 1972, Beckett and Al-Sarraj [5] reported an in- 
teresting observation concerning the metabolism in 
vivo of N,N-dimethylamphetamine (II) in rabbits. 
Various products were found to be present in the 
urine in unspecified amounts, including two N-hy- 
droxy compounds, N-hydroxy-N-methylamphetamine 
(111) and N-hydroxyamphetamine (IV). Presumably, 
II was dealkylated to I which was then oxidized to 
III, and, also, the sequence Il — 1— V — IV operated 
to produce the N-hydroxyamphetamine. Other 
N-oxygenated metabolites in vivo of I were N,N- 
dimethylamphetamine N-oxide and syn- and anti-1- 
phenyl-2-propanone oximes (VI). Since the appear- 
ance of this report of metabolic formation in vivo of 
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were presented at the Fall 1975 meeting of the American 
Society for Pharmacology and Experimental. Therapeutics 
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primary and secondary hydroxylamines, other investi- 
gators [6] have shown that the analog N-hydroxy-4- 
chloroamphetamine (VII) is readily reduced in vivo 
in rats to 4-chloroamphetamine. This apparent differ- 
ence in the stability of hydroxylamines in vivo 
prompted us to investigate the metabolic formation 
and stability of N-oxygenated products of NMA in 
a system in vitro in which subsequent metabolic 
reduction of any hydroxylamines back to methylam- 
phetamine or amphetamine would be minimized. Pre- 
vious metabolic studies in vitro on NMA[7,8] have 
been brief preliminary accounts lacking supportive 
data which claimed that NMA was oxidized to the 
hydroxylamine (III). 
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MATERIALS AND METHODS 


Instrumentation. Nuclear magnetic resonance 
(NMR) spectra were recorded using a Varian A-60D 
spectrometer with deuterochloroform as solvent and 
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TMS as the internal standard. Gas chromatographic 
(GC) analyses were performed on a Perkin-Elmer 
model F-11 gas chromatograph equipped with flame 
ionization detectors, using helium as carrier gas at 
a flow rate of 60 ml/min. Combined gas chromatogra- 
phy/mass spectrometry (GC-MS) was performed on 
a Hewlett-Packard 5710A gas chromatograph cou- 
pled to a Hewlett-Packard 5980A mass spectrometer 
at ah ionization potential of 70 eV, an ion source tem- 
perature of 200°, and an emission current of 0.35 mA. 
The same columns were used for GC-MS as those 
employed in the quantitative analysis experiments de- 
scribed below. The MS of the synthetic nitrone (VIII) 
was obtained by the direct probe method on an A.E.I. 
MS-12 mass spectrometer at an ionization potential 
of 70eV and a source temperature of 150°. 

Reagents and animals. Glucose 6-phosphate (G-6-P) 
and nicotinamide adenine dinucleotide phosphate 
(NADP*) were obtained from the Sigma Chemical 
Co.; phenylacetone (l-phenyl-2-propanone) and 
1-phenyl-2-propanol were purchased from Aldrich 
Chemical Co. and Fluka AG Chemische Fabrik 
respectively. (+)-Amphetamine and (+)-N-methyl- 
amphetamine were kindly supplied by the Health 
Protection Branch, Health and Welfare, Canada, 
and N-hydroxy-N-methylamphetamine [8], 2-nitro-1- 
phenylpropane [9] and 1-phenyl-2-propanone oxime 
[10] were synthesized by literature methods. Other 
chemicals were of reagent grade. Male Wistar rats 
(250-450 g) were used throughout. They were housed 
in wire suspension cages and allowed free access to 
food and water. 

Preparation of liver microsomal fraction. Animals 


were fasted overnight and sacrificed by cervical dislo- 
cation. Livers were removed and immediately placed 
into ice-cold 1.15°,, KCl. Subsequent operations were 
performed at 4. A 25°,(w/v) homogenate corre- 


spending to 250 mg wet weight liver ml~' in isotonic 


KCI was prepared in a Virtis blender operated at 
medium speed for 0.5 min. The microsomal superna- 
tant was obtained by centrifugation of the liver homo- 
genate at 10,000 g for 20 min. 

Incubation. Two ml of the 10,000 g supernatant was 
added to 25-ml incubation flasks containing G-6-P 
(20 pmoles), NADP* (4.4 umoles), MgCl, (20 pmoles), 
substrate (10 wmoles) and sufficient 0.1 M phosphate, 
pH 7.4, to make 6ml. Samples were then incubated 
for 60 min at 37° in a Dubnoff shaking metabolic in- 
cubator (120 oscillations min~') under atmosphere. 
At the end of the incubation period, the flasks were 
immersed in ice, prior to addition of the appropriate 
internal standard, and extracted three times with 
freshly distilled ether, either at pH 7.4 or at pH 12-13. 
The ether extracts were concentrated at 45° on a 
water bath prior to analysis. 

Gas chromatography. The Perkin-Elmer model F-11 
chromatograph was used. Column | was 1.8-m glass 
tubing 4mm i.d., packed with 7.5%, Carbowax 20M 
on acid-washed, DMCS-treated chromosorb W, 
80-100 mesh, and was operated at an oven tempera- 
ture of 170°. Column 2 was 1.8-m glass tubing 4mm 
i.d., packed with 10% Apiezon L and 10% KOH on 
the same solid support as column 1. It was used with 
an oven temperature of 150°. Other-operating condi- 
tions for both columns were: injection port, 210°; 
manifold, 210°; helium, 60 ml min~'; air 25 Ib in~?; 
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hydrogen 20lb in~?. Peak areas were determined 
with an electronic peak integrator (Hewlett Packard 
model 3380A), using p-chloropropiophenone or 
p-chlorophentermine as internal standard. 

Mass spectrometry. Relevant ions, m/e (per cent 
relative abundance), in the mass spectra of metabolic 
products A-E, G and I (see Figs. 2 and 3) were as 
follows: A: 135 (M*,0.1), 134 (0.3), 120 (2), 91 (14), 
77 (3), 65 (8), 44 (100); B: 149 (M*, 0.05), 148 (0.2), 
134 (1.5), 91 (10), 77 (2), 65 (5), 58 (100); C: 134 (M*, 
57), 119 (8), 91 (100), 77 (10), 65 (26), 43 (16); D: 136 
(M*, 6), 121 (4), 103 (5), 92 (100), 91 (61), 77 (7), 65 
(12), 45 (13); E: 165 (M*, 4), 149 (2), 133 (3), 119 
(19), 118 (51), 117 (21), 91 (100), 77 (13), 65 (15); G: 
M* absent, 118 (10), 117 (15), 91 (51), 77 (14), 74 
(100), 58 (88), 56 (31); and I: 149 (M*, 46); 132 (19), 
131 (33), 130 (24), 117 (22), 116 (42), 91 (100), 77 (13), 
65 (28), 58 (22). 

Quantitative analysis. Measured quantities of sub- 
strate I and authentic samples of metabolites HI, V 
and VI were added in varying amounts (0.01 to 
0.1 mole of III; 0.01 to 1.0 ~mole of V and VI; 1.0 
to 10.0 umoles of I) to separate portions of an aged 
10,000 g supernatant fraction (pH: 7.4 for III and VI; 
12.0 for I and V), followed by an appropriate constant 
quantity of the reference compound (p-chloropropio- 
phenone for III and VI; p-chlorophentermine for I 
and V). Repeated extractions with ether showed that 
three extractions were sufficient to partition all six 
compounds into the organic phase. Each ether extract 
was concentrated and gas-chromatographed. For 
compounds III and IV, column 1 was used. Retention 
times (7; in min) of appropriate compounds, when 
oven temperature was 170°, were: p-chloropropio- 
phenone, 3.72; N-hydroxy-NMA, 6.50; and 1-phenyl- 
2-propanone oxime, 10.11. For compounds I and V, 
column 2 was used (oven temperature 150°), and 7, 
values of the relevant compounds were: amphet- 
amine, 5.50; NMA, 7.19; and p-chlorophentermine, 
19.20. Peak areas were measured using the electronic 
integrator, and calibration curves were constructed 
for the substrate (ratio of peak areas I: reference com- 
pounds vs the weight of I added), and similar curves 
were drawn for each metabolite. All calibration curves 
were linear over the concentration ranges encoun- 
tered in the study. 

Portions of the metabolism extracts were then 
treated in a similar manner and the quantities of com- 
pounds I, III, V and VI in these metabolism extracts 
were calculated from the calibration curves. 

Thin-layer chromatography (T.L.C.). Chromato- 
grams were run on glass plates (20 x 20cm) spread 
to 5.0mm with a slurry of silica gel G-PF254 (Brink- 
man) and activated at 100° for 1 hr. The solvent sys- 
tem used was chloroform—methanol (8:2). Spots were 
detected by short-wave u.v. light (254nm), iodine 
vapor, or ammoniacal silver nitrate spray. The Ry 
values of significant compounds under these condi- 
tions were: I, 0.07; III, 0.52; V, 0.08; VI, 0.65; and 
VIII 0.58. 

Preparation of N-[(1-methyl-2-phenylethyl|methani- 
mine N-oxide (VIII). To a dried chloroform solution 
of N-hydroxy-N-methylamphetamine base (10 mg), 
liberated in the usual manner from the oxalate 
salt [8], was added yellow mercuric oxide (25 mg) and 
the suspension was shaken for 1 hr during which time 
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Table 1. NMR signals and chemical shifts of nitrones VIII and XI* 
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* NMR signals are enclosed in parentheses: integral, multiplicity and, where appropriate, coupling constant (in Hz). 
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Fig. 1. Mass spectrum of synthetic N-[(1-methyl-2-phenyl)- 
ethyl ]methanimine N-oxide (VIII). 


a black color (Hg) developed. The suspension was 
centrifuged and the chloroform supernatant was eva- 
porated to give the title compound as a yellow oil 
which was shown to be virtually pure VIII by its 
T.L.C. behavior (Ry = 0.58), its NMR_ spectrum 
(Table 1) and its MS (Fig. 1). The oil was hygroscopic 
and a satisfactory elemental analysis could not be 
obtained. 

Interconversion of N-hydroxy-N-alkylamphetamines 
and related nitrones (Table 2). A portion (2 ul) of a 


solution of N-hydroxy-N-methylamphetamine (10 mg) 
in chloroform (3 ml) was gas-chromatographed on 
column 1 (column temp. 170°) and the integral of the 
peak, Ry = 6.9 min, recorded. Yellow mercuric oxide 
(25mg) was added and stirring was continued for 
30min. The suspension was centrifuged and the 
supernatant was diluted to 3 ml with chloroform. A 
portion (21) of this solution was gas-chromato- 
graphed as before. Finally, lithium aluminum hydride 
(25 mg) was added to the chloroform solution and 
it was stirred for 1 hr, treated with water (1 drop), 
and filtered through glass wool. The solid was washed 
with chloroform and the filtrate and washings were 
combined and concentrated to 3ml. This solution 
(2 ul) was again gas-chromatographed as before. 

A sample of N-hydroxy-N-propylamphetamine was 
also treated in exactly the same manner and the GC 
peaks of the N-hydroxy compound (XII) and the 
related nitrone (XI) monitored and integrated. Results 
are given in Table 2. A mixture of syn- and anti- 
nitrone (XI) might be expected using this preparative 
method, but NMR data (Table 1) suggests that only 
one of these geometric isomers was obtained. 


Table 2. Gas chromatographic monitoring of hydroxylamine nitrone interconversions 
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GC integral counts 





XII (T, = 8.7)* 


XI (T, = 15.9) 


III (7, = 6.9) VIII (7, = —)t 





107,459 
3,511 
48,484 


(a) Initial solutions 

(b) After HgO treatment 

(c) Solution (b) after LAH 
reduction 


122,264 
1,522 


37,165 


116,638 
66,811 





* Retention times in min on column 1. 
+ Not detected. 
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Fig. 2. GC separation on column 1 of metabolites in vitro 

(rat) of N-methylamphetamine (pH 7.4 extract). Identity of 

peaks: A, amphetamine (V) [11]; B, NMA (I) [11]; C, 

1-phenyl-2-propanone [11]; D, 1-phenyl-2-propanol [11]; 

E, 2-nitro-1-phenylpropane (IX) [9]; G, N-hydroxy-NMA 

(IIT) (11, 12]; 1, syn- and anti-1-phenyl-2-propanone oxime 
(VI) [11]; and F, H and J, unidentified. 


RESULTS AND DISCUSSION 


Metabolism in vitro of NMA was performed at 
pH 7.4 using the 10,000 g supernatant of homogenized 
rat liver fortified with the usual cofactors (glucose 
6-phosphate, NADP*, Mg?*) but omitting nicotin- 
amide. Four replicate experiments were done. A con- 
centrated diethyl ether extract of each cooled metabo- 
lism mixture was gas-chromatographed on a Carbo- 
wax 20M column and shown to contain a number 
of metabolites (Fig. 2). Components A-C did not sep- 
arate on this column but these three compounds were 
readily separated for quantitation on an alternative 
GC column (Apiezon L-KOH) (Fig. 3). A mass spec- 
trum of each GC peak was recorded and interpreted. 
Chemical structures were confirmed by comparing the 
GC/MS behavior of each metabolic product A-E, G 
and I with that of the authentic reference compound, 
and with literature data [12]. The t.l.c. Ry values were 
also compared. In this way, the metabolic products 
were identified as shown in Table 3. 

To determine quantitatively the amounts of the 
more abundant metabolites formed, calibration 
curves were constructed for NMA and each of the 
metabolites A, G and I, using authentic samples of 
each, and with p-chloropropiophenone or _p-chloro- 
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Fig. 3. GC separation of amphetamine (A), N-methylam- 

phetamine (B), and 1-phenyl-2-propanone (C) on column 
2 (pH 12 extract of metabolism mixture). 


phentermine as the internal standard. The total 
amount of metabolism in each of four replicate ex- 
periments was low, but reasonably reproducible 
(Table 3), after incubating 10 ymoles NMA with 2 ml 
of 10,000 g supernatant of rat liver for 60 min. A sum- 
mation of the amounts of metabolites formed plus 
recovered NMA (Table 3) did not account for all the 
NMaA available for metabolism, which suggested that 
at least one additional metabolite was being formed 
but was not being detected with the analytical system 
in use. This suggestion was confirmed when metabo- 
lism mixtures which had been incubated for 1 hr at 
37° at pH 7.4 were basified (pH 12.0) and heated at 
37° for an additional | hr. This treatment resulted in 
the disappearance of N-hydroxy-NMA (III) from the 
extract and a more than equivalent increase in the 
amount of ketoxime (VI) formed. 

Rates of formation of metabolites III, V and VI 
were studied by determining quantitatively the 
amounts of these three compounds formed after 15, 
30, 45 and 60 min. These reproducible data are illus- 
trated in Fig. 4 and indicated that (a) the rate of pro- 
duction of amphetamine was linear over the period 
examined, (b) the detectable amount of N-hydroxy- 


Table 3. Products of the incubation of N-methylamphetamine with 10,000g supernatant of homogenized rat liver* 





pH 7.4 extract? pH 12.0 extractt 
(%) (%) 





Recovered methylamphetamine (1) 
Amphetamine (V) 

Ketoxime (V1) 
N-hydroxy-N-methylamphetamine (III) 
Minor detected metabolites§ 


90.0 + 2.8 

3.3 + 0.7 

+ 2.9 + 0.4 
2 + 0.05 0.0 
~0.2 ~0.2 





* Data represent the amounts of metabolites after 60-min incubations of 10 zmoles of substrate with 2 ml supernatant 
(equivalent to 0.5 g liver containing 18.8 mg protein/g). Protein content was determined by a reported [13,14] method. 

+ Extraction immediately after cooling metabolism mixture (four replicates). 

t Extraction after heating metabolism mixture at pH 12.0 and at 37° (four replicates). 


§ Based on peak area measurements only. 
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Fig. 4. Metabolism in vitro (rat) of N-methylamphetamine 

(10 zmoles)—quantitative estimation of metabolites. Key: 

(@—®) PhCH,CH(CH;)NH,; (O—O) PhCH,C(CH3= 
NOH; and (@—@) PhCH,CH(CH;)N(OH)CH3. 


NMA formed levelled off rapidly, and (c) a time delay 
occurred before the ketoxime (VI) was detected. 

A possible conclusion from the experiments just 
described was that some hitherto undetected water- 
soluble metabolite was being formed which was 
slowly converted to the ketoxime when the incubation 
mixture was maintained at pH 7.4. This chemical con- 
version of the unknown metabolite to ketoxime was 
more rapid when the incubation mixture was adjusted 
to pH 12.0 prior to extraction. The reaction sequence 
(Scheme 1) suggests a possible explanation, in which 
the nitrone (VIII) was the undetected metabolite and 
a key intermediate in the formation of the ketoxime 
(VI) from the metabolically formed N-hydroxy 
NMA (III). The action of alkali is known[15] to 
rapidly oxidize the primary hydroxylamine (IV) 
mainly to the oxime (VI). 

Literature evidence [16, 17] suggests that a nitrone 
of structure VIII would be a very reactive water-solu- 
ble compound capable of rapid hydrolysis. A previous 
study by us[8] had failed to produce any VIII by 
a method which was capable of producing homolo- 
gous nitrones (X). In addition, nitrones of general 
structure X (R = alkyl or aryl) were detectable by the 
GC procedures used in the present study which failed 
to detect VIII. Despite the apparent elusiveness of 
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the nitrone (VIII), further attempts were made to pre- 
pare it, and it was obtained in good yield as a yellow 
oil by mild oxidation (yellow HgO) of N-hydroxy- 
NMA (cf. Ref. 8) in chloroform. The authenticity of 
structure VIII for this nitrone was confirmed by inter- 
pretation of its MS and NMR spectra which are dis- 
cussed below, and by its facile reduction back to 
N-hydroxy-NMA by means of lithium aluminum 
hydride [17]. 

The MS of VIII (Fig. 1) was obtained by the direct 
probe method. It contained a strong molecular ion 
(m/e 163) and diagnostic ions of m/e 148 (M—CH;)*, 
146 (M-OH)*, 131 (M-OH-CH,)*, m/e 118, 117, 104 
and 91. The structures of most of these ions are 
readily deduced from our previous studies on related 
nitrones [12,18]. The MS also contained two meta- 
stable ions of m/e 130.6 and 117.5 which substantiated 
the fragmentation sequence m/e 163 — m/e 146 — m/e 
131, i.e. the successive loss of OH: and CH;- from 
the molecular ion. A fragmentation sequence to 
explain the formation of fragments m/e 146, 131 and 
104 is suggested in Scheme 2. It can be concluded 
that the MS of the product of mild oxidation of 
N-hydroxy-NMA is consistent with the structure pro- 
posed for the nitrone (VIII). 

Interpretation of the NMR spectrum of the syn- 
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thetic nitrone suspected to be VIII confirmed the 
authenticity of this structure. It gave signals (Table 
1) which could be attributed to five ring protons (a), 
two methylene protons (b), the methine proton (c), 
three methyl protons (d) and the two additional meth- 
ine protons (e and f). The chemical shifts of these 
protons were comparable to the shifts of equivalent 
protons in the previously described[18] higher 
homolog (XI, Table 1). Some properties of the syn- 
thetic nitrone VIII were determined. It was confirmed 
that it could not be detected with the GC system 
used in Fig. 2, nor could it be detected on alternative 
GC columns. However, it could be detected by tlc. 
and it had an R, value identical to one of the prod- 
ucts of the metabolism in vitro of substrate I. The 
synthetic nitrone VIII was slowly and incompletely 
reduced in chloroform with lithium aluminum hyd- 
ride to N-hydroxy-NMA (III), an observation which 
prompted the following experiments. Authentic 
samples of N-hydroxy-NMA and N-hydroxy-N-(n- 
propyljamphetamine (N-hydroxy-NPA, XII) were dis- 
solved in chloroform and gas-chromatographed, and 
an integral count was recorded for each peak. The 
chloroform solutions were then treated with yellow 
mercuric oxide to oxidize III and XII to the corre- 
sponding nitrones (VIII and XI, respectively) and a 
GC trace was again recorded. Only the latter com- 
pound (XI) was detected. The chloroform solutions 
were then treated with lithium aluminum hydride. A 
GC examination showed that a partial reduction back 
to the N-hydroxy compounds (III and XII) had 
occurred. These results are summarized in Table 2, 
and confirm that N-hydroxy-NMA is readily oxidized 
to a product which cannot be detected by GC and 
may be the nitrone (VIII). 

The ether extract of the metabolism mixture in vitro 
which gave rise to the GC trace shown in Fig. 2 was 
then evaporated and reduced in chloroform solution 
with lithium aluminum hydride as described for the 
reduction of the synthetic nitrones (VIII and XI). A 
GC examination of the final chloroform solution 
showed that the relative intensity of peak G had in- 
creased to more than three times its original value, 
indicating that the ether extract of the metabolism 
mixture contained a compound which was readily 
reduced by lithium aluminum hydride to N-hydroxy- 
NMA. 

In summary, metabolism in vitro of NMA in a forti- 
fied 10,000g supernatant of homogenized rat liver 
yields, in addition to the products identified in Fig. 
2, another product which has a t.l.c. Ry value identical 
to the nitrone (VIII) and which, like the nitrone 
(VIII), can be reduced with lithium aluminum hydride 
to N-hydroxy-NMA (III), and oxidized by the action 
of alkali to 1-phenyl-2-propanone oxime(VI). The 
nitrone (VIII), therefore, is a likely candidate as an un- 
stable intermediate in the conversion of N-hydroxy- 
NMA to the ketoxime (VI) in rat liver homogenates. 
However, verification of this nitrone as an interme- 
diate metabolite must await further experimentation. 

Confirmation that N-hydroxy-NMA was produced 
from NMA by an enzymatic process in the rat liver 
preparations, and not by a chemical process, was 
required. The metabolism in vitro of the substrate (I) 
was repeated in duplicate at pH 7.4 exactly as pre- 
viously described except that a heat-denatured (by 
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boiling for 2 min) 10,000 g supernatant of homogen- 
ized rat liver, fortified with the usual cofactors, was 
used. Examination of concentrated diethyl ether 
extracts of each metabolism mixture by gas chroma- 
tography revealed that no N-hydroxy-NMA (III) was 
produced. In addition, neither of the other two 
N-oxygenated metabolites (VI and IX) was detected. 

It was also necessary to establish whether forma- 
tion of the oxime(VI) as outlined in Scheme 1 in- 
volved an enzymatic process or whether it was formed 
by chemical oxidation of N-hydroxy-NMA during the 
metabolism reaction. N-Hydroxy-NMA, therefore, 
was incubated under conditions identical to those 
used in the metabolism experiments just described 
except that the incubation mixture contained micro- 
somal supernatant but no cofactors, or heat-dena- 
tured microsomal supernatant with cofactors. When 
the concentrated ether extract of each of these meta- 
bolism mixtures was examined by GC, the oxime (VI) 
was detected. This suggested that the conversion of 
III to VI occurred non-enzymatically. 

Small quantities of 1-phenyl-2-nitropropane (IX) 
were isolated when NMA was metabolized in vitro 
with 10,000 g supernatant of homogenized rat liver 
containing cofactors. A separate study [9] has con- 
firmed that this nitro compound is formed as a result 
of an enzymatic oxidation of the oxime (VI). 

It is concluded that NMA is metabolically N-oxi- 
dized in vitro in rat to N-hydroxy-NMA (III), the 
oxime(VI) and an unstable compound tentatively 
identified as the nitrone (VIII). Since the last of these 
products cannot be detected on GC, it is not possible 
to determine quantitatively the amount of metabolic 
N-oxidation occurring by summation of the amounts 
of III, VI and VIII formed. The oxime, however, is 
stable in dilute sodium hydroxide solutions and both 
III and VIII can be converted to VI by the reaction 
sequence depicted in Scheme 1. Thus, the extent of 
N-oxidation in vitro of NMA by means of 10,000 g 
rat liver supernatant can be determined by treating 
the metabolism mixture with alkali and measuring 
the oxime produced in the manner just described. It 
is recognized, however, that this quantitative method 
will underestimate the amount of metabolic N-oxida- 
tion, since it is known [9] that a portion of the meta- 
bolically produced oxime will metabolize further to 
the nitro compound (IX). In addition, we have 
observed that although the oxime(VI) is stable in 
dilute aqueous sodium hydroxide, it decomposes 
slowly when placed in a dilute solution of sodium 
hydroxide containing 10,000g supernatant to prod- 
ucts which have not yet been identified. The nitro 
compound (IX) also decomposes under these condi- 
tions [9]. 

This study permits the conclusion that NMA (III) 
is metabolized in vitro only to a small extent (<10 per 
cent) in the rat, and that the major metabolites are 
formed by dealkylation to amphetamine(V) and by 
N-oxidation to a variety of products including N- 
hydroxy-NMA (III), the oxime (VI), the nitro com- 
pound (IX) and a product which is unstable in 
alkaline solution and is tentatively identified as the 
nitrone (VIII). 
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Abstract—Analysis of the effect of a new nonsteroidal anti-inflammatory compound, fenclorac (x%,m-di- 
chloro-p-cyclohexylphenylacetic acid), on prostaglandin biosynthesis in vitro has shown the drug to 
be a potent inhibitor of this enzyme system. Fenclorac was ten times as active as indomethacin in 
inhibiting prostaglandin synthesis in bovine seminal vesicle microsomes. Inhibition by fenclorac was 
not appreciably dependent upon preincubation of drug with enzyme for maximal activity, and was 
reversible by dilution. The inhibitory activity of indomethacin was time-dependent and not readily 
reversible. Kinetic analysis indicated that fenclorac is a competitive inhibitor of prostaglandin synthe- 
tase, irrespective of preincubation conditions, whereas indomethacin inhibits noncompetitively if pre- 
incubated with enzyme, and competitively in the absence of any preincubation. Both drugs protected 
or stabilized prostaglandin synthetase activity under extended preincubation conditions. 


Inhibition of the enzyme systems collectively termed 
prostaglandin synthetase has gained wide acceptance 
as the postulated primary mechanism of action of 
nonsteroidal anti-inflammatory (NSAI) drugs. The in- 
flammatory effects of injected prostaglandins, which 
include edema [1,2] erythema [3,4], pain [5] and 
fever [6,7], have provided support for the role of 
prostaglandins, particularly the E and F series, as 
mediators of inflammation. Vane [8] first demon- 
strated that two widely used NSAI drugs, aspirin and 
indomethacin, inhibited production of prostaglandins 
by inhibiting the enzyme(s) responsible for their syn- 
thesis. Since then, many new anti-inflammatory drugs 
have been shown to be inhibitors of prostaglandin 
synthetase both in vivo and in vitro, in man and in 
a variety of animal species [9]. 

Prostaglandins are probably not stored, but are 
synthetized de novo and released. Therefore, inhibition 
of prostaglandin synthetase should result in a rapid 
decline of existing levels of prostaglandin and a sub- 
sequent decrease in inflammation. Flower and co- 
workers [10] have reported that clinically effective 
NSAI agents attain blood levels that are more than 
sufficient for the in vivo inhibition of prostaglandin 
synthetase. 

Fenclorac (a,m-dichloro-p-cyclohexylphenylacetic 
acid) is a potent NSAI agent possessing significant 
antipyretic properties. The anti-inflammatory activity 
of fenclorac has been demonstrated in carrageenan 
paw edema (CPE) and adjuvant-induced arthritis. The 
relative potency of fenclorac in CPE was found to 
be 13 times that of aspirin, 3 times ibuprofen 
(Motrin®, Upjohn) and 0.3 times indomethacin (Indo- 
cin®, Merck, Sharp and Dohme. Fenclorac was 77 
times more effective than aspirin and twice as effective 
as indomethacin in reducing fever in hyperthermic 
rats. The purpose of this research was to determine 
the effect of fenclorac on prostaglandin biosynthesis 
in vitro, in order to establish its potency relative to 


other NSAI drugs, and to attempt to partially charac- 
terize the mechanism of in vitro inhibition of prosta- 
glandin synthetase. 


MATERIALS AND METHODS 


Chemicals. The following compounds were supplied 
by their respective manufacturers: indomethacin 
(Merck, Sharp and Dohme), ibuprofen (Upjohn), 
naproxen (Syntex), fenoprofen (Eli Lilly), aspirin, 
U.S.P. (Monsanto). All drugs were dissolved in propy- 
lene glycol (Baker Chemical). Arachidonic acid 
(5,8,11,14-eicosatetraenoic acid, 99% pure) was pur- 
chased from Sigma Chemical Co., 1-epinephrine from 
Mann Research Labs, and reduced glutathione from 
Calbiochem. All other chemicals used throughout this 
study were of reagent grade quality. 

Preparation of enzyme. A prostaglandin syathetase 
enzyme derived from bovine seminal vesicle micro- 
somes was utilized for the in vitro synthesis of PGE, 
and PGF,, according to the method of Takeguchi 
et al. [11], and Flower et al. [12]. Frozen bovine 
seminal vesicles (Pel-Freeze Biologicals) were 
allowed to thaw, and then cleaned of excess fat and 
connective tissue. Batches of 200-300 g of tissue were 
divided into 50g portions, minced by hand and 
homogenized in 3 vol of 0.1 M Tris-HCl buffer (pH 
8.2) in a Sorvall Omnimixer for 2 min. The homo- 
genates were pooled and centrifuged at 18,000g for 
10 min at 4°. The resultant supernatant fraction was 
filtered through 2 layers of cheese-cloth. The filtrate 
was then centrifuged in a Type 50.2 ti rotor at 
105,000 g for 1 hr at 4° in a Beckman LS-50 ultracen- 
trifuge. The resultant pellets were removed from the 
centrifuge tubes with buffer, pooled and hand hom- 
ogenized in a Potter-Elvehjem glass homogenizer 
equipped with a teflon pestle. The homogenized mic- 
rosomal pellets were then lyophilized in 3 ml aliquots 
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and stored at — 70° until required for assay. The pro- 
tein content, measured by the method of Lowry et 
al. [13], ranged between 510-680 yg/mg of lyophilized 
powder. 

Assay system. The lyophilized powder was recon- 
stituted in 0.1M Tris buffer (pH 8.0) just before 
use. Each standard incubation system contained a 
final concentration of: 50mM Tris-HCl (pH 8.0), 
5mM glutathione and 5mM 1-epinephrine, 330 yg 
microsomal protein and approximately 0.3 uCi of 
(6,8,9,11,12.14,15)-[°H Jarachidonic acid in a final vol. 
of 0.5 ml. The tritiated arachidonic acid (in hexane) 
was first evaporated to dryness under nitrogen and 
then reconstituted with a 200 uM solution of unla- 
beled arachidonic acid in 0.01 M Tris-HCI buffer (pH 
8.0) to a concentration of 6 wCi/ml just prior to use. 

Stock solutions of NSAI compounds were prepared 
in propylene glycol, and were then serially diluted 
with propylene glycol such that 25 yl of working solu- 
tion would produce the desired final concentration 
of drug when diluted into the 500 wl final vol. of the 
incubate. Routinely, the drug to be tested was intro- 
duced into the reaction medium and preincubated 
with the enzyme in the absence of substrate for 2 min 
at 37°. The substrate was then added and the reaction 
allowed to proceed for 4-5 min before being ter- 
minated. However, the order in which the com- 
ponents of the enzyme system were added (and hence, 
the initiation of the reaction) was varied depending 
upon the type of study being performed. The reac- 
tions were performed at 37° in a Dubnoff incubator- 
shaker. Control incubations contained equal vol. of 
vehicle. This vol. of propylene glycol usually pro- 
duced a slight increase in prostaglandin synthesis 
(10-15°,), an effect possibly due to the partial solubili- 
zation of microsomal (particulate) bound enzyme. 

The reaction was terminated with 0.25 ml 1N HCl. 
The prostaglandin products and unconverted arachi- 
donic acid were extracted from the incubate with 
1.5 ml ethyl acetate. Approximately 95 per cent of the 
{*H arachidonic acid and 90 per cent of [*H]PGE, 
and [°H]PGF,, were extracted by mixing the reac- 
tion tubes for 20sec on a “Vortex” type mixer. Fol- 
lowing centrifugation, exactly 1.0 ml of ethyl acetate 
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extract was transferred to tubes containing PGE, and 
PGF,, (Analabs, Inc.) and evaporated to dryness 
under nitrogen. The unlabeled PGE, and PGF, were 
added to the extract to facilitate visualization of the 
prostaglandins on the chromatography plates. The 
residue was redissolved in 50 ul of ethyl alcohol and 
10 ul of each sample was spotted on silica gel GF 
thin layer chromatography plate (Analtec, Inc.) and 
developed in ethyl acetate-water—iso-octane—acetic 
acid (11:10:5:2, upper phase following equilibration 
for 24 hr). Spots were visualized by exposure to iodine 
vapor and areas with Ry, values corresponding to 
PGE, (Ry 0.26) or PGF2, (Ry 0.18) markers were 
scraped directly into liquid scintillation vials; 0.7 ml 
of water was added followed by the addition of 15 ml 
PCS® scintillation fluid (Amersham/Searle). The 
samples were mixed and radioactivity counted in a 
Beckman LS-350 liquid scintillation counter, at a 
counting efficiency of 36 per cent. Counts were cor- 
rected for background (30cpm) and quench by the 
external standard channels-ratio method. Results are 
expressed as dis/min. 


RESULTS AND DISCUSSION 


The effect of incubation time, pH and substrate 
concentration on prostaglandin synthetase was deter- 
mined prior to evaluation of drug activity. The con- 
version of arachidonic acid to PGE, and PGF, was 
essentially complete in 6-8 min (Fig. 1a). The pH opti- 
mum was 7.7-8.1 (Fig. 1b), which is in agreement with 
results obtained by Flower et al. [12]. Measurement 
of initial reaction velocity at increasing substrate con- 
centrations indicated that the pattern of PGE, and 
PGF,, synthesis differed, and that substrate concen- 
trations above 100 um are inhibitory to PGE, pro- 
duction (Fig. 2a). This apparent inhibition of prosta- 
glandin synthetase by arachidonic acid substrate has 
been previously reported [12], but at higher substrate 
levels. The linearity of the reaction at relatively low 
substrate concentrations (5-20 um) is shown in Fig. 
2b. As a result of these preliminary observations, our 
standard reactions were incubated for 4min at pH 
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Fig. 1. (a) Time course of the conversion of arachidonic acid into PGE, and (b) pH optima curve 
for the production of total (PGE, and PGF;,) prostaglandins. These studies conducted at an initial 
substrate concentration 20 uM. 
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Fig. 2. (a) Effect of arachidonate concentration on the synthesis of PGE, and PGF>, by bovine seminal 
vesicle microsomes, and (b) formation of PGE, at low substrate concentration. Incubations were carried 
out for 4 min. 


8.0 at a substrate concentration of 20 um. This con- 
centration more closely approximates levels of sub- 
strate believed to exist in vivo [14]. The substrate con- 
centration of the enzyme reaction is relevant in deter- 
mining the relative potency of NSAI drugs, since 
several workers have emphasized that the absolute 
IDs9 Value obtained for many NSAI drugs is depen- 
dent upon initial substrate concentrations [9, 14-16]. 

The concentration of drug required to inhibit 
enzyme activity by 50 per cent (IDs9), was determined 
graphically. Drugs were preincubated with enzyme for 
2 min in the absence of substrate. Under these condi- 
tions, the IDs9 of fenclorac was 0.05 um and 0.65 ym 
for indomethacin (Fig. 3). The observed IDs for indo- 
methacin is in agreement with previously reported 
values obtained from synthetase systems at compar- 
able substrate concentrations [14, 17]. 

The IDs9 of other known NSAI drugs, including 
several recent additions to the clinical compendium, 
was determined under identical preincubation condi- 
tions (Table 1). Fenclorac was the most potent inhibi- 
tor of prostaglandin synthetase of the compounds 
tested. The potency of fenclorac was 10 times indo- 
methacin in inhibiting prostaglandin synthetase in 
vitro. The major plasma metabolite of fenclorac, 
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Fig. 3. Inhibition of total prostaglandin synthesis (PGE, 

and PGF,,) by fenclorac and indomethacin. Drugs were 

preincubated with enzyme preparation at 37° for 2 min 

prior to addition of substrate; (@) fenclorac and (M) 
indomethacin. 


m-chloro-p-cyclohexylphenylglycolic acid, possessed 
slightly greater inhibitory potency than indomethacin. 
It must be emphasized, however, that the IDs9 values 
of inhibitors are totally dependent upon initial sub- 
strate concentration, preincubation time, and other 
incubation conditions [9, 12, 15].The relevance of in 
vitro IDs9 Values to in vivo drug activity should be 
viewed in terms of the absence of any in vivo preincu- 
bation conditions due to the continued presence of 
endogenous substrate. 

Several reviewers [9, 15,18] have emphasized the 
rank order correlation between the IDs, values for 
prostaglandin synthetase inhibition and the EDso 
values obtained in the carrageenan paw edema assay 
for NSAI drugs. However, our studies demonstrated 
that the wide difference in synthetase IDs9 values 
between fenclorac and indomethacin was not appar- 
ent when these drugs were tested in the CPE assay 
system, in which fenclorac is approximately one-third 
as active as indomethacin, but 4-12 times as active 
as ibuprofen and aspirin, respectively. It is possible 
that this apparent lack of correlation may be attri- 
buted, at least in part, to the differences in rate of 
metabolism, protein binding, and subcellular distribu- 
tion of the two compounds. The plasma elimination 
half-time of fenclorac is 1.5 hr [19] and 4.0 hr for in- 
domethacin [20] in the rat. In addition, subcellular 
distribution studies using '*C-labeled fenclorac indi- 


Table 1. Comparative effects of fenclorac and other non- 

steroidal anti-inflammatory agents on the in vitro inhibi- 

tion of prostaglandin synthetase and carrageenan-induced 
paw edema in rats 





Prostaglandin 
synthetase 
inhibition 

IDso (um) 


Paw edema 
inhibition 


Compound EDso (mg/kg) 





Fenclorac 0.05 
m-chloro-p-cyclohexyl- 
phenylglycolic acid 0.47 
Indomethacin 0.65 
Naproxen 3.5 
Fenoprofen 5.0 
Ibuprofen 10.0 
Aspirin 2500 
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cated that greater than 90 per cent of the drug was 
found in the cytoplasmic fraction with very low con- 
centration in the microsomal fraction of rat hepato- 
cytes (Procaccini, unpublished observations). These 
findings suggest that in vivo binding of a drug to the 
endoplasmic reticulum, the subcellular location of the 
target enzyme, may be a critical factor in the correla- 
tion of in vitro inhibition of prostaglandin synthetase 
and in vivo anti-inflammatory activity. 

Certain in vitro inhibitors of prostaglandin synthe- 
tase require a preincubation period, whereby the drug 
is allowed to react with the enzyme in vitro prior 
to the addition of substrate. Maximal inhibition by 
indomethacin and aspirin is attained only if the in- 
cubation components are added in this manner. In 
our studies, several concentrations of either fenclorac 
or indomethacin were preincubated with enzyme, 
cofactors and buffer, but in the absence of substrate, 
for 0-8 min at 37, prior to the addition of arachi- 
donic acid. The reaction with substrate was allowed 
to proceed for an additional 4min before being ter- 
minated with hydrochloric acid. The data presented 
in Fig. 4 show that the maximal inhibiton (35-40 
per cent) demonstrated by fenclorac at a concen- 
tration of 0.025 um was relatively independent of 
preincubation time. However, inhibition by indo- 
methacin (0.5 zm) ranged about 26 per cent with no 
preincubation to over 65 per cent following a 6 min 
preincubation, thus demonstrating a clear preincuba- 
tion time dependency for this drug. These findings 
were not unexpected, since other workers [19, 21], 
have shown that 5-10 min is required for full inhibi- 
tion to occur when indomethacin was added directly 
to a prostaglandin synthesizing system. 

Wher the time of drug preincubation was extended 
to 15min, an apparent elevation in enzyme activity 
above controls occurred with fenclorac, but not indo- 
methacin (Fig. 5). The relative enzyme activity would 
indicate that fenclorac actually activated the enzyme 
preparation during the preincubation period, when 
substrate was not present. The reason for this obser- 
vation was clarified by the finding that preincubation 
of the enzyme preparation at 37°, in the absence of 
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Fig. 4. Effect of preincubation time on the inhibition of 

PGE, production by fenclorac (@) and indomethacin (M). 

Drugs were preincubated with enzyme for the indicated 
time period prior to the addition of arachidonate. 
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Fig. 5. Effect of extended preincubation on PGE, synthesis 
by fenclorac (@) and indomethacin (A). Each drug was 
preincubated with enzyme in the absence of substrate for 
the indicated time period. Incubations were carried out 
for 4min following addition of substrate. (a) Inset plot 
demonstrates the loss of activity with time when the 
enzyme is preincubated without drug or arachidonic acid. 


arachidonic acid or drugs, resulted in a significant 
time-dependent loss of activity (Fig. 5a). The control 
preparation, which was incubated simultaneously 
with the fenclorac samples, lost approximately 74 per 
cent of its initial activity following 15 min preincuba- 
tion, presumably because of inactivation due to 
enzyme instability in the absence of substrate (Fig. 
Sa). 

These data indicate that the prostaglandin synthe- 
tase preparation utilized in these studies is unstable 
when incubated at 37° only in the absence of sub- 
strate. A similar loss of enzyme activity during prein- 
cubation of a sheep vesicular gland synthetase prep- 
aration at 30° in the absence of arachidonate was 
noted in a report by Smith and Lands [21]. Only 
5 percent of the initial enzyme activity remained 
after 5 min preincubation of their enzyme preparation 
in the absence of substrate. On the other hand, van 
den Berg et al. [22] reported that 5 min preincubation 
of enzyme at 37° in the absence of substrate did not 
affect enzyme activity. Differences in both enzyme 
preparation and incubation conditions may account 
for these discrepancies in observations. 

Our results suggest that the overall effect of incuba- 
tion of enzyme with fenclorac in the absence of sub- 
strate may be biphasic. The initial effect of enzyme 
inhibition is predominate during the first 6 min of in- 
cubation (Fig. 5). However, upon extended incubation 
periods, the inhibition is apparently reversed, i.e., fol- 
lowing 8-10 min preincubation (Fig. 5), fenclorac did 
not inhibit enzyme activity relative to preincubated 
controls (Fig. 5a). Further extension of the preincuba- 
tion time resulted in prostaglandin synthetase activity 
which was higher in samples containing fenclorac 
than was found in preincubated control samples. It 
should be noted that the apparent elevation (240 per 
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cent of control) in activity following a 15 min preincu- 
bation with fenclorac in the absence of substrate 
results simply from recovery of approximately 62% 
of activity in these samples (Fig. 5) vs only 26 per 
cent of activity recovered from the 15 min preincu- 
bated control samples (Fig. 5a). This effect was not 
as apparent in enzyme samples preincubated with in- 
domethacin under the same conditions. These results 
suggest a drug-induced stabilization and/or protec- 
tion of the enzyme under conditions where inactiva- 
tion would normally occur. 

The apparent reversibility of the inhibition of 
prostaglandin synthetase was determined using a dilu- 
tion-centrifugation procedure similar to that de- 
scribed by van den Berg [22]. Two series of incuba- 
tions, were prepared. The first series of incubations 
(series I) contained 4-5 times 1D, concentrations of 
either fenclorac or indomethacin preincubated with 
enzyme at 37° for 2-10 min prior to the addition of 
substrate. At the specified times, substrate was added 
and the reaction was carried out for 5 additional min 
before being terminated with acid. The data from this 
study was used as a test to verify that these drug 
concentrations were capable of completely inhibiting 
total enzyme activity under standard preincubation 
conditions. In a parallel series of samples (series IT), 
enzyme, buffer and either propylene glycol (drug vehi- 
cle), fenclorac, or indomethacin, at the same concen- 
trations used in the first series, were preincubated for 
2-10 min in the absence of substrate. The reaction 
was then terminated nondestructively by adding 8 vol 
of cold 0.1M Tris buffer to the incubation. The 
diluted incubations were centrifuged immediately at 
105,000 g for 1 hr in a Beckman LS5-50 ultracentrifuge 
(SW 50.2 ti rotor) in order to pellet and reisolate the 
enzyme. The supernatant wash, which contained 
excess drug, was decanted and the tubes were rinsed 
2x with buffer. The enzyme was resuspended with 
buffer and cofactors, substrate was added to initiate 
the reaction without any further addition of drug, and 
the remaining enzyme activity analyzed as previously 
described. The results obtained from both series are 
presented in Fig. 6. 

In series I (Fig. 6, closed symbols), preincubation 
of enzyme with excess IDs, concentrations of either 
fenclorac or indomethacin for 2-10 min resuited in 
complete inhibition of prostaglandin synthetase ac- 
tivity. However. in series II (Fig. 6, open symbols), 
preincubation of enzyme with fenclorac for 2 min, fol- 
lowed by removal of drug by the dilution-centrifuga- 
tion procedure and analysis of remaining enzyme ac- 
tivity, resulted in recovery of approximately twice the 
control enzyme activity (Fig. 6, open symbols). It 
should be noted that 50-75 per cent of the initial 
enzyme activity was lost between the first and second 
control incubations, due both to normal denaturation 
of the enzyme during the 2hr required for washing 
and reassay procedures, and to the previously 
observed loss of activity during the incubation of 
enzyme in the absence of substrate (Fig. 5a). The level 
of recoverable enzyme activity in series II was found 
to be dependent upon the duration of initial preincu- 
bation, i.e., after preincubation of enzyme with fen- 
clorac for 10 min, synthetase activity measured after 
removal of the drug by dilution-centrifugation was 
approximately 90 per cent of control levels. In con- 
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trast, following 10 min preincubation with indometha- 
cin, significant enzyme inhibition remained even after 
the drug was removed from the system. These results 
are in general agreement with those reported for indo- 
methacin [22] under similar preincubation condi- 
tions. However, approximately 140 per cent of control 
activity was recovered from enzyme preincubated 
with indomethacin for 2 min, followed by removal of 
the drug by the dilution-centrifugation procedure. 
This action has not been previously reported with 
indomethacin. 

Although the protective effect of both drugs 
observed at 2 min preincubation is lost or reversed 
on extended preincubation (Fig. 6), the mechanisms 
by which each drug affects these changes are probably 
different. In the case of fenclorac, the reversible inhibi- 
tion may be due to displacement of drug from the 
enzyme, resulting in the loss of enzyme inhibition, 
whereas, the inhibitory effects of indomethacin 
become more pronounced as the initial preincubation 
period is increased. The results of this study indicate 
that the inhibition of prostaglandin synthetase by fen- 
clorac can be reversed by simply washing the micro- 
somal pellet to remove the drug, whereas, the inhibi- 
tion produced by indomethacin is not completely 
reversible under identical conditions. 

In order to determine the type of inhibition pro- 
duced by fenclorac, enzyme activity was measured at 
various concentrations of substrate and inhibitor. In- 
itially, a preincubation period was not utilized, since 
results obtained from our preincubation studies indi- 
cated that this procedure did not appreciably affect 
the degree of inhibition with this drug. A Lineweaver- 
Burk plot of the data is presented in Fig. 7a. The 
apparent K,, of the enzyme observed in our studies 
is 5.7x 10°-°M as compared to K,, values of 
1.65 x 10°°M, 7.0 x 10°°M, and 8.2 x 10°°M 
reported by Ho and Esterman [14], Takeguchi et al. 
[11], and van den Berg et al. [22], respectively. Under 
the conditions employed in this study (no preincuba- 
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Fig. 6. The reversibility of prostaglandin synthetase inhi- 
bition by fenclorac and indomethacin: Closed symbols 
represent enzyme activity obtained from unwashed drug- 
treated microsomes (series I), whereas open symbols rep- 
resent enzyme activity recovered from washed microsomes 
(series II). Each point represents the mean + S.E. of com- 
bined data from three experiments. (@, O—fenclorac; A, 
A—indomethacin.) * Significantly different (P < 0.01) from 
control and fenclorac-treated samples. 
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Fig. 7. Lineweaver-Burk plots of the inhibition of PGE, synthetase by (a) fenclorac and (b) indo- 
methacin. Incubations were initiated by the addition of enzyme without drug preincubation. 


tion), fenclorac exhibited apparent competitive inhibi- 
tion of the enzyme system. Indomethacin demon- 
strated a clearly competitive effect when analyzed 
under identical conditions (Fig. 7b). Previous investi- 
gations [14, 16,21] have reported noncompetitive in- 
hibition with indomethacin. 

The work of Ho and Esterman [14] and Lands 
et al. [23] have demonstrated that NSAI drugs inhibit 
prostaglandin synthetase in a biphasic manner. The 
terminology used by recent reviewers is “competitive- 
irreversible inhibition”. This concept is based upon 
the proposed mechanism wherein the inhibitor binds 
to the enzyme at a site in close enough proximity 
to the catalytic site to decrease the activity of prosta- 
glandin synthetase in a time-dependent manner. The 
inhibitor binds only to free enzyme not associated 
with substrate. However, once the enzyme is attacked 
by the inhibitor, the enzyme is irreversibly blocked. 
Ultimately, with time, enough enzyme will be irrevers- 
ibly inhibited to stop further conversion of substrate. 
From this model, it is assumed that the extent of 
inhibition will be dependent upon initial substrate 
concentration as proposed by Flower [9], and that 
the extent of irreversible inhibition will increase with 
time. If this mechanism is correct, then an initial com- 
petitive inhibition of prostaglandin synthetase by in- 
domethacin would not be unexpected. Several reports 
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suggest that the inhibition of prostaglandin, synthesis 
by NSAI drugs, including aspirin and indomethacin, 
is time-dependent and is enhanced by preincubation 
22,24]. The present studies indicated that indo- 
methacin-mediated inhibition was virtually complete 
(maximal) at 4-6 min. Analysis of the inhibition pro- 
duced by fenclorac and indomethacin with a 6 min 
preincubation period indicated that increasing the 
preincubation time from 0 to 6 min did not alter the 
competitive nature of fenclorac-mediated inhibition 
(Fig. 8a). However, as reported by other workers, the 
inhibition by indomethacin following a 6 min pre- 
incubation was apparently noncompetitive (Fig. 8b). 
Therefore, the type of inhibition elicited by indo- 
methacin in this system was strictly dependent upon 
the length of preincubation. These results support the 
concept that the initial inhibition produced by indo- 
methacin is competitive, whereas in the latter phases 
of the reaction, inhibition is noncompetitive (time- 
dependent, irreversible). The nature of fenclorac inhi- 
bition, however, was not altered by preincubation and 
is apparently competitive throughout the reaction. 
The fact that fenclorac-mediated inhibition of prosta- 
glandin synthetase was competitive supports the con- 
tention that the apparent protection of the enzyme 
by fenclorac during either prolonged preincubation 
without substrate (preincubation study) or during the 
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Fig. 8. Lineweaver-Burk plots of the inhibition of PGE, synthesis by (a) fenclorac and (b) indomethacin. 
Drugs were preincubated with enzyme for 6 min prior to substrate addition. 
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dilution-centrifugation procedure (reversibility study) 
may be due to the binding of the drug directly to 
the catalytic site of the enzyme, which is normally 
occupied by arachidonic acid. The partial stabiliza- 
tion/protection of the enzyme by indomethacin fol- 
lowing a 2 min preincubation period (Fig. 6) may be 
explained similarly, since the early phase of indo- 
methacin inhibition is also competitive in nature. In- 
itially, indomethacin would presumably react with the 
enzyme in a similar, but not identical manner as fen- 
clorac, leading to stabilization followed by irreversible 
inhibition as the preincubation time is increased (Fig. 
6). It is to be emphasized that this action is observed 
only when the drug is removed from the previously 
inhibited enzyme. The fact that the enzyme prep- 
aration loses significant activity when preincubated 
at 37° without substrate, but is stable in the presence 
of fenclorac (Fig. 5) or arachidonic acid again suggests 
that fenclorac partially protects the enzyme by bind- 
ing to the same site on the enzyme as does arachi- 
donic acid. Several enzymes, including mitochondrial 
DNA polymerase [25], and microsomal glucose-6- 
phosphatase [26] are inactivated when incubated at 
37° in the absence of substrate, but are stabilized in 
the presence of substrates or inhibitors. The stabiliza- 
tion and/or protection of prostaglandin synthetase ac- 
tivity was also reported with two members of a series 
of 2-aryl-1,3-indanediones, both of which were active 
in vitro inhibitors of prostaglandin synthetase [22]. 

In summary, these studies indicate that fenclorac 
blocks prostaglandin synthetase, but that the 


mechanism(s) by which this drug inhibits the enzyme 
differs from indomethacin. This conclusion is based 
on the findings that fenclorac-mediated inhibition 


does not require preincubation, is almost completely 
reversible, and demonstrates competitive-type kinetics 
throughout extended preincubation periods. In con- 
trast, indomethacin-mediated inhibition requires a 
preincubation time for maximal activity, is revers- 
ible only during the initial preincubation stages, and 
demonstrates noncompetitive kinetics during ex- 
tended (>6min) preincubation periods. The time- 
dependent (reversible) stabilization of prostaglandin 
synthetase mediated by both drugs during the initial 
phase of the drug-enzyme interaction, suggests that 
these drugs may bind at, or in close proximity to, 
the active site of the enzyme. 

Fenclorac is a potent competitive inhibitor of 
prostaglandin synthetase in vitro and may be included 
in the list of drugs which possess anti-inflammatory 
activity in vivo, which is partially mediated by their 
action on this enzyme system. Furthermore, fenclorac, 
indomethacin, and possibly other nonsteroidal anti- 
inflammatory drugs possess the interesting property 
of stabilizing this enzyme system under certain in vitro 
conditions. The applicability of this latter action to 
in vivo drug activity has not been defined. 
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Abstract—Treatment of bovine brain mitochondrial membrane fragments with hydroxyethylhydrazide 
of cyanoacetic acid (HECA)—a hydrazine monoamine oxidase inhibitor in molecule of which an elec- 
tronaccepting group is present—not only inhibited the monoamine oxidase activity but also induced 
appearance (or significant increase) of properties to catalyze deamination of various nitrogenous bases 
(cadaverine, histamine and others) which do not belong to the category of monoamine oxidase sub- 
strates. This phenomenon was prevented by pretreatment of the mitochondria with low concentrations 
of clorgyline—a selective inhibitor of monoamine oxidases of type A—but not by deprenil which 
is a selective inhibitor for the monoamine oxidases of type B. The data obtained suggest that HECA 
which inhibits the monoamine oxidase activity slowly (due to a time-dependent process) binds the 
active sites of monoamine oxidases of the type A and then induces qualitative modification (transforma- 


tion) of their catalytic properties. 


Highly purified preparations of monoamine oxidase 
[amine: oxygen oxidoreductase (deaminating) (flavin- 
containing) EC 1.4.3.4(MAO)] from various biologi- 
cal sources [1, 2], including bovine brain [3], undergo 
qualitative modification (transformation) of their 
catalytic properties under conditions which favour 
partial oxidation of SH-groups in the enzymes. As 
a result of the transformation the MAO’s acquire 
properties of deaminating (via oxidative or hydrolytic 
pathways) not only the monoamines but also other 
nitrogenous bases (for example, diamines, @-amino 
acids, nucleotides) which do not belong to the cate- 
gory of MAO substrates. Blocking of the catalytic 
sites of MAO’s with irreversible MAO inhibitors 
(iproniazid, tranylcypromine, pargyline) [4,5] pre- 
vented the qualitative alteration (transformation) in 
the catalytic properties of MAO under conditions 
favouring partial oxidation of their SH-groups. 

Treatment with reagents which modify the SH- 
groups induces qualitative alterations in catalytic 
properties of many enzymes[6,7]. For example, 
treatment with o-iodosobenzoate caused partial oxi- 
dation of SH-groups in triosephosphate dehydrogen- 
ase (EC 1.2.1.12) with formation of sulphenic acid 
(—SOH) residues and induced qualitative modifica- 
tion (transformation) in the properties of this oxidore- 
ductase which acquired an ability to hydrolyze acyl- 
phosphates [8,9]. A similar effect was observed [10] 
after treatment of the enzyme with trinitroglycerol 
which may be considered as a structural analog (con- 
taining strong electronaccepting group) of naturally 
occurring substrates of triosephosphate dehydrogen- 
ases. 
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In the present paper we describe the results of ex- 
periments designed to induce qualitative modification 
(transformation) in catalytic properties of mitochon- 
drial MAO’s by means of a chemical compound 
which would attack the active sites of the enzymes 
and contain electronaccepting groups at the same 
time. As a compound which meets these requirements 
we have used N?-2-hydroxyethylhydrazide of cyanoa- 
cetic acid (HECA) [11, 12]—a hydrazine MAO inhibi- 
tor possessing an electronaccepting group in the mol- 
ecule: N=C-CH,-CO-NH-NH-CH,CH,OH. The 
hydrazine MAO inhibitors are considered as struc- 
tural analogs [13] of the substrates of MAO. These 
inhibitors attack the active sites of MAO [14], with- 
out modification of SH-groups, and block the enzy- 
matic activity. The inhibition by hydrazine derivatives 
of MAO activity is not an instantaneous but a time- 
depending (requiring preincubation under aerobic 
conditions) process [15,16]. Thus, there is a certain 
time interval between the first contact of the inhibitor 
with the active site of the enzyme and the develop- 
ment of complete irreversible inhibition of the enzy- 
matic activity. Within this time interval the elec- 
tronaccepting groups of the inhibitor molecule might 
favour oxidation of the enzyme functional groups (for 
example of the SH-groups). It was shown pre- 
viously [1,2] that the hydrazine monoamine oxidase 
inhibitors comparatively weakly decreased activity of 
the modified (transformed) monoamine oxidases. 

Identification of the type of MAO’s, which pos- 
sesses the property of undergoing transformation 
(qualitative alteration in enzymatic activity) in frag- 
ments of mitochondrial membranes, was also a pur- 
pose of the present work. There are, at least, two 
types of MAO’s: A and B[17]. By definition those 
amine oxidases which are highly sensitive towards the 
inhibitory effect of clorgyline (N-(2,4-dichlorophen- 
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0xo)-propyl-N-methyl-2-propynylamine hydrochlo- 
ride) [18] belong to the type A of MAO’s. The term 
MAO type B is used for designation of the amine 
oxidases which are highly sensitive towards the in- 
hibitory effect of deprenil (N-1-phenylisopropyl-N- 
methyl-2-propynylamine hydrochloride) [19]. If the 
property of undergoing the transformation of cata- 
lytic activity belongs to MAO of one of these two 
types, one could expect prevention of the transforma- 
tion of MAO by low concentrations of a suitable 
selective MAO inhibitor because, as it was shown pre- 
viously [1,2], one of the conditions for the transfor- 
mation of MAO’s is the presence of unblocked cata- 
lytic centers in these enzymes. 


MATERIALS AND METHODS 


Synthesis of HECA was carried out at the Chair 
of Pharmaceutic Chemistry (Medical School, Riga) as 
described previously [11,12]. Samples of clorgyline 
and deprenil were kindly presented by Dr. H. J. 
Barber (May and Baker, Dagenham, Essex, England) 
and Dr. K. Magyar (Institute of Pharmacology, Uni- 
versity Medical School, Budapest, Hungary), respect- 
ively, Tyramine.HCl, serotonin creatininesulfate, tryp- 
tamine-HCl, L-lysine. HCl, AMP.Na, (Reanal, Hung- 
ary), histamine.2HC] (G. Lawson, England), sper- 
mine.4HCl, spermidine.3HCl, cadaverine.2HCl (Serva, 
FRG),- GABA (Calbiochem, USA), dopamine.HCl 
(Merck, FRG) were used without further purification. 
Urea: and f-phenylethylamine.HCl were chemically 
pure compounds obtained from local producers. 

Mitochondrial fractions from homogenates of fresh 
bovine brain were prepared by a differential centrifu- 
gation procedure developed especially for isolation of 
brain mitochondria [20]. Content of protein in the 
mitochondrial suspensions was estimated by a colori- 
metric procedure based on biuret reaction [21] or by 
Lowry’s method. Deamination of nitrogenous bases 
was studied by measuring liberation of ammonia after 
incubation at 37° of one of the compounds with the 
mitochondria suspended in 0.1 M phosphate buffer 
(pH 7.4). The incubation was carried out during the 
time intervals (from 15 to 60min) within which the 
deamination reaction followed the zero order kin- 
etics; then the trichloroacetic acid (final concentration 
7.5%) was added in order to stop the reaction. The 
precipitate formed was separated by centrifugation 
and discarded. Content of ammonia in the superna- 
tant was estimated by isothermic diffusion in Conway 
units with subsequent nesslerisation. 


RESULTS AND DISCUSSION 


Studies on the inhibition of the MAO activity by 
HECA showed that after preincubation for 30 min 
with the bovine brain mitochondrial membranes the 
inhibitor caused more distinct decrease in deamina- 
tion of serotonin as compared with the deamination 
of tyramine or f-phenylethylamine when HECA con- 
centration was lower than | mM (Fig. 1). This conclu- 
sion was confirmed in studies on kinetics of inhibition 
of the MAO activity in the course of preincubation 
with 10 mM HECA (Fig. 2): under these experimental 
conditions the inhibition of serotonin deamination 
developed more rapidly than the inhibition of dea- 
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Fig. 1. Inhibition of the rates of deamination of serotonin 
(5-hydroxytryptamine; 5-HT), tyramine (Tyr) and f-phenyl- 
ethylamine (S-PEA) in bovine brain mitochondrial fraction 
as a function of HECA concentration. Samples (final total 
vol. 1.8 ml) contained 4 mg of protein of the bovine brain 
mitochondrial membrane fractions, HECA (final concen- 
trations appear at the abscissa) and 0.1 M phosphate buffer 
(pH 7.4). The samples were preincubated at 37° for 30 min 
after which one of the substrates was added to reach the 
following optimal (“saturating”) final concentrations (mM): 
serotonin 5, tyramine 3.2, phenylethylamine 0.8. The 
samples with serotonin and phenylethylamine were then 
incubated at 37° for 30min, the samples with tyramine 
as a substrate—45 min. After the incubation, trichloroace- 
tic acid (final concentration 7.5%.) was added in all the 
samples. Liberation of ammonia in the control (without 
HECA) samples was (in nmoles/mg protein/min): 4.8, 8.2 
and 3.5 with serotonin, tyramine and f-phenylethylamine 
as substrates, respectively. Mean values (+S.D.) of 8 
assays (2 experiments; 4 parallel samples in each of them). 


mination of tyramine and, especially, of B-phenylethyl- 
amine. 

On the basis of current concepts [17] on serotonin 
as a specific substrate for the MAO of type A, 
B-phenylethylamine—specific substrate for the MAO 
of type B, and tyramine—a substrate which is de- 
aminated by MAO’s of both types, one might assume 
that HECA interacts primarily with the active sites 
of MAO type A. After preincubation for 30 min with 
1mM HECA of bovine brain mitochondria the inhi- 
bition of serotonin deaminating activity was not 
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Fig. 2. Inhibition of the rate of deamination of biogenic 

amines in presence of 10mM HECA as a function of 

duration of its preincubation with bovine brain mitochon- 

dria. For composition of the samples, experimental condi- 

tions and explanation of the designations in the Figure 

please see the Legend to Fig. 1. Mean values of 8-12 assays 
in each point. 
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Fig. 3. Inhibition of tyramine (Tyr) deamination and 
appearance of the property of deaminating histamine (His) 
after treatment of bovine brain mitochondrial membrane 
fragments with 10 mM HECA during 30 min. Composition 
of samples and experimental conditions are described in 
the Legend to Fig. 1. Final concentration of histamine in 
the samples was 10mM. Data are presented on the in- 
crease (+ A) or decrease (— A) in content of ammonia in 
the experimental minus control samples (without HECA). 
In parentheses-number of assays used for calculation of 
the mean values (+ S.D.). 


removed by exhaustive dialysis against 0.004 M phos- 
phate buffer (pH 7.4). These data suggest that the 
time-dependent inhibition by HECA of the MAO ac- 
tivity was irreversible. The same conclusion was 
drawn from the results of similar experiments with 
other hydrazine MAO inhibitors [15, 16]. 

Treatment of the fragments of bovine brain mito- 
chondrial membranes with high concentrations 
(10 mM) of HECA for 30 min caused not only com- 
plete inhibition of the tyramine deaminating activity 
but also induced appearance of a histamine deaminat- 
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Fig. 4. Rates of deamination of tyramine and histamine 

by bovine brain mitochondria as a function of duration 

of their treatment with 10 mM HECA. Mean values of 8 
assays. 
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ing activity which was totally absent in the mitochon- 
dria before the treatment with HECA (Fig. 3). The 
histamine deaminating activity reached the highest 
rates (approximately 20 per cent as compared with 
the rate of tyramine deamination by bovine brain 
mitochondria in control samples) if the treatment of 
mitochondria with 10 mM HECA was carried out not 
for 30 min but for 15 min (Fig. 4). Under these opti- 
mal conditions treatment of mitochondria with 
10mM HECA completely inhibited the properties of 
deaminating monoamines, which are usually con- 
sidered as substrates for MAO. However, the dea- 
mination of dopamine after the treatment of mito- 
chondria with 10 mM HECA was inhibited only by 
50 per cent (Table 1). The residual dopamine dea- 
minating activity was not inhibited by deprenil 
(0.01 mM) or clorgyline (0.01 mM) under conditions 
of 20min preincubation at 37°. These experiments 
were carried out in 0.2 M phosphate buffer (pH 7.4) 
in presence of 10 mM HECA, 10mM dopamine and 
0.01 mM _ clorgyline or deprenil. The blanks were 
treated under identical conditions but did not contain 
dopamine. Under these experimental conditions 
HECA was quite stable. Lack of inhibition of the resi- 
dual dopamine deaminating activity by either clorgy- 
line or deprenil might be ascribed to the presence 
of a particular form of MAO, specific for dopa- 
mine [22], but a possibility that the deamination of 
dopamine by mitochondria pretreated with HECA 
might not involve an enzymic process was not fol- 
lowed up in these experiments. The mitochondria 
treated with HECA exhibited qualitatively new (or 
considerably increased) properties of deaminating not 
only histamine but also diamines (putrescine and 
cadaverine), polyamines (spermine and spermidine) 
and other nitrogenous bases—lysine, GABA or even 
AMP and urea which are deaminated via hydrolytic 
but not oxidative reactions (Table 1). 

We have studied in detail the conditions for induc- 
ing by treatment of bovine brain mitochondrial frag- 
ments with 10 mM HECA of a property of deaminat- 
ing cadaverine as well as some characteristic features 
of the induced activity. 

We failed in attempts to induce the cadaverine dea- 
minating activity at pH 7.0. However, displacement 
of the pH value in alkaline zone from the optimum 
(pH 7.4) did not alter the rate of the induced cadaver- 
ine deaminating activity (Table 2). After heating for 
25min at 90° or 15min at 100° of the suspension 
of mitochondria treated with 10mMHECA for 
15 min at 37°, pH 7.4, incubation (45 min, 37°, pH 7.4) 
of the mitochondria in presence of 10 mM cadaverine 
did not cause liberation of ammonia, thus suggesting 
that the deamination of cadaverine by the mitochon- 
dria, which were pretreated with HECA, was due to 
an enzymatic process. Heating in 0.2 M_ phosphate 
buffer (pH 7.4) for 25min at 100° did not cause any 
decomposition of 10 mM HECA as shown by thin- 
layer chromatography (ethanol: water:ethyl acetate, 
6:5:1) and by lack of ammonia liberation. 

In samples (total vol. 1.8 ml) containing 15mg of 
protein of the mitochondria pretreated with HECA 
in 0.1 M phosphate buffer (pH 7.4) we found after in- 
cubation for 45min at 37° liberation’ of 
480 + 50nmoles of ammonia from 1800 nmoles of 
added cadaverine (i.e. approximately 27% of the 
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Table 1. Deamination* of nitrogenous compounds by bovine brain mitochondria, treated with 10 mM HECA for 15 min 





Optimal 


Compounds concentrationst 


Control 


Number of 


+HECA assays 





Serotonin 
Tyramine 
Tryptamine 
Dopamine 
Phenylethylamine 
Histamine 
Putrescine 
Cadaverine 
Spermine 
Spermidine 
GABA 
Lysine 
AMP 


Urea 


He HHH HE H+ Ht 


I+ 


Ol+ 


10+0.3 
04+ 0.1 


0 

0 
0.44 0.1 
15+0.1 


w 
w 


WNRWwWEN 
Ww 


— 
GS 


ee: 


HIHHHHH HHH oO 


pale ide dy pale died Ned 
MA OO N Oo 

—— 2-2 _-- 
NUON KS Oe 





+ Expressed in mM. 


Table 2. Relationship between the pH values of the buffer 

solution*, in which preincubation (15min) with 10mM 

HECA of bovine brain mitochondria was carried out, and 
the rate of cadaverine (10 mM) deaminationt 








Rate of deamination 





0 
§ + 0.2 
3+0.2 


2.3+0.1 
2.4+ 0.2 





* The following buffer solutions were used: 0.1 M phos- 
phate (pH 7.0-8.0), 0.04 M borate (pH 8.0 and 9.2). 

+ Expressed in nmoles of ammonia liberated per min 
per mg of protein; mean values (+ S.D.) of 12 assays at 
each pH studied. 


added substrate were metabolized). We consider these 
data as an indication as to the catalytic nature of 
the process of cadaverine deamination. 

Treatment with 10 mM HECA under the optimized 
conditions (pH 7.4, 15 min, 37°) of bovine brain mito- 
chondria did not induce the cadaverine deaminating 
activity if the catalytic sites of MAO type A in these 
mitochondria were previously completely inactivated 
by pretreatment with low concentrations of clorgyline 
which inhibited the deamination of serotonin but did 
not influence the deamination of /-phenylethylamine 





nmoles NH,/mg protein per min 


* Expressed in nmoles of ammonia liberated per min per mg 


of protein. 
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Fig. 5. Effect of deprenil (D; 0.01 mM) and clorgyline (C; 
0.01 mM) on deamination of 5-hydroxytryptamine (5-HT), 
f-phenylethylamine (PEA) and cadaverine (CD) by bovine 
brain mitochondria, treated (15 min) with 10mM HECA 
(In). Preincubation with the MAO inhibitors was carried 
out for 20 min at 37°. For concentrations of the substrates 
in samples please see Table 1. Mean values (+ S.D.). 
Number of assays—in parentheses. 


(Fig. 5). A selective inhibitor of MAO type B deprenil 
under similar experimental conditions inhibited the 
deamination of f-phenylethylamine but did not in- 
fluence the deamination of serotonin and did not pre- 
vent the inducing of the property of deaminating 
cadaverine (Fig. 5). These data suggest that the MAO 





Fig. 6. Rate of cadaverine (10 mM) deamination by bovine brain mitochondrial membranes, treated 

(15 min, 37°, pH 7.4) with 10mM HECA, as a function of pH. The following buffer solutions were 

used: 0.07 M citrate (pH 3.0-6.0), 0.1 M phosphate (pH 6.9-8.0), 0.04M borate (pH 8.09.4). Number 
of parallel assays is shown in parentheses. 





Modification of brain mitochondrial monoamine oxidase activities 








nmoles NH,/mg protein per min 


Fig. 7. Rate of cadaverine deamination by bovine brain 

mitochondrial membrane fragments, treated (15 min, 37°, 

pH 7.4) with 10 mM HECA, as a function of the substrate 

concentration. Mean values of 12 assays at each concen- 
tration of cadaverine. 


inhibitor HECA, under the experimental conditions 
required for complete inhibition of MAO’s of both 
A and B types (Fig. 1), induced the transformation 
(qualitative alteration in catalytic properties) only of 
the MAO type A. 

Studies of the deamination of cadaverine as a func- 
tion of pH in samples containing bovine brain mito- 
chondria treated with 10mM HECA (15min, 37°, 
pH 7.4) showed that the rate of the induced reaction 
reached maximal values at pH 7.4 and 9.2 while no 
deamination could be detected at pH 8.2-8.4 (Fig. 6). 
At pH 7.4 the highest rate of the reaction of cadaver- 
ine deamination was observed in presence of 10 mM 
cadaverine; excess of the substrate caused a certain 
decrease in the rate of deamination (Fig. 7). The 
values, represented by the four experimental points 
on the ascendant branch of the curve describing the 
v from [S] relationship (Fig. 7), were used for replot- 
ting the data by means of the Lineweaver—Burk 
“double-reciprocal values” method in order to esti- 
mate the K,,; it was 2:10~7M. Optimal duration of 
incubation in presence of cadaverine of the bovine 
brain mitochondria treated with HECA was 45 min 
(Fig. 8). There was a direct relationship between the 
content in the samples of protein of the mitochondrial 
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Fig. 8. The time course of cadaverine (10 mM) deamina- 

tion by bovine brain mitochondrial membranes, treated 

(15 min, 37°, pH 7.4) with 10 mM HECA. Mean values of 
12 assays at each point. 
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Fig. 9. Relationship between the amount of ammonia 

liberated after incubation (45 min, pH 7.4, 37°) of 10 mM 

cadaverine in presence of the bovine brain mitochondria, 

treated with HECA (for conditions please see the Legend 

to Fig. 8), and content of protein in the samples. Mean 
values of 8-12 assays. 


membranes treated with HECA and the amount of 
ammonia liberated after incubation of these samples 
under optimal conditions in presence of cadaverine 
(Fig. 9). 
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Abstract—Previous reports have shown that isoproterenol (ISO) is less active then epinephrine (EPI) 
in producing hyperglycemia in rabbits in vivo but ISO in vitro is more active than EPI in releasing 
glucose from rabbit liver slices. This difference in activities of the catecholamines in vivo was investigated 
by comparing responses in plasma glucose, lactate and glycerol in fed normal, fasted normal and 
fed alloxan-diabetic rabbits. Changes in the state of nourishment had more effect on the plasma glucose 
response to EPI than to ISO. In contrast, the hyperglycemic response to ISO was augmented by 
prior chemical destruction of pancreatic f-cells whereas the peak response to EPI was unchanged. 
Neither the lactate nor the glycerol responses to the catecholamines were modified drastically by 
changes in the state of nourishment or by lack of endogenous insulin release. Pretreatment with pro- 
pranolol in fed normal rabbits suppressed the rise in lactate and glycerol induced by both catechol- 
amines, but the rise in glucose produced by EPI was not depressed and the rise produced by ISO 
was inhibited by only 50 per cent. These results suggest that the hyperglycemic response to EPI 
is primarily a result of hepatic glycogen breakdown whereas the response to ISO is largely dependent 
upon gluconeogenic mechanisms. Therefore, catecholamines may not only affect certain metabolic sub- 
strate levels by direct actions on liver, muscle and adipose tissue, but they may also influence the 
responsiveness of the pancreatic islet cells, which, in turn, alters the disposition of key metabolic 


substrates. 


A previous paper from this laboratory has confirmed 
the greater hyperglycemic potency of epinephrine 
(EPI) as compared to isoproterenol (ISO) in fasted 
unanesthetized rabbits [1]. These data have also indi- 


cated that EPI-induced glycogenolysis in liver 
appears to be the primary mechanism by which the 
rise in blood glucose is produced. On the other hand, 
the release of lactate from muscle and glycerol from 
adipose tissue and their subsequent conversion to glu- 
cose in the liver could account for the moderate 
hyperglycemia evoked by ISO without concurrent 
reductions in liver glycogen content. 

The present investigations were carried out to 
explore in more detail the responsiveness of muscle 
and adipose tissue to EPI and ISO in the rabbit after 
changes in the state of nourishment and elimination 
of acute insulin release by treatment with alloxan. 
Changes in the levels of metabolic substrate in re- 
sponse to catecholamines in the fed normal and fed 
diabetic rabbits should reflect the importance of acute 
insulin release as a controlling factor in the regulation 
of glucose, glycerol and lactate levels. In addition, the 
effect of beta-receptor blockade with propranolol was 
tested against the metabolic effects of EPI and ISO 
in fed normal rabbits. 





* Supported in part by NIH Grant NS-07700. Presented 
in part at the Fifth International Congress on Pharma- 
cology, July 1972, San Francisco, CA. 

+ Present address: Departamento de 
Facultad de Medicina, Valladolid, Spain. 
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METHODS 


Unanesthetized white New Zealand male rabbits 
weighing between 2 and 3.5 kg were used in all experi- 
ments after being conditioned for restraint in well- 
ventilated boxes. The rabbits were divided into three 
groups and subjected to the following conditions: 
group I, normal rabbits deprived of food only for 
24hr; group II, normal rabbits allowed free access 
to food and water; group III, alloxan-diabetic, insu- 
lin-controlled rabbits allowed food and water ad lib. 
Production of the diabetic state with alloxan and 
treatment with insulin are described in detail in a 
previous paper [2]. 

Serial blood samples were removed from the cen- 
tral artery of one ear and drugs were infused intra- 
venously into the marginal vein of the contralateral 
ear. Blood samples were kept in an ice bath before 
and after centrifugation for separation of plasma. The 
arterial cannulae were kept patent by the slow infu- 
sion of physiological saline solution. 

Plasma glucose levels were determined with a Tech- 
nicon autoanalyzer which makes use of a modifica- 
tion of the procedure of Hoffman [3]. Blood lactate 
levels were quantified enzymatically using lactate de- 
hydrogenase and measuring the amount of NADH 
formed spectrophotometrically at 340 nm [4]. Lactate 
levels were calculated according to the formula: maxi- 
mum O.D.349 x 65.5 = mg/100 ml of lactate. The 
determination of glycerol involved the conversion of 
glycerol to lactate via a three-step enzymatic process 
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Table 1. Control values for plasma glucose, lactate and glycerol in rabbits 





State of 
rabbit 


Glucose 
(mg/100 ml) 


Lactate 
(mg/100 ml) 


Glycerol 
(mg/100 ml) 





Fasted 
Group A 

N = 18 

Fed 


normal 
N = 15 


Group B 


Fed, 
alloxan-diabetic, 
insulin-treated 
N = 15 


Group C 


normal 118 + 


HW34+11 


164 + 19* 





* Significantly different from group A, P < 0.05. 


involving glycerokinase, pyruvate kinase and lactate 
dehydrogenase [5]. The amount of NADH consumed 
during the conversion of pyruvate to lactate was 
measured spectrophotometrically at 366 nm. Free gly- 
cerol levels were calculated according to a predeter- 
mined formula: A O.D.366 x 17.5 = mg/100 ml _ of 
free glycerol. 

The doses of catecholamines used in this study, 
0.3 wg/kg/min of /-epinephrine and 30 yg/kg/min of 
l-isoproterenol, were chosen because they produced 
hyperglycemia of similar magnitude in fasted rabbits. 

In order to examine the effects of beta-receptor 
blockade on metabolic responses to the catechol- 
amines, propranolol was infused iv. at a rate of 
0.3 mg/kg/min for 30 min prior to the infusion with 
the catecholamines. ; 

Stock solutions of the catecholamines were pre- 
pared in acidified saline (pH = 4.5) from their respec- 
tive salts, hydrochloride for /-isoproterenol and bitar- 
trate for /-epinephrine. Propranolol was available as 
the hydrochloride salt. All drug concentrations are 
expressed in terms of the free base. 

Statistical comparisons were made using Student’s 
t-test for paired or non-paired data [6]. 


RESULTS 


Control levels of plasma glucose, lactate and glycerol. 
Table 1 lists the control values for glucose, lactate 
and glycerol levels based upon the state of nourish- 
ment and/or the state of function of the f-cells of 
the pancreas. The plasma glucose level of fasted nor- 
mal rabbits was significantly lower than that of fed 
normal or fed diabetic rabbits treated with insulin. 
However, there was no_ significant difference 
between the glucose levels of fed normal and fed dia- 
betic rabbits. A previous report from this laboratory 
has shown that tissue glycogen levels were lower in 
fasted normal rabbits whereas there were no apparent 
differences between fed normal and fed diabetic rab- 
bits [2]. 

Control lactate levels in the fasted normal group 
were higher than in either fed group but the differ- 
ences in levels were not statistically significant. 

Plasma glycerol levels were significantly lower in 
the fed normal groups as compared to the fasted nor- 


mal group. On the other hand there was not a statisti- 
cally significant difference between the glycerol levels 
of the fasted normal and the fed diabetic groups of 
rabbits. 

These control data may be interpreted as indicating 
that the fed diabetic insulin-treated group represents 
a metabolic intermediate somewhere between the fed 
normal and fasted normal groups of rabbits. 

Changes in plasma glucose levels. Figure 1, panel 
A, summarizes the dose-related changes in plasma 
glucose levels produced by EPI and ISO. Previous 
studies had shown that, at all concentrations tested, 
the oustanding feature was the greater hyperglycemic 
response to EPI as compared to ISO in both the 
fasted and the fed states. Note that the peak hypergly- 
cemic response to ISO was not changed significantly 
by fasting and feeding. 

Panel A of Fig. 1 also compares the peak hypergly- 
cemic responses of EPI and ISO in normal fed rabbits 
and in diabetic fed rabbits. At all doses represented, 
the highest responses induced by ISO in diabetic fed 
rabbits were twice as great as those in normal fed 
rabbits. On the other hand, EPI produced hyperglyce- 
mic responses in the two groups of fed rabbits that 
were of similar magnitude. 

Previous results from this laboratory have demon- 
strated that a 24hr fast affects primarily the liver gly- 
cogen content with little effect on muscle glycogen 
levels [7]. Furthermore, no significant difference was 
observed between the liver glycogen levels of normal 
fed rabbits and alloxan-diabetic, insulin-controlled 
rabbits in the fed state. 

Changes in plasma glycerol levels. In the evaluation 
of the responsiveness of adipose tissue, the doses of 
EPI and ISO utilized where those producing quanti- 
tatively similar hyperglycemic responses in normal 
fastéd rabbits. As shown in Fig. 1, panel B, basal gly- 
cerol levels in saline-treated rabbits were slightly 
higher in fasted than in fed rabbits. The elevation 
in glycerol levels produced by ISO was not signifi- 
cantly changed by feeding and fasting, but the re- 
sponse to EPI was significantly greater in the fed 
group (P < 0.05) than in the fasted group when the 
basal levels of the two groups are taken into consider- 
ation. It is highly probable that the dose of ISO 
(30 ug/kg/min, i.v.) used is producing a near maximal 
response in all groups. 
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Fig. 1. Changes in metabolic substrate levels produced by i.v. infusions of /-isoproterenol, /-epinephrine 
and saline. Diabetic rabbits were maintained with protamine zinc insulin throughout the course of 
these experiments. Drugs were infused over a 30-min period. Each point represents the mean + S. E. 
of determinations in each of six animals. 


In the diabetic fed rabbits EPI produced a signifi- 
cantly greater increase in glycerol levels at 45 min 
than occurred in normal fed rabbits (3.4 +04 vs 
1.5 + 0.6 mg/100 ml, P < 0.05). No significant differ- 
ence could be detected between the maximal changes 
in glycerol evoked by ISO in the normal and diabetic 
groups. 

Changes in plasma lactate levels. Plasma lactate 
levels were virtually the same in all three groups of 
rabbits infused with 0.9% saline (Fig. 1, panel C). 
Again, ISO (30 yg/kg/min) produced marked in- 
creases in plasma lactate levels regardless of the state 
of nourishment or state of pancreatic function. No 
significant difference could be observed in the re- 
sponse to ISO in the three groups of rabbits. Feeding 
of the normal rabbits appeared to produce a slight 
increase in the release of lactate by EPI which corre- 
sponds to a slightly higher level of glycogen in the 
skeletal muscle of the fed group [7]. Elimination of 
acute insulin release did not alter the elevations in 
lactate achieved with either ISO or EPI. 

Effects of propranolol on EPI- and ISO-induced 
changes in plasma glucose, lactate and glycerol. As 
shown in Fig. 2, propranolol antagonized the EPI- 
induced rise in plasma lactate (100 per cent) more 
than the rise in plasma glycerol (70 per cent). In con- 
trast, the increase in plasma glucose level produced 
by EPI was not changed significantly by blockade 
of beta-receptors with propranolol. 

Figure 3 illustrates the effects of propranolol on 
changes in glucose, lactate and glycerol produced by 
ISO. As was the case with EPI, the lactate response 
was inhibited considerably (about 75 per cent) by pre- 
treatment with propranolol. The plasma glucose re- 
sponse to ISO was inhibited about 50 per cent at 
30 and 45min by beta-receptor blockade. The in- 
crease in plasma glycerol caused by ISO was the least 
antagonized of the responses (about 33 per cent inhi- 
bition). 
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Fig. 2. Effect of propanoloi pretreatment on epinephrine- 
induced changes in plasma glucose, lactate and glycerol 
levels in fed rabbits. Propranolol (P) (0.3 mg/kg/min) inhi- 
bited the increases in lactate and glycerol levels but did 
not antagonize the rise in plasma glucose. Each point rep- 
resents the mean + S. E. of determinations in each of five 
rabbits. 
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Fig. 3. Inhibitory effects of propanolol on isoproterenol- 
induced changes in plasma glucose, lactate and glycerol 
levels in fed rabbits. Propranolol (0.3 mg/kg/min) was in- 
fused over a 30-min period prior to the infusion with iso- 
proterenol (30 zg/kg/min). The substrate level immediately 
after the infusion with propanolol is indicated by the letter 
“P.” Propranolol inhibited changes in the following order: 
lactate > glucose > glycerol. Each point is the mean + 
S.E. of no fewer than five determinations from each of 

five animals. 


DISCUSSION 


The results of these experiments in the intact rabbit 
appear to be relevant to the question of the relative 
importance of the direct effects of catecholamines on 
liver metabolism versus the indirect consequences of 
the extrahepatic actions of these agents [2, 8]. Equief- 
fective hyperglycemic doses of EPI and ISO had dif- 
ferent activities in raising blood levels of glycerol and 
lactate in-normal fasted rabbits. EPI induced a rather 
small increase (27 mg/100 ml) in peripheral levels of 
lactate compared to the rise after administration of 
ISO (75 mg/100 ml). Similarly, glycerol levels were 
slightly elevated after infusing EPI (1.30 mg/100 ml), 
whereas ISO produced a marked rise (4.55 mg 
100 ml). The limited release of lactate and glycerol 
produced by EPI suggests that these gluconeogenic 
substrates probably do not serve as the main source 
of glucose that is mobilized by this catecholamine. 
On ‘the other hand, muscle and adipose tissue may 
be the primary target organs involved in the meta- 
bolic response to isoproterenol. The abrupt increase 


in glycerol and lactate after the i.v. infusion of ISO 
makes possible a greater rate of removal and utiliza- 
tion of both substrates for glucose production [9-13]. 
Results from earlier experiments involving the effects 
of propranolol on catecholamine-induced changes in 
blood glucose and tissue glycogen give further sup- 
port to these interpretations [14]. 

Feeding did not change appreciably the effects of 
ISO on plasma glycerol, lactate or glucose levels; 
however, the release of all three substrates by EPI 
was affected to varying degrees. As a consequence of 
this change in nutritional state, the hyperglycemia 
produced by EPI was enhanced considerably. It is 
improbable that this augmented glucose response can 
be the consequence of an increase in gluconeogenesis 
because in the fed state the productive activity of glu- 
coneogenic pathways should be minimal [15]. A more 
suitable explanation can be extracted from a previous 
paper from this laboratory wherein it was reported 
that liver glycogen content was three times greater 
in fed rabbits than in rabbits fasted for 24hr [2]. 
Thus, it seems reasonable to speculate that liver gly- 
cogen stores constitute the primary source of glucose 
for the graded response to intravenously administered 
epinephrine in fed versus fasted rabbits. 

Alloxan-diabetic, fed rabbits and normal, fed rab- 
bits showed comparable increases in glycerol and lac- 
tate levels in response to ISO. Interestingly, the 
hyperglycemic response to ISO was potentiated in a 
striking manner in alloxan-treated rabbits. Observa- 
tions from this laboratory have demonstrated that 
ISO promotes the acute release of insulin in the nor- 
mal rabbit [7]; hence, it seems likely that a 
diminished release of insulin from the f-cell was the 
factor responsible for the enhanced hyperglycemia to 
ISO in diabetic rabbits. In alloxan-treated animals, 
the suppressant effect of acute insulin release on hepa- 
tic glycogenolysis and peripheral utilization is vir- 
tually eliminated; therefore, isoproterenol produces a 
greater hyperglycemic effect. An augmented hypergly- 
cemic response has been demonstrated to dibutyryl 
cyclic AMP in diabetic dogs [16], and to glucagon 
in diabetic rabbits [17] and dogs [18]. 

The glycerol-releasing effect of ISO, unlike the 
hyperglycemic response, was not enhanced in rabbits 
deprived of normal pancreatic f-cell function. Even 
in normal rabbits, adipose tissue would be exposed 
to a much smaller proportion of the insulin released 
by ISO than would the liver. For this reason, it seems 
reasonable to assume that the direct lipolytic effect 
of ISO would overcome the peripheral effects of insu- 
lin released endogenously. 

EPI generated similar elevations of blood glucose 
and lactate in both fed normal and fed diabetic rab- 
bits. The lack of a change in the hyperglycemic re- 
sponse to EPI in alloxan-diabetic, insulin-treated rab- 
bits compared with normal rabbits is compatible with 
the evidence that this catecholamine inhibits the 
release of insulin in normal rabbits [7]. The delayed 
increase in glycerol levels after an infusion with EPI 
in diabetic rabbits may have been the result of a 
diminished insulin response to EPI-induced hypergly- 
cemia. 

The marked suppression of catecholamine-induced 
increases in lactate levels by propranolol indicates the 
high sensitivity of muscle phosphorylase to beta 
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blockade regardless of whether the agonist is EPI or 
ISO. Adipose tissue reactivity to catecholamines, as 
measured by changes in glycerol levels, appears to 
be only moderately inhibited by propranolol. Our 
results are in general agreement with the data of 
Spitzer [19], although we were using fully nourished 
rabbits and she used fasted animals. Propranolol 
failed to attenuate the hyperglycemic response to 
epinephrine and only reduced the response to isopro- 
terenol by about 50 per cent in fed rabbits. Earlier 
experiments using fasted animals showed that ISO- 
induced hyperglycemia could be virtually eliminated 
by pretreatment with propranolol whereas the re- 
sponse to epinephrine was not inhibited appreciably 
[1]. These data suggest that ISO-induced hyperglyce- 
mia in rabbits is more dependent upon mechanisms 
involving gluconeogenesis than is the hyperglycemic 
response to epinephrine. 

It is often argued that the relative effectiveness of 
different catecholamines in raising blood glucose 
levels in the intact animal cannot be equated with 
their relative effectiveness in promoting hepatic glyco- 
genolysis, because the hyperglycemic response is 
dependent upon the composite actions of catechol- 
amines on a multiplicity of interrelated systems. How- 
ever, our results with EPI in the presence of pro- 
pranolol in the fed rabbit suggest that the capacity 
of EPI to raise blood glucose can be related to a 
primary effect on hepatic glycogenolysis because beta- 
receptor blockade eliminated much of the contribu- 
tion by metabolic substrates from skeletal muscle and 
adipose tissue without altering the elevation of glu- 
cose levels. 

In summary, the following points are noted: (1) 
alterations in the state of nourishment influenced 
EPI-induced changes in plasma glucose and lactate 
in normal rabbits whereas metabolic responses to 
ISO were not influenced appreciably; (2) suppression 
of insulin release by treatment with alloxan aug- 
mented markedly the hyperglycemic response to ISO 
in rabbits, but the response to EPI was not altered 
significantly; (3) pretreatment with propranolol inhi- 
bited catecholamine-induced increases in plasma lac- 
tate more than glycerol in normal fed rabbits; the 
hyperglycemic response to ISO was reduced about 


1069 


50 per cent whereas the response to EPI was not 
inhibited; and (4) it is concluded that EPI-induced 
changes in plasma glucose levels in the rabbit are 
influenced to a greater degree by the state of nourish- 
ment than by the functional status of pancreatic 
B-cells. In contrast, ISO-induced hyperglycemia is in- 
fluenced to a far greater extent by the capacity to 
release insulin than by the state of nourishment. 
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Abstract 


Virazole (Ribavirin) strongly inhibits the cell proliferation of L5178y cells. These cells were 


not infected with DNA- or RNA viruses. Starting with 3 x 10° cells/ml and an incubation period 
of 72 hr, the drug reduces the cell proliferation to 50 per cent in a concentration of 4.7 uM. Virazole 
acts cytostatically up to 3 times the EDs) concentration. The cytostatic effect of Virazole can be abol- 
ished by guanosine, xanthosine and inosine but not by adenosine. Both the incorporation rates of 
precursors of DNA- and RNA synthesis, as well as of protein synthesis are in intact cells inhibited 
by Virazole. Already 2hr after incubation with the drug the amount of polyribosomes decreases. In 
the presence of Virazole, the pool sizes of dGTP and GTP are drastically reduced. 

Virazole 5’-triphosphosphate does not inhibit the following enzymes: Eukaryotic DNA polymerase 
x and f, eukaryotic RNA polymerase I and II and eukaryotic poly(A) polymerase. 


The synthetic triazole nucleoside Virazole (1-f-p-ribo- 
furanosyl- 1,2,4-triazole-3-carboxamide; Ribavirin; 
ICN 1229) has been synthesized by Witkowski et 
al.[1] and was found to be a broad spectrum anti- 
viral agent [review: 2]. X-ray studies could establish 
that the geometry of Virazole is similar to that of 
guanosine [3]. 

For a future clinical application it seems to be 
necessary to clarify whether Virazole is a specific anti- 
viral drug or whether it also affects non-infected euk- 
aryotic cells. The present paper is an approach to 
solve this question. The studies were performed with 
mouse lymphoma cells in culture. 


MATERIALS AND METHODS 


Compounds. The following materials were obtained: 
Adenosine, guanosine, inosine and xanthosine from 
Serva, Heidelberg (Germany); Methyl[*H] thymidine 
(sp. act. 19 Ci/m-mole), [*H]uridine (generally 
labeled; sp. act., 6.3 Ci/m-mole), L[4,5-*H] lysine (sp. 
act., 6.6 Ci/m-mole), [7H]dCTP (sp. act., 9.5 Ci/m- 
mole), [7H]CTP (sp. act., 20.3 Ci/m-mole), 
[7H]dGTP sp. act., 6.2 Ci/m-mole), [*H]GTP (sp. 
act., 10 Ci/m-mole) and [7H]ATP (sp. act., 11 Ci/m- 
mole) from the Radiochemical Centre, Amersham 
(England); poly[d(G-C)], unlabeled ribo- and deoxy- 
ribonucleoside triphosphates, DNA-dependent RNA 
polymerase (E. coli; isolated according to Burgess et 
al.,[4]) and DNA-dependent DNA polymerase (E. 
coli pol I; isolated according to Jovin et al., [5]) from 
Boehringer, Mannheim (Germany); poly[d(I-C)] and 
oligo d(pA), 9 from P-L Biochemicals, Milwaukee, WI 
(U.S.A.). 

Herring sperm DNA, isolated according to Zahn 
et al. [6] was a gift of H. Mack, Illertissen (Germany). 
We thank Dr. R. W. Sidwell and Dr. J. P. Miller 
(ICN Nucleic Acid Research Institute, Irvine, CA 


USA) for the samples of virazole and virazole 5’-tri- 
phosphate. 

Cell culture. L5178y cells were grown in Fisher’s 
medium for leukemic cells, supplemented with 10% 
horse serum (Grand Island Biological Co., Grand 
Island, N.Y.) in suspension cultures [7]. 

Celi concentrations and volume distributions were 
determined with a Model B Coulter Counter with 
a size-distribution plotter (Coulter Electronics, Hia- 
leah, Fla.). The “mean window”, a characteristic of 
a cell vol. distribution curve, which represents the 
window into which all cells would fall if the total 
cell vol. and number of cells were unchanged, was 
computed according to the method of Brecher et 
al. [8]. The absolute cell vol. was determined as de- 
scribed (8). 

For the dose-response experiments, the cultures 
(Sml) were routinely initiated by inoculation of 
3 x 10° cells/ml and incubated at 37° in roller tubes 
for 72 hr; the controls reached a cell concentration 
of about 3 x 10° cells/ml. Per inhibitor concentration 
10 parallel assays were performed. The EDs, was esti- 
mated by Logit regression. The number of doublings 
was calculated by a formula, published earlier [9]. 

The viability of the cells after incubation with Vira- 
zole was tested as follows: After incubation the cells 
were washed twice with fresh medium to remove the 
drug, diluted to 3 x 10° cells/ml and incubated in 
the standard roller tube assay for 72 hr. The viability 
is expressed by the ratio of the plating efficiency of 
the treated cells to the plating efficiency of untreated 
cells. 

Incorporation studies. Suspensions (vol. Sml) of 
exponentially growing cells at 2 x 10° cells/ml were 
supplemented with Virazole 2 hr prior to the addition 
of the labeled precursors 25 wCi [*H]dThd, 25 pCi 
[*H]Urd, or 25 wCi [*H]Lys. The incubations were 
continued routinely for 30 min. Samples of 5 ml were 
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analyzed for acid-insoluble radioactivity in DNA, 
RNA or protein [10]. 

Isolation of polysomes. For the isolation of both 
membrane-bound and polysomes [11] from 
L5178y cells on sucrose gradients (0.5 to 1.5 M) pro- 
cedures previously described [12] were followed with 
small modifications [13]. One ml of the homogenate 
contained 0.02mg DNA, 2.3mg RNA and 7.6mg 
protein. 

dGTP and GTP pool sizes. The method applied 
based on published procedures [14,15]. Cultures 
(100 ml) containing 2 x 10’ cells were centrifuged 
(10min; 2; 10,000g) and the resulting _ pellet 
extracted with 4 vol. of 2M HCI!O, at 4°. After neu- 
tralization with 2M KOH to pH 74 the KCIO, salt 
formed was removed by centrifugation. The extract 
was freeze-dried and the residue dissolved in 100 pl 
H,O. The dGTP and GTP concentrations were deter- 
mined by the enzymatic assay described [14,15]. A 
standard curve, made with known dGTP or GTP 
concentrations was linear in the concentration range 
between 5mM and 25 mM. 

Enzyme preparations. DNA-dependent DNA poly- 
merase x was isolated from L5178y cells according 
to Rohde et al.[16]: the Sephadex G-200 fraction 
with a sp. act. of 65 nmoles of labeled substrate/hr/mg 
protein was used. DNA-dependent DNA polymerase 
B was isolated from L5178y cells as described by 
Chang and Bollum [17]: the phosphocellulose frac- 
tion with a sp. act. of 210 nmoles of nucleotide incor- 
porated/hr/mg protein was taken. 

DNA-dependent RNA polymerase I and II were 
isolated from mouse liver according to Miiller et 
al.{18]. The fractions after elution from DEAE- 
Sephadex were used. The sp. act. were: RNA poly- 
merase | 0.21 nmoles nucleotide incorporated/15 
min/mg protein and enzyme II 0.36nmoles/15 
min/mg protein. 

Poly(A) polymerase was extracted from quail ovi- 
duct according to Miiller et al. [19]; Fraction I:3 was 
used. This preparation had a sp. act. of 83 nmoles 
AMP incorporated/30 min/mg protein. 

Enzyme assays. For the determination of DNA- 
dependent DNA polymerase activities 10 ul enzyme 
was combined with 50 ul polymerase x or f mixture. 
The DNA polymerase x mixture consisted of varying 
amounts of [*H]dGTP (80 cpm/pmole), 0.1 mM each 
of dCTP, dATP, dTTP, 20mM K-phosphate buffer 
(pH 7.2), 1mM 2-mercaptoethanol, 8mM MgCl, 
and 0.5 A>.» units of activated herring sperm DNA; 
the DNA polymerase f mixture was identical to the 
polymerase x reaction mixture, except that the buffer 
was 50mM ammediol (pH 8.8) rather than K-phos- 
phate. The reaction was carried out at 37° for 30 min; 
50 ul were placed on GF/C discs and processed as 
described [20]. 

The standard reaction mixture for RNA polymer- 
ases contained the following components in 100 ul; 
Varying amounts of [*H]GTP (50 cpm/pmole), 
0.1 mM each of ATP, CTP, UTP, 50mM Tris-HCl 
pH 7.8, 3mM MnCl,, 2mM_ 2-mercaptoethanol, 
2mM creatine phosphate, 20 ug/ml creatine phos- 
phokinase, 5g bovine serum albumin and 20 yg 
native or heat-denatured DNA. The concentrations 
of (NH4), SO, in the incubation mixture for assaying 
RNA polymerase I were adjusted to 50mM; for 
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Form II 150 mM (NH,),SO, were added. Usually the 
reaction mixture was incubated at 37° for 15 min after 
addition of 40 ul of enzyme preparation. After incuba- 
tion, aliquots of 50 pl were tested on GF/C filters for 
acid-insoluble radioactivity [20]. 

The standard assay for poly(A) polymerase (vol. 
100 pl) contained 100mM Tris-HCl, pH 8.2; 5mM 
MgCl,; 0.2mM dithiothreitol; varying amounts of 
[7H]JATP (100cpm/pmole), 5 yg oligo (pA); 9 and 
20 pl enzyme. After incubation for 30 min at 37°, a 
40 yl aliquot was taken to determine the acid-precipi- 
table radioactivity on GF/C filters [20]. 

Miscellaneous methods. DNA was determined by 
the method of Kissane et al. [21], RNA by the orcinol 
reaction [22], and protein according to the method 
of Lowry et al. [23]. Herring sperm DNA was acti- 
vated according to Aposhian et al. [24]. 


RESULTS 


Influence of Virazole in intact cell systems 

Influence on cell proliferation. Virazole strongly in- 
hibits the proliferation of L5178 y cells. In the stan- 
dard dose-response experiments, starting with 
3 x 10° cells/ml and an incubation period of 72 hr, 
the drug reduces the cell proliferation to 50 per cent 
(=EDs 9) at a concentration of 1.15 + 0.08 ug/ml 
(=4.7 uM); (Fig. 1). With the dose-response experi- 
ments started with 30 x 10° or 100 x 10% logarithmi- 
cally growing cells/ml, the corresponding ED59 con- 
centrations have been determined as 2.93 + 0.23 or 
5.71 + 0.41 pg/ml, respectively; the incubation period 
in these experiments was terminated after 24 hr. 

Virazole acts cytostatically in a certain concen- 
tration range. The inhibition of the cell proliferation 
with 3 times the EDs, concentration for a period of 
24hr is perfectly reversible. At concentrations higher 
than 3 times the EDs, concentration the cells are 
affected cytotoxically to a considerable extent: at 
4 X EDs, or 5 X EDso the viability drops to 76 per 
cent or 43 per cent. 

The average vol. of L5178y cells is not altered by 
Virazole. After incubation of the cells with 2 x EDso 
concentration for 24hr, the cell vol. amounts to 
1320 um?; the value of the controls is 1290 ym?. 





Cell concentration (%/.) 











0 Sy 
0.1 0.5 1 
pg Virazole/ml 


Fig. 1. Effect of Virazole on cell proliferation of L5178y 
cells. Each value (mean + S.D.) comes from 10 parallel 
assays. The solid curve was obtained by semilogarithmic 
regression. . EDs, value. The assay conditions are as 
described in “Materials and Methods”. 
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Table 1. Influence of natural nucleosides on cell proliferation inhibition by Virazole* 





Cell concentration 
after incubation 
(cells x 103/ml) 


Additional 
compound 
(uM) 


Virazole 
(uM) 


Alteration of the 
Virazole effect by 
additional compound 
(increase [ + ]/decrease [ —]; 
in doubling steps) 


Cell 
doublings 





— 320 + 2 
1.15 ~ 

3.30 —— 

1.15 adenosine: 2 
3.30 
EUS 
3.30 
1.15 
3.30 
25 
3.30 


guanosine: 40 
inosine: 40 


xanthosine: 40 


6.74 
5.78 
4.54 
5.73 
4.61 
6.46 
5.89 
6.58 
6.01 
6.43 
5.93 


—0.05 
+ 0.07 
+0.68 
+ 1.35 
+0.80 
+ 1.47 
+0.65 
+ 1.39 





Cultures were inoculated with 3 x 10° cells/ml in the presence of the compounds, indicated in the Table. The incubation 
of the cultures and the calculation of cell doublings was performed as described under Materials and Methods. The 
reduction of cell growth, caused by Virazole together with different compounds, was evaluated by subtracting the 
number of doublings with Virazole alone from the number of doublings with Virazole plus the nucleoside. Each value 
in the table represents the mean + S.D. of 10 parallel assays. 


Coincubation with natural nucleosides. Virazole was 
coincubated with natural nucleosides in the standard 
roller tube assay (Table 1). The natural nucleosides 
were added at concentrations that had no influence 
on cell proliferation. With the exception of adenosine, 
the concentrations of the natural compounds were 
40 uM. Adenosine was used in a concentration of 
2 uM because higher concentrations cause inhibition 
of cell proliferation. The inhibitory potency of Vira- 
zole can not be abolished by coincubation with 
adenosine while the addition of guanosine and xan- 
thosine causes a reduction of the Virazole effect; the 
cell doublings increase in the presence of guanosine 
from 5.78 to 6.46 or from 4.54 to 5.89, depending 
on the Virazole concentration used. A similar in- 
fluence is observed with inosine; this nucleoside also 
causes a reduction of the cytostatic activity of Vira- 
zole. Using a concentration of 2 uM of the natural 
nucleosides the same effect is observed, however to 
a lower extent. After incubation of the cells with 
3.3 uM Virazole together with 2 uM guanine, the cell 
doublings increase from 4.54 to 5.01; in the case of 
inosine and xanthosine an increase to 5.32 and 4.95 
is observed. From these data it seems to be reason- 
able to assume, that guanosine, inosine and xantho- 
sine interfere directly with Virazole itself. 


Influence on synthesis of macromolecules. The effect 
of Virazole on the incorporation rate of radio-labeled 
precursors into DNA, RNA and protein in exponen- 
tially growing L5178y cells is shown in Table 2. The 
incorporation rate, a first approach to determine the 
effect of this drug on macromolecular synthesis, of 
all three precursors used is strongly inhibited in the 
presence of Virazole. At the EDs) concentration 
(38 uM) the incorporation into DNA is reduced to 
42 per cent, the one into RNA 57 per cent and that 
into protein 88 per cent. These studies were per- 
formed with cultures of a cell density of 2 x 10° 
cells/ml. 

A sensitive method to estimate the influence of Vir- 
azole on mRNA synthesized is the determination of 
the amount of polysomes after incubation with the 
compound. Figure 2 demonstrates that the amount 
of extractable total polysomes decreases after incuba- 
tion with Virazole. In the control experiments an 
amount of 0.39 A365 units (= 100°) of polysomes can 
be isolated from 2 x 10’ cells; after incubation with 
38 or 76uM Virazole the quantity of polysomes 
amounts to 0.19 A3¢, units (= 49%) or 0.07 A365 units 
(= 18°) respectively. From these data we have to con- 
clude that the synthesis of mRNA is also strongly 
affected in the presence of Virazole. 


Table 2. Influence of Virazole on the synthesis of DNA, RNA and protein in L5178y cells* 





Influence on 

Virazole cell doublings 

concentration 
(uM) 


Doubling steps per cent 


[*H]dThd 
cpm 


Incorporation into macromolecules 
100,000 cells 


[?H]Lys 
cpm per cent 


[?H]Urd 


per cent cpm per cent 





100 
46 
18 


0.15 
0.07 
0.03 


0 
38 
76 


17,400 
7,300 
4,800 


100 
88 
83 


100 
57 
45 


2,230 
1,970 
1,840 


100 
42 
28 


3,680 
2.110 
1,650 





* The incorporation studies were performed as described under Methods. Exposure time of the precursor was 30 min. 
Values represent means of 4 parallel experiments. The standard deviation does not exceed 10%. The influence of Virazole 
on cell proliferation is expressed in doublings. 





W. E. G. MULLER, A. MAIDHOFP, 





polysomes 

















BOTTOM 


Fig. 2. Influence of Virazole on polysome formation in 


L5178y cells. 100 ml cultures containing 2 x 10° cells/ml 

were incubated for 2 hr with 0 ( ), 38 ( ) and 764M 

Virazole ( ); after incubation total polysomes were 

extracted and isolated in a sucrose gradient, as described 

under Methods. The total extract (1 ml) was applied onto 
the gradient. 


dGTP and GTP pool sizes. The coincubation ex- 
periments showed that guanosine and xanthosine can 
abolish the potency of Virazole to inhibit cell prolifer- 
ation, to some extent. Therefore it was very likely 
that Virazole inhibits the synthesis of dGTP and GTP 
in intact cell system. For that reason L5178y cells 
were incubated with Virazole and subsequently the 
pool size-of dGTP and GTP in these drug-treated 
cells was determined. The results are summarized in 
Table 3. After incubation of exponentially growing 
cells for 3 hr with the EDs, concentration of Virazole, 
the dGTP pool size is reduced to 46 per cent and 
the GTP pool to 74 per cent. At higher Virazole con- 
centrations the decrease in the pool sizes is even more 
pronounced. 


Influence of Virazole 5'-triphosphate on polymerase 
Systems 

The effect of Virazole 5’-triphosphate was determined 
in isolated DNA- and RNA polymerizing enzyme sys- 
tems. The enzyme assay systems for DNA-dependent 
DNA polymerase x and f from L5178y cells and the 
DNA-dependent RNA polymerase I and II from 
mouse liver consisted (among the other components 
mentioned under Methods) of 3 uM [*7H]dGTP or 
of 5 uM [7H]GTP. As the labeled triphosphate pre- 
cursor in the case of poly(A) polymerase 10 uM 
[7HJATP was used. The concentrations of labeled 


precursors in the assays are about half of the 
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Michaelis constant of the respective enzymes. It was 
found, that the addition of 100 4M Virazole 5’-tri- 
phosphate has no influence on the incorporation rate 
of the different enzymes. 


DISCUSSION 


The data presented indicate that Virazole is a 
potent cytostatic agent as tested in mouse lymphoma 
cells LS5178y. The EDs. concentration for this com- 
pound was found to be 4.7 4M. Under identical con- 
ditions, LS178y ‘cell proliferation is inhibited by 50 
per cent by 164M Formycin B[9]. 2.9 uM 9-f-p- 
arabinofuranosyladenine [25], 13.1 4M  Distamycin 
A [26] and | uM Bleomycin[13]. It remains to be 
studied whether Virazole affects normal cells with the 
same sensitivity as L5178y mouse lymphoma cells. 
Nevertheless the data presented in the present paper 
with L5178y cells show, that the synthetic triazole 
nucleoside acts not only as an antiviral drug, as pub- 
lished (review: 2] but also inhibitory on cell prolifer- 
ation of uninfected cells. The presented observation, 
that the vol. of the drug treated cells is identical to 
the one of the controls is the first clue that Virazole 
does not selectively inhibit DNA synthesis; in other 
words Virazole does not cause “unbalanced 
growth” [27] of the cells. This assumption was sup- 
ported by the presented in vitro studies determining 
the relative rate of synthesis of DNA, RNA and pro- 
tein in intact cells, using the determination method 
of incorporation of precursors into these macromole- 
cules. These experiments clearly demonstrated that in 
non-infected cells DNA- and RNA synthesis as well 
as protein synthesis are strongly affected by Virazole. 
The polysome formation, one parameter of mRNA 
synthesis, is also inhibited by Virazole. In a recent 
study [28], it has also been documented, that Virazole 
blocks cellular DNA synthesis. In addition the report 
of De Clercq et al. [29] indicates that the antiviral 
effect of Virazole might be a result of an inhibition 
of nucleic acid synthesis in infected cells. Taking these 
data together, we must conclude that Virazole is a 
chemotherapeutic agent with both a cytostatic and 
an antiviral activity. 

The molecular biological mechanism of action of 
Virazole is not yet fully understood. An important 
finding came from Streeter et al. [30] who could show 
that Virazole is phosphorylated intracellularly to Vir- 
azole 5’-phosphate. This nucleotide is a potent inhibi- 
tor of IMP dehydrogenase from Ehrlich ascites tumor 
cells with a high relative affinity (K;:K,,,) of 0.014 [30]. 
This in vitro result suggested that the cytostatic effect 
is due to an inhibition of the synthesis of the guano- 


Table 3. Alteration of dGTP and GTP pool sizes in dependence on Virazole* 
| 





Influence on 
Virazole cell doublings 
concentration 


(uM) Doubling steps 


Pool size of nucleotide 
(pmoles/10° cells) 
dGTP GTP 


per cent 





0 0.24 
38 0.13 
76 0.06 


100 , 
55 0.32 
23 0.28 


0.69 5.3 
3.9 


2.6 





*%) 


x 10’ exponentially growing cells were incubated for 180 min with 0. 38, and 76 uM 


Virazole. Subsequently the pools were determined as described under Methods. 
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sine nucleotides. The assumption is verified by our 
observation that in the presence of Virazole the intra- 
cellular pool sizes of dGTP and GTP decrease. There- 
fore at the present state of knowledge the inhibition 
of nucleic acid syntheses must be attributed to the 
depletion of the treated cell with regard to dGTP 
and GTP. 

Our coincubation experiments with Virazole in 
combination with natural nucleosides using L5178y 
cells (not infected with virus) showed that adenosine 
had no influence on the Virazole-caused cytostasis, 
however guanosine, xanthosine and inosine abolished 
the inhibitory potency of Virazole. A similar finding 
was described for Vero cell cultures, infected with 
measles virus [30]; in these experiments the anti-virus 
activity of Virazole was also reduced by xanthosine 
and guanosine. From that it seems to be clear, that 
first, the biosynthesis of dGTP and GTP is blocked 
by Virazole at the step of IMP dehydrogenase or ear- 
lier; this dehydrogenase catalyzes the conversion of 
IMP to XMP [31]. Second, the step GMP-synthetase 
(conversion of XMP to GMP:[32]) is not affected. 

The experiments of Streeter et al. [30] indicate that 
the monophosphate of Virazole is synthesized in in- 
tact eukaryotic cells. Nevertheless we tested Virazole 
5'-triphosphates in different DNA- and RNA poly- 
merizing enzyme systems and found no effect on euk- 
aryotic DNA polymerase x and f, eukaryotic RNA 
polymerase I and II and eukaryotic poly(A) polymer- 
ase. 
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Abstract—The alkaloid acronycine interacts with cell-surface components of the murine leukemia cells 
resulting in inhibition of nucleoside transport. Other consequences of this interaction are altered binding 
of fluorescent probes, and altered cell behavior in a two-phase aqueous polymer system. Amino acid 
transport was not affected by acronycine, but high levels of the drug inhibited synthesis of protein. 


The drug acronycine (Fig. 1) has antitumor activity 
in several experimental systems [1]. Drug-induced in- 
hibition of growth of murine leukemia L5178Y cells 
in culture has been reported [2]. The apparent inhibi- 
tion of incorporation of exogenously-supplied uridine 
into RNA [2] was not caused by drug-induced inhibi- 
tion of intracellular uridine biotransformations, sug- 
gesting [3] inhibition of uridine transport by acrony- 
cine. In this report, we show that the interaction 
between acronycine and L1210 and L5178Y murine 
leukemia cells has several demonstrable conse- 
quences, including inhibition of nucleoside transport 
across the cell membrane. 


MATERIALS AND METHODS 


Uridine and thymidine, both labeled with '*C in 
the 2 position of the pyrimidine ring (10-25 mCi/m- 
mole), [carboxyl-'*C]cycloleucine (30 Ci/mole) and 
L-leucine-1-['*C] (15 Ci/mole) were purchased from 
New England Nuclear Corp., Boston, MA. These 
were diluted with carrier to obtain stock solutions 
of 0.i-10 uM, containing approx. 5,000cpm/l of 
solution as measured by liquid scintillation counting. 

Acronycine (NSC 403169) was provided by the 
Division of Cancer Treatment, National Cancer Insti- 
tute, NIH. The drug was dissolved in N,N-dimethyl- 
formamide at a level of 10 mg/ml. No more than 3 ul 
of DMF* was added per ml of cell culture; an equiv- 
alent amount of DMF was added to control tubes 
in all experiments shown here. 

Dansyl cadaverine was purchased from Vega-Fox 
Biochemicals, Tucson, Arizona; solutions of 10 mM 
were prepared in DMF. ANS (1-anilino-8-naphtha- 
lenesulfonate) was purchased from Pierce Chemical 
Co., Rockford, IL; aqueous solutions of 10 mg/ml 
were employed. The Mg salt of ANS was converted 
to the sodium salt by treatment with Dowex 50. 

Data relating to the effect of acronycine on survival 
of tumor-bearing animals was provided by Mr. I. 





* Abbreviations: DMF: N,N'-dimethylformamide; 
HEPES: N-2-hydroxyethylpiperzaine-N-2’-ethanesulfonic 
acid; ANS: 1-Anilino-8-naphthelenesulfonic acid; DCV: 
Dansyl cadaverine; PEG: Polyethylene glycol. 


Wodinsky, Arthur D. Little Corp., Cambridge, MA, 
and by the Division of Cancer Treatment, NCI, NIH. 

L5178Y cells were obtained from Dr. H. B. Bos- 
mann, University of Rochester Medical Center, 
Rochester, NY, and were grown in sealed flasks using 
Fisher’s medium + 10°, fetal serum. L1210 cells were 
obtained from the Arthur D. Little Corp., Cambridge, 
MA, and were grown in sealed flasks with MEM- 
Eagle’s medium (spinner modification) + 10°, fetal 
calf serum. All biologicals were purchased from 
Grand Island Biological Corp., Grand Island, NY. 

Studies were generally carried out using 7 x 10° 
cells/ml suspended in growth media with an equimo- 
lar amount of HEPES (pH 7.4) replacing NaHCO, 
to minimize pH drift. Cell suspensions (1 ml portions) 
were incubated together with specified levels of 
acronycine, for 5-10 min at 10° or at 37°. If washing 
was specified, the cells were then collected by centrifu- 
gation (30sec at 1000g) and quickly suspended in 
0.9% NaCl. After an additional centrifugation, cells 
were resuspended in HEPES-buffered growth 
medium. 

Nucleoside transport was measured at 10° to mini- 
mize subsequent nucleoside incorporation into nuc- 
leic acid [4]. After drug treatment, cell suspensions 
were chilled at 10°, and incubated with 0.2-100 uM 
levels of labeled nucleosides. The level of radioactivity 
was maintained at approx. 50,000 cpm/mlI of cell sus- 
pension by addition of carrier nucleoside. After 3 min 
at 10°, the cells were collected by centrifugation 
(30 sec.) and washed once in 0.9°; NaCl containing 
100 uM persantin to prevent loss of nucleoside pools 
(5-7). The packed cells were then dispersed in 500 sl 
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Fig. 1. Structure of acronycine. 
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of 0.9% NaCl and intracellular radioactivity was 
measured by liquid scintillation counting. The 
appearance of label in intracellular nucleosides, nu- 
cleotides and nucleic acid was measured as described 
in Ref. 8. 

The effect of acronycine on nucleoside exodus from 
cells was measured by pre-loading cells (10 min, 10°) 
in medium containing 25 uM levels of labeled uridine 
or thymidine. These cells were collected by centrifuga- 
tion and suspended in fresh medium at 10° containing 
0-300 uM acronycine. At intervals, aliquots of the 
suspension were removed, the cells collected, and in- 
tracellular radioactivity was measured as described 
above. 

Drug effects on protein synthesis were measured 
at 37° by monitoring incorporation of labeled leucine 
into the acid-insoluble material. To measure amino 
acid uptake, the leucine analog cycloleucine [8] was 
employed. Drug-treated cells were incubated for 
10 min at 37° in medium containing 0.1 mM ['4C]- 
cycleucine; the cells were collected by centrifugation, 
washed twice with 0.9°% NaCl at 4°, and radioactivity 
in the cell pellets was measured. 

Drugs effects on incorporation of radioactive nuc- 
leosides into nucleic acid were measured as described 
before [9]. 

Electrophoretic mobility of cells was measured 
[10,11] at 25° in a buffer composed of 14.5mM 
NaCl, 0.4mM NaHCO, and 4.5°% sorbitol at pH 7.2, 
using a Rank Bros., Mark II apparatus (Rank Bros., 
Cambridge, England). For each determination, 10 
cells were measured with change of polarity between 
each measurement. 

The partition coefficient [12,13] of cells was 
measured in the two-phase aqueous polymer systems 
described in Table 4. To 9.9 ml of the complete system 
was added a 0.1 ml suspension of 8 x 10° cells in 
150 mM NaCl. The cells had previously been treated 
(10 min, 37°) with 0-300 uM acronycine at 37°, then 


washed once with 0.9°, NaCl. After gentle mixing, an . 


aliquot of 0.5ml was removed from the tube and 
diluted with 9.5 ml of Isoton (Coulter Electronics, Inc) 
for determination of cell number using a Coulter Z, 
counter. Meanwhile, the polymer phases were then 
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allowed to separate at 0° or at 10° as specified. The 
volume and number of cells in the top phase was 
measured. The partition coefficient was the number 
of cells in the top phase expressed as percent of the 
total number of cells present. 

The fluorescence of cells after treatment with dansyl 
cadaverine [14] was measured in an Aminco record- 
ing fluorometer at room temperature. One ml por- 
tions of cell suspensions in HEPES-buffered growth 
medium were treated with 0-300 uM acronycine for 
5 min at 37°, washed once in 0.9% NaCl, and resus- 
pended in fresh medium. Dansyl cadaverine was 
added (final concentration = 0.1 mM) and the incuba- 
tion was continued for an additional 30 min at 37°. 
The cells were collected by centrifugation, washed 
once with 0.9°, NaCl and suspended in 2 ml of 0.9% 
NaCl for fluorescence measurements. An excitation 
wavelength of 340 nm was used, with light emission 
measured at 515 nm. 

Studies employing the fluorescent dye ANS were 
carried out by a different procedure. Cells were sus- 
pended in a buffered-salts medium (TES-E, described 
in Ref. 9) at a concentration of 7 x 10° cells/ml. One 
ml portions were incubated with 0-300 uM acrony- 
cine for 5min at 37°, washed once, and suspended 
in TES- E buffer at 10°. An aqueous solution of ANS 
(final level = 10 uM) was then added, in incubation 
was continued for 90 min, and fluorescence measured 
(excitation wavelength was 375nm, emission mea- 
sured at 480 nm). 

Control experiments were carried out in which the 
fluorescent dyes were omitted, to permit correction 
for inherent fluorescence of cells and of acronycine. 


RESULTS 


Drug-induced inhibition of nucleoside transport. Dur- 
ing 10min incubations at 10°, extracellular uridine 
was readily accumulated by L5178Y or L1210 cells 
(approx. distribution ratio = 1). After incubations, we 
found less than 5°% of intracellular radioactivity was 
inccrporated into acid-soluble material (RNA). The 
intracellular acid-soluble radioactivity was composed 
of 75° uridine and 25% uridine nucleotides. 


~/0 


Table 1. Effects of acronycine on uridine uptake (10°) and incorporation into RNA 


(37°) 





Uridine level 


uM 


Uptake 


20* 


RNA synthesis 


Cell line O* 100* OF 207 1007 





(0.2 LS5178Y 0.20 0.086 
10 .O2 3.09 
30 :. 6.34 

100 9.95 
300 12.3 

0.2 L1210 0.094 
10 5.18 2.45 
30 8.3 3.8 

100 48 
300 5.4 


0.030 0.135 
4.06 
7.98 
11.6 
13.1 
0.073 
2.43 
5.3 
9.0 
11.0 


0.061 
250 
5.04 
9.3 
12.1 
0.059 
yl 
4.5 
7.6 
9.8 


0.023 
0.93 


AMNAwWe Onnnd 





Data are in terms of umoles of uridine accumulated/| of cell water, in a typical 
experiment. 

*Level of acronycine (yumoles/liter) present during 10min incubations at 10°, 
together with specified concentrations of ['*C]uridine. 

+ Drug and ['*C]uridine were present at 37° during a 10 min incubation; incorpor- 
ation of label into RNA was measured as described in the text. 





Acronycine 


When acronycine was present during these incuba- 
tions at 10°, we found the drug (at levels of 20 uM) 
to be a competitive inhibitor of uridine uptake by 
L5178Y cells (Table 1). Results shown in Table 1 rep- 
resent intracellular nucleoside levels achieved after 
10 min incubations, and indicate an apparent K,, of 
25 uM for the uridine uptake process in L5178Y cells. 
The competitive inhibition of such uptake by acrony- 
cine had an apparent K; = approx. 20 uM. Acrony- 
cine was a less effective inhibitor of uridine uptake 
in L1210 cells; uptake K,,= 35M, apparent 
K; = 75-100 uM. In the L1210 cell line, drug-induced 
inhibition of uridine uptake showed kinetics of non- 
competitive inhibition; at a 20 uM acronycine level, 
inhibition was not reversed by increased uridine con- 
centration. These results were not altered when radio- 
active thymidine replaced uridine. In another series 
of experiments, we found that a 10 yg/ml level of 
cycloheximide failed to affect uptake of uridine or 
thymidine, although protein synthesis was inhibited 
by 95 per cent in either cell line. 

Effects of acronycine on nucleoside uptake at 37 
can be inferred only indirectly, since incorporation 
of nucleoside into nucleotides and RNA rapidly 
occurs at this temperature. The data of Table | indi- 
cate that the degree of inhibition by acronycine was 
essentially the same whether uridine uptake at 10 
or incorporation of uridine into RNA at 37° was 
being measured. In light of data indicating a lack of 
effect of acronycine on metabolism of intracellular 
uridine [3], we interpret the data of Table 1 to indi- 
cate that acronycine inhibits nucleoside transport 
equally well at 10° and at 37°. 

Nucleoside exodus. L5178Y and L1210 cells were 
pre-loaded with radioactive uridine (extracellular nuc- 
leoside level = 25 uM) at 10°, then suspended in fresh 
medium at the same temperature. Nucleoside loss was 
rapid, with a half-time of 0.3 min as previously de- 
scribed [6,7]. In the presence of acronycine, this 
exodus was markedly slowed (Table 2). In these ex- 
periments a 30 uM acronycine level was as effective 
as 100M persantin as an inhibitor of nucleoside 
exodus. 

Amino acid uptake and protein synthesis. Uptake of 
the leucine analog cycloleucine [8] was unaffected by 
300 uM acronycine in L5178Y or L1210 cells. The 


Table 2. Inhibition of uridine exodus by acronycine 





L1210 
cpm/107 cells 


L5178Y 
cpm/10’ cells 


Time 
min 


Drug level 
EM 





4980 

925 

25 

3 4915 

10 4305 

3 5050 

10 4735 

Persantin 10 4895 
100 uM 


None 





Cells were incubated for 10 min at 10° in medium con- 
taining 254M of ['*C]uridine, then suspended in fresh 
medium for specified times in the presence of 0, 10, 30 uM 
acronycine, or 100M Persantin. Intracellular radioac- 
tivity was measured at specified intervals after the suspen- 
sion in fresh medium. 
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Table 3. Effects of acronycine on the partitioning of cells 
in a two-phase polymer system 





LS5178Y LS178Y L1210 L1210 





Components: 
Dextran (w/v) 

PEG (w/v) 

NaCl (mM) 
Sucrose (mM) 
NaPhosphate (mM) 
Temperature (mM) 
Acronycine 

level (uM): 





0 
10 
30 

100 





The two-phase system contained specified levels of the 
components listed above. Partition coefficient represents 
the % of the total number of cells found in the upper 
phase after 60min at the specified temperature. These 
numbers are reproducible to + 10° for a given cell batch. 


amino acid was concentrated 2-fold from an extracel- 
lular 0.1 mM level. But 100 uM acronycine inhibited 
the incorporation of ['*C]leucine into protein by 50 
per cent in both cell lines. In another experiment, 
we found that 10 yzg/ml cycloheximide inhibited pro- 
tein synthesis by 95 per cent without affecting uptake 
of cycloleucine. These data indicate inhibition of pro- 
tein synthesis, but not of amino acid transport, at 
high acronycine levels. 

Whole-cell microelectrophoresis. The electrophore- 
tic mobility of L5178Y cells across a 60V_ poten- 
ial gradient was —1.56+0.14 in units of pm/V 
cm/sec. The corresponding value L1210 cells was 
—2.01 + 0.09 m/V/cm/sec. These values were not 
significantly altered by incubation of cells for 10 min 
at 10° or at 37° in medium containing 100 uM 
acronycine. 

Two-phase partition studies. These studies were car- 
ried out in systems described in Table 3. The precise 
composition of these mixtures was based on the re- 
quirement that at least 20 per cent of the cell popula- 
tion partition into the upper phase of control tubes. 
Systems permitting observation of the partition coeffi- 
cient in solutions containing 10mM and in 120mM 
phosphate buffer were utilized. Under these condi- 
tions, we found that the partition coefficient of both 
L5178Y and L1210 cells was markedly reduced fol- 
lowing treatment with acronycine. Under conditions 
employed in these experiments, cycloheximide 
(10 ug/ml) did not alter the partition coefficient of 
either cell line. 

Studies involving fluorescent membrane probes: dan- 
syl cadaverine. Binding of dansyl cadaverine [14] was 
substantially enhanced by prior treatment with 
acronycine of L5178Y cells (Table 4). Similar results 
were obtained employing the L1210 cell line. In con- 
trast, exposure of cells to high acronycine levels 
caused a decrease in total fluorescence, perhaps sug- 
gesting a chaotropic effect of this agent at a high con- 
centration. . 

Fluorescence studies involving ANS. Prior treatment 
of L5178Y cells with acronycine markedly decreased 
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Table 4. Effect of acronycine on the fluorogenic interaction 
between L5178Y cells and membrane probes 





Fluorescence units 


ANS? 


Acronycine level 
uM DCV* 





0 183 71 
10 240 68 
30 270 47 

100 283 42 
300 90 10 





*Cells were incubated with acronycine at 37°, then 
washed and treated with dansyl cadaverine at 37° as de- 
scribed in the text. These results were reproducible with 
an accuracy of + 5% in replicate experiments. 

+ Cells were treated with acronycine at 37°, then washed 
incubated with ANS at 10° as described in the text. Data 
shown here were reproducible to within + 5% in replicate 
experiments. 


the fluorescent interaction between ANS and L5178Y 
cells (Table 4). Similar results were also obtained with 
the L1210 cell line. Since components of the growth 
medium contributed to the blank, cells were sus- 
pended in a buffered-salts medium for this study. 

Antitumor effect of acronycine in vivo. Although in- 
hibition of growth of L5178Y cells in vitro by acrony- 
cine has been shown [2], the agent was found to be 
ineffective against this tumor in vivo.* The drug was 
also essentially ineffective in vivo against the L1210 
murine leukemia.t 


DISCUSSION 


Under conditions described here, we found that the 
drug acronycine interacts with L5178Y and L1210 
murine leukemia cells to produce several measurable 
effects. 

1. Inhibition of nucleoside transport both inward 
and outward. 

2. Decreased partition of cells in a two-phase 
aqueous polymer system. 

3. A decrease in the fluorogenic interaction between 
cells and the membrane probe ANS, a dye known 
[20] to become strongly fluorescent in a hydrophobic 
environment. 

4. An increased fluorogenic interaction between 
cells and the dye dansyl cadaverine. 

We interpret these data to indicate that the drug 
acronycine produces an alteration in the cell surface 
of the murine leukemia cell and that this alteration 
results in impaired transport of one class of biological 
material: the nucleosides. 

Dunn [3] had provided data strongly suggesting in- 
hibition of nucleoside transport by acronycine; the 
drug impaired incorporation of extracellular uridine 
into RNA but did not affect nucleotide formation or 
incorporation of intracellular nucleotides into RNA. 





* Data provided by Mr. Wodinsky, Arthur D. Little 
Corp., Cambridge, MA. Drug was administered i.p. 
(140 mg/kg) for 9 successive days to animals which had 
been inoculated i.p. with 10° tumor cells on day 1 without 
significantly prolonging survival. 

+ Data provided by Division of Cancer Treatment, NCI. 
A drug dose of 50 mg/kg was employed; conditions were 
otherwise as specified in footnote * (above). 
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We have confirmed this suggestion, using methods 
described previously [6, 7]. 

At levels which strongly inhibited nucleoside trans- 
port, acronycine had no effect on uptake of a neutral 
amino acid, cycloleucine. At higher drug levels, inhibi- 
tion of incorporation of leucine into protein was 
found, however. A more substantial inhibitor of pro- 
tein synthesis, cycloheximide, did not inhibit nucleo- 
side transport, nor did it alter any cell-surface pro- 
perty measured here. The interference with protein 
synthesis produced by acronycine might, however, be 
ultimately responsible for the drug-induced inhibition 
of cell growth in culture [2]. 

In order to more fully characterize the acronycine- 
cell interaction, we have employed several biophysical 
methods previously used to characterize cell-surface 
properties. 

The distribution of a cell population between 
two layers of a phosphate-containing dextran-PEG 
mixture provides a sensitive measurement of the 
cell-surface electronegativity to a depth of 60A 
[12,13,15-19]. In systems containing substantial 
(120 mM) levels of phosphate ion, the unequal distri- 
bution of phosphate between the phases results in a 
preferential partitioning of electronegative cells into 
the top layer; the partition coefficient of different cell 
preparations is thus lowered if the electronegativity 
of the cell is decreased. In this study, we found that 
the partition coefficient was decreased by acronycine 
treatment, even in the presence of only 10 mM phos- 
phate. Under these conditions, the relative affinity of 
the cell-surface for the two different polymer-rich 
layers becomes the major determinant of partitioning 
behavior [12,19]. We found no evidence for any 
alteration of electrophoretic mobility of whole cells 
upon treatment with acronycine. Walter [19] con- 
cluded that the composition of cell-surface fatty acids 
was one determinant of partition ratio of cells in a 
system containing low levels of phosphate. Other such 
determinants are suggested by our studies involving 
the fluorescent membrane probes. 

The fluorescent interaction between ANS and the 
cell-surface has been characterized as a result of bind- 
ing of the dye to hydrophobic surface regions 
[20-24], although the process may be more complex. 
In the present study, we found that prior treatment 
with acronycine markedly reduced the fluorescent in- 
teraction between murine leukemia cells and ANS. 
This finding suggests that acronycine-treated cells 
might have a less ‘hydrophobic’ cell surface than un- 
treated cells, and that the reduced partition ratio of 
treated cells reflects the alteration. 

The L5178Y and L1210 cell lines appear to be rela- 
tively insensitive to antitumor effects of acronycine 
in vivo, although the former exhibited sensitivity to 
the drug in vitro [2,3]. In these cell lines, we could 
readily delineate several effects of acronycine on parti- 
tioning behavior, and impaired transport of nucleo- 
sides. The biophysical techniques examined here 
appear to provide sensitive means for assessing drug 
effects at the cell surface [25]. 

At the present state of our knowledge on correla- 
tions between cell-surface phenomenon and drug 
action in vivo, we can only speculate on the conse- 
quences of the effects being measured here. The rapi- 
dity with which acronycine causes cell-surface alter- 
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ations suggests that these are primary effects, rather 
than secondary results of drug-induced inhibition of 
macromolecular biosynthesis. 
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SHORT COMMUNICATIONS 


Effects of Org 6582, chlorimipramine and desmethylimipramine 
on the depletion of biogenic amines from the rat brain in vivo 


(Received 26 May 1976; accepted 3 August 1976) 


The biogenic amine hypothesis of depression postulates 
that the clinical symptorns of the disease arise from a defi- 
ciency of one or more of these amines at receptor sites 
within the brain. This hypothesis is substantiated by 
studies on the turnover and uptake of noradrenaline and 
serotonin following the administration of clinically effective 
antidepressants which block the uptake of these amines 
[1-5]. The credibility of this amine hypothesis has been 
the subject of a detailed review recently [6]. 

We have been studying the mode of action of antidepres- 
sant drugs of diverse chemical structure with a view to 
determining whether the clinical efficacy is related (a) to 
their ability specifically to reduce the re-uptake of norad- 
renaline and/or serotonin into central neurones in vivo, (b) 
to an action on amine metabolism which is independent 
of an effect on the uptake system. Our approach has been 
encouraged by the finding that a new tetracyclic antide- 
pressant drug, Org GB94, is devoid of any action on the 
amine uptake systems in vivo [7,8] and furthermore, unlike 
the dibenzazepine antidepressants of the imipramine type, 
it increases rather than decreases noradrenaline turnover 
in vivo [9]. Iprindol is another example of a clinically effec- 
tive antidepressant which does not affect amine re-uptake 
and in addition does not affect amine turnover in vivo; 
its main action appears to be related to a direct effect 
on post synaptic noradrenergic receptors [9, 10]. 

Org 6582 is a bicyclononene derivative which was to 
some extent modelled on p-chloramphetamine, a drug 
which has less central stimulant activity than d-ampheta- 
mine and which appears to act primarily by reducing the 
cerebral synthesis of serotonin [11,12]. p-Chloroampheta- 
mine has been shown to have antidepressant properties 
in man[13]. Sugrue and colleagues[14] have recently 
shown that Org 6582 is quite specific in its ability to reduce 
the activity of serotoninergic neurones in vivo. Further- 
more, these authors found that the reduction in the con- 
centration of noradrenaline in the rat heart caused by 
metaraminol or 6-hydroxydopamine was unaffected by 


pretreatment with Org 6582 [14]. We were therefore inter- 
ested in determining the effects of Org 6582 on the deple- 
tion of noradrenaline, dopamine and serotonin in vivo in 
the rat brain and to compare its action with desmethylimi- 
pramine (DM]), a tricyclic antidepressant which is a potent 
inhibitor of catecholamine uptake [15] and with chlorimi- 
pramine, an inhibitor of serotonin uptake [16]. It has been 
shown that some substituted tyramine derivatives deplete 
brain catecholamines and serotonin after they have been 
transported into the neurone by means of specific amine 
carrier mechanisms [17]. A drug which inhibits this uptake 
mechanism will therefore reduce the depletion of brain 
amines by the tyramine derivatives. This provides a 
method whereby an assessment can be made of the effect 
of a drug on amine uptake in vivo. 

In these experiments, male Wistar rats (95-105 g) were 
used. They were housed under normal animal house condi- 
tions until the commencement of the experiment and then 
randomly assigned to cages in groups of five. Groups of 
rats were then injected at time 0 and 2hr with either 4-a- 
dimethyl-m-tyramine (H77/77) or with 4-methyl-a-ethyl-m- 
tyramine (H75/12). These substituted tyramine derivatives 
have been shown by Carlsson [17] to have a high speci- 
ficity for the uptake and binding mechanism of the in- 
traneuronal storage granules for the catecholamines and 
serotonin respectively. At time 0 some groups were also 
injected with Org 6582 (40 mg/kg i.p.), with DMI (20 mg/kg 
i.p.) or with chlorimipramine (20 mg/kg i.p.) either alone 
or in combination with one of the substituted tyramine 
derivatives. After 2hr these animals were again treated 
either with Org 6582 (20 mg/kg ip.) or DMI (20 mg/kg 
ip.) or chlorimipramine. Those groups treated with the 
tyramine derivatives were injected at times 0 and 2 hr with 
either 12.5 mg/kg i.p. of H77/77 or with 25 mg/kg i.p. of 
H75/12. The control group was injected with physiological 
saline. During the period of drug treatment each cage con- 
sisted of one control rat and one rat from each treatment 
group. By using such a block design it has been shown 


Table 1. Effect of Org 6582 and desmethylimipramine on the depletion of brain catecholamines caused by 4-a-dimethyl- 
m-tyramine (H77/77) 





H77/77 


Control H77/77 alone 


on 
Org 6582 


H77/77 
+ 


DMI DMI alone 


Org 6582 alone 





0.084* 0.077* 
(—50, —35) 


— 43% 

0.639* 
(—31,—6) 

— 20% 


Noradrenaline 0.147 


— 48°, 


Dopamine 0.622* 


(—54, —40) 


0.129 
(=239 
ce: 12° 


</o 


0.738 
(—21, 


0.128 0.102*+ 
(— 24, 0) 
—13% 
0.721 
(—22, +6) 
—9Y 


0.646* 
(—30, —5) 
—19% 





Each figure represents the mean value (ug/g wet wt of whole brain) of 5 rats. Ninety-five °, confidence limits are 


shown in parenthesis. 


* Difference between the treated and control group significant at P < 0.05. 
+ Difference between the group treated with H77/77 alone and that treated with H77/77 + DMI significant at P < 0.05. 
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Table 2. Effect of Org 6582 and chlorimipramine on the depletion of brain serotonin caused by 4-methyl-a-ethyl-m-tyra- 
mine (H75/12) 





H75/12 


alone 


H75/12 + 


Control Org 6582 


Org 6582 
alone 


H75/12 + 
chlorimipramine 


Chlorimipramine 
alone 





0.52 0.44* 
(—30, —2) 


—-17™% 


0.57+ 
(—9, +27) 
+ 8% 


Serotonin 


0.55 
(—12, +23) 
+4%, 


0.55 
(—11, +25) 
+6% 


0.52t 
(—16, +17) 


° 
—f ° 





Each figure represents the mean value (ug/g wet wt of whole brain) of 5 rats. Ninety-five per cent confidence limits 


are shown in parenthesis. 


* Difference between the treated and control group significant at P < 0.05. 
+ Difference between the group treated with H75/12 alone and that treated with H75/12 + Org 6582 significant 


at P < 0.05. 


that differences between the various treatment groups due 
to environmental changes are minimized [24]. 

* All animals were decapitated 4 hr after the initial injec- 
tion, the whole brain minus cerebellum removed, rapidly 
weighed and homogenized in a dilute HCI: sodium edate 
medium (0.01 N HCl containiing 10% (w/v) ethylene dia- 
mine tetraacetic acid as the disodium salt). After centrifu- 
gation (800 g for 20 min), aliquots of the clear supernatant 
were taken for spectrophotoflourimetric assay of norad- 
renaline and dopamine, following alumina purification [18f 
or serotonin following n-butanol extraction [20]. The 
values for the amine concentrations were not corrected for 
100 per cent recovery. The recoveries of serotonin and 
dopamine were approximately 80 per cent, and that for 
noradrenaline 60 per cent. 

The results, expressed as the mean and 95°, confidence 
limits, were analysed statistically as described by van 
Riezen and Delver [24]. This method of expressing the 
results enables the block differences between the various 
treatment groups to be eliminated. 

The results of this study are shown in Tables 1 and 
2. It can be seen that H77/77 has a more marked effect 
in depleting noradrenaline than it does on dopamine 
(Table 1). Furthermore, whereas DMI was effective in 
partly reversing the depletion of noradrenaline by H77/77 
it had no effect on the depletion of dopamine, Org 6582 
was ineffective in reversing the tyramine induced depletion 
of both noradrenaline and dopamine. The results of this 
experiment suggest that different mechanisms possibly 
regulate the uptake of these catecholamines, a view which 
was suggested by Halaris, Belendiuk and Freedman [21] 
from their study of the effects of a number of tricyclic 
antidepressants on the uptake of tritiated dopamine into 
synaptosomal suspensions and further substantiated by the 
kinetic studies of labelled noradrenaline and dopamine 
uptake by Snyder and Coyle [22]. 

Unlike its effect on catecholamine uptake, Org 6582 sig- 
nificantly reversed the depletion of brain serotonin by 
H75/12, an effect which it shared with chlorimipramine 
(Table 2). The depletion of brain serotonin by H75/12 is 
relatively small compared with the effects of this agent on 
other rat strains [17]. Other studies have shown that Org 
6582 differs from chlorimipramine in terms of its specificity 
of action on amine uptake systems. 

Thus Halaris and co-workers [21] have shown in their 
in vitro studies that of the nine tricyclic antidepressants 
studied, chlorimipramine was the most potent in block- 
ing tritiated dopamine uptake, whereas from the present 
study it would seem unlikely that Org 6582 has this effect. 
The results of the present study therefore extend and con- 
‘firm the views of other investigators [14] that Org 6582 
could be a specific inhibitor of serotonin uptake into 
central neurones in vivo with a neurochemical profile 
more closely resembling 3-(p-trifluoro-methyl-phenoxy)-N- 
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methyl-3-phenylpropylamine (Lilly 110140) than the tri- 
cyclic antidepressant chlorimipramine [23]. 
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Persistent effects of repeated injections of p-lysergic 
acid diethylamide on rat brain 5-hydroxytryptamine and 
5-hydroxyindoleacetic acid levels 


(Received 23 August 1976; accepted 29 October 1976) 


It is well known that D-lysergic acid diethylamide (LSD) 
has marked effects on central 5-hydroxytryptamine (5-HT)- 
containing neurons. Aghajanian ef al. [1,2] reported that 
a small dose of LSD blocks the firing of 5-HT neurons 
in the midbrain raphe. Similarly, the increase in 5-hydroxy- 
indoleacetic acid (5-HIAA) in rat forebrain produced by 
an elevated environmental temperature and suggested to 
be due to an increased firing of 5-HT neurons was also 
prevented by pretreatment with LSD [3]. In other studies, 
LSD produced a short-lasting increase in the 5-HT level 
and a corresponding decrease in the 5-HIAA level [4], 
reduced 5-HT synthesis [5,6], and blocked 5-HT release 
[7-11] in rat brain. Depletion of brain 5-HT by p-chloro- 
phenylalanine intensified the behavioral effects of LSD 
[12]. 

Injections once a day of a small dose of LSD (20 g/kg) 
for 2 weeks have been shown to result in a significantly 
reduced 5-HT turnover in rat midbrain when measured 
24hr after the last injection [13]. In contrast, a higher 
dose of LSD (100 wg/kg) for 2 weeks [14] or the same 
dose (20 ug/kg) given orally for 1 month [15] produced 
significant increases in rat brain 5-HT turnover. 

Repeated LSD use in humans has been reported to 
result in persistent reactions including “flashbacks,” i.e. a 
recurrence of certain drug effects long after the immediate 
effects of the drug have worn off (see for example Ref. 
16). A frequent speculation has been that repeated LSD 
use may cause persistent neurochemical changes which 
may underlie this phenomenon. We, therefore, investigated 
whether changes in 5-HT and 5-HIAA levels produced by 
repeated LSD injections to rats persisted beyond the 
period of 24hr after the final treatment previously studied. 

Male Sprague-Dawley rats (85-100 g) were given injec- 
tions once a day of LSD (100 g/kg) in physiological saline 
(2 ml/kg) by the intraperitoneal route. All injections were 
given between 10:00 and 10:30a.m. and unless otherwise 
stated the animals were killed by decapitation 24 hr after 
the final injection. In the first experiment, the animals 
received either LSD for 4 weeks or LSD for 2 weeks fol- 
lowed by saline for 2 weeks. The control group was given 
daily vehicle (saline) injections for 4 weeks. In the second 


experiment, the rats received either LSD or its injection 
vehicle for 2 weeks and the animals were killed 15 days 
later. 

After decapitation the brains were quickly removed, 
divided sagittally into equal left and right sides and each 
half was dissected into cortex, cerebellum, midbrain, pons- 
medulla, corpus striatum, and the remainder. The regions 
from the right side of the brain were homogenized in 4-6 
vol. of acidified butanol for the assay of 5-HT and 5-HIAA 
by the combined methods of Maickel et al. [17] and 
Curzon and Green [18]. The remaining brain parts were 
homogenized in 0.3M trichloroacetic acid for the assay 
of tryptophan by the method of Denckla and Dewey [19]. 

Table 1 shows the effect of 4 weeks of LSD treatment 
on 5-HT and 5-HIAA levels in the six brain regions stud- 
ied. We have previously shown that repeated LSD injec- 
tions (100 wg/kg/day for 14 days) produce a marked in- 
crease in brainstem 5-HIAA level (35 per cent) without 
a significant change in 5-HT [14]. In the present work, 
in which the period of treatment was increased to 4 weeks 
and the brainstem sub-divided into midbrain and pons- 
medulla, the 5-HIAA levels were not significantly different 
from control values, although the midbrain 5-HT level 
showed a small but statistically significant increase (11 per 
cent, P < 0.05). This reduced effect of LSD on brainstem 
5-HT and 5-HIAA after extended treatment may be a re- 
flection of the tolerance that occurs after repeated LSD 
treatments in the rat [20]. The only brain region studied 
in which this long-term treatment with LSD had any 
marked effect was the cerebellum. The increase in 5-HIAA 
and the decrease in 5-HT are consistent with an increased 
5-HT turnover in this region. 

Table 2 shows the effect of 2 weeks of LSD treatment 
on 5-HT and 5-HIAA levels measured 2 weeks after the 
last LSD injection. The results were similar regardless of 
whether daily saline injections (LSD + saline group) or no 
further treatment (LSD only group) was given during the 
final 2 weeks. The 5-HT levels in cortex and midbrain 
were significantly increased by both treatments without 
significant changes in 5-HIAA levels. The lack of change 
in the 5-HIAA level suggests that 5-HT turnover was not 


Table 1. Effect of 4 weeks of LSD treatment on 5-HT and 5-HIAA levels in various rat 
brain regions* 





5-HT (ng/g) 5-HIAA (ng/g) 








Brain region Saline LSD Saline LSD 





407 + 19 
475 + 33 
1156 + 21 
1203 + 36 
1146 + 43 
To 2 21 


335 + 24t 208 + 7t 
550 + 22 + 263 +2 
1282 + 35t + 612 
1111 + 28 2442 643 
1116 + 84 +2 724 
730 + 49 es 


Cerebellum 
Cortex 
Midbrain 
Pons-medulla 
Striatum 
Remainder 





* LSD (100 g/kg) or saline injections were given daily for 28 days and the animals killed 
24hr after the final injection. Results are given as mean +S. E. M. for groups of ten or 
more rats. 

+P < 0.05 (t-test). 
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Table 2. Effect of LSD and saline injections on 5-HT and 5-HIAA levels in various rat 
brain regions* 





5-HT (% control) 5-HIAA (% control) 








LSD only LSD + saline LSD only 


Brain region 


LSD + saline 





Cerebellum 100 
Cortex 120 
Midbrain 109 
Pons-medulla 103 
Striatum 92 
Remainder 104 
* Rats received daily LSD injections (100 g/kg) for 14 days followed by either 14 days 
of vehicle injections (LSD + saline group) or 14 days without further injections (LSD only 
group). Results are given as per cent of the corresponding control value (2 or 4 weeks 


nN 


102 
138 
116 
107 
102 
118 


-- 
—- 


ADw 
+ 
CUNAwWoh 
—- 
wh &wW WW 
WUADWwWDA DW 


\o 
w 
I I I+ I+ 1+ I+ 


He He I+ H+ H+ 1+ 
a) 


HEH H+ He H+ 
He He He HH + 





saline). 
+P < 0.05 


altered 15 days after the last LSD injection, in marked 
contrast to our previous reports of a marked change in 
5-HIAA level and 5-HT turnover in brainstem or midbrain 
24 hr after the final LSD injection [13, 14]. However, there 
was a consistent increase in 5-HT level after the 15-day 
post-LSD period which, in the absence of changes in 
5-HIAA, suggests an increased 5-HT storage. It is interest- 
ing that a similar increase in cortical and midbrain 5-HT 
was found in the 4-week LSD experiment, although in cer- 
ebral cortex the apparent increase was not statistically sig- 
nificant (P < 0.1 > 0.05). The increased level of 5-HT in 
two brain regions 15 days after the last of 14 daily LSD 
injections suggests a persistent LSD-induced neurochemi- 
cal alteration. However, the significance of this increase 
and its possible relationship to the persistent effects of LSD 
use in man are not yet clear. None of the brain regions 
studied showed a tryptophan level which was significantly 
different from the whole brain value of 5.81 + 0.20 g/g. 
The tryptophan levels were not significantly altered by 
LSD treatment. 

In summary, two weeks after the last of 14 daily LSD 
injections (100 g/kg) to rats, there was a significantly in- 
creased 5-HT level in both midbrain and cerebral cortex 
without a change in 5-HIAA levels. This suggests that bio- 
chemical effects of repeated LSD injections occur well after 
the final drug treatment. 

Rats given daily LSD injections for 4 weeks and killed 
24hr after the last injection showed a much smaller de- 
crease in midbrain 5-HIAA than previously reported 24 hr 
after the last of 14 daily injections of a smaller dose of 
LSD (20 pg/kg), suggesting tolerance to the effects of LSD 
with long-term treatment. 
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Influence of chronic pentobarbital or morphine treatment on the incorporation of °7P, 
and [*H]choline into rat synaptic plasma membranes 


(Received 16 July 1976; accepted 27 September 1976) 


The search for changes in brain membrane components 
that can be related to the development of functional drug 
tolerance and dependence has not been successful. For 
example, although protein synthesis inhibitors block the 
development of functional morphine or pentobarbital 
tolerance [1-4], to date there has been no demonstration 
of specific changes in the quantity and/or nature of a brain 
protein that can be related to tolerance development. Con- 
siderable evidence indicates that barbiturates act mainly 
at synapses, inhibiting excitatory synaptic transmis- 
sion [5-7] and either enhancing or preserving inhibitory 
transmission [8-10]. Morphine or related narcotics, 
through an interaction with a specific receptor, inhibit both 
the central and peripheral release of acetylcholine 
(ACh) [11-13]. In the isolated guinea pig myenteric plexus- 
gut preparation, the decrease in ACh release appears to 
be the specific mechanism by which narcotics block low 
frequency electrical stimulus-induced contractions [12, 13]. 
Thus, while the cause of tolerance development to either 
narcotics or barbiturates is unknown, it is not unreason- 
able to propose that tolerance development for both drug 
classes will involve a modification of a synaptic constitu- 
ent. In the present study, we have examined the effects 
of chronic pentobarbital or morphine treatment on the in- 
corporation of **P-phosphoric acid (+?P;) and [*H]choline 
into the phospholipids isolated from two unique popula- 
tions of rat subcortical synaptic plasma membranes (SPM). 
The SPM were derived from a light (L) and heavy (H) 
population of nerve ending particles (NEP); the NEP-L 
preferentially transport labeled y-amino-butyric acid while 
the NEP-H preferentially transport labeled norepinephrine 


[1]. 


Male Sprague-Dawley rats (Simonsen Laboratories, Gil- 
roy, CA) weighing 180-200g were implanted with a 
needle guide in the skull above the lateral ventricle. Four 
to 5 days after surgery, the animals were implanted s.c. 
with either two placebo, 75 mg morphine or 200 mg pento- 
barbital pellets. Twenty-four hr after pellet implantation, 
all groups of animals were given 100 yCi **P; (carrier free) 
and 20 wCi [*H]choline (sp. act. 10 Ci/m-mole, New Eng- 
land Nuclear Corp., Boston, MA). The isotopes were dis- 
solved in 20 pl of a freshly prepared Krebs-Ringer bicar- 
bonate buffer. Three and 24 hr after isotope administration, 
the animals were sacrificed and the subcortex was isolated 
by dissection. Microsomes, SPM-L and SPM-H, were pre- 
pared as described elsewhere[1]. Phospholipids were 
extracted and isolated, and specific activities were deter- 
mined as described by Abdel-Latif and Smith [14]. Data 
were analyzed by means of Student’s t-test (two-tailed). 

By using the pellet implantation technique, it is possible 
to maintain a constant rate of tolerance development for 
at least 2 days [15, 16] during which time it is appropriate 
to measure changes in the incorporation of labeled precur- 
sors into membrane components. The data in Table 1 show 
that chronic pentobarbital treatment significantly increased 
the incorporation of *?P, into the SPM-H acid phospho- 
lipid fraction, which contained phosphatidylserine (PS) and 
phosphatidylinositol (PI). Due to technical difficulties in 
consistently separating PS from PI by the thin-layer 
chromatography (t.l.c.) techniques employed, the PS and 
PI data have been combined. However, in some experi- 
ments, it was possible to determine that more than 95 per 
cent of the label in this fraction was 37P-PI. The increased 
incorporation of *?P, into the SPM-H acidic phospholipids 


Table 1. Effect of chronic morphine or pentobarbital treatment on the incorporation of *?P,; and 
[*H]choline into synaptic plasma membrane-H phospholipids* 





Activity 
(cpm/umole lipid P) x 10 


3 








Group PS + PI 


[*H]choline 
PC 


~ 
CY) 





oF +7 
95 + 9(141) 
86 + 8 (128) 


Control 24 384 +3 
Pentobarbital 24 484 
Morphine 24 369 


Control 
Pentobarbital 
Morphine 


1] 162 
7 168 
9 139 


13 433 


9 336 
14 318 


H+ HH 
sa ho 
wy 
= 
H+ H+ H+ 
H+ HH 


117 
111 
103 


H+ H+ 
H+ H+ H+ 
HH H+ 





* Animals were implanted with two placebo, 75 mg morphine or 200 mg pentobarbital pellets, s.c. 
Twenty-four hr later, the animals were given 100 wCi **P, (phosphoric acid) and 20 Ci [*H]choline 
intraventricularly. The animals were sacrificed 3 and 24hr later and synaptic plasma membranes were 
prepared from the subcortex as described elsewhere [1]. Phospholipids were extracted from the mem- 
branes, separated and their specific activities determined by conventional techniques. Data are the 
mean + S.E. of four to six experiments; a pooled sample of three rat brains per experiment was 
used. The per cent change from control when significant differences (P < 0.05) were found is given 
in parentheses. Abbreviations used are: PS + PI, phosphatidylserine plus phosphatidylinositol; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; and H, heavy, referring to synaptic plasma mem- 
branes derived from a heavy population of nerve ending particles. 
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Table 2. Effect of chronic morphine or pentobarbital treatment on the incorporation of *7P; and [*H]choline into 
synaptic plasma membrane-L phospholipids* 





Activity 
(cpm/umole lipid P) x 1073 





[*H]choline 





Time 


5+ PI 


Group 





Control 32 + 15 
Pentobarbital + 7 (58) 
Morphine 9 (62) 


I+ 


I+ I+ 


31 
27 (76) 
24 (80) 


Control 
Pentobarbital 
Morphine 


I+ I+ I+ 


~ 


61 +8 
63 + 10 
44 + 6(72) 
167 + 11 
147 + 21 
173 + 18 


+ 
4. 


Hy HHI 
——-5 Cx 


345 + 41 





*See Table | legend for details; L, light, referring to synaptic plasma membranes derived from a light population 


of nerve ending particles. 


was a specific response in the sense that it did not occur 
in the SPM-L fraction (Table 2) or in the microsomes (data 
not shown). In fact, in the SPM-L fraction, chronic pento- 
barbital treatment significantly inhibited **P, incorpor- 
ation into the acidic phospholipids. This differential effect 
of chronic pentobarbital treatment on the turnover of SPM 
components has also been observed in regard to protein 
turnover [1]. Chronic pentobarbital treatment has been 
found to significantly increase the incorporation of [*H]ly- 
sine into SPM-L but not SPM-H proteins [1]. In addition 
to the effects on the acidic phospholipids, chronic pento- 
barbital treatment significantly decreased **P, incorpor- 
ation into SPM-H phosphatidylethanolamine (PE) at 3 hr 
and decreased [*H]choline incorporation into SPM-L 
phosphatidylcholine (PC) at 24 hr after isotope administra- 
tion. 

The effects of morphine on the incorporation of 3?P, 
and [*H]choline into SPM phospholipids were for the 
most part similar to those observed with chronic pentobar- 
bital treatment. Chronic morphine treatment, however, did 
not significantly increase *?P, incorporation into the 
SPM-H acidic phospholipid fraction at 24hr nor did 
chronic morphinization inhibit **P, incorporation into PE 
at 3hr. In a previous study [17], it was observed that 
chronic morphine injections increased the turnover of 
({'*C]choline)-PC in the microsomal and mitochondrial 
fractions obtained from the diencephalon. The data in the 
present study, however, show that chronic morphinization 
either inhibited or had no effect on the incorporation of 
[?H]choline and 3*P, into PC. 

At first, it was considered that this difference was related 
to the change in subcellular fractions examined. However, 
we have found that morphine pellet implantation either 
decreased or had no effect on the rates of °7P; and 
[*H]choline incorporation into microsomal PC (data not 
shown). Thus, it would appear that the differences between 
the present results and those of our previous study are 
related to either the difference in the route and schedule 
of morphine administration and/or the technique for 
assessing changes in turnover (initial incorporation vs 
decay). It is well known that acute morphine treatment 
enhances 3?P, incorporation into brain phospholi- 
pids [18-21]. Muié [19] has further observed that toler- 
ance develops to this stimulatory effect. The data in the 
present study appear to complement this earlier work of 
Mule [19]. Chronic morphinization produced only a tran- 
sient small increase in the incorporation of **P, into the 
SPM-H acidic phospholipids; otherwise morphine inhi- 
bited or had no effect on SPM phospholipid turnover. 
Thus, the presumed, but not demonstrated, stimulation of 
SPM phospholipid turnover that would occur initially 


after morphine pellet implantation has disappeared. More 
importantly, the presént experiments indicate that, during 
a phase of rapid morphine tolerance and dependence de- 
velopment, there are no simultaneous large increases in 
SPM phospholipid turnover. We have, then, been unable 
to find a change in SPM phospholipid turnover which 
would be analogous to the hypothetical increase in brain 
protein synthesis that is related to tolerance and depen- 
dence development [2]. 
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Stimulation of renal gluconeogenesis by verapamil and D-600* 


(Received 18 June 1976; accepted 8 October 1976) 


’ 


At least three “on-off mechanisms are present in renal 
cortex that regulate the rate of glucose formation. Experi- 
ments in vitro with slices, tubules, and isolated perfused 
kidneys reveal that gluconeogenesis is stimulated by: (1) 
an increase in extracellular hydrogen ion concentration 
[1-6], (2) the presence of specific hormones, i.e. parathor- 
mone [7-10], catecholamines [11-13] and glucagon [11], 
and (3) calcium ion [1—3, 14, 15]. The mode of stimulation 
and the interaction of each of these mechanisms remain 
controversial [16], although there is substantial evidence 
to implicate cAMP in the endocrine and calcium-mediated 
effects. Beyond its role in renal cortex, Ca?* has also been 
shown to mediate important metabolic and physiologic 
functions in heart [17], myometrium [18, 19], and in cer- 
tain secretory tissues [20-23]. Ca *-associated activities in 
these tissues are inhibited by verapamil and 
D-600 [24-26]; presumably these agents block Ca?* chan- 
nels in the plasma membrane. In contrast to this seemingly 
generalized phenomenon, gluconeogenesis in renal tubules, 
a Ca**-stimulated function, is not blocked by verapamil 
and D-600. In fact, the gluconeogenic rate is accelerated 
in the presence of verapamil and D-600 and this response 
is independent of added Ca?*. 

Male, adult Sprague-Dawley rats (250-350 g) that had 
been fasted for 24hr were used in all experiments. After 
the rats were stunned by cervical fracture, the kidneys were 
rapidly removed and placed in ice-cold saline or phosphate 
buffer. The detailed procedure for isolating tubules and 
the ultra-structural and biochemical characteristics of the 
preparation have been described [27]. Slices of cortex were 
made with the Stadie-Riggs microtome and then incubated 
in a buffered medium with collagenase, albumin and Ca?*. 
After approximately 45 min, the suspension was filtered 
through three layers of gauze and the tubules were sedi- 
mented by centrifugation at 50g for 2 min. The superna- 
tant solution containing red blood ceils and kidney cell 
debris was discarded and the tubules were resuspended 
in the Ca?*-containing medium. After centrifugation and 
removal of the supernatant solution, the tubules were then 
suspended in a Ca’*-free medium, spun down, washed 
once again in a Ca**-free medium, and then suspended 
in 2 vol. of Ca?*-free medium. 

All incubations were carried out in 25-ml Erlenmeyer 
flasks containing 2.5 ml of tubular suspension (approxi- 
mately 12 mg protein) in a phosphate buffer (pH 7.4) at 
37°. The incubation was started by addition of tubules to 
the medium which had been equilibrated at 37° under 
100% O, for 5 min. Ethanolic solutions of verapamil and 
D-600 (kindly provided by Knoll Pharmaceutical Co.) were 
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added in 10-1 volumes; 10 yl ethanol was added to control 
vessels. Substrates were added as neutral solutions so that 
the final concentration was 5 x 10°3M. The incubation 
was terminated by immersion of the suspension in a boil- 
ing water bath for 30 sec. In those experiments where tubu- 
lar calcium content was measured, the heating step was 
omitted and the tubules were rapidly separated from the 
incubation medium by centrifugation and then washed 
twice in Ca?*-free medium before preparing a trichloro- 
acetic acid filtrate of the tubules. 

The glucose content of the supernatant solution pre- 
pared from the heat-treated tubular suspension was deter- 
mined by the glucose oxidase method (Glucostat-Worth- 
ington Biochemical). Net glucose production by the tubules 
was taken as the difference in glucose content of the incu- 
bated suspensions in the presence of substrate and in the 
absence of added substrate. Oxygen consumption was 
measured at 37° in a closed system of 3ml volume with 
the Clark electrode and continuously monitored on a Var- 
ian G-1000 recorder. A Techtron-AA5 atomic absorption 
spectrometer was used for determinations of the calcium 
content of the trichloroacetic acid extract of tubules. 

In vitro, gluconeogenesis by rat renal cortex is limited 
by substrate availability [27-29]. In isolated tubules incu- 
bated in phosphate buffer, succinate and «-ketoglutarate 
appeared to be among the most effective precursors for 
new glucose formation [28,29]. Exposure of tubules to 
10°*M verapamil or D-600 in short-term incubations 
(15 min) resulted in an increased rate of gluconeogenesis 
when either 5 x 10°3M succinate or a-ketoglutarate was 
present as substrate (Table 1). Lowering the concentration 
of verapamil and D-600 to 10°5M resulted in a lesser, 
but still significant stimulation of gluconeogenesis, while 
10°°M was without effect. Neither of these agents in- 
fluenced the respiratory rate of the tubule preparation 
(control 30.9 nmoles/mg of protein/min, 10°* M verapamil 
30.7, 10°*M D-600 31.0) in the presence or absence of 
added Ca** to the incubation. 
and D-600 on 


Table 1. Effect of verapamil 


gluconeogenesis* 





Substrate 


Succinate x-Ketoglutarate 





29.8 + 5.6 
43.8 + 14.5 
44.6 + 4.37 


Control 
Verapamil (10~* M) 
D-600 (10~* M) 


why 
Nas 
Aon 
H+ H+ + 
Noe 


~ Le 00 
—- + 





» 


Ca?* (2.5mM) was present. The values represent the 
mean + S.E. for net glucose production (nmoles/mg of 
protein/15 min). 

+ These levels are statistically different (P < 0.05) from 
the corresponding controls. 
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NET GLUCOSE PRODUCTION 


N 
6 2D D 
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Fig. 1. Effect of verapamil (10°* M) in the absence and 
presence of 2.5mM Ca?* on gluconeogenesis from suc- 
cinate (5 mM). Each value represents the mean + S.E. of 
at least four experiments; tubules were prepared from the 
kidney cortex of three rats for each experiment. 








Addition of Ca** at a concentration of 2.5mM_in- 
creased the rate of gluconeogenesis (Fig. 1) and elevated 
the calcium content of the tubules (Fig. 2). After 30 min 
of incubation, there was a 3-fold increase in net glucose 
production due to added Ca**. Tubule calcium content 
mereased from an _ initial value of 68+1.2 to 
12.8 + 2.0 nmoles/mg of protein after 15 min and did not 
increase further after an additional 15 min of incubation. 
Tubules incubated in the absence of Ca** actually lost 
calcium to the medium. Verapamil, an agent that blocks 
Ca’** channels in some tissues, exhibited no effect on net 
renal cortical calcium content (Fig. 2), but markedly stimu- 
lated the rate of new glucose formation regardless of the 
in the external bathing medium. 

Since Ca** is known to importantly regulate gluconeo- 
genesis in renal cortex [1—3, 14, 15], it would be anticipated 
that agents which have been shown to block Ca** chan- 
nels in the plasma membrane such as verapamil and D-600 
would also block gluconeogenesis. Clearly the response of 
the renal cortex to these agents departs from the observa- 
tions with all other tissues thus far studied. The present 
experiments suggest that the Ca?* uptake mechanism in 
renal cortex did not recognize verapamil as a blocking 
agent. Verapamil did not affect the net uptake of calcium 
when tubules were incubated in the presence of Ca?* and 
did not influence the net loss of calcium when tubules were 
incubated in a Ca**-free medium. These experiments do 
not, however, rule out the possibility of an intracellular 
redistribution of Ca?* by verapamil. 

In accord with the observed absence of an effect on net 
calcium transport in tubules, verapamil and D-600 did not 
inhibit gluconeogenesis. Rather, these agents effected a sig- 
nificant increase in the rate of gluconeogenesis. This stimu- 
latory effect was observed when Ca?* was deleted from 
the incubation medium, but was also apparent in the pres- 
ence of Ca?*. It appears that the verapamil-enhanced glu- 
coneogenic rate was additive to the Ca?*-stimulated rate, 
supporting the concept that the verapamil-stimulating 
mechanism could act independently of the Ca?* 
mechanism. 

An interesting relationship between H*, HCO;, pCO, 
and Ca** on renal cortical gluconeogenesis has been 
developing. H* and Ca** apparently stimulate gluconeo- 
genesis by different mechanisms [2]. Alleyne et al. [1] have 
provided evidence to suggest that the concentration of 
HCO, rather than the pH of the medium is responsible 


presence of Ca** 





* Reprint requests should be addressed to: Dr. Edwin 
E. Gordon, Department of Medicine, Westchester County 
Medical Center, Valhalla, NY 10595. 
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Fig. 2. Total calcium content after incubation of tubules 
in a Ca**-free and Ca?*-containing medium in the pres- 
ence and absence of 10°*M verapamil. Each value rep- 
resents the mean of at least four experiments and the S.E. 
does not exceed the limits of the mean symbol. 


for the alteration of renal gluconeogenesis induced by acid- 
base changes in experiments in vitro. These authors further 
demonstrated that the bicarbonate effect is masked at an 
optimal Ca?* concentration. In our experiments, a phos- 
phate rather than a bicarbonate buffer was used. Since 
Ca** was present at an optimal concentration (2.5 mM), 
it is unlikely that the Ca?*-stimulating effect on gluconeo- 
genesis would have been different in a bicarbonate buffer. 
It is possible, however, that the verapamil and D-600 effect 
on gluconeogenesis might have differed in a bicarbonate 
buffer. Conceivably, these agents could stimulate gluconeo- 
genesis by altering intracellular hydrogen ion or bicar- 
bonate ion concentration. Alternatively, these agents might 
exert their effects by increasing the concentration of cyclic 
AMP, by influencing monovalent ion channels [30], or 
by some other independent mechanism. 

These experiments with verapamil and D-600 are also 
revealing because they provide supporting data for the 
concept that the rate of gluconeogenesis is not an impor- 
tant determinant of the rate of mitochondrial energy gener- 
ation. Guder et al. [29] initially demonstrated that cyclic 
AMP increased gluconeogenesis without affecting the res- 
piration of renal cortical tubules. More recently, we have 
observed that gluconeogenesis may be blocked with quino- 
linic acid and hydrazine, without affecting respiration [27], 
and now we find that verapamil and D-600 stimulate glu- 
coneogenesis, but do not affect respiration. 

In summary, the rate of gluconeogenesis in renal cortex 
is stimulated by Ca?*; this phenomenon is associated with 
Ca?* uptake by the tissue. Verapamil and D-600, agents 
that block Ca** influx in myocardium, myometriu:r and 
pancreatic f-cells, are without effect on net Ca?* content 
in isolated renal cortical tubules incubated in the presence 
or absence of calcium. However, both verapamil and D-600 
stimulate gluconeogenesis by the tubules independent of 
the presence of Ca?* in the incubation medium. The data 
suggest that the gluconeogenic sequence is activated by 
verapamil and D-600 despite the lack of recognition of 
these agents by cell membrane Ca** transport sites. 
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Inhibition of dopamine f-hydroxylase by anti-thyroid agents, 
methimazole and propylthiouracil 


(Received 2 September 1975; 


1-Methyl-2-mercaptoimidazole (methimazole) and 6-pro- 
pyl-2-thiouracil (propylthiouracil) are potent inhibitors of 
thyroid iodide peroxidase which catalyzes the initial step 
of thyroid hormone biosynthesis [1,2]. On the other hand, 
various sulfhydryl compounds such as mercaptoethanol, 
cysteine, glutathione and coenzyme A are known to be 
inhibitors of dopamine f-hydroxylase [3,4-dihydroxy- 
phenylethylamine, ascorbate:oxygen oxidoreductase (hyd- 
roxylating), EC 1.14.2.1] (DBH) which catalyzes the bio- 
synthesis of norepinephrine (NE) from dopamine (DA) [3]. 
Since both methimazole and propylthiouracil are thought 
to be sulfhydryl compounds, studies on the effects of these 
two drugs and their analogues on DBH have been carried 
out. This communication described an_ inhibitory 
mechanism of methimazole. propylthiouracil and_ their 
analogues on DBH in vitro. 

V-ethylmaleimide and catalase were obtained from 
Sigma Co. Methimazole, 1-methylimidazole, 2-mercapto- 
imidazole, propyl-thiouracil and 2-thiouracil were gifts 
from Chugai Pharmaceutical Co., Tokyo, Japan. All other 
chemicals were reagent grade or commercially available. 

Dopamine f-hydroxylase of bovine adrenal gland was 
highly purified according to the method of Friedman and 
Kaufman [4]. A spectrophotometric assay using tyramine 
as the substrate was employed tu determine enzyme ac- 
tivity [5]. The incubation mixture (1 ml) contained the fol- 
lowing components: potassium phosphate buffer (pH 5.5), 


accepted 7 December 1976) 


100 mM; ascorbic acid, 10 mM; fumaric acid, 12 mM; tyra- 
mine hydrochloride, 10 mM; enough crystalline catalase to 
give maximal stimulation of the reaction rate; and 
20-40 yg of the purified enzyme. Concentrations of inhibi- 
tors were decreased over the range of 0.5 to 10mM _ until 
the inhibition fell below 50 per cent. The inhibitor concen- 
tration producing 45-55 per cent inhibition (I;)) was deter- 
mined graphically [6]. 

Purified bovine adrenal DBH was inhibited by methima- 
zole and 2-mercaptoimidazole but not by 1-methylimida- 
zole and imidazole. The inhibitory effects of these drugs 
are summarized in Table 1. DBH was also inhibited by 
propylthiouracil and 2-thiouracil (Table 1). Methimazole, 
2-mercaptoimidazole, propylthiouracil and 2-thiouracil, 
which contain sulfhydryl or thiol residues in their mol- 
ecule, inhibited DBH, but |-methylimidazole and imida- 
zole, which do not contain sulfhydryl residues, failed to 
inhibit DBH up to a concentration of 50 mM. It has been 
reported that various sulfhydryl compounds such as cys- 
teine, gluthathione and coenzyme A inhibit purified DBH 
from bovine adrenal gland [3]. It is likely that sulfhydryl 
residues or thiol residues in these compounds are essential 
for inhibition of DBH. Unlike the other sulfhydryl com- 
pounds reported previously [3], the inhibition of DBH by 
methimazole and propylthiouracil was not reversed by the 
addition of N- ethylmaleimide, but the inhibition by 2-mer- 
captoimidazole and 2-thiouracil was partially reversed by 


Table |. Effect of various compounds on purified bovine adrenal DBH 





Compounds 


I59* (mM) 





Methimazole 


2-Mercaptoimidazole 


1-Methylimidazole 


Imidazole 


CH3CH2CH2 


No effect? 


No effect? 


Propy Ithiouracil 


2-Thiouracil 





* Concentration of drug producing 50 per cent of DBH activity. 
+ Fifty mM of the compounds has no effect on DBH activity. 
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Fig. 1. Effect of methimazole (MMI), 2-mercaptoimidazole 
(MI), 2-thiouracil (TU) and propylthiouracil (PTU) on 
bovine adrenal DBH in the presence and absence of N-eth- 
ylmaleimide. Key: (O—O) in the absence of N-ethylmale- 
imide; (A—A) in the presence of 5mM N-ethylmaleimide; 
and (@—@) in the presence of 10mM N-ethylmaleimide. 


10mM of N-ethylmaleimide (Fig. 1). This would suggest 
that methimazole and propylthiouracil are slightly different 
from 2-mercaptoimidazole and 2-thiouracil as DBH inhibi- 
tors. Dixon plots show that methimazole and propyl- 
thiouracil inhibit DBH differently than do other sulfhydryl 
compoumids (Fig. 2). This indicates that a methyl or propyl 
residue in methimazole or propylthiouracil would affect 
the chelate interaction between the sulfhydryl or thiol resi- 
due ef each compound and the copper atom at the active 
site of the enzyme. Differences in the tautomeric frequen- 
cies among these compounds might explain the effect 
observed because a I-methyl residue in the methimazole 
molecule and a 6-propyl residue in the propylthiouracil 
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molecule affect the tautomeric frequencies of these com- 
pounds. When methimazole or propylthiouracil was added 
with the substrate and ascorbic acid (cofactor or DBH) 
or incubated with enzyme before adding the substrate and 
ascorbic acid, propylthiouracil was noncompetitive for 
both the substrate and ascorbic acid but methimazole was 
competitive for the substrate and exhibited an unknown 
type of inhibition for ascorbic acid. These results might 
suggest that inhibition of DBH by methimazole and pro- 
pylthiouracil is not due to simple chelation between these 
compounds and copper in the enzyme. Incubation of in- 
hibitor with enzyme before the addition of the substrate 
did not influence the inhibitory activity or the mode of 
inhibition. Both compounds were noncompetitive for 
fumaric acid. 

Methimazole and propylthiouracil are often used in the 
therapy of hyperthyroidism. These drugs are thought to 
exhibit clinical effectiveness through suppressing thyroid 
hormone biosynthesis by inhibiting thyroid iodide peroxi- 
dase [1,2]. These drugs inhibit thyroid iodide peroxidase 
at approximately | x 10~°M in vitro [2] but they inhibit 
DBH at 10° °M in vitro, as demonstrated in this communi- 
cation. It is unlikely that methimazole or propylthiouracil 
alleviates hyperthyroidism by inhibiting DBH. 
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Fig. 2. Dixon plot for determining the apparent K; of methimazole (MMI) and propylthiouracil (PTU) 

as inhibitors of purified bovine adrenal DBH. Panels | and 2: kinetics for tyramine. Key (O—O) 

1.25 mM; (@—@) 2.5 mM; and (A—A) 5 mM. Panels 3 and 4: kinetics for ascorbic acid. Key: (O—O) 
1.25 mM; (@—@) 2.5 mM; and (A—A) 5 mM. 
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Collateral sensitivity: problems of demonstration 
in murine leukemia cells 


(Received 6 August 1976; 


Development of cellular drug resistance is a common 
occurrence in chemotherapy of cancer, and is often a major 
obstacle to the successful drug therapy of neoplasia. Neo- 
plastic cells resistant to a specific drug can also be cross 
resistant or collaterally sensitive to other efficacious drugs. 
Collateral sensitivity is the term used to describe a cell 
population that is resistant to one or more drugs but that 
is also more sensitive to the inhibitory or lethal effects 
of one or more other drugs than the parent wild type cell 
population [1]. Many examples of collateral sensitivity 
have been demonstrated by different investigators and this 
literature has been reviewed recently [2]. Since cellular 
drug resistance commonly occurs in cancer chemotherapy, 
it would be therapeutically advantageous to exploit the 
mechanisms of collateral sensitivity in neoplasias that com- 
monly acquire cellular resistance to specific antineoplastic 


agents. That is, if one could exploit the phenomenon of 


cellular resistance such that collateral sensitivity occurred, 
a major obstacle to chemotherapy could be diminished. 
Using the same drug doses on collaterally sensitive cells 
with the proper drugs should theoretically increase cellular 
toxicity to resistant neoplasias without an increased host 
toxicity. Even though, at the present time, the concept of 
collateral sensitivity is extremely appealing and does in- 
deed occur, the purpose of this communication is to 
emphasize that this phenomenon may be a chance occur- 
rence or a laboratory phenomenon. It should not, however, 
be considered as having clinical relevance nor having gen- 
eral applicability until more extensive experiments substan- 
tiate the phenomenon. 

Our laboratory has investigated the phenomenon of col- 
lateral sensitivity extensively for the past two years. We 
report here on the collateral sensitivity of two L-aspara- 
ginase (EC 3.5.1.1.) resistant murine lymphoblast leukemia 
cells (L5178Y) to methotrexate (MTX) which has been pre- 
viously reported [3]. These two cell lines are representative 
of 8 similar cell lines studied in this laboratory during 
the past two years. We chose these specific examples 
because acquired resistance to L-asparaginase develops 
regularly, thereby limiting its use clinically and because 
MTX is presently used in the treatment of some leukemias. 


accepted 26 October 1976) 


In vitro. L5178Y cells were grown in Fischer’s medium 
supplemented with 10% horse serum (GIBCO) [4]. 
L-Asparaginase-resistant cells were selected in asparagine- 
free Fischer's medium with 20° horse serum. These cells 
are designated L5178Y/A. They were not selected by the 
agar cloning method used by others[5], but selected in 
suspension culture. L-Asparaginase was not used in the 
selection process. The cells were maintained in asparagine- 
free Fischer’s medium supplemented with 10% horse 
serum. These cells were periodically tested for their resist- 
ance to L-asparaginase. After three months of continuous 
culturing of LS5178Y/A cells in asparagine-free medium, 
these cells did not show any dependence on exogenous 
asparagine. To determine growth doubling times, cells in 
late exponential growth were diluted in fresh medium to 
1 x 10° cells/ml. The cell suspension was then poured into 
16 x 125mm sterile screwcapped polystyrene test tubes 
(Falcon) and incubated at 37°. At 3, 10, 20, 30, 45, 55, 
and 70 hr after inoculation the contents of three tubes were 
pooled and duplicate samples were removed, diluted with 
“Ysoton” and counted with the Coulter Counter Model 
Z.. To determine resistance or collateral sensitivity either 
MTX. asparaginase. or saline was added to a freshly 
diluted cell suspension of 5 x 10* cells/ml and treated as 
described above. Cell numbers were determined 24 and 
48 hr after inoculation. MTX was a gift from Lederle 
Laboratories, Pearl River, New York. Escherichia coli 
L-asparaginase was obtained from Merck, Sharp and 
Dohme Research Laboratories. 

In vivo. L5178Y cells were carried in 19-23g BDF, 
mice (Jackson Laboratories). Resistant cells (L5178Y/ASP) 
were selected in vivo with 100i.u./kg asparaginase as de- 
scribed previously [6]. These cells have been established 
in this laboratory for seven years. Assays for resistance 
and collateral sensitivity were performed as reported pre- 
viously [3]. Twenty-four hours after inoculation of 10° 
cells into the peritoneal cavity, either 100 i.u./kg L-aspara- 
ginase or 6 mg/kg MTX or saline was injected i.p. every 
other day for a total of three injections. 

The mechanisms of collateral sensitivity are essentially 
unknown. It has been postulated that biochemical alter- 


Table 1. Effects of L-Asparaginase on the growth of LSI78Y and 
L5178Y/A cells in vitro in 24 hours 





L-Asparaginase 
concentration 
in medium (i.u./ml) 


Percent of control growth* 
LS5178Y LS178Y/A 





0.01 
0.10 
1.00 


+ 1.06 
+ 1.37 
+ 0.71 


87.3 + 4.93 
80.5 + 0.70 


50.7 + 5.81 





Cells in late exponential growth were diluted in fresh Fischer’s medium 
to approximately 5 x 10* cells/ml. L-Asparaginase or saline was added 
to the diluted cell suspension, which was then poured into sterile poly- 
styrene test tubes and incubated at 37°. Twenty-four hr after inoculation, 
the contents of three tubes were pooled and duplicate cell counts were 
determined with a Coulter Counter. 

* Mean + S.D. of three independent experiments. 
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Fig. 1. Effects of methotrexate on the growth of L5178Y 
and LS178Y/A cells in vitro. @——@, LSI78Y cells; 
A A, L5178Y/A cells. Cells in late exponential growth 
were diluted to approximately 5 x 10* cells/ml. MTX or 
saline was added to the freshly diluted cell suspension. 
Cells were poured into sterile polystyrene test tubes and 
incubated at 37°. At 24hr the contents of 3 tubes were 


pooled and duplicate samples were counted with a Coulter 
Counter. Each point is the mean value of three indepen- 
dent experiments with standard deviation. 


ations may be responsible for the altered sensitivity of the 
resistant cells; i.e., altered enzymes in specific drug-sensit- 
ive biochemical pathways, altered membrane permeability 
or transport mechanisms, etc. [2]. In addition, antigenic 
alteration and/or loss of oncogenic potential of the resis- 
tant cells may also account for collateral sensitivity. In 
order to exclude the possibility of antigenic alteration and 
loss of oncogenic potential, we attempted to select for 
drug-resistant cells and study collateral sensitivity in vitro. 
This approach excluded any host influence in the experi- 
ments as well as any immunoreactive influence of MTX 
and L-asparaginase [7, 8]. 

The observed doubling time for L5178Y and LS178Y/A 
cell growth was 12 + Ihr. The effects of L-asparaginase 
on the growth of L5178Y and LS178Y/A cells is reported 
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in Table 1. At 24hr, L-asparaginase, 0.01, 0.10 and 
1.0 i.u./ml of medium inhibited the growth of the sensitive 
cells to 30-34 per cent of control growth. There was a 
graded reduction of growth of L5178Y/A cells with increas- 
ing L-asparaginase concentration. L5178Y/A cell growth 
was reduced to 87 per cent by 0.01 i.u. asparaginase per 
ml of medium and to 51 per cent of control growth by 
1.0i.u. per ml of medium. This graded decrease in 
L5178Y/A growth is probably due to the intrinsic gluta- 
minase activity of E. coli L-asparaginase [9]. It has been 
demonstrated that supplementing the medium with excess 
L-glutamine reduces the L-asparaginase-induced inhibition 
of cells grown in asparagine-free medium[5]. Table | 
demonstrates that LS178Y/A cells are resistant to the 
growth inhibitory effects of L-asparaginase. Figure | is the 
growth survival curve for L5178Y and LS5I78Y/A cells 
when exposed to various MTX concentrations at 24 hr. 
Fifty percent inhibition of cell growth was essentially the 
same for both cell lines, 4.0 x 10° M MTX at 24hr. At 
48 hr inhibition of L5178Y and LS178Y/A cells by MTX 
was also essentially the same. Fifty percent inhibition of 
growth by MTX was 1.25 x 10°°M. LSI78Y/A cells are, 
therefore, not collaterally sensitive or cross-resistant to 
MTX. These experiments were repeated 10 times. 

Failure to demonstrate collateral sensitivity in vitro led 
us to investigate this phenomenon in an in vivo system. 
Table 2 shows that mice bearing L5178Y or L5178Y/ASP 
cells have mean survival times (MST) of 9 and 10 days, 
respectively. The MSTs are not significantly different. 
L-Asparaginase caused an increase in MST of 9 to 20 days 
in mice bearing L5178Y cells but no increase in mice bear- 
ing L5178Y/ASP cells (Table 2). The increase in MST 
caused by MTX was not significantly different in mice 
bearing either cell line. The data are from three indepen- 
dent experiments. As in the in vitro studies we failed to 
demonstrate collateral sensitivity in vivo. 

It is possible that drug-resistant cells exhibiting colla- 
teral sensitivity have partially lost their oncogenic poten- 
tial. Mouse leukemias have been shown to have increased 
MST in the resistant variants [10]. Earlier studies [3] with 
L-asparaginase-resistant cells in vivo show an increase in 
MST as compared to sensitive cells. No increase in MST 
was observed with our resistant cells (Table 2). It should 
be noted that resistant cells that have increased MST and 
exhibit collateral sensitivity can also be cross-resistant to 
other, unrelated drugs to which they were sensitive or they 
can also be as sensitive to other agents as their parent 
cell population. 

Another possibility is that in determining mechanisms 
of cellular drug resistance, when one cell population 
selected for resistance to a specific agent may differ geneti- 
cally in its mechanism of resistance to that drug, collateral 
sensitivity may also be randomly expressed in drug-resis- 
tant cell mutants. This would explain why. after repeated 
attempts, we were unable to demonstrate this phenomenon 
in our laboratory under the conditions expressed above. 


Table 2. Effects of L-asparaginase and methotrexate (MTX) on mean survival times of mice 
bearing L5178Y or LS5178Y/ASP cells 





Cell line Treatment 


Mean survival time 
(days) 





Saline 
MTX (6 mg/kg) 


L5178Y 


9 
15 


L-Asparaginase (100 i.u./kg) 20 


Saline 
MTX (6 mg/kg) 


LS178Y/ASP 


10 
13 


L-Asparaginase (100 i.u./kg) 10 





Each animal was inoculated with 1 x 10° cells ip. Twenty-four hours later treatment 
was begun. A total of three injections were given i.p. to each group every other day. Each 
value is the mean from three independent experiments with 8 mice in each group. 
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It should be emphasized that these experiments were 
extended over a period of two years and at no time could 
collateral sensitivity be demonstrated. 

A recent study demonstrates collateral sensitivity in vitro 
between MTX-resistant L5178Y cells and adriamycin [11]. 
Adriamycin reduces the viability of MTX-resistant cells 
more effectively than in MTX-sensitive cells. The MTX- 
resistant cells take up more [*H]adriamycin than do the 
sensitive cells, resulting in an increased cytotoxicity in the 
resistant cells. These results suggest that collateral sensi- 
tivity is not just an in vivo phenomenon. 

Collateral sensitivity is still essentially an unexploited 
phenomenon. Determining its mechanism of action may 
give further insight into the problem of drug resistance 
observed so often in neoplasia. However, until its universa- 
lity of occurrence and the definite conditions for its devel- 
opment are established, collateral sensitivity should be 
treated solely as a subset of cellular drug resistance, 1.e., 
cellular changes that sometimes accompany the develop- 
ment of certain modes of resistance by certain agents in 
certain cells under certain defined conditions. 
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SEPARATION AND PARTIAL PURIFICATION OF TWO DIFFERENTIALLY 


INDUCIBLE UDP-GLUCURONYLTRANSFERASES FROM RAT LIVER 


K.W.Bock, U.C.von Clausbruch, D.Josting and H.Ottenwadlder 


Institut fiir Toxikologie, Tiibingen, Germany 


(Received 21 February 1977; accepted 4 March 1977) 


Conjugation with glucuronic acid by microsomal UDP-glucuronyl- 
transferase (GT, EC 2.4.1.17) is a major pathway by which the body 
inactivates and eliminates a wide variety of lipid-soluble 
xenobiotics and endogenous compounds (1). It was shown previously 
that the microsomal enzyme inducing agents phenobarbital (PB) and 
3-methylcholanthrene (MC) differentially stimulate GT reactions(2). 
This was taken as evidence for the existence of multiple GT's, To 
clarify the mechanism of the effect of PB and MC on GT and to 
characterize the inducible GT's enzyme purification is required, In 
this communication we report a substantial purification and 
separation of l-naphthol-GT and morphine-GT which are preferen- 
tially induced by MC and PB, respectively. 


Materials and Methods, Liver microsomes were prepared, and the 





solubilization and ammonium sulfate precipitation were carried out 
as previously described(2). The 50-70% ammonium sulfate precipitate 
was dissolved in buffer I (0.02 M Tris-HCl,pH 7.7, containing 10% 
glycerol, 0.25% Brij 58 (Atlas,Essen) and 0.1 mM dithioerythritol), 
and applied to a Bio-Gel A-1.5m column (2 x 60 cm) equilibrated 


with the same buffer. GT (l-naphthol as substrate), which eluted 


shortly after the void volume, was then applied to a DEAE-cellulose 


column (2 x 30 cm) equilibrated with buffer I and eluted with 
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400 ml of a linear KCl-gradient (0-0.5 M) in buffer I. Fractions 
containing enzyme activity were dialyzed against buffer II,in which 
Tris-HCl,pH 7.7 of buffer I was replaced by potassium phosphate 
buffer,pH 6.5. After dialysis the enzyme was applied to a CM-cellu- 
lose column (2 x 20 cm) equilibrated with buffer II.After extensive 
washing with this buffer the enzyme was eluted with 0.2 M buffer II. 
The enzyme was then concentrated by dialysis against polyethylene 
glycol 20000 (Serva,Heidelberg) and further purified by thin-layer 


isoelectric focussing (3) in a 'TLC-Double Chamber' (Desaga,Heidel- 


berg) at 4c, Gels on glass plates (20 x 20 cm) consisted of Sepha- 


dex G-75 superfine containing 1.6% ampholytes pH 5-8 (LKB, Bromma, 
Sweden), 0.06% Brij 58 and 2.5% glycerol. Isoelectric focussing was 
performed at 300 V for 8 h and then at 800 V for 2 h, 1 cm portions 
of the gel were scraped off the plates and eluted with buffer I. 
The fractions were assayed for enzyme activity and dialyzed for 

48 h against buffer I to remove the ampholytes. After protein 
determination (4) GT preparations were lyophilized and dissolved in 
2% SDS, 0.05 M Na,Cco., and 10% 8-mercaptoethanol to give a protein 
concentration of 1 mg/ml. SDS-gel electrophoresis was performed on 
slab-gels (5). Phospholipids were determined as described (2). GT 
(1-naphthol as substrate) was assayed according to Bock et al. (6) 
and GT (morphine as substrate) according to Del Villar et al. aR 


Results and Discussion, GT (l-naphthol as substrate) was 





partially purified from livers of rats treated with PB or MC 

(Table 1). During purification the phospholipid/protein ratio 
progressively decreased, The specific enzyme activity in the MC- 
group was higher than in the PB-group at all purification steps. 

We believe that the lack of convergence of the specific activity is 
due to an increased stability of the enzyme in the MC-group. 
Substrate specific forms of GT could be clearly separated at the 


DEAE-cellulose step (Fig.1). When the purification was started from 
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Table 1, Partial purification of rat liver microsomal GT 
(1-naphthol as substrate) 





Purification step GT (nmol/min/mg protein) Phospholipid 
(mg/mg protein) 





PB-treatment MC-treatment MC-treatment 





Microsomes 79 (4.0 218 (7.8)* 0.34 
Ammonium sulfate 173 495 Ccz22 
Bio-Gel A-1.5m 358 606 0,12 
DEAE-cellulose 370 1448 0.01 
CM-cellulose 941 2230 - 
Isoelectric focussing (1800)? (4000)” - 


Homogenate ra (0.8). 38 (2-5). - 











” Activity in native homogenates or microsomes, ° Calculated from 
the distribution of protein and GT activity after thin-layer iso- 
electric focussing. For purification experiments 8 male Sprague- 
Dawley rats (200-250 g¢) were treated with PB or MC. PB was injected 
isp. at a dosage of 100 mg/kg/day, and MC was given once i.p. at a 
dosage of 40 mg/kg, dissolved in olive oil. Treated rats were 
sacrificed on the 4th day. The mean specific activities of peak 
fractions of several purification experiments is shown (n=4). The 
phospholipid/protein ratio in the PB-group was not significantly 
different from the MC-group 
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Fig.l. DEAE-cellulose chromatography of rat liver GT's, PB-treated 
rats were used, Partially purified GT's (Bio-Gel A-1.5m step, 

Table 1) were applied to a DEAE-cellulose column equilibrated with 
buffer I and eluted with a linear KCl-gradient (0-0.5 M) containing 
the same buffer. o, GT (l-naphthol as substrate); e, GT (morphine 
as substrate); a, protein. Enzyme units, nmol/min, Each fraction 
contained approximately 8 ml. 


PB-treated rats, GT (morphine as substrate) could be separated into 
two peaks, The specific activity of peak II was 20-times higher 


than that of peak I. Quite different results were obtained in puri- 
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fication experiments from MC-treated rats. The specific activity 
of morphine-GT in peak II was only 1/6 compared with the PB-group 
whereas the specific activity of l-naphthol-GT was 3.9-fold higher 


than in the PB-group (Table 1). The purification experiments 


suggest that PB and MC differentially stimulate separate GT's, A 


separation of GT's (morphine and 4-nitrophenol as substrates) was 
also reported by Del Villar et al. (7). 1-Naphthol-GT was further 
purified by CM-cellulose chromatography and thin-layer isoelectric 
focussing, Two isoelectric points were observed at pH 6.5 and 7.0, 
the specufic activity being higher at pH 7.0, Enzyme preparations 
eluted at pH 7.0 were analyzed by SDS-gel electrophoresis, Two 
protein bands were observed in enzyme preparations from both PB- 
and MC-treated rats with molecular weights of about 48000 and 
52000, Morphine-GT (Fig.1,peak II) contained several bands with 
molecular weights >56000 but did not show the protein bands present 
in the l-naphthol-GT preparation. The SDS-gel protein pattern of 
1l-naphthol-GT and morphine-GT suggests that both enzymes contain 
different polypeptides, 
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The presence of taurine, a metabolite of cysteine, in rat muscle has already been 
shown (1, 2). As early as 1950, Awapara (3) had also shown the formation in rat mscles 
of taurine and alanine from cysteine. The initial step in the cysteine catabolism which 
yields sulfite, sulfate, pyruvate and taurine in mammalian tissues is the conversion of 
cysteine to its product cysteine sulfinate (4). The presence of cysteine oxidase 
(cysteine dioxygenase, EC 1.13.11.20), an enzyme which oxidizes cysteine into cysteine 
sulfinic acid, has been documented in rat liver (5, 6) and in rat brain (7); however, no 
one has shown the presence of this enzyme in rat muscle. The present study was done to 
see whether cysteine oxidase, a rate-limiting enzyme for cysteine catabolism in liver (5), 
is present in rat muscle. 

Rats were anesthetized with ether, and hind leg muscle fibers (8) were removed and 
chilled in 0.9% saline and then blotted, minced and weighed. The muscle tissue was then 
homogenized with a Teflon pestle tissue grinder at 4° in 0.05 M sodium phosphate buffer 
pH 6.5 (containing 0.32 M sucrose and 0.05 mM Fe**) in a ratio of 1:9 (w/v). Muscle homo- 
genates were centrifuged at 800 g for 10 min at 4° to remove large cellular debris. 

Cysteine oxidase was measured according to our previous studies (7), using a phos- 
phate buffer pH 6.5 instead of pH 6.8, as the maximm activity of the mscle cysteine 
oxidase was found at pH 6.5. The assay mixture consisted of 15.5 uwmoles L-[?°S]cysteine 
(0.2 to 0.4 uCi), 0.05 umole Fe (NH,),(S0,),* 6 H,0, 1 umole hydroxylamine-HCl, 10 umoles 
phosphate buffer (pH 6.5), 0.4 umole NAD’ and 0.1 of Triton-X-100 (for solubilizing the 
enzyme) and enzyme preparation to make 200 ul. The reaction was started by adding sub- 
strate and inqubation was carried out at 37° for 30 min and then stopped by the addition 


of 100 ul of 10% trichloroacetic acid. After removing the precipitated protein, the 





* To whom all inquiries should be directed. 
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supernatant was passed through a mini-column (0.5 an x 3.0 am) of Dowex-50W-H* (200-400). 
fhe cysteine sulfinate retained (7) was eluted by passing 2.0 ml of water through the 
colum. Either 1.0 ml of this eluate or the total eluate was counted in 10.0 ml scinti- 
verse (Fisher Scientific Co.). In the case of total eluate, an extra 1.0 ml water was 
added to the counting vial to form a transparent gel. 


The result (Table 1) indicated that cysteine oxidase activity in muscle is lower 


TABLE 1. CYSTEINE OXIDASE ACTIVITY IN RAT MUSCLES” 





Tissue Protein Specific activity of cysteine 
oxidase* 





Soleus muscle 4.14 + 0.19 0.50 + 0.03 
Quadriceps muscle 4.70 + 0.36 0.44 + 0.03 


Plantaris muscle 4.70 + 0.30 0.61 * 0.05 





* ‘ P 
Each result represents the mean + standard error of five separate experiments. 


* specific activity is expressed in umoles cysteine sulfinate formed/hr/mg of protein. 


than in brain (0.70) as reported by Misra and Olney (7), but is three times higher than 
in liver (0.18) as reported by Yamaguchi et al. (5). 

From the present study it seems that in mscles cysteine oxidase may be a factor in 
the regulation of the level and the metabolism of endogenous cysteine, a precursor for the 


synthesis of alanine through pyruvate in rat mscles as suggested by Garber et al. (9). 
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COMMENTARY 


ESCHERICHIA COLI ENTEROTOXIN 
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Pruhonice by Prague, Czechoslovakia 


Escherichia coli, the microorganism, which colonizes 
the intestinal system of animals and man soon after 
birth, was isolated first from faeces by Escherich in 
1885. It contributes continuously to new knowledge 
in molecular biochemistry and genetics. The wall of 
E. coli as well as of other gram negative bacteria con- 
tains lipopolysaccharides (endotoxins). The chemistry, 
biology and clinical significance of endotoxins is the 
object of continuous research and several reviews 
have appeared in the past twenty years. The lipopoly- 
saccharides, complexes with lipids and proteins form 
the outer membrane of Escherichia coli. Lipopolysac- 
charides consist of three regions—the O-specific poly- 
saccharide, determining the many different O sero- 
types of E. coli. This part is linked to the core poly- 
saccharide, common for the serotypes. The core is 
linked through a 2-keto 3-deoxyoctanate trisaccharide 
to the lipid component—lipid A. Lipid A is the part 
of the moiety which possesses the pharmacological 
activity of endotoxin and considerable progress has 
been achieved in elucidating its chemical structure 
[1]. The importance of endotoxin in the fatal out- 
come of gram negative rod bacteremia in humans 
(endotoxin-shock) is widely accepted [2]. In this com- 
mentary the main attention will be paid to another 
challenging site of the Escherichia coli story. 

Since many years Escherichia coli has been accused 
as the cause of neonatal enteric infection in infants 
and domestic animals. The still current concept pre- 
sumes specific so called enteropathogenic O serotypes 
of Escherichia coli, different for each species to be 
the cause of the majority of neonatal enteric infections 
[3, 4] The first challenge of this established view came 
from Smith and Halls [5,6]. They published a 
detailed analysis of infections by various E. coli 
strains in different species of domestic animals, which 
caused diarrhea mainly in calves and piglets. They 
demonstrated that not only the bacterial cultures but 
also their filtrates produced fluid accumulation in 
ligated loops of the small intestine. The product 
which caused fluid accumulation in the intestinal 
loops was found in the cultivation media i.e. extracel- 
lular. Endotoxin from these culture did not cause 
fluid accumulation in the intestinal loops. Thus Smith 
and Halls came to the conclusion that E. coli strains 
which produce diarrhea must have the ability to pro- 
liferate in the small intestine and must produce an 
enterotoxin, which causes the fluid accumulation. 
Moreover Smith and coworkers demonstrated that 
the production of enterotoxin depends on a transfer- 
able extrachromosa! plasmid, called Ent. [7,8]. This 
discovery prompted a great deal of research both on 


the pathogenesis of Escherichia coli induced enteric 
infections and on the nature and properties of entero- 
toxic products of Escherichia coli. The plasmid bound 
production of Escherichia coli enterotoxin was con- 
firmed in strains from piglets [9], and from humans 
[10]. A heat labile toxin of E. coli of chick origin 
lethal for chicken but without enterotoxic activity in 
the rabbit loop assay has also been described [11]. 
According to the actual stage of knowledge E. coli 
produces one heat labile and one heat stable entero- 
toxin [12]. The identification and current differentia- 
tion is,so far done by means of biological assays. 


Methods for toxin assay 


1. In vivo assay on ligated intestinal loops. This 
method is derived from the biological assay of cholera 
toxin. Vibrio cholerae cultures [13] and/or filtrates 
(toxin) [14] introduced into ligated loops of the small 
intestine of rabbits produce fluid accumulation. The 
same approach was used to demonstrate enteropatho- 
genicity of E. coli cultures isolated from humans 
[15,16] and from domestic animals [17]. For the 
reproducibility of this type of experiment the small 
intestine of the same species from which the Escheri- 
chia coli had been isolated is preferable. The accumu- 
lation of fluid in rabbit intestinal loops with E. coli 
cultures is less reliable, though the microorganisms 
isolated from different species may multiply [6, 17]. 

On the other hand rabbit intestinal loops are very 
suitable for the demonstration of fluid accumulation 
after the administration of E. coli filtrates (the E. coli 
isolated from several species), with enterotoxic ac- 
tivity [18]. On the ligated rabbit loops the differentia- 
tion between heat stable and heat labile toxins is 
demonstrated by difference in time when the maxi- 
mum fluid accumulation is detected. For the heat 
stable toxin this is 6 hr, for the heat labile 16-18 hr, 
after exposure. 

2. Infant mouse assay. For the heat stable toxin 
assay an in vivo method using infantile mice has been 
developed [19]. The product is transmurally injected 
into the stomach of four infant mice (2-4 days old) 
and after 4 hr the whole intestine and residual bodies 
are removed and weighted. The intestine to remaining 
body ratio is determined and corresponds to fluid ac- 
cumulation. 

3. Cell culture assays. On adrenal cell monolayer 
tissue cultures a method for the assay of heat labile 
enterotoxin has been developed by Donta and co- 
workers [20]. The toxin induces 3-ketosteroid pro- 
duction and morphological changes (rounding of the 
cells) are evaluated. 
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Chinese hamster ovary tissue cultures are also suit- 
able for biological assay of the heat labile E. coli 
toxin. In this case an elongation of the cell is observed 
[21]. 

4. Vascular permeability change assay. For the assay 
of enterotoxic E. coli filtrates a method known to 
pharmacologists from assay of changed local vascular 
permeability was introduced [22]. The filtrates are 
injected to rabbits intradermally and intravenously 
injected Evans blue is used for the detection of vascu- 
lar permeability changes (bluing). For E. coli filtrates 
from India and Bangladesh the results were in good 
agreement with the intestinal loop method. Results 
with filtrates from E. coli strains isolated from 
patients in the U.S.A. were less reliable. Findings by 
this type of assay are further complicated by recent 
studies [23]. Besides the classical “bluing” factor a 
pale area has been observed, which can, with partial 
purification of the E. coli filtrates be divided from 
the “bluing” activity and has been named by Finkel- 
stein “blanching” factor, which is present in a heat 
stable fraction (see below) [24]. 


Nature of heat labile Escherichia coli enterotoxin 

Unlike cholera toxin the E. coli enterotoxins have 
not yet been prepared in purified form. The first 
attempts [25] to purify the heat labile enterotoxin 
after filtration through XM 300 membranes and frac- 
tionation by various sepharose columns were not suc- 
cessful, as toxin activity was present in fractions col- 
lected over a wide-area of the gel. Also Jack and co- 
workers [26] were unable to separate from the par- 
tially purified heat labile E. coli enterotoxin endotoxin 
activity. 

Recently several groups have prepared heat labile 
enterotoxin of E. coli of higher purity. Dorner et al. 
have used an E. coli strain of porcine origin produc- 
ing thermolabile toxin. The purification proceeded in 
five steps. I Crude supernatant, II Bio/gelagarose 5, 
II] Sephadex G-75, IV Preparative isotachophoresis, 
V Repeated isotachophoresis, with a different ratio 
of the molarities of the leading ion or a different lead- 
ing electrolyte. The final material from the isotacho- 
phoresis column was concentrated by vacuum dialysis 
and subjected to gel filtration on Sephadex G-50. The 
molecular weight of the toxin was found to be 102,000 
daltons. Micrograms were active in the rabbit and 
pig small intestine loop tests and less than 1 yg in 
the test of adenylatecyclase stimulation (broken cells 
of myocardial tissue) and in the rabbit skin test 
[27,28]. Further attempts to purify the toxin come 
from the Finkelstein group [23]. They used an E. 
coli strain isolated from a patient with clinical 
cholera-like symptoms [29]. The cultivations were 
performed in two different media. With syncase 
medium and casamino acid (the medium for optimal 
production of choleratoxin) the microbe-free super- 
natant was further processed by (NH4),SO, precipi- 
tation, gel filtration, ion exchange chromatography 
and disc gel electrophoresis. It was possible to separ- 
ate an active region which produced in the rabbit 
skin assay the typical bluing effect (hence bluing fac- 
tor). It is histologically characterized by mixed cellu- 
lar infiltrate beginning 18 hr after intradermal injec- 
tion accompanied later by edema. Resolution started 
at 48 hr. Changes appearing after intradermal injec- 
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tion of the “blanching factor” started early (already 
after 3hr) and after 18 hr numerous mecoses were 
seen. The process intensifies during the 72 hr of obser- 
vation. In contrast to effects by “bluing factor” there 
was little edema. The blanching factor is heat stable 
the bluing factor heat labile. The bluing factor was 
active on the Chinese hamster ovary assay. The pre- 
viously described product of Dorner had the same 
activities, but immunologically both products were, 
different, the molecular weight of the Finkelstein 
product was around 80,000 daltons and neither toxin 
precipitated with antiserum to the other. The yield 
of the toxin was, with the same fermentation tech- 
nique, less than 1/100 of cholera enterotoxin. 

When the cultivation technique was changed to 
trypticase soya broth (i.e. the same medium as used 
by Dorner for his strain of porcine origin) and pro- 
cessed in the same way as previously, blanching ac- 
tivity could be again separated from bluing activity. 
In this case antiserum reactivity with Dorners toxin 
could be demonstrated. Otherwise, depending of the 
original E. coli strain, and some differences in process- 
ing the products vary considerable with regard to 
molecular size, electrophoretic mobility and immuno- 
logical reactivity. All these products though of low 
specific activity in comparison with that of V. cholerae 
enterotoxin are neutralizable to high titer by antibody 
to choleragenoid or by antibody to the B chain of 
cholera enterotoxin. It had been demonstrated pre- 
viously, that high dilutions of equine antiserum to 
choleragenoid neutralized crude heat labile entero- 
toxin from porcine and human E. coli origin [9, 30]. 
Evans and coworkers [31] used a different technique 
to gain E. coli enterotoxin. They release enterotoxin 
by means of polymyxin B, from intact Escherichia coli 
cells, remove the cells by centrifugation, precipitate 
the toxin by ammonium sulphate and process further 
by gel filtration. For the assay of biological activity 
they use their method of the vascular permeability 
factor assay [22] and the adult rabbit loop assay, 
originally used for Vibrio cholerae and cholera toxin 
[13]. 

The product was positive in both tests and its mol- 
ecular weight was determined to be approximately 
20,000 daltons. The product was neutralized both by 
antienterotoxin sera, anticholeragen and anticholera- 
genoid sera. When the polymyxin-B release was per- 
formed with 18 instead of 6hr E. coli cultures, the 
main activity was found with material presenting 
higher molecular weight, around 40,000 daltons. The 
low molecular fraction could not be found in superna- 
tant fluid of either 18 or 6hr E. coli cultures. 

In a recent paper the same group [32] used several 
steps to purify the polymyxin B released product. 
Electrophoretic analysis, backextraction with 
ammonium sulphate, agarose chromatography, 
DEAE-Sephadex chromatography and finally affinity 
chromatography with Affi-Gel 202. The final product 
of the 20,000 dalton enterotoxin produced a single 
precipitin band in the presence of several different 
antisera against crude preparations of the toxin. 

The same was produced with cholera toxin and 
choleragenoid antiserum. Dafni and Robbins [33] 
approached the problem in a different way. They con- 
centrated the supernatant of E. coli cultivated on a 
medium containing casaminoacids by vacuum dialy- 
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sis. The concentrate was active in the rabbit small 
intestine loop assay. The concentrated filtrate was 
applied to an affinity column prepared with IgG anti- 
bodies to the toxin of Vibrio cholerae. Elution of the 
retained material with 3M KCNs yielded a non- 
enterotoxic protein that precipitated with antiserum 
to V. cholerae toxin and had three major protein 
components on sodium dodecyl sulphate gels. After 
treatment with 2-mercaptoethanol two protein com- 
ponents were found. Only elution with 5 M guanidine 
yielded one protein with enterotoxic activity in the 
ileal loop and adrenal cell test. The toxin precipitated 
with V. cholerae toxin. Elution with KCNS led to 
loss of enterotoxic activity. The method has the 
advantage of a single step procedure in the prep- 
aration of Escherichia coli enterotoxin. But with other 
eluents (KCNS) the product loses its enterotoxic ac- 
tivity. 

The purification of the Escherichia coli heat labile 
enterotoxin is evidently now in the center of interest 
of several groups. Its preparation in pure, crystalline 
form and unequivocal characterization, in spite of the 
recent progress, is still the matter of further research. 


Mechanism of action of Escherichia coli heat labile 
enterotoxin 


Following the discovery about adenylate cyclase 
stimulation in the mucosa of the small intestine by 
cholera toxin [34, 35] the same was demonstrated for 
heat labile enterotoxic filtrates from Escherichia coli 
of human [36] and calf [37] origin. Like cholera 
toxin [24] the enterotoxin stimulates adenylate cyc- 
lase also in other tissues [36-38]. This leads to active 
stimulation of secretion from the laminal to the 
luminal side of the small intestine [39]. The fluid ac- 
cumulation in the gut due to Escherichia coli entero- 
toxins and the net flux preponderance from cell to 
lumen has been demonstrated by several groups for 
heat stable and heat labile Escherichia coli entero- 
toxin in vitro and in vivo [40-42]. The changes are 
functional. The loss of water and electrolytes includ- 
ing sodium bicarbonate leads to dehydration, acidosis 
and in severe cases to cholera like dehydration shock. 

How does the Escherichia coli heat labile entero- 
toxin act on the inner surface of the cell to activate 
adenylate cyclase? 

This is a field where challenging new knowledge 
is steadily accumulating. Escherichia coli heat labile 
enterotoxin belongs to the toxins, which are fixed by 
ganglioside to the cell membrane. The gangliosides 
serve as surface membrane receptors and for cholera 
toxin it has now been quite firmly established, that 
the specific ganglioside is the Gy, the monosialogang- 
lioside, galactosyl-N -acetylgalactosaminyl- N -acetyl- 
neuraminyl - galactosyl-glucosyl-ceramide [43, 44]. 
There has been considerable discussion whether the 
same ganglioside is the membrane receptor for both 
toxins [45-47]. According to recent evidence this is 
really so. All communications agree that labile entero- 
toxin is fixed on the membrane to ganglioside Gy, 
but there are some doubts whether this binding is 
specific as for cholera toxin. In cultures of Y1 adrenal 
cells the binding site of both toxins is the same, but 
probably not Gy, ganglioside though it may be close 
to it [20]. For choleragen the role of Gy, as the 
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membrane receptor has been demonstrated repeatedly 
by several groups [44, 48-50]. 

Moss and coworkers [51] have shown on chemi- 
cally transformed mouse fibroblasts, which do not 
contain gangliosides, that the stimulation of adenylate 
cyclase is dependent on the presence of Gy, and with 
increasing cellular content of Gy, the rate of rise of 
intracellular c-AMP in response to choleragen was 
increased. An analogous experiment with heat labile 
Escherichia coli toxin would be helpful to decide, 
whether the receptor site for this toxin is the same 
as for choleragen. The binding of cholera toxin to 
ganglioside in the membrane is followed by redistri- 
bution of surface components of the membrane by 
lateral movement of the toxin-ganglioside complex in 
its fluid phase [52,53]. Evidence for such redistribu- 
tion (patching and capping) on lymphocyte has been 
brought by the binding of the 56,000 dalton subunit 
of cholera toxin which is considered to be the binding 
part of the toxin to ganglioside. 

For cholera toxin it is supposed by Fishman et 
al. [44] that following the binding of subunit B to 
ganglioside, the toxin complex undergoes a conforma- 
tional change, that promotes dissociation of the com- 
plex and entry of the A subunit into the plasma mem- 
brane. This part is necessary in the cell for the acti- 
vation of adenylate cyclase. Indeed, as demonstrated 
by Moss et al. [51] ganglioside for fixation of cholera 
toxin or heat labile Escherichia coli enterotoxin is 
necessary for activation of adenylate cyclase only in 
intact cells, while in cell homogenates the adenylate 
cyclase stimulation takes place without the presence 
of ganglioside. 

The adenylate cyclase stimulation requires NAD, 
ATP and a soluble protein of unknown structure 
[54]. This finding ied to elegant experiments [55] 
which not only give the same results as with cholera 
toxin, but contribute to partial elucidation of the 
structure of heat labile Escherichia coli enterotoxin. 
Polymyxin released Escherichia coli heat labile enter- 
otoxic material were peptides of about 20,000-40,000 
daltons. Like A, cholera peptide E. coli enterotoxin 
caused immediate dosis dependent rise in membrane- 
bound adenylate cyclase activity. A mixture of both 
toxins had a greater activation effect. Antisera to cho- 
lera toxin completely prevented the activity of both 
toxins. When however the reaction already had 
started antisera were inactive. The lack of reversibility 
reflects an enzymatic mode of action for both toxins. 
Electrophoresis on polyacrylamide gels with 0.1%, 
sodium dodecylsulphate revealed a one peak activity 
at approximately the same position as cholera peptide 
A, (23,000 daltons). 

This. peptide activates adenylate cyclase in the same 
way as the cholera A, peptide. The Escherichia coli 
peptide is inactivated by cholera toxin antibodies. 
Thus the two peptides are probably very similar if 
not identical. Escherichia coli enterotoxin is neutral- 
ized both by antisera to choleratoxin and cholera- 
genoid (anti B) [56]. This speaks for the presence of 
another component of the enterotoxin molecule 
which has some similarity to the cholera B com- 
ponent. There are however differences in the binding 
of the two toxins to ganglioside [55]. Probably the 
binding to ganglioside in the membrane of the intact 
cell is the reason for the lag period before adenylate 
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cyclase activity is stimulated by E. coli enterotoxin. 
During this period apparently the toxin fragment 
necessary for this stimulation is dissociated and enters 
the cell. In general diarrhea due to Escherichia coli 
enterotoxins is not as severe as in cholera [24]. The 
difference in binding to the surface of cells might be 
an explanation for this. Research in the field will cer- 
tainly in the near future bring further knowledge 
about the Escherichia coli heat labile enterotoxin. 


Heat stable Escherichia coli enterotoxin 

Heat stable enterotoxic activity was first described 
by Smith and Halls [5]. Such material from Escheri- 
chia coli of porcine origin has been found to be heat 
stable, dialysable and non antigenic (26, 56, 57]. 
According to earlier findings the heat stable toxin is 
dialysable and of small molecular weight 
(1,000-10,000 daltons) [58]. Escherichia coli heat 
stable toxin production in vivo has been demonstrated 
on gnotobiotic colostrum deprived piglets. Heat 
stable enterotoxin Escherichia coli strains were ad- 
ministered. The centrifugated supernatants of faeces 
revealed enterotoxic activity in the infant mouse assay 
[59]. Escherichia coli strains producing only heat 
labile, heat stable or both toxins have been isolated 
from humans [60]. It is now evident that the produc- 
tion of heat stable E. coli enterotoxin of porcine and 
human origin is also plasmid bound [61,62]. It 
remains to be established whether the plasmids of E. 
coli from human and animal origin differ, a possible 
important factor for the development of diarrhea in 
the relevant species. In agreement with Kantor [12] 


we were unable to find adenylate cyclase stimulating 
activity with heat stable filtrates (unpublished obser- 
vation). The nature and mechanism of action of the 
heat stable toxin waits still for elucidation. Although 
heat stable enterotoxin is found more frequently than 
the heat labile there is so far much less research on 
the molecular level. 


Pharmacology of Escherichia coli enterotoxins 

Both enterotoxins cause accumulation of water and 
electrolytes in the gut as has been described pre- 
viously. This is not accompanied by any morphologi- 
cal microscopic changes. Electronmicroscopic analy- 
sis confirms that the toxin producing microbes adhere 
to and do not penetrate the epithelial cell, but 
revealed an increased formation of autophagosomes. 
The border of the epithelial cells of the small intestine 
of rabbits remained intact [63]. 

Metz et al. [64,65] observed impaired rythmicity 
of isolated rabbit small intestine segments after the 
administration of heat labile filtrates from enterotoxic 
E. coli. The changes remind Luciani periods. Donta 
et al. [66] demonstrated steroidogenesis in adrenal 
cell cultures induced by the heat labile toxin, Kan- 
tor [12] has proposed for Escherichia coli heat labile 
enterotoxin an important role as a probe for systems 
regulating cell division and the study of adenylate 
cyclase kinetics. Adenylate cyclase stimulation leads 
to increased intracellular levels of cAMP and these 
to a reduction in the rate of division of mammalian 
cells [67]. This could explain the pregnancy interrupt- 
ing potency of cholera and Escherichia coli entero- 
toxin [68, 69]. 
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Although originally prostaglandins were supposed 
to play an essential role in cholera diarrhea [70], evi- 
dence is accumulating, that prostaglandins, though 
possessing some modulating role, are not essential for 
enterotoxin activity [12]. As progress is made in the 
preparation of more purified E. coli enterotoxins cer- 
tainly other sites of investigations will gradually 
appear. 


The changing concept of diarrhea induced by Escheri- 
chia coli 

On the basis of the just described newly acquired 
knowledge about the production of plasmid bound, 
thus transferable production of Escherichia coli enter- 
otoxin, it is necessary to challenge views which still 
persist in human and veterinary practice and in text- 
books [70]. On the basis of experience with epidemic 
outbreaks of severe diarrhea in infants and neonate 
animals in the first weeks of life the view was accepted 
that diarrhea is due to infection with a comparatively 
small number of Escherichia coli O serotypes, distinct 
for each species. This view challenged for infants by 
Gordon et al.[72], has been since then challenged 
by others, also in the explanation of the so called 
travellers diarrhea in adults [24, 73-76]. 

Our own experience with serotyping of many 
hundred strains. of Escherichia coli of human, calf, 
hen, chicken and egg yolk origin agree with these 
findings. Over sixty different O serotypes and many 
non typable strains were isolated. So called human 
enteropathogenic strains were found in calves, hens 
and chickens and vice versa [77, 78, to be published]. 
The expression “enteropathogenic” should in this re- 
spect be replaced by “enterotoxic” related to the pro- 
duction of enterotoxin. From humans and domestic 
animals Escherichia coli strains producing heat stable 
or heat labile or both toxins have been identified (at 
least in enterotoxins of human or calf origin) [60, to 
be published]. Sufficient enterotoxin production 
needs the fixation of Escherichia coli to the wall of 
the small intestine. In this the K factors play a role. 
They are again plasmid bound and transferable. The 
K88 antigen is important for pigs, the K99 for calves 
and recently a similar factor was found to be impor- 
tant for humans [79-82]. 

Rutter et al. [83] have recently brought some evi- 
dence that the K88 antigen is adhesive only in some 
piglets and on the basis of their experiments they 
came to the conclusion that adhesiveness or not adhe- 
siveness is phenotype dependent thus genetically 
determined. If we add that the H group testing of 
Escherichia coli strains is in its beginning [84] the 
complexity of the whole problem is apparent in spite 
of the great progress in knowledge. It is also under- 
standable why effective immunisation procedures are 
not yet definite. As there is considerable crossim- 
munity between E. coli and V. cholerae enterotoxins, 
effective antitoxic immunisation with toxoid against 
cholera could also to some degree protect against E. 
coli enterotoxic activities. This would be of outstand- 
ing importance for developing countries and of some 
value for modern husbandry. 

As soon as the E. coli enterotoxins were discovered 
the possible production of enterotoxins by other mi- 
crobes became a tool for research. Indeed progress 
in this field is in rapid development. Clostridium per- 
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fringens [85], Pseudomonas aeruginosa [86] and 
Shigella dysenteriae [87] enterotoxins can serve as 
examples. The field of diarrheas produced by the 
enterotoxins would not be well reviewed without 
mentioning a major contribution of basic research in 
this field. During the last cholera pandemic a break 
through was made in the rehydration therapy by the 
administration of oral fluids, containing glucose 
[88, 89]. This was due to studies proving the coupled 
sodium and glucose transport in the small intestine. 
Glucose accelerates the absorption of solutes and 
water [90, 91]. Phillips then suggested that this would 
allow oral rehydration of cholera [92]. Indeed the 
benefits are such that the method is now generally 
recommended by WHO [93] and has outstanding 
possibilities in husbandry in combating neonatal calf 
diarrhea [77]. 
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Abstract—The side-chain of cholesterol is oxidatively cleaved by a cytochrome P-450-dependent enzyme 
system present in mammalian adrenal mitochondria. The reaction was postulated to proceed via one 
or more hydroxylated intermediates. Inhibition of the reaction by the potent inhibitor 22-azacholesterol 
did not result in a build-up of the postulated intermediates: (20S)-20-hydroxycholesterol, (22R)-22-hy- 
droxycholesterol, (20R,22R)-20,22-dihydroxycholesterol or (20S)-cholesterol hydroperoxide. Spectral 
studies indicate a modified type II spectrum for the reaction of 22-azacholesterol with adrenal mitochon- 
drial cytochrome P-450. In addition, spectral and electron spin resonance studies indicate a common 
interaction of cholesterol and 22-azacholesterol with the cytochrome. Although this study does not 
resolve the question of the intermediacy of the oxygenated derivatives in the cleavage reaction, it 
indicates that the binding of 22-azacholesterol depends on its steroid structure rather than on its 
amine character. A discussion of the proximity of the heme to the substrate binding site is also pre- 


sented. 


It is well established that the metabolism of choles- 
terol by mammalian adrenal mitochondria proceeds 
by an oxidative cleavage of the side-chain resulting 
in the formation of pregnenolone and a 6-carbon frag- 
ment, isocaproic aldehyde[1,2]. The reaction 
requires NADPH and is catalyzed by cytochrome 
P-450 [3]. It has been hypothesized that the cleavage 
of the C;)>—C,, bond of cholesterol! proceeds via the 
formation of a monohydroxy-, followed by a dihyd- 
roxy-intermediate. This is supported by the observa- 
tions that (a) (20S)-20-hydroxycholesterol (Fig. 1) had 
been isolated in minute amounts from bovine adrenal 
preparations [4] and separated during the metabo- 
lism of ['*C]cholesterol in vitro [5], and (b) (20S)-20- 
hydroxy- and (20R,22R)-20,22-dihydroxycholesterol 
(Fig. 1) were more efficiently transformed to preg- 
nenolone than cholesterol [6, 7]. More recently, how- 
ever, analysis of kinetic data [8-10] has indicated that 
(20R,22R)-20,22-dihydroxycholesterol arises directly 
from cholesterol without the intermediacy of (20S)- 
20-hydroxy- or (22R)-22-hydroxycholesterol (Fig. 1). 
Such a transformation could occur by the interme- 
diacy of a (20S)-hydroperoxide (Fig. 1) as suggested 
by van Lier et al. [11-13] or by concerted enzymatic 
hydroxylations in which the mono-hydroxylated in- 
termediates and transient free radicals or ionic species 
are not released in the medium [14]. 

In our previous work, 22-azacholesterol (Fig. 1) was 
reported to be a potent competitive inhibitor of the 
cholesterol side-chain cleavage (CSSC) reaction [15]. 
We have used this inhibitor as a tool to provide more 
information on the CSSC reaction. In this paper, we 
report the effects of this agent on the formation of 
the hydroxylated intermediates and on the optical 
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and magnetic properties of adrenal mitochondrial 
cytochrome P-450. 


MATERIALS AND METHODS 


Materials. NADP, glucose 6-phosphate and glucose 
6-phosphate dehydrogenase were purchased from 
Sigma Chemical Co., St. Louis, MO; [26-'*C]choles- 
terol (sp. act. 58 mCi/m-mole) and [7-*H]cholesterol, 
10 Ci/m-mole, were obtained from New England 
Nuclear. A PCS scintillation mixture was obtained 
from Amersham/Searle Co. A sample of 22-azacholes- 
terol was kindly supplied by Searle Laboratories, Chi- 
cago, IL. Silica gel plates, 0.25-mm_ thick, were 
obtained from E. Merck GmbH Darmstadt. Samples 
of (20S)-20-hydrox ycholesterol, (22R)-22-hydroxycho- 
lesterol and (20R,22R)-dihydroxycholesterol were 
kindly supplied by Dr. Marcel Gut, Worcester Foun- 
dation for Experimental Biology, Shrewsbury, MA, 
and later synthesized in our laboratory by Dr. J. Bris- 
tol (presently at Schering Co., NJ). A sample of cho- 
lesterol hydroperoxide was kindly supplied by Dr. 
Johan van Lier at the Centre Hospitalier Univerci- 
taire, Sherbrooke, Quebec, Canada. 

Enzyme preparations. An acetone-dried powder was 
prepared from beef adrenal cortical mitochondria as 
described previously [15]. Male Sprague-Dawley rats 
weighing 100-150 g were used for the preparation of 
liver microsomes. The animals were killed by a blow 
on the head and decapitated; their livers were per- 
fused in situ with a cold 1.15°, KCI solution, excised 
and homogenized in 4 vol. of isotonic KCI solution. 
The homogenate was then differentially centrifuged 
for 20 min at 9,000 g and for 60 min at 105,000 g. The 
resultant microsomal pellet was suspended in 4 vol. 
of KCI solution. Protein concentrations were 
measured by the method of Lowry er al. [16]. 

Separation of the “possible” intermediates of the 
CSSC reaction. Incubations were carried out using 
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Fig. 1. Structural formulae of 22-azacholesterol and the different oxygenated derivatives of cholesterol 
implicated in its metabolism: (a) (20S}20-hydroxycholesterol; (b) (22R)-22-hydroxycholesterol; (c) 
(20,22R )-20,22-dihydroxycholesterol; (d) (20S)-20-hydroperoxycholesterol; and (e) 22-azacholesterol. 


3:5mg of acetone powder protein in 0.02 M phos- 
phate buffer, pH 7.4. This was supplemented with an 
NADPH-generating system consisting of 0.1 zmole 
NADP; 5 umoles glucose 6-phosphate and 1 unit of 
glucose 6-phosphate dehydrogenase in a total volume 
of 0.75 ml. The mixture was preincubated for 5 min 
at 37 ; then approximately 1 wCi of [26-'*C]choles- 
terol [7-8 ug freshly purified by thin-layer chroma- 
tography (t.l.c.) using a system of benzene-ethyl acet- 
ate, 3:2] was added and the incubation continued 
at 37° for 20 min under subdued light. A blank reac- 
tion mixture, devoid of an NADPH-generating sys- 
tem was subjected to the same incubation. At the end 
of the incubation period, the reaction mixture was 
saturated with anhydrous sodium sulfate, 100 yg 
each of (20S)-20-hydroxy-, (22R)-22-hydroxy- and 
(20R,22R)-20,22-dihydroxycholesterol in addition to 
5 wCi(~ 100 ug) of [7-*H]cholesterol were added and 
the mixture was extracted three times with 4mi of 
methylene chloride. The combined extracts were fil- 
tered through glass wool, concentrated under reduced 
pressure (not evaporating them to dryness), and then 
applied as a fine streak on Silica gel plates, 0.25 mm 
thick. The chromatoplates were irrigated five times 
in an atmospheré of nitrogen using a system of hex- 
ane-ether—glacial acetic acid (140:8:18). All oper- 
ations were carried out in the dark or in subdued 
light. The plates were exposed to iodine to visualize 
the steroids. They were next scanned for '*C-labeled 
compounds using a t.l.c. scanner, and when the iodine 
was bleached, the Silica was scraped off the plates 
and counted in a PCS mixture. 


Difference spectroscopy. Difference spectra were 
recorded using an Aminco Chance spectro-phot- 
ometer operating in the dual beam dual wavelength 
model. Equal volumes of the enzyme preparation 
were used in the sample and reference cuvettes of 
1.0 cm path length. Cytochrome P-450 in hepatic mic- 
rosomal or adrenal mitochondrial preparations were 
carried out as described by Omura and Sato [17]. 
The amount of cytochrome P-450 was estimated by 
assuming a molecular absorptivity difference of 
91mM~' cm~' between 450 and 490nm bands in 
the CO-treated difference spectrum [17]. 

Binding of cholesterol and 22-azacholesterol was 
measured as the sum of the absorbance changes of 
the peak and trough of the spectral changes caused 
by the addition of cholesterol or 22-azacholesterol. 
The cuvettes contained, in a final volume of 3 ml, a 
liver microsomal preparation or mitochondrial ace- 
tone powder in a 0.02 M phosphate buffer, pH 7.4, 
as shown in the legends of the figures. Cholesterol 
and 22-azacholesterol were dissolved in ethylene gly- 
col. An equivalent volume of the solvent was added 
to the reference sample cuvette. 

Electron Paramagnetic Resonance (EPR) measure- 
ment. EPR spectroscopy was performed with a Varian 
V-4502 spectrometer equipped with a helium or 
nitrogen sample cooling system. The procedures fol- 
lowed were generally as described by Palmer [18]. 


RESULTS 


Changes in the rates of formation of (20S)-20-hy- 
droxy, (22R)-22-hydroxy- and (20R,22R)-20,22-dihy- 
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Fig. 2. Separation of cholesterol and the different hydroxy- 
lated derivatives on thin-layer chromatographic plates. For 
details, refer to text. 


droxycholesterol after inhibition by 22-azacholesterol. 
Cholesterol labeled with '*C in the 26 position was 
chosen as a substrate of the reaction, since metabolic 
cleavage of the side-chain will result in loss of the 
label from products such as pregnenolone and pro- 
gesterone. Thus, attention could be focused on the 
separation of the suggested hydroxylated interme- 
diates having an intact side-chain. 

Although great care was taken to minimize air oxi- 
dation and decomposition of cholesterol, it is well 
established that cholesterol is quite labile and _ its 
decomposition products are similar to the oxygenated 
products formed during enzymatic metabo- 
lism [19, 20]. On the other hand, when these different 
oxygenated derivatives were detected during the 
metabolism of cholesterol, they did not amount to 
more than 1 per cent of the total cholesterol pres- 
ent [8]. Moreover. several investigators have even 
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failed to detect appreciable amounts of these oxy- 
genated derivatives using either an adrenal acetone 
powder [21] or a purified cytochrome P-450 prep- 
aration [22]. Nonetheless, the following assay condi- 
tions were developed to differentiate enzymatically 
derived products from non-enzymatic artifacts. Blank 
experiments differed from control experiments only 
in the absence of an NADPH-generating system and 
were, therefore, subject to the non-enzymatic decom- 
position occurring during the 20min of incubation 
at 37°. Figure 2 shows the separation of cholesterol 
and its hydroxylated derivatives by t.l.c. In the control 
experiment, a large '*C-labeled peak was observed 
to run ahead of cholesterol on the radiochromato- 
gram (area V). Its activity was usually proportional 
to that expected for the cleaved side-chain. When the 
methylene chloride extracts were either evaporated to 
dryness, washed, or oxidized, the peak in area V from 
the chromatogram was decreased or completely 
removed. These results are consistent with the reports 
of Burstein et al.[23] and, more recently, of Kraai- 
poel et al. [24] who noted that, in a 20-min incuba- 
tion, isocaproic aldehyde is the major cleavage prod- 
uct and isocaproic acid is only obtained after incuba- 
tion for 2 hr or longer. 

The areas corresponding to (20S)-20-hydroxycho- 
lesterol (zone III), (22R)-22-hydroxycholesterol (zone 
II) and (20R,22R)-20,22-dihydroxycholesterol (zone I) 
plus the areas corresponding to cholesterol (zone IV) 
and isocaproic aldehyde (zone V) were scraped from 
the plates and counted. The remaining areas on the 
plates were also counted except the origin. The latter 
retained iodine and the counts were unreliable due 
to quenching. In the few cases where quenching was 
controlled, the total '*C-radioactivity at the origin 
varied between 1400 and 2000 dis./min. This minimal 
amount of radioactivity is believed to be the small 
amount of isocaproic acid formed which, if present, 
would be expected to remain at the origin. 

The partition of radioactivity in the different zones 
is presented in Table 1. Examination of this table 
shows that even freshly purified cholesterol develops 
some decomposition products during extraction and 
chromatographic work-up. These products, however, 
correspond to less than | per cent of the cholesterol 
present. The second column of each section of Table 
1 depicts the ratio of 7H dis./min/'*C dis./min in the 
different zones of the plate. This ratio is either an 
indication of a differential lability of [7-*H]choles- 


Table 1. Partition of radioactivity in the different areas of the chromatogram 





Blank 


Control Inhibited 





Per cent of 
recovered 
14C* 


14C 
(dis./min) 


Areas of the 


chromatogram *H/'*C 


14C 
(dis./min) 


Per cent of Per cent of 
recovered 
14C* 


14, 
(dis./min) 


recovered 
14¢ * 





I 
(20.22R-di-OH- 
cholesterol) 
Il 
(22R-OH-cholesterol) 
Ill 
(20S-OH-cholesterol) 
IV 
(Cholesterol) 
V 
(Isocaproic aldehyde 
area) 


0.026 


0.036 


0.055 


99.42 


0.063 


6,340 


11,914 


1.21 x 10° 


1.03 x 


13.61 0.262 0.205 


0.494 0.256 


5.47 


11.18 50.33 80.98 


10° 0.065 42.92 15.29 





* Percentage of the total '*C recovered from the plates. 
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terol vs [26-'*C]cholesterol, or, most probably, an 
indication of the presence of endogenous contami- 
nants in the tritiated cholesterol which could not be 
removed by the single chromatographic purification 
step. In the blank experiment, the few hundred dis. 
min present in the isocaproic aldehyde zone were 
most probably due to contamination by cholesterol 
(which immediately follows), since they exhibit the 
same *H/'*C ratio as cholesterol. The radioactivity 
in the different zones is not, to a major extent, the 
result of a trailing of cholesterol on the plate on the 
basis that multiple chromatographic runs effected 
fairly good separation of cholesterol, as evidenced by 
the presence of different delineated zones having dif- 
ferent zonal ratios of *H and '*C dis./min. 

The recovery of [26-'*C]cholesterol using 
[7-*H]cholesterol as internal standard varied between 
60 and 70 per cent. In the control experiments, there 
was a concomitant build-up of radioactivity in the 
areas corresponding to the mono- and dihydroxy-der- 
ivatives of cholesterol and, of course, isocaproic alde- 
hyde. However, in some experiments, the build-up of 
radioactivity in the isocaproic aldehyde area was less 
than theoretical. This may have been due to volatili- 
zation of the aldehyde during concentration of the 
methylene chloride extracts. In the calculations pre- 
sented in Table 1, use is made of the presence of 
decomposition products of the triated cholesterol. 
Assuming that similar decomposition products will 
be present in the blank, control and experimental 
preparations, the ratio of *H/'*C rather than '*C dis. 
min will then be a more accurate measure of changes 
in total '*C dis./min. 


In the controls shown in Table 1, 0.30 per cent 


of the added cholesterol was recovered as 
(20R,22R)-20,22-dihydroxycholesterol and 0.26 per 
cent as (22R)-22-hydroxycholesterol. This agrees with 
the report of Burstein and Gut [8] who, using slightly 
different conditions, obtaiued 0.8 per cent of the 
added cholesterol as the dihydroxy derivative and 0.6 
per cent as the 22R-hydroxy derivative. The highest 
relative counts (0.44 per cent) were detected in the 
20-hydroxycholesterol area. This is in contrast to Bur- 
stein et al.[9] who could not recover more than 0.1 
per cent of the added cholesterol as the 20-hydroxy- 
lated derivative. Another labeled material running 
ahead of the (20S)-20-hydroxycholesterol area (not 
shown in’ Table 1) was also detected. Van Lier and 
Smith [25] have postulated the formation of 20«-hyd- 
roperoxide in the cleavage of the side-chain of choles- 
terol. However, they could not unequivocally con- 
clude that it was not due solely to autoxidation [20]. 
A sample of 20«-hydroperoxide, kindly supplied by 
Dr. van Lier, was found to migrate slower than 
20a-hydroxycholesterol and may be responsible for 
some of the activity present in the 20x-hydroxycholes- 
terol area. 

Inhibition of the reaction by 22-azacholesterol 
(Table 1) resulted in the expected decrease in the 
metabolism of ['*C]cholesterol and formation of 
['*C]isocaproic aldehyde. Most importantly, how- 
ever, is the finding that 22-azacholesterol caused no 
accumulation of any of the hydroxylated interme- 
diates implicated in the CSSC reaction. Thus, 22-aza- 
cholesterol must exert its inhibitory action at a very 
early stage in the reaction. 
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Since these observations could have resulted from 
an interaction of 22-azacholesterol with cytochrome 
P-450, the terminal oxidase involved in the cleavage 
reaction, it was of interest to conduct a spectral analy- 
sis of this interaction. 

Spectral binding of cholesterol and 22-azacholesterol 
to adrenal mitochondrial cytochrome P-450. Since the 
early work of Narasimhulu [26], the literature is re- 
plete with spectral studies of the interaction of sub- 
strates with various cytochrome P-450-containing 
preparations. The resulting spectra were classified as 
type I if they presented a peak around 390 nm and 
a trough around 420 nm, and as type II if they pre- 
sented a peak at 420 and a trough at 390 nm. Schenk- 
man et al.[27] proposed that the type I and type 
II difference spectra spectra are caused by the associ- 
ation of the substrates to different sites of the enzyme 
complex. The type I spectral change is thought to 
be due to an increase in the polarity of the sixth heme 
ligand facilitating electron flow to cytochrome P-450, 
altering heme absorption [28, 29] and causing a tran- 
sition of the heme iron from a low-spin to a high-spin 
state [30]. The type II spectral change is thought to 
reflect the coordination at the sixth ligand between 
the compound and the hemochrome site and a transi- 
tion of the heme iron from a high- to a low-spin 
state. A third spectral change, the modified type II, 
is very similar to a simple type II, and is thought 
to result from a reversal of the binding to cytochrome 
P-450 of endogenous type I substrate [31]. 

As shown in Fig. 3, curve a, cholesterol reacted 
with bovine adrenal mitochondrial preparation to 
give a weak type I spectrum with a peak at 390 nm 
and a trough at 427 nm. Other workers have obtained 
either a weak type | spectrum [32] or no spectral 
alteration [33] with cholesterol. This weak binding of 
cholesterol may be due to the occupation of its bind- 
ing sites by endogenous sterols as shown by Chen 
and Harding [34]. These authors have exhaustively 
extracted mitochondrial preparations with acetone 
and ether bringing down the ratio of endogenous cho- 
lesterol to cytochrome P-450 from 30 to 0.3-0.5. 
Addition of a cholesterol-lecithin emulsion to this 
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Fig. 3. Binding of cholesterol to adrenal mitochondrial 
cytochrome P-450. The enzyme preparation was diluted 
to 17 mg of acetone-dried powder/ml with 0.1 M potassium 
phosphate buffer, pH 7.4 The solid line (curve a) represents 
the spectrum obtained upon the addition of 80 uM choles- 
terol in ethylene glycol to the sample cuvette and ethylene 
glycol to the reference cuvette. The dotted line (curve b) 
represents the spectrum obtained upon the addition of cho- 
lesterol to the sample cuvette in the presence of 40 uM 
22-azacholesterol in both sample and reference cuvettes. 
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Fig. 4. Binding of 22-azacholesterol to adrenal mitochon- 
drial cytochrome P-450. The enzyme preparation was 
diluted to 17 mg of acetone-dried powder/ml with 0.1 M 
potassium phosphate buffer, pH 7.4 The solid line (curve 
a) represents the spectrum obtained upon the addition of 
50 uM 22-azacholesterol in ethylene giycol to the sample 
cuvette and ethylene glycol to the reference cuvette. The 
dotted line (curve b) represents the spectrum obtained 
upon the addition of 22-azacholesterol to the sample 
cuvette in the presence of 80 uM cholesterol in both sample 
and reference cuvettes. 


preparation provided a well-defined type I spectrum 
(Amax 387nm and 4,;, 420nm). They also obtained 
well-defined type I spectra with the hydroxylated deri- 
vatives of cholesterol. Earlier, Burstein et al. [35] were 
unable to detect a consistent correlation between the 
enzymatic activity of an adrenal mitochondrial prep- 
aration and spectral binding with cholesterol. While 
this casts doubt on the use of spectral binding data, 
the findings of Chen and Harding[34] offer an 
explanation for the previous lack of correlation with 
enzymatic activity. 

Figure 4, curve a, shows a “type II” spectrum of 
22-azacholesterol (/,,,, 427 nm and /,,;, 388 nm) with 
adrenal mitochondrial preparations. When a saturat- 
ing concentration of 22-azacholesterol was added to 
the sample and reference cuvettes, no difference spec- 
trum was observed on subsequent addition of choles- 
terol to the sample cuvette (Fig. 3, curve b). However, 
a saturating concentration of cholesterol in both 
cuvettes only slightly altered the binding spectrum of 
22-azacholesterol (Fig. 4, curve b). 

A true type II binding, resulting in a low-spin form 
of cytochrome P-450, is thought to be due to binding 
at the sixth ligand. Oxygen, carbon monoxide, amines 
and other nitrogenous compounds ostensively inter- 
act in this manner. Several criteria are used to con- 
firm this interaction among which is the ability to 
displace carbon monoxide from its binding site. 
Although an amine, 22-azacholesterol does not bring 
out the hemoprotein nature of cytochrome P-450 in 
contrast with metyropone, a known type I! com- 
pound. Thus, in our hands, addition of 22-azacholes- 
terol to the dithionite reduced preparations showed 
essentially no difference spectrum between the wave- 
lengths 500 and 650 nm (not shown). This is unlike 
metyropone which gave single distinct alpha and beta 
bands at 540 and 566 nm when the source of the cyto- 
chrome was Pseudomonas putida and split peaks 
when the source was rat liver microsomes [36]. 

Thus, we may conclude that 22-azacholesterol, 
although an amine, most probably does not bind with 
the heme at the oxygen or carbon monoxide binding 
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site but appears to compete with cholesterol at the 
substrate site. In reality then, the “type II” spectrum 
is a modified type II and is the result of the displace- 
ment of endogenous cholesterol. Similar to choles- 
terol, 22-azacholesterol can be classified as a type | 
substrate. In fact, when added to rat liver microsomes, 
22-azacholesterol produced a modified type I spec- 
trum (Fig. 5) with a peak at 408 nm and a trough 
at 425nm. Further insight on the interaction of 
22-azacholesterol with cytochrome P-450 was 
obtained by the following EPR study. 

EPR measurements of the interaction of cholesterol 
and 22-azacholesterol with adrenal acetone powder 
preparation. Cytochrome P-450 exists in either a high- 
spin or a low-spin state; these states are not energeti- 
cally very far apart and a variety of factors can cause 
transition from one spin state to another. The high- 
spin ferric ion associated with cytochrome P-450 has 
been shown to exhibit resonance near a magnetic field 
corresponding to g ~ 8, observable only at very low 
temperatures (< 20K), while the low-spin ferric ion 
yields a rhombic EPR signal centered around g ~ 2 
and is readily detected at temperatures near liquid 
nitrogen. 

The type I spectral change has been demonstrated 
to reflect a low-spin (S = 1/2) to high-spin (S = 5/2) 
shift of the ferric ion in P-450 and the modified type 
II spectral change to reflect a high- to low-spin 
shift [37]. 

Since the above described enzymic and optical 
measurements seem to indicate a common interaction 
of cholesterol and 22-azacholesterol with adrenal 
mitochondrial cytochrome P-450, it was of interest 
to determine the effect of 22-azacholesterol on the 
high- to low-spin transition of the ferric ion in the 
cytochrome. Such an experiment would provide 
further evidence relating to the nature of the type 
II spectrum. The results of this experiment are pre- 
sented in Fig. 6. 

Examination of the influence of the transition sol- 
vent ethylene glycol has indicated that this polyol 
effects a substantial decrease (37 per cent) in the g ~ 8 
signal (spectra a and a’ of Fig. 6a), indicating a high- 
to low-spin transition. The same concentration of 
ethylene glycol plus 150 uM 22-azacholesterol effected 
approximately a 70 per cent attenuation of the g ~ 8 
signal (spectrum b, Fig. 6a). Addition of larger 
amounts of the solvent and inhibitor did not further 
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Fig. 5. Binding of 22-azacholesterol to rat liver micro- 

somes. A microsomal preparation containing 1 4M cyto- 

chrome P-450 was treated with 204M 22-azacholesterol 

in ethylene glycol in the sample cuvette and ethylene glycol 
in the reference cuvette. 
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Fig. 6. EPR spectra of adrenal mitochondrial P-450 (~ 60 4M) in the absence and presence of 22-aza- 
cholesterol. Panel a: spectra of the low field region. Panel b: spectra of the high field region. Sample 
preparations: (a) no additions; (a’) 40 ul ethylene glycol to 0.5 ml of enzyme preparation; and (b) 
80 nmoles of 22-azacholesterol in 40 yl ethylene glycol. Recording conditions: (a) temperature, 7.5K; 
sweep rate, 100 gauss/min; microwave power, 30 mW; microwave frequency 9.26 GHz; and (b) tempera- 
ture, 1OOK, sweep rate, 200 gauss/min; microwave power, 5mW; microwave frequency 9.228 GHz. 
(Common) Modulation amplitude, 9 gauss; modulation frequency, 100 (k)Hz; time constant, 1 sec. 


lower the g ~ 8 signal. The intensity of the g ~ 6 sig- 
nal present in these samples was recorded directly 
after the g ~ 8 signal at reduced spectrometer gain 
and was found to be constant (+2 per cent) for all 
the spectra shown in Fig. 6. This result insured that 
the intensity changes in the g ~ 8 signal were not 
caused by spurious temperature differences between 
different recordings. 

EPR spectra were recorded from the same samples 
as shown in Fig. 6 at nitrogen temperatures. A dis- 
tinct increase in the low-spin signal on addition of 
the inhibitor in ethylene glycol was observed as com- 
pared to ethylene glycol alone. In separate experi- 
ments (not shown), it was demonstrated that ethylene 
glycol alone increased the overall intensity of the low- 
spin signal. Similar results were reported by Esta- 
brook et al. [38], using ethanol. The ethylene glycol- 
induced g ~ 2 signal was qualitatively identical, 
within the noise limits of the experiment, as that 
observed in the unaltered sample, but the g, value 
of the 22-azacholesterol-induced signal was slightly 
greater than that of the ethylene glycol-induced spec- 
trum. Changes of the other g-values were not appar- 


ent. The results of our EPR experiments are summar- 
ized in Table 2. 


DISCUSSION 


The cleavage of the side-chain of cholesterol is cata- 
lyzed by a cytochrome P-450-dependent enzyme sys- 
tem present in different endocrine tissues. The enzyme 
from bovine adrenal mitochondria was purified to 
homogeneity with a loss of contaminating 11/-hyd- 
roxylase activity and was characterized by Shikita 
and Hall [22, 39]. Although great progress has been 
made in the isolation and characterization of the 
enzyme, knowledge still needs to be advanced to 
explain the mechanism of the oxidative cleavage of 
the C,9—C,, carbon bond of cholesterol. According 
to the kinetic evaluations of Burstein and Gut [8], 
the pathways involving the sequential formation of 
a monohydroxy followed by the dihydroxycholesterol 
play only a minor role in the side-chain cleavage reac- 
tion. The observation by other workers [6,7] that 
(20S}-20-hydroxycholesterol and (20R,22R)-20,22-di- 
hydroxycholesterol are better substrates than choles- 


Table 2. Effect of ethylene glycol and 22-azacholesterol on EPR spectral measurements of adrenal mitochondrial P-450 
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Inhibition of cholesterol side-chain cleavage by 22-azacholesterol 


terol and compete with it in the reaction should not 
be taken as proof of intermediacy, since 24-hydroxy-, 
25-hydroxy- and 26-hydroxycholesterol all inhibited 
the reaction [21]. It is rather a measure of the ability 
of the system to catalyze a variety of reactions. More- 
over, work from Lieberman’s laboratory [14] has 
shown that a derivative of cholesterol having a t-butyl 
and a hydroxyl group at C-20 positions and, there- 
fore, incapable of forming a C-20,22-dihydroxy deri- 
vative could still give pregnenolone. The formation 
of (20R,22R)-20,22-dihydroxycholesterol whether re- 
sulting from a sequential hydroxylation or a re- 
arrangement of the 20%-hydroperoxide as proposed 
by van Lier and Smith [25] does not, therefore, seem 
to be essential for the cleavage reaction. Recently, 
Burstein et al. [40] have incubated cholesterol with 
18, and '°O, and found that the '°O,, '°O, '8O 
and '8O, in the isolated 20,22-dihydroxy-cholesterol 
exhibited a binomial distribution. This indicates that 
the oxygen atoms of the vicinal glycol are drawn at 
random from the available oxygen atom pool and, 
therefore, no significant insertion of an individual 
oxygen molecule occurs as would be obtained if the 
glycol arose from an intramolecular rearrangement 
of a hydroperoxide. Luttrell et al. [14] postulates the 
formation of short-lived radicals or ionic species com- 
plexing with the enzyme system. The traditional side- 
chain hydroxylated compounds would then be by- 
products of the reaction, arising from the transient, 
enzyme-bound radicals or ionic species. This will 
explain their elusive nature in the free form. 

In our enzymic inhibition studies, 22-azacholesterol 
curtailed, to relatively the same degree, the appear- 
ance in the incubation mixture of the free hydroxy- 
lated cholesterol derivatives. This observation does 
not answer the question of intermediacy of the hyd- 
roxylated steroids, but seems to indicate a role for 
22-azacholesterol early in the sequence of events lead- 
ing to the cleavage of the side-chain. Previously [15]. 
we have reported the competitive nature of the inhibi- 
tion of the CSCC reaction by 22-azacholesterol 
(K; 2.2 uM). The competitive nature of the inhibition 
may indicate a common binding site or different bind- 
ing sites with mutually exclusive binding properties. 

Experiments outlined in this report indicate a com- 
petition in the spectral binding of cholesterol and 
22-azacholesterol, although the former produces a 
type I whereas the latter, a “type II” spectrum. How- 
ever, the results in this paper indicate that the binding 
of 22-azacholesterol is in reality a modified type II 
and is caused by the displacement of endogenous 
compounds (possibly cholesterol). 

Several arguments are in favor of a close proximity 
between the substrate-binding site and the hemoch- 
rome site in various cytochrome P-450-dependent sys- 
tems. Thus, several workers have found that metyro- 
pone competitively inhibits adrenal mitochondrial 
11-hydroxylation of deoxycorticosterone (DOC) 
[41, 42]; however, spectral studies have 
demonstrated that it coordinates to the heme of the 
cytochrome and not to the substrate site [36]. 
Recently, Griffin et al. [43], using a spin-labeled ana- 
log of metyropone, have provided support to their 
previous conclusion that the camphor and the metyr- 
opone binding sites of bacterial cytochrome P-450 
overlap. Mailman et al. [44] have reported that nitro- 
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gen-containing compounds in which the nitrogen is 
primarily an sp? or sp* hybrid and in which the non- 
bonded electron pair is accessible will cause typical 
type II spectra. Since in 22-azacholesterol the above 
requirements are fulfilled and in the light of the poss- 
ible close proximity of the two binding sites, a search 
for a type II spectrum hidden in the modified type 
II was begun. The absence of x- and f-bands of the 
reduced cytochrome between 500 and 600 nm and 
the inability to compete with carbon monoxide do 
not favor the hypothesis of a ligand formation 
between 22-azacholesterol and the heme of cyto- 
chrome P-450. This is probably due to a relative inac- 
cessibility of the lone pair of electrons on the nitrogen 
of 22-azacholesterol and/or the relative bulk of the 
molecule. 

Estabrook et al. [38] have studied the interaction 
of drugs (ethylmorphine, hexobarbital and large con- 
centrations of ethanol) with another P-450-dependent 
hydroxylase system, namely that catalyzing the 
11-hydroxylation of DOC. Although these drugs are 
not metabolized by the adrenal system, they exhibited 
a type II spectra and facilitated the binding of the 
natural substrate DOC. Based on these observations, 
they hypothesized that the drugs displaced endo- 
genously bound substrate but had no binding affinity 
of their own and were not metabolized. 

In our system, 22-azacholesterol has a_ higher 
affinity than cholesterol to its binding site and appar- 
ently displaces it giving the observed optical and mag- 
netic spectra. However, it did not facilitate the bind- 
ing of cholesterol. This may be interpreted as: (a) the 
azasterol displaces cholesterol from its binding sites; 
however, it lacks the inherent ability to effect the 
structural changes in the enzyme that we observe as 
a high- to low-spin transition in the EPR spectra or 
a distinct type I spectrum; or (b) the azasterol dis- 
places cholesterol (modified type II) and also provides 
a binding of its own (type I) and we are witnessing 
the algebraic summation of these two effects. The 
slight shift in g, observed in the low-spin EPR spec- 
trum suggests that the azasterol exerts some specific 
influence on the ferric heme. The closeness of the 
structure of azasterol and cholesterol may favor this 
interpretation. 

The isosteres of cholesterol having a nitrogen atom 
in different positions of the side-chain are close 
enough in structure to the parent compound and may 
prove to be useful tools in elucidation of the spatial 
arrangement of the binding and catalytic sites of cyto- 
chrome P-450. 


Acknowledgement—The authors thank Mr. Ronald Lang- 
don for his able technical assistance. 


Note added in proof—Evidence was recently presented 
that the conversion of cholesterol to pregnenolone pro- 
ceeds via the sequence (22R)-22-hydroxycholesterol— 
(20R,22R)-20,22-dihydroxycholesterol [S. Burstein and 
M. Gut, Steroids 28, 115 (1976)]. 
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Abstract—Rat liver aldehyde reductase is a soluble constitutive enzyme having the ability to catalyze 
the reduction of several natural aldehydes such as lactaldehyde, glyceraldehyde, glyceraldehyde-3-phos- 
phate, glucuronate, glucuronolactone, and succinic semialdehyde. However, on the basis of apparent 
Kins Venae and relative pseudo-second order rate constants (k,,,/K,,), 4-carboxybenzaldehyde is the best 
substrate and a number of other xenobiotic aldehydes are excellent substrates for the enzyme. Low 
or neglible activity is seen for short chain aliphatic aldehydes, 4-hydroxyphenylglycolaldehyde, and 
myristic aldehyde. The ketones, p-nitroacetophenone, D-2,3-boranedione, adriamycin, and N-acetyl- 
daunorubicin are poor substrates. The only significant ketone substrate is the antibiotic, daunorubicin, 
which is reduced with the unique alkaline optimum of pH 8.5. All other substrates (except adriamycin) 
were reduced at an acid optimum of pH 6.0. The N-acetylation of the free amino group of daunorubicin 
eliminates the alkaline activity suggesting the involvement of this group in the unique alkaline optimum. 
Reductase activity is noncompetitively inhibited by barbital and phenobarbital, as well as other pharma- 
cologic compounds. Inhibitors of the classical alcohol dehydrogenase do not inhibit the aldehyde reduc- 
tase. These and other properties suggest that this enzyme belongs to the class of reductases ubiquitously 


distributed among animal tissues and classified as alcohol: NADP* oxidoreductases (E.C. 1.1.1.2). 


Numerous important carbonyl containing drugs un- 
dergo carbonyl reduction as a major biotransforma- 
tion step in mammals [1-6]. These carbonyl reduc- 
tions are catalyzed by a group of reductases which 
are ubiquitous among mammalian tissues and which 
may have fundamental roles in cellular metabo- 
lism [7, 8]. Unfortunately, most studies have utilized 
crude extracts or partially purified enzymes, and in- 
formation about these reductases is limited [8]. 

Daunorubicin is a keto containing cancer chemo- 
therapeutic antibiotic which is reduced to the alcohol, 
daunorubicinol, by the cytoplasmic enzyme daunoru- 
bicin reductase (Fig. 1). Daunorubicin reductase has 
been purified to homogeneity from rat liver and 
shown to reduce several naturally occurring com- 
pounds. However, the best natural substrate was at 
least an order of magnitude less reactive than the 
antibiotic which made the identification of the puri- 
fied enzyme uncertain [9]. 

In order to identify the rat liver reductase, “dauno- 
rubicin” reductase, we have studied the substrate 
specificity and kinetic characteristics for a diverse 
array of aldehyde and ketone substrates under several 
assay conditions. We have also characterized the 
enzyme by inhibitor classification and ionic effects. 

Surprisingly, we find that daunorubicin reductase 
has very limited ketone reductase activity but exhibits 
extensive activity towards xenobiotic and endogenous 
aldehydes. As a result we identify this enzyme as an 
aldehyde reductase (E.C. 1.1.1.2) and suggest its poss- 
ible involvement in numerous physiological processes 
as well as general drug metabolism. 


MATERIALS AND METHODS 


Daunorubicin, adriamycin, and N-acetyldaunorubi- 
cin were obtained from the Drug Development 


Branch, Cancer Chemotherapy National Service 
Center, National Cancer Institute, National Institutes 
of Health, NADPH and NADH were obtained from 
P-L Biochemicals. Bovine serum albumin, NADP*, 
warfarin, p-nitrobenzaldehyde, D-glyceraldehyde (70% 
pure), D,L-glyceraldehyde-3-phosphate, D-glucuronate, 
D-glucuronolactone, D-glucose-6-sulfate, D-ribose, 
D-glucose, D-galactose, oxytetracycline, 1,10-phen- 
anthroline, «,«’-dipyridyl, biliverdin (80% pure), 
octopamine, indoleacetaldehyde (sodium bisulfite), 
retinal (trans), y-hydroxybutyric acid and nicotinic 
acid were purchased from Sigma. Propionaldehyde, 
acetaldehyde, pyrazole, isobutrylamide, cyclohex- 
anone, D-2,3-boranedione, m-hydroxybenzaldehyde 
(practical), p-nitroacetophenone (practical), n-butrylal- 
dehyde, p-nitroacetophenone were from Eastman 
Chemicals. Valeraldehyde, 4-carboxybenzaldehyde, 
2-carboxybenzaldehyde, p-aminoacetophenone were 
obtained from Aldrich. Caproic acid was from 
Applied Science Lab, Inc. and L-glyceraldehyde from 
Fluka. Trifluorperazine dihydrochloride and chloro- 
promazine hydrochloride were donated by Smith 
Kline and French Labs. Oxisuran and bunolol were 
provided by the Warner Lambert Research Institute. 
Tetramethylene glutamic acid and 1,3-dioxo-1H- 
benz[de]-isoquinoline-2(3H) acetic acid (AY 22,284) 
were donated by Dr. Kinoshita. Methadone and 
phenobarbital were obtained from the U.S. Public 
Health Service Hospital. 

The p-Nitroacetophenone was recrystallized three 
times from ethanol-water and m-hydroxybenzalde- 
hyde was recrystallized three times from warm water. 
D,L-Lactaldehyde was prepared by the reaction of nin- 
hydrin with p,L-threonine [10]. Succinic semialdehyde 
was prepared from hydroxybutyrolactone as de- 
scribed by Taberner et al.[11]. The concentrations 
of p,L-lactaldehyde and succinic semialdehyde were 
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determined just before use by their bisulfite binding 
capacity [12]. L- and D-glyceraldehyde were prepared 
and the concentration of D-glyceraldehyde was deter- 
mined by the method of Kormann et al.[13]. The 
4-hydroxyphenylglycolaldehyde was prepared from 
octopamine by treatment with monoamine oxidase 
and the free indoleacetaldehyde was prepared from 
its sodium bisulfite addition product as previously de- 
scribed [14]. Myristic aldehyde from Pfaltz and 
Bower, Inc. was purified by silica gel thin layer 
chromatography which was developed in hexane 
chloroform—methanol (75:25:1.5, v/v/v). The major 
aldehyde spot was extracted with ether, the ether 
removed with nitrogen gas, and the residue diluted 
in hexane. Where necessary, aldehydes were visualized 
on plates with 2,4-dinitrophenylhydrazine [14]. The 
concentrations of 4-hydroxyphenylglycoaldehyde, in- 
doleacetaldehyde and myristic aldehyde were also 
determined by reaction with 2.4-dinitrophenylhydra- 
zine as described by Lappin and Clark [15]. Dauno- 
rubicin and adriamycin were purified according to the 
method of Bachur and Cradock [16]. At least 95%, 
of the N-acetyldaunorubicin migrated as a single spot 
ahead of daunorubicin on silica gel thin layer 
chromatography. Daunorubicinol was prepared enzy- 
matically from daunorubicin with the purified rat 
liver aldehyde reductase [9] and excess NADPH in 
0.2 M Tris-HCl buffer, pH 8.5. The reaction mixture 
was then desalted on an Amberlite XAD-2 column 
(Rohm and Haas, Philadelphia, PA) or extracted with 
n-butanol and then purified by counter current 
chromatography. 

The rat liver aldehyde reductase was prepared as 
previously described [9]. 

Assays. The standard assay for rat liver aldehyde 
reductase activity was determined spectrophotometri- 
cally in 0.2M Tris-HCl buffer, pH 8.5 or in 0.1 M 
potassium phosphate buffer, pH 6.0. The rat liver de- 
hydrogenase activity was determined spectrophoto- 
metrically in 0.2M_ glycine-NaOH buffer, pH 10.1. 
Unless otherwise specified, all reductase and dehydro- 
genase assays included either about 0.18mM 
NADPH or about 2.8.mM NADP’, respectively. 
Assays also included either 0.75mM _ daunorubicin, 
3.5mM_nitrobenzaldehyde, 37.5mM_ n-butrylalde- 
hyde, 70mM pb-glucuronate, 200 mM b-glucuronolac- 
tone, 0.53mM _ daunorubicinol, 1.54M_ glycerol or 
i.4M sorbital as substrates in a final vol. of 1.0 ml. 
All assays were monitored at 25° in 1 cm light path 
quartz cuvettes by following the oxidation of 
NADPH or reduction of NADP* at 340nm using 
a Cary 14 spectrophotometer equipped with a full 
scale expansion of 0-0.2 absorbance units. Back- 
ground rates under acid assay conditions were sub- 


stracted from rates observed after the addition of 


enzyme. Apparent kinetic constants were determined 
under the same assay conditions at appropriate sub- 
strate concentrations. 

Strong ultraviolet absorbing inhibitors of reductase 
activity were examined by a modification of a pre- 
viously described fluorescence assay [17]. Daunorubi- 
cin was incubated under conditions of the standard 
pH 8.5 assay in a total vol. of 0.5 ml. After a 20 min 
incubation, the reaction was terminated by the addi- 
tion of 0.5 ml of 95°, ethanol and an aliquot chroma- 
tographed on thin layer silica gel [17]. Reaction rates 
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were determined by extracting the product, daunoru- 
bicinol from the silica gel and determining its fluor- 
escence against standards. 

Enzyme activity units were defined as pmole of 
NADPH oxidized (or NADP* reduced) per min at 
25°. 

Yeast and horse liver alcohol dehydrogenase 
(E.C. 1.1.1.1) were assayed spectrophotometrically in 
0.2M Tris-HCl buffer, pH 8.5 containing 1.3mM 
NAD* and 1.67M ethanol in a final vol. of 1.0 ml. 
The reaction was monitored as described for the rat 
liver enzyme. The ability of alcohol dehydrogenase 
to metabolize the anthracycline antibiotics was tested 
by incubating each of the above commercial enzymes 
in 0.2M Tris-HCl buffer, pH 8.5 with (1) 0.41mM 
daunorubicin and either 21.2mM NADPH _ or 
10.3mM NADH and (2) 1.06mM _ daunorubicinol 
and 7.75mM NAD“. After lhr incubation at 24°, 
the antibiotics were extracted with n-butanol and con- 
version examined by the fluorescence assay [17]. 

Solutions of pyridine nucleotides were made fresh 
daily and concentrations of the reduced and oxidized 
cofactors determined from molar extinction coeffi- 
cients of 6.22 x 10° at 340nm and 18.0 x 10° at 
260 nm, respectively. Daunorubicin, daunorubicinol, 
N-acetyldaunorubicin, and adriamycin concentrations 
were determined with a molar extinction coefficient 
of 11.4 x 10° at 485 nm. 

Emulsification of insoluble substrates in Tween-20 
was accomplished by dissolving substrates in 2—3 ml 
of diethyl ether, adding appropriate amounts of 
Tween-20, mixing, evaporating the ether under N, 
and dissolving the residue in phosphate buffer. 

The effects of ionic strength on the reductase were 
determined in (1) increasing concentrations of potas- 
sium phosphate buffer (pH 6.0): (2) increasing concen- 
trations of glycine-NaOH buffer (pH 8.5); and (3) in 
0.05 M glycine-NaOH buffer (pH 8.5) supplemented 
with increasing concentrations of NaCl or Na,SQ,.. 
Each salt containing buffer was made up individually 
and adjusted to pH 8.5. The pH optima was deter- 
mined similarly to the standard spectrophotometric 
assays in 0.05 M potassium phosphate or 0.05 M gly- 
cine-NaOH buffers. Correction for ionic strength 
effects do not change the optima indicated in these 
buffers. 

Kinetics. The enzyme displays a K,, for NADPH 
of 1M or less in both the standard pH8.5 and 
pH 6.0 assays. All kinetics were therefore carried out 
in the presence of saturating cofactor. Under these 
conditions, the enzyme reaction is described by equa- 
tion (1). 
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where v is the rate of the reaction, V,,,, is the maxi- 
mum rate. S is the substrate concentration and K,, 
is the Michaelis constant. Kinetic constants were 
determined by fitting the data to equation (1) by using 
the least-squares method and assuming equal vari- 
ance for the velocities [18]. Calculations were per- 
formed on the Tymshare computer network using 
FORTRAN programs [19] which provided K,,, Voraxs 
Kyn/Venaxs 1/Venaxsand the standard deviations of their 
estimates. The type of inhibition was determined by 
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graphically plotting 1/rv against 1/s and the slopes 
(Kim/Venax) and the intercepts (1/V,,,,) against the in- 
hibitor concentration. For inhibition experiments, 
data were then fit to equation (2) 


ae 
” = K,(1 + 1/Kjs) + Sl + 1/Kn) 


(2) 


which describes a linear noncompetitive type of inhi- 
bition and where / is the inhibitor concentration and 
K,s; and K,, are the inhibition constants obtained 
from secondary plots of slopes and intercepts against 
I, respectively. All fits assumed equal variances for 
the observed velocities and used the computer pro- 
gram of Cleland [19]. 

Assays of different experiments were generally per- 
formed in duplicate or triplicate at from 5 to 8 sub- 
strate concentrations over at least a 10-fold substrate 
concentration range. The velocity data from all ex- 
periments were then normalized to the same enzyme 
concentration (2.15 units/mg) by comparing the rates 
of the different enzyme dilutions or preparations used. 
Most kinetic constants were calculated from data 
obtained from at least two different experiments each 
with freshly prepared substrates and/or inhibitors. 

Under conditions where S$ <K,, equation (1) 
reduces to 


Here k,,, is the overall catalytic rate constant, and 
Eo is the enzyme concentration. Protein concen- 
tration was determined by the method of Lowry [20] 
and Ep calculated using a mol. wt of 39,000 [9]. V,,.. 
values were determined as described above and con- 
verted to k,,, values by divinding by Ep». Relative 
pseudo-second order rate constants were estimated by 
dividing the apparent k,,,, by the respective apparent 
E> 
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Fig. 1. Structures of daunorubicin, daunorubicinol, adria- 
mycin, and adriamycinol. 


RESULTS 


Substrate dependent pH optima. When rat liver alde- 
hyde reductase was assayed under conditions of opti- 
mal daunorubicin reduction (pH 8.5), other aldehyde 
and ketone substrates were at least an order of magni- 
tude less reactive [9]. Since most aldehyde and ketone 
reductases described in the literature function opti- 
mally from pH 5.5 to 8.0[13, 21-35], several alde- 
hydes were compared as possible substrates of the 
reductase over this lower pH range. Figure 2A shows 
the apparent pH optima for the reduction of dauno- 
rubicin and three aldehyde substrates. The aldehydes 
were optimally reduced near pH 6.0 with a velocity 
up to seven times faster than at pH 8.5, the optimum 
for daunorubicin reduction. Except for the antibiotics, 
daunorubicin and adriamycin (Fig. 1), all other sub- 
strates tested possessed the acid pH optima. The 
unique reduction of daunorubicin at alkaline pH was 
eliminated by N-acetylation of the amino group on 
the sugar of the antibiotic suggesting involvement of 
the free amino group in the preferential alkaline 
reduction of the drug (See Table 2, below). 
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Fig. 2. Apparent pH optima for rat liver reductase; A, reduction of several substrates determined 

in 0.05 M potassium phosphate buffers (pH 5.4-8.2) and 0.05M glycine-NaOH buffers (pH 8.1—10.9). 

The substrates determined were pD-glucuronolactone, O; n-butrylaldehyde, A; p-nitrobenzaldehyde, @: 

and daunorubicin @; B, pH optima for the enzymatic oxidation of several substrates determined in 

0.05 M glycine-NaOH buffers. The substrates determined were sorbitol, A; glycerol, @; and daunorubi- 
cinol, O. 
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Table 1. Apparent kinetic constants for substrate oxidation* 





K 


Substrate (mM) 


J max 


(samole/min) 





1,070 + 
576 


70+ 
32 


Sorbitol 
Glycerol 
Daunorubicinol 


0.108 + 0.012 


0.612 
0.444 
0.538 


4.33 + 0.187 
3.14 + 0.078 
3.81 + 0.169 





* Kinetic constants determined at pH 10.1 as described in Methods Section. 


+ Standard deviations. 


The enzyme also displayed a pH dependent de- 
hydrogenase activity. Despite the thermodynamic 
equilibrium favoring reduction [9], the reverse reac- 
tion occurred at elevated pH values (Fig. 2B). Analo- 
gous with the reductase activity, the oxidation of the 
antibiotic, daunorubicinol, proceeded under more 
alkaline conditions relative to the polyglycols sorbital 
and glycerol. Kinetic constants determined for the 
reverse reaction with these alcohols were obtained at 
pH 10.1 (Table 1). The reversal of other aldehyde and 
ketone reductases have been demonstrated under 
similar conditions [22, 23, 25, 27, 35]. 

Ketone substrate specificity. In addition to its un- 
ique alkaline reaction optimum, daunorubicin is the 
only ketone significantly reduced by this enzyme. 
Even the closely related ketone antibiotics, N-acetyl- 
daunorubicin and adriamycin, are one and two orders 
of magnitude less reactive, respectively. A comparison 
of kinetic parameters of other ketone substrates were 
determined by the standard pH 8.5 and pH 6.0 assays 
(Table 2). All ketones examined, except daunorubicin 
and adriamycin, exhibited acid pH optima. The 
ketones p-nitroacetophenone and d-2,3-boranedione 
exhibited high K,, and low V,,,, values and have solu- 
bilities which precluded reliable estimations of kin- 
etic constants. Therefore, they were compared at 
specified substrate concentrations. Other drugs and 
ketones which are inactive with 0.1—-0.2 u.M enzyme 
in the standard pH 6.0 assay at the indicated ketone 
concentrations include oxisuran (10mM), bunolol 
(1 mM), retinal (0.04mM in 2°, ethanol), cyclohex- 
anone (0.65 M) and p-aminoacetophenone (0.5 mM). 


The ketones warfarin and methadone are not 
reduced. In fact, they are moderate inhibitors of 
daunorubicin reduction (see below). Since warfarin is 
actively reduced by crude extracts of rat liver, the 
presence of a reductase other than daunorubicin 
reductase is therefore suggested [36]. 

Aldehyde specificity. In contrast to the low activity 
of ketone substrates, a variety of aldehydes, including 
xenobiotic as well as naturally occurring compounds, 
function well as substrates for daunorubicin reduc- 
tase. The apparent kinetic constants of these sub- 
strates were determined at pH 6.0 (Table 3). Among 
the compounds examined in Table 3, as the K,,, value 
increases, the second order rate constant (k,,,/K,,) 
generally decreases, reflecting decreasing catalytic ac- 
tivity. 

Benzaldehydes containing electron withdrawing 
groups in the para position were the best substrates 
tested. As measured by the relative second order rate 
constants (k,,,/K,,) the optimum reduction of 4-car- 
boxybenzaldehyde (pH6.0) was about 23 times 
greater than the optimum daunorubicin reduction 
(pH 8.5). Surprisingly, 2-carboxybenzaldehyde was 
not reduced. 

From the kinetic constants (Table 3), it is apparent 
that rat liver aldehyde reductase is capable of reduc- 
ing a number of physiologically occurring com- 
pounds. For example, indoleacetaldehyde which is a 
model compound for the physiological metabolite of 
serotonin was very efficiently reduced. In contrast, 
4-hydroxyphenylglycolaldehyde (1 mM), a metabolite 
of the biogenic amine, octopamine, was slowly 


Table 2. Comparison of apparent kinetic constants of ketone substrates 





Ky, 


Substrate (mM) 


(umole/min) 


Specific 
activity 
(umole/min/mg) 


max 





pH 6.0* 

Daunorubicin 
N-Acetyldaunorubicin 
p-Nitroacetophenone 
d-2,3-Boranedione 

pH 8.5* 

Daunorubicin 
Adriamycin 
N-Acetyldaunorubicin 


0.257 
0.0508 


+ 0.0504+ 
+ 0.00358 


0.0800 + 0.00521 
0.220 + 0.0213 
0.0688 + 0.00511 


1.03 + 0.115 
1.21 + 0.0255 


10.6 + 0.173 
0.546 + 0.0169 
0.858 + 0.0172 


0.206 (0.178) 
0.175€ (0.174)s 
0.0343t 


O12ty.* 


1.50 
0.0771 
0.121 


18,700 
351 
1,760 





*See Methods Section for standard assay conditions. 
* Standard deviations. 
t Determined at a substrate concentration of 1 mM. 
$ Calculated using the K,, and V, 
Section). 

Not determined. 
“ Determined at a substrate concentration of 0.1 mM. 
** Determined in presence of 1°, Tween-20. 


max 


from the Table, the indicated substrate concentration, and equation (1) (See Methods 
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Table 3. Apparent kinetic constants for reduction of aldehyde substrates* 





} 
(mM) 


Substrate 


Wie 


(umole/min) 





4-Carboxybenzaldehyde 
p-Nitrobenzaldehyde 

Indoleacetaldehyde 
D,L-Lactaldehyde 
b-Glyceraldehyde 
L-Glyceraldehyde 
D,L-Glyceraldehyde-3-phosphate 
b-Glucuronate 

Succinic semialdehyde 
p-Glucuronolactone 
n-Butyraldehyde 

Propionaldehyde 
b-Glucose-6-sulfate 
D-Ribose 

Acetaldehyde 
D-Glucose 
b-Galactose 


0.211 + 0.0118 
0.488 + 0.0478 
1.27 + 0.0973 
2.43 + 0.317 
4.21 + 0.312 
4.60 + 0.668 
6.23 + 0.806 
10.9 + 4.77 
26.3 + 4.03 
34.8 + 4.17 
36.2 + 4.15 
46.1 + 7.65 
107 + 31.4 
130 + 49.8 
8,000 + 1,702 
20,700 + 15,900 


0.0262 + 0.00378+ 


5.23 
+ 1.94 
5.58 
+i 
3.99 


316 + 235 
5.85 + 0.490 
5.37 + 111 
2.10 + 0.45 
19.2} 3:52 
106 + 81 





* Kinetic constants determined at pH 6.0 as described in Methods Section 


+ Standard deviation. 


reduced with an initial rate of 0.742 + 0.089 pmole 
min/mg of enzyme in the standard pH 6.0 assay. 
4-Hydroxyphenylglycolaldehyde and other biogenic 
aldehydes are readily reduced by rat brain aldehyde 
reductase [14]. Low but measurable activity was also 
found with short chain length aliphatic aldehydes. 
Reactivity generally increased with increasing chain 
length. However, the long chain fatty aldehyde, myris- 
tic aldehyde (1 mM), was not reduced in the standard 
PH 6.0 assay in the presence of 1°,, Tween-20. m-Hyd- 
roxybenzaldehyde and valeraldehyde were signifi- 
cantly reduced but low solubilities precluded reliable 
estimations of kinetic constants. 

Cofactor requirements for different substrates. One 
distinguishing characteristic of aldehyde and ketone 
reductases are their nearly universal preference for 
NADPH as a cofactor. The cofactor preference of the 
rat liver reductase for daunorubicin, D-glucuronate, 
and p-nitrobenzaldehyde were determined by assaying 
in the presence of 0.277mM NADH or 0.183mM 
NADPH. Whereas daunorubicin (pH 8.5 assay) was 
reduced exclusively with NADPH confirming pre- 
vious observations [9], D-glucuronate and p-nitroben- 
zaldehyde (pH 6.0 assay) were reduced by NADH at 
7-8°%, of the rate sustained by NADPH. This slow 
reduction was non-linear, however, suggesting nonsa- 


turating dinucleotide concentrations. Considering the 
low K,, of the reductase for NADPH (< 1 uM) the 
rates sustained by NADH may reflect contamination 
of the commercial dinucleotide with traces of 
NADPH. Daunorubicin reductase clearly prefers 
NADPH as a cofactor, however, the possibility that 
the enzyme exhibits an elevated K,, toward NADH 
is not excluded. 

Multiple substrate specificity. Although multiple 
substrate specificities have been described for many 
aldehyde and ketone reductases most enzyme prep- 
arations are either partially purified or contain 
demonstrated multiple enzymatic species. In such sys- 
tems apparent multiple substrate specificity is still 
possibly the result of the action of several enzymatic 
species. To assess the purity of the rat liver reductase 
preparations, we tested the ability of the enzyme to 
reduce daunorubicin, p-nitrobenzaldehyde and b-glu- 
curonate at each step of a typical enzyme purification 
(Table 4). Whereas the p-nitrobenzaldehyde reduction 
dropped relative to daunorubicin reduction over the 
first two steps and then remained constant, the D-glu- 
curonate to daunorubicin reduction ratio remained 
essentially constant over the entire 1300 fold purifica- 
tion. It seems reasonable to assume that if different 
enzymes are responsible for all or part of the multiple 


Table 4. Copurification of reductase activities 





Reductase Activity Toward 


Various Substrates* 


Dauno- 
rubicin 


p-Nitro- 


Purification Step benzaldehyde 


D- benzaldehyde 
glucuronate 


Ratio of Substrate Activity 

p-nitro- 

Purification 
(-fold) 


p-glucuronate 


daunorubicin daunorubicin 





. High Speed Supernate 
. (NH4),SO,4 0.35—-0.65 
3. DEAE-Cellulose 
4. Hydroxylapatite 
. Gel Filtration 


1 
2.5 
25.0 
1100 
1300 





* Activities toward p-nitrobenzaldehyde and p-glucuronate were determined at pH 6.0 and activities toward daunorubi- 
cin determined at pH 8.5 (see Methods Section) and expressed as pmole/min/ml. 
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substrate specificity, that the distinct classes of com- 
pounds represented by these three substrates (a 
ketone, aromatic aldehyde and aldo sugar) would 
reveal some differential purification. Apparent remo- 
val of a p-nitrobenzaldehyde reductase activity over 
the first two steps in fact confirm that multiple alde- 
hyde reductases do exist in vivo. The constant ratios 
of p-nitrobenzaldehyde and p-glucuronate to dauno- 
rubicin reduction over the latter steps of the purifica- 
tion, however, strongly support a one enzyme-mul- 
tiple substrate proposal and confirm the broad 
substrate specificity. 

Since the classical alcohol dehydrogenase is also 
capable of reducing several of the substrates [37] 
reduced by the rat liver enzyme, its ability to reduce 
daunorubicin was checked. Commercial preparations 
of horse liver or yeast alcohol dehydrogenase did not 
reduce daunorubicin with either NADPH or NADH 
and did not oxidize daunorubicinol with NAD”. 

Inhibitors. Like other aldehyde reductases the rat 
liver reductase is inhibited by a number of pharmaco- 
logically active compounds (Table 5). Barbiturate in- 
hibition of aldehyde reductases have previously been 
used to distinguish this class of enzymes from the 
similar alcohol dehydrogenases [38]. Barbiturates in- 
hibit daunorubicin reductase in a linear noncompeti- 
tive fashion typical of other aldehyde reductases [38]. 
Barbital and phenobarbital inhibit daunorubicin 
reduction in the standard pH 8.5 assay with K; values 
of 19.1 (+ 2.4) and 59.1 (+ 5.9) uM, respectively (Fig. 
3). Pyrazole, which is a potent inhibitor of p-nitroben- 
zaldehyde reduction with NADPH by rat liver alco- 
hol dehydrogenase [39] did not significantly affect 
daunorubicin reduction. Similar to other reduc- 
tases [21, 25, 30], classical metal chelators were also 
without significant effect on this enzyme (Table 5). 

Other linear non competitive inhibitors include 


Table 5. Inhibition of daunorubicin reduction 





Relative 
Concen- enzyme 
tration activity 


mM y 


Additions* 


0 


None 100 
Barbital 0.1 19 
Warfarin 9 
Phenobarbital 1.0 12 
Nicotinic 1.0 57 
Oxytetracyclinet 1.0 
AY22,2841,f 1.0 
Methadone 1.0 
Tetramethylene 

glutamic acidt 1.0 
1,10-Phenanthroline 1.0 
2,2'-Dipyridy] 1.0 
Pyrazole 10.0 
Isobutyramide 10.0 








* Except where otherwise stated, the enzyme was prein- 
cubated for 10 min in the presence of the indicated concen- 
trations of inhibitors at 24° and 0.25 M Tris-HCl, pH 8.5. 
Remaining enzyme activity was then determined by the 
addition of NADPH and daunorubicin and assayed with 
the standard pH 8.5 spectrophotometric assay. 

+ Assayed by fluorescence assay without a preincubation 
with enzyme. 

t 1,3-dioxo-1H-benz[de ]-isoquinoline-2(3H) acetic acid. 
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Fig. 3. Inhibition of rat liver daunorubicin reductase ac- 
tivity by phenobarbital in the standard pH 8.5 assay (see 
Methods Section). Inhibitor concentrations were 75, 150, 
and 250M in phenobarbital. The insert is a replot of 
the intercepts (-O-—) and the slopes (—@-) against the respec- 
tive inhibitor concentrations. 


warfarin and methadone with K; values of 0.079 
(+ 0.018) and 8.8 (+ 6.2)mM, respectively, in the 
standard pH 8.5 assay. Rat liver aldehyde reductase 
was also sensitive to tetramethylene glutamic acid and 
1,3-dioxo-1H-benz[de]-isoquinoline-2(3H) acetic acid 
(Table 5) which are potent inhibitors of lens aldose 
reductase [39, 40]. 

Although aldehyde reductases from brain and kid- 
ney are not affected by nonionic detergents and 
organic solvents[22,23], Triton-X100, Tween 20, 
ethanol, and methanol, at a concentration of | per cent 
inhibited daunorubicin reduction about 20 per cent. 
Sensitivity to Tween 20 was also reported for bovine 
cardiac muscle aldehyde reductase [41 ]. 

Anions also affect the activity of rat liver aldehyde 
reductase. Low concentrations of NaCl and Na,SO, 
stimulate daunorubicin reduction from 30-50 per 
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Fig. 4. Effect of salts on rat liver reductase activity. Assays 

performed in 0.05 M glycine NaOH buffers. pH 8.5, supple- 

mented with increasing concentrations of NaCl (-@-) and 
Na,SO,(-A-) using daunorubicin as substrate. 
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cent. Further increases in ionic strength result in a 
rapid decrease of activity in the case of NaCl, 50 per 
cent of control values at an ionic strength of about 
0.8. Higher concentrations of Na,SO, resulted in a 
slight drop but even at an ionic strength of 1.2 the 
reductase activity is still 120 per cent of control (Fig. 
4). Increasing concentrations of glycine-NaOH buffer 
(pH 8.5) did not stimulate daunorubicin reduction, 
but resulted in a 10 per cent inhibition at ionic 
strengths around 0.5. On the other hand, increasing 
concentrations of potassium phosphate buffer (pH 6.0) 
resulted in a 2.5-fold stimulation of p-nitrobenzalde- 
hyde reduction at an ionic strength of 0.3-0.4. The 
enzyme was also sensitive to other organic anions. 
Caproate, citrate and ascorbate at 1mM_ concen- 
trations inhibit daunorubicin reduction 63, 15, and 
10 per cent respectively. Similar behavior has been 
noted with lens aldose reductase [26], rat liver L-hex- 
onate dehydrogenase [30] and kidney aldehyde 
reductase [25]. 

Cardiac and brain aldehyde reductases are inhi- 
bited by phenothiazine derivatives [35, 41,42]. The 
reduction of p-nitrobenzaldehyde in the standard 
pH 6.0 assay was not affected by 1mM _ of either 
chloropromazine or trifluorperazine. This difference 
between the brain and cardiac reductases and rat liver 
reductase is consistent with the low activity of the 
liver enzyme toward 4-hydroxyphenylglycolaldehyde 
and long chain fatty aldehydes, respectively (above), 
and imply a role-dependent specificity of the aldehyde 
reductases from different tissues. 


DISCUSSION 


Daunorubicin reductase is ubiquitously distributed 
among mammalian tissues, and we _ previously 
reported its purification from rat liver [9]. Although 
the ketone antibiotic was the most active substrate 
known at that time, several naturally occurring aldose 
sugar substrates were also described. As a result the 
enzyme was described as a mixed aldehyde and 
ketone reductase with a possible role in normal glu- 
curonate metabolism. 

In our continuing study of this and_ similar 
enzymes, we have tested other substances as sub- 
strates with the rat liver enzyme. We found the 
enzyme’s substrate specificity to include a wide range 
of aldehydes. In addition, we have found that all alde- 
hyde, aldose, and ketone substrates (except daunoru- 
bicin and adriamycin) are preferentially reduced with 
an acid optima pH of about 6.0. On the basis of the 
relative second order rate constants (k,,,/K,,) the 
enzyme has the highest reductive efficiency toward 
substituted aromatic aldehydes. 

Although the rat liver reductase actively reduces 
aldehydes, ketones are less acceptable as substrates. 
For example, the enzyme has negligible activity 
toward the ketones, oxisuran, retinal, bunolol, 
p-aminoacetophenone, acetone, pyruvate, cyclohex- 
anone, and some steroid hormones [9]. Low but 
measurable activity was found for p-nitroaceto- 
phenone and d-2,3-boranedione although the cyclic 
ketones methadone and warfarin actually inhibited. 
Of particular interest is the preference for p-nitro- 
benzaldehyde over p-nitroacetophenone which illus- 
trates the enzyme aldehyde specificity. Another im- 


1123 


portant comparison is the reactivity of the reduc- 
tase with p-nitroacetophenone, p-aminoacetophenone, 
warfarin, and daunorubicin. Since all four compounds 
are methy! ketones, daunorubicin’s high rate of reduc- 
tion and much lower K,, over the other compounds 
suggest that other structural characteristics enhance 
it as a substrate. This methyl ketone is uniquely 
reduced by an enzyme which is otherwise specific for 
aldehyde substrates. Whatever the reasons for 
daunorubicin’s substrate activity it is the exception 
rather than the rule, and the enzyme functions pri- 
marily as an aldehyde reductase. 

Aldehyde and ketone reductases have been 
reported from various mammalian tissues including 
brain [21, 22,43], kidney [23—25, 44], placenta and 
seminal vesicles [45], skeletal muscle [13], lens [26]. 
liver [27-32], erythrocytes [33, 34], and heart [35, 41]. 
These enzymes are implicated in the metabolism of 
biogenic aldehydes [14], succinic semialdehyde [46], 
fatty aldehydes [41], lactaldehyde [23], aldo-sugars 
[{ 13, 26, 27], as well as numerous xenobiotic aldehydes 
and ketones [13, 21—23, 25, 26, 30, 33, 34, 41, 46, 47]. 

Bosron and Prairie [48] suggested that aldehyde 
reductases were similar since they reduced a wide 
range of aromatic aldehydes, uncyclized aldoses and 
D-glucuronate, were NADPH linked, had low mol. 
wt, and were inhibited by barbiturates. They recom- 
mended that enzymes possessing these characteristics 
be reclassified as alcohol: NADP* oxidoreductases 


(E.C. 1.1.1.2) or trivially as NADPH linked aldehyde 
reductases. The rat liver aldehyde reductase would 
fit in this classification. In addition, the property of 
low affinity of daunorubicin reductase to DEAE-cel- 
lulose and hydroxylapatite allowed an independent 


purification of this enzyme which is remarkably simi- 
lar to purifications developed by other investigators 
for other aldehyde and ketone reductase activi- 
ties [22, 25, 43]. 

The classical alcohol dehydrogenase also reduces 
aldehydes and ketones and is implicated in the 
physiological metabolism of carbonyl! containing sub- 
strates [49]. A distant relationship has been suggested 
for the general class of NADPH linked aldehyde 
reductases and classical alcohol dehydrogenase 
from [50]. Although this relationship remains poss- 
ible, alcohol dehydrogenase from horse liver and 
yeast are clearly unable to oxidize or reduce the anti- 
biotics. In addition, since most properties of the rat 
liver aldehyde reductases are distinct from those ana- 
logous properties ascribed to rat liver alcohol de- 
hydrogenase [51,52], they are clearly separate and 
distinct enzymes. 

The rat liver reductase has intermediate activity 
toward a number of physiological substrates includ- 
ing D,L-lactaldehyde, D-glyceraldehyde, D,L-glyceral- 
dehyde-3-phosphate, succinic semialdehyde, D-glucur- 
onate, and p-glucuronolactone. Although most of 
these naturally occurring substrates have high V,,,, 
values, their high K,, values result in intermediate 
apparent second order rate constants (Table 3). Based 
on these kinetic constants, no single physiological 
compound can be identified as the best substrate. The 
reductases probably fulfill a broad spectrum of func- 
tions depending on tissue or origin. For example, it 
has been established that the biogenic monoamines 
are converted in the brain by monoamine oxidase to 
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their. aldehyde derivatives [53]. Brain tissue reduc- 
tases metabolize some of these aldehyde intermediates 
to their respective alcohol products [14]. The specific 
roles in other tissues are not as well defined although 
with nearly a universal activity toward glyceralde- 
hyde, aldehyde reductases are probably involved in 
glycerol metabolism [glycerol: NADP” oxidoreduc- 
tase (E.C. 1.1.1.27)] [13,28]. Other possible physio- 
logical roles for aldehyde reductase type enzymes are 
(1) involvement as aldose reductases in sugar meta- 
bolism for example in lens [26], liver [30], placental 
and seminal vesicles [45], and other tissues [54], 
[alditol: NADP* oxidoreductase (E.C.1.1.1.21): or 
L-gulonate: NADP* oxidoreductase (E.C. 1.1.1.19)]; 
(2) the reduction of fatty aldehydes for the synthesis 
of glycerol ethers in cardiac tissues (fatty aldehyde 
reductase) [41]; (3) the reduction of mevaldic acid to 
mevalonic [mevalonate: NADP* oxidoreductase (E.C. 
1.1.1.33)] [55]; and (4) vitamin A metabolism in rat 
intestinal mucosa [retinol: NAD* oxidoreductase 


(E.C. 1.1.1.105)] [56]. Even with these possibilities as 
roles of physiological function, the ubiquitous distri- 
bution and constitutive nature of the reductases and 
their potential role in aldehyde detoxification and 
drug metabolism constitute an important justification 
for the existence of this class of enzymes. 


{cknowledgements—The authors would like to thank Dr. 
W. W. Cleland for providing the FORTRAN programs 
and Dr. Ann Gelman for suggestions on the handling of 
fatty aldehydes. : 

Note added in proof. Since the submission of this work, 
a study by A. J. Turner and P. E. Hick has appeared with 
similar conclusions (Biochem. J. 159, 819 (1976). 
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Abstract—Feeding mice a diet containing 2.5°% griseofulvin (GF) for 12 days caused an increase in 
liver weight to 9 per cent of the body weight with a proportional decrease in microsomal protein/g 
of liver wet weight. With respect to microsomal protein, the cytochrome P-450 content was 50 per 
cent and cytochrome b; was 200 per cent of that in control mouse liver microsomes. The amount 
of increase in cytochrome b, was approximately the same as the amount of decrease in cytochrome 
P-450, and there was no change in the total microsomal heme content. The microsomal content of 
NADH-cytochrome b, reductase, as measured by ferricyanide reduction, was unchanged, but in agree- 
ment with the elevated cytochrome b; content, NADH-cytochrome c reductase activity was doubled. 
While the cytochrome P-450 level was low in microsomes after GF feeding, the NADPH-cytochrome 
c reductase was significantly elevated. Since this enzyme is generally considered to be rate limiting 
for many mixed function oxidase reactions, its increase may explain the normal to slightly elevated 
rates of metabolism in vitro of several type I and type II substrates. Although cytochrome hs; has 
been suggested as being rate limiting for input of a second electron to cytochrome P-450 linked mixed 
function oxidations, elevation of cytochrome b, in the microsomes did not change the extent of NADH- 
synergism of NADPH-supported aminopyrine demethylation. NADH-supported A-9,10-fatty acid desa- 
turase activity, which requires cytochrome b,, was elevated several-fold after GF feeding. In contrast, 
NADPH-supported lipid peroxidation showed a slower onset after GF treatment; the NADH-supported 


reaction, however, was slightly elevated. 


The antibiotic griseofulvin (GF) is used effectively as 
an oral anti-fungal agent in man [1]. Despite its wide- 
spread use, relatively little is known about its effect 
in vivo on biochemical pathways in the recipient of 
the drug. In mice, GF feeding promotes disturbances 
in porphyrin metabolism, as first shown by DeMatteis 
and Rimington [2]. During prolonged treatment with 
GF, an enlargement and darkening of the liver were 
observed with histologic evidence of liver cell damage, 
porphyrinstasis, and cholestasis, and, on an electron 
microscopic level, evidence for membrane destruction 
associated with the appearance of protoporphyrin 
crystals[3-5]. More recently, DeMatteis and 
Gibbs [6] have reported a diminution in the hepatic 
ferro chelatase of mice and rats treated with GF (1% 
in the diet) when measured by Co? *-mesoporphyrin 
formation in isolated mitochondria. This latter report 
suggests that a decreased ability to convert the more 
rapidly forming protoporphyrins into heme is an 
explanation for the accumulation of porphyrin in the 
liver. 

The GF molecule has two methoxy groups on an 
aromatic ring structure, at positions 4 and 6. As was 
expected from earlier studies in vivo and with liver 
slices [7], dealkylation at both positions was found 
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to occur aerobically with liver microsomes in the 
presence of NADPH [8]. Since the enzyme system in 
the liver microsomes which catalyzes such reactions 
is a Fe? *-protoporphyrin hemoprotein, a number of 
studies have been carried out in the past to examine 
the effects of GF and other porphyrogenic drugs on 
this mixed function oxidase [8—12]. 

Besides cytochrome P-450, liver microsomes con- 
tain another hemoprotein, cytochrome h;. This pig- 
ment, a component in fatty acid desaturation [ 13, 14], 
is present at about half to equal the concentration 
of cytochrome P-450 in the liver microsomes of the 
untreated animal. Although induction of the mixed 
function oxidase generally elevates the microsomal 
content of cytochrome P-450 several-fold, the content 
of cytochrome bs rarely undergoes much alteration 
during such treatments. 

The purpose of this communication is to describe 
studies aimed at determining the mechanism of GF- 
induced hepatotoxicity. The results indicate that GF 
treatment does not change total microsomal heme 
content, but instead causes an alteration in the rela- 
tive amounts of the two microsomal cytochromes. At- 
tendant with these changes are increases in liver 
weight and decreases in the microsomal content. In 
addition, cytochrome P-450 and _ cytochrome 
b;-dependent enzyme reactions were affected to a dif- 
ferent degree. 


MATERIALS AND METHODS 


Animals. Male Swiss Albino mice (Charles River 
Breeders) of 20-30 g body weight were fed a standard 
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Alteration of hepatic microsomal enzymes by griseofulvin 


diet (Purina) containing 2.5%, GF for 12 days. Control 
mice received the powdered standard diet without the 
antibiotic. Food intake was about equal in the GF 
and the control group. 

Microsome preparation. The mice were sacrificed by 
decapitation and the livers were removed, chiiled on 
ice, weighed and gently perfused with cold isotonic 
saline in order to remove residual blood. Seven to 
eight mouse livers were pooled for each determina- 
tion, and were homogenized in sucrose (0.25 M) con- 
taining 10mM Tris/HCl buffer, pH 7.5. The micro- 
somes were prepared by a rapid centrifugation tech- 
nique [15]. Microsomal protein was measured by a 
biuret method [16]. Total microsomal protein was 
determined as described by Greim et al. [17]. 

Assays. Mixed function oxidase activity was 
measured in a medium containing either | mg of mic- 
rosomal protein/ml (aminopyrine demethylase) or 
1.67 mg/ml (aniline hydroxylase) suspended in 0.05 M 
Tris/HCl buffer, pH 7.5, 5mM MgCl,, 1mM 
NADPH and aniline (5 mM) or aminopyrine (8 mM) 
as substrates. Assays were performed as described 
previously [18]. Incubation times were 6min_ for 
aminopyrine and 14 min for aniline at 37° in a Dub- 
noff shaking incubator. Lipid peroxidation was 
measured as the malondialdehyde produced by the 
method of Ottolenghi[19] with |1mM NADH or 
NADPH and | mg microsomes/ml as described by 
Jansson and Schenkman [20]. Stearyl-CoA desaturase 
activity was determined by the method of Oshino et 
al. [21], measuring oleyl-CoA formation from stearyl- 
CoA. The assay medium contained | mM NADH in 
0.1M Tris/HCl buffer, pH 7.25, and 70uM 
['*C]stearyl-CoA (362 uCi/ml). The reaction was 
started by addition of microsomes (2 mg protein/ml) 
and samples were removed at half-minute intervals 
up to 2.5min after addition of microsomes. Spectra 
were recorded with an Aminco DW 2 spectrophoto- 
meter as previously described [18]. Kinetic measure- 
ments of spectral changes were done with the instru- 
ment in the dual wavelength mode. Cytochrome c 
reductase and ferricyanide reductase assays were per- 
formed and evaluated as described by Jansson and 
Schenkman [20]. Total heme was determined as pyri- 
dine hemochromogen according to Paul et al. [22]. 


RESULTS 


Consumption of GF at 2.5%, in the diet for 12 days 
did not affect the weight gain of the mice (Table 1). 
The liver weight, in agreement with earlier 
reports [2], nearly doubled, reaching 9 per cent of 
the body weight, as compared with 4.8 per cent in 
untreated mice. The content of microsomal protein/g 
of liver, however, decreased about 40 per cent, result- 
ing in no real change in liver microsomal protein/ani- 
mal (Table 1). On the other hand, the specific 
amounts of some individual microsomal enzymes did 
change markedly (Table 2). For example, the total 
cytochrome P-450 content dropped almost 50 per 
cent as a result of GF feeding, despite reports that 
there is a transient rise [11] or no change [12] in this 
hemoprotein. Most striking of all was the almost 
2-fold increase in cytochrome bh, content in the micro- 
somes. This is the first report, to our knowledge, that 
bs is specifically inducible by administered drugs. 
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Phenobarbital treatment, while causing a large eleva- 
tion of cytochrome P-450, causes no change [20, 23] 
to a small (about 25 per cent) elevation of cytochrome 
bs content[17] in the microsomes. The amount of 
increase in one hemoprotein after GF is matched by 
the amount of decrease in the other hemoprotein with 
the result that in agreement with an earlier report [2] 
there was no change in hepatic protoheme content 
(Table 2). 

Measurement of hepatic microsomal NADH 
cytochrome bh; reductase content by its ability to 
reduce ferricyanide indicated that there was no 
change in the specific microsomal content of this 
enzyme. However, because of the increased microso- 
mal content of b; in the treated animals, NADH 
cytochrome c reductase was more than doubled 
(Table 2). One unexpected finding was the GF- 
mediated induction of NADPH-cytochrome c reduc- 
tase content; when measured by its ability to reduce 
ferricyanide, the enzyme was found to be doubled. 
However, when measured in the manner usually 
employed for this enzyme, cytochrome c reduction, 
the activity was more than tripled. Clearly, then, this 
enzyme does not follow the level of cytochrome P-450 
(Table 2). 

Examination of the mixed function oxidase activity 
using aminopyrine (Fig. la) and aniline (Fig. 1b) as 
type I and type II substrates[18], respectively. 
revealed slight elevation of these activities/mg of mic- 
rosomal protein. However, if expressed on the basis 
of microsomal cytochrome P-450 content, there is a 
doubling of activity of the microsomal mixed function 
oxidase with both aminopyrine and aniline as sub- 
strates after GF treatment. No change in the extent 
of NADH-synergism (Fig. l!a) of NADPH-supported 
aminopyrine demethylation was seen (aniline hy- 
droxylation does not usually show an NADH-syner- 
gism). 

When NADPH-supported lipid peroxidation was 
measured, no difference was seen in the extent of the 
reaction by 50 min; however, the onset of peroxida- 
tion was slower in the microsomes from treated ani- 
mals (Fig. 2a), revealing a 2-min lag time. The 
NADH-supported lipid peroxidation (Fig. 2b) 
showed a lag of about 2 min with GF mouse liver 
microsomes and a lag of about 4 min with untreated 
mouse microsomes; the initial rate of peroxidation 
was slower with NADH than with NADPH; how- 
ever, in 50min, the NADH-supported peroxidation 
reached the same extent as the NADPH-supported 
peroxidation. 

Examination of NADH-supported fatty acid desa- 
turase indicated (Fig. 3) a 12-fold increase in stearyl- 
CoA desaturase activity. This induction is similar to 
that observed earlier with a fat-free diet [20], but un- 
like that study, in which cytochrome b; was decreased 
by 50 per cent, in this study it is doubled. 


DISCUSSION 


Previous investigations by several authors have dis- 
closed that treatment of mice with GF causes por- 
phyria and severe disturbance of liver cell structure 
and function [2-5]. The endoplasmic reticulum in the 
hepatocytes was increased after GF treatment [12]. 
Microsomal benzphetamine-N-demethylase and benz- 
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pyrene hydroxylase specific activities were increased 
despite considerable loss of cytochrome P-450 from 
the microsomal membranes [12]. This was, in essence, 
confirmed in the present study with respect to meta- 
bolism of the substrates aminopyrine and aniline (Fig. 
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Fig. 2. (a) Time courses of NADPH-supported lipid peroxidation by GF (x 


Fig. 1. (a) Time course of aminopyrine-N-demethylase 
assays with GF (x x) and control (@ @) micro- 
somes (NADPH-supported reaction). The reactions were 
performed as described in the methodology section. Each 
point represents a mean value + S. D. from four experi- 
ments each done with the microsomes of eight pooled 
mouse livers. A dashed line ( ) shows the synergistic 
effect of NADH (0.5 mM) on the NADPH-supported reac- 
tion. Each point represents a mean value from two experi- 
ments with the microsomes of eight pooled mouse livers. 
(b) Time courses of aniline hydroxylase by GF( x x’) 
and control (@ @) microsomes in vitro. Each point rep- 
resents a mean value + S. D. from four experiments each 
done with the microsomes of eight pooled mouse livers. 
PAP = paraaminophenol. 


1, panels a and b), which was slightly enhanced. Des- 
pite the lower content of cytochrome P-450 in GF- 
treated mouse microsomes, aminopyrine demethylase 
and aniline hydroxylase activities in vitro were slightly 
higher than the controls, when calculated on a mg 


ene 
in Pr aia 
it 


3 


abs 535 nm 


°o 
oO 








20 30 40 
Time, min 


x) and control 


8 @) microsomes in vitro. Each point is a mean value from two experiments with the microsomes 
of eight pooled mouse livers. (b) NADH-supported reaction. Conditions are the same as in Fig. la. 
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Fig. 3. Time courses of microsomal NADH-supported 

fatty acid desaturation of stearyl-CoA by GF (x x) 

and control (@ @) microsomes. Each point is a mean 

value from two experiments with the microsomes of eight 
pooled mouse livers. 


protein basis and doubled when related to cyto- 
chrome P-450 content. The other microsomal hemo- 
protein, cytochrome b,, was doubled within 12 days 
of GF feeding. Although it is premature to conclude 
that GF treatment increases cytochrome b, at the 
expense of cytochrome P-450, it appears that GF 
manifests unique effects upon the liver microsomal 
cytochrome levels. No other xenobiotic is reported 
to increase cytochrome b, to this extent while simul- 
taneously decreasing cytochrome P-450. 

The lack of decrease in mixed function oxidase ac- 
tivities with decreased cytochrome P-450 levels after 
GF treatment caused us to consider the possibility 
that elevated cytochrome b, levels in GF microsomes 
might compensate for the diminished cytochrome 
P-450 content by facilitating the input of a second 
electron into the P-450-dependent mixed function oxi- 
dase pathway [24]. This latter possibility is unlikely 
because it was shown in microsomes [20, 25] as well 
as in a reconstituted cytochrome P-450-containing 
mixed function oxidase system [26] that aminopyrine, 
aniline and several other drug-metabolizing activities 
are actually diminished after supplementation of the 
preparation with extra b;. However, it should be 
noted that the inhibition to be expected from the in- 
crease in b, after GF and the decreased P-450/b, ratio 
may have been relieved by the 3-fold elevation of the 
NADPH-cytochrome c reductase; studies by Lu et 
al. [26] indicated that the inhibitory effect of excess 
b; could be reversed by the addition of excess 
NADPH-cytochrome c reductase. Alternatively, GF 
may induce synthesis of a P-450 cytochrome which 
utilizes cytochrome bs, as seen in chlorobenzene 
metabolism [27]. One other possibility which must be 
considered is that this study provides further evidence 
that NADPH-cytochrome c reductase, and not cyto- 
chrome P-450 is the rate-limiting enzyme in the mixed 
function oxidase reaction, and the decrease in cyto- 
chrome P-450 level is compensated for by the increase 
in the reductase. 

Cytochrome bs; is a component of the desaturase 
system [13,14] and increasing the microsomal cyto- 
chrome h; resulted in an increase in desaturase ac- 
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tivity in rats [20]. This observation in vitro is consis- 
tent with our present data where an increase in micro- 
somal cytochrome b; by GF treatment in vivo is 
accompanied by elevated fatty acid desaturase ac- 
tivity. However, the elevation in desaturase is much 
greater (12-fold) than the cytochrome hb, elevation 
(2-fold) suggesting that a component other than cyto- 
chrome bs; determines the activity of the desaturase. 
Similar conclusions were reached by Jansson and 
Schenkman [20] on the basis of their studies with rats 
fed a fat-free diet. They agree with the suggestion of 
Oshino and Sato [28] that the “cyanide sensitive fac- 
tor,” rather than cytochrome b,, is rate limiting in 
the desaturase reaction. 

GF-provoked porphyria in mice has been suggested 
by DeMatteis and Gibbs[6] as due to a decrease 
in hepatic ferro chelatase activity, the enzyme respon- 
sible for insertion of iron into the protoporphyrin 
ring. Our present results indicate, however, that the 
situation in GF-induced porphyria in mice may be 
more complex. While the total microsomal heme is 
virtually unchanged, a shift occurred in the hemopro- 
tein composition of the microsomes. This could mean 
that the specificity of the GF effect lies in an alter- 
ation of apocytochrome P-450 synthesis rather than 
of microsomal heme synthesis and that, as suggested 
by Correia and Meyer [29], apocytochrome P-450 is 
rate limiting in the formation of P-450. On the other 
hand, apocytochrome bh; is known to be present in 
the microsomes [30, 31], and may account for the in- 
crease in this cytochrome. 

Morphologic investigations of GF mouse livers 
revealed severe liver cell damage and membrane des- 
truction accompanied by “brown pigment” deposi- 
tion [4,5], all of which could eventually point to a 
lipid peroxidation process being involved in the path- 
ology [32]. In this context, it is interesting that GF 
feeding caused a several-fold increase in stearyl-CoA 
desaturase. 
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Abstract—The effect of cycloheximide on vascular permeability in proliferative inflammation was inves- 
tigated by using 8-day-old granuloma pouch induced by carrageenin in rats. The vascular permeability 
was assayed twice in every rat, immediately before and after the drug treatment with the aid of '?*I- 
and '3']-human serum albumins (HSA) respectively. Leakage of tracers during the period of 30 min, 
after intravenous injection into the exudate fluid in the granuloma pouch was measured and used 
as an index of the vascular permeability. The ratio of the leakage values ({'*'TJHSA/['?°IJHSA) was 
computed in order to express change of the vascular permeability induced by the drug treatment. 
Dose-related enhancement in the inhibition of vascular permeability by cycloheximide which was in- 
jected directly into the granuloma pouch fluid was evident over the dose range of 0.06—0.6 mg/kg. 
The time course of the permeability-lowering action was also investigated at a dose of 0.2 mg/kg. 
The maximum effect was observed at 3 hr after the injection. The permeability-lowering effect disap- 
peared completely by 12 hr. Protein synthesis of the granuloma tissue was also inhibited and changed 
with time in parallel with the change in the vascular permeability. It was concluded, however, that 
the fall of the vascular permeability was independent from the inhibition of protein synthesis since 
puromycin was ineffective for lowering the vascular permeability in the dose which was strongly inhibi- 
tory for protein synthesis. The possibility of manifestation of anti-exudative effect through the stimu- 
lation of adrenal cortex was also excluded since cycloheximide showed similar activity in intact and 


adrenalectomized rats. 


In a previous paper[1] we reported some difference 
between steroid and nonsteroid anti-inflammatory 
drugs in the mode of action on granulomatous in- 
flammation which was provoked by carrageenin in 
rats. Development of granuloma tissue and exudate 
accumulation in the granuloma pouch were both 
effectively inhibited by not only steroid but also non- 
steroid drugs when the treatment was started simul- 
taneously with the provocation of the inflammation. 
When the drug treatment was initiated after establish- 
ment of the granuloma pouch, however, nonsteroids 
were ineffective for inhibiting further increase in the 
volume of the exudate in preformed granuloma pouch 
though steroid was still highly effective. Accordingly 
we initiated an investigation in the attempt to find 
nonsteroid anti-inflammatory substances in new cate- 
gory which would act in a similar manner as gluco- 
corticoids for inhibiting vascular permeability in pre- 
formed granuloma pouch. 

In the course of experiments along this line we 
examined some protein synthesis inhibitors and found 
that cycloheximide was markedly effective for sup- 
pressing vascular permeability of preformed granu- 
loma pouch, while puromycin was ineffective in the 
dose enough for causing marked inhibition of protein 
synthesis in the granuloma tissue. 


MATERIALS AND METHODS 


Granuloma pouch. Carrageenin granuloma pouch 
was induced by the method of Fukuhara and Tsuru- 
fuji [1] with a slight modification., Male rats of Don- 
ryu strain, 6 weeks old and weighing 120-140 g, were 


used. The animals were maintained on laboratory 
food (Funabashi Farm, Chiba, Japan) and water ad 
lib. The rats were injected under light ether anesthesia 
with 8.0 ml of air s.c. on the back to make an air 
pouch in the shape of ellipsoid or oval. After 24 hr 
4.0 ml of 2°% (w/v) solution of carrageenin (Seakem 
No. 202, Marine Colloid Inc., Springfield, NJ, U.S.A.) 
in 0.9%, NaCl were infused through a syringe into 
the air pouch already formed. The carrageenin solu- 
tion was sterilized by autoclaving at 110° for 15 min 
and injected, after cooling, in the temperature at 
40-45°. Immediately before the injection, each 
0.1 mg/ml of penicillin and streptomycin was added 
to the solution. The day of carrageenin injection was 
designated as day 0. Rats bearing 8-day-old granu- 
loma were used throughout the present experiments. 

Purification of radioiodinated human serum albumin 
(HSA) preparations. HSA preparations labeled re- 
spectively with '?°I and '*'I were used as tracers for 
the assay of vascular permeability in the granuloma 
pouch. Through preliminary experiments commercial 
'25]- and '3'I-HSA preparations were shown to con- 
tain small but significant quantity of low molecular 
radiochemical impurity which might interfere with the 
permeability measurement. Therefore, purification of 
the labeled HSA preparations by Sephadex G-100 
(Pharmacia Fine Chemicals AB, Uppsala, Sweden) gel 
filtration was performed in advance. One ml of 
['3"JHSA (50-100 pCi, 5 uCi/mg albumin, Daina- 
bot Co., Tokyo, Japan) or ['?°IJHSA (50-100 Ci, 
2.5 uCi/mg albumin, Kaken Kagaku Co., Tokyo, 
Japan) in 0.9% NaCl at pH7.4 was loaded on a 
Sephadex G-100 column (12 x 300mm) and eluted 
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at room temperature with 0.9%, NaCl at pH 7.4 under 
the flow rate of 15-20 ml/hr. A fraction of the eluate 
corresponding to human serum albumin in the elu- 
tion profile was collected and used. 

‘Drug treatment of animals. Cycloheximide (Wako 
Pure Chemicals Ltd.. Tokyo, Japan) and puromy- 
cin: 2HCI (Makor Chemicals Ltd., Jerusalem, Israel) 
were dissolved in 0.9°,, NaCl and injected locally into 
the granuloma pouch fluid in the doses as shown in 
the section of results. In the case of puromycin, injec- 
tion was performed after adjusting the pH of the solu- 
tion into 7.0 with 0.2 N NaOH. The volume of the 
drug solution injected was adjusted to 2.0 ml/kg body 
wt unless otherwise stated. 

Vascular permeability assay in the granuloma pouch. 
One pCi aliquot of the purified ['*°THSA in 0.2 ml 
of 0.9°,. NaCl was injected into the femoral vein of 
the animals bearing granuloma pouch. After 30 min, 
1.0ml of the inflammatory exudate was withdrawn 
from each granuloma pouch through a syringe 
attached with a 1/3 mm needle and served as a sample 
to measure the leakage of the tracer into the pouch 
exudate. Immediately after the sampling of the pouch 
exudate, the drug to be tested was injected directly 
into the pouch fluid. Control animals were given the 
vehicle only. At an appropriate time interval after the 
administration of the drug, | wCi aliquot of the puri- 
fied ['*'IJHSA was given to the animals in the same 
manner as in the case of ['?°IJHSA. Further 30 min 
later 1.0ml of the pouch exudate was again with- 
drawn and served as a sample to measure the leakage 
of ['*'IJHSA. The animals were sacrificed just after 
the second sampling of the pouch exudate and entire 
exudate in the pouch was collected to measure its 
vol. 

Radioactivity of '?°I and '*'I was measured in an 
automatic well type scintillation counter Aloka 
JDC-751 (Nihon Musen Co., Mitaka, Japan). In the 
case of '?°I the operation mode of the counter was 
adjusted to the mode for selective counting of photo- 
electric peak of 35 keV gamma ray of '?°I. Radioac- 
tivity of '*'I was also counted similarly by selecting 
photoelectric peak of 360keV gamma ray of '!*'I. 
Total radioactivity of '*°I and '*'I in the entire 
pouch exudate of each rat was calculated and 
expressed in terms of the percentage of the radioac- 
tivity injected into the rat and used as an index of 
the vascular permeability in the granuloma pouch. 

Incorporation of labeled proline into tissue non-col- 
lagen protein of the granuloma. The rats were injected 
30min before sacrifice s.c. with 15 pCi aliquot of 
L-[G-*H ]proline (63 Ci/m-mole, Daiichi Pure Chemi- 
cals Co., Tokyo, Japan) per 100g body wt. Immedi- 
ately after sacrifice the entire granuloma tissue was 
removed free from surrounding fat, muscle and non- 
granulomatous subcutaneous tissues and stored in a 
freezer at least for 5 weeks until use in order to make 
'S'T in the tissue decayed down to the level at which 
no interference with the measurement for *H_ took 
place. After thawing the granuloma tissue was minced 
and homogenized in a Vir-Tis 45 homogenizer at 
20,000 r.p.m. for 3 min with an equal vol. of distilled 
water. All the procedures after thawing were carried 
out in 0-4" unless otherwise stated. The homogenate 
(4.0 ml aliquot) was added with an equal vol. of 10°, 
trichloroacetic acid (TCA) and then the mixture was 
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centrifuged at 3,000 r.p.m. for 5 min. The pellet, after 
washing twice with each 4.0 ml of 5°, TCA, was resus- 
pended in 4.0 ml of TCA and heated in a water bath 
at 90 for 15min to remove nucleic acids and col- 
lagen. Thereafter, all the procedures were done at room 
temperature. The TCA-insoluble pellet, after washing 
with 5.0 ml of 5° TCA, was extracted twice with each 
5 ml of ether-ethanol (1:1, v/v) mixture to remove 
lipid. The residue, non-collagen protein fraction of the 
granuloma tissue, was solubilized in 4.0 ml of 0.2N 
NaOH and used as a sample for radioactivity assay 
and for determination of protein content. Protein 
determination of the sample solution was performed 
by Lowry’s method [2] after suitable dilution. 

Radioactivity assay, taking 1.0ml of the sample 
solution, was carried out in a Packard Tri-Carb 
Model 3380 liquid scintillation counter by adding 
10.0 ml of scintillation phosphor (PPO 7.0 g, POPOP 
0.1 g, toluene 667ml and Triton X-100 333 ml). 
Quench correction was made by channel ratio 
method according to external standardization pro- 
cedure. Before doing quench correction, however, cor- 
rection for the radioactivity of coexisting '**I should 
be made in order to give net counts per minute 
(CPM) value of 7H in the sample. So another 1.0 ml 
of the sample solution was taken for the measurement 
of '*°I in the well type scintillation counter. Conver- 
sion factor for the calculation from CPM values of 
'25T in the well type scintillation assay into those of 
liquid scintillation menthod was given by the follow- 
ing procedure. A series of standards, consisting of 
each 0.05 Ci of '7°I, 10.0 ml of the scintillation phos- 
phor and progressively increasing quantities of CCl, 
as a quenching substance, were prepared and counted 
in the liquid scintillation counter on the operation 
mode of *H. Channel ratio values for these standards 
were also obtained by external standardization pro- 
cedure. On the other hand, the same quantity of '**1 
was counted in the well type scintillation counter. The 
ratio of the CPM value in the liquid scintillation 
method to the CPM value in the well type scintilla- 
tion method was plotted against the channel ratio. 
The calibration curve thus made was used for the 
correction of the radioactivity of '*°I in the liquid 
scintillation samples. The conversion factor men- 
tioned above was obtained by feeding the calibration 
curve with the channel ratio value of a liquid scintilla- 
tion sample. 


RESULTS 


Granuloma pouch holding 5-10 ml of exudate had 
been developed up to day 5. The vol. of the exudate 
increased with the passage of time reaching maximum 
of 20-30 ml around day 10 and then leveled off. After 
day 15 gradual involution of the granulomatous in- 
flammation occurred and the exudate volume de- 
clined slowly day by day. In the present experiments, 
8-day-old granuloma pouches were used, since exuda- 
tive reaction at this stage had been shown to be 
highly active [3]. 

Double tracer method for evaluating drug effect. Vas- 
cular permeability in the granuloma pouch was 
measured twice in each rat, before and after the drug 
administration, with the aid of ['?°IJHSA and 
['*'IJHSA respectively. The absolute value of the 
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Table 1. Double tracer method with ['?°[human serum albumin (HSA) and ['?'IHSA for evaluating drug effect 
on vascular permeability in granuloma pouch* 





Vascular permeabilityt 


Exudate 
vol. 
(ml) 


Treatment Rat No. 


Pre-treatment 
({'751]HSA) 


(Leak of tracer) 

Relative 
permeability 
(°% of control) 


Permeability 
change 
( 131 I 1 257) 


Post-treatment 
({'3!1JHSA) 





28.18 
37.66 
17.05 
34.05 
14.90 
31.44 
35.75 
28.43 + 3.42 


Control 
(vehicle) 


+ SE. 
18.84 


46.09 
23.79 
23.06 
30.70 
40.33 
30.72 + 3.71 


Cycloheximide 
(0.2 mg/kg) 


Mean + S.E. 


0.70 
0.81 
0.26 
0.73 
0.26 
0.42 
1.37 
0.66 + 0.088 


0.33 
0.58 
0.61 
0.40 
0.55 
0.41 
0.71 
0.51 + 0.055 


0.69 
1.05 
0.34 
0.64 
0.27 
0.32 
0.97 
+ 0.119 


0.99 
1.29 
1.30 
0.88 
1.04 
0.76 
0.71 
0.61 0.99 + 0.089 

0.73 

0.47 

0.61 

0.63 

0.49 

0.43 

0.61 
0.55 + 0.039 


0.24 
0.27 
0.37 
0.25 
0.27 
0.17 
0.43 


0.29 + 0.032 55.6 





* Rats were treated with local injection into the granuloma pouch of cycloheximide (0.2 mg/kg/2.0 ml in 0.9% NaCl) 
or the vehicle. Assay for the leak of ['?°IJHSA into pouch exudate was performed immediately before the injection 
of cycloheximide and assay for ['*'IJHSA was done 3 hr later. Vascular permeability is expressed in terms of radioactivity 
which leaked into pouch exudate during the period of 30 min before the designated time. 

+ Figures represent radioactivity as percent of the dose of labeled HSA injected i.v. 


leakage of the tracers showed significant variation 
among individual rats as shown in Table |. It is ineffi- 
cient, therefore, to make statistical analysis by com- 
paring the absolute value of the leakage of ['*'TJHSA 
between control and treated groups. So the ratio of 
the leak, ['*'IJHSA/['?°TJHSA, for each rat was 
computed in order to express change in the vascular 
permeability induced by the treatment. In the control 
animals the ratio came near unity, since treatment 
with saline gave no significant influence to the vascu- 
lar permeability. The ratio of the cycloheximide group 
was significantly lower than the control value 
(P < 0.01), indicating the inhibitory effect of cyclohex- 
imide on the vascular permeability in granulomatous 
inflammation. In order to indicate the effectiveness 
of the treatment, it is convenient to express the ratio 
of the leak in the treated group in terms of percent 
of the ratio in the control as shown in the last column 
of Table 1. 

Dose-response relationship on the inhibitory effect 
on vascular permeability of cycloheximide. Based on 
the results of some preliminary experiments, dose 
response relationship of cycloheximide in the dose 
range of 0.06-0.6mg/kg was investigated. In this 
series of experiments the time of sampling of the 
pouch exudate for the assay of ['*'IJHSA was settled 
at Shr after the drug administration. As shown in 
Fig. 1, vascular permeability was gradually inhibited 
in parallel with the logarithmical increase of the dose. 
Statistically significant inhibition was attained at the 
dose levels ranging from 0.06 to 0.6 mg/kg. 

Time course of inhibitory effect of cycloheximide on 
vascular permeability and on [?H]proline incorporation 
into non-collagen protein of the granuloma tissue. The 
dosage of cycloheximide for investigating time course 
of the inhibitory effect on vascular permeability and 


on the synthesis of non-collagen protein was settled 
at 0.2 mg/kg on the basis of the dose-response rela- 
tionship as indicated in Fig. 1. Rats were sacrificed 
at intervals ranging from 2 to 12 hr after the injection 
of cycloheximide into the pouch. As shown in Table 
2, vascular permeability in the granuloma pouch de- 
clined significantly within 2hr and maximim inhibi- 
tion was attained at 3hr. Thereafter, the inhibitory 
effect disappeared by 12 hr. At 2, 3 and 5 hr the inhi- 
bition was statistically significant (P < 0.01). 

The inhibitory effect of cycloheximide on the incor- 
poration of labeled proline into non-collagen protein 
































na 7 
cycloheximide 


NaCl 0.96 mg/kg 0.2 mg/kg 0.6 mg/kg 


Fig. 1. Dose-response relationship on the inhibitory effect 

of cycloheximide (0.06—0.6 mg/kg) on the vascular perme- 

_ ability in granuloma pouch. Drug effect was determined 

Shr after the injection of cycloheximide. Each group con- 

sists of 7-8 rats. The vertical bar on each column rep- 
resents standard error of the mean. 
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Table 2. Time course of inhibitory effect of cycloheximide on vascular permeability in granu- 
loma pouch 





No. of 


Treatment rats 


Time after 
treatment 


Relative 
permeability 
(°. of control) 


Permeability 
change* 
(; 31 I 125 1) 





Control 
Cycloheximide (0.2 mg/kg) 


Control 
Cycloheximide (0.2 mg/kg) 


Control 
Cycloheximide (0.2 mg/kg) 


Control 
Cycloheximide (0.2 mg/kg) 


12 hr 
12 hr 


1.08 
0.80 
(P 
0.99 
0.55 
(P 
1.08 
0.71 
(P 
0.97 
0.87 


0.072 
0.092 
0.01) 

0.089 
0.039 
0.01) 

0.079 
0.024 
0.01) 

0.024 
0.016 


2 hr 


2 hr 


3 hr 
3 hr 


Shr 
Shr 


100 
90.0 


+l14t+AlH#HAHH AHH 


(not significant) 





* Figures represent mean + S.E. 


fraction of the granuloma tissue changed with time 
in parallel with the change in vascular permeability 
of the granuloma pouch as demonstrated in Table 
3. The maximum inhibition was shown at 3hr, and 
the inhibitory effect disappeared by 12 hr. At 2, 3 and 
Shr the incorporation was significantly inhibited 
(P < 0.01). 

Effect of puromycin on the vascular permeability and 
on the incorporation of labeled proline into non-col- 


lagen protein. In the attempt to compare the effect 
of cycloheximide on vascular permeability in the 
granuloma pouch with that of another protein syn- 
thesis inhibitor, puromycin, another series of experi- 
ments were made. Puromycin at the dose of 30 mg/kg 
was injected directly into the granuloma pouch and 
animals were sacrificed 5hr after the injection. Con- 
trol animals were injected with the vehicle only. The 
results are summarized in Table 4. Although puromy- 


Table 3. Time course of the inhibitory effect of cycloheximide on [*H]proline incorporation 
into non-collagen protein of granuloma tissue 





[*H]proline incorporation* 
No. of 
rats 


Time after 


Treatment treatment DPM/g protein °, of control 





100 
40.6 


2hr 
2hr 


Control 11 
Cycloheximide (0.2 mg/kg) 6 


0.64 + 0.027 
0.26 + 0.031 
0.01) 

+ 0.042 

+ 0.013 
0.01) 

0.056 

0.017 

0.01) 

0.029 

+ 0.034 

(not significant) 


3hr 
3hr 


100 


29.6 


Control 
Cycloheximide (0.2 mg/kg) 


100 
a2 


Shr 
Shr 


Control 
Cycloheximide (0.2 mg/kg) 


12 hr 
12hr 


Control 
Cycloheximide (0.2 mg/kg) 





* [*H]proline (15 uCi/100 g body wt) was injected s.c. 30 min prior to sacrifice. 


Table 4. Effect of puromycin on vascular permeability in granuloma pouch and on the incorporation of [*H]proline 
into non-collagen protein of granuloma tissue 





[*H]proline 
incorporationt 
Relative 
permeability 
(°,, of control) 


Permeability 
change* 
(*9*1/'?51) 


No. of 
rats 


Time after 
treatment 


DPM/ug ye | 


Treatment protein control 





Shr 
Shr 


0.95 + 0.092 
0.83 + 0.172 
(not significant) 
1.10 + 0.114 
1.26 + 0.099 
(not significant) 


100 
87.4 


0.83 + 0.060 
0.24 + 0.017 
0.01) 
0.050 
0.020 
0.01) 


100 
28.9 


Control (vehicle) 
Puromycin (30 mg/kg) 


100 
114.5 


100 
33.3 


Shr 
Shr 


Control (vehicle) 
Puromycin (30 mg/kg) 





* Figures represent mean + S.E. 
+ (°H]proline (15 wCi/100 g body wt) was injected s.c. 30 min prior to sacrifice. 





Inhibition of vascular permeability 


Table 5. Effect of cycloheximide on vascular permeability in granuloma pouch in adrenalecto- 
mized rats* 





No. of 


Treatment rats 


Time after 
treatment 


Relative 
permeability 
(°, of control) 


Permeability 
change 
( 131 I 125 I) 





Control 
Cycloheximide (0.2 mg/kg) 


Control 
Cycloheximide (0.2 mg/kg) 


Shr 
Shr 


1.08 + 0.11 100 
0.74 + 0.09 68.5 
(P < 0.01) 

1.13 + 0.23 100 

0.76 + 0.21 67.0 
(P < 0.05) 





* Rats were adrenalectomized 24 hr prior to the measurement of the vascular permeability. 


cin exerted a strong inhibitory action on the incorpor- 
ation of labeled proline into non-collagen protein in 
the granuloma tissue, the vascular permeability in the 
granuloma pouch was unaffected by puromycin at all. 

Effect of cycloheximide on the vascular permeability 
in the granuloma pouch in adrenalectomized rats. The 
data which appear in some reports[4-6] seem to 
demonstrate a possibility that cycloheximide stimu- 
lates adrenal cortex to enhance the secretion of the 
glucocorticoids. Therefore, we have attempted to 
examine whether apparent anti-inflammatory effect of 
cycloheximide would have been caused through 
stimulation of the adrenal function or not. Rats bear- 
ing 7-day-old granuloma pouch were adrenalecto- 
mized 24hr prior to the treatment with cyclohexi- 
mide. Measurement of vascular permeability was 
done Shr after the injection of cycloheximide into 
the granuloma pouch. The results are indicated in 


Table 5. Cycloheximide in the dose of 0.2 mg/kg effec- 
tively suppressed vascular permeability of the granu- 
loma pouch in adrenalectomized rats to the same 
extent as in adrenal-bearing rats. 


DISCUSSION 


In order to evaluate potency of anti-inflammatory 
drugs for suppressing vascular permeability of in- 
flamed tissues, a number of experimental models have 
been developed and extensively utilized in the field 
of experimental pharmacology [7]. In most cases of 
these studies drug treatment has been given prior to 
or simultaneously with the application of phlogistic 
stimuli to the local tissue. We described in a previous 
paper, however, that.there was some difference in the 
sensitivity to anti-inflammatory drugs between early 
stage and late stage of an inflammation which was 
induced by carrageenin in rats [1]. When drug treat- 
ment was initiated immediately after the application 
of carrageenin and continued for a few days, both 
the exudative and proliferative reactions were inhi- 
bited markedly by both of the steroid and some non- 
steroid drugs. On the other hand, when drug treat- 
ment was started after establishment of granuloma 
pouch tissue, the nonsteroids were ineffective, whereas 
steroid was still potently anti-inflammatory not only 
for reducing the vol. of the pre-existing exudate in 
the granuloma pouch but also for reducing the wet 
wt and the amount of several tissue components of 
the granuloma tissue [8, 9]. 

Inflammation in the type of granuloma pouch in- 
duced by carrageenin resembles synovitis in rheuma- 


toid arthritis, as in both the cases exudate fluid ac- 
cumulates in cavities encapsuled by proliferating in- 
flammatory connective tissue. Therefore, it seems im- 
portant to investigate whether or not anti-inflamma- 
tory drugs alleviate already existing proliferative in- 
flammation. Based on this concept, we have devel- 
oped a method to evaluate anti-inflammatory effect 
of drugs by testing the ability of suppressing vascular 
permeability in already established granulomatous in- 
flammation. Double tracer technique has been intro- 
duced in the present experiment to overcome variabil- 
ity of the vascular permeability from animal to ani- 
mal. The present method is also convenient to follow 
the time course of drug action, since it takes only 
30 min for measuring the vascular permeability. In 
an attempt to follow exact time course of the effect 
of cycloheximide on the inflammatory tissue locus, 
the drug was applied directly into the granuloma 
pouch. Apparent parallelism in the time course of the 
drug effect between vascular permeability inhibition 
and inhibition of protein synthesis was observed. 

It has been reported that in the case of some toxic 
substances apparent anti-inflammatory effect can be 
brought about as a manifestation of the toxicity [10]. 
LDs, in subcutaneous injection of cycloheximide in 
rats has been reported as 2.7 mg/kg[11]. In the pres- 
ent experiment anti-exudative effect of cycloheximide 
was evident in such small dose as 0.06 mg/kg and 
symptom suggesting the manifestation of toxicity was 
not detected except inhibition of protein synthesis. 
The profile of the time change in the inhibitory effect 
of the vascular permeability was essentially similar 
to the inhibition profile of [7H ]proline incorporation 
into non-collagen protein of the granuloma tissue. 
However, inhibition of protein synthesis in the granu- 
loma tissue seems independent of the anti-inflamma- 
tory activity of cycloheximide, since puromycin, 
another potent protein synthesis inhibitor, was inef- 
fective for reducing the vascular permeability in the 
dosage enough for inhibiting the incorporation of 
labeled proline into granuloma tissue protein to the 
same extent as cycloheximide did. The possibility of 
the manifestation of anti-exudative effect through the 
stimulation of adrenal cortex could also be excluded, 
since cycloheximide showed similar activity in intact 
and adrenalectomized rats. The results of the present 
experiments indicate that cycloheximide has specific 
anti-exudative activity in granulomatous inflamma- 
tion. 

Regarding the mechanism of action, interference by 
cycloheximide with possible chemical mediator sys- 
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tems in inflammation might be important. Role of 
histamine, serotonin and prostaglandin E as a vascu- 
lar permeability-increasing factor in the granuloma- 
tous proliferative inflammation seems negative or 
minor as reported in previous papers [12, 13]. How- 
ever, some other system such as kinins or SH-pro- 
tease and vasoexin[14] may be responsible and 
remains for further investigation. 

The vascular permeability have close correlation in 
general with the volume of the exudate in inflamma- 
tion locus. In fact, the data of Table | shows a paral- 
lelism between exudate vol. and vascular permeabi- 
lity. Correlation coefficient with respect to the exu- 
date volume and ['?°IJHSA permeability calculated 
from the data in Table | is +0.62 and statistically 
significant (P < 0.025). It would be expectable, there- 
fore, that repeated administration of cycloheximide 
would be therapeutically effective to yield actual 
reduction of the pre-existing exudate in proliferative 
inflammation in the cases that multiple administra- 
tion of cycloheximide exerts no serious chronic or 
subacute toxicity. 


S. TsURUFUJI, K. SUGIO and Y. ENDO 
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Abstract—Treatments that raise or lower brain tyrosine concentrations in rats cause parallel changes 
in the rates at which their brains accumulate DOPA (after aromatic L-amino acid decarboxylase is 
inhibited by RO4-4602). When the neutral amino acid drug p-chlorophenylalanine (PCPA) was injected 
ip. into rats (100 mg/kg), it decreased brain tyrosine concentrations over a wide range, partly by 
competing with tyrosine for uptake into the brain. Brain DOPA accumulation after RO4-4602 decreased 
in parallel. At this dosage, PCPA did not inhibit tyrosine hydroxylase activity in vivo, and, at very 
high concentrations (10°* M) in vitro, it inhibited the enzyme only slightly. Hence, the decrease in 
DOPA accumulation probably derived from a decrease in the availability of tyrosine (the substrate 
for tyrosine hydroxylase) rather than from a change in enzyme activity. Similarly, the neutral amino 
acids, valine and isoleucine (which have been used previously to modify brain tyrosine concentrations 
and, hence, catechol synthesis), had no effect on tyrosine hydroxylase activity in vitro in concentrations 
up to 10°3M. At high concentrations (10~* M), leucine slightly inhibited the enzyme. When rats 
ingested a single meal containing 40 per cent casein, their brain evidenced increases in both tyrosine 
levels and catechol synthesis. Thus, the availability of tyrosine to the brain may be one of the factors 
normally controlling brain catecholamine synthesis. 


Mammalian brains synthesize the catecholamines 
dopamine and norepinephrine and the indoleamine 
serotonin from the amino acid precursors L-tyrosine 
and L-tryptophan. The first (and probably the rate- 
limiting) step in the synthesis of each of these mono- 
amine neurotransmitters involves the addition of a 
hydroxyl group to either the aromatic ring of tyrosine 
or the indole nucleus of tryptophan [1]; the enzymes 
tyrosine hydroxylase [2] and tryptophan hydroxylase 
[3] catalyze these reactions. DOPA and 5-hydroxy- 
tryptophan, the hydroxylated products, are then 
decarboxylated (by the enzyme aromatic L-amino acid 
decarboxylase [4]) to form dopamine and serotonin. 

The rate of serotonin synthesis in rat brains can 
be accelerated by physiologic manipulations that raise 
brain tryptophan concentrations (e.g. feeding rats a 
single protein-free meal [5]). This finding is compat- 
ible with the view that the tryptophan hydroxylase 
enzyme is not saturated with its amino acid substrate 
in vivo [6]. Brain tryptophan concentration depends, 
in turn, upon the pattern of amino acids in the 
plasma: it varies directly with plasma tryptophan 
concentration and indirectly with the plasma concen- 
trations of other neutral amino acids that compete 
with tryptophan for transport into the brain [7, 8]. 
We recently described preliminary evidence that brain 
tyrosine concentrations might also influence the rates 
at which catecholamine neurons synthesize their 
neurotransmitters [9]. In that study the injection of 
amino acids that did or did not modify brain tyrosine 
levels caused parallel changes in the rates at which 
rat brains accumulated DOPA after decarboxylase in- 
hibition. 

We have now examined further the relationship 
between brain tyrosine level and catechol synthesis, 
which we found to be linear over a wide range. We 


also found that the activity of the rate-limiting 
enzyme tyrosine hydroxylase was not affected by the 
experimental conditions used, and that a physiologic 
treatment that raised brain tyrosine also accelerated 
catechol synthesis. 


MATERIALS AND METHODS 


Groups of 6-8 male Sprague-Dawley rats (Charles 
River Breeding Laboratories, Wilmington, MA), each 
weighing 150 g (except where noted), were housed in 
hanging cages, given access to water and a 26 per 
cent protein diet (Charles River Rat and Mouse For- 
mula), and maintained under light (300 micro- 
watts/cm?; Vita-Lite, Duro-Test Co., North Bergen, 
NJ) between 8 a.m. and 8p.m. daily. Rats used for 
diet experiments were fasted overnight immediately 
prior to the study and then allowed to consume the 
experimental diet starting at 10a.m. Diets were pre- 
pared in agar gel (35 g/1000ml of water) with the 
compositions outlined in Table 1. All injections were 
intraperitoneal. 

We estimated catechol synthesis in the rats’ brains 
by measuring the accumulation of DOPA 30 or 
60 min after the administration (800 mg/kg) of the 
DOPA decarboxylase inhibitor, RO4-4602 (gener- 
ously provided by the Hoffman-LaRoche Co., Nutley, 
NJ) [6,9]. The accumulation of DOPA was linear 
for at least 60min after decarboxylase inhibition; 
brain dopamine and norepinephrine levels were not 
significantly depressed during this interval. In some 
experiments, the methyl ester of p-chloropheny!- 
alanine (PCPA) (Regis Chemical Co., Chicago, IL)}—a 
synthetic amino acid that, among other actions, com- 
petes with tyrosine for uptake into the brain 
[9,10]—was administered (100mg/kg) at various 
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Table 1. Composition of protein diets 


Casein diet* (g/1000 ml water) 
Dietary 
constituent 0°, 8°. 


400 750 





Caseint 
Destrose 
Sucrose 
Dextrine 

Salt mixt 
Vitamin mixs 


* Each diet also contained 150ml of Mazola Oil (Best 
Foods, CPC International Inc., Englewood Cliffs, NJ). 

+ From General Biochemicals, Chagrin Falls, OH. 

t Roger’s-Harper’s, Teklad Test Diets, Madison, WI. 

§ From Nutritional Biochemicals. Cleveland, OH. 


times before injection of RO4-4602. In the diet experi- 
ments, rats fasted overnight were allowed access to 
one of the test diets for 1 hr, injected with RO4-4602, 
permitted to‘ eat for 30 min, and then killed. All amino 
acids were administered in doses of 100 mg/kg; in the 
subsequent discussion, doses are given as uM/kg. 
Tyrosine hydroxylase activity was assayed by mea- 
suring the evolution of '*CO, produced by the enzy- 
matic decarboxylation of carboxyl-labeled DOPA 
formed from carboxyl-labeled L-tyrosine [11]. Whole 
brains and corpora striata were homogenized in 5 
and 10 vol. respectively, of 0.05 M Tris-acetate buffer, 
pH 6.0, containing 0.2 per cent Triton X-100 (Harleco, 
Philadelphia, PA). The homogenates were centrifuged 
at 10,000 g for 10 min, and the supernatant fluid was 
decanted for assay [2]. The assay medium contained 
(in a total vol. of 110 yl): 50 ul of brain homogenate; 
65nmoles of DMPH,  (2-amino-4-hydroxy-6,7- 
dimethyl-5,6,7,8-tetrahydropteridine — hydrochloride 
[synthetic cofactor obtained from Calbiochem, San 
Diego, CA]); 29nmoles of pyridoxal phosphate; 
4 nmoles of 2-mercaptoethanol; 240 units of catalase; 
0.01 m-moles of phosphate buffer; and 10 41 of aro- 
matic L-amino acid decarboxylase prepared from hog 


kidneys [11]. Samples were preincubated at 37° for 
2 min. 

The reaction was started by adding 10yl of 
L-[1-'*C]tyrosine (sp. act., 54.6mCi/m-mole [from 
New England Nuclear Corp., Boston, MA], diluted 
with 1 mM tyrosine to a final concentration in the 
assay medium of 0:1 mM) to the sample and incubat- 
ing it at 37° for 30min. The assay was stopped by 
injection of 0.5 ml of 10 per cent trichloroacetic acid 
through the rubber stopper. The acidified medium 
was shaken at 37 for an additional 2hr to recover 
'$CO,, which was trapped by folded filter paper 
strips in 0.2 ml of NCS tissue solubilizer (Amersham/ 
Searle, Arlington Heights, IL). The strips were then 
placed in scintillation vials containing 10 ml of Aqua- 
sol (New England Nuclear), and their radioactivity 
was counted. 

Within an enzyme range of 20-50 yl, the assay was 
linear with time for 45 min. Samples of boiled enzyme 
or complete assay mixtures containing 0.2mM 
monoiodotyrosine were used as blanks. 

Brains used for amino acid analysis were homogen- 
ized in Svol. of 6 per cent trichloroacetic acid; the 
acid was then removed from the supernatant fraction 
by 3 or 4 washes with equal vol. of absolute ether. 
Samples were lyophilized overnight, made up to 1 ml 
with 0.2 N sodium citrate buffer, pH 2.2, and filtered 
through a Millipore filter (Millipore Corp., Bedford, 
MA) before being placed on the Beckman 119 or 
121C amino acid analyzer (Beckman Instruments, 
Inc., Fullerton, CA) [12]. 

Previously described methods were used to assay 
brains for tyrosine [13] and DOPA [14, 15]. 


RESULTS 


Brain catechol synthesis at various intervals after 
PCPA. We have previously observed that PCPA ad- 
ministration produces parallel decreases in brain tyro- 
sine concentration and catechol synthesis [9]. In our 
present study, we used PCPA given at various inter- 





300 





Interval between PCPA 
administration and sacrifice : 


® 240 min 
4 120 min 
45 min 
(no PCPA) 








Tyrosine, 


10 


#G/gm 


Fig. 1. Relationship between brain DOPA concentration and brain tyrosine level after PCPA adminis- 

tration. The animals were given injections of PCPA (100 mg/kg, i.p.) at various times and were killed 

[hr after a second injection of RO4-4602 (800 mg/kg). Each point represents DOPA and tyrosine 
values obtained from a single brain sample. 
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Table 2. Tyrosine hydroxylase activity of brain homog- 
enates from animals given PCPA or valine 





Statistical 
signifi- 
cance* 


Per cent 
of control 
activity 


Number 
of 


Treatment animals 





l hr after valine 
injection 
1 hr after PCPA 
injection 
2hr after PCPA 
injection 5 


+ 6.3 N.S. 





Male Sprague-Dawley rats weighing 200 g were injected 
(100 mg/kg, i.p.) with valine, PCPA, or their vehicle (water) 
and killed 1 or 2hr later. A 50-1 aliquot of whole brains 
homogenized in Tris-acetate buffer (pH 6.0) was used for 
assay of tyrosine hydroxylase activity. Tyrosine hydroxy- 
lase in control samples (9 animals) was 0.201 nM CO,/mg 
protein/hr. 

*N.S. = not significantly different from control animals. 


vals before RO4-460> 10 produce a range of decreases 
in brain tyrosine: we then determined the extent to 
which the rate of DOPA accumulation paralleled the 
tyrosine concentration in each rat’s brain. Rats 
received PCPA either 15 min after RO4-4602 admin- 
istration or 60 or 180 min before the decarboxylase 
inhibitor. All rats were killed 1 hr after the injection 
of RO4-4602. 

The decreases in brain tyrosine concentrations after 
PCPA administration varied over a wide range, from 
15.95 ng/g (control) to 7.63 ug/g (animals killed 4 hr 


after receiving the drug; P < 0.001) (Fig. i). Brain 
DOPA accumulation showed a parallel decrease from 


217 ng/g (control) to 149ng/g (P< 0.001). Brain 
DOPA and tyrosine concentrations correlated signifi- 
cantly (r = 0.78; P < 0.001) over this range (Fig. 1). 

Tyrosine hydroxylase activity after PCPA or neutral 
amino acid administration. PCPA inhibits the biosyn- 
thetic enzyme tryptophan hydroxylase [16] and has 
been widely used in the hope that it would specifically 
deplete brain serotonin. PCPA also inhibits pheny!- 
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alanine hydroxylase activity in the liver but has little 
or no effect on tyrosine hydroxylase activity. We have 
used PCPA to modify brain tyrosine levels (Fig. 1). 
In an earlier study, we showed similar effects with 
several of the branched-chain amino acids (leucine, 
valine, and isoleucine) which are in the same brain 
transport group as tyrosine [9], i.e. the large neutral 
amino acids [17]. In all these experiments, a parallel 
reduction in DOPA accumulation accompanied the 
decrease in brain tyrosine level (Fig. 1) [9]. 

To determine whether the fall in DOPA accumu- 
lation was related to a drug-induced decrease in tyro- 
sine hydroxylase activity rather than to altered sub- 
strate (tyrosine) availability, we measured tyrosine hy- 
droxylase activities in the brains of animals receiving 
either PCPA or one of the other neutral amino acids. 
Animals were injected with PCPA (37 uM/kg) or with 
the neutral amino acid valine (85 4M/kg) (which low- 
ered brain tyrosine to 67 per cent of control and brain 
DOPA accumulation to 69 per cent of control); they 
were killed 1 or 2hr later. Whole brains were 
removed, homogenized in 0.05 M Tris-acetate buffer, 
and assayed for tyrosine hydroxylase activity. Neither 
valine nor PCPA, administered in vivo, significantly 
changed tyrosine hydroxylase activity, as assayed in 
vitro (Table 2). 

In other studies, PCPA or one of the other neutral 
amino acids was added to the assay mixture in 


' various concentrations, in vitro, and tyrosine hydroxy- 


lase activity was determined with homogenates of 
whole brains or striata as the enzyme source. The 
striata showed considerably greater activity. The 
branched-chain amino acids valine and isoleucine had 
no effect on the tyrosine hydroxylase activity of whole 
brain or caudate homogenates. even when they were 
present in concentrations as high as | mM. Leucine 
at this concentration did somewhat inhibit tyrosine 
hydroxylase activity in homogenates of whole brains. 
PCPA had no effect on tyrosine hydroxylase activity 
in concentrations of 1 uM to 0.1 mM, but, at a con- 
centration of 1 mM, it did suppress enzyme activity 
by 40 per cent (Table 3). In contrast, phenylalanine 
concentrations as low as 0.1 mM significantly inhib- 


Table 3. Effects of neutral amino acids, added in vitro. on tyrosine hydroxylase activi- 
ties of homogenates of whole brains or caudate nuclei 





Control 
value 


Amino acid added 
to the medium 


10°°M 


Tyrosine hydroxylase activity 
at various amino acid 
concentrations 
(nmoles '*CO,/hr/mg protein) 

10°*+M 


10°°M 





A. Caudate nuclei 
PCPA 
Valine 


2.70 
2.70 


B. Whole brains 
PCPA 
Isoleucine 
Leucine 
Phenylalanine 


0.145 
0.145 
0.169 
0.150 


0.154 
0.136 


0.154 


2.40 
2.69 


2.60 
2.68 


0.089 
0.155 
0.113 
0.023 


0.140 
0.154 
0.149 
0.095 


0.140 
0.156 
0.155 
0.172 





PCPA or one of the neutral amino acids (in a vol. of 1041) was added to the 
assay mixture, containing 50 yl of homogenate prepared from whole brains or caudate 
nuclei from untreated animals, and the evolution of '*CO, was measured. 

Data are given as averages of duplicate determinations. 
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ited the conversion of labeled tyrosine to DOPA, 
and hence to '*CO, (Table 3). This concentration of 
phenylalanine is close to that normally found in the 
brain. 

To determine whether 
branched-chain amino acids examined in vitro for pos- 
sible inhibition of tyrosine hydroxylase were as high as 
the brain levels attained in vivo after administering the 
described doses, we gave rats valine, isoleucine or leu- 
cine and then measured their brain concentrations of 
these substances after 1 hr. The valine concentration 
was 217M in valine-treated rats (as compared to 
714M in control animals), the isoleucine concen- 
tration rose to 66 uM (as compared to 41 4M in con- 
trol animals), and the leucine concentration was 
68 uM in leucine-treated rats (as compared to 42 uM 
in control rats). Hence, the in vitro concentrations of 

_these compounds needed to inhibit tyrosine hydroxy- 

lase (i.e. 1mM for leucine and greater than 1 mM 
for valine and isoleucine) (Table 3) were considerably 
greater than those occurring in vivo. (Although we 
did not determine PCPA levels in brain, they were 
probably less than 0.1 mM: Gal et al. found a maxi- 
mum PCPA concentration of 0.72 u.M/g 6hr after in- 
jecting rats with 405-mg/kg doses of the ethyl ester 
of PCPA [19].) 

Using the coupled decarboxylation system and the 
synthetic cofactor DMPHsg, we determined an in vitro 
K,, for tyrosine of approximately 0.10mM in whole 
brain homogenates. From the DOPA accumulation 
data obtained with PCPA, we obtained a double recip- 
rocal plot of substrate concentration versus velocity, 
as described by Carlsson et al. [6]. Using weighted 


least-squares analysis [20], we estimated the in vivo 


K,, of tyrosine hydroxylase for tyrosine to be 
0.043 mM. The concentration of tyrosine in brains of 
normal rats (fed ad lib. with rat chow) was 0.088 mM, 
a value which is very close to the measured K,,: 
hence, tyrosine hydroxylase is probably not saturated 
with its amino acid substrate in vivo. Treatment with 
PCPA (or other neutral amino acids) lowered the 

rain tyrosine concentration to 0.036mM, which is 
well below its K,, (for tyrosine hydroxylase) and thus 
could account for the reduced rate of tyrosine hy- 
droxylation. 

Brain catechol synthesis after ingestion of a protein 
meal. To determine whether the brain tyrosine level 
normally varies and, if so, whether such variations 
are sufficient to modify catechol synthesis, we 
measured catechol synthesis (by decarboxylase inhibi- 
tion) in animals consuming a single high-protein meal 
which would be expected to elevate brain tyrosine. 
Groups of rats fasted overnight were given access to 
either a carbohydrate (protein-free) or 40 per cent 
casein meal for | hr; they were then injected with 
RO4-4602 and killed 30min later. In all of twelve 
similar experiments, the ingestion of the casein meal 
caused 60-70 per cent increases in both brain tyrosine 
concentration (P < 0.001) and brain DOPA accumu- 
lation (P < 0.001) (Table 4A). The ingestion of a 
carbohydrate meal generally increased brain tyrosine 
level and brain DOPA accumulation (i.e. compared 
to these levels in animals that continued to be fasted). 
Occasionally, the consumption of the carbohydrate 
meal did not elevate brain tyrosine (Table 4B)—a 
finding that was especially common in studies on 


the concentration of 
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Table 4. Effect of single meals containing 0 or 40 per cent 
protein on the synthesis of DOPA in rat brains 





Brain 
DOPA level 
(ng/g) 


Brain 
tyrosine level 


Treatment (ug/g) 





A. 200-g rats 
Fasted 
Protein-free diet 
40°, protein diet 


12.9 + 0.6 
18.8 + 0.6* 
26.9 + 0.7* 


116.5 
108.0 


B. 100-g rats 
Fasted 
Protein-free diet 
40°, protein diet 


14.6 + 0.5 
15.0 + 0.5 
25.3 + 0.9* 


I+ I+ I+ 
Yes 
ont 
—- 





Male Sprague-Dawley rats weighing 200 g (A) or 100g 
(B) were fasted overnight and given access to food at 
10am. At llam., they received RO4-4602 (800 mg/kg, 
i.p.). They were killed at 11:30.a.m. Animals on the protein- 
free and 40 per cent protein diets consumed 6.6 and 9.2 g, 
respectively, in group A, and 8.2 and 9.7 g, respectively, 
in group B. 

*P < 0.001 differs from fasted animals. 

+P < 0.01 differs from fasted animals. 


younger animals (weight, 100g). In all these cases, 
brain DOPA accumulation also failed to increase. 
The rate of DOPA accumulation tended to be some- 
what lower in the younger rats (Table 4). 

Effect of varying the protein content of the diet on 
catechol synthesis. In order to vary the rats’ brain 
tyrosine concentrations physiologically, we fed fasted 
rats single meals in which the protein content ranged 
from 8 to 75 per cent; brain tyrosine level and DOPA 
accumulation were measured after decarboxylase in- 
hibition, as above. 

With increasing protein content in the meal, brain 
tyrosine level also increased; however, at very high 
concentrations of protein (75 per cent casein), the 
food-induced increase in brain tyrosine was somewhat 
suppressed (Table 5), possibly because the very large 
increases in plasma neutral amino acid concentrations 
suppressed tyrosine uptake into the brain. Among 
animals consuming meals of different composition, 
the rates at which the brain accumulated DOPA 
(after RO4-4602 administration) roughly paralleled 
the food-induced increases in brain tyrosine concen- 
tration (Table 5). DOPA accumulation was less rapid 
in animals consuming the 75 per cent protein meal 
than in those eating 8 per cent casein, even though 
the brain tyrosine levels were not significantly differ- 
ent (Table 5). This disparity could reflect a greater 
inhibition by phenylalanine of tyrosine hydroxylase 
activity after the high-protein meal (Tables 3 and 6). 


DISCUSSION 


Our observations affirm that the concentration of 
tyrosine in rat brain influences the rate at which the 
rat brain synthesizes catecholamines. This influence 
is possible because the tyrosine hydroxylase enzyme 
is not saturated with its amino acid substrate (tyro- 
sine) in vivo and becomes less so after short-term fast- 
ing or the administration of another neutral amino 
acid. Our data further demonstrate that the relation- 
ship between brain tyrosine concentration and cat- 
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Table 5. Effect of varying the protein content of the diet on catechol synthesis 





Brain 
tyrosine 
level 


Treatment (ug/g) 


Serum 
tyrosine 
level 
(ug/ml) 


Brain 
DOPA 
level 
(ng/g) 





Fasted 

8°% casein diet 
18°, casein diet 
40°, casein diet 
75%, casein diet 


12.25 + 0.45 
19.84 + 0.81* 
20.75 +: 1.32* 
24.64 + 1.68* 
21.05 + 1.43* 


66 +7 
123 + 11t 
91 + 4t 
106 + 8+ 
88 +4 


20.69 + 1.08 
23.31 + 1.21 

30.20 + 3.23t 
54.66 + 6.08* 
48.65 + 3.90* 





Male Sprague-Dawley rats were fasted overnight and allowed access to one of 
the test diets at 10am. One hr later, they received an injection of RO4-4602 
(800 mg/kg, i.p.). They were decapitated 30min after injection. Blood was collected 
from the necks, and whole brains were analyzed for tyrosine [13] and DOPA [14, 15]. 


*P < 0.01 differs from fasted animals. 


+ P < 0.001 differs from fasted animals. 


t P < 0.05 differs from fasted animals. 


Table 6. Effect of varying the protein content of the diet 
on brain phenylalanine concentration 





Brain phenylalanine level 


Treatment (ug/g) 





Fasted 
Protein-free diet 
8°, casein diet 
18°,, casein diet 
40°,, casein diet 
75°, casein diet 


13.12 + 0.97 
16.65 + 0.51* 
18.41 + 0.717 
18.06 + 0.717 
21.95 + 1.31T 
32.08 + 0.67 





Male Sprague-Dawley rats were fasted overnight and 
allowed access to one of the test diets at 10 a.m. One hour 
later they received an injection of RO4-4602 (800 mg/kg, 
i.p.). They were killed 30 min later, and whole brains were 
analyzed for phenylalanine [18]. 

*P < 0.01 differs from fasted animals. 

+P < 0.001 differs from fasted animals. 


echol synthesis (obtained over a wide range of tyro- 
sine concentrations [Fig. 1]) is not due to an effect 
of other neutral amino acids (besides phenylalanine 
and, possibly, leucine) on the activity of tyrosine hy- 
droxylase (Tables 2 and 3); moreover, brain tyrosine 
concentrations probably affect catechol synthesis 
under normal conditions (i.e. after rats consume 
nutrients in proportions similar to those they are 
likely to eat naturally) (Tables 4 and 5). 

The broad correlation between brain tyrosine level 
and catechol synthesis was clearly evident (Fig. 1) in 
animals acutely treated with PCPA, a drug widely 
used to inhibit tryptophan hydroxylase activity and 
serotonin synthesis [16]. Tagliamonte et al. [10] have 
observed decreased conversion of [*H]tyrosine to 
[*H]dopamine and [*H]norepinephrine in PCPA- 
treated rats; the level of endogenous tyrosine and the 
specific activity of [7H ]tyrosine in the brain were also 
reduced. These authors attributed their findings to an 
impaired transport of tyrosine from plasma to brain. 

Treatments with neutral amino acids, which also 
inhibit the transport of tyrosine into the brain, caused 
parallel reductions in brain catechol synthesis [9]. 
These reductions in synthesis cannot be attributed to 
changes in the kinetic properties of tyrosine hydroxy- 
lase (e.g. direct inhibition), inasmuch as the concen- 
trations of neutral amino acids used to inhibit tyro- 


sine transport had no effect on brain tyrosine hy- 
droxylase activity in vitro (Table 3). 

In choosing a 40 per cent protein meal for our 
original diet studies as a means for physiologically 
increasing brain tyrosine level, we made the following 
two assumptions: 

(1) Added protein would cause a greater increase 
in plasma tyrosine than in other neutral amino acids 
because the protein contributes tyrosine both directly 
and indirectly—i.e. as phenylalanine, much of which 
is transformed to tyrosine in passing through the liver 
from the portal to the systemic circulation. 

(2) Brain tyrosine levels change postprandially as 
a function of the ratio between plasma tyrosine level 
and the concentrations of competing neutral amino 
acids (i.e. just as brain tryptophan had been shown 
to vary with the plasma tryptophan/competitor ratio 
[7, 8]). 

The latter assumption has been confirmed in 
studies by Fernstrom and Faller, who showed that 
for each of the six neutral amino acids tested (tyro- 
sine, tryptophan, phenylalanine, leucine, isoleucine 
and valine), its brain concentration after food con- 
sumption could be predicted by the ratio of its plasma 


concentration to the sum of the five competitors [21]. 


In considering factors regulating catecholamine 
synthesis, investigators have often ignored the effect 
of substrate (i.e. tyrosine) concentration on the basis 
that its brain concentration would be well above the 
K,,, as determined in vitro. The problem of knowing 
what K,, value to compare in vivo brain tyrosine 
levels to is complicated by the fact that at least three 
different methods are used to assay tyrosine hydroxy- 
lase [2, 11], and that different investigators utilize dif- 
ferent cofactors for these assays (e.g. the presumed 
natural cofactor, tetrahydrobiopterin, or the artificial 
cofactors, 6-methyltetrahydropteridine [6-DMPH, ] 
and 6,7-dimethyltetrahydropteridine [DMPH,]). The 
apparent K,, values obtained for the substrates (tyro- 
sine and oxygen) also vary depending upon the pterin 
used; for example, the tyrosine K,,, for adrenomedul- 
lary tyrosine hydroxylase can vary by a factor of 10 
depending on which cofactor is chosen [22]. Differ- 
ences in the media used for homogenization and in 
the buffer systems employed in the assay mixture can 
also cause considerable differences in tyrosine hy- 
droxylase activity, and in its affinity for its cofactors 
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and substrate [23]. Thus, from the presently available, 
often conflicting literature, it is very difficult to draw 
simple conclusions regarding the degree to which 
tyrosine hydroxylase is saturated in vivo. 

Measurement of the in vivo tyrosine K,, by a 
method similar to that used by Carlsson for trypto- 
phan and ti, ptophan hydroxylase [6] might provide 
a better inde, of the affinity of tyrosine hydroxylase 
for its substrate in vivo (even though interpretation 
of such data is complicated by the possibility that 
the tyrosine concentration in homogenates of whole 
brain is not equal to its concentration at the locus 
of tyrosine hydroxylase). Using this method [20], we 
calculated a K,, for whole brain. This value was ap- 
proximately equal to the whole brain tyrosine concen- 
tration. Therefore. even in the normally fed rat, the 
enzyme is only about half saturated. Fasting or the 
administration of a neutral amino acid further 
reduces the saturation of the enzyme and, correspond- 
ingly, the catechol synthesis rate. 

It is well established that the amount and the ac- 
tivity of tyrosine hydroxylase in a given tissue can 
control the rate at which that tissue converts tyrosine 
to DOPA. Thus, treatments that accelerate catechol- 
amine release from adrenal medulla or nerve ter- 
minals (by increasing presynaptic inputs) rapidly acti- 
vate existing tyrosine hydroxylase—either by decreas- 


ing the end-product inhibition of the enzyme [24] 
or by allosterically changing its affinity for its sub- 
strate and cofactor [25]. When prolonged, such treat- 
ments can also increase the amount of tyrosine hy- 
droxylase enzyme protein in the tissue, probably by 
accelerating its synthesis [26,27]. As demonstrated in 


this study, the substrate control of tyrosine hydroxyl- 
ation probably serves a physiological function very 
different from the enzyme responses to enhanced 
neuronal activity: it allows neurotransmitter synthesis 
to be modulated by the plasma amino acid pattern. 
which in turn varies with food consumption, the 
actions of various hormones, and general metabolic 
state. Of course, it remains to be determined whether 
the changes in neuronal catecholamine synthesis (in- 
duced by modifying precursor levels or by other 
_means) actually influence the quantities of neurotrans- 
mitter which are released into synapses and which 
act on postsynaptic receptors. 
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Abstract—The interrelationships between fatty acid and warfarin binding to albumin were investigated. 
Various molar ratios of palmitic acid and oleic acid were added to defatted human albumin in the 
presence of warfarin, and the warfarin binding association constants, K,, were calculated. Warfarin 
association constants increased from 0.84 x 10° M~! to 3.66 x 10° M~! as the oleic acid concentration 
increased from zero to three moles per mole of albumin and from 1.19 x 10°M~! to 3.13 x 10°M7! 
as the palmitic acid concentration increased from zero to two moles per mole of albumin. Larger 
amounts of either fatty acid progressively decreased the amount of warfarin bound in a noncompetitive 
fashion. In addition, two proteolytic fragments were utilized to define the location of the warfarin 
binding site on albumin. The warfarin site was located between loops 5 and 6 on the albumin molecule 


in close proximity to the secondary and tertiary binding sites of palmitic acid. 


Human albumin is a single peptide chain composed 
of 584 residues. The complete amino acid sequence 
of human albumin has been determined by Brown 
and co-workers[1,2]. The secondary structure con- 
tains 50-55°%, z-helix, about 15° f-pleated sheet and 
the rest random coil [3]. Brown has proposed a ter- 
tiary structure consisting of nine major loops and 17 
disulfide bonds [1,4]. Normally, a plasma albumin 
has bound to it a complement of bilirubin and fatty 
acid molecules. 

Normal fat metabolism requires that fatty acids be 
solubilized and transported by plasma albumin from 
the liver to the active metabolizing tissues. Therefore, 
the three most common plasma fatty acids, palmitic, 
oleic and stearic acids, are all highly bound to plasma 
albumin [5]. Spector et al. [6] proposed that palmitic 
acid binds to three classes of sites on the albumin 
molecule. The primary and secondary classes each 
contained three sites, but the tertiary class contained 
approximately 63 sites. Studies on several bovine 
albumin fragments supported the hypothesis that 
there are three primary binding sites on bovine albu- 
min for palmitic acid and determined that the three 
strongest palmitic acid binding sites are located in 
the carboxyl-terminal two thirds of the albumin mol- 
ecule [7]. 

Since only the free form of a drug is available to 
receptor sites, drug bound to protein is pharmacologi- 
cally inactive. For a highly bound drug such as war- 
farin. which at therapeutic plasma concentrations is 
99 per cent bound to albumin, an increase of only 
| per cent in the free fraction doubles the number 
of warfarin molecules available for pharmacological 
activity. One cause of such an increase in the free 
fraction described initially by Solomon et al. [8] was 
substantiated by Gugler et al.[9]; both groups 
reported that an excess of fatty acids decreased war- 
farin binding to albumin. In the present study, inter- 
relationships between fatty acids and warfarin binding 
were investigated by the addition of various molar 
ratios of palmitic and oleic acids to defatted human 


albumin in the presence of warfarin. In addition, two 
proteolytic fragments of bovine albumin, which con- 
tain independent fatty acid binding sites and recom- 
bine in solution to form an albumin-like mol- 
ecule [7, 10], were utilized to help locate the warfarin 
binding site. 


MATERIALS AND METHODS 


Chemicals. ['*C]Warfarin was purchased from 
Amersham/Searle Corp., Arlington Heights, IL, and 
had a specific activity of 23.6 mCi/m-mole. Nonradio- 
labeled warfarin was obtained from ICN Pharmaceu- 
ticals, Plainview. New York. The palmitic and oleic 
acids (Sigma Chemical Co., St. Louis, MS) were ap- 
proximately 99 per cent pure. Bovine serum albumin 
and crystalline human serum albumin (fatty acid free) 
were purchased from Sigma Chemical Co. Bovine 
serum albumin fragments P-A and P-B were those 
purified and characterized by  Feldhoff and 
Peters[10] and kindly provided by Dr. Theodore 
Peters, Jr. 

Preparation of albumin solutions. Palmitic acid was 
dissolved in absolute ethanol to a concentration of 
one microgram per milliliter and added in the appro- 
priate quantities to test tubes. The ethanol was 
allowed to evaporate at room temperature, thereby 
leaving a thin film of fatty acid on the wall of the 
test tube. Ten milliliters of phosphate buffer contain- 
ing 11.4M fatty acid free albumin were added to 
the test tubes. These solutions were stored overnight 
at 4. 

Since oleic acid is a fluid at room temperature, it 
was added directly to test tubes in microliter quanti- 
ties with ten milliliters of phosphate buffer containing 
11.4 uM fatty acid free albumin. These solutions were 
also stored overnight at 4. 

Equilibrium dialysis. The binding of warfarin to 
albumin was measured at 37° and pH 7.4 by equilib- 
rium dialysis through the use of microcells (Bell Arts). 
In each determination the albumin concentration was 
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11.4 x 10°°M. The albumin concentration was 
determined spectrophotometrically with an extinction 
coefficient of E}%, = 5.3 at 280nm and a mol. wt 
of 66,000. All binding measurements were performed 
in an isotonic buffer (50mM_ sodium phosphate, 
75 mM sodium chloride, pH 7.4). Readings were taken 
after Shr of dialysis, at which time it had been deter- 
mined that equilibrium had been established. Ten 
determinations were performed on each albumin 
sample over a warfarin concentration range of 
0.5-10.0 pg/ml. The concentration of warfarin was 
determined through the use of ['*C]warfarin, the 
radiolabeled source representing 12.5 per cent of the 
total warfarin present during all determinations. 

Warfarin binding association constants and _ the 
number of warfarin binding sites per albumin mol- 
ecule were determined by the methods of Scat- 
chard [11] and Hughes and Klotz [12]. All data were 
analyzed by linear regression. 

The binding of warfarin to the bovine albumin frag- 
ments (P-A, P-B and P-A + P-B) and to intact bovine 
serum albumin was performed at 37°, pH 7.4, and in 
phosphate buffer. Warfarin determinations were made 
on each sample at one and four pg/ml of warfarin. 
The concentration of the fragments and the bovine 
serum albumin was | x 10°°M in all experiments. 
The following extinction coefficients and mol. wt were 
employed: bovine albumin, E{ %,, = 6.6, mol. wt 
66,000; bovine fragment P-A, E{ @,, = 5.3, mol: wt 
31,000; and bovine fragment P-B, E = 7.4, mol. 
wt 35,000. 


1 
1 cm 


RESULTS 
Three or more moles of either palmitic or oleic 
acid reduced the degree of warfarin binding to albu- 
min (Fig. 1). Scatchard plots of warfarin binding data 


exhibit decreasing slopes with increasing quantities of 


fatty acids above 3 males per mole of albumin, and 
the number of primary warfarin binding sites remains 
one. As expected, Hughes—Klotz plots show increas- 
ing slopes as the fatty acid concentration is increased 
(Fig. 2 and 3). Both indicate that the warfarin binding 
association constants, K,, decrease as fatty acids are 
added in excess of 3 moles per mole of albumin. The 
binding association constants, K,, were derived from 
the Hughes-Klotz plots by assuming one primary 
warfarin binding site, n, on the albumin molecule and 
a slope equal to 1/K,n. 

By increasing the concentration of palmitic or oleic 
acid from 0 to 3 moles per mole of albumin, the bind- 
ing of warfarin to albumin was enhanced (Fig. 1). 
When the data were plotted by the double-reciprocal 
method of Hughes-Klotz (Fig. 2 and 3), the binding 
association constants increased when the fatty acid 
concentration was increased from 0 to 3 moles of fatty 
acids per mole of albumin (Table 1). Therefore, albu- 
min not only binds more warfarin in the presence 
of 3 moles of fatty acid per mole of albumin, but the 
binding is of greater strength. This is supported by 
the thermodynamic data shown in Table |. The mag- 
nitude of the AG values shown in Table | concur 
with the AG values for warfarin—albumin interactions 
reported by Rippie [13]. 

Results of warfarin binding experiments performed 
on charcoal—treated [14] crystalline albumin (Miles 
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Fig. |. Percent binding of warfarin to human serum albu- 

min in the presence of various mole to mole ratios of fatty 

acids to albumin. Dashed line represents warfarin binding 

in the presence of oleic acid; solid line represents binding 
in the presence of palmitic acid. 


Laboratories) concurred with the results obtained 
with commercially prepared, fatty acid free albumin. 
Palmitic acid was used in these latter studies. 
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Fig. 2. Hughes-Klotz plot of the binding of warfarin to 
human serum albumin in the presence of varying amounts 
of oleic acid. The ratios indicated at the end of each line 
represent the ratios of the moles of oleic acid present per 
mole of albumin. 
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Fig. 3. Hughes—Klotz plot of the binding of warfarin to 

human serum albumin in the presence of varying amounts 

of palmitic acid. The ratios indicated at the end of each 

line represent the ratios of the moles of palmitic acid pres- 
ent per mole of albumin. 


Using the P-A and P-B bovine serum albumin frag- 
ments of Feldhoff and Peters [2], warfarin bound very 
little to fragment P-A and P-B individually, synergis- 
tically in a solution of P-A and P-B, and to an even 


Table 1. Thermodynamic data on the effects of fatty acids 
on warfarin binding to human serum albumin (HSA) 





AAGS§ 
(cal 
mole) 


AGt 
(cal, 
mole) 


K,t 


Fatty . 
Ratio* (M~' x 107°) 


acid 





0.84 
0.84 
1.68 
3.66 
2.70 
1.45 
0.71 
0.23 


— 6984 
— 6984 
—7411 
— 7890 
— 7703 
— 7320 
— 6880 
— 6186 


—7198 
— 7436 
— 7841 
—7749 
— 7638 
— 7696 
— 7542 
— 7133 


None 
Oleic 


SONDMNPWN— © 


1.19 
1.75 
3.13 
2.91 


None l 
| 
1 
l 
of 2.43 
1 
1 
1 


Palmitic 
2.67 


2.08 
1.07 


SAWN RWNK CO 


_ 





[Albumin] = 11.4 uM. 

* Ratio = moles FFA/mole albumin. 

+ K, = Warfarin binding association constant (assuming 
n= 1) 

t AG = —RT In K,. 

§ Variation of AG from fatty acid free (0:1) AG value. 
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Table 2. Warfarin binding to bovine serum albumin (BSA) 
fragments and intact BSA 





Percent of warfarin bound 
[Warfarin] = [Warfarin] = 
1 ug/ml* 4 pg/ml 


Protein source 
10 x 10°°M 





BSA Fragment P-A 

BSA Fragment P-B 

BSA Fragments P-A 
+ P-B 

BSA Intact 





= 3.23 x 10°°M. 
12.92 x 10°°M. 


* 1 ug/ml warfarin 
+4 ug/ml warfarin 


greater extent to intact bovine serum albumin (Table 
2) 


DISCUSSION 


The present studies show that four or more moles 
of fatty acids reduce the degree of warfarin binding 
to albumin by decreasing the affinity of albumin for 
warfarin. Affinities of albumin for fatty acids are one 
or two orders of magnitude greater than the affinity 
of albumin for warfarin; in the present studies fatty 
acids were present in 35 times greater concentrations 
than warfarin. Therefore, no warfarin binding would 
be expected to occur if decreased binding of warfarin 
to albumin in the presence of fatty acids arose from 
competitive binding of fatty acids to albumin. How- 
ever, as shown in Fig. 1, 52 per cent of the warfarin 
remains bound in the presence of 10 moles of palmitic 
acid per mole of albumin and 17.5 per cent is still 
bound in the presence of 10 moles of oleic acid. These 
results together with those of Rippie [13] suggest that 
fatty acids may displace warfarin from albumin non- 
competitively, despite the fact that Hughes—Klotz 
plots show a common y-intercept, conventionally in- 
terpreted as indicative of competitive displacement. 

In contrast to the results with 4 or more moles 
of fatty acids, increasing the concentration of palmi- 
tate and oleate from 0 to 3 moles per mole of albumin 
enhanced warfarin binding. Fatty acids stabilize albu- 
min; conversely, the albumin molecule is more labile 
in the absence of fatty acids[5]. This statement is 
supported by thermodynamic data presented in Table 
1. Increasingly negative AG values at low fatty acid 
levels suggest a strengthening of the warfarin—albumin 
interaction, while the trend toward more positive AG 
values at high fatty acid levels suggests a decline in 
the warfarin—albumin interaction strength. Fatty acids 
not only place the albumin molecule in a more favor- 
able thermodynamic state in concentrations of 
2-3 moles per mole of albumin but also alter the ter- 
tiary structure, thereby affecting the interaction of 
other ligands with albumin [5]. For example, in the 
present experiment fatty acids alter the interaction of 
albumin with warfarin, increasing warfarin binding 
(Table 1 and Fig. 1). 

The interactions of fatty acids with warfarin were 
studied further through the use of albumin fragments. 
Since fragments P-A and P-B retain their native 
secondary structure and associate to form an albu- 
min-like complex [8], the synergistic response 
obtained when both fragments associate suggests that 





G. WILDING, R. C. FELDHOFF and E. S. VESELL 


FRAGMENT P-B 


FRAGMENT P-A 








PALMITATE SITES 


WARFARIN SITE 4 


Jo 
1 2 3 a 5 6 7 8 9 


Fig. 4. Schematic diagram of BSA showing: The tertiary structure proposed by Brown consisting 


| 7 


of nine major loops and 


disulfide bonds [1,3], the three strongest sites on BSA for the binding 


of palmitic acid as determined through the use of bovine albumin fragments by Reed er al. [7], the 
portions of the BSA molecule represented by fragments P-A and P-B[7, 10], and the proposed location 
of the primary warfarin binding site. 


there is one primary warfarin binding site and that 
it may be cleaved during formation of the fragments. 
Various values for the number of primary warfarin 
binding sites have been reported: a single primary 
site [8, 15, 16], two primary sites [17, 18] and approxi- 
mately 1.5 primary sites[ 19]. Also, warfarin has been 
reported to have a low affinity set of binding sites 
numbering three to four [18]. 

The first primary binding site for palmitate (Fig. 
4) on albumin is located in the region of loops 7, 
8 and 9; second primary site, loop 5; and third pri- 
mary site, loop 6[7]. The point at which the albumin 
molecule is cleaved to form fragments P-A and P-B 
is between loops 5 and 6[10]. If the primary binding 
site for warfayin is located between P-A and P-B (i.e. 
between loops 5 and 6), as suggested by the fragment 
binding studies, then the biphasic effects observed in 
this study for fatty acids on warfarin can be explained 
by allosteric mechanisms as proposed by Rippie [13]. 

The first fatty acid molecule added would bind pre- 
dominantly to the first primary fatty acid site. 
Although this is not the proposed location of the war- 
farin site, the first bound fatty acid would tend to 
stabilize the albumin tertiary structure and be allos- 
terically responsible for enhanced warfarin binding. 
Since warfarin binding does not decrease until 3 or 


more moles of fatty acids are added, the presence of 


a fatty acid molecule at the second primary binding 
site must also allosterically enhance warfarin binding. 

If the proposed warfarin binding site is located 
between the second and third primary fatty acid bind- 
ing sites, small conformational changes at either site 
might exert significant effects on the tertiary structure 
of the surrounding regions including the proposed 
warfarin site. For example, a fatty acid binding to 
the second primary binding site at loop 5 may be 
far enough away from the warfarin site so that steric 
hindrance of warfarin binding does not occur. How- 
ever, fatty acid may be close enough to induce confor- 
mational changes in the albumin molecule, thereby 
stabilizing the warfarin site and enhancing warfarin 
binding. Warfarin binding might also be enhanced by 
the presence of a fatty acid at the second primary 
site, if an induced conformational change led to more 
stable hydrophobic regions around the nearby war- 
farin binding site. 

It is difficult to assess the role of the third primary 


fatty acid site in warfarin binding, since maximal war- 
farin binding occurs in the presence of 3 moles of oleic 
acid and 2 moles of palmitic acid. The implication 
is that the warfarin binding site is in close proximity 
to the third primary fatty acid binding site with war- 
farin binding affected by the steric conformation 
and/or the binding affinity of the particular fatty acid 
ligand. 

The binding of four or more fatty acids occurs at 
relatively weak nonspecific secondary and tertiary 
class sites. This nonspecific binding adversely affects 
warfarin binding [5, 8,9]. The degree to which non- 
specific fatty acid binding to albumin and the binding 
of warfarin to low affinity sites on albumin affect the 
thermodynamics of warfarin—albumin interactions is 
not known. 
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Abstract 


Administration of acetaldehyde to rats following an intracisternal injection of [*H]nor- 


epinephrine (NE) produced a decrease in brain endogenous NE with a concurrent increase in disappear- 
ance rate of [*H]NE. In contrast, acute ethanol administration appears to decrease both the rate 
of disappearance of [7H]NE and endogenous NE in brain. The pattern of NE metabolites in the 
brain was changed by acetaldehyde but not by ethanol. In experiments where ethanol was given prior 
to i.c. injection of [7H]NE, a small decrease in retention of [*H]NE observed at 15 min was followed 
by an increase at 90min exposure to [*H]NE. There was a non-significant increase in [*H]norme- 
tanephrine formation at 15 min. These results suggest ethanol has a dual action on NE, initially increas- 
ing the release of NE and at the same time decreasing the neuronal uptake which may decrease 
the turnover rate of NE. However, acetaldehyde affects only the release of NE, thus increasing its 


turnover rate in the brain. 


Ethanol, in a large single dose, has been shown to 
cause increased urinary excretion of catecholamines 
and their metabolites in animals and man [1]. Studies 
with ['*C]norepinephrine (NE) [2, 3] and ['*C]sero- 
tonin [4,5] have shown that the metabolism of these 
amines is shifted after ethanol from an oxidative 
towards a reductive pathway, probably because of the 
competitive action of acetaldehyde [6]. 

A decrease in brain endogenous levels of NE has 
been reported after acute ethanol administra- 
tion[7,8] but not substantiated by others [9-13]. 
However, inhibition of NE synthesis by disul- 
firam [14] or by «-methyl-‘yrosine [15] revealed that 
a single moderate-sized dose of ethanol can cause a 
transient decrease in catecholamine levels in rat brain. 
A very large dose of ethanol (7 g/kg) given orally, pro- 
duced an increase in accumulation of [*H]catechol- 
amines with a decrease in endogenous NE after about 
2hr but only in those animals showing the most 
severe intoxication [8]. However, studies with inhibi- 
tion of aromatic amino-acid decarboxylase suggested 
that tyrosine hydroxylation was enhanced following 
ethanol [16], and acetaldehyde was not deemed re- 
sponsible since the effect was potentiated by pyrazole 
inhibitors of alcohol dehydrogenase [17]. 

In previous studies, either labeled NE precursors 
or inhibitors of its biosynthesis have been used to 
measure the action of ethanol on catecholamine bio- 
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synthesis. However, these techniques provide only an 
indirect measure of turnover of catecholamines 
because biosynthesis is affected at several different 
steps. Therefore, we have elected to study the effects 
of ethanol and acetaldehyde on the uptake, release, 
metabolism, and turnover rate of NE by a direct 
method using an intracisternal injection of [7-*H]dl- 
norepinephrine. 


MATERIALS AND METHODS 


Animals. Male, Wistar rats weighing 140-150 g were 
used. The animals were on hand at least 4-5 days 
prior to use and were maintained on Purina Chow 
diet and water ad lib. 

Release and metabolism of [*H norepinephrine. The 
rats were anesthetized lightly with ether and injected 
ic. with 0.114 wg [7-7H]-dl-NE (Sp. act. 4.18 Ci/mM, 
obtained from New England Nuclear Corp.) in 20 yl 
Merlis solution by the method of Schanberg et 
al. [18]. At 1, 5 or 21 hr after ic. injection of [7H]NE, 
the rats were divided into two groups. The group of 
rats used for acute ethanol experiments were fasted 
for 2 hr and then given either an oral dose of ethanol, 
4 g/kg, as 20°, w/v in saline or an equal vol. of saline, 
whereas the second group of non-fasted rats were in- 
jected ic. with two doses of either acetaldehyde, 
300 mg/kg, as 2°, solution in saline 30 min apart of 
saline. All animals were killed by decapitation 1 hr 
after the first dose of the drug, the brains removed 
quickly, rinsed in cold saline, blotted dry on filter 
paper and then frozen in liquid nitrogen. The blood 
was collected immediatedly following decapitation in 
cold heparinized centrifuge tubes for ethanol or acet- 
aldehyde determination. 

The frozen brains were weighed and homogenized 
twice in 10 ml cold 0.4 N perchloric acid. After centri- 
fugation, an aliquot of supernatant was counted for 
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total radioactivity in 10 ml Bray’s solution in a Pack- 
ard liquid scintillation counter. Additional aliquots 
were analyzed for [H]NE and [*H]normetanephrine 
(NMN) by a dual column separation technique [2], 
and endogenous levels of NE were measured by a 
fluorimetric method[19]. The O-methylated de- 
aminated metabolites were estimated by the difference 
between total radioactivity and the sum of [H]NE 
and [*H]NMN. All samples were corrected for their 
respective recoveries and efficiency of counting. Blood 
levels of ethanol or acetaldehyde were determined by 
a modified gas-liquid chromatographic method [20]. 

Uptake and metabolism of [7H]NE. Both the experi- 
mental and control rats were fasted 12-14hr prior 
to the test day. Experimental rats received an oral 
dose of ethanol, 4 g/kg, as 20°, w/v in saline, whereas, 
controls were given saline. At 30, 90 or 105 min after 
the oral dose, the lightly anesthetized rats were 
injected ic. with 0.082yg [7-°H]-dl-NE (sp. act. 
13.8 Ci/mM) in 20] Merlis solution. Two hr after 
the oral dose, all animals were killed by decapitation 
and the brains removed quickly, rinsed and frozen 
in liquid nitrogen. The brains were analyzed for endo- 
genous NE, [*H]NE and [*H]JNMN as described 
above. Blood levels of ethanol were measured by gas 
liquid chromatography. 

Statistics. Results are presented as means and stan- 
dard errors and levels of significance were calculated 
by unpaired Student’s t-test. The turnover rates were 
calculated as described by Iversen and Sim- 
monds [21]. 


RESULTS 


Effects of ethanol or acetaldehyde on the release and 
metabolism of [H]NE in brain. Administration of 
acetaldehyde to rats caused a decrease in brain endo- 
genous NE with a concurrent increase in rate of dis- 
appearance of [7H]NE given 2 or 6 hr previously but 
not when [*H]NE was injected 22 hr previously (Fig. 
1). The sp. act. of NE was significantly decreased only 
at 2hr but not at 6 or 22hr, thus the turnover rate 
of NE in acetaldehyde-treated rats was increased only 
between 2 and 6hr (Table 1). 


oO 
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pec 7g in brain 
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Table 1. Effect of acute ethanol or acetaldehyde on the 
turnover rate of NE in rat brain after ic. injection of 
[7H]NE 





Turnover rate 
(ng/g/hr) 
2-6hr 6-22hr 


K/hr* 


Treatment 2-6hr 6-22hr 





0.366 
0.940 
0.350 
0.393 


0.021 171 9.59 
0.020 329 ta 
0.033 160 14.38 
0.059 140 28.0 


Control 
Acetaldehyde 
Control 
Ethanol 





* K = rate constant = slope/0.434. 


Table 2. Effect of a single oral dose of ethanol (4 g/kg) 

for lhr or two ip. doses of acetaldehyde (300 mg/kg, 

30 min apart) on the metabolites of [*H]NE in rat brain 
2hr after ic. injection of [7H]NE 





O-Methylated 
deaminated 
(uc/g) 


[7H]NMN* 


Treatment (uc/g) 





0.006 + 0.003 (8) 
0.005 + 0.003 (13) 
0.014 + 0.004 (8) 
0.017 + 0.003 (10) 


0.065 + 0.015 
0.022 + 0.003t 
0.073 + 0.019 
0.077 + 0.016 


Control 
Acetaldehyde 
Control 
Ethanol 





* Results are expressed as means + standard errors of 
the number of animals in parentheses. 
+ Denotes significance difference vs. control (P < 0.05). 


Acute ethanol administration to rats produced a 
small decrease both in brain endogenous NE and 
rate of disappearance of [7H]NE injected 2 or 6hr 
previously but not when [7H]NE was administered 
22 hr previously, compared to controls (Fig. 1). Even 
though the sp. act. was increased at both time points, 
it was significant only at 2 hr, and thus the turnover 
rate of NE was slightly decreased in ethanol-dosed 
rats (Table 1). At the earliest time, the ratio of the 
sp. act. of NE in ethanol-dosed animals to the sp. 
act. in control rats was about 2, but at later times 
this ratio was reduced to 1.4 and 0.8 at 6 and 22 hr, 
respectively, suggesting that the more recently bound 
NE is more resistant to the depleting action of eth- 
anol. 


22 hours 











Control AcH Control EtoH 


Control AcH Control EtoH 


Control AcH Control EtoH 


Endogenous NE ug/g or H*-NE 
pc/g x 107! in brain 


Fig. 1. Effect of a single oral dose of ethanol (4 g/kg) or two ip. doses of acetaldehyde (300 mg/kg, 
30 min apart) on the [*H]NE content or rat brain at various times after i.c. injection of [7H]NE. 
Number in parenthesis indicates number of animals used. 





Effect of acute ethanol or acetaldehyde administration 


--@-=— Control ( saline) 
—t— EtoH 


]-se.m. 


H3-Norepinephrine Specific Activity wce/zg in Whole Brain 








T —T T = 2 ae 
15 30 60 90 120 
Time-Minutes after H>-NE Administration 


Fig. 2. Effect of exposure to an oral dose of ethanol, 4 g/kg, 
for 2hr on the sp. act. of [H]NE in rat brain after icc. 
injection of [7H]NE. Points and bars represent means + 
standard errors of 5-10 determination; asterisk denotes 
significance difference vs. control (P <0.05). 
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Acetaldehyde produced a decrease in brain O-meth- 
ylated deaminated metabolites but not in [7H]NMN 
(Table 2). Both metabolites were unchanged after 
acute ethanol administration. These effects occurred 
at blood levels of 2.8+0.3mg/ml ethanol or 
7.9 + 1.0 ug/ml of acetaldehyde. 

Effect of ethanol on [7H]NE uptake and metabolism 
in the brain. A small decrease or no change was 
observed in [7H]NE retained in brains of rats pre- 
treated with ethanol and then exposed to [*7H]NE 
for 15 or 30 min (Table 3). However, a non-significant 
increase in retention of [°7H]NE in brain was 
observed, compared to the controls, after 90 min 
exposure to [7H]NE. The endogenous NE level was 
unchanged in all the groups of rats pretreated with 
ethanol. The sp. act. of NE was decreased only 20° 
at 15 min, unchanged at 30 min, but increased signifi- 
cantly at 90min exposure to [*H]NE (Fig. 2). The 
blood ethanol levels in these experiments were ap- 
proximately 3.8 mg/ml. 

The rate of formation of [7H]NMN in brain 
appeared to increase initially by 44°, in ethanol pre- 
treated rats compared to controls but was unchanged 
thereafter (Table 4). The concentration of O-methyl- 
ated deaminated metabolites was similar to that of 
controls. 

DISCUSSION 

Studies have shown that a substantial portion of 
exogenous NE is rapidly and selectively taken up by 
brainstem NE-containing neurons[21—24]. The 
[°H]NE content of brain after ic. administration of 


Table 3. Effect of exposure to an oral dose of ethanol (4 g/kg) for 2 hr on the uptake 
of [7H]NE in the rat brain, allowing various time intervals after i.c. injection 





Time between 
[SHJNE and kill 


Treatment (min) 


[SH]NE NE 
(uc/g) 


Blood ethanol 
levels 
(ug/ml) 


Endogenous 


(c/g) 





Control (5)* 15 
Ethanol (8) 

Control (6) 30 
Ethanol (8) 

Control (7) 90 
Ethanol (10) 


1.08 + 0.0387 
0.80 + 0.176 
0.584 + 0.036 
0.621 + 0.049 
0.271 + 0.032 
0.381 + 0.051 


0.40 + 0.052 
0.51 + 0.038 
0.39 + 0.033 
0.38 + 0.038 3937 + 315 
0.46 + 0.025 

0.39 + 0.038 3603 + 358 


3748 + 288 





* Indicates number of animals used. 


+ Results are expressed as means + standard errors. 


Table 4. Effect of exposure to a single dose of ethanol (4 g/kg) for 2hr on [7H]NE 
metabolism in the rat brain after i.c. injection of [SH]NE 





Time between 
(SHJNE and kill 


Treatment (min) 


O-Methylated 
deaminated 
metabolites 

(c/g) 


[7H]NMN 
(uc/g) 





Control (5)* 15 
Ethanol (8) 

Control (6) 30 
Ethanol (8) 

Control (7) 

Ethanol (10) 


0.100 + 0.028+ 
0.144 + 0.061 
0.226 + 0.040 
0.160 + 0.030 
0.059 + 0.012 
0.075 + 0.015 


0.33 + 0.05 
0.223 + 0.05 
0.103 + 0.02 
0.070 + 0.02 


0.074 + 0.02 
0.120 + 0.04 





* Indicates number of animals used. 


+ Results are expressed as means + standard errors. 
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[*H]NE is a composite of neuronal uptake, release 
and metabolism. In drug pretreated animals, a short 
initial period (15 min) reflects mainly uptake, whereas 
when [*H]NE is injected prior to drug administra- 
tion, it measures both the release and re-uptake 
mechanisms. Thus, this technique was used in the 
present investigation to differentiate the action of: eth- 
anol on release and uptake mechanisms of NE in the 
brain. 

The most unusual aspect of this study is the 
marked difference between ethanol and its metabolite, 
acetaldehyde. on catecholamine disposition. Both 
acetaldehyde and ethanol decreased endogenous NE 
in the brain but their effects on the rate of disappear- 
ance of [*H]NE differed. This suggests that either 
these drugs released NE from different pools in the 
brain or that NE is released differently by these drugs. 
Since acetaldehyde caused a greater increase in the 
release and turnover rate of NE at a shorter rather 
than longer time period, this indicates that NE is 
released from the “labile pool.” Thus, the central 
action of acetaldehyde on the release of NE appears 
to be similar to tyramine’s action in the peripheral 
nervous system [25,26] and to the central action of 
amphetamine [24] and in agreement with previous 
findings [14]. 

In contrast to acetaldehyde. ethanol appears to 
slow the disappearance rate of [*H]NE at shorter 
time periods, suggesting a decrease in release of 
recently bound NE and in turnover rate and confirm- 
ing previous findings [11,27]. Studies in vitro have 
also shown that ethanol inhibited release of NE from 
electrically stimulated brain slices [28]. 

As the disappearance rate of [*H]NE is a conse- 
quence of release, uptake and metabolism, a decrease 
in disappearance rate of [7H]NE cannot be taken 
to indicate that only the release is affected since 
uptake may also be changed. In the present study, 
the results on [7H]NE uptake after acute ethanol ad- 
ministration were not clear-cut. Initially, a small de- 
crease in [7H]NE retention was accompanied by an 
increase in NMN formation, suggesting that re- 
uptake of NE may be affected by ethanol. Since an 
increase in retention of NE was observed at 90 min 
exposure, it suggests that ethanol may have a biphasic 
effect on NE turnover. Hunt and Majchrowicz [13] 
also reported a biphasic effect on NE turnover rate 
after acute ethanol administration but used the cat- 
echolamine synthesis inhibitor, x-methyl-tyrosine, to 
measure turnover. The decreased neuronal uptake of 
[7H]NE has also been observed in in vitro 
studies [ 29, 30]. 

After both ethanol and acetaldehyde, the major 
metabolites present in the brain are O-methylated de- 
aminated products, in agreement with previous find- 
ings with other drugs like imipramine and tricyclic 
antidepressants [31,32]. Acetaldehyde caused a de- 
crease in these metabolites without any change in 
NMN formation, suggesting that either release NE 
is inactivated i.c. or the transport of these metabolites 
from brain is altered. 

In summary, our data suggest that ethanol affects 
both the uptake and release of NE in brain, whereas 
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acetaldehyde causes only an increase on the release 
of NE, thereby its turnover rates. Thus, acetaldehyde 
may play a role in only one phase of ethanol’s action 
on catecholamine disposition. 
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Abstract 


Pargyline has previously been shown to increase ethanol-induced sleep time, decrease ethanol 


elimination rate and greatly increase acetaldehyde levels after ethanol administration in mice. In rats 
pargyline treatment did not significantly alter blood ethanol levels but increased blood acetaldehyde 
levels in a dose-dependent manner. Using 5mM propionaldehyde to assay aldehyde dehydrogenase 
activity only about 40 per cent inhibition of the mitochondrial aldehyde oxidizing capacity was seen 
with the highest pargyline dose (100 mg/kg). Almost total inhibition of the low K,, mitochondrial 
aldehyde dehydrogenase activity was observed with 50 uM ‘propionaldehyde or 1 mM formaldehyde. 


Administration of 40 mg/kg of the monoamine oxi- 
dase inhibitor pargyline to mice has been shown to 
decrease ethanol elimination by approximately 40 per 
cent and to cause a 3-fold increase in sleep time [1]. 
Recently ethanol elimination rate decreases of about 
40 per cent have been reported after administration 
of 100 mg/kg of pargyline[2]. Blood acetaldehyde 
levels, however, increased 15- to 20-fold in these same 
mice. Cohen et al. [3] previously reported 20-fold in- 
creases in blood acetaldehyde levels in mice and 
12-fold increases in rats given 100 mg/kg of pargyline. 

Dembiec, MacNamee and Cohen [2] also reported 
58 per cent inhibition by 100 mg/kg pargyline of alde- 
hyde dehydrogenase (AIDH, EC 1.2.1.3, Aldehyde: 
NAD oxidoreductase) activity measured in liver 
homogenates. Diethyldithiocarbamate inhibited 
AIDH more than pargyline but caused elevation of 
blood acetaldehyde to levels only about one-half as 
high a level as those produced by pargyline adminis- 
tration. It is, therefore, quite possible that the correla- 
tion between increases of the blood acetaldehyde 
levels and the inhibition of the activity of one AIDH 
enzyme may be more relevant than total AIDH ac- 
tivity. 

In preliminary experiments in rats we used milli- 
molar concentrations of propionaldehyde or acetalde- 
hyde to assess AIDH activity in total liver hom- 
ogenates or supernatant fractions. Only slight in- 
hibition occurred after administration of near-lethal 
pargyline doses. In rats, acetaldehyde produced 
during ethanol metabolism is oxidized principally in 
a liver compartment other than the cytosol, presum- 
ably in the mitochondria [4]. Acetaldehyde is oxi- 
dized almost exclusively in the mitochondria when 
arterial-venous aldehyde concentration is below 
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0.4mM [5]. This level is equivalent to 20 ug/ml of 
acetaldehyde and corresponds to maximum levels 
encountered even after administration of high pargy- 
line doses. 

Marchner and Tottmar [6] suggest that the high 
K,, hepatic AIDH’s have only minor importance in 
acetaldehyde oxidation. They suggest that the low K,,, 
mitochondrial AIDH, the mitochondrial enzyme I, 
plays the major role in acetaldehyde metabolism in 
vivo. Since cytosolic and microsomal AIDH activities 
have little importance in acetaldehyde metabolism 
under normal conditions [7,8], pargyline probably 
does not cause increased acetaldehyde levels through 
inhibition of these enzymes. 

Two recent papers report partial purification of two 
mitochondrial AIDH’s which differ in submitochon- 
drial localization, K,,, for aldehydes, K,,, for NAD and 
substrate specificity [7, 8]. At a propionaldehyde con- 
centration of 0.05mM, little oxidation by the high 
K,, AIDH would be expected since its K,, for pro- 
pionaldehyde is 0.45 [7] or 0.5 mM [8]. These studies 
have also shown that the low K,, mitochondrial 
AIDH uses formaldehyde as a substrate whereas the 
high K,, enzyme does not. We, therefore, assayed 
AIDH activity in pargyline treated rats using formal- 
dehyde and high and low propionaldehyde concen- 
trations to investigate whether there is preferential in- 
hibition of AIDH activity by this drug. 


MATERIALS AND METHODS 


Pargyline was a gift of Abbott Laboratories. All 
other chemicals were of the highest purity available 
commercially. Female Holtzman rats aged 69-95 days 
(180-275 g) were injected i.p. with normal saline or 
pargyline HCI in a vol. of 1 ml/kg body wt. Ninety 
min later ethanol, 2.5 g/kg, was injected ip. as a 
31.25°% v/v solution in saline. At 30, 90 and 150 min 
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Table 1. Mean blood ethanol levels after pargyline (mg® 


+ standard error) 





Drug (mg/kg) 30 min 


90 min 150 min 





Control 319 
25 280 
50 332 
100 328 


14(7} 
34 (8) 
19 (8) 
31 (8) 


+ + 1+ + 


10 (8) 222 + 14(8) 
20 (7) 240 + 19(8) 
15 (8) 246 + 14(8) 
12 (8) 271 + 9(8) 


+ I+ I+ I+ 





after ethanol administration 40 pl of blood was col- 
lected from the retro-orbital sinus with a capillary 
pipet. 

The blood samples were added to 0.96ml of 
0.01 mg®,, isopropanol (internal standard) in 
16 x 100mm test tubes with rubber stoppers. Inter- 
nal standard solutions contained 25mM thiourea to 
avoid possible spontaneous acetaldehyde formation in 
hemolysates. Tubes were kept on ice until they were 
incubated for 15 min at 65°. 
head space gas was injected into a Beckman GC-45 
gas chromatograph equipped with a Poropack Q 
column and a flame ionization detector. The flow rate 
of the carrier gas, helium, was 55 ml/min. The flow 
rates of hydrogen and air were, respectively, 44 and 
300 ml/min. The column temperature was 137°, detec- 
tor 173° and inlet 150°. Peak areas were computed 
with a Hewlett-Packard 3373B integrator and com- 
pared with standards which were prepared and run 
daily. There was a linear relation between peak areas 
and the amount of ethanol and acetaldehyde in stan- 
dards. Acetaldehyde levels in standards were deter- 
mined spectrophotometrically using yeast alcohol de- 
hydrogenase (ADH, EC 1.1.1.1, Alcohol: NAD oxi- 
doreductase) in 50mM _ sodium phosphate pH 7.4 
with 0.35 mM NAD. 

Immediately after the last blood samples were 
taken, rats were decapitated and their livers were 
removed and rinsed with cold 0.25 M sucrose contain- 
ing 2mM mercaptoethanol and 10 mM sodium phos- 
phate pH 7.4 (sucrose solution). Homogenates (15% 
w/v) were prepared in the sucrose solution using a 
motor-driven teflon pestle. After centrifugation at 
750g for 5min, the supernatant was centrifuged for 
10min at 10,000g. This supernatant was used for 
supernatant AIDH assays. A portion of this superna- 
tant was centrifuged for |hr at 40,000g and the 
resulting supernatant was used for ADH assays. 

The pellet from the 10,000 g spin was washed twice 
with !5ml of the sucrose solution and centrifuged 
10min at 10,000g. This washed pellet was resus- 
pended with a ground glass homogenizer in 1 mM 
sodium phosphate pH 7.4 containing 2mM mercap- 
toethanol and 0.2°,, sodium deoxycholate in a vol. 
of 1 ml per g of wet wt liver. After centrifugation at 


An Aliquot (0.55 ml) of 


40,000 g for 1 hr the supernatant was used for mito- 
chondrial AIDH assays. 

Enzyme activities were determined by absorption 
changes at 340 nm with a Gilford 2400 spectrophot- 
ometer. AIDH reaction mixtures contained 50mM 
sodium pyrophosphate pH 8.8, | mM_pyrazole, 
1mM NAD and 0.05 ml of supernatant or mitochon- 
drial fraction in a total vol. of 1 ml. Reactions were 
started by the addition of substrate. Blanks without 
aldehyde were run with all reactions. ADH assays 
were run in glycine-NaOH buffer pH 9.6 containing 
semicarbazide with 0.943mM NAD and 0.033 ml 
supernatant. Reactions were started by adding 
15.6 mM ethanol. Blanks contained 0.33 mM pyrazole 
and no ethanol. 

Possible in vitro inhibition of AIDH was measured 
in three systems. Whole mitochondria, isolated as de- 
scribed earlier, 20%, liver homogenates and liver slices 
were incubated in sucrose solution (0.25 M_ sucrose 
with 2mM mercaptoethanol and 10mM_ sodium 
phosphate, pH 7.4). Samples from the same animal 
were incubated with and without 1mM _ pargyline. 
Preparations were incubated for 15 and 30 min at 0°, 
25° and 37°. Tissues were then prepared as earlier 
described—homogenized, centrifuged and mitochon- 
dria disrupted with sodium deoxycholate. AIDH ac- 
tivities were monitored spectrophotometrically as pre- 
viously described. 

Samples, 5ml, of supernatant after deoxycholate 
treatment were dialyzed 12 hr against 2 liters of 1 mM 
sodium phosphate pH 7.4 containing 2mM mercap- 
toethanol. Both dialyzed and undialyzed samples 
were assayed for AIDH. 

Proteins were determined by the biuret method [9]. 
Statistical comparisons were made with a one way 
analysis of variance using Duncan’s mean range test 
(P < 0.05). 


RESULTS 


As illustrated by Table 1, control ethanol elimin- 
ation rates are essentially linear. Rates increasingly 
deviate from linearity with increasing pargyline dose. 
However, pargyline-treated animals’ ethanol levels are 
not significantly different from controls’. The large 


Table 2. Mean blood acetaldehyde levels after pargyline treatment (ug/ml + standard error) 





30 min 


90 min 





3.32 + 0.72(7) 
6.54 + 1.17 (8) 
8.90 + 1.22 (8)* 


13.1 + 1.70(8)*,4,t 


1.12 (8) 
1.74(8) 
.69 + 2.10(8) 
9.39 + 1.51 (8) 





Values significantly different from: 
* Control; + 25 mg/kg: ¢ 50 mg/kg. 





Inhibition of the low K,, aldehyde dehydrogenase activity 


Table 3. Supernatant enzyme activities after pargyline treatment (nmoles 
NADH produced/min/mg protein + standard error) 





Drug (mg/kg) 


AIDH 


ADH 





Control 


8.17 + 0.68 (8) 
25 8.66 + 1.07 (8) 
50 8.50 + 0.78 (8) 

100 8.79 + 0.61 (7) 


7.71 + 0.48 (8) 
8.01 + 0.63 (8) 
8.75 + 0.51 (8) 
8.29 + 0.25 (7) 





Table 4. Mitochondrial AIDH activity measured with 5mM propional- 
dehyde after pargyline (nmoles NADH produced/min/mg protein + 
standard error) 





Drug (mg/kg) 


Activity 


°,, Inhibition 





Control 


28.9 + 1.22 (8) 


23.6 + 1.20(8)* 18 
19.7 + 1.31 (8) 32 
16.4 + 1.04(7)*,+ 43 





Values significantly different from: 


* Control; + 25 mg/kg. 


variation in ethanol levels within each group may 
mask any significant differences. There is a dose- 
dependent increase in blood acetaldehyde levels at all 
three time points (Table 2). Levels were significantly 
increased over control levels by 50 and 100 mg/kg 
pargyline at 30 and 150 min after ethanol administra- 
tion. Treatment with 100 mg/kg pargyline resulted in 
acetaldehyde levels that were significantly higher than 
those produced by 50 mg/kg at 30 min after alcohol 
injection. 

Supernatant AIDH and ADH activities were not 
significantly altered by pargyline treatment (Table 3). 
Mitochondrial AIDH activities were measured in ani- 
mals sacrificed 5, 1, 2, 3, 4, 5, 6, 8 or 12 hr after pargy- 
line injection. The same maximal inhibition was seen 
at 3, 4 and Shr time points. For this reason further 
experiments were run during this time period. 

Total mitochondrial AIDH activities are shown in 
Table 4. Activity, measured with 5mM propionalde- 
hyde, was somewhat inhibited by pargyline, i.e. 43 
per cent inhibition with 100 mg/kg treatment. This 
degree of inhibition might be expected if only the low 
K,, AIDH was inhibited. It has been reported that 
about one-half of the mitochondrial AIDH activity 
is due to activity of the low K,, enzyme [10-12]. At 
the highest pargyline dose AIDH activity measured 
with a low, 50 uM, propionaldehyde concentration in- 
hibition was 84 per cent (Table 5). Even at this low 
aldehyde concentration the high K,,, enzyme may con- 
tribute somewhat to aldehyde oxidation. At least 
three studies have indicated that formaldehyde in 


mitochondria is oxidized almost exclusively by the 
low K,, enzyme located inside the mitochondrial 
matrix [7, 8,13]. We saw almost total (95 per cent) 
inhibition of activity with 1 mM formaldehyde in ani- 
mals given 100 mg/kg pargyline. 

No in vitro inhibition was seen with 1 mM _ pargy- 
line as compared to controls incubated the same 
period of time at the same temperature. Pargyline did 
not affect AIDH activity of whole mitochondria, liver 
homogenates or liver slices incubated for 15 or 30 min 
at 0°, 25° or 37°. 

Total proteins in dialyzed samples decreased by 
about one-third. For this reason AIDH specific activi- 
ties in dialyzed samples increased about 50 per cent 
over their corresponding undialyzed controls. AIDH 
activity in dialyzed samples from animals given 
100 mg/kg pargyline as compared with dialyzed con- 
trols was inhibited 45 per cent as measured with 
5 mM propionaldehyde, 80 per cent with 50 uM pro- 
pionaldehyde and 95 per cent with 1mM _ formalde- 
hyde. Since this is approximately the same percent 
inhibition seen in undialyzed samples relative to un- 
dialyzed controls (Tables 4 and 5) it can be concluded 
that dialysis did not reverse in vivo pargyline inhibi- 
tion of AIDH activity. 


DISCUSSION 
The dose-dependent inhibition of mitochondrial 


low K,, AIDH activity and increase in blood acetalde- 
hyde levels support previous investigations which sug- 


Table 5. Low K,, mitochondrial AIDH activity after pargyline treatment (nmoles NADH produced/min/mg protein + 
standard error) 





Drug (mg/kg) 50 uM Propionaldehyde 


Inhibition 


1mM Formaldehyde Inhibition 





Control 9.86 + 0.62 (8) 
25 5.78 + 0.40 (8)* 
50 3.09 + 0.36 (8)*,+ 
100 1.57 + 0.20(7)*,7,f 


14.9 + 1.46 (8) 

6.81 + 0.71 (8)* 
3.18 + 0.55 (8)*,+ 
0.814 + 0.145 (7)*,7.¢ 


54%, 
19% 
95% 





Values significantly different from: 
* Control; + 25 mg/kg; ¢ 50 mg/kg. 
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gest acetaldehyde is metabolized primarily by this 
enzyme. Dembiec et al. [2] found decreases in ethanol 
elimination after pargyline administration in mice. 
They used a higher alcohol dose, 4 g/kg, and their 
control blood ethanol levels were much higher than 
those seen in this study. Since it has been reported 
that approximately 20 per cent of total hepatic AIDH 
activity resides in the mitochondria of mice [14] and 
45-80 per cent of AIDH activity in rat liver is located 
in mitochondria [5,8], differences in ethanol blood 
levels and inhibition of AIDH activity in these two 
studies may also be due to differences in subcellular 
AIDH distribution in the two species. 

Because blood ethanol levels were not significantly 
increased after pargyline treatment in our study, and 
in an earlier study ethanol levels did not increase to 
nearly the degree that sleep time did [1], pargyline 
may affect sleep time by some mechanism other than 
simply increasing blood ethanol levels. This is consis- 
tent with evidence from an earlier study in which par- 
gyline-treated mice regained their righting reflex at 
blood levels significantly lower than those of con- 
trols [1]. 

It is possible that sleep time increases are due: to 
well-characterized monoamine oxidase inhibition by 
pargyline. Neuroamine levels and turnover rates are 
most certainly affected by this drug. AIDH inhibition 
could also result in higher levels of potentially active 
aldehydes or their metabolites. 

Increased acetaldehyde levels may also affect hyp- 
nosis [15]. Increased brain acetaldehyde levels would 
increase chances of forming alkaloid condensation 
products of acetaldehyde with biogenic amines. Col- 


lins and Bigdeli[16] reported in vivo production of 
salsolinol, the product of acetaldehyde and dopamine 


condensation, in the brains of ethanol-treated rats 
given pyrogallol to inhibit AIDH. It is interesting that 
administration of pargyline resulted in 7-fold higher 
concentrations of salsolinol in these animals. 

Since dialysis did not abolish enzyme inhibition it 
might be suggested that AIDH inhibition by pargyline 
may not beseversible. Our continuing in vitro pargy- 
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line studies may provide additional information on 
its mechanism of inhibition. 

The differential enzyme inhibition reported in this 
paper helps to explain previously observed effects of 
pargyline on acetaldehyde accumulation [2, 3]. It also 
explains failure to observe AIDH inhibition compar- 
able to acetaldehyde increases when enzyme activity 
was measured using millimolar concentrations of pro- 
pionaldehyde or acetaldehyde as substrate [2]. 
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Abstract—Hepatic mitochondrial Mg?* ATPase (MATPase) activity was determined in isolated per- 
fused rat liver preparations. Perfusion for 1-4hr with 30°, rat blood did not affect either the native 
or DNP (10~* M)-stimulated MATPase activity. Mitochondrial preparations obtained from perfused 
livers were sensitive to added kepone: first, addition of kepone (10° °M) resulted in total abolishment 
of DNP-stimulated MATPase activity: second, over and beyond the abolishment of DNP-stimulated 
activity, part of the native MATPase activity was also inhibited by kepone (10 °° M). Furthermore, 
a higher concentration of kepone (10° ° M) inhibited the native MATPase activity in a dose-related 
manner. Liver perfusion with 10~* M kepone in the blood perfusate resulted in a similar abolishment 
of DNP-stimulated, as well as inhibition of native. MATPase activity. The requirement for a higher 
concentration of kepone in the perfusion system is because of the partial loss of intracellular kepone 
from the liver into the 9000g supernatant fraction which would have been otherwise available for 
the inhibition of MATPase activity in the intact liver. These results suggest that interference of energy 
metabolism in the liver may bear a cause-effect relationship to the previously reported kepone-induced 


impairment of biliary excretory function. 


Kepone and mirex are structurally related carbon- 
caged organochlorine compounds (Fig. 1) used in 
controlling leaf-eating insects and fire ants respect- 
ively [1-3]. Biotransformation of kepone has not been 
reported, but mirex is resistant to biodegradation [4] 
and both compounds interfere with normal reproduc- 
tion [5] and cause hepatic carcinomas in experimen- 
tal animals [6,7]. Other untoward effects of these 
compounds include liver hypertrophy and a prolifer- 
ation of endoplasmic reticulum associated with an in- 
crease in the mixed-function oxidases [8-11] and inhi- 
bition of LDH in the muscle tissue [12]. Pre-exposure 
to these compounds induces impairment of hepatobi- 
liary function which appears to be due to interference 
with the transport of substances from the hepatocytes 
to the bile canaliculi [13, 14]. 

Kepone was shown to be a potent inhibitor of 
ATPase activities in fish brain [15]. Na*-K* ATPase, 
involved in the active transport across cell mem- 
branes [16,17], and  oligomycin-sensitive Mg?’* 
ATPase,. involved in the oxidative phosphoryla- 
tion [18, 19], have been shown to be inhibited by a 
variety of chlorinated hydrocarbon pesticides [20-26]. 
We have recently observed that kepone inhibits hepa- 
tic mitochondrial Mg** ATPase activity in vitro as 
well as after pre-exposure of rats to this pesticide [27}. 
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Fig. 1. Structures of mirex and kepone. 
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The ‘purpose of the present investigation was to 
study the effect of kepone on _ mitochondrial 
Mg?* ATPase activity in the isolated perfused rat 
liver. Since pre-exposure to kepone as well as addition 
of kepone in vitro to isolated perfused rat liver prep- 
arations effectively suppressed biliary excretion of 
imipramine metabolites [28], and possible implication 
of hindered energy production and/or utilization, it 
was of interest to study the effect of kepone on energy 
production and utilization in the liver. Although 
microsomal Na*-K* ATPase activity might be more 
directly involved in the transport of substances across 
the bile canaliculi [16,17], the effect of kepone on 
mitochondrial Mg?* ATPase was studied in order to 
determine if the kepone effect was manifested at the 
site of energy production itself. Isolated perfused rat 
liver preparations were utilized in these investigations. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats (Charles River) were 
maintained in animal facilities away from any known 
inducers. The bedding used for these animals was 
made from corn cobs. Rats used to collect blood 
weighed 250-300 g, whereas the animals used as liver 
donors weighed 200-250 g. Kepone (decachloro-pen- 
tacyclo-decone-4-one) was obtained from Allied 
Chemical Corp., Baltimore, MD. Eumlphor used to 
solubilize kepone in these experiments was a gift of 
GAF Corp. (New York, NY) and has been used in 
our laboratory for solubilizing other com- 
pounds [14,29]. All other chemicals used for the 
ATPase assay were obtained from Sigma Chemical 
Co., St. Louis, MO. 

The details of the perfusion technique and appar- 
atus used in this study were reported by Mehen- 
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dale [29]. Kepone, at the desired concentration added 
to the perfusate (blood) as solution, was dissolved in 
Emulphor-ethanol (1:1, v/v) and this solution was 
mixed with 8 parts of water. For control perfusion, 
only Emulphor solution was added to the perfusate. 
The perfusion time was | hr and 4 hr for both control 
and kepone experiments. The length of perfusion and 
the addition of Emulphor solution were without any 
effect on ATPase activity. At the end of the perfusion 
the liver was removed, homogenized and fractionated 
as described below. 

The liver tissues were homogenized in sucrose solu- 
tion (containing 0.32 M sucrose, |1mM EDTA and 
10mM Imidazole buffer, pH 7.5) by using ground 
.glass homogenizer. The heavy and light mitochon- 
drial fractions were obtained by centrifugation [30]. 
The homogenate was centrifuged at 750g for 10 min 
to remove nuclei and cellular debris. The supernatant 
was centrifuged at 9000g for 20min and the pellet 
(heavy mitochondria) was resuspended in sucrose 
solution. Fresh (unfrozen) mitochondrial suspension 
was used for DNP-stimulated Mg** ATPase activity 
studies. 

ATPase activity was measured by a continuous 
method [31, 32] which had been previously compared 
with the discontinuous method [33]. A 3-ml reaction 
medium contained 45mM ATP, 5mM Mg?*, 
135mM_ imidazole-HCl buffer (pH 7.6), 0.2mM 
NADH, 0.5 mM phosphoenol pyruvate, 0.02%, bovine 
serum albumin, approximately 9 units of pyruvate 
kinase and 12 units of lactic acid dehydrogenase. A 
100-1 mitochondrial fraction was used with a protein 
content of 60-70 wg. When used, DNP was present 
at a concentration of 1 x 10°*M. Absorbance 
changes in the reaction mixture were measured at 
340 nm using a Beckman Acta III recording spectro- 
photometer with the temperature controlled at 37. 
The change in O.D. at 340 nm over a period of 10 min 
was used in calculating the specific activity. Enzyme 
activities were expressed as pmoles P;mg ' pro- 
teinhr~'. Protein was determined by the method of 
Lowry et al. [34] using bovine serum albumin as stan- 
dard. 

Mg’?* ATPase was delineated into oligomycin- 
sensitive (mitochondrial) and oligomycin-insensitive 
Mg’* ATPase activities by adding 5 x 10~° M of oli- 
gomycin (based upon a combined mol. wt of 401.20 
from 15°, oligomycin A and 85°, oligomycin B) in 
ethanol to the reaction mixture. The volume of eth- 
anol used was | ul in a 3-ml reaction mixture. At 
this concentration, oligomycin is a potent inhibitor 
of mitochondrial ATPase activity [35]. Although data 
are not presented here, it was routinely noted that 
the oligomycin-insensitive Mg** ATPase activity 
(5.44 + 0.47 pmoles P; mg™' protein hr~') was not 
affected by kepone both in vitro and in isolated per- 
fused liver experiments. 


1 


RESULTS 


Liver perfusion had no effect on the native mito- 
chondrial Mg** ATPase activity. Further, mitochon- 
drial Mg** ATPase activity of unperfused livers and 
the activity of livers perfused for either 1 or 4 hr were 
indistinguishable from each other. The results in Fig. 


2 show that addition of kepone in vitro significantly 
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Fig. 2. Effect of kepone on oligomycin-sensitive (mitochon- 
drial) Mg?* ATPase activity in isolated perfused rat liver. 
Livers were perfused with 30°, rat blood for 4hr. At the 
end of the perfusion, livers were homogenized and frac- 
tionated as described in the text. Where indicated, DNP 
(10~* M) and kepone were added to the reaction mixture. 
Each bar represents the mean specific activity of four 
(N = 4) different liver preparations. Inhibition of enzyme 
activity by kepone was significant (a single asterisk indi- 
cates P < 0.005) and stimulation by DNP was also signifi- 
cant (a double asterisk indicates P < 0.025). The specific 
activity of oligomycin-insensitive MATPase in these prep- 
arations was 5.44 + 0.47 umoles Pi-mg™' protein-hr™! 
and was unaffected by kepone. 


inhibits the oligomycin-sensitive Mg?* ATPase ac- 
tivity in mitochondria obtained from perfused control 
livers. Addition of DNP (10~*M) to the mitochon- 
dria results in a 30 per cent stimulation of the native 
Mg?* ATPase activity. This DNP-stimulated activity 
was totally suppressed by the inclusien of 10°°M 
kepone in the incubation assay medium (Fig. 2). In 
addition, a part of the native activity was also inhi- 
bited by kepone. Increasing the concentration of 
kepone to 10°°M resulted in a further increase in 
the inhibition, indicating a dose-related response. 
Livers were perfused with two concentrations of 
kepone in the perfusate for 1 and 4hr, in order to 
determine if kepone taken up by the liver would be 
inhibitory to Mg** ATPase activity. The results are 
illustrated in Fig. 3. Kepone, at a concentration of 
2 x 10°°M in the perfusate, was without any signifi- 
cant effect on the mitochondrial Mg** ATPase ac- 
tivity after the perfusion experiment (Fig. 3A). How- 
ever, when the kepone concentration was increased 
to 5 x 10°*M, a decrease in the enzyme activity was 
evident after perfusion for 1 hr (Fig. 3B). In view of 
the much higher inhibition of Mg?* ATPase activity 
by the addition of kepone in vitro to the mitochon- 
drial preparation at lower concentrations (Fig. 2), it 
was argued that a longer perfusion time might be 
necessary to allow for kepone to be distributed and 
bound to the mitochondria in the intact perfused 
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(- DNP) (+DNP) 
Fig. 3. Oligomycin-sensitive (mitochondrial) _Mg?* 
ATPase activity in kepone-perfused rat liver. The concen- 
tration of kepone and perfusion time are as follows: (A, 
a) 2 x 10°-5M kepone perfused for 1 hr; (B, b) 5 x 10°*M 
kepone perfused for 1 hr; and (C, c) 5 x 10°*M kepone 
perfused for 4hr. At the end of perfusion, the livers were 
homogenized and fractionated as described in the text. 
ATPase activities were determined in the absence (— DNP) 
and presence of DNP (+DNP) in the reaction mixture. 
Each bar represents the mean of four different liver prep- 
arations except in A, a and B, b, where two liver prep- 
arations were used. Inhibition by kepone was significant 
(a single asterisk indicates P < 0.001) and the control 
enzyme activity was stimulated by DNP significantly (a 
double asterisk indicates P < 0.025). The specific activity 
of oligomycin-insensitive MATPase in these preparations 
was 5.44 + 0.47 umoles Pi-mg™! protein-hr~' and was 
unaffected by kepone. 


CONT.A B C 


liver. A significant decrease in the enzyme activity was 
observed when the perfusion time was increased to 
4hr (Fig. 3C). Similarly, the DNP-stimulated activity 
was not affected after 1 hr of perfusion with a low 
concentration of kepone (Fig. 3a) and a significant 
inhibition was observed after perfusion with the 
higher concentration of kepone both at 1 and 4hr 
perfusion times (Fig. 3b and 3c). 

A relatively higher concentration of kepone was 
required in order to demonstrate the effect of kepone 
in the perfused liver. Loss of kepone from the liver 
in the supernatant fraction after centrifugation to 
obtain the mitochondrial pellet might explain the re- 
quirement for a relatively higher concentration of 
kepone. In order to establish this possibility, 
Mg’* ATPase activity was determined using the 
whole homogenate of the liver perfused for 4 hr with 
and without kepone. A 35 per cent inhibition of mito- 
chondrial Mg** ATPase activity was observed when 
the liver was perfused with 5 x 10°*M kepone for 
4hr (Table 1). This level of inhibition of mitochon- 
drial ATPase activity in the whole homogenate is 
consistent with the idea that reduced inhibition 
observed with the isolated mitochondria might be a 
result of loss of kepone in the supernatant after frac- 
tionation. The results in Table 1 also demonstrate 
that DNP-stimulated Mg** ATPase activity was also 
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Table 1. Oligomycin-sensitive (mitochondrial) Mg?* 
ATPase activity in whole homogenate of kepone 
(5 x 10°*M) perfused rat liver* 





Oligomycin-sensitive 
Mg’* ATPaset 
— DNP + DNP 


Perfusion time 
(hrs) 


Kepone 
(M) 





0 4.0 
5 x 10°* 4.0 


8.20 
3.46 + 0.36 


6.80 
4.45 + 0.21 





* Livers obtained from male rats were perfused with 30°, 
rat blood. The desired amount of kepone was added to 
the perfusate as Emulphor solution 30 min after the initial 
period of equilibration of the liver preparation. Only 
Emulphor vehicle was added to the control liver prep- 
arations. Liver was homogenized after the 4-hr perfusion 
and Mg?* ATPase activity was determined. Where indi- 
cated, the desired amount of DNP was included in the 
medium. Results are averages of two experiments for con- 
trol and three for kepone experiments. 

+ Specific activity = umoles P, mg! protein hr~'. 
inhibited in the whole homogenate obtained from 
livers perfused with 5 x 10°*M kepone. Inhibition 
of the native mitochondrial Mg** ATPase activity by 
added kepone could be demonstrated in the whole 
liver homogenates (Table 2). Furthermore, stimu- 
lation of the enzyme activity by addition of DNP 
as well as suppression of this DNP-stimulated activity 
by kepone, could be demonstrated in the whole 
homogenates of the perfused livers. 

Since the above results indicated that a part of 
kepone was washed out in the 9000g supernatant 
fraction during mitochondrial fractionation, ad- 
ditional experiments were carried out as follows. A 
mitochondrial preparation was divided into two 
tubes. To one was added kepone (5 x 10~°M) and 
the other received a 20-l vehicle only. Mg** ATPase 
was assayed in the mitochondria in both tubes. After 
the first assay, the mitochondria were resuspended in 
the original volume of buffer and recentrifuged. The 
9000 g supernatant was discarded at first washing. 


Table 2. Effect of kepone on oligomycin-sensitive (mito- 
chondrial) Mg?* ATPase activity in whole homogenate of 
isolated perfused rat liver* 





Oligomycin-sensitive 
Mg?* ATPase 

Per cent 

change 


DNP 
(10°*M) 


Kepone 
(M) 


+ 


Sp. act.7 





0 6.80 
0 4.49 
0 0.61 
+ 8.20 
+ 533 
+ 0.81 


— 339 
—91.0 
+ 20.5 
— 32.6 
— 90.1 





* Livers obtained from male rats were perfused with 30%, 
rat blood. After the initial 30-min equilibration of the liver 
preparation, only the Emulphor vehicle was added to the 
control liver preparations and Emulphor solution of 
kepone was added to the perfusate of kepone experiments. 
At the end of a 4-hr perfusion, the liver was homogenized 
and used for Mg?* ATPase assay. Where indicated, DNP 
was added to the incubation mixture. Results are averages 
of two experiments. 


+ Specific activity = moles P; mg™' protein hr! 
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Table 3. Reversibility of kepone inhibition of oligomycin- 
sensitive Mg-* ATPase activity in rat liver mitochondria 
by washing* 





Sp. act. + S.E. 
(umoles P; mg 
protein hr~ ') 


‘ Per cent 
Condition inhibition 





25.8 
0.77 
6.07 
11.4 


Control 
Kepone (5 x 10°° M) 
First wash 

Second wash 





* A |-ml rat liver mitochondrial preparation (9000 g pel- 
let) which was quick frozen in liquid nitrogen, containing 
about 2.4mg protein, was incubated with 5 x 10°°M 
kepone for 3 min. An aliquot of 100 yl was used for enzyme 
assay and the remaining protein was diluted ten times with 
_0.32M_= sucrose solution and centrifuged at 9000g for 

20 min. The pellet was resuspended in 0.9 ml of sucrose 
solution (I wash). Two hundred yl was used for protein 
and enzyme activity determinations. The remaining 0.7 ml 
was diluted with 9.3 ml sucrose solution and centrifuged 
again at 9000g for 20min. The pellet was resuspended 
in 0.7ml sucrose solution (If wash) and protein and 
enzyme activities were determined. This procedure was 
repeated with three different rat livers, and standard errors 
of the means were calculated. 

+ Significant to P < 0.01 when compared to control ac- 
tivity. 


Resuspended mitochondria were assayed for 
Mg?* ATPase activity. This procedure was repeated 
once more to obtain mitochondria after a second 
wash. Enzyme preparations from three individual 
livers were processed as above. The results of these 
experiments (Table 3) indicate that increments of 
kepone were successively lost from mitochondrial 
preparations after resuspension and centrifugation, as 
judged by inhibition of Mg?* ATPase as the end 
point. These results confirm that part of kepone taken 
up by the liver is lost during preparative procedures, 
which would explain the necessity for a higher con- 
centration of kepone to be able to demonstrate inhibi- 
tion of Mg** ATPase activity in mitochondria from 
kepone-perfused liver preparations. 


DISCUSSION 


To our knowledge, mitochondrial Mg?* ATPase 
activity has not been examined in perfused liver prep- 
arations prior to these investigations. The demon- 
stration that mitochondrial Mg** ATPase activity is 
unaltered even after 4hr of perfusion is consistent 
with the contention that viable organ perfusion prep- 
aratiors can be obtained for use as models in bio- 
chemical studies [29]. 

Although the inhibition of Mg?* ATPase by 
kepone can be demonstrated in kepone-perfused liver, 
two difficulties are encountered in this regard. First, 
only a portion of kepone added to the blood perfusate 
is taken up by the liver. Second, a part of whatever 
quantity of kepone is taken up by the liver, is lost 
during subsequent tissue homogenization and centri- 
fugation and is removed along with the 9000 g super- 
natant. Indeed, the increased inhibition of Mg** 
ATPase observed in the whole homogenates of 
kepone-perfused livers compared to the mitochon- 
drial preparations of the same livers is suggestive of 
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the above observation. Moreover, the results of suc- 
cessive rewashings (Table 3) of kepone-treated mito- 
chondria confirm these observations. 

The results demonstrate that kepone is a potent 
inhibitor of oligomycin-sensitive (mitochondrial) 
Mg?* ATPase activity in isolated rat liver mitochon- 
dria. This finding is in agreement with the results of 
Desaiah and Koch [15] using fish brain. It is of inter- 
est to compare kepone and oligomycin with respect 
to the qualitative and quantitative aspects of inhibi- 
tion of Mg** ATPase activity. Like oligomycin, 
kepone is inhibitory to DNP-stimulated Mg?* 
ATPase activity. Oligomycin was shown to inhibit 
Mg?* ATPase activity in mitochondria by 100 per 
cent at a concentration of 107’ M [18, 19, 35, 36], 
whereas kepone produced a 100 per cent inhibition 
of the enzyme activity at 10~°M in rat liver. The 
difference in concentration required for both com- 
pounds may well reflect differences in the potency of 
the two compounds or, on the other hand, differences 
in permeability or access to the site of action. Kepone 
has a cage-type carbon structure with ten carbons 
whose ten valences are occupied by chlorines and two 
by an oxygen to form a carbonyl group. Although 
the structure of oligomycin is not established, oligo- 
mycin B is known to have a very complex chemical 
formula, C,;H7,0,,, and to contain three double 
bonds in a conjugated diene, a separate unsaturated 
carbonyl structure, four secondary hydroxyl groups 
and probably a lactone [37]. Although both com- 
pounds differ greatly in their chemical structure, 
results reported here suggest that kepone has a mode 
of action similar to that of oligomycin on Mg?* 
ATPase in rat liver mitochondria. Sensitivity of the 
soluble oligomycin-sensitive mitochondrial ATPase to 
oligomycin is known to be conferred by a lipo-protein 
complex called oligomycin sensitivity conferring pro- 
tein (OSCP) [38, 39]. Further experimental evidence 
would be required in order to determine if sensitivity 
of mitochondrial ATPase to kepone is conferred by 
a similar mechanism. 

Pre-exposure of rats to kepone results in impaired 
hepatobiliary function [13]. Biliary excretion of the 
metabolites of the tricyclic antidepressant imipramine 
was markedly suppressed by pre-exposure to kepone. 
This effect was also demonstrated by adding kepone 
prior to the addition of imipramine metabolites to 
the perfusate of isolated perfused liver prep- 
arations [28]. The demonstration that kepone added 
to the perfused liver preparations effectively inhibits 
DNP-stimulated Mg?* ATPase as well as the native 
Mg?* ATPase activities indicates that kepone inter- 
feres with energy production in the intact liver. 
Although microsomal Na*-K* ATPase may be more 
directly involved in the transfer of substances across 
the cell membranes to the bile canaliculi, inhibition 
of ATP production might be expected to adversely 
affect the transport of substances across cell mem- 
branes. Since Na*-K* ATPase activity in fish brain 
preparations was shown to be sensitive to 
kepone [15], it is likely that hepatic microsomal Na‘ - 
K* ATPase would also be sensitive to kepone. The 
inhibition of hepatic mitochondrial Mg** ATPase ac- 
tivity by pre-exposure of animals to kepone [27] and 
after liver perfusion with 5 x 10°*M kepone is con- 
sistent with the observations that similar treatments 
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result in impaired hepatobiliary function [28]. In view 
of the above observations, aberration of energy meta- 
bolism appears to be an attractive mechanism for 
kepone-induced modification of hepatobiliary func- 
tion and deserves further attention. 
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Abstract—The hypocholesterolemic agent zuclomiphene was found to inhibit sterol formation from 
[2-'*C]mevalonic acid in cell-free preparations of developing rat brain. This inhibition was found 
if zuclomiphene were added to an incubation of normal brain. If the animals were pretreated for 
several weeks with the drug, but the brain tissue then incubated without the drug being added, the 
same reduction in sterol biosynthesis was seen. Incubation of brain tissue from pretreated animals, 
with addition of drug to the incubation as well, had reduced sterol biosynthetic activity, but the 
total labeled neutral lipid fraction was greater than without drug addition to the incubation. Intracere- 
bral injection of [2-'*C]mevalonic acid into zuclomiphene-treated and control animals resulted in 
the isolation of much less labeled cholesterol from the drug-treated animal brains. Thin-layer chromato- 
graphic and radioactivity-monitored gas-liquid chromatographic analysis of the labeled free sterol frac- 
tions indicated more labeled lanosterol and zymosterol and less labeled desmosterol in the drug-treated 
brains. Approximately 20 per cent of the total free sterol radioactivity derived from the drug-treated 
brains had the mobility of C3}’-C35"* sterols on silver nitrate thin-layer chromatography plates. On 
radioactivity-monitored gas—liquid chromatography the radioactive material derived from this thin-layer 
region was found to be contained in only one sterol. It had a retention time greater than C35"°, 
but less than would be expected for C35'***. Intraperitoneal administration of [3-'*C]-p-(— )-B-hydroxy- 
butyrate to zuclomiphene and corresponding controls resulted in lower ['*C]sterol content in brain, 
spinal cord and liver of the treated animals. Silver nitrate thin-layer chromatography of the [3-'*C]- 
p-(—)-B-hydroxybutyrate labeled brain and spinal cord free sterol fractions again indicated increased 


radioactivity in the C}}’-C3>"* sterol region. One of the short-term effects of zuclomiphene pretreatment 
in the central vervous system seems to be blockage of sterol biosynthesis shortly after lanosterol forma- 


tion. 


The inhibition of cholesterol biosynthesis in the cen- 
tral nervous system by zuclomiphene (cis isomer of 
2-[p-(2-chloro- 1,2 - diphenylvinyl)phenoxy ]triethyla- 
mine; formerly called trans-clomiphene) has been 
demonstrated in the developing rat [1]. The reduction 
of the A?* bond of desmosterol appears to be most 
affected; indeed, in the other organs this is the only 
inhibition thus far reported [2]. In the developing 
nervous system another block, the isomerization of 
the A® bond to the A’ position, is also partially inhi- 
bited by zuclomiphene[1 ]. 

Another hypocholesterolemic agent, AY-9944, has 
been shown to inhibit primarily the reduction of the 
A’ bond of A®*:’ sterols [3-6]. In the brain, however, 
it has also been shown to generate an accumulation 
of A’ sterols as well as A*-’ sterols [7,8]. With liver 
preparations in vitro, it also inhibits the reduction of 
the A'* bond [9, 10]. Because these hypocholesterol- 
emic drugs may be truly multi-faceted in their inhibi- 
tion of cholesterol biosynthesis, it was felt important 
to assess inhibition in short-term experiments as well 
as those stretching over a number of days. This has 
been done in the following work with the aid of radio- 
active tracers. A preliminary report of this work has 
been presented [11]. 


MATERIALS AND METHODS 

Animals. Wistar strain rats of both sexes were used. 
Nursing rats were left with mothers during the course 
of the experiment. Animals were maintained on a 
standard laboratory diet. 

Rats that were pretreated with drug were injected 
intraperitoneally with SOmg/kg of zuclomiphene 
citrate dissolved in propylene — glycol—water 
(50:50, v/v). Treatment was initiated at 4 days of age. 
A total of five injections was given before the animals 
were sacrificed at 20 days of age. Control animals 
were injected with propylene glycol-water only. Ex- 
perimental animals exhibited no clinical neurological 
signs during the experiment. 

Incubations. Cell-free preparations of brain, in the 
manner of Kelley et al.[12], involved hand homo- 
genization of tissue in 67mM_ sodium potassium 
phosphate buffer (pH 7.4). The homogenates were 
centrifuged at 3000g for 10min at 0. The superna- 
tant was decanted and used for metabolic studies. 

Each incubation contained cell-free supernatant 
equivalent to 0.5 g wet wt of brain tissue and 1 wCi 
[2-!*C]-pL-mevalonic acid (as the dibenzylethylene- 
diamine salt, sp. act. 5.80 mCi/m-mole, New England 
Nuclear Corp., Boston, MA). The following cofac- 
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tors were added in 1.0m! buffer: ATP (0.9 mM), 
NADH (1.4mM), MgCl, (4.9mM), glucose 6-phos- 
phate (3.6mM) and glutathione (3.3mM). When 
zuclomiphene was added to incubations, it had to be 
added in 0.1 ml propylene glycol—-water (50:50, v/v). 
Other incubations received 0.1 ml of propylene gly- 
col-water only. Total incubation volume was 3 ml. 
Incubations were carried out for 5 hr. 

Studies in vivo. In order to explore the effects of 
zuclomiphene on lipid metabolism in vivo, 20-day-old 
treated and control rats were injected intracere- 
brally [13] with SpCi (0.05ml) [2-'*C]mevalonic 
acid, specific activity as above, or intraperitoneally 
with 2 wCi (0.1 ml) [3-'*C]-p-(— )-f-hydroxybutyrate 
(sp. act., 32.3mCi/m-mole, New England Nuclear 
Corp., Boston, MA). Animals were sacrificed 5 hr after 
injection. 

Lipid analysis. Lipids were extracted by the method 
of Folch et al. [14]. Extracts were taken to dryness 
under nitrogen. Lipid extracts derived from 
[2-'*C]mevalonate experiments were redissolved in 
petroleum ether and applied to an alumina 
column [12]. The column was eluted with petroleum 
ether (squalene fraction), benzene (steryl ester and 
squalene oxide fraction) and ethanol (free sterol and 
isoprenoid alcohol fraction). The lipid extracts de- 
rived from [3-'*C]-p-(—)-f£-hydroxybutyrate experi- 
ments were redissolved in chloroform and applied to 
a silicic acid column[15]. The column was eluted 
with chloroform (neutral lipid fraction), acetone 
(galactolipid fraction) and methanol (phospholipid 
fraction). All column eluates were taken to dryness 


on a rotary evaporator. All alumina column fractions 
and the neutral lipid fractions from silicic acid 
column chromatography were redissolved in ethyl 
acetate from which aliquots were taken for further 
characterization. The galactolipid and phospholipid 


fractions were redissolved in chloroform—methanol 
(2:1, v/v). 

Steryi digitonides were formed by the method of 
Sperry and Webb[16]: cholesterol was purified by 
the dibromide method of Schwenk and Werth- 
essen [17]. 

Neutral lipids were separated on_ thin-layer 
chromatography (t.l.c.) using petroleum ether—ethyl 
ether—acetic acid (82:18:1,v/v) as a solvent system. 
Galactolipids and phospholipids were separated by 
thin-layer chromatography using chloroform—meth- 
anol-water (70:30:4,v/v) as a developing solvent. 
Silica gel H was used for both types of chroma- 
tography. 

Free sterols were fractionated into 4,4-dimethy]l, 
4x-methyl and 4-demethyl sterols using the solvent 
system of Rahman et al.[18]. Free sterols were also 
chromatographed on 7% silver nitrate-Silica gel G 
thin-layer plates. Thin-layer plates were first devel- 
oped in a 7% aqueous silver nitrate solution, then 
activated and the samples applied. Thin-layer plates 
were then developed in _ chloroform—acetone 
(95:5, v/v). 

Reference neutral and complex lipids were visual- 
ized with iodine or sprayed with sulfuric acid—water 
(50:50, v/v) and then heated at 110° to develop color. 
Plates were then scraped and radioactivity was deter- 
mined, or in the case of the silver nitrate thin-layer 
plates, the labeled sterols were eluted with ethyl ether. 


R. B. RAMSEY and M. FREDERICKS 


Table 1. Thin-layer chromatographic properties of free 
sterols on Silica gel G-silver nitrate* 





Compound 





Lanosterol 

Dihydrolanosterol 
4.4-Dimethyl-5x-cholesta-8,14-dien-3/-ol 
4x-Methyl-5a-cholest-7-en-3f-ol 
5x-Cholesta-8,24-dien-3f-ol 
5a-Cholest-7-en-3f-ol 
Cholesta-5,7-dien-3f-ol 
5a-Cholesta-8,14-dien-3f-ol 
Desmosterol 

Cholesterol 

Cholesteryl palmitate 

Squalene 





* The solvent used was acetone-chloroform (95:5, v/v). 
Silica gelG plates were first developed in a 7% solution 
of silver nitrate, air dried and activated at 110° for 1 hr 
and then the samples were spotted and the plate was devel- 
oped in the above solvent system at room temperature. 


The R, values on silver nitrate t.l.c. of available refer- 
ence sterols and squalene are shown in Table 1. 

Labeled free sterols were further fractionated by 
means of radio-activity-monitored gas-liquid chroma- 
tography (g.lc.), as has been described [19, 20]. 
Sterols were separated on a column packed with 3% 
OV-17 on Gas Chrome (100/120 mesh, Applied 
Science Laboratories, Inc., State College, PA). The 
column bath temperature was 265°. Identification of 
sterol peaks was made by comparison to standard 
sterol retention times previously derived. Quanti- 
tation of peaks was by triangulation. 


RESULTS 


The initial experiments carried out using zuclomi- 
phene were to test the effect of the drug on sterol 
biosynthesis in vitro (Table 2). Addition of zuclomi- 
phene to the incubation of normal brain tissue in- 
creased the labeling of the total neutral lipid and the 
steryl ester-squalene oxide fractions but depressed 
labeled sterol formation as measured by digitonide. 
If the animals were pretreated with zuclomiphene and 
then the brain tissue was incubated, incorporation of 
[2-'*C]mevalonic acid into all fractions examined 
was reduced. If the pretreated brain tissue was incu- 
bated in the presence of drug, the label distribution 
was much like that seen when control tissue was incu- 
bated with zuclomiphene. 

Isoprenoid lipid formation in vivo was examined 
in control and drug-treated rats by intracerebral in- 
jection of [2-'*C]mevalonic acid (Table 3). The label 
distribution was similar for both control and test ani- 
mals, with the exception of the cholesterol fraction. 
Cholesterol labeling, as determined by cholesterol 
dibromide, was very depressed in the zuclomiphene- 
treated animals. 

The distribution of radioactivity after silver nitrate 
t.l.c. of the free sterol fractions indicated that more 
than just cholesterol formation was disturbed in the 
drug-treated animals (Table 4). In comparison to con- 
trols, the brain lanosterol fraction of the drug-treated 
animals contained much more radioactive material, 
the cholesterol and desmosterol regions much less. 
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Table 2. Incorporation in vitro of [2-'*C]mevalonic acid into brain isoprenoid lipids of zuclomiphene and control 
rats* 





Steryl Free sterols 
Total esters and 
neutral and isoprenoid 
lipids Squalene squalene oxide alcohols Digitonide 


Experiment (dis./min x 10~3/g wet wt) 





Controls 1160 + 74 178 + 12 192 + 18 802 + 72 41.2 + 10.6 
Controls 
+ zuclomiphene in 1690 + 122 184 + 5.2 790 + 60 724 + 72 7.92 + 2.0 
incubation 
Pretreated with 
zuclomiphene 818 + 56 88.2 + 11.2 70.8 + 6.4 + 8.28 + 0.88 
Pretreated with 
zuclomiphene + 1434 + 46 116 + 9.4 490 + 35.2 38 + 6.50 + 0.80 
zuclomiphene in 
incubation 





* Each incubation contained 1 Ci of [2-'*C]mevalonic acid, 0.5 g wet wt of tissue (20-\ay-old animals) cofactors 
and zuclomiphene (1 x 10~* M), where indicated. Incubations were carried out for 5 hr. Pretreated animals were given 
trans-clomiphene intraperitoneally over a period of 15 days prior to sacrifice. Results are expressed as mean + S.E.M. 
of four experiments. 


Table 3. Incorporation in vivo of [2-'*C]mevalonic acid into brain isoprenoid lipids of zuclomiphene-treated and control 
rats* 





Steryl Free sterols 
Total esters and 
neutral and isoprenoid Cholesterol 
lipids Squalene squalene oxide alcohols Digitonide dibromide 


Treatment (dis./min x 10~*/g wet wt) 





Zuclomiphene 
Expt. 1 274 1.78 ; ; 146 2.49 
Expt. 2 232 1.66 mi 128 4.22 
Controls 
Expt. 1 206 0.86 138 39.6 
Expt. 2 282 1.28 a : 189 48.1 
Expt. 3 256 0.97 ; 167 38.2 





*Each 20-day-old animal was injected intracerebrally with 5 wCi [2-'*C]mevalonic acid and sacrificed 5hr later. 
Lipid extraction was with chloroform—methanol (2:1). Separation into general isoprenoid lipid classes was by means 
of alumina column chromatography. 


Table 4. Distribution of labeled free sterols after intracerebral injection of [2-'*C]- 
mevalonic acid into zuclomiphene-treated and control rats* 





Treatment 
R, Zuclomiphene Control 
Aréa 2 
Reference sterols scraped (% of total '*C-free sterol) 





Lanosterol 0.55—0.38 : 45.9 34.1 

Cholesterol 0.38-0.28 f 29.8 43.8 

Desmosterol 0.28-0.23 58 3.9 F7 

7-Dehydrocho- 0.23-0.03 ‘ 20.4 44 
lesterol 


Total dis./min 
x 10°*/g wet wt tissue 258 208 





* Duplicate aliquots of individual free sterol fractions derived from alumina column 
chromatography were further fractionated on 7°, AgNO, thin-layer plates as described 
in Materials and Methods. Areas were scraped according to reference compounds. 
R , values of these reference sterols were given in Table 1. 
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Table 5. Composition of labeled free sterol fractions as determined by radioactivity- 
monitored gas-liquid chromatography* 





Zuclomiphene 
(° of Total 
radioactivity) tr 


Sterol 


Treatment 
Control 
(°,, of Total 
radioactivity) 





Lanosterol 
Unknown 4,4- 
dimethyl! sterol 
4z-Methyl-5z- 
Cholesta-8,24-dien-3/-ol 
5a-Cholesta-8,24-dien-3f-ol 
Desmosterol 
Cholesterol 


40.9 


29.8 


6.4 
5.0 
17.6 
41.2 





thin-layer plates as was described in Table 4. Regions were scraped and eluted with 
anhydrous ethyl ether, and common regions were pooled in each type of experiment. 
This was done so that adequate radioactive sterol would be available for the radioac- 
tivity-monitored gas-liquid chromatography. Sterol retention times are given relative 
5xz-cholestane (fg). The retention time of 5a-cholestane was 4.1 min. 


* No radioactivity present. 


in addition, considerable labeled sterol was present 
in the 7-dehydrocholesterol thin-layer region of the 
samples derived from zuclomiphene-treated rats. 

The labeled sterols present in the individual regions 
described for silver nitrate t.l.c. were further charac- 
terized by radioactivity-monitored g.l.c. (Table 5). The 
lanosterol region contained a mixture of radioactive 
lanosterol and 4%-methyl-5z-cholesta-8,24-dien-3/-ol. 
The cholesterol region contained ['*C]cholesterol 
and ['*C]-5z-cholesta-8,24-dien-3f-ol. Only labeled 
desmosterol was found in the thin-layer region so 
designated. In the 7-dehydrocholesterol region there 
was one ['*C]sterol with a retention time relative to 
5a-cholestane of 4.08. Its mobility on silver nitrate 
t.l.c. suggests the presence of a A*’ or A®:'* double 
bond system. No naturally occurring methyl sterols 
are known that have a A**’ double bond system. Its 
‘retention time would rule out C7, and C3, sterols 
of that type, and a C35 °° sterol would have a greater 
R,. The addition of a double bond at C-24 would 
result in a much longer retention time on g.l.c. 

All of the '*C-sterols recovered from the silver 
nitrate t.l.c. were also examined in the other sterol 
solvent system described in Materials and Methods. 
This system separates well 4,4-dimethyl, 4«-methyl 
and 4-demethyl sterols. Using this system, it was 
found that the labeled distribution agreed with the 
previous radioactivity-monitored g.lc. findings; 
namely, that the lanosterol region from the initial 
silver nitrate t.l.c. contained only labeled 4,4-dimethyl 
and 4z-methyl sterol, the cholesterol region only 
labeled 4-demethyl sterol, etc. When the 7-dehydro- 
cholesterol region was examined in the same manner, 
all the radioactivity was localized in the 4,4-dimethyl 
region, indicating a C3) or C59 sterol. 

Total lipid labeling of neural and non-neural tissues 
with [3-'*C]-p-(—)-f-hydroxybutyrate yielded a bet- 
ter overall picture of the effect of zuclomiphene on 
developing rats (Table 6). Generally there was more 
['*C]lipid/g wet wt tissue in the treated animals than 
in controls. This observation was particularly appar- 
ent in liver and heart, but not evident in the spinal 


cord. Distribution of radioactivity among lipid classes 
of the neural tissues indicated a ralative decrease in 
neutral lipid labeling and an increase in ['*C]phos- 
pholipids. The liver ['*C]lipid distribution exhibited 
no significant difference between control and zuclomi- 
phene-treated animals. 

The composition of each ['*C]lipid class was 
examined further by t.l.c. The neutral lipid fractions 
derived from the brain and spinal cord of drug- 
treated animals had proportionately more labeled) 
triglyceride and less ['*C]sterol than controls (Table 
7). The drug-treated livers demonstrated a slight in- 
crease in '*C-free fatty acid relative to control livers. 
Determination of labeled sterol content by digitonide 
and ['*C]cholesterol by dibromide demonstrated that 
neural ['*C]sterol formation in the drug-treated ani- 
mals was depressed markedly in contrast to digito- 
nide-sterol labeling when mevalonate was the precur- 
sor. The ['*C]cholesterol formation by the zuclomi- 
phene-treated animals was also depressed more when 
B-hydroxybutyrate was precursor than with mevalo- 
nate. The galactolipid fractions of the neural tissues 
contained only labeled cerebroside in all instances. 
The phospholipids highly labeled by [3-'*C]-p-(—)- 
hydroxybutyrate were ethanolamine, and choline 
phospholipid and sphingomyelin + phosphatidyl 
serine. 

Examination of the '*C-free sterols derived from 
labeled f-hydroxyl butyrate by silver nitrate t.l.c. 
yielded a distribution of radioactive sterols similar to 
that already seen when [2-'*C]mevalonic acid was 
the precursor (Table 8). There was increased lanoster- 
ol-4a-methyl labeled sterol in the drug-treated brain 
and spinal cord and decreased radioactivity in the 
cholesterol and desmosterol regions, when compared 
to control values. The zuclomiphene-treated tissues 
again exhibited labeling of sterol which migrated to 
the 7-dehydrocholesterol region on silver nitrate t.l.c. 
Insufficient material was available to examine this 
fraction further by radioactivity-monitored g.l.c. or 
re-chromatography in a different thin-layer solvent 
system. 
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Table 6. Incorporation in vivo of [3-'*C]-p-(—)-B-hydroxybutyrate into tissue lipids 
of zuclomiphene-treated and control rats* 





Distribution of label among 
Total lipid Major lipid classes 
Extract (% of total ['*C]lipid) 
Tissue  (dis./min x 10~*/g wet wt) Neutral lipids Galactolipids Phospholipids 





Spinal cord 
Treated 1 58.2 ‘ 17.0 
Treated 2 74.6 k 17.1 
Control | 58.2 4 14.9 
Control 2 62.8 

Brain 
Treated 1 27.8 
Treated 2 33.0 
Control 1 20.2 
Control 2 24.1 


Liver 
Treated 1 15.9 
Treated 2 14.3 
Control 4.43 
Control 4.62 


Heart 
Treated 6.46 
Treated 6.20 
Control 0.72 
Control 1.08 


t+ te t+ Pb 





* Each 20-day-old animal was injected intraperitoneally with 2 wCi [3-'*C]-p(—)-p- 
hydroxybutyrate and sacrificed 5 hr later. Lipid extraction was with chloroform—meth- 
anol (2:1). Lipid classes were separated by means of silicic acid column chroma- 
tography. 

* No radioactivity present. 

t Not analyzed. 


DISCUSSION were evident 24hr after treatment, the full effect of 

Previous work has shown that zuclomiphene _ the drug on desmosterol-zymosterol content was not 
results in the accumulation of two sterols in the cen- seen for several days. By using tracers such as 
tral nervous system of the developing rat, desmosterol _ [2-'*C mevalonic acid and [3-'*C]-p-(—)--hydroxy- 
and zymosterol (5a-cholesta-8,24-dien-3f-ol) [1]. butyrate, it has been possible to look at metabolic 
Although endogenous sterol composition changes blocks brought about by zuclomiphene, which are not 


Table 7. Incorporation in vivo of [3-'*C]-p-(—)-f-hydroxybutyrate into tissue neutral 
lipids of zuclomiphene-treated and control rats* 





Distribution of label 
among neutral lipids 
Total (°%, of total ['*C]neutral lipid) 
neutral Sterol Cholesterol Free 
lipid digitonide dibromide fatty 
Tissue (dis./min x 10~3/g wet wt tissue) Triglyceride acid Sterol 





Spinal cord 
Treated 29.0 13.4 14.4 85.6 
Control 34.4 23.3 7.6 92.4 
Brain 
Treated 11.2 2.11 16.5 83.5 
Control 981 3.66 f det 92.3 
Liver 
Treated 3.73 19.1 40.6 40.3 
Control 0.97 22.3 29.0 48.7 





* Aliquots of neutral lipid recovered from silicic acid column chromatography were 
taken for sterol digitonide and cholesterol dibromide formation as well as for further 
fractionation by thin-layer chromatography. The results above are the average of two 
determinations on each of the individual neutral lipid fractions. 

+ No radioactivity present. 

t Not analyzed. 
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Table 8. Silver nitrate thin-layer chromatographic distribution of labeled free sterols 
after intraperitoneal injection of [3-'*C]-p-(—)-f-hydroxybutyrate into zuclomiphene- 
treated and control animals* 





Brain 
Zuclomiphene- 
Treated 
3 


Spinal cord 
Zuclomiphene- 
Control Treated 
5 1 , 


R, of Control 


area l 2 l 2 
(°% of total '*C-free sterol) 


Reference 


sterols scraped 





0.55-0.38 15. > 9.5 


Lanosterol 22.4 9. 
0.38—-0.28 63.4 ST. 9. 
i i 

1. 


Cholesterol 
Desmosterol 
7-Dehydro- 


cholesterol 


0.28--0.23 19.6 
0.23-0.03 21.:  } te ‘ 2 


Total dis./min 
x 10 */g 


wet wt tissue 7.88 10.9 8.89 9.15 28.8 32.0 31.5 





* After aliquots for other assays were taken from the chloroform fraction from 
the silicic acid column chromatography, the remaining material was fractionated on 
alumina columns to obtain the labeled free sterol fractions. Duplicate aliquots of 
each individual free sterol fractions were then further chromatographed on 7°, AgNO, 


thin-layer plates and appropriate regions scraped and counted. 


+ No radioactivity present. 


as obvious as the inhibition of sterol A?* reductase 
(desmosterol accumulation) or of the isomerization of 
the A® double bond to A’ (zymosterol accumulation). 
The experiments in vitro involving brains from ani- 
mals pretreated with drug suggest that the effects on 
['*C]Jneutral lipid formation may not have been 
purely the result of zuclomiphene stored in the brain. 
Addition of zuclomiphene to incubations of brains 
from animals already pretreated with the drug 
brought about changes that were not apparent with 
pretreatment only. In fact, the two types of incuba- 
tions involving addition of zuclomiphene, control and 
pretreated brain tissue, gave quite similar results. 
Since the concentration of zuclomiphene that might 
be present in the brains of the pretreated animals in 
unknown, the role of endogenous zuclomiphene in 
the incorporation of [2-'*C]mevalonic acid in the in- 
_cubations in vitro is definitely an unknown factor. 
The present work in vivo suggests that zuclomi- 
phene in the central nervous system blocks the further 
metabolism of a 4,4-dimethyl sterol, presumably con- 
taining a conjugated double bond system. Although 
the assumption that a A*:’ or A*:'* double bond sys- 
tem is present is only tentative, no other arrangement 
of sterol double bonds has yet been shown to have 
the same mobility on silver nitrate t.l.c. [21, 22]. Also, 
since A®:'* double bond systems occur naturally in 
methyl sterols but A®*’ double bond systems do 
not [10], the nature of the labeled compound would 
seem obvious, 4,4-dimethyl-5x-cholesta-8,14,24-trien- 
3f-ol. The presence of a A** double bond would 
be necessary because without it the sterol would have 
a much greater R,; on silver nitrate t.l.c. The retention 
time of the unknown on radioactivity-monitored g.l.c. 
was entirely inappropriate for this compound. The 
relative retention time found was 4.08. The calculated 
retention time for 4,4-dimethyl-5z-8,14,24-trien-3f-ol 
would be 4.26. This calculated retention time would 
appear to be correct, for we have found a radioactive 
sterol in the brains of developing rats treated with 
AY-9944 that has a g.l.c. retention time of 4.26[11]. 
The mobility of this sterol in the same solvent systems 


and on the same g.l.c. phases described in the present 
paper was compatible with a C,, sterol with a A*:'* 
double bond system. We believe that in the case of 
AY-9944 inhibition of the brain sterol formation that 
['*C]4,4-dimethyl-5x-cholesta-8,14,24-trien-3f-ol is 
present. The nature of the labeled methyl! sterol accu- 
mulated by zuclomiphene treatment, therefore, 
remains unidentified and requires further characteri- 
zation. The high level of lanosterol suggests that C-14 
methyl demethylation may also be affected by the 
drug. 

The build-up of ['*C]zymosterol in the drug- 
treated tissue is not surprising in view of the endo- 
genous sterol changes. The reduced labeled demo- 
sterol content is doubtless time dependent. Had the 
animals survived longer, there probably would have 
been a decrease of labeled lanosterol, unknown 
4.4-dimethyl sterol and zymosterol, and an increase 
of ['*C]desmosterol and ['*C]cholesterol. A kinetic 
study involving sacrifice of animals at different time 
periods after injection of the labeled precursor will, 
of course, resolve this question. 

The use of [3-'*C]-p-(—)-f-hydroxybutyrate to 
label body lipid, and particularly neural lipids, has 
definite advantages in the developing animal. It has 
been adequately demonstrated that the developing 
brain and spinal cord favors ketone bodies, such as 
B-hydroxybutyrate, for cerebral metabolism [23-29]. 
It has also been shown that a considerable portion 
of the ketone bodies that the brain and spinal cord 
take up is incorporated into sterols [26, 28]. Using 
this precursor, it was evident that not only was sterol 
biosynthesis disrupted by zuclomiphene but also 
phospholipid metabolism. The liver and heart tissues 
of treated animals acquired much more labeled 
f-hydroxybutyrate than the controls, suggesting a 
ketotic or diabetic type state in the animal. Reduction 
of labeled digitonin-precipitable sterol in the drug- 
treated animals’ brain and spinal cord with f-hydroxy- 
butyrate as precursor and only minor reduction with 
labeled mevalonate suggest that the zuclomiphene 
may also affect sterol formation between acetate and 
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mevalonate. Kinetic studies will undoubtedly provide 
more specific information ragarding degree and 
points of lipid metabolism inhibition. 

Although considerable effort has been given to the 
exploration of the sterol changes of the central ner- 
vous system upon administration of various hypocho- 
lesterolemic agents [7, 8, 22, 30-35], most have been 
studies involving days, weeks or months. Relatively 
little radioactive tracer work has been done with 
regard to sterol formation [36] or with regard to gen- 
eral neural lipid metabolism [37, 38]. Since the data 
available are only of a limited scope, it is not possible 
to compare them to the present information. 

A more comprehensive biochemical examination of 
the effects of hypocholesterolemic agents on the meta- 
bolism of the developing central nervous system may 
give more definitive answers as to how these agents 
work and, in turn, the manner in which the nervous 
system is assembled and maintained. 
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Abstract—When the hypocholesterolemic agent AY-9944 was examined in vitro and in vivo for its 
influence on developing brain sterol biosynthesis, multiple effects were exhibited. Addition of AY-9944 
to incubations of cell-free preparations resulted in a decrease in ['*C]sterol biosynthesis from 
[2-'*C]mevalonic acid. Pretreatment of animals with AY-9944 and subsequent incubation of their 
brain tissue in vitro resulted in greater labeled sterol synthesis than in control] incubations. Pretreatment 
of animals with AY-9944 followed by intracerebral injection of [2-'*C]mevalonic acid resulted in com- 
parable labeled sterol biosynthesis in control and drug-treated brains, but reduced ['*C]cholesterol 
formation by the AY-9944-treated animals. Examination of the labeled free sterol fractions by thin-layer 
chromatography and radioactivity-monitored gas chromatography indicated several labeled sterols pres- 
ent in the AY-9944-treated brain tissue that were not seen in controls. These ['*C]sterols were: 
4,4-dimeth yl-5z-cholesta-8,14,24-trien-3f-ol; 5x-cholesta-7,24-dien-3 f-ol ; 5z-cholesta-8,14,24-trien-3-ol; 
cholesta-5,7,24-trien-3B-ol; cholesta-5,7-dien-3f-ol; and an unknown 4z-methyl sterol. Another set of 
developing rats was pretreated with a combination of AY-9944 and zuclomiphene, another hypocholes- 
terolemic agent. Intracerebral administration of [2-'*C]mevalonic acid resulted in lower ['*C]sterol 
and labeled cholesterol synthesis in the brain tissue of drug-treated animals than in controls. Thin-layer 
and radioactivity-monitored gas chromatographic analysis again revealed ['*C]sterols other than those 
present in controls. Two labeled A’ sterols, 5x-cholesta-7,24-dien-3f-ol and cholesta-5,7,24-trien-3f-ol, 
a 4x-methyl sterol of unknown structure, previously seen in the AY-9944-treated brain tissue, and 
a 4,4-dimethyl sterol, also of unknown structure, were present in the brains of the drug-treated animals. 
The present findings indicate not only that both drugs block central nervous system sterol synthesis 
at several points, but also that use of these hypocholesterolemic agents in various combinations may 
further elucidate the pathway(s) and control of neural sterol biosynthesis. 


A number of studies have explored the biochemical 
and morphological changes brought about in the ner- 
vous system by AY-9944 [trans-1,4-cis(2-chlorobenz- 
ylaminomethyl) cyclohexane dihydrochoride] [1—11]. 
Much less information is available regarding the effect 
of zuclomiphene (cis-2-[p-(2-chloro-1,2-diphenylvinyl) 


phenoxy]-triethylamine) on the nervous _ sys- 
tem [12-14]. Administration of zuclomiphene over a 
period of several weeks to developing rats results in 
desmosterol, and to a lesser extent zymosterol 
(5x-cholesta-8,24-dien-3f-ol) accumulation in the 
brain and spinal cord[12]. An accumulation of 
C,-,A’ sterols also occurs when developing neural tis- 
sue is treated with AY-9944 [7, 10]. 

Radioactive tracer studies have indicated that 
AY-9944 treatment reduces brain cholesterol forma- 
tion [1]. Incubation of liver cell-free preparations in 
the presence of AY-9944 and various labeled sterols 
or sterol precursors demonstrated that the drug can 
block A'* double bond reduction [15]. These short- 
term radioactive substrate studies reveal sterol bio- 
synthetic inhibitions that long-term studies do not. 
The present study was conducted to assess short-term 
inhibition of AY-9944 in the nervous system. In addi- 
tion, the effect of combined treatment with AY-9944 


and zuclomiphene on brain sterol biosynthesis was 
also examined. 


MATERIALS AND METHODS 


Animals. Wistar rats of both sexes were used. Nurs- 
ing rats were left with mothers. 

Rats which were pretreated with drugs were in- 
jected intraperitoneally with SOmg/kg body wt 
AY-9944 in saline, or with 50 mg/kg body wt zuclomi- 
phene citrate plus 5mg/kg body wt AY-9944 dis- 
solved in propylene glycol-water (50:50, v/v). Control 
animals received the appropriate vehicle only. Treat- 
ment, in all cases, was initiated when the rats were 
4 days of age. A total of five injections was given 
before the animals were sacrificed at 20 days of age. 
During the course of the experiment the test animals 
exhibited no clinical neurological signs. 

Incubations. Cell-free preparations of brain were 
prepared as described before [16] and the incubation 
conditions and contents were as described in the pre- 
ceding paper [14]. Incubations were continued for 
5 hr. 

Studies in vivo. Twenty-day-old control and drug- 
treated animals were injected intracerebrally [17] 
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with 2 wCi (0.02 ml) [2-'*C]mevalonic acid (as dibenz- 
yl-ethylenediamine salt, sp. act. 5.80 mCi/m-mole, 
New England Nuclear Corp., Boston, MA). Animals 
were sacrificed after 5 hr. 

Lipid analysis. Extraction of lipids, alumina column 
chromatography, sterol digitonide formation and cho- 
lesterol dibromide assay were conducted by the 
methods previously cited [14]. 

Free sterols were separated by thin-layer chroma- 
tography (t.l.c.) into 4,4-dimethyl, 4%-methyl and 
4-demethyl sterols using the solvent system of Rah- 
man et al.[18]. Free sterols were also fractionated 
on 7% silver nitrate Silica gel G thin-layer chroma- 
tography plates [14] using chloroform—acetone (95:5, 
v/v) as a developing solvent. Visualization of sterols 
and elution were as before [14]. 

Radioactive sterols were also separated by radioac- 
tivity-monitored gas-liquid chromatography (g.l.c.) 
[19] on 3°, OV-17 on Gas ChromQ (100/120 
mesh, Applied Science Laboratories, Inc., State Col- 
lege, PA) with the bath temperature at 265. Sterol 
peaks were identified by comparison to standard 
sterol retention times [19, 20]. Quantitation of peaks 
was by triangulation. 
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RESULTS 


The sterols present in the brain tissue of the drug- 
treated animals and controls at 20 days of age are 
shown in Table 1. The sterol composition of the brain 
tissue of AY-9944-treated animals was dominated by 
the presence of cholesta-5,7-dien-3f-ol. When the ani- 
mals were treated with both drugs, a total of five 
sterols was present in the brain, only two of which, 
cholesterol and desmosterol, were present in the nor- 
mal brain tissue. 

When brain tissue was incubated with [2-'*C]me- 
valonic acid, in the presence of AY-9944, the overall 
['*C]neutral isoprenoid lipid content was no different 
than controls (Table 2). There was, however, a de- 
crease of labeled free. sterol synthesis, as measured 
by sterol digitonide formation. If tissue from animals 
which had been pretreated with AY-9944 was incu- 
bated in the same manner, total '*C-neutral lipid was 
comparable to control, labeled squalene content 
reduced and sterol digitonide elevated. If the brain 
tissue of pretreated animals was incubated in the pres- 
ence of AY-9944, the incorporation data were quite 
like control values. 


Table 1. Endogenous sterol content of control, AY-9944- and AY-9944 plus zuclomi- 
phene-treated 20-day-old rat brain* 





Control 


Sterol 


Cholesterol 

Desmosterol 
5z-Cholesta-8,24-dien-3f-ol 
Cholesta-5,7-dien-3 f-ol 
Cholesta-5,7,24-trien-3f-ol 


Total sterol content (mg/g 
dry wt tissue) 


AY-9944 
plus 
AY-9944 zuclomiphene 


2 I 2 I 2 


(°~ of total sterol) 





42.2 


90.7 26.3 26.0 
9.3 7.9 
8.6 

20.1 

37.4 


22.7 


py i ee SY 


429 404 41.9 41.8 





*Sterols were separated by silver nitrate t.l.c. Sterols were quantitated by means 
of g.l.c. using 5z-cholestane as an internal standard. 


Table 2. Incorporation in vitro of [2-'*C]mevalonic acid into brain isoprenoid lipids of AY-9944 
and control rats* 





Total 
neutral 
lipids 


Experiment 


Squalene 


Steryi 
esters 
and 
squalene 
oxide 


Free sterols 
and 
isoprenoid 


alcohols Digitonide 


(dis./min 10~*/g wet wt) 





Controls 518 + 
Controls plus AY-9944 in 

incubation 540 + 
Pretreated with AY-9944 516 + 
Pretreated with AY-9944 plus 

AY-9944 in incubation 560 + 


+3 300 + 19 238 + 33 


39 301 + 28 
34 3144: 23 


7 259 187 + 2 





*Each incubation contained 2.5 Ci [2-'*C]mevalonic acid, 0.5g wet wt of tissue (20-day-old 
animals) cofactors, and AY-9944 (1 x 10°* M), where indicated. Incubations were carried out for 
Shr. Pretreated animals were given AY-9944 intraperitoneally over a period of 15 days prior to 
sacrifice. Results are expressed as mean + S. E. M. of four experiments. 
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Table 3. Incorporation in vivo of [2-'*C]mevalonic acid 
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into brain isoprenoid lipids of AY-9944 and zuclomiphene 


plus AY-9944-treated and control rats* 





Total 
neutral 
lipids Squalene 


Treatment 


Steryl esters 
and squalene 
oxide 


Free sterols and 
isoprenoid 
alcohols 


Cholesterol 


Digitonide dibromide 


(dis./min 10~3/g wet wt) 





AY-9944-treated 
Expt. 1 
. 


Controls 
Expt. | 
2 
3 
Zuclomiphene plus 
AY-9944-treated 
Expt. 1 
2 
3 
Controls 
Expt. 1 
i 


89.2 
142 


70.3 


376 
356 


7.91 
7.66 


334 
401 
347 


57.0 
59.0 
69.9 


204 
202 


194 


5.07 
4.88 
4.53 


248 


282 


56.9 
47.0 





* Each 20-day-old animal was injected intracerebrally with 2 wCi [2-'*C]mevalonic acid and sacrificed 5hr later. 
Lipid extraction was with chloroform—methanol (2:1). Separation into general isoprenoid lipid classes was by means 


of alumina column chromatography. 


The distribution of labeled neutral isoprenoid lipids 
after intra-cerebral injection of [2-'*C]mevalonic acid 
into control and AY-9944-treated animals yielded no 
significant differences between the two groups except 
for ['*C]cholesterol content, as determined by choles- 
terol dibromide (Table 3). The drug-treated animals 
had considerably less labeled cholesterol. 

When the animals which had been previously pre- 
treated with the combination of drugs were injected 
with labeled mevalonic acid, again the total labeled 
neutral isoprenoid lipid was comparable to control 
values (Table 3). Labeled squalene and steryl ester- 
squalene oxide fractions were more highly labeled in 
the drug-treated animals than controls, but the 
['*C]sterol digitonide was lower in radioactivity. In 
this case, too, the production of ['*C]cholesterol was 
reduced considerably by the AY-9944 and zuclomi- 
phene treatment. 


Examination of the distribution of the labeled free 
sterols by silver nitrate-impregnated t.l.c. indicated 
several differences from the controls (Table 4). Both 
types of drug treatment, AY-9944 and AY-9944 plus 
zuclomiphene, resulted in greater labeled sterol in the 
lanosterol and 7-dehydrocholesterol (cholesta-5,7- 
dien-3f-ol) regions. The cholesterol and desmosterol 
regions, accordingly, contained less radioactivity than 
controls. 

Chromatography of the ['*C]sterols derived from 
preparative silver nitrate t.l.c. on radioactivity-moni- 
tored g.lc. revealed numerous ['*C]-sterols present 
in the samples derived from the brains of drug-treated 
animals that were not found in the sterol fractions 
isolated from control brains (Table 5). Using the thin- 
layer regions of Table 4 as reference points, the lanos- 
terol region derived originally from the AY-9944- 
treated brain tissue contained ['*C]lanosterol and an 


Table 4. Silver nitrate thin-layer chromatographic distribution of labeled free sterols after intracere- 
bral injection of [2-'*C]mevalonic acid into AY-9944- or AY-9944 plus zuclomiphene-treated ani- 
mals and controls* 





AY-9944 


R, of 
area 
scraped 


1 


Reference sterols 


Treatment 
AY-9944 + zuclomiphene Control 


1 2 1 2 


(°%% of total '*C-free sterol) 





0.55-0.38 
0.38—0.28 
0.28-0.23 
0.23--0.03 


Lanosterol 
Cholesterol 
Desmosterol 
7-Dehydrocholesterol 


Total dis./min x 10° 3/g 


wet wt tissue 581 


37.9 
39.8 

32 
19.1 


11.6 
78.3 
10.1 


8.8 
80.0 


11.2 


36.8 
40.6 

3.0 
19.6 


549 345 304 535 358 





* Duplicate aliquots of individual free sterol 


fractions derived from alumina column chroma- 


tography were fractionated on 7% AgNO, thin-layer plates as described in Materials and Methods. 
Areas were scraped according to reference compounds. 
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Table 5. Composition of labeled free sterol 


fractions 
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as determined by radioactivity-monitored gas-liquid 


chromatograph y* 





AY-9944 
(Per cent of total 


Stero! radioactivity) 


Treatment 


AY-9944 + 


zuclomiphene Control 


(Per cent of total 
radioactivity) 


(Per cent of total 


radioactivity) (tp) (tr) 





Lanosterol 15.6 

4.4-Dimethyl-5z-cholesta-8, 
14,24-trien-3 f-ol 

Unknown 4,4-dimethyl sterol 

4x-Methyl-5x-cholesta-8,24- 
dien-3-ol 

Unknown 4z-methyl sterol 

5z-Cholesta-8,24-dien-3/-ol 

54-Cholesta-7.24-dien-3p-ol 

5x-Cholesta-8,14,24-trien-3 p-ol 

Cholesta-5,7,24-trien-3f-ol 

Cholesta-5,7-dien-3 f-ol 

Desmosterol 

Cholesterol 


18.1 


3.98 7.3 3.98 


3.29 


3.34 


2.86 
2.38 45.4 


10.2 2.86 
2.38 





* Remainder of free sterol fractions was separated preparatively on 7°, AgNO, thin-layer plates as was described 


previously 


cholestane was 4.0 min. 


unidentified 4x%-methyl sterol. The cholesterol region 
contained three radioactive sterols: cholesterol, 
5x-cholesta-7,24-dien-3f-ol and  5z-cholesta-8,24- 
dien-3f-ol. Only ['*C]desmosterol was found in the 
desmosterol thin-layer region. The 7-dehydro-choles- 
terol region contained four labeled sterols: choles- 
' ta-5,7-dien-3f-ol, cholesta-5,7-24-trien-3f-ol, 5x-cho- 
lesta-8,14,24-trien-3f-ol and 4,4-dimethyl-5z-cholesta- 
8.14.24-trien-3f-ol. The '*C content of the last sterol 
was equal to the total of the other three sterols and 
this sterol. was second only to 5z-cholesta-8,24- 
dien-3f-ol in total radioactive content in the sample. 

Analyzing the ['*C]sterols recovered from the 
brains of animals treated with both AY-9944 and zuc- 
lomiphene in the same manner, lanosterol, 4x%-meth- 
yl-Sz-cholesta-8,24-dien-3f-ol and an_ unidentified 
4z-methyl sterol, as seen with AY-9944 treatment 
only, were identified (Table 5). The cholesterol region 
contained the same three labeled sterols present after 
AY-9944 treatment. Only ['*C]desmosterol was seen 
in the desmosterol t.l.c. region. The 7-dehydrochol- 
sterol region had two. sterols, cholesta-5,7-24- 
trien-3f-ol and an unidentified 4,4-dimethyl sterol. 
The presence or absence of methyl groups at C-4 in 
the sterols recovered from the silver nitrate t.l.c. was 
confirmed by further chromatography of each re- 
covered silver nitrate t.l.c. region in the thin-layer sys- 
tem designated in Materials and Methods for such 
separation. This chromatography confirmed the 
number of C-4 methyl groups originally assigned to 
each labeled sterol after radioactivity-monitored g.l.c. 
examination. 


DISCUSSION 


It is now quite apparent that there are numerous 
points of action of the hypocholesterolemic agents 
studied, AY-9944 and zuclomiphene, on brain choles- 
terol biosynthesis. Some inhibition may be exercised 


Common regions were pooled in each type of 
for radioactivity-monitored g.l.c. Sterol retention time (fp) 


experiment. This provided adequate radioactive material 
is given relative to Sz-cholestane. The retention time of 


prior to lanosterol and desmosterol. The twe drugs 
seem to act differently in vitro. Zuclomiphene inhi- 
bited ['*C]sterol biosynthesis, whether it was merely 
added to the incubation, or the incubation contained 
brain tissue from an animal previously treated with 
the drug [14]. AY-9944 pretreatment stimulated sterol 
formation; addition to the incubation of AY-9944 did, 
however, inhibit sterol synthesis. Further kinetic 
studies will be needed in order to define these effects 
more precisely. 

The experiments in vivo demonstrated clearly that 
AY-9944 blocks the reduction of the A'* double 
bond. Previously, Gibbons and Méitropoulos [15] 
have been able to show that AY-9944 can cause ac- 
cumulation of 5a-cholesta-8,14-dien-3f-ol in liver in- 
cubations. Since sterol demethylation at position C-4 
is much slower in brain than in liver [21-23] and the 
unsaturated side chain is reduced only at the penulti- 
mate step of cholesterol biosynthesis [24,25], an 
accumulation of 4,4-dimethyl-5«-cholesta-8,14,24- 
trien-3f-ol was found in the present AY-9944 investi- 
gation. Other C,, sterols with conjugated double 
bonds were also found, which is in line with the pre- 
vious observations. 

With the limited information available thus far, it 
is difficult to speculate about the possible structure 
of the unknown ['*C]-4,4-dimethyl sterol which accu- 
mulated as a result of zuclomiphene treatment. The 
fact that it was labeled in the brain tissue of rats 
treated with AY-9944 plus zuclomiphene and the 
4,4-dimethyl-5x-cholesta-8,14,24-trien-3f-ol was not, 
suggests that this unknown sterol may be a precursor 
of the "a * sterol. It is possible, however, that 
insufficient AY-9944 was present to bring about an 
accumulation of the C,.*"~” compound. Since the 
brain tissue contained liberal amounts of endogenous 
A®*-’ sterols, lack of adequate amounts of AY-9944 
seems unlikely. 
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Some of the properties of the unknown 
4,4-dimethyl sterol have been defined and discussed 
in the preceding paper[14]. Unfortunately, not 
enough information is yet available to derive a prob- 
able structure. 


Acknowledgements—We would like to thank Dr. T. R. 
Blohm, Merrell-National Laboratories, Division of 
Richardson-Merrell, Inc., Cincinatti, Ohio, for the gift of 
zuclomiphene and Dr. D. Dvornik, Ayerst Research 
Laboratories, Montreal, Canada, for supplying the 


AY-9944 utilized in the present work. 


REFERENCES 


. M. L. Givner and D. Dvornik, Biochem. Pharmac. 14, 
611 (1965). 

. R. Fumagalli, R. Niemiro and R. Paoletti, J. Am. Oil 
Chem. Soc. 42, 1018 (1965). 

. R. Fumagalli, M. E. Smith, G. Urna and R. Paoletti. 
J. Neurochem. 16, 1329 (1969). 

. F. A. Rawlins and G. B. Uzman, Lab. Invest. 23, 184 
(1970). 

. M. E. Smith, C. M. Hasinoff and R. Fumagalli, Lipids 
5, 665 (1970). 

6. N. L. Banik and A. N. Davison, Biochem. J. 122, 751 
(1971). 

7. K. Suzuki, J. C. Zagoren, J. Gonates and K. Suzuki, 
Acta neuropath. 26, 185 (1973). 

8. N. L. Banik and A. N. Davison, J. Neurochem. 21, 
1021 (1973). 


9. M. Igarashi, K. Suzuki, S. M. Chen and K. Suzuki, 
Brain Res. 90, 97 (1975). 

. J.C. Zagoren, K. Suzuki, M. B. Bornstein, S$. M. Chen 
and K. Suzuki, J. neuropath. exp. Neurol. 34, 375 
(1975). 

. S. U. Kim, Lab. Invest. 32, 720 (1975). 

. R.. B. Ramsey, V. W. Fischer, H. J. Nicholas and M. 
Fredericks, Neurosci. Abstr. 1, 328 (1975). 

. R. B. Ramsey, M. Fredericks and V. W. Fischer, Trans. 
Am. Soc. Neurochem. 7, 131 (1976). 

. R. B. Ramsey and M. Fredericks, Biochem. Pharmac. 
26. 1161 (1977). 

. G. F. Gibbons and K. A. Mitropoulos, Biochim. bio- 
phys. Acta 380, 270 (1975). 

. M. T. Kelley, R. T. Aexel, B. L. Herndon and H. J. 
Nicholas, J. Lipid Res. 10, 166 (1969). 

. H. J. Nicholas and B. E. Thomas, J. Neurochem. 4, 
42 (1959). 

. R. Rahman, K. B. Sharpless, T. A. Spencer and R. 
B. Clayton, J. biol. Chem. 245, 2667 (1970). 

. R. B. Ramsey, R. T. Aexel and H. J. Nicholas, J. biol. 
Chem. 246, 6393 (1971). 

. R. B. Ramsey, R. T. Aexel, J. P. Jones and H. J. 
Nicholas. J. biol. Chem. 247, 3471 (1973). 

. R. B. Ramsey, J. P. Jones and H. J. Nicholas, J. Neuro- 
chem. 18, 1485 (1971). 


22. R. B. Ramsey, J. P. Jones, A. Rios and H. J. Nicholas, 


J. Neurochem. 19, 101 (1972). 

. R. B. Ramsey, J. P. Jones and H. J. Nicholas, J. Neuro- 
chem. 19, 931 (1972). 

. C. H. Hinse and S. N. Shah, J. Neurochem. 18, 1989 
(1971). 

5. R. B. Ramsey, Biochem. Soc. Trans. 1, 341 (1973). 








Biochemical Pharmacology, Vol. 26, pp. 1175-1177. Pergamon Press, 1977. Printed in Great Britain. 


INHIBITION OF THE SYNTHESIS OF TAUROCHOLIC 
ACID BY STRUCTURAL ANALOGUES OF TAURINE 


JOHN B. LOMBARDINI 


Department of Pharmacology and Therapeutics, Texas Tech University School of Medicine, 
Lubbock, TX 79409, U.S.A. 


(Received 15 June 1976; accepted 3 September 1976) 


Abstract—Structural analogues of taurine that are inhibitors of the rat liver microsomal synthesis 
of taurocholic acid are reported. Isethionic acid, the hydroxy analogue of taurine, is the most potent 
inhibitor (15, = 110 uM). Aminomethanesulfonic acid, a taurine analogue which has a single carbon 
bridge between the amino and sulfonic acid moieties, is also a very potent compound (J; = 688 uM). 
Hydroxypropanesulfonic acid (15) = 3125 uM), the higher homologue of isethionic acid, and aminoeth- 
ane-sulfuric acid (159 = 3750 uM) are considerably less potent inhibitors. Hypotaurine (J; = 7500 uM) 
and glycine (159 = 8800 uM), both substrates for the enzyme system, decrease taurocholate formation 


but only when used at extremely high concentrations. 


The activation of cholic acid and subsequent conjuga- 
tion of taurine with cholyl CoA by liver microsomes 
to form taurocholic acid were independently demon- 
strated in 1955 and 1956 by Bremer [1], Elliott [2] 
and Siperstein and Murray [3]. 


Cholic acid + coenzyme A + ATR 
cholyl CoA + AMP + PP; 


Cholyl CoA + taurine —> 
taurocholic acid + coenzyme A 


Moreover, it has also been determined that other 
amino acids, e.g. glycine and hypotaurine, also form 
a peptide bond with cholic acid [4,5]. Furthermore, 
experiments performed in our laboratory [6] indicate 
that the hydroxyl analogue of taurine, i.e. isethionic 
acid, forms an ester derivative with cholic acid. In 
this paper, experiments are presented which describe 
the inhibition of taurocholate synthesis by structural 
analogues of taurine. 


MATERIALS AND METHODS 


Materials. All solutions were prepared from reagent 
grade chemicals in either deionized or glass-distilled 
water. Taurine, cysteic acid, f-alanine, cysteine, cys- 
teinesulfinic acid, aspartic acid, and glutamic acid 
were supplied by Sigma Chemical Co. Isethionic acid 
(K* salt) was supplied by Eastman Kodak Co. 
Aminomethanesulfonic acid, hydroxypropanesulfonic 
acid, and 2-aminoethylhydrogensulfate were pur- 
chased from Aldrich Chemical Co. Hypotaurine was 
obtained from CalBiochem. Ethanesulfonic acid was 
purchased from Pfaltz & Bauer. Inc. Coenzyme A, 
cholic acid, adenosine 5’-triphosphate, and dithioth- 
reitol were purchased from P-L _ Biochemicals. 
[?°S]taurine (108 mCi/m-mole) was supplied by 
Amersham/Searle Corp. Sprague-Dawley male rats 
(125-200 g) were purchased from Sprague-Dawley. 
Madison, WI. 

Preparation of rat liver microsomes. The microsomes 
were prepared according to the procedure of Elliott 
[7] with certain modifications. Male Sprague-Dawley 


rats were killed by cervical fracture. The liver was 
immediately removed, washed in cold distilled water, 
and them homogenized in 4 vol. of cold 0.25M_ su- 
crose in a motor driven Teflon—-glass homogenizer. 
The homogenate was then centrifuged for 20 min at 
12,000 g (precipitate discarded) and for 30min at 
105,000 g. The microsomal pellet was suspended in 
cold, glass-distilled water (1 ml for each | g wet weight 
of liver). The microsomal suspension was homogen- 
ized in a Teflon—glass homogenizer with the dropwise 
addition of Triton X-100 (50 yl for every 1 ml of mic- 
rosomal preparation), which resulted in a relatively 
clear solution. The enzyme preparation, stored in 
small aliquots at —15°, was stable for about | month 
without significant loss of activity. Protein was deter- 
mined by the method of Lowry et al. [8]. 

Assay for the conjugation of taurine. The conjuga- 
tion of taurine with cholic acid to form taurocholic 
acid was assayed according to the procedures of 
Elliott [7] and Bremer [9] with certain modifications. 
The reaction vessel (12-ml heavy-walled conical test 
tube) contained the following components (in jumoles) 
in a final volume of 0.16ml: potassium phosphate 
buffer, pH 7.4, 20.0; magnesium sulfate, 0.6; ATP, 1.0; 
cholic acid, 0.1; coenzyme A, 0.055 (corrected for 
92 per cent purity); dithiothreitol, 0.15; [°°S]taurine 
(containing 648,000 cpm), 0.003 to 0.008; and rat liver 
microsomes (110 yg). The reaction was terminated by 
dilution with 2.5 ml of 0.1 M H,SO4. n-Butanol (1 ml) 
was added; the aqueous-n—butanol mixture was thor- 
oughly mixed on a Vortex Jr. for 30 sec to extract 
the radioactive taurocholic acid into the organic 
phase, and then an aliquot of the n-butanol layer was 
pipetted into 5ml of Bray’s [10] scintillation fluid. 

Conditions of linearity as a function of time and 
microsomal protein were established for the enzyma- 
tic reaction before any experiments involving taurine 
analogues were performed. 

Determination of inhibitor potency. The inhibitor 
potency of the taurine analogues was determined by 
comparison of the quantity (reaction rate) of tauro- 
cholic acid formation (calculated as a percentage) in 
the presence and in the absence of the anlogue. The 
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Inhibition of taurocholic acid formation by isethionic acid. Taurine concentration was kept 


constant at 130M. The incubation was for 30 min at 37. The components of the reaction system 

are described in Materials and Methods. (A) The reaction rate is expressed as 100 per cent in the 

absence of isethionic acid. Various concentrations of isethionic acid were added to the incubation 

system and the activity is expressed as a per cent of the uninhibited reaction. (B) The reciprocal 
of the reaction rate (100/per cent) is graphed as a function of the isethionic acid concentration. 


taurine concentration was kept constant at 130 uM, 
which was the minimum concentration that was 


obtainable due to the quantity of endogenous taurine 
contained in the microsomal enzyme preparations 
(12.8 to 17.8nmoles) and in the radioactive taurine 
(3-8 nmoles). A minimum concentration of taurine 
(130 uM) was utilized in the incubation system, since 
low levels of substrate magnified inhibitor potency. 


Taurine content was determined by either the amino 
acid analyzer procedure or by a double isotope enzy- 
matic procedure [11]. 

The amount of inhibition was determined graphi- 
cally by plotting the activity (per cent) or its recipro- 
cal (100/per cent activity) [12,13] as a function of 
the inhibitor concentration. Thus, for the taurine ana- 
logues that were inhibitors, the I5, value (concen- 
tration of inhibitor giving 50 per cent of control) is 
reported. 

Determination of apparent kinetic inhibition con- 
stants. The dependence of the reaction rate on the 
concentration of taurine was examined in the pres- 
ence and absence of isethionic acid and aminometh- 
anesulfonic acid. Apparent kinetic constants were esti- 
mated by the Lineweaver and Burk[14] graphical 
representation of the data. 


RESULTS AND DISCUSSION 


The compounds which have been determined to de- 
crease the incorporation of [*°S]taurine into tauro- 
cholic acid are close structural analogues of taurine. 
The possible mechanisms by which these compounds 
may accomplish the decrease in taurocholate forma- 
tion are the following: (a) inhibition of the enzymatic 
reaction because of structural similarity to taurine; 
(b) formation of cholyl derivatives if the compounds 
function as alternative substrates for the enzymatic 
reaction and thus dilution of the radioactive taurine: 
and (c) combination of both mechanisms a and b. 
Since the procedure for assaying the enzyme reaction 
relies on the incorporation of radioactive taurine into 


taurocholate and then solvent extraction of the prod- 
uct in n-butanol, there is no simple method to dis- 
tinguish between either mechanism. 

It is demonstrated in Fig. | and Table | that iseth- 
ionic acid is the most potent compound that inhibits 
taurocholate formation (J5) = 110 uM). The only 
structural substitution between isethionic acid and 
taurine is a hydroxyl moiety in place of the amino 
group; both compounds are ethanesulfonic acids. 
However, it had been previously reported from this 
laboratory [6] that isethionic acid is a substrate for 
the enzyme system forming cholyl-isethionic acid and 
thus it is probable. that the radioactive taurine is 
diluted by the alternative, competing substrate. Inter- 
estingly, when hypotaurine or glycine was added to 
the incubation system, extremely high concentrations 
(7500 and 8800 uM) were necessary to decrease the 
amount of taurocholate formation by 50 per cent. It 
has been well documented [4,5] that glycine and 
hypotaurine are both substrates for the microsomal 
conjugating system in rat liver and thus the affinity 
of glycine and hypotaurine for the enzyme complex 
must be quite low in the presence of taurine. On the 
contrary, the affinity of isethionic acid for the enzyme 
complex must be quite high (whether it is only a sub- 
strate or both an inhibitor and a substrate) due to 
its low Is, value (110 uM). 

The second most potent inhibitor, aminomethane- 
sulfonic acid (5, = 688 uM), is one carbon shorter 
than taurine. Whether aminomethanesulfonic acid is 
a substrate for the enzyme complex or an inhibitor 
of the enyzmatic reaction has not been determined 
as yet. 

When the formation of taurocholic acid was 
measured at single concentrations of cholic acid 
(0.63 mM) and ATP (6.25 mM) but as a function of 
taurine concentration (Fig. 2), the K,, value for taur- 
ine was determined to be 0.18 mM. The inhibitory 
effects of various concentrations of the taurine ana- 
logue, isethionic acid, are shown in Fig. 2. The appar- 
ent K; value for isethionic acid is 61 uM. Similar ex- 





Inhibition of taurocholic acid synthesis by taurine analogues 


Table 1. Inhibition of taurocholate synthesis by structural analogues of taurine* 





Compound 


Structure 


Conc (uM) Required 
For 50 per cent inhibition 





Taurine 

Isethionic acid 

Aminomethane- 
sulfonic acid 

Hydroxypropane- 
sulfonic acid 

Aminoethanesulfuric 
acid 

Hypotaurine 

Glycine 


Cysteine 
Ethanesulfonic acid 
B-Alanine 


HO,S—CH,—CH,—NH, 
HO,S—CH,—CH,—OH 


HO,S—CH,—NH, 


HO,S—CH,—CH, 


CH,—OH 


HO,S—O—CH,—CH,—NH, 
HO,S—CH,—CH,—NH,; 
HOOC—CH,—NH, 

COOH 


HS—CH, a 
HO,S—CH,—CH, 
HOOC—CH,—CH,—NH,; 


110 
688 
3,125 
3,750 


7.5007 
8.8007 


34,4007 
43,8007 
62,0007 





* Taurine concentration was kept constant at 130 uM. Inhibitory potency was quantitated by graphi- 
cally plotting the per cent activity or its reciprocal as a function of the inhibitor concentration. 
+ These values were determined by extrapolation and thus were not bracketed by experimental obser- 


vations. 


periments were performed utilizing aminomethanesul- 
fonic acid (K; = 337 uM). Competitive inhibition with 
respect to taurine was demonstrated for both iseth- 
ionic acid and aminomethanesulfonic acid. 
Hydroxypropanesulfonic acid, the higher homolo- 
gue of isethionic acid, is only 20 per cent as potent 
as the parent compound (Table 1; I59 = 3125 uM). 
Thus, the length of the carbon bridge between the 
amino and sulfonic acid moieties is quite critical. 
The sulfuric acid analogue of taurine, aminoethyl- 
hydrogensulfate (2-amino-ethanesulfuric acid) is also 








\/[Taurine], mM! 

Fig. 2. Lineweaver—Burk plot demonstrating the competi- 
tive inhibition of the formation of taurocholic acid by 
various concentrations of isethionic acid. The reaction sys- 
tem is described in Materials and Methods. The cholic 
acid concentration was kept constant at 0.63 mM and the 
ATP concentration was 6.25 mM; taurine concentration 
varied from 0.12 to 1.00mM. The incubation was for 30 
min at 37°. 


a relatively weak inhibitor (15, = 3750 uM). The extra 
length in the molecule produced by the carbon—oxy- 
gen-sulfur linkage displaces the amino moiety, and 
thus the steric configuration of the amino group with 
respect to the sulfonic acid group is probably not 
in the correct orientation for a high affinity bond to 
the enzyme complex. 

Cysteine, ethanesulfonic acid and f-alanine are very 
poor inhibitors (J5, values of 34,400, 43,800 and 
62,000 uM_ respectively). Several other compounds, 
e.g. cysteinesulfinic acid, cysteic acid, aspartic acid 
and glutamic acid, were also tested but had no effect 
on the synthesis of taurocholic acid. 
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SHORT COMMUNICATION 


Effect of an imported fire ant venom component on respiration and 
oxidative phosphorylation of mitochondria* 


(Received 17 July 1976; accepted 20 October 1976) 


Imported fire ants, Solenopsis invicta and S. richteri, con- 
tain alkaloid-type venoms which are insecticidal, bacteri- 
cidal and fungicidal [1-3]. Although their potency is quite 
great, their mode of action has not been investigated to 
any great extent. The present research was designed to 
determine the effect of the C, ;-2,6-methyl piperidine toxin, 
which is predominant in workers of S. invicta [4], on oxi- 
dative phosphorylation of mitochondrial preparations 
from cockroach muscle. 

Coxal muscles of female cockroaches were used for mito- 
chondrial preparations. Dissections were made in ice-cold 
0.25 M sucrose solution containing 5 mM imidazole, | mM 
EGTA? and 0.05°,, BSA at pH 7.5, which was based upon 
the method of Carafoli et al. [5] except for reduction in 
the level of BSA. Fractionation by centrifugation followed 
the usual preparation of the ATPase system [6]. For the 
preparation of the mitochondrial fraction, one extra wash 
was used at 13,000 g for 20 min using the same dissection 
solution, except for omitting the EGTA. The mitochondrial 
fraction was resuspended in sucrose-imidazole-BSA solu- 
tion without EGTA. The preparation was held in an ice 
bath until assay of oxygen uptake which was made within 
a 24-hr period. 

The oxygen consumption of the mitochondrial prep- 
aration was determined polarographically at 27 + 0.5 





* Paper No. 9557, Scientific Journal Series, Agricultural 
Experiment Station, University of Minnesota, St. Paul, 
MN 55108. 

+ Ethyleneglycol-bis-(B-aminoethy] 
acetic acid. 


ether)-N,N'-tetra- 


using a Clark type oxygen electrode (Yellow Springs In- 
strument Co., Ohio) and a Speedomax H recorder. Calib- 
ration was made in an air-saturated medium following the 
method of Robinson and Cooper [7], assuming an oxygen 
content of 1120nmoles O, in the 4-ml reaction mixture. 
Alpha-glycerophosphate (10 mM) was used as the reaction 
substrate; in addition, the mitochondrial preparation had 
a protein concentration of 0.17 mg/ml at pH 7.1 to 7.3. 
ADP was added to bring about rapid respiration. The Res- 
piratory Control Index (RCI) was obtained by comparing 
the respiratory rate before and after the addition of ADP. 

The state III respiratory rate of mitochondrial prep- 
arations from cockroach coxal muscle was reduced some- 
what at 2.8 x 10°°M of C,.<-2,6-methyl piperidine (Table 
1), but the most pronounced effect occurs at 4.8 x 10°°M 
and stronger concentrations. At these concentrations the 
Respiratory Control Index (obtained by dividing state III 
rate, when ADP was added, by state IV rate) becomes 
1.0, indicating a pattern of effect similar to that of 2,4-dini- 
trophenol (DNP) which is a standard uncoupling agent. 
Uncoupling is characterized by a diminution of the ADP/O 
ratio and RCI (last column, Table 1), and a stimulation 
of the state IV respiration rate with no significant change 
in the state III respiration rate [8]. However, the decrease 
in the state III respiratory rate at 4.8 x 10°°M (Table 
1) probably indicates a combination of partial inhibition 
of Mg*?* ATPase and/or partial inhibition of electron 
transport. Koch and Desaiah [9] have shown that mito- 
chondrial Mg?* ATPase from fire ant head preparations 
was completely inhibited at 3.3 x 10°°M C,-2,6-methyl 
piperidine derivatives. At a higher dosage of venom, 8.3 


Table 1. C,5-2,6-methyl piperidine tested against respiration and oxidative phosphory- 
lation in isolated mitochondria from American cockroach muscle* 





Respiratory rate (nmoles O,/min) 
State IV State III Respiratory 
Initial Venom ADP added Control Index 
rate added (440 nmoles) (RCI 


Venom 
dosage 





43.0 
38.4 


Blank 10.8 
Acetone (4 pl) 9.8 
Venom (x 10°~° M) 
37.0 
36.7 
36.6 


DNP (250 nmoles) 





* C, ;-2.6 methyl piperidine = cis-2-methyl-6-n-pentadecylpiperidine (sample supplied 
by Dr. M. S. Blum, University of Georgia, Athens, Ga.). The respiratory rate was 
determined polarographically at 27 + 0.5°, pH 7.1 to 7.3, using a Clark- _ oxygen 
electrode. Mitochondrial protein value = 0.174 mg/ml. 
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to 11.0 x 10°°M, the inhibition of the electron transport 
chain becomes apparent as the state IV respiratory rate 
was reduced to below the initial rate. 

The type of uncoupling effect was also similar to that 
reported for dicofol, a DDT-related acaricide [10]. DDT, 
in contrast, does not produce an uncoupling effect, but 
is a strong inhibitor of oxygen consumption of insects at 
10-° M*. 

The results indicate a prominent mechanism of action 
by low concentrations of C,;-2,6-methyl piperidine. 
Further experiments are needed to determine whether an 
effect in vivo could be demonstrated. 
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COMMENTARY 


BRAIN CALCIUM AND MORPHINE ACTION* 


INDRAVADAN S. SANGHVI and SAMUEL GERSHON 


Biological Research and Development, USV Pharmaceutical Corp., Tuckahoe, 
NY 10707 (I. S. S.) and Neuropsychopharmacology Research Unit, Department of Psychiatry, 
New York University Medical Center, New York, NY 10016 (S. G.), U.S.A. 


The requirement for calcium in membrane stabiliza- 
tion and the functioning of neuronal systems is well 
established [1,2], particularly in excitation coupling 
mechanisms [3, 4] and in the regulation of hormone- 
receptor interactions [5], but the role of calcium in 
the mechanism of action of opiates has been investi- 
gated only recently. 


Morphine and calcium 


Although it was shown as long ago as the late 
1930s and early 1940s that a high calcium diet pre- 
vented or delayed the development of tolerance and 
dependence to morphine in guinea pigs and rats 
[6, 7], no further studies on the effect of calcium on 
opiate action were reported until 1966. Intracisternal 
or subcutaneous administration of calcium prevented 
the analgesic effect of morphine and meperidine in 
mice and guinea pigs respectively [8,9]. How- 
ever, the action of opiates in vivo on calcium metabo- 
lism in the nervous system was not investigated until 
recently, except for one report which showed that 
nonpharmacological doses of morphine caused a 
slight decrease in whole brain calcium levels [10]. 

The acute administration of morphine produced a 
decrease of tissue calcium in discrete regions of rat 
brain [11]. Moreover, this decrease was linear, dose 
dependent, time dependent and occurred to an equal 
degree in eight discrete regions of the brain. This mor- 
phine action was antagonized by naloxone and was 
stereospecific. Harris et al.[12] have demonstrated 
that prior administration of calcium (as well as mag- 
nesium or manganese) to mice prevented the analgesic 
effect of a single dose of morphine and also that cal- 
cium was a more effective antagonist in morphine- 
tolerant mice than in nontolerant animals. These 
reports prompted us to examine the effect of chronic 
morphine on brain calcium levels and the antagonism 
of concurrent administration of calcium on the nalox- 
one-induced abstinence syndrome in morphine- 
dependent rats[13]. As in acute experiments, mor- 
phine decreased calcium levels in the brain of mor- 
phine-dependent animals. Concurrent administration 
of calcium not only prevented the lowering of calcium 
but significantly blocked the precipitated abstinence 
syndrome. Earlier, Kakunaga and Kaneto[14] had 





* Literature surveyed to August 1976. 

+ Abbreviations: Ach, acetylcholine; c-AMP, cyclic 
adenosine 3’:5'-monophosphate; c-GMP, cyclic guanosine 
3':5’-monophosphate; CDR, calcium-dependent regulator; 
Ca?*, calcium ion; and PGE,, prostaglandin E,. 


shown that repeated intracisternal injections of mor- 
phine plus calcium in mice caused less tolerance 
to the analgesic effect of morphine than was shown 
in the group of animals receiving morphine alone. 
Coadministration of naloxone also blocked the devel- 
opment of dependence to morphine [15]. Takemori 
[16] has defined the agents which modify the develop- 
ment of dependence or withdrawal signs. According 
to his criteria, when a compound is administered 
before exposure to a narcotic drug and continued 
throughout the course of chronic narcotic drug treat- 
ment, it should modify the development of depen- 
dence. Thus, the ability of concurrent administration 
of calcium to prevent the withdrawal signs in mor- 
phine-dependent rats would suggest that calcium pre- 
vented or markedly reduced the development of 
dependence in rats. 

The mechanism of action of calcium in this interac- 
tion with morphine is not quite known. The func- 
tional role of calcium in the release of putative neuro- 
transmitters is well established. Morphine inhibits the 
release of ACht from brain cortical slices in vitro 
[17,18]. The metabolism of biogenic amines also is 
affected by morphine (for review, see Ref. 16). How- 
ever, putative neurotransmitters do not appear to be 
involved directly in the action of calcium in mor- 
phine-treated animals. The evidence in support of 
such a contention is that magnesium, which has 
effects opposite to calcium on the transmitter release, 
also antagonized the analgesic action of mor- 
phine [12]. Furthermore, these investigators observed 
that calcium administration did not affect the ability 
of agents which alter brain monoamine levels to in- 
fluence morphine action. Thus, the ability of a mono- 
amine oxidase inhibitor, pargyline, to potentiate the 
analgesic effect of morphine or the ability of 6-hyd- 
roxydopamine (6-OHDA), a catecholamine depletor, 
to antagonize the effects of morphine were not 
affected by calcium pre-treatment. An alteration of 
release of amines by calcium would have changed the 
relative potency of pargyline and 6-OHDA in poten- 
tiating or antagonizing the action of morphine. In 
fact, Harris et al.[12,19] have suggested that the 
probable site of calcium action in opiate-treated ani- 
mals is at the post-synaptic neuronal membrane. 
Ionophore X537A, which potentiates the effect of cal- 
cium, is shown to increase the permeability of the 
cell membrane to divalent cations[12], indicating 
that the antagonistic effect of calcium is dependent 
upon the ion being able to penetrate cell membrane. 
Considerable experimental evidence indicates that 
morphine causes changes in the structural environ- 
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ment of the cellular membrane and binding and/or 
the transport of cations across the cell membrane. 

It'has been suggested that the analgesic effect of 
morphine may be associated with an inhibitory action 
of morphine on calcium and magnesium fluxes at the 
cell membrane in the central nervous system [8, 20]. 
Calcium and magnesium are bound to the cell mem- 
brane and the displacement of calcium or magnesium 
by narcotics may induce subtle structural changes in 
cell membranes that affect the transport of these 
ions [20]. Morphine alters the binding of calcium to 
neuronal phospholipids and ganglioside [21-23] and 
to synaptosomal plasma membranes [19]. In fact, 
morphine is shown to inhibit the uptake of radioac- 
tive calcium in brain tissues [17,24]. Conversely, the 
addition of physiological concentrations of calcium 
reduced the binding of opiate ligand to isolated mem- 
brane fractions [25-27]. Finally, it has been suggested 
that changes in calcium localization on the cellular 
membrane produced by morphine may be involved 
in the analgesic effect and the development of toler- 
ance and dependence [28], as lanthanum, a trivalent 
cation, antagonized the effects of acute as well as 
chronic effects of morphine and also inhibited the 
binding and movement of calcium across the cell 
membrane. 


Calcium, cyclic nucleotides and morphine 
Cyclic-AMP has been established as an intracellu- 
lar mediator for a large number of substances includ- 
ing hormones and putative neurotransmitters in 
several tissues including brain [see Ref. 29]. Forma- 


tion of c-AMP is catalyzed by membranal adenylate 
cyclase from ATP following stimulation of the post- 
synaptic membrane by hormones, neurotransmitters 
or electrical stimulation. Concurrently with this pro- 


cess, an increase in intracellular calcium concen- 
tration occurs, most likely by increased uptake of cal- 
cium from the external medium [30,31] or by release 
of bound intracellular calcium or by _ both 
mechanisms { 32]. The increased intracellular calcium 
then enhances the activation of cyclic nucleotide 
phosphodiesterase (PDE) by its modulator protein 
which hydrolyzes increased c-AMP at a iaster 
rate [32]. Alternatively, as has been proposed [33, 34], 
calcium influx results in the formation of a calcium 

CDR (calcium-dependent regulator) complex. This 
Ca?*—-CDR complex or protein activator [35] acti- 
vates adenylate cyclase and a consequent increase in 
c-AMP occurs; concomitant activation of PDE by 
a Ca**-CDR complex would cause a decrease in 
c-AMP and possibly c-GMP. These observations 
need further confirmation; nonetheless, there appears 
to be a self-regulatory system whereby c-AMP stimu- 
lates its own breakdown in nerve cells by regulating 
the activity of its degrading enzyme. In this way an 
“overstimulation” of the receptors may be avoided. 
The importance of calcium for the activation of 
adenylate cyclase is shown by other studies also. In 
assays in vitro in various tissues, a low concentration 
of calcium (and magnesium) was found necessary for 
the activation of the enzyme and the formation of 
c-AMP [36,37], whereas high concentrations 
(> 0.5 mM) inhibited the enzyme and the formation 
of c-AMP [36-40]. 
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The possibility that the cyclic nucleotide system is 
involved in the action of opiates is documented in 
several studies. Naito and Kuriyama [41] found that 
chronic administration of morphine to mice resulted 
in an increase in adenylate cyclase activity whereas 
acute morphine had no effect on enzyme activity, but 
Puri et al. [42] reported that both acute and chronic 
morphine treatment caused an increase in adenylate 
cyclase activity of rat brain tissue. Collier and Ray 
[43] suggested that acute and chronic morphine ad- 
ministration inhibited the PGE,-stimulated adenylate 
cyclase, and Iwatsubo and Clouet [44] showed an in- 
crease in both basal as well as dopamine (DA)-sensi- 
tive adenylate cyclase activity after acute morphine 
treatment of rats, whereas in chronically morphine- 
treated rats only the DA-sensitive cyclase activity was 
increased. Finally, in a study, in vitro, morphine was 
shown to inhibit basal as well as PGE,-stimulated 
adenylate cyclase of neuroblastoma glioma hybrid 
cells [45, 46]. 

Based on the studies cited above, it appears that 
chronic treatment with opiates results in an initial 
inhibition followed by a moderate increase in the ac- 
tivity of adenylate cyclase. Sharma et al. [45] pro- 
posed an hypothesis concerning molecular basis for 
narcotic tolerance and dependence. They proposed 
that inhibition of adenylate cyclase by morphine 
reduces intracellular levels of c-AMP. This may lead 
to a compensatory shift in enzyme synthesis, degrada- 
tion or activity which restores the normal level of 
c-AMP. The cell, then, is dependent upon the narcotic 
because the level of c-AMP is normal in the presence 
of the drug and abnormally high upon withdrawal. 
During the development of dependence, the number 
of adenylate cyclase molecules increases, which leads 
to tolerance, since, at a given narcotic concentration, 
the amount of uninhibited enzyme is greater in depen- 
dent than in normal cells. Upon withdrawal, an 
abnormal rise occurs in the level of c-AMP. 

The review of the literature presented so far sug- 
gests that chronic morphine treatment affects the 
metabolism of calcium and cyclic nucleotides. It is 
tempting to ascribe causal relationship to these obser- 
vations. Morphine may inhibit adenylate cyclase ac- 
tivity either independent of its action on the transport 
of calcium or directly by reduced formation of the 
Ca**—CDR complex which, as suggested by some in- 
vestigators, may be essential for the activation of 
adenylate cyclase [33,34]. Thus, the following chain 
of events at the post-synaptic membrane is proposed 
as one possible mechanism of development of toler- 
ance and dependence to opiates and the consequent 
withdrawal syndrome. In a normal or non-opiate 
state, stimulation of the post-synaptic membrane 
causes an influx of calcium or release of bound cal- 
cium from the membrane (in the presence of external 
calcium). The calcium, in turn, stimulates a protein 
activator which will activate an “inactive” adenylate 
cyclase, and an increase in c-AMP will occur. This 
event is followed by increased levels of calcium in 
the cytosol which will activate soluble PDE which 
hydrolyses the c-AMP and re-establishes the homeo- 
stasis [34]. During chronic morphine treatment, de- 
creased calcium transport may cause less activation 
of protein activator and reduced activation of adeny- 
late cyclase and reduced formation of c-AMP. During 
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development of tolerance and dependence, enzyme in- 
duction occurs and, at a given concentration of 
opiate, more molecules of adenylate cyclase are avail- 
able for activation. On withdrawal, calcium influx will 
relatively increase, and active protein activator will 
be formed. The latter will now activate more mol- 
ecules of adenylate cyclase and an abnormal rise in 
c-AMP will ensue associated with the withdrawal syn- 
drome. Such a mechanism may partly explain the sig- 
nificant blockade of precipitated abstinence syndrome 
when calcium was administered concurrentiy with 
morphine [13]. The presence of a high concentration 
of calcium along with morphine may permit enough 
calcium influx to activate the protein activator to 
maintain normal enzyme activity, obviating the neces- 
sity for the induction of new enzyme, thus preventing 
the development of tolerance and dependence and 
consequent abstinence syndrome following with- 
drawal. This proposal remains speculative, and 
further experimental evidence is needed to verify it. 
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Abstract—Purification and further characterization was carried out on a kinin-forming acid protease 
isolated from a rodent fibroblast cell line L-929 grown in stationary cell culture (N. Back and R. 
Steger, [7]). The ceils, cultured in minimal essential medium containing 10%, fetal calf serum and 
0.4%, lactalbumin, were homogenized, the homogenate dialyzed for 18 hr against 0.01 M phosphate 
buffer at pH 6.8 in 0.1 M NaCl and 1.0mM EDTA, and centrifuged at 10000rpm for 45 min. The 
supernatant, which digested denatured hemoglobin at pH 4.0, was fractionated first on a G-200 
Sephadex column. Kinin-forming activity, compared with that of the supernatant on an isolated per- 
fused rat uterus preparation, was identified in fractions 25-40 when incubated for 24hr at pH 4.0 
with rat plasma kininogen substrate. The active fractions were pooled and purified further on a hydroxy- 
patite column. Treatment of the active fractions with 5mM cysteine increased the activity 2-fold. 
Final purification was carried out on a DEAE-ASO Sephadex ion exchange column. The purification 
factor, compared to the initial supernatant, was 9.4 with a 13.8°, yield and a specific activity of 2062.5 ng 
kinin per mg protein. Dialyzed and centrifuged rat plasma fractionated on a DEAE-A5S0 Sephadex 
column initially yielded two apparent kininogen species which resolved into a single major molecular 
species following passage through a G-100 Sephadex column. The purified enzyme and substrate prep- 
arations were used to establish the optimum kinin-forming activity at pH 3.8-4.0. The molecular weights 
of the enzyme and kininogen were estimated on a G-200 Sephadex column to be 38000-39000 and 
115000 respectively. The amount of kinin formed was a function of incubation time and enzyme 
concentration. The acid protease activity was found localized primarily in the 10000 g supernatant 
cell fraction. The 500 g cell fraction also exhibited activity. 


Kinin-forming protease systems recently have been 
identified in malignant tissue and fluid. Thus, both 
alkaline [1 3] and acid proteases [4-7] capable of 
forming vasopeptide kinins have been found present 
in the rodent Murphy-Sturm lymphosarcoma [1.4]. 
malignant cells and ascites tumor fluid [2, 3, 5, 6], and 
rodent fibroblasts grown in stationary cell culture [7]. 
The fibroblast acid protease formed kinin when incu- 
bated with kininogen substrate from rat plasma and 
the Murphy-Sturm lymphosarcoma. In the previous 
report, neither the enzyme nor substrate was puri- 
fied [7]. In the present study, the mouse fibroblast 
L-929 cell line was cultured in sufficient quantity to 
permit the purification and further characterization 
of the protease. In addition, the rat plasma kininogen 
substrate was isolated and purified. 


MATERIALS AND METHODS 


Culture of L-929 cell line. Mouse fibroblast cells 
L-929 (Grand Island Biological Co., Grand Island, 
NY) were cultured continuously in Spinner flasks 
with Minimal Essential Medium (Becton, Dickinson. 
& Co., Cockesville, MD) containing 10% fetal calf 
serum and 0.4°,, lactalbumin. The cell population was 
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maintained at 2 x 10° — 10 x 10° cells/ml and the 
PH of the medium automatically controlled between 
7.20—-7.48 [8]. Cell viability was estimated between 
85-98%, by the trypan blue exclusion test [9]. 

Fibroblast acid protease. Initial isolation. L-929 cells 
in medium (300-S00mg) were centrifuged at 
3000 rpm, sonicated for 15 min 5 times with a Bron- 
will® Biosonik sonicator (Rochester, NY), and then 
centrifuged for 15 min at 10000 rpm in a refrigerated 
centrifuge. The supernatant was dialyzed for 48 hr 
against a 0.01 M NaH,PO, :Na,HPO, buffer, pH 6.8, 
in 0.1M NaCl and 10mMEDTA. The dialyzed 
supernatant had a vol. of 18 ml with a protein concen- 
tration of 5.91 mg/ml. Protease activity was measured 
initially on a denatured hemoglobin substrate (Worth- 
ington Labs, Freehold, NJ). Two ml of the superna- 
tant together with 2.0 ml acetate buffer, pH 4.0, were 
incubated with 4.0 ml of a 2.5°,, hemoglobin solution 
for 60 min. Four ml of a 10°, trichloracetic acid solu- 
tion was added, the incubate filtered through a What- 
man #1 filter, and the optical density read on a Gil- 
ford spectrophotometer at 280 mu. Control tubes con- 
tained equivalent vol. of buffer, supernatant, trichlor- 
acetic acid and hemoglobin which were incubated for 
60 min and then filtered. 

Initial purification. G-200 Sephadex. Initial purifica- 
tion was carried out on 10° fibroblast cells that were 
homogenized for 8 min in a glass cell homogenizer. 
The homogenate was dialyzed 18hr against a 
0.01 M NaH,PO,:NaH,PO, buffer, pH6.8, in 
0.1 M NaCl and 1.0mM EDTA. After centrifugation 
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for 45 min at 12,000 rpm, the 9.0 ml vol. supernatant 
had a protein concentration of 6.38 mg/ml, which was 
applied onto a G-200 Sephadex column, 2.5 x 90cm. 
Eluent fractions were assayed for kinin-forming ac- 
tivity in the following fashion: 0.5 ml of the fractions 
was added to 0.3ml of a 0.56M acetate buffer at 
pH 4.0, 0.2ml citrated rat plasma, 0.1 ml of 1% 
1,10-phenanthroline, 0.2 ml soya bean trypsin inhibi- 
tor (SBTI, 10 mg/ml), and incubated for 24 hr at 37. 
(The SBTI was added to inhibit any possible plasma 
kallikrein contaminant; SBTI and aprotinin [Trasy- 
lol] had been shown previously ineffective against the 
fibroblast acid protease activity [7]). Following incu- 
bation, the mixture was neutralized with 0.3 ml 1.0M 
Tris buffer, pH 7.8, and 0.025—0.10 ml vol. bioassayed 
for smooth muscle stimulating activity (kinin) on the 
isolated rat uterus perfused with Tyrode’s solution in 
a 10 ml bath at ambient temperature, 20-22 [7]. The 
1eighth of muscle contraction was recorded on a San- 
born polygraph via a transducer, and compared with 
that obtained with a reference synthetic bradykinin 
standard (Schwarz/Mann, Orangeburg, NJ). The sp. 
act. was calculated in terms of ng bradykinin released 
per mg protein preparation. 

Hydroxylapatite column. The 17 ml vol. of the 
G-200 Sephadex-purified preparation (3.8 mg/ml) then 
was applied onto a_ hydroxylapatite column, 
2 x 30cm. The initial equilibrating buffer was 0.01 M 
phosphate buffer, pH 6.8, in 0.1 M NaCl and 1.0 mM 
EDTA. After elution of the first peak, a linear gra- 
dient of 150 ml of the initial buffer to 150 ml of 0.12 M 
phosphate buffer in 1.0 M NaCl and 1.0 mM EDTA 
was used. All the fractions were assayed for kinin- 
forming activity as described above, and sp. act. cal- 
culated. 

Cysteine activation. The active fractions from the 
hydroxylapatite column were pooled, the protein con- 
centration determined to be 0.65 mg/ml (14 ml), and 
then dialyzed for 18 hr against 500ml 0.01 M KH, 
PO, :K HPO, buffer at pH 6.8 in 0.1 M KCI contain- 
ing 5mM cysteine. Aliquots of 0.5ml of dialysate 
were incubated with 0.2 ml rat plasma kininogen sub- 
strate, 0.3 ml acetate buffer, 0.1 ml 1,10-phenanthro- 
line, and 0.1 ml aprotinin (50000 units/ml). After neu- 
tralization with 0.3 ml Tris buffer, 0.025—0.1 ml vol. 
were bioassayed for kinin-forming activity, and sp. 
act. calculated. 

DEAE-AS50 ion exchange column. The cysteine-acti- 
vated protease preparation (11 ml with a protein con- 
centration of 0.73mg/ml) was applied onto a 
DEAE-AS50 ion exchange column, | x 20cm. The 
column was equilibrated with 0.01MKH, 
PO,:K,HPO, buffer. pH6.8, in 0.1 MKCI and 
2.5mM mercaptoethanol. The initial eluting buffer 
consisted of 50 ml of the equilibrating buffer. A linear 
gradient of 150ml of the initial buffer to 150ml of 
0.01 M KH,PO,:K,HPO, in 0.1 M KCI and 2.5 mM 
mercaptoethanol was used. The fractions were 
assayed for kinin forming activity, and the sp. act. 
calculated. 

Rat plasma kininogen purification. DDEAE-AS5S0 
column. Blood was drawn from the abdominal aorta 
of anesthetized Holtzman female rats, anticoagulated 
with 3.8°,, sodium citrate, and plasma collected fol- 
lowing centrifugation. Twenty-five ml of the rat 
plasma was dialyzed for 10 hr at 4 against a 0.01 M 
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sodium phosphate buffer, pH 6.8 in 0.1 M NaCl and 
1.0mM EDTA. The dialysate was centrifuged at 
3000 rpm for 30min, and the supernatant filtered 
through a Whatman #1 filter paper. The filtrate 
(20 ml with a protein concentration of 39 mg/ml), was 
applied onto a DEAE-ASO column, 2.5 x 30cm. The 
flow rate was 20 ml/hr. The column was developed 
with 240 ml of the starting buffer followed by a linear 
gradient of 95 ml 0.1 M NaCl to 95 ml 0.5 M NaCl in 
the 0.01 M phosphate buffer, pH 6.8. A vol. of 190 ml 
phosphate buffer in 0.5 M NaCl was added followed 
by a linear gradient of 75 ml 0.8 M NaCl to 75 ml 
1.2 M NaCl in the phosphate buffer, pH 6.8. The frac- 
tions were assayed for kininogen by incubation of 
0.5 ml aliquots for 18 hr at 37° with 0.1 ml (1.2 mg/ml) 
purified acid protease, neutralized with 0.2m! 
1.0 M Tris buffer, pH 7.8, and kinin formed estimated 
on the isolated perfused rat uterus as described above. 
Kininogen was calculated in terms of ng kinin formed 
per mg kininogen protein. 

G-100 Sephadex column. 4 ml of kininogen I peak 
(1.64mg/ml) and 3ml of kininogen’ peak II 
(7.75 mg/ml) were applied onto a G-100 Sephadex 
column, 2.5 x 90cm, equilibrated with 0.01 M KH, 
PO, :K,HPO, buffer in 0.1 M KCI and 2.5mM mer- 
captoethanol. Aliquots of the eluted fractions were 
assayed for kininogen on the rat uterus, and the sp. 
act. calculated. 

Disc gel electrophoresis. The extent of homogeneity 
of both the purified enzyme and kininogen prep- 
arations was determined by disc gel electro- 
phoresis [10]. The gel solution was prepared by mix- 
ing 20 ml of 0.12 M Tris-glycine, pH 8.6 with 0.1 ml 
100°, N.N.N’-N’-tetraethylethylene diamine, 0.15 ml 
20°,, ammonium persulfate, and 47 ml distilled water. 
Then 15 ml of a filtered 20°, cyanogum 41 solution 
was added and the solutions pipetted into glass tubes 
(0.6cm x 12cm) mounted on a vertical disc-gel elec- 
trophoresis apparatus. The gel was allowed to solidify 
within 10min, and a drop of distilled water added 
onto the top of the gel surface to prevent concavity 
formation. The upper and lower chambers of the elec- 
trophoresis apparatus were filled with 0.03 M Tris- 
glycine, pH 8.6. A vol. of 50 ul of the enzyme or sub- 
strate test samples obtained during the various steps 
of purification was added to the gel tubes. The 
DEAE-AS0-purified enzyme sample (0.1 ml) was 
treated for 15min with 10mg cysteine and refriger- 
ated overnight before disc gel electrophoresis. The 
electrophoresis was carried out for 14 hr with a cur- 
rent of 2.5ma per tube and a voltage of 280 V in 
the entire system (LKB power supply). At the end 
of the electrophoresis, the gel from each tube was 
removed and immersed into 12.5°,, trichloracetic acid 
for 15 min. The gel then was transferred to a 25 ml 
glass tube filled with 10 mg®,, coomassie brilliant blue 
in 12.5%, trichloracetic acid. After 15 hr, the gel was 
washed overnight with 5°, acetic acid, and the protein 
bands in each of the tubes assayed for respective ac- 
tivities. Duplicate tubes were run for correlation of 
protein band with activity. 

Molecular weight approximations of acid protease 
and rat plasma kininogen. The purified preparations 
of the acid protease and kininogen were subjected 
to Sephadex G-200 gel filtration for molecular weight 
approximations. The columns, | x 57cm, were cali- 
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brated with the following markers of known mol. wt: 
aldolase (25mg), ovalbumin (5mg), chymotryp- 
sinogen A (4 mg), and ribonuclease (4 mg) (Pharmacia, 
Upsala, Sweden). The calibration curves were con- 
structed from multiple runs of individual markers and 
runs performed with mixtures of standards with wide 
molecular weight ranges. The void volume (Vo) was 
determined with blue dextran, and the totai column 
volume (V,) calculated on the basis of the formula: 


V, = (4d)?(x)(column height) = 45.4 ml 


The elution volume (Ve) was determined in the fol- 
lowing manner: the Ve values of the standards (aldo- 
lase, ovalbumin, chymotrypsinogen A, ribonuclease) 
were determined by applying each standard onto the 
Sephadex column and pooling the eluent from the 
first tube to the maximum peak consecutively. The 
peak maxima were recorded on a UV Scan III UV 
Monitor with a 260 my filter (Buchler, Fort Lee, NJ). 
The V, values of both the DEAE-AS50 purified pro- 
tease (0.80 mg) and kininogen II (0.88 mg) were deter- 
mined by also pooling the eluent from the first tube 
to the maximum peak. The peak maxima were deter- 
mined by the appropriate bioassay technique de- 
scribed previously. The partition coefficient (K,,) 
values of each standard and test agent were calculated 
from the formula: 


K,, = (Ve-Vo)/(V,-Vo) 


where V, = total column volume; Vo = void volume; 
Ve = elution volume of standard or test agent. 

PH profile of acid protease. The pH profile for the 
kinin-forming activity of the purified acid protease 
on the kininogen substrate was determined using the 
following pH solutions: pH1.0, 0.05M KH,- 
PO, :HCI; pH 1.5, 0.05 M KHPO, buffer; pH 2.0 and 
pH 2.5, glycine: HCl; pH 2.8, citric acid: NaOH; 
pH 3.0 and pH 3.3, citric acid: sodium citrate; pH 3.6, 
pH 3.8, pH 4.0, pH 4.2, formic acid: sodium formate; 
pH 4.5, pH 4.8, pH 5.0, acetic acid: sodium acetate; 
pH 5.5, citric acid: sodium citrate; pH 6.0, histidine 
buffer; pH 7.0, imidazole buffer; pH 8.0, Tris buffer; 
pH 9.0, histidine buffer; pH 10.0, glycine buffer; 
pH 11.0 glycocoll buffer; pH 12.0, phosphate buffer. 
The incubation consisted of 0.2 ml of rat plasma 
kininogen peak II (1.2 mg/ml), 0.2 ml acid protease 
(0.6 mg/ml), and 0.3 ml of the respective buffer. The 
mixture was incubated for 15hr at 37, boiled for 
15min, neutralized with 0.2 ml 1.0MTris_ buffer. 
pH 7.8, and kinin assayed as described previously. 

Kinin release with respect to time and enzyme con- 
centration. A fixed concentration of 0.075 mg DEAE- 
Sephadex purified plasma kininogen was incubated 
with DEAE-Sephadex purified acid protease in con- 
centrations of 0.019mg, 0.038 mg, 0.075mg, and 
0.120 mg for 4, 1, 2, 4, and 8 hr respectively. The incu- 
bation vol. was 0.3 ml of 0.56 M acetate buffer, pH 4.0. 
At the end of each incubation time, the mixture was 
boiled for 3 min and 0.1 ml of 1 M Tris buffer, pH 7.8 
was added. The kinin formed was bioassayed on the 
isolated perfused rat uterus. 

Enzyme localization. Cell fractionation was carried 
out to determine the localization of the acid protease 
activity in various cell fractions prepared by centrifu- 
gation. Fibroblast cells (10°) were homogenized three 
times for 2min each time, and dialyzed for 22 hr 
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against 0.01M_ phosphate buffer, pH6.8 in 
0.1 M NaCl and | mM EDTA. The dialysate was cen- 
trifuged at 1500g for 15 min and the precipitate col- 
lected as the 1500 g fraction. The supernatant then 
was centrifuged at 10000g for 20 min yielding the 
10000 g soluble supernatant fraction and the 10000 g 
precipitate fraction. For assay, the respective fractions 
were reconstituted with the initial phosphate buffer 
to the following vol.: 1500 g fraction, 23 ml; 10000g 
supernatant fraction, 21 ml; 10000g precipitate frac- 
tion, 21 ml. Each fraction was assayed for kinin-form- 
ing activity by incubating 2.5 ml of each fraction with 
1.0ml rat plasma, 1.5ml acetate buffer (pH 4.0), 
0.5 ml, 1,10-phenanthroline (10mg/ml), and 0.5 ml 
aprotinin (50,000 units/ml) for 13, 2, 4, 5 3/4, 9,19, 
and 48 hr. Aliquots of 1.2 ml of the incubation mix- 
ture were withdrawn at each time interval, 0.3 ml of 
1 M Tris buffer, pH 7.8, added, and the mixture boiled 
for 15min. Microliter vol. were withdrawn and 
assayed for estimation of kinin on the isolated per- 
fused rat uterus. Appropriate control tubes were pre- 
pared containing all of the above components and 
an additional 2.5 ml of acetate buffer in place of the 
cell fraction. 


RESULTS 


Initial acid protease assay. The L-929 cell dialysate 
digested denatured hemoglobin when _ incubated 
together at pH 4.0 for 60 min. Tubes containing the 
cell-sonicated dialysate and hemoglobin gave an 
extinction (E) reading at 280 my of 1.097 while con- 
trol tubes gave a reading of 0.914. Further evidence 
of an acid protease activity was obtained when the 
dialysate, incubated with rat plasma at pH 4.0, gener- 
ated smooth muscle stimulating activity (kinin) as 
measured on the isolated perfused rat uterus. This 
smooth muscle stimulating activity was abolished 
when the dialysate-substrate mixture was incubated 
with the known kininase carboxypeptidase B (Worth- 
ington Labs., Freehold, NJ). 

Initial purification on G-200 Sephadex. The elution 
profile of the fibroblast acid protease through G-200 
Sephadex is shown in Fig. 1. Kinin-forming activity 
was present in fractions 25-29 (low activity) and 
33.42. The pooled 25-42 fractions had a yield of ap- 
proximately 100 per cent based on the amount of 
kinin formed per ml eluant. The sp. act. of the super- 
natant dialysate was 220.5ng_ kinin/mg_ protein 
whereas the 25-41 fraction pool had a sp. act. of 
520.7 ng kinin/mg protein. The purification was in- 
creased over the dialysate by a factor of 2.4. 

Hydroxylapatite chromatography. Kinin-forming ac- 
tivity was found in fractions 49-61 when the G-200 
Sephadex purified fractions were chromatographed 
through hydroxylapatite, Fig. 2. The pooled fractions, 
when concentrated to 20 ml with an Amicon UM #2 
membrane and dialyzed against a potassium phos- 
phate-K Cl-cysteine buffer system, had a sp. act of 
1064.8 ng kinin/mg protein. These steps increased the 
purification almost 5-fold with a 34.9 per cent yield, 
Table 1. 

DEAE-A50 Sephadex anion exchange. Fig. 3 rep- 
resents the ion exchange profile of the acid protease 
when passed through a DEAE-A5O column. The 
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G-200 Sephadex (25x90cm) 


Protein 


Activity 


\ 410 


20 3 4 50 & 7 
Fraction Number 
98 283 364 
Elution Volume 


Specitic Activity ng Bk/mg protein 


490 532 618 


Fig. 1. Fractionation on G-200 Sephadex (2.5 x 90 cm) of 
fibroblast L-929 (10° cells) cell homogenate dialysate. Cells 
were homogenized for 8 min, dialyzed 18hr against a 
0.01 M NaH,PO,:Na,HPO, buffer, pH 6.8, in 0.1 M NaCl 
and imM EDTA, and centrifuged at 12000rpm_ for 
45min. A 9ml vol. containing 6.38 mg protein/ml was 
applied. Eluent fractions were monitored for protein con- 
centration (E of 280), and 0.5 ml aliquots measured for 
kinin forming activity on rat plasma kininogen in 0.56 M 
acetate buffer, pH 4.0, containing |, 10-phenanthroline and 
soya bean trypsin inhibitor (SBTI). 


enzyme eluted from the column first without the need 
to apply a salt gradient. The final sp. act. was 
2062.5 ng kinin/mg protein with a 13.8 per cent yield. 
Compared to the activity of the supernatant dialysate, 
the final purification was almost 10-fold, Table 1. 

Purification of rat plasma kininogen. Two substrate 
peaks for the purified acid protease were obtained 
when 25ml of rat plasma was fractionated on a 
DEAE-AS50 ion exchange column, Fig. 4. Fractions 
25-45, which constituted peak I, when concentrated 
to 8.0 ml, had a protein concentration of 1.64 mg/ml 
and a sp. act. of 22.9ng kinin/mg protein. Table 2. 
A second kininogen peak II was found in fractions 
55-63 and, when concentrated to 8.7 ml, had a protein 
concentration of 7.75 mg/ml. The sp. act. of peak II 
was 77.4ng kinin/mg protein with a yield of 18.6 per 
cent and an almost 3-fold purification compared to 
the original rat plasma. 

G-100 fractionation. Four mls of peak I and 3 mls 
of peak II kininogen fractions, when applied onto a 
G-100 Sephadex column, yielded a major peak in 
fractions 14-20, and a smaller peak in fractions 21—23, 
Fig. 5. Fractions 15-17. representing the peak activity 
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fractions, were pooled and had a protein concen- 
tration of 0.36 mg/ml. The sp. act. of this fraction pool 
was 112.2ng kinin/mg protein and the purification 
factor was 3.9, Table 2. 

Disc gel electrophoresis. Apparent homogenous acid 
protease was obtained as indicated by the disc gel 
patterns, Fig. 6a. Step-wise purification was achieved 
yielding a single band with protease activity. Disc gel 
electrophoretic patterns for rat plasma and kininogen 
purified in a subsequent study by similar techniques 
indicate a major kininogen protein band and major 
protein band of impurity, Fig. 6b. 

Molecular weight determinations. The elution vol. 
(Ve) of the standards and test materials were: aldo- 
lase, 24.7 ml; ovalbumin, 31.7 ml; chymotrypsinogen 
A, 36.3ml; ribonuclease, 38.9 ml; acid protease, 
33.0 ml; peak II kininogen, 26.2 ml. From the G-200 
gel filtration data, the mol. wt of the acid protease 
was estimated at 38000-39000 and the peak II 
kininogen mol. wt estimated at 115000, Fig. 7. The 
partition coefficient of each component is shown on 
the ordinate and the mol. wt shown on the abscissa. 


Hydroxylapatite (2x30cm) 
06r 


° 
= 


Mphosphote and E 280 


Fraction Number 


Fig. 2. Chromatography on _ hydroxylapatite column 
(2 x 30cm) of G-200 Sephadex-purified acid protease 
(17 ml, 3.8 mg protein/ml; sp. act. of 520.7 ng kinin/mg pro- 
tein). Initial equilibrating buffer was 0.01 M_ phosphate 
buffer, pH 6.8, in 0.1 M NaCl and |1mM EDTA. After 
appearance of first protein peak, a linear gradient was 
applied of 150 ml 0.01 M phosphate buffer in 0.1 M NaCl, 
1!mM EDTA to 150ml 0.12M_ phosphate buffer in 
1.0M NaCl, |! mMEDTA. Protein was monitored con- 
tinuously and eluent fractions assayed for kinin-forming 
activity as indicated in Fig. 1. 


Specitic Activity ng Bk/mgprotein 


Table 1. Summary of purification of acid protease from L 929 fibroblast 





Kinin- 
forming 
activity* 


(ngBK/ml) 


Specific 

activity 

ngBK Purification 
mg protein factor 


Protein 
(mg/ml) 


Vol 


Procedures (ml) 





L929 cell (10”) 
Supernatant dialysate 
G-200 Sephadex 7 3.8 
H ydroxylapatite 
(After dialysis vs 
cysteine) 
DEAE-AS0 Sephadex 


8.8 1940.0 


220.5 


1978.7 520.7 


0.73 727.0 1064.8 


0.20 412.5 2062.5 





* Activity in terms of kinin formed following 24 hr incubation of 0.5 ml fraction with 0.2 ml rat plasma 
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DEAE-A50 Sephadex (4x20cm) 


Protein 


03F 


fein 


Specitic Activity ng Bk/mg pro 


§ Activity 


Fraction Number 


Fig. 3. Fractionation of cysteine-activated, hydrox ylapatite- 
purified acid protease (11.0 ml, 0.73 mg protein/ml, sp. act., 
1064.8ng kinin/mg protein) through DEAE-ASO ion 
exchange column (1 x 20cm). The column was equili- 
brated with 0.01 M KH,PO,4:K,HPO, buffer, pH 6.8, in 
2.5mM mercaptoethanol. Initial buffer was 50 ml of equili- 
brating buffer followed by 150 ml of equilibrating buffer 
to 150ml of a 0.01 MKH,PO,:K,HPO,, 10M KCl, 
2.5mM mercaptoethanol linear gradient. Bioassay condi- 
tions were as described in Fig. 1. Sp. act. of the eluent 
was 2062.5 ng kinin/mg protein. 


pH profile of the acid protease. The acid protease 
formed kinin within a relatively narrow pH range, 
Fig. 8. Optimal activity was at pH 4.0. At that pH, 
137 ng kinin/mg substrate/mg enzyme were generated 
following 15 hr incubation at 37°. 

Time course of kinin release. The time course of 
kinin release was directly proportional to the enzyme 
concentration at a fixed substrate concentration, Fig. 
9. With increasing concentrations of enzyme, increas- 
ing amounts of kinin were formed. Kinin release 
appeared to increase nonlinearly with respect to time 
at higher enzyme concentrations. 

Subcellular localization of acid protease. The major 
amount of kinin-forming activity was contained in the 
10000 g supernatant fraction of the cell, Fig. 10. This 
fraction contained 61.5 per cent of the activity calcu- 
lated after 48 hr of incubation. The 1500 g cell fraction 
contained 38.5 per cent of activity whereas the 
10000 g precipitate fraction was devoid of activity. 


DISCUSSION 


Data herein presented do extend previously pub- 
lished findings regarding the kinin-forming acid pro- 
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tease identified in mouse fibroblasts [7]. This acid 
protease was shown to utilize hemoglobin as a sub- 
strate similar to other acid proteases reported in the 
rat Murphy-Sturm lymphosarcoma [4]. human gas- 
tric carcinoma [11], renal carcinoma [12], Jensen sar- 
coma [13], and tumor interstitial fluid [14]. A 10-fold 
purification of the fibroblast acid protease was 
achieved using column chromatographic technique. 
Undoubtedly. the purification factor would have been 
considerably higher had the activity in the crude cell 
homogenate been adopted as the reference activity 
rather than the activity of the dialyzed supernatant 
of the cell homogenate. The purification data would 


DEAE-A50 Sephadex (25x30 cm) 
60r 
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Elution Volume 
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Fig. 4. Fractionation of rat plasma through DEAE-A50 
Sephadex column (2.5 x 30cm) for isolation of rat plasma 
kininogen. 25ml of rat plasma was dialyzed for 10hr 
against 0.01M sodium phosphate buffer, pH 6.8, in 
0.1 M NaCl and 1mMEDTA. The dialysate was centri- 
fuged at 3000rpm for 30min, the supernatant filtered 
through a #1 Whatman paper, and 20m! of filtrate 
(39 mg/ml) applied. The flow rate was 20ml/hr. The 
column was developed with 240 ml of the starting buffer 
followed by 95 ml of 0.1 M NaCl to 95ml 0.5 M NaCl 
linear gradient in 0.01 M phosphate buffer, pH 6.8. An elut- 
ing vol. of 190ml of 0.5M NaCl in 0.01 M_ phosphate 
buffer then was followed by 70 ml of 0.8 M NaCl to 75 ml 
1.2M NaCl linear gradient in 0.01 M phosphate buffer. 
Fractions (0.5 ml) were assayed for kininogen by incuba- 
tion for 18 hr with G.200 Sephadex-purified acid protease 
(1.2 mg/ml) in 0.56M acetate buffer (pH 4.0) and SBTI. 
After neutralization with 1.0M Tris buffer, pH 7.8, micro- 
liter aliquots were bioassayed for kinin on the isolated per- 
fused rat uterus against a reference bradykinin (BK) stan- 
dard. Activity of both peak I and peak II is expressed 
in terms of ng Bk/mg protein eluate. 


Table 2. Summary of purification of rat plasma kininogen 





Protein 
(mg/ml) 


Vol 


Procedures (ml) 


Activity 
ngBK/ml 


Specific 

activity 

ngBK 
mg Protein 


Purification 
factor 


Yield 





Rat Plasma 39.0 
DEAE Sephadex 
Peak | 
Peak II 
G-100 Sephadex 


1.64 
pa pe 
0.36 


1124 28.8 
22.9 
77.4 


112.2 


37.6 
600.0 
40.3 
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G-100 Sephadex (2.5x90cm) 
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Activity 


Specitic Activity ng 8k/mg protein 
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Pe ee IO 
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Fig. 5. Fractionationsof DEAE-AS5S0O Sephadex-purified 
kininogen through G-100 Sephadex column (2.5 x 90cm). 
4ml of peak I kininogen (1.64mg/ml) plus 3 ml of peak 
II kininogen (7.75 mg/ml) was applied onto the column 
equilibrated with 0.01MKH,PO,:K,HPO, _ buffer, 
pH68 in 0.1MKCI and 2.5mM_ mercaptoethanol. 
Kininogen content in the eluants was assayed and activity 
expressed as described in Fig. 4. 
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appear comparable, however, to the 6-fold purifica- 
tion reported of cathepsin A and D from extracts of 
chicken breast muscle [15]. At a pH optimum of 4.0, 
the purified enzyme released significant quantities of 
kinin from a rat plasma kininogen substrate in a time- 
and enzyme concentration-dependent manner. 

Disc gel electrophoretic patterns indicated the 
apparent homogeneity of the enzyme and substrate 
reagents. Whether or not the acid protease is hom- 
ogenous needs other purity-test studies. G-200 gel 
filtration technique revealed the protease to have an 
approximate mol. wt of 38000-39000 as estimated by 
bioassay analysis. A leukocyte cathepsin D proteinase 
was reported to have a mol. wt of 52000 + 3000 [16] 
whereas rat liver lysosomal cathepsin B, and B, had 
mol. wt of 24000 and 50000 respectively [17]. The 
estimated mol. wt of the fibroblast acid protease does 
agree reasonably well with the 37000 for spleen cath- 
epsin D [18] and 36000 for chicken muscle cathepsin 
D [19]. 

The acid protease was found to be activated by 
5mM cysteine suggesting the possible involvement of 
a sulfhydryl group in the enzyme for enzymatic ac- 
tivity. The enhanced activity also may relate to inter- 
action of cysteine with the kininogen substrate. Simi- 
lar observations were reported with a kinin-forming 
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Fig. 6.(a) Disc gel patterns of acid protease during purification. A vol. 50 yl of the following enzyme 
preparations was added to the gel tubes: I = L-929 supernatant dialysate; II = G-200 Sephadex puri- 
fied; 111 = DEAE-AS5O Sephadex purified in presence of cysteine; IV = DEAE-A50 Sephadex purified 
in presence of 2-mercaptoethanol. The electrophoresis was carried out for 1}hr with a current of 
2.5ma per tube and a voltage of 280V in the entire system. (b) Disc gel patterns of rat plasma 
kininogen. A 50 yl vol. of the following substrate preparations was added to the gel tubes: I = rat 
plasma; II = Sephadex-purified fraction. The electrophoresis was carried out for 15 hr with a current 
of 2.5 ma per tube and a voltage of 280 V in the entire system. 
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Fig. 7. Gel filtration of acid protease and kininogen 
through G-200 Sephadex column (1 x 57cm) for estima- 
tion of mol. wt. The column was equilibrated with 0.01 M 
NaH,PO,:Na,HPO, buffer, pH 6.8, in 0.1 M NaCl, and 
1mM EDTA. Markers included aldolase (25 mg), ovalbu- 
min (4 mg), chymotrypsinogen A (4 mg) and ribonuclease 
(4 mg). All marker proteins were dissolved in 0.5 ml of the 
starting buffer. 


acid protease isolated and purified from the rat Mur- 
phy-Sturm lymphosarcoma [20]. An acid protease 
from rabbit lysosomes also was shown to be activated 
by cysteine [21]. 

A leukokinin-forming acid protease has_ been 
reported in rabbit polymorphonuclear (PMN) leuko- 
160r 
140r 
120+ 
100+ 
80+ 
60+ 


40; 


ng Bk/mg Subst/mg Enzyne 


Fig. 8. pH profile of the kinin-forming activity of the acid 
protease on rat plasma kininogen. The following pH points 
were studied and _ solutions were used: pH1.0, 
0.05 M KH,PO,:HCI; pH 1.5, 0.05M KH,PO,; pH 2.0, 
2.3, 2.5, glycine: HCl; pH 2.8, citric acid: NaOH, pH 3.0, 
3.3, citric acid: sodium citrate; pH 3.6, 3.8, 4.0, 4.2, formic 
acid: sodium formate; pH 4.5, 4.8, 5.0, acetic acid: sodium 
acetate; pH 5.5, citric acid: sodium citrate; pH 6.0, histi- 
dine buffer; pH 7.0, imidazole buffer; pH 8.0, Tris buffer; 
pH 9.0, histidine buffer; pH 10.0, glycine; pH 11.0, glyco- 
coll buffer; pH 12.0 phosphate buffer. 
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cytes [22]. While proteases from human _ polymor- 
phonuclear leukocytes ordinarily are active at neutral 
pH [23], the similarity between the PMN leukocyte 
protease and the fibroblast protease has been alluded 
to previously [7]. Similar in pH optima and effect of 
inhibitors, their respective sites of cellular localization 
and substrate specificities may be different. The sub- 
cellular distribution of both proteases awaits more 
definitive study. While differential centrifugation, 
according to Poole [24], may solve the problem of 
damage of the subcellular organelles, these studies do 
show that the fibroblast protease existed both in the 
nuclear and cytoplasmic fractions. There are reports 
indicating that, in tumor homogenates, the total lyso- 
somal enzyme activities present in the soluble (cyto- 
sol) fraction frequently are higher than those observed 
in normal cells [24]. Strain L cells also were reported 
to release their cytoplasmic enzymes [25]. Thus, cath- 
epsin D was found to be released in both protein-free 
and protein-containing media [25]. 

The fibroblast acid protease hydrolyzed the same 
kininogen substrate utilized by trypsin and plasma 
kallikrein. The acid protease from the Murphy-Sturm 
lymphosarcoma formed kinin from tumor kininogen 
as well as 80°-heated rat plasma substrate [4]. A 
single kininogen was isolated from the rat plasma 
with a mol. wt of 115000, similar to the high mol. 
wt human kininogen following passage through a 
guanidine-Sepharose-4B column[26]. There are 
reports, however, indicating that high mol. wt bovine 
and human kininogen have a mol. wt ranging from 
60000 to 80000 [27,28]. In our initial study, two 
kininogen peaks were obtained from the passage of 
the rat plasma through a DEAE-AS50 Sephadex 
column (Fig. 4). Hamberg[29] also found two 
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Fig. 9. Time course of kinin release with respect to acid 
protease enzyme concentration. DEAE-A50 Sephadex-pur- 
ified acid protease at concentrations of 0.019 mg (4 A). 
0.038 mg (O ©), 0.075mg (A A), and 0.120 mg 
(® @) were incubated with 0.075 mg DEAE-AS50 Sepha- 
dex-purified rat kininogen at pH 4.0 for 0.5, 1, 2, 4, and 
8 hr. Kinin formed was assayed and calculated as described 
in Fig. 1. 





H. C. Li, W. F. McLimans and N. Back 


Subcellular Distribution of L,., Acid Protease 
1000; 


10; c - 
beac Fl bila 


~ 
fo] 
o 


ng Bk Released/02ml Rat Plasma 
S 


10,000q ppt 
ry 


4681 2 40 60 
Hours of Incubation 


Fig. 10. Cell fraction localization of the acid protease ac- 
tivity. 10° fibroblasts were homogenized three times for 
2 min each time and dialyzed 22 hr against 0.01 M phos- 
phate buffer, pH 6.8, in 0.1 M NaCl and | mM EDTA. The 
preparation was centrifuged for 15 min at 1500 g to obtain 
the 1500 g precipitate fraction. Centrifugation at 10000 g 
for 20min yielded a 10000g precipitate fraction and 
10000 g supernatant fraction. Assay for kinin-forming ac- 
tivity was carried out on rat plasma kininogen substrate 
it pH 4.0 following incubation for 1.5, 2, 4, 5.75, 9. 19. 
and 48 hr. Estimates of kinin formed were made by bio- 
assay technique. 


kininogen species after fractionation of human plasma 
on DEAE-Sephadex using a salt gradient of 0.06 M 
to 0.30 M. However, by using steeper gradients only 
one kininogen species was isolated[29]. In our 
chromatography study, after mixing the two 
kininogen peaks obtained from the DEAE-ASO 
Sephadex and passing this pool through a G-100 
Sephadex column equilibrated with phosphate buffer 
and 2-mercaptoethanol, only one major kininogen 
peak and a very small secondary peak were obtained 
(Fig. 5). The results suggest that, although two 
kininogen species may exist in rat plasma as sug- 
gested by Jacobsen [30], there is the possibility that 
in fact only one species is present. The minor com- 
ponent may represent either an aggregate, as sug- 
gested by Hamberg [29], or may be due to minor 
heterogeneity of the kininogens [31]. 

Interstial fluid of solid tumor transplants were 
shown to be rich in acid proteases and other pepti- 
dases [14] suggesting that tumor cells grow in a 


medium which provides a rapid external supply of 


small peptides and amino acids. While tumor cells 
were found devoid of significant peptidase activity, 
cathepsin and amino-peptidase activities were found, 
in decreasing order of activity, in macrophages, mast 
cells, and fibroblasts localized between the growing 
edges and necrotic tumor transplants [32]. A fibro- 
blast network was found in the Murphy-Sturm 
lymphosarcoma from which an acid protease was iso- 
lated [1.4]. Fibroblast proliferation was noted at the 


transplant site during the initial growth phase follow- 
ing tumor transplantation [33]. While the functional 
role of fibroblasts and associated protease activity 
in neoplasia is uncertain, evidence has been summar- 
ized in a recent symposium suggesting some involve- 
ment in cell transformation, tumor morphology, 
growth, and invasiveness [34]. Free and total cathep- 
sin levels were higher in the growing regions of the 
regressing rodent Jensen sarcoma than in non-regress- 
ing tumors[13], and cathepsin-like enzymes have 
been suggested associated with the invasiveness of 
human gynecologic tumors [35]. Acid proteases ori- 
ginating from fibroblasts within neoplastic tissue may 
form vasoactive mediators that may cause chemo- 
taxis, vasculogenesis, and alterations of tumor blood 
flow. Tumor cell chemotaxis was produced by the in- 
tradermal injection of a neutral protease found 
recently in the ascites hepatoma AH109A (36). Algire, 
et al.{37] reported that L-929 fibroblasts grown in 
cell culture, when transplanted into skin-fold trans- 
parent chambers established in mice, caused consider- 
able vasculogenesis as noted by direct microscopic 
examination. 

Two kinin peptides have been isolated and purified 
from incubates of rat plasma kininogen and fibroblast 
acid protease (unpublished data). That an appropriate 
tissue pH environment may exist for such protease 
action is suggested by reports that the pH of nega- 
tively charged cell surfaces is significantly lower than 
that of the bulk phase [24]. This excess of hydrogen 
ions in the immediate vicinity of predominantly nega- 
tively charged cell surfaces may be capable of lower- 
ing the local pH by as much as 2 units. The character- 
ization of the pharmacologic profile of the fibroblast 
kinins now in progress may contribute toward eluci- 
dating the role of proteases in the neoplastic process. 
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Abstract—Inox (NSC-118994) was studied with the use of the '*C-labeled compound to further delineate 
its intracellular metabolism and particularly its effect on DNA and RNA synthesis. Its transport was 
shown not to be competitively inhibited by the major ribonucleosides or deoxynucleosides. In addition, 
Inox was shown to be transported into the cell without degradation. Ouabain did not affect its trans- 
port. Inox was found to be a componert of the nucleoside and nucleotide pools of the tumor cell. 
It is acted upon by cellular kinases to produce the nucleotide derivative. Significant incorporation 
occurred in the RNA fraction of the tumor cells. Actinomycin D inhibited the incorporation of 
['*C]Inox into RNA. This incorporation was found to occur primarily in small molecular weight 
RNA species. 

Inox-treated tumor cells were shown to have a quantitative decrease in ribosomal precursor RNA. 


There appeared to be no incorporation of Inox into the DNA of the Ehrlich tumor cells. 
Inox was shown to be an effective antitumor agent in vivo with a 70° reduction of Ehrlich ascites 


tumor cells in 2 days. ; 


A series of carbohydrate and nucleoside periodate- 
oxidized derivatives were prepared and several of 
these were shown to have significant antitumor effects 
in experimental mouse systems [1]. Kimball et al. [2] 
showed that the periodate-oxidized derivative of p-p- 
ribosyl-6-methylthiopurine (6-MeMPR-OP) inhibited 
thymidylate kinase and DNA polymerase from Ehr- 
lich tumor cells and more than doubled the life span 
of tumor-bearing mice. Bell et al. [3] further showed 
that 6-MeMPR-OP had antitumor and immunosup- 
pressive activity. These studies were followed by 
reports showing that 6-MeMPR-OP inhibited puri- 
fied preparations of DNA-dependent RNA polymer- 
ase [4,5] and ribonuclease [6] through the formation 
of Schiff-base intermediates with the e-NH, group of 
lysyl residues at or near the active sites of these 
enzymes. Bell and Gisler[7] subsequently showed, 
using *°S-labeled MeMPR-OP, that this drug was 
rapidly excreted by mice but was also found to be 
bound in several tissues. 

We have reported that the periodate-oxidized deri- 
vatives of nucleosides inhibit nucleic acid synthesis 
in Ehrlich ascites tumor cells[8—-10]. They were 
shown to inhibit both DNA and RNA synthesis. 
Ribonucleotide reductase activity was shown to be 
inhibited by these dialdehyde compounds [9-11]. The 
inhibition of DNA synthesis correlated with the inhi- 
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bition of ribonucleotide reductase activity [9] and in- 
dicated that this was one of the sites of action respon- 
sible for the inhibition of DNA synthesis. 

Phase I clinical trials have been started on Inox 
(NSC-118994). The initial results were encouraging 
enough to warrant recommendation of the use of this 
compound in Phase II trials [12]. Pharmacological 
studies in mice, rats and monkeys had indicated that 
much of the Inox was rapidly excreted intact via the 
urinary route [13]. The use of ['*C]Inox showed that 
the majority of the ['*C]Inox in the plasma was 
trichloroacetic acid-precipitable indicating that the 
['*C]Inox was protein-bound presumably through 
Schiff-base intermediates. 

In vitro studies showed that Inox, through its two 
aldehyde moieties, could cross-link protein mol- 
ecules [14]. Other studies showed that the cytotoxi- 
city of Inox was cell-cycle dependent being most 
active during late G,-early S phase [15]. 

From the studies carried out to date on the dialde- 
hyde derivatives of nucleosides, several interesting dif- 
ferences have been observed between compounds 
which cannot be related only to the dialdehyde 
moiety. The study from Southern Research Institute 
showed that Inox and 6-MeMPR-OP had quantitat- 
ively different effects on L1210 cells} Further, this 
study showed that H.Ep-2 cells were not as sensitive 
to Inox as were the LI1210 cells. However, 
6-MeMPR-OP was inhibitory to both L1210 and 
H.Ep-2 cells. Our studies have shown that nucleic 
acid synthesis in Ehrlich tumor cells was inhibited 
by the dialdehyde derivatives of adenosine and in- 
osine but was much less sensitive to the dialdehyde 
derivatives of purine riboside and guanosine. In addi- 
tion, our studies have indicated quantitative differ- 
ences in the inhibition of RNA and DNA synthesis 


1197 





1198 


by the dialdehyde derivatives of inosine and IMP and 
adenosine and AMP. 

Rational clinical use of this compound, as well as 
possible future use in combination with other antitu- 
mor drugs necessitate further information about the 
uptake, metabolism and sites of action of this com- 
pound. The purpose of this report is to elaborate on 
the cellular uptake, metabolism and 
Inox with particular emphasis on its incorporation 
into RNA. 


MATERIALS AND METHODS 


Preparation of — ['*C]Inox. — [U-'*C]Inosine 
(550 mCi/m-mole) was purchased from Amersham 
Searle. The periodate oxidation of ['*C]inosine was 
carried out by the method of Khym & Cohn [16]. 
The reaction mixture consisted of 50 wCi inosine in 
0.1 M sodium meta periodate and 0.1 M sodium acet- 
ate buffer, pH 5.0. This reaction was carried out at 
room temperature for | hr in the dark. Ethylene gly- 
coi (0.02 ml) was then added to discharge the un- 
reacted periodate. This reaction was carried out at 
room temperature for 30 min. The Inox was purified 
by high pressure liquid chromatography (HPLC). A 
Whatman Partisil column SAX 10/25, which had been 
equilibrated with 0.1 M sodium borate, pH 5.0 was 
used. The sample was eluted isocratically with 0.1 M 
sodium borate, pH 5.0 with a flow rate of 2 ml/min. 
Fractions (1 ml) were collected. Retention time for the 
standard compounds were as follows: Inox, 1.8 min; 
Inosine, 5.6 min; Iodate, retained on the column. The 
['*C]Inox eluted from the HPLC was checked for 
purity on PEI-thin layer cellulose with H,O as a sol- 
vent. The Rfs for standards were Inox, <0.02; 
Hypoxanthine, 0.43; and Inosine, 0.56. The purified 
['*C]Inox was found to be >99°, Inox. 

Ehrlich tumor cells in culture. The Ehrlich tumor 
cells were grown in female mice (ICR) by weekly in- 
oculaiion of recipient mice with 0.2 cc of tumor cells 
as taken from mice. The mice were purchased from 
Lab Supply Company, Indianapolis, IN. 

All cell culture experiments were done under sterile 
conditions as previously described[17]. The cells 
were harvested by centrifugation and processed by 
the Schmidt-Thannhauser procedure for acid-soluble, 
RNA and DNA fractions[18]. When measuring 
['*C]Inox incorporation, the cultures contained 
0.025 xCi/ml (45 pmoles/ml) ['*C]Inox in the culture 
medium. 

Preparation of cell-free extract and assay of Inox 
phosphorylation. For the preparation of the crude cell- 
free extract, Ehrlich tumor cells were taken, washed 
with 0.15°, NaCl, and homogenized in 0.02M 
Tris HCl. pH 7.0 (3 vol. buffer/vol. packed cells) with 
a motor driven teflon pestle. The homogenate was 
centrifuged for | hr at 30,000 g. The supernatant fluid 
(5 ml) was dialyzed against 0.02 M Tris-HCl, pH 7.0 
for 2hr. These procedures were all carried out with 
ice-cold buffer and/or 4°. 

The assay mixture in a final vol. of 0.2 ml con- 
tained: ['*C]Inox (150,000cpm); ATP (1 mM); 
Tris-HCI buffer, 0.02 M, pH 7.0 and crude extract 
(100 yl, 7.5 mg/ml). The reaction was carried out for 
| hr at 37°. The reaction was stopped by the addition 
of 5°,, trichloroacetic acid (0.5 ml). Controls were run 
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in which the addition of the trichloroacetic acid pre- 
ceded the addition of ['*C]Inox to the reaction mix- 
ture. The acid-insoluble pellets were removed by cen- 
trifugation, and the pellets washed with 0.5 ml of 5°, 
trichloroacetic acid. The acid washings were added 
to the previous supernatant fluids. The samples were 
neutralized by ether extraction of the trichloroacetic 
acid. The neutralized samples were put over Dow- 
ex-1-formate columns (Pasteur pipettes) and eluted as 
follows: H,O (5 ml); 2M formic acid (3 ml); and 3M 
HCI] (3 ml). Aliquots were taken for radioactivity 
measurements and corrections made for the quench 
caused by the 3M HCI. All assays were carried out 
in triplicate. 

Chromatography of acid-soluble pools. (a) Dowex-1- 
Formate: The Ehrlich tumor cell pellets were 
extracted with one ml cold 5%, trichloroacetic acid 
(TCA). This was repeated two additional times. The 
acid-soluble fractions were extracted with. two vol. of 
ether (four times) to remove the TCA. The samples 
were lyophilized to dryness, resuspended in 0.5 ml of 
H,O and placed over a Dowex-l-formate column 
(pasteur pipette, 1.7 x 0.5cm) and eluted as follows: 
5 ml. H5O:3 ml. 2M formic ucid; and 3 ml, 3M HCL. 
Standards eluted from the column were H,O eluant 
Inox, inosine, adenosine and guanosine; formic acid 
eluant—PI-IMP, IMP, AMP, GMP; HCI eluant 
ADP, ATP, GDP, GTP, PI-ITP. 

(b) High Pressure Liquid Chromatography: Acid- 
soluble fractions from the tumor cells were separated 
by high pressure liquid chromatography. The eluting 
buffers in the solvent reservoirs were 0.1 M sodium 
borate, pH 5.0 and 0.5M potassium phosphate, pH 
4.82. The low ionic strength buffer was run for 10 min 
after injection of sample and then the linear gradient 
was begun. This allowed for improved separation of 
Inox from nucleotides. The linear gradient was devel- 
oped with a 20 min program. Fractions (1.0 ml) were 
collected. Standard compounds had the following 
retention times: Inox, 1.8 min; hypoxanthine, 1.8 min; 
inosine, 5.6 min; PI-IMP, 1.8 min; purine 5’mono- 
phosphates ~ 18min; purine  5’-diphosphates 
~ 27 min, purine 5’-triphosphates ~ 34 min. Acid-solu- 
ble extracts were treated as previously described 
except that the lyophilized samples were resuspended 
in 0.2ml H,O and 504 sample was injected onto 
the column. 

Isolation and fractionation of RN A. Cells were har- 
vested either directly from the tumor-bearing mice or 
after tumor cells were put into culture and the RNA 
was extracted by the method of Wilkinson et al. [19]. 
The RNA was fractionated into small mol. wt, 18S, 
28S and precursor species on linear sucrose gradients 
(5-47°,, 36 ml) in a Beckman L-65 preparative ultra- 
centrifuge. All samples were centrifuged in a SW27 
rotor at 26,000 rpm for 16 hr. The gradients were frac- 
tionated on an Isco Model 640 gradient fractionator. 
The absorbance of the RNA was measured by 
254 nm. Fractions (0.6 ml) were collected directly into 
scintillation vials. Water (1.4 ml) and 10 ml of scintil- 
lation fluid was then added to each vial for measure- 
ment of radioactivity. 

The electrophoresis of RNA was carried out on 
polyacrylamide gels (2.4°,,) for 180 min. The gels were 
scanned for absorbance with a Beckman Model 25 
spectrophotometer equipped with a_ gel-scanning 
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attachment and finally sliced into 2mm sections and 
placed in scintillation vials. The gel slices were incu- 
bated overnight at 37° in 0.5 ml of 0.5 N NaOH. Scin- 
tillation fluid was added and the samples counted in 
a Searle Mark III liquid scintillation counter. 

To determine the nature of ['*C]Inox incorpor- 
ation, the tumor cells were incubated in culture with 
['*C]Inox (0.025 pCi/ml) the cells harvested and pro- 
cessed by the Schmidt-Thannhauser procedure. The 
acid-insoluble fractions were resolubilized in 2.0 ml 
of 0.02M _ potassium phosphate buffer, pH 7.6. 
Sodium borohydride reduction of the incorporated 
['*C]Inox was as described by Salvo et al. [20]. Fol- 
lowing reduction the samples were dialyzed for 48 hr 
against 0.02M potassium phosphate buffer, pH 7.6 
with four buffer changes. The pH of the four samples 
was adjusted to 7.2 and enzyme added as follows: 
#1 control, none; #2 pronase, 2mg/ml; #3 
ribonuclease A, 1.0mg/ml; #4 deoxyribonuclease, 
1.0 mg/ml. The reactions were carried out at 37° for 
24hr and stopped by the addition of 0.16ml of 
60° TCA to each fraction and centrifugation at 
15,000 rpm, 10 min. The pellet was resolubilized in 
1.0 ml of 0.5 N NaOH. 

In a separate set of experiments, Ehrlich tumor cells 
were incubated in culture with various concentrations 
of Inox (0.1, 0.5 and 1 mM, final concentrations). 
RNA was isolated from the control and Inox-treated 
cells by phenol exiraction and ethanol precipitation. 
The RNA was dissolved in 0.5 ml of phosphate buffer, 
pH 7.6. [*H]NaBH, (0.25 mCi/m-mole) was added to 
each sample and the reaction was carried out for | hr 
on ice. The reaction mixture was diluted to a final 
vol. of | ml and the RNA was precipitated by the 
addition of 2 ml of cold ethanol. The RNA pellet was 
isolated by centrifugation and the pellet washed with 
75%, ethanol/1°, potassium acetate. The RNA was 
redissolved in potassium acetate and reprecipitated 
with ethanol. The RNA was finally collected by cen- 
trifugation and the RNA pellet dissolved in H,O. The 
RNA concentration was determined by absorbance 
measurements at 260 and 280 nm. 

The biochemicals used in these studies were pur- 
chased from Sigma Chemical Co. 


RESULTS 


In order to determine the distribution of Inox in- 
corporation into Ehrlich ascites tumor cells, the cells 
were incubated in culture and labeled with ['*C]Inox. 
The incubation was carried out for 3 hr and incorpor- 
ation into acid-soluble and acid-insoluble fractions 
was determined. ['*C]cytidine was added to control 
cultures as a measure of cellular activity. Table | 
shows the incorporation of ['*C]cytidine and 


Table 1. Incorporation of ['*C]Inox into Ehrlich tumor 
cells 





Acid-soluble Acid-insoluble 


Labeled nucleoside (total cpm/fraction) 





165,200 
23,400 


114.400 
42.900 


['*C]cytidine* 
['4C]Inoxt 





* ['4C]cytidine (387 mCi/m-mole; 0.5 wCi/culture flask). 
+['4C]Inox (550 mCi/m-mole; 0.25 uCi/culture flask). 
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['*C]Inox into the tumor cells in culture. Incorpor- 
ation of ['*C]cytidine in control culture indicated 
that the cells were very active in terms of metabolic 
activity. ['*C]Inox was incorporated into both acid- 
soluble and acid-insoluble pools of the cells. 

As a further control, to rule out the possibility of 
non-selective adsorption of the ['*C]Inox to the acid- 
insoluble fraction in the absence of incubation, tumor 
cells were put into culture as previously described. 
The cell pellet was isolated by centrifugation. 
['*C]Inox (5.4 x 10° cpm) was then added to the cell 
pellet and the cell pellet was subjected to the 
Schmidt-Thannhauser procedure. There was abso- 
lutely no radioactivity in the acid-insoluble fraction 
indicating that there was incorporation or at least 
binding of the ['*C]Inox to the protein, RNA or 
DNA components of the acid-insoluble fraction in the 
incubated samples. 

To determine the nature of the ['*C]Incx incorpor- 
ation into the acid-soluble fraction, tumor cells were 
incubated for 1.5 and 3 hr with ['*C]Inox in culture. 
The acid-soluble fractions were isolated and pooled 
into two groups representing the 1.5 and 3.0hr 
samples, respectively. The TCA from the acid-soluble 
fraction was removed by ether extraction and the 
samples were lyophilized. The samples were resus- 
pended in 0.2 ml H,O and 50 ul of each was placed 
on the HPLC as described in the methods section. 
Figures | and 2 show the elution profiles and radioac- 
tivity profiles superimposed for the 1.5 and 3.0hr in- 
cubation, respectively. It can be seen that at 1.5 hr, 
there were two early peaks at 1.8 and 3.0 min respect- 
ively. Since both Inox and hypoxanthine are eluted 
at 1.8 min one cannot unequivocally attribute this 
first peak to Inox since it may represent degradation 
of the compound. The identity and significance of the 
3.0 min peak will be discussed later. There were also 
peaks of radioactivity at the elution points of the 
5’-mono-, di- and triphosphate nucleosides. The elu- 
tion profile at 3.0 hr was very similar to that at 1.5 hr 
except there was a decrease in the radioactivity in 
the early peaks and an increase in the radioactivity 





254nm 


ABSORBANCE , 











20 
Time, min 


Fig. 1. High pressure liquid chromatography of acid-solu- 
ble fraction from ['*C]Inox-treated cells. The tumor cells 
were incubated for 1.5hr in the presence of ['*C]Inox 
(0.25 wCi). The acid-soluble fraction was subjected to 
HPLC as described in the ‘Methods’ section. The u.v. 
absorbance is indicated by the solid line ; the radioac- 
tivity by A A: and the gradient development by 
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Fig. 2. High pressure liquid chromatography of acid-solu- 

ble fraction from ['*C]Inox-treated cells. The tumor cells 

were incubated for 3.0hr in the presence of ['*C]Inox 

(0.25 wCi). The u.v. absorbance is indicated by the solid 

line ; the radioactivity by @ @: and the gradient 
development by 


found in the area of the 5’-di- and triphosphate nuc- 
leosides. 

To determine whether the peak of radioactivity at 
1.8 min corresponded to Inox or hypoxanthine, the 
1.8 min fraction was collected and spotted on What- 
man 3M paper and developed by descending chroma- 
tography with n-butanol-glacial acetic acid-H,O 
(50:25:25). The Inox, PI-IMP and PI-ITP standards 
remained at the origin while hypoxanthine had a R, 
of 0.50. It can be seen from Fig. 3 that the Inox deri- 
vatives were the primary species present. 

To quantitate the change in the composition of the 
'4C-labeled species in the acid-soluble pools, a por- 
tion of both 1.5 and 3.0hr samples was applied to 
Dowex-1l-formate columns and eluted as described. 
The distribution of radioactivity can be seen in Table 
2 and these data agree very well with the elution pro- 
files from HPLC. It can also be seen that the primary 
species at 3hr was either the 5’-di- and/or triphos- 
phate derivative of Inox and/or 5’-purine nucleotides. 

As further controls, acid-soluble fractions were pre- 
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Fig. 3. Paper chromatography of Fraction after HPLC. 
The fraction eluting from the HPLC with the void vol. 
(1.8 min) was collected, concentrated and chromatographed 
on Whatman 3MM. The developing solvent was 
n-butanol-glacial acetic acid~H,O (50:25:25). The chro- 
matogram was cut-up into 4 inch sections and counted 
directly for '*C. The migration of the hypoxanthine stan- 
dard is indicated by the arrow. 


Table 2. Distribution of ['*C]Inox into acid-soluble pool 
of Ehrlich tumor cells 





% Total* 


1.5hr 3.0hr 


Eluant Standards 





H,O Inox, 34 14 
purine nucleosides 

Dialdehyde 5'-monophos- 13 24 
phates purine 5’-monophos- 

phates 

Dialdehyde 5’-di- and tri- 62 
phosphates purine S’-di- and 
triphosphates 


2N Formic 
Acid 


3N HCl 





*The amount of radioactivity put over the Dowex- 
formate columns was 20,000-and 30,000 cpm from the acid- 
soluble fractions from the tumor cells incubated 1.5 and 
3.0 hr, respectively. 


pared from Ehrlich tumor cells as described in the 
“Methods” section. ['*C]Inox was added and the 
samples neutralized by ether extraction of the TCA. 
One group of samples (in triplicate) were put over 
the Dowex-1l-formate columns immediately. The 
other group of samples were incubated at 37° for 2 hr 
prior to putting the samples over the Dowex-|1-for- 
mate columns. The results of this experiment are 
shown in Table 3. It can be seen that even after 2 hr 
of incubation of ['*C]Inox with the components of 
the acid-soluble fraction only 5% of the radioactivity 
was eluted with HCl. This is far below the 52° and 
62°, seen for the distribution of ['*C]Inox com- 
pounds in the 1.5 and 3.0hrs incubations (Table 2). 

To determine whether Inox itself was being phos- 
phorylated or whether the base was being reutilized, 
the 3.0hr acid-soluble pool was fractionated on 
Dowex-|-formate and the HCl-eluant was collected. 
This was taken to dryness under vacuum and resus- 
pended in 0.2 ml H,O and then treated with E. coli 
alkaline phosphatase for 3.0hr at 37°. The reaction 
was stopped by heating and 50 ul of the sample was 
injected into the HPLC and eluted with 0.1 M borate 
buffer. Any unreacted nucleotide would remain on the 
column and the released nucleoside or dialdehyde 
would be eluted. It can be seen from Fig. 4 that ap- 
proximately 99°, of the radioactivity was found as 
Inox after removal of the 5’-phosphate group. 

A cell-free extract of Ehrlich ascites tumor cells was 
prepared and assayed for the presence of kinase ac- 
tivity with ['*C]Inox. All reactions were run at 37 
for | hr and stopped with 0.5 ml of 5% TCA, the TCA 
was extracted and the samples fractionated over 


Table 3. Binding of ['*C]Inox to components of acid- 
soluble fraction 





Ohr 
cpm x 10 


2hr 
3 





73.1 (89)* 
4.4 (5) 
4.4 (5) 


82.7 (77)* 
19.8 (18) 
5.6 (5) 


H,O eluant 
2N formic acid 
3M HCl 





* The numbers in parentheses are the %, of radioactivity 
eluting in that fraction. The samples were set up in tripli- 
cate. 
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Fig. 4. HPLC of alkaline phosphatase-treated nucleotide 
pool after ['*C]Inox labeling. The acid-soluble fraction 
from ['*C]Inox-treated cells was treated with alkaline 
phosphatase as described in the ‘Methods’ section. This 
sample was then subjected to HPLC with 0.1 M sodium 
borate, pH 5 as the eluting buffer. The elution times of 
adenosine, inosine and guanosine are indicated by the 
arrows. 


Dowex-|-formate. Table 4 shows that there was 
apparent conversion of ['*C]Inox to the 5’-mono- 
phosphate nucleotide and even greater conversion to 
the di- and triphosphate nucleotides. 

It has been previously reported that the dialdehyde 
derivatives of nucleosides form stable complexes with 
the amino groups of proteins [2, 5, 14,21]. We were 
also interested in whether Inox would form Schiff- 
bases with small mol. wt amino compounds, particu- 
larly amino acids. Inox (10~*M) was incubated 2 hr 
at 37° with a 10-fold excess of glycine. Following in- 
cubation a sample was put on the HPLC and eluted 
with 0.1 M sodium borate buffer. The elution profile 
showed 2 peaks: 1.8 and 5.2 min, 1.9% and 98° of 
total respectively. Untreated Inox was eluted at 


Table 4. Phosphorylation of ['*C]Inox by cell-free extract 





cpm x 10 


Elution pool Control* Sample* 





H,O 108.9 + 4.6 
2M Formic acid 7 +0. ; 0.9 
3M HCl 9 +1. 20.3 + 2.4 





*The recovery of radioactivity from the columns was 
95 per cent for control and 94 per cent for the sample. 
All assays were carried out in triplicate. The data are pre- 
sented with the standard deviations. 


Table 5. Effect of nucleosides on the incorporation of 
['*C]Inox into acid-soluble pools 





Total 


CPM incorporated *, Control 





20,412 
14,728 
21,178 
16,556 
15,716 
17,502 
17,822 


Control 

Deox yadenosine* 
Deox yguanosine 
Adenosine 
Cytidine 
Guanosine 
Inosine 
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of hypoxanthine on ['*C]Inox incor- 
poration 


Table 6. Effect 





Total CPM 
Acid-soluble Acid-insoluble 





8825 
6235 (70)* 


3870 
2360 (61)* 


Control 
Hypoxanthine 
(0.1 mM) 





* The values in parentheses are the °, of control values. 
The culture flasks each contained 0.25 wCi ['*C]Inox. 


1.8 min. There is apparently efficient Schiff base for- 
mation of Inox and small mol. wt amino compounds. 
Returning to Fig. 1, it can be seen that the second 
major radioactivity peak probably represents such 
“Schiff-base” derivatives. 

The effect of nucleosides on the incorporation of 
['*C]Inox into the acid-soluble fractions of the tumor 
cells is seen in Table 5. The nucleosides were added 
to the culture medium in 0.1 mM concentration and 
the incubations carried out for 2hr. At this concen- 
tration the nucleosides would be in approximately 
2200-fold excess over the ['*C]Inox. No significant 
effect was seen with any of the nucleosides tested 
which indicates that there was not a competitive 
transport mechanism for any of these nucleosides. 

The effect of hypoxanthine on the incorporation 
of ['*C]Inox into the acid-soluble fractions was also 
tested with a 2200-fold excess of hypoxanthine in the 
culture medium. The data in Table 6 indicated that 
this concentration of hypoxanthine had only a small 
effect on ['*C]Inox incorporation into either acid- 
soluble or insoluble fractions. The effect of Inox on 
['*C]hypoxanthine uptake by tumor cells is shown 
in Table 7. Again there was no significant effect. 
Together these data indicate that Inox was trans- 
ported intact across the membrane and not degraded 
to hypoxanthine. 

To determine whether the transport of Inox in- 
volved the (Na*~ + K *)-ATPase system, the incorpor- 
ation of ['*C]Inox into acid-soluble fraction of 
Ehrlich tumor cells was monitored in the presence 
of 0.1 mM and 1.0mM oubain. There was no signifi- 
cant effect of oubain on Inox uptake at either concen- 
tration. 

To determine the distribution of incorporation of 
['*C]Inox into the components of the acid-insoluble 
fraction of Ehrlich tumor cells, the acid-insoluble frac- 
tions were subjected to selective enzymatic degrada- 
tion after they had been labeled with ['*C]Inox. Four 
samples were prepared and processed as previously 
described, having control, pronase, RNase A and 
DNase I-treated fractions. From the data in Table 
Inox on ['*C]hypoxanthine 
incorporation 


7. Effect of 


Table 





Total CPM ° Control 





938,493 
119,808 
1,031,286 


Control* 100°, 
Hypoxanthine (0.1 mM) 


Inox (0.5 mM) 





* Concentration of the nucleosides was 0.1 mM 
concentration is a 2200-fold excess over ['*C]Inox. 


* The culture flasks each contained 0.5 pCi of [8-'*CJhy- 
poxanthine (52 mCi/m-mole). 
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Table 8. Enzymatic release of radio- 
activity from ['*C]Inox-labeled acid- 
insoluble fractions 





Enzyme 
treatment 


cpm Acid-soluble 
cpm Acid-insoluble* 





none 
Pronase 0.30 
0.36 
0.004 

* The cpm acid soluble/epm acid 
insoluble is the ratio of the radioac- 
tivity released by the treatment to the 
radioactivity remaining as acid-inso- 
luble after the enzyme treatment. 


8 it can be seen that the majority of the incorporated 
radioactivity was released as acid-soluble material by 
RNase and pronase with virtually no release by 
DNase. The incorporation into the protein fraction 
was expected since it has been previously shown that 
Inox forms stable Schiff-base complexes with the 
amino groups of proteins. 

Cultures of Ehrlich tumor cells were again incu- 
bated for 2 hr with ['*C]Inox and the RNA was iso- 
lated by phenol extraction, washed and placed on 


547°, sucrose gradients and _ centrifuged at 


26,000 rpm for 16 hr. The gradients were fractionated 
and the absorbance and radioactivity determined for 
each fraction. In Fig. 5, the u.v. absorbance pattern 
indicates the RNA was separated into 28S, 18S and 
small mol. wt species. The majority of the ['*C]Inox 


was found to be incorporated into the small mol. wt 
RNA species. 

Actinomycin D (20 ng/ml) inhibited the incorpor- 
ation of ['*C]Inox into RNA by 50 per cent as deter- 
mined in the acid-insoluble fraction, or in the phenol- 
extracted RNA. 

To confirm further that Inox was incorporated into 
RNA, tumor cells were incubated in culture with 
0.1 mM, 0.5mM and 1.0mM Inox (unlabeled) in the 
culture media. The cells were harvested and the RNA 
isolated by the phenol method. The RNA was washed 
and resuspended in 0.02M_ potassium phosphate 
buffer pH 7.6. Each sample was then treated with 
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Fig. 5. Sucrose gradient fractionation of RNA from 
['*C]Inox-treated cells. The phenol-extracted RNA was 
separated by sucrose gradient centrifugation. The gradient 
was fractionated by an Isco gradient fractionator con- 
nected to a u.v. monitor. The fractions were collected di- 
rectly into scintillation vials. The u.v. absorbance at 
254 nm is indicated by the solid line ; the radioactivity 
by the closed circles @ @ 
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Fig. 6. Incorporation of 7H into the RNA from Inox- 
treated cells following [*H]NaBH, reduction. RNA was 
isolated by phenol extraction after treatment of the tumor 
cells with 0.1, 0.5 and 1.0mM Inox. The isolated RNA 
was then treated with [7H]NaBHy,. The data are plotted 
as the *H counts incorporated into the RNA from the 
Inox-treated cells above the *H counts incorporated into 
the RNA from the control cells. 


[°H]NaBH, (0.025 mCi) to reduce the dialdehyde 
groups to the dialchol and to label the Inox mol- 
ecules. The reactions were carried out in the dark 
at 4 for | hr. After purification an aliquot of each 
sample was used for measurement of radioactivity 
while another aliquot was subjected to density gra- 
dient centrifugation on 5-47°, sucrose gradients. 
From Fig. 6 it can be seen that the amount of *H 
incorporated above the control was approximately 
linear with the Inox concentrations used. Each sample 
(approx. 0.5 mg) was placed on sucrose gradients and 
fractionated as previously described. In Table 9 the 
results of fractionation indicate that again the pri- 
mary area of Inox labeling was in the small mol. wt 
RNA and this labeling was a function of Inox concen- 
tration. 
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Fig. 7. Electrophoresis of RNA from control and Inox- 

treated mice in vivo. Mice were treated with Inox 

(25 mg/kg) for 2 days, at 5 days after tumor inoculation. 

Tumor cells were isolated from the control (untreated) and 

Inox-treated mice, and RNA isolated from these cells. The 

RNA was electrophoresed on polyacrylamide gel (2.4°,) 
and scanned at 260nm for u.v. absorption. 
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Table 9. Sucrose gradient fractionation of [7H]NaBH, 
labeling of RNA from Inox treated cells 





Peak fractions from gradient 
CPM /mg 


small M.W. 18S 28S 





83,200 9900 12,600 
CPM/mg above control 
800 
11,900 
31,600 


Control 


0.1 mM _ Inox 
0.5 mM Inox 


1.0mM _ Inox 5900 





The effect of Inox on RNA in vivo was tested by 
injecting mice bearing Ehrlich tumor cells (5 days 
after inoculation) with 25 mg/kg/day on 2 successive 
days and then harvesting the cells. Control mice were 
also kept. Tumor cell counts were made for each 
group. RNA was isolated from these cells by the 
phenol method and the concentration of the RNA 
determined. There was approximately 70 per cent de- 
crease in tumor cells after 2 days of treatment. There 
was a 30 per cent decrease in the total amount of 
RNA per cell. None of the treated or control mice 
died from the treatment with the drug. The RNA 
from tumor cells of both control and Inox-treated 
mice was subjected to gel electrophoresis on 2.4%, 
polyacrylamide gels for 180min. The gels were 


scanned for absorbance. Figure 7 shows the profile 
from control and Inox-treated mice. There was an 
apparent quantitative decrease in the ribosomal pre- 
cursor RNA in the treated tumor cells, but no appar- 
ent qualitative differences were apparent after this 


particular treatment. 


DISCUSSION 


A study of the intracellular distribution and meta- 
bolism of Inox (NSC-118994) was undertaken because 
relatively little is currently known about its intracellu- 
lar metabolism and in particular its actions on RNA. 
More importantly, Phase I clinical testing of this 
compound has been undertaken. Rational clinical use 
will necessitate further knowledge about all major 
sites of action as well as the intracellular metabolism 
of the compound. Should its use in combination 
chemotherapy protocols be undertaken, this informa- 
tion would also be of great use in choosing adjunctive 
agents. 

Inox was shown to be well taken up by tumor cells 
without degradation (Table 1, Fig. 1). The exact 
mechanism of transport:of the compound has not 
been elucidated but its transport is apparently not 
competitively linked to the transport of the major 
ribonucleosides or deoxyribonucleosides (Table 5). Its 
transport was not affected by oubain in millimolar 
concentrations indicating that its transport does not 
involve the (Na*~ + K*)-ATPase system, but does not 
entirely rule out an energy-mediated transport. 

Within the tumor cells, Inox is apparently stable. 
Inox was shown to be present in the nucleoside and 
nucleotide pools of the tumor cell (Table 2, Fig. 1, 
2 and 3). Inox was apparently acted on by tumor 
cell kinases as there was a gradual increase in the 
incorporation of ['*C]Inox into nucleotide material 
with time within tumor cells (Fig. | and 2). Cell-free 
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extracts from the Ehrlich ascites tumor cells was also 
demonstrated to have this activity (Table 4). 

No significant level of radioactivity was released 
as acid-soluble material by treatment of the 
['*C]Inox-labeled, acid-insoluble material with 
DNase, while radioactivity was released by either pro- 
nase or RNAase treatment. This would suggest that 
['*C]Inox was not incorporated into the DNA of the 
tumor cells (Table 9). It would appear that at least, 
one of the sites of action of Inox on DNA synthesis 
was the inhibition of the ribonucleotide reductase step 
as previously reported [9, 10]. 

Inox has also been shown to form relatively stable 
Schiff-bases with large and small mol. wt amino com- 
pounds and a portion of the compound probably 
exists as the Schiff-base derivative of amino acids and 
proteins within the tumor cell. 

Significant incorporation of Inox into the RNA 
fraction of the tumor cells was observed (Table 8). 
This incorporation was shown to occur primarily in 
the small mol. wt RNA species (Fig. 5). This incorpor- 
ation of Inox into RNA appeared to be concentration 
dependent (Fig. 6, Table 9). Whether this incorpor- 
ation into the small mol. wt RNA species was due 
to specific incorporation into the 4S and 5S RNA’s 
or whether the incorporation into the small mol. wt 
species represented chain termination of large mol. 
wt RNA being synthesized is not known. However, 
since treatment with Inox was shown to cause a quan- 
titative decrease in the precursor RNA species but 
no significant effect on 28 or 18S RNA (Fig. 7), it 
would appear that Inox has its greatest effect on pre- 
cursor RNA synthesis. Actinomycin D inhibited the 
incorporation of ['*C]Inox into RNA. 

Inox was also shown to be effective in vivo against 
Ehrlich ascites tumor cells when given intraperi- 
tioneally (5 days after tumor cell inoculation) at a 
dose of 25 mg/kg/day for two days. At this dose there 
was a 70 per cent reduction in tumor cells in two 
days. 

Inox appears to be a potentially effective antitumor 
agent which has complex effects on RNA and DNA 
synthesis within tumor cells. 
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Abstract 


In Escherichia coli B, nucleic acid and protein syntheses were inhibited in the presence 


of chlorpromazine, promethazine, 2-chlorophenothiazine and librium. The presence of the dimethyl- 
aminoalkyl side chain of chorpromazine is essential for potent inhibition of these macromolecular 
syntheses. In parallel with the inhibition of protein synthesis, the processes of de-repression of alkaline 
phosphatase and induction of /-galactosidase were also inhibited in the presence of chlorpromazine 
and librium. We have found that all of the effects of these drugs on protein and nucleic acid syntheses 
in E. coli B are not due to an increased destruction of ATP in the drug-treated cultures. The interference 
with protein and nucleic acid syntheses may be due to the interaction of these drugs and deoxyribonuc- 
leic acid (DNA). Chlorpromazine is found to be effective in displacing methyl green (MG) from its 
complex with DNA and form insoluble complex with DNA. 


In bacterial systems and in cell cultures, protein syn- 
thesis was inhibited in the presence of narcotic drugs. 
E. coli grown in the presence of levorphanol had 
less protein synthesis [1], and an inhibition of syn- 
thesis of RNA in E. coli in the presence of levor- 
phanol was first reported by Simon [2]. The incorpor- 
ation of *?P into RNA was inhibited when the cells 
were grown in the presence of 1.35 x 10°? M levor- 
phanol with the inhibition limited to ribosomal RNA. 
Noteboom and Mueller [3], have ascribed the effect 
of the narcotic drug on RNA synthesis to a primary 
inhibition of protein synthesis. Complete cessation of 
all incorporation of ['*C]uracil into RNA and of 
['*C]thymidine into deoxyribonucleic acid (DNA) 
was found when E. coli were grown in the presence 
of 3 x 10°? M levallorphan [4]. 

It has also been reported [5] that bone marrow of 
chlorpromazine-sensitive patients was devoid of 
DNA-synthesizing celis during agranulocytosis. Incu- 
bation of marrow cells from chlorpromazine-sensitive 
patients with [°H]thymidine for 3 hr under standard 
conditions resulted in a significant lower percent of 
labeled granulocytes as compared with nonsensitive 
normals. Marrow cells from chlorpromazine persons 
incubated with chlorpromazine in vitro failed to 
divide. They indicated that the index of cell division 
in the presence of chlorpromazine lagged behind that 
of control preparation. Kraus and Vinarova [6] indi- 
cated that in vitro chlorpromazine inhibited protein 

On the other hand, it has been reported [7] that 
chlorpromazine did not accelerate bacterial multipli- 
cation in vitro. Later. Bourdon [8] has indicated that 





* To whom inquiries should be addressed; Biochemistry 
Lab.. National Research Centre, El-Dokki, Cairo, Egypt. 

+ Viable cell counts were carried out by the plate out 
procedure. 

t Tween 80 has been used to solubilize drugs which are 
not readily soluble in the media. Up to 5°, Tween 80 has 
no effect on bacterial growth. 


in vitro chlorpromazine shows antibiotic activity 
against gram-positive bacteria only. 

In addition, librium (a member of the benzodiaze- 
pine class of tranquilizer) has been reported [9] to 
increase survival times in mice with staphylococcal 
infection. Histological changes in the nucleic acid 
constituents of nerve cells of rat has occurred [10] 
following administration of librium (5 mg/100 gm, 
given intramuscularly). 

These previous findings have promoted us to un- 
dertake a comparative study not only between three 
derivatives from the phenothiazines group, namely 
chlorpromazine (potent tranquilizer), promethazine 
(antihistaminic) and 2-chlorophenothiazine, but also 
between these three derivatives and librium and dia- 
zepam which are agents from the benzodiazepine 
class of tranquilizer and central muscle relaxant for 
structural activity relationship with respect to their 
influence on macromolecular synthesis, since protein 
and RNA synthesis are required in the nervous sys- 
tem for the development of tolerance to narcotic 
drug [11-14]. 


MATERIALS AND METHODS 


Bacteria. The bacteria employed was Escherichia 
coli NRRL B-210. 

Culture media. Media contained 2.0 g beef extract, 
2.0 g yeast extract, 5.0 g peptone, 5.0 g NaCl per 1 liter 
distilled water. This medium was used for the cultiva- 
tion of bacteria. All incubations were carried out on 
a rotary shaker at 30°. 

Biosynthesis of macromolecules. Overnight cultures 
of E. coli B were diluted to a concentration of 10° 
cells per mlt and were grown with aeration to a den- 
sity of about 2 x 10° cells per ml, at which time the 
cultures were divided into equal portions and the 
drug under investigation was added in ascending con- 
centrationst and incubation was carried out for 4hr 
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with hourly samples taken. Aliquots 10 ml of cultures 
were chilled, adjusted to 0.25M _ perchloric acid, 
allowed to remain in the cold for 30min, and the 
precipitated cells collected by centrifugation at 4000 
rev/min at 0. 

The packed cells were washed twice with 2 ml of 
0.25 N perchloric acid at 0 and resuspended in 3 ml 
of.0.5M_ perchloric acid. They were then extracied 
for 30 min at 75. the supernatant fluid collected and 
used for nucleic acid determinations. The pellets were 
carefully drained, and taken up in 2 ml of 1 N NaOH 
and extracted at 90 for 30min. The supernatant 
fluids of this extraction were used for protein analy- 
ses. 

Protein determinations were carried out by the pro- 
cedure of Lowry et al. [15], RNA by the orcinol reac- 
tion [16], and DNA by the procedure of Burton [17]. 
The following were used as standards: bovine-serum 
albumin, purified yeast RNA and calf thymus DNA 
(all were obtained from Sigma Chem. Co.). 

Induction of B-galactosidase in E. coli B. Overnight 
cultures (100 ml) of E. coli B in nutrient broth were 
washed with sterile saline and resuspended in 100 ml 
of medium (Davis and Mingioli) [18] supplemented 
with 5 mg of thiamine HCI and 10g of casein hydro- 
lysate per liter, free of glucose but adjusted to 1°, 
lactose. The culture was divided into equal portions, 
one remained as the control, to the other different 
concentrations of each of chlorpromazine HCI and 
librium HCl were added, and all the cultures were 
aerated for 1.5 hr at 30. At the end of the incubation 
period 5 ml of the control culture and the other cul- 
tures receiving the drugs investigated were kept cold 
to estimate the induced enzyme activity in cell suspen- 
sion. The cells from the remaining cultures were each 
collected by centrifugation at 0 for 30min at 4000 
rev/min. After washing with 0.03M Tris pH 7.4 in 
0.01 M MgCl,, the cells were ground with sand and 
extracted with three portions of the Tris-Mg? buffer. 
The sand and cell debris were removed by centrifuga- 
tion at 0. 

Assay of f-galactosidase activity. For assay of the 
enzyme activity in cell suspension, | ml aliquots of 
control culture and cultures treated with different 
concentration of chlorpromazine and librium were 
pipetted into tubes containing | drop of toluene. The 
tubes were shaken vigorously and were incubated for 
30 min at 37°. They were then brought to 28°, 0.2 ml 
of a solution of M/75 o-nitrophenyl-f-p-galactoside 
in M/4 sodium phosphate (pH 7.0) was added, and 
the tubes were incubated for 30min at 28. At the 
end of incubation time, the reaction was halted by 
addition of 0.5ml of 1M Na,CO, and the optical 
density of the yellow color developed was measured 
at 420 nm.* 

In case of estimating the enzyme activity in cell 
extract, the same procedure outlined above was 
applied, but incubation with toluene is omitted. The 
amount of o-nitrophenol liberated in the sample was 
calculated from a standard curve of o-nitrophenol. 
One unit of enzyme activity is defined as producing 
1 nmole o-nitrophenol/min at 28°, pH 7.0. 

De-repression of alkaline phosphatase. Overnight 





* The yeilow color developed was measured after centri- 
fugation to remove turbidity due to cell suspension. 
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cultures (100 ml) of E. coli B in nutrient broth were 
harvested, washed and resuspended in 100ml of the 
Tris (phosphorus-free) medium of Torriani [19] sup- 
plemented with amino acids and thiamine. The cul- 
tures were divided into equal portions. one portion 
served as control, to the others different concen- 
trations of chlorpromazine and librium were added, 
then all the cultures were aerated for 1.5hr. At the 
end of the incubation period, a sample of each culture 
was taken for assay of enzyme activity in cell suspen- 
sion. The remaining cultures were each centrifuged 
at 4000 rpm at 0 for 30min. The cells were ground 
with sand and extracted with 1 M Tris pH 8.8. 

Assay of alkaline phosphatase activity [20]. For 
assay of alkaline phosphatase activity in cell suspen- 
sion, 1 ml of culture from each of control and those 
treated with the drugs under investigation were 
placed in a centrifuge tube (containing 0.2ml of 
1:1000 merthiolate in order to block instantly further 
enzyme formation). 

The killed cells were resuspended in exactly 1 ml 
of buffer. This suspension was either used directly or 
was, first treated by shaking with 0.02 ml toluene/ml 
at 37 for 30min. Then to | mi 1M Tris buffer pH 
8.8 and 0.5ml of either cell suspension treated as 
above or cell extract were added and then brought 
to 37° for 10min, 0.5 ml of 0.04M NPP (p-nitro- 
phenyl phosphate at 37°) was added with rapid mix- 
ing and incubation was carried out at 37° for 60 min. 
The appearance of free NP is measured at 420 nm. 
The unit of enzyme activity is defined as that amount 
of enzyme which liberates 1 nmole of NP per hr under 
the prescribed conditions. 

Effect of ATP addition on the reversal of the inhibi- 
tory action of chlorpromazine and librium on E. coli 
B multiplication. An inoculum from an overnight cul- 
ture was added to nutrient broth-NaCl media, and 
the content incubated until viable-cell count had 
reached almost 1 x 10° cells/ml. A series of culture 
flasks, were prepared by the addition of 0.16 mg/ml 
chlorpromazine and 1.2 mg/ml librium and these were 
incubated for a period of 2 hr. Samples for turbidity 
measurement at 600 nm were removed from the con- 
trol flask at zero time, and from all flasks at the end 
of incubation period. At that time graded increments 
of ATP were added to the cultures inhibited by chlor- 
promazine and librium. Incubation was resumed; tur- 
bidity measurements were determined for each culture 
for the next 3 hr. 

Release of methyl-green from a DNA-MG complex. 
This method is based on the observation that at pH 
7.5 the DNA-methyl green complex is intensely green, 
where as the unbound methyl green is colorless [21]. 
Therefore a compound that displaces methyl green 
from its complex with DNA decreases the intensity 
of the green-colored solution. A solution containing 
the DNA-methyl green complex was prepared by 
placing 15mg of the DNA-methyl green compound 
into 100 ml of 0.05 M Tris-HCI buffer (pH 7.5) con- 
taining 7.5 x 10°7M MgSO,. The mixture was 
gently stirred in the dark at 25 + 1° until dissolved. 
The assay was carried out by incubating 2 ml of the 
DNA-methyl green solution and 0.5 ml of the drug 
solution for 18 hr in the dark at 25 + 1°. A control 
tube was prepared containing no drug. The absorban- 
cies of the solutions at 640 nm were measured. 
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Fig. 1. Molecular formulae of chlorpromazine (I), promethazine (II), 2-chlorophenothiazine (III), librium 
(IV) and diazepam (V). 


Formation of insoluble complex between chlorproma- 
zine and DNA. The ability of chlorpromazine and 
librium to form complex with DNA was examined 
in the following manner: increasing amounts of chlor- 
promazine and librium were added to test tubes con- 
taining 304/ml calf thymus DNA in saline-citrate 
(0.15 M NaCl containing 0.015M sodium citrate). 
When insoluble complexes were formed, an imme- 
diate turbidity was observed which was read at 
600 nm. The increase in 0.D. follow an increase in 
the concentration of chlorpromazine used. Librium 
did not form complex with DNA. The effect of heat 
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on the solubility of such complex was studied. Results 
are indicated in Table 6. 


RESULTS 


The influence of chlorpromazine, promethazine, 
2-chlorophenothiazine, librium and diazepam (Fig. 1) 
on the synthesis of DNA, RNA and protein by E. 
coli B were studied. In the case of chlorpromazine, 
it is evident from Figs 2A, B & C that with increase 
in the concentration of the drug up to 0.16mg/ml, 
there is a progressive inhibition of synthesis of these 
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Fig. 4. Effect of 2-chlorophenothiazine on DNA, RNA and protein syntheses in E. coli, B. O O 
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Fig. 5. Effect of librium on DNA, RNA and protein syntheses in E. cc 
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three macromolecules. The inhibition of DNA, RNA 
and protein occur almost at the same rate, since at 
a concentration 0.16 mg/ml chlorpromazine complete 
cessation of DNA. RNA and protein have occurred. 

Promethazine at a concentration ranging from 0.08 
up to 0.16 mg/ml cause a gradual inhibition of DNA, 
RNA and protein synthesis. RNA and protein syn- 
thesis were more inhibited than DNA synthesis under 
the influence of the same concentration of the drug 
tested. No complete cessation of DNA has occurred 
at 0.16 mg/ml of promethazin (Figs 3A, B & C re- 
spectively). 

2-Chlorophenothiazine at a concentration ranging 
from 0.08 up to 0.16 mg/ml cause a gradual inhibition 
of DNA, RNA and protein synthesis. This inhibition 
is progressing with increase in the concentration of 
the drug tested, while no cessation in the synthesis 
of these three macromolecules have occurred at a 
concentration of 0.16 mg/ml (Figs. 4A, B & C). 

Librium at concentrations as those used for the 
above three drugs have no effect on the synthesis of 
these three macromolecules. With increase in the con- 
centration of the drug used up to 1.2 mg/ml, DNA, 
RNA and protein synthesis were progressively inhi- 
bited as the concentration of the drug increased. The 
rate of inhibition of DNA, RNA and protein synthesis 
was almost the same (Figs. 5A, B & C). Diazepam 
has no effect on the synthesis of these three macromo- 
lecules (Table 1). 

The interference of narcotic drugs in nucleic acid 
metabolism of micro-organisms may be dependent 
on: a decrease in the rate of synthesis of a particular 
protein, or may be related to energy (ATP) levels. 


1i BLO © Control, x 
1. 


2 mg/ml. 


or dependent on an initial drug nucleic acid chemical 
interaction. 

So the influence of chlorpromazine and librium on 
enzyme induction and de-repression were studied. 
Upon enzyme induction, the synthesis of the struc- 
tural protein is proceeded by the formation of a speci- 
fic messenger RNA (m RNA) (Nakada and Maga- 
sanik) [22]. The levels of induced f-galactosidase of 
bacteria (E. coli B) exposed to several levels of chlor- 
promazine and librium are summarized in Table 2. 

In parallel with the inhibition of total protein syn- 
Table 1. Effect of diazepam on the synthesis of macro- 

molecules in E. coli B 





ug of macromolecules/ml 
cultures 
DNA RNA Protein 
synthesis synthesis synthesis 


Time 

(min) 

Control 0 18.8 
60 22.2 

120 50.0 

180 43.2 

Inhibited (1)* 0 18.8 
60 25.5 

120 51.7 

180 44.3 

Inhibited (2)* 0 18.8 
60 26.2 

120 53.4 

180 44.3 








*The concentration of diazepam was 0.8 mg (1) and 
1.2 mg/ml (2) culture respectively. 
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Table 2. Effect of chlorpromazine and librium on the f-galactosidase content of induced Escherichia coli B cells 





Cell extract 

Specific 
enzyme 
activity* 


Concn. 
of f-galactosidase 
chlorpro- _ activity in 
mazine cell suspension 


B-galactosidase 
activity 


Cell extract 

Specific 
enzyme 
activity* 


f-galactosidase 
activity in 
cell suspension 


Concn. of 
librium 


f-galactosidase 
activity 





ug/ml units/ml units/ml 
OF 104 

65 

52 

24 

23 


17 


pg/ml units/ml units/ml 
Ot & 981 
600 36. : 861 
800 713 
1000 
1200 





* Expressed as units per milligram protein. 
+ Control cultures of E. coli B received no inhibitor. 


Table 3. Effect of chlorpromazine and librium on the enzyme content of the alkaline phosphatase constitutive bacterium 
Escherichia coli B 





Alkaline 
phosphatase 

Conc. of activity in 
chlorpromazine cell suspension 


Cell extract 
Alkaline 
phosphatase 
activity 


Specific 
enzyme 
activity* 


Alkaline 
« phosphatase 
activity in 
cell suspension 


Cell extract 
Alkaline Specific 
phosphatase enzyme 
activity activity* 


Concn. of 
librium 





units/ml 
81 
72 
66 
65 
65 
55 


hg/ml units/ml 


pg/ml units/ml units/ml 

OF 216 340 
600 199 328 
800 196 300 


1000 196 289 


1200 187 5( 262 





* Expressed as units per milligram protein. 
+ Control cultures of E. coli B received no inhibitor. 


thesis brought about by chlorpromazine and librium, 
the synthesis of alkaline phosphatase (constitutive 
enzyme) was also stopped (Table 3). 

Attempt to antagonize the inhibitory action of 


Table 4. Effect of ATP on the reversal of the inhibitory 
action of chlorpromazine and librium on E. coli B 
multiplication 





o.D. at 600 nm of culture 
during growth 
Time (min) 


60 120 180* 





0.24 
0.25 


0.42 
0.46 


0.56 
0.58 


Control 

Control 

plus ATP (200 pg/ml) 
Inhibited (1)* 

plus ATP (50 ug/ml) 
Inhibited (1)* 

plus ATP (100 pg/ml) 
Inhibited (1)* 

plus ATP (150 g/ml) 
Inhibited (1)+ 

plus ATP (200 g/ml) 
Inhibited (2) 0.2 
plus ATP (100 zg/ml) 
Inhibited (2)t 

plus ATP (200 pg/ml) 


0.10 0.09 0.08 


0.10 0.09 0.08 


0.09 0.07 0.07 


0.09 0.07 0.07 


0.32 0.34 


0.21 0.29 0.31 





* These time intervals (60, 120, 180 mins) indicate time 
of incubation after ATP addition. 

+ Cultures inhibited by 0.16 mg/ml chlorpromazine. 

t Cultures inhibited by 1.2 mg/ml librium. 


chlorpromazine and librium on growth of E. coli B 
by the addition of ATP to a culture of E. coli B after 
multiplication had been inhibited by chlorpromazine 
and librium resulted in no return of growth (Table 
4). 

Drug nucleic acid interaction. Methyl green forms 
a complex with DNA and compounds which bind 
DNA, e.g., quinacrine [23] have been reported to dis- 
place methyl green from its complex with DNA. 
Table 5 shows that chlorpromazine was effective in 
displacing methyl green from the DNA-MG complex, 
while librium was less effective. 

From Table 6, it is evident that when increasing 
amounts of chlorpromazine were added to a highly 
polymerized calf thymus DNA an immediate tur- 
bidity was observed which was read at 600 nm, the 
increase in O.D. follow an increase in the concen- 
tration of chlorpromazine used. Librium did not form 
insoluble complex with DNA, and an attempt to see 


Table 5. Release of methyl green from DNA-MG complex 
by chlorpromazine and librium 





Percent 
release of 


MG 


Percent 
release of 


MG 


Concn. of 
librium 


Concn. of 
chlorpromazine 





pg/ml 
100 
200 
300 
400 
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Table 6. Formation of insoluble complex between chlor- 
promazine arid DNA and the effect of heat on the solu- 
bility of such a complex 





o.D. at 600 nm at different 


Concn. of temperature 


chlorpromazine 30 70 





100 xg/3 ml 0.22 0.17 
200 pg/3 ml 0.37 
300 pg/3 ml 65 5 0.51 
400 pg 0.66 





its effect on the thermal melting of DNA was not 
possible since very small concentration of librium 
shows a high absorption at 260 nm. Table 6 shows 
that, the increase in temperature resulted in a slight 
solubility of the formed complex as evident from a 
decrease in 0.D. at 600 nm with increase in tempera- 
ture. 


DISCUSSION 


From our results, it is evident that there is a rela- 
tion between structure and function, chlorpromazine 
a well known tranquilizer showed at a lower concen- 
tration, a coniplete cessation of DNA, RNA and pro- 
tein synthesis. The percent inhibition of DNA, RNA 
and protein synthesis at the end of incubation period 
at a concentration of 0.16 mg/ml chlorpromazine are: 
81.4, 78.6 and 88.8 respectively. It is known that by 
separating the N atoms of the dimethyl-aminoalkyl 
side chain of chlorpromazine by two carbon yield 
promethazine (Fig. 1) an antihistaminic drug. Upon 
investigating its effect on DNA, RNA and protein 
synthesis, it is evident (Figs. 3A, B & C) that RNA 
is the primary target with a percent of inhibition in 
the synthesis of DNA, RNA, and protein at the end 
of incubation period at a concentration of 0.16 mg/ml 
are as follows: 40.3, 77.6 and 57.8 respectively. 

2-Chlorophenothiazine at the same concentration 
used as that for chlorpromazine and promethazine 
cause a slight inhibition of DNA, RNA and protein 
synthesis. The percent inhibition at 0.16 mg/ml at the 
end of incubation period are 18.7, 28.9 and 13.2 re- 
spectively. 

Comparing the structure of these three phenothia- 
zine derivatives (Fig. 1) with the percent inhibition 
of DNA, RNA and protein synthesis, it is evident 
that chlorpromazine is the potent inhibitor for these 
synthetic processes. Protein synthesis is the most sen- 
sitive to inhibition by chlorpromazine (Fig. 2C), the 
inhibition in the synthesis of these three macromole- 
cules starts during 1 hr of incubation. Following in 
potency with respect to inhibition of DNA, RNA and 
protein synthesis 1s promethazine and then 2-chloro- 
phenothiazine. In case of these two drugs, DNA inhi- 
bition starts after hr 1 of incubation, while inhibition 
of RNA and protein synthesis took place during hr 
1 of incubation (Figs. 3A, B & C, and 4A, B & C) 
and continue to hr 4 of incubation. From these 
results, we could conclude that the dimethyl-aminoal- 
kyl side chain of chlorpromazine is essential for 
potent inhibition of synthesis of these three macromo- 
lecules. 
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It is evident from our results that librium when 
compared to diazepam upon its effect on DNA, RNA 
and protein synthesis; diazepam has_ insignificant 
effect on the synthesis of these three macromolecules, 
while librium at a concentration of 1.2 mg/ml at the 
end of incubation period, gave the following percent 
inhibition of DNA, RNA and protein synthesis as fol- 
lows: 26.7, 16.3 and 13.2 respectively. It is evident 
that DNA is inhibited the most, and inhibition of 
the three macromolecules start during hr 1 of incuba- 
tion and continue until the end of incubation period. 
It is also evident that librium is less effective than 
chlorpromazine and promethazine. 

Upon enzyme induction and derepression, it is evi- 
dent that in parallel with the inhibition of the total 
protein synthesis, the synthesis of induced enzyme 
($-galactosidase) in cell free extract and cell suspen- 
sion is inhibited to 97 and 83.7 per cent by 0.16 mg/ml 
chlorpromazine respectively. While librium at a con- 
centration of 1.2 mg/ml cause 36.3 and 34.6 per cent 
inhibition in f-galactosidase induction, in cell free 
extract and in cell suspension. respectively. 

Also the synthesis of constitutive enzyme (alkaline 
phosphatase) is also inhibited by chlorpromazine and 
less by librium. Chlorpromazine at a concentration 
0.16 mg/ml cause 48 and 77.8 per cent of inhibition 
in both cell free extract and cell suspension respect- 
ively. Librium at a concentration of 1.2 mg/ml bring 
about 15.2 and 13.5 per cent inhibition in both cell 
free extract and cell suspension respectively. The inhi- 
bition of new enzyme synthesis was the direct result 
of inhibition in the formation or expression of m 
RNA brought about by chlorpromazine and to a less 
extent by librium. The process of enzyme induction 
can be used as an index of m RNA function and 
synthesis [22]. 

We have suggested that all of the effect of the drugs 
investigated on protein and nucleic acids synthesis in 
E. coli B are due to an increased destruction of ATP 
in the drug treated culture, since an initial decrease 
in ATP levels leads to subsequent inhibition of all 
synthetic processes as already have been observed by 
Greene and Magasanki (1967) [4]. They have indi- 
cated that when the bacterial cell nucleotides were 
prelabeled by exposing the cells to labeled adenine 
before adding levallorphan, there was a shift from 
ATP to AMP within the cells and leakage of labeled 
nucleotides from the cells in the presence of narcotic 
drug. 

From our results, it is evident that addition of dif- 
ferent concentrations of ATP to cultures of E. coli 
B which have been inhibited by 0.16 mg/ml chlorpro- 
mazine or 1.2mg/ml librium has no antagonistic 
effect. This eliminates the possibility that the interfer- 
ence of chlorpromazine and librium in nucleic acids 
and protein synthesis may be related to energy (ATP) 
levels. 

So, the interference of these drugs in nucleic acid 
and protein synthesis may be dependent on an initial 
drug nucleic acid chemical interaction. That narcotic 
drugs do react with nucleic acids have been shown 
by changes in the temperature of thermal denatur- 
ation of the nucleic acids in the presence of mor- 
phine, and in the quantitative precipitation of SRNA 
by levallorphan in the test tube (Clouet, 1967) [24]. 
With this assumption, we looked for evidences to sup- 
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port it. From our results in Table 5, it is evident 
that chlorpromazine and to a lesser extent librium 
were effective in displacing MG from MG-DNA com- 
plex. This result suggest that chlorpromazine and to 
a lesser extent librium bind to DNA, since compound 
which bind to DNA, e.g., quinacrine have been 
reported [23] to displace MG from its complex with 
DNA. This result suggest that chlorpromazine and 
librium bind to DNA. Also a parallelism was 
observed between the antibacterial effect of chlorpro- 
mazine and its ability to form insoluble complex with 
DNA. Librium did not form an insoluble complex 
with DNA, and an attempt to study its effect on the 
Tm of DNA was not possible, owing to the absor- 
bancy of librium in the ultraviolet. 

In conclusion, the dimethyl-aminoalkyl side chain 
of chlorpromazine is essential for potent inhibition 
of DNA, RNA and protein synthesis. We suggest that 
these drugs exert their action on macromolecular syn- 
thesis by forming a complex with DNA which in turn 
prevents the DNA from participating as a template 
in the biosynthesis of nucleic acids. It has also been 
found that the metabolic function sensitive to the in- 
hibitory action of chlorpromazine appeared to be the 
process of enzyme induction and, possibly, the syn- 
thesis of messenger ribonucleic acid. 

According to the findings of Cohen and his colla- 
borators (1965)[11], Yamamoto et al. (1967) [12], 
Spoerlein and Scrafani (1967) [13] and Smith et al. 
(1967) [14]. that mice and rats which had received 
actinomycin D, 8-azoguanine or, puromycine (inhibi- 
tors of RNA, and consequently protein synthesis) de- 
veloped tolerance to the chronic administration of 
morphine at a rate significantly (P < 0.001) slower 
than those receiving morphine alone. They have also 
indicated that puromycin and actinomycin D blocked 
long term tolerance to levorphanol administration. 
We suggest that a tranquilizing agent which has an 
inhibitory action on the synthesis of RNA and conse- 
quently protein will develop less tolerance to their 
administration. 
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CORRELATION OF BIOLOGIC DATA WITH PHYSICO- 
CHEMICAL PROPERTIES AMONG THE VINCA 
ALKALOIDS AND THEIR CONGENERS 
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Abstract—Displacement of [*H]vinblastine binding to tubulin by other Vinca alkaloid derivatives has 
been demonstrated to be a competitive process, allowing for determination of the association constant 
of each drug. Correlation of LD;) data and anti-P-388 activity was found with log P and log K, 
according to the equations: logLDs, = 0.129 (log P)? — 0.522 log P — 0.479 log K, + 4.652 
log P — 388 = 0.222 (log P)? — 1.059 log P — 0.520 log K, + 5.366. Vincristine and desacetylvinblastine 
were the two most active agents in this series. That the latter drug had significant biologic activity 


was of considerable interest. since it is known to be a human metabolite. 


Our laboratory has been engaged in studies on the 
pharmacology of the Vinca alkaloids, and as part of 
our continuing interest we have studied the correla- 
tion of the biologic activity of these drugs with certain 
of their physico-chemical properties. We evaluated 
two particular parameters: the binding affinity of 
these drugs for tubulin, their purported site of intra- 
cellular action [1-3]; and the partition coefficient of 
Hansch et al. [4-6], which relates the lipophilicity of 
a closely related group of drugs to their biologic re- 
sponse. 

We have previously described the interaction of 
vinblastine (VLB) and vincristine (VCR) with the mic- 
rotubular protein, tubulin, at low (10~7 to 10°°M) 
concentrations [1,2]. Within the cell, such interaction 
with tubulin is important, since the drug-protein com- 
plex can no longer form intact microtubules [1—3, 7]. 
This interaction in effect reduces the size of the avail- 
able soluble pool of tubulin, leading to a break-down 
and/or prevention of formation of critical microtubu- 
lar elements. This action, in turn, disrupts intracellu- 
lar processes dependent upon these microtubular ele- 
ments. Thus, the mitotic spindle apparatus in dividing 
cells and the neurotubules in neural tissue are dis- 
rupted, leading to cell death or malfunction. 

In our present work, we have expanded these 
studies to correlate antitumor and LDs 9 activity of 
these drugs in mice with their affinities for tubulin, 
as measured by the K,. and their partition coeffi- 
cients. 


MATERIALS AND METHODS 


Protein preparations. Fresh pig brain was homogen- 
ized 1:1 by weight with a Lyton-glass homogenizer 
in either 0.24M_ sucrose, 0.01M Na,HPO, 
NaH,PO, (pH 6.5), 0.1 mM GTP, 0.01M MgCl, 
(SPGM buffer); or 0.10M 2(N-morpholino)-ethane 





* To whom reprint requests should be addressed at The 
Johns Hopkins Oncology Center, 601 N. Broadway, Balti- 
more, MD 21205. 


sulfonic acid (adjusted to pH 4.6 with NaOH), 
1.0mM EGTA, 1.0mM GTP, and 0.5mM MgCl, 
(MEGM buffer); or 0.10 M piperazine-N-N-bis[ 2-eth- 
ane sulfonic acid], 1.0mM EGTA, pH 6.95 (PE 
buffer). The homogenate was centrifuged at 100,000 g 
for 60 min and the supernatant was used as a crude 
tubulin solution. Purification of crude tubulin was 
accomplished by three cycles of reassembly-disassem- 
bly in MEGM buffer, as described earlier [2]. All op- 
erations were carried out at 4’. 

Alkaloids. (See Fig. 1) VLB sulfate, VCR_ sulfate, 
vinrosidine (VRD) sulfate, vinleurosine (VLR) sulfate, 
dihydrovinblastine (HVLB) sulfate, desformylvincris- 
tine (DVCR) sulfate, vinglycinate (VGL) sulfate, and 
vindoline were kindly supplied by the Eli Lilly Com- 
pany. Vindesine (desacetylvinblastine amide) (DVA) 
sulfate, desacetylvinblastine hydrazide (DVH) sulfate 
and desacetylvinblastine hydroxyethylamide (DVEA) 
sulfate were prepared and supplied to us by Dr. K. 
Gerzon and G. Cullinan of the Eli Lilly Research 
Laboratories [8-10]. Desacetylvinblastine (DVLB) 
was prepared by the method of Hargrove et al. [11]. 
Radiolabeled VLB was prepared as described ear- 
lier [2]. 

Competition experiments. These experiments were 
performed by adding an isotopically unlabeled alka- 
loid to displace [7H]VLB from its tubulin binding 
sites. To a 100 ul portion of the protein solution (ap- 
proximately | mg/ml for the crude tubulin solutions, 
and 0.1 mg/ml for the purified tubulin solutions) 
diluted with 850 ul of 0.1M Na,HPO,/NaH,PO, 
buffer (pH 6.5), was added 25 yl of the first alkaloid 
solution (7.2 x 10°° M), and the mixture was incu- 
bated for 15 min at 37°. At this point, 25 ul of the 
second alkaloid solution (7.2 x 10°°M) was added, 
and incubation was continued at 37° for an additional 
60 min. Two sets of determinations were run for each 
alkaloid, one with the order of addition reversed, so 
that [7H]VLB was added first in one experiment, and 
the unlabeled alkaloid added first in the second ex- 
periment. The alkaloid-protein complex was adsorbed 
onto DEAE (Whatman DE81) paper [1,2], and after 
three 5 ml rinses with the above PO, buffer, the paper 
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Fig. 1. Structures of the Vinca alkaloids. 


was counted directly in 10 ml of Bray’s scintillation 
fluid. To obtain data for the modified Dixon plots, 
varying amounts of [*H]VLB and the competing 
drug were added simultaneously to 100 yl of the pro- 
tein solution, as above, and after 60 min of incubation 
at 37°, adsorbed onto DEAE paper and counted in 
the same manner. 

Partition coefficients. 1-Octanol was purified by 
three successive washes each with dilute NaHSO;, 
1 N HCl, 1 N NaOH, 1 N HCl, and distilled water, 
followed by filtration through activated charcoal, and 
vacuum distillation at 20 mm Hg. The center fraction 
was collected and provided 1-octanol with no u.v. 
absorption (vs. HO) from 200 to 350 nm. 

Each alkaloid, as its free base, was dissolved in 
octanol and equilibrated with 0.1 M sodium phos- 
phate buffer, where in separate determinations, the 
PH of the buffer was varied from 6.0 to 8.0 at intervals 
of 0.2 pH units. The amount of drug in each layer 
was determined by comparison of the u.v. spectrum 
with standard solutions in the same solvent. In gen- 
eral, the concentration in the aqueous phase approxi- 
mated. 10~°M. The octanol layer was diluted ap- 
proximately 20-fold with fresh octanol for the u.v. 
measurements to be on_ scale. From __ the 
reported [12,13] pKa values for VLB, VCR, VLR 
and VRD, and our measured value for VGL, we cal- 
culated the amount of free base available in the 
aqueous phase. All the values were then corrected to 
reflect only the distribution of nonionized drug as 
log P*. For. the alkaloids, HVLB, DVLB, DVA. 
DVEA, and DVCR, the log P* values were calculated 
from the value for either VLB or VCR as the parent, 


using standard z values for the functional group dif- 
ferences as shown in the Appendix [14-17]. 

LD.,, data. Graded doses of each alkaloid, dissolved 
in saline, were administered i.p. to 6-12 week old 
BD,F, female mice. The LDs,.’s were calculated in 
the standard manner. The mice were observed for evi- 
dence of neurotoxicity, as described by Uy et al. [18]. 

Antitumor activity. Female BD,F, mice (6-12 
weeks old) were inoculated ip. with 1 x 10°P-388 
lymphocytic leukemia cells. Three days later, the 
appropriate drug was administered 1.p. at various 
dose levels, centering around a dose corresponding 
to one-half of the LDs 9. Survival in days was deter- 
mined for each group of treated animals, and com- 
pared to the control group (ILS = treated/con- 
trol x 100). 

PKa values. A 10 mg solution of VGL in 10 ml of 
25°, DMF was titrated with | N HCl in the usual 
manner, measuring the pH with a Radiometer pH 
meter. 


RESULTS 


Data on the partitioning of VLB, VCR, VLR, VRD 
and VGL between octanol and water are presented 
in Fig. 2. Straight lines resulted for all compounds 
when the logarithm of the ratio of octanol to water 
concentrations was plotted vs. pH. 

Since only the nonionized portion of a drug is 
available for aqueous-to-lipid transfer, the partition- 
ing data in Fig. 2 were corrected to reflect the distri- 
bution of free base alone, assuming that the octanol 
phase contained only free base (reasonable, since 
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Fig. 2. Octanol-water partition coefficients of VLB, VGL, 

VLR, VCR and VRD vs. pH. The drugs were equilibrated 

with octanol and 0.1 M sodium phosphate buffer adjusted 

to the respective pH values. Both phases were examined 

by u.v. spectral absorption to determine the concentration 
of drug present. 


< 5% of the octanol concentration was found in 
octanol equilibrated with crystalline drug sulfate). The 
pKa values used were: VLB, 5.4 and 7.5[12]; VCR, 
5.0 and 7.4[13]; VLR, 5.5 and 7.5[12]; VRD, 5.0 
and 8.8[13]; and VGL, 5.5 and 8.5 (measured). The 
fraction [B]/[HB*] + [HB?*] was calculated from 
these pKa values for each alkaloid at each pH value. 
The log P value was then divided by the log of this 
fraction to give log P*, and the data are plotted in 
Fig. 3. As expected, these lines were relatively flat, 
with log P* values that varied little over the pH 
range. The two drugs VCR and VRD, however, 
showed minor breaks from linearity. Though these 
breaks are not fully explained, they may relate to in- 
accuracies in determining the pKa’s, as the values for 
these two drugs were determined in aqueous-dimeth- 
ylformamide solution, as opposed to aqueous solution 
alone for VLB and VLR. The value for DVH was 
measured at pH 7.4 only. Starting with the log P* 
values of VLB or VCR at pH 7.4, the log P* values 
for DVLB, HVLB, DVA, DVEA and DVCR were 
calculated. Values for the log P* at pH 7.4 for all 
the drugs are listed in Table 2. 

We have demonstrated that VLB binds tightly to 
porcine tubulin with a Ka of from 5.0 to 6.3 x 10° 
L/M [1, 2], when measured under specific conditions. 
Assuming that the other Vinca derivatives bind to 
the same site on this protein, it should be possible 
to measure the tightness of binding of each of the 
Vinca derivatives to tubulin, by measuring the extent 
to which they will competitively displace [7H]VLB 
from this site, and a preliminary report of this finding 
has appeared [19]. To evaluate this system, we first 
studied the competition of isotopically unlabeled VLB 
for the binding of [*7H]VLB. A crude tubulin prep- 
aration was incubated with [7H]VLB for 15 min at 
37° (this reaction is essentially complete in 
< 7min[1]). The mixture was then diluted with iso- 
topically cold VLB, such that the concentration of 
labeled and unlabeled drug was equal at 


B.P. 26/13—« 


1215 


1.80 x 10°°M (total concentration = 3.60 
x 10°°M). An identical set of samples was prepared 
in which the isotopically unlabeled drug was added 
first, followed by the [*H]VLB. The final mixtures 
were again incubated at 37° for varying periods of 
time, and the amount of bound alkaloid was deter- 
mined by adsorptidén onto DEAE filter paper, as 
reported earlier [1,2]. It was found that 60 min were 
required to establish equilibrium. Longer times did 
not alter the equilibrium, but led to gradual decreases 
in bound counts, as the protein-drug complex slowly 
degraded. At the final concentration of 3.6 x 10~°M, 
93.8°,, of the tubulin is bound by VLB. 

Having demonstrated that [*H]VLB could be com- 
petitively displaced to equilibrium by unlabeled VLB, 
we then proceeded to evaluate the other available 
Vinca derivatives by measuring the displacement of 
[7H]VLB at equimolar concentration. Each sample 
was run in duplicate pairs, with the order of addition 
of the alkaloids reversed in the second set. Thus, two 
samples were run with [*H]VLB added first, and after 
15 min of incubation, the second alkaloid was added. 
Another pair of samples was prepared with other 
alkaloids added first, followed by [*H]VLB. After 
60 min of further incubation, there was no statistically 
significant difference between the pairs, and all the 
data were averaged. 

In these experiments, we varied both the method 
of preparation and the purity of the tubulin protein, 
and the results obtained are shown in Table 1. The 
data in the first three columns were determined as 
the percent of dis/min bound vs. the dis/min bound 
by a sample that was 3.60 x 10°°M in [7H]VLB 
alone. This value was not identical to the dis/min 
bound with 1.80 x 10°°M [°H]VLB alone, because 
of the variation in binding vs. concentration seen ear- 
lier in Scatchard plots [1,2]. The data in the remain- 
ing columns were normalized, taking as 100% a value 
twice the dis/min obtained for the mixture of equimo- 
lar [7H]VLB and unlabeled VLB. Note that crude 
brain extracts behaved identically with reassembly 
purified tubulin, and that buffer changes (MEGM vs. 
SPGM), aging for 8 hr, and freeze-thawing the brain 
beforehand, had no significant effect upon the com- 
petitive binding data, even though the number of 


4.0, 


3.84 











Fig. 3. Corrected octanol-water partition coefficients. The 

values in Fig. 2 were corrected to reflect the amount of 

free base in the aqueous phase, and assuming all drug in 
the octanol phase was the free base. 
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Table 1. Competition between [7H]VLB and Vinca congeners for the porcine tubulin binding site 





Tubulin preparation 
MEGM* SPGM* MEGM* MEGM+ MEGM* MEGM*t MEGM*§ SPGM* 








49.7 53.6 50.0 50.0 50.0 50.0 
36.4 38.3 37.9 37.8 
15.194 24.3 24.6 23.9 d 27.6 
75.1 
82.7 
67.0 
79.2 


85.1 


Catharanthine 

Vindoline 

Protein conc. 0.83 0.140 0.752 0.859 
(mg/ml) 





Porcine brain was homogenized in a Teflon-glass homogenizer as described in the text, with the listed buffer on 
a wt/wt basis (e.g., 1/1 or 3/1), then centrifuged for | hr at 100,000g. The supernatant was then used as the protein 
source. Pure tubulin was prepared as described, by the repolymerization technique. A 100 xl sample of protein solution 
diluted with 850 ul of buffer was incubated with 25 pl of 7.2 x 10°°M [2H]VLB for 15 min at 37°, after which 25 yl 
of 7.2 x 10°°M unlabeled alkaloid was added and incubation continued for 60 min. Bound [°H]VLB was adsorbed 
onto DEAE filter paper and counted directly. Repeat determinations were. made for each alkaloid pair with the order 
of addition reversed (i.¢., unlabeled alkaloid followed by [7H]VLB). The values reported are the percent of [7H]VLB 
bound compared to that of 50 yl of 7.2 x 10°°M [7H]VLB alone. 

* Crude protein preparation. 

+ Protein purified by three polymerization cycles. 

t Crude protein preparation aged 8 hr. 

§$ Crude protein preparation frozen-thawed. 

(dis/min of drug + [*H]VLB/dis/min of [7H]VLB alone) x 100. 
“ This data point was excluded in the averaging (see text). 
** Vindoline molarity 4 fold that of [*H]VLB 


bound dis/min (i.e., bound pmoles) was less for the _ tistically significant differences for the displacement 
latter two preparations, and higher for the purified of [7H]VLB by the various alkaloids with each of 
tubulin. It was found that all of the alkaloids tested, the protein preparations, except for VCR in Column 
save for vindoline and catharanthine, displaced CC, the averages for each drug were determined and 
[°H]VLB from tubulin to a greater or lesser extent appear in Table 2 with the standard error of the 
at equimolar concentration. Since there were no sta- mean. VCR and DVLB were good competitors of 


Table 2. Correlation of biologic with physico-chemical data for the Vinca alkaloids 





[°?H]VLB P-388% 
Competition 
(°,, remaining K, Dose ILS LD508 Ratio 
Drug radioactivity) log K, x 10°L/M_ log P*+ (mg/kg) (%) (mg/kg) P-388/LD5o 





VLB 50. 6.7782 5.3 — 6.0 3.65 9.0 $ 17.2 
VCR 3+0. 6.9031 8.0); 5.24 Fhe 3.0 
DVLB 35.8 + I. 6.5798 3.8ff 2.765 2.0 
DVA 37. 6.5185 3.39 1.27{f 6.0 
6.6021 4.0¢ 1.45 18.0 
6.2553 1.84 1.11}¢f 10.0 
4.02 20.0 0.48 
3.05 60.0 0.47 
5.1761 0.154 3.40 45.0 7 0.59 
3.95Tf 100.00 108 + 0.70 
E32 2.89ff not tested 
Vindoline . () 
Catharanthine 0 
CLC 


0.52 
0.57 
0.34 
0.68 
0.79 
0.98 


+ HEH HH 





+ Average of values from Table 1, +1 standard error. 
t mg kg for most effective dose/increased life span, as (days survived treated divided by days survived control) x 100. 
§ +1 standard deviation. 
from Scatchard plots. 
* from modified Dixon plots. 
++ vindoline in 4-fold excess. 
tt calculated. 





Correlation of biologic data 


VLB and gave very consistent data, while wider vari- 
ations occurred with the drugs which were poor com- 
petitive inhibitors: VLR, VRD, VGL, HVLB and 
DVCR. The new drugs, DVA, DVH and DVEA, were 
also good competitors, but only a single run was done 
for each (see Dixon plot data later). The noncompeti- 
tive behavior of vindoline and catharanthine was very 
significant, indicating that the effects seen were speci- 
fic for the dimeric compounds. In another set of incu- 
bations, colchicine (CLC), as has been shown before, 
had no effect upon the binding of [*H]VLB to tubu- 
lin. 

We next measured the binding of [7H]VLB to 
tubulin in the presence of several concentrations of 
VCR, and the data appear in Fig. 4 as a modified 
Dixon plot. From this plot, the inhibition constant, 
K;, for VCR was calculated at 1.93 x 10°° M/L, and 
the association constant, K,, as 5.2 x 10°L/M. The 
data for [*H]VLB alone, when graphed as a Scat- 
chard plot, gave a K, of 4.5 x 10° L/M. In a similar 
manner, Dixon plots were done for DVA, DVH, 
DVEA and VLR, and the values obtained for the K,’s 
are listed in Table 2. 

VLR is the only Vinca with an epoxide in the top 
half of the molecule, and we therefore questioned 
whether it might function by binding to the same site 
as CLC. This could explain why it is a poor competi- 
tor for VLB while still blocking tubulin polymeriza- 
tion by binding to this alternate site. We therefore 
evaluated the ability of the drug to displace 
[7H]CLC, and found that no displacement occurred. 

LDs9 data are presented in Table 2. Their deter- 
minations were straightforward, except for VLB, 


which exhibited very anamolous behavior, with an 
unexplained early peak and fall occurring with both 
i.v. and i.p. routes of administration (Fig. 5). This be- 
havior was consistently observed with VLB, but not 
with any of the other alkaloids. The LD;, for VLB 
in Table 2 is an average value for all the ip. data 

















VCR x 107? (M/L) 


Fig. 4. Modified Dixon plot of the competition between 
[°H]VLB and VCR for the tubulin binding site. 








Fig. 5. Toxicity of VLB in BD,F, female mice. The drugs 
were delivered ip. © and @ @) or Lv. 
(x x), and total deaths determined at 2 weeks. 


points, and appears reasonable, since a parabolic 
dose-response curve was obtained for anti-P-388 ac- 
tivity, with progressive toxicity appearing at doses 
>10mg/kg. The difference in LDs.’s between the 1.v. 
and i.p. routes of administration of about 10 mg/kg 
has been noted before [20]. No evidence of neurotoxi- 
city was seen, save with VCR, where the typical hind 
limb palsy regularly occurred at toxic dose levels [18]. 
The values reported in Table 2 for anti-P-388 ac- 
tivity reflect the highest increase in life span (ILS) 
obtained, and the dose level giving that result. 


DISCUSSION 


The binding of radiolabeled VLB to the protein 
tubulin has been well described [1—3,7] and in the 
present work, we have demonstrated that competition 
for this binding site may be employed as a useful 
tool in evaluating similar binding activity of the other 
Vinca alkaloids. The displacement of VLB from tubu- 
lin binding sites was demonstrated to be a truly com- 
petitive process by the behavior of VCR, VLR, DVA, 
DVH and DVEA, when the data was displayed as 
modified Dixon plots, and analysis of these plots 
allowed calculation of individual K,’s. Simple equi- 
molar competition reactions between [*H]VLB and 
the other Vinca congeners were then employed to 
estimate the relative intensity of binding of these 
drugs to tubulin. 

When the percent of [7H]VLB displaced was plot- 
ted vs. the log of the K, (as determined by the Dixon 
plots),-a straight line was obtained, as shown in Fig. 
6. with an r value of 0.9937 for the linear regression 
analysis. The value of the K, for DVLB could be 
determined from this line, and it is listed in Table 2. 

The displacement process is specific, since neither 
CLC, catharanthine, nor vindoline (even when the lat- 
ter is in 4-fold molar excess) will displace [7H]VLB. 
The inability of vindoline to displace VLB is particu- 
larly important since this molecule, while biologically 
inactive, comprises the entire bottom half of the 
dimeric Vinca alkaloids. Catharanthine, while not 
identical to the top half of the dimeric compounds, 
is closely related structurally, and therefore is also 
important yet is also biologically inert. That neither 
of these compounds displaces [*H]VLB from its 
binding site is a further indication that non-specific 
inhibition of the binding process has not occurred. 





R. J. OWELLEN, D. W. DoniGiAn, C. A. HARTKE and F. O. HaAINns 


4. i 





Percent 3H VLB Bound 


y=-28.6878 x +224.7153 
at y=O x= 7833) 
=6.81x10 
at y=IOO x=4.3573 
=2.23x10 
r= 0.99366 


4 











6.0 


log Ka 


Fig. 6. Correlation of log K, with percent [*H]VLB bound to tubulin after equilibration with equimolar 
unlabeled Vinca drug. 


A rough correlation of the binding affinity of the 
Vinca derivatives to tubulin with their antitumor ac- 
tivity was apparent. Those drugs which displace 
[>H]VLB by at least 50 per cent, ic. VCR, DVLB. 


DVA, DVH and DVEA, all had significant antitumor 
activity against P-388. Those derivatives which did 
not displace [7H]VLB by at least 50 per cent, ie. 
VGL. VRD. HVLB, DVCRY?. with the exception of 
VLR. had little or no anti-P-388 activity. The LDs5o9 
values also correlated with the binding to tubulin, 
with low values where the displacement of [*H]VLB 
was greater than 50 per cent. 
Correlatién of the biologic (LDs,) and anti-P-388) 
and physico-chemical data was tried using the data 
for only those drugs which had significant antitumor 
activity. The values for log LDs, and log P-388 were 
correlated with log P* and log K,, using least squares 
regression analysis (done on an IBM 370/145 com- 
puter). The equations derived are listed below along 
with their r values. 
Eq. 1. log LDs59 (uM/kg) = 
0.129 (log P*)? = 0.522 log P* — 
0.479 log K, + 4.652 
r = 0.841 

Eq. 2. log P-388 (uM/kg) = 
0.222 (log P*)? — 1.059 log P* — 
0.520 log K, + 5.366 
r = 0.805 

From this we saw that both the binding to tubulin 
and the partition coefficient, as expressed by the log 
P* were important parameters in determining bio- 
logic activity. That there was an optimal value for 





+ K. Gerzon, personal communication. 
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script in preparation. 


log P was not surprising, indicating that there is an 
optimal value for the lipid-water solubility ratio relat- 
ing to the distribution and ease of transfer of the drug 
across biologic membranes resulting in drug access 
into the cell providing its given biologic effect. 

The affinity of binding is another important par- 
ameter, determining how much drug is required to 
block normal tubulin polymerization [21]. The value 
of the coefficient of this term (log K,) is negative in 
both equations, correlating, as expected, higher bind- 
ing with lower dose levels to achieve a given effect. 
A word of caution should be included at this point, 
since the number of points that were used to derive 
these equations is relatively small when compared to 
the number of degrees of freedom used in the form 
of the equation. Further evaluation in this manner 
of other active congeners, as they become available, 
should provide better and perhaps even more statisti- 
cally meaningful correlation parameters. 

The two drugs which lie closest to the minimal dose 
level predicted by these curves are VCR and DVLB. 
VCR is known in humans as the most effective and 
toxic drug in terms of dose (mg/kg) of the clinically 
useful Vincas, but DVLB has never undergone clinical 
evaluation. 

Implicit in our above analysis of LDs9 and P-388 
correlations is the fact that they do not relate to the 
therapeutic index, i.e. the ratio of effective to toxic 
dose levels. This latter parameter is expressed in the 
last column of Table 2. DVLB, of the drugs tested, 
had the best therapeutic index with a ratio of 0.34. 
This is particularly interesting and important, since 
we have recently found this drug to be a significant 
human metabolite of VLB, and to date, the only 
metabolic material shown to have cytotoxic ac- 
tivity$[22]. Our data on DVLB indicate that it is 
one of the more active drugs, since it lies near VCR 
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and close to the optimal point on the correlation 
curve and has the highest therapeutic index of the 
drugs tested. The question of whether DVLB is the 
active metabolite of VLB is intriguing and important. 
We realize that data obtained on murine systems do 
not always correlate with human data. However, in 
light of the facts presented, we think that DVLB may 
be a useful agent, and should be evaluated in the 
clinic. 

We do not understand why the other Vinca deriva- 
tives VGL, VRD, HVLB and DVCR do not have 
anti-P-388 activity, since most of them displaced VLB 
in the same range as VLR. 

It should be appreciated that VLR is unique among 
the derivatives, as it is the only one with an epoxide 
linkage. The possibility exists that metabolic pro- 
cesses may open this epoxide ring, yielding a deriva- 
tive closely related to VLB. 

The correlation obtained in equation 2 is only valid 
for P-388, and an analysis using another tumor sys- 
tem may vield a correlation that would include some 
of the other drugs, such as VGL and VRD, both of 
which have been shown to be active drugs in certain 
other murine tumor systems. 

There was an obvious, not unexpected, gross corre- 
lation of LD;, dose with anti-P-388 dose, where a 
simple linear regression analysis for the 7 active com- 
pounds gave an r value of 0.9872 for the expression 
P-388 = 0.5883 LDs59 dose + 0.9984. 

Neurotoxicity is an important clinical effect of the 
Vinca alkaloids, and for VCR, and under certain cir- 
cumstances for VLB [23], it is the limiting factor in 
dose level selection in humans. To correlate neurotox- 
icity among the Vincas with the physico-chemical 
properties we had measured was difficult, as we had 
only a crude observational method for evaluating 
neurotoxicity in mice [18]. Only VCR induces a de- 
tectable hind limb palsy in this system, while none 
of the other derivatives evaluated had a similar effect. 
Thus within the series of drugs examined, VCR, with 
the greatest affinity for tubulin, is the most neurotoxic 
drug. 

We conclude that the affinity of the Vinca alkaloids 
for the protein tubulin can be evaluated by their abi- 
lity to displace [*H]VLB from this protein in an in 
vitro test system. Correlation of the log of the associ- 
ation constant and the log of the partition coefficient, 
for these Vinca derivatives showing antitumor ac- 
tivity, was found with both the log LDs5) and log 
anti-P-388 antitumor activity, when expressed in a 
quadratic relationship (See Equations | & 2). The two 
drugs, VCR and DVLB, were found to be the most 
active of the series. The observation that DVLB has 
the best therapeutic index of all the agents, the know- 
ledge that it is a metabolite in man, and its lack of 
neurotoxicity in the mouse, prompts us to suggest 
that this drug deserves evaluation in clinical trials. 
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APPENDIX 


The calculation of log P* data for those compounds 
not directly measured is illustrated below for DVLB. 
log P* of VLB = 3.65 (measured) 
DVLB = VLB minus O,CCH;, z = —0.27 
plus OH, x = —1.16 
log P* DVLB = 2.76 (calculated) 
The values used [12-15] to calculate the various log P* 
data are listed: 





Function 1 





—0,27 
—1.16 

0.18 
—0,27 
— 1.71 
—().30 
—0.98 
— 1.23 


O,CCH; 

OH 

N(CH;)> 

CO;CH,; 

CONH, 
CH=CH? 

NHCHO (aromatic) 
NH, (aromatic) 





+ Difference of n propyl and allyl groups. 
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Abstract—The effects of norepinephrine and dopamine were investigated on NaK-ATPase (ATP phos- 
phohydrolase EC 3.6.1.3) activity from a beef brain microsomal preparation. These catecholamines 
can produce a 1.5-fold activation in the NaK-ATPase activity. The catecholamines exert their effect 
by reversal of divalent metal inhibition of NaK-ATPase activity. The physiologically important divalent 
metals, Cu?*, Zn?*, Ca?*, and Fe?* are well-known inhibitors of NaK-ATPase. Norepinephrine and 
dopamine could reverse only the inhibitory effects of Fe?*. A model system was devised wherein 
the effects of several catecholamines and related compounds were tested for their ability to reverse 
the Fe?* inhibition of NaK-ATPase activity. Effective agents must have an ethylamine side chain 
and two hydroxyl groups on the phenyl ring to completely reverse the inhibitory effects of Fe?” 
on NaK-ATPase activity. The order of efficacy is isoproterenol > epinephrine = norepinephrine > 
phenylephrine. Propranolol can block the effect of isoproterenol. No effect of cyclic AMP either in 


the presence or absence of theophylline was observed. 


Since 1957, when Skou [1] first demonstrated the 
presence of an adenosine triphosphatase in crab nerve 
that could be stimulated by Na and K [ATP phos- 
phohydrolase, EC 3.6.1.3. (NaK-ATPase)], a great 
deal of information has accumulated on the mech- 
anism of action of this enzyme and on conditions 
that modify its activity (for recent reviews, see Refs 
2-4). All available data support the contention that 
this enzyme is part of the sodium pump which regu- 
lates the Na and K content of animal cells. Recently, 
several workers have shown that certain biogenic 
amines can modify NaK-ATPase activity in vitro 
[5-13]. 

In 1970, Herd et al. [5] reported that the NaK- 
ATPase from brown adipose tissue could be maxi- 
mally stimulated with 6mM norepinephrine and that 
this effect could be blocked by low doses of proprano- 
lol (4 uM). Subsequently other workers [6-8] using 
crude preparations of NaK-ATPase from rat and cat 
brain reported the stimulation of NaK-ATPase ac- 
tivity by catecholamines. Schaefer et al. [6] reported 
the requirement of a soluble, heat stable, dialyzable 
factor for the stimulation by norepinephrine. Schaefer 
et al. [9] also observed that tetrabenazine could 
mimic the effects of dopamine, another stimulatory 
catecholamine, and that chlorpromazine could anta- 
gonize the effect of dopamine. Clausen and Formby 
[10] and Schaefer et al. [11] have shown that the K 
activated phosphatase which is believed to be part of 
the NaK-ATPase [2-4] is also stimulated by norepine- 
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phrine. Tria et al. [12] and Glebov and Dmitrieva 
[13], however, have reported that epinephrine and 
norepinephrine are inhibitors of NaK-ATPase. 

The mechanism by which catecholamines increase 
NaK-ATPase activity is unclear. However, it is well 
known that NaK-ATPase activity is inhibited in vitro 
by such biologically important divalent metal ions as 
Ca?*, Cu?*, Zn?* and Fe?* [14,15]. Furthermore 
it is known that catecholamines can form stable com- 
plexes with these metals [16,17]. Therefore, in con- 
sideration of the above reported phenomena, one 
possible explanation for the activating effect of cat- 
echolamines on NaK-ATPase activity is the relief of 
divalent metal inhibition through the formation of a 
complex. Indeed Schaefer et al. [11] have shown in 
a reconstituted system that the activating effect of cat- 
echolamines on NaK-ATPase activity requires ascor- 
bic acid and a metal, possibly Fe**. 

The purpose of this paper is to investigate the acti- 
vating effects of catecholamines on NaK-ATPase ac- 
tivity from beef cerebral cortex microsomes, by deter- 
mining: (a) the requirement for additional factors if 
any; (b) the structural features of catecholamines 
required for activation of the NaK-ATPase; (c) the 
involvement of cyclic 3’,5‘-AMP in the activation; and 
(d) whether any adrenergic blockers can antagonize 
the effects of the catecholamines. 


MATERIALS AND METHODS? 


Microsomes containing NaK-ATPase activity were 
prepared from beef cerebral cortex as described pre- 
viously [18]. The microsomes were treated with high 
concentrations of sodium iodide essentially as de- 
scribed by Nakao et al. [19]. Magnesium chloride 
was omitted from the sodium iodide solution without 
any effect on purification. The Nal treated micro- 
somes (Nal-enzyme) had a sp. act. ranging from 
50-70 pmoles P,/mg protein/hr. 
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NaK-ATPase activity was determined by measur- 
ing the amount of P; produced in 5 min at 37° under 
the appropriate assay conditions. Each reaction tube 
contained in a final vol. of 1.0 ml: 30mM imidazole- 
HCl, pH 7.0; 130mM NaCl; 20mM KCl; 8mM 
MgCl,, 4mM Na;ATP and 30-40 wg of Nal-enzyme 
protein. The medium for measuring Mg-ATPase ac- 
tivity was the same except for the addition of ouabain 
to a final concentration of 0.1 mM. After all additions 
except enzyme were made, the reaction tubes were 
incubated at 37° for 3 min in a shaking water bath. 
The reaction was initiated with enzyme and ter- 
minated after 5min by the addition of 1 ml of 5% 
trichloroacetic acid in chloroform—methanol (1:1). 
After vigorous mixing, the tubes were centrifuged for 
10 min at 1500 rev/min. The P; in the upper phase 
was measured using a modified Fiske-SubbaRow 
method [20]. NaK-ATPase activity (ouabain-sensi- 
tive) was determined by subtracting the amount of 
P; produced in the presence of ouabain from the 
amount of P; produced in the absence of ouabain. 
All determinations were made in duplicate. Protein 
was measured according to the method of Lowry et 
al. [21] using bovine serum albumin, Cohn Fraction 
V, as the standard. 

All chemicals were of the highest grade commer- 
cially available and were used without further purifi- 
cation. FeCl,, CuCl, and Zn(C,H,0O;), solutions (see 
Ref 18) were freshly prepared. The drugs used in this 
study were d-norepinephrine d-bitartrate and d-iso- 
proterenol HCl (Sterling-Winthrop); d,/-propranolol 
HCI (Ayerst); dopamine HCl] and /-norepinephrine 
d-bitartrate (Schwarz-Mann); phentolamine mesylate 
(Ciba); and Jepinephrine d-bitartrate, /-DOPA, 
!-phenylephrine HCl, tyramine HCl, /-tyrosine HCl, 
catechol, -phenylethylamine,  d./-3-methoxy,4-hy- 
droxymandelic acid, d,/-normetanephrine, dihydroxy- 
phenylacetic acid, and d./-3.4-dihydroxymandelic acid 
(Sigma). To prevent auto-oxidation each drug was 
freshly prepared as a 5mM solution in 5 x 10°° 
NaEDTA, pH 7.0, that was 1 x 10°°M in 2-mer- 
captoethanol. The EDTA-mercaptoethanol solution, 
which was diluted at least 10-fold by the assay 
medium, had no effect on the inhibition of NaK- 
ATPase activity by divalent metal. Water was glass 
triple distilled and all glassware was cleaned in 
chromic acid. 


RESULTS 


Activation of NaK-ATPase by norepinephrine and 
dopamine. The addition of norepinephrine or dopa- 
mine to the assay mixture for NaK-ATPase from beef 
cerebral cortex causes a dose-dependent increase in 
enzyme activity (Figs. | and 2). The nature of the 
increase in activity was established by testing the 
effects of these catecholamines on NaK-ATPase from 
six different brain preparations. The means and stan- 
dard errors for NaK-ATPase activity from the six 
brain preparations were calculated for the effects of 
each of the drugs and plotted as shown. Slightly 
greater enhancement of activity occurred at lower 
concentrations of norepinephrine but the character of 
the curves is essentially the same. Norepinephrine and 


dopamine were equally potent at 5 x 10°*M. Pre- 
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NOREPINEPHRINE ( mM ) 
Fig. 1. The effect of norepinephrine on NaK-ATPase ac- 
tivity from beef cerebral cortex. The assays were performed 
in duplicate as described in Methods. /-Norepinephrine 
was added as the bitartrate salt. The means and standard 
errors were calculated from sp. act. obtained from the 
assay of six individual beef brain preparations of NaK- 
ATPase. Fold stimulation was calculated by dividing the 
sp. act. obtained with norepinephrine by the sp. act. 
obtained in the absence of norepinephrine. 
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liminary experiments showed the activation to be 
linear with time. 

Effect of ATP on activation of NaK-ATPase by cat- 
echolamines. During the course of experimentation it 
became necessary to utilize ATP of a different lot 
number. A comparison of the effects of dopamine on 
NaK-—ATPase activity using ATP from two different 
lot numbers is shown in Table 1. The activating effect 
of dopamine (or norepinephrine—not shown) on 
NaK-ATPase activity varies with the ATP supply and 
dopamine could no longer increase NaK-ATPase ac- 
tivity when ATP from lot No. 2 was used (Table 1). 
These data suggest the presence of an inhibitor in the 
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DOPAMINE ( mM ) 
Fig. 2. The effect of dopamine on NaK-ATPase activity 
from beef cerebral cortex. The assays were performed in 
duplicate as described in Methods. Dopamine was added 
as the hydrochloride salt. The means and standard errors 
were calculated from sp. act. obtained from the assay of 
six individual beef brain preparations of NaK-ATPase. 
Fold stimulation was calculated as explained in Fig. 1. 
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Table 1. Variability of dopamine stimulation of NaK- 
ATPase activity depending on supply of ATP* 





ATP lot No. 1 ATP lot No. 2 
moles P,;/mg protein/hr 


Dopamine 
mM 





0 54.1 80.2 
0.125 65.9 82.0 
0.5 83.1 85.2 





* Dopamine was added to the final concentrations indi- 
cated. NaK-ATPase activity was assayed as described in 
Methods. ATP lot No. 1 and ATP lot No. 2 indicate Na, 
ATP of different batches from the chemical supplier. 


ATP, which varied with the supply of ATP, and 
whose effects could be reversed by catecholamines. 
Attempts to identify the inhibitory species were not 
successful (cf Specht and Robinson [22]). Barium, 
which is frequently a contaminant of ATP prep- 
arations, is not an inhibitor of NaK-ATPase activity 
up to 1 x 10°*M (T. D. Hexum, unpublished obser- 
vation). 

Effect of EDTA on activation of NaK-ATPase by 
catecholamines. EDTA can mimic the effects of the 
catecholamines (Table 2). The effect of EDTA was 
dose-dependent and maximal at 2 x 10°3M. Nor- 
epinephrine in the presence of a sub-maximal amount 
of EDTA can no longer activate NaK-ATPase ac- 
tivity to any significant degree (Table 3, lot No. 1 
ATP contains the inhibitory substance). A submaxi- 
mal amount of EDTA was used in the presence of 
norepinephrine since higher concentrations of EDTA 
may alter the concentration of the substrate, MgATP. 
The increase in activity produced by norepinephrine 
at an EDTA concentration of 0.5 mM is only 10 per- 
cent (Table 3) whereas in the absence of EDTA the 
activation is 40 percent (Fig. 1). Since (a) EDTA is 
a chelator of divalent metals, (b) ATP complexes to 
divalent metals [23], (c) norepinephrine and dopa- 
mine form stable complexes with divalent metals 
[24-26], and (d) divalent metals are inhibitors of 
NaK-ATPase activity [14, 15, 18], it appears that the 
inhibitor is a divalent metal or metals. The NaK- 
ATPase was not the source of inhibitory metal in 
the experiments reported here because EDTA was in- 
cluded in each step of the enzyme preparation. There- 
fore by proper choice of the source of ATP the acti- 
vating effects of norepinephrine and dopamine could 
be reduced to an insignificant level. 


Table 2. Stimulation of NaK-ATPase activity 
by EDTA* 





Specific activity 
moles P;/mg protein/hr 





39.9 
40.7 
49.4 
65.0 
2.0 72.8 





* EDTA (sodium salt) was added to the 
final concentrations indicated. NaK-ATPase 
activity was assayed as described in 
Methods. The ATP used in the NaK-ATPase 
assay contained an inhibitory substance. 


Table 3. Stimulation of NaK-ATPase activity 
by norepinephrine in the presence of EDTA* 





Specific activity 
pmoles P;/mg 
protein/hr 


Norepinephrine 
mM 





0 67.5 
9.05 64.6 
0.125 69.1 
0.25 74.4 
0.5 74.0 





* Norepinephrine was added to the final 
concentrations indicated. NaK-ATPase ac- 
tivity was assayed as described in Methods. 
Each tube contained 0.5 mM EDTA (sodium 
salt). The ATP used in the NaK-ATPase 
assay contained an inhibitory substance. 


Effect of dopamine and norepinephrine on inhibition 
of NaK-AT Pase by Ca**, Cu?*, Zn?*, and Fe**. Di- 
valent metals which are present in nervous tissue and 
particularly at the synapse are Cu**, Zn**, Fe?*, 
[16,17] and Ca**. These metals are also inhibitors 
of NaK-ATPase [14, 15, 18]. Therefore in light of the 
fact that catecholamines can increase NaK-ATPase 
activity by relieving divalent metal inhibition, it 
seemed plausible to investigate whether any of these 
metals may be involved in the activation of NaK- 
ATPase by catecholamines. 

The effects of norepinephrine in reversing the inhi- 
bition produced by low concentrations of Cu’*, 
Fe?*, Zn?* and Ca** are shown in Table 4. Nor- 
epinephrine is completely effective in reversing the in- 
hibitory effects of Fe?* but ineffective in reversing 
the inhibitory effects of Cu2*, Zn?* and Ca?*. Simi- 
lar results were obtained for dopamine (not shown). 

Effects of catecholamines and related compounds on 
Fe?* inhibition of NaK-ATPase activity. As a result 
of the findings that catecholamine activation of NaK- 
ATPase can be mediated specifically by Fe?*, it was 
decided to determine the structural features for cat- 
echolamines to be active in this system. The effect 
of increasing concentrations of various compounds on 
Fe** inhibition of NaK-ATPase activity are pre- 
sented in Fig. 3. Dopamine, norepinephrine, epineph- 
rine, and isoproterenol at 5 x 10°*M can all com- 


Table 4. The effect of norepinephrine in reversing the inhi- 
bition of NaK-ATPase activity by divalent metals* 





Fe?* Zn*" Ca*? 


moles P,/mg protein/hr 


Norepinephrine Cu? 
mM 





(62.9) 
47.2 
44.2 
46.3 
47.2 
50.1 


0 (66.7)* (63.7) 
0 ; 31.9 
0.005 32.7 
0.025 42.1 
0.25 a 62.0 
0.5 th 64.6 


(66.7) 
39.9 
39.1 
36.1 
37.8 
40.8 





* Norepinephrine was added to the final concentrations 
as indicated. The final concentrations of inhibitory divalent 
metals are Cu?*, 0.025mM; Fe?*, 0.05; Zn?*, 0.05 mM; 
and Ca?*, 0.2mM. NaK-ATPase activity was assayed as 
described in Methods. 

+ The specific activities given in parentheses are values 
obtained in the absence of added norepinephrine or di- 
valent metal and are control values. 
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108 
AGENT (M) 
Fig. 3. The effect of various agents on Fe?* inhibition of NaK-ATPase. The assays were performed 
in duplicate as described in Methods. Percent reactivation was calculated by dividing the differences 
obtained when the activity in the presence of Fe** is subtracted from the activity obtained in the 
presence of Fe** plus agent, by the difference obtained when the activity in the presence of Fe?* 
is subtracted from the activity obtained in the absence of both Fe?* and agent. The various agents 
tested are A, /-isoproterenol; A, /-norepinephrine; ©, /-epinephrine: @, dopamine; O, /-phenylephrine; 
and x, tyramine. 


pletely reverse the inhibition of NaK-ATPase by and related compounds. Of all the other compounds 
Fe**. The non-catecholamines are only weakly effec- tested only /-DOPA and d./-3,4-dihydroxymandelic 
tive in reversing the inhibition. acid can give any appreciable reactivation of the Fe? * 

Table 5 gives a comparison of the effects of these inhibited NaK-ATPase activity. In addition to con- 
agents with the effects of several other catecholamines taining an intact catechol moiety these compounds 


Table 5. Comparison of the effects of various agents on Fe** inhibition of NaK- 
ATPase activity* 





+Fe?* + 
Agent Conirolt +Fe?* agent Percent 
umoles P;/mg protein/hr Reactivation 





d 

|-isoproterenol 50. 124.3 
l-epinephrine ~) F : , 100.8 
[-norepinephrine 53.7 ; 3, 100.0 
d-norepinephrine i Ms : 103.9 
dopamine 51. EB t 101.9 
|-DOPA 
[-phenylephrine 
tyramine 
[-tyrosine 
catechol 
hydroquinone 
f-phenylethylamine 
d,l-3-methoxy, 4-hydroxy 

mandelic acid 
d,|-normetanephrine 
dihydroxyphen ylacetic acid 
d,l-3,4-dihydroxy 

mandelic acid 
* The NaK-ATPase activity was measured as described in Methods. All agents 
were added to a final concentration of 5 x 10°* M except tyrosine which was added 
to 1x 10°*M due to its lower solubility. All agents were freshly prepared in 
5 x 10°° M Na,EDTA, pH 7.0 containing | x 10° * M 2-mercaptoethanol and diluted 
at least 10-fold in the assay medium. The concentration of Fe** was 0.05 mM during 
the assay. Each value is the average of three separate experiments done in duplicate 
(see Methods). The percent reactivation is calculated by dividing the difference 
obtained when the value in column b is subtracted from the value in column c by 
the difference obtained when column b is subtracted from the value in column a; 
i.e. (¢ — b)/(a — b) = percent reactivation. 

+ Control values were obtained in the absence of both Fe?* and agent. 
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Table 6. Relative potencies of catecholamines in reversing 
Fe?* inhibition of NaK-ATPase activity* 





Percent 


Agent n reactivation 





3 100.7 
3 99.7 
3 124.3 
3 28.0 


Ww 


Epinephrine 
Norepinephrine 
Isoproterenol 
Phenylephrine 


K N.S. 
% <0.005 
8. <0.001 


I+ I+ I+ I+ 
wun 
iw iw No 


Nn 





* The experimental conditions and calculation of percent 
reactivation are as given in Table 5. The ability of each 
agent to reactivate Fe?* inhibited NaK-ATPase was com- 
pared to that of epinephrine. The level of significance was 
determined using student’s t-test (N.S.—not significant). 


also have an ethyl side chain attached to a strongly 
electronegative group (carboxyl). All other com- 
pounds lack either the catechol groups or an ethyl 
side chain. It appears that the catechol group specifi- 
cally is required since hydroquinone which has hy- 
droxyl groups in the para position is inhibitory in 
character. Monohydroxylated compounds such as 
tyramine and phenylephrine are only weakly effective; 
tyrosine is completely ineffective. The stereospecificity 
of the B-carbon does not have to be maintained since 
both the d-, and /-forms of norepinephrine are equally 
effective. The increase in lipid solubility brought 
about by the addition of the isopropyl group may 
be responsible for the increased effectiveness of |-iso- 
proterenol (Table 6). Further inspection of Table 6 
shows that the effectiveness of catecholamines follows 
the beta adrenergic “pattern” of isoproterenol > 


epinephrine = norepinephrine > phenylephrine. 


Role of cyclic AMP in the reversal of Fe** inhibition 
of NaK-ATPase. Since catecholamines exert their 
effect in some tissues by increasing levels of cyclic 
AMP it was decided to test whether cyclic AMP had 
any effect on the inhibition by Fe** or could poten- 
tiate the reversal of Fe?* inhibition of NaK-ATPase 
by norepinephrine. Cyclic AMP was found to be com- 
pletely without effect in either situation at concen- 
trations ranging from 5 x 10°7M to 5 x 10°*M. 
The possibility was then considered that the NaK- 
ATPase preparation may contain an active phosphodi- 
esterase. The effect of theophylline, from 
1 x 10°° —1 x 10°°M, was tested on the reversal 
of the Fe?* inhibition by catecholamines. Neither 
theophylline alone nor theophylline with cyclic AMP 
(5 x 10°7M to 5 x 10°*M) had any effect on the 
reversal of Fe?* inhibition. 

Effects of various blocking agents on Fe?* inhibition 
of NaK-ATPase. Propranolol, a beta adrenergic 
blocker, and the alpha blocker, phentolamine were 
tested for their ability to block the reversal of Fe?* 
inhibition of NaK-ATPase activity by catecholamines 
(Table 7). Propranolol at a concentration equal-molar 
(5 x 10°* M) with isoproterenol prevents the reactiva- 
tion of Fe** inhibited NaK-ATPase activity (P < 
(0.025). Phentolamine, however. cannot block the effects 
of norepinephrine at equal-molar concentrations 
(5 x 10°*M). Both blockers were slightly inhibitory 
when added to the NaK-ATPase assay system in the 
absence of Fe?*. Hence each of the controls given 
in Table 7 contained the appropriate blocking agent. 
Both norepinephrine and isoproterenol produced 


+ 


dose-dependent responses in the presence of the 
blocking agent (not shown). 


DISCUSSION 


The results of this study confirm the earlier findings 
of others [6-8], that norepinephrine can increase the 
NaK-ATPase activity from brain. Evidence provided 
here indicates that the mechanism by which nor- 
epinephrine and dopamine increase the NaK-ATPase 
activity is by reversal of divalent metal inhibition. 
This evidence includes the following facts: (a) nor- 
epinephrine and dopamine form stable complexes 
with divalent metals [24-26]; (b) divalent metals are 
inhibitors of NaK-ATPase activity [14, 15,18]: (c) 
EDTA can mimic the effects of catecholamines; (d) 
EDTA can block the effects of catecholamines on 
NaK-ATPase activity; and (e) the likelihood that the 
ATP used in the assay contained a divalent metal 
contaminant. Consistent with this evidence are the 
findings of Schaefer et al. [6] who reported their cat- 
echolamine effect to be dependent on a heat stable, 
dialyzable factor. Reversal of divalent metal inhibition 
by norepinephrine may also explain the results of 
Yoshimura [7] and Iwangoff [8]. These authors did 
not take steps to bind divalent metals that might be 
present in their assay media. 

These findings suggest the possibility that physio- 
logically important catecholamines such as norepine- 
phrine and dopamine might regulate NaK-ATPase 
activity by relieving in situ inhibition by divalent 
metals. The plausibility of the hypothesis is supported 
by the following observations: (a) the inhibitory 
metals Cu?*, Zn?*, Fe?*, and Ca’* are present in 
nervous tissue [16, 17]; (b) Cu?*, Zn?* and Fe** are 
potent inhibitors of NaK-ATPase activity with I<os 
of 1 wM, 1 uM and 3 uM, respectively [18]; (c) Cu?*, 
Zn** and Fe** are present in whole brain tissue at 
concentrations sufficient to inhibit NaK-ATPase ac- 
tivity: 1.7x 10°*M, 3x 10°*M and 11 x 10°*M 


Table 7. Effect of adrenergic blockers on catecholamine 
reversal of Fe** inhibition of NaK-ATPase activity* 





Addition n — Specific activity 4 





umoles P;/mg protein/hour 
PTA 3 
Fe?* + PTA 3 
NE + Fe** + PTA 3 


<0.001 
NS. 


PROP 3 
Fe?* + PROP 3 
i-PROT + 

Fe?* + PROP 3 


<0.001 


42.1 + <0.025 





* The assays were performed as described in Methods. 
The values are reported as the average of three separate 
experiments done in duplicate. The table shows for each 
adrenergic blocker, phentolamine (PTA) or propranolol 
(PROP), the sp. act. in the presence of blocking agent, 
the inhibition by Fe** and the reactivation after addition 
of catecholamine, norepinephrine (NE) or isoproterenol 
(i-PROT). Concentration of added agents are PTA, 5.3 x 
10°*M; Fe?*, 5x 10-°M; NE, 5x 10-*M; PROP, 
5 x 10-4 M; and i-PROT, 5 x 10~* M. The level of signifi- 
cance was determined using student’s t-test (N.S.—not sig- 
nificant). 
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for Cu**, Zn** and Fe**, respectively [27] and (d) 
the relief of inhibition by catecholamines occurs in 
a rapid fashion. A mechanism for regulating NaK- 
ATPase activity by relieving divalent metal inhibition 
has been suggested by Bader et al. [28] although cat- 
echolamines were not specifically implicated in their 
hypothesis. 

A model system was constructed of the effects of 
various catecholamines and related compounds on 
Fe?* inhibition of NaK-ATPase activity. Fe** was 
chosen as the hypothetical inhibitor although it has 
not been shown to be a regulator of the enzyme in 


situ by direct measurement. Support for the use of 


Fe?* in the model system comes from the observation 
that norepinephrine and dopamine were effective in 
reversing only the inhibition of the NaK-ATPase 
cause by Fe?* and not the inhibition caused by Cu** 
Zn?*, and Ca** although norepinephrine and dopa- 
mine can form complexes with all four of these di- 
valent metals [16]. The results of the study to deter- 
mine the effects of a series of catecholamines and 
related compounds on Fe?* inhibited NaK-ATPase 
activity gave an efficacy pattern strikingly similar to 
that of the beta adrenergic “pattern” (Table 6), i-e., 
isoproterenol > epinephrine = norepinephrine > 
phenylephrine. 

As can be seen from the structure activity relation- 
ships (Table 5) ring hydroxyl groups ortho to each 
other are required for maximal activity. Removal of 
one of the hydroxyl groups, para placement of the 
hydroxyl groups, or methylation of one of the hy- 
droxyl groups all result in reduced ability of a com- 
pound to reverse divalent metal inhibition of NaK- 
ATPase activity. The importance of the ring hydroxyl 
groups in Fe** chelation is well known (cf Graziano 
et al. [29]). In addition to the hydroxyl groups on 
the ring, the ethylamine side chain is also important. 
For example, the percent reactivation with dopamine 
is 101.9 per cent whereas for catechol it is only 22.3 
per cent (Table 5). The ethylamine side chain by itself 
contributes little to the reactivating effect since 
f-phenylethylamine is devoid of activity. Hence, 
neither the ring hydroxyl groups nor the ethylamine 
side chain by themselves are sufficient for maximal 
activity. Only when both are present on the molecule 
does the resultant structure produce optimal activity. 

Other sites on the molecule which may increase 
the efficacy of the compounds include the amino 
nitrogen and the f-carbon. Alkyl groups on the 
amino nitrogen may increase the lipid solubility of 
the catecholamines and thus account for the increased 
potency of isoproterenol. The stereospecificity of the 
f-hydroxyl group is not important for the reversing 
action of the catecholamines (Table 5), since the 
(d)-isomer of norepinephrine is as potent as the 
(/)-isomer. 

The mechanism by which the catecholamines exert 
their effect on’the Fe?* inhibition of NaK-ATPase 
activity is probably by removal of Fe?* through che- 
lation. Rajan et al. [24] have established the ability 
of norepinephrine to form a ternary chelate with Fe? * 
and ATP by potentiometric equilibrium studies. The 
alternative hypothesis, that Fe** is involved in the 
oxidation of catecholamines, can be ruled out on the 
basis of the findings that preincubation of Fe?* with 
catecholamines under assay conditions (minus 
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enzyme) and the subsequent use of the catecholamines 
to activate Fe?* inhibited NaK-ATPase, does not 
reduce their ability to reactivate the inhibited enzyme 
(T. D. Hexum, unpublished observation, see also Ref. 
16). 

Other workers have suggested that catecholamines 
exert their effects on NaK-ATPase activity through 
a similar mechanism. They have, however, suggested 
different requirements for this effect. Schaefer et al. 
[11] suggested that Fe** is the inhibitory metal. Un- 
like the study reported here these workers have postu- 
lated a requirement for ascorbic acid in the catechol- 
amine effect on NaK-ATPase activity. As can be seen 
from the above reported results the effect of catechol- 
amines on Fe?* inhibition of NaK-ATPase can be 
demonstrated in the absence of ascorbic acid. Fur- 
thermore ascorbic acid had no effect on the system 
described here (T. D. Hexum, unpublished observa- 
tion). Godfraind et al. [30] have suggested that the 
effect of catecholamines on NaK-ATPase activity is 
due to relief of Ca** inhibition of the NaK-ATPase. 
This seems unlikely since no direct effect of catechol- 
amines on Ca?* inhibition of NaK-ATPase activity 
could be demonstrated in the experiments reported 
here or by Schaefer er al. [11]. 

Additional studies which were designed to establish 
the possible physiological significance of the catechol- 
amine facilitated reversal of inhibition of NaK- 
ATPase activity included the effects of cyclic AMP 
and modification by adrenergic receptor blocking 
drugs. Cyclic AMP has no action of its own on NaK- 
ATPase activity or on the Fe?* inhibition of NaK- 
ATPase activity, and ‘could not potentiate the action 
of norepinephrine in reversing the inhibition of NaK- 
ATPase activity by Fe**. Furthermore, the addition 
of theophylline did not result in an effect by cyclic 
AMP. Of the two blocking agents tested only pro- 
pranolol was effective in preventing the action of iso- 
proterenol to completely reactivate the Fe?* inhibited 
enzyme at a concentration equal-molar to that of iso- 
proterenol. Propranolol may be exerting its effect by 
binding to the NaK-ATPase at a site near that where 
Fe** interacts and thus sterically prevent the action 
of isoproterenol. 

The structure activity relationships reported here 
together with the blocking action of propranolol sug- 
gest that the catecholamine facilitated relief of inhibi- 
tion of NaK-ATPase activity by Fe** may be of 
physiological significance. In addition to the blocking 
effect of propranolol reported here, Schaefer er al. [9] 
have shown that chlorpromazine can antagonize the 
action of dopamine on the NaK-ATPase. Clearly 
more work is needed to further establish the validity 
of the hypothesis and is in progress. Points needing 
further clarification include the relatively high con- 
centration of catecholamine (5 x 10°°M — 5 x 10°+ 
M) needed to produce the effect, the relatively high 
concentration of propranolol needed to block the 
action of isoproterenol and the lack of stereospecifi- 
city required of the f-carbon. The disruption of the 
tissue through homogenization and the subsequent 
fractionation may be largely responsible for the lack 
of sensitivity of the enzyme. 

The possible significance of these findings may be 
related to the postulated role of NaK-ATPase in 
transmitter function. For example, the NaK-ATPase 
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has been implicated as the driving force in the uptake 
of some neurotransmitters [31]. In addition, Gilbert 
and co-workers [32] have suggested that norepine- 
phrine may regulate its own reiease by stimulation 
of nerve terminal NaK-ATPase. These workers sug- 
gest that the NaK-ATPase is part of the alpha pre- 
synaptic receptor believed to be involved in the feed- 
back regulation of norepinephrine release. Finally, 
Phillis [33] has suggested that catecholamine induced 
hyperpolarization of central neurones is a result of 
the stimulation of NaK-ATPase. Alternatively, this 
particular system may fail to prove physiologically 
significant but might reflect a mechanism important 
in adrenergic function. 
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Abstract—A marked decrease in the hepatic concentration of ATP lowers the phosphate potential 
of the liver of rats fed ethanol for prolonged periods of time. Either a decreased synthesis or an 
increased demand could account for this change in ATP. The experiments presented here were designed 
to investigate both possibilities. Changes in the utilization of ATP were assessed by measuring the 
activity of the [Na* + K* ]-activated ATPase system, and changes in the synthesis of ATP by the 
activity of the adenine nucleotide translocase system. Since the level of long-chain CoA derivatives 
of fatty acids regulate the translocation of ADP into mitochondria, their total cellular content and 
mitochondrial level were also determined. The experiments were conducted on male Sprague-Dawley 
rats (275-300 g) maintained on a liquid diet having 36 per cent of the caloric intake as ethanol. After 
2 weeks, the experimental animals had a fatty liver. This change was not associated with any significant 
alteration in the ATP content of the liver or in the activity of the adenine nucleotide translocase 
system. After 4 weeks, the excess of neutral lipid in the liver still persisted. but was associated with 
a marked increase in the level of long-chain CoA derivatives of fatty acids. The level of ATP in 
the liver was only 50 per cent of normal, and the rate of translocation of ADP into the mitochondria 
was decreased. The activity of the adenine nucleotide translocase system could be restored to normal 
values if the long-chain CoA derivatives of fatty acids were removed from the surface of the mitochon- 
drial membrane by treatment of the preparation with defatted albumin. At this time there was only 
a slight (15°%) enhancement of the [Na* + K* ]-activated ATPase system. With the removal of ethanol 
from the diet the ATP level returned to normal rather quickly. Changes in the level of hepatic ATP 
correlated well with the activity of the adenine nucleotide translocase system but did not parallel 
changes in the activity of the Na* pump system. These findings indicate that the dominant feature 


leading to the decrease in the (ATP/ADP x P,) ratio is decreased synthesis of ATP. 


The state of phosphorylation of the hepatic cyto- 
plasm, as measured by the ratio (ATP/ADP x P,), is 
altered in different ways by the consumption of eth- 
anol, depending on its mode of administration [1—3]. 
In contrast to an increase noted following a single 
dose of ethanol [1]. prolonged consumption depresses 
the ratio below normal levels [2. 3]. The simultaneous 
observation of a minor elevation in the phosphate 
level, and an unchanged ADP value under these cir- 
cumstances has indicated that a sizeable drop in 
hepatic ATP is responsible for the decrease in 
the (ATP/ADP x P;) ratio[2,3]. Two different 
mechanisms have been proposed to explain this de- 
crease since either an increased utilization or a de- 
creased synthesis could account for the observations. 
Evidence supporting the first mechanism has been 
presented by Israel’s group, who claimed that the ac- 
tivity of the Na* pump is altered by the chronic in- 
gestion of ethanol, causing an increased demand for 
ATP which exceeds the cells’ capacity for syn- 
thesis [3]. Other investigators, however, have noted 
that mitochondria in an ethanol-induced fatty liver 
exhibit marked alterations in their ultrastructure, 
composition, and function, suggesting that the syn- 
thesis of ATP is depressed in these animals [3~—7]. 
The experiments presented here were deisgned to 
investigate both possibilities. First, the length of time 
that ethanol must be present in the diet to cause a 
change in ATP metabolism was ascertained. Having 
established this, the changes in the utilization of ATP 


were assessed by measuring the activity of the 
[Na* + K* ]-activated ATPase system, and changes 
in the synthesis of ATP by the activity of the adenine 
nucleotide translocase system as this step regulates 
the process of oxidative phosphorylation [8,9]. The 
total cellular content and mitochondrial level of long 
chain CoA derivatives of fatty acids was also deter- 
mined since the level of these derivatives regulate the 
translocation of ATP into the mitochondria [10]. 
Since the ATP content of the liver returns to normal 
rather quickly upon removal of ethanol from the diet. 
the opportunity presented itself to examine these two 
pathways in response to a sudden withdrawal of eth- 
anol from the diet. This was carried out by measuring 
changes in these systems as a function of time after 
the removal of ethanol from the diet. 


METHODS AND MATERIALS 


Animals. Male Sprague-Dawley rats (220-250 g) 
from Canadian Breeders. Quebec, Canada, were 
divided into two groups. the controls and experimen- 
tal animals. Each control animal was maintained on 
a liquid diet [3] and pair-fed with an experimental 
animal. After 10 days, ethanol was introduced into 
the diet at a level of 20 cal °, at the expense of an 
equivalent number of calories of carbohydrate. After 
a further 10 days the ethanol concentration was in- 
creased to 36 cal °,, at the expense of further carbo- 
hydrate. To save on routine analysis, in some of the 
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experiments. the regime of pair-feeding was changed 
so that each control animal was given the average 
daily intake of two experimental animals [3]. Animals 
were killed after 14 or 28 days on this regime. except 
for one group of experimental animals which was 
returned to the normal liquid diet and maintained 
thus for a further 1. 3 or 5 days. before being killed. 
All animals had free access to water and those on 
the liquid diets were given fresh diet in Richter tubes 
each day. The caloric intake was found to be ade- 
quate during the experimental period and no deaths 
occurred. 

Experimental design. The rats were not starved 
before being killed and in each experiment were sacri- 
ficed at the same time of the day. The abdomen was 
quickly opened. Within 8 sec. a small portion of the 
liver was removed and dropped into liquid N3, (or 
a portion of the liver was frozen in situ). The remain- 
ing lobes were used for the isolation of hepatic mito- 
chondria, which were prepared by differential centri- 
fugation according to the method of Johnson and 
Lardy [11]. 

Biochemical analysis. The piece of frozen liver was 
stored in liquid N, until the assays were performed. 
At the time. a portion of the frozen liver was weighed 
and homogenized in 0.6 M HCIO, (1:5 w/v). The pro- 
tein precipitate was spun off and the supernatant neu- 
tralized with 2.2M K,H PO, and utilized immedi- 


ately for the determination of the hepatic levels of 


ATP. by the method outlined by Greengard [12]. 
Hepatic and mitochondrial protein levels were deter- 
mined by the method of Lowry er al. [13]. Another 
portion of the frozen liver was weighed and homogen- 
ized in redistilled chloroform-methanol (2:1 v/v). The 
lipids were extracted and washed as outlined by 
Folch [14] and subsequently used for triglyceride 
analysis by semi-micro procedure outlined by Cher- 
nick [15]. 

Long-« hain acyl CoA derivatives of fatty) ac ids. T he 
level of these derivatives of fatty acids was determined 
in the insoluble perchloric acid precipitate. prepared 
as outlined by Williamson and Corkey[16]. The 
amount of CoA formed after hydrolysis was estimated 
by the method of Kondrup and Grunnet [17]. 

{denine nucleotide translocase. The activity of this 
system was measured by determining the transloca- 
tion of ['*C]ADP into the mitochondria according 
to the method described by Lerner [18]. The basic 
reaction mixture of 40mM_ Tris-HCl, pH 4.4: 
100mM KCl; 1.0mM 
mitochondrial protein in a vol. of 1.0ml was incu- 
bated for 4min at 25. The reaction was initiated 
by the addition of O125uM_ to 0.200 uM 
['*C]ADP (sp. act. ranged from 100-200 mCi/m- 
mole). After 2 min the reaction was terminated with 
atractyloside. The reaction mixture was then centri- 
fuged for 10min at 500g and the supernatant 
removed by suction. The pellet was washed and then 
allowed to solubilize overnight in N.C.S. reagent 
(Amersham Searle Co.). Aquasol (New England Nu- 
clear) (15.0 ml) was added and the samples counted 
in a Packard Tri-Carb scintillation spectrometer 
model 2425. The efficiency of counting was deter- 
mined by using an external standard and all the 
results were expressed in disintegrations per min. The 
reaction was carried out on four different aliquots 


MgCl,. and 0.5-4.0mg of 
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of the mitochondria preparations. The simple diffu- 
sion of ['*C]ADP into the mitochondria was 
measured in each assay by adding atractyloside 
(5.0mM) at zero time. Only if the results were linear 
were the data used to compute the translocation of 
['*C]JADP into the mitochondria. Since the radioac- 
tivity added to the system was not always the same, 
the data were normalized by assigning a value of 100 
to the activity obtained in the pair-fed liquid control 
group of the day and by expressing the data obtained 
for the experimental groups as a percentage of the 
control group’s activity. 

[Na* + K~] activated ATPase. The [Na* + K*] 
ATPase and Mg’* ATPase activities were determined 
on liver homogenates as outlined by Ismail Beigi and 
Edelman [19]. The inorganic phosphate liberated was 
determined by the method of Penniall [20] exeept 
that the phosphomolybdic acid was measured in the 
unreduced form after extraction with 2 methyl pro- 
pan-1l-ol-benzene (1:1 v/v) [21]. 

Removal of long-chain acyl CoA derivatives. Mito- 
chondria preparations were incubated at 0° for 5 min 
in an isolation media containing 1°,, defatted albumin. 
The suspension was then centrifuged at 15,000 g for 
5 min, the supernatant discarded and the mitochon- 
drial preparation re-suspended in 0.25 M sucrose. 


RESULTS 


After two weeks on a diet containing ethanol at 
a level of 36 cal °,, the animals exhibited fatty livers. 
The average triglyceride content in the ethanol-fed 
animals was 25.60 + 2.4 mg/g wet wt of liver (n = 13) 
compared to 10.01 + 1.0 (n = 8) in the controls. No 
significant change was observed in the hepatic level 
of ATP or in the activity of the adenine nucleotide 
translocase system at this time (Table 1). 

After 4 weeks on the liquid diet the ethanol-fed 
animals still exhibited fatty livers (Table 2). At this 
time, however. the ATP content of the liver was only 
50 per cent of the control value. This change was 
associated with a decreased activity in the adenine 
nucleotide translocase system (35 per cent of the con- 
trol value—Table 3) and an increase in the content 
of long-chain CoA derivatives of fatty acids in both 
the total liver and in the mitochondrial preparations 


Table 1. The level of ATP and the activity of the adenine 
nucleotide translocase system in the liver of rats chroni- 
cally fed ethanol* 





ATP 
(umoles/g wet wt 
of liver)* 


Adenine nucleotide 
translocase activity 


Treatment unitst 





Control 


Ethanol 





* Rats maintained on the liquid diet containing ethanol 
at a level of 36 cal °,, for 2 weeks. 

+ Values given are mean +S.E.M. 

{ Units are defined in the text. 

Figures in parentheses indicate number of animals in 
the group. 
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Table 2. The hepatic content of long-chain acyl CoA derivatives of fatty acids and 
triglycerides in an ethanol-induced fatty liver* 





Long chain acyl CoA 
derivatives of fatty acidst 





Triglyceridest 


Treatment mg/g wet wt 


Total liver 
nmoles/g wet wt 


Mitochondria 
nmoles/5.0 mg protein 





9.2 + 0.3 
(12) 

164+ 23 
(8) 


Control 
Ethanol 3 
Days off ethanol 


1 26.4 + 0.3t 
(4) 


2:11 + O13 
(12) 
2.89 + 0.158 
(8) 


2.03 + 0.13 
(4) 





* Rats maintained on the liquid diet containing ethanol at a level of 36 cal °, 


for 4 weeks. 


+ Values given are mean +S.E.M.. and the numbers in parentheses denote the 


number of animals in the group. 


t Statistically significant with respect to Control P < 0.001. 
$ Statistically significant with respect to Control P < 0.01. 


(Table 2). The consumption of ethanol appeared to 
enhance the activity of the [Na* + K*] activated 
ATPase system. However this increase was not highly 
significant since the levels observed in the ethanol-fed 
rat were only 15 per cent greater than those observed 
in the pair-fed controls. 

Upon withdrawal of ethanol from the diet. both 
the level of ATP in the liver. and the activity of the 
mitochondrial adenine nucleotide translocase system 
increased slowly and by day 5 had returned to contro! 
levels (Table 3). A further increase was observed in 
the activity of the [Na~ + K*] activated ATPase 
system on day 1. but by day 3 the activity of this 
system had decreased to a level that was slightly 
lower than that observed in the controls (Table 4). 
One day after the removal of ethanol from the diet, 
the level of long-chain CoA derivatives of fatty acids 
in the liver and in the mitochondrial fraction had 
returned to levels observed in the controls. Treatment 


Table 3. ATP content and adenine translocase activity in 
an ethanol-induced fatty liver* 





Adenine nucleotide 
translocase activity 
units 


ATP 


Treatment (umoles/g wet wt)* 


of the mitochondrial preparations with defatted albu- 
min lowered the concentration of long-chain CoA 
derivatives of fatty acids to 185 + 18.6 (n = 5) and 
211 + 24.2 (n = 5) pmoles/mg of mitochondrial pro- 
tein in preparations from control and ethanol-fed rats 
respectively. The effect of this treatment on the trans- 
location of ADP into the membrane of the mitochon- 
dria is presented in Table 5. The rate of translocation 
of ADP into the mitochondria was increased by the 
removal of the derivatives of fatty acids. In fact this 
treatment abolished the differences between the eth- 
anol-treated animals and their pair-fed controls. This 
effect was observed in all mitochondiral preparations 
isolated from the ethanol-fed animals. and also in 
preparations from animals which had_ ethanol 
removed from the diet (Table 5). Varying concen- 
trations of palmityl CoA were added to the albumin 
treated mitochondrial preparation from the ethanol- 
fed and control animals. In both preparations. a 50 
per cent inhibition of the translocation of ['*C]ADP 
into the mitochondria was noted with concentrations 
of palmityl CoA ranging from 2.0 to 3.0 nmoles/mg 


Table 4. ATPase activity of liver homogenate from rats 
chronically red ethanol* 





2.62 + 0.13 
(17) 

1.37 + 0.088 
(10) 


Controls 
Ethanol 


Days off ethanol 
l 1.61 + 0.108 44.0 + 7.48 
(5) (8) 
1.74 + 0.25$ 66.3 + 13.38 
(5) (10) 
2.55 + 0.18 93.3 + 19.9 
(6) (12) 





* Rats maintained on the liquid diet containing ethanol 
at a level of 36 cal °, for 4 weeks. 

+ Values given are mean +S.E.M., and the numbers in 
parentheses denote the number of animals in the group. 
t As defined in the text. 

§ Statistically significant 
P < 0.01. 


with respect to Control. 


Mg’* ATPase [Na* + K*]ATPase 
umole P;/hr/mg of protein 





Controls 8.79 + 0.61 1.37 + 0.08 


(12) 
8.46 + 0.81 
(10) 


Ethanol 


Days off ethanol 
l 9:12 + 1.01 
(10) 
7.6 + 0.70 
(6) 
8.43 + 0.72 
(2) 


(12) 
36 +013 
(10) 


.79 + 0.28t 
(10) 

25 + 0.19 
(6) 

1.19 + 0.04 
(3) 





* Values given are means +S.E.M., and figures in paren- 
theses indicate the number of animals per group. 


+ Statistically 
P < 0.01. 


significant 


with respect to control, 
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5. ['*CJADP translocation into mitochondria 
DPM/mg of protein* 


Table 


Treatment of 


mitochondria Control Ethanol 


4142 + 606+ 


31.150 + 4532 


17.199 + 854 
Defatted albumin 34.781 + 5997 


* All values represent mean +S.F.M. of five experiments 
in which same source of ['*C]ADP was utilized 
+ Statistically significant from control. P < 0.01. 


of mitochondrial protein. An effect similar to that 
observed by other investigators [10, 18]. 


DISCUSSION 


The data obtained in these experiments support the 
concept that a decrease in the rate of ATP synthesis 
produces the change in hepatic ATP content in rats 
consuming ethanol for prolonged periods of time. 
Since the drop in the ATP level occurs slowly over 
a period of 4 weeks. it can be argued that it is the 
result of an indirect effect brought about by some 
cumulative alteration in the metabolic interrelation- 
ship rather than by a direct response to ethanol itself. 
Thus. after maintaining the rats on the diet containing 
ethanol for 2 weeks. an increase in the lipid content 
of the liver was noted. but no significant change in 
the ATP content or in the activity of the adenine 
nucleotide translocase system. Since the rate of forma- 
tion of ATP is limited by the translocation of ADP 
into the mitochondria [22] and because the level of 
long chain CoA derivatives of fatty acids regulate the 
activity of this carrier system. the observation of 
Bustos. Kalant and Khanna[23] that the level of 
these derivatives of fatty acids was not increased at 
this time agrees with our observation of a lack of 
any change in the translocation of ADP into the 
mitochondria. After 4 weeks on the diet, the lipid con- 
tent of the liver was still higher than normal but was 
now associated with an increase in the level of long 
chain CoA derivatives of fatty acids. A significant 
drop in the ATP content was noted as well as a 
marked decrease in the activity of the adenine nucleo- 
tide translocase system. The increase in the content 
of long chain CoA derivatives of fatty acids in the 
mitochondria appeared to parallel the decreased rate 
of transtocation of ADP into mitochondria. This data 
strongly-suggests that there is an actual decrease in 
ATP synthesis at this time. 

With the removal of ethanol from the diet, this 
simple relationship no longer seemed to apply. The 
mitochondrial level of long chain CoA derivatives of 
fatty acids rapidly decreased to levels noted in the 
controls. but the rate of translocation of ADP into 
the mitochondria remained depressed. The experi- 
ments in which the mitochondrial preparations were 
treated with defatted albumin seemed to clarify this 
point. This procedure lowered the level of long chain 
CoA derivatives of fatty acids in the mitochondrial 
preparations and any difference in the rate of translo- 
cation of ADP into the mitochondria between con- 
trols and experimental animals disappeared. Appar- 


ently the total level of long-chain CoA derivatives of 


fatty acids in these preparations does not necessarily 
reflect the level at the surface of the inner mitochon- 
drial membrane. This data can then be taken as evi- 
dence that a long-term effect of chronic ethanol con- 
sumption is produced by the slow accumulation of 
these derivatives at the mitochondrial membrane. 
These long chain CoA derivatives of fatty acids rever- 
sibly inhibit the translocation of ADP into the mito- 
chondria and thus regulate the synthesis of ATP [10]. 
At present biochemical basis for this accumulation 
is the ethanol-fed rats is not understood. These results 
do not preclude other factors which may be involved 
in altering the activity of this system. 

While it seems that a reduction in the synthesis 
of ATP does occur. this does not rule out a simul- 
taneous increase in the utilization of ATP. In our 
experiments. the activity of the Na” pump as 
measured by the [Na”~ + K‘° ]-activated ATPase sys- 
tem was enhanced by only 15 per cent. Since it 1s 
estimated that this system utilizes only 7-10 per cent 
of the total ATP formed in the liver [2. 24. 25]. this 
increase would represent only a 1-2 per cent change 
in the overall demand for ATP. Other investiga- 
tors [2] report an increase of 190 per cent in their 
system but even this represents only a 15 per cent 
increase in the demand for ATP. It would not seem 
likely that such changes would have any significant 
effect on the phosphate potential. so that the effect. 
if it occurs at all. would not appear to be an impor- 
tant factor in the overall response. 

It has been pointed out[2] that many of the 
changes in hepatic metabolism noted in animals fed 
ethanol are similar to those observed in animals given 
thyroid hormones. In-animals treated with thyroxine. 
an increase in [Na*~ + K° ]-activated ATPase system 
is associated with a decrease in the level of ATP. and 
a reduction in the phosphate potential of the cell [26]. 
None the less. different mechanisms appear to be in- 
volved. In the thyroxine-treated animals for instance. 
the decreased hepatic levels of ATP are associated 
with an increase in the hepatic levels of ADP; in the 
ethanol-treated animal the decreased ATP levels are 
not associated with any significant change in ADP 
level [3]. 

If the decrease in the phosphate potential of the 
liver is produced by changes in the synthesis of ATP. 
then an explanation other than increased utilization 
of ATP must be found for the observations that the 
endogenous rate of oxygen consumption as well as 
the rate of ethanol oxidation is increased in the eth- 
anol-fed animal [27.28]. In a normal animal such a 
marked drop in ATP levels would cause an increase 
flux of electrons through the respiratory chain and 
as the rate of ethanol oxidation in the alcohol de- 
hydrogenase system is limited by the re-oxidation of 
NADH [29 31]. this could account for the increased 
rate of removal of ethanol. Indeed an increased turn- 
over of ATP has been associated with an increased 
rate of ethanol removal in parenchyma preparations 
from normal rats starved 48 hr [32]. However. this 
concept if applied to rats consuming ethanol for pro- 
longed periods of time requires the assumptions that 
pathways of ethanol metabolism other than by alco- 
hol dehydrogenase are of little importance. and that 
the prolonged ingestion of ethanol has no effects on 
the translocation of reducing equivalents from the 
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cytosol to the mitochondria or on their subsequent 
oxidation in the process of oxidative phosphorylation. 
There is considerable evidence that ethanol can be 
oxidized in pathways other than alcohol dehydro- 
genase [33-36]. although exact interpretation of the 
evidence is much disputed [37-39]. However. one 
cannot ignore the evidence which indicates that the 
increased rate of ethanol oxidation can be accounted 
for in part by its metabolism in the microsomal sys- 
tem [39]. Also one cannot ignore the evidence which 
indicates that prolonged ingestion of ethanol alters 
the functions and morphology of the mitochon- 
dria [3. 7]. Thus further experiments are required to 
show that the chronic consumption of ethanol pro- 
duces changes within the parenchyma cell causing an 
increased turnover of ATP. 

The data obtained in these experiments also raise 
a number of other interesting points. It is clear. for 
instance. that two different mechanisms control the 
response to alcohol depending on whether the dose 
is acute or chronic. Contrary to a common point of 
view. the change in phosphate potential is not reflec- 
ted in the redox state. since the latter state is shifted 
to a lower level when ethanol is introduced into the 
diet and remains at this level as long as ethanol is 
being consumed. whereas the former ratio (i.e. the 
state of phosphorylation) is shown to drop slowly. 
It should be recalled that the cytoplasmic (ATP 
ADP x P;) ratio has been related to the NADH 
NAD* ratio through the glyceraldehyde-3-phosphate 
dehydrogenase and 3-phosphoglycerate reactions [1 ]. 
Under these circumstances one would therefore 
expect that a decrease in the state of phosphorylation 
would be associated with an increase in the NADH 
NAD” ratio. While this is true for the chronic case. 
an increase in the state of phosphorylation is associ- 
ated with an increase in the NADH/NAD*™ ratio 
when a single dose of ethanol is administered [1]. 
Moreover. when ethanol is removed from the diet in 
the former experiments the redox state returns to nor- 
mal levels while the the state of phosphorylation 
remains depressed [3]. Clearly this simple picture is 
inadequate. 

Changes observed in these experiments indicate 
that the prolonged ingestion of ethanol alters the 
metabolism of long chain CoA derivatives of fatty 
acids in the liver. A direct correlation appeared to 
exist between the increased level of these derivatives 
of fatty acids, changes in the activity of the adenine 
nucleotide translocase system. and the decreased ATP 
content of the liver in the ethanol-fed rats. An in- 
creased demand for ATP to maintain the ion balance 
could not account for the lowered phosphate poten- 
tial of the liver. However. this should not be inter- 
preted to mean that other energy requiring systems 
have not been affected by the consumption of ethanol. 
As the level of ATP is a function of its rate of syn- 
thesis and utilization in many metabolic pathways, 
these results may only reflect a small portion of a 
very complex problem. Our results suggest that 
changes in fatty acid acyl CoA metabolism develop 
with time in animals consuming ethanol as part of 
their diet and that this in turn alters the translocation 
of ADP into the mitochondrial membrane. and this 
limits the process of oxidative phosphorylation. 
Therefore the decreased phosphate potential of the 
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cytoplasm can be explained in part by changes in 
the rate of synthesis of ATP. 
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Abstract 


Transport of the folate antagonist, amethopterin, from plasma to bile was studied in the 


isolated rat liver. The hepatic uptake of amethopterin was a saturable process with a K,, of 1.3mM 
and V,,,, of 11.1 wmoles/hr/g liver. The uptake process was energy dependent and was inhibited by 
folate. The drug was bound to a soluble protein in the liver which was identified as dihydrofolate 
reductase. After an initial delay the biliary excretion of amethopterin paralleled the hepatic uptake 
and 80 per cent of the drug was recovered in the bile after a 5-hour perfusion. Chromatography 
of bile revealed no conjugation or metabolism of amethopterin during transcellular transport. The 
drug was 70-120 times more concentrated in the bile than in the perfusion medium; in separate 
experiments the amethopterin in bile was available for intestinal absorption and 25 per cent of the 
drug was excreted in the urine 48 hr after peroral administration. These studies suggest that hepatic 
uptake and biliary excretion of amethopterin is an active carrier-mediated process and may be depen- 
dent on two separate energy-requiring systems for the uptake and biliary excretion of the drug. 


Treatment with high doses of amethopterin (Metho- 
trexate; 4-amino-4-deoxy-10-methylpteroylglutamate) 
provides effective antifolate chemotherapy for certain 
types of solid tumors [1]. These very large doses may 
result in concentrations of 10°* to 10°3M ametho- 
pterin in the serum, leading to serious problems with 
toxicity [2, 3]. Elimination of the drug from the body 
has been generally regarded to be a function of renal 
glomerular filtration and active tubular transport [4], 
and 50-88 per cent of an oral dose is excreted in 
the urine by man in a 24-hr period. In a preliminary 
report of the present work attention was drawn to 
a possibly greater role for the liver in the excretion 
of amethopterin than has been generally appre- 
ciated [5]. This study was designed to probe into the 
mechanisms involved in the transport of ametho- 
pterin from plasma to bile in the isolated perfused rat 
liver system. This system permits direct study of the 
molecular events involved in the hepatic uptake, 
metabolism, and biliary excretion of amethopterin 
under a variety of experimental conditions. 


MATERIALS AND METHODS 


Materials. The following were obtained commer- 
cially: Sephadex G-25, G-75 and DEAE-Sephadex 
(Pharmacia); Aquasol (New England Nuclear); 
[3.5-*H]amethopterin (12.4Ci/m-mole; Amersham 
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Searle); and unlabeled amethopterin (ICN Pharma- 
ceuticals). Dihydrofolate was prepared by the method 
of Blakely [6]. 

Adult male Sprague-Dawley rats 250-400 g served 
as liver donors. They were fed a diet of Purina Labor- 
atory Chow, containing 23°, crude protein (Harrison- 
Riedy, Chula Vista, CA). Food was withheld for 
40-48 hr prior to the experiment. Water was allowed 
ad lib. 

Perfusion methods. The perfusion technique and 
apparatus were designed according to Miller et al. [7] 
with minor modifications. Briefly, rats were anesthe- 
tized with ether and anticoagulated with 2 mg sodium 
heparin intravenously. The abdominal cavity was 
exposed using a wide surgical incision and the portal 
vein and common bile duct, were isolated. After can- 
nulating the portal vein and the bile duct, the liver 
was perfused in situ with oxygenated Krebs—Hensleit 
bicarbonate buffer, pH 7.4. Within 1 min after exci- 
sion the liver was placed on a circular plexiglass disc 
resting on a platform and was connected to the circu- 
lating perfusion medium. A mixture of 95°,,O, and 
5°,,CO, passed through the glass “thin film” oxy- 
genator at a flow rate of 3.5 liter/min. The perfusate 
drained directly from the hepatic veins into the reser- 
voir since the inferior vena cava was not cannulated. 

The perfusion medium, 100 ml, contained Krebs- 
Hensleit bicarbonate buffer, saturated with 95% O, 
and 5°, CO, 2.5°% bovine serum albumin (Pentex 
Miles Laboratory, Kankakee, IL) which had been dia- 
lyzed overnight against the buffer, 400mg sodium 
heparin, 2ml TC amino acids Hela, 100 Xt (Difco 
Laboratories, Detroit, MI) and 160mg glucose. The 
medium was titrated with 3 N NaOH to pH 7.4. The 
appropriate concentration of tritium-labeled ametho- 
pterin was added to the perfusion medium at the out- 
set to provide a radioactivity of 10,000—12,000 cpm/ml. 
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The liver was perfused at 37. with a flow 
35-45 ml/min with continuous recycling of the perfu- 
sate. Each perfusion was continued for 2-5 hr: 
samples (1 ml) of the perfusate were withdrawn at 
time 0 and at 10, 20 or 30min intervals thereafter 
and dissolved in 10 ml Aquasol for radioactive count- 
ing in a Beckman LS-233 liquid scintillation spec- 
trometer. The bile was collected at the end of the 
first and second hr; the bile flow was 0.4-1.0 ml per 
hour. The bile sample was diluted to 1.5 ml with dis- 
tilled water and a 504 aliquot was monitored for 
radioactivity. 

In experiments previously described, the pH of the 
perfusion medium was monitored hourly and was 
found to vary minimally over a 5-hr period, the portal 
pressure was constant at 13-14cm of water, and the 
ultrastructure of the hepatic tissue, as observed by 
electron microscopy, was preserved [8]. 

Identification of amethopterin by chromatography. 
Identification of amethopterin was performed using 
procedures by Nixon and Bertino[9] and Oli- 
verio [10]. Samples of bile or urine were admixed 
with 2 zmoles of unlabeled amethopterin and applied 
to a 1.0 x 14cm column of DEAE-Sephadex which 
had been equilibrated with 0.1 M potassium phos- 
phate buffer, pH 7.0. Elution was accomplished with 
a linear gradient of 0.1 M-0.8M phosphate buffer at 
the same pH. Fractions (5ml) were collected and 
monitored for both radioactivity of the labeled 
amethopterin in the sample and absorbance at 
302nm; the peak tubes were monitored for the 
characteristic ultraviolet absorbance spectrum of 
amethopterin. 

Protein binding of amethopterin. Following a 2-hr 
perfusion study with | ~.M amethopterin, the entire 
liver was homogenized using a Teflon-glass, motor 
driven homogenizer and the supernatant was re- 
covered after centrifugation at 100,000g for 60 min 
at 2. The supernatant was assayed for radioactivity 
and protein binding was determined by chromato- 
graphic and dialysis techniques. In one type of experi- 
ment, protein binding was assessed by elution of 
hepatic cytosol from a2 x 25cm column of Sephadex 
G-25 using 0.05M_ potassium phosphate _ buffer, 
pH 7.0. Sixty fractions (3 ml each) were collected and 
monitored for radioactivity and absorbance at 
280 nm. A second technique involved determination 
of the nondialysable fraction of the cytosol using a 
dialysis membrane with a 24 A pore size; experiments 
were performed at 25 with constant stirring over a 
6-hr period. Hourly aliquots of the dialysate were 
monitored for radioactivity to confirm that equilib- 
rium had been reached within the 6-hr period. The 
dialysant was monitored for radioactivity at the end 
of the experiment. A control dialysis was performed 
with amethopterin in bile. In a third type of experi- 
ment, the cytosol was applied to a 3 x 80cm column 
of Sephadex G-75 equilibrated with 0.05 M potassium 
phosphate buffer, pH 7.0, and eluted with the same 
buffer. Elution was performed using a pump driven 
flow system which permitted accurate timed collec- 
tions of constant vol. with a flow rate of 15 ml/hr. 
The column was previously calibrated for mol. wt 
determinations [11] with the following proteins (mol. 
wt in parentheses): cytochrome c (11,700), myoglobin 
(17,200), ovalbumin (43,000), bovine serum albumin 
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(66,000) and hexokinase (102,000). The void vol. was 
determined using blue dextran and for each protein 
the relative mobility (ratio of its elution vol. to the 
void vol.) was determined. Fractions (7.5 ml) were col- 
lected and monitored for radioactivity and absor- 
bance at 280 nm. In a separate experiment, liver cyto- 
sol without prior exposure to amethopterin was frac- 
tionated by Sephadex G-75 under identical conditions 
and the samples collected were monitored for absor- 
bance at 280nm and for dihydrofolate reductase ac- 
tivity. Enzymatic activity was assayed spectrophoto- 
metrically by a modification of the technique of 
Mathews and Huennekens [12]. One unit of activity 
was defined as the amount required to reduce | pmole 
of dihydrofolate/min under these conditions. 

Intestinal absorption of amethopterin in bile. The in- 
testinal absorption of amethopterin in bile was inves- 
tigated by collecting bile during hepatic perfusion 
with amethopterin and administering the bile to litter 
mates by peroral intragastric infusion. The concen- 
tration of amethopterin in the bile was determined 
by radioactive counting. A calculated dose of 50 ug/kg 
or 1.5 mg/kg amethopterin in the bile was mixed with 
0.5—-1.0 ml of normal saline and then instilled into the 
stomach of four rats under light ether anesthesia 
using a soft tygon tube connected to a | ml tuberculin 
syringe. Identical experiments were performed 
using [*H]amethopterin diluted in saline. The ani- 
mals were housed individually in metabolic cages and 
urine from each animal was collected at 4, 8, 24 and 
48 hr. The urine was monitored for radioactivity and 
two separate pools of urine, one from the 0-8 hr time 
period and the second from the 0-24 hr time period, 
were chromatographed on DEAE-Sephadex. 


RESULTS 


General characteristics of amethopterin _ trans- 
port. The time-dependent disappearance of 1 uM 
amethopterin from the perfusion medium is _ illus- 
trated in Fig. 1. The rate of uptake (11.4 nmoles/hr/g 
liver) was linear for the first 20min and decreased 
gradually over the 5-hr period. After 5 hr, 96°, of the 
amethopterin was removed from the perfusion 
medium; 81°, was recovered in the bile. Of the 
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Fig. 1. Hepatic uptake and biliary excretion of ametho- 
pterin during perfusion of isolated rat liver. Initial concen- 
tration of amethopterin, 1.0 4M. Perfusion procedure as 
described in Methods. (@) hepatic uptake; (©) biliary 
excretion. 
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Fig. 2. Chromatographic identification of amethopterin 
collected in bile during 2hr perfusion of rat liver with 
1M amethopterin (cf. Fig. 1). Unlabeled amethopterin 
was added to the bile sample as a marker and chroma- 
tography was performed as described in Methods. 


remaining 15°, the hepatic cytosol contained 7°,, 
while 8°, was not recovered and was presumably in 
the insoluble portion of the liver. The appearance of 
the drug in the bile occurred after a 40 min lag which 
is probably due to a combination of retention of the 
drug by dihydrofolate reductase and the transit time 
required to cross the hepatic cells and enter the bili- 
ary channels. Unlike folate which is metabolized to 
some extent during transit through the liver [5, 13], 
amethopterin passed through unchanged. This was 
demonstrated by an experiment in which the bile 
excreted during a 2-hr period was chromatographed 
on DEAE-Sephadex (Fig. 2). Monitoring the effluent 
for radioactivity and absorbance revealed only a 
single peak of material whose position in the elution 
profile and characteristic absorbance maximum (302 
nm) indicated that it was unmetabolized ametho- 
pterin. Greater than 98 per cent of the total radioac- 
tivity was associated with this peak. 

In the absence of bovine serum albumin in the per- 
fusion medium, a slightly increased rate of initial 
uptake (15 nmoles/hr/g liver) was observed, indicating 
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that dissociation of the drug from albumin is of minor 
regulatory significance. 

Effect of concentration. The effect of concentration 
upon the initial rate of amethopterin uptake was stud- 
ied over a concentration range from 0.1 to 2.0mM 
(Fig. 3). As shown in Fig. 1, the rate of uptake was 
nearly linear over the first 20min and measurement 
prior to this time should approximate the initial rate 
of transport. From the plot in Fig. 3 a K,, of 1.3mM 
and V,,,, of 11.1 wmoles/hr/g liver were determined. 
The insert in Fig. 3 represents the least squares best 
fit for the double reciprocal plot. 

Effect of inhibitors. Inhibitors of aerobic and anaer- 
obic glycolysis added to the perfusion medium at the 
outset produced profound decreases in the rate of 
uptake and the results are illustrated in Fig. 4. Of 
special interest was the effect of iodoacetate, a diffu- 
sible sulfyhydryl group inhibitor [14], which caused 
a minimal decrease in uptake during the initial 30 min 
but subsequently led to release of amethopterin back 
into the perfusion medium. When the concentration 
of iodoacetate was decreased to 5mM and 1 mM a 
progressively lesser effect on amethopterin uptake was 
observed (data not shown). 

The inhibition from iodoacetate is considerably dif- 
ferent from that of p-chloromercuriphenylsulfonate, a 
cell surface sulfhydryl inhibitor [15], the effect of 
which is also shown in Fig. 4. The biliary excretion 
of amethopterin (not shown) was reduced to 13 per 
cent by the former and to | per cent by the latter 
inhibitor over a 2-hr period. 

Effect of analog. Increasing concentrations of folate 
from 1mM to 1.75mM resulted in a proportionate 
decrease in the rate of amethopterin (1 u“M) uptake 
(Fig. 5), thus indicating inhibition probably at the cell 
surface. A curve showing the uptake of amethopterin 
in the absence of folate is presented in Fig. 4. 

Intracellular protein binding of amethopterin. Bind- 
ing of amethopterin to intracellular proteins was stud- 
ied by three methods. First. the cytosol (100,000 g 
supernatant) of rat liver homogenate after ametho- 
pterin perfusion was applied to a column of Sephadex 
G-25 and 92°, of the radioactivity in the effluent was 
recovered in the early fractions (24-36 ml) which cor- 
responded to the protein peak (280 nm absorbance). 





Uptake, zmoles/hr/g liver 











iL 
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Amethopterin, mM 


Fig. 3. Effect of concentration of amethopterin (S) on hepatic uptake. Velocity (v) is expressed as 
the initial uptake in pmoles/hr/g liver by the standard perfusion procedure. Inset, plot of 1/v vs. 1/S. 
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Fig. 4. Effect of metabolic inhibitors on amethopterin 

uptake during 2hr perfusion. Initial concentration of 

amethopterin, 1.0 4M. (@) no inhibitor; (0) 10mM _ todo- 

acetate; (MI) 0.75 mM dinitrophenol; (1) 10mM _ ouabain; 

(A) 10 mM p-chloromercuriphenylsulfonate; (A) 
anaerobiosis. 


The remaining 8 per cent of the radioactivity was 
recovered in a single, broad peak in the 120-170 ml! 
fractions. Secondly, dialysis of the cytosol was _per- 
formed over a 6-hr period during which equilibration 


with the dialysate was obtained and 72 per cent of 


the radioactivity representing protein-bound ametho- 
pterin was retained in the dialysant. A control dialy- 
sis of amethopterin in bile resulted in 2 per cent reten- 
tion in the dialysant after 6-hr dialysis. Since the first 
two techniques indicated that amethopterin was prob- 
ably protein-bound, the third technique was 
employed to determine which cytoplasmic protein 
was responsible for binding. The cytosol was frac- 
tionated on Sephadex G-75 and greater than 95 per 
cent of the radioactivity in the effluent was recovered 
at a position in the elution profile which corres- 
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Fig. 5. Effect of folate on amethopterin transport during 

2 hr perfusion. Initial concentration of amethopterin, 1 uM. 

Folate concentration was varied: (@) | mM; (O) 1.25mM; 
(CG) 1.50 mM; (A) 1.75 mM. 
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Fig. 6. Filtration of hepatic cytosol preparation through 
Sephadex G-75. Cytosol recovered and chromatography 
performed as described in Methods. Protein was measured 
by absorbance at 280nm, and [*H]amethopterin was 
determined by radioactive counting. The dashed line indi- 
cates dihydrofolate reductase activity measured by spectro- 
photometric assay and expressed as units/ml in each 
fraction. 


ponded to a mol. wt of approximately 20,000 (Fig. 
6). The radioactivity co-chromatographed with dihyd- 
rofolate reductase which was assayed in a separate 
experiment in which amethopterin had been omitted 
and is consonant with the observed mol. wt of hepatic 
dihydrofolate reductase of ca. 20,000 [16]. 
Ameihopterin excretion in bile and subsequent intes- 
tinal absorption. The appearance of amethopterin in 
bile began after a 40min lag period (cf. Fig. 1). 
Amethopterin from the perfusion medium was con- 
centrated in the bile from 70 to 120-fold and 58-72 
per cent was excreted into the bile in 2 hr and 70-81 
per cent in Shr, as compared to the initial concen- 
tration in the perfusion medium. The oral administra- 
tion of bile containing [*H]amethopterin by gastric 
lavage to litter mates resulted in the cumulative re- 
covery of approximately 25 per cent of the drug in 
the urine after 48hr for both a SOyg/kg and 
1.5mg/kg dose (Table 1). Similar results were 
obtained when [*H]amethopterin was administered 
Table 1. Urinary excretion of [*H]Jamethopterin by rats* 
(Cumulative °,, of administered dose) 





hr 
Experiment 


number Dose per kg 48 





50 pgt 27 
50 gt 34 
1.5 mgt 22 
1.5 mgt 26 
1.5 mgt 26 
1.5 mgt 10 25 





* The dose was administered to litter mates by intragas- 
tric instillation through a peroral tube. 

+The drug was contained in bile collected from per- 
fusion of rat liver with amethopterin and diluted with 
saline. 

t The drug was contained in saline. 
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in saline (1.5 mg/kg). Chromatography of the urine 
on DEAE-Sephadex (see Methods) indicated that the 
majority of the radioactivity co-chromatographed 
with that of unlabeled amethopterin; 99 per cent of 
the radioactivity from the 0-8 hr time period and 73 
per cent of the radioactivity from the 0-24hr time 
period were associated with the amethopterin peak. 


DISCUSSION 


This study was designed to analyze the mechanisms 
involved in the transport of amethopterin from 
plasma to bile utilizing an isolated perfused rat liver 
system. Amethopterin uptake occurred via a saturable 
process with a K,, of 1.3mM and YV,,,, of 11.1 umoles 
hr/g liver. The uptake was enhanced by the removal 
of albumin from the perfusion medium. Studies with 
metabolic inhibitors demonstrated that energy is 
required for the transport process. p-Chloromercuri- 
phenylsulfonate, a cell surface sulfhydryl inhibitor, 
almost completely blocked uptake, whereas iodoace- 
tic acid, a diffusible sulfhydryl! inhibitor, did not affect 
the initial uptake (Fig. 4) but caused a release of 
amethopterin back into the perfusion solution. Bile 
excretion was reduced by both inhibitors thus sug- 
gesting that there are cell surface sites sensitive to 
p-chloromercuriphenylsulfonate and __ intracellular 
active sites for excretion sensitive to iodoacetic acid. 
Inhibition by folate was demonstrated to affect the 
rate of uptake probably at the cell surface, suggesting 
that the uptake system may not be able to completely 
distinguish between amethopterin and folate. These 
results are in general agreement with those of Horne 
et al.[{17], using isolated hepatocytes, who found a 
K,, for amethopterin uptake of 2.4mM and an appar- 
ent V,,,, of 282 nmoles/min/g wet weight. Their system 
required sodium ions and was sensitive to ouabain 
and metabolic inhibitors; folate. but not folinate, was 
slightly inhibitory. In contrast, in L1210 murine leuk- 
emia cells amethopterin shares a common transport 
system with 5-methyltetrahydrofolate and 5-formylte- 
trahydrofolate while folate appears to utilize a separ- 
ate system [18, 19]. 

The present study raises the possibility that ametho- 
pterin uptake and excretion involve at least two com- 
pletely separate steps: the first being a rapid uptake 
process at the membrane surface which is sensitive 
to p-chloromercuriphenylsulfonate, dinitrophenol, 
anaerobiosis, ouabain and folate, but not to iodoace- 
tic acid; the second being a slower process which is 
inhibited by iodoacetic acid but involves minimal di- 
rect interaction with the membrane surface and may 
control biliary excretion. Sulfhydryl agents have been 
used in other systems to discriminate between modes 
of transport; these include the two mechanisms for 
the sugar-transporting system in yeast [14] and the 
separate transport systems for folate and amethop- 
terin in L1210 murine leukemia cells [19]. 

In humans, amethopterin that is carried in the 
plasma to the sinusoidal surface of the liver cells is 
approximately 70 per cent bound to plasma pro- 
teins [20]. The present studies show the drug to be 
rapidly taken up by the rat liver, and after 2 hr, 95 
per cent of the remaining amethopterin that gained 
access to the intracellular compartment was bound 
to a soluble protein identified as dihydrofolate reduc- 
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tase by Sephadex G-75 chromatography. The role of 
this enzyme in the uptake and excretion of ametho- 
pterin is not known but it is not likely to have a 
specific transport function. Ion exchange chroma- 
tography of bile revealed no conjugation or metabo- 
lism of excreted amethopterin after transhepatic 
transport. Excretion of amethopterin occurred against 
a large concentration gradient and is probably an 
energy requiring process. After biliary excretion 
amethopterin is available for intestinal reabsorption 
which provides a route of re-entry into the plasma. 
This enterohepatic circulation may then contribute 
significantly to blood levels of the drug, especially if 
renal failure is coexistent. These studies extend prior 
experiments by Henderson et al.[21] who showed 
2-18 per cent cumulative urinary excretion of the 
drug over a 5-hr period in rats when the drug was 
in solution in bile, and by Bischoff et al.[22] who 
demonstrated liver to plasma and bile to plasma 
ratios in mice of 10:1 and 300:1, respectively. These 
studies also show that amethopterin catabolism, as 
demonstrated by urinary metabolites of amethopterin, 
increases with time although the degree of degrada- 
tion was not as extensive as the 87 per cent reported 
in rats by Zaharko et al. [23] during the 6-12 hr time 
period. Amethopterin metabolism is attributed to 
enzymatic cleavage by bacteria during enterohepatic 
circulation [24]. 

In summary, these studies permit the tentative con- 
clusion that the factors regulating the movement of 
amethopterin from plasma to bile include the release 
of the drug from albumin, probable uptake by a speci- 
fic cell surface receptor, intracellular binding to 
dihydrofolate reductase, and possibly a second recep- 
tor responsible for excretion into bile. The single 
major determinant affecting amethopterin uptake and 
excretion by the liver appears to be the concentration 
of the drug in the plasma, thus emphasizing the im- 
portance of hepatic competence in preventing toxicity 
during high dose amethopterin treatment. Charac- 
terization of the kinetics and functional capacity of 
each of the steps involved in the uptake and excretion 
will be necessary for a complete understanding of the 
mechanisms involved. 
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Abstract 


Inhibition of gastric H* secretion by phenylbutazone and indomethacin was investigated 


by examining the effects of these agents on a putative H* transport enzyme. a K* stimulated ATPase, 
unique to gastric mucosa. Phenylbutazone and indomethacin were found to inhibit both the K * ATPase 
and the K* pNPPase. Kjs were 430M and 710uM for the K° ATPase and 330M and 670 4M 
for the K* pNPPase for phenylbutazone and indomethacin respectively. Inhibition was not reversed 


by Mg? 


gested that the mechanism of inhibition involved the K * 
zyme. In the presence of 500 4M phenylbutazone dephosphorylation was significantly less at 3, 5, 


", ATP, pNPP, or KCI and obeyed non-competitive kinetics. Inhibition of the pNPPase sug- 


sensitive dephosphorylation of the phosphoen- 


7.5, 10 and 15 sec following KCI addition. These studies provide an alternate mechanism for inhibition 
of gastric H* secretion by phenylbutazone and indomethacin. 


Pharmacologic agents which produce gastric mucosal 
injury and ulceration have also been shown to reduce 
H* secretion. The mechanism of reduced H”* se- 
cretion could involve (1) inhibition of the H” trans- 
port enzyme, (2) inhibition of mucosal metabolism 
required to support H® secretion, or (3) loss of H~ 
from the lumen by “back diffusion” through a mucosa 
whose permeability properties have been changed by 
exposure to the pharmacologic agent. The last 
mechanism is most frequently invoked [1, 2]. 

The investigations reported here were designed to 
determine if phenylbutazone and indomethacin affect 
the activity of the gastric K “ATPase. 


MATERIALS AND METHODS 


All chemicals used in these studies were reagent 
grade or the highest purity available. Disodium ATP, 
tris para-nitrophenylphosphate and Ficoll were pur- 
chased from Sigma. [7*?7P]ATP (19.4 Ci/mM), was 
purchased from New England Nuclear. 


Preparation of gastric cell membranes 

The K* ATPase is present in both amphibian and 
mammalian gastric mucosa. Because of availability of 
mucosae and production of large quantities of mem- 
branes, hog gastric fundus was used as the source 
of the ATPase. 

Gastric cell membranes were prepared from hog 
gastric fundus obtained at a local abbatoir. Stomachs 
were opened, washed with cold water and packed in 
ice for transport to the laboratory. The fractionation 
procedure was similar to the method reported for iso- 
lation of canine gastric cell membranes [3]. Briefly, 
the mucosa was scraped from the underlying muscle 
with glass microscope slides. suspended in 0.25 M suc- 


rose—20mM Tris HCL pil 7.4. minced with scissois. 


*This work was supported by NIH Grant No. 
AMI17315 and by the Medical Research Service of the 
Veterans Administration. 


and homogenized for 60sec in a Waring blender 
followed by 10 strokes with a loose fitting Teflon 
pestle at 1500 rev/min. The homogenate was filtered 
through 2 layers of cheese cloth and fractionated by 
differential centrifugation at  1000g x 30min, 
8000 g x 20min, and 20.000g x 30min in a RC-5 
refrigerated superspeed centrifuge (Dupont—Sorvall). 
The final supernate was centrifuged in a No. 30 rotor 
(Beckman Inst.) at 27.000 rpm for 60 min; the g force 
at r,,. is 68.000. The pellets were resuspended in 
0.25M _ sucrose—20mM_ Tris-HCl, pH 7.4 and in- 


jected into the center of a Ti-14 zonal rotor (Beckman 


Inst.) containing a linear density gradient made from 
0.25 M sucrose—7.5°,, (w/w) Ficoll in 20 mM Tris-Cl, 
pH 7.4 and 37°, (w/w) sucrose in 20 mM Tris, pH 7.4. 
Fractionation was for Shr at 48,000 rev/min in a 
Beckman L2-65 ultracentrifuge. The gradient was 
subsequently collected in 20 ml fractions by displace- 
ment with 60°, sucrose injected at the periphery of 
the rotor. The membrane peaks were pooled, ali- 
quoted, and stored in the sucrose solution at —20. 
In this sucrose solution the enzymatic activity was 
stable for several months. Each week an aliquot of 
membranes was diluted to 8—9°,, sucrose and collected 
by centrifugation at 27,000 rev/min in a No. 30 rotor. 
The membranes were resuspended at a concentration 
of 103 zg/ml in the buffer used in the assays to be 
performed. This membrane suspension was aliquoted 
into tubes and frozen at —20 for daily use. The enzy- 
matic activity declined slightly during 5 days when 
stored in this manner. 

ATPase assays were performed at pH 7.0 in a vol. 
of Iml containing 50 moles MES-HEPES-Tris 
buffer. 2 samoles disodium ATP, 2 «moles MgCl,. and 
10.3 4g membrane protein with or without 25 «moles 
KCI unless otherwise stated. The mixture was incu- 
bated for 20min at 37°, and the reaction was ter- 
minated by addition of | ml of a solution prepared 
from 60°, perchloric acid and 4.5°, ammonium 
molybdate (1:4, v/v). The phosphomolybdic acid was 
extracted into 3 ml butyl acetate by vortexing, and 
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the mixture was centrifuged to separate the phases. 
The 320 nm absorbance of the butyl acetate layer was 
measured in a Gilford 2400 spectrophometer [4]. 

Para-nitrophen\y phosphatase assays were performed 
at pH 7.5 in an incubation mixture similar to that 
“used for ATPase except that 6 umoles p-nitrophenyl- 
phosphate (pNPP) replaced the ATP and 6 moles 
MgCl, replaced the lower concentration used in 
ATPase assays. The assay was incubated for 20 min 
at 37 and terminated with | ml of cold 1M NaOH. 
The protein and Mg(OH), were sedimented at 
1000 g x 10min, and the 405nm absorbance of the 
supernate was measured. 


Phosphorylation of K* ATPase 


Phosphorylation assays were performed in a vol. 
of 2001 containing 2nmoles ATP, [}-**?PJATP 
(0.5 uCi), 2nmoles MgCl,. 20smoles of MES- 
HEPES-Tris buffer. pH 7.0. 100 nmoles phenylbuta- 
zone and 40 nmoles KCI were included where appro- 
priate. Approximately 40 4g protein were used in 
these studies. The assays were performed at 37 . Time 
intervals are indicated in the individual experiments. 
The reaction was terminated with 5ml of ice cold 
5°, TCA containing 10mM phosphate. Inclusion of 
ATP in the TCA-PO, solution did not affect the 
results. The protein was collected by filtration on Mil- 
lipore filters (HAWP 0.45) pre-soaked in 5mM 
ATP. The residue was washed three times with 5 ml 
of 5°, TCA-10mM PO,. The filters were dried, and 
bound phosphate was quantitated in a LS-133 liquid 
scintillation spectrometer (Beckman Inst.). 


Other additions to assays 


Phenylbutazone and indomethacin were dissolved 
in ethanol at a concentration such that no addition 
exceeded 10 ul. When ethanol additions were used. 
control tubes also contained the same vol. of ethanol. 

Protein was determined by the method of Lowry 
et al. [5S] using bovine serum albumin as standard. 


RESULTS 
Inhibition of H* secretion. Mammalian gastric 
mucosae function poorly in vitro, whereas amphibian 
gastric mucosae remain viable and respond to stimu- 
lation of H* secretion for as long as 24-72 hr. For 
this reason bullfrog gastric mucosa was used for the 
following example. 

Figure | was taken from an experiment in which 
bullfrog gastric mucosa, stripped of the external 
muscle layer, was mounted in a plexiglas chamber 
and bathed with solutions in which Cl~ had been 
replaced with sulfate. The mucosal solution was an 
isotonic solution of Na,SO, and K,SO,;: the serosal 
solution was a modified amphibian Ringer’s solution. 
Under these conditions the short circuit current (/,.) 
has been shown to approximate the prevailing H~ 
secretory rate [8]. Measurement of H™ secretory rate 
by this technique was necessitated by the buffering 
capacity of phenylbutazone which was added to the 
mucosal solution. 

Figure | shows that the pd was initially positive. 
The calculated short circuit current, 40 wAMP/cm?, 
corresponded to an H~ secretory rate of 1.5 ~moles 
cm?-hr. Addition of phenylbutazone at a final concen- 
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Fig. 1. Frog gastric mucosa mounted in a Ussing chamber 

was exposed to | mM phenylbutazone in the mucosal solu- 

tion. The mucosa was bathed with Cl” free solution. The 

resistance of the mucosa and the short circuit current are 
shown. 


tration of |!mM reduced the H”™ secretory rate to 
zero 60 min following addition. During inhibition the 
transmucosal resistance increased from 400Qcm? to 
900 Qem*. One possible mechanism underlying these 
changes was investigated by determining the effect of 
phenylbutazone and indomethacin on the gastric 
K *ATPase, a putative H* transport ATPase [9-11]. 

pH Optimum. The ATPase was shown to have opti- 
mum activity over the range of 6.5—7.25 and the 
pNPPase optimum was skewed slightly toward higher 
pHs with optimum activity between pH 7.5-7.75. 
ATPase assays were performed at pH 7.0 and pNP- 
Pase at pH 7.5. 

Effect of phenylbutazone and indomethacin. The 
K*ATPase and the K*pNPPase activities were 
found to be inhibited by both indomethacin and 
phenylbutazone. Figure 2 shows the ATPase activity 
when increasing concentrations of these inhibitors 
were included in the assay mixture. The k; for indo- 
methacin was 710 uM and K; for phenylbutazone was 
430 4M as determined from the slope [1/v,,1 + i/K;)] 
of the Eadie-Hofstee plot in Fig. 4. The K * pNPPase 
activity (Fig. 3) was similarly inhibited by both of 
these compounds and K,s were 670 uM and 330 uM 
for indomethacin and phenylbutazone respectively. 
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mM _ inhibitor 


Fig. 2. Inhibition of the K* ATPase by phenylbutazone (@) 
and indomethacin (0). 
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Fig. 3. Inhibition of the K* pNPPase by phenylbutazone 
(@) and indomethacin (0). 


Type of inhibition. The type of inhibition was inves- 
tigated in experiments in which the inhibitor concen- 
tration was fixed and the concentrations of Mg-ATP 
or Mg**-pNPP, Mg?* and K* were varied indivi- 
dually. Figure 4 shows the effect of increasing concen- 
tration of ATP. In the absence of inhibitor the K,,, 
for ATP was 0.2 mM and was not altered by inclusion 
of either inhibitor. Figure 4 shows substrate inhibition 
by [ATP] greater than 2mM. The inhibition due to 
phenylbutazone and indomethacin was not reversed 
by greater [ATP]; the V,,,, was reduced. Thus inhibi- 
tion was noncompetitive. 

Varying Mg’* concentration indicated a 1:1 ratio 
for Mg?* and ATP was optimal and was unaffected 
by inclusion of indomethacin and phenylbutazone. 
Figure 5 shows these findings; there is no suggestion 
that greater concentrations of Mg** reverse inhibi- 
tion by these agents. 

Figure 6 shows the enzyme activity and the Eadie- 
Hofstee plot obtained when Mg**-pNPP were varied 
at a fixed ratio of 1:1; the plot of S/V vs S is non- 
linear at low concentrations (closed circles). The data 
points shown as open circles were obtained when 
Mg?* was constant (5mM); the non-linearity was 
corrected under this condition. When [Mg’*] was 
fixed and pNPP concentration was varied, the K,, 
was 1.0mM. Like the ATPase. the K,,, for pNPP was 








pmoles/ (mg-hr ) 





mM ATP 
Fig. 4. Activities of K* ATPase (@) and K* ATPase in the 
presence of 400 uM phenylbutazone (4) or 700 uM indo- 
methacin (M) at [ATP] from 0.25-10 mM. The Eadie—Hof- 
stee plot is the insert. 


60 


pmoles PQ,/(mg-hr) 








mM M,Cl, added 
Fig. 5. K* ATPase activities determined at 2mM with 
various additions of MgCl,. K* ATPase without additions 
(©). with 400 uM phenylbutazone (A) or with 700 uM indo- 
methacin (C1). 


not altered by indomethacin or phenylbutazone, and 
the V,, was reduced. Thus inhibition of the pNPPase 
was non-competitive with respect to pNPP. 

K”~ greatly stimulated hydrolysis of both ATP and 
pNPP (Fig. 7 and 8). The K, for K* stimulation was 
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Fig. 6. pNPPase activities determined at pNPP concen- 
trations from 0.5-20mM. K*~ pNPPase without addition 
(@), with 40 uM phenylbutazone (A) and with 700 uM in- 
domethacin (QO). The insert is the Eadie—Hofstee plot. (@) 
K*pNPPase determined with [Mg* *]=[pNPP]. (0) 
K*pNPPase determined when MgCl, was constant at 

5 mM. 
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Fig. 7. Stimulation of K* ATPase activity by various con- 

centrations of KCl. K* ATPase activity without additions 

(@). with 400 4M phenylbutazone (™) or 700 1M indometh- 
acin (A). The insert is the Eadie—Hofstee plot. 
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Fig. 8. Stimulation of pNPPase activity by various concen- 

trations of KCl. Activities were determined in the absence 

of inhibitor (@) or in the presence of 400 »M_ phenylbuta- 
zone (A) or 700 nM indomethacin (2). 


0.4mM and 2.5mM for the ATPase and pNPPase 
respectively. These figures also show the effect of in- 
domethacin and phenylbutazone. The K, was un- 
changed and greater concentrations of K* did not 
reverse the reduction of V,,,, Thus inhibition was non- 
competitive with respect to K”~. 

The non-competitive inhibition of both the ATPase 
and the. pNPPase further suggested that the second 
partial reaction, the K* sensitive dephosphorylation 
of a phosphoenzyme [12,13], was the indomethacin 
and phenylbutazone sensitive reaction. Studies were 
performed to determine if phenylbutazone inhibited 
dephosphorylation. 

Effect on the K* ATPase phosphoenzyme. Figure 9 
shows the results of incubation of membranes with 
[y-°?P]JATP in the absence of K*. The membranes 
were rapidly. phosphorylated, and phosphorylation 
reached a plateau. Inclusion of 500 4M _ phenylbuta- 
zone did not significantly reduce the amount of phos- 
phate incorporated. In these studies the last three 
time points were averaged and taken as the steady 
state phosphate incorporation. Control membranes 








Fig. 9. Phosphorylation of the K * ATPase by [)-*?P]ATP 


at 37 in the absence (@) and in the presence of 500 4M 
phenylbutazone (©). The points are the means of triplicate 
determination in three separate assays. 100°,, was taken 
as the mean phosphate incorporation at 10, 15 and 30sec 
of each experiment. In control membranes mean phosphate 
incorporated was 1690 pmoles/mg protein and in the pres- 
ence of phenylbutazone was 1787 pmoles/mg protein. 
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Fig. 10. Dephosphorylation of the phosphoenzyme which 

was phosphorylated by [;-*?7P]ATP in the absence (@) 

or presence (O) of 5004M_ phenylbutazone is shown. 

40 nmoles of KCI were added after 10 sec of phosphoryla- 

tion. Zero time corresponds to KCI addition. Differences 

were Statistically significant (0.025 > P > 0.01) through 
15 sec. 


incorporated 1690 pmoles PO,/mg protein; in the 
presence of 500 uM phenylbutazone membranes in- 
corporated 1787 pmoles PO,/mg protein (means of 
3 experiments). The effect of phenylbutazone on kin- 
etics of phosphorylation cannot be determined from 
these studies since the 1 sec determination was ap- 
proximately 90 per cent of the steady state level. 
Using manual techniques, shorter time intervals are 
not easily accomplished or duplicated and are prob- 
ably unreliable. 

For studies of dephosphorylation, the enzyme was 
allowed to phosphorylate for 10sec in the presence 
or absence of 500 4M phenylbutazone. KCI was then 
added and the reaction was terminated at various 
times after KCI addition. Figure 10 shows the results 
of these experiments. Addition of 0.2mM K~ to the 
phosphorylated enzyme initiated rapid dephosphory- 
lation to a very low steady state level. Inclusion of 
phenylbutazone reduced the rate of dephosphoryla- 
tion. The phosphoenzyme present was statistically sig- 
nificantly greater at 1, 3, 5, 7.5, 10 and 15sec after 
addition of KCl. The steady state level of phosphory- 
lation following KCl addition.was very low and the 
difference between phenylbutazone and control was 
statistically insignificant. Thus, phenylbutazone 
appeared to inhibit the K “ATPase by interfering with 
the rate of dephosphorylation of the phosphoenzyme 
intermediate. 


DISCUSSION 


The mechanism of gastric H* secretion remains un- 
defined but many recent experiments suggest that a 
K* ATPase, uniquely found in gastric mucosa, may 
be the transport enzyme [9-11]. In investigating the 
mechanisms of inhibition of H~ secretion and injury 
to the gastric mucosa, in vivo models have been used 
extensively. Indomethacin and phenylbutazone inhibit 
H* secretion by the in vitro gastric mucosa as shown 
above. In vivo both agents can produce gastric muco- 
sal ulceration[14,15]. The usual explanation for 
reduced H”™ secretion relates increased mucosal H~* 
permeability to loss of H* by diffusion[1,2]. No 
studies: have reporte:| interaction of phenylbutazone 





Inhibition of gastric K* ATPase 


or indomethacin with the presumptive H~ transport 
enzyme. 

The membranes studied were fractionated by zonal 
density gradient centrifugation. The membranes iso- 
lated at 25°, sucrose contained greater K* ATPase 
and K*pNPPase activity than another membrane 
fraction isolated at 11°, sucrose. The ATPase and the 
pNPPase activities of the membranes isolated at 25° 
sucrose were stimulated by K”~ (Fig. 7 and 8). 
AMPase activity was found predominately in the 
membrane fraction at 11°, sucrose. 

We have used concentrations of phenylbutazone 
and indomethacin ranging from 1-1000 uM. The K; 
determined for phenylbutazone is slightly greater than 
therapeutic blood concentrations in man, about 
150-300 uM [6]. The K; for indomethacin is substan- 
tially greater than therapeutic blood concentrations 
(about 5 uM) in man [7]. The gastric mucosa (follow- 
ing oral administration) is exposed to lumenal con- 
centrations which are much greater than blood con- 
centration. The acid environment of the stomach and 
the lipid solubility of these agents favors absorption 
from the stomach and exposure of the mucosal cells 
to a large concentration. To our knowledge no 
measurements of mucosal concentration have been 
reported. Assuming 100mg of phenylbutazone were 
ingested in 100ml H,O, the gastric mucosa would 
be exposed to approximately 3mM_ phenylbutazone 
(about 10 times the K; determined above). 

Both K “ATPase and K*pNPPase activities were 
inhibited by indomethacin and phenylbutazone. The 
inhibition was not reversed by Mg**, ATP, pNPP 
or KCl in greater concentrations and the K,,, for each 
of these substrates was not altered by the inhibitors. 
Thus the inhibition appeared to be non-competitive. 

The gastric K* ATPase has been shown to form 
a phosphoenzyme intermediate [12,13] which is 
dependent only on the presence of ATP. Dephosphory- 
lation is K* dependent (Fig. 10). 


ATP + enzyme— E ~ PO, > E + P; 


The ATPase reaction encompasses the overall reac- 
tion while the K* pNPPase is thought to probe the 
second partial reaction. Since both activities are inhi- 
bited to a similar extent with very similar Kjs, the 
site of inhibition would appear to be the dephosphory- 
lation reaction. 

Inhibition of dephosphorylation was directly 
measured in membranes phosphorylated in the pres- 
ence or absence of phenylbutazone. Dephosphoryla- 
tion was initiated by KCl addition. The rate of 
dephosphorylation was reduced in membranes incu- 
bated with phenylbutazone. The steady state level 
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was, however, not significantly different from the con- 
trol. The most likely explanation for similar steady 
state phosphorylation in control and phenylbutazone- 
treated membranes is that the level of phosphoryla- 
tion in the presence of KCI was very close to the 
non-specific binding (retention) on the filter. The vari- 
ation of non-specific retention between filters may 
have been such that real differences could not be 
detected by the filtration method. More complex 
explanations such as multiple states of the enzyme 
similar to the complex partial reactions of the 
Na* — K* ATPase [16] may however be valid. The 
partial reactions for the gastric K*-ATPase have not 
been defined in detail. 

We have thus shown that two agents which pro- 
duce mucosal injury and inhibit in vitro gastric H’ 
secretion are inhibitors of gastric K*-ATPase. Analy- 
sis of the kinetics of this interaction indicate that inhi- 
bition in non-competitive and involves the K* sensi- 
tive dephosphorylation of the phosphoenzyme. These 
findings provide an alternate mechanism for inhibi- 
tion of H™ secretion by these agents. 
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INFLUENCE OF PHENOBARBITAL ON FACTORS 
RESPONSIBLE FOR HEPATIC CLEARANCE OF 
INDOCYANINE GREEN IN THE RAT: RELATIVE 
CONTRIBUTIONS OF INDUCTION AND ALTERED 
LIVER BLOOD FLOW 
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Abstract—The influence of phenobarbital, 3.4-benzpyrene and 3-methylcholanthrene on the clearance 
of indocyanine green (ICG) in the rat was investigated. ICG clearance following rapid i.v. administration 
of 1, 10 and 50 mg/kg, body wt was dose-dependent and pretreatment for 10 days with the inducing 
agents produced an increase in clearance only in the case of phenobarbital. All three inducers when 
given in this manner have been reported to produce equivalent increases in ligandin, consequently, 
this protein cannot be a major rate-limiting factor for hepatic ICG removal in the rat. 

Of the three inducing agents studied, only phenobarbital increases liver blood flow. The relative 
contribution of this change versus any increase in the liver’s intrinsic ability to remove ICG was 
estimated using a perfusion-limited model of hepatic elimination. Although the influence of the altered 
flow decreased with increasing ICG dose, the changes in both flow and intrinsic clearance were directly 
proportional to the increase in liver mass produced by phenobarbital. It may be concluded, therefore, 
that the influence of phenobarbital on ICG clearance in the rat is due to a larger liver with a propor- 
tionate increase in blood flow and not a consequence of the induction of any specific uptake protein. 


The liver plays an important role in the removal from 


the body of a wide variety of substances. A number 
of processes are involved in this hepatic drug clear- 
ance including delivery to the liver, uptake, storage 
and biotransformation or excretion into the bile. 
Little quantitative information is available, however, 
concerning the relative importance of each of these 
steps in the overall in vivo removal process. Hence, 
the mechanisms by which factors such as ontogeny, 
drug interactions and disease-states produce changes 
in hepatic clearance is not always clear. This is par- 
ticularly true of the increase in clearance of many 
drugs caused by pretreatment with phenobarbital. An 
increase in activity of the drug-metabolizing enzymes 
is probably involved in many cases [1] but other fac- 
tors must be contributory, particularly for those com- 
pounds which are eliminated unchanged by the liver. 
The anionic dye, indocyanine green (ICG) used exten- 
sively in man and experimental animals for the deter- 
mination of cardiac output[2] and hepatic func- 
tion [3-6] is such a substance. The rate of elimination 
of ICG in the rat is significantly increased by pheno- 
barbital pretreatment [7-9] and it has been proposed 
that this is a consequence of increased hepatic uptake 
secondary to the induction of the cytoplasmic anion 
binding protein ligandin (Y protein) [7]. The present 
study was designed to investigate this hypothesis and 
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to assess the relative contributions of induction and 
altered liver blood flow to the increased clearance of 
ICG in the rat. 


METHODS 


Groups of 6 male, 300-400 g body wt Sprague 
Dawley rats (Harlan Industries, Indianapolis) with 
free access to food and water were injected i.p. once 
daily for 10 days. Phenobarbital (80 mg/kg, body wt.) 
dissolved in physiological saline was administered in 
a total vol. of 10 ml/kg, body wt; 3-methylcholanth- 
rene (10 mg/kg, body wt) and 3,4-benzpyrene (10 
mg/kg, body wt) were injected in 5 ml corn oil/kg, 
body wt., and control groups received equivalent vol. 
of either saline or corn oil, respectively. The animals 
were anesthetized with sodium pentobarbital (35-45 
mg/kg, body wt, i.p.) 15-20 hr after the final pretreat- 
ment injection, and PE-50 catheters placed in a 
femoral artery and vein. 

ICG (Hynson, Westcott and Dunning, Baltimore) 
was rapidly injected i.v. in 1 ml saline at three differ- 
ent doses, 1, 10 and 50 mg/kg, body wt. Heparinized 
arterial blood samples were obtained at suitable times 
after the injection to define the rate of elimination 
of the dye. The sample vol. varied according to the 
expected ICG concentration but the total vol. of 
blood removed from each rat was similar in all 
groups and approximated 2 ml. Withdrawn blood 
was replaced with an equal vol. of saline, infused 
through the arterial cannula after each sampling and, 
in addition, the hematocrit was determined on the 
first and last samples. The plasma concentration of 
ICG was determined promptly after sampling by 
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Table 1. Influence of inducing agents on the pharmacokinetics of ICG 


ICG Dose Saline 





Corn Oil 


3-methyl 


Phenobarbital 3.4-benzpyrene _cholanthrene 





2.39 + 0.07 


Half-life. min 
Volume of distri- 
bution, m1/100 g. 

body wt 
Blood clearance 

(ml/min/100 g. 

body wt) 


1 mg/kg, 
body wl 
‘ + 0.60 


+ 0.29 


Half-life. min + 0.38 
Volume of distri- 
bution, ml/100 g, 
body wt 
Blood clearance 
(ml/min/100 g. 
body wt 


10 mg/kg, 
body wt 
+ 0.29 


- 0.09 


Half-life. min 1.68 
Volume of distri- 
bution, ml/100 g, 
body wt 
Blood clearance 
(ml/min/100 g, 
body wt 


50 mg/kg. 
body wt 
+ 0.12 


+ 0.01 


2.10 + 0.078 


+ 0.21 


$+ 0.13 


+ 0.36 


+ 0.46 


+ 0.12 


+ 0.02 


1.86 + 0.13** 1.95 + 0.09 2.18 + 0.09 


7.17 + 0.80 4.72 + 0.40 4.82 + 0.40 


4.30 + 0.26** 2.87 +4 0.29 + 0.28 


2.68 + 0.11** 3.38 + 0.18 


+ 0.48 3.42 + 0.10 


1.78 + 0.20*F 1.23 + 0.05 1.05 + 


19.02 + 1.62*t 25.964+2.03 256542 


4.32 + 0.20* 4.52 + 0.20* 4.04 + 0.22* 


0.27 + 0.02*+ 0.21 + 0.02 0.20 + 0.02 





Values are mean of six rats + S.E.M. 
* control v active agent, P < 0.05. 


+ phenobarbital v 3,4-benzpyrene and 3-methylcholanthrene, P < 0.05. 


t phenobarbital v 3,.4-benzpyrene, P < 0.05. 
$ saline v corn oil, P < 0.05. 


measuring its absorption at 800 nm in a Gilford 
2400-S_ spectrophotometer [3,5] using 0.1°, crystal- 
line bovine albumin in 0.9°% saline to dilute the 
samples [10]. 

Calculations. The plasma half-life for ICG elimin- 
ation was obtained by linear regression of the logar- 
ithm of the plasma concentrations and time. Other 
individual pharmacokinetic parameters were calcu- 
lated from the following relationships: 


Vol. of distribution 


Dose 
Plasma concentration at zero time 
ml/100 g, body wt 
Blood clearance 
0-693 Volume of distribution 
~ Plasma half-life (1 — Hematocrit) 
ml/min/100 g, body wt 
Statistical analysis of the mean data was performed 


by the unpaired Student t-test with P = 0.05 as the 
minimal level of significance. 


RESULTS 


Not unexpectedly [6,11] the elimination of ICG 
from the plasma in the rat was dose-dependent, the 
half-life at 50 mg/kg, body wt being approximately 
10-fold greater than at | mg/kg, body wt, irrespective 
of the pretreatment (Table 1). However, at each dose 
level the elimination appeared to be mono-exponen- 
tial over the time period studied. There were no differ- 
ences in.the half-lives of the two control groups and 


pretreatment with either 3-methylcholanthrene or 
3,4-benzpyrene produced no changes in the rate of 
ICG disappearance at any dose level. However, 
phenobarbital pretreatment caused a_ significant 
shortening of the plasma half-life after all three ICG 
doses (Fig. 1) relative to both the saline control 


1000 5 


50 mg/kg 


PLASMA ICG ( ug/ml) 


I mg/kg 








TIME (min) 
Fig. 1. Plasma elimination of ICG after rapid i.v. adminis- 
tration in saline control (@) and phenobarbital pretreated 
(©) rats. Each point is the mean + standard error of six 
determinations and a_ statistical difference (P < 0.05) 
between the two groups is indicated by an asterisk. 





Determinants of increased ICG clearance by phenobarbital in the rat 


groups and the other treatment groups, except after 
50 mg/kg, body wt where the half-life did not differ 
statistically from that of the 3-methylcholanthrene 
group (Table 1). 

The vol. of distribution of ICG showed some vari- 
ability with respect to dose and pretreatment agent, 
and this may reflect the inherent error in its estima- 
tion due to the very rapid disappearance of ICG from 
the plasma [12]. However, there were no consistent 
trends suggestive that the dose-dependent changes or 
the effect of phenobarbital on the elimination half-life 
could be caused by alterations in this parameter 
(Table 1). On the other hand, ICG blood clearance 
decreased significantly with increasing dose in both 
the saline and corn oil control animals, and there 
was no difference between these two groups. Neither 
3,4-benzpyrene nor 3-methylcholanthrene pretreat- 
ment altered ICG blood clearance at any dose level, 
but phenobarbital significantly increased this process 
at all doses studied compared to the control or the 
3,4-benzpyrene and 3-methylcholanthrene groups. 
Relative to the saline group the mean increases were 
40.1%, 47.1% and 42.1% at the 1, 10 and 50 mg/kg, 
body wt, dose levels respectively. 


DISCUSSION 


The present study confirms the dose-dependent 
elimination of ICG in the rat [6,11], the mechanism 
of which is not clearly understood. The absence of 
any consistent distributional changes indicates that 
the phenomenon predominantly reflects a decrease in 
hepatic clearance, i.e. the efficiency with which the 
liver removes the dye. This would appear to be associ- 
ated with saturable uptake of ICG into the liver 
which follows Michaelis-Menten kinetics [6]. The 
role of ligandin in this uptake process has not been 
definitively investigated. But, based primarily upon 
experiments with the model compound, sulfobro- 
mophthalein, it was postulated that this protein plays 
an important role in the transfer of organic anions 
from plasma to liver, and that its induction by a var- 
iety of agents was responsible for the enhancement 
in elimination of these anions after pretreatment with 
the agents[7]. The present findings would suggest, 
however, that this is not the case for ICG in the rat. 
Previous studies in the rat have shown that pretreat- 
ment with phenobarbital, 3,4-benzpyrene and 3-meth- 
ylcholanthrene, according to the same protocol as 
used herein, causes an increase in hepatic ligandin 
of about 100 per cent for all three agents [7]. How- 
ever, only phenobarbital pretreatment resulted in an 
alteration in ICG clearance. Accordingly, it must be 
concluded that ligandin is not the major rate-limiting 
factor in the hepatic removal of ICG in the rat, and 
another mechanism must be responsible for the 
observed increase in the rate of ICG elimination after 
phenobarbital pretreatment. Recent studies with other 
drugs have been similarly interpreted, and have sug- 
gested that ligandin plays a secondary role in the net 
hepatic transport of anions by functioning as an intra- 
cellular “storage” protein rather than a primary trans- 
port protein [13, 14]. 

It is well established that phenobarbital causes liver 
enlargement in the rat and the induction of certain 
hepatic proteins [1]. In addition, liver blood flow in- 
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creases, 6.68 + 0.23 to 886+ 0.39 ml/min/100 g, 
body wt., in proportion to the increased mass of the 
liver, 12.0 + 0.06 to 15.1 + 0.2 g, and such changes 
are not seen after either 3,4-benzypyrene or 3-methyl- 
cholanthrene pretreatment [15]. The relative contri- 
butions of each of these factors in the enhancement 
of ICG clearance by phenobarbital may be assessed 
at each dose level by consideration of the perfusion- 
limited model of hepatic elimination [16-18]. Accord- 
ing to this analysis, total hepatic clearance is a func- 
tion of two independent physiological variables, 
liver blood flow (Q) and the total intrinsic clearance 
(Clyntrinsic) Of the liver. This latter term is a quantita- 
tive indication of the maximal overall ability of the 
liver to irreversibly remove ICG in the absence of 
any flow limitations and, therefore, reflects functional 
liver mass and specific intrinsic clearance (Cl, .:incic/Z 
liver). No indication of the location and/or identity 
of the several potential rate-limiting steps in the elim- 
ination process is provided by a drug’s intrinsic clear- 
ance. Because there is no extrahepatic elimination of 
ICG [5], hepatic and blood clearance are synony- 
mous, and therefore, 


Chi insic 
0+c 


Blood clearance = o| 


| = QE ml/min 


Intrinsic 


where the parenthetic term is equivalent to the steady- 
state hepatic extraction ratio, E. Thus, if ICG 
clearance and the appropriate liver blood flow are 
known, Clintrinsic May be calculated, and from this, 
the expected change in clearance associated with any 
given chang in blood flow or Clintrinsic May be esti- 
mated. These calculations were made for the saline 
control and phenobarbital pretreatment groups using 
the mean data for clearance from the present investi- 
gation and the results for liver blood flow and mass 
from a separate study where the animals were treated 
in an identical fashion [15]. Phenobarbital pretreat- 
ment produced a large increase in effectiveness of the 
hepatic removal process as assessed by Clintrinsic 
(Table 2), but the extraction ratio remained un- 
changed because of the equal and opposite influences 
of increased Clintrinsie and liver blood flow. The 
changes in both of these parameters contributed to 
the overall increase in ICG clearance but their rela- 
tive contributions varied with the ICG dose. This is 
consistent with earlier findings that the influence of 
liver blood flow upon drug clearance is dependent 
on the magnitude of the extraction ratio and, there- 
fore, Clintrinsic [17,18]. Thus the 33 per cent increase 
in liver blood flow produced by phenobarbital was 
responsible for 47.8 per cent of the increase in ICG 
clearance after administration of | mg ICG/kg, body 
wt, 19.2 per cent after 10 mg/kg, body wt, and only 
3.3 per cent after SO mg/kg, body wt. Conversely, the 
47.2, 50.7 and 42.3 per cent increases in Clintrinsic CON- 
tributed the balance of the changes, respectively. Im- 
portantly, when the absolute increases in Clintrinsic 
were expressed per unit wt of liver, phenobarbital 
caused no change in the specific intrinsic clearance 
of ICG (Table 2). This would indicate that the pre- 
treatment did not produce induction of any protein 
involved in the hepatic uptake and storage of the dye. 
Consequently, it may be concluded that the enhanced 
clearance of ICG at all dose levels after phenobarbital 
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Table 2. Changes in hepatic clearance, extraction ratio and intrinsic clearance (Clintrinsic) IN Saline and phenobarbital 
pretreated rats, and the calculated contributions of liver blood flow and Clin,insic to the changes in clearance 





Blood clearance and 


Hepatic intrinsic clearance* 


°, Increase* in 
clearance due to 





(extraction ratio) 


ICG dose ml/min/100 g. body wt. 


ml/min/100 g, body wt. 





ml/min/g liver 
Intrinsic 





mg/kg. 


body wt. Saline Phenobarbital = Saline 


Phenobarbital 


Saline Phenobarbital Flow clearance 





I 3.07 (0.46) 
10 1.21 (0.18) 
50 0.19 (0.03) 


4.30 (0.48) 5.68 
1.78 (0.20) 1.48 
0.27 (0.03) 0.196 


8.36 1.60 1.59 47.8 
2.23 0.42 
0.279 0.055 0.055 3.3 


2. 


2 
8 
ae 


5 
0.44 19.2 80 
96 





* Based on mean liver mass and blood flow data from Ref. [15]. 


pretreatment is simply due to the presence of a larger 
liver and a proportional increase in the rate of deli- 
very of ICG to its site of elimination, the exact contri- 
bution of each of these factors being dependent upon 
the dose of ICG; flow changes are less important as 
the administered dose increases. 

The ability of phenobarbital to alter the disposition 
and elimination of many exogenous and endogenous 
compounds removed by the liver is well known. Such 


pretreatment produces perturbations in a number of 


physiological and biochemical factors which may or 
may not be involved in the disposition and elimin- 
ation of the drug. The determination of a cause and 
effect relationship requires appreciation of the relative 
importance of each of the various physiological fac- 
tors controlling these processes. With respect to hepa- 
tic elimination, the described perfusion-limited 
approach to hepatic elimination offers many advan- 
tages over more traditional pharmacokinetic analyses, 
and should permit a clearer understanding of the mul- 
tiple mechanisms responsible for drug elimination 
and the alterations produced by disease and other 
drugs [18]. 
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Abstract—Using a double-label procedure, the incorporation of endogenously-derived *°SO, into 
phenylethylene glycol sulfates (PGS) was estimated. When [*H]norepinephrine and [*°S]cysteine were 
injected concomitantly into the brain, about 30-80 percent of the tritium and about 4 percent of 
the *°S retained in the brain 1 hr later were in PGS. In B,-deficient rats, the proportion of *°S 
was increased as was the *°S/*H ratio. Probenecid caused a significant increase in the amount of 
PGS found in the brain, but a minimal enrichment of *°S was observed, suggesting that there was 
little or no effect on sulfotransferases. Cysteine in high concentrations inhibits the incorporation of 


tritium into PGS. 


Several lines of evidence have demonstrated that a 
major route of catecholamine metabolism occurs via 
sulfate conjugation [1-4]. Sulfation reactions are par- 
ticularly important in brain, because the formation 
of phenylglycolsulfate (PGS) esters constitutes a major 
pathway of norepinephrine catabolism in most 
species, including man [5]. In rats, NE is metabolized 
primarily to 3,4-dihydroxyphenylethyleneglycol sul- 
fate (DHPG-SO,) and its 3-methoxy derivative 
(MHPG-SO,)[1,6]. The reaction is catalyzed in 
brain and other tissues by sulfotransferases capable 
of utilizing ethanolic and glycolic catecholamine 
metabolites as substrates, as well as other phenolic 
substances [4, 7]. 

In several of the studies published to date, 
Na, *°SO, has been used to study sulfation reactions 
in vitro and in vivo [6,7]. Under these conditions, ac- 
tivation of sulfate ions must occur, followed by 
transfer to acceptor molecules, as described by Eccles- 
ton and Ritchie [7]. 

Brain tissue contains a very active transsulfuration 
pathway, which is mediated by the formation of cys- 
tathionine. The end product is cysteine. Degradative 
processes for the latter are obscure, but are believed 
to proceed to sulfate ions via alanine sulfinic acid [8]. 
The intermediate, cystathionine, occurs in large quan- 
tities in primate brain, and accumulates in the brain 
of other mammals if a pyridoxine deficiency occurs. 

The interaction and interdependency between cat- 
echolamines and sulfur in brain should be of greater 
than passing significance. In this paper, we describe 
experiments in which some of the possibilities were 
investigated and evaluated. 
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METHODS AND MATERIALS 


L-[?°S]cysteine hydrochloride (sp. act. 100 mCi/m- 
mole) was obtained from Amersham-Searle. L-[*°S]- 
methionine and L-[*H]Jnorepinephrine with sp. act. 
of 211 and 3.42 Ci/m-mole respectively, were pur- 
chased from New England Nuclear, as was Aquasol 
counting cocktail. Radioactivity measurements were 
made on a Beckman Model LS-230 liquid scintilla- 
tion counter equipped with an Olivetti computer. 
Glusulase, containing 46,472 units/ml as sulfatase, 
was bought from ENDO Laboratories. Probenecid 
(p-(dipropylsulfanoyl)-benzoic acid) was a Sigma 
product. Pyridoxine-deficient and pyridoxine-com- 
plete test diets were obtained from Nutritional Bio- 
chemicals, as was desoxypyridoxine phosphate. The 
composition of the diets are listed in the manufac- 
turer’s brochures. 4-Hydroxy-3-methoxyphenylethyl- 
eneglycol sulfate (MHPG-SO,) was generously sup- 
plied by Hoffman-LaRoche. An Aminco-Bowman 
spectrofluorometer was used to measure fluorescence. 

Rats (Harlan, SD, males) weighing between 150 and 
200 g were used in these studies. Except for those used 
in dietary experiments, they were kept for about | 
week (four animals per cage) prior to the experiment 
in quarters equipped for a daily light-dark cycle 
(12:12 hr). They received Purina rat chow and tap 
water ad lib. Intracerebral injections were done using 
procedures described by Farris and Griffith [9]. Pro- 
benecid (200 mg/kg) was administered i.p. as a 1°% solu- 
tion in phosphate buffer, pH 7.4, | hr prior to the i.c. 
injections. Controls were injected with equal vol. of 
saline. The rats were decapitated | hr after the final 
injection (from 9-10 a.m.) and the brains were sub- 
jected to procedures described by Meek and Neff [10] 
for the isolation of MHPG-SO,. Recoveries of added 
MHPG-SO, were 82 + 8 percent. Under the condi- 
tions of our experiments, the procedure does not dis- 
tinguish between DHPG-SO, and MHPG-SO,. 
However, since these two compounds account for 
practically all of the NE metabolized, the procedure 
was used to isolate the *°S-labeled conjugate fraction. 
Under these conditions, it was necessary to determine 
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’ 
whether contaminating *°S-containing materials were 
present in the isolated product. The thin-layer 
chromatography system used by Meek and Neff [6] 
proved inadequate for this purpose because of acid 
hydrolysis and salt interference. The problem was 
solved by using a double-label technique in which 
the *H and *°S content was monitored throughout 
as follows: brain homogenates from rats which had 
been injected with [7H]NE and [**S]cysteine were 
treated by procedures described by Meek and 
Neff [10]. In this procedure, endogenously-formed in- 
organic sulfate is removed with barium hydroxide 
during the deproteinization step. After chroma- 
tography, the conjugate fraction is eluted, divided into 
two portions, adjusted to pH 6.0 with buffer contain- 
ing EDTA, and hydrolyzed for 24 hr with and without 
glusulase. In our modification, the hydrolysis mix- 
tures were treated with barium hydroxide again to 
remove inorganic sulfate [10] and were then rechro- 
matogrammed. About 10 per cent of the enzyme- 
treated conjugate fraction and all of the radioactivity 
in the control fraction was retained by the second 
column, indicating that at least 90 per cent of the 
*°§ isolated from the first column was esterified as 
conjugate and had been hydrolyzed. This was consis- 
tent with the 96-100 per cent recovery of tritium in 
the eluate from the second column. 

In some experiments, pyridoxine-deficient rats were 
used. Procedures for preparing and treating the diets 
have been previously described[11]. Young rats, 


weighing about 90-100 g were divided into groups of 


six. One group received a pyridoxine-deficient diet 
supplemented with desoxypyridoxine phosphate 
(10 mg/kg of diet). The control group received the 
same diet except that pyridoxine had been added and 
the desoxypyridoxine phosphate omitted. After about 
4 weeks, animals which had received the B,-deficient 
diet weighed 185 + 8 g versus 274 + 6g for the con- 
trols. Acrodynia of the feet and tail was apparent in 
the B,-deficient group and the coat had lost its lustre. 
Animals from both groups received i.c. injections and 
their brains were subjected to analyses as described 
above. In these experiments, the efficiency of the isola- 
tion procedures was monitored which required the 
pooling of two brains for each analysis. Other experi- 
mental details are presented in the legends to the 
tables. 


RESULTS 


Expressed as percent total dose, the data presented 
in Table | show that the retention and incorporation 
of *H is relatively unaffected by B,-deficiency. As 
expected, retention and utilization of *°S adminis- 
tered in the form of cysteine may be altered by the 
nutritional inadequacy. For instance, the percent 
retention of the total injected dose is reduced from 
0.41 in the controls to 0.24 in the deficiency. However, 
‘the fraction incorporated into glycols is increased. 
This is consistent with an expected decrease in the 
metabolic turnover of brain sulfate. When the data 


in Table | are examined in terms of the percent of 


brain radioactivity in the conjugate fraction, they 
show, firstly, that MHPG-SO, is indeed a major 
metabolite of NE in rat brain. In the controls, an 
amazing 82 percent of the retained tritium was pres- 
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Table 1. Effects of vitamin B, on retention and incorpor- 
ation of radiolabel into phenylglycol sulfates by brain after 
intracerebral injection of [*H]NE and [*°S]cysteine 





Diet °H “7 





A. Retained 
1.24 + 0.16 
1.12 + 0.47 
B. PGS 
0.73 + 0.13 
0.92 + 0.31 


0.24 
0.41 


0.09 
0.19 


B,-Deficient 
Complete 


0.004 
0.002 


0.021 
0.013 


B,-Deficient 
Complete 


2 
= 





Each rat received 4041 of an aqueous solution of 
[*°S]eysteine (62.8 Ci. sp. act... 100 mCi/m-mole) and 
[SH]JNE (9.6 pCi, sp. act., 3.42 Ci/m-mole) injected into the 
cisterna magna. Each value is the mean of 3 samples 
(n = 3) each of which was prepared by pooling two brains 
prior to homogenization. All values are expressed as per- 
cent total dose. 


ent as sulfate ester. Secondly, these data suggest that 
in the B,-deficient animals, the incorporation of NE 
into phenylglycols is drastically reduced whereas the 
opposite occurs for *°S. This is reflected in the *°S/7H 
ratio for the conjugates (Table 1). 

Recently it was reported that probenecid, which in- 
creases steady state levels of MHPG-SO, [12, 13], 
stimulates liver sulfotransferases in vitro [14, 15]. This 
observation led to speculation that part of the pro- 
benecid-induced increase in brain MHPG-SO, could 
be due to increased enzyme activity as opposed to 
alterations in acid transport systems. The double- 
label technique was used to study these possibilities. 

In a preliminary experiment using a large dose of 
[SH]NE (2.4 umole) injected ic. in the absence of cys- 
teine, we confirmed that probenecid causes an in- 
creased retention of tritium (72 percent greater than 
controls) and a comparable increase in tritiated con- 
jugates[13], expressed as percent total dose. 
Expressed a percent radioactivity in the brain, there 
was little or no difference in the amount found in 
the glycol sulfates of control (45°,) versus drug- 
treated animals (42°,). Preliminary observations sug- 
gested that the concomitant injection of cysteine per 
se effected the incorporation of tritiated NE. Experi- 
ments to test this hypothesis were initiated and the 


Table 2. Effects of probenecid on retention and incorpor- 
ation of radiolabel into PGS by brain after intracerebral 
injection of [*H]norepinephrine and [*°S]cysteine 





Drug 3H ~—— 
Percent 





A. Retained 
1.32 + 0.18 (4) 
1.64 + 0.21 (6) 

B. PGS 
0.63 + 0.10(4) 
0.43 + 0.10 (6) 


None 
Probenecid 


0.37 + 0.04 (4) 
0.44 + 0.03 (6)* 


0.029 + 0.002 (4) 


None + 
0.034 + 0.002 (6)* 


Probenecid 





Each rat receivéd 40 41 of an aqueous solution of 
[*°S]cysteine (66.6 wCi, sp. act.. 27.8 mCi/m-mole) and 
[SHJNE (7.5 Ci. sp. act., 27.7 Ci/m-mole). Values are 
expressed as means + S.E. and represent percent total 
dose. Sample number is contained in parentheses. 

* Significantly different from controls, P < 0.05. 
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Table 3. Effects of cysteine and probenecid on the incor- 
poration of [*H]NE into PGS 





Probenecid 
35§ 3H 


No Probenecid 
3H 35¢§ 35§ 3H 3H 35§ 


umole Percent Percent 





0 56 tt 
0.83 51 43 
2.40* 43° 16° 0.04* 26* 


1s*)6 ORM 





Conditions have been described in the legend to Table 
2 except that unlabeled cysteine was injected. n = 5 for 
each analysis. 

* Calculated from data in Table 2. 


results are shown in Tables 2 and 3. These experi- 
ments differ only in that the cysteine was either 
labeled (Table 2) or unlabeled (Table 3) and for that 
reason differed in concentration. The data show that 
injection of large doses of cysteine concomitantly with 
probenecid reduced the effects of the latter, both in 
the retention of tritium by brain, which is now only 
25 percent greater than controls (Table 2), and upon 
the percent of tritiated NE incorporated into PGS 
(Table 2). Injection of probenecid caused a small in- 
crease in the percent incorporation of brain *°S into 
PGS (Table 2). 


DISCUSSION 


Sulfur injected into rat brain in the form of 
[?°S]cysteine can be incorporated into phenolic sul- 
fate esters. As mentioned above, alanine-3-sulfinic 
acid serves as a precursor for inorganic sulfate, but 
it also can be oxidized to organic sulfate such as taur- 
ine and isoethionic acid[8]. Although taurine is 
found in practically all areas of the brain [16] and 
has received considerable attention as a_ possible 
neurotransmitter [17], there is no evidence that it is 
a substrate for sulfotransferases. In squid nerve, large 
amounts of isoethionic acid are formed from cysteine, 
but not by way of taurine [18]. In the absence of 
evidence to the contrary, the most likely source of 
the sulfate in the glycol esters is 3’-phosphoadenyly- 
sulfate. 

In animals receiving nutritionally complete diets, 
the incorporation of 3°S into sulfate esters amounted 
to about 0.01—0.03 percent of the total injected dose. 
However, it is also possible that the amount incorpor- 
ated is relative to the total dose of cysteine (Tables 
1 and 3). In B,-deficient animals, the percent incor- 
poration was increased probably as a result of de- 
creased metabolic turnover. The formation of NE and 
its metabolites are subject to marked changes during 
B,-deficiencies because dopa decarboxylase activities 
are decreased [19]. Sulfate metabolism is also altered, 
but no efforts have been made to relate these changes 
to NE catabolism. In the current study, which was 
. originally designed to test the effects of a B,-defi- 
ciency on incorporation of *°S from [*°S]methionine, 
the primary sites of B, action were by-passed. Except 
for its important role in transport processes, which 
is currently under investigation in our laboratory, 
vitamin B, has little or no direct effect on NE and 
cysteine catabolism. 
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The MHPG-SO,, fraction isolated | hr after a dose 
of [*H]NE contained approximately one half of the 
brain tritium. With the exception of the value 
reported in Table | for controls (82°), this percentage 
was relatively constant throughout these experiments. 
The one exceptionally high value is not easily 
explained. In any case, the data in Table | should 
be cautiously interpreted because they represent 
pooled samples from a relatively low number of sub- 
jects (n = 6). Even so, the percent of brain *°S found 
in the MHPG-SO, fraction | hr after injection of 
[*°S]cysteine was significantly increased in the 
B,-deficient animals. The *°S/7H ratio in the 
MHPG-SO, fraction was therefore greater in these 
animals. Since the retention of *°S by the brain was 
either unaffected or decreased in these rats, the 
enrichment of 7°S in the MHPG-SO, fraction was 
not due to increased availability of the label. As indi- 
cated earlier, the increase was probably due to a 
slower metabolic turnover of brain sulfur. 

With probenecid, the double-label data clearly 
showed an enrichment of sulfur in the MHPG-SO, 
fraction as compared to tritium (Tables 2 and 3). 
Although this was consistent with the observation 
that probenecid stimulated sulfotransferase in vitro, 
the data were equivocal in that the expected percent 
increase in retention and incorporation of tritium did 
not occur. In other words, the increased *°S/3H ratio 
(Table 3) was due to a decrease in *H, combined with 
a slight increase in *°S. The data in Table 3 suggest 
that the presence of high concentrations of cysteine 
diminishes or obliterates the animal’s response to pro- 
benecid. 

Attempts to interpret these data are subject to the 


limitation inherent in the experimental design. For 
instance, high concentrations of cysteine injected i.c. 
should, and did, invoke behavioral changes in the ex- 
perimental subjects. Animals receiving 2.4 umole of 
cysteine appeared to be narcotized and, in some, con- 


vulsions occurred. At lower concentration 
(0.83 yzmole) no such responses were observed. One 
of the major problems then is the unavailability of 
a [°°S]cysteine preparation of high and constant sp. 
act. Experiments using L-[*°S]methionine (sp. act. 
> 100 Ci/m-mole) were ambiguous because of a very 
low incorporation of isotope into MHPG-SO, 
(Brown and Zawad, unpublished observations). 
Another limitation is the obvious need to measure 
any changes in the sp. act. of [*H]PGS and 
[°°S]PGS. 

The cysteine-induced decrease in the probenecid 
reaction could be due to either decreased formation 
of PGS or to increased amounts of endogenous pre- 
cursors. In other words, high concentrations of intra- 
cerebral cysteine could lead to sulfation of NE or 
dopamine thereby lowering the concentration of PGS. 
Since probenecid affects the excretion of organic 
acids, its affect could be partly or completely pre- 
vented. On the other hand, high concentrations of 
cysteine could induce mobilization of NE. This would 
dilute the tritium and lead to an increase in the *°S 
to *H ratio. Another interesting possibility was sug- 
gested recently by Tudball and Griffiths [20]. They 
showed that a dramatic decrease in dopamine and 
NE occurred in the brains of rabbits treated with 
methionine and homocysteine (injected i.p.). They 
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suggest that the primary change is associated with 
transport processes. Our data do not distinguish 
among these possibilities, but experiments to do so 
are technically feasible and are currently under way. 

The data presented here clearly show that probene- 
cid does affect the concentration of brain conjugates, 
in vivo, as suggested by Van Kempen et al. [15], but 
not necessarily by stimulating sulfotransferases. The 
most definitive conclusion is that PGS concentrations 
are not a valid reflection of catecholamine metabo- 
lism in the presence of various types of drugs. 
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Abstract—The mechanics of the decrease in the liver triglyceride (TG) level caused by the administration 
of 3-amino-1,2,4-triazole (AT) were studied in vivo. The incorporation of ['*C]acetate (10 wCi/100 g, 
ip.) into liver TG of rats injected with AT (100 mg/100g, ip.) decreased about 55 per cent when 
compared with the control group. Incorporation of ['*C]palmitate into liver and serum TG, did not 
differ in the AT and control group. Incorporation of ['*C]acetate into liver TG of rats administered 
ethanol (600 mg/100 g, p.o.) was 3 times that of the control, but with AT-pretreatment incorporation 
was 50 per cent less when compared with that of ethanol group. Serum free fatty acids of rats injected 
with adrenalin (200 ug/100 g, im.) increased two times above the control group. The increase was 


not affected by pretreatment with AT. 


3-Amino-1,2,4-triazole (AT) is an herbicide which 
shows several effects on mammals, such as’ inhibition 
of catalase activity in liver and kidney [1], inhibition 
of 6-aminolevulinic acid dehydratase [2], inhibition of 
induced synthesis of cytochrome p-450 [3,4], and an 
antithyroid effect [5]. In addition, it has been re- 
ported that AT pretreatment represses phenobarbital- 
induced changes in liver microsomes [6, 7] and CCl,- 
induced necrosis of hepatocytes [8]. 

On the other hand, studies in our laboratory 
showed that AT treatment of rats markedly decreased 
the triglyceride (TG) level in liver [9]. Furthermore, 
the AT pretreatment repressed CCl,, ethanol, and 
ethionine-induced fatty livers in the rats, as discussed 
in a previous paper [10]. 

For the purpose of investigating the mechanism of 
the decrease in liver TG level caused by the adminis- 
tration of AT, the effect of AT on incorporation in 
vivo of radioactive precursors into liver TG was 
studied. 


MATERIALS AND METHODS 


Materials. Chemical compounds were obtained 
from the following companies: 3-amino-1,2,4-triazole 
(AT) from Tokyo Kasei Co.; sodium acetate-2-['*C] 
(42.0 mCi/m-mole) and palmitate-1['*C] (53.2 mCi, 
m-mole) from Daiichi Pure Chemicals Co.; 1-adrena- 
lin from Fluka AG.; and crystallized bovine albumin 
from Nutritional Biochemical Corp. Albumin-bound 
palmitate-1-['*C] was prepared by the method of 
Milstein and Driscoll [11]. 

Treatment of animals. Male Wistar rats weighing 
120-170 g were used throughout these studies. In all 
cases, except when adrenalin was used, rats were not 
fed for 24hrs prior to the experiment, but were given 
water ad lib. AT (1 g/kg), which had been dissolved 
in physiological saline, was injected i.p. 12 hr before 
sacrifice; control rats were injected with physiological 
saline. Ethanol was given by oral intubation 30 min 
after the injection of AT. The control group was given 
isocaloric glucose instead ethanol. ['*C]acetate 


(10 nCi/100 g, ip.) and albumin-bound palmitate- 
['*C] (10 wCi/100 g, iv.) were injected into these rats 
15 min before the experiment. In the experiment in 
which adrenalin was used, the rats which were fed 
received intramuscular injections of adrenalin (200 pg/ 
100 g), which was dissolved in 0.01 N HCI-0.9 per cent 
NaCl, 30min after the AT injection. The control 
group was injected with physiological saline. The rats 
were killed 2 hr after the adrenalin injection. 

Separation of triglyceride (TG). Lipids were 
extracted from the serum and liver according to the 
method of Folch et al.[12]. The phase containing 
lipid was separated and evaporated. The residue was 
redissolved in chloroform, and aliquots were used for 
further analysis. In the experiment on the incorpor- 
ation of radioactive precursors, lipids were separated 
by TLC on Kieselgel 60 F354 (Merck) with petroleum 
ether—diethyl ether—glacial acetic acid (80:25:1) as 
developing solvents. Each fraction was detected under 
iodine vapor and was identified by comparison with 
a simultaneously running standard. After the iodine 
had sublimed, the area containing TG was scraped 
and extracted in chloroform—methanol (2:1) three 
times. The extracts were used as samples to determine 
the TG content and radioactivity. 

Assays. The uptake of radioactive precursors in the 
liver was determined by the following method. After 
the rats were killed, the weight of the liver was 
measured. About 0.1 g of the liver was subjected to 
combustion quantitatively to '*CO, by combustion 
apparatus (Aloka ASC-111). Radioactivity was deter- 
mined with a liquid scintillation counter (Aloka 
LSC-502). The incorporation of radioactive precur- 
sors into TG was determined by the following 
method: one ml of methanol and 15 ml of scintillation 
medium were added to the TG fraction which was 
separated from TLC chromatograms. The scintilla- 
tion medium which was used consisted of 100g of 
naphthalin, 4g of 2,5-diphenyloxazole (PPO) and 
0.4g of 1,4-bis-2-(4-methyl-5-phenyloxazole)-benzen 
(dimethyl POPOP) per liter of mixture of dioxane- 
toluene—methylcellosolve (750:150:150 v/v). Radio- 
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Table 1. Effect of aminotriazole (AT) treatment on in vivo incorporation of ['*C]ace- 
tate into liver triglyceride 





Radioactivity 
in liver 
(°,, of dose) 


Triglyceride 
content 
(mg/g liver) 


Radioactivity 
in triglyceride 
(dis/min/g liver) x 10°? 





2.6 + 0.2 
3.6 + 0.9 
P < 0.05* 


Control 
Aminotriazole 


4.96 + 1.24 
2.26 + 0.93 
P < 0.01* 


122 + 49 
56 + 26 
P <.0:05* 





The aminotriazole group received aminotriazole (1 g/kg, i.p.) 12 hr before sacrifice. 
The control group received physiological saline at the same time. ['*C]Acetate 
(10 wCi/100 g. ip.) was injected into both groups 15 min before sacrifice. Values are 
represented as means + S.D. in five animals. 

* Comparison of treatment with control by t-test. 


activity was determined with a liquid scintillation 
counter (Aloka LSC-502). Serum and liver TG were 
determined according to the method described pre- 
viously [9]. Serum free fatty acids were determined 
by the method of Kushiro et al. [13]. 


RESULTS AND DISCUSSION 


In order to investigate the effect of AT on fatty 
acid synthesis and fatty acid esterification to TG in 
the liver, incorporation in vivo of ['*C]acetate into 
liver TG was examined (Table 1). The liver TG level 
in AT-treated rats decreased by 55 per cent when 
compared to the control group. The incorporation 
of radioactivity into the liver of the AT-injected rat 
showed a tendency to increase rather than decrease 
when compared to that of the control. However, the 
incorporation of ['*C]acetate into the TG in the liver 
decreased to 45 per cent. In this experiment, the iso- 
tope dilution of ['*C]acetate caused by the endo- 
genous precursors was negligible, and this was con- 
firmed in subsequent experiments in vitro. Therefore, 
this result indicates that AT inhibits fatty acid syn- 
thesis or fatty acid esterification to TG in the liver. 

The incorporation of ['*C]palmitate into liver and 
serum TG was measured in order to determine the 
effect of AT on fatty acid esterification to TG and 
on the release of liver TG into the blood stream 
(Table 2). The incorporation of ['*C]palmitate into 
TG was not inhibited by AT. Furthermore, AT did 
not affect the incorporation of radioactivity into 
serum TG in the short time after the injection of 
['*C]palmitate. These facts suggest that AT did not 


affect the esterification of fatty acid to TG, the inhibi- 
tion of fatty acid synthesis in the liver, and the release 
of liver TG into the blood stream. These facts are 
supported by the results shown in Table 3. In addi- 
tion, this concept can be supported by the fact that 
serum TG level did not increase at any time after 
AT administration [9] and the increase of serum TG 
was not accompanied by the depressing action of AT 
on the development of hepatotoxine-induced fatty 
liver [10]. 

The effect of AT on the release of free fatty acid 
(FFA) from fat tissues into the blood stream is shown 
in Table 3. Serum FFA was increased about 2 times 
by the injection of adrenalin. This result supports 
Dole’s review[14] that adrenalin accelerates the 
release of FFA from fat tissues by lipolytic action. 
Neither the level of serum FFA of the rats which 
were not injected with adrenalin nor the serum FFA 
which was increased by an injection of adrenalin was 
affected by AT. This indicates that AT did not inhibit 
the release of FFA from fat tissues, and that the de- 
crease in the liver TG level caused by AT did not 
derive from the antilipolytic action of the material. 
In addition, this is supported by the fact that serum 
FFA did not show any change at any time after AT 
injection [9}. AT is widely distributed in liver, kidney 
and spleen but is not detectable in fat tissues of the 
rat [15]. On the other hand, liver TG levels decreased 
in rats which were injected with AT, and the TG level 
in the AT-pretreated adrenalin group did not de- 
crease. As is clear from the results in Table 2, this 
phenomenon can be said to be due to the flow rate 
of FFA into the liver which was increased by the 


Table 2. Effect of aminotriazole (AT) treatment on in vivo incorporation of ['*C]palmitate into the liver and serum 
triglyceride 





Serum 
Radioactivity 
in triglyceride 
(dis/min/ml) x 10°? 


Liver 

Radioactivity 

in triglyceride 
(dis/min/g liver) x 10 


Radioactivity 
in liver 
(°. of dose) 


Triglyceride 
content 
(mg/dl) 

10.78 + 1.59 55 80 88.2 + 32.0 264 + 102 
6.91 + 0.98 118 90.6 + 23.6 240 + 192 
P < 0.02* N.S.*,t N.S.*.t NS.*.7 


Triglyceride 
content 
(mg/g liver) . 


19.9 + 2.1 
17.8 + 1.6 
N.S.*.+ 





Control 
Aminotriazole 





The aminotriazole group received aminotriazole (1 g/kg, i.p.) 12 hr before sacrifice. The control group received physio- 
logical saline at the same time. Albumin-bound palmitate['*C] (10 wCi/100 g, iv.) was injected in these groups 15 min 
before sacrifice. Values are represented as means + S.D. in four animals. 

* Comparison of treatment with control by t-test: 

+ P values larger than 0.05 were considered not significant (N.S.). 





In vivo formation of liver triglyceride 


Table 3. Effect of aminotriazole (AT) pretreatment on serum free fatty acid and liver 
triglyceride contents in the adrenalin-treated rats 





No. of 
rats 


Serum free fatty acid 
(yeq./l) iy 


Liver triglyceride 
(mg/g) P 





Control 
Aminotriazole 
Adrenalin 
Aminotriazole- 
Adrenalin 4 


595-4 72 
366 + 87 
778 + 101 


S38 +427 
395 + O59 
6.25 + 0.91 


NS.*, 
< 0.01* 


< 0.05* 
NS.*, 


756 + 87 NS.t.$ 7.094096 NS.#tt 





The first group received aminotriazole (1 g/KG, i.p.) 30 min before adrenalin injec- 
tion. The second group received adrenalin (200 g/100 g, im.) 2hr before sacrifice. 
The third group received aminotriazole and adrenalin. 

The control group received saline. Values are represented as means + S.D. 

* Comparison of treatment versus control by f-test. 

+ Comparison of aminotriazole-adrenalin group versus adrenalin group by [-test. 

t P values larger than 0.05 were considered not significant (N.S.). 


Table 4. Effect of aminotriazole (AT) pretreatment on the in vivo incorporation of 
['*C]acetate into liver triglyceride in ethanol-induced fatty liver 





Radioactivity 
in triglyceride 
(dis/min/g liver) 
x 10°? 


Triglyceride 
content 
(mg/g liver) 


Radioactivity 
in liver 
(°%% of dose) 


No. of 
rats 





Control 6 
Ethanol 6 


3.50 + 0.68 
19.23 + 6.79 
P < 0.01* 


50.1 + 10.2 
168.0 + 29.8 
P < 0.01* 
Aminotriazole- 

Ethanol 9.80 + 1.82 


P < 0.05t 


78.6 + 6.46 
P < 0.05 





The ethanol group received ethanol (6 g/kg, p.o.) 12 hr before sacrifice. The amino- 
triazole-ethanol group received aminotriazole (1 g/kg, i.p.) 30 min before ethanol ad- 
ministration. The control group received physiological saline and isocaloric glucose. 
['*C]acetate (10 wCi/100 g, i.p.) was injected in these animals 15 min before sacrifice. 
Values are represented as means + S.D. 

* Comparison of treatment with control by t-test. 


+ P values larger than 0.05 were considered not significant (N.S.). 
t Comparison of aminotriazole-ethanol group versus ethanol group by (-test. 


administration of adrenalin, and to the esterification 
of this fatty acid to TG which compensated for the 
decrease of fatty acid synthesis caused by AT. 

The increase in the synthesis of endogenous fatty 
acid is thought to occur because of the development 
of ethanol-induced fatty liver [16]. The effect of AT 
pretreatment on the incorporation of ['*C]acetate 
into liver TG in the ethanol-induced fatty liver was 
studied (Table 4). The incorporation of radioactivity 
into liver TG in the ethanol group increased 3 times 
over the control group. However, the incorporation 
into the AT-ethanol group was reduced to about 
45 per cent of the amount of the ethanol-group. 
Therefore, it is thought that AT inhibits fatty acid 
synthesis in the liver. 

The decrease in liver TG level which is caused by 
AT is considered to occur for the following reasons; 
(1) decreased TG formation, resulting either from a 
decreased formation of fatty acid or a decreased es- 
terification of fatty acids to the TG in the liver, (2) 
increased hepatic TG secretory mechanism; and (3) 
decreased mobilization of FFA from peripheral adi- 
pose tissue. AT inhibited the uptake of acetate into 
TG (Table 1), but did not inhibit the uptake of palmi- 


tate into TG (Table 2). Therefore, it has become 
apparent that AT inhibits the synthesis of hepatic 
fatty acid in its formation stage (Table 3,4). On the 
other hand, it has been demonstrated that AT did 
not show any effect on the hepatic TG secretory 
mechanism and on mobilization of FFA from peri- 
pheral adipose tissue (Table 2,3). In conclusion, the 
main cause of the decrease of liver TG caused by 
the administration of AT is the inhibition which 
affects fatty acid synthesis in the liver. 
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Abstract—Quercetin, a flavonoid known to cause inhibition of ATPase activity and cell growth in 
vitro, increases cyclic AMP levels in Ehrlich ascites tumor cells. The possibility of interrelationship 
between cyclic AMP metabolism and (Na* + K*)ATPase activity is discussed. 


Many investigations suggest that cyclic AMP is in- 
volved in the control of cell growth. In several types 
of malignant cells a low level of cyclic AMP was 
found and it was suggested that this low level is re- 
sponsible for the loss of contact inhibition and uncon- 
trolled growth of tumor cells [1-5]. 

Racker and coworkers proposed recently [6-8], 
that the increase in ATPase activity in different pump 
systems, may be the reason for the elevation of aero- 
bic glycolysis in various malignant cells. Kasarov and 
Friedman claim that there exists an interrelationship 
between cyclic AMP level and (Na* + K*)-ATPase 
activity in transformed fibroblasts [9]. Furthermore, 
it was shown that inhibition of the (Na* + K*)- 
ATPase activity by ouabain in guinea pig cerebral 
cortex increases indirectly cyclic AMP levels [10]. It 
was also suggested, that cyclic AMP inhibits 
(Na* + K*)-ATPase activity in rat liver plasma 
membranes [11, 12]. 

Quercetin (3,3’,4’,5,7 pentahydroxy flavone) inhibits 
the high aerobic glycolysis in tumor cells. It was sug- 
gested that this inhibition is due to the effect of quer- 
cetin on different ATPase systems [6,7]. Quercetin 
is also known as a potent inhibitor of protein syn- 
thesis [13] and cell growth [7]. On the basis of the 
above observations, it is of interest to find out 
whether quercetin has any influence on cyclic AMP 
levels in tumor cells. The present experiments were 
done with Ehrlich ascites tumor cells in which the 
high glycolysis level was proposed to be regulated 
by (Na*~ + K*)-ATPase [8, 14, 15]. 


MATERIALS AND METHODS 


Ehrlich ascites cells were maintained in ICR male 
mice harvested 7 days after transplantation and 
washed as previously described [8]. The medium used 
for the cell washing and for the determinations of 
cyclic AMP contained 50 mM sodium Tricine [N-Tris 
(hydroxymethyl)-methylglycine], 4mM sodium phos- 
phate buffer pH 7.4, 100 mM NaCl, 5mM KCl, 2mM 
MgCl, and 0.5mM CaCl). Cells were washed twice 
with the above medium and incubated at 30° with 
and without quercetin or ouabain, at the concen- 
trations indicated in each experiment. Since quercetin 
was dissolved in dimethyl sulfoxide (DMSO), this 
substance was added to each flask, that did not con- 
tain quercetin, as control, at concentrations of 5 yl/ml 


incubation medium. Incubation was terminated by 
adding 0.8ml of the incubated cell suspension to 
0.2 ml 0.5 M acetate buffer pH 4 and boiling for 3 min. 
Cyclic AMP was determined according to Gil- 
man [16] in the deproteinized extract. 

Plasma membranes of Ehrlich ascites tumor cells 
were prepared by the use of the aqueous two phase 
dextran polyethylene glycol system as described by 
Brunette and Till [17]. By using this procedure we 
obtained at least a 10-fold purification of the 
(Na* + K*)-ATPase activity in the plasma mem- 
brane preparation compared to the crude homo- 
genate. The specific activities were recorded as 0.35 
and 0.03 ymoles/mg/min in plasma membrane prep- 
arations and crude homogenate respectively. Further- 
more, ATPase activity in plasma membrane prep- 
arations was inhibited by 1mM ouabain (up to 70 
per cent) but slightly affected by azide, a mitochon- 
drial ATPase inhibitor (less than 10 per cent inhibi- 
tion). The ATPase activity in the plasma membranes 
was determined by the release of labeled inorganic 
phosphate from [y-*?P]-ATP as described elsewhere 
[18]. The assay was performed in incubation medium 
which contained 50 mM sodium tricine 4mM sodium 
phosphate buffer, pH = 7.4, 100mM NaCl, 5mM 
KCI and 2mM MgCl, using 0.1 mg protein of plasma 
membranes for each assay. CaCl, was omitted from 
the incubation medium in order to get maximal ac- 
tivity of the (Na* + K*)-ATPase [19]. The reaction 
was started by addition of 2mM [y-*?P]-ATP and 
after 10 min incubation at 30°, was stopped by addi- 
tion of 50yul/ml 40% w/v TCA. ATP levels were 
measured as described [20]. Protein was measured 
by the method of Lowry et al. [21]. 


RESULTS AND DISCUSSION 


Cyclic AMP elevation was shown to be dependent 
on quercetin concentration (Table 1), as well as on 
the incubation duration (Fig. 1). A maximal level was 
reached in the presence of 10°*M quercetin (Table 
1). When this concentration was used. the maximal 
level was reached about eight min after quercetin was 
added (Fig. 1). The change in the amount of cyclic 
AMP as a result of incubation with quercetin is also 
a function of cell concentration as indicated in Fig. 
2. 
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Table 1. Cyclic AMP level in Ehrlich ascites cells (3 mg 
protein/ml) incubated for 10min with various concen- 
trations of quercetin* 





Cyclic AMP 


Additions pmoles per mg protein 





Mean + S.E 
3.6+ 1.4 
46+ 1.2 
6.1 + 1.4 
10.7 + 1.8 
10.3 + 1.8 


None 

25 uM Quercetin 
50 uM Quercetin 
100 uM Quercetin 
250 uM Quercetin 





* The results are mean of 16 samples taken from four ani- 
mals : 


The findings showing that the elevation of cyclic 
AMP level is a function of incubation time, quercetin 
concentration and cell concentration, suggest that 
quercetin may exert its effect through the enzymes 
which control cyclic AMP metabolism, namely adeny] 
cyclase and phosphodiesterase. Cyclic AMP level was 
found to increase also in cells treated with ouabain, 
a specific inhibitor of (Na* + K*)-ATPase (Table 2). 
At concentration of 10°*M, ouabain induced a 
2.3-fold increase of cyclic AMP level, while quercetin 
(10~* M) effected a 3.5-fold increase under same con- 
ditions. At the same concentrations of quercetin and 
ouabain, inhibition of (Na~ + K*)-ATPase activity 
in isolated plasma membranes was observed (Fig. 3). 
Considering the molar concentration for 
(Na* + K*)-ATPase inhibition, quercetin was found 
to be a 10-fold more potent inhibitor than ouabain 
in these systems. 

Since quercetin, like ouabain, is shown to inhibit 
(Na* + K*)-ATPase activity, a casual relationship 
between the activity of this enzyme and cyclic AMP 
level in Ehrlich ascites cells may be postulated, thus 
supporting similar claims in other malignant cells [9]. 
The reduction of (Na* + K*)-ATPase activity of 
liver plasma membranes by cyclic AMP (10~°M) 
[11,12], further indicates a possible relationship 
between the enzymes responsible for cyclic AMP 
metabolism and (Na* + K*)-ATPase activity. 
Alternatively, (Na* + K*)-ATPase activity and cyclic 
AMP level, may be interrelated due to the fact that 
ATP is a common substrate in both systems. Accord- 
ing to this hypothesis, the elevation of cyclic AMP 
level by quercetin results from the possible accumu- 
lation of ATP caused by the reduction of ATP utiliza- 


Table 2. The effect of 10 min incubation with ouabain and 
quercetin on cyclic AMP and ATP levels in Ehrlich ascites 
tumor cells (3 mg protein/ml)* 





ATP 
nmoles per 
mg protein 


Cyclic AMP 
pmoles per 


Additions mg protein 





Mean + S.E. 
3.8 + 1.0 
8.7 + 1.6 

13.4+2.4 


None 
10°>M Ouabain 
10-*M Quercetin 





* Number of determinations: 5. 
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tion by the (Na* + K*}pump system. The data 
shown in Table 2 exclude such a proposition since 
similar levels of ATP were recorded in the absence 
and presence of both quercetin and ouabain. 

The increase in (Na* + K*)-ATPase activity found 
in transformed cells [22], may be related to the con- 
trol of growth by Na* and K* ions [23], as 


100 46M + Quercetin 


pmoles /mg protein 





Control 


cAMP, 








Time, min 


Fig. 1. Cyclic AMP level in Ehrlich ascites cells (3 mg pro- 

tein/ml) incubated with and without quercetin for different 

lengths of time. The results represent one typical experi- 
ment out of 4 experiments. 


Quercetin — 
100 uM 


pmoles /m| 


cAMP, 








O 
mg protein/m\ 
Fig. 2. Cyclic AMP level! in different concentrations of 
Ehrlich ascites cells incubated for 10 min with and without 
quercetin (10~* M). The results are means of 8 samples 
taken from 2 animals. 


Quercetin 


ATPase activity, 
mole Pi/min per mg protein 








log concentration 


Fig. 3. The effect of quercetin and ouabain on ATPase 

activity in plasma membranes. The ATPase activity was 

determined as described in materials and methods. The 

data represents the mean of 4 different preparations with 
S.E. of 8-15 per cent. 





Elevation of cyclic 


(Na* +K*)-ATPase plays a critical role in 
(Na* + K*)-pump system [24]. Recently it was sug- 
gested, that in Ehrlich ascites tumor cells quercetin 
rectifies the high glycolytic rate by repairing the 
assumed defective control mechanism of the 
(Na* + K*)-pump system [6, 7]. 

The results in this study may indicate the existence 
of interrelationship between (Na* + K*)-ATPase ac- 
tivity and cyclic AMP level in Ehrlich ascites tumor 
cells. 
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Abstract—An unambiguous method based on the measurement of the acetylcholinesterase activity 
resulting from complete decarbamoylation of the acetylcholinesterase in blood samples inhibited by 
a carbamate is described and compared with a spectrophotometric modification of Ellman’s method. 


Several methods are available for measuring the ace- 
tylcholinesterase activity of whole blood. These in- 
clude manometric methods [1], electrometric 
methods such as that of Michel[2], titrimetric 
methods [3] and colorimetric methods such as that 
of Sabine [4] or Ellman[5]. These methods are 
readily applicable to studies involving the interaction 
of organophosphates with the acetylcholinesterase of 
whole blood, since the phosphonylated enzyme 
formed is usually only slowly reactivated and thus 
the free acetylcholinesterase level remains constant 
during the assay. When acetylcholinesterase is inhi- 
bited by a carbamate, the carbamoylated enzyme 
formed undergoes spontaneous reactivation to regen- 
erate acetylcholinesterase. The activity of the acetyl- 
cholinesterase will therefore increase during the time 
taken to complete the assay. Several workers have 
examined methods of measuring cholinesterase ac- 
tivity in the presence of a carbamate [7, 8], but these 
have not given unambiguous results. 

As part of a study of the mode of action of carba- 
mates in vivo, we required a rapid analytical method 
for assaying whole blood acetylcholinesterase activity 
so that time—acetylcholinesterase activity profiles 
could be obtained, and thus the effect and duration 
of action of the carbamate measured. An unambi- 
guous, indirect method of analysis of whole blood 
acetylcholinesterase activity in the presence of a car- 
bamate has been developed. The basis of the method 
is to remove the non-carbamoylated enzyme by irre- 
versible phosphonylation and to measure the acetyl- 
cholinesterase activity resulting from complete decar- 
bamoylation of that enzyme which had been carba- 
moylated. The unambiguous titrimetric method of 
analysis has been compared with a direct spectro- 
photometric method [5]. 


MATERIALS AND METHODS 
Materials 


The enzymes used in the calibration work were 
purified bovine erythrocyte acetylcholinesterase 
(E.C. 3.1.1.7) and purified horse serum cholinesterase 
(E.C. 3.1.1.8)(ex Sigma Chemical Co.). The substrates 
used were acetylcholine iodide, acetylthiolcholine 
iodide and butyrylthiocholine iodide (ex British Drug 
Houses). 5,5’-dithio (2-nitro benzoic acid) was 


obtained from Sigma Chemical Co., and pyridostig- 
mine bromide was prepared using a published pro- 
cedure [9]. Soman (pinacolyl methyl phosphonofluor- 
idate) was synthesised with the establishment and was 
more than 95% pure. 


Methods 


1. Apparatus. Potentiometric titrations were carried 
out using a Radiometer TTT2 Autotitrator and SBR3 
Titrigraph fitted to an ABU 11 Autoburette using a 
GK 2320C combination electrode. The spectrophot- 
ometers used were a Pye Unicam SP 1800 coupled 
to a Weyfringe ADCP-2 digital printer and a SP 700a 
spectrophotometer. 

2. Measurement of acetylcholinesterase activity. 

(i) Direct titration—A red cell membrane acetylcho- 
linesterase preparation was used in this method. 
Heparinised whole blood (25 ml) was centrifuged at 
2,000 g for 10 min and the plasma removed and dis- 
carded. The red blood cells were resuspended in the 
plasma volume of 100mM _ sodium chloride and 
recentrifuged, repeating the washing twice. The red 
blood cells were resuspended in 250ml 20m OsM 
phosphate buffer, pH 7.4 at 4° and allowed to hemo- 
lyse overnight. The red cell membranes were removed 
by centrifugation at 18,000 g for 30 min, washed twice 
and then freeze dried. An Enzyme solution (5 ml) con- 
taining ca. 2 units/ml (where | unit of enzyme will 
hydrolyse 1 umole acetylcholine per min at pH 8.0, 
25°) was prepared in 5SmM phosphate buffer, pH 7.4 
containing 100mM sodium chloride, and incubated 
at 37° in a water bath. 

An appropriate concentration of pyridostigmine 
was added and a 0.5ml sample removed and added 
to a titration vessel containing 100 mM sodium chlor- 
ide (10 ml) and acetylcholine iodide (0.5mM). The 
solution was assayed at pH 7.4 and 37’, titrating the 
acid produced with sodium hydroxide (10 mM). The 
substrate concentration was maintained constant by 
using a second syringe containing acetylcholine iodide 
(10 mM) driven synchronously with the syringe con- 
taining sodium hydroxide. The procedure was 
repeated for samples removed at various time inter- 
vals until a constant enzyme activity was reached. At 
the concentration of carbamate used, further inhibi- 
tion during the assay was minimal. This technique 
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was not applicable to whole blood due to hemolysis 
of the blood. 

(ii) Indirect titration—whole blood (10 ml) in a test 
tube was placed in a water bath at 37°. Pyridostigmine 
was added and at appropriate time intervals a sample 
(1 ml) was removed. The sample was immediately 
treated with sufficient soman (pinacolyl methyl phos- 
phonofluoridate) to phosphonylate the free acetylcho- 
linesterase in the sample, and then washed three times 
with sodium chloride (100mM) to remove plasma 
and any excess organophosphate. The red blood cells 
were suspended in 20m OsM phosphate bufier, 
pH 7.4 and kept at 4° overnight. The sample was cen- 
trifuged to bring down the red cell membranes, these 
were suspended in 100mM sodium chloride (2.5 ml) 
and titrated as above using acetylcholine (0.2 mM) as 
substrate, to measure the activity of acetylcholinester- 
ase which had been carbamoylated. The method was 
also used for the red cell membrane preparation. Ex- 
periments were carried out to ensure no dephos- 
phonylation of a phosphonylated blood sample 
occurred during the method and to ensure that no 
activity was lost from decarbamoylated samples 
because of unremoved organophosphate. 

(iii) Spectrophotometric technique—An acetylcho- 
linesterase solution containing 1 unit/ml was prepared 
in 5mM phosphate buffer (pH 8.0, 100 mM sodium 
chloride), and a sample (50 pl) injected into a Sml 
graduated flask containing acetylthiocholine iodide 
(0.5mM), 5,5’-dithio bis  (2-nitro benzoic 
acid)(0.33 mM), (DTNB), in 100mM_ phosphate 


buffer, pH 8.0 at 25°. The solution was mixed and 
transferred to a 1 cm cuvette and placed in the sample 


holder of the Unicam SP 700a spectrophotometer 
which was thermostatted at 25°. One min after the 
enzyme was added, the chart recorder was switched 
on and the absorbance change at 412nm recorded 
for 3 min against a DTNB/substrate blank. This pro- 
cedure was repeated for samples from 5—S0 yl of the 
enzyme solution. It was shown that there was a linear 
correlation between the absorbance change per 
minute and the enzyme concentration. 

This technique was then modified so that whole 
blood samples could be assayed. Heparinised whole 
blood (5 yl) was added to a 5 ml graduated flask, con- 
taining acetylthiocholine iodide (0.5 mM) and DTNB 
(0.33 mM) in 100mM pH 8.0 phosphate buffer, solu- 
tion was transferred to a 1 cm cuvette, placed in the 
spectrophotometer and the absorbance readings at 
412 nm were printed automatically for 3 min by the 
Weyfringe ADCP-2 digital printer coupled to a 
Unicam SP 1800 spectrophotometer. Each assay was 
carried out in duplicate and was corrected for the 
non-enzymatic acetylthiocholine hydrolysis and a 
DTNB/tissue/thiol blank. 

Calculation of results. The calculations were per- 
formed on the data using the expression: Total 
number of umoles of ASCh hydrolysed = (AA/min) 
e x | x V/v where AA/min = change in absorbance 
per min 


€ = molar extinction coefficient of the DTNB anion 
_ at 412 nm, 1.34 x 10*M~!' min7! 

1 = path length of cell, 1 cm 

V = cuvette volume 
= sample volume 
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Using whole blood, the change in absorbance 
is due to the hydrolysis of acetylthiocholine by 
both acetylcholinesterase and butyrylcholinesterase. 
Measurement of the contribution of butyrylcholines- 
terase was therefore necessary. A standard solution 
containing | unit/ml of horse serum butyrylcholines- 
terase (E.C. 3.1.1.8)(ex Sigma) was prepared (where 1 
unit of cholinesterase is defined as that enzyme which 
will hydrolyse 1 umole of butyry!choline per min at 
pH 8.0 and 25°) and used to obtain the calibrations 
between the absorbance change per min and the 
enzyme concentration for the hydrolysis of both 
acetylthiocholine and butyrylthiocholine, using the 
technique described above. It was found that acetyl- 
cholinesterase hydrolysed acetylthiocholine (0.5 mM) 
and butyrylthiocholine (0.5mM) at the rates 1.4 x 
10-3 and 1.1 x 10~* moles per min respectively. 
For cholinesterase, acetylthiocholine and butyrylthio- 
choline were hydrolysed at the rates 2.0 x 10°* and 
3.4 x 10°* umoles per min respectively at a substrate 
concentration of 0.5mM. Thus acetylthiocholine is 
hydrolysed by acetylcholinesterase at a rate seven 
times higher than that for cholinesterase, and butyryl- 
thiocholine is hydrolysed by cholinesterase at a rate 
thirty times higher that that for acetylcholinesterase. 
This means that the presence of 1 unit of cholinester- 
ase in blood containing 1 unit of acetylcholinesterase 
will result in the hydrolysis of acetylthiocholine being 
increased by ca. 14%. 

A sample of whole blood was then used to hydro- 
lyse butyrylthiocholine and from the absorbance 
change measured, the concentration of butyrylcho- 
linesterase could be obtained from the calibration 
obtained above. The contribution that this concen- 
tration of butyrylcholinesterase made to the hydroly- 
sis of acetylthiocholine could then be obtained from 
the butyrylcholinesterase/acetylthiocholine _ calib- 
ration. 

For both rat and rabbit whole blood, the butyryl- 
cholinesterase contribution to the absorbance change 
measured was less than 5 per cent. For guinea pig 
whole blood the contribution was very variable, rang- 
ing from 10-20 per cent of the change in absorbance 
per min measured, depending on the animal used. 

3. Carbamoylation studies. In vitro carbamoylation 
rates were measured using the incubation methods 
described in 2(i) and 2(ii). Blood samples were ana- 
lysed by the methods described above. 

Observed first order rate coefficients were obtained 
by plotting log (E, — E,) against time (E, = enzyme 
activity at time, t. E, = equilibrium enzyme activity). 

Rate coefficients obtained by regression analysis 
were reproducible to + 5%, and the maximum degree 
of carbamoylation reproducible to + 3%. Values 
quoted are the average of three experiments. 

For the in vivo studies, two blood samples were 
taken from the rabbit before starting an experiment 
to establish a base line acetylcholinesterase level (ca. 
1 ml for the indirect titrimetric analysis, ca. 0.2 ml for 
spectrophotometric analysis). 

The animal was then injected with the carbamate 
(pyridostigmine in isotonic saline) and blood samples 
removed at various times for analysis. In the rat ex- 
periments, the animal was anaesthetised with nembu- 
tal to facilitate the removal of blood samples. Blank 
experiments with nembutal showed that the anaes- 
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Table 1. A comparison of methods for measuring the inhibition of red cell membrane acetylcholinesterase by 
pyridostigmine 





Direct 
Method 


Indirect 
Method 


Spectrophotometric 
Method 





10” [pyridostigmine] 
Species (M) 


10° kops(S~') % 








EC 107k.(s~')  %EC* 10°k,..(s~*) % EC 





Rabbit a 1.2 
Rat 5 1.0 


63 
62 


1.3 


68 1.2 
1.0 - 


66 
64 - 





*EC refers to carbamoylated acetylcholinesterase. 


Table 2. A comparison of different analytical methods for measuring the in vitro inhibition 
of whole blood acetylcholinesterase by pyridostigmine 





Indirect 
Method 


Spectrophotometric 
Method 





10’ [pyridostigmine] 
Species (M) 


10°k,,.(s ns ay 


% EC 10° kops(S~*) % EC 





Rabbit 
Guinea pig 
Rat 


6 
2 
:3 





thetic had no effect on the measured acetylcholines- 
terase activity during the course of the experiment. 
Samples were analysed in duplicate and the values 
obtained were always in close agreement 
(within + 3%). 


RESULTS AND DISCUSSION 


Using red cell membrane acetylcholinesterase it 
was possible to titrate directly the free acetylcholines- 
terase in a sample inhibited by carbamate. It can be 
shown that neither further inhibition by carbamate 
in the assay solution, nor significant decarbamoyla- 
tion occurs during the assay. Experiments were car- 
ried out to ensure that the indirect method of assay, 
where the acetylcholinesterase measured is that ori- 
ginally carbamoylated by the carbamate and which 
has fully decarbamoylated, gave identical results to 
the direct titrimetric and  spectrophotometric 
methods, where the free acetylcholinesterase is 
measured directly. The data are presented in Table 
1. 

The results from the direct methods are in excellent 
agreement with those from the indirect method. The 
indirect method thus provided the basis for an unam- 
biguous method of assaying whole blood samples. 

The inhibition of whole blood acetylcholinesterase 
from the rabbit, guinea pig and rat by pyridostigmine 
was measured using the analytical methods described. 
The data obtained is given in Table 2. 

It can be seen that there is excellent agreement 
between the methods used, and therefore the methods 
were used in whole animal experiments. The data 
obtained from a typical in vivo experiment where 
these methods of analysis were used are recorded in 
Table 3. 

Once again agreement between the methods of 
analysis is excellent and either of the methods can 
be used to study the effect of pyridostigmine adminis- 
tered to an animal. 

The indirect method was used originally for mea- 


suring the degree of carbamoylation of whole blood 
because it provided a completely unambiguous means 
of assaying the acetylcholinesterase produced by 
decarbamoylation of the carbamoylated acetylcho- 
linesterase. The disadvantage of the method lies in 
the long time required to obtain the data (the sample 
must be washed free of organophosphate, allowed to 
decarbamoylate and the red cells hemolyse before the 
analysis can be carried out), and in the relatively large 
blood samples required—this is not possible for small 
animals. 

The spectrophotometric method has been shown 
to be capable of giving results in agreement with the 
indirect method and has the advantage that the 
method is rapid, blood samples can be analysed 
within 5 min of taking the sample from the animal, 
and is very suitable for use in small animal experi- 
ments where only small volumes of blood can be 
removed. 


Table 3. Measurement of a_ time—acetylcholinesterase 

activity profile for a rabbit* given pyridostigmine (100 yg 

per kg i.v.) using different analytical methods to assay the 
acetylcholinesterase activity 





* Carbamolyated acetylcholinesterase 





Indirect 
method 


Spectrophotometric 





26 
33 


45 
42 


28 
22 


10 





* Female, Old English, body weight 2.2 kg. 
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SHORT COMMUNICATION 


Peroxidase-catalyzed irreversible binding of morphine to protein* 


(Received 28 April 1976; accepted 8 October 1976) 


The reversible binding of morphine to protein has been 
reported, and opiate binding studies have been used in 
attempts to identify opiate receptors [1-4]. Recently, Misra 
and Mitchell [5] reported that, in the presence of horse- 
radish peroxidase (HRP), MnCl, or H,O, morphine 
became irreversibly bound to human serum albumin. This 
conclusion was based on the fact that ['*C]morphine 
could no longer be extracted into an organic solvent after 
incubation with HRP, MnCl, or H,;O, and human albu- 
min. Using a similar system consisting of morphine, HRP 
and H,0O,, our laboratory found that morphine was oxida- 
tively dimerized to pseudomorphine [6]. Furthermore, our 
findings indicated that the enzymatic conversion of mor- 
phine to pseudomorphine involved a free radical interme- 
diate of morphine. It is possible that such a reactive inter- 
mediate could react with many other compounds, includ- 
ing protein. 

In attempts to study the HRP-catalyzed interaction of 
morphine with protein, we found that the formation of 
insoluble pseudomorphine resulted in variable results using 
the extraction procedure of the previous authors [6]. For 
this reason, the present work was designed to study the 
HRP-catalyzed interaction of morphine with protein using 
two different methods to detect the formation of any mor- 
phine—protein complexes. Human serum albumin and syn- 
thetic polypeptides were used as model proteins for the 
study of the morphine-protein interaction. 

Morphine[ N-methyl-'*C] hydrochloride (54 wCi/umole) 
and unlabeled morphine (USP) were purchased from Mal- 
linckrodt Chemical Co., St. Louis, MO. Horseradish per- 
oxidase (HRP), type II (100 units/mg), crystallized human 
albumin, poly-L-tyrosine (mol. wt 40,000—100,000), poly-L- 
histidine (mol. wt 15,000), and poly-L-glutamic acid, type 
II (mol. wt 15,000—50,000), were obtained from Sigma 
Chemical Co., St. Louis, MO. 

For studies on the interaction of morphine and human 
albumin, the reaction mixture consisted of 12.5mg of 
human albumin, 0.05 pmole ['*C]morphine, 0.02 mg HRP. 
and 0.05 M Tris-HCI buffer, pH 7.5, to a final volume 
of 5.4ml. The reaction was initiated by the addition of 
50 pul of 0.06°,, (w/v) HO. The reaction mixture was incu- 
bated in air at 37. with agitation. At 0 time. 30 min and 
1, 2, 4, 5, 6 and 24hr after the addition of H,O;, 0.5-ml 
portions of the reaction mixture were withdrawn and 
mixed with 0.5 ml of 10°, (w/v) trichloroacetic acid (TCA) 
to precipitate the protein. After centrifugation at 1500 g 
for 5 min, the precipitate was washed twice with 1.0-ml 
aliquots of 10°, TCA. The precipitate was then dissolved 
in 0.5 ml NCS tissue solubilizer(Amersham-Searle, Arlington 
Heights, IL), added to 15 ml of liquid scintillation fluid 
(Aquasol. New England Nuclear) and the amount of '*C 
determined on a Packard Tri-Carb liquid scintillation 
spectrometer, model 3330. Controls consisted of two simi- 
lar reaction mixtures, one in which H,O, was omitted and 
one in which the albumin was added after 24 hr, followed 
by an additional 24-hr incubation period. 





*This work was supported in part by National Institutes 
on Drug Abuse (NIDA) Grant DA 0114501: Veterans Ad- 
ministration approved Research Project 7460-02. 


Polyacrylamide disc gel electrophoresis, according to the 
method of Clark [7]. was also used to demonstrate the 
irreversible interaction of ['*C]morphine and albumin. 
After the 24-hr incubation period, 0.5-ml portions of the 
above reaction mixtures were passed through separate 
0.4 x 10cm columns packed with Amberlite XAD-2 resin 
(Rohm & Haas, Philadelphia, Pa.) to remove as much un- 
bound morphine as possible. The column effluent was 
monitored by absorption at 280 nm and the fractions con- 
taining albumin were pooled. The protein concentration 
was adjusted to 0.6 mg/ml with the electrophoresis buffer 
containing 20°, (w/v) sucrose. 

Fifty ml of the above eluate (30 ug total protein) was 
applied to the gels. After electrophoresis the gels were 
stained by soaking for | hr in 0.05°,, Coomassie Brilliant 
Blue R-250 in 10°,, TCA. Destaining was accomplished by 
soaking overnight in 10°, TCA. One major protein band 
and three minor protein bands were observed after stain- 
ing. The gels were sliced serially with a razor blade into 
five sections, with no more than one protein band/slice. 
These slices were dissolved with 0.5 ml of 30°, HO, at 
80° for 1 hr and the amount of '*C in each gel slice was 
determined. 

For studies on the interaction of morphine and synthetic 
polyamino acids, the reaction mixture consisted of 
0.01 umole ['*C]morphine HCl, 4g HRP, and 0.05 M 
Tris-HCI buffer to a final volume of 1.09 ml. The amounts 
of different polyamino acids used were: 2 mg polytyrosine, 
1.5 mg polyhistidine, and 2.5 mg polyglutamic acid. The 
PH of the different reaction mixtures was adjusted to 8.4 
for polytyrosine, 7.2 for polyhistidine. and 8.0 for polyglu- 
tamic acid to enhance the limited solubility of these poly- 
amino acids. The reactions were initiated by the addition 
of 10 ul of 0.06% H,O,. At 0 time, 30min, and 1, 2, 3 
and 24hr after initiation, 0.1-ml portions of the reaction 
mixture were removed. The polytyrosine and polyglutamic 
acid reaction mixtures were quenched by the addition of 
0.2 ml of 1 N HCI to each timed sample, whereas the poly- 
histidine reaction mixture was quenched by the addition 
of 0.2 ml of 1 N NaOH to each timed sample. After centri- 
fugation the precipitates were washed twice, dissolved in 
0.5 ml NCS tissue solubilizer and the '*C was determined. 

The extent to which morphine became bound to albu- 
min in the presence of HRP and H,O, was studied by 
taking timed samples from the previously described reac- 
tion mixture and adding them to equal volumes of 10°, 
TCA. The TCA precipitated the albumin and morphine 
bound to it, while the unreacted ['*C]morphine and 
pseudomorphine remained in the acid supernatant. 
Repeated washing of the precipitate insured that all un- 
bound '*C-compounds were removed. Figure 1 shows the 
percentage of ['*C]morphine found in the acid-precipi- 
tated protein with time. It can be seen that by 6hr the 
morphine binding to albumin approaches a maximum of 
46 per cent while in a control reaction mixture in which 
the H,O, was omitted only about 5 per cent of the radio- 
activity was associated with the protein precipitate. Since 
Roerig et al. [6] have shown that morphine, in the presence 
of HRP and H,O,, can be converted to pseudomorphine, 
a second control reaction mixture was run to determine 
if pseudomorphine would bind to protein. In this experi- 
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% '9C Precipitated with albumin 








Fig. 1. Percentage of ['*C]morphine bound to albumin 
after precipitation with TCA. Reaction conditions are de- 


scribed in the text. The values represent the per cent of 


['*C]morphine initially present in the reaction mixture 
that precipitated after the addition of TCA vs time. Each 
value is the mean of at least three separate experiments. 
Key: ( ) represents the complete reaction mixture; 

represents a control reaction mixture in which 
H,O, was omitted; and ( ) represents a control reac- 
tion mixture in which albumin was added after a 24-hr 
incubation period and samples were taken during an ad- 

ditional 24-hr incubation period. 


Table 1. Acrylamide gel electrophoresis of ['*C]morphine 
bound to albumin* 





Radioactivity in 


Reaction mixture major protein bandt 





!'*C]morphine, HRP, albumin, 
H,0, 

['*C]|morphine, HRP, albumin, 129 
H,O, omitted 

['*C]morphine, HRP, HO), 179 
albumin added after 24 hrf 


1590 





* Reaction conditions and preparation of samples are 
described in the text. 

+ Each value represents the cpm ('*C) found in the gel 
slices containing the major protein band. Each value is 
the mean obtained from three separate experiments. 

t In ‘this control mixture, albumin was added after an 
initial 24-hr incubation period and samples were taken 
after an additional 24-hr incubation period. 


AN 


ment, albumin was omitted from a reaction mixture con- 
taining ['*C]morphine. HRP and H,O). After 24 hr, albu- 
min was added and the reaction mixture incubated for 
an additional 24hr, during which timed samples were 
removed and treated as described above. As can be seen 
in Fig. 1, only a small amount (5 per cent) of the '*C 
was associated with the protein precipitate. 

The binding of ['*C]morphine to albumin was also 
studied using polyacrylamide gel electrophoresis to separ- 
ate the ['*C]morphine—albumin complex. After staining of 
the gels, one major and three minor protein bands were 
observed. The majority of the bound ['*C]morphine was 
associated with the major protein band. Table 1 shows 
a comparison of the '*C (in cpm) associated with this band 
and corresponding bands in gels from control reaction 
mixtures. Approximately 8-10 times as much radioactivity 
was associated with the major protein band as compared 
to controls. In the previous experiments, the acid-precipi- 
tated albumin from a complete reaction mixture also con- 
tained 8-10 times as much ['*C]morphine as the precipi- 
tated albumin from a control reaction (Table 2). The fact 
that morphine remains bound to acid-precipitated albumin 
and cannot be removed by electrophoresis suggests the for- 
mation of a strong association between morphine and 
human albumin. These findings are consistent with those 
of Misra and Mitchell [5] who found that, after boiling 
their albumin-morphine complex in 2.4N HCl, the mor- 
phine could not be extracted into an organic solvent. One 
possible explanation for this strong and apparently irre- 
versible interaction between ['*C]morphine and albumin, 
in the presence of HRP and H,O), is the formation of 
a covalent bond. This hypothesis is supported by our pre- 
vious finding that, in the presence of HRP and H,Q,, mor- 
phine was oxidatively dimerized to pseudomorphine which 
results from the formation of a covalent bond between 
two molecules of morphine at a position ortho to the 
phenolic hydroxyl group [6]. We proposed a free radical 
mechanism similar to the: mechanism for the ferricyanide- 
mediated conversion of morphine to pseudomorphine 
reported by Yeh and Lack [8]. The peroxidase-catalyzed 
formation of phenolic free radicals has been studied by 
Guilbault and Hackley [9, 10] who reported dimerization 
of several phenolic compounds. A highly reactive free radi- 
cal of morphine could react with molecules other than 
itself (for example, with a phenolic amino acid residue such 
as tyrosine, thus forming a covalent bond with albumin). 

The interaction of morphine with specific amino acid 
residues was studied by incubating ['*C]morphine. HRP 
and H,O, with various polyamino acids. Polyamino acids 
were used in order to facilitate precipitation of the reaction 
products. Polytyrosine, pelyhistidine, polyglutamic acid, 
polytryptophan, polyphenylalanine. polyhydroxyproline 
and polyglycine were studied; however, only the first three 
were usable, since polytryptophan and polyphenylalanine 
were insoluble in the reaction mixture, whereas polyhyd- 
roxyproline and polyglycine were soluble but could not 


Table 2. Per cent of ['*C]morphine bound to precipitated albumin or polyamino acid* 





Albumint Polytyrosine+ 


Reaction mixture (%) 





albumin, H,O, 
'$C]morphine, HRP 
albumin, H,O0, omitted 


Polyglutamic 
Polyhistidinet acidt 
(A) (%) 





4.2 





x 


Reaction conditions and preparation of samples are described in the text. 


+ Each value is the mean of three separate experiments and represents the per cent of 
the initial '*C in the reaction mixture that precipitated with the albumin or polyamino 
acid. All values are from samples taken after a 24-hr incubation period. 
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be precipitated after the reaction. Table 2 shows the results 
of incubating ['*C]morphine, HRP and H,O, with the 
three different polyamino acids. After a 24-hr incubation 
period, almost 70 per cent of the '*C was associated with 
the polytyrosine precipitate and about 30 per cent with 
the polyhistidine precipitate when compared to controls. 
Very little. if any, binding of '*C was observed with the 
polyglutamic acid. These data show that, in the presence 
of HRP and H,0;, morphine becomes strongly bound to 
specific amino acids. Since tyrosine, like morphine, is a 
phenolic compound, the fact that the greatest amount of 
'$C was bound to the polytyrosine further supports forma- 
tion of a covalent bond mediated through a free radical 
mechanism. 

At present, any correlation of the proposed covalent 
binding of morphine to protein with some aspect of the 
pharmacological action of morphine would be purely spe- 
culative. Our previous studies on the HRP, H,O, 
mediated conversion of morphine to pseudomorphine 
showed that the ability of several structural analogs of 
morphine to form pseudo-morphine-like dimers did not 
correlate with the pharmacological actions of these com- 
pounds but rather with the presence or absence of certain 
functional groups on the morphinan ring system [6]. For 
example, ethylmorphine and codeine, which lack a free 
phenolic hydroxy! group, did not form analogs of pseudo- 
morphine in the presence of HRP and H,0;. Compounds 
such as dihydromorphinone, oxymorphone, naloxone and 
naltrexone, which have a keto group in position 6, were 
also incapable of forming pseudomorphine-like dimers. It 
would appear that the ability of HRP and H,O, to cause 
formation of a free radical of the different morphinans 
and/or the reaction of the free radical with protein would 
be similarly dependent on the chemical structure of the 
morphinan and not its pharmacological activity. 

It is interesting that Misra et al.[11] reported that a 
'4C-labeled compound remains in the brain of rats for 


as long as 21 days after a single injection of ['*C]mor- 
phine. This '*C was not extractable with organic solvents 
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nor sensitive to hydrolysis in strong acids. It is possible 
that a small amount of morphine becomes covalently 
bound to some brain protein, mediated by an endogenous 
peroxidase. However, this study suggests that such a cova- 
lent binding of morphine would occur with any protein 
with the properly exposed amino acids (tyrosine or histi- 
dine). The small amount of '*C remaining in the brain. 
observed by Misra et al. [11], could, therefore, be bound 
to proteins that are not involved in the expression of the 
pharmacological action of morphine. 


MICHAEL J. DEUTSCH 
DAVID L. ROERIG 
RICHARD I. H. WANG 


Pharmacology Research Laboratory, 
Veterans Administration Center, 
Wood (Milwaukee), WI 53193, and 
Department of Pharmacology, 
Medical College of Wisconsin, 
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COMMENTARY 


MEASURING THE FORMATION OF BIOGENIC 
AMINES UTILIZING ‘0, 


CorRADO L. GALLI, JOHN W. COMMISSIONG and NorTON H. NEFF 


Laboratory of Preclinical Pharmacology, National Institute of Mental Health, Saint 
Elizabeth Hospital, Washington, DC 20032, U.S.A. 


The biosynthesis of the catecholamines and serotonin 
involves the utilization of O, during the enzymatic 
hydroxylation of their respective precursor amino 
acids. Therefore, '*O, can be substituted for '°O, 
in the inspired air of animals resulting in the labeling 
in vivo of the biogenic amines and their respective 
metabolites. A gas chromatograph is then used to sep- 
arate the various amines and metabolites and a mass 
spectrometer detector distinguishes compounds con- 
taining '°O from those that contain '%O. 

In 1973, Sedvall et al. [1,2] reported that '*O was 
incorporated into position 3 of the aromatic ring of 
3-methoxy-4-hydroxyphenylacetic acid (homovanillic 
acid, HVA) when rats were exposed to an atmosphere 
of '8O,. These studies were confirmed and expanded 
when it was reported that the relative abundance of 
'8Q found in dopamine from different nuclei of the 
same rat brain varied by about 4-fold [3]. Presum- 
ably the differences were a reflection of the rate of 
formation of dopamine in the nuclei. Theoretically, 
the measurement of '*O incorporation into dopamine 
and its metabolites as found in blood, urine and 
spinal fluid would be a practical method for measur- 
ing the rate of dopamine formation in man [1-3]. 
There would be no need to give pharmacological 
agents, radioactive precursors or radioactive amines. 
Equipment already exists for administering gases to 
man, and '8O, is now available at a relatively reason- 
able cost. 

Our studies have revealed, however, that the incor- 
poration of '8O, into dopamine as a method for mea- 
suring its turnover is more complicated than ori- 
ginally anticipated [4]. We did find that the presence 
of ['8O]tyrosine in plasma after exposing animals to 


'8Q,, is an accurate indicator for evaluating phenyl- 
alanine hydroxylase activity in vivo which might serve 
as a diagnostic aid for identifying carriers of phenyl- 
ketonuria. 

Our initial studies of the incroporation of '*O into 
dopamine were based on the observation of 
Mayevsky et al. [2] that there was no detectable in- 
corporation of '8O into tyrosine when rats were 
exposed to '8O,. Consequently, ['*O]dopamine had 
to be formed during the hydroxylation of tyrosine to 
3,4-dihydroxyphenylalanine (DOPA) by tyrosine 
hydroxylase and the '°O atom would be at the third 
position rather than the fourth position of the aro- 
matic ring. It is important to call to mind that the 
gas chromatography—mass spectrometry (GC-MS) 
procedures that are currently used to study catechol 
compounds cannot identify the position of the '*O 
atom on the aromatic ring. According to the above 
model then, subjects could be exposed to '°O, for 
a finite period, the '*O, removed and the relative 
abundance of '°O-containing catechols to '*O-con- 
taining catechols could be followed with time and a 
kinetic model developed to estimate the rate of forma- 
tion of the catecholamines. '*O, is rapidly exchanged 
with '°O, in the atmosphere when rats are removed 
from an '®O, exposure chamber, and the small store 
of '8O-labelled DOPA would be quickly utilized. 
Thus, there would be little concern that '*O-contain- 
ing catecholamines would be generated fora long 
period after rats were removed from the chamber. 

Pilot studies with '*O, revealed that the decline 
of ['8O]dopamine was different from our previous 
results using radioactive or pharmacological tech- 
niques [4]. The rates were slower than anticipated. 


Table 1. Presence of ['8O]dopamine and metabolites in rat striatum after exposure to '*O, 
for 60 min 





Concentrations of catechol compounds containing '°O and '*O 
(nmoles/g + S.E.M. N = 5-12) 





Exposed to room air 
6 


Exposed to '*O,-containing air 
169 a 18H 2189 





Dopamine 
DOPAC 
HVA 


6.6 + 0.4 0.75 + 0.01 
0.75 + 0.05 7 
0.41 + 0.01 i 





+ Rats were exposed to room air or '*O,-containing air in a closed chamber for 60 min 
as described previously [1,4]. Catechol compounds were assayed by GC-MS [4]. Each 
compound contains 2 atoms of O on the aromatic ring. The values indicate the concentrations 
of catechols containing '°O, '8O or '°O plus '8O. 


+ Compound was not assayed. 
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Measuring the formation of biogenic amines utilizing '*O, 


Table 3. Relative abundance of ['%O]serotonin in rat striatum after exposure to '*O,* 





Serotonin Conc. 
(nmoles/g + S.E.M.; N = 4) 





Treatment ['®O]serotonin (A) 


['8O]serotonin (B) 





16 
a 
O, 


0.31 + 0.04 0.28 





* Rats were exposed to '8O, or room air ('°O,) for 60 min before they were killed. 


A slower decline of ['*O]dopamine could have been 
the consequence of ['*O]tyrosine being converted to 
[‘8O]DOPA and then to ['*O]dopamine long after 
the animals were removed from the '8O, atmosphere. 
The '*O atom in this situation would be on the 
fourth position and '°O on the third position of the 
aromatic ring. In support of this notion, dopamine 
containing two atoms of '8O is found in rat brain 
after 60 min of exposure to '8O, (Table 1). This could 
only occur if '*O was first incorporated into phenyl- 
alanine by phenylalanine hydroxylase and then a 
second atom of '*O added when tyrosine was con- 
verted to DOPA by tyrosine hydroxylase. 3,4-Dihy- 
droxyphenylacetic acid (DOPAC) and HVA contain- 
ing a single atom of '%O were also present in rat 
brain, but as already mentioned the GC-MS cannot 
distinguish whether '*O is at position 3 or 4 of the 
aromatic ring. A report has recently appeared indicat- 
ing that HVA containing two atoms of '8O is found 
in the cerebrospinal fluid (CSF) of the baboon after 
exposure to '*O, [5]. The basic problem which re- 
stricts the usefulness of this technique for estimating 
catecholamine turnover is in interpreting the meaning 
of the changes of ['*O]-dopamine and its metabolites 
after exposure to '8O,. 

To aid in the evaluation of the '*O, studies, we 
developed a sensitive GC-MS procedure for assaying 
phenylalanine and tyrosine in tissues [4]. As shown 
in Table 2, substantial quantities of ['*O]tyrosine are 
indeed formed in vivo during 1 hr of exposure to '*O,. 
To test whether the incorporation of '*O, was a 
result of the enzymatic hydroxylation of phenyl- 
alanine by phenylalanine hydroxylase, rats were 
treated with the phenylalanine hydroxylase inhibitor, 
p-chlorophenylalanine (PCPA), 24hr prior to expo- 
sure to '8O,. As a result of this treatment, there was 
a significant fall of the levels of ['*O]tyrosine in 
plasma and striatum. Moreover, there was also a sig- 
nificant decrease in the levels of ['*O]dopamine in 
striatum. Apparently drugs that alter phenylalanine 
hydroxylase activity could potentially modify the kin- 
etics of decline of ['%O]dopamine and yet not 
actually change dopamine turnover. Of greater im- 
portance, however, is the potential usefulness of '*O, 
for evaluating the activity of phenylalanine hydroxy- 
lase in vivo in human subjects from samples of plasma 
after breathing '*O,. Homozygotes for phenylke- 
tonuria are readily detected, but heterozygotes, 
because of attenuated enzyme activity, cannot usually 
be identified by simple means [6]. The '*O, pro- 
cedure could be performed under steady-state condi- 


tions and, thus, eliminate the need to use radioactive 
phenylalanine or to give large amounts of phenyl- 
alanine, which upsets the normal balance of amino 
acids in the body, to follow the formation of tyrosine 
as it has been done in the past to identify heterozy- 
gotes for phenylketonuria [6]. 

In more recent studies, we found that '°O was in- 
corporated into brain serotonin in rats exposed to 
an atmosphere of '*O, (Table 3). Studies of the sero- 
tonin system in man should be less complicated 
because there is only one mono-oxygenase involved, 
tryptophan hydroxylase, and only one position that 
could be labeled, the fifth position. The relative abun- 
dance of ['8%O]serotonin to ['°O]serotonin in rat 
brain was high after exposure to '°O,, which is in 
keeping with previous reports that the rate of sero- 
tonin formation is rapid in rat brain [7]. 

In summary, the use of '*O, to explore biochemi- 
cal reactions in vivo and to understand the mechanism 
of action of drugs is just beginning. Our animal 
studies and those of others demonstrate that human 
studies are feasible. There are, however, pitfalls that 
should be carefully considered. The potential useful- 
ness of '*O, to detect a metabolic deficiency in 
humans is limited only by the imagination of the 
investigator. 


REFERENCES 


. G. Sedvall, A. Mayevsky, C.-G. Fri, B. Sjoqvist and 
D. Samuel, in Advances in Biochemical Psychopharma- 
cology (Eds. E. Costa and B. Holmstedt), Vol. 7, p. 
57. Raven Press, New York (1973). 

. A. Mayevsky, B. Sjoqvist, C.-G. Fri, Sam and 
G. Sedvall, Biochem. biophys. Res. Commun. 51, 746 
(1973). 

. E. Costa, S. H. Koslow and H. F. LeFevre, in Hand- 
book of Psychopharmacology (Eds. L. L. Iversen, S. D. 
Iversen and S. H. Snyder), Vol. 1, p. 1. Plenum Press, 
New York (1975). 

. N. H. Neff, C. L. Galli and E. Costa, in Advances in 
Biochemical Psychopharmacology (Eds. E. Costa and 
G. L. Gessa), Vol. 16. Raven Press, New York, in press. 

. G. Sedvall, O. Beck, E. Benhar, E. Geller, V. Grimm, 
D. Samuel and I. Wasserman, in Chemical Tools in 
Catecholamine Research (Eds. O. Almgren, A. Carlsson 
and J. Engel), Vol. 2, p. 17. North-Holland Publishing 
Co. Amsterdam (1975). 

. D. Y.-Y. Hsia, in Inborn Errors of Metabolism, Part, 
1, p. 6, Clinical Aspects, 2nd Edn, p. 134. Yearbook 
Medical Publishers, Chicago (1966). 

. T.N. Tozer, N. H. Neff and B. B. Brodie, J. Pharmac. 
exp. Ther. 153, 177 (1966). 








Biochemical Pharmacology, Vol. 26, pp. 1275-1280. Pergamon Press, 1977. Printed in Great Britain. 


ABSORPTION AND METABOLISM OF THE 
PHENOTHIAZINE DRUG PERAZINE IN THE 
RAT INTESTINAL LOOP 


URSULA BREYER and DIETRICH WINNE 


Institut fiir Toxikologie and Abteilung fiir Molekularpharmakologie, 
Pharmakologisches Institut, 7400 Tiibingen, West. Germany 


(Received 15 September 1976; accepted 3 January 1977) 


Abstract—Jejunal loops of male rats were instilled with [*°S]perazine and venous blood’ from the 
loops was collected. Plasma, erythrocytes, intestinal wall and intestinal contents were analysed for 
perazine and its metabolites by reverse isotope dilution; purification to constant specific radioactivity 
was carried out by thin-layer chromatography. Within 60 min, 57 per cent of the material appeared 
in blood, more than four-fifths in the form of unchanged perazine. The principal metabolites present 
in plasma were 3-hydroxyperazine glucuronide and perazine sulfoxide; besides the sulfoxide, red cells 
contained small quantities of desmethyl perazine. This metabolite was predominantly located in the 
intestinal wall which contained a total of 17 per cent of the administered radioactivity, mostly as 
unmetabolized perazine. Another 17 per cent was found in the intestinal contents and here the propor- 
tion of perazine sulfoxide was one-third. Besides perazine as the major compound small amounts 
of hydroxyperazine glucuronide and desmethyl perazine and traces of perazine N-oxide were present 


in the intestinal lumen. 


An oral availability of distinctly less than unity has 
been demonstrated for phenothiazine neuroleptics in 
man [1-3] and rat [4-6]. However, the urinary excre- 
tion of chlorpromazine metabolites did not differ 
whether patients had been treated orally or intramus- 
cularly [3]; these findings are in accordance with data 
obtained on tricyclic antidepressants administered via 
various routes[7-9]. Therefore, absorption was 
assumed to be complete and the reduction in avail- 
ability was ascribed to a pronounced first-pass meta- 
bolism. Though the liver is regarded to play the major 
role in this process [10], the contribution of the intes- 
tinal mucosa must also be taken into consideration. 

Curry and co-workers found similar chlorproma- 
zine plasma levels in rats after iv. and i.p. injec- 
tion [5] and hence postulated that the decomposition 
largely took place in the intestinal wall [6]. Experi- 
ments in which a [?°S]chlorpromazine solution was 
circulated through the lumen of the rat jejunum in 
vitro were reported to verify this assumption in that 
a large part of the radioactivity which appeared at 
the serosal side was not identified as chlorproma- 
zine [6]. This study suffered from several drawbacks 
since the intestinal preparation lacked a blood supply, 
a large part of the drug was adsorbed to the appar- 
atus and metabolites produced were not identified. 

In the present study, an intestinal loop preparation 
of high functional integrity [11,12] was used for 
studies on the disposition of a *°S-labelled phenothia- 
zine drug with a piperazine ring in the side chain. 
This drug, perazine, is extensively used as a neurolep- 
tic in some countries. Its metabolism largely proceeds 
via the pathways described for other phenothia- 
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zines [13, 14]. Specific determination of the drug and 
its metabolites in the experimental compartments was 
carried out by reverse isotope dilution analysis. 


MATERIALS AND METHODS 
Drug and metabolites 


[°°S]Perazine (Per) as dimalonate was supplied by 
Byk Gulden (Konstanz, Germany). Its specific activity 
was 4mCi/m-mole at the beginning of the experi- 
ments and 1.7 mCi/m-mole at their end. The radio- 
chemical purity was 92%; therefore the material was 
purified by thin-layer chromatography (TLC) in sol- 
vent A (Table 1) with subsequent isolation from the 
gel by distribution between 2N ammonia and ben- 
zene. The substance then was homogeneous upon 
TLC. It was dissolved in the calculated quantity of 
0.1 N HCl and adjusted with 0.9% NaCl to a concen- 
tration of approximately 450 nmol/ml. The exact con- 
centration and the specific radioactivity were deter- 
mined by subjecting weighed aliquots to spectropho- 
tometry and scintillation counting. In some control 
experiments C*H,-perazine with a specific activity of 
60 mCi/m-mole was used which had been prepared 
by reacting desmethyl perazine with tritiated methyl 
iodide*. Unlabeled Per dimalonate was a gift from 
Chemische Fabrik Promonta (Hamburg, Germany). 

The following perazine metabolites were prepared 
by previously described methods: perazine sulfoxide 
(Per-SO) [13], desmethyl perazine (DMP)[15] and 
N-[y-(phenothiazinyl-10)-propyl]-ethylene-diamine 
(PPED) [16]. Perazine N-oxide (Per-NO) was isolated 
from the urine of patients treated with perazine [13]. 
3-Hydroxyperazine (OH-Per) was obtained from the 
bile of rats given 50 mg/kg Per i.p. Male or female 
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rats were anesthetized with urethane (0.9 g/kg), a tef- 
lon tubing was inserted into the common bile duct 
and after administration of an isotonic neutralized 
Per solution (2 ml/kg) bile was collected for 4-8 hr. 
It was diluted with saline to 10 ml, adjusted to pH 
9 with 0.25 N sodium hydroxide and extracted twice 
with 5 ml of chloroform. After addition of 0.1 N acet- 
ate buffer pH 4.5 (2ml for 1g of bile) and 0.2 ml 
of f-glucuronidase/arylsulfatase (Boehringer, Mann- 
heim, Germany), the bile was incubated at 37° for 
3.5 hr. Liberated phenols were extracted at pH 9 with 
two 5-ml-portions of chloroform and purified by TLC 
in solvent C (Table 1). The identity of OH-Per was 
proven by mass spectrometry using a MS 902 S 
(A.E.L, Manchester, England) with direct inlet. At 
70 eV and 120° the substance gave the expected mole 
peak at m/e 355. The spectrum was identical with 
that of OH-Per isolated from the urine of Per-treated 
patients [13]. 


Preparation of the intestinal loop 


In urethane-anesthetized male Wistar rats 
(300-350 g), a jejunal loop 13-25 cm from the flexura 
duodenojejunalis and 4.5-6cm long was prepared as 
described previously [11, 12,17]. A weighed aliquot 
(0.51-0.54 g) of the [*°S]Per solution was instilled 
into the closed loop and blood was sampled from 
the vein for three successive 20 min-periods. The 
blood flow amounted to 0.3-0.4 g/min corresponding 
to 9.8-1.2 ml/min per gram of tissue. Aliquots were 
taken for the determination of hematocrit and total 
radioactivity, then the samples were centrifuged and 
plasma and red cells stored at —20°. The intestinal 
contents were collected together with 1 ml of saline 
used for washing the loop. 


Drug and metabolite measurements 


Determination of total radioactivity. Blood (100 pl) 
was solubilized in 1 ml of a 1:1 mixture of isopro- 
panol and soluene*100 (Packard Instrument, Frank- 
furt, Germany) and decolourized with 0.4 ml of 30% 
hydrogen peroxide. After 15 min, 10 ml of a scintilla- 
tion mixture {2g of PPO +25mg of dimethyl- 
POPOP + 400ml of ethanol + 600ml of toluene) 
were added and the samples were kept at 37° for 3 hr. 
Then luminescence had declined and they could be 
counted in a liquid scintillation counter. According 
to internal standardization, counting efficiency was 78 
per cent. 

Weighed aliquots of plasma (about 50 mg), intes- 
tinal contents (10 mg) and intestinal wall homogenate 
(corresponding to about 7 mg of tissue) were dissolved 
in 200 ul of 1M hyamine® hydroxide, decolourized 
with benzoyl peroxide during | day at room tempera- 
ture and subjected to liquid scintillation counting 
after addition of 10 ml of Bray’s solution [18]. 

Determination of single compounds. To plasma and 
erythrocyte samples, 0.2 ml each of aqueous solutions 
(1 mg/ml) of perazine, Per-SO and DMP were added, 
to plasma also a solution containing a known quan- 
tity (150-200 ug) of OH-Per. In some experiments, 
plasma was spiked with Per-NO in addition and red 
cells with OH-Per. Per gram of original material 
0.25 g of NaCl, 0.02 ml of sodium deoxycholate solu- 
tion (10%, w/v) and 0.1 ml of 0.2N NaOH were 
added[15] and extraction was carried out with four 
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2ml-portions of benzene. From the evaporated 
extracts, 2% were taken for *°S counting, the 
remainder was subjected to TLC on 20 x 20cm 
plates manually coated with silica gel (Kieselgel 
GF.54, Merck, Darmstadt, Germany). With two 
0.1 ml portions of chloroform the material was trans- 
ferred to a band of 4cm width. The plate was pre-run 
to the upper edge with chloroform—isopropanol (10:1, 
v/v), dried for 3min and developed in solvent A 
(Table 1). After drying for 7 min and spraying with 
water, u.v. absorbing bands were removed, suspended 
in 1 ml of 2N ammonia and extracted twice with 2 ml 
of chloroform. The residue of the organic phase was 
dissolved in a defined volume of 1.2-dichloroethane 
and aliquots were taken for the determination of 
absorbance and radioactivity. While the ratio of these 
two values did not change upon rechromatography 
of Per and Per-SO in other solvents, DMP and 
Per-NO needed purification in solvent B, OH-Per in 
solvent C and PPED in solvent D (Table 1) in order 
to attain a specific activity which was not altered by 
further chromatographic steps. In order to addi- 
tionally verify the identity of Per-NO, it was reduced 
with titanous chloride to Per and purified in this form 
in solvent A. 

Plasma extracted with benzene was subsequently 
shaken twice with 2ml of chloroform. This extract 
contained only traces of radioactivity and therefore 
was discarded. The aqueous phase was adjusted to 
pH 4.8 with 0.25 N acetic acid, mixed with a solution 
of 150 ug of OH-Per and 50 yl of f-glucuronidase/ 
arylsulfatase and incubated at 37° for 3.Shr. Then 
0.25 N NaOH was added to bring the pH to 9 and 
extraction was carried out three times with 2 ml of 
benzene. The extract was purified by TLC in solvent 
= 

To the intestinal wall solutions of Per, DMP, 
Per-SO, OH-Per and in some cases PPED were 
added. After addition of 0.05 ml of 10% sodium deox- 
ycholate solution and sufficient 10% (w/v) NaCl to 
make a total weight of 5g it was homogenized with 
an Ultra Turrax blender (Janke & Kunkel, Staufen, 
Germany). An aliquot of about 100 mg was taken for 
total radioactivity determination, the remainder was 
mixed with 0.5ml of 25% ammonia, shaken with 


Table 1. R, values of Per and metabolites in TLC on silica 
gel 





R, value in solvent* 
A B Cc D 


Compound 





0.65 
0.60 
0.28 
0.28 
0.56 
0.28 


0.36 
0.32 
0.14 
0.38 
0.31 
0.38 


0.85 
0.43 
0.58 
0.48 
0.23 
0.06 


0.72 
0.61 
0.40 
0.26 
0.13 
0.11 


Per 
OH-Per 
Per-SO 
DMP 
PPED 
Per-NO 





*A. isopropanol—chloroform-25% | ammonia-—water 
(16:8:1:1, v/v). 

B. 1.2-dichloroethane-ethyl acetate-ethanol-acetic acid- 
water (15:26:12:8:7.5, v/v). 

C. chloroform-—isopropanol (20:2, v/v), atmosphere satu- 
rated with ammonia by placing into the tank a trough 
with 3 ml of 25% ammonia. 

D. acetone-isopropanol-1 N ammonia (9:7:4, v/v). 





Intestinal metabolism of perazine 


15 ml of benzene and centrifuged. An aliquot of the 
organic phase was evaporated and subjected to TLC 
as described above. 

The intestinal contents were mixed with solutions 
of Per, Per-SO, DMP and OH-Per and in a few cases 
Per-NO. The pH was adjusted to 9 with 0.25N 
NaOH and extraction was carried out with three 
2 ml-portions of chloroform. After removal of 2% of 
the extract for radioactivity measurement the rest was 
separated by TLC as described for the other tissues. 
To the aqueous phase another portion of OH-Per 
was added and incubation with f-glucuronidase/aryl- 
sulfatase, extraction and TLC were carried out as 
with plasma. 

Pre-extracted plasma and intestinal contents from 
one experiment were divided into to equal parts and 
after addition of OH-Per incubated with B-glucuroni- 
dase/arylsulfatase and with the equivalent quantity of 
pure f-glucuronidase (Serva, Heidelberg, Germany), 
respectively, in parallel. 

Dichloroethane solutions (0.05—0.2 ml) of the chro- 
matographically purified compounds were shaken 
with 3 ml of 0.1 N H,SO, and the absorbance of the 
aqueous solution was read in a spectrophotometer at 
lcm lightpath. Aj5;-A2s9 was used for calculating 
the amounts of non-phenolic sulfides. An absorbance 
difference of 1.000 corresponded to 123.8 nmol of Per 
or 124.4 nmol of DMP or 121.4nmol of PPED in 
3 ml. Per-SO was evaluated from A 79-A285, a differ- 
ence of 1.000 corresponding to 470 nmol/3 ml. OH- 
Per was reacted with sulfanilic acid and NaNO, to 
a purple dye[13] the absorbance of which was 
measured at 555 and 600 nm. With the aid of experi- 
ments on [°°S]Per without isotope dilution* it was 
found that 293nmol/3ml result in an As555—Agoo 
value of 1.000. 

Control experiments were carried out in order to 
account for sulfoxide formation during the work-up. 
Known quantities of [°°S]Per and cold Per-SO were 
added to blood or plasma, intestinal wall and intes- 
tinal contents of untreated rats and the samples were 
processed in the way described. 

Calculations. Since complete separation of plasma 
from erythrocytes was not possible, the amount of 
substances that was due to plasma entrapped in the 
erythrocyte fraction was calculated with the aid of 
the hematocrit. The calculated plasma and erythro- 
cyte weights were compared with the experimental 
values and quantities of Per and metabolites found 
in the fractions were corrected accordingly. Besides, 
corrections were introduced for quantities of material 
taken off before addition of unlabeled substances. 


RESULTS 


Structural formulas of perazine and its metabolites 
formed in intestine are shown in Fig. 1. 

Substances appearing in intestinal venous blood. The 
proportion of the administered radioactivity drained 
by the blood was 22.6 + 1.7% during the first 20 min- 
period, 20.3+14% during the second and 
14.0 + 1.1% during the third (mean + S.E.M., n = 7). 
Separate analysis of single compounds in red blood 





* Breyer et al., to be published. 
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Fig. 1. Structures of perazine and its metabolites formed 
in the rat intestine in vivo. 


cells and plasma gave the results presented in Fig. 
2. Unchanged Per accounted for 77% of the sub- 
stances occurring in plasma and for 90% of those in 
red cells. The major metabolite found in erythrocytes 
was Per-SO, while in plasma the concentration of 
OH-Per conjugates usually exceeded that of the sul- 
foxide during the first two 20 min-periods. The phenol 
was nearly exclusively conjugated with glucuronic 
acid since the OH-Per quantity liberated by pure 
B-glucuronidase in three plasma samples was 90.5, 
94 and 100.5% of the quantity liberated by B-glucur- 
onidase + arylsulfatase. Red cells were not analyzed 
for the conjugate, since phenolic glucuronides of simi- 
larly lipophilic substrates were found to be excluded 
from these cells [17, 19]. DMP was a minor metabo- 
lite in both blood compartments. 

Since the mean hematocrit was 50%, the average 
Per concentration in erythrocytes was 1.8-fold (range 
0.75—2.44-fold) that in plasma and the Per-SO concen- 
tration 1.35-fold. The preferential localization in red 
cells was even more marked with DMP which 
attained 7-fold (range 4-11-fold) higher levels in 
erythrocytes than in plasma. 


e—e red cells 
o—o plasma 


conjugated | 
OH-Per r) 


Percent of administered radioactivity 


1 y fe 
Le eo ae 
oe eS 


20 40 60 
Time (min) 


20 40 60 20 40 60 20 40 60 
Fig. 2. Cumulative appearance of Per and metabolites in 
venous blood of rat jejunal loops. [*°S]Per (246 + 2 nmol) 
was instilled into closed loops weighing 0.37 + 0.07 g. The 
average amount of venous blood collected was 6.7, 7.2 and 
7.1 g for the first, second and third 20 min-period, respect- 
ively. Values are means + S.E.M., n = 7 except for Per-SO 
in red cells where n = 5. 
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Table 2. Chemical oxidation of Per to. Per-SO upon tissue analysis 





Fraction of [°°S]Per converted 


Material 


to [°°S]Per-SO 





Plasma 


Erythrocytes 
Intestinal wall 
Intestinal contents 


WwWwWNYN— — 
Qh eBls 
He HE HE HEH 





Means + S.D. 
* Per was added to plasma. 


+ Per was added to whole blood and after 90 min at 0° plasma and erythro- 


cytes were separated by centrifugation. 


t After addition of Per, samples were incubated for 60 min at 37°. 


Whereas the quantity of Per absorbed within 
20 min slightly decreased towards the end of the ex- 
periment and OH-Per glucuronide exhibited a clear- 
cut decrease, more Per-SO was present in blood col- 
lected at later times. This must be due to the accumu- 
lation of Per-SO in the intestinal contents (see below). 

Traces of unconjugated OH-Per were detected in 
plasma especially from the first sampling period. The 
quantities were, however, too small for a reliable 
determination. Some plasma samples were analyzed 
for Per-NO, but the presence of the metabolite could 
not be proven unequivocally. 

The in vitro oxidation of Per to Per-SO during the 
extraction procedure was found to occur to an extent 
which could not explain the Per-SO concentrations 
present in the experimental samples. According to the 
results of control experiments (Table 2), the contribu 
tion of Per-SO resulting from chemical oxidation to 
the total Per-SO measured in red cells was about one- 
third. There was no correlation between Per and 
Per-SO concentrations in erythrocytes having passed 
the loop. A substantially larger quantity of Per 
(around 15%) was converted to Per-SO when the cells 
were extracted with chloroform instead of benzene. 
Much less sulfoxidation occurred upon extraction of 
plasma, and the percentage of Per recovered as 
Per-SO did not differ whether the drug had been 
added to whole blood or to plasma. Per-SO values 
contained in Figs 2 and 3 are corrected for the artifi- 
cial oxidation process. 

The sum of the specifically determined substances 
in plasma and red cells accounted for 100.0 + 2.9% 
(mean + S.E.M.) of the total radioactivity in blood. 
This means that no quantitatively important metabo- 
lite could have been overlooked. No appreciable 
quantities of polar nonhydrolyzable metabolites 
occurred in plasma, since after enzymatic hydrolysis 
and extraction the radioactivity remaining in the 
water phase was only 3% of the activity originally 
present in plasma. 

Substances present in intestine. After 60min of 
blood perfusion, total radioactivity in the intestinal 
wall and_ intestinal contents accounted for 
15.9 + 1.2% and 15.0 + 2.4% (mean + S.E.M., n = 7), 
respectively, of the administered dose. The sum of the 
specifically measured compounds was higher by one- 
sixteenth and one-twelfth, respectively (Fig. 3). In the 
latter case this must have been due to the adsorption 


of lipophilic compounds to mucus which caused them 
to escape the radioactivity determination. 

The proportion of the single compounds in the in- 
testinal wall was similar to that in red cells since un- 
changed Per predominated by far and the major 
metabolite was Per-SO. The contribution of DMP 
to total °°S was higher than in any other compart- 
ment and the amount present in about 0.37 g of tissue 
came close to the quantity found in around 21 g of 
blood. Unconjugated OH-Per was consistently pres- 
ent though at a low concentration. Attempts to find 
PPED gave a negative result. 

Little more than half of the radioactivity remaining 
in the intestinal lumen was due to Per while 38% 
consisted of Per-SO (Fig. 3). This high concentration 
cannot be attributed to Per-SO production at this 
site, since only little more Per was converted to the 
sulfoxide upon incubation for 1 hr with intestinal con- 
tents and subsequent extraction than during the 
extraction alone (Table 2). OH-Per was mainly pres- 
ent in the conjugated form with glucuronic acid as 
the predominant conjugation partner. After hydroly- 
sis with pure f-glucuronidase, the OH-Per quantity 
measured was 95% of the quantity liberated with ad- 
ditional arylsulfatase. A small fraction of the luminal 
contents was represented by DMP, a metabolite not 
formed in vitro by intestinal contents. The occurrence 


[| Per 

[]  Per-so 

| [_] ome 
BM ook-Per 


j 
j 


(free and conjugated) 


Percent of administered radioactivity 


| 
| 


| | 

| | 
bee 
Intestinal 
wall 


Intestinal 
contents 


Fig. 3. Quantities of Per and metabolites contained in rat 
jejunal loops 60min after instillation of 246nmol of 
[(?°S]Per. Vertical bars represent S.E.M., n = 7. 
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of Per-NO could definitely be proven though its 
quantity was only 0.02% of the dose. 

Balance. Taking the data on all four compartments 
together, the sum of the specifically determined com- 
pounds corresponded to 92.4 + 1.8 (S.E.M.) % of the 
administered Per. This quantity was composed of 
74.2% of unchanged Per, 12.5% of Per-SO, 3.5% of 
conjugated and 0.2% of free OH-Per and 2% of DMP. 


DISCUSSION 


Oxidative biotransformation of foreign compounds 
‘by intestinal mucosa or microsomes prepared from 
it has been demonstrated in several species including 
the rat [20-22, see here for further references]. Intes- 
tinal microsomes from this species exhibited a rela- 
tively high activity in hydroxylating aromatic hydro- 
carbons, while aniline hydroxylase and ethylmorphine 
demethylase were not detected [21]. There was, how- 
ever, measurable O-dealkylation activity towards 
p-nitroanisole [22]. 

The present investigation showed that aromatic hy- 
droxylation of perazine was one of the major meta- 
bolic pathways in the rat intestine in situ. Terminal 
N-dealkylation also took place and the ratio of N-de- 
methylation vs. aromatic hydroxylation was similar 
to the estimated ratio in the bile fistula rat* where 
metabolism proceeds primarily in the liver. DMP as 
a lipophilic metabolite was mainly localized in intes- 
tinal tissue and erythrocytes. Piperazine ring degrada- 
tion by N-dealkylation[23] could not be detected. 

A conspicuously large quantity of perazine was re- 
covered as the sulfoxide. This finding is at variance 
with negative results obtained upon incubation of 
[°°S]perazine with rat intestinal microsomes [24]. 
Therefore Per-SO formation by systems other than 
the mixed-function oxidase of the mucosa had to be 
taken into consideration. Data obtained on chlorpro- 
mazine sulfoxidation by blood and hemoglobin [25] 
leave doubt as to the occurrence of this reaction dur- 
ing incubation. A lack of correlation between Per and 
Per-SO concentrations in erythrocytes from the per- 
fusion experiments argues against predominant for- 
mation of the sulfoxide in blood. Besides, in control 
experiments no Per was oxidized to Per-SO upon 
storage of whole blood at 0° since the proportion 
of sulfoxide obtained from plasma was the same as 
when Per had been added to plasma. Thus it must 
be concluded that the artificial oxidation took place 
during extraction, particularly because its extent 
depended on the solvent used. When Per-SO quanti- 
ties formed in vitro were subtracted from the total 
amount, there remained a considerable difference 
which indicated sulfoxidation during the perfusion. 
Intestinal contents could be excluded as the site of 
Per-SO production, therefore the mucosa is the tissue 
which most probably carried out the conversion. 
About half of the total Per-SO was found in the 
lumen from which it seemed to be absorbed very 
slowly due to its hydrophilicity. 

A high conjugating activity of intestinal mucosa 
towards phenols has_ repeatedly been  de- 
scribed [17, 20,26]. Therefore it was not surprising 





* Breyer, Jahns et al., to be published. 
+ G. Schmalzing, Drug Metab. Dispos., in press. 
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that most of the OH-Per formed appeared as the glu- 
curonide. The majority was recovered from plasma 
while a small fraction was secreted into the lumen. 
OH-Per glucuronide was the only metabolite not 
accumulated in the intestinal wall or contents, such 
that its appearance rate in plasma can be assumed 
to reflect its rate of formation. The decrease in the 
rate with time indicated that under the conditions 
used the enzymes producing it were not saturated at 
least at later times. The administered quantity of 
246 nmol or 83.5 ug for an intestinal loop of 5cm 
length when extrapolated to the entire duodenum and 
jejunum (60cm) would correspond to 1 mg or about 
3 mg/kg body weight. 

It can be concluded that even small doses of this 
phenothiazine which in relation to body weight do 
not exceed low therapeutic doses are largely absorbed 
unchanged from the rat intestine. Intraperitoneal in- 
jection instead of oral dosage of phenothiazines and 
chemically related drugs with the intention to circum- 
vent intestinal first-pass elimination does not seem 
justified. This applies particularly to experiments of 
longer duration or with repeated administration since 
the drugs are known to cause intestinal adhesions and 
megacolon [27]. From the comparison of the present 
results with. data on trifluoperazine kinetics in the 
ratt it is clear that a much larger proportion of these 
drugs is removed by hepatic first-pass elimination 
than during passage through the gut wall. 
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Abstract—Six near-term placentae from rhesus monkeys (Macaca mulatta) were analyzed for their 
contents of choline acetyltransferase (ChAc), acetylcholine (ACh) and choline (Ch). ChAc was measured 
by a radiometric assay in the presence of [1-'*C]acetylcoenzyme A and choline and distinguished 
from other acetyltransferases by a differential assay involving acetylcholinesterase or selective ion pair 
extraction of [1-'*C]ACh with tetraphenylboron. At 150 days of gestation the rhesus placenta synthe- 
sized 4.067 + 0.737 ymoles ACh/g wet weight/hr. Ch and ACh were determined with a radiochemical 
method based on the phosphorylation of free Ch by choline kinase in the presence of [*?P]ATP. 
ACh was first isolated by ion pair extraction and high voltage electrophoresis. Tissue levels of Ch 
ranged from 737 to 3892 and ACh from 8.8 to 29.0 (nmoles/g wet weight). The rhesus monkey appears 
to be a suitable animal model to study the physiological significance of ACh in the placenta in vivo. 


It has been known for a long time that the non-inner- 
vated human placenta contained large concentrations 
of a material with acetylcholine (ACh}like activity 
[1-3]. Recent analysis by gas chromatography has 
established that more than 50 per cent of that activity 
was actually due to ACh whose concentration in the 
human term placenta was 112 nmoles/g of fresh tissue 
[4]. Soon after the discovery of choline acetyltransfer- 
ase (ChAc) (acetyl-CoA: Choline O-acetyltransferase, 
EC 2.3.1.6), it was recognized that human placenta 
was also a very rich source of this enzyme which cata- 
lyzes the biosynthesis of ACh [5]. The kinetic charac- 
teristics of the placental ChAc appeared to be similar 
to the ones of the brain enzyme [6]. ChAc underwent 
remarkable changes during the course of human ges- 
tation [7-11] which were paralleled by corresponding 
fluctuations in ACh content [1-4]. Both observations 
indicated the highest levels toward the end of the 
second trimester. In contrast to the undisputed abun- 
dance of some of the components of the cholinergic 
system in the human placenta, the reports concerning 
the occurrence of ChAc and ACh in placentae of com- 
mon domestic and laboratory animals have been 
equivocal. In a study in which ChAc was measured 
by determining, by means of a bioassay, ACh synthe- 
sized during a preceding incubation of placenta 
homogenates, it was concluded that only the placen- 
tae of higher primates (man and rhesus monkey) con- 
tained ChAc [8]. In more recent investigations, the 
synthesis of [1-'*C]ACh from [1-'*C]acetylcoenzyme 





* Some of the results of this investigation were presented 
at the Fall Meeting of the American Physiological Society 
in San Francisco, CA [Physiologist 18, 444A (1975)]. 


A ([1-'*C]AcCoA) was revealed qualitatively in a var- 
iety of species [12]. However, further experiments in 
the mouse placenta have shown that the relationship 
of this ACh to either ChAc or carnitine acetyltransfer- 
ase (acetyl-CoA: carnitine O-acetyltransferase, 
EC 2.3.1.7) was not clear [13]. In the heart, the latter 
enzyme could use choline as a low affinity substrate 
and synthesize some ACh [14]. 

The significance of the striking species differences 
as well as the functional role of ACh in the placenta 
remains obscure. Speculations and incomplete experi- 
mental examinations have generally focused on con- 
trol of permeability and transport phenomena of the 
placental membranes [7, 11, 15, 16] and more recently 
also on the release of placental hormones [17]. For 
an experimental approach to identify the physiologi- 
cal importance of ACh in the placenta, it would be 
desirable to have available an animal model which 
contained concentrations of ChAc and ACh which 
were as easily measurable as those of the human pla- 
centa. Ethical considerations limit the experimental 
design applicable in human subjects and have restric- 
ted most well-controlled investigations to the use of 
perfused term placenta or to slices and homogenates 
obtained from this organ [see Ref. 18 for a recent 
review ]. In view of the questions remaining as regards 
the activity and quantitative determination of ChAc 
as well as ACh in placentae of common laboratory 
animals, an observation made earlier by Hebb and 
Ratkovic [8] in a rhesus monkey appeared most pro- 
mising for a more complete analysis of the cholinergic 
system in the placenta of that species. The present 
report describes the concentrations of ChAc, free cho- 
line (Ch) and total ACh in near-term placentae of 
six rhesus monkeys (Macaca mulatta). 
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MATERIALS AND METHODS 

Tissue sources. Five placentae from rhesus monkeys 
were obtained from the Oregon Regional Primate 
Center in Beaverton, OR. All specimens derived from 
Caesarean sections which were performed on day 144 
of gestation (placenta No. 1) or on day 150 (placentae 
Nos. 2-5). Several small tissue samples were frozen 
in liquid nitrogen soon after removal of the placenta, 
wrapped, labeled and stored deep frozen until shipped 
on dry ice to our laboratory, where they were stored 
in a deep freezer at —90° until used. Another whoie 
rhesus placenta (No. 6) was obtained from Litton 
Bionetics, Inc., Kensington, MD. This specimen de- 
rived from a live birth by vaginal delivery on day 
163 of gestation and was shipped on dry ice. 

Preparation of tissue homogenate. For ChAc deter- 
minations, small pieces of placenta were chiseled 
away from the deep-frozen material. They were 
thawed, blotted, freed of connective tissue and chor- 
ionic plate and homogenized 1:10 (w/v) in distilled 
water or 1|0mM EDTA, pH 7.4, containing 0.5% Tri- 
ton X-100, for two 30-sec periods at full speed with 
a Polytron homogenizer (Brinkmann Instruments, 
Westbury, NY) while the sample was submerged into 
an ice bath. Aliquots corresponding to 1-10 mg of 
fresh tissue weight were used for incubation. 

For choline and ACh extractions, the deep-frozen 
piece of tissue was weighed and transferred without 
any further cleaning into tubes containing ice-cold 
1 N formic acid—acetone (15:85, v/v) [19] stored in 
crushed ice. Nine ml was used per g of frozen tissue. 
The samples were allowed to thaw very gradually and 
were homogenized as soon as the homogenizer was 
able to disintegrate the hard material. 

These precautions were taken because of the appar- 
ent lability of ACh in human placenta, where slow 
freezing of the tissue and subsequent warming to 
room temperature caused the disappearance of all of 
the ACh, presumably by destroying membranes which 
enclosed ACh and prevented the hydrolysis of the 
ester by acetylcholinesterase (acetylcholine acetylhyd- 
rolase, EC 3.1.1.7, AChE) [4]. It was the intent to 
prevent or minimize a similar event in the monkey 
placenta specimens which could not be obtained 
except in frozen condition. The homogenate was 
allowed to stand in crushed ice for 30min and was 
then centrifuged for 15min at about 25,000g in a 
refrigerated model J21 centrifuge (Beckman Instru- 
ments, Palo Alto, CA). The supernatant was decanted 
and suitable aliquots were lyophilized, stored in a 
desiccator at —90° and used for Ch or ACh analysis. 

Measurement of ChAc. The activity of this enzyme 
was determined with two different methods. Both 
were based ona radiochemical procedure which 
measured the rate of incorporation of [1-'*C]acetyl 
from [1-'*C]AcCoA (New England Nuclear, Boston, 
MA) into newly synthesized [1-'*C]ACh [20]. The 
two methods differed in the isolation procedure which 
separated the precursor from the product (or prod- 
ucts, if any, besides ACh). One technique used anion 
exchange chromatography with the modification 
recommended to improve the specificity of separation 
of reaction. products [21]. The homogenate contain- 
ing the desired amount of tissue in 50 yl was pipetted 
into disposable glass tubes (10 x 75mm) and pre- 
warmed for 2 min at 37°. The enzymatic reaction was 


initiated by the addition of 50 yl of prewarmed incu- 
bation mixture which resulted in the final concen- 
tration of the following components for the ion 
exchange method (in mM): NaCl 500; phosphate 
buffer, pH 7.4, 20; choline 10; [1-'*C]AcCoA 0.5 (sp. 
act. after dilution with unlabeled AcCoA from Pabst 
Laboratories, Milwaukee, WI, about 2 mCi/m-mole); 
and physostigmine 0.5. In incubation tubes which 
served as a measure of “unspecific” acetyl group 
transfer not related to ChAc activity, physotigmine 
was omited and AChE (type V, Sigma Chemical Co., 
St. Louis, MO) in an amount sufficient to hydrolyze 
500 nmoles ACh/min was added instead [21]. Radio- 
activity eluted from columns loaded with AChE- 
treated samples was deducted from the values 
obtained in the presence of physostigmine. The differ- 
ence in disintegrations between the two sets of 
samples was attributed to [1-'*C]ACh which was 
hydrolyzed when AChE was present [21]. Radioac- 
tivity in the aqueous effluents was determined in a 
toluene scintillator containing Triton X-100 (2:1, v/v; 
10 ml/vial) with a model 3380 liquid scintillation spec- 
trometer equipped with a model 544 absolute activity 
analyzer (Packard Instruments, Downers Grove, IL). 

The second method applied to separate [1-'*C]- - 
AcCoA from [1-'*C]ACh was that recently described 
by Fonnum[22] except for the use of 0.1 Ci 
(= 220,000 dis./min) of [1-'*C]AcCoA. In preliminary 
extraction experiments with authentic [1-'*C]ACh, it 
was found necessary to adjust all solutions to Fon- 
num’s specifications in order to obtain complete 
extraction of ACh by ion pair formation with tetra- 
phenylboron at pH 7.4. The samples were treated as 
described in detail [22]. 

The effects of several well-known inhibitors of 
ChAc were examined. Bromoacetylcholine (BrAch) 
and chloroacetylcholine (CIACh) were synthesized 
according to Chiou and Sastry[23] and dissolved 
only immediately prior to their experimental use 
because of their relative instability in aqueous solu- 
tions [24]. Further, the effect of 4-(7-naphthylvinyl) 
pyridine (NVP, CalBiochem, LaJolla, CA) was tested. 
This compound was dissolved and used in a dark- 
room only [25]. All enzyme incubations were run in 
duplicate samples. 

Determination of Ch and ACh. Both quaternary 
amines were measured with a radiochemical method 
based on the phosphorylation of free choline or cho- 
line liberated by enzymatic or alkaline hydrolysis of 
ACh to *?P-labeled phosphorylcholine (PhCh) in the 
presence of the enzyme choline kinase (ATP: choline 
phosphotransferase, EC 2.7.1.32). The approach which 
had to be taken included the principles of the 
methods described by Goldberg and McCaman. [26] 
and Haubrich and Reid [27]. Some of the pitfalls 
encountered in applying the procedures developed 
with brain tissue to the placenta deserve mentioning. 
Although we were able to obtain satisfactory standard 
curves for Ch of ACh within a few weeks after adopt- 
ing the micromethod [26] and although Ch and ACh 
concentrations obtained from brain extracts of mic- 
rowave-sacrificed rats were in the expected range (32.0 
and 26.0nmoles/g, respectively; three animals), the 
assay proved to be unreliable for both the human 
and the monkey placenta. In the latter tissues, the 
molar ratios of Ch to ACh were expected to deviate 
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markedly from the 1:1 to 1:2 ratio encountered in 
total brains. The observation was made that when 
authentic standards of Ch and ACh were mixed and 
processed through stages | and 2 as recommended, 
Ch would break through in the second stage of the 
assay when the molar ratio of Ch:ACh was >3:1 
[see Ref. 26 for details]. This happened in spite of 
the fact that complete conversion to PhCh occurred 
when each amine was examined alone in amounts 
up to 4nmoles. However, a mixture of 1000 pmoles 
Ch with 100pmoles ACh, for example, led to 
erroneously high ACh values when calculated on the 
basis of specific activities of the precursor 
[y-3?P]JATP and the product [??P]PhCh.* 

The tissue concentrations of Ch could be determined 
with the assay of Goldberg and McCaman [26]. 
Determinations in different extracts prepared on at 
least two occasions agreed satisfactorily, and when 
known amounts of Ch were added to tissue extracts, 
the amount added was recovered. However, in order 
to determine ACh, the principle of the electrophoretic 
separation of Ch and ACh [27, 28] had to be incor- 
porated into the method. After tetraphylboron ion 
pair extraction of the quaternary amines and their 
displacement into 0.4N HCl, the samples were lyo- 
philized. The residue was dissolved in a small volume 
of electrophoresis buffer and a known aliquot was 
streaked onto the starting line of 20 x 40cm sheets 
of Whatman No. | paper. Standards of Ch and ACh 
were processed through the entire procedure to allow 
the construction of a proper standard curve. Authen- 
tic Ch and ACh (50 yg) were spotted on the electro- 
phoresis paper with the addition of tissue extract to 
compensate for any differences in electrophoretic 
mobility that might be caused by such material. High 
voltage electrophoresis (HVE, CAMAG, New Berlin, 
WI) was performed by applying 1800 V (45 V/cm) for 
70 min using the pyridine-formic acid buffer [27].+ 
There was at least 1, and many times, 2cm of paper 
between the tailing edge of Ch and the leading edge 
of ACh (as visualized by iodine vapor staining) where 
radioactivity was negligible. One line was drawn 
across the electropherogram paper, which was 2mm 
above the leading edge of the stained area of ACh 
standards and another line 4cm anodal to include 





* This observation was also made by Drs. Alan Donel- 
son, University of Michigan, and Dean Haubrich, Squibb 
Institute, personal communications. 

+ It was found that under our conditions the separations 
obtained with this particular buffer were superior to the 
ones obtained with formic acid—acetic acid [29] as judged 
by the sharp separation of radiolabeled authentic stan- 
dards (with or without 50 yg of carrier amine) or of pla- 
centa extracts treated with the N-methyl [*H]Ch where 
N-methyl [7H]JACh had been synthesized, (unpublished 
observations). 

{It appears important to mention that the purified cho- 
line kinase from baker’s yeast which is commercially avail- 
able (Sigma Chemicals, St. Louis, MO, product No. 
C-2761, now C-7138 with higher specific activity) was not 
suitable for this step. Apparently there were unidentified 
factors associated with the electrophoresis process which 
severely inhibited the subsequent phosphorylation reac- 
tion. This observation has previously been made by Hau- 
brich [30], but was not mentioned by other investigators 
who purified the enzyme originating from yeast in their 
own laboratories [31, 32]. 
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the total ACh area. The paper was separated into 
individual tracks and the region containing ACh 
(40 x 30mm) rolled up and eluted repeatedly (three 
times) with 75-pl aliquots of methanol—4M 
NH,OH = 90:10. The eluate was collected by centri- 
fugation through the cut-off bottoms of plastic micro- 
tubes (Cole Parmer, Cat. No. 6335-10) into a fresh 
plastic microtube. The eluate was heated in a water 
bath at 75° until completely dried. During this pro- 
cess (= | hr) the NH, and heat hydrolyzed ACh. The 
residue in this tube was now used to determine the 
choline liberated from ACh.t Choline kinase partially 
purified from rabbit brain [27] and generously 
donated by Dr. Dean Haubrich was used in the 
samples which had undergone electrophoresis. The 
final volume was 10 pl, and the sealed tubes were in- 
cubated for 120 min at 37°. The composition of the 
medium was essentially identical to that described 
[26], and barium precipitation of excess ATP and 
protein was used. All remaining steps were identical 
to the descriptions of that method except that the 
micro ion exchange columns were stored under for- 
mic acid—ammonium formate and washed with water 
and 50mM NaOH just prior to reuse (A. M. Gold- 
berg, personal communication). This helped reduce 
the blank values from 100 to 150 cpm in the Ch assay 
without electrophoresis to 25-40 cpm and in the ACh 
assay with electrophoresis from 400-500 to 
200-250 cpm. 


RESULTS 


Presence and activity of ChAc. When rhesus mon- 
key placenta homogenate was incubated with 
['*C]AcCoA and choline, [1-'*C]acetyl groups were 
rapidly incorporated into product(s) which eluted 
from the anion exchange columns. If the tissue was 
boiled prior to the incubation, values identical to the 
blanks inherent to the procedure resulted (0.1 to 0.2 
per cent of total precursor radioactivity). Significant 
incorporation of label by what appeared to be an 
enzymatic reaction still occurred when choline was 
omitted from the incubation tubes, suggesting that, 
as previously observed in a variety of domestic and 
laboratory animal placentae [12], appreciable “unspe- 
cific” acetyl transfer, i.e. unrelated to ChAc, occurred. 
Therefore, it was necessary to modify the assay in 
order to improve the specificity of the isolation of 
[1-'*C]ACh. Two different methods were applied to 
accomplish this task. One was the differential assay 
of Hamprecht and Amano [21] and the other the ion 
pair extraction assay of Fonnum [22]. 

Three placenta homogenates were examined at 
various tissue concentrations with both methods. 
Radioactivity eluted from the anion exchange 
columns indicated that about 80 per cent of the radio- 
activity incorporateed into cationic or neutral mater- 
ials was susceptible to AChE hydrolysis (Table 1), 
while 20 per cent was resistant, suggesting the pres- 
ence of other metabolites. 

The values obtained by ion pair extraction at 
pH 7.4 were very similar to the corrected values of 
the differential assay (Table 1) and revealed ChAc ac- 
tivities in the same order of magnitude as present 
in human term placentae [9, 10]. It appeared simpler 
to use the ion pair extraction for further experiments, 
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Table 1. Determination of choline acetyltransferase by differential assay and by ion pair extraction* 





Radioactivity (dis./min) 


ACh synthesis 





Placenta No. 
(incubation 
time) 


Boiled 


Method tissue Control 


Net 
activity 


(nmoles/g 
wet wt/hr) 


_ (nmoles/mg 
protein/hr) 


— Eserine 
+ AChE 





225 
2 mg (20 min) 840 
275 
712 
225 
840 


24,252 
19,437 
25,316 
20,811 
16,712 
14,116 


6 mg (10 min) 
4 


2 mg.(20 min) 


37.2 
35.2 
34.6 
34.4 
3) Pe 
27.5 


19,629 
18,597 
20,372 
20,099 
13,107 
13,276 


6,847 
6,487 
4,740 
4,720 
4,573 
4,630 


4,623 
753 
4,944 
S11 
3,605 
721 





* Rhesus monkey placentae were homogenized as specified in Materials and Methods. The tissue was incubated 
in a total volume of 100 ul with [1-'*C]acetylcoenzyme A and choline. Four duplicate sets of tubes were used for 
each specimen and each time point. Two sets contained acetylcholinesterase to hydrolyze all ACh synthesized. The 
incubation mixture was analyzed by anion exchange chromatography (column) or ion pair extraction with tetraphenyl- 


boron (TPB). 


because the selectivity for [1-'*C]ACh extraction was 
satisfactory, thus eliminating the need for parallel 
samples with AChE and reducing by one half the 
need for expensive ['*C]AcCoA. 

There was a.reasonably linear relationship between 
tissue concentration and/or incubation time with 
regard to the amount of [1-'*C]ACh synthesized (Fig. 
1). The analyses of the remaining three placentae 
(Nos. 2, 5 and 6) revealed ChAc activity ranging from 
1896 to 4752 nmoles ACh synthesized/g of tissue/hr 
(Table 2). Since only placentae Nos. 2-5 derived from 
equal durations of pregnancy and ChAc in human 
placenta declines toward term [7-10], it did not seem 
appropriate to include placenta No. | or 6 in the 
calculation of a mean value. The lower value in speci- 
men No. 6 may be due to the fact that this was the 
only naturally delivered term placenta. Placentae 
obtained by Caesarean section at 150 days of preg- 
nancy synthesized 4.067+ 0.737 (S. D, N= 4) 
pumoles ACh/g wet wt/hr. 


w 


ACh Synthesis 
nmoles x sample ~* 
nN 


- 








i 


10 20 30 
Incubation Time (Minutes) 





Fig. 1. Correlation between tissue concentration and incu- 
bation time with respect to [1-'*C]ACh synthesized by 
homogenate of rhesus monkey placenta. Variable amounts 
of tissue (placenta No. 5) were incubated in duplicate 
100-yl samples with [1-'*C]acetylcoenzyme A and choline. 
After the incubation time specified samples were extracted 
with tetraphenylboron as described by Fonnum [22]. 
Values are expressed as nmoles ACh formed during 
incubation. 


When the halogenated ACh derivatives BrACh and 
CIACh or NVP were added to the incubation mix- 
tures in concentrations varying from 10 to 250 uM, 
a dose-related inhibition of ACh synthesis was 
observed (Fig. 2). BrACh was the most effective drug, 
causing about a 75 per cent reduction of [1-'*C]ACh 
formation at 10 uM. 

Determinations of Ch and ACh. The Ch concen- 
trations in the four specimens derived from Caesarean 
sections at 150 days of pregnancy were quite similar 
(Table 2). Placenta No. | was markedly different 
because the free choline content was high enough to 


100 


% inhibition 








Ci ACh Br ACh NVP 
Concentration ( pM ) 


250 mz 
il *© 


Fig. 2. Effect of ChAc-inhibiting drugs on [1-'*C]acetyl 
transfer into ACh. Homogenate (2 mg) from each placenta 
was incubated for 20 min with [1-'*C]acetylcoenzyme A 
and choline in the absence or presence of the drug concen- 
trations specified. Samples were extracted with tetraphenyl- 
boron as described by Fonnum [22]. Values are expressed 
as per cent inhibition observed compared to control and 
represent mean + S. D. from six rhesus monkey placentae. 





Zk 100 
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Table 2. Concentrations of choline acetyltransferase; free choline and total acetylcholine in rhesus monkey placentae* 





ChAc activity 





(nmoles ACh 
synthesized/hr) 


Gestational 


Placenta No. age (days) 


(nmoles ACh 
synthesized/mg 
protein/hr) 


ACh 
(nmoles/g) 


Choline 
(nmoles/g) 





144+ 6439 


iSOt 4752 
150t 4326 
1507 4165 
1507 3025 


163t 1896 


17.1 
(11.8-24.2) 


3892 
(3725-4192) 
998 
(898-1066) 
737 
(681-812) 
793 
(748-850) 
1193 
(975-1382) 
1601 
(1452-1727) 


35.0 


29.0 
(20.8-35.4) 
24.7 
(12.5-34.3) 
25.7 
(19.3-29.3) 





* Choline acetyltransferase was determined with the liquid cation exchange method of Fonnum [22]. Free choline 
was measured after ion pair extraction from tissue with tetraphenylboron [26]. ACh was first isolated by high voltage 
electrophoresis [27]. Both quaternary amines were assayed with a radiochemical method based on formation of 
[??P]phosphorylcholine. For both choline and acetylcholine analysis, different small pieces from each placenta were 
extracted on separate occasions and duplicate determinations were repeatedly analyzed. The values shown represent 
the mean values (range) of the tissue concentrations thus obtained from samples which were neither cleaned nor blotted 


prior to homogenization. 
+ Caesarean sections. 
t Vaginal delivery at term. 


cause staining of the electropherogram area corre- 
sponding to the migration of authentic Ch when the 
extracts were applied for electrophoretic separation 
of Ch and ACh prior to ACh analysis. For the analy- 
sis of free Ch with the method of Goldberg and 
McCaman [26], formic acid—acetone extract amounts 
equivalent to 0.5 to 2mg tissue were sufficient to 
determine the Ch content. 

For ACh analysis the equivalent of 10-25 mg tissue 
was used for each assay tube, and the tissue contents 
ranged from 8.8 to 29.0nmoles ACh/g of placenta 
(Table 2). 


DISCUSSION 


The presence of high concentrations of ChAc in 
the near-term placenta of rhesus monkeys was ascer- 
tained by three different approaches. First, it was 
found that about 80 per cent of the radioactive meta- 

lite synthesized from [1-'*C]AcCoA and choline 
was sensitive to hydrolysis by AChE. The particular 
preparation of the latter enzyme was highly purified 
and could be considered to be quite specific for the 
hydrolysis of ACh. Second, almost identical amounts 
of [1-'*C]ACh were synthesized when the tissue 
samples were analyzed by liquid cation exchange with 
tetraphenylboron. Under the pH conditions of the 
assay this reaction was highly specific for [1-'*C]ACh 
and would not extract [1-'*C]acetylcarnitine, a by- 
product of major concern in the measurement of 
ChAc activity in various tissues [14, 22] and a promi- 
nent metabolite in the mouse placenta [13]. The pre- 
cursor [1-'*C]AcCoA was extracted only to the 
extent of 0.3 to 0.4 per cent of the total radioactivity. 
Additional support for the interpretation that the ace- 
tylating enzyme activity was due to ChAc derived 
from the effects which known inhibitors of this 


enzyme exerted on the synthesis of [1-'*C]ACh. The 
extent of the inhibition caused by halogenated ACh 
analogues was comparable to the effects reported on 
the ChAc of human placenta [24]. 

The activity of ChAc in the specimens examined 
(see Tables 1 and 2) was quite similar to the single 
value reported by Hebb and Ratkovic[8] using a 
bioassay. These authors measured the equivalent of 
0.88 mg ACh synthesized/g of fresh weight/hr (based 
on ACh chloride as the standard corresponding to 
4.8 umoles). The ChAc activity of the rhesus placentae 
appeared to be in the same order of magnitude as 
that of human term placentae [9,10] and outstand- 
ingly higher than the low or questionable synthetic 
capacity in the placentae of common domestic and 
laboratory animals [9,13]. We had the opportunity 
to examine one placenta of a lemur, a lower primate, 
and experienced the same difficulties in measuring 
ChAc in that specimen (unpublished observations) as 
in the mouse placentae [13]. This confirmed the ten- 
tative conclusion reached by Hebb and Ratkovic[8] 
that high concentrations of ChAc were unique for the 
placentae of man and higher primates. 

The tissue concentrations of free Ch in the placenta 
have not been examined before. The levels found in 
placenta No. | were exceptionally high compared to 
the other specimens. It could not be established if 
this was due to differences in the handling of this 
particular tissue sample which may have allowed the 
liberation of choline from other bound sources such. 
as phospholipids. 

The specificity of the ACh assay was based on two 
separation methods which were used to isolate this 
ester from the monkey placenta, i.e. ion pair extrac- 
tion of Ch and ACh with tetraphenylboron [22, 33] 
followed by electrophoretic separation of these two 
amines [27]. In agreement with MHaubrich et 
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al.{27,28], we found the separation of the labeled 
variants of Ch and ACh by high voltage electro- 
phoresis to be very satisfactory with no overlap of 
the tailing edge of Ch into ACh when the pyridine- 
formic acid buffer system was used. It is not possible 
to decide how close the ACh concentrations were to 
the levels which. were present in the fresh placentae 
at the time of delivery. Unfortunately it was not poss- 
ible to prepare extracts at that time, and the tissues 
had to be frozen in liquid nitrogen before shipment 
to our laboratory. It was attempted to minimize the 
danger of loss of placental ACh which was observed 
after slow freezing in human placentae [4] by rapid 
freezing of small pieces in liquid nitrogen and by 
using special precautions during thawing as described. 
The ‘ACh tissue levels might have been higher had 
they been determined on fresh tissue. 

In interpreting the data obtained, it might be most 
meaningful to focus attention on the high activity of 
ChAc as an indicator for the abundance of the cho- 
linergic system in the rhesus monkey placenta. High 
ChAc has usually been found to be associated with 
high ACh content and vice versa. Based on these 
observations, it appeared that the rhesus monkey 
should provide an excellent animal model system to 
study the functions of ACh in the placenta in vivo. 
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Abstract 


The in vitro effect of cordydepin was tested using various protein kinase preparations. These 


included cyclic AMP-dependent protein kinase (A-PK) from bovine heart. cyclic GMP-dependent pro- 
tein kinase (G-PK) from fetal guinea pig lung. and two cyclic nucleotide-independent nuclear protein 
kinases (PK-I and PK-II) prepared from rat hepatoma 3924A and rat liver. The 50 per cent inhibitory 
concentrations (IDs) of cordycepin for A-PK and G-PK ranged from 1.5-5.0 x 10°*M and 
2.5-8.0 x 10°* M. respectively. depending on the presence or absence of cyclic AMP and cyclic GMP 
in the assay. The IDs. of cordycepin with either hepatoma 3924A or rat liver PK-I and PK-II was 
4.5 x 10°°M and 1.0 x 10°? M. respectively. The inhibitory effect of cordycepin was competitive with 
respect to ATP in all cases. The K,, for ATP was increased 3-fold and 5-fold by 5 x 10°~* M cordycepin 
for G-PK and A-PK. respectively. while the K,, for ATP was increased 10-fold and 4-fold by 
1 x 10°*M cordycepin for PK-I and PK-II. respectively. 


Cordycepin (3’-deoxyadenosine) has been found to be 
an efficacious inhibitor of RNA synthesis [1-4] and 
cell growth [5.6]. Although this antibiotic has been 
shown to be an inhibitor of polyadenylic acid 
(poly(A))* synthesis [7,8] and hence, poly(A)mRNA, 
cordycepin has also been documented to have an in- 
hibitory effect on all species of nuclear [1. 2. 4.9. 10] 
and cytoplasmic RNA [3. 11-13]. However. a selec- 
tive and dose-dependent effect by cordycepin on 
nuclear RNA does appear to exist in some tumor 
cell systems. This has been shown by the greater 
sensitivities of nuclear ribosomal RNA and poly(A) 
synthesis than heterogeneous nuclear RNA synthesis 
to cordycepin [2. 3. 7.9]. 

It has been hypothesized that the in vivo effect 
of cordycepin is mediated through its conversion to 
3'-dATP which in turn acts as a competitive inhibitor 
of RNA polymerases [1.14] or poly(A) polymerase 
[14] or both. This pathway for the metabolic acti- 
vation of cordycepin has been based largely on the 
data of Klenow [15] who showed that approximately 
10 percent of cordycepin is converted to 3’'-dATP by 
Ehrlich ascites tumor cells. However, in vitro studies 
with 3'-dATP have shown: (1) no order of specificity 
to the inhibitory effect of 3’-dATP on various RNA 
polymerases and poly(A) polymerases [1. 14. 16] and 
(2) an inhibitory potency no greater than cordycepin 
itself in homologous systems [1—4, 16—18]. 

In view of the unique role that protein kinases may 
play in the regulation of cell growth and transcription 
[ 19, 20], it was felt that an examination of the in vitro 
effects of cordycepin on cyclic nucleotide-dependent 
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protein kinases as well as on cyclic nucleotide-inde- 
pendent nuclear protein kinases from normal and 
neoplastic liver might provide an alternate explana- 
tion for the inhibitory effect of this nucleoside anti- 
biotic on transcription. 


MATERIALS AND METHODS 


Materials. Cyclic AMP, cyclic GMP. casein (vita- 
min-free). Tris buffer. ATP and cordycepin were 
obtained from Sigma Chemical Co. [y-?>?P]JATP (16 
Ci/m-mole) was purchased from New England Nuc- 
lear Corp. Arginine-rich histone (HA) was obtained 
from Worthington Biochemicals. All other chemicals 
were of reagent grade and filtered, deionized water 
was used. 

Animals. Male Sprague-Dawley rats (ARS 
Sprague-Dawley) weighing 250 g were used for prep- 
aration of protein kinases from liver nuclei. ACI/N 
rats (Laboratory Supply Co.) bearing intramuscularly 
transplanted hepatoma 3924A were obtained from 
Dr. Harold P. Morris, Howard University. 

Preparation of protein kinases. Nuclear protein 
kinases were prepared from purified rat liver or hepa- 
toma nuclei [21]. Nuclei were suspended in deionized 
water and stirred for 30min at 4. Saturated 
(NH,)2SO, (neutralized to pH 7.9 with NH,OH) was 
added to a final concentration of 0.25 M and stirring 
was continued for | hr. The suspension of disrupted 
nuclei was sonicated for two 10-sec bursts 1 min apart 
at 4 using a microtip probe at full power (Heat Sys- 
tems-Ultrasonics. Inc.). The sonicate was dialyzed 
overnight against 11 of buffer containing: 0.025 M 
(NH,4)2SO,-0.05 M Tris-HCl (pH 7.9)-25°,, glycerol-5 
mM MgCl1,-0.1 mM EDTA-2mM 2-mercaptoethanol. 
The dialyzed preparation was centrifuged at 210,000 g 
for 30 min and the supernatant fluid chromatographed 
on QAE Sephadex A-25 using a linear gradient of 
0.1-0.5 M (NH,4),SO, in the aforementioned buffer as 
previously described [22]. This procedure resolved 
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two main protein kinase activities. one eluting in the 
wash fraction (PK-I) and the other (PK-II) eluting 
at 0.018 M (NH,),SO,. The specific activities (pmoles 
3?P transferred/5 min/mg protein) were 14,000 and 
5.000 for PK-I from rat liver and hepatoma, respect- 
ively. and 135.000 and 83.000 for PK-II from rat liver 
and hepatoma, respectively. No phosphoprotein 
phosphatase was present in any of the preparations. 
Details of this procedure will be reported elsewhere 
(R. I. Glazer, manuscript in preparation). 

Cyclic GMP-dependent protein kinase was purified 
from guinea pig fetal lungs through the step of 
Sephadex G-200 gel filtration [23], and cyclic AMP- 
dependent protein kinase was purified from bovine 
hearts through the step of DEAE-cellulose chroma- 
tography [24]. The stimulatory modulator of cyclic 
GMP-dependent protein kinase, which is free from 
the inhibitory modulator of the cyclic AMP-depen- 
dént enzyme. was prepared through the step of 
DEAE-cellulose chromatography [25]. 

Protein kinase assays. Nuclear PK-I and PK-II 
from rat liver or hepatoma 3924A were assayed at 
37 for 5 min in a mixture (0.2 ml) containing: 50 mM 
Tris-HCl (pH 8.0), 100 mM NaCl, 20mM magnesium 
acetate, 0.5 uCi [y-??P]ATP (0.25 Ci/m-mole), and 
300 wg of casein. Acid insoluble radioactivity was 
measured on glass fiber filtter discs as previously de- 
scribed [22]. One unit of nuclear protein kinase ac- 
tivity is defined as thé amount of enzyme that trans- 
ferred 1 pmole of 3*P from [y-°?PJATP to recovered 
casein in Smin at 37 under the assay conditions. 

Cyclic GMP-dependent protein kinase was assayed 
in the presence of 40 yg stimulatory modulator as de- 
scribed. recently [25]. The cyclic AMP-dependent 
enzyme was assayed under the condition reported 
earlier [24]. Arginine-rich histone was the substrate 
in both cases. One unit of the cyclic nucleotide-depen- 
dent protein kinase activity is defined as that amount 
of enzyme that transferred 1 pmole of *’P from 
[y-32PJATP to recovered histone in 10min at 30 
under the assay conditions. 


RESULTS 


The effect of varying concentrations of cordycepin 
on A-PK and G-PK are presented in Table 1. A dose- 
dependent decrease occurred in either basal or cyclic 
nucleotide-dependent activity for both classes of pro- 
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Fig. 1. Kinetics of inhibition by cordycepin of cyclic 

GMpP-dependent and cyclic AMP-dependent protein 

kinases. The cyclic GMP enzyme (4.1 ug) was assayed in 

the presence of 4 x 10°’M cGMP. whereas the cyclic 

AMP enzyme (3.5 ug) was assayed in the presence of 

4 x 10°’7M cAMP. The concentration of cordycepin was 
5 x 10°*M. 


tein kinases. There was a significant reduction in the 
inhibitory concentration of cordycepin when A-PK 
and G-PK were assayed in the presence of both cyclic 
AMP and cyclic GMP. 

The inhibitory effect of cordycepin on A-PK and 
G-PK in the presence of cyclic AMP and cyclic 
GMP. respectively, was competitive with respect to 
ATP (Fig. 1). The K,, for ATP was increased 3- to 
5-fold in the presence of 5 x 10°* M cordycepin. 

Two predominant protein kinase activities were 
resolved on QAE Sephadex from nuclear extracts of 
rat liver or hepatoma 3924A. Assays of their activities 
as a function of the concentration of cordycepin is 
shown in Fig. 2. PK-I. from either rat liver or hepa- 
toma 3924A was-inhibited 50 percent by approxi- 


Table 1. Dose-dependent inhibition by cordycepin of cyclic GMP-dependent and cyclic AMP-dependent protein kinases* 





Protein kinase activity 
(10? units/mg protein) 


Cyclic GMP-dependent 


Cordycepin 
-(M) 


Cyclic 


Basal GMP 


Cyclic 
AMP 


Cyclic AMP-dependent 


Cyclic 
GMP 


Cyclic 


Basal . AMP 





17.1(100) 
l . 17.3(101) 
l ‘ 17.1(100) 
3 : 16.6 (97) 
l J 
2 


None (control) 125.6(100) 
119.8 (95) 
106.8 (85) 
83.9 (67) 
28.3 (23) 
17.3 (14) 


7.8 (46) 
5.4 (32) 


24.9(100) 
23.9 (96) 
21.0 (84) 
19.5 (78) 
8.8 (35) 
6.8 (27) 


8.6(100) 
8.6(100) 
8.3 (97) 
8.0 (93) 
2.9 (34) 
2.3 (27) 


16.0(100) 
15.4 (96) 


57.7(100) 
56.0 (97) 
10.9 (68) 51.7 (90) 
9.1 (57) 40.0 (69) 
3.4 (21) 5.4 (9) 
2.9 (18) 3.4 (6) 





* The cyclic GMP enzyme (4.1 ug) and the cyclic AMP enzyme (3.5 yg) were incubated in the presence and absence 
of 0.4 x 10°°M of either cyclic nucleotide. The values shown in parentheses indicate the percent of respective controls. 
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Fig. 2. Dose-response of inhibition by cordycepin two 
nuclear protein kinases from hepatoma 3924A and rat 
liver. The concentration of PK-I from rat liver or hepa- 
toma 3924A was 5 ug and 20 yg. respectively. The concen- 
tration of PK-II from rat liver of hepatoma 3924A was 
5 wg and 0.4 pg. respectively. 


mately 4 x 10°°M cordycepin. In contrast. PK-II 
from both tissues was inhibited 50 per cent by a 
20-fold higher concentration of cordycepin. 

The kinetics of cordycepin inhibition of rat liver 
and hepatoma PK-I and PK-II showed competitive 
inhibition (Fig. 3). The K,, for ATP was increased 
10-fold for PK-I and 4-fold for PK-II. 


DISCUSSION 


The present study has shown that cordycepin is 
a competitive inhibitor of all protein kinases tested, 
and in particular of one form of protein kinase found 
in the nucleus of normal and neoplastic liver. The 
concentration of cordycepin required to suppress 
phosphorylation of mixed histone by A-PK and 
G-PK or of casein by PK-I and PK-II is within the 
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range found to be cytotoxic to normal and tumor 
cells in culture [5.6]. In the study by Plunkett and 
Cohen [5]. 1 x 10°*M cordycepin inhibited the 
growth of L cells by 50 per cent. and using L1210 
cells Johns and Adamson [6] found that 4 x 10°°M 
inhibited cell growth by about 50 per cent. Similarly. 
the synthesis of total RNA, 45S ribosomal precursor 
RNA and tRNA in cultures of Novikoff hepatoma 
cells were inhibited 50 per cent by 1 x 10~* M cordy- 
cepin [1. 26]. The synthesis of nuclear and ribosomal 
RNA was reduced by 25-50 per cent and 80-100 per 
cent, respectively at 1 x 10°° and 1 x 10°*M 
cordycepin [27]. A recent study by Puvion et al. [28] 
has also shown approximately 60 per cent inhibition 
of nucleolar and nuclear RNA in isolated liver cells 
by | x 10°*M cordycepin. 

Collectively. these data suggest that cordycepin 
itself may be an effective inhibitor of processes associ- 
ated with transcription. Since the concentrations of 
3'-dATP required to inhibit RNA polymerases or 
poly(A)polymerase are equivalent to the amount of 
cordycepin required to inhibit RNA synthesis, it is 
unlikely that 3’-dATP is the actual intracellular in- 
hibitor in vivo. In support of this contention is the 
report by Klenow [15] showing that in Ehrlich ascites 
tumor cells. less than 10 per cent of the cordycepin 
is converted to 3’-dATP in 3hr. Moreover. it is 
known that cordycepin is an effective inhibitor within 
a few min [4. 13] a time period wherein little 3’-dATP 
would be expected to form. Since it has recently been 
demonstrated that nuclear protein kinases may stimu- 
late transcription by RNA polymerases [29, 30] and 
that phosphorylation of nonhistone chromosomal 
proteins may increase the gene éranscription of his- 
tone mRNA [31]. it remains a possibility that cordy- 
cepin may function in vivo by altering the pattern 
of phosphorylation of chromatin. Since cordycepin 
also inhibits both A-PK and G-PK purified from tis- 
sue extracts. it is conceivable that the antibiotic may 
affect cytoplasmic constituents as well. 
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Fig. 3. Kinetics of inhibition ty cordycepin of two nuclear protein kinases from hepatoma 3924A 
and rat liver. The assay conditions were as described in Fig. 2. The concentration of cordycepin 
was 1 x 10°3M. 
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Abstract—Arabinosylcytosine (ara-C), a clinically useful antitumor agent, is ineffective against cells 
that have deleted deoxycytidine kinase, the enzyme necessary for conversion of ara-C to its active 
nucleotide form. To circumvent this resistance, arabinosylcytosine-5’-methylphosphonate (ara-CMeP) 
was synthesized as an analogue of ara-CMP that would be membrane-permeable, resistant to serum 
phosphatase attack, and resistant to nucleoside deaminase inactivation. Ara-CMP was inhibitory to 
leukemia P388 in vitro but required concentrations 90-fold greater than that of ara-C for comparable 
cell inhibition. Both ara-CMeP and ara-CMP were competitive inhibitors of dCMP kinase from leuke- 
mia L1210 with K; values of 4.0 x 107? and 4.4 x 10°~3M respectively. However, ara-CMP is a sub- 
strate for dCMP kinase, whereas ara-CMeP was not. Thus, the inability of ara~CMeP to be phosphory- 
lated precludes its usefulness as a functional analogue of ara~-CMP. 


Since the introduction of arabinosylcytosine (ara-C) 
in the early 1960s, the drug has proven to be clinically 
useful in the treatment of leukemias [1]. To be effec- 
tive, ara-C must be phosphorylated to the triphos- 
phate (ara-CTP), which not only inhibits DNA poly- 
merase but is also possibly incorporated into DNA 
as a false nucleotide [2,3]. The usefulness of ara-C 
has been limited by the rapid development of tumor 
resistance. In several resistant mouse leukemias, the 
mechanism of resistance has been cellular deletion of 
CdR kinase, the initial phosphorylating enzyme for 
ara-C [4, 5]. 

The ideal solution to resistance caused by CdR 
kinase deletion would be to bypass the enzyme and 
provide the cell with the enzyme product, i.e. the nu- 
cleotide, arabinosylcytosine monophosphate (ara- 
CMP). Unfortunately nucleotides penetrate cell mem- 
branes poorly and are ‘highly susceptible to serum 
phosphatase attack. Phosphatase removal of the 
phosphate group converts ara-CMP to the parent 
compound (ara-C), which is ineffective in resistant 
cells [6]. The phosphate group on ara-CMP is double 
ionized at physiologic pH, and the resulting negative 
charges may be a major factor excluding it from 
cells [7]. 

A recent report by Wigler and Lozzio[8] on 5- 
bromo-2’-deoxyuridine-5S’-methylphosphonate __sug- 


gests that substituting a methyl group for an oxygen 
on the nucleotide phosphate group reduces phosphate 
ionization and increases membrane penetration. In 
addition, the methylphosphcnate group is resistant to 
phosphatase attack. Based on these observations, syn- 
thesis of the corresponding analogue of ara-CMP has 
been suggested [9]. The present paper describes the 
synthesis and biologic properties of ara-C-5’-methyl- 
phosphonate (ara-CMeP, Fig. 1). 


MATERIALS AND METHODS 


Phosphocreatine and creatine phosphokinase were 
purchased from CalBiochem; NDP kinase and ATP 
were from Sigma; ara-CMP was from Terra-Marine; 
and dCMP was from  PL-Biochemicals. The 
[y-3?P]JATP and [8-'*C]ATP were from New Eng- 
land Nuclear. The [2-'*C]dCMP was from Schwarz- 
Mann. Radioactive samples were counted in a Beck- 
man LS-230 scintillation counter in 10 ml of scintilla- 
tion fluid [6 g 2,5-diphenyloxazole (PPO) and 200 mg 
1,4-bis-[2-(4-methyl-5-phenyloxazoly]) ] benzene 
(POPOP) in 1400 ml toluene and 600 ml methanol]. 
The DEAE-cellulose plates used for chromatography 
were made by Analtech Inc. Whatman DE-81 ‘discs 
were used in the enzyme assay. Tritylchloride and 


ara-CMeP 


Fig. 1. Chemical structures of ara-C, (CMP and ara-C-5’-methylphosphonate. 
1291 





1292 


p-nitrobenzyl chloride were purchased from Eastman 
Organic Chemicals. 


Synthesis of ammonium arabinosylcytosine 5'-methyl- 
phosphonate 

5'-O-tritylarabinosylcytosine (ara-C-T) [10]. Ara-C 
(10g, 35.6m-moles) and tritylchloride (18 g, 62.4 m- 
moles) in dry pyridine (100 ml) were heated at 80—90° 
for Shr. The reaction mixture was poured into 
1.5 liters water and the precipitate was collected by 
filtration, dried, and triturated with 3 x 100 ml of hot 
heptane. The product was recrystallized from EtOAc/ 
MeOH to give 6g (35 per cent), m.p. 228-230° (lit. 
m.p. 227.5 to 228°). 

5'-O-Trityl-N*, 2',3'-O-tri-p-nitrobenzoyl-arabino- 
sylcytosine (ara-C-T-Bz) [10]. Ara-C-T (6g, 12.4m- 
moles) and p-nitrobenzylchloride (8.6 g, 49.8 m-moles) 
in dry pyridine (50 ml) were stirred overnight at room 
temperature, then heated at 50-60° for 4 hr. The reac- 
tion mixture was poured into 200 ml of ice water and 
saturated NaHCO, was added. The solid was col- 
lected by filtration and dissolved in 100 ml CH,Cl). 
The CH,Cl, solution was extracted successively with 
2 x 50ml of saturated NaHCO,, 2 x 50ml H,0O, 
and 2 x 50 ml of saturated NaCl. The CH,Cl, solu- 
tion was dried (MgSO,), decolorized (Norit), and fil- 
tered, and the solvent evaporated. The product was 
recrystallized from EtOAc/MeOH to yield 9.4g (81 
per cent), m.p. 144-147°. 

N*,2’,3' - O - tri - p - nitrobenzoyl - arabinosylcytosine 
(ara-C-Bz)[10]. Ara-C-T-Bz (9.4 g) was dissolved in 
CHCl, (100ml), and 30% HBr/HOAC (12 ml) was 
added dropwise. An amorphous precipitate formed 
immediately. The solvent was decanted; the precipi- 
tate was washed with CHCl, and triturated with 
ether. The product was obtained by filtration and was 
crystallized from ETOAc/MeQOH by the addition of 
heptane. The yield was 60g (86 per cent), m.p. 
227-231° (dec). 

Ammonium arabinosylcytosine 5'-methylphosphonate 
(ara-CMeP) [8]. Ara-C-Bz (2.8g, 4m-moles) and 
methylphosphonic acid (1.2 g, 12 m-moles) were dis- 
solved in 50 ml of dry pyridine and the solvent was 
removed under vacuum. This procedure was repeated 
to provide a dry reaction mixture. The residue was 
Gissolved in 75 ml of dry pyridine, and dicyclohexyl- 
carbodiimide (8.2 g, 40m-moles) was added. After 
standing at room temperature for 4 days, the reaction 
mixture was poured into 100ml of cold water and 
stirred for 2 hr. The mixture was filtered and the sol- 
vent removed under vacuum. The residue was dis- 
solved in 25ml MeOH, to which solution 25 ml of 
concentrated NH,OH was added, and the reaction 
mixture was stirred at room temperature overnight. 
The solution was filtered and the solvent removed 
under vacuum. The residue, after recrystallization 
from MeOH/ether, was dissolved in water and chro- 
matographed on Sephadex G-10 (3 x 15cm) with 
water as eluant. The yield of very hygroscopic prod- 
uct was less than 10 per cent. 

The u.v. spectrum of the product (AA? 273.5 nm, 
AMcO4 276 nm) is consistent with results reported for 
ara-C phosphates. Thin-layer chromatography indi- 
cated oniy one compound (Silica gel, MeOH, 
R, = 0.66; MeOH-CHC1, 3:1, R, = 0.59). 
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Cytotoxicity studies 

Cell inhibition experiments in vitro were performed 
with leukemia P388 cells maintained in static culture 
in RPMI No. 1630 medium with 10% fetal calf serum. 
A stock culture was diluted to 10° cells/ml in a total 
volume of 5ml/bottle. Solutions of ara-C-MeP and 
ara-C were passed through a 0.45 um Millipore filter, 
and a volume of 0.1 was added to each bottle. Dupli- 
cate bottles were employed at each concentration. 
The cells were counted with a Coulter counter after 
24 and 48 hr of incubation at 37°. Values are the aver- 
age of two determinations. 


dCMP kinase preparation 


L1210 leukemic cells were harvested from the peri- 
toneal cavity of CDF, mice inoculated 8 days prior 
with 5 x 10° cells. The cells were twice washed in 
phosphate-buffered saline, with centrifugation at 500 g 
for 10min. The erythrocytes present were lysed in 
3 vol. of distilled water for 30sec and then 1 vol. of 
3.6% NaCl was added. The cell preparation was cen- 
trifuged and the lysis repeated. The erythrocyte-free 
L1210 cells were collected by centrifugation and 
stored at —70°. The dCMP kinase was obtained by 
thawing an aliquot of the L1210 cells, adding 1.5 ml 
of 0.05M Tris (pH 7.5) containing 3mM_ mercap- 
toethanol, and lysing the cells by freeze-thawing twice. 
After centrifugation at 40,000 g for 30 min, the super- 
natant was removed, dialyzed against 0.05M Tris 
(pH 7.5) containing 3 mM mercaptoethanol, and used 
for the enzyme reactions. 


Kinetic studies 


The enzyme reaction mixture contained 
0.435 ymole ATP, 0.22 umole MgCl,, 0.135 umole 
creatine phosphate, 3.0 umoles Tris (pH 7.9), 0.6 mg 
bovine serum albumin, 0.27 units creatine kinase, 0.05 
units NDP kinase, 10yl of enzyme preparation, 
[2-'*C]dCMP (1.0 to 100 nmoles), and ara-CMP or 
ara-CMeP (6.5 ymoles) altogether in 60yul. NDP 
kinase was added to enhance conversion of diphos- 
phate nucleotides to triphosphates to increase the sen- 
sitivity of the disc assay. Incubation was for 10 min 
at 37°, conditions under which the reaction rate was 
linear. Reactions were stopped by placing the incuba- 
tion mixture in boiling water for | min. To each tube 
was added 50 yl water, the contents were mixed, and 
50-yl samples of each tube were analyzed for product 
formation by the DEAE disc method described by 
Cheng and Prusoff[11]. The 50-yl samples were 
placed on DE81 discs and the discs air dried. The 
discs were gently washed three times (15 min each 
wash) in 4N_ formic acid containing 1mM’ 
ammonium formate. The discs were air dried and 
placed in scintillation vials, 10 ml of scintillation fluid 
was added, and the discs were counted. 


Phosphorylation studies 


The reaction mixture contained 1.0 umole MgCl,, 
5.0 umoles Tris (pH 7.9), 0.42 umole of either [y-*?P]- 
or [8-'*C]-labeled ATP (approximately 2 x 10° dis./ 
min), 1.0 mg bovine serum albumin, 25 yl of the crude 
enzyme preparation, and ara~CMP, dCMP or ara- 
CMeP (0.62 umole) in 120yl. Unlike the kinetic 
studies, no NDP kinase was added. The control reac- 
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tions contained no added substrate. After incubation 
at 37°, the reaction was stopped by placing the reac- 
tion mixture in boiling water for 1 min. Denatured 
protein was removed by centrifugation and 4 yl of 
the supernatant was spotted on DEAE-cellulose thin- 
layer chromatography plates. The plates were devel- 
oped in 4 N formic acid containing 1 mM ammonium 
formate. In this system, the nucleoside triphosphate 
remains at the origin (R,; = 0.03), the diphosphate has 
an R, of 0.38, and the monophosphate moves with 
the solvent front (R; = 0.96). The diphosphate and 
triphosphate spots were defined by both autoradi- 
ography and fluorescence under 254 nm u.v. light. The 
spots were scraped, placed in 18 ml of scintillation 
fluid, and counted. 


RESULTS 


Cytotoxicity in vitro 

The cell inhibition of ara~CMeP was compared to 
that of ara-C against P388 cells in vitro. A 24-hr expo- 
sure of P388 cells to ara~-CMeP at concentrations as 
high as 64 ug/ml of culture media produced no inhibi- 
tion of growth. After 48 hr, inhibition was 37 per cent 
at an ara-CMeP concentration of 64 ug/ml. Compar- 
able inhibition with ara-C was obtained at concen- 
trations of 0.7 ug/ml. Table 1 shows the inhibition 
data obtained at 48hr. From these studies, ara-C 
appears to be nearly ninety times as inhibitory as 
ara-CMeP. 


Kinetic studies 


Both ara-CMeP and ara-CMP inhibit the phos- 
phorylation of dCMP by leukemia L1210 dCMP 
kinase. The results are presented in Fig. 2 as a Line- 
weaver—Burk plot. [2-'*C]dCMP was used as a sub- 
strate of dCMP kinase with ara-CMP or ara-CMeP 
as inhibitor. The concentration of ara-CMP or ara- 
CMeP was 5mM in the reaction mixture. The K,, 
for (CMP was 2.1 x 10-3 M, which is similar to that 
previously reported for rat liver and _ calf 
thymus [12, 13]. Ara~CMP was a competitive inhibi- 
tor with a K; of 4.4 x 10~*M. Ara-CMeP was also 
a competitive inhibitor with a K; of 4.0 x 10~3M. 


Phosphorylation studies 

[y-??P]ATP was used to measure the rate of phos- 
phorylation of ara~CMeP, dCMP and ara-CMP. The 
use of >?P label in conjunction with a formic acid- 
DEAE cellulose chro:natography system (see Mater- 


Table 1. Effects of ara-C and ara-CMeP on P388 cells in 
culture* 





Ara-CMeP 
concn 
(ug/ml) 


Per cent 
inhibition 
at 48 hr 


Ara-C 
concn 
(ug/ml) 


Per cent 
inhibition 
at 48 hr 





10 88.9 64 36.9 
1 53.1 32 17.5 
0.1 2.8 16 ne 
1.6 3.5 





* Leukemia P388 cells were maintained in static culture 
in RPMI No. 1630 medium with 10% fetal calf serum. 
Cell concentration was 10° cells/ml in a total volume of 
5 ml. Cells were counted in a Coulter counter in duplicate. 
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Fig. 2. Kinetic studies of dCMP kinase. 


ials and Methods) allowed the specific examination 
of ATP-mediated phosphate transfers to nucleotides. 
The control for these reactions was a mixture contain- 
ing only enzyme while the reactions of interest con- 
tained, in addition, 5.2 mM ara-CMP, dCMP, or ara- 
CMeP. After chromatography, the nucleoside diphos- 
phate spots were removed, counted, and then cor- 
rected by subtracting the radioactivity contained in 
the same area of the chromatogram of the control 
reaction. Initially, a 10-min incubation period was 
used to study the phosphorylation of all three sub- 
strates, and ara-CMeP was found not to exceed that 
of control. The net formation of [*?P]-labeled nucleo- 
side diphosphates in the 10-min incubation was 
21 umoles with dCMP, 42 umoles with ara-CMP, and 
0.0 umole with ara~-CMeP. The more rapid rate of 
phosphorylation of ara~CMP compared to dCMP has 
been noted in the literature [13]. A 20-min incuba- 
tion, later extended to 40 min, confirmed that ara- 
CMeP was not phosphorylated. 

The chromatography system used to separate the 
mono-, di- and triphosphates does not distinguish 
specific nucleotides. Moreover, since all the nucleotide 
triphosphates remain at the origin, the system cannot 
distinguish dCTP, ara-CTP or ara-CMeTP from un- 
reacted ATP. To exclude the possibility that ara- 
CMeP is selectively converted to the triphosphate, 
[8-'*C]labeled ATP was used. The rate of formation 
of [8-'*C]ADP measures all ATP-mediated phos- 
phorylation in the reaction mixture and would detect 
the conversion of nucleoside monophosphate to tri- 
phosphates, a conversion which [j-??PJATP would 
not detect. The use of [8-'*C]ATP showed no evi- 
dence of selective conversion of ara-CMeP to the tri- 
phosphate form. 


DISCUSSION 


Ara-CMeP was synthesized as an analogue of ara- 
CMP to circumvent resistance to ara-C as a result 
of deletion of CdR kinase. Based on the results of 
studies with 5-bromodeoxyuridine-5'-methylphos- 
phonate [8], ara-CMeP was expected to have the fol- 
lowing properties [9]: (a) to function as an analogue 
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of ara-CMP and be phosphorylated to the triphos- 
phate form, (b) to penetrate cell membranes more 
easily than ara-CMP, and (c) to be resistant to phos- 
phatase attack. 

Growth of P388 leukemia in vitro is inhibited by 
the addition of ara~CMeP. However, concentrations 
of ara-CMeP 90-fold higher than ara-C were necess- 
ary for comparable inhibition. It is not clear whether 
this inhibition is due to ara-CMeP or to the break- 
down of ara-CMeP to ara-C. Only a 1 per cent con- 
version of ara-CMeP to ara-C would account for the 
results obtained. a quantity too low to be detected 
by our chromatographic techniques. Conversely, the 
low level of ara-CMeP inhibition provides indirect 
evidence of the stability of ara~CMeP to serum phos- 
phatase attack, supporting the report of Wigler and 
Lozzio [8] that such compounds are phosphatase re- 
sistant. The observed toxicity allows, at maximum, 
only a 1 per cent conversion of parent compound 
to ara-C since any greater conversion would have 
been reflected in greater cell kill. A possible reason 
for the phosphatase resistance is suggested by chemi- 
cal mechanism studies on di-ionic phosphate monoes- 
ters which revealed that in hydrolysis the P—O bond 
is cleaved and that resonance stabilization of the leav- 
ing group is important [14]. Methyl group substitu- 
tion would be expected to reduce this resonance stabi- 
lization and, consequently, make the P--O bond less 
susceptible to phosphatase attack. 

If ara-CMeP functions as an analogue of ara-CMP, 
it must be capable of successive phosphorylation to 
the triphosphate form, thus requiring that it be a sub- 
strate for (CMP kinase. Ara-CMP is a substrate for 
this enzyme and competitively inhibits the phosphor- 
ylation of dCMP. Ara-CMeP competitively inhibits 
dCMP phosphorylation as effectively as ara-CMP, 
Suggesting initially that ara~CMeP might be a sub- 
strate for this enzyme. However, chromatographic 
studies reveal that the -phosphate of [y-??P]ATP is 
not transferred to ara-CMeP. 

The failure of ara-CMeP to be phosphorylated can- 
not be attributed to an inability to bind to the kinase 
because the kinetic studies show that the kinase has 
an equal affinity for both ara-CMeP, which it fails 
to phosphorylate, and ara-CMP, which it phosphory- 
lates readily. Rather than indirectly affecting sub- 
strate-enzyme binding, the presence of a methyl 
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group on the phosphate of ara-CMeP directly pre- 
vents further phosphate additions. The transfer of 
phosphate from ATP to a nucleoside monophosphate 
is thought to result from a nucleophilic attack by the 
acceptor molecule on the terminal phosphorus atom 
of ATP [15]. The detailed mechanisms of the enzyma- 
tic reaction have not been elucidated and the role 
played by the substitution of a methyl group for an 
oxygen atom in preventing the transfer is un- 
clear [14]. 

Since ara-CMeP is resistant to further phosphory- 
lation, it does not function as an ara~CMP analogue 
and, therefore, should be ineffective in the treatment 
of ara-C resistant tumors. 
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Abstract—The effect of prednisolone on the activities of four intracellular enzymes of collagen biosyn- 
thesis was studied in rats. The steroid was given intraperitoneally in doses of 5 or 50 mg/kg/day 
for 4 days. The growth of the rats was retarded. Prolyl hydroxylase, lysyl hydroxylase, collagen galacto- 
syltransferase, and collagen glucosyltransferase activities were reduced in both the liver and skin, in 
a manner dependent on the dose of prednisolone. An analysis of variance failed to reveal any significant 
differences between the changes in activity of the four enzymes. 


The intracellular modifications -in collagen biosyn- 
thesis include the hydroxylation of certain prolyl resi- 
dues to hydroxyprolyl residues and certain lysyl resi- 
dues to hydroxylysyl residues, and the glycosylation 
of some of the hydroxylysyl residues to galactosylhyd- 
roxylysyl residues and some of the galactosylhydroxy- 
lysyl residues to glucosylgalactosylhydroxylysyl resi- 
dues. These reactions are catalyzed by four separate 
intracellular enzymes, prolyl hydroxylase, lysyl hy- 
droxylase, collagen galactosyltransferase and collagen 
glucosyltransferase (for reviews, see [1,2]). The rela- 
tionship between changes in the activity of these four 
enzymes has been studied by measuring then simul- 
taneously during the development of. experimental 
liver injury induced either by carbon tetrachloride or 
by dimethylnitrosamine [3,4]. The activity of hy- 
droxylases was altered considerably more than that 
of the two collagen hexosyltransferases, pattern of 
changes similar to that observed during ageing [4]. 
The data based on the simultaneous measurement of 
prolyl hydroxylase activity and the amount of im- 
munoreactive enzyme protein indicated that prolyl 
hydroxylase activity was controlled in part by a 
mechanism which does not involve changes in the 
content of total immunoreactive protein [5]. 

The administration of pharmacological doses of 
prednisolone produces anti-anabolic effects on the 
metabolism of collagen [6]. It has been suggested that 
one of these effects is mediated by a decrease in the 
activity of prolyl hydroxylase, since this correlated 
with a decrease in the synthesis of collagen [7, 8]. 
In that condition, however, the total amount of im- 
munoreactive prolyl hydroxylase decreased to the 
same extent as the active enzyme, meaning that there 
was control through the amount of the enzyme pro- 
tein [7]. Prednisolone (5 mg/kg/day) markedly restric- 
ted the increase in the activity of prolyl hydroxylase 
in thioacetamide-induced liver fibrosis in rats, and 
also reduced the activity of this enzyme in normal 
rats [9]. 

In the present study, the effect of prednisolone in 
the rat on the activity of four specific intracellular 
enzymes involved in collagen biosynthesis was studied 


in liver and skin to find out if specific changes take 
place in some of their activities. 


MATERIALS AND METHODS 


Animals and preparation of tissue samples for assay. 
The animals used were 12-day-old Long-Evans 
rats. Prednisolone-sodium-succinate (Solu-Dacortin®, 
Merck, E, Darmstadt, West-Germany) in 0.9% NaCl 
was injected intraperitoneally in doses of 5 mg/kg/day 
(first experiment) or 50 mg/kg/day (second experi- 
ment) for 4 days (two injections per .day). Control 
animals received equal amounts of 0.9% NaCl. Each 
experiment comprised five rats in the prednisolone 
group and five controls. 

The rats were killed by decapitation 6hr after the 
last injection, the liver rapidly removed, immediately 
frozen in liquid N, and weighed in the frozen state. 
The skin was immediately cooled to 0° and cleaned 
free of muscle, fat tissue and hair. Tissues were stored 
at —70° until assayed. The livers were homogenized 
in a Teflon/glass homogenizer (Thomas) at about 
1500 rpm. for 60sec in a cold solution consisting of 
0.2M NaCl, 0.1 M glycine, 0.1% (w/v) Triton X-100 
and 20mM Tris-HCl buffer, adjusted to pH 7.5 at 
4° [4]. The volume of the solution was 20 ml/g of 
liver. The skin samples were minced with scissors for 
5 min in a cold homogenization solution (8 ml/g of 
skin) and then homogenized in an Ultra-Turrax hom- 
ogenizer 2 times for Ssec each. The homogenates 
were incubated at 4° for 30min [3] and then centri- 
fuged at 15,000g for 30min at 4°. Portions of the 
supernatant were used for assay of the enzyme activi- 
ties and of the supernatant protein. 

Assay of prolyl hydroxylase activity. The assay was 
carried out using ['*C]proline-labelled protocollagen 
as substrate [5]. Portions of the 15,000 g supernatants 
were incubated under agitation for 30min at 37° in 
a final vol. of 2ml containing 50,000 dpm. of 
['*C]proline-labelled  protocollagen _ substrate, 
0.08 mM FeSO,, 2 mM ascorbic acid, 0.5mM «-oxo- 
glutarate, 0.2 mg/ml catalase (Calbiochem Ltd., Lon- 
don, U.K.), 2mg/ml bovine serum albumin (Sigma 
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Chemical Co., Kingston-upon-Thames, U.K.), and 
50mM Tris-HCl buffer, adjusted to pH 7.8 at 25° 
[4]. The reaction was stopped by adding an equal 
vol. of concentrated HCl, and after hydrolysis at 120° 
overnight the amount of hydroxy[{'*C]proline 
formed was assayed [10]. 

Assay of lysyl hydroxylase activity. The assay was 
carried out using ['*C]lysine-labelled protocollagen 
as substrate [4]. Portions of the 15,000 g supernatants 
were incubated under agitation for 45 min at 37° in 
a final vol. of 1ml containing 120,000 dpm. of 
['*C]lysine-labelled protocollagen substrate, 0.05 mM 
FeSO,, 0.5 mM ascorbic acid, 0.5 mM «-oxoglutarate, 
0.1 mg catalase, 1.5 mg bovine serum albumin, and 
50mM Tris-HCl buffer, adjusted to pH 7.8 at 25° 
[11]. The reaction was stopped by adding 10 ml of 
cold acetone, and hydroxy['*C]lysine was measured 
(11, 12]. 

Assay of collagen galactosyltransferase and collagen 
glucosyltransferase activities. For the assay of galacto- 
syltransferase activity, portions of the 15,000 g super- 
natants were incubated under agitation for 45 min at 
37° in a final vol. of 100 yl containing 40 mg/ml of 
gelatinized calf skin collagen as substrate, 60 uM 
UDP-['*C] galactose (55 Ci/mol), 10 mM MnCl,, and 
50mM Tris-HCl! buffer, adjusted to pH 7.4 at .20° 
[13]. The assay of the glucosyltransferase activity was 
carried out in 100 yl of a similar mixture, except that 
60 uM UDP-['*C]glucose (12 Ci/mol) was used [13]. 
Both reactions were stopped by adding 2 ml of cold 
1% (w/v) phosphotungstic acid in 0.5M HCl. The 
samples were centrifuged at 4000 g for 5 min and the 
pellets washed twice with 10% trichloroacetic acid 
and once with ethanol-ether (1:1). The dried pellets 
were hydrolyzed with 2M NaOH at 105° for 18 hr. 
After hydrolysis the ['*C]galactosylhydroxylysine 
and ['*C]glucosylgalactosylhydroxylysine formed 
were assayed by a specific procedure [13] involving 
purification of the samples in small columns of 
Dowex 50-X8. The paper-electrophoresis step of the 
original assay procedure was omitted (see [4]). 

Other assays. The protein content of the superna- 
tant of the liver and skin was assayed by the method 
of Lowry et al. [14]. All ['*C]radioactivity counting 
was performed in a Wallac liquid-scintillation spec- 
trometer with an efficiency of 85% and a background 
of 25 cpm. 

Statistical methods. The statistical significance of 
difference between means was calculated using the 
Student’s t-test. An analysis of variance was used to 
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detect significant differences in changes of the four 
enzyme activities in the liver or skin at a given dose 
of prednisolone. The calculations were performed on 
a Compucorp* 344 using a program for one factor 
analysis of variance. The F ratio obtained was then 
compared with the F distribution with 16 degrees of 
freedom (within the sample) and 3 degrees (between 
samples). 


RESULTS 


Effect of prednisolone treatment on the weights of 
the rats and their livers, and on the protein content 
of the supernatant of the liver and skin homogenates. 
Prednisolone treatment had a marked effect on the 
growth of the rats (Table 1), the weight gain being 
even reversed with larger doses. The wet weight of 
liver nevertheless increased in all animals, but this 
was largely due in the prednisolone group to an in- 
crease in the water content, as the 15,000g superna- 
tant protein content of the liver homogenates was sig- 
nificantly lower (Table 1). The soluble protein content 
of skin homogenates was only about one third of that 
in the liver. Macroscopically the skin of the treated 
animals was much thinner than that of the controls. 
The 15,000 g supernatant protein content of the skin 
homogenates was not changed significantly by the 
treatment (Table 1). The slight increase in the protein 
of the supernatant in the prednisolone group may be 
due to a reduction in water content [6]. 

Effect of prednisolone treatment on the four enzyme 
activities in the liver. Conditions for the extraction 
and assay of the four enzyme activities in the liver 
have been studied previously [3,4]. All the assays 
were carried out in the linear part of the standard 
curves. The changes in the four enzyme activities in 
the liver compared with values in the control rats, 
are shown in Fig. 1A and B. In both experiments 
the decreases in the activity of the four enzymes were 
statistically significant (P < 0.01; Student’s t-test). The 
reductions in activities were dependent on the dose 
of prednisolone. With a dose of 5 mg/kg/day the mean 
value in the prednisolone treated rats was 85.0 per 
cent of that in the control, and with a dose of 50 mg/ 
kg/day it was of 71.3 per cent. The analysis of vari- 
ance showed that the differences between changes 
among the four enzymes were not significant. Thus 
prednisolone produced a similar effect on all four 
enzymes in the liver. 

Effect of prednisolone treatment on the activity of 


Table 1. Effect of prednisolone on the weight of rats, their livers and the protein content of the supernatant of liver 
and skin homogenates 





Dose and group Initial weight 


Terminal weight 


Weight of 
liver 


Supernatant protein 
/g of liver /g of skin 





5 mg/kg/day 
Controls 
Prednisolone 

50 mg/kg/day 
Coritrols 
Prednisolone 


24.3+14 
21.2 + 1.17 


g mg mg 


825+ 47 
884+ 42* 


163 + 3 
63 + 


921 + 103 
1159 + 110F 


189 +4 
182 + 7* 





Prednisolone was given intraperitoneally in the doses indicated above for four days. Results are expressed as 
mean + S.D. of five rats. Significance levels: *P < 0.05; tP < 0.01; tP < 0.001. 





Prednisolone and intracellular enzymes of collagen biosynthesis 
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Fig. 1. Effect of prednisolone treatment on the four enzyme activities in the liver. The values are 

expressed as percentages (mean + S.D.) of those in the control rats. Pro = prolyl hydroxylase; Lys = ly- 

sy! hydroxylase, Gal = collagen galactosyltransferase, and Glu = collagen glucosyltransferase activity. 

C = controls, P = prednisolone treated. (A) Dose of prednisolone 5 mg/kg/day, (B) dose of prednisolone 
50 mg/kg/day. 


the four enzymes in the skin. Standard curves were 
prepared for all enzymes to ensure that the assays 
would be carried out under conditions in which the 
relationship between enzyme activity and product for- 
mation is linear. The changes in the four enzymes 
in the skin, as compared with values in the controls, 
are shown in Fig. 2A and B. In both experiments 
all reductions in activities were statistically significant 
(P < 0.01; Student’s t-test). As in the liver, the de- 
crease in the enzyme activities was dependent on the 
dose of prednisolone. With a dose of 5 mg/kg/day the 
mean value in the prednisolone rats was 77.8 per cent 
of that in the control rats, and with a dose of 50 mg/ 
kg/day it was of 71.3 per cent. The analysis of vari- 
ance showed no significant differences between the 
changes among the four enzymes. Thus the effect of 
prednisolone was also similar on all four enzyme ac- 
tivities in the skin. 


DISCUSSION 


The biosynthesis of collagen depends upon a 
number of unique post-translational modifications 
which are catalyzed by a number of specific enzymes. 
Knowledge of these modifications has increased 
rapidly in recent years (see [1,2]), and preliminary 
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information is available on the regulation and poss- 
ible specific pharmacological control of collagen bio- 
synthesis at these stages. 

Glucocorticoids and several synthetic anti-inflam- 
matory steroids reduce the rate of collagen biosyn- 
thesis when administered in pharmacological doses 
(see [8, 15, 16]). This effect is partly mediated by a 
reduction in the activity of prolyl hydroxylase in vivo 
[7,8, 17], but in vitro no decrease in the activity of 
this enzyme was observed, even though collagen syn- 
thesis was reduced [17]. The present work demon- 
strates that prednisolone administration decreases the 
activity of four specific enzymes involved in collagen 
biosynthesis, and thus the changes are not selectively 
directed against prolyl hydroxylase [7], but to all four 
intracellular enzymes. 

After liver injury the levels of the two hydroxylase 
activities alter much more than those of the two col- 
lagen hexosyltransferases [3,4]. After prednisolone 
treatment, however, the activity of all these four 
enzymes is reduced similarly, possibly due to a gen- 
eral reduction in the synthesis of the enzyme proteins. 
In the case of prolyl hydroxylase the amount of 
enzyme protein has been shown to decrease to the 
same extent as the activity of the enzyme [7, A. 
Oikarinen, personal communication], but it has not 
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Fig. 2. Effect of prednisolone treatment on the four enzyme activities in the skin. The values are 

expressed as percentages (mean + S.D.) of those in the control rats. Pro = prolyl hydroxylase, Lys = ly- 

syl hydroxylase, Gal = collagen galactosyltransferase, and Glu = collagen glucosyltransferase activity. 

C = controls, P = prednisolone treated. (A) Dose of prednisolone 5 mg/kg/day, (B) dose of prednisolone 
50 mg/kg/day. 
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been possible so far to measure the enzyme proteins 
of the other three enzymes to verify this finding. 
Glucocorticoids display inhibitory effects on fibro- 
blast multiplication [18]. This explains the retarded 
growth of the prednisolone rats here, but it need not 
mean that the reduction in activity of the four 
enzymes is due to a decrease in the number of fibro- 
blasts, as it has been shown that the activity of prolyl 
hydroxylase decreases even when expressed per cell 
[17]. In addition it has recently been found that the 
activities of the other three enzymes also decrease in 
matrix-free tendon cells when hydrocortisone is ad- 
ministered to chick embryos before the isolation. of 
the cells [A. Oikarinen, personal communication]. 
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Abstract—Low doses of DDT (2-5 mg/kg) and phenobarbital (~ 2 mg/kg/day) cause an increase of 
the cytochrome P450 and amidopyrine demethylation activity of rat liver. The combined stimuli have 
an added effect. It is suggested that other inducers probably have similar additional effects and that 
the known increase in drug metabolism produced by feeding natural diets is due to the summation 
of many inducer effects caused by different substances each at low dosage. 


A large number of natural substances, including fla- 
vones, indoles and terpenes [1-3] have the property 
of inducing synthesis of cytochrome P450 and drug 
metabolizing enzymes in the liver. In addition, foods 
contain additives, such as antioxidants, and contami- 
nants, such as DDT and benzo(a)pyrene, which also 
have inducing effects [4-7]. 

It has been shown that maximal doses of two in- 
ducers of the same type do not have additive 
effects [5], so that no further induction takes place 
when animals are dosed with DDT as well as a maxi- 
mal stimulating dose of phenobarbital. The question 
arises whether much smaller doses of several inducers, 
such as are likely to occur in normal diets and in 
the environment, are additive. 

If induction is sufficient to alter drug metabolism, 
this could be either harmful or beneficial, depending 
on what substances the individual meets at work or 
as medication [7]. 

If there is a threshold below which these drugs have 
no effect, as has been suggested [4,14] and if these 
sub-threshold doses do not add together or even in- 
terfere with each other [16] then as long as dietary 
levels of all such compounds are kept below thresh- 
old, there need be no concern about public health 
just because compounds in the environment show the 
property of inducing drug metabolizing enzymes. For 
instance, it is argued that the inducing activity of 
compounds such as the antioxidant butylated hyd- 
roxy anisole (BHA) is of no consequence because the 
amounts used are below the “threshold” where induc- 
tion occurs [4]. 

This argument depends on two unrelated and often 
unstated assumptions. Firstly, that there exists a 
threshold dose below which there is no effect, and 
secondly that the “sub-threshold” doses of the multi- 
tude of inducing substances that we meet, do not add 
up. 

We suggest that there is no evidence for any thresh- 
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old, though there are, of course, dose levels so low 
that biological and experimental variation conceal the 
effects especially when small populations are studied. 
The graphs showing supposed threshold values [4, 17] 
are misleading since they are log-dose graphs on 
which zero cannot be shown and where a response 
which is in fact directly proportional to the dose 
would give just such an apparent kink in the curve. 

We describe the simple additional effect of DDT 
and phenobarbital at doses close to those where in- 
duction first becomes measurable. We also show that 
diets commonly eaten by people have a substantial 
inducing capacity. 


MATERIALS AND METHODS 


Two sets of experiments were performed. In the 
first set, male albino rats of initial body weight 
135-210 g (A. Tuck and Son, Rayleigh, Essex) were 
housed in raised mesh cages and given a purified diet 
consisting of 20% casein, 10% corn oil, 65% maize 
starch and sucrose, vitamins and minerals to eat ad 
lib. [15]. DDT was dissolved in the corn oil and in- 
corporated in the purified diet. Drinking water was 
either distilled water containing Na phenobarbital at 
the indicated concentration [8], or distilled water 
alone. Phenobarbital was given in the drinking water 
for 8 days: at a water intake of approximately 
100 ml/kg body wt/day this gave the rats a phenobar- 
bital intake of 2 mg/kg/day for the 20 ug/ml concen- 
tration. 

In the second set of experiments, male albino rats 
of initial body weight 60-80 g were given stock pellets 
to eat ad lib. (Modified Diet 41B, Oxoid Ltd). The 
DDT (dissolved in corn oil) was given by two intra- 
peritoneal injections of the dose stated, 8 and 4 days 
before the rats were killed. Phenobarbital was given 
as before. 

In addition, one group of rats was fed on an “In- 
dian diet” consisting of homogenized curry dishes and 
rice (from a local restaurant), and another group was 
fed on a “British diet” consisting of hospital food. 
All were given distilled water to drink. 


1299 





A. E. M. MCLEAN and H. E. DRIVER 


Table 1. Effect of some diets on amidopyrine demethylation 





Diet 


Amidopyrene 
demethylation 
pmoles/g/hr 


Amidopyrene 
demethylation 
as % of 
control value 





Purified casein diet 
41B Stock pellets 
British hospital diet 
Indian restaurant diet 


21.54 4.9 — 
28.7 + 2 
24.8 + 5.4 
33.4 + 3.1f 


133.4 
115.2 
155.0 





Results are expressed as means + ISD for 5 or more rats at each point. 
Significant differences from the control casein group are indicated as follows: 


*P < 0.01; t < 0.001. 


The rats were killed by exsanguination under ether 
anaesthesia, the livers rapidly removed, cooled and 
weighed, and a 2g piece homogenized in 18ml 
150mM KCI containing 20mM Tris MCI buffer pH 
7.4 at 5° [9]. 

Assays. Cytochrome P450 in the liver homogenates 
was measured by the method previously de- 
scribed [9]. Demethylation of amidopyrine to give 
formaldehyde was measured by minor modification 
of the methods of Fouts and Nash[5,9, 10]. 18 ml 
of the 10% liver homogenate was centrifuged at 
7000 g for 10 min and the post-mitochondrial super- 
natant decanted. The incubation mixture consisted of 
I ml of the 10% post-mitochondrial supernatant in 
a final volume of S5ml containing the following: 
MgCl, 50 umoles, Na isocitrate 20 ymoles, KH,PO, 
buffer (adjusted to pH 7.5 with KOH) 600 umoles, 
semicarbazide (adjusted to pH 7 with NaOH) 
40 umoles, NADP3 pmoles. 


120-— 


The flasks were incubated for 2 min at 37°, in air, 
a 1 ml blank sample taken and the reaction started 
by addition of amidopyrine to give a final concen- 
tration of 6mM. Duplicate samples were taken 
10 min after initiating the reaction. The 1 ml samples 
were deproteinized with 1 ml saturated Ba (OH),, fol- 
lowed by 1 ml 20% ZnSO,, and centrifuged at 1000 
rpm for 10min. 1 ml of the clear supernatant was 
incubated at 60° for 30min with 0.5ml water and 
1 ml double strength Nash reagent [9, 10]. After cool- 
ing on ice and extraction into 1.5ml amyl alcohol 
the optical density was measured at 412 nm. 


RESULTS 


Table 1 shows that a substantial degree of enzyme 
induction is produced by ordinary dietary com- 
ponents. The “British diet” had the least inducing 
effect and the “Indian diet” the most, while stock pel- 
lets had an intermediate effect. 


Effect of combined dietary DDT and Phenobarbital on cytochrome P,5» level 


and Amidopyrine demethylation 
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Fig. 1. Each bar represents the mean for four or more rats of body weight 170-260g. Results are 
expressed as percentage difference from the control group fed on casein diet alone. Significant differences 
of the dosed groups from the control are indicated: * P < 0.05; ** P < 0.01; *** P < 0.001. The com- 
bination of DDT and phenobarbital was significantly different from the single doses at the following 
doses: Amidopyrine demethylation DDT 1.0 mg/kg P < 0.01; PB 30 ng/ml P < 0.05; DDT 3.0 mg/kg 
P < 0.01; PB 60 ug/ml P < 0.05; Cytochrome P450 level DDT 3.0mg/kg P < 0.001. The controls, 
fed on purified casein diet and distilled water, had a mean cytochrome P450 level of 36.7 + 5.4 nmols/g 
(mean for 15 rats) and a mean amidopyrine demethylation rate of 21.9 + 5.2 umoles/g/hr (mean for 
14 rats). 





Combined effects of low doses of DDT and phenobarbital 


Table 2. Effect of phenobarbital and injected DDT on cytochrome P450 level and amido- 
pyrine demethylation 





Amidopyrene 
demethylation 


pmoles formal- 
dehyde/g/hr 


Treatment 


Cytochrome P450 
nmol/g liver 





Stock pellets (41B) controls 


20 ug/ml PB 

40 pg/ml PB 

80 pg/ml PB 

5 mg/kg DDT 
DDT 5 + PB 20 
10 mg/kg DDT 
DDT 10 + PB 20 
20 mg/kg DDT 
DDT 20 + PB 20 
50 mg/kg DDT 


4 = 12 
28.7 + 3.6 


28.9 + 1.1 
41.34+49 





Results are expressed as means + ISD for 4 or more rats at each point. 
The rats weighed 120-160 g and were fed stock pellets. 


Figure 1 shows that when DDT is given in the 
diet and phenobarbital in the drinking water, the in- 
ducing effect of the two given together is greater than 
that of either substance given alone, at all doses 
used. 

At the very low doses (10 ug/ml phenobarbital and 
0.5 mg/kg DDT), there is no significant difference 
between any of the groups and the control, yet it 
is shown that the effects of DDT and phenobarbital 
may be additive even. at this level. 

At a slightly higher dose (30 ug/ml phenobarbital 
and 1.0mg/kg DDT) there is no significant difference 
between either substance given alone and the control 
for cytochrome P450, but when the two compounds 
are given together, the result is a significant alteration 
in the cytochrome P450 content of the liver. 

Table 2 shows that when DDT or phenobarbital 
is given in small to medium doses there is a near 
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linear response in cytochrome P450 content per gram 
of liver, and a similar increase in the amidopyrine 
demethylation in the post-mitochondrial supernatant 
fraction of the liver. 

Table 2 and Fig. 2 also show that addition of 
20 ug/ml of phenobarbital to the drinking water leads 
to an increase in cytochrome P450 level and in ami- 
dopyrine demethylation approximately equal to that 
produced by two injections of 5 mg/kg DDT. 

The addition of phenobarbital at a constant dose 
of 20 ug/ml to the DDT treatment leads to an in- 
crease in cytochrome P450 and in amidopyrine 
demethylation, at each level of DDT treatment, which 
is close to a simple addition of effects, without alter- 
ation in the slope of the dose-response curve. The 
only exception is that the lower end of the dose— 
response curve (0-Smg/kg DDT or 0-20,yg/ml 
phenobarbital) seems to have a steeper slope. 


c= 
Co 
a a 


x DDT alone 
4 DDT +20 pg/ml PB 


Amidopyrine Demethylation » mole/g/hr 





10 20 


DDT mg/kg 


Fig. 2. Dose response relation for drug metabolizing enzymes in the liver on simultaneous treatment 
with DDT and phenobarbital. DDT was given as two i.p. injections and phenobarbital was given 
in the drinking water at a dose of 20 ug/ml (approximately 2 mg/kg body weight/day). The lines in 
Fig. 2 were fitted to the points by eye and the regression lines were calculated separately. The slopes 
of the dose-response lines did not differ significantly (demethylation = a + 0.73 DDT dose and 
P450 = b + 1.58 DDT dose), but the positions of the lines differed in a highly significant way: 
P < 0.001 in each case. a = 17 and 29 and b = 29 and 41 without and with phenobarbital respectively. 
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DISCUSSION 


A large number of inducers are present in foods, 
at low doses, not only as contaminants and additives, 
but as an integral part of the diet [4,11]. It seems 
likely that there is no threshold for their effects, and 
that their actions will add together to produce a 
characteristic induction effect for any diet. The lipid 
and protein content of the diet may also alter re- 
sponses to inducers, especially in societies where low 
protein or low fat diets are eaten [7, 11]. 

Since the response to potentially toxic substances 
in the environment, or taken as medication, fre- 
quently depends on the level of activity of the oxida- 
tive enzymes of drug metabolism, centred on cyto- 
chrome P450 [12, 13], changes in P450 may lead to 
changes in public health. The present findings suggest 
that it is not enough to keep individual components 
of the diet, such as DDT or BHA, at sub-inducing 
levels, since these are simply the levels where the 
single effect is lost in the variation between animals, 
or people. Whole diets must be monitored to see 
whether changes in food technology are likely to lead 
to a shift in the inducing action of diets, with a conse- 
quent change in drug metabolizing activity over the 
whole population. The problem is made more com- 
plex by our lack of knowledge of the public health 
consequences of changes in drug metabolizing ac- 
tivity, though we can probably be assured that in 
spite of hepatoma formation in mice fed inducers such 
as phenobarbital, increased induction does not lead 
to increased tumour formation in man [13]. 
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Abstract—Harmaline and its benzo[b]thiophene analogue (“S-harmaline”) are shown to competitively 
inhibit monoamine oxidase (MAO). The inhibition was more marked with 5-hydroxytryptamine as 
a substrate than with tyramine or B-phenylethylamine. After i.p. administration, S-harmaline in contrast 
to harmaline inhibited the MAO in the brain more potently than in the liver. Harmaline produced 
a greater and longer lasting increase of cGMP in the cerebellum than S-harmaline. The S-harmaline 
was also less tremorogenic, thus indicating a connection between cGMP increase and tremor, but 


not between MAO inhibition and cGMP increase. 


Harmaline and related compounds are potent and 
reversible monoamine oxidase (MAO) inhibitors [1]. 
In addition, harmaline produces tremor, which seems 
to be connected with the increase of guanosine 
3’,5’-cyclic phosphate (cGMP) in the cerebellum 
[2-4]. The present communication is concerned with 
the comparison of a benzo[b]thiophene isostere 
(S-harmaline) of harmaline [5] and harmaline itself 


(Fig. 1) with regard to their actions on MAO and 
cGMP. 


MATERIALS AND METHODS 


The experiments were performed on male albino 
rats (about 150g body weight) from the Fiillinsdorf 
stock (SPF). Brains and livers were homogenized in 
20 vol. (v/v) potassium phosphate buffer 0.1M, pH 
7.4 in a glass potter and the MAO activity was 
measured in the total homogenate according to the 
method of Wurtman and Axelrod [6]. In short, the 
incubation mixture consisted of 25 yl homogenate, 
0.42 M potassium phosphate buffer, pH 7.4 and tyra- 
mine, 5-hydroxytryptamine (5-HT) or f-phenylethy- 
lamine as a radioactive substrate (2 x 10~*M) in a 
total vol. of 300 wl. After preincubation without sub- 
strate for 30 min at 37° and incubation for 10 min 
at 37° the reaction was stopped with 0.2 ml | n HCl, 
extracted with benzene/ethylacetate (1:1, v/v) and 
the radioactivity measured in a scintillation counter. 
The linearity was ensured for tissue concentration and 
for incubation time. For enzyme kinetics, the brains 


Fig. 1. Harmaline “S-Harmaline” 


B.P. 26/14—c 


were homogenized in 0.25 M sucrose and the washed 
mitochondrial fraction was used as an enzyme source 
[7]. In order to determine the liver/brain quotient, 
animals were injected i.p. with the drug and decapi- 
tated 1 hr later. The MAO activity was then measured 
in the total homogenate as described above and com- 
pared with the activity of untreated animals. 

For the analysis of cGMP the rats were killed by 
focusing a beam of microwave radiation (2.2kW; 
2.45 GHz; 50 W/cm?) for 7 sec directly on to the head 
in a manner similar to that described by Guidotti 
et al. [9]. The determination of cGMP in the cerebel- 
lum was performed by radioimmunoassay according 
to the method of Steiner et al. [10,11], as modified 
by Harper and Brooker [8]. 

The compounds used were [2-'*C]-5-hydroxytryp- 
tamine 55 yCi/m-mole, [1,2-*H]tyramine 1.1 Ci/m- 
mole (both Radiochemical Centre, Amersham, Eng- 
land), f-phenylethylamine [ethyl-1-'*C] 51 mCi/m- 
mole (New England Nuclear), harmaline HCI (Fluka, 
Buchs, Switzerland), S-harmaline (7-methoxy-3,4- 
dihydro-1-methylbenzothieno[2,3-c]pyridine hydro- 
chloride, kindly supplied by E. Campaigne (Professor 
of Chemistry, Indiana University, Bloomington, In- 
diana, U.S.A.). The preparation of the 2’-O-succinyl- 
cGMP and its tyrosinemethylester was performed by 
Dr. A. Kaiser and the antiserum by Dr. K. Reber. 


RESULTS 


Single i.p. injections of increasing doses of harma- 
line induced rapid and progressively larger increases 
in the content of cGMP in the cerebellum; S-harma- 
line was considerably less potent and its effect of 
shorter duration (Fig. 2, right). While harmaline pro- 
duced a 3.5-fold increase at the highest doses tested 
(50 mg/kg (Fig. 2, left)), S-harmaline only doubled the 
level of CGMP. Higher doses of S-harmaline were 
toxic. 

Tremor occurred in all rats receiving 20 or 
50 mg/kg of harmaline after a time latency of 34 min. 
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Fig. 2. Effect of harmaline and S-harmaline on the level of cGMP in the cerebellum. Harmaline or 

its S-derivate was injected i.p. to rats. The animals were killed by microwave irradiation of the head 

15 min after various doses (left) or at different times after the injection of 20 mg/kg (right). Each point 

is a mean with S.E.M. of at least 8 determinations. The values of cGMP are expressed in per cent 
of the mean of 16 untreated controls (1.73 + 0.12 nmole cGMP/g cerebellum). 


However, only 50 mg/kg of S-harmaline produced 
some tremor, which was strikingly less strong than 
with harmaline. 

Both compounds inhibited the MAO activity in the 
liver in vitro with similar potency, if 5-HT was used 
as a substrate. Thus, 50 per cent inhibition was deter- 
mined between 10~? and 10~* M harmaline or S-har- 
maline. However, with tyramine as substrate, the 
S-harmaline was nearly 100 times more potent than 
harmaline. With f-phenylethylamine the inhibition 
was weakest, harmaline hardly reaching 100 per cent 
inhibition at the very high concentration of 10~? M 
(Fig. 3). 

The nature of MAO inhibition was examined by 
a Lineweaver—Burk plot using tyramine as substrate. 
Both inhibitors displayed a competitive mode of inhi- 
bition. The K;-values for the two compounds were 
similar (4.4 and 5.1 x 10°°M for S-harmaline and 
harmaline, respectively (Fig. 4)). 

The inhibition of MAO after i.p. administration of 
S-harmaline and harmaline is shown in Table 1. The 
EDs. Of harmaline did not differ in liver or brain thus 
giving a quotient of 1. However, S-harmaline inhi- 
- bited MAO activity more potently in the brain than 
in the liver. 


Inhibition 


%o 





DISCUSSION 


Harmaline has been shown to activate guanylate 
cyclase [4] and to increase cGMP in the cerebellum 
[3, 12-14]. This increase seems to be connected with 
a tremorogenic action of the drug, since in newborn 
rats and after treatment with the nicotinamide antag- 
onist 3-acety!lpyridine, which destroys the inferior 
olive, both the tremor and the cGMP increase were 
absent [12]. The present results support this hypoth- 
esis, since S-harmaline, an isostere of harmaline, did 
not induce tremor and produced a much smaller in- 
crease in the level of cerebellar cGMP. This might 
indicate that a certain level of cGMP is necessary 
to induce tremor. 

It has been reported [5] that S-harmaline is 50 
times more potent as MAO inhibitor in rat liver in 
vitro than harmaline, using tryptamine as substrate. 
The present experiments confirm and expand this 
higher potency of the S-harmaline with tyramine and 
B-phenylethylamine as substrate (Fig. 3). However, 
with 5-HT as substrate practically no difference in 
the MAO inhibition was seen. This indicates that 
S-harmaline is a less specific inhibitor of the type A 
MAO than harmaline, which is considered as pure 
inhibitor of type A [15, 16]. 
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Fig. 3. Inhibition of MAO activity in the rat liver measured with 3 different substrates. MAO activity 

was measured with 5-HT O, tyramine @ and f-phenylethylamine @ as substrate, each with a concen- 

tration of 2 x 10°*M. The relative activities without inhibitor were 0.12 + 0.01, 0.47 + 0.01, 

0.26 + 0.01 nmole/mg fresh liver/min, respectively. Each point is a mean with S.E.M. of at least 3 
triple determinations. 
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Fig. 4. Lineweaver—Burk plot for MAO inhibition by harmaline and S-harmaline. Double reciprocal 

plot of velocities (v = umole min ' mg protein~ ') against concentrations of tyramine at several concen- 

trations of the inhibitors (0-100 x 10~° M). Mitochondrial fraction of rat brain was used as MAO. 
Each point is a mean of 2 triple determinations. 


|/Tyramine, |/Tyramine, 


Table 1. Comparison of MAO inhibition in rat liver and brain after ip. administration of the inhibitors 





EDs9 pmole/kg Ratio 





Inhibitor Substrate Liver 


EDs9 Liver/EDs9 Brain 





S-Harmaline 59.0 + 12 
28.6 + 10 
56.4 + 6.2 


25.7 + 13.0 


Tyramine 
5-HT 
Tyramine 
5-HT 


Harmaline 


45 + 0.6 
6.6 + 0.5 
1.0 + 0.2 
1.0 + 0.2 





One hour after i.p. injection of the inhibitor the MAO activity was measured. Each EDs9 is a mean 
with SEM of at least 4 experiments, each with 4-5 different doses (4 animals per dose). The liver/brain 
quotients were calculated separately for each experiment in order to get a S.E.M. These quotients 
of the same substrate were significantly (P < 0.001) different between the two inhibitors. 


The present studies with tyramine as substrate 
show in a Lineweaver—Burk plot a competitive type 
ot inhibition (Fig. 4). This might partly explain the 
various degrees of MAO inhibition reported for har- 
maline in the literature [15,17], since the substrate 
concentrations used varied considerably. 

In addition the purity of the MAO and the organ 
source influence the inhibition [18]. Thus MAO is 
inhibited to a similar extent by harmaline and S-har- 
maline in mitochondrial brain enzyme (Fig. 4), but 
in liver homogenate, S-harmaline is more potent than 
harmaline (Fig. 3). 

The S-harmaline has been reported [5] to have 
more than 200 times higher lipid solubility than har- 
maline. This might explain the higher liver/brain quo- 
tient of the S-harmaline (Table 1). In accordance, it 
has been reported [5] that the administration of the 
S-harmaline to mice resulted in a higher elevation 
of 5-HT in the brain than with the same dose of har- 
maline. 

In conclusion the cerebellar effect induced by har- 
maline does not seem to be related to inhibition of 
MAO, since after i.p. administration, S-harmaline is 
a more potent inhibitor of cerebral than of hepatic 
MAO, whilst the level of cGMP on the contrary is 


much more increased by harmaline than by S-harma- 
line. The present results confirm the findings [19] that 
the tremorogenic activity of harmaline coincides with 
its capability to increase cerebellar cGMP levels and 
expand them to an isostere of harmaline which was 
less tremorogenic and hardly increased the cGMP 
levels. Thus the present results add evidence to the 
view indicating a connection between cGMP increase 
and tremor, but not between MAO inhibition and 
cGMP increase. 
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Abstract—Hamster astroblast glial cells (clone NN) and dissociated glial cells from newborn rat brains 
in primary culture were exposed to from 5 x 107° to 1 x 10~3.M pentobarbital-Na and 1 x 10°*M 
or 2.5 x 10-*M morphine hydrochloride. After various periods of time the following enzymatic activi- 
ties were measured in the cell culture: fructose-diphosphate-aldolase (ALD), pyruvate kinase (PK), 
lactate dehydrogenase (LDH), glutamate dehydrogenase (GDH), malate dehydrogenase (MDH) and 
NADH cytochrome c reductase (CCR). The long-term exposure to pentobarbital resulted in increases 
in LDH, MDH and GDH activities and a consistent decrease in PK activity. Continuous exposure 
to morphine resulted in minor, uniformly depressive changes. When neuroblastoma cells (clone M1) 
or rat fibroblasts in primary culture were exposed to pentobarbital no specific changes could be 
detected. The results are interpreted to suggest that barbiturates affect the carbohydrate metabolism 


of glial cells in a drug- and cell-dependent fashion. 


An in vitro system of homogeneous brain cells which 
reflects some known in vivo actions of barbiturates 
in a reproducible manner would prove extremely use- 
ful in the study of the biochemical mechanism of 
action of these drugs. 

Previous work from this laboratory has shown that 
certain glial cells in culture provide such a cellular 
system reflecting some aspects of barbiturate-induced 
dependence [1]. Further, it was shown that during 
continuous exposure to pentobarbital, tolerance to 
this drug can be induced[2]. This tolerance was 
accompanied by a drastic increase in oxygen and glu- 
cose consumption of the cells, despite the fact that 
direct addition of the barbiturate to normal respiring 
cells was found to result in the well-known depression 
of oxygen uptake [3]. 

Based on these observations a systematic study was 
undertaken to investigate the effects of long-term 
exposure of glial cells to pentobarbital on carbo- 
hydrate metabolism. The following enzymes were 
studied: fructose-diphosphate-aldolase (ALD), pyru- 
vate kinase (PK), lactate dehydrogenase (LDH), gluta- 
mate dehydrogenase (GDH), malate dehydrogenase 
(MDH), and NADH cytochrome c reductase (CCR). 
These enzymes can be considered to be indicative of 
the action of the Embden-Meyerhof pathway, pyru- 
vate synthesis, anaerobic metabolism, the tricarboxy- 
lic acid cycle and the cytochrome transport chain, 
respectively. In order to gain some insight into the 
specificity of barbiturate action the effect of pento 
bital was studied as a function of the cell type in- 
volved and was compared to that of morphine. 


METHODS 


Cell culture conditions. Several cell types were cul- 
tured either in continuous line or in primary culture. 
For the glial cells in continuous line hamster astro- 
blast glial cells (clone NN) were used. These cells were 


initially isolated and subsequently characterized by 
Shein and collaborators [4,5]. They were obtained 
from North-American Biologicals, Inc. The neuro- 
blastoma cell line was isolated and characterized in 
this laboratory [6]. The glial cells in primary culture 
were prepared from newborn rats according to the 
method of Booher and Sensenbrenner [7]. Primary 
cultures of rat fibroblasts were prepared by the same 
technique using rat embryos at 13 days of gestation. 
Embryos were removed from the uterus under sterile 
conditions and only the body (without head or extre- 
mities) was used. 

For the continuous cell lines (M1 and NN) the cells 
were grown under conditions identical to those de- 
scribed [2]. The primary cultures were grown in plas- 
tic Falcon flasks (75 cm?) at 37° in 5% CO,-95% air 
atmosphere with saturated humidity. The cultures 
were maintained in Pasteur modified Eagle medium 
supplemented with 20% fetal calf serum. The medium 
was changed every fourth day. 

Pentobarbital-Na (Abbott) was added to the cul- 
ture media in final concentrations ranging from 
5 x 10~° to 1 x 10°3M for various periods of time 
up to a total of 4 weeks. Morphine-HCl (Merck) was 
added to result in the final concentrations of 
1 x 10°*M or 2.5 x 10°*M. The drugs were ini- 
tially added at the time of subculturing for the con- 
tinuous lines and one week after the start of the cul- 
ture in the case of the primary cultures. The pH of 
the culture medium was kept constant at 6.7—7.3 for 
the continuous lines and between 6.9 and 7.3 for the 
primary cultures. Untreated cells of the same subcul- 
ture and the same cell density served as controls. The 
cultures were periodically observed and photo- 
graphed under an inverse phase contrast microscope 
plus camera assembly (Leitz, Wetzlar, Illford PANF 
black/white film). 

Enzymatic activities. With the exception of the 
results contained in Fig. 1 (comparison of the effect 
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during logarithmic and stationary phase of growth) 
all enzyme. determinations were done during the 
stationary phase of growth. 

Cells were rinsed 2 times with isotonic saline and 
then harvested into 10 ml of saline with the aid of 
a rubber spatula. They were centrifuged at 500 rpm 
for 5 min, washed again and then homogenized in a 
Potter-Elvehjem glass homogenizer for 2min in 
1mM EDTA pH 7.0. This was followed by three 
times 20sec sonications separated by 20sec cooling 
periods in an ultrasonic disintegrator (power 150 W). 
The sonicate was then centrifuged at 27,000g for 
15min. The supernatant was used as crude extract. 
All assays were prepared at 25° and followed spectro- 
photometrically. 

ALD was measured in Tris (SOmM, pH 7.6), 
10mM EDTA, 1.8mM_ fructose diphosphate, 
0.15mM NADH with 10 ug/ml of a glycerophosphate 
dehydrogenase/triose phosphate isomerase mixture 
according to Kowal et al.[8]. LDH activity was 
measured by using the method of Bergmeyer et 
al.[{9]. GDH was determined by the method of 
Schmidt [10], MDH according to the method of 
Bergmeyer and Bernt[{11], PK by the method of 
Bergmeyer [12]. CCR was assayed spectrophotome- 
trically at pH 7.4 by following the reduction of cyto- 
chrome c at 550 nm in | ml 0.025 M phosphate buffer, 
pH 7.4, containing 0.5 mg cytochrome c (horse heart, 
Boehringer), 1.3 x 10°*M KCN, 50mM NADH. 
One unit of enzymatic activity was defined as the 
amount of enzyme which transforms 1 uM substrate 
per min at 25°. Specific activity is expressed as unit 
per mg of protein, which was determined by the 
method of Lowry et al. [13]. 

For the cross-incubation experiments crude 
extracts were prepared as described above. Thereafter, 
respective extracts were mixed in a 50:50 (v/v) ratio 
and incubated at room temperature for 30 min. This 
was followed by the determination of the enzymatic 
activities as described above. 
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NADH was procured from Sigma, all -substrates 
from Boehringer, all other chemicals used were of 
highest laboratory grade (Merck). 

The data were analysed by the Student t-test 
(2-tailed). 


RESULTS 


The effect of pentobarbital on the carbohydrate 
metabolism of NN glial cells. Based on the dose-res- 
ponse curve for morphological and biochemical 
results [2] a dose of 5 x 10°*M Pentobarbital was 
chosen and tested for its effect during the logarithmic 
(3 days) and stationary (7 days) phase of growth of 
the NN glial cells (Table 1). The presence of pentobar- 
bital during 3 days of logarithmic growth results in 
a significant reduction of the activities of LDH and 
significant increases in the activities of GDH and 
CCR. At confluence and after 7 days of exposure to 
the drug, the activity of LDH of barbiturate treated 
cells was found to be higher than that in untreated 
cells and the initial increase in CCR activity to be 
diminished to non-significant levels. The effect on the 
GDH activity remained unchanged. In addition, after 
7 days of growth in the presence of pentobarbital, 
the activity of PK was significantly reduced when 
compared to untreated cells of the same passage and 
same cell density. 

The enzymatic activities of MDH, PK and GDH 
were studied in NN glial cells exposed to various 
doses of pentobarbital for a period of 2 weeks. The 
results obtained are summarized in Table 2. Over the 
dose range and time period studied it is apparent that 
the activity of MDH is not greatly affected whereas 
the activities of PK and GDH are respectively de- 
creased or increased as a function of the dose in the 
incubation medium. 

Figure 1 summarizes the changes observed in all 
enzymatic activities measured as a function of time 
of culturing in a medium containing the intermediate 


Table |. The effect of pentobarbital on carbohydrate metabolism of NN glial cells in culture during 
different growth phases 





3 Days in culture 
(Logarithmic) 


7 Days in culture 
(Stationary) 





Culture 
medium 


ymole substrate used per mg protein per min 





Control 
Barbituratet 
Control 
Barbiturate 
Control 
Barbiturate 
Control 
Barbiturate 
Control 
Barbiturate 
Control 
Barbiturate 


1.33 + 0.11 
2.13 + 0.06* 
0.95 + 0.05 
1.03 + 0.05 
1.47 + 0.07 
0.54 + 0.05* 
0.034 + 0.003 
0.037 + 0.004 
0.018 + 0.002 
0.025 + 0.002* 
1.70 + 0.16 
1.98 + 0.13 


He HE HE HEHEHE HE HH 
cooococococococoo 





All values represent means of 4 plastic (Falcon) tissue flasks + S.E.M. 
*P < 0.05 compared to respective value in drug-free medium. 


+5 x 10°*M pentobarbitol-Na. 





Pentobarbital on glial cell culture 


Table 2. The effect of various concentrations of pentobarbital-Na in the culture medium on the 
activities of MDH, PK and GDH of NN glial cells (2 weeks) 





MDH 


PK GDH 





Culture medium 


umole substrate used per mg protein per min 





Drug-free 

5 x 107°M Pentobarbital 
1 x 10-*M Pentobarbital 
2.5 x 10°*M Pentobarbital 
5 x 10°*M Pentobarbital 
1 x 10-3M Pentobarbital 


1.05 + 0.12 
0.92 + 0.09 
1.04 + 0.03 
0.82 + 0.03* 
0.65 + 0.04* 
0.052 + 0.03* 


0.024 + 0.001 
0.025 + 0.003 
0.036 + 0.002* 
0.034 + 0.004* 
0.037 + 0.003* 
0.032 + 0.001* 





All values represent means of at least 3 plastic Falcon flasks + S.E.M. 


*P < 0.05 compared to drug-free medium. 


dose of 5 x 10°*M pentobarbital. As can be seen 
over a period of 4 weeks, the initially observed in- 
crease in LDH activity progressively declines, and 
that of GDH activity progressively increases. PK 
remains at the same level of reduced activity through- 
out the entire period. CCR never changes significantly 
from control levels. The increase in ALD and MDH 
activities reaches levels of statistical significance at 2 
and 4 weeks, respectively. 

The direct effect of pentobarbital on PK and LDH 
and the effect of cross-incubation. The effect of pento- 
barbital-Na when added to the crude extract of un- 
treated cells was measured on the activities of LDH 
and PK. The results are presented in Fig. 2. The enzy- 
matic activities measured in extracts from untreated 
cells are depicted in columns 1A and 1B. The direct 
addition of 5 x 10°-*M pentobarbital for an incuba- 
tion period of 30min does not affect either enzyme 
(columns 2A and 2B). Furthermore, from the tem- 
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perature control it is apparent that both enzymatic 
activities are stable over this incubation period 
(columns 3A and 3B). Columns 4A and 4B represent 
the enzymatic activities measured in extracts of cells 
that had been cultured in the presence of pentobarbi- 
tal-Na for 2 weeks. In columns 5A and 5B are shown 
the results of a cross-incubation between one half of 
the extract from untreated cells and one half of that 
from the barbiturate-treated cells. These “mixed” ac- 
tivities should be compared to the theoretical value 
(columns 6A and 6B) which would be obtained if the 
activities from untreated and those from barbiturate- 
treated cells were simply additive. It can be seen that 
the increase of LDH activity after cross-incubation 
is not different from that seen in barbiturate-treated 
cells, that is the activity observed after cross-incuba- 
tion is higher than that of the theoretical value. In 
the case of PK, there is a greater reduction of activity 
after ¢ross-incubation than that observed in the 
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Fig. 1. The effect of continued exposure to pentobarbital-Na on carbohydrate metabolism of glial 
cells (NN) in culture. Control and barbiturate-treated cultures were subcultured once weekly, the 
medium was changed every 2nd day. The barbiturate-treated cells were maintained in a medium con- 
taining 5 x 10~* M pentobarbital-Na. All determinations were done after a 7-day growth period. The 
control values were (umole of substrate per min per mg protein + S.E.M.): LDH—1.27 + 0.05; 
MDH—1.02 + 0.07; PK—1.37 + 0.07; ALD—0.029 + 0.002; GDH—0.021 + 0.002; CCR—1.74 + 0.09. 
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Fig. 2. The direct effect of pentobarbital-Na on LDH and PK activities and the effect of cross-incuba- 
tion. (1) Enzymatic activity of cells cultured in drug-free medium. (2) Enzymatic activity of / after 
incubation for 30min in the presence of 5 x 10°*M pentobarbital-Na at 25°. (3) Enzymatic activity 
of | after drug-free incubation for 30 min at 25°. (4) Enzymatic activity of cells cultured for 2 weeks 
in the presence of 5 x 10~* M pentobarbital-Na. (5) Enzymatic activity of extracts / and 4 in a 50:50 
(v/v) mixture. (6) Theoretical value obtained if extracts ] and 4 were additive after a 50:50 (v/v) 
mixture. All values represent means of 4 Falcon flasks determined in duplicates + S.E.M. 


extract of barbiturate-treated cells alone, i. the 
actual activity measured is much lower than the 
theoretical value of dilution. 

The effect of morphine on the carbohydrate metabo- 
lism of NN glial cells in culture. The effect of a 2-week 
exposure period to morphine-HCl on the carbo- 
hydrate metabolism of NN glial cells is shown in Fig. 
3. It is apparent that with the increase in dose there 
is a tendency towards a uniform depression of all 
enzymatic activities measured. Only two points reach 


the level of statistical significance (PK _ at 
2.5 x 10°*M and GDH at 1 x 10~*M). When NN 
glial cells were exposed to 1 x 10°*M morphine for 
up to 4 weeks (data not included here) no statistically 
significant change in the activity of any enzyme could 
be detected. 

The effect of pentobarbital on the carbohydrate 
metabolism of neuroblastoma cells (M1) in culture. 
Three different dosages of pentobarbital-Na were 
tested in the neuroblastoma cells over a period of 
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Fig. 3. The effect of morphine-HCI on carbohydrate metabolism of glial cells (NN) in culture. All 
values represent means of 4 Falcon flasks + S.E.M. The culture period was 2 weeks. *P < 0.05. 
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Fig. 4. The effect of pentobarbital on carbohydrate metabolism of neuroblastoma (M1) cells in culture. 
The values represent either means of 4 Falcon flasks + S.E.M. or less than 4 flasks (no S.E.M.). The 
culture period was 2 weeks. 


2 weeks (Fig. 4). With the increase in dose a progress- 
ive decrease in all enzymatic activities measured was 
found. No enzyme appeared particularly sensitive 
when compared to the others at the same dose. 

The effect of pentobarbital on the carbohydrate 
metabolism of rat glial cells in primary culture. In Fig. 
5 are summarized the results obtained in astroblasts 
from newborn rats in primary culture. The growth 
of these glial cells for 4 weeks in a culture medium 
containing 5 x 10~* M pentobarbital resulted in the 
same qualitative changes in carbohydrate metabolism 
as in NN cells. The activities of LDH, MDH and 
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GDH are significantly increased, with GDH being the 
most responsive. PK is significantly reduced, whereas 
aldolase and CCR remained unchanged. 

The effect of pentobarbital on the carbohydrate 
metabolism of rat fibroblasts in primary culture. Three 
different doses of pentobarbital were tested for their 
effect on the various enzymatic activities of cultured 
rat fibroblasts (Fig. 6). It is readily apparent that the 
effect of the barbiturate is uniformly depressive in 
fibroblasts over this time period. The activities of 
LDH and GDH appear particularly sensitive whereas 
those of MDH and CCR are more resistant. It should 
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Fig. 5. The effect of pentobarbital-Na(Pb) on carbohydrate metabolism of glial cells in primary culture. 


Glial cells were prepared from brains of newborn rats. Each value represents a mean of 4 Falcon 
flasks + S.E.M. *P < 0.05. The culture period was 4 weeks. 
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Fig. 6. The effect of pentobarbital-Na on carbohydrate metabolism of rat fibroblasts in primary culture. 
Cells were prepared from 13-day-old rat embryos. Each value represents a mean of 4 Falcon flasks + 
S.E.M. The culture period was 4 weeks. *P < 0.05. 


be pointed out that cultures grown in the presence 
of the highest concentration of the drug (1 x 10-3 M) 
had protein contents reduced by approximately 50 
per cent at the end of the 4 week culture period. 


DISCUSSION 


As has been reported previously [2] growth of glial 
cells in culture in the presence of pentobarbital in- 
duces an increase in their oxygen and glucose con- 
sumption. In the present communication we report 
on the effect of pentobarbital on the activities of 
several enzymes of the carbohydrate metabolism in 
different cell types in culture. It was found that the 
initial effect of the drug in glial cells in continuous 
line was different during the logarithmic or the 
stationary phase of growth (Table 1). Over a 2 week 
growth period in the presence of concentrations rang- 
ing from 5 x 10°°M to 1 x 10°3M _ pentobarbi- 
tal-Na some enzymes exhibited a graded response 
depending on the dose (Table 2). When NN glial cells 
were exposed over a time period of 4 weeks to a 
single dose of 5 x 10°*M pentobarbital-Na certain 
time-dependent changes in enzymatic activities were 
observed. Of primary interest are those changes 
observed in glial cells only, and not in neuroblastoma 
cells or in fibroblasts in primary culture. 

The most striking effects in glial cells were on the 
activities of GDH and LDH. Whereas the former 
showed a progressive increase over the entire culture 
period studied, LDH was depressed during the initial 
exposure period, but then remained elevated through- 
cut the 4 weeks. Whether that initial depression rep- 
resents the direct effect of pentobarbital, as could be 
speculated based on results obtained in vivo [14], or 
is due to the fact that the cells were in the logarithmic 
phase of growth can not be determined. The impor- 
‘tant fact is that the stimulatory responses only 
occurred in the glial cell population, and were not 
reproduced in neuroblastoma cells nor in fibroblasts. 
The somewhat sporadic changes of ALD and MDH 
activities in glial cells, although statistically signifi- 
cant, may not be of functional significance. Pyruvate 
kinase activity of glial cells was reduced throughout 


the entire culture period in a dose-dependent fashion, 
but the same effect was seen in the fibroblasts and 
neuroblastoma cells. The other enzymatic activities 
of these two cell types were either not affected by 
any of the doses of pentobarbital employed or 
depressed with increasing doses of the drug (Figs 4 
and 6). 

The purpose of the cross-incubation experiments 
was to gain some insight into the mechanism of the 
barbiturate effect in NN glial cells. It was found that 
the stimulatory or inhibitory action of continuous 
culture in pentobarbital on LDH or PK activities, 
respectively, remained the same whether the extract 
was assayed alone or whether the extract from bar- 
biturate treated cells was diluted to one half by 
extract from control cells. These results could be in- 
terpreted to indicate the excessive presence of activat- 
ing or inhibiting factors in barbiturate-treated cul- 
tures. It does not seem likely that the actual rates 
of enzyme synthesis were affected by the drug treat- 
ment. 

The prolonged exposure of the same glial cells to 
morphine was undertaken since it has been shown 
that morphine, like pentobarbital, reduces growth 
rate of the cells [2]. It was found that culturing of 
NN glial cells in a medium containing morphine-HCl 
did not affect the enzymatic activities in the same 
way as pentobarbital. If any effect was observed, it 
was a reduction of activity (Fig. 3). It may be con- 
cluded, therefore, that the enzymatic changes induced 
by the barbiturate are not related to its growth inhibi- 
tory effect. 

Since the NN glial cells constitute a continuous 
line, it was of primary importance to study the re- 
sponse of non-transformed glial cells in primary cul- 
ture to barbiturates. It was found that cultures of 
astroblasts from newborn rats responded to the drug 
in a qualitatively similar fashion as the glial cells of 
the NN line. In fact, it was surprising to find that 
the actual activities were of comparable magnitude. 
The stimulatory effect on GDH and LDH activities 
was considerably greater in the primary cultures than 
in the glial cells of the continuous line. The other 
enzymes were affected to about the same extent. The 
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significance of that differential response is not appar- 
ent. It should be appreciated that the growth rate 
of primary cultures is considerably less than that of 
the continuous line and this may partially account 
for the differences observed. Nevertheless, it may be 
concluded that the continuous line glial cells seem 
to be representative for the action of barbiturates on 
glial cells, since their response to the drug is repro- 
duced by normal glial cells in primary culture. It is 
tempting to speculate that the unique changes seen 
in glial cells represent cell specific responses and that 
the time-dependent alterations signify some process 
of biochemical adaptation, the mechanism of which, 
however, remains unclear. Similarly, to what extent 
these changes may or may not be related to the toler- 
ance to barbiturate observed [2] is impossible to 
ascertain. 
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Abstract—Doses of chlorpromazine and of molindone that inhibit conditioned avoidance behavior 
of rats were tested for their abilities to inhibit cardiac adenylate cyclase. In untreated rats, basal 
levels of enzyme activity were 201 pmole cAMP mg~' Smin~'. Pretreatment of rats either acutely 
(30-100 min) or chronically (7 days) with either chlorpromazine or molindone (both 10 mg/kg, i-p.) 
did not alter basal levels of cardiac adenylate cyclase. In vitro, both drugs inhibited the enzyme at 
concentrations greater than 10~* M. At concentrations below 10~* M, neither drug appreciably inhi- 
bited basal levels or B-agonist-induced changes in cardiac adenylate cyclase. In related experiments, 
pithed rats were treated with various doses of chlorpromazine or molindone. Neither drug, at behavior- 
ally relevant doses, depressed cardiac contractility or inhibited f-agonist-induced changes in contrac- 
tility. At toxic doses, both drugs tended to depress contractility. 


There currently exist a large number of clinically use- 
ful antipsychotic drugs. These agents are reasonably 
similar in terms of efficacy, but they differ strikingly 
in terms of their abilities to evoke adverse side effects 
or to participate in adverse drug interactions. In the 
context of adverse side effects, chlorpromazine (Cpz) 
is known to exert a variety of actions on mammalian 
heart. One of the more important actions is that of 
Cpz-induced changes in the electrocardiogram. These 
changes have been reported for human patients 
receiving therapeutic doses of the drug (e.g. Refs. 1 
and 2). Even though it is well established that Cpz 
can alter electrical activity of the heart, little is known 
about the ability of Cpz to alter mechanical activity 
of the heart. Accordingly, one of the purposes of the 
present study is to assess the effects of Cpz on basal 
and on f-agonist-induced changes in myocardial con- 
tractility. In view of the presumed link between car- 
diac contractility and adenylate cyclase activity, an 
additional purpose of the study is to assess the effects 
of Cpz on f-sensitive adenylate cyclase. 

In the context of adverse drug interactions, it has 
been reported that Cpz can interact adversely with 
the antihypertensive agent guanethidine [3]. Indeed, 
all three major classes of antipsychotic drugs 
(phenothiazines, thioxanthenes and butyrophenones) 
can antagonize guanethidine [3]. By contrast, molin- 
done (Mild) is a relatively new antipsychotic drug that 
does not belong to the major classes mentioned 
above, and it does not interact with guanethidine [4]. 
Since Mld may be a favorable drug for use in psychia- 
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tric patients with concomitant hypertension, a ques- 
tion naturally arises as to whether Mld could be used 
in psychiatric patients with concomitant heart disease. 
The effects of Mld on myocardial contractility and 
on cardiac adenylate cyclase have not previously been 
reported. Therefore, a final purpose of this study is 
to examine the effects of Mid on mammalian heart. 


MATERIALS AND METHODS 


Animals. Male Wistar rats (Charles River Breeding 
Laboratories, Wilmington, MA) weighing between 
200 and 300g were used in these studies. Animals 
were subjected to a variety of biochemical, cardiovas- 
cular or behavioral manipulations as described below. 

Adenylate cyclase activity. Enzyme activity was esti- 
mated by measuring the rate of conversion of radioac- 
tive adenosine triphosphate {[*?P]JATP, 7 Ci/m-mole, 
New England Nuclear, Boston, MA} to the corre- 
sponding cyclic monophosphate (cAMP). The tech- 
nique used was that of Krishna, Weiss and Brodie [5]. 
In brief, the procedure was as follows. Animals were 
decapitated and their hearts were rapidly excised. Tis- 
sues were rinsed, weighed, minced and then homogen- 
ized in ice cold Tris-HCI buffer (50 mM, pH 7.5) con- 
taining MgSO, (3.0mM). An aliquot of the tissue 
homogenate was added to a reaction mixture to pro- 
duce a final concentration (protein) of approximately 
10 mg/ml. The reaction mixture was the same as that 
described by Krishna et al., except for two modifica- 
tions described by Vulliemoz, Verosky and Triner [6]. 
These modifications were: (1) rather than adding 
theophylline to inhibit phosphodiesterase, cold 
cAMP (3.0mM) was added to produce a “sparing 
action”, and (2) phosphoenolpyruvate and pyruvate 
kinase were added as an ATP-generating system. The 
reaction mixture was incubated at 35° for 5 min, after 
which the reaction was terminated by a boiling water 
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bath (Smin). The reaction mixture was centrifuged 
(5,000 rpm, 15 min), and the debris obtained after cen- 
trifugation was assayed for protein [7]. The superna- 
tant was subjected to column chromatography and 
barium-zinc precipitation for isolation of 
[°?P]cAMP. Levels of the cyclic nucleotide were 
measured by liquid scintillation spectrometry, and 
results were corrected for recovery. Enzyme activity, 
unless otherwise indicated, refers to pmole cAMP 
generated per mg protein per 5 min. To facilitate com- 
parisons, data are presented as percent increase 
(agonist) or percent decrease (antagonist) in basal 
levels of enzyme activity. 

Pithing. In previous studies [8], pithing has been 
done as described by Shipley and Tilden [9]. Accord- 
ing to their technique, a pithing rod is pased through 
the orbit and the cranium into the spinal column. 
However, in the present study the reverse technique 
was used. That is, a pithing rod was inserted into 
the base of the spinal column, and it was passed for- 
ward through the foramen magnum into the cranium. 
The latter technique was easier to accomplish. Re- 
gardless of which technique was used, animals were 
anesthetized (pentobarbital sodium, 50 mg/kg) during 
pithing. 

Cardiac contractility and heart rate. Cardiovascular 
responses were studied in pithed animals. Cardiac 
contractility was monitored by using a derivative 
computer. A cannula (P.E. 50) was inserted into the 
left carotid artery and driven to the left ventricle. The 
cannula was attached to a transducer (Hewlett Pack- 
ard 1280B) and amplifier (Hewlett Packard 8805C) 
that was connected to the derivative computer (Hew- 
lett Packard 8814A). This arrangement provided a 
continuous record (Hewlett Packard 7754A thermal 
recording system) of the rate of change of pressure 
(dP/dt) from diastole (relaxation) to systole (contrac- 
tion). Although contractility varied somewhat from 
animal to animal, it was highly stable within animals 
(see Results). 

Heart rate was monitored with two subdermal elec- 
trodes (active leads) in the chest wall and one subder- 
mal electrode (reference lead) in a hind limb. Heart 
rate recordings were obtained by coupling a rate com- 
puter (Hewlett Packard 8812A) with a bioelectric 
amplifier (Hewlett Packard 8811A), both of which 
were connected to the recording system. 

During. experiments on cardiac contractility, ani- 
mals were pretreated with an a-adrenergic blocking 
agent (phenoxybenzamine, 10 mg/kg, i.v., 30min). 
This pretreatment ensured that changes in cardiac 
contractility would not be secondary to drug-induced 
(alpha agonist or antagonist) changes in blood pres- 
sure. 

Conditioned avoidance behavior. Animals were 
trained to preform in a two-way shuttlebox condi- 
tioned avoidance paradigm. A description of the 
apparatus and the details of the procedure have been 
presented elsewhere [4]. In the present study, animals 
received 100 trials per day. Each trial was composed 
of an avoidance interval (15sec), an escape interval 
(15sec), and an intertrial interval (30sec or longer). 
The elapsed time from trial onset to trial onset was 
60 sec. Therefore, if an animal performed either an 
avoidance response or an escape response, there was 
automatic compensation in the intertrial interval. The 
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phenomenon of major interest was rate on onset of 
antipsychotic drug effect. Therefore, performance 
(number of avoidance responses) was analyzed per 
block of 10 trials (elapsed time = 10 min). 

Drugs. The drugs used were: chlorpromazine hy- 
drochloride, phenoxybenzamine hydrochloride, and 
reserpine phosphate (gifts from Smith Kline and 
French Laboratories, Philadelphia, PA); molindone 
hydrochloride (gift from Endo Laboratories, Garden 
City, NY); l-norepinephrine bitartrate (Winthrop 
Laboratories, New York, NY); isoproterenol hydro- 
chloride, dl-propranolol hydrochloride, and carba- 
mylcholine chloride (Sigma Chemical Co., St. Louis, 
MO); and acetylcholine chloride (Calbiochem, Los 
Angeles, CA). 

Drug dosages are expressed in terms of the free 
base. For i.p. injections, the volume of fluid adminis- 
tered varied with body weight (1 ml/kg). For i.v. injec- 
tions, a bolus of 0.05 ml was used regardless of drug 
dosage or animal weight. Intravenous injections were 
routinely given through the superior vena cava. 

Data. Individual data points on each figure rep- 
resent the mean +S.D. Statements on statistical 
analyses (P values) refer to use of the Student’s t-test. 


RESULTS 


Adenylate cyclase activity in rat myocardium. Entire 
hearts (n = 10) were assayed for adenylate cyclase as 
described in Methods. The basal level of enzyme ac- 
tivity was 201 + 12pmoles cAMP mg™! S5min“'. 
Comparable values were obtained when left (n = 5) 
and right (n = 5) hearts were assayed separately. Re- 
gardless of tissue (entire heart, left heart or right 
heart), enzyme activity was linear with time 
(2-20 min) and with protein (S—SO mg). 

Effect of agonists on adenylate cyclase activity. 
Narious concentrations of isoproterenol and nore- 
pinephrine were tested for their abilities to stimulate 
adenylate cyclase activity (Fig. 1). Both agonists were 
active within the concentration range of 10-7 to 
10-3M. The respective EDs0’s were: isoproterenol, 
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Fig. 1. Effects of isoproterenol and norepinephrine on car- 

diac adenylate cyclase. Various concentrations of agonist 

were tested for the ability to stimulate enzyme activity. 

Both agonists were effective, the respective EDs o’s being: 

isoproterenol, 2 x 10~°M; norepinephrine, 4 x 10~° M. 

Each data point on the figure represents the mean + S.D. 
of at least 10 observations. 
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Fig. 2. Effects of chlorpromazine (part A) and molindone 
(part B) on conditioned avoidance behavior. Twenty rats 
were trained to perform an avoidance task. When training 
was complete, rats received 100 trials per day for 5 days 
(control), and data were analyzed per block of 10 trials 
(10 min). At the end of the control period, animals were 
randomly assigned to the chlorpromazine or molindone 
group (n = 10). Once again, animals received 100 trials per 
day for 5 days, the trials beginning immediately after drug 
administration (10 mg/kg, i.p.). For both the control period 
and the drug period, all responses during all 5 days for 
all animals in a particular group (control, chlorpromazine, 
or molindone) were averaged. Note that trained animals 
performed well when no drug was administered, but ani- 
mals lost the ability to perform avoidance responses after 
drug administration. For both drugs, inhibition of avoid- 
ance behavior was nearly complete by 30 min, i.e., 3 blocks 
of 10 trials. 


2 x 10-° M; norepinephrine, 4 x 10~° M. Isoproter- 
enol produced a maximum stimulation (increase in 
basal enzyme activity) of 86 + 6%; norepinephrine 
produced a maximum stimulation of 67 + 5%. The 
difference between the drug-induced maxima is sig- 
nificant (P < 0.05). 

Effect of Cpz and of Mld on conditioned avoidance 
behavior. Cpz and Mld exert inhibitory effects on con- 
ditioned avoidance behavior within the dosage range 
of 0.3-10 mg/kg (i.p.). The respective IDs9’s are: Cpz, 
ca.,2 mg/kg; Mld, ca. 0.6 mg/kg [4]. To determine 
the maximum rate of onset of neuroleptic drug effect, 
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Fig. 3. Effects of chlorpromazine and molindone on car- 
diac adenylate cyclase activity. Various concentrations of 
each drug were tested for the ability to inhibit basal 
enzyme activity. At concentrations below i0~* M, neither 
drug inhibited adenylate cyclase; at concentrations above 
10-* M, both drugs inhibited the enzyme. Inhibition pro- 
duced by chlorpromazine was particularly notable. Each 
data point on the figure represents the mean + S.D. of 
at least 12 observations. 
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a large dose (10 mg/kg, ip.) of either Cpz or Mid 
was administered to rats that had been trained to 
perform a conditioned avoidance response. The data 
are presented in Fig. 2. For both drugs, conditioned 
avoidance behavior was significantly inhibited within 
20 min, and profoundly inhibited within 30min. At 
this large dose, both drugs produced sustained inhibi- 
tion (> 100 min) of conditioned avoidance behavior. 

Effect of Cpz and of Mld on basal adenylate cyclase 
activity. A large dose of Cpz or Mid (10 mg/kg, i.p.) 
was administered acutely to rats (group n= 4). At 
various times (10 min intervals) after drug administra- 
tion (30-100 min), groups of animals were sacrificed 
and hearts were assayed for enzyme activity. At no 
time did either drug produce a statistically significant 
reduction in cardiac adenylate cyclase activity. In 
related experiments, rats (group n = 5) received daily 
injections of Cpz or Mid (10 mg/kg, ip., 7 days). 
Groups of animals were sacrificed either 1 hr or 24 hr 
after the final drug administration. Once again, 
neither drug produced a significant reduction in 
enzyme activity. 

Various concentrations (Fig. 3) of Cpz or Mld were 
incubated with homogenates of heart obtained from 
animals that had not previously been treated with 
the drugs. At concentrations below 10~* M, neither 
drug exerted an appreciable effect on adenylate cyc- 
lase. At higher concentrations, especially for Cpz, 
there was a reduction in basal levels of enzyme ac- 
tivity. 

Effect of Cpz and of Mld on agonist-induced changes 
in adenylate cyclase activity. Homogenates of heart 
were incubated with various concentrations of nore- 
pinephrine plus either Cpz or Mld (10°° to 
3 x 1075 M). The highest concentration of neurolep- 
tic tested (3 x 10~*° M) was that which appeared not 
to alter basal levels of enzyme activity (see Fig. 3). 
At this concentration, neither Cpz nor Mid signifi- 
cantly inhibited the ability of norepinephrine to 
stimulate f-sensitive adenylate cyclase in heart (Fig. 
4). 

In a separate series of experiments, higher concen- 
trations of Cpz or Mld (3 x 10~* M to 10-3 M) were 
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Fig. 4. The effects of chlorpromazine (part A) and molin- 
done (part B) on f-agonist-induced changes in cardiac 
adenylate cyclase. Various concentrations of norepine- 
phrine were added to tissue homogenates in the absence 
(control) or presence of a neuroleptic (3 x 1075 M). 
Neither chlorpromazine nor molindone inhibited the abi- 
lity of norepinephrine to stimulate adenylate cyclase. Each 
data point on the figure represents. the mean + S.D. of 
at least 5 observations. 
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Fig. 5. The effects of chlorpromazine and molindone on 
cardiac contractility. Rats (group n = 8 or more) were 
pithed, after which contractility was monitored until it had 
stabilized, i.e., less than 5% change for at least 30 min. 
Rats then received either chlorpromazine or molindone 
(1 mg/kg, i.v.). Changes (%) in contractility after drug 
(10min) were compared to basal contractility before drug 
(control). Note that only chlorpromazine (*) produced a 
significant (P < 0.01) increase in contractility. 


used. In these experiments, both drugs impaired the 
ability of norepinephrine to stimulate adenylate cyc- 
lase. When the data were analyzed according to the 
techniques of Lineweaver and Burk[10] and of 
Dixon [11], it was clear that the drugs were not act- 
ing simply as competitive inhibitors of the B-receptor. 
The inhibition was mainly noncompetitive and prob- 
ably represents, as mentioned earlier, the ability of 
high concentrations of Cpz and Mld to depress basal 
levels of enzyme activity. 

Effect of Cpz and of Mld on basal cardiac contrac- 
tility. Rats were pithed, prepared for monitoring of 
cardiac responses, and given approximately 30 min to 
stabilize. Although cardiac contractility varied among 
animals, it was highly stable within animals. Accord- 
ingly, each animal served as its own control in each 
experiment. 

Pithed animals (group n = 8 or more) were used 
to evaluate the effects of Cpz or Mld on cardiac con- 
tractility and on heart rate. When administered i.p. 
at doses up to 10 mg/kg, neither drug significantly 
influenced contractility or rate. When administered 
i.v. at a dose of 1 mg/kg, Cpz significantly increased 
contractility (ca. 60%, see Fig. 5) and rate (ca. 
60 beats/min). The cardiac effects of Cpz were pre- 
sumably secondary to effects (evoked release, block- 
ade of uptake) on biogenic amines, because the re- 
sponses were abolished by pretreatment with reser- 
pine (10mg/kg, ip. 12hr) or with propranolol 
(5 mg/kg, i.v., 30 min). In contrast to Cpz, Mid at the 
same dose (1 mg/kg, i.v.) did not alter cardiac contrac- 
tility or heart rate. When administered i.v. at a dose 
of 10 mg/kg, both drugs evoked irregularities, mainly 
depression, in contractility and rate. 

Effect of Cpz and of Mld on agonist-induced changes 
in cardiac contractility. Rats were pithed and prepared 
for recording of cardiac contractility. For each rat, 
a dose of norepinephrine (ca. 10 pg/kg, i:v.) was deter- 
mined that produced an increase in basal contractility 
of approximately 50%. Various groups of rats then 
received various doses of Cpz or Mid either i.p. or 
i.v. Norepinephrine was tested again at several times 
(30-100 min) after administration of a neuroleptic. At 


doses that did not alter basal contractility, Cpz and 
Mid did not inhibit B-agonist-induced changes in car- 
diac contractility. 


DISCUSSION 


Methodology. An accurate assessment of the myo- 
cardial effects of Cpz or of Mid is difficult to achieve. 
For reasons that are obvious, it is not practical to 
make direct measurements of the effects of these drugs 
on mechanical activity of human heart in vivo. To 
date, there are no published studies on the effects of 
these drugs on mechanical activity of human heart 
in vitro. Most investigators have elected to study the 
effects of Cpz on isolated tissues derived from labora- 
tory animals (see Refs. 12-14; there are no published 
data on Mild). In studies of this kind, it has been 
found that high doses of Cpz depress either basal con- 
tractility or f-agonist-induced changes in contrac- 
tility. In each of the studies, the authors have noted 
that the concentrations of Cpz which altered contrac- 
tility were probably higher than the concentrations 
of Cpz that one might expect in the plasma of patients 
under treatment with the drug. This conclusion, 
although true, is subject to certain limitations. Firstly, 
it has never been demonstrated that adverse cardiac 
effects of phenothiazines are closely correlated with 
plasma levels of drug. Secondly, it has often been 
claimed that the pharmacological activity of Cpz is 
due, at least in part, to its metabolites. And thirdly, 
no attempt has ever been made to show that the con- 
centration of drug being tested in a tissue bath bears 
any relationship to the dose of drug that affects 
behavior of an animal from whom cardiac tissue was 
obtained. 

An effort has been made to overcome each of the 
limitations ennumerated above. Initially, a determina- 
tion was made of the doses of Cpz and of Mld that 
affect behavior [4]. This was followed by a determina- 
tion of the maximum rate of onset and duration of 
behavioral effects of the drugs (text Fig. 2). To obviate 
the question of whether drug concentrations that 
might be tested in vitro were relevant to the whole 
animal, experiments on contractility were performed 
in vivo. To answer the question of whether parent 
compounds or metabolites were involved, both acute 
and chronic drug regimens were used. 

Some concern might arise regarding the use of 
pithed rather than intact animals. However, there is 
justification for choosing the pithed rat preparation. 
Cpz impairs a-adrenergic transmission, and in so 
doing it affects blood pressure of intact animals. 
Changes in blood pressure can influence measure- 
ments of cardiac contractility. The advantage of the 
pithed animal is that it is maximally, or near maxi- 
mally, vasodilated; therefore, «-adrenergic antagonists 
can exert little influence on blood pressure. Another 
consideration is that Cpz acts at several sites to im- 
pede the baroceptor reflex of intact animals. This 
problem cannot arise in pithed animals, owing to the 
absence of central reflexes. 

Experimental findings. In the context of the present 
study, a negative finding is a favorable outcome. That 
is, it would be desirable to establish with some cer- 
tainty that neither Cpz nor Mid, at behaviorally rele- 
vant doses, inhibits basal levels or B-agonist-induced 
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changes in myocardial contractility or cardiac adeny- 
late cyclase. Such an outcome appears to have been 
obtained. It was found that Cpz and Mild, when ad- 
ministered i.p. at doses that inhibit avoidance behav- 
ior, do not depress contractility and do not diminish 
enzyme activity. Moreover, the drugs do not inhibit 
B-adrenergic responses. 

To make the aforementioned conclusions tenable, 
two observations must be explained. One of these 
observations was that, when administered i.v. at high 
doses, the drugs did alter contractility. However, the 
concept of a “behaviorally relevant dose” refers not 
only to amount and route of drug administration; 
it refers also to certain elements of drug kinetics. For 
Cpz and other neuroleptics, the rate of redistribution 
out of blood is extremely rapid; it is much more rapid 
than the rate of peritoneal absorption. Because the 
rate of redistribution is so rapid and so extensive 
(brain to plasma ratio > 30; ref. 15), an i.p. injection 
could never produce plasma levels of drug compar- 
able to those obtained immediately after an i.v. bolus. 
As a result, the amount of drug perfusing the heart 
after i.p. injection can never equal the amount perfus- 
ing the heart immediately after i.v. injection. Taking 
into account the appropriate pharmacokinetics, one 
would conclude that: (a) behaviorally relevant doses 
of Cpz and Mld do not impair mechanical activity 
of the heart, but (b) excessive or toxic doses may im- 
pair mechanical activity. 

Another observation that requires explanation per- 
tains to adenylate cyclase activity. It has been known 
for many years that norepinephrine will stimulate car- 
diac adenylate cyclase [16, 17]. In fact, it is generally 
acknowledged that there is a link between increases 
in enzyme activity and increases in contractility, 
although the link is not as clear as was once envi- 
sioned (compare Ref. 18 with Ref. 19). In any event, 
high concentrations of Cpz did have a pronounced 
effect on adenylate cyclase in vitro. A question arises 
as to whether these data are, pertinent to the in vivo 
situation. In all likelihood, the pertinence is minimal. 
The concentrations of Cpz that depressed basal levels 
of enzyme activity were 10°*M or greaer. These 
concentrations would be difficult to maintain in vivo. 
After intravenous administration of 10mg/kg Cpz, 
only the instantaneous concentration would be in the 
range of 10°*M. Within minutes, redistribution 
would cause plasma levels of drug to fall to the uM 
range. Once again, it may be judicious to conclude 
that: (a) behaviorally relevant doses of Cpz and Mld 
do not inhibit cardiac adenylate cyclase, but (b) exces- 
sive or toxic doses may inhibit the enzyme. 

Implications. The stated goals of this study were 
to assess the cardiac effects of Cpz and Mild. As dis- 
cussed above, neither drug appears likely to exert 
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deleterious effects, insofar as contractility and adeny- 
late cyclase are concerned. These data are encourag- 
ing, but certainly preliminary. Future work must 
demonstrate that the drugs do not have untoward 
effects on diseased heart. Moreover, the findings on 
laboratory animals must be reproduced on humans 
or on tissues derived from humans. Experiments 
along the latter line are presently underway. 

There is one final, albeit unfortunate, matter of 
note. Whether intentionally (e.g. suicide) or uninten- 
tionally (e.g. hepatic shutdown), patients occasionally 
are exposed to extraordinary concentrations of drug. 
Under such circumstances, either Cpz or Mld might 
adversely affect the heart. The present report should 
not be construed as evidence that Cpz or Mid is in- 
ocuous in relation to cardiac function. 
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Abstract—Rats and cats were injected with [*H]choline, ['*C]choline or [*°S]thiamine. Choline and 
thiamine metabolites were extracted from different tissues by ion-pair extraction. Different chromato- 
graphic techniques and the use of two separate precursors—choline and thiamine—showed that a 
fraction of the radioactivity was incorporated into a [°H]2-methylthiamine-like substance. A relation- 
ship was found between the amounts of radioactive acetylcholine and the 2-methylthiamine-like sub- 


stance formed. 


An unidentified polar metabolite of choline has been 
detected in cat ventral roots during studies on the 
synthesis of acetylcholine (ACh). This metabolite 
(compound A) has chemical characteristics in com- 
mon with 2-methylthiamine. The importance of thia- 
mine as a co-enzyme in carbon-group transfer and 
decarboxylation reactions is well-documented. The 
diphosphate form of thiamine is the active co-factor. 
There is evidence which suggests that thiamine plays 
a unique role in the function of excitable membranes 
in addition to its role as the co-enzyme in intermedi- 
ary metabolism. Von Muralt [1] found a release of 
thiamine from stimulated nerves, an observation con- 
firmed and extended by Cooper and Pincus [2]. In 
the main, it was the non-phosphorylated form of thia- 
mine which was released. Thiamine has also been 
shown to reverse the decrease in excitability with time 
normally observed in the voltage-clamped node of 
Ranvier [3]. 

The present paper discusses the possibility that the 
formation of 2-methylthiamine may reflect cholinergic 
nicotinic receptor activity. The suggested inter-rela- 
tionship between thiamine and nicotinic receptor ac- 
tivity could explain one role of thiamine in excitable 
membranes. 


MATERIAL AND METHODS 
In vivo administration of precursors 


The spinal cords of 17 anaesthetized cats (Nembu- 
tal, 30 mg/kg 1.p.) were exposed over the lumbar and 
sacral regions. The radioactive precursors (choline 
chloride, (N-C*H;)3); choline chloride, (N-('*CH;)5); 
[*°S]thiamine hydrochloride; betaine chloride, 
(N-'*CH;)3) and adenosyl-L-(S-'*CH,)methionine) 
were dissolved (one at a time) in 2 yl of 0,9% NaCl 
and injected into the region of ventral horn cells using 
the technique described by Ochs & Burger [4]. The 
dorsal root ganglia were injected with 20yCi of 
[*H]choline (dissolved in 2 ul of 0,9% NaCl). 


In vitro incubations with precursors 


With tissue. Ventral roots (0.1 g) were homogenized 
with 25 strokes with a glass pestle or chopped with 
scissors in 15mM sodium phosphate buffer, pH 7.9 


(5% w/v). Incubation (0.3 ml) was carried out at 37° 
for 30 mfn in one of the following media. 
1.150mM sodium phosphate buffer, pH 7.9 

0.03, 0.3 or 3.0 uM thiamine 

30 uM [?H]choline 

(1 zCi) or 304M [PHJACh (0.1 wCi) and 10°°M 

eserine sulphate 
2.150mM sodium phosphate buffer, pH 7.9 

0.03, 0.3 

or 3.0 uM thiamine 

30 uM adenosyl-L-methionine (S-'*CH;) (0.36 Ci) 

Five and four experiments respectively were carried 
out in each group. 

Without tissue. Twenty nmoles of ACh were incu- 
bated with I nmole of [°°S]thiamine in 0.1 ml of 
0.1M Tris buffer, pH 7.9 or pH 9, at 70° for 60 min 
(10 experiments). Blank incubations were performed 
at pH 3.0 (10 experiments). 


Extraction of tissue samples 


Thirty min after injection of isotopes (40 min in the 
case of rat tissues), the ventral roots were homogen- 
ized with 25 strokes in a glass homogenizer contain- 
ing allyl-cyanide with 12.5 mg/ml of sodium tetraphyl- 
boron [5] to extract choline metabolites. After centri- 
fugation, the organic phases were transferred to new 
tubes containing 2 ml of 1 M HCl. After being shaken 
for 15 sec, the tubes were centrifuged and the organic 
phases discarded. The aqueous phases were washed 
with 4 x 5 ml of ether and then freeze-dried. The re- 
covery of ACh by this extraction procedure was 
97-102%. 


Chromatography 


The freeze-dried pellets were dissolved in 75% 
ethanol and chromatographed using the following 
solvent systems. 

Paper chromatography (Whatman No. 1 paper). 
Butanol-ethanol-acetic acid—water (8:2:1:3), ascend- 
ing and descending (solvent system); propanol—1 M 
ammonium formate—-water (39:18:18), descending 
(solvent system 2); propanol-1M sodium acetate 
buffer (pH 5)-water (7:1:2), ascending (solvent system 
3). 


Thin layer chromatography (glass plates covered 
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with cellulose, DC-Fertigplatten Cellulose®). Butanol 
ethanol-conc. hydrochloric acid—water (16:4:1:5). 
The following reference substances were run in par- 
allel with the samples: ACh (15 yg), choline (10 yg) 
and 2-methylthiamine (15 yg). The reference spots 
were stained with Dragendorffs reagent [6]. In some 
experiments where [*H]choline had been used for 
labelling. ['*C]choline or [*°S]thiamine was added 
in order to localize the choline or thiamine spots. 
The identity of the ACh-spot was further confirmed 
by AChE treatment and subsequent chromatography. 
After the chromatograms had been developed for 
about “16hr, they were dried, cut or scraped into 
0.5 cm pieces and put into Packard plastic vials with 
2,5 ml of 0.9% NaCl. After they had been shaken for 
2hr, 10 ml of Instagel scintillation fluid was added 
(Packard Instrument Co.) and the radioactivity was 
measured in a liquid scintillation counter. 
2-Methylthiamine was synthetized by reacting 
2,4-dimethyl-5-hydroxyethylthiazole with 2-methyl-4- 
amino-5-pyrimidylmethyl bromide hydrobromide as 
described by Andersag and Westphal [7]. The thia- 
zole derivative was synthetized according to Lindberg 
et al. [8]. Chemicals for the thiazole synthesis were 
kindly supplied by Astra Co., Sddertalje, Sweden. The 
pyrimidyl compound was a gift from Merck Co., 
Darmstadt, West Germany. Other chemicals were 
obtained from usual commercial sources and were of 
analytical grade or of the purest grade commercially 
available. Choline chloride, (N-(C°H3)3) (sp. act. 1 Ci 
m-mole); choline chloride, (N-'*CH;)3) (sp. act. 
50 mCi/m-mole); [*°S]thiamine (sp. act. 1 mCi/m- 


mole) and betaine chloride, (N-'*CH;)3) (sp. act. 
1 mCi/m-mole) were obtained from NEN Chemicals, 
Germany. Adenosyl-L-~(S-'*Ch,) methionine (sp. act. 
25 mCi/m-mole) was obtained from the Radiochemi- 
cal centre, Amersham, England. The glass-plates for 


thin layer chromatography were obtained from 
Merck Co. The radiochemical purity of [*H]choline, 
['*C]choline and [?°S]thiamine was controlled by 
paper chromatography (system 2) and was more than 
99%. 


RESULTS 
Chemical identification of compound A 


When extracts of ventral roots (n > 15) injected 
with 20 Ci of [*H]choline were chromatographed 
with solvent system 1 or 2, three main peaks of radio- 
activity appeared, two with R,-values corresponding 
to those of ACh and choline and a third due to an 
unknown compound A (Fig. 1). Similar results were 
obtained when 5 pCi of ['*C]choline was used as pre- 
cursor (n = 3). The R,-value of compound A was 
found to correspond to that of thiamine. When sol- 
vent system 3 was used for chromatography, however, 
all the radioactivity moved with the solvent front 
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(n = 3). When the radioactive substance with an R,- 
value of 0.25 (corresponding to the thiamine refer- 
ence) was eluted from the paper developed by solvent 
system | and rechromatographed on paper developed 
by solvent system 3, the radioactivity moved as 
2-methylthiamine with an R,-value (0.65) slightly 
higher than that for thiamine (0.60)(n = 2). A refer- 
ence spot containing ACh and 2-methylthiamine 
which was developed by system 3 also moved with 
the solvent front whereas 2-methylthiamine alone had 
an R,-value of 0.65 (n > 10). Thus compound A and 
2-methylthiamine behaved identically in system 3. It 
was impossible to separate compound A and thiamine 
completely by paper chromatography, but compound 
A was clearly separated from thiamine on thin layer 
chromatography; compound A showed the chromato- 
graphic properties of 2-methylthiamine (Fig. 2). 
Compound A was also found when extracts from 
ventral roots injected with 5 pCi of [*°S]thiamine 
were investigated using thin layer chromatography 
(Fig. 2)(n = 5). Thus both choline and thiamine may 
serve as precursors for compound A. Choline, ACh 
and compound A constituted 6-14% of the total 
radioactivity in ventral roots. In dorsal roots the 
levels of both ACh and compound A were lower (Fig. 
1). The content of compound A in the ventral roots 
was about 2-100 pmol (7-35 ng) per 0.1 g of ventral 
roots, if calculations are carried out using the known 
specific activities of the isotopes and if compound A 
is assumed to have the same specific radioactivity as 
the added precursor [*H]choline. Control experi- 
ments (n = 6), where [*H]choline or [*7H]ACh was 
added to the ventral roots immediately before the 
homogenization with allylcyanide, showed only cho- 
line or ACh respectively in the chromatograms. Thus 
compound A is not an artefact of the procedure used. 


Cat dorsal roots 


In chromatograms from extracts of cat dorsal roots 
in vivo, the peaks corresponding to both compound 
A and ACh were much smaller (Fig. 1b) than in those 
from extracts of ventral roots, despite the fact that 
the dorsal roots contained large amounts of free cho- 
line (n = 5). 

Choline is metabolized along three pathways, 
namely to metabolites in the intermediary metabolism 
(by donating methyl groups after oxidation to betaine 
[9]), to ACh and to phospholipids after oxidation to 
betaine [9]), to ACh and to phospholipids. 


Compound A and intermediary metabolism of choline 


The possibility that compound A is identical with 
one of the known choline metabolites.in the interme- 
diary metabolism was investigated by dissolving each 
of the following substances (100 yg) in 1.0 ml of 0.9% 
NaCl, extracting it and chromatographing the 
extract: ethanolamine, betaine-aldehyde, betaine 


Table 1. 





Chromatography, R,-values 


Compound A 2-methylthiamine 





Butanol-ethanol-HAc-H,O 

Propanol-1| M sodium acetate buffer (pH 5}-water 
Propanol-1 M ammonium fornate—water 
Butanol-ethanol—conc. hydrochloric acid—water 


0.25-0.28 
0.46-0.51 
0.64-0.67 
0.21-0.23 


0.26-0.28 (n = 10) 
0.44-0.50 (n = 4) 
0.64-0.68 (n = 6) 
0.20-0.23 (n = 10) 








Formation of 2-methylthiamine in nerve tissue 
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Fig. 1. Paper chromatogram of extracts from (A) ventral roots labelled with [*H]choline. Solvent 
system: n-butanol-ethanol-—acetic acid—water (8:2:1:3), ascending. Three main peaks are visible corre- 
sponding to compound A, choline and ACh. The broken line indicates the [*°S]thiamine peak. (B) 
Dorsal roots labelled with [*H]choline. Solvent system: the same but descending. Three peaks are 
visible. Compared with A, the peak corresponding to choline dominates and the peaks corresponding 
to ACh and compound A are both much smaller. All chromatograms with significant peaks had 
the same appearance as those shown in the Figs. 
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Fig. 2. Thin layer chromatography of an extract from (A) ventral roots labelled with [*H]choline. 

Solvent system: n-butanol-ethanol-conc. HCl-water (8:2:0.5:2.5). Three peaks corresponding to com- 

pound A, choline and ACh are visible. (B) Ventral roots labelled with [*°S]thiamine. Two peaks 

are seen, one corresponding to thiamine and the other to compound A. (C) The in vitro incubation 

of radioactive thiamine and cold ACh at pH9. The main peak corresponds to thiamine (B,) and 

the small peak to compound A. (D) The in vitro incubation at pH 3. No peak corresponding to 
compound A can be seen. 
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Fig. 3. Content of compound A and ACh at different time 
intervals after injections of radioactive choline (1 Ci) into 
different ventral roots. It was difficult to get the same 
amount of radioactive choline into the different roots, the 
radioactivity corresponding to ACh and compound A was 
expressed as a percentage of the total radioactivity. 


chloride, N,N-dimethylglycine, N-hydroxy-sarcosine, 
N-hydroxy-methylglycine, methionine, purine, thy- 
mine, creatine and creatinine. Each substance was in- 
vestigated 5 times. Compound A was not identical 
with any of the intermediary choline metabolites in- 
vestigated. 

Injections with 5 pCi of adenosyl-L-(S-'*CH ;)meth- 
ionine or 5 wCi of ['*C]betaine hydrochloride which 
are formed from choline before the release of methyl 
groups to the methyl pool of the intermediary meta- 
bolism gave considerable radioactivity in the ventral 
roots. Less than 150cpm of [14]choline chloride 
could be found when the ventral roots were extracted 
and chromatographed (n = 6). No compound A was 
detectable in the chromatograms. 


Compound A and ACh 


In order to study the possible correlation between 
the formation of compound A and ACh, 1 wCi of 
[*H]choline was injected directly into the ventral 
roots. Extractions with subsequent chromatography 
were carried out after 2.5, 5, 10, 15, 20, 25, 30, 35 
and 50 min (n = 3 x 9). The levels of both ACh and 
compound A increased similarly with time (Fig. 3). 


Compound A and lipid-soluble metabolites 


Lipid-soluble choline metabolites were studied after 
injections of [*H]choline into the ventral roots. The 
metabolites were extracted by homogenization in 
3 x 1 ml of chloroform-methanol (2:1) after 2.5, 5, 10, 
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Fig. 4. A suggested reaction model for the formation of 
2-methylthiamine. The thiamine molecule can form an 
anion at the C2-carbon of the thiazole [7]. Since the main 
positive charge of the ammonium ion of ACh is distributed 
on the methyl groups [9], an electrostatic attraction will 
result between the thiamine anion and one of the methyl 
groups of the ammonium ion. A demythylation of the 
quarternary ammonium will then be possible with the thia- 
mine anion acting as the methyl acceptor. After demethyla- 
tion, the electrostatic polarity and thus also the ionic 
attraction will be lost. 


15, 20, 25, 30, 35, 50 and 270 min (n = 3 x 10). The 
amount of lipid-soluble choline (phospholipids) con- 
tinued to increase for at least 3hr whereas the 
amount of compound A reached a maximum after 
20-30 min. 


Formation of compound A in rat brain, liver, kidney 
and spleen 


The formation of compound A in various tissues 
in the rat was studied by injecting [*H]choline di- 
rectly into brain, liver, kidney and spleen using a mic- 
rosyringe (5ywCi in 2yl of 0.9% NaCl into each 
organ). Three rats were used. Compound A was found 
in the brain but not in the liver, kidney or spleen. 
The brain was the only organ of those investigated 
in which detectable formation of radioactive ACh 
took place. The chromatograms (n = 9) from extracts 
of liver, kidney and spleen contained only traces of 
free choline (150-200 cpm), suggesting rapid incorpor- 
ation into phospholipids. Less compound A was 
found in rat brain than in cat ventral roots: the 
amount of compound A in the rat brain corresponded 
to 4.1-6.3% of the ACh formed (23,000—39,000 cpm 
of [7H]ACh) as calculated from the radioactivity 
(n = 3). 


In vitro incubations 

With tissue. No radioactivity corresponding to 
compound A was formed when homogenates of ven- 
tral roots were extracted and chromatographed 
according to the procedure described. When chopped 
tissue was used for incubation, a small peak 
(850-1400 cpm) corresponding to compound A 


appeared after incubation with [*H]choline. Blank in- 
cubations in which the tissue had been kept at 70° 
for 30 min prior to incubation gave only labelled cho- 


line in the chromatograms. Labelled adenosyl- 
L-(S-'*CH,)methionine gave only trace amounts of 
choline in the chromatograms. 

Without tissue. Trace amounts of radioactive 
material which behaved like compound A_ were 
formed at pH 9.0, while nothing was formed at pH 7.9 
or pH 3.0 when [*H]ACh and thiamine were incu- 
bated in vitro. 


DISCUSSION 
Chemical identification of compound A 


Evidence is presented that nerve tissue, especially 
ventral roots, can convert choline to a compound A 
with several characteristics in common with 2-methyl- 
thiamine. Both compounds behave identically with 
the ion pair extraction used. Compound A has the 
chromatographic properties of 2-methylthiamine 
when chromatographed in various systems. 

The formation of compound A occurs from two 
precursors, namely choline and thiamine—supporting 
the hypothesis that compound A is identical with 
2-methylthiaimine. 


Compound A and choline metabolism 


The formation of compound A required the pres- 
ence of intact or chopped tissue, and was not detected 
to any measurable extent in cell-free extracts or in 
buffer solutions (pH 7.9). Compound A could not be 
recovered from heated tissue, which suggests that one 
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or several enzymes may be involved in its formation. 
It was not formed from ['*C]betaine chloride or 
adenosyl-L-(S-'*CH)methionine in vivo or in vitro. 
The time course of the synthesis of compound A fol- 
lowing a single injection into cat ventral roots was 
similar to that for ACh (Fig. 3), but distinct from 
the synthesis of labelled lipid-soluble choline (phos- 
pholipids), which continued to increase for more than 
3 hr. No compound A was found in tissues with non- 
detectable amounts of radioactive ACh—such as liver, 
kidney and spleen. 

The levels of both ACh and compound A were 
lower in dorsal roots than in ventral roots even 
though the dorsal roots contained much free choline. 
In ventral roots there was a parallel increase of ACh 
and compound A. These results suggests that com- 
pound A may be formed from ACh. 


Demethylation and nicotinic receptor activity 


A demethylation reaction with ACh as the methyl 
donator and the unmethylated compound A (thia- 
mine) as the methyl acceptor is shown in Fig. 4. 
Demethylation of ACh may be of importance in the 
interaction between nicotinic receptors and ACh for 
the following reasons. The trimethyl ammonium 
group in ACh is essential for its intrinsic activity 
while the ester group contributes to the affinity [10]. 
The main positive charge of the trimethyl ammonium 
ion is distributed on the methyl groups surrounding 
the nitrogen, which is almost neutral [11]. Thus the 
three methyl groups form a sphere of positive electri- 
cal charge that is capable of interacting with the 
anionic centre of the nicotinic cholinergic receptor. 
An interaction of thiamine with nicotinic receptors 
is more probable than with muscarinic receptors since 
thiamine has a selective affinity to structures mediat- 
ing the nicotinic response [12]. The charge distribu- 
tion may facilitate an electrostatical interaction 
between a methyl group of the ammonium ion and 
the negatively polarized receptor, leading to a 
demethylation of ACh (see Fig. 4 for a proposed reac- 
tion model). The protonized “demethylated ACh” 
(dimethylaminoethylacetate) has 200 times less ac- 
tivity than ACh on the frog rectus abdominis muscle 
[13]. 

The effect of the ACh molecule is thus diminished 
200-fold by the demethylation. Free energy of about 
8500 cal is released by the demethylation of the tri- 
methylammonium ion of betaine [14]. The methyl 
groups of the dimethylammonium ion have first to 
be oxidized before they can be split off from the mol- 
ecule. Thus the different effects of trimethyl alkyl and 
dimethylalkyl ammonium ions on the nicotinic recep- 
tor can be explained by their different abilities to be 
demethylated and to release energy. The intrinsic ac- 
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tivity of ACh would be due to demethylation which 
in turn releases energy. 

Could the demethylation of ACh (including the in- 
termolecular forces resulting in demethylation) 
explain its effect on striated muscle? This question 
may be partly answered by comparing the chemical 
structure of substances that have an effect with those 
that have not. If the N-alkyl substituents are in- 
creased in size and the binding characteristics 
changed from ionic to non-ionic, a decline in the cho- 
linomimetic action and an increase in the cholinolytic 
activity appear [15]. In this way, a direct electrostatic 
contact between the positive ammonium ion and the 
receptor anion is sterically hindered, thus preventing 
a dealkylation according to the reaction model sug- 
gested. Depolarizing blocking agents of the neuro- 
muscular junction contain trimethylalkylammonium 
groups and thus allow a direct electrostatic interac- 
tion between a methyl group and the receptor anion. 

The present model for interaction of ACh on the 
nicotinic receptor which involves methylation of thia- 
mine is hypothetical. More information is needed 
about the conditions determining the extent of com- 
pound A formation and about interactions between 
thiamine and nicotinic receptors. A chemical charac- 
terization of compound A is also desirable. 
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Abstract—A'!-Tetrahydrocannabinol (A'-THC) and cannabidiol (CBD), a psychoactive and a nonpsy- 
choactive constituent of marijuana respectively, inhibit the uptake of *H-labelled norepinephrine (NE), 
dopamine (DA), y-aminobutyric acid (GABA) and serotonin (5-HT), by mouse brain synaptosomes. 
CBD is more effective than A'-THC in the inhibition of neurotransmitter uptake. At 5 x 10°°M 
both CBD and A!-THC inhibit uptake by 60-100%. The one exception to the above is the differential 
effect of A'-THC and CBD on 5-HT uptake. At 10°°M of A'-THC the uptake is twice that of 
the control value and at 5 x 10~° M uptake is still equal to control value. At the former concentration 
CBD has no effect on 5-HT uptake whereas at the latter concentration a 50 per cent inhibition is 
observed. Both A!-THC and CBD inhibit Na*-K*-ATPase and Mg-ATPase activities; at 5 x 10°°M 
inhibition amounts to 40 per cent. Electron microscopy reveals that synaptosomal preparations are 
highly damaged at 5 x 10°° M. Thus inhibition of uptake could stem from either failure of ATPase 
activity, from disruption of synaptosomes, or from both. 


A'-Tetrahydrocannabinol (A'-THC) a component of 
cannabis sativa extracts [1] has been shown to exert 
psychomimetic effects in man analogous to those 
evoked by hashish and marijuana [2,3]. In an 
attempt to identify the level at which cannabinoids 
affect the central nervous system several laboratories 
have investigated the effect of A'-THC on brain con- 
tent of serotonin [4,5], norepinephrine [4] and 
dopamine [6]. The in vivo studies produced contra- 
dictory results and failed to show a consistent correla- 
tion between the psychoactive state brought about 
by A'-THC and total brain neurotransmitter content. 

Studies of the uptake of different neurotransmitters 
by isolated brain synaptosomes [7—9] revealed that 
A'-THC as well as other cannabinoids (nonpsychoac- 
tive derivatives) exert an inhibitory effect on the 
uptake of various neurotransmitters. 

Studies in our laboratory [10-14] as well as those 
of other groups [15] have established that both 
A'-THC and cannabidiol (CBD), a nonpsychoactive 
compound constituting 40 per cent of the cannabis 
extract [16], have similar effects on various mem- 
brane systems. Lysosomal lysis [11] mitochondrial 
swelling and rupture [17], leakage of K* from bull 
spermatozoa [18], cytotoxicity towards macro-phages 
[14] are only few examples of damage to biological 
membranes both in structure and function. A’-THC 
and CBD are also potent disorganizers of phospho- 
lipid bilayer membranes; i.e. they reduce membrane 
electrical resistance [12] and the gel—liquid crystalline 
transition temperature [13]. 

In the following we report about studies concerning 
the effects of A'-THC and CBD on the uptake of 
different neurotransmitters by isolated brain synapto- 
somes. A wide range of cannabinoid concentrations 
was tested in order to assess whether there exists a 
differential effect of A'-THC and CBD. Since neuro- 


transmitter uptake is an energy dependent process 
[19, 20] that also requires structural intactness of the 
organelle, the effect of cannabinoids on symaptosomal 
ATPases and on synaptosome morphology (as 
revealed by electron microscopy) have also been 
studied. 


MATERIALS AND METHODS 


Chemicals. A'-Tetrahydrocannabinol and cannaba- 
diol were obtained from Makor Chemicals (Jerusa- 
lem, Israel). Unlabeled neurotransmitters, Pargyline 
and ATP were obtained from Sigma Chemical Corp. 
(St. Louis, MO). [*H]serotonin (2.72 Ci/m-mole), 
[?H]y aminobutyric acid (36.7 Ci/m-mole) were 
obtained from New England Nuclear Corp. (Boston, 
MA) and L-[*H]norepinephrine (10.9 Ci/m-mole) and 
[?H]dopamine (2.3 Ci/m-mole) were obtained from 
the Radiochemical Centre (Amersham, England). 

Synaptosome preparations. Male (5-6 weeks old) 
BALB/C strain mice (20-25 gr) were killed by decapi- 
tation and the brains were removed, rinsed in cold 
saline and homogenized (Elvehjem homogenizer with 
a teflon pestle, 400 rotations per min, 10 up and down 
movements of the pestle) in 10 volumes of ice cold 
0.32 M sucrose (pH 7.0). The homogenates were cen- 
trifuged at 1000g for 10min at 4° in a Sorvall RC 
2B refrigerated centrifuge. The supernatant was saved 
and the pellet was resuspended in a 10 ml of the 
above sucrose solution and centrifuged again at 
1000 g for 10 min. The two supernatants were pooled 
and centrifuged at 13,000 g (20 min, 4°). The resulting 
pellet was resuspended in 0.32 M sucrose and layered 
on top of a Ficoll (Pharmacia) discontinuous gradient 
consisting of 17%, 13% and 7% Ficoll in 0.32M su- 
crose. The gradients were centrifuged at 56,000 g for 
60 min in a Beckman centrifuge (SW 27 rotor). 
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The synaptosome containing interface layers 
between 17% and 13% Ficoll and between 13% and 
‘7% Ficoll were collected, pooled, and diluted with 
3 volumes of 0.32 M sucrose. The suspensions were 
centrifuged at 56,000 g for 15 min, the pellet washed 
once again with the sucrose solution and resuspended 
in a medium (Buffer A) consisting of 125mM NaCl, 
10mM_ glucose, 10mM MgSO,, 5mM KH,PO,, 
1mM CaCl,, 25mM sucrose, 1M Pargyline (a 
monoamine oxidase inhibitor) and 0.2mg/ml of 
ascorbic acid, pH 7.0. 

Assay of neurotransmitter uptake. Aliquots of 0.5 ml 
of synaptosome suspensions containing 1.25 mg pro- 
tein were added to 1.5 ml of buffer A pre-gassed with 
O, for 10min. The specified cannabinoids dissolved 
in absolute ethanol (at most 20 yl per incubation mix- 
ture) or an equivalent amount of ethanol for control 
experiments were added to buffer A prior to the addi- 
tion of synaptosome preparations. The suspensions 
were preincubated for 10 min at 37° in a shaking bath 
under a 95% O, + 5% CO, atmosphere after which 
radioactive neurotransmitter at a final concentration 
of 10-7 M was added and the suspensions further in- 
cubated for 10 min at 37°. For assessment of uptake 
of GABA incubation was carried out at 25°. At the 
_ end of incubation, the tubes were transferred to an 
ice-water bath and their content diluted with a 4 ml 
of saline containing 10°°M of the corresponding 
nonlabelled neurotransmitter. Incubation mixtures 
were either filtered through cellulose ester Millipore 
filters (0.45 ym-HA filters) or centrifuged at 27,000 g 
for 30 min. The filters were washed with 0.32 M su- 
crose containing 10~°M of the nonlabelled neuro- 
transmitter and then counted in toluene-triton scintil- 
lation liquid. When synaptosomes were collected by 
centrifugation, the pellet was washed as above and 
recentrifuged (27,000 g, 15 min). The resulting pellets 
were dissolved in 1% sodium dodecyl sulfate (SDS) 
and their radioactivity assessed as above in a Packard 
3385 liquid scintillation spectrometer. Radioactivity 
associated with synaptosome suspensions incubated 
with radioactive labelled neurotransmitters at 0° was 
used to correct for nonspecific binding and uptake. 

Assay of ATPase activity. Synaptosome prep- 
arations (0.2 mg protein/ml) were ruptured by freeze- 
thawing in a glycylglycine-imidazole buffer (65 mM) 
containing 100mM NaCl, 5mM KCl and 5mM of 
mgCl,, pH 7.4 (Buffer B). Cannabinoids or ethanol 
were added in aliquots of 4 ul to 0.75 ml of the rup- 
tured synaptosomal preparation 15min prior to the 
addition of ATP (final concentration 1 mM) (Sigma 
Chem. Co., St. Louis, MO). The suspensions were in- 
cubated with ATP for 10 min at 37° after which reac- 
tion was terminated by the addition of cold silico- 
tungstic acid (8% in 1.2M perchloric acid, 0.3 ml). 
The mixture was cooled for 60 min at 4°and then cen- 
trifuged (39000 g for 10min at 4°). Inorganic phos- 
phate in the supernatant was determined according 
to [21]. The differentiation between Mg-ATPase ac- 
tivity and Na*-K* dependent ATPase activity was 
made by carrying out parallel assays in the presence 
of 1 mM ouabain. Total ATPase activity minus Mg- 
ATPase activity (not inhibited by ouabain) yields the 
value for Na*-K *-ATPase activity. 

Electron microscopy of synaptosomes. Synaptosome 
preparations were incubated with either A'-THC or 
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CBD (1 x 1075 x 10~*M) dissolved in ethanol or 
with an equivalent amount of ethanol for 10 min, at 
37°. The amount of ethanol added at all cannabinoid 
concentrations was constant (5 pl/ml suspensions). 
Subsequent to centrifugation (10000 g for 20 min, 4°) 
the pellets were resuspended in a solution of 2% glu- 
taraldehyde in 0.1 M Na-cacodylate buffer, pH 7.4. 
After 60 min at 4°, the fixed synaptosomes were pel- 
leted again, washed in the above cacodylate buffer, 
and postfixed for 1 hr at 22° with 1% OsO, in cacody- 
late buffer. The pellets were dehydrated in a series 
of increasing alcohol concentrations and by propylene 
oxide. The pellets were embedded in epoxy resin 
according to Spurr [22]. Thin sectioning was carried 
out with a Sorvall, Porter-Blum MT-2-B-ultramicro- 
tome, the sections were stained with lead citrate prior 
to microscopic examination. The electron microscope 
(Philips EM-300) was operated at 80 KV. 


RESULTS 


The effect of A'-THC and CBD on neurotransmitter 
uptake. A'-THC and CBD exert a dose-dependent in- 
hibition of neurotransmitter uptake by isolated mouse 
brain synaptosomes. The dependence of norepineph- 
rine (NE), dopamine (DA), y-aminobutyric acid 
(GABA) and serotonin (5-HT) uptake on cannabinoid 
concentrations is given in Figs 1-4, respectively. The 
degree of inhibition of uptake of the various neuro- 
transmitters by A'-THC and CBD show certain vari- 
ations, CBD exhibits in all cases a higher degree 
inhibition of uptake. At 5 x 10°°M A!-THC .. 
noninhibitory except for an observed reduction of 
uptake of DA of about 20 per cent. At the same con- 
centration CBD reduced NE uptake by about 15 per 
cent and that of DA by 40 per cent. At a concen- 
tration of 5 x 10~°M both A'-THC and CBD exhi- 
bit remarkable inhibitory effects on neurotransmitter 
uptake; i.e. DA and NE uptake is inhibited by 60-65 
per cent and GABA uptake is inhibited by 80-100 
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Fig. 1. Effect of A'-THC (@——@) and CBD (O——0o) 

on noreponephrine (NE) uptake by synaptosomal prep- 

arations. Values on graphs are means + S.E.M. (n = 8). 

Experimental details are given in Methods. The uptake 

of [7H]NE by control preparations (1 per cent ethanol) 

(100 per cent uptake) was 2.65 + 0.16 pmole/min-mg 
protein. 
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Fig. 2. Effect of A'-THC (@——@) and CBD (O——0) 

on dopamine (DA) uptake by synaptosomal preparations. 

Values on graphs are means + S.E.M. (n = 6). Experimen- 

tal details are given in Methods. The uptake of [7H]DA 

by control preparations (1% ethanol (100% uptake) was 
3.10 + 0.5, pmole/min- mg protein. 


per cent. The dependence of 5-HT uptake on canna- 
binoid concentration differes significantly from that 
of the other three neurotransmitters. A remarkable 
differential effect of A'-THC and CBD is shown in 
Fig. 4. CBD affects S-HT uptake according to essen- 
tially the same pattern of its effect on the other neuro- 
transmitters. A'-THC at 5 x 10~°M fails to inhibit 
5-HT uptake and its inhibitory effect on uptake 
becomes significant only at 10~* M. Since at a con- 
centration of 5 x 10~°M an increase in uptake was 
observed (up to 25 per cent increase) the effect of 
lower concentrations of A'-THC were assessed. An 
optimum in the enhancing effect on 5-HT uptake (a 
2-fold increase over control values) was observed at 
10-°M A'-THC, a concentration at which CBD has 
no effect on uptake. 
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Fig. 3. Effect of A'-THC (@——@) and CBD (Oo) 
on y-aminobutyric acid (GABA) uptake by synaptosomal 
preparations. Values on graphs are means + S.E.M. 
(n = 4). Experimental details are given in Methods. The 
uptake of [7H]GABA by control preparations (1% eth- 
anol) (100% uptake) was 10.8 + 1.8 pmole/min- mg protein. 
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Fig. 4. Effect of A’-THC (@——@) and CBD (O——0) 

on serotonin (5-HT) uptake by synaptosomal preparations. 

Values on graphs are means + S.E. (n = 8). Experimental 

details are given in Methods. The uptake of [H]5-HT 

by control preparations (1% ethanol) (100% uptake) was 
0.44 + 0.05 pmole min: mg protein. 


At 10-°M neither A'-THC nor CBD had a signifi- 
cant effect on neurotransmitter release from synapto- 
somes preloaded with [°H]JNE, [°H]5-HT or 
[3H]DA. 

Effect of A'-THC and CBD on ATPase activity. 
Neurotramsmitter uptake depends on a functional 
ATPase [19, 20]. Since ATPases from various sources 
have been shown to be sensitive to depressant drugs 
[23] and to A'-THC [24] it was of interest to assess 
the activity of both A'-THC and CBD on brain 
synaptosomal ATPases. A'-THC and CBD are inhibi- 
tory to both the synaptosomal Mg-ATPase and the 
Na*-K*-ATPase (Fig. 5). Inhibitory effects are 
observed already at 5 x 10~° M of the cannabinoids. 
At 5 x 10°°M inhibition of both enzymes by either 
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Fig. 5. The effect of A'-THC (circles) and CBD (triangles) 
on brain synaptosoma Na*-K*-ATPase (empty symbols) 
and Mg-ATPase (full symbols). Values on graphs are 
means + S.E.M. (n = 6). Details of assay procedure and 
calculation of activities are given in Methods. The mean 
value of control preparations (1% ethanol) (100% activity) 
was 1.6 + 0.18 umole Pi/10 min: mg protein for the Na*- 
K*-ATPase and 1.48 + 0.12 umol Pi/10 min-mg protein 
for the Mg-ATPase. 





Fig. 6. The effect of A'-THC on the morphology of synaptosomal preparations. (a) Control preparations 
exposed to | per cent ethanol (20 min, 37°). (b) Preparations exposed to 5 x 10°°M A'-THC (20 min, 
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of the drugs amounted to 40 per cent of the control 
activity. The Na*-K *-ATPase is more sensitive to 
cannabinoids than the Mg-ATPase. 

Effect of cannabinoids on synaptosomal morphology. 
Cannabinoids have been shown to be deleterious to 
organeiles and to cells in tissue culture. The observed 
inhibition of neurotransmitter uptake may stem from 
inhibition of the uptake mechanism or energy produc- 
tion or else from loss of synaptosomal integrity. An 
electron microscope study of the morphological 
appearance of synaptosomes exposed to increasing 
concentrations of A'-THC and CBD revealed that at 
a cannabinoid concentration of 5 x 10~° M synapto- 
somal suspensions are highly disrupted (compare Fig. 
6b with Fig. 6a). At a lower concentrations, 
1 x 10°°M both A'-THC and CBD had no visible 
effect on synaptosomal preparations although elec- 
tron microscopy is hardly adequate for the detection 
of effects less extreme than burst and rupture. 


DISCUSSION 


Both A'-THC and CBD exert a dose-dependent in- 
hibition on the uptake of NE, DA, GABA and 5-HT. 
The fact that CBD seems to be more potent than 
A'-THC in inhibition of uptake as well as its higher 
potency in other biological systems [11,14] may in 
part be due to its higher water solubility [8]. Both 
A'-THC and CBD have a very limited water solu- 
bility. At a concentration of 8 x 10~°M of the can- 
nabinoids in water the compounds precipitate out of 
solution and appear as a white suspension [12]. 
Banerjee et al. [8] have measured the solubility of 
A'-THC and CBD in Krebs-Henseleit buffer and 
found that at a final concentration of 5 x 10°5M 
only 2 per cent of A'-THC and 4 per cent of CBD 
are in solution, the rest being a precipitate removed 


x 33,000. 


by centrifugation. Thus at concentrations > 10~°M 
the soluble drug concentrations is at saturation and 
the dose response must be interpreted as a partition 
of the drugs from the precipitate via buffer into the 
synaptosomal membranes. This situation means that 
it is difficult to compare effects of cannabinoids on 
different systems and that the experimental condi- 
tions, e.g. membrane/cannabinoid ratio may shift the 
results to the range of a high or low potency. Using 
a crude rat synaptosome preparation Banerjee et al. 
[8] obtained a comparable inhibition at cannabinoid 
concentration of 5 x 10~° M of 5-HT and NE uptake 
to that observed by us. In contrast to our results, 
which showed a 90 per cent inhibition of GABA 
uptake at 5x 10°°M A'-THC or CBD, they 
observed only a mild inhibition of GABA uptake (10 
and 3 per cent). At a concentration of 10°°M 
A'-THC, a concentration at which we observed a 
2-fold increase in 5-HT uptake, Banerjee et al. [8] 
observed a 5 per cent inhibition of uptake. The inhibi- 
tion of S-HT, NE, DA and GABA uptake by canna- 
binoids is noncompetitive [8]. 

The correlation between the inhibition of both the 
Mg-ATPase and the Na*- K*-ATPase and the inhi- 
bition of NE and DA uptake could implicate ATPase 
inhibition as the cause for uptake inhibition. The fact 
that GABA uptake is inhibited 90-100 per cent and 
that at 5 x 10°°M of A'-THC, serotonin uptake is 
in the range of uptake in control experiments, 
excludes this interpretation as being the major deter- 
minant in the effect. Since the various neurotrans- 
mitters are confined within different synaptosomes it 
could still be argued that those populations have 
ATPases differing in their sensitivity to cannabinoids, 
but this explanation is not very appealing. 

Membrane-bound ATPases from various origins 
have been shown to be sensitive to the physical state 
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of the lipids in their microenvironment [25, 23]. Laur- 
ent and Roy [24] have shown that both the Na’*- 
K*-ATPase and Mg-ATPase from the microsomal 
fraction of rat proximal ileum are inhibited by 
A'-THC. Roufogalis [23] has shown that depressant 
drugs inhibit bovine brain Na*-K *-ATPase in a pat- 
tern suggesting that the more lipid soluble phenothia- 
zines, penetrate into and react with, hydrophobic 
areas of membranes evoking a perturbation of Na 
activation, whereas the less lipid soluble drugs inter- 
fere with K* activation. 

Isolated organelles (lysomes [11]; mitochondria 
[17]) and cells exposed to cannabinoids in vitro (bull 
sperm [18], and macrophages [14]) have been shown 
to undergo extensive functional and morphological 
changes. Damage to cellular membranes results in 
leak of intracellular components and affects any 
transport mechanism against concentration gradients. 
The electron micrographs of synaptosomes exposed 
to A'-THC and CBD confirm the potency of canna- 
binoids in disrupting membraneous bound structures. 
The concentration at which cannabinoids exhibit 
extensive damaging potency on synaptosome suspen- 
sions, 5 x 10~°M, correlates with the condition at 
which neurotransmitter uptake is inhibited by at least 
60 per cent. The fact that serotonin uptake is less 
sensitive to A'-THC than the other three neurotrans- 
mitters tested (at 5 x 10°°M of A'-THC, uptake 
amounts to 100 per cent of control value) could be 
due to the difference in packing of the various neuro- 
transmitters in synaptic vesicles. However, the 
damaged synaptosomes still show a residual uptake 
of the other neurotransmitters tested in this study, 


20-40 per cent of the control uptake value. This resi- 
dual uptake may be a result of synaptic vesicles which 
were noi as affected by the cannabinoids at higher 
concentrations as was the synaptic plasma membrane. 


When synaptosomes are exposed to hypotonic 
medium, uptake is inhibited to only 30 per cent of 
the control value. 

Conditions of low concentration of drugs at which 
membrane structure is only mildly affected, are 
necessary when searching for the specific biological 
activity of A'-THC. Cannabinoids like anaesthetic 
compounds may exhibit stabilizing effects on mem- 
branes. Their interaction with membranes follows a 
bi-phasic pattern, i.e. at low concentrations they are 
apt to stabilize whereas at high concentrations they 
lead to membrane labilization [10, 11]. 

Moreover, under conditions of low drug concen- 
tration it should be possible to prove differential 
effects of A'-THC and CBD before implying rele- 
vance to the in vivo pharmacological effect. Canna- 
binoids in vivo are carried by serum proteins, and 
under these conditions they are less potent by at least 
one order of magnitude with regard to their cytotoxi- 
city [14]. This fact must be taken into account when 
concentrations of cannabinoids used in in vitro studies 
are compared to their effects in vivo. Recent studies 
with the “unnatural” (+) isomer of A'-THC have 
demonstrated that the difference in potency between 
the two optical isomers does not arise from metabolic 
or distributional differences and that the site of action 
is significantly asymmetric [26]. 
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In mice intravenous injection of A'-THC results 
in a dose-dependent state of immobility [27]. In our 
experiments, A'-THC injection into the mouse tail 
caused an immediate cataleptic (or sedative) effect 
whereas CBD had no effect on the injected mouse. 
Crude brain synaptosomal preparations of mice in- 
jected with A'-THC exhibited increased 5-HT and 
DA uptake while those derived from mice injected 
with CBD showed no significant change in uptake 
as compared to that observed in control mice injected 
with the carrier alone (Hershkowitz, in preparation). 
The enhanced 5-HT uptake in synaptosomal prep- 
arations subsequent to in vitro exposure to A'-THC 
could thus be of relevance to the in vivo effects of 
A'-THC on mouse brain. 
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Abstract—Org 6582 and 6-chloro-2-aminotetralin can be viewed as p-chloroamphetamine analogs hav- 
ing rigid conformation. Because p-chloroamphetamine exerts multiple actions on brain serotonin 
neurons, we compared the effect of these rigid analogs on certain parameters of brain serotonin metabo- 
lism jn rats to determine the extent of dissociation of these multiple actions. 6-Chloro-2-aminotetralin 
resembled p-chloroamphetamine in lowering brain levels of tryptophan hydroxylase, serotonin and 
5-hydroxyindoleacetic acid (5-HIAA) in rat brain, though its effects were less than those of p-chloroam- 
phetamine and were short-lasting in contrast to the permanent neurotoxic effects of p-chloroampheta- 
mine. Org 6582 did not lower tryptophan hydroxylase or serotonin levels in rat brain; its lowering 
of 5-HIAA levels can be attributed to its inhibition of serotonin re-uptake. In vitro, Org 6582 was 
a slightly stronger inhibitor of serotonin uptake than was 6-chloro-2-aminotetralin but a distinctly 
weaker inhibitor of monoamine oxidase. Inhibition of uptake into serotonin neurons in vivo was eva- 
luated by measuring the ability of 6-chloro-2-aminotetralin and of Org 6582 to antagonize the neuro- 
toxic effects (lowering of serotonin levels or lowering of serotonin uptake) produced by p-chloroamphe- 
tamine. In these experiments, Org 6582 but not 6-chloro-2-aminotetralin was a potent inhibitor of 
uptake into serotonin neurons in vivo, in agreement with the findings of Goodlet et al. [I. Goodlet, 
S. E. Mireylees and M. F. Sugrue, Br. J. Pharmac. 56, 367P (1976)] and of Sugrue et al. [M. F. 


Sugrue, I. Goodlet and S. E. Mireylees, Eur. J. Pharmac. 40, 121 (1976)] on Org 6582. 


p-Chloroamphetamine and_ related halogenated 
amphetamines have been known to affect brain sero- 
tonin metabolism since the initial studies of Pletscher 
et al. [1,2] on p-chloromethamphetamine and Fuller 
et al. [3,4] on p-chloroamphetamine. Studies of these 
and similar compounds led to the recognition of mul- 
tiple effects of p-chloroamphetamine on brain sero- 
tonin neurons (inhibition of tryptophan hydroxyl- 
ation, inhibition of serotonin re-uptake, release of 
serotonin from storage granules, inhibition of mono- 
amine oxidase attack on serotonin, and toxic destruc- 
tion of serotonin neurons) and to the suggestion that 
these multiple actions are potentially dissociable [5]. 
In previous structure—activity studies with chlorinated 
amphetamine derivatives, we had found that 6-chlor- 
o-2-aminotetralin (an analog of p-chloroamphetamine 
having a rigid conformation) lowered brain serotonin 
levels slightly and 5-hydroxyindoleacetic acid 
(5-HIAA) to a greater extent in rats [6]. 6-Chloro-2- 
aminotetralin was less effective than p-chloroamphe- 
tamine in lowering brain levels of these 5-hydroxyin- 
doles and produced only transient effects in contrast 
to the long-lasting apparently neurotoxic action of 
p-chloroamphetamine. Recently Goodlet et al [7] and 
Sugrue et al. [8] have described a compound (dl-8- 
chloro - 11 -anti- amino - benzo(b) - bicyclo[3.3.1 Jnona - 
3,6a(10a) diene hydrochloride) referred to as Org 
6582, which they found to be a potent and specific 
inhibitor of serotonin uptake. Org 6582 contains the 
p-chloroamphetamine nucleus as does 6-chloro-2- 
aminotetralin and can be viewed as 6-chloro-2-amino- 


tetralin having a third ring structure incorporated 
into the molecule (Fig. 1). We were therefore inter- 
ested in comparing Org 6582 and 6-chloro-2-aminote- 
tralin in regard to their effects on 5-hydroxyindole 
metabolism. 


METHODS 


6-Chloro-2-aminotetralin hydrochloride was syn- 
thesized in the Lilly Research Laboratories by Dr. 
Bryan B. Molloy and his associates. p-Chloroamphet- 
amine hydrochloride was purchased from the Regis 
Chemical Co. Org 6582 was kindly supplied by 
Organon Laboratories Ltd. through the courtesy of 
Dr. M. F. Sugrue. All drugs were racemic mixtures. 

Male Wistar rats from Harlan Industries, Cumber- 
land, IN. weighed about 150 g at the time of use. The 
rats were housed in hanging wire cages in a con- 
trolled-temperature room with 12 hr light:dark cycles 
and were given food and water ad lib. Drugs were 
given by intraperitoneal injection in aqueous solu- 
tions. Rats were killed by decapitation, and whole 
brains were quickly excised and frozen on dry ice, 
then stored frozen prior to analysis. Serotonin and 
5-HIAA levels were determined spectrofluorometri- 
cally [9]. Serotonin uptake into synaptosomes was 
measured in vitro by a previously described procedure 
using ['*C]serotonin [10]. Rat brain mitochondrial 
monoamine oxidase was assayed with ['*C]serotonin 
as substrate as described previously [11]. Tryptophan 
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6-Chloro-2-aminotetralin ORG 6582 


Fig. 1. Structures of 6-chloro-2-aminotetralin and Org 
6582. 


hydroxylase was assayed by a spectrofluorometric 
method [12]. 


RESULTS 


Effect on monoamine oxidase in vitro. Figure 2 com- 
pares the effects in vitro of 6-chloro-2-aminotetralin 
and Org 6582 on mitochondrial monoamine oxidase 
from rat brain, with serotonin as the substrate. 
6-Chloro-2-aminotetralin had about the same activity 
aS a monoamine oxidase inhibitor as we had reported 
earlier for p-chloroamphetamine [11], whereas Org 
6582 was only about one-thirtieth as active. 

Effect on tryptophan hydroxylase and_ serotonin 
levels. Table 1 shows the effect of 6-chloro-2-amino- 
tetralin and Org 6582 on levels of tryptophan hy- 
droxylase, serotonin and 5-HIAA in rat brain. 
p-Chloroampitetamine was included in this experi- 
ment for comparison. 6-Chloro-2-aminotetralin, like 
p-chloro-amphetamine, lowered tryptophan hydroxy- 
lase and serotonin levels as reported earlier [6, 13]. 
In contrast, Org 6582 had no significant effect on 
tryptophan hydroxylase or serotonin levels at this 
time interval. Sugrue et al. [8] have likewise observed 
no lowering of brain serotonin by Org 6582 at other 
time points. The effects of 6-chloro-2-aminotetralin 
were less than those of p-chloroamphetamine; in this 
experiment the lowering of serotonin levels by 
6-chloro-2-aminotetralin was not statistically signifi- 
cant due to variation in the control group, but other 
experiments have established the ability of this com- 
pound to lower brain serotonin (see Table 4, [6]). 
The levels of 5-HIAA were significantly reduced by 
all three compounds. In the case of Org 6582, this 
effect may have been due entirely to inhibition of 
serotonin re-uptake [14] and was less than the effects 


of the other two compounds, whose inhibition of 
5-hydroxyindole synthesis and of monoamine oxidase 
probably contributed to their lowering of 5S-HIAA 
levels. 

Inhibition of serotonin uptake. The inhibition of 
serotonin uptake in vitro by rat brain synaptosomes 
was inhibited by Org 6582 slightly more effectively 
than by 6-chloro-2-amino-tetralin. The ICs9 value esti- 
mated by interpolation from data at three concen- 
trations of each inhibitor was 2.3 x 10°°M for Org 
6582 and 3.6 x 10°°M for 6-chloro-2-aminotetralin. 
The inhibition of uptake into serotonin neurons in 
vivo was evaluated by antagonism of the neurotoxic 
effects of p-chloroamphetamine, which requires active 
uptake in order to destroy serotonin neurons [15, 16]. 
Table 2 shows the results obtained when p-chloroam- 
phetamine neurotoxicity was evaluated by measuring 
serotonin uptake in vitro 72 hr after p-chloroampheta- 
mine injection. Pretreatment with Org 6582 signifi- 
cantly antagonized p-chloroamphetamine’s action, 
but 6-chloro-2-aminotetralin did not have a signifi- 
cant effect. Table 3 shows the results obtained when 
p-chloroamphetamine neurotoxicity was evaluated by 
measuring serotonin levels in brain. 6-Chloro-2- 
aminotetralin at doses of 10, 20 or 40 mg/kg did not 
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Fig. 2. Inhibition of monoamine oxidase in vitro. ['*C]- 

Serotonin was substrate at a 100 uM concentration. The 

concentration producing 50 per cent inhibition (I,9) was 
estimated by interpolation. 


Table 1. Effect of p-chloroamphetamine, 6-chloro-2-aminotetralin and Org 6582 on 
tryptophan hydroxylase, serotonin and 5-hydroxyindoleacetic acid levels in rat brain* 





Tryptophan 
hydroxylase 


Treatment group (ug/g/hr) 


5-HIAA 
(ug/g) 


Serotonin 
(ug/g) 





20.3 + 0.6+ 
12.6 + 0.5t 
(62%) 
15.3 + 0.6t 
(75%) 
20.8 + 1.2+ 
(103%) 


Saline 
p-Chloroamphetamine 


6-Chloro-2-aminotetralin 


Org 6582 


0.57 + 0.03t 
0.30 + 0.002t 
(53%) 
0.50 + 0.01t 


0.50 + 0.03+ 
0.30 + 0.01t 
(60%) 
0.30 + 0.01t 
(88%) (60%) 
0.55 + 0.02+ 0.36 + 0.01t 
(96%) (72%) 





* Test compounds were injected i.p. in aqueous solution at a dose of 0.1 m-mole/kg 


6 hr before the rats were killed. Mean values 
are shown. 


+ standard errors for five rats per group 


+ Did not differ from the control group at the P = 0.05 level of significance. 
t Significant differences from the saline-treated control group (P < 0.001). 





Effects of 6-chloro-2-aminotetralin and Org 6582 


Table 2. Antagonism of the p-chloroamphetamine-induced 
neurotoxic decrease in serotonin uptake capacity by 
6-chloro-2-aminotetralin and Org 6582 in rats* 





Serotonin uptake 


Treatment group (pmoles/mg protein) 





7.10 + 0.34 
3.51 + 0.43t 


Control 

p-Chloroamphetamine alone 

p-Chloroamphetamine after 
6-chloro-2-aminotetralin 

p-Chloroamphetamine after 
Org 6582 


4.54 + 0.477 


6.30 + 0.14t 





* 6-Chloro-2-aminotetralin hydrochloride and Org 6582 
were injected ip. at 10 mg/kg 30min before p-chloroam- 
phetamine hydrochloride (10 mg/kg, i.p.). Rats were killed 
72 hr after p-chloroamphetamine injection. Synaptosomes 
from cerebral cortex were prepared for measurement of 
serotonin uptake. Mean values + standard errors for five 
rats per group are shown. 

+ Significantly different from control group, P < 0.05. 

t Significantly different from group treated with p-chloro- 
amphetamine alone, P < 0.001. 


protect against p-chloroamphetamine neurotoxicity. 
In contrast, Org 6582 at doses of 5, 10 and 20 mg/kg 
caused a dose-dependent antagonism of the p-chloro- 
amphetamine effects. We had chosen the 72-hr time 
interval after p-chloroamphetamine so that the slight 
and short-lasting effects of 6-chloro-2-aminotetralin 
on serotonin levels [6] would not complicate the in- 
terpretation. The results of these experiments done 
at 72hr (Table 2 and 3) indicated that 6-chloro-2- 
aminotetralin did not protect against p-chloroamphet- 
amine neurotoxicity. We know from earlier work 


(16, 17] that p-chloroamphetamine requires continual 
re-uptake over a prolonged period in order to cause 
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permanent destruction of serotonin neurons, so we 
thought that the absence of any effect in vivo indicat- 
ing uptake inhibition of 6-chloro-2-aminotetralin 
might have been due to the long (72 hr) time interval. 
Since 6-chloro-2-aminotetralin was almost as effective 
in inhibiting serotonin uptake in vitro as Org 6582, 
we had expected some evidence for uptake inhibition 
in vivo. For these reasons we did another experiment 
in which we looked for antagonism of the short-term 
(6 hr) depletion of brain serotonin by p-chloroamphet- 
amine (Table 4). At this 6 hr time interval, 6-chloro-2- 
aminotetralin itself caused slight depletion of sero- 
tonin, yet it significantly antagonized the effects of 
p-chloroamphetamine. Org 6582, which alone did not 
alter serotonin levels, completely blocked the effects 
of p-chloroamphetamine. These results suggest that 
6-chloro-2-aminotetralin does inhibit serotonin 
uptake in vivo but that its effect is not sufficiently 
great or of sufficient duration to prevent p-chloroam- 
phetamine neurotoxicity. In contrast, Org 6582 effec- 
tively prevents both the short-term and long-term 
effects of p-chloroamphetamine. 

Behavioral effect. A comparison of the central ner- 
vous system (CNS) stimulatory effects of 6-chloro-2- 
aminotetralin, Org 6582 and p-chloroamphetamine is 
shown in Table 5. p-Chloroamphetamine caused pro- 
nounced effects on all of the parameters measured, 
whereas 6-chloro-aminotetralin had somewhat less 
stimulatory action. The effects of Org 6582 were mini- 
mal. 


DISCUSSION 


p-Chloroamphetamine inhibits serotonin uptake 
[10,18], lowers tryptophan hydroxylase [19] and 
5-hydroxyindole levels [4], inhibits monoamine oxi- 


Table 3. Antagonism of the p-chloroamphetamine-induced neurotoxic depletion 
of brain 5-hydroxyindole levels by 6-chloro-2-aminatetralin and Org 6582 in 


rats* 





Treatment group 


5-HIAA 
(ug/g) 


Serotonin 
(ug/g) 





Saline-treated control 
p-Chloroamphetamine alone 
p-Chloroamphetane after 
6-chloro-2-aminotetralin 
10 mg/kg 
20 mg/kg 
40 mg/kg 
6-Chloro-2-aminotetralin 
alone, 40 mg/kg 
p-Chloroamphetamine after 
Org 6582 


0.63 + 0.02+ 
0.27 + 0.02t 


0.43 + 0.02+ 
0.18 + 0.01t 


0.26 + 0.01t 
0.29 + 0.01t 
0.27 + 0.01t 


0.18 + 0.01t 
0.21 + 0.01t 
0.20 + 0.01t 


0.53 + 0.01F,f 0.38 + 0.01 


5 mg/kg 
10 mg/kg 


0.43 + 0.02t,t 
0.53 + 0.027, 
0.59 + 0.02 


0.29 + 0.024,t 
0.30 + 0.014,t 
0.39 + 0.01t 


20 mg/kg 
Org 6582 alone 


20 mg/kg 


0.59 + 0.02 0.42 + 0.03 





* 6-Chloro-2-aminotetralin hydrochloride and Org 6582 were injected i.p. at 
the doses indicated 73 hr before the rats were killed. p-Chloroamphetamine 
hydrochloride was injected i.p. at 0.1 m-mole/kg (20.6 mg/kg) 72 hr before the 
rats were killed. Mean values + standard errors for five rats per group are 


shown. 


+ Values differ significantly (P < 0.005) from the group treated with p-chloro- 


amphetamine alone. 


t Values differ significant], (P < 0.005) from the saline-treated control group. 
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Table 4. Antagonism by 6-chloro-2-aminotetralin and Org 6582 of the initial 
depletion of brain serotonin after p-chloroamphetamine administration to rats* 





Serotonin (ug/g) 





Saline- 
treated 


p-Chloroamphetamine- 


Cotreatment treated 





None 
6-Chloro-2-aminotetralin 
Org 6582 


0.62 + 0.02 
0.48 + 0.01 
0.57 + 0.04 


0.25 + 0.01 
0.34 + 0.02t,§ 
0.63 + 0.02§ 





* 6-Chloro-2-aminotetralin hydrochloride and Org 6582 were injected i.p. 
along with saline or p-chloroamphetamine hydrochloride. All drugs were in- 
jected at 0.1 m-mole/kg. Rats were killed 6hr later. Mean values + standard 
errors for five rats per group are shown. 

+ Significant difference from group with same cotreatment but without 
p-chloroamphetamine, P < 0.01. 

t Significant difference from corresponding control group without cotreat- 
ment, P < 0.01. 

§ Significant difference from p-chloroamphetamine group without cotreat- 
ment, P < 0.01. 


Table 5. Behavior of rats treated with p-chloroamphetamine, 6-chloro-2-aminotetralin 
or Org 6582* 





Score 





6-Chloro-2- 
aminotetralin 


p-Chloro- 


Behavioral effect Saline amphetamine Org 6582 





Exophthalmos 5/5 5/3 0/0 
Piloerection 5/10 5/8 5/5 
Locomotion / 5/10 5/4.5 3/1.5 
Sniffing / 5/5 4/3.5 0/0 
Searching 5/15 5/7.5 1/0.5 
Alertness / 5/5 5/5 1/0.5 


Mean total score 


per rat 0 10.4 6.4 1.3 





* Compounds were injected i.p. at 0.1 m-mole/kg 30 min before behavior was scored 
in groups of five rats. Results are expressed as number of rats affected/total score 
for each group. For exophthalmos and alertness, the maximum group score possible 


was 5; for the other parameters, the maximum group score possible was 15. 


dase [11], causes CNS stimulation [4, 20] and appar- 
ently causes neurotoxic degeneration of serotonin 
neurons in rats [21-23]. The rigid conformational 
analog of p-chloroamphetamine, 6-chloro-2-amino- 
tetralin, retains the ability to inhibit serotonin uptake 
and monoamine oxidase in vitro and some of the abi- 
lity to lower tryptophan hydroxylase and 5-hydroxy- 
indole levels as well as to cause CNS stimulation 
in vivo, though it does not cause long-lasting effects 
attributable to neurotoxic degeneration of serotonin 
neurons. All of the effects of p-chloroamphetamine 
except uptake inhibition are virtually eliminated in 
Org 6582, which has a further restricted conformation 
by virtue of another ring structure. Org 6582 did not 
inhibit monoamine oxidase in vitro, did not alter tryp- 
tophan hydroxylase or serotonin levels in vivo, and 
had minimal CNS stimulatory effects. On the other 
hand, Org 6582 was a potent inhibitor of serotonin 
uptake in vitro and antagonized both the short-term 
and long-term effects of p-chloroamphetamine on 
serotonin neurons in vivo; this latter action of Org 
6582 presumably illustrates its ability to inhibit 


uptake into serotonin neurons, though other 
mechanisms such as interference with p-chloroamphe- 
tamine metabolism cannot be proven to be unimpor- 
tant. Thus, Org 6582 is a potent inhibitor of uptake 
into serotonin neurons in vivo, as reported earlier by 
Goodlet et al. [7] and Sugrue et al. [8], without di- 
rectly affecting other parameters of serotonin neur- 
onal function. 
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Abstract—Papaverine was given to perfused porcine and canine livers to assess the effect of this antispas- 
modic on hepatic viability. Papaverine decreased oxygen consumption, portal venous resistance (PVR), 
and perfusate pyruvate while increasing perfusate lactate. After approximately 10 min, these parameters, 
except for perfusate lactate, began to return to their pre-papaverine values. The reduction of oxygen 
consumption accompanied by the output of lactate indicated a shift to anaerobic metabolism resulting 
from papaverine administration. These phenomena occurred in both species even though the reduction 
in PVR was much less pronounced in the porcine liver. The decrease in perfusate pyruvate was found 
to depend on pre-existing levels of pyruvate in the perfusate; the equations governing this behavior 
were similar in the canine and porcine livers. There was no correlation between change in lactate 
output and initial values of lactate; however, the change in perfusate lactate could be correlated to 
the change in perfusate pyruvate. Thus, the changes in pyruvate and lactate occurring upon papaverine 
administration are related to initial perfusate pyruvate, the levels of which may reflect the redox state 
of the hepatocytes. Papaverine did not improve the perfusion characteristics of porcine livers other . 
than to slightly decrease PVR. Irreversible outflow block could be prevented or delayed by papaverine 
in canine preparations, however, when this drug was given at the onset of PVR rise. Thus, papaverine 
may be effective in perfusion and preservation of canine livers and other organs which undergo pheno- 


mena similar to outflow block due to venous sphincters 


The smooth muscle dilator, papaverine, directly 
affects various metabolic processes as well as acting 
as an antispasmodic. In polymorphonuclear lympho- 
cytes, papaverine inhibited phagocytosis and respir- 
ation, while stimulating glycolysis and subsequent lac- 
tate production[1]. Papaverine almost completely 
abolished respiration and phosphate uptake of rat 
liver mitochondria oxidizing glutamate but not suc- 
cinate [2]. Thus, inhibition of electron transport by 
papaverine is implied. Respiration and ATP content 
were lowered in C-6 astrocytoma cells treated with 
papaverine, whereas glycogenolytic activity of papa- 
verine paralleled the well-documented [3-7] phospho- 
diesterase inhibition by this drug in rat dia- 
phragm [4]. The increase in cyclic AMP has been 
proposed as a mediator of the muscle relaxant 
properties of this compound [8,9]. However, papaver- 
ine has also been shown to stabilize liver lysosomes 
in vitro which might be attributable to a direct inter- 
action between the membrane and the antispasmo- 
dic [10]. 

Assuming that these various metabolic alterations 
in addition to vascular dilation would benefit the per- 
fused organ in vitro, canine and porcine liver per- 
fusions were performed. The basic difference in these 
two species is the presence of hepatic vein sphincters 
in the canine preparation which makes this species 
particularly susceptible to outflow block [11]. Thus, 
comparison of these species would enable us to assess 
whether the effects of papaverine in the liver are due 
to dilation or metabolic alteration. 


MATERIALS AND METHODS 


Mongrel dogs (15-19 kg) and young pigs (15—32 kg) 
fasted for 18 hr were used as liver donors. The hepa- 


tectomy and whole blood perfusion were performed 
as previously described [12]. The isolated perfused 
organs received oxygen-saturated blood via the portal 
vein and hepatic artery. The bile duct was cannulated 
and the cystic duct tied. Both blood vessels were sup- 
plied from the same “arterial” reservoir. The organ 
was normothermically maintained for 2-4 hr. 

Papaverine (Eli Lilly) was injected in 150-mg doses 
into the “arterial” reservoir where it was mixed with 
the whole blood perfusate and delivered in identical 
concentrations to the portal vein and hepatic artery. 
Papaverine was given to livers after the preparation 
had stabilized, or, where specified, at the time of por- 
tal venous resistance (PVR) increase in canine livers. 
Since flows were maintained constant, after stabiliza- 
tion, changes in PVR reflected variations in perfusion 
pressure only. 

Throughout the perfusion, blood was collected 
from the inflow and outflow sides of the liver for dis- 
crete and continuous on-line analyses: Arterial and 
venous oxygen, lactate, and pyruvate concentrations 
were continuously monitored on line[13] and the 
data relayed to a magnetic tape for computerized cal- 
culation of output. Glucose was measured discretely 
on arterial and venous plasma with an automated 
neocuprine method [14]. 

The concentration of sodium taurocholate in the 
arterial reservoir was assayed continously by a modi- 
fication of the hydroxysteroid dehydrogenase 
method [15] previously described [12]. The rate of 
sodium taurocholate infusion was manually adjusted 
to maintain a constant flow of 20 umoles/min to the 
liver. 

Bile was collected in conical graduated centrifuge 
tubes at 10-min intervals. Bicarbonate concentrations 
were measured by titration [16]. Bile salt and chloride 
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Fig. 1. Metabolic parameters in seven control canine livers (O) and seven livers given 150 mg papaverine 
(@) at time = Omin. (A). Per cent change in oxygen consumption from initial values. (B). Per cent 


change in perfusate lactate from initial values. (C). 


Consumption (positive values) or output (negative 


values) of lactate expressed as mg/min/100 g of liver. (D). Per cent change in PVR from initial values. 
(E). Per cent change in perfusate pyruvate from initial values. (F). Consumption (positive values) or 
output (negative values) of pyruvate expressed as mg/min/100 g of liver. 


concentrations were determined autoanalytically 
[16,17]. Sodium and potassium were measured on 
a Jarrell-Ash atomic absorption photometer. 

All calculations were performed on an Olivetti 652 
computer interfaced to transfer the data from mag- 
netic tape to disc storage. 


RESULTS 


Changes in metabolic and functional parameters of 
stable canine and porcine liver perfusions with and 





120 
1005 


Oxygen 
Consumption 








170 


Perfusate 
Lactate 
% 








Change in 
Lactate 
mg 
min 


100g 








1 





20 2& 30 35 


without papaverine administration are illustrated in 
Figs. 1 and 2. Oxygen consumption (Fig. 1A and 2A) 
was decreased to approximately 60 per cent of its 
pre-papaverine value, an effect which was reversed 
30 min after papaverine administration. Perfusate lac- 
tate (Fig. 1B and 2B) was increased to 160 per cent 
(canine) and 190 per cent (porcine) of its initial value, 
stabilizing at that level approximately 15 min after ad- 
ministration. Lactate output by the liver (Fig. 1C and 
2C) followed a pattern similar to the decrease in 
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Fig. 2. Metabolic parameters in four control porcine livers (DO) and four livers given 150 mg papaverine 

(@) at time = Omin. (A). Per cent change in oxygen consumption from initial values. (B). Per cent 

change in perfusate lactate from initial values. (C). Consumption (positive values) or output (negative 

values) of lactate expressed as mg/min/100 g of liver. (D). Per cent change in PVR from initial values. 

(E). Per cent change in perfusate pyruvate from initial values. (F). Consumption (positive values) or 
output (negative values of pyruvate expressed as mg/min/100 g of liver. 
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Fig. 3. Correlations between various perfusate levels and 
changes in perfusate levels of lactate and pyruvate at maxi- 
mal papaverine effect. Panels A (porcine) and B (canine): 
relationship between initial perfusate pyruvate prior to 
Papaverine administration and maximal decrease in perfu- 
sate pyruvate produced by papaverine administration. 
Panels C (porcine) and D (canine): relationship between 
initial perfusate lactate prior to papaverine administration 
and maximal increase in perfusate lactate produced by 
papaverine administration. Panels E (porcine) and F 
(canine): relationship between the maximal increase in per- 
fusate lactate produced by papaverine administration and 
the maximal decrease in perfusate pyruvate by papaverine. 


oxygen consumption (Fig. 1A and 2A). The porcine 
preparations showed less PVR fluctuation (Fig. 2D) 
than the canine livers (Fig. 1D). Perfusate pyruvate 
(Fig. 1E and 2E) dropped as pyruvate was initially 
consumed (Fig. 1F and 2F) and rose as the process 
was reversed. Thus, perfusate pyruvate, unlike perfu- 
sate lactate, returned to its pre-papaverine value as 
the effect of the drug lessened. 

Thus, the initial effect of papaverine was to lower 
the PVR, oxygen consumption, and perfusate pyru- 
vate and to increase perfusate lactate. After approxi- 
mately 10 min, the effect of the papaverine began to 
diminish and the oxygen consumption, PVR, and per- 
fusate pyruvate began to return to normal values. The 
new level of perfusate lactate did not diminish. 

To determine whether the alterations of pyruvate 
and lactate in the perfusate were related or simply con- 
current phenomena, the changes in the perfusate 
quantities were compared with each other and with 
initial perfusate concentrations (Fig. 3). Minimal 
values of perfusate pyruvate correlated well with the 
levels of pyruvate present before papaverine adminis- 
tration (Fig. 3A and 3B), suggesting that the pyruvate 
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uptake seen with papaverine administration was a 
first-order process. The slope of the two lines govern- 
ing this behavior was not significantly different 
(P < 0.4) between species. 

Changes in perfusate lactate could not be signifi- 
cantly correlated with initial concentrations of this 
metabolite (Fig. 3C and 3D) in porcine or canine 
preparations. Changes in perfusate lactate could, 
however, be correlated with changes in pyruvate con- 
centration (Fig. 3E and 3F); however, the equations 
governing this behavior were significantly different in 
the porcine and canine preparations (P < 0.05). 

The metabolic and/or antispasmodic effects pro- 
duced by papaverine appeared to benefit the perfused 
canine liver. This organ often exhibits rapid outflow 
block due to the presence of hepatic venous 
sphincters [18]. This syndrome is characterized by 
rapidly increasing PVR, large weight gain, darkening, 
decreased oxygen consumption, increased pyruvate 
output, and decreased bile flow. Within minutes of 
the onset of outflow block, the deteriorating condition 
is irreversible. Failing organs receiving papaverine, 
however, often ceased gaining weight, regained nor- 
mal coloration, and often increased bile flow upon 
papaverine administration (Table 1). Even after the 
metabolic effects of the drug dissipated, the liver 
would retain normal perfusion characteristics for 
1-2 hr. Porcine preparations do not usually exhibit 
rapid outflow blocks; thus, improvement in these par- 
ameters, except for PVR, was not observed. 

No changes in perfusate potassium or glucose were 
detected upon papaverine administration. Bile flow 
was increased only in failing canine preparations, and 
no changes in bicarbonate, sodium, potassium, chlor- 
ide, or bile salt concentrations were detected in bile 
secreted after papaverine administration. 


DISCUSSION 


Papaverine, an effective antispasmodic in isolated 
perfused canine liver, altered oxidative metabolism 
appreciably. Porcine preparations, although less sen- 
sitive to the antispasmodic properties of this drug, 
nevertheless exhibited similar metabolic alterations. 
These effects were probably not due to papaverine 
degradation, although the liver is the major site of 
its metabolism [19]. The degradation of papaverine 
requires oxygen, and, thus, it is evident that the net 
effect of papaverine upon oxygen consumption is not 
due to its detoxification. Decrease in oxygen con- 
sumption upon papaverine administration has been 
observed in other systems [2, 20] and has been linked 
to depression of the electron transport chain func- 
tion [2]. High doses of papaverine can almost com- 
pletely abolish respiration [2]. The increase in the 
lactate:pyruvate ratio in the perfusate seen upon 
papaverine administration is a further indication that 
the liver is shifting to a more anaerobic metabolism. 

Inhibition of the electron transport chain might 
result in a transient buildup of NADH, while in- 
creased glycogenolysis may require additional NAD. 
This may be the reason for the pyruvate uptake, 
which can readily be converted to lactate with regen- 
eration of NAD. NAD is not necessary, furthermore, 
for the enzymatic degradation of papaverine and is 
a poor substitute for the required cofactor 
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Table 1. Influence of papaverine on viability parameters of perfused canine livers 
after onset of outflow block* 





Viability parameter 


Control (10) Papaverine (10) 





Portal venous resistance—increasing 
(PVR) 


—decreasing or stable 


Bile flow—decreasing 
—increasing or stable 
darkening 
—reddening or stable 


Color 


Weight gain—increasing 
-decreasing or stable 
Average time between onset and increase 


in portal venous pressure to 30cm blood 


10 


No 


CNm CNnIW OO 


15 + Smin 70 + 20 min 





* Parameters were measured 20 min after onset of outflow block (i.e. the first detect- 
able rise in PVR after transfer of the liver to the perfusion apparatus). Papaverine 
was given in the designated group 5 min after onset. Controls received no treatment. 
The numbers in parentheses indicate the number of experiments. 


NADP [19]. Thus, the NAD, if being generated, is 
probably not directly liked to the degradation of the 
administered drug, but rather to the new metabolic 
demands of the treated organ. 

It would appear that limiting electron transport 
would result in an energy shortage and subsequent 
hepatic failure. However, the canine preparations visi- 
bly improved and remained in good condition after 
the effect of papaverine had diminished, whereas ex- 
perience dictates that the same preparations not 
receiving the drug would certainly fail (see Table 1). 

Two effects which might have offset the inhibition 
of the electron transport system were observed. The 
decrease in PVR may have resulted in better per- 
fusion, even though flows were kept constant. The 
second phenomenon which may be beneficial to the 
perfused liver is the increase in anaerobic glycolysis 
suggested by the increased lactate output by the liver. 
Since lactate output was much greater than pyruvate 
uptake and there were no changes in perfusate glu- 
cose, it is assumed that the lactate must have come 
from pre-existing glucose or glycogen stores in the 
liver. This phenomenon might compensate for the de- 
crease in energy available from electron transport ac- 
tivity. Although the concentration of glucose in media 
of polymorphonuclear leukocytes affects lactate pro- 
duction by papaverine [1], no correlation could be 
made in perfused liver between perfusate glucose and 
changes in perfusate lactate. 

The correlation between the initial perfusate pyru- 
vate and the change in perfusate pyruvate indicates 
that approximately 50 per cent of the available meta- 
bolite is consumed. The similarity of this consump- 
tion in both porcine and canine livers suggests that 
the process is common to both species. Although lac- 
tate output was related to pyruvate uptake in both 
species, the strong correlation between species was 
absent. More than twice as much lactate was released 
from the porcine liver compared to the canine liver 
at the same level of pyruvate uptake. Comparison 
between quantitative metabolic parameters of canine 
and porcine liver perfusions must be made with some 
caution, however. Due to the experimental design, 


dosage of papaverine could not be corrected for organ 
weight before drug administration. The porcine livers 
averaged 20 per cent heavier than the canine livers 
and thus a dosage phenomenon cannot be ruled out. 

The action of papaverine is complex. However, 
these experiments demonstrate that the metabolic 
changes produced by this drug are independent of 
extensive vasodilation. The preservation of the canine 
liver, but not the porcine liver, can be extended by 
administration of papaverine during early outflow 
block, suggesting that the dilatory properties of this 
drug are responsible for the beneficial effects on 
canine liver. 
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Abstract—The inhibition by lamprene of the oxidation of L-dopa, catalysed by tyrosinase from the 
wild mushroom, Xerocomus badius, was of the mixed type with a K; of 30uM. The inhibition by 
thiambutosine of the tyrosinase from the cultivated mushroom, Agaricus campestris, was competitive 


with a K; of 15 uM. 


Since the introduction of the mouse foot-pad model 
by Shepard[1] as an experimental basis for the 
chemotherapy of leprosy, many drugs have been de- 
veloped against this disease. Nevertheless, their 
mechanism remains still unknown. Lamprene (B663, 
clofazimine), a riminophenazine compound, is con- 
sidered as one of the most promising drugs, while 
thiambutosine (Ciba 1906) is widely used when dap- 
sone (diaminodipheny] sulphone), the drug of choice, 
is not tolerated [2]. 

Prabhakaran and Kirchheimer [3] demonstrated 
the existence of an active phenoloxidase in Mycobac- 
terium leprae. This enzyme might be involved in a 


key metabolic process in this mycobacterium [4]. In- 
hibitors of the phenolase also suppressed the multipli- 
cation of the bacteria in the mouse foot-pad [5]. 

This paper reports the inhibition by lamprene and 
by thiambutosine of tyrosinases (phenoloxidase, E.C. 
1.14.18.1), isolated from mushrooms. 


MATERIALS AND METHODS 


Materials. Tyrosinases were prepared from mush- 
rooms by the method of L. H. Evans, T. N. Wagner 
and H. S. Mason*. Mushrooms were immersed in 
liquid nitrogen for a few minutes and ground in a 
Waring Blender. The endogenous substrates were 
extracted with a saturated sodium benzoate- 
ammonium sulphate solution (700 g ammonium sul- 
phate and 2.125 g sodium benzoate per liter of water, 
pH 5.6). Protein was solubilized from the remaining 
pulp with 0.1 M sodium benzoate adjusted to pH 5.6 
with 1N sulphuric acid. Ammonium sulphate was 
added, the precipitate at 35-45% saturation was sub- 
mitted to chromatography on Sephadex G-100 and 
on hydroxylapatite. In the experiments with thiambu- 
tosine tyrosinase from Agaricus campestris was used. 
The inhibition by larnprene was studied on tyrosinase 
from Xerocomus badius. 

Lamprene and thiambutosine were a gift from 
Ciba-Geigy, Basle, Switzerland. 3,4-Dihydroxy-t- 
phenylalanine (L-dopa) was purchased from Aldrich- 
Europe, Janssen Pharmaceutica, Beerse, Belgium and 





*Personal communication. 


dimethyl sulphoxide p.a. was obtained from Merck, 
Darmstadt, Germany. 

Methods. The reaction rates were determined spec- 
trophotometrically [6] or by measuring the oxygen 
consumption. 

The increase in absorbance at 475 nm was followed 
in a Beckman DB-G spectrophotometer (Fullerton, 
CA, U.S.A.). The reaction cuvette was filled with 3 ml 
air-saturated tyrosinase solution, incubated with in- 
hibitor. By means of a micro syringe 50-200 yl L-dopa 
were injected (final concentrations 0.025—1 mM). Ac- 
tivities were calculated from initial velocities and 
expressed as the change in absorbance per min, multi- 
plied by 1000. With thiambutosine reaction rates were 
calculated per pl tyrosinase stock solution. 

Oxygen consumption was measured with a Clark 
oxygen electrode (Radiometer, Copenhagen, Den- 
mark), placed in a plexiglass holder provided with 
a stopper and equipped with a magnetic stirrer. Solu- 
tions of L-dopa were added through a capillary in 
the stopper (final concentrations 0.025-1 mM). The 
oxygen consumption was registered with a recorder, 
activities were calculated from initial velocities and 
expressed as pmol oxygen per min. 

Inhibitor concentrations in the reaction mixture 
were limited to 20 uM, owing to the low solubility 
of lamprene and thiambutosine in water. These in- 
hibitors were dissolved in dimethyl sulphoxide. The 
experiments were carried out at 25° in 0.1 M phos- 
phate buffer, pH 6.93, 5% (v/v) dimethyl sulphoxide. 
Up to this final concentration there was no influence 
of dimethyl sulphoxide on the reaction rate. 


RESULTS AND DISCUSSION 


Both methods yielded similar results for the inhibi- 
tion of tyrosinase by lamprene (Figs. | and 2). Line- 
weaver—Burk plots of velocity data for a series of con- 
centrations of lamprene indicated changes of both K,, 
and V (Tables 1 and 2). This inhibition was of a mixed 
type, the dissociation constant of the enzyme- 
inhibitor complex K; was calculated from the slopes 
of the straight lines, as described by Webb[7]. A 
second constant a, which measures the influence of 
the inhibitor on the dissociation of the enzyme-sub- 
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Fig. 1. Kinetic patterns of inhibition of tyrosinase (X ero- 

comus badius) by lamprene with respect to L-dopa in phos- 

phate buffer 0.1 M, pH 6.93, 5% (v/v) dimethyl sulphoxide. 

Reaction rates were determined spectrophotometrically. O, 

Blank; ©, 8.6uM, @, 17.8uM, and @, 18.7uM 
lamprene. 
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Fig. 2. Kinetic patterns of inhibition of tyrosinase (X ero- 

comus badius) by lamprene with respect to L-dopa (condi- 

tions of Fig. 1). Reaction rates were determined with the 

oxygen electrode. O, Blank; ©, 10.2 4M, @, 12.2 uM, and 
@, 18.0 uM lamprene. 


Table 1. Kinetic parameters for the inhibition of the tyro- 


sinase of Xerocomus badius by lamprene with L-dopa as 


a substrate in phosphate buffer 0.1 M, pH 6.93, 5% (v/v) 
dimethyl sulphoxide. Reaction rates determined by the 
spectrophotometric method 





Lamprene V 


uM min”! 10? uM 





1.55 
1.36 
1.40 
1.30 


26.0 2.3 
35.4 (3 
rid, Mie © 
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Fig. 3. Kinetic patterns of inhibition of tyrosinase (Agar- 

icus campestris) by thiambutosine with respect to L-dopa 

(conditions of Fig. 1). Reaction rates were determined spec- 

trophotometrically. O, Blank; @, 4.02 uM and @, 8.30 uM 
thiambutosine. 


strate complex and thereby indicates the extent of 
competitive (« = 00) versus non-competitive inhibi- 
tion («= 1), was also obtained graphically. The 
values listed in Table 1 and 2 show that the competi- 
tive character of the inhibitor is more pronounced, 
an average K; value of 30 uM was derived. 

Double reciprocal plots, calculated from the data 
obtained with thiambutosine, proved the inhibition 
to be competitive (Fig. 3). An average K; value of 
15 uM was obtained (Table 3). 

These results can be compared with the conclusions 
of other papers, dealing with the inhibition of tyro- 
sinases. Duckworth and Coleman [8] reported a com- 
petitive inhibition of the catecholase activity of mush- 
room tyrosinase by benzoic acid (K; = 1 uM), Pomer- 
antz [9] found a non-competitive inhibition of tyro- 
sinase from hamster melanoma by diethyldithiocarba- 
mate (K; = 80uM). Methimazole, another inhibitor 
of the multiplication of M. leprae [10], inhibited tyro- 
sinase with a K; value in the range of 1 uM [11]. 

These data indicate that mushroom tyrosinases are 
inhibited by the anti-leprosy drugs lamprene and 


Table 3. Kinetic parameters for the inhibition of the tyro- 
sinase of Agaricus campestris (conditions of Table 1). Reac- 
tion rates determined by the spectrophotometric method 





Thiambutosine V K,, 
uM min~' pl~! 10? uM 





446 
562 
658 


0 1.38 
4.02 1.52 
8.30 1.52 





Table 2. Kinetic parameters for the inhibition of the tyrosinase of Xero- 
comus badius by lamprene (conditions of Table 1). Reaction rates deter- 
mined with the oxygen electrode 





Lamprene V 
uM 


pmol O, min™ 


1 





31.3 
27.3 
28.8 
29.6 
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thiambutosine. We intend to compare the inhibition 
of both enzymes by these substances and to extend 
these data to other drugs, like dapsone. 
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SHORT COMMUNICATIONS 


Sensitivity to acetaldehyde of pyruvate oxidation by mitochondria from 
liver, kidney, brain and muscle* 


(Received 11 August 1976; accepted 3 December 1976) 


Although acetaldehyde is rapidly metabolized within the 
liver, blood levels of acetaldehyde increase after ethanol 
administration [1]. The concentration of acetaldehyde in 
peripheral blood is considerably lower than in hepatic 
venous blood suggesting extrahepatic oxidation of acet- 
aldehyde [2,4]. Furthermore, alcohol dehydrogenase ac- 
tivity is found in tissues other than the liver [5,6]. For 
example, the kidney produces '*CO, from '*C-labeled eth- 
anol [7,8]. Mitochondria isolated from various organs of 
the rat could oxidize acetaldehyde, this metabolism being 
NAD* dependent and rotenone-sensitive [9]. Since circu- 
lating acetaldehyde must be metabolized, it was of interest 
to study the effect of acetaldehyde on the oxidation of 
respiratory substrates by these mitochondria. In liver mito- 
chondria, oxygen consumption, oxidative phosphorylation, 
fatty acid oxidation and CO, production from citric acid 
cycle intermediates were depressed by high levels of acet- 
aldehyde [10-13]. The physiological significance of these 
results was difficult to evaluate, since these concentrations 
of acetaldehyde (usually 1mM and higher) were higher 
than blood levels of acetaldehyde usually found after eth- 
anol administration (0.1 to 0.2mM [1]). We report here 
that concentrations of acetaldehyde which may be con- 
sidered physiological after ethanol consumption inhibit the 
oxidation of pyruvate, and that the pyruvate dehydrogen- 
ase complex from mitochondria from various organs of 
the rat appears to be especially sensitive to inhibition by 
acetaldehyde. 

Liver and kidney mitochondria were isolated from male 
Sprague-Dawley rats [14], using 0.25M _ sucrose—-0.01 M 
Tris-HCl (pH 7.4)}-0.001M EDTA, and washed twice. 
Muscle mitochondria were prepared [15], using tissue 
excised from the hind limbs of the rats. Brain mitochondria 
were prepared by a modification of the method of Puszkin 
et al. [16]. The crude mitochondrial pellet was suspended 
in 3 per cent dialyzed ficoll in a buffer of 0.24M manni- 
tol-0.06 M sucrose-0.05mM EDTA (Tris), pH 7.4, and 
layered over a 6 per cent ficoll solution in the same buffer. 
The mitochondrial pellet obtained after centrifugation at 
10,000 rev/min in the ss-34 rotor of a RC-2B Sorvall centri- 
fuge was suspended in 0.25M sucrose-0.01 M Tris-HCl 
(pH 7.4)}-0.001 M EDTA. Oxygen uptake was assayed at 
30° using a Clark oxygen electrode and a Yellow Springs 
oxygen monitor, in a reaction mixture of 0.3 M mannitol, 
0.01 M Tris-HCl, pH 7.4, 0.01 M potassium phosphate, pH 
7.4, 0.01 M KCl, 0.003 M MgCl, and mitochondria (about 
2-4 mg protein) in a final reaction volume of 3.0 ml. With 
brain mitochondria, bovine serum albumin (final concen- 
tration, 1%) was also added. State 3 respiration was in- 
itiated by the addition of 0.5mM ADP. Substrates in- 
cluded glutamate (10mM) plus malate (3 mM), pyruvate 
(10mM) plus malate (3mM), a-ketoglutarate (10 mM), 
B-hydroxybutyrate (10mM), succinate (10mM) (in the 





*These studies were supported by U.S.P.H.S. grant 
AA 00287 and a Research Scientist Career Development 
Award 5 Ko2-AA-00003-02 (A. I. C.) from the National 
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presence of 0.004 mM rotenone) and ascorbate (5 mM) plus 
N,N,N’,N’-tetramethyl-p-phenylenediamine (0.2 mM). The 
ADP/O ratio was calculated from the extra consumption 
of oxygen produced by the addition of ADP. Statistical 
analysis was performed by Student's t-test. 

Acetaldehyde had no effect on the state 4 rate of oxygen 
uptake associated with the oxidation of pyruvate-malate 
by liver mitochondria (Table 1). However, the state 3 rate 
of pyruvate oxidation was inhibited by 0.2 to 0.3 mM acet- 
aldehyde, with increasing inhibition occurring at higher 
concentrations of acetaldehyde (Table 1). By contrast, the 
oxidation of glutamate was considerably less sensitive to 
inhibition by acetaldehyde; 0.5mM had no effect on the 
state 3 rate of glutamate oxidation while 1.0mM< acetalde- 
hyde produced a decrease of 14 per cent (Table 1). Similar 
results were obtained with other NAD*-dependent sub- 
strates, e.g. the state 3 rate of B-hydroxybutyrate oxidation 
was decreased 4, 14, 20 and 27 per cent by acetaldehyde 
concentrations of 0.5, 1.0, 2.0 and 3.0mM, respectively; 
the state 3 rate of a-ketoglutarate oxidation was decreased 
8, 16, 25 and 32 per cent by the same concentrations of 
acetaldehyde. Much higher concentrations of acetaldehyde 
are required to inhibit the oxidation of succinate or ascor- 
bate [10]. Thus, the oxidation of pyruvate appears to be 
especially sensitive to inhibition by acetaldehyde. This inhi- 
bition is not limited specifically to ADP-stimulated oxygen 
uptake, since acetaldehyde depressed pyruvate oxidation 
stimulated by the ionophore valinomycin to the same 
extent as it depressed the state 3 rate of pyruvate oxidation 
(compare experiments A and B, Table 1). Similar to the 
results found with state 3 glutamate and pyruvate oxi- 
dation, acetaldehyde was much less inhibitory toward 
valinomycin-stimulated glutamate oxidation (— 3, —13 and 
—23 per cent at acetaldehyde concentrations of 0.5, 1.0 
and 2.0 mM, respectively) than it was toward valinomycin- 
stimulated pyruvate oxidation. 

Acetaldehyde had no effect on the state 4 rate of pyru- 
vate oxidation by mitochondria isolated from brain, 
muscle and kidney (Table 2). However, as with liver mito- 
chondria, the state 3 rate of pyruvate oxidation was inhi- 
bited by 0.2 to 0.3mM acetaldehyde (Table 2). That the 
oxidation of pyruvate is uniquely sensitive to acetaldehyde 
is indicated by the fact that the oxidation of glutamate, 
an NAD*-dependent substrate, succinate (not shown) and 
ascorbate (not shown) by mitochondria from kidney, brain 
and muscle was not affected by concentrations of acetalde- 
hyde which decreased the oxidation of pyruvate (Table 2). 
Since acetaldehyde inhibited the state 3 rate of pyruvate 
oxidation, without affecting the state 4 rate, the respiratory 
control ratio associated with the oxidation of pyruvate by 
mitochondria from liver (4.1), brain (5.7), muscle (11.2) and 
kidney (3.9) was decreased by acetaldehyde. With liver 
mitochondria, respiratory control was lowered by 18, 29 
and 32 per cent by 0.2, 0.3 and 0.5mM acetaldehyde re- 
spectively. With brain mitochondria, respiratory control 
was lowered by 22, 31 and 39 per cent by the same concen- 
trations of acetaldehyde. The respiratory control ratio as- 
sociated with the oxidation of glutamate by mitochondria 
from liver (4.7), brain (8.9), muscle (9.2) and kidney (5.6) 
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Table 1. Effect of acetaldehyde on oxygen uptake by liver mitochondria* 





Oxygen uptake Effect 
Concentration of (natoms/min/mg protein) (%) 


acetaldehyde 








Substrate (mM) 


State 4 


State 3 


State 4 


State 3 


State 4 


State 3 





Expt. A 
Pyruvate- 0 (20) 
malate 0.1 (4) 
0.2 (15) 


0.3 (17) 


Glutamate- 
malate 


Expt. B 
Pyruvate- 
malate 


13.98 + 0.83 
15.64 + 1.46 
14.97 + 0.94 


15.54 + 1.07 
14.49 + 0.88 
15.50 + 1.00 
15.55 + 1.70 


19.72 + 2.18 
18.79 + 2.19 
19.23 + 2.27 
19.95 + 1.56 
18.25 + 3.92 


56.82 + 2.65 
59.67 + 4.83 
49.48 + 2.82 


44.53 + 2.57 
40.06 + 1.93 
38.02 + 1.97 
33.67 + 1.92 


93.10 + 7.39 
89.97 + 8.04 
80.54 + 7.49 
76.09 + 6.43 
64.36 + 7.72 


63.10 + 4.91 
56.47 + 6.15 
49.92 + 3.64 
44.93 + 2.73 
40.92 + 2.32 


—3 
—14 
-19 
—31 


-11 
—21 
—29 
— 35 


NS 
NS 


NS 
NS 
NS 
NS 


NS 
NS 
NS 
NS 


NS 


0.10 > P > 0.05 


(0.0704) 
<0.01 

<0.001 
<0.001 
<0.001 


NS 

NS 
<0.05 
<0.05 


NS 
<0.02 
<0.01 
< 0.002 





* Oxygen uptake by liver mitochondria was assayed in the absence (state 4) and presence (state 3) of ADP in Expt. 
A. In Expt. B, valinomycin (0.5 uM) was used to stimulate oxygen uptake. Results are expressed as mean + S.E.M. 
The number of experiments is indicated in parentheses. NS = not significant. 


was not affected by 0.5mM acetaldehyde, and was 
depressed by about 10 and 20 per cent by 1 and 2mM 
acetaldehyde respectively. The ADP/O ratio associated 
with the oxidation of pyruvate was depressed by 0.3mM 
acetaldehyde (Table 3). These changes are very small, but 
because of the high reproducibility, they are significant. 
Kidney mitochondria appeared to be especially sensitive 
to the lowering of the ADP/O ratio by acetaldehyde. It 
is possible that the lowering of the ADP/O ratio associated 
with the oxidation of pyruvate may reflect the decreased 
flux of electrons through the respiratory chain caused by 
acetaldehyde inhibition of pyruvate dehydrogenase, rather 
than a true uncoupling effect by acetaldehyde. This would 
be consistent with the lack of stimulation of state 4 respir- 
ation or of ATPase activity by acetaldehyde (Tables 1 and 
2, see also Ref. 10), and the fact that the ADP/O ratio 
associated with the oxidation of glutamate is not affected 
by 0.5mM acetaldehyde (Table 3), a concentration which 
does not inhibit glutamate-linked oxygen uptake. 

In liver mitochondria, high concentrations of acetalde- 
hyde inhibit oxygen uptake linked to the oxidation of glu- 
tamate, «-ketoglutarate and f-hydroxybutyrate compara- 
bly, whereas oxygen uptake associated with succinate or 
ascorbate is not affected [10]. It was previously suggested 
that the similar inhibition of the NAD*-dependent sub- 
strates by acetaldehyde may be due to an effect on a com- 
mon intermediate in the oxidation of these substrates, e.g. 
NADH dehydrogenase, although an effect on the indivi- 
dual dehydrogenases was not to be ruled out [10]. The 
pyruvate dehydrogenase complex appears to be uniquely 
sensitive to acetaldehyde, since concentrations of acetalde- 
hyde which do not affect the oxidation of other substrates 
depress the state 3 oxidation of pyruvate by mitochondria 
from liver, kidney, muscle and brain. The extent of inhibi- 
tion by acetaldehyde increases only slightly as the acetalde- 
hyde concentration is raised above 1 mM. This may reflect, 
in part, the ability of the acetaldehyde itself to serve as 
a substrate for the mitochondrial respiratory chain. Conse- 
quently, measurements of oxygen consumption may not 
necessarily reflect the true sensitivity to acetaldehyde, 


although the potent inhibition of pyruvate oxidation can 
be readily detected. In addition, acetaldehyde can be oxi- 
dized by mitochondria from all these tissues [9]. In parallel 
experiments, under conditions similar to those of the 
assays of oxygen uptake (3 mg protein, 5-min total reaction 
period), about 250 nmoles acetaldehyde are consumed by 
intact liver mitochondria. The concentrations reported 
here reflect the initial concentration of acetaldehyde added. 
Since the concentration of pyruvate exceeds that of acet- 
aldehyde by more than 20-fold, it is unlikely that acetalde- 
hyde interaction with pyruvate (acetoin formation) limits 
the availability of pyruvate to its dehydrogenase. Acetalde- 
hyde has been shown to inhibit the pyruvate dehydrogen- 
ase complex isolated from ox brain and ox kidney by a 
mechanism which is non-competitive with respect to pyru- 
vate, thiamine pyrophosphate, coenzyme A and NAD* 
[17]. Furthermore, the «a-ketoglutarate dehydrogenase 
complex was not affected by concentrations of acetalde- 
hyde which inhibit the oxidation of pyruvate [17]. The 
K; for acetaldehyde inhibition of the state 3 oxidation of 
pyruvate by brain mitochondria is about 0.5 to 1.0mM 
(Table 2), which is close to the K; reported for the partially 
purified pyruvate dehydrogenase complex from ox brain 
(values of 0.42 mM [18] and 0.13 mM [17] being reported). 
This further suggests that the inhibitory effect of acetalde- 
hyde on pyruvate oxidation by intact mitochondria is 
related to inhibition of pyruvate dehydrogenase. In addi- 
tion, aldehyde dehydrogenase activity is found in mito- 
chondrial fractions from all these tissues [19-24], and acet- 
aldehyde is readily utilized in these tissues, e.g. radioactive 
acetaldehyde but not radioactive ethanol results in the 
labeling of amino acids in incubated brain slices [25, 26]. 
Intact mitochondria isolated from these tissues all catalyze 
an NAD*-dependent oxidation of acetaldehyde [9]. Of 
considerable interest is the possibility that the inhibitory 
action of acetaldehyde may involve interaction with sulf- 
hydryl groups of the pyruvate dehydrogenase complex, 
since cysteine partially reverses the inhibition [17]. Cys- 
teine has been shown to relieve the inhibition of several 
mitochondrial functions by acetaldehyde [12]. 
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Table 3. Effect of acetaldehyde on oxidative phosphorylation* 





Concentration of 
acetaldehyde 


Substrate (mM) 


Effect 
ADP/O ratio (%) 





0 (17) 
0.1 (9) 
0.2 (15) 
0.3 (17) 


Pyruvate-malate 


Glutamate-malate 


Pyruvate-malate 


Pyruvate-malate 


0.5 
1.0 


2.78 + 0.08 

2.84 + 0.10 +2 
2.59 + 0.07 —7 
2.47 + 0.08 -11 
2.43 + 0.09 —13 
2.23 + 0.11 —20 
2.14 + 0.11 —23 


2.89 + 0.13 
2.89 + 0.18 
2.57 + 0.19 
2.34 + 0.10 


2.79 + 0.04 
2.61 + 0.07 
2.48 + 0.08 
2.36 + 0.08 
1.96 + 0.08 
2.72 + 0.15 
—10 
-—19 0.10 > P > 0.05 
(0.0783) 
<0.02 
<0.01 


— 26 
—35 





* Results are expressed as mean + S.E.M. The number of experiments is indicated in parentheses. NS = not significant. 


The strong inhibition by acetaldehyde of pyruvate oxi- 
dation by brain mitochondria has been shown in several 
reports [27-30]. Kiessling [22] originally observed that 
pyruvate oxidation is inhibited in mitochondria from 
several different tissues in the following order of sensitivity: 
cerebellum > muscle > cerebrum > kidney > liver; he 
concluded that the capacity of the tissue to metabolize 
- acetaldehyde may be important especially with regard to 
pyruvate oxidation. These experiments required measuring 
oxygen uptake for 25 min [22], a period long enough for 
significant loss of acetaldehyde by mitochondrial oxidation 
of acetaldehyde. Thus, the greater the rate of acetaldehyde 
oxidation (which gives rise to oxygen consumption), the 
less the apparent inhibition of pyruvate oxidation. In this 
report, short polarographic experiments were employed, a 
procedure which avoids the previous problems. The oxi- 
dation of pyruvate by kidney, liver, muscle and brain mito- 
chondria is inhibited by acetaldehyde to comparable 
extents in all tissues examined (Tables 1 and 2). That the 
oxidation of an important metabolite in intermediary 
metabolism is depressed by levels of acetaldehyde which 
circulate after ethanol administration and which can be 
found in the liver after ethanol administration [31, 32] sug- 
gests that acetaldehyde may contribute to the pathogenesis 
of ethanol toxicity in many organs. Moreover, the conspi- 
cuous increase in the concentration of circulating acetalde- 
hyde after the administration of disulfiram [1] raises the 
possibility of a unique effect on pyruvate metabolism in 
all organs under those conditions. Further studies are 
required to determine the nature of the inhibition of pyru- 
vate oxidation by acetaldehyde. Pyruvate dehydrogenase 
is a complex énzyme system which exists in active (phos- 
phorylated) and _ inactive (phosphorylated) forms. 
Numerous components and factors regulate the distribu- 
tion of pyruvate dehydrogenase between active and inac- 
tive forms, e.g. pyruvate itself, ADP, fatty acids, ATP/ADP 
ratio, NAD/NADH ratio and citrate [33-38]. 
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Effects of alanosine and hadacidin on enzymes using aspartic acid 
as a metabolite* 


(Received 2 October 1976; accepted 3 December 1976) 


Alanosine is an extracellular product of Streptomyces 
alanosinicus which has been shown to have antibiotic, anti- 
tumor and immunosuppressive activity [1-3]. The struc- 
ture of the natural product is L-(—)-2-amino-3-(hydroxy- 
nitrosamino) propionic acid [4]. Studies of its mode of 
action suggest that it can inhibit both AMP and pyrimi- 
dine biosynthesis in microbes [5], and it was suggested 
that the drug affected both adenylosuccinate synthetase 
and aspartate transcarbamylase. Recently, Graff and Plage- 
mann [6] have reported that in Novikoff hepatoma cells 
the inhibition is specifically for adenylosuccinate synthe- 
tase with no effect on pyrimidine biosynthesis. 

Hadacidin (N-formyl hydroxyaminoacetic acid) is an 
antibiotic from Penicillium frequentans which also inhibits 
adenylosuccinate synthetase [7], causing a decrease in 
AMP biosynthesis without inhibition of GMP formation. 
The inhibition of adenylosuccinate synthetase is competi- 
tive with the natural substrate aspartate [8]. 

Gale and Smith [9] have compared the effect of alano- 
sine and hadacidin on partially purified Escherichia coli 
adenylosuccinate synthetase. Hadacidin was a potent in- 
hibitor competitive with aspartate as previously deter- 
mined, but alanosine did not inhibit the enzyme. The simi- 
larity of the structure of alanosine to aspartate made this 
result somewhat unexpected, particularly in view of the 
more recently discovered specific inhibition in vivo of 
adenylosuccinate synthetase by alanosine [6]. Gale and 
Smith [9] have suggested that a metabolite of alanosine 
was responsible for the inhibition observed which may be 
what occurs in the studies of Graff and Plagemann [6]. 





*Supported in part by grants CA-14030 from the 
National Cancer Institute and C-582 from the Robert A. 
Welch Foundation. 


To further evaluate the roles of alanosine and hadacidin, 
the inhibition toward E. coli adenylosuccinate synthetase, 
aspartase, asparaginase and aspartate transcarbamylase 
was studied. These enzymes all have aspartate as a sub- 
strate or product allowing conclusions to be drawn about 
the specificity of aspartate binding sites in the different 
proteins. Also, the ability of a mammalian adenylosuc- 
cinate synthetase to utilize alanosine as a substrate was 
tested. 

pL-Alanosine and hadacidin were kindly provided by 
Merck, Sharp & Dohme Research Laboratories, Rahway, 
NJ. IMP, carbamylphosphate, aspartic acid, asparagine 
and GTP were supplied by Sigma, St. Louis, MO. All other 
chemicals were reagent grade. Frozen E. coli B cells were 
obtained from Grain Processing, Muscatine, Iowa. 

Adenylosuccinate synthetase and aspartase were purified 
from frozen E. coli B cells as described previously [10, 11] 
and from rat liver [12]. Aspartate transcarbamylase was 
purified from the special strain of E. coli as described by 
Gerhart and Holoubek [13]. Asparaginase purified from 
E. coli was obtained from CalBiochem, La Jolla, CA. 

Adenylosuccinate synthetase activity was determined 
with the spectrophotometric assay reported previously 
[14] or by separation of the reaction products using 
['*C]IMP as a substrate on PEI-cellulose sheets as de- 
scribed by Crabtree and Henderson[15]. Aspartase ac- 
tivity was followed by either the spectrophotometric assay 
[11] or by measurement of the ammonia produced with 
Nessler’s reagent [16]. Asparaginase activity was assayed 
also using Nessler’s reagent [16]. Aspartate transcarbamy- 
lase activity was followed by monitoring H* production 
in a Radiometer pH-stat with pH 8.3 as an endpoint [17]. 

The inhibition of adenylosuccinate synthetase by hadaci- 
din reported by Shigeura and Gordon [8] was confirmed 
(K, = 4.2 uM for the E. coli enzyme and 6.3 uM for the 
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rat liver enzyme), and the lack of inhibition by alanosine 
(up to 50mM) as shown by Gale and Smith [9] was also 
observed. The ability of alanosine to serve as an alternative 
substrate for aspartate, as suggested by Gale and 
Smith [9], was also tested using the rat liver adenylosuc- 
cinate synthetase. The enzyme was incubated at 30° for 
1 hr with 0.2mM GTP, 10 mM alanosine, 0.01 mM IMP, 
5mM MgCl, in 0.05 M HEPES, pH 7.0, with 200,000 cpm 
of [8-'*C]IMP. The reaction mixture was chromato- 
graphed on PEI-cellulose sheets as described by Crabtree 
and Henderson[15] and also on a DEAE cellulose 
column. The column was equilibrated with H,O. The 
reaction mixture (1:10 dilution) was then applied to the 
column and washed initially with H,O. A gradient between 
HO and 1.0 M triethylamine-HCO,, pH 8.0, was then run. 
This gradient allows elution of all nucleotide components 
of the reaction mixture. With both chromatographic sys- 
tems no radioactive peaks were observed which would cor- 
respond to an alanosine analogue of adenylosuccinate as 
was suggested by Gale and Smith [9]. With aspartate pres- 
ent, a large amount of the ['*C]IMP was converted to 
adenylosuccinate. The possible formation of such an 
adenylosuccinate analogue was observed by Gale and 
Smith [9] by radiochromatographic techniques, but the 
‘product was not further characterized. The reason for the 
discrepancy in the results is not clearly understood, 
although the natural antibiotic might have contained con- 
tamination not found in the chemically synthesized com- 
pound, or the DL mixture used here may cause a difference. 

The effect of alanosine and hadacidin on E. coli aspar- 
tase, asparaginase and aspartate transcarbamylase was the 
same. No significant inhibition was observed with any of 
the enzymes. Aspartase was assayed with 5mM aspartate 
at pH 7.0. This aspartate level is at the K,, value [11] 
for aspartase so inhibition, if any, should be observed. 
Similar conditions were maintained for the other enzymes. 
Hadacidin (10mM) and alanosine (4mM) had no effect 
either in the ammonia assay or, in the case of hadacidin, 
in the spectrophotometric assay. Alanosine has a strong 
ultraviolet absorbance which makes the spectrophoto- 
metric assays unreliable. Asparaginase did not appear to 
be inhibited by 10mM hadacidin or 4mM< alanosine at 
0.1 mM asparagine with the assay done at pH 8.6. 

Since Gale and Smith [9] had suggested that alanosine 
inhibited microbial pyrimidine synthesis possibly at the 
aspartate transcarbamylase step, the effect of the inhibitors 
on purified E. coli aspartate transcarbamylase was particu- 
larly interesting. At either 4 or 16mM aspartate with 
3.6mM carbamyl! phosphate, no inhibition was observed 
with either 12.5 mM hadacidin or 4mM alanosine. These 
results suggest that, if microbial pyrimidine synthesis is 
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inhibited by alanosine, it occurs at some other enzyme 
or by a metabolite of alanosine. Isolation of the active 
metabolite if present would allow determination of how 
alanosine effects nucleotide synthesis. 

The specificity of hadacidin for adenylosuccinate synthe- 
tase is quite remarkable. It has no effect on the other three 
enzymes studied at concentrations 1000-fold higher than 
its K, for the synthetase. This suggests a multiplicity of 
binding sites for aspartate and may allow future synthesis 
of very specific antimetabolites. 


MARGARET C. LAUE 
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Rice University, 
Houston, T X 77005, U.S.A. 
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Conjugation of hydroxyphenylhydantoin and hydroxyphenobarbital in 
rat liver microsomes. Induction by phenobarbital* 


(Received 30 April 1976; accepted 7 January 1977) 


Phenobarbital (PB) and diphenylhydantoin (DPH) are 
metabolized through hydroxylation [1, 2] followed by con- 
jugation of 80% and 60-70% of the total drug, respectively, 
with UDP glucuronic acid (UDPGA). The hydroxylation 
has been studied in detail [3,4] but the conjugation of 





* This paper was presented as a preliminary communica- 
tion of the 6th International Congress of Pharmacology, 
Helsinki, July 1975. 


the hydroxylated metabolites with UDPGA has never been 
examined in detail. 

A suitable radiochemical procedure for determining the 
activity of UDP glucuronyltransferase (UDPGT (E.C. 
2.4.1.17) unspecific acceptor) versus these metabolites was 
required and previously developed in our laboratory [5]. 

We studied the activity of rat liver UDPGT towards 
both metabolites and in addition the effect of phenobarbi- 
tal pretreatment of rats was examined. 
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MATERIALS AND METHODS 


Animals. Male Sprague-Dawley rats weighing 200-220 g 
from Domaine des Oncins (St Germain sur |’Arbresle, 
69210 L’Arbresle, France) were fed ad lib. with commercial 
pellets from UAR (91360 Epinay-sur-Orge, France). 

In vivo treatment. Rats were given phenobarbital 
(sodium salt, Gardenal (R), Specia, Paris, France) (80 mg 
per kg body weight) in a single daily i.p. injection (1 ml 
per 100g body weight) at 1 p.m., for 5 consecutive days. 
Controls did not receive any injection. Animals were killed 
by decapitation after a 16-hr starvation. 

Preparation of microsomes. The livers were quickly 
excised at 4°, cooled in sucrose medium containing 0.25 M 
sucrose, 1 mM Tris, HCl, pH 7.4 and 1mM EDTA. Ap- 
proximately 2-g portions of livers were weighed, minced, 
and homogenized (10% v/w) in sucrose medium with an 
ice-coated Braun glass-and-Teflon homogenizer, for 1 min 
at 2800 rpm. 

Unbroken cells, nuclei, and mitochondria were removed 
by centrifuging the homogenates at 9000g for 20 min at 
5° (Beckman Spinco LB S50, rotor 50). The resulting super- 
natants were spun at 105,000g for 60 min, and the pellets 
resuspended in sucrose medium at a concentration of 200 
or 500 mg liver per ml. Proteins were determined by the 
method of Lowry et al. [6] with crystalline bovine albumin 
(Fluka, Bucks, CH) as a standard. Enzymes were activated 
with Triton X-100 (Sigma, St. Louis, MO, USA) added 
for a detergent—protein ratio of 0.25. 

UDP glucuronyltransferase activity. The following re- 
agents were used: UDP glucuronic acid (Boehringer, 
Manheim, Germany); p-nitrophenol; UDP glucuronic 
acid(['*C] (NEN, Frankfurt, Germany); hydroxyphenyl- 
hydantoin (HPPH) (hydroxyphenyl-5-phenyl-5-hydantoin), 
a gift from Dr A. J. Glazko (Parke Davis, Ann Arbor, 
_ Michigan, USA) and hydroxyphenobarbital (HPB) synthe- 
tised in the laboratory [7]. Conjugation of p-nitrophenol 
was determined both colorimetrically [8] and radiochemi- 


cally [5S] and was used as a reference. The conjugation 
of hydroxyphenobarbital and of hydroxyphenylhydantoin 
was measured radiochemically [5] using 0.14mM (final 
concentration of the aglycone). 


RESULTS AND DISCUSSION 
The conjugation rate of hydroxyphenylhydantoin was 
0.47 nmol/min/mg microsomal protein, or approximately 


Table 1. Conjugation of hydroxyphenylhydantoin (HPPH) 
and hydroxyphenobarbital (HPB) in rat liver microsomal 
fractions after phenobarbital treatment 





nmoles UDPGA Conjugation 
mg protein/min 
HPB HPPH 
Glucuronide Glucuronide 





Controls 0.25 + 0.06 (4) 0.44 + 0.10 (6) 
Phenobarbital treated 
(80 mg/kg body weight) 


5 days 


0.47 + 0.04 (3)* 0.85 + 0.20 (6)t 





Mean values are given + standard deviation. The 
number of animals is shown in brackets. Microsomal frac- 
tions were activated by Triton X-100 in the incubation 
medium contained 0.20 mg microsomal protein, 0.14mM 
aglycone, 1 mM UDPGA, Tris-HCI buffer, pH 7.4, 50 mM 
UDPGA[!*C] 0.08 Ci, final volume 0.1 ml incubation 
15 min, 37°. 

Radioactivity was measured after separating synthetised 
glucuronides on XAD, column, eluted in methanol phase 
[8]. 

The activity was determined versus p-nitrophenol as 
standard = 1.21 + 0.01nmoles UDPGA _ conjugated/ 
min/mg protein with the same incubation method. 

*P < 0.001. 

+P < 0.005. 
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0.78 umol/g liver/hr. Kutt and Verebely [9] determined 
that 0.50 umole of DPH/g liver/hr may be metabolized in 
microsomal preparations. In isolated liver cells Inaba et 
al. [10] determined rate of appearance of hydroxyphenyl- 
hydantoin glucuronide of about 0.29-0.32 umol/g cells/hr. 
Our results may be high because the maximally activated 
form of UDPGT is not operating within the cells [11]. 
On the other hand, in unactivated microsomal prep- 
arations the rate of glucuronidation was slower than in 
isolated cells [12]. 

The conjugation of hydroxyphenobarbital (0.21 m-mole 
min/mg protein) was about half that of hydroxyphenylhy- 
dantoin. This is probably not a limiting step in metabo- 
lism, for the half-lives of DPH and PB in rats are similar, 
respectively 2 hr [13] and 3 hr [14]. Although these com- 
pounds are chemically and pharmacologically related, 
some of the physical properties of their metabolites differ, 
such as liposolubility and pK,, which could explain the 
observed difference. Phenobarbital increased conjugation 
of both hydroxyphenobarbital and hydroxyphenylhydan- 
toin, as demonstrated in Table 1, by approximately 2 folds. 
With the help of our radiochemical method we could 
determine the conjugation rate of HPB and HPPH in mic- 
rosomal preparations and determine the level of induction 
of the enzyme responsible for their own conjugation after 
in vivo administration of phenobarbital. 
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Role of sulfotransferase from rat liver in the mutagenicity of 
N-hydroxy-2-acetylaminofluorene in Salmonella typhimurium 


(Received 26 August 1976; accepted 19 November 1976) 


Studies on the metabolism of 2-acetylaminofluorene (2- 
AAF) have provided the basis for much of our current 
understanding of aromatic amine and amide carcinogenesis 
[1-3]. This compound, 2-AAF, is readily N-hydroxylated, 
both in vivo and in vitro, by liver enzymes of most rodents 
to the more potent carcinogen N-hydroxy-2-acetylamino- 
fluorene (N-hydroxy-2-AAF) [4-7]. Several findings indi- 
cate that the ultimate carcinogen(s) is one or more of the 
metabolites of N-hydroxy-2-AAF, rather than the com- 
pound itself [8,9]. Metabolism of N-hydroxy-2-AAF 
occurs principally in the liver, where it is converted to 
various reactive electrophiles. The enzyme systems impli- 
cated include sulfotransferase(s), deactylase(s), trans-acetyl- 
ase(s) and UDP-glucurony] transferase(s) [1-3, 9-13]. The 
relative importance of each of these processes in the con- 
version, of N-hydroxy-2-AAF to the ultimate carcinogenic 
species is not clear. 

The sulfate ester of N-hydroxy-2-AAF, a strongly elec- 
trophilic species, appears to be a metabolite of major im- 
portance in the induction of hepatic tumors [9]. Analysis 
of the hepatic macromolecular bound fluorene derivatives 
after administration of 2-AAF or N-hydroxy-2-AAF in vivo 
indicates, however, that other enzymes in addition to sulfo- 
transferase may contribute to the initiation of liver cancer 
by these chemicals. For example, after administration of 
2-AAF or N-hydroxy-2-AAF to rats, 1- and 3-methionyl-2- 
AAF are the fluorene derivatives covalently bound to liver 
protein [9]. The major product liberated after hydrolysis 
of rat liver RNA is N-(guanosin-8-yl)-2-acetylaminofluor- 
ene and smaller amounts of the 2-aminofluorene analog [4, 
14,15]. In contrast, the major adduct of DNA is N-(de- 
oxyguanosin-8-yl)-2-aminofluorene, with smaller amounts 
of the acetylated form N-(deoxyguanosin-8-yl)-2-acetyl- 
aminofluorene [14-16]. These data suggest that the acetyl 
group is lost from 2-AAF and N-hydroxy-2-AAF before 
or during arylation of DNA. Moreover, N-hydroxy-2-AAF 
can cause cancer in some tissues which lack sulfation 
activity toward this N-hydroxy derivative [9, 17]. 

Recently Ames et al. [18] developed a simple bacterial 
assay for detecting mutagenicity of chemicals. In this assay, 


approximately 90 per cent of the carcinogens tested were 
mutagens. When examining the mutagenicity of potential 
metabolites of 2-AAF in this system, Durston and Ames 
[19] found that 2-nitrosofluorene and N-hydroxy-2-amino- 
fluorene were 200-300 times more mutagenic than N-hy- 
droxy-2-AAF. When the 9000 g supernatant fraction (S-9) 
from rat liver was included in the assay, the mutagenicity 
of N-hydroxy-2-AAF increased almost 100-fold, whereas 
mutagenicity of 2-nitrosofluorene and N-hydroxy-2-amino- 
fluorene either decreased or remained the same. Felton et 
al. [20] have shown that both microsomes and the post- 
microsoma! fraction (105,000 g supernatant) of the liver can 
convert N-hydroxy-2-AAF into a more mutagenic species. 
Since the sulfate ester of N-hydroxy-2-AAF has been 
postulated to be the ultimate carcinogen of 2-AAF and 
N-hydroxy-2-AAF, and there is a high correlation between 
mutagenicity and carcinogenicity, we examined its poten- 
tial mutagenicity in the Salmonella test system. 

The sulfate ester of N-hydroxy-2-AAF (a generous gift 
from Dr. E. Weisburger, National Cancer Institute) was 
generated in situ according to the method used for phenolic 
compounds by Gregory and Lipmann [21]. p-Nitrophenyl- 
sulfate (p NPS) was used as the sulfate donor for 3’,5’- 
adenosine diphosphate (PAP) in the synthesis of 3’-phospho- 
adenosine-5’-phosphosulfate (PAPS), the cofactor required 
for sulfation. This reaction is catalyzed presumably by 
phenolsulfotransferase [22] in the rat liver postmicrosomal 
fraction which is prepared by running the 100,000 g super- 
natant over a Sephadex G12 column [23]. N-hydroxy-2- 
AAF is readily sulfated in this system, and this reaction 
is dependent on the presence of PAP [23]. p-Nitrophenyl- 
sulfate and PAP were obtained from Sigma Chemical Co. 
(St. Louis, MO), and other chemicals used were of the 
best available commercial grade. 

Table | shows that, in the presence ot cotactors tor sulta- 
tion and postmicrosomal fraction from rat liver, covalent 
binding of N-hydroxy-2-AAF to proteins was much greater 
than in the absence of the cofactor p-nitrophenylsulfate. 
When the postmicrosomal fraction was replaced by bovine 
serum albumin, little covalent binding occurred. When 


Table 1. Effects of sulfation and p-nitrophenol on covalent binding of N-hydroxy-2-acetylamino- 
fluorene to protein* 





Incubation 


p-Nitrophenol added 


N-hydroxy-2-AAF 
(pmoles bound mg~! min™ ') 
'4C-label 3H-label 





Complete system 


Minus cofactors for sulfation 
(pNPS + PAP) 

Bovine serum albumin in place 
of supernatant fraction 





* The complete system for incubation contained 0.5 mM N-hydroxy-2-AAF ('*C-acetyl or gener- 
ally labeled with *H; sp. act. 10 mCi/m-mole and 6 Ci/m-mole, respectively), 4 mg/ml of postmicroso- 
mal supernatant protein, 10 mM p-nitrophenylsulfate and 0.02 mM PAP. The concentration of added 
p-nitrophenol was 0.2 mM and of added bovine serum albumin was 4 mg/ml. The time of incubation 


was 5 min at 37°. 
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Table 2. Mutagenic effect of N-hydroxy-2-AAF in the 
presence of postmicrosomal fraction from rat liver* 





Revertant/ 


Additions on plate plate 





1270 
518 


Postmicrosomal fraction (PF) 
PF + p-nitrophensylsulfate + PAP 
PF + p-nitrophenylsulfate 
+ PAP + p-nitrophenol 
PF + p-nitrophenol 
Phosphate buffer 0.90% NaCl in 
place of PF 90 


902 
1428 





*The mutagenicity test was carried out according to 
Ames et al. [18] with strain TA 1538, using 3 mg of post- 
microsomal fraction/plate, instead of the supernatant frac- 
tion after centrifugation of liver homogenate at 9000 g for 
10 min. In addition, each plate contained 1 yg N-hydroxy- 
2-AAF. The concentrations of other agents, when added, 
were: 10mM _ p-nitrophenylsulfate, 204M PAP and 0.2 
mM p-nitrophenol as indicated. 


p-nitrophenol, presumably a competitive inhibitor for the 
sulfation of N-hydroxy-2-AAF, was included in the reac- 
tion mixture, the covalent binding of N-hydroxy-2-AAF 
was decreased. These results are in agreement with those 
of DeBaun et al. [9], who also found that p-nitrophenol 
inhibits sulfation of N-hydroxy-2-AAF. 

The effect of sulfation of N-hydroxy-2-AAF by the post- 
microsomal fraction on its mutagenicity in the Salmonella 
test system is shown in Table 2. The postmicrosomal frac- 
tion, the cofactors and p-nitrophenol were not mutagenic 
by themselves (data not shown). N-hydroxy-2-AAF gave 
rise to relatively few revertants in the absence of the post- 
microsomal fraction. In the presence of the postmicroso- 
mal fraction, however, there was a marked increase in the 


- 


Revertants .per plate 





e. | ! aj 
105 4 6 8 10 


ug N—Hydroxy-2-AAF per plate 





Fig. 1. Effect of sulfotransferase activity in rat liver post- 

microsomal fraction on N-hydroxy-2-AAF mutagenicity. 

Key: (A——A) postmicrosomal fraction without cofactors 

for sulfotransferase; (A——-A) postmicrosomal fraction 

with cofactors for sulfotransferase; and (@——@) N-hyd- 

roxy-2-AAF without the postmicrosomal fraction. Three 
mg of postmicrosomal protein/plate was used. 
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mutagenicity of N-hydroxy-2-AAF. This increase may be 
due to deacetylation of N-hydroxy-2-AAF, since N- 
hydroxy-2-aminogluorene is highly mutagenic in the test 
system [20, 24]. 

Addition of the cofactors for sulfation in the presence 
of the postmicrosomal fraction and N-hydroxy-2-AAF 
caused a sharp decrease in mutagenicity (from 1270 to 518 
revertants). This decrease is mutagenicity was largely 
reversed by p-nitrophenol, which did not decrease the 
number of revertants when the cofactors for sulfation had 
been omitted (Table 2). Figure 1 shows the effect of the 
sulfotransferase activity on the mutagenicity of N-hydroxy- 
2-AAF. We observed no toxicity (i.e. killing of bacteria) 
in the presence or absence of the active sulfotransferase 
at the concentrations of N-hydroxy-2-AAF tested. 

These results show that, under conditions where the sul- 
fate ester of N-hydroxy-2-AAF is formed, the mutagenicity 
of N-hydroxy-2-AAF is greatly decreased in the bacterial 
test system. A simple explanation of the data would be 
that the sulfate ester of N-hydroxy-2-AAF is not as muta- 
genic as other metabolites of N-hydroxy-2-AAF produced 
by the postmicrosomal fraction. Thus, when the PAPS- 
generating system is absent, other metabolites, possibly 
N-hydroxy-aminofluorene, which is very mutagenic [24], 
would be produced at a maximal rate. However, when a 
PAPS-generating system is included, the formation of this 
mutagenic metabolite(s) would be decreased with simul- 
taneous formation of the sulfate ester of N-hydroxy-2- 
AAF. This finding that the presence of a PAPS-generating 
system in the postmicrosomal fraction decreases the muta- 
genicity of N-hydroxy-2-AAF in the Salmonella test system 
is unexpected since Maher et al. [25] showed that the sul- 
fate ester was very mutagenic when DNA, isolated from 
Bacillus subtilis strain SB 19, was reacted with the sulfate 
ester of N-hydroxy-2-AAF and incorporated into strain T3 
which was blocked in tryptophan synthesis. In the case 
of the Salmonella test system, however, the sulfate ester 
of N-hydroxy-2-AAF may have reacted with protein or 
other macromolecules before arylation of, bacterial DNA 
could occur. Supporting this interpretation is the observa- 
tion that the sulfate ester of N-hydroxy-2-AAF is not car- 
cinogenic when injected subcutaneously [2,9]. Another 
explanation for the lack of mutagenic activity of the sulfate 
ester of N-hydroxy-2-AAF could be that ionized com- 
pounds do not pass through the cell wall as easily as non- 
ionized. The sulfate ester of N-hydroxy-2-AAF, in addition 
to being a highly unstable compound, is ionized at pH 
7.4, and this may contribute to its lack of mutagenic 
activity in the Salmonella test system. 

The results presented in Table 1 indicate that without 
the sulfation system being present in the postmicrosomal 
fraction there is more covalent binding of generally labeled 
[°H]N-hydroxy-2-AAF than of acetyl-'*C-labeled com- 
pound. This result could be explained by the loss of the 
'*C-label during deacetylation or trans-acetylation reac- 
tions. Thus, in the absence of sulfation, [acetyl-'*C ]labeled 
N-hydroxy-2-AAF does not bind covalently to postmicro- 
somal profein to a greater extent than it does to bovine 
serum albumin (Table 1). Covalent binding of the *H- 
labeled compound to protein of the postmicrosomal frac- 
tion in the absence of sulfation cofactors is much higher 
than that to bovine serum albumin. This finding suggest 
that arylating metabolites are formed without activation 
of the sulfotransferase system. 

In summary, our results indicate that metabolic acti- 
vation of N-hydroxy-2-AAF by a process(es) other than 
the one catalyzed by sulfotransferase is more important 
in mutagenesis in Salmonella typhimurium than activation 
by sulfotransferase. It may be that the Salmonella test sys- 
tem is unable to detect a short-lived highly reactive poten- 
tial mutagen such as the sulfate ester of N-hydroxy-2-AAF 
because this species arylates other more readily available 
macromolecules before reaching bacterial DNA. 
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In view of the strong correlation between chemically in- 
duced cancer and mutagenicity by the corresponding com- 
pounds in the Salmonella test system, metabolites of N- 
hydroxy-2-AAF other than the sulfate ester may play a 
significant role in the carcinogenesis of N-hydroxy-2-AAF. 
At present, however, no conclusion about the relative car- 
cinogenicity of these metabolites can be drawn. 
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Effect of Levamisole on phytohemagglutinin-stimulated 
human lymphocytes* 


(Received 20 September 1976; accepted 12 November 1976) 


Levamisolet (1-tetramizole), a potent anthelminthic, has 
been shown to have immuno-stimulatory activity in ani- 
mals and man [1]. It is currently being investigated clini- 
cally in the treatment of neoplastic disease [2], rheumatoid 
arthritis [3], systemic lupus [4], and other disorders pre- 
sumed to be associated with impaired cellular immunity. 
Previous studies on the effect of Levamisole on lymphocyte 
transformation in vitro have produced conflicting results. 
Copeland et al. [5] found no stimulation of resting human 
lymphocytes in vitro by the drug, nor could they demon- 
strate either enhancement or inhibition of lymphocyte 
transformation by specific or non-specific mitogens; Pabst 
and Crawford [6] showed significantly greater responses 
in human lymphocytes to Candida albicans, measles virus 
and purified protein derivative of Tubercle bacilli in the 
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presence of Levamisole. Wachi et al. [7] found suppression 
of RNA synthesis of human lymphocytes cultured with 
phytohemagglutinin (PHA) and Levamisole in 3-day cul- 
tures, but little or no effect on DNA synthesis. When these 
cultures were continued for 4 days, however, they reported 
a stimulatory effect on DNA synthesis. In order to further 
clarify the effects of Levamisole on human lymphocytes, 
studies were undertaken with both resting and phyto- 
hemagglutinin-stimulated normal and anergic lympho- 
cytes, and a normal cell line which has been maintained 
in continuous culture. 

Lymphocytes were obtained from normal healthy volun- 
teers and a selected group of patients with diseases associ- 
ated with anergy, after consent was obtained. One of these 
patients was a 53-year-old male with severe rheumatoid 
arthritis, who had not received cytotoxic drugs or cortico- 
steroids, and from whom aspirin was withheld for 1 week 
prior to obtaining the cells [8]. There were two patients 
with Hodgkin’s disease, one was a 42-year-old male with 
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the lymphocyte depleted type, Stage II B, and the other 
was a 19-year-old female with the nodular sclerosis type, 
Stage III AS. Both patients were receiving radiotherapy at 
the time their lymphocytes were obtained. One patient, 
a 73-year-old male, had chronic lymphatic leukemia which 
had not required treatment. 

Blood was collected in vacutainer tubes containing 
357 USP units heparin/20 ml of blood. Lymphocytes were 
separated on ficoll-hypaque, washed twice with Hank’s 
balanced salt solution and cultured at a density of 
1.5 x 10° cells/ml in RPMI 1640 supplemented with gluta- 
mine (2mM), penicillin (100 units) and streptomycin 
(100 g/ml of culture) and 20% fetal calf serum. For studies 
of mitogen response, 2-ml cultures in triplicate were stimu- 
lated with 1-7 wg phytohemagglutinin/ml of culture and 
incubated at 37° for 72hr. Purified phytohemagglutinin 
(Burroughs Wellcome, North Carolina) was dissolved in 
Hank’s balanced salt solution and stored at — 20°. Aliquots 
of the same lot were used for all the experiments. Levami- 
sole was dissolved in Hank’s balanced salt solution and 
was measured by incorporation of [7H]thymidine (Amer- 
sham, 5 Ci/mmole), and 0.5 wCi/ml of culture was added 
40 hr after phytohemagglutinin stimulation. Cultures were 
incubated for 20 hr at 37° and isotope incorporation was 
measured as previously described [9]. The synthesis of 
cellular protein and RNA was determined by the addition 
of 0.1 wCi ['*C]leucine (Amersham, 350 yCi/mmole) and 
0.1 zCi ['*C]uridine (Amersham, 450 wCi/mmole), respect- 
ively, to 1.5 x 10° cells. The incorporated radioactivity was 
measured as above. A human lymphocyte cell line (Associ- 
ated Biomedic Systems, 4098, spontaneous transformation) 
was grown in suspension culture in RPMI 1640 supple- 
mented with glutamine, penicillin, streptomycin and 10% 
fetal calf serum. Cultures were washed with Hank’s 
balanced salt solution and suspended at a density of 
2.5 x 10° cells/ml in the same medium. DNA, RNA and 
protein synthesis were determined. 

To study the effect of Levamisole on lymphocytes 
obtained from anergic patients, lymphocytes isolated from 
both normal and anergic patients were suspended in com- 
plete medium. Levamisole at a concentration of 50 ug/ml 
of culture was added to one half of each culture and the 
other half was left untreated. All cultures were incubated 
at 37° for 45min. At the termination of incubation, un- 
treated and Levamisole-treated cultures were again divided 
in half. One half was centrifuged, washed with Hank’s 
balanced salt solution and resuspended in the same 
medium, and the other half was not washed. All cultures 
were then stimulated with PHA and treated as above. 

Incubation with Levamisole for 72 hr at concentrations 
of 10, 25, 50, 100, 150 and 300 pg/ml of resting lymphocyte 
cultures had no effect on DNA synthesis. Similar concen- 
trations of Levamisole added to lymphocyte cultures 


Table 1. Effect of increasing concentrations of Levamisole 
on DNA synthesis in resting and PHA-stimulated 
lymphocytes 





(?H]thymidine incorporation* 
(cpm/1 x 10° lymphocytes) 


Levamisole 
(ug/ml of 
culture) 


Resting PHA-stimulated 





1100 
1000 
1200 
1150 

950 
1000 

900 


11,000 

9800 
10,000 
11,000 
12,000 
10,500 

9000 





* Each figure represents the mean of triplicate deter- 
minations. 
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Table 2. Effect of Levamisole on DNA synthesis with in- 
creasing concentrations of PHA 





PHA 
(ug/ml of 
culture) 


[*H]thymidine incorporation* 
(cpm/1 x 10° cells) 


Control Levamisole-treated 





5700 
11,000 
11,500 
10,000 


5400 
10,500 
11,000 

9500 





* Results represent the mean of duplicate determina- 
tions. 


simultaneously with PHA also were without effect on 
DNA synthesis (Table 1). Levamisole incubated with rest- 
ing cells at the above concentrations for shorter periods, 
24 and 48 hr, did not alter DNA synthesis, and negative 
results were also obtained when the drug was added 24 
and 48 hr after phytohemagglutinin stimulation. RNA and 
protein synthesis in both resting and phytohemagglutinin- 
stimulated lymphocytes were unchanged by Levamisole at 
the above concentrations. When it was added at concen- 
trations of 500 g/ml of cell culture, there was suppression 
of synthesis of these macromolecules, and in concen- 
trations above 1 mg/ml of culture, the cells were no longer 
viable. The addition of increasing amounts of phytohe- 
magglutinin (1, 3, 5 and 7 ug/ml) to cell cultures in the 
presence of SOyug Levamisole/ml of culture neither 
enhanced nor inhibited DNA synthesis (Table 2). 

Incubation of Levamisole and phytohemagglutinin for 
72 hr with lymphocytes from the patients resulted in no 
change in DNA synthesis. When Levamisole-treated, and 
untreated, anergic lymphocytes were incubated for 45 min 
in complete medium, washed, and then stimulated with 
phytohemagglutinin, there was marked enhancement of 
DNA synthesis. This was not found in cells obtained from 
the normal subjects and the patient with chronic lymphatic 
leukemia (Table 3). 

Incubation with Levamisole for 3 hr and preincubation 
for 2, 4 and 24hr, in concentrations of 10, 25, 50, 100, 
250 and 500 yg/ml in a normal lymphocyte line (main- 
tained in continuous culture)-resulted in no change in 
DNA, RNA or protein synthesis. Removal of the com- 
pound by centrifugation and washing before the addition 
of the isotopes did not alter the result. Levamisole at con- 
centrations above | mg/ml was cytotoxic. 

The results of this study show that Levamisole did not 
enhance DNA, RNA or protein synthesis in resting or phy- 
tohemagglutinin-stimulated normal human lymphocytes 
even when sub-optimal concentrations of phytohemagglu- 
tinin were employed. Synthesis of these macromolecules 
was inhibited only at high concentrations of the drug 
which approached cytotoxic levels. Similar results were 
also obtained with a spontaneously transformed human 
lymphocyte cell line. 

These findings are in agreement with the report of Cope- 
land et al.[5], but do not support the findings obtained 
by Pabst and Crawford [6] and Wachi et al. [7]. It seems 
unlikely that these differences could be due to variations 
in experimental design, since essentially the same methodo- 
logy was used in all of the studies. The employment of 
different mitogens might account for some of the observed 
discrepancies. Wachi et al.[7] used phytohemagglutinin 
and pokeweed. Pabst and Crawford [6] used C. albicans, 
measles virus, and purified protein derivative of T. bacilli, 
and both of these groups reported an enhancement of 
DNA synthesis by Levamisole. Copeland et al.[5] used 
pokeweed, phytohemagglutinin, streptolysin-O, strepto- 
kinase-streptodornase and mixed lymphocyte reactions, 
and reported no enhancing effect on DNA synthesis in 
the presence of Levamisole with any of the above mitogens. 
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Table 3. Effect of Levamisole and phytohemagglutinin on DNA synthesis 





Incubated 
without 
Levamisole 


Lymphocytes + PHA 


{*H]thymidine incorporation* 
(cpm/1 x 10° cells) 
Incubated Incubated 
with with 
Levamisole Levamisole 
+ PHA + PHA 


Incubated 
without 
Levamisole 
+ PHA 





2600 
1700 
3500 
3200 
11,000 


Hodgkin’s (nodular sclerosis) 
Hodgkin’s (lymphocyte depleted) 
Chronic lymphatic leukemia 
Severe rheumatoid arthritis 
Normal 


5500 
3400 
3300 
8200 
11,000 


5200 
3200 
3000 
8000 
10,700 


2800 
1640 
3200 
3000 
10,850 





* Results represent the mean of triplicate determinations. 


Since we employed phytohemagglutinin as the sole 
mitogen, our results are directly comparable only to the 
data obtained with phytohemagglutinin in the previously 
published studies. We have no explanation for the disparity 
between the positive results obtained with phytohemagglu- 
tinin and Levamisole by Wachi et al. [7] and the negative 
findings of Copeland et al. [5] arid ourselves. 

We studied the effect of phytohemagglutinin stimulation 
on anergic lymphocytes from two patients with Hodgkin’s 
disease, one with severe rheumatoid arthritis, and one with 
chronic lymphatic leukemia, and compared the response 
to that from lymphocytes obtained from normal subjects 
in the presence and absence of Levamisole. In none of 
these cultures were we able to demonstrate any enhanced 
respdnse to phytohemagglutinin stimulation after incu- 
bation with the drug for 72hr, or when it was present 
for 45min prior to the addition of phytohemagglutinin. 
When incubation was followed by removal of the Levamis- 
ole by washing prior to phytohemagglutinin stimulation, 
there was enhancement of DNA synthesis in the lympho- 
cytes obtained from the two patients with Hodgkin’s dis- 
ease and the patient with severe rheumatoid arthritis. To 
control the above experiments, lymphocytes from the same 
donors were incubated in medium without Levamisole, 
washed, and stimulated with phytohemagglutinin. This 
also resulted in an enhancement of the phytohemagglutinin 
response comparable in magnitude to that observed when 
Levamisole was present (Table 3). 

We conclude that with the exception of the leukemic 
cells, incubation of the anergic lymphocytes in culture 
medium in the presence or absence of Levamisole, when 
followed by washing, enhances DNA synthesis in response 
to phytohemagglutinin stimulation. This suggests that, 
under these experimental conditions, new receptor sites 
amitogen may be exposed by the process of incubation 
in medium and washing, and that this does not require 
the presence of the chemical agent. Further studies will 
be undertaken to elucidate the mechanism by which incu- 

’ bation and washing of anergic lymphocytes in vitro results 
in enhancement of DNA synthesis after stimulation with 
phytohemagglutinin. The failure to observe enhancement 
in DNA synthesis in the lymphocytes from the patient with 
chronic lymphatic leukemia treated in this manner is con- 
sistent with the previously reported observation that the 
anergy of these cells is not due to the inability of the cells 


to bind phytohemagglutinin, but to the failure of intra-cel- 
lular processes involved in the maturation of ribosomal 
RNA[I0]. 

Stimulation of lymphocytes in vitro with phytohemagg- 
lutinin tests only the functional integrity of the isolated 
lymphocyte to a non-specific mitogen. It lacks the interac- 
tion of various humoral and cellular components involved 
in the antibody response in vivo to specific antigens [11]. 
Thus, the lack of an enhancing effect of Levamisole in vitro 
on mitogen-stimulated lymphocytes is not incompatible 
with the reports of stimulation of skin test responses in 
patients given the drug [12]. 
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BINDING OF CICLAZINDOL BY HUMAN PLASMA INVOLVES THE 


GLYCOPROTEIN FRACTION 


A. J. Swaisland & R. A. Franklin 


Wyeth Laboratories, Taplow, Maidenhead, Berkshire 


(Received 30 March 1977, accepted 20 April 1977) 


Ciclazindol, 10-(m-chloropheny1) -2,3,4,10-tetrahydropyrimido(1,2) indol-10-ol 
hydrochloride (Fig. 1) is a drug of novel structure that may prove useful as an 
antidepressant (1). For certain tricyclic antidepressant drugs, correlations between 
plasma concentrations and pharmacological effects have been established (2,3) and it has 
been suggested that such relationships may be useful in adjusting dosage to give maximum 
response (4). However, since it is thought that only the unbound fraction of the drug can 
elicit a response, it is important to consider the degree of binding of the drug to plasma 
proteins (5,6). It is also of use, in certain cases, to establish both the protein to 
which the drug is bound and the strength of such binding, since it may then be possible to 
predict interaction effects, such as the displacement.of bound phenylbutazone by 
co-administered albumin-bound drugs (7). Furthermore, the influence of the binding on the 
disposition of the drug may also be assessed (8). 

This report concerns the binding of ciclazindol by whole human plasma and by 
isolated fractions of plasma. A novel development of the usual equilibrium dialysis 
technique is also described, this yields a measure of the overall strength of binding of 
drugs to proteins and plasma. 

Equilibrium dialysis was carried out in 2 ml perspex cells separated into half-cells 


by 3cem2 of semipermeable membrane (Spectrapor grade 2, MSE Ltd. Sussex). Buffer (0.1M 


phosphate/HCl, pH 7.4) containing the appropriate amounts of {2-l4¢}ciclazindol (sp. act. 


4.08 ywCi/mg) was placed in one half-cell and plasma or protein solution in the other. 
After shaking at 37° for 3h the contents of the half-cells were removed and radioactivity 


measured by liquid scintillation counting using NE260 scintillant (Nuclear Enterprises 
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Ltd., Edinburgh). The plasma used in all experiments was obtained from healthy male 


volunteers. 


Cl 
Fig 1. Structural formula of 


Ciclazindol: 
14, 


* denotes position of 


label 


The extent of binding of ciclazindol by whole human plasma was investigated over a 
range of drug concentrations. The results (Table 1) show that ciclazindol was extensively 


bound by human plasma at concentrations below 1074m. Furthermore, over the concentration 


range that appears to be useful in treating depression {3 x 107&m to 1.5 x 1075M (Guz, 


unpublished observations} there was no significant change in the degree of binding. A rise 
in the drug concentration, as a result of increased dose for example, is, therefore, 


unlikely to result in a disproportionate increase in available (unbound) drug. 


Table 1 BINDING OF CICLAZINDOL IN WHOLE PLASMA 





CICLAZINDOL CONCENTRATION % Bound 





1074M 
1075M 
107©m 
107-6™ 
107-7m 





The binding of ciclazindol was also investigated at a single concentration (3 x 1076) 
in the following subfractions of human plasma: Albumin (essentially fatty-acid free) (Sigma 
Ltd., London), a-globulin (Fraction IV), B-globulin (Fraction III), y-globulin (Fraction II), 
fibrinogen (Fraction I), transferrin, lgG and glycoprotein (Fraction VI) (all from Miles 
Laboratories Ltd., Bucks) and $-lipoprotein (ICN, obtained through Uniscience Ltd., London). 
The results (Table II) show that although ciclazindol was bound by albumin, the binding was 
not as extensive as that by whole plasma. However, extensive binding was seen with 
Fraction VI, the glycoprotein fraction, indicating that a component of this mixture of 


proteins may be responsible for the binding in plasma. 
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Table II THE BINDING OF CICLAZINDOL (3x10-6M) TO SUBFRACTIONS OF HUMAN PLASMA 





SUBFRACTION % Bound -E.M. 





Albumin (4% (w/v) ) 
a-Globulin (0.81% (w/v) ) 
B-Globulin (0.79% (w/v) ) 
Y-Globulin (0.74%(w/v) ) 
Fibrinogen (0.34% (w/v) ) 
Transferin (0.25% (w/v) ) 
IgG (0.15% (w/v) ) 
Glycoprotein (0.15% (w/v) ) 
B-Lipoprotein (0.34% (w/v) ) 


rFoooooord 
PNY BDO YHA Bw 





All protein fractions were dissolved in 0.1M phosphate/HCl buffer pH 7.4 at approximately 
physiological concentrations (Documenta’Geigy, 1972) 


Attempts to derive an association constant for the binding of ciclazindol in whole 


plasma by reciprocal or Scatchard analysis resulted in curved plots. A method was therefore 


developed whereby the overall strength of binding could be assessed. In this technique, 
similar plasma samples or protein solutions were placed in both half-cells of the dialysis 
apparatus and the drug was added to one side. The concentrations of ciclazindol in both 
half-cells was then measured in groups of cells at various times until equilibrium was 
reached. The results gave the time-course of equilibration of the drug within the system. 
A plot of 10916 of the concentration gradient against t gave a straight line whose slope 
could be described in terms of a half-life. 

Experiments of this type were carried out for ciclazindol in plasma, albumin and the 


glycoprotein fraction. The results are shown in Table III. 


Table III HALF-LIVES OF EQUILIBRATION OF CICLAZINDOL 





SYSTEM HALF-LIFE (h) 





Buffer alone 

Whole plasma 

4% (w/v) albumin 

0.15% (w/v) fraction VI 





It appears from these results that the strength of binding of ciclazindol to albumin 
was considerably less than that either to whole plasma or to the glycoprotein fraction. 
Although ciclazindol did not appear to be bound as avidly by the glycoprotein fraction as by 
plasma, it is possible that the binding site(s) on the glycoprotein may have been adversely 
affected during isolation. 

Further evidence that a component of the glycoprotein fraction was responsible for the 
strong binding of ciclazindol in plasma was obtained by comparing the relative affinities of 
albumin, glycoprotein and plasma for the drug. The drug was added to a dialysis cell 


containing different proteins in each half-cell. After incubation for 24h the concentration 
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of ciclazindol in the two half-cells was determined and the ratio between them calculated 


(see Table IV). 


Table IV DISTRIBUTION OF CICLAZINDOL BETWEEN DIFFERENT PROTEIN SOLUTIONS AT EQUILIBRIUM 





COMPARISON RATIO S.E.M. 





Glycoprotein/Albumin 2.56 
Plasma/Albumin 2.58 
Glycoprotein/Plasma 1.19 





The similarity in the affinities of both plasma and the glycoprotein fraction for 
ciclazindol, suggested by a distribution ratio of one, further indicates that a component of 
fraction VI may be responsible for the binding in plasma. Furthermore, the relatively minor 
contribution of albumin binding was confirmed by the extensive accumulation of the drug by 
both plasma and fraction VI when compared with albumin. 

Few reports of drugs that bind to proteins of fraction VI have appeared in the 
literature (9). It is, therefore, somewhat difficult. to speculate on the possible clinical 
implications of such binding. The possibility of drug interactions cannot, however, be 
excluded. 

Work is in progress to determine the component of fraction VI to which ciclazindol is 


bound and to evaluate the significance of this binding. 
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Abstract—p-Hydroxyamphetamine (p-OHA) is accumulated by synaptosome enriched preparations 
from both striatal and cortical tissues. In studies with P, preparations from rat cortex the accumulation 
of p-OHA-[3H] was shown to be temperature dependent but different from the process involved in 
the accumulation of norepinephrine-[*H](NE[*H]) by this tissue. The uptake of p-OHA was less 
sensitive to DMI and cocaine and had a different time dependency. The accumulation of p-OHA 
was concentration dependent and did not show evidence for saturation at concentrations up to 10 uM. 
The relationship between p-OHA uptake and catecholamine release from the striatum and cortex 
was also examined. The results suggest that much of the observed cortical uptake of p-OHA is not 


due to the neuronal carrier for norepinephrine. 


p-Hydroxyamphetamine (p-OHA) is an indirectly act- 
ing sympathomimetic amine which is of particular 
pharmacological significance because it is a metabo- 
lite of amphetamine in most species examined and 
a major metabolite in the rat [1]. The compound has 
been implicated in the actions of amphetamine by 
a number of investigators [2-5] and is found in the 
brain after systemic administration of ampheta- 
mine [2,3]. More recent work examining different 
areas of the brain has revealed a relatively uniform 
distribution of p-OHA [6] after administration of 
amphetamine. 

In studies with in vitro preparations p-OHA has 
been shown to inhibit uptake and cause release of 
norepinephrine (NE) from cortical tissues [7-9]. The 
releasing actions of p-OHA, like those of tyra- 
mine [10], would be expected to be cocaine sensitive 
reflecting the participation of the neuronal transport 
system in this indirect action. Consistent with this 
hypothesis, the accumulation of p-OHA by striatal 
preparations occurs by a process that is similar to 
that responsible for dopamine in terms of its sensi- 
tivity to inhibitors, as well as its sodium and tempera- 
ture dependency [9]. This report describes the results 
of a study of the accumulation of p-OHA by rat cor- 
tex preparations. In contrast to the striatum, the cor- 
tex appears to accumulate p-OHA by a temperature 
sensitive process into a pharmacologically inert com- 
partment. A preliminary account of this work has 
been presented [11]. 


MATERIALS AND METHODS 


Uptake of p-hydroxyamphetamine. Male Sprague- 
Dawley rats weighing 180-250 g were killed by de- 
capitation and the striata and cortices removed. Pooled 
tissues from at least six animals were homogenized 
in 9 vol. of 0.32 M sucrose and synaptosome enriched 
P, fractions [12] were prepared and washed as de- 
scribed previously [13]. The P, fractions were resus- 
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pended in 0.32 M sucrose to give final protein concen- 
trations of 2-3.5 mg/ml and 10-13 mg/ml for striatal 
and cortical preparations respectively. A 0.1 ml ali- 
quot of P, suspension was added to 20 ml glass vials 
containing 0.55 ml modified [13] Krebs-Ringer phos- 
phate, pH 7.4, containing nailamide (12.5 4M) and 
glucose (8.4mM). After a 5 min preincubation at 37 , 
p-OHA-[?H] (0.24 wCi + carrier) was added to bring 
the final vol. to 0.7 ml and the mixture was incubated 
for the desired time period. 

Uptake was quenched by the addition of cold (0°) 
0.9% NaCl that was 100 uM in p-OHA and the result- 
ing mixture was filtered through a Milipore filter 
(0.8 1). The filters were washed with an additional 
5ml of quenching solution, then dissoved in Bray’s 
solution [14] for counting. Net uptake was calculated 
as the difference in radioactivity between uptake at 
37° and 0°. A zero time blank analogous to that of 
Harris and Baldessarini [8] gives a slightly lower value 
(80% of 0° blank) but was not used. Each determina- 
tion was carried out in quadruplicate. Amine accumu- 
lation was linear with respect to protein concen- 
trations over the ranges used. The nature of radioac- 
tivity remaining in the baths after a 3 min incubation 
was examined by paper chromatographic pro- 
cedures [15] to determine the extent of metabolism 
of the amines. The extent of metabolism of p-OHA, 
NE and DA were 12, 9 and 10 per cent, respectively, 
over this time period. The radioactivity in the tissue 
after a 3 min incubation with p-OHA was shown to 
be 90% p-OHA in both striatal and cortical prep- 
arations. 

Efflux of catecholamines from P,_ preparations. 
Striatal and cortical tissues were coarsely minced with 
scissors and preincubated in 10 ml of the modified 
Krebs-Ringer phosphate at 37° for 5 min. The appro- 
priate amine was then added to a final concentration 
of 0.5 uM and the mixture was incubated for 10 min 
at 37° to allow uptake. Since the presence of inorganic 
cations, particularly Ca?* causes clumping it was 
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necessary to remove the inorganic ions before prepar- 
ing the P, pellet. To remove the Krebs solution, the 
mixture was poured into a centrifuge tube, diluted 
with 20ml of 0.32M sucrose and centrifuged at 
1000g for Smin. The pellet was resuspended and 
homogenized in 9 vol. of fresh 0.32M_ sucrose and 
a P, suspension prepared as above. A P, suspension 
prepared in this way contained 3 mg/ml striatal, and 
10 mg/ml cortical protein. The uptake capacity was 
equal to that prepared from fresh tissue within experi- 
mental variation. 

A 0.1 ml aliquot of the resuspended P, pellet was 
added to 0.55 ml of the incubation media and after 
a Smin preincubation at 37, a 0.05 ml aliquot of 
phosphate buffer (0.1 M, pH 7.4) with or without the 
releasing amine was added. Release was terminated 
after 3min as above by the addition of cold 0.9% 
NaCl and filtration. The radioactivity remaining on 
the filter was determined and the difference in activity 
between buffer and drug-incubated filters was used 
as the quantity released. Six to eight samples of each 
condition were run and the standard deviation of the 
means were about 5 per cent. Preloading the tissue 
with norepinephrine or dopamine in this manner did 
not alter the accumulation of p-hydroxyamphetamine. 

The nature of the radioactivity released was exam- 
ined by concentrating the Milipore filtrate at reduced 
pressure and examining the distribution of radioac- 
tivity by paper chromatography according to 
Levin [15]. The dopamine released by 1 uM p-OHA 
from striatal tissue was 42 per cent of the total radio- 
activity released and norepinephrine was 42 per cent 
of the total radioactivity released by p-OHA at 5 uM 
p-OHA from cortical preparations. 

The concentration of p-OHA for half maximal 
release (EDs9) was estimated with regression pro- 
cedures developed for a Wang 600 calculator. The 
concentration vs. release data over ranges of 
0.1-3.0 uM for striatal tissue was fitted to the equa- 
tion 


Rinax’ [p-OHA] 


EDs) + [p-OHA] 


release = 


by a nonlinear regression program [16]. 

Distribution of accumulated amines. Cortical and 
striatal P, pellets, containing p-OHA-[*H], or 
NE-[°H] prepared from minces of 3 brains as de- 
scribed above were resuspended either in 0.32 M su- 
crose or distilled water by gentle homogenization in 
a Teflon-glass tissue homogenizer. A 2 ml aliquot of 
the homogenate equivalent to 0.6 g brain was layered 
onto centrifuge tubes containing a discontinuous gra- 
dient of 4 ml aliquots of 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4M 
sucrose. The tubes were centrifuged at 50,000 g in a 
swinging bucket rotor for 2hr. The contents of the 
tubes were removed by introducing 2.0M_ sucrose 
through a needle inserted into the bottom at a rate 
of 1 ml/min. In this manner | ml fractions of the gra- 
dient were obtained, of which a 504 aliquot was 
removed for protein determination and the remainder 
placed in a scintillation vial for counting. 

Chemical methods. Protein estimations utilized the 
procedure of Lowry et al. [17] with crystalline bovine 
serum albumin as the standard. 

Racemic p-hydrox yamphetamine-[*H] was obtained 
as a catalytic reduction product from 3,5,diiodo-4- 
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Table 1. Properties of amine accumulation processes 





Temperature effects 
Ratio of 37 to 0 


Amine uptake by P, fractions 





Amphetamine (1.5 uM) 
Antipyrine (3.2 uM) 
p-Hydroxyamphetamine (1 1M) 
1-Norepinephrine (1 uM) 





p-Hydroxyamphetamine (0.1 4M) accumulation 
Condition Striatum Cortex 





Accumulation at 5 min 33 pmoles, 


mg protein 


1.5 pmoles 
mg protein 
Percent released with* 
hypoosmotic conditions 
Percent reduction witht 
low (23 mM) sodium ion 
concentration 


75° A 80° . 


60° 4 30° 4 





The accumulation of the amines by brain P, fractions 
was measured with the tritium labelled amine and the Mili- . 
pore filtration procedure described in Methods. The 
temperature effects were measured with P, fractions pre- 
pared from brains that had striata removed. Each value 
is the mean of at least 3 separate incubations. 

*Hypoosmotic conditions utilized phosphate buffer 
(0.1 M) instead of isotonic NaCl as the quenching solution. 

+ The effect of reduced sodium ion concentration reflects 
a change from 123 meq/liter to 23 meq/liter. 


pmoles /mg protein 











2 
Time, min 
Fig. 1. Time course of p-OHA accumulation by cortical 
P, preparations. P, fractions from cortical tissue were in- 
cubated with p-OHA for varying time periods then worked 
up as indicated in Methods. Three different concentrations 
of p-OHA were used and are indicated in the figure. 


Table 2. Accumulation of amines by P, fractions with time 





Striatum 
DA p-OHA 
(pmoles/mg) 


Time 


(min) (pmoles/mg) 





25.8 + 0.3 
34.4 + 0.3 
376+ 1.4 


fo 
—_10 
I+ I+ I+ 
-oSo 
—_woe 
NNN 
on S 
I+ |+ I+ 
ooo 
RDN 





The accumulation was measured at the indicated times 
at amine concentrations of 0.1 uM. Each value is the mean 
of +S.D. of 6 determinations. 
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Table 3. Effect of reserpine pretreatment on accumulation 





Striatum 


Cortex 





Control 
DA p-OHA 


Reserpine 
DA 


p-OHA 





Reserpine 
p-OHA 


Control 
NE 





40.7+ 0.4 
58.9 + 2.9 
$9.3 + 5.3 


| 49.2 + 6.0 39.6 + 5.7 
2 94.8 + 7.5 46.8 + 2.9 
3 129.24+112 639+ 8.2 


15.7 +24 
20.8 + 0.8 
28.1 + 1.6 


0. : I 0.4 + 0.05 +O 
1. 0.5 + 0.05 1 +@ 
:. 0.7 + 0.10 1 +0: 





Animals were pretreated with reserpine (5 mg/kg i.p.) 20 hr before preparation of brain homogenates. 

The accumulation of the amines by control and pretreated preparations were examined at amine concentrations 
of 0.2 uM for striata and 0.1 uM for cortex. The striatal accumulation experiments were conducted at 25° while cortical 
uptake experiments were carried out at 37. Each value is the mean (pmole/mg protein +S.D.) of 6 determinations. 


hydroxyamphetamine, which was prepared by iodina- 
tion of p-hydroxyamphetamine in NH,OH[18]. The 
product was recrystallized and a sample sent to the 
New England Nuclear Corp. for reduction. The crude 
p-hydroxyamphetamine-[°H] obtained as the reac- 
tion product was chromatographed on paper with a 
butanol-ethanol-water (4:1:1) solvent. The desired 
product has an R, of 0.54 under these conditions and 
a 3cm section of the appropriate R, was cut out and 
extracted for 2hr in refluxing methanol. The meth- 
anol was evaporated and the residue dissolved in 
0.01 N acetic acid. The concentration was determined 
by absorption at 275nm and the sp. act. obtained 
was 17.7 Ci/m-mole. The purity of the material was 
reexamined by thin layer chromatography on cellu- 
lose with the same solvent and found to be 95 per 
cent. All experiments were conducted with racemic 
p-hydroxyamphetamine: HBr. 


RESULTS 


The accumulation of p-OHA described in these ex- 
periments is a temperature sensitive uptake with an 
accumulation at 37° of about 15 times that at 0 
(Table 1). For comparison, the ratio of 37° to 0 
uptake for the NE is 20 while the ratios for the freely 
diffusable antipyrine [19] and amphetamine are 1.1 
and 1.8, respectively. As accumulation is measured 
by trapping particles in the incubation mixture on 
Milipore filters (0.8 ym), it could also include radioac- 
tivity bound to the outer surface of the particles. In 
an attempt to correct for this possibility, the uptake 
process was quenched by 10-fold dilution in cold iso- 
tonic NaCl that was 100M in carrier substrate so 
that surface bound radioactivity would be removed 
by exchange. When the incubate was quenched in the 
same vol. of 100M carrier in hypotonic buffer, a 
reduction of 75-80 per cent resulted indicating that 
the accumulation occurred in an osmotically sensitive 
compartment. Reduction of sodium ion concentration 
reduced accumulation with the striatal process being 
more sensitive. 

The time course (Table 2, Fig. 1) of the p-OHA 
accumulation was different in the two P, fractions. 
Uptake into striatal P,, while not linear with time, 
continuously increased from 0 to 5 min in a manner 
similar to that described by Snyder and Coyle [20]. 
Uptake into cortical P, was initially rapid, reaching 
a plateau at less than 1 min. The accumulation at 
I min exceeded that of norepinephrine which con- 


tinued to increase with time and at 5 min exceeded 
p-OHA levels. This time pattern of p-OHA uptake 
was seen over a 10-fold concentration range (Fig. 
1). Another difference in accumulation was seen in 
tissue from animals pretreated with reserpine (Table 
3). In striatal preparations reserpine pretreatment 
reduced uptake of p-OHA by 60 per cent, while corti- 
cal uptake was not affected. The uptake of catechol- 
amines was reduced in both preparations as others 
have reported [8]. 

Striatal uptake of p-OHA was similar to that of 
the dominant catecholamine of this area in terms of 
the time course of uptake and sensitivity to inhibi- 
tors [9] while p-OHA uptake into cortical prep- 
arations was considerably less sensitive to both meta- 
bolic and specific inhibitors of neuronal uptake (Table 
4). Normetanephrine was included in the inhibitors 
studied because it is a potent inhibitor of 
uptake, [21], a non-neuronal uptake process in peri- 
pheral tissue. 

The distribution of radioactive p-OHA and 1-NE 
accumulated by cortical P, fractions was examined 
on discontinuous sucrose density gradients. The 
results, shown in Fig. 2, indicate similar distribution 
patterns with peaks in radioactivity occurring at the 
1.0 and 1.2M sucrose layer interface, the synapto- 
some enriched fraction [22]. The percent of the total 
radioactivity present in the synaptosomal layer in cor- 
tical preparations was 22 per cent for p-hydroxyam- 
phetamine and 48 per cent for norepinephrine. The 
corresponding values for striatal preparations were 
34 per cent for DA and 28 per cent for p-OHA. 


Table 4. Effects of inhibitors cn cortical uptake of NE 
and p-OHA 





Substrate 
p-OHA 
(°,, control) 


NE 


Inhibitor (conc.) (°%,, control) 





2,4 Dinitrophenol (100 uM) 
Ouabain (100 nM) 

Cocaine (10 uM) 

DMI (10 uM) 
Amphetamine (1 uM) 
Normethanephrine (10 uM) 


I+ I+ I+ I+ I+ I+ 
NK — Nw 
Bee Boles BS 

SNAWNN 
He HE HE He He H+ 
wohnNnNh 


— 





All values are the mean + S.E. of 4 experiments. The 
accumulation was measured after 5 min incubation at sub- 
strate concentrations of 0.1 ~M. Under these conditions 
NE accumulation was 20.5 pmoles/mg and p-OHA was 
14.0 pmoles/mg protein. 
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Fig. 2. Distribution of accumulated radioactivity in P, pellet. Distribution of tritium on sucrose density 
gradient after accumulation of [*H]p-hydroxyamphetamine (2a) and [7H]1-norepinephrine (2b) by cor- 
tical P, preparations under conditions described in Methods. 


The relationship between accumulation and effect 
on neurotransmitter efflux was next examined. The 
increased efflux of amine or “release” caused by 
p-OHA is a characteristic action of indirectly acting 
sympathomimetic agents [23] and a dose dependent 
efflux of catecholamine from preloaded tissue (see 
Methods) was demonstrated for striatal and cortical 


Uptake 


/mq) 


{pm 


Uptake pOHA 
Release DA (pm/mg) 


pOHA (uM) 


tissue (Table 5, Fig. 3). Efflux was much greater from 
striatal tissue with maximal release occurring at a 
p-OHA concentration range of 1.5-2.5uM. The 
accompanying accumulation of p-OHA was found to 
level off over this concentration range so that both 
uptake and release follow a similar pattern (Fig. 3). 
In contrast, cortical! p-OHA uptake increased linearly 


/ 
(b) 


420 
Release,, --8| 
—" | 


(pm /mqg) 


Uptake pOHA (pm /mg) 


Release #-NE 


c+ oO 


pOHA (uM) 


Fig. 3. Relationship between uptake of amine and transmitter efflux. P, fractions from striatum (3a) 
and cortex (3b) preloaded with [*H]transmitter were incubated with p-hydroxyamphetamine at the 
indicated concentrations. The resulting tritium efflux was determined after 3 min by procedures de- 
scribed in Methods. In parallel experiments the accumulation of p-OHA was determined by incubation 
of [°H]p-OHA at the indicated concentrations. The right and left ordinates refer to the amounts 
of radioactivity remaining in the tissue after 3 min. The EDs for release from striatal tissue was 0.8 um 
and for cortex between 2.5 and 3.04M. The maximal release induced by p-OHA was 4.2 pmoles/mg 


protein min! 


and 0.133 pmoles/mg protein min~' for the striatum and cortex respectively. 
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Table 5. Uptake of p-OHA and efflux of catecholamines 





Amount of p-OHA 


accumulated 


pmole/mg protein) 
Cortex 


Amine (uM) Striatum 


Amount of catecholamine 
released 
(pmole/mg protein) 
Striatum Cortex 





p-OHA (0.5) 
p-OHA (1.0) 
p-OHA (1.0) 

+ cocaine (10) 
p-OHA (5.0) 
p-OHA (6.5) 
p-OHA (6.5) 

+ cocaine (10) 


60.0 + 3.0 
90.0 + 3.6 


73.8 + 4.4 — 


6.0 + 0.3 
11.0 + 0.6 


0.3 + 0.05 
0.4 + 0.05 


0.1 + 0.04 





P, preparations of [*H]catecholamine-loaded tissues were incubated with the 
drug(s) at the indicated concentrations for 5 min at 37. The radio-activity released 
during this time was determined as described in Methods. The accumulation of the 
amines was measured by incubation of P, preparations with [*H]amine at the indi- 
cated concentration for 5 min at 37°. Accumulation and release are expressed as 
pmoles accumulated or released per miligram protein present in the incubation bath. 
The values are the mean + S.D. of at least 8 replicates. 


with concentration and did not display a plateau at 
maximal NE release. In addition, the quantities of 
catecholamine released from cortex and striatum dif- 
fered both in terms of absolute amount released and 
in pereent of total neurotransmitter present. Thus, 
p-OHA released maximally 40 per cent of the loaded 
DA-[7H] and only 20 per cent of the loaded 
NE-[?H]. p-OHA was thus more effective in releasing 
striatal DA than cortical NE with EDs. values of 
about 0.84M for release from striatal tissue and 
2.5—3 uM for crtical tissue. The efflux of NE and DA 
caused by p-OHA is reversed with 10uM _ cocaine 
(Table 5). 


DISCUSSION 


The neuronal uptake process is thought to be re- 
sponsible for the removal of released neurotransmitter 
from the synaptic cleft and the mechanism by which 
some indirectly acting sympathomimetics gain access 
to the neuronal cytoplasm where they cause an efflux 
of transmitter [23]. Thus, the effects of tyramine can 
be reversed by cocaine which inhibits the uptake pro- 
cess although it potentiates the actions of the directly 
acting sympathomimetic amines [24]. For this reason, 
_ the accumulation of p-OHA by striatal tissue by a 
mechanism similar to that for DA uptake would be 
anticipated and has been documented [9] together 
with similar data for other phenolic phenethylamine 
derivatives [25-27]. 

A similar phenomenon would be expected for corti- 
cal tissue since it has been demonstrated to accumu- 
late NE which can be released by compounds such 
as amphetamine [28]. However, there are substantial 
differences in the accumulation of p-OHA by striatum 
and cortex. The uptake of cortical p-OHA is a rapid 
process which attains equilibrium sooner than that 
for NE which suggests a diffusion process might be 
occurring. But the accumulation of p-OHA by corti- 
cal tissue is temperature sensitive, displaying a greater 
than 10-fold increase with an increase in temperature 
of 37, while under identical conditions antipyrine, 
a freely diffusable compound [19], exhibits no tem- 
perature dependency. An alternative explanation for 


temperature sensitivity could be an effect on base 
strength. The pK, values of organic bases showed sig- 
nificant temperature coefficients, becoming weaker 
bases at higher temperature [29]. A base weakening 
effect would increase the concentration of the neutral 
species at the same pH so that the concentration of 
diffusable form of the drug would increase with tem- 
perature. This does not appear to be likely since the 
uptake of amphetamine, a base of approximately the 
same pK, as p-OHA, is not temperature sensitive. 

The accumulation by cortical tissue is not saturable 
over a concentration range of 0.1-10 uM and does 
not show the same pattern of inhibition as NE. 
p-OHA uptake was only slightly reduced by either 
cocaine or desmethylimipramine (DMI) under condi- 
tions that inhibited NE uptake by 90 per cent. The 
effect of a potent inhibitor of uptake, normethaneph- 
rine [21], was also examined and at 10 uM it had 
no effect on p-OHA uptake in the preparations used 
here. Thus, the process by which cortical tissue accu- 
mulated p-OHA here has neither the characteristics 
of neuronal uptake of catecholamine nor those of 
uptake,, a non-neuronal process described in the per- 
ipheral system. One additional possibility if 6 hy- 
droxylation of p-OHA to the false transmitter, p-hy- 
drox yephedrine [30] which is retained by certain tis- 
sues. However, the dopamine £ hydroxylase inhibitor, 
fusaric acid, had no effect on accumulation [11] and 
90 per cent of the accumulated radioactivity is identi- 
fiable as p-OHA. 

The cortical uptake could reflect a temperature 
dependent surface binding but that does not appear 
likely since quenching in the presence of a 100-fold 
excess of p-OHA should result in a rapid dilution 
of surface bound radioactivity. In addition, the loss 
of 80 per cent of the accumulated amine with hypoos- 
motic shock indicates most of the compound is con- 
tained in an intracellular compartment. This compart- 
ment has bouyant density characteristics similar to 
synaptosomes but does not appear to involve neur- 
onal vesicles since uptake is not reduced in tissue 
from reserpine pretreated animals. Striatal p-OHA 
uptake is reduced by 60 per cent in such preparations. 
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The present experiments show that while p-OHA 
can increase efflux or release catecholamines from 
both striatal and cortical preparations, there are 
quantitative differences in its interactions with these 
two brain areas. p-OHA is a more effective releaser 
of striatal catecholamines and is accumulated by the 
tissue in proportion to the catecholamine released. 
In the cortex preparations, the maximal release is 
lower and the accumulation appears to involve a 
compartment unrelated to the loss of catecholamine. 
While the precise mechanism by which this increase 
in efflux occurs is not established, the greater efficacy 
of DA release by p-OHA may be a characteristic of 
this class of indirect amine since similar differences 
have been noted for amphetamine. In studies with 
brain slices Heikkila et al. [31] found 60 per cent of 
striatal DA-[*H] and about 10 per cent of cortical 
NE-[*H] was released by d-amphetamine while tyra- 
mine released with comparable efficacy. Ferris et al. 
also observed differences in the amphetamine-induced 
catecholamine release from these two areas [28]. 
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Abstract—Narasin, a new polyether monocarboxylic acid antibiotic, inhibits ATPase and reverses swell- 
ing and H® release from liver mitochondria after induction of cation transport. Among alkali metal 
cations, narasin shows ionophorous activities with a selectivity of Na* > K* = Rb* > Cs* > Li’*. 
However, narasin also induces permeability of mitochondria to the non-noble gas cation, Tl* and 
the polyatomic cation, NHj. In fact, the polyether monocarboxylic acid ionophores, narasin and 
monensin, are more appropriate ionophores for NH than for alkali cations. Narasin inhibits 50 
per cent of the ATP hydrolysis activated by dinitrophenol, valinomycin-K* and monazomycin-K *- 
NH with ICs values of 2.5, 200 and 13nM respectively. The corresponding ICs, values for monensin 
are 7, 750 and 45nM. The polyether monocarboxylic acid ionophores may play an important role 


in ionophore-producing organisms as NH{ carriers. 


Narasin is isolated from Streptomyces aureofaciens 
and has an empirical formula of C,,;H720;;, mol. wt 
764. Narasin [1,2] and salinomycin [3] are similar 
in chemical structure except that narasin has an ad- 
ditional methyl group on the 6-member cyclic ether 
at the carboxylic terminal. The molecular features of 
narasin and salinomycin are typical of those of other 
known polyether monocarboxylic acid ionophores 
such as monensin [4], nigericin [5], A204 [6] and 
X537A [7]. These ionophores are capable of forming 
uncharged complexes with alkali metal cations [8]. 

Owing to a high lipid solubility of the ionophore- 
cation complexes, the polyether monocarboxylic acid 
ionophores are capable of inducing cation permeabi- 
lity in biological membranes. In liver mitochondria, 
these ionophores induce cation exchange leading to 
an inhibition of ATP hydrolysis and the reversal of 
swelling induced by active uptake of alkali metal 
cations [9, 10]. Narasin has been reported to be effec- 
tive in treating coccidiosis in poultry and in improv- 
ing feed efficiency in ruminants [11]. In this paper, 
we describe the ionophorous properties of narasin in 
comparison with monensin and X537A in liver mito- 
chondria. 


METHODS AND MATERIALS 


Mitochondria were reported from the liver of male 
albino rats weighing 150 g, according to the described 
procedure [10]. Adenosine triphosphatase (ATPase) 
was determined by the liberation of inorganic phos- 
phate [10]. Mitochondria swelling was monitored at 
520 nm by means of an Aminco—Chance dual wave- 
length spectrophotometer. The release of H* was 
measured by a pH electrode connected to a pH meter 
(The London Co., Denmark). 

Narasin, monensin, X537A, valinomycin and mon- 
zomycin were isolated in the Lilly Research Labora- 
tories. All other biochemicals were purchased from 
Sigma Co. 


RESULTS 


In the presence of the classical uncoupling agent 
of oxidative phosphorylation, 2,4-dinitrophenol, mito- 
chondria of rat liver catalyzed the hydrolysis of ATP 
(DNP-ATPase). Narasin at 6.6 x 10°°M reduced 
the DNP-ATPase activity from 3.4 umoles/mg of pro- 
tein/10 min to 0.24 umoie/mg of protein/10 min in 
terms of inorganic phosphate formed (Table 1). On 
the other hand, the hydrolysis of ATP induced by 
the cyclododecadepsipeptide ionophorus antibiotic, 
valinomycin [12] and potassium (Val + K *-ATPase) 
[13] was blocked by a 10-fold greater concentration 
of narasin (6.6 x 10~7 M). 

The inhibition of the DNP-ATPase was further 
studied at various concentrations of narasin and two 
other polyether ionophores, monensin and X537A 
liver 


Table 1. Effect of narasin on ATPases of rat 


mitochondria* 





Hydrolysis of ATP 


2,4-Dinitrophenol K *-valinomycin 
induced induced 
(umoles Pi formed/mg protein) 


Narasin 
(M) 





3.40 
0.24 
0.32 
0.28 


None 

6.6 x 1078 
27x 10°’ 
6.6 x 107” 





* Mitochondria of 1 mg protein in duplicate samples 
were incubated in a reaction mixture of a l-ml volume 
containing 0.25 M sucrose, 30mM Tris—chloride (pH 7.4), 
20 mM Tris-acetate (pH 7.4) 1mM MgCl,, 30mM KCl 
and 6mM Tris-ATP (pH 7.4) at 37°. Samples also con- 
tained 0.1 mM 2,4-dinitrophenol, 0.1 uM valinomycin and 
various concentrations of narasin as indicated. The re- 
action mixture was incubated at 37° for 10min and tri- 
chloroacetic acid (TCA) was then added at a final concen- 
tration of 5%. Inorganic phosphate was assayed for the 
TCA extract. 
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Fig. 1. Inhibition of 2,4-dinitrophenol-ATPase by various 

concentrations of narasin, monensin and X537A. The 

2,4-dinitrophenol-AT Pase in liver mitochondria was deter- 
mined under the conditions shown in Table 1. 


(Fig. 1). Narasin was most effective with an ICs. value 
of 2.5 x 10° M, followed by monensin and X537A 
with ICs, values of 8 x 10°?M and 1.5 x 10°°M 
respectively. Thus, the polyether ionophores share a 
common property, an inhibition of the DNP-ATPase. 

Another antibiotic, monazomycin, is also known to 
induce cation-dependent ATPase activity in mito- 
chondria [14]. Rat liver mitochondria in the presence 
of monazomycin and alkali metal cations hydrolyzed 
ATP at 34 umoles/mg of protein/10 min (Table 2). 
Dependent upon the alkali metal cations, narasin at 
2.6 x 10°’M inhibited the monazomycin-ATPase 
activity to different degrees. Narasin was most effec- 
tive in blocking the Na*-dependent monazomycin-— 
ATPase activity (85 per cent inhibition), followed by 
the Rb*- and K*-dependent activities with 74 and 
54 per cent inhibition. With Li* and Cs* as cations, 

narasin reduced only 27 and 20 per cent of the 
ATPase activities. 

The cation selectivity of narasin was observed only 
at concentrations of the ionophore below 5 x 10~°M 
(Fig. 2). At 8 x 10~° M, narasin inhibited over 90 per 
cent of the ATPase activities with all alkali metal 
cations. 

Based on earlier studies [10] the concentration of 
alkali chloride was chosen at 30 mM for the measure- 
ment of ATPase activity in rat liver mitochondria. 
At this concentration of NaCl, KCI] and RbCl, narasin 
exerted maximum inhibition (Fig. 3). Narasin inhi- 


bited the ATPase activities to the same levels even 
at a higher salt concentration of 50 mM. 
Mitochondria swell upon induction of ion trans- 
port by monazomyuin im the presence of alkali 
cations, as indicated by the downward tracings in Fig. 
4. The first addition of 0.4 nmole narasin caused a 50 
per cent contraction (upward tracing) of the mito- 
chondrial volume when Na* was the cation. The 
second addition of 0.4nmole narasin led to the 
shrinkage of the mitochondrial volume beyond the 
original level. With Li* or Rb* as cation, a total 
addition of 0.8 nmole narasin was required to initiate 
the contraction of mitochondrial volume. Narasin 
had no effect when Cs* was the alkali metal cation. 
When mitochondria were induced to take up alkali 
metal cations by monazomycin, protons were released 
into the medium (upward tracings in Fig. 5). Monazo- 
mycin released about 4 to $ the amount of H* ions 
from mitochondria when the alkali metal cations were 
Li* and Na* in comparison with the amount of H* 
ions released in the presence of K*, Rb*, Cs* and 
Tl*. Upon the addition of narasin, protons were 
taken up from the medium by the mitochondria due 
to the reversed movement of the monovalent cations, 
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Fig. 2. Selectivity of alkali cations in the inhibition of 

monazomycin-induced ATPase by various concentrations 

of narasin. Liver mitochondria were incubated under the 

identical conditions given in Table 1 except that monazo- 

mycin at 15 yg/ml instead of valinomycin, alkali chloride 

at 30mM instead of 30mM KCI, and various concen- 
trations of narasin were used. 


Table 2. Alkali metal cations specificity for narasin to block the monazomycin-acti- 
vated hydrolysis of ATP in rat liver mitochondria* 





Monazomycin 
alone 
(umoles Pi/mg protein) 


Radii 
(A) 


Alkali metal 
chloride 


Monazomycin 
+ Narasin 


oY 


/o 
Inhibition 





Li 0.60 
Na 0.96 
K 1.33 
Rb 1.46 
Cs 1.69 


3.39 
2.94 
319 
3.98 
377 


2.48 27 
0.43, 85 
1.45 54 
1.05 74 
3.01 20 





* Mitochondria were incubated in the same reaction mixture as shown in Table 
1 except that monazomycin at 15 pg/ml, instead of valinomycin, and 2.6 x 10°7M 


narasin were used. 
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Fig. 3. Effects of narasin on the monazomycin-cation- 

dependent ATPase at various concentrations of NaCl, KCl 

and, RbCl. Liver mitochondria were incubated in the iden- 

tical manner as in Fig. 2 except that various concentrations 

of NaCl, KCI and RbC! were present in the control (solid 

lines) and in the 0.25u4M narasin-treated (dotted lines) 
samples. 


except Li*. Only 0.5 nmole of narasin in 5 ml of total 
volume was sufficient to induce the complete re- 
uptake of protons by mitochondria when Na* or T1* 
was the metal cation (traces b and d, Fig. 5); 1 nmole 
narasin was required with K* and Rb* as cations 
(traces c and e) and 1.5nmoles with Cs* as cation 
(trace f). 


Monazomycin 


Narasin 
0.4 nmole 
N| 


Swelling of | 
mitochondria | 


Wu 69, 
sec 


Fig. 4. Effects of narasin on mitochondrial swelling in- 
duced by monazomycin and alkali metal cations. Liver 
mitochondria at 0.16 mg/ml of protein were incubated at 
room temperature in a reaction mixture of 3-ml volume 
containing 225mM manitol, 75mM_ sucrose, 10mM 
Tris-Cl, pH 7.4, 1.7mM Tris-ATP, pH 7.4, and 10mM 
alkali metal chloride in two absorption cells which were 
introduced into the cell holders of the Aminco—Chance 
dual wavelength spectrophotometer. Mitochondrial swell- 
ing was initiated upon addition of monazomycin at 
0.3 wg/ml, and 0.4nmole narasin was introduced at each 
addition as indicated. 
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Fig. 5. Effects of narasin on the release of H* from liver 
mitochondria. Liver mitochondria at 0.9 mg/ml of protein 
were incubated at 32° in a reaction mixture of 5-ml volume 
containing 0.25M sucrose, 2mM Tris-HCl, pH 7.4, 
30 mM alkali metal chloride, and 1 mM Tris-succinate, pH 
7.4. Monazomycin at | yg/ml and narasin at 0.5 nmole/ml/ 
addition were introduced as indicated. The addition of a 
HCI standard solution at the end of each experiment was 
used to calibrate the proton movements. 


Narasin / 
10 ii 


and 


We found that liver mitochondria catalyzed ATP 
hydrolysis with an activity of 4.81 + 0.33 umoles/mg 
of protein/I10 min when the reaction mixture con- 
tained 30mM NH,Cl, 30mM KCI and 1 pg/ml of 
monazomycin. Narasin and monensin inhibited 50 
per cent of the activity at 13 and 45nM respectively 
(Fig. 6). 


DISCUSSION 


Narasin like other polyether monocarboxylic iono- 
phores, monensin, X537A and A204, inhibited the 
mitochondrial ATPase induced by active transport 
of alkali metal cations. Narasin also reversed the 
mitochondrial swelling and proton release associated 
with the activation of cation uptake by the addition 
of monazomycin. The effectiveness of narasin in 
reversing these three expressions of cation transport 
in liver mitochondria varies with the alkali metal 
cation present. Narasin is most effective with Na”, 
intermediate with K* and Rb”, and less active with 
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IC59:45nM 
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Fig. 6. Effects of narasin and monensin on mitochondrial 
ATPase induced by monazomycin + KCI + NH,Cl. Liver 
mitochondria were incubated in the reaction mixture as 
shown in Table 1 except that monazomycin (1 ug/ml), in- 
stead of valinomycin, and 30mM NH,C! were included. 
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Cs* and Li*. The cation selectivity of polyether iono- 
phores is largely due to the size of the cavity which 
has the oxygen atoms as ligands facing inside. Thus, 
the cavity provided by narasin can best accommodate 
the Na® ion. 

It is most interesting to point out that narasin 
shows differential inhibition of the ATPase activities 
induced under three different conditions: (1) 2,4-dini- 
trophenol activated ATPase; (2) valinomycin-K * acti- 
vated ATPase and (3) monazomycin-KCI-NH,Cl 
activated ATPase, with ICs) values of 2.5, 200 and 
13 nM respectively. The corresponding ICs values for 
monensin are 7, 750 and 45nM. Narasin is about 
three to four times more effective than monensin 
under each condition of ATPase measurement. 

The presence of NH,Cl lowers the ICs, values of 
both narasin and monensin required to inhibit the 
monazomycin plus cation-induced ATPase. This is in 
agreement with the finding that polyether ionophores 
form complexes with the polyatomic cation, NH 
[15]. In fact, narasin and monensin prefer NHj{ over 
the alkali metal cations, as indicated by the smaller 
ICs9 values. Hydrogen bonding occurs between the 
oxygen atoms of the ionophores and the protons of 
NHj and result in a complex with a tetrahedral coor- 
dination. Since these ionophorous agents are isolated 
from micro-organisms, the microbial metabolites may 
serve an important function as carriers of NHj, a 
nutrient for bacterial growth, in the ionophore-pro- 
ducing organisms. 
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Abstract—{1). An intraperitoneal injection of gamma-HCH (40 mg/kg, LD5,.) was shown to induce a 
significant release of three lysosomal enzymes—acid phosphatase, f-glucosidase and cathepsin D— 
in rat livers already thr after administration of the agent. From 1hr up to 24hr of the observation 
period the release of selected lysosomal hydrolases consistently increased. In contrast to the biochemical 
findings, the morphological changes including, hepatic necrosis and fatty infiltration, were established 
only 24hr after gamma-HCH treatment. (2). The in vitro studies on the latency of two lysosomal 
enzymes—acid phosphatase and f-glucosidase—in the rat liver lysosome-rich suspension treated with 
gamma-HCH, showed that the concentrations of 10-° M, 10~* M and 10~*M significantly decreased 
latency of both enzymes. However, acid phosphatase and f-glucosidase, exhibited differential responses 
to the in vitro effect of gamma-HCH, which might be due to the differential affinities of these enzymes 
for the lysosomal matrix. The above mentioned concentrations of gamma-HCH did not significantly 
change the activities of acid phosphatase, B-glucosidase and cathepsin D in vitro. (3). No significant 
alterations were observed in the total activities of enzymes studied after in vivo and in vitro administered 
gamma-HCH. (4). The present study suggests that gamma-HCH exerts its effect on rat liver lysosomes 


by modifying the structural properties of the lysosomal membrane. 


Information on the biochemical behaviour and reac- 


tions of pesticides in living systems is essential for 
the assessment of hazards arising from the use of 


these compounds. Gamma-hexachlorcyclohexane 
(gamma-HCH), an organochlorine insecticide, is 
among the most ubiquitous and persistent environ- 
mental pollutants [1-6]. Earlier studies on the toxico- 
logic properties of gamma-HCH pointed to hepatic 
cell necrosis accompanied by increased activity of 
serum acid phosphatase in rats poisoned with this 
agent [7,8]. In fact, the increased amount of serum 
acid phosphatase appeared to be lysosomal in origin, 
since enzyme assay utilized f-glycerophosphate as 
substrate [9-11]. 

It is well documented that injuries to lysosomal 
membrane by certain toxic agent lead to the release 
of acid hydrolases from lysosomes into cytoplasm, 
and to consequent cell death and necrosis [12-16]. 
Such pathological processes have been found to be 
associated with subsequent leakage of lysosomal 
enzymes into blood serum [17-19]. 

The present study was therefore undertaken to in- 
vestigate whether hepatic cell necrosis and increased 
activity of serum acid phosphatase observed in gamma- 
HCH-intoxicated rats are causally related to the 
alterations of liver lysosomal membrane. To test this 
possibility the latency of lysosomal enzymes in rat 
liver was studied over a period before the onset of 
hepatic necrosis which normally develops after gamma- 
HCH administration. Moreover, parallel experi- 
ments were conducted to obtain informations on the 
in vitro effect of gamma-HCH upon rat liver lyso- 
somes. 


MATERIALS AND METHODS 


Chemicals. Bovine serum albumin and Triton X-100 
were obtained from Sigma (London) Chemical Co., 
Kingston-upon-Thames, Great Britain. Gamma-HCH 
(gamma-hexachlorcyclohexane) was purchased from 
British Drug House Chemicals, Ltd., Poole, Dorset, 
Great Britain. All other chemicals were of analytical 
grade from Koch-Light Laboratories Ltd., Coln- 
brook, Bucks, Great Britain. Haemoglobin was pre- 
pared according to Anson [20]. 

Animals. Male and female albino rats of Wistar 
strain, weighing 250-300 g were used. Animals were 
fasted overnight before the treatment but allowed free 
access to water. Fifty rats randomly divided into two 
treatment groups were injected as follows: (a) 
40 mg/kg (LD59) gamma-HCH dissolved in arachis oil 
as 0.8% solution according to Grover and Seems [21] 
and (b) equal-volume doses of the solvent. Time- 
course of the developing liver injury at the dose used 
has been well established in the preliminary experi- 
ments. Five animals of each group were sacrificed at 
1, 4, 8, 12 and 24hr after treatment. Control group 
consisted of five untreated rats. 

Histology. Animals were sacrificed by decapitation. 
Livers were immediatelly removed, blotted on filter 
paper and weighed. Tissue samples were taken from 
each liver, fixed in phosphate-buffered 10°-formalde- 
hyde solution and stained with haemotoxylin-eosin 
under light microscopy. Formaldehyde solution-fixed 
frozen sections were stained with red oil to show fat 
infiltration, as described by Kimbrough er al. [22]. 

Preparation of liver homogenates. The remaining 
parts of livers were placed in an ice-cold homogeniz- 
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ing solution (250mM sucrose and 1mM EDTA, 
pH 7.4). All subsequent preparative operations were 
carried out at 24°. Tissues were then disrupted with 
9 vol. of homogenizing solution in an ice-jacketed 
Potter-Elvehjem homogenizer by three strokes at a 
speed of 1000 rev/min. Homogenization was checked 
by phase-contrast microscopy. Tissue homogenates 
were filtered through a double layer of cheese cloth 
and diluted to 10% (w/v) suspension. 

Preparation of liver lysosome-rich suspension. The 
lysosome-rich suspension was prepared by the 
method of de Duve et al. [23]. Three particulate frac- 
tions (N, M, L) and a final supernatant (S) were separ- 
ated by successive centrifugations at increasing speeds 
and times: N-nuclear (6000g x min, average field 
Jmax000), M-mitochondrial (33,000 g x min, average 
field g,,,,3300) and L-lysosome-rich (250,000 g x min, 
average field g,,,,,25,000). Centrifugations were carried 
out in an MSE High-Speed 25 refrigerated centrifuge 
(rotor no. 59584) except for the separation of the nuc- 
lear fraction. This fraction was separated in an I.E.C. 
centrifuge (Damon Corp. Needham Heights, MA, 
model PR-J, head no. 253). The lysosome-rich pellet 
was washed twice and resuspended in the same 
medium to give a final suspension containing 250 mg 
of liver equivalent per ml (L/4). A few biochemical 
parameters useful for the characterization of the L 


fraction were similar to those reported previously [24]. 


Test for the in vitro effect of gamma-HCH on the 
activities of lysosomal hydrolases. Before deciding 
whether a given agent acts by inhibiting or by increas- 
ing the release of enzyme from lysosomes, one has 
to study its effect on the activity of the corresponding 
enzyme in the presence of Triton X-100 (0.1%, v/v). 
This concentration of Triton X-100 effectively renders 
the maximum activity of acid hydrolases available to 
the substrate. Thus the effects of gamma-HCH upon 
the activities of three lysosomal marker enzymes, acid 
phosphatase, f-glucosidase and cathepsin D, were 
studied in the supernatant of lysosome-rich suspen- 
sion exposed to Triton X-100 (0.1%, v/v) and centri- 
fuged at 250,000g x min, average field g,,,,25,000. 
Portions of the supernatant were incubated for 10 min 
at 37° with the increasing concentrations (10° M, 
10°*M and 10°?M) of gamma-HCH dissolved in 
isopropanol according to Gertig et al. [25]. Appro- 
priate controls with equal volume-doses of isopro- 
panol or without this solvent were also included in 
the experiments. 

Test for the effect on rat liver lysosomes of gamma- 
HCH administered in vitro. This test was carried out 
by measuring the release of acid phosphatase and 
f-glucosidase from rat liver lysosomes into the sur- 
rounding medium of lysosome-rich suspension after 
treatment with gamma-HCH. Portions of lysosome- 
rich suspension were exposed to increasing concen- 
trations of gamma-HCH (10°°M, 10°*M and 
10° M) as in the preceding experiments. Untreated 
samples of lysosome-rich suspension and_ those 
treated with equal volume-doses of isopropanol 
served as controls. Before (0) and 5, 10 and 15min 
after incubation at 37° all samples were centrifuged 
at 250,000 g x min. average field g,,,, 25,000, and the 
supernatants were assayed for released enzymes. Total 
releasable activities of selected enzymes were deter- 
mined in the aliquots of lysosome-rich suspension 
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treated with Triton X-100 (0.1%, v/v). Enzyme release, 
is expressed as per cent of total activity [26]. 

Test for the effect on rat liver lysosomes of gamma- 
HCH administered in vivo. This experiment was per- 
formed by measuring total and unsedimentable activi- 
ties of acid phosphatase, f-glucosidase and cathepsin _ 
D, in 5% whole liver homogenates obtained from un- 
treated rats and those treated with gamma-HCH or 
equal volume-doses of arachis oil as described in the 
text of subsection: “animals”. The total activity was 
determined under conditions designed to ensure com- 
plete release of enzymes from lysosomal structures by 
using 0.1% Triton X-100. The reliability of this pro- 
cedure was verified in specimens treated with repeated 
freezing and thawing instead of Triton X-100. The 
unsedimentable activity was determined: in the super- 
natant after the whole liver homogenates (5%, w/v) 
had been subjected to high centrifugation force 
75,000 g in an MSE High-Speed 25 centrifuge (rotor 
No. 59584) for 1 hr at 4° to sediment particulate ac- 
tivity. The ratio of unsedimentable to total activities, 
expressed as per cent, served as measure for the in 
vivo release of acid hydrolases from lysosomes into 
cytoplasm [27]. 

Enzyme assays. Acid phosphatase (EC 3.1.3.2) was 
measured following the method of de Duve et al. [28]. 
B-glucosidase (EC 3.2.1.2) was assayed according to 
Beck and Tappel [29] and cathepsin D (EC 3.4.4.23) 
was determined by the method of Barret [30]. 
Enzyme activities are expressed in standard units 
(umoles of substrates hydrolized per min under assay 
conditions). Specific activities are defined as pmoles 
of products formed per mg of protein, or of g of fresh 
liver per min. The activities of the selected enzymes 
displayed linearity with respect to the time of incuba- 
tion and enzyme concentrations. 

Protein determination. Protein content was 
measured by the method of Lowry et al. [31] using 
bovine serum albumin as a standard. 

Statistical analysis. The significance of the results 
was checked by standard statistical techniques [32]. 


RESULTS 


In vitro effect of gamma-HCH on the activities of 
acid phosphatase, B-glucosidase and cathepsin D from 
rat liver lysosomes. Table 1 shows that there are 
no significant (P >0.05) changes in the activities of 
acid phosphatase and f-glucosidase and cathepsin D 
in samples incubated for 10 min at 37° with increasing 
concentrations of gamma-HCH (10~° M, 10~* M and 
10°>M) compared with controls incubated with 
equal volume-doses of isopropanol or without this 
solvent. 

The effect on rat liver lysosomes of gamma-HCH 
administered in vitro. The release of acid phosphatase 
and f-glucosidase from rat liver lysosome-rich sus- 
pension were significantly (P <0.05) increased im- 
mediately after addition of all concentration (107 > M, 
10-*M and 10°~3M) of gamma-HCH used up to 
15 min (P <0.01) of incubation at 37° compared to 
those measured in untreated or isopropanol-treated 
samples (Fig. 1). These effects of gamma-HCH are 
dose- and time-dependent, so that increasing concen- 
trations of the agent induce the progressive release 
of increasing amounts of both enzymes during 15 min 
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Table 1. Specific activities of rat liver lysosomal enzymes after incubation with increas- 
ing concentrations of gamma-HCH or isopropanol for 10 min at 37° 





Treatment Acid phosphatase _— B-glucosidase Cathepsin D 





Concentrations 
of gamma-HCH (M) 
10~° 
10-* 
19° 
Isopropanol 
1%, v/v 38.9 + 4.01 

0 39.5 + 2.54 


42.6 + 4.20 
38.1 + 2.73 
DF + 3.12 


16.4 + 3.41 
17.7 + 2.65 
18.2 + 3.32 


99.6 + 3.45 
104.2 + 2.98 
106.4 + 3.25 


15.4 + 2.59 
16.1 + 1.69 


101.5 + 4.11 
102.3 + 5.31 





Enzyme preparation used was the supernatant obtained from lysosome-rich suspen- 
sion after treatment with Triton X-100 (0.1%, v/v) as described in Methods. Specific 
activities are expressed as ymoles of inorganic phosphate, p-nitrophenol and tyrosin/ 
min/mg of protein for acid phosphatase, B-glucosidase and cathepsin D respectively. 


Each value represents the mean + S.E.M. of three separate experiments. 


of incubation period. It is also noteworthy that there 
is a marked, though not statistically significant, differ- 
ence in the responses of acid phosphatase and f-glu- 
cosidase to the action of gamma-HCH at any time 
intervals. On the other hand, gamma-HCH did not 
produce significant change in the total amount of 
both enzymes under conditions of these experiments. 

The effect on rat liver lysosomes of gamma-HCH 
administered in vivo. The results of time-course study 
on the in vivo effect of gamma-HCH administration 
on rat liver lysosomes are summarized in Fig. 2. The 
curves represent the values for unsedimentabie activi- 
ties of acid phosphatase, f-glucosidase and cathepsin 
D in the liver homogenates of rats that were sacrificed 
at the time indicated after an intraperitoneal injection 
of gamma-HCH or arachis oil as described in the 
section of Materials and Methods. Unsedimentable 
activities of acid phosphatase, f-glucosidase and 
cathepsin D in the whole liver homogenates of 
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Fig. 1. Time- and dose-dependent release of acid phospha- 
tase (A) and f-glucosidase (B) from rat liver lysosome-rich 
suspension in vitro in the absence (x) and in the presence 
of gamma-HCH (@) or isopropanol (©). The experimental 
design is presented in the text. Enzyme release is expressed 
as a percentage of the total activity released by Triton 
X-100 (1%, v/v). Each point corresponds to the mean+ 
S.E.M. of three separate observations. 


gamma-HCH-injected rats were significantly (at 
1 hr—P <0.05, and from 4-24 hr—P <0.01) greater 
than those in the animals treated with arachis oil at 
any of the time intervals. On the other hand, total 
activities of these enzymes in rat livers following ad- 
ministration of gamma-HCH or arachis oil were not 
appreciably affected in comparison with data of un- 
treated animals. The results obtained in these experi- 
ments indicate that administration of gamma-HCH 
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Fig. 2. Unsedimentable activities of acid phosphatase (A), 
B-glucosidase (B) and cathepsin D (C) expressed as per 
cent of total activities of these enzymes in the whole liver 
homogenates before (@) and at | hr intervals up to 24 hr 
following an intraperitoneal injection of 40 mg/kg gamma- 
HCH (@) or equal volume-doses of arachis oil (O) into 
rats. Experimental details are given in the Materials and 
Methods. Each point represents the mean + S.E.M. of the 
values obtained in five animals. 
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into rats brings about release of acid hydrolases from 
liver lysosomes into the cytoplasm. This effect of 
gamma-HCH is in correlation with increasing time 
periods. In contrast to the lysosomal changes 


observed already 1 hr after gamma-HCH administra- 
tion, the examination by light microscopy of rat liver 
showed fatty infiltration and centrilobular necrosis 
only 24hr after treatment with this agent. 


DISCUSSION 


The experiments described in the present paper 
clearly show that striking release of acid phosphatase, 
B-glucosidase and cathepsin D from rat liver lyso- 
somes precedes by many hours the onset of a typical 
gamma-HCH-induced hepatic necrosis. These obser- 
vations suggest that damage to the lysosomal mem- 
brane may be an event responsible for the pathogen- 
esis of the liver injury by gamma-HCH. The question 
arises whether gamma-HCH exerts its effect selec- 
tively on the lysosomal membrane within lysosomes, 
or whether the free radicals, resulting from gamma- 
HCH conversion through homolytic route by interac- 
tion with the microsomal electron transport chain, 
peroxidize nonselectively the lipid constituents of the 
intracellular membrane system including the lysoso- 
mal one. It is currently accepted that hepatotoxicity 
induced by some toxic substances is causally related 
to their conversion to a free radicals [33-37]. How- 
ever, the evidence that addition of gamma-HCH to 
the lysosome-rich suspension induces time and dose- 
dependent release of two lysosomal enzymes—acid 
phosphatase and f-glucosidase—favours the belief 
that gamma-HCH itself causes the alterations in the 
properties of the lysosomal membrane. This conclu- 
sion is supported by the recent observations on the 
in vitro labilizing effects of DDT, DDE and PCB 
upon rat liver lysosomal membrane [38]. Moreover, 
the enzymes studied exhibited differential responses 
to the in vitro effect of gamma-HCH. Such phenom- 
ena have been observed previously with these or other 
acid hydrolases in lysosomes from rat liver [39] or 
rat brain [40-42]. These later investigations suggested 
differential structural affinities of the acid hydrolases 
for the lysosomal matrix. Thus it seems possible that 
gamma-HCH may effect the solubilization of acid 
phosphatase to a higher extent than those of B-gluco- 
sidase which is firmly attached to the lysosomal mem- 
brane. 

On the other hand, the way by which gamma-HCH 
enters lysosomes is highly speculative. One suggestion 
is, that gamma-HCH reaches lysosomal system by 
permeation which involves passive membrane diffu- 
sion through both plasma and lysosomal membrane. 
The other possibility is that gamma-HCH binds 
plasma protein in the form of complex which is then 
taken up within lysosomes by endocytosis, as was 
observed for many pharmacologically active, toxic 
and cancerogenic substances [43-45]. After intralyso- 
somal proteolysis gamma-HCH is set free to exert 
its effect upon lysosomal membrane. Further studies 
are necessary to resolve this problem. Also, the 
mechanism by which gamma-HCH modifies the 
structural properties of the lysosomal membrane 
remains to be clarified. 
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Abstract—Treatment of pregnant rats with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) resulted in a 
dose-dependent induction of a mixed-function oxidase system in fetal and maternal extra-hepatic tissues. 
At doses of 6 ug/kg, aryl hydrocarbon hydroxylase (AHH) activity was increased 24-, 22- and 4-fold 
in fetal lung, kidney and skin, respectively, while maternal lung, kidney and adrenal AHH activity 
was increased 4-, 2- and 2-fold respectively. High-pressure liquid chromatographic (H.P.L.C.) analysis 
of benzo(a)pyrene (BP) metabolism after TCDD induction indicated that fetal lung, kidney and skin 
produced significant quantities of benzo(a)pyrene-7,8-dihydrodiol (BP-7,8-diol), benzo(a)pyrene-4,5- 
dihydrodiol (BP-4,5-diol) and 9- and 3-phenols of BP. The fetal liver produced benzo(a)pyrene-9,10- 
dihydrodiol (BP-9,10-diol), BP-4,5-diol, BP-7,8-diol and 9- and 3-phenols of BP. Maternal lung also 
produced BP-9,10-diol, while maternal adrenal gland yielded primarily the 9-phenol of BP. Epoxide 
hydratase activity was increased 2- to 3-fold in maternal lung, fetal lung and skin after TCDD pretreat- 
ment, but was not affected significantly in liver, kidney or placenta. Treatment of pregnant rats with 
TCDD increased the covalent binding of BP to DNA in preparations containing maternal liver, lung 
and placenta as well as fetal liver, lung and skin. Pretreatment with TCDD resulted in increased 
epoxide hydratase and AHH activities in extra-hepatic tissues but only AHH was increased in hepatic 
tissues, indicating that the inducing capabilities of TCDD differ from, but share some similarities 
with, both phenobarbital (PB) and 3-methylcholanthrene (MC). Thus, TCDD appears to provide an 
exceptionally potent and broad-spectrum transplacental induction of carcinogen-transforming enzymes 


in extra-hepatic tissues. 


Chlorinated dibenzodioxins and chlorinated dibenzo- 
furans occur as contaminants in many technical and/ 
or industrial products related to the polychlorinated 
phenols. The most toxic of the dibenzodioxins, 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), was the 
teratogenic contaminant found in the heavily used 
defoliant “Agent Orange”, a phenoxyacetic acid herbi- 
cide [1]. This highly toxic compound possesses a per- 
cutaneous LDso for guinea pigs of less than 1 ug/kg 
[2], is toxic to primates [3], chickens, mice and horses 
[4], and has an oral LDso in rats of 100 ug/kg [3]. 
It has also proven to be an extremely potent tera- 
togen in laboratory animals [5]. Subacute or chronic 
exposure to low levels of TCDD produces chloracne 
in man [6] and causes acute and chronic histopatho- 
logic changes in liver, kidney and gastric mucosa [3]. 

The potency of TCDD as an inducer of the mixed- 
function oxygenase system in rats was evidenced by 
a 30-fold induction of aryl hydrocarbon hydroxylase 
(AHH) with as little as 10 ug/kg[7]. Exposure to 
TCDD increased AHH activity by as much as 3000 
times [8], also increased 6-amino-levulinic acid syn- 
thetase activity, and has appeared to be similar to 
3-methylcholanthrene (MC) as an enzyme inducer [1]. 
High levels of induction have been reported in rats 
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[1], human lymphocytes [9], mice [10] and ‘non- 
responsive’ mice[11]. Previous studies from our 
laboratory [12] and other laboratories [13, 14] indi- 
cate that TCDD is capable of inducing the hepatic 
mixed-function oxygenases transplacentally, while 
less potent inducers such as MC [15] and polychlori- 
nated biphenyls [16] are much less effective transpla- 
cental inducers. 

This report represents an extension of our earlier 
studies on the effects of TCDD on pregnant rats [12]. 
Here we report a study of the dose-related effects of 
TCDD on extra-hepatic maternal and fetal tissues 
with respect to AHH activity, BP metabolism in the 
same tissues as revealed by high-pressure liquid chro- 
matographic (H.P.L.C.) analyses, and catalysis of 
covalent binding of BP to DNA in vitro. We also 
determined the effects of TCDD on hepatic and extra- 
hepatic epoxide hydratase activity in maternal and 
fetal tissues. 


MATERIALS AND METHODS 

Female Sprague-Dawley rats (Tyler’s Laboratories, 
Bellevue, WA) were received on day 14 of gestation, 
housed in individual cages and placed in separate 
rooms to prevent any possible contamination of con- 
trol animals with TCDD. The animals were dosed 
on day 17 of gestation with a single intraperitoneal 
injection of TCDD (0.2 to 6.0 g/kg) in corn oil or 
corn oil alone. Animals were sacrificed on day 20 
of gestation, and maternal livers, lungs, kidneys, 
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adrenals and placentas, and fetal livers, lungs, kidneys 
and skins were removed and washed with ice-cold 
1.15% KCl. Tissues were pooled within groups and 
homogenized with a Potter-Elvehjem homogenizer 
(livers) or Polytron PT-10, with 2 parts of 0.1 M phos- 
phate buffer (pH 7.35) at 04°. The homogenates were 
centrifuged at 9000 g for 20 min to remove cell debris, 
and aliquots of the supernatant were utilized for all 
subsequent assays of BP metabolism. Microsomal 
preparations were utilized for assays of epoxide hy- 
dratase activities. 

Benzo(a)pyrene (BP) was obtained from Eastman 
Chemical Co., Rochester, NY, and recrystallized from 
warm benzene and methanol. BP-7,10-['*C] (sp. act. 
18.6 wCi/umole) and BP-G[*H] (sp. act. 6.3 Ci/m- 
mole) were obtained from Amersham/Searle Corp., 
Arlington Heights, IL. TCDD [98.6% pure by gas- 
liquid chromatography (G.L.C.), lot No. 851-144-II] 
was a gift from the Dow Chemical Co., Midland, MD. 
1,1,1-Trichloro-2,3-propene oxide (TCPO) was pur- 
chased from Aldrich Chemical Co., Milwaukee, WI. 
Standards of the 3-hydroxy, 9-hydroxy, 3,6-quinone, 
1,6-quinone, 6,12-quinone, 4,5-diol, 7,8-diol, 9,10-diol 
and 4,5-epoxide metabolites of BP were provided by 
Drs. H. V. Gelboin and J. K. Selkirk, NCI. The 
4,5-diol, 4,5-quinone and 4,5-epoxide were synthesized 
in our laboratory according to the methods described 
by Goh and Harvey [17] and Cho and Harvey [18]. 

Aryl hydrocarbon hydroxylase was assayed by the 
fluorometric method of Wattenburg et al.[19] with 
modifications (Juchau et al. [20]). Metabolism of BP 
was assessed by H.P.L.C. analysis as described by 
Selkirk et al.[21] and modified by Berry et al. [12]. 

Epoxide hydratase was assayed using BP-4,5- epox- 
ide as substrate. The reaction mixture contained 0.5 
to 1.0 mg protein, 10.0 wg BP-4,5-oxide (in dimethyl- 
sulfoxide) and 120 moles Tris buffer, pH 8.5, in a 
total volume of 1.0ml. The reaction was incubated 
at 37° for 5 min and was terminated by the addition 
of 3ml of cold dichloromethane. The reaction was 
then extracted twice with dichloromethane and the 
residue was dried and redissolved in 1.0 ml methanol. 
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Eight vl was injected into a Micromeritics model 
7000-0111 H.P.L.C. fitted with a 2.1mm x 0.5m 
Vydac RP ODS (The Separations Corp., Gardena, 
CA) column operated at ambient temperature, with 
an isocratic solvent consisting of 65% methanol and 
35% buffered water (pH/7.8). BP-4,5-diol was 
measured at 254nm and determined from the peak 
area utilizing a standard curve. 

The covalent binding of BP[°H] to DNA in vitro 
was measured by a procedure based on the system 
originally described by Gelboin [22] and Grover and 
Sims [23]. The reaction mixture contained the follow- 
ing components in a final volume of 3 ml: 50 uwmoles 
sodium phosphate, pH 7.4; 100 umoles EDTA; 0.5 mg 
NADPH; 2 mg of calf thymus DNA; 0.2 ml of tissue 
homogenate (2-6 mg protein) and 143 nmoles BP[*H] 
in 25 pl ethanol (72 wCi). The reaction was started by 
adding the hydrocarbon substrate, and the mixture 
was incubated for 15min at 37° in total darkness. 
The reaction was terminated by the addition of 3 ml 
of a solution containing 2% sodium dodecyl sulfate; 
0.03 M NaCl; and 0.003M Na citrate, pH 7.0. The . 
mixture was extracted and DNA was isolated as de- 
scribed by Buty et al.[24]. Covalent binding of 
BP[°H] to DNA was expressed as pmoles hydro- 
carbon bound/ug of DNA/mg of protein/15 min of 
incubation. Values from unincubated flasks were sub- 
tracted as ‘zero time’ controls and each experiment 
was performed in triplicate. 


RESULTS 


Initial investigations were undertaken to ascertain 
the magnitude of the transplacental induction of 
AHH using varying doses of TCDD. Four doses (0.2, 
0.5, 2.5 and 6.0 ug/kg) were given to groups of preg- 
nant rats on day 17 of gestation and the results of 
the treatments on fetal lung, kidney and skin, and 
maternal lung, kidney, adrenal and placental AHH 
activities are shown in Table 1. Fetal extra-hepatic 
tissues were found to be responsive in a dose-depen- 
dent fashion, with the kidney exhibiting the largest 


Table 1. Effects of varying doses of TCDD on AHH activity in fetal and maternal 
rat tissues* 





Dose (ug/kg body wt) 





Tissue 


0.5 23 6.0 





Fetal 
Lung 
Kidney 
Skin 
Liver 

Maternal 
Lung 
Kidney 
Adrenal 
Liver 
Placenta 
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408 + 142 
242 + 71 
28 + 8 
917 + 204 


358 + 121 
99 + 24 
23 + 10 
898 + 213 


I+ I+ I+ I+ 


46+9 
123+ 21 
137 + 32 
2 2077 + 341 
31+ 14 


56 + 12 
131 + 20 
170 + 46 
6981 + 516 
36 + 17 





* Doses are presented as intraperitoneal injections of TCDD. 

AHH activity is expressed as pmoles 3-hydroxy-BP formed/mg of protein/min. 
Assays were performed in triplicate on three pools of 9000g supernatant fractions 
with a minimum of four organs/pooled sample. Final protein concentrations in incuba- 
tion flasks were adjusted to 0.7 mg/ml in each case. Experiments were repeated twice 
with closely similar results. Standard deviations are indicated. 
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Fig. 1. Specific activity and metabolites formed by maternal and fetal lung homogenates of control 
and TCDD-treated tissues. 


percentage of increase, followed by the lung and skin. 
Unlike the liver, which appeared to reach a maximum 
induction at the 2.5 ug/kg dose, lung, kidney and skin 
exhibited non-maximal induction. As evidenced by 
the data presented in Table 1, maternal lungs, kid- 
neys, placentas and adrenals demonstrated dose- 
dependent increases in AHH activity. The low placen- 
tal AHH response to TCDD may relate to toxi- 
city [3] and/or to degeneration of placental tissues 
at term [12]. The lung and kidney were less respon- 
sive to TCDD than the liver [8], and a small but 
significant induction in the adrenal gland also was 
observed. Induction in this organ has not been pre- 
viously reported. 

Transplacental induction of the AHH system by 
TCDD was further evaluated by studying rates of for- 
mation of specific metabolites of BP with H.P.L.C, 
analysis. The ability to form phenols, quinones and 
dihydrodiols of BP by lung tissue preparations is 
shown in Fig. 1. Not only were rates of phenol forma- 
tion more rapid in fetal lungs, but dihydrodiols (es- 
pecially the 7,8-diol) were formed more rapidly on 
a ‘per mg protein’ basis. The maternal lung did not 


TCDD, Maternal 
oO Control, Maternal 


Pmoles/mg protein/min 





appear as susceptible to induction as the fetal lung 
but TCDD increased specific activities by a factor 
of 4 as compared with control levels. 

Analysis of BP metabolism in the fetal kidney with 
high-pressure liquid chromatography revealed general 
agreement with data from the fluorometric assay (Fig. 
2). Of particular interest is the predominance of the 
9-OH-BP over che 3-OH-BP in fetal and maternal 
kidney, and the increase by TCDD of rates of forma- 
tion of 9-OH-BP in the maternal but not the fetal 
kidney. TCDD also increased the relative amounts 
of quinone formed in maternal kidney, as well as 
amounts of the 4,5- and 7,8-diols. The 9,10-diol was 
not detected, and in the maternal or fetal kidney an 
unidentified, highly polar compound appeared near 
the solvent front in kidney of TCDD-pretreated ani- 
mals. 

Elevation of fetal rat skin mixed-function oxy- 
genases as evidenced by BP metabolism is shown in 
Fig. 3. The 3-OH-BP was induced to the greatest 
degree, while the level of 9-OH-BP production 
appeared constant. Pretreatment with TCDD in- 
creased the amount of 6,12-BP quinone produced and 


& TCOD, Fetal 
a Control, Fetal 


Fig. 2. Specific activity and metabolites formed by maternal and fetal kidney in control and TCDD- 
induced tissues. 
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Fig. 3. Specific activity and metabolites formed by fetal 
control and TCDD-induced skin. 


also increased the production of BP-4,5- and BP-7,8- 
diols. As with the kidney and lung, TCDD pretreat- 
ment did not result in the formation of detectable 
BP-9,10-diol. 

Induction of enzymatic activity in the maternal 
adrenal by TCDD was demonstrated in both the 
AHH assay and measurements of metabolism of BP 
with H.P.L.C. analysis (Fig. 4). As with the kidney, 
production of the 9-OH-BP was favored over the 
3-OH-BP. The adrenal was active in producing the 
1,6-, 3,6- and 6,12-quinones of BP. The adrenal also 
produced detectable quantities of BP-4,5-, 7,8- and 
9,10-diol, and two unidentified compounds, one 
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Fig. 4. Specific activity and specific metabolites formed by 
maternal control and TCDD-treated adrenal gland. 


Table 2. Effects of TCDD treatment on epoxide hydratase 
activity* 





Ratio 
(TCDD, 


Tissue Control TCDD+ control) 





Maternal liver 


Fetal liver 


Maternal lung 


Fetal lung 
Fetal skin 
Fetal kidney 
Placenta 


2.18 + 0.56 
1.40 + 0.40 
0.30 + 0.08 
0.47 + 0.14 
0.76 + 0.23 
1.04 + 0.31 
0.23 + 0.09 


2.42 + 0.64 
1.48 + 0.58 
0.78 + 0.19 
1.34 + 0.35 
1.99 + 0.39 
1.10 + 0.41 
0.12 + 0.04 


1.11 
1.06 
2.60 
2.85 
2.62 
1.06 
0.52 





* Specific activity is expressed as nmoles BP-4,5-dihyro- 
diol formed/mg of protein/min with standard deviations. 
Values represent the means of triplicate determinations on 
three pooled samples with at least four organs in each 
pool. 

+ Given at 2.5 g/kg, i.p., in corn oil on day 17 of ges- 
tation; the animals were sacrificed on day 20. 


located between the BP-9,10-diol and the BP-4,5-diol, 
and the other, a highly polar compound, appearing 
at the solvent front. 

The formation of dihydrodiols from BP oxides is 
a detoxification reaction involving a microsomal 
epoxide hydratase [25]. TCDD was shown to en- 
hance the formation of BP-4,5-dihydrodiol from 
BP-4,5-oxide in certain tissue homogenates (Table 2). 
The least epoxide hydratase induction occurred in 
hepatic homogenates, while lung and skin homo- 
genates were quite inducible. The placental epoxide 
hydratase was not induced. 

The ability of the tissue homogenates to catalyze 
covalent binding of BP to DNA in vitro is shown 
in Table 3. The data show that an NADPH-generat- 
ing system is necessary to catalyze the covalent bind- 
ing of BP in vitro to DNA, and that the epoxide hyd- 
ratase inhibitor TCPO does not significantly affect 
binding of BP to DNA. Stimulation of DNA binding 


Table 3. Tissue-mediated covalent binding in vitro of 
(7H]BP to DNA 





Ratio 
(TCDD, 
control) 


Specific activity* 





Tissue Control TCDDt 





Maternal Liver 
—NADPH 
+TCPO 

Lung 
— NADPH 

Fetal Liver 
—NADPH 
+TCPO 

Lung 
— NADPH 

Skin 
—NADPH 

Placenta 
— NADPH 





* Specific activity is expressed as fmoles[*H]BP bound/ 
ug of DNA/mg of homogenate protein/15 min of incuba- 
tion. 

+ Given at 2.5 yg/kg i.p. in corn oil on day 17; the ani- 
mals were sacrificed on day 20. 
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appears maximal in hepatic tissues followed by skin, 
lung and placenta. 


DISCUSSION 


Several investigators have reported either no 
or minimal transplacental induction of mixed-func- 
tion oxidases from different tissues when polycyclic 
aromatic hydrocarbons (PAH) were used as the 
inducing agents. The administration of 80 mg/kg 
of MC ip. to rats did not induce hepatic de- 
methylation of 3-methyl-4-monomethylaminoazoben- 
zene (3’-MMAB) [26], and administration of twenty 
times the amount of BP necessary for maternal induc- 
tion only slightly raised fetal AHH activity and 
demethylation of 3’-MMAB [15]. Similar results for 
rats were reported for transplacental induction of fetal 
hepatic AHH [27] and for chick and mouse embryos 
[27, 28]. Transplacental stimulation with polychlori- 
nated biphenyls [16] indicated that only minimal in- 
duction occurred in fetal rat livers and that the induc- 
tion did not differ from that observed with MC. 
Recent evidence has shown that TCDD given orally 
[13] increases AHH and glucuronyl transferase ac- 
tivity in fetal rat liver and that TCDD stimulation 
was dependent on the gestational stage of the rat [14]. 
TCDD also has been shown to induce hepatic AHH 
activity in genetically ‘non-responsive’ mice [11]. 
Results presented in this paper indicate that fetal 
AHH activity was elevated transplacentally in lungs, 
kidneys, skins and liver in a dose-dependent fashion. 
Elevation of maternal AHH activity in kidney, lung 
and liver showed dose-dependent relationships and 
greater activity than the fetal tissues. Recent results 
indicate that TCDD binds preferentially in the 
liver [29]. Our data tend to indicate that TCDD is 
distributed to all tissues with little or no relationship 
between tissue concentrations and effects on enzymes. 
The marked decrease in AHH activity of placental 
tissues perhaps relates to the degenerated state of the 
tissue at term and the toxicity of TCDD to the tis- 
sue [30]. Elevation of AHH activity in the adrenal 
gland appears unique to TCDD and may relate to 
increased de novo synthesis of the inducible form of 
AHH, which may be only a minor portion compared 
to the relatively high levels of constitutive enzyme 
present in the adrenal. Another possible explanation 
for the increased transplacental induction by TCDD 
may relate to a more rapid transport across organ 
membranes [30] and the lack of metabolism of 
TCDD in vivo, leading to a long half-life. The latter 
possibility will require further investigation. 

Analysis of BP metabolism in preparations of 
MC-pretreated rat liver indicated that stimulation 
occurred with respect to all metabolites detected with 
the largest increase in the BP-9,10-diol [31]. We 
previously demonstrated that TCDD pretreatment 
resulted in increases of BP-4,5-diol, BP-7,8-diol and 
BP-9,10-diol with preparations of maternal and fetal 
hepatic tissues [12]. Results from this investigation 
indicate that preparations of fetal lung and skin 
produced substantial quantities of the 3-phenol and 
7,8-diol as major metabolic products. The skin and 
lung both are primary target tissues for PAH car- 
cinogens and are not nearly as metabolically active 
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as the hepatic system. Additionally, the fetal kidney 
produced greater quantities of 9-phenol and BP-7,8- 
diol than skin and lung, but exhibited lower overall 
activity than the hepatic system. Although previous 
investigations have demonstrated that adrenal glands 
exhibit high specific AHH activity [32], the produc- 
tion of 3-phenol was not truly representative of BP 
metabolism by the adrenal. As was evidenced with 
H.P.L.C. analysis, the adrenal homogenates produce 
more 9-phenol than 3-phenol and, to a limited extent, 
more dihydrodiols. The apparent trend in BP meta- 
bolism by extra-hepatic tissues after TCDD pretreat- 
ment was toward higher production of the 9-phenol 
and the 7,8-diol, whereas hepatic tissues produced 
more 3-phenol and BP-9,10-diol. The significance of 
this trend is not apparent at present, but it was shown 
that induction as measured by high-pressure liquid 
chromatography allowed critical evaluation of subtle 
metabolic differences between various extra-hepatic 
tissues as they relate to specific inducers. 

The epoxide hydratase system is primarily respon- 
sible for the elimination of electrophilic epoxide inter- 
mediates. Previous investigations have demonstrated 
that epoxide hydratase is not inducible by PAH such 
as BP[33] and MC [34] in hepatic tissue. Results 
presented in this paper indicate that TCDD is capable 
of inducing epoxide hydratase activity to approxi- 
mately the same degree as phenobarbital in certain 
extra-hepatic tissues [33]. However, as with the oxi- 
dative metabolism, the induction was highly tissue 
specific. Induction occurred in the fetal skin and lung 
and in maternal lung but not in maternal liver, kidney 
or placenta. The stable ‘K-region’ arene oxide, 
BP-4,5-epoxide, was used as a substrate for epoxide 
hydratase because of its direct relationship to the par- 
ent BP. Other substrates exhibit higher affinities for 
the enzyme [35] but the study indicated that TCDD 
was capable of markedly increasing epoxide hydratase 
activity, and that the apparent induction was tissue 
dependent. 

Since there is a good correlation between the car- 
cinogenic activity of PAH and their ability to be 
converted into an electrophilic intermediate(s) and 
subsequent interaction with cellular nucleophiles 
such as DNA [24, 36-38], we investigated the effects 
of TCDD pretreatment on tissue-mediated covalent 
binding of [7H]BP to DNA. Previous investigations 
[39, 40] ascertained that covalent binding with hepa- 
tic tissue homogenates shows a strong requirement 
for NADPH, and was inducible by PAH. Investiga- 
tions with the skin [24] demonstrated a dependence 
on NADPH when BP was used as a substrate. Our 
results demonstrate that TCDD is effective in enhanc- 
ing the binding of BP to DNA in maternal and fetal 
hepatic tissues in reactions requiring reduced pyridine 
nucleotides. Maternal and fetal rat lungs exhibited a 
similar trend, but the requirement for NADPH was 
not as evident. The fetal rat skin also showed TCDD- 
inducible covalent binding and a similar requirement 
for NADPH. The potent epoxide hydratase inhibitor, 
TCPO, only slightly increased the covalent binding 
of BP to DNA. The nature of the TCDD enhance- 
ment appeared to be tissue-specific, and, moreover, 
the data from the binding in vitro appeared to corre- 
late well with the metabolizing capabilities of the tis- 
sue and the metabolites formed. 
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The extreme toxicity of TCDD[1, 3, 7,29] pre- 
vented the giving of doses above 6 wg/kg to pregnant 
Sprague-Dawley rats. Doses above 10 yg resulted in 
fetal death and generally spontaneous termination of 
pregnancy. However, with fetal liver, plateau levels 
of AHH were attained at 2.5 yg/kg, and plateau AHH 
levels were approached in fetal lung and kidney at 
6 ug/kg. Plateau AHH levels in maternal tissues were 
not attained at the dosages used and, in the case of 
liver, a maximal dose was approximately 10 yg/kg [8] 
for a nonpregnant rat. A recent report pertaining to 
a high affinity, low capacity cytosol induction recep- 
tor for TCDD in liver [41] furnishes new evidence 
for the potency of TCDD as an enzyme inducer. In 
addition, the study demonstrates that PAH compete 
for the receptor but are much less effective than 
TCDD. 

This study illustrates that administration of TCDD 
to pregnant rats results in elucidation of metabolic 
capabilities that are not normally apparent in fetal 
tissues. The ability of TCDD to induce enzyme ac- 
tivity in a fashion similar to both PB and MC in 
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DRUG-INDUCED PORPHYRIN BIOSYNTHESIS—XVI. 
EFFECTS OF HYDROCORTISONE, ADENOSINE 
3':5'-CYCLIC MONOPHOSPHORIC ACID, ITS 
DIBUTYRYL DERIVATIVE AND A 
PHOSPHODIESTERASE INHIBITOR ON 
ALLYLISOPROPYLACETAMIDE-INDUCED 
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Abstract—Chick embryo liver cells were maintained in serum-free Waymouth medium containing insu- 
lin and thyroxine. Hydrocortisone (20.6 uM) enhanced allylisopropylacetamide (AIA)-induced 6-amino- 
levulinic acid (ALA) synthetase activity, as it was previously demonstrated to do in rat liver. It is 
likely that previous failures to observe a hydrocortisone effect in hepatic cell culture were due to 
the presence of hydrocortisone in serum added to the medium. Adenosine 3':5’-cyclic monophosphoric 
acid (CAMP; 0.3mM) and its dibutyryl derivative (61 uM), although not essential for AIA induction 
of porphyrin biosynthesis, were observed to enhance the accumulation of porphyrins. In contrast, 
cAMP has been reported to be essential for AIA induction of ALA-synthetase activity in rat liver 
cell suspensions. The cyclic nucleotide phosphodiesterase inhibitor, 3-isobutyl-1-methyl-xanthine 
(135 uM), was shown to exert a similar effect on AIA-induced porphyrin biosynthesis as cAMP. It 
was concluded that cAMP enhances but does not function as a “second messenger” in AIA-induced 


porphyrin biosynthesis. 


Hydrocortisone has been shown to exert a “permis- 
sive” effect on allylisopropylacetamide (AIA) induc- 
tion of hepatic 6-aminolevulinic acid (ALA) synthe- 
tase in the rat [1,2] and in perfused rat liver [3]. In 
view of the above findings, Edwards and Elliott [4] 
were surprised at the absence of an effect of hydrocor- 
tisone (10 uM) on AIA-induced ALA-synthetase ac- 
tivity in suspensions of isolated rat liver cells and sug- 
gested that the apparent absence of a glucocorticoid 
requirement might have been due to the presence of 
glucocorticoids in the serum component of their 
medium. Granick et al. [5] were similarly unable to 
demonstrate a hydrocortisone requirement for AIA- 
induced porphyrin biosynthesis in a culture of chick 
embryo liver cells. In the experiments of Granick et 
al. [5], cells were maintained for the first day in a 
serum-containing medium and on the second day, 
when AIA was added, in a serum-free medium. There- 
fore, it is possible that the failure to demonstrate a 
hydrocortisone effect with hydrocortisone (5.5 to 
27.6 uM) was due to the uptake of hydrocortisone 
by the cells on the first day of incubation. Good- 
ridge [6] developed a procedure for maintaining chick 
embryo liver cells in a serum-free Waymouth medium 
and used the method to study lipid biosynthesis. We 
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have shown that, when insulin and thyroxine were 
added to chick embryo liver cells maintained in ser- 
um-free Waymouth medium, drug-induced porphyrin 
biosynthesis occurred in a manner comparable to that 
observed in serum-containing medium [7, 8]. In this 
procedure, the use of serum is avoided throughout, 
and the effects of hormones may be studied without 
interference from unknown hormone components of 
serum. The first objective of the present study was 
to use this serum-free culture system to determine 
whether hydrocortisone exerts a permissive effect on 
AIA-induced porphyrin biosynthesis and ALA-syn- 
thetase activity in chick embryo liver cells as it does 
in rat liver. 

Neither adenosine 3':5’-cyclic monophosphoric 
acid (CAMP) nor its dibutyryl derivative produced an 
elevation of hepatic ALA-synthetase activity in 
18-day-old chick embryos [9]. However, dibutyryl 
cAMP was shown to enhance the AIA-induced hepa- 
tic ALA-synthetase activity by 10-15 per cent [10]. 
The effects of cAMP and/or its dibutyryl derivative 
on AIA-induced hepatic ALA-synthetase have been 
studied in the rat. Some workers report no effect [11], 
while others report an inhibition of AIA induc- 
tion [12]. Kim and Kikuchi[13,14] have demon- 
strated that the result (inhibition, enhancement, or no 
observable effect) depends upon the time of adminis- 
tration of the cyclic nucleotide after AIA administra- 
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tion and the time of measurement of ALA-synthetase 
activity. Edwards and Elliott [4] who used rat liver 
cells in suspension showed that AIA-induced ALA- 
synthetase activity was dependent on the presence in 
the medium of cAMP (1.2 mM) or its dibutyryl deri- 
vative (50 uM). The second objective of this study was 
to determine whether cAMP and its dibutyryl deriva- 
tive would enhance AIA-induced ALA-synthetase ac- 
tivity in chick embryo liver cells maintained in serum- 
free Waymouth medium (containing insulin and thyr- 


oxine) as it does in rat liver cell suspensions. Inhibi- 


tors of cyclic nucleotide phosphodiesterase would be 
expected to produce elevated levels of cAMP. Thus, 
one would anticipate that the effect on AIA-induced 
porphyrin biosynthesis of a cyclic nucleotide phos- 
phodiesterase inhibitor would be similar to that of 
cAMP or its dibutyryl derivative; our third objective 
was to determine if this was so. 


MATERIALS AND METHODS 


Chemicals. Hydrocortisone-21-sodium _ succinate, 
adenosine 3':5’-cyclic monophosphoric acid (CAMP), 
N°,O? -dibutyryl adenosine 3’:5’-cyclic monophos- 
phoric acid (dibutyryl cAMP), and _ L-thyroxine 

sodium pentahydrate (T,) were purchased from Sigma 
Chemical Co. 3-Isobutyl-l-methylxanthine was 
obtained from Aldrich Chemical Co., Inc. Allylisopro- 
pylacetamide (AIA) was a gift from Hoffmann-La 
Roche (Montreal), and Waymouth MD 705/1 medium 
was obtained from Grand Island Biological Co. 

Cell culture technique. The details of the cell culture 
technique have been described previously [6-8]. The 
cells were maintained in either 60-mm diameter dis- 
posable plastic Petri dishes (Falcon Plastics), contain- 
ing Sml of Waymouth MD 705/1 medium supple- 
mented with 60 mg penicillin G, 100 mg streptomycin 
sulfate, 1.0 mg insulin and 1.0 mg T,/litre, or 100-mm 
disposable plastic Petri dishes (Fisher Scientific Co.), 
containing 15 ml of the medium. After an initial incu- 
bation period of 24hr, the medium was discarded, 
replaced with fresh medium, and re-incubated for a 
further 24 hr. The T, (1.0 mg) was dissolved in 0.01 N 
NaOH (2 ml) prior to addition to 1 litre of medium. 
Hydrocortisone, cAMP and dibutyryl cAMP were 
dissolved in medium and added as required. 3-Isobu- 
tyl-l-methylxanthine and AIA were dissolved in 10 yl 
of 95°%% ethanol for addition to the 60-mm dishes and 
in 30 ul of 95% ethanol for addition to the 100-mm 
dishes. T,, hydrocortisone, cAMP and dibutyryl 
cAMP, when used, were added in .both incubation 
periods, while AIA and 3-isobutyl-1-methylxanthirte 
were added only during the second 24-hr incubation 
period. 

Assay of porphyrins and ALA-synthetase. Por- 
phyrins and ALA-synthetase were assayed as pre- 
viously described [15, 16]. To assay ALA-synthetase, 
cells were grown in 100-mm dishes and the cells from 
two dishes were pooled in order to obtain sufficient 
material for the assay. To assay porphyrins, cells were 
grown in 60-mm dishes. 


RESULTS AND DISCUSSION 


The response of chick embryo liver cells, main- 
tained in Waymouth MD 705/1 medium, containing 
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Fig. 1. Porphyrin accumulation in response to increasing 
doses of AIA in the presence (A) and absence (@) of hydro- 
cortisone (10 zg/ml). The dots indicate a significant differ- 
ent (P < 0.05) in porphyrin accumulation between cells 
maintained in the presence of hydrocortisone and those 
maintained in its absence at the same dose of AIA. 
Each point represents the mean of _ tour 
determinations + S. E. M. 


insulin and T,, to increasing doses of AIA is shown 
in Fig. 1. The addition of hydrocortisone (10 ug/ml; 
20.6 uM) to the medium produced a significant en- 
hancement of AIA-induced porphyrin biosynthesis at 
lower doses of AIA (2-7 ug/ml) but not at higher 
doses (10-100 g/ml); hydrocortisone (10 ug/ml) did 
not have a significant effect on porphyrin biosynthesis 
in the absence of AIA. To determine whether the hyd- 
rocortisone enhancement of porphyrin biosynthesis 
was due to enhanced ALA-synthetase activity, the 
effect of hydrocortisone (10 ug/ml) on AIA-induced 
ALA-synthetase activity was determined. The results 
in Fig. 2 demonstrate a significant enhancement by 
hydrocortisone of ALA-synthetase activity 6 and 
12 hr after the administration of AIA (5 pg/ml). The 
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Fig. 2. ALA-synthetase activity in the presence and 
absence of hydrocortisone (10 ug/ml) at 0, 6 and 12 hr after 
the administration of AIA (5 ug/ml). The dots indicate a 
significant difference (P < 0.05) between the ALA-synthe- 
tase activity in cells maintained in the presence of hydro- 
cortisone (HC) and those maintained in its absence. The 
bars represent the mean of nine determinations + S. E. M. 
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concentration of hydrocortisone used (10 g/ml) is 
higher than the physiological concentration of corti- 
costeroids in 17-day-old chick embryo plasma which 
has been reported to be 80 ng/ml [17]. Corticoster- 
oids, however, are rapidly metabolized and in man 
a synthetic rate of 25 mg/day is necessary to maintain 
a plasma level of 100 ng/ml [18]. Thus, assuming that 
the plasma volume of a 70-kg man is 2.8 litres, 8.9 ug 
corticosteroid is synthesized/ml of plasma over a 
24-hr period. This figure is similar to the amount of 
hydrocortisone (10 g/ml) to which our chick embryo 
liver cells were exposed over a 24-hr period. 

A hormone is thought to play a permissive role 
in a process when a stimulus produces a specific effect 
in the presence of that hormone but not in its 
absence [19]. Marver et al.[1] concluded that the 
hydrocortisone exerted a permissive effect on AIA in- 
duction of hepatic ALA-synthetase in the rat and this 
conclusion was apparently supported by the results 
of Matsuoka et al. [2] and Bock et al. [3]. The data 
in Fig. 2 show that AIA can produce an increase in 
ALA-synthetase activity in the absence of hydrocorti- 
sone and, therefore, it is clear that in chick embryo 
liver cells hydrocortisone does not have a permissive 
effect on ALA-synthetase induction by AIA. However, 
it is also clear that at low doses of AIA (2-7 ug/ml) 
hydrocortisone (10 wg/ml) does enhance AIA-induced 
porphyrin biosynthesis and ALA-synthetase activity. 
A careful evaluation of the original data of Marver 
et al.{1], Matsuoka et al.[2] and Bock et al. [3] 
reveals that hydrocortisone does not exert a permiss- 
ive effect on AIA-induced ALA-synthetase activity if 
the strict definition of the term is adhered to. This 
follows from the fact that AIA is able to produce 
a small but significant induction of ALA-synthetase 
even in the absence of hydrocortisone. Thus, it would 
appear that these authors have shown an enhancing 
effect of hydrocortisone rather than a permissive 
effect. This enhancing effect of hydrocortisone was not 
observed by Edwards and Elliott [4] in rat liver cells 
nor by Granick et al. [5] in chick embryo liver cells. 
A possible reason for the difference between our 
results and those of Granick et al.[5] was the pres- 
ence of T, in our medium and the absence of T, 
in the serum-free medium used by Granick et al. [5]. 
For this reason, it was decided to explore the role 
of hydrocortisone on AIA-induced porphyrin biosyn- 
thesis in the presence and absence of insulin and T,. 
The results in Fig. 3A demonstrate that none of the 
hormones (T,, insulin and hydrocortisone) or com- 
binations of these hormones produced a significant 
elevation of porphyrin biosynthesis. In the presence 
of AIA (10 ug/ml), hydrocortisone (10 ug/ml) pro- 
duced an enhancement of AIA-induced porphyrin 
biosynthesis when added to a medium containing in- 
sulin and T, (Fig. 3C-2 and 3C-6). If T, were omitted 
from the medium, hydrocortisone (10 ug/ml) did not 
produce an enhancement of AIA-induced porphyrin 
biosynthesis (Fig. 3C-4 and 3C-8; 3B-4 and 3B-8). 
Similarly, the enhancing effect of hydrocortisone was 
not observed when insulin was omitted from the 
medium (Fig. 3C-3 and 3C-7; 3B-3 and 3B-7). Since 
the hydrocortisone enhancement could not be 
observed in the absence of T,, the failure of Granick 
et al. [5] to detect the hydrocortisone effect is under- 
standable. In summary, our results show that hydro- 
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Fig. 3. Porphyrin accumulation in response to the pres- 
ence of various hormones after administration of 10 ul eth- 
anol (A) or AIA dissolved in ethanol (3 wg (B) or 10 yg 
(C)/ml of medium). Key: (1) no hormones; (2) T, (1 ug/ml) 
and insulin (1 g/ml); (3) T, (1 ug/ml); (4) insulin (1 ug/ml); 
(5) hydrocortisone (10 ug/ml); (6) T, (1 ug/ml), insulin 
(1 ug/ml) and hydrocortisone (10 g/ml); (7) Ty (1 ug/ml) 
and hydrocortisone (10 ug/ml); and (8) insulin (1 ug/ml) 
and hydrocortisone (10 ug/ml). Each bar represents the 
mean of four determinations + S. E. M. 


cortisone (~ 10 ug/ml; 20.6 uM) when added to media 
containing insulin and T, will enhance porphyrin bio- 
synthesis induced by low doses of AIA. Since the re- 
quirements for the enhancement are relatively specific 
with respect to concentration of hydrocortisone, dose 
of AIA, and concentration of other hormones in the 
medium, it is not surprising that this effect could not 
be observed previously in cell culture. A question aris- 
ing from our study is the following: Why is the 
enhancing effect of hydrocortisone observed at low 
doses of AIA but not at higher doses? In order to 
consider this question, it is necessary to review 
modern ideas on the. mechanism of hydrocortisone 
and other glucocorticoid actions on the liver [20]. The 
glucocorticoids, which exert an anabolic effect on 
liver, are believed to bind to specific cytoplasmic 
receptor proteins, and the complex moves to the nuc- 
leus where it increases the rate of transcription of 
some genes. This results in the formation of several 
mRNAs which are transported to the cytoplasm for 
translation to protein on ribosomes. The proteins syn- 
thesized are in the main those involved in gluconeo- 
genesis. AIA has been shown to stimulate enhanced 
synthesis of ALA-synthetase [21], and this is believed 
to result from enhanced formation of the mRNA for 
ALA-synthetase [18,22]. A possible explanation for 
the enhancement of ALA-synthetase activity at low 
doses of AIA is that the stimulation of protein syn- 
thesis produced by hydrocortisone provides one or 
other factors (e.g. tRNA, initiation factors, ribosomes) 
which are limiting in the synthesis of ALA-synthetase. 
At high doses of AIA these factors would presumably 
be synthesized in optimum amounts in the absence 
of hydrocortisone. Alternatively, it is possible that the 
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Fig. 4. Porphyrin accumulation in response to increasing 
doses of AIA in the presence (A) and absence (@) of dibu- 
tyryl cAMP (30 pg/ml). The dots indicate a significant dif- 
ference (P < 0.05) in porphyrin accumulation between cells 
maintained in the presence of dibutyryl cAMP and those 
maintained in its absence at the same dose of AIA. Each 
point represents the mean of four determinations 
+ S.E.M. 


enhancing effect of hydrocortisone on AIA-induced 
porphyrin biosynthesis is exerted on the cell mem- 
brane or an intracellular membrane [20] and results 
from the alteration of the transport of either an im- 
portant metabolite or an intermediate in heme bio- 
synthesis or of AIA. Thus, by utilizing a serum-free 
medium we have shown that hydrocortisone exerts 
an enhancing effect on AIA-induced ALA-synthetase 
activity in chick embryo liver as it has been demon- 
strated to do in rat liver [1-3]. Other workers utiliz- 
ing serum-containing media were unable to demon- 
strate this effect in hepatic cell culture [4,5] presum- 
ably because of the presence of hydrocortisone in the 
serum. 
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Fig. 5. Porphyrin accumulation in response to increasing 

doses of cyclic nucleotides in the presence and absence 

of AIA. Key: dibutyryl cAMP alone (0), dibutyryl cAMP 

plus 3 ug AIA/ml (A), cAMP alone (@), and cAMP plus 

3 wg AIA/ml (A). Each point represents the mean of four 
determinations + S. E. M. 


The response of chick embryo liver cells, main- 
tained in Waymouth MD 705/1 medium, containing 
insulin and T,, to increasing doses of AIA is shown 
in Fig. 4. The addition of dibutyryl cAMP (30 ug/ml) 
to the medium (Fig. 4) resulted in a significant en- 
hancement of AIA-induced porphyrin biosynthesis at 
lower doses of AIA (1-5 ug/ml), no effect at interme- 
diate doses (10-30 ug/ml) and a decrease at higher 
doses (100-300 pg/ml). The response of chick embryo 
liver cells to increasing doses of cAMP and dibutyryl 
cAMP are shown in Fig. 5. In the absence of AIA, 
large doses of dibutyryl cAMP produce a small eleva- 
tion of porphyrin levels, while cAMP has no signifi- 
cant effect. In the presence of AJA (3 ug/ml), dibutyryl 
cAMP and cAMP produce a marked enhancement 
of porphyrin accumulation. 

It is of interest that the maximum effect occurs with 
100 ug/ml of cAMP which is ten times the concen- 
tration needed for a maximum effect with dibutyryl 
cAMP. This is possibly due to a slower rate of degra- 
dation of the dibutyryl derivative coupled with 
greater ease of penetrability into the hepatocytes [23]. 
When AIA (100 ug/ml) was used, cAMP had no sig- 
nificant enhancing effect on porphyrin biosynthesis. 
The minimum concentration of cAMP (8.5 nmoles/ 
ml) needed for an enhancement of porphyrin ac- 
cumulation (Fig. 5) is higher than the level 
reported [24] in chicken blood (0.23 nmole/ml). The 
cyclic nucleotide, however, is rapidly metabolized by 
hepatocytes [25] and, consequently, it is likely that 
actual concentrations in the cell culture system are 
close to physiological levels. 

Edwards and Eiliott [4] using rat liver cell suspen- 
sions showed that AIA-induced ALA-synthetase ac- 
tivity was dependent on the presence in the medium 
of cAMP or its dibutyryl! derivative. In contrast, our 
results show that, while cAMP and its dibutyryl deri- 
vative will enharice AIA-induced porphyrin biosyn- 
thesis in cultures of chick embryo liver cells at low 
doses of AIA, the induction produced by AIA is not 
dependent upon the presence of either compound. In- 
vestigators, who studied the effect of cAMP or its 
dibutyryl derivative on AIA-induced hepatic ALA- 
synthetase activity in the rat, reported either no effect, 
an inhibition of activity, or enhancement of acti- 
vity [11-14]. It is possible that the discrepancy 
between the results in vivo and in vitro is complicated 
by the effects of cAMP on organs other than the liver 
resulting in secondary effects on the liver. Thus, hepa- 
tic cell culture appears to be a useful system for the 
study of a possible role of cAMP on drug-induced 
hepatic porphyrin biosynthesis. We have demon- 
strated that cAMP and its dibutyryl derivative 
enhanced AIA-induced porphyrin biosynthesis (and, 
therefore, presumably ALA-synthetase activity) in 
chick embryo liver cells as they do in rat liver cell 
suspensions. However, in contrast to the results 
reported in rat liver cells [4], the cyclic nucleotide 
is not essential for AIA-induced porphyrin biosyn- 
thesis. 

Our next experiments were carried out with a 
potent inhibitor of cyclic nucleotide phosphodiester- 
ases, viz. 3-isobutyl-1-methylxanthine (MIX) [26]. At 
low doses (1-30 pg/ml) 3-isobutyl-1-methylxanthine 
was devoid of porphyrin-inducing activity, while por- 
phyrin levels were elevated four times over control 
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Fig. 6. Porphyrin accumulation in response to increasing 
doses of AIA in the presence [30 ug/ml (A), 100 ug/ml (@)] 
and absence (@) of 3-isobutyl-1-methylxanthine. The dots 
indicate a significant difference (P < 0.05) in porphyrin ac- 
cumulation between cells maintained in the presence of 
3-isobutyl-1-methylxanthine (30 ug/ml) and those main- 
tained in its absence at the same dose of AIA. Each point 
represents the mean of four determinations + S. E. M. 


values (11 +0.7ng porphyrin/mg of protein) at 
100 ug/ml and twenty times at 300 ug/ml. A dose of 
30 ug/ml was selected for use in subsequent experi- 
ments. The response of chick embryo liver cells to 
increasing doses of AIA is shown in Fig. 6. The addi- 
tion of 3-isobutyl-1-methylxanthine (30 ug/ml) to the 
medium resulted in a significant enhancement of AIA- 
induced porphyrin biosynthesis at lower doses (3 and 
10yg/mi of AIA) but not at higher doses 
(30-300 g/ml of AIA). Increasing the dose of MIX 
from 30 to 100 ug/ml did not result in a further en- 
hancement of activity. MIX would be expected to 
produce elevated levels of cAMP and, therefore, one 
would anticipate that the effect of MIX on AIA- 
induced porphyrin biosynthesis would be similar to 
that of cAMP or its dibutyryl derivative. A compari- 
son of Figs. 4 and 6 shows that dibutyryl cAMP and 
MIX produce an enhancement of AIA-induced por- 
phyrin biosynthesis at low doses but not at high 
doses. Thus, we have demonstrated that the effect on 
AIA-induced porphyrin biosynthesis of a cyclic nu- 
cleotide phosphodiesterase inhibitor (MIX) is similar 
to that of cAMP and its dibutyryl derivative. It must 
be kept in mind that methylxanthines possess a var- 
iety of additional pharmacological properties [27], 
and it is possible that the effect of MIX may be 
related to one or several other pharmacological 
properties. 

According to current concepts [28], a protein phos- 
phokinase participates in all well-documented 
examples of cAMP action in animal cells. It is 
believed that the interaction of cAMP with an inac- 
tive protein phosphokinase results in activation of the 
protein. The response of a particular cell to a rise 
in cAMP concentration is apparently determined by 
the nature of the protein phosphokinase substrates. 
Therefore, in order to elucidate the mechanism of the 
cAMP effect we have observed, it will be necessary 
to study the activation of protein phosphokinase and 
the substrates of the enzyme in chick embryo liver 
cells. cAMP has been shown to induce tyrosine 
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aminotransferase and phsophoenolpyruvate carboxy- 
kinase in rat liver cells [29]. Wicks [29] has con- 
cluded that cAMP has the capacity to influence pro- 
tein synthesis at both the transcriptional and transla- 
tional levels in eukaryotic cells, in both a positive 
and negative manner. Our findings differ from those 
of others [29] in that cAMP enhances AIA-induced 
porphyrin biosynthesis but is ineffective as an enzyme 
inducer when used alone. Despite this difference, the 
basic mechanism by which cAMP exerts its effect on 
porphyrin biosynthesis and, therefore, presumably on 
ALA-synthetase induction might be related to the 
mechanism by which cAMP causes enzyme induc- 
tion [29]. Sutherland [30] has listed four criteria for 
determining whether or not cAMP functions as a 
second messenger to a hormone. The same criteria 
would be applicable to determine whether cAMP 
functioned as a second messenger to a drug. One of 
these criteria is the demonstration that the drug effect 
is mimicked by exogenous cAMP or one of its acyl 
derivatives. Since the effect of AIA is not mimicked 
by either cAMP or its dibutyryl derivative, it is clear 
that cAMP is not a second messenger of AIA in our 
system. 
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Abstract—The subcellular fractionation of rainbow trout liver homogenates prepared in 0.25 M sucrose 
was investigated using marker enzymes to assess the homogeneity of the resulting fractions. In addition 
to the usual mitochondrial and microsomal fractions, an additional fraction was sedimented between 
8000 g for 10min and 13,300g for 10min. Of the four accepted hydrolytic “marker” enzymes for 
rat liver lysosomes, the high relative specific activity (R.S.A.) of acid phosphatase was indicative of 
enrichment in this fraction. The R.S.A. patterns of 5’-nucleotidase and alkaline phosphatase indicated 
that the plasma membranes of fish liver were sedimenting with “nuclear” and microsomal pellets. 
This latter fraction contained the highest percentage of the total glucose 6-phosphatase, benzopyrene 
hydroxylase and glucuronyl transferase assayed in the fish liver homogenate before fractionation. The 
R.S.A. of these same enzymes in the microsomal pellet indicated an enrichment in this fraction relative 


to other cellular fractions. 


In recent years, studies concerning the biotransforma- 
tion and fate of foreign compounds in fish have 
become increasingly important in view of the identifi- 
cation of a variety of organic pollutants in the aquatic 
environment [1,2]. Although early studies indicated 
that fish do not metabolize foreign compounds, it has 
been demonstrated in numerous investigations, both 
in vivo and in vitro, that many species of fish have 
the ability to carry out the biotransformation of xeno- 
biotics [2-7]. The biotransformation reactions which 
have been described in fish are similar to those which 
have been extensively studied in mammals and insects 
and include microsomal hydroxylation, dealkylation, 
reduction and conjugation [8-11]. As in mammals 
and insects, the microsomal mixed-function oxidase 
system in fish is thought to be inducible by certain 
organic compounds, and increases in the level of ben- 
zopyrene hydroxylase have been correlated with 
water pollution by petroleum components [12-14]. 
Although techniques for the separation of rat liver 
subcellular fractions have been extensively studied 
[15], very little has been done to describe or stan- 
dardize a method for fractionation of fish liver. In 
view of the increasing interest in fish liver microsomal 
enzymes and the fact that there are subtle anatomical 
differences between trout liver and rat liver [16], a 
study was undertaken to investigate the optimal con- 
ditions for the subcellular fractionation of rainbow 
trout liver. This report describes the separation and 
marker enzyme profiles of rainbow trout liver subcel- 
lular fractions. 
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MATERIALS AND METHODS 


Rainbow trout (Salmo gairdneri), weighing 
80-100 g, were purchased from Kettle Moraine 
Springs Trout Hatchery, Adell, WI, and they were 
held in flowing dechlorinated water at 12° with a 
12-hr light:dark photo period for a minimum of 1 
week prior to use. © 
’ All substrates and cofactors needed for the enzyme 
assays described below were obtained from Sigma 
Chemical Co., St. Louis, MO, with the exception that 
5'-AMP was obtained from PL Biochemicals, Mil- 
waukee, WI, and Fraction V bovine plasma albumin 
from Rheis Chemical Co., Kankakee, IL. 3-Trifluoro- 
methyl-4-nitrophenol was obtained from Mr. John 
Howell, U.S. Department of the Interior, Hammond 
Bay, MI. Radioactive 3-trifluoromethyl-4-nitrophenol 
('*C ring u.l.), sp. act. 3.7 mCi/m-mole, was obtained 
from the Mallinckrodt Chemical Co., St. Louis, 
MO, [7,10-'*C]benzo[a]pyrene, sp. act. 51 mCi/m- 
mole, from Amersham/Searle, Des Plaines, IL, and 
[8-H]-5’-AMP, sp. act. 10Ci/m-mole, from New 
England Nuclear, Boston MA. Radioactive substrates 
were purified by thin-layer chromatography before 
use. 

All other chemical reagents and solvents used in 
the assays described below were of the highest com- 
mercial quality available. 

Preparation of subcellular fractions. The procedure 
for the preparation of fish liver subcellular fractions 
is summarized in Fig. 1. Fish were sacrificed by cervi- 
cal dislocation. The livers were removed, minced and 
then subjected to the homogenization and fraction- 
ation procedures listed in Fig. 1. One g of fish liver 
was assumed to have a volume of I ml of 0.25M 
sucrose and was homogenized in 4vol. of 0.25M 
sucrose. All operations were carried out at 4°. Each 
particulate fraction was suspended in 0.25M 
sucrose in a volume which was of the starting 
homogenate and repelleted at the same g force. This 


1395 





1396 


second supernatant was then combined with the ori- 
ginal supernatant obtained for the respective fraction 
and subjected to the next higher g force to obtain 
the subsequent fraction. All particulate fractions were 
finally suspended in a volume of 0.25 M sucrose equal 
to that of the starting homogenate. All membranous 
(including starting homogenate) fractions were also 
sonified with a Branson sonifier cell disruptor model 
W140 D (20,000 Hz, 40 W) amplitude setting of 6, fit- 
ted with a microtip for three (10-sec) periods to give 
a more homogenous suspension. Between each soni- 
cation period, a 30-sec period of cooling at 4°. was 
introduced to prevent rises in temperature. 

Assay of enzymatic activities. Succinic dehydrogen- 
ase activity was measured using a reaction mixture 
containing 10mM _ phosphate (pH 7.4), 10 mg bovine 
plasma albumin, |! mM KCN, and | mg horse heart 
cytochrome c[17] in a final volume of 0.9 ml. After 
recording the baseline at room temperature, the reac- 
tion was initiated by adding 0.1 ml of 50mM sodium 
succinate, and the change in absorbance was 
measured at 550 nm with a lcm path in a spectro- 
photometer (Gilford) with a recorder. 

Acid phosphatase was assayed using p-nitrophenyl 
phosphate as substrate [15]. The f-glucuronidase ac- 
tivity was measured with phenolpthalein glucuronide 
as substrate [15]. Acid phosphatase, B-glucuronidase 
and all enzyme assays described below were carried 
out at 25°. This is considered the optimum tempera- 
ture for many of the enzymatic activities of fish 
liver [4] rather than 37°, which is a usual temperature 
for assaying many of the enzyme activities of mam- 
malian preparations. After the acid phosphatase and 
B-glucuronidase assays were stopped, respectively, by 
the addition of 1.0ml of 2.0M glycine (pH 10.7) and 
1.5ml of 0.13M glycine, 60mM NaCl and 80mM 
Na,CO, (pH 10.7), the reaction tubes were centri- 
fuged at approximately 30,000g for 10min before 
reading the absorbance at 420 nm. 

N-acetyl-B-glucosaminidase activity was measured 
utilizing p-nitrophenyl-N-acetyl-f-D-glucosaminide as 
substrate [18]. Similar to the assays described for acid 
phosphatase and f-glucuronidase, the reaction tubes, 
after stopping the assay with 2 M NH,OH (pH 10.7), 
were centrifuged at approximately 30,000 g for 10 min 
before reading the absorbance at 420 nm. 

Cathepsin D activity [15] was assayed using a final 
concentration of 0.5% hemoglobin as substrate. After 
the reaction was stopped with | ml of 5% trichloro- 
acetic acid (TCA), the samples were centrifuged at ap- 
proximately 30,000 g for 10min and the absorbance 
was read at 280 nm. 

Alkaline phosphatase was assayed by incubating 
the enzyme preparation in a final volume of 0.5 ml 
containing 0.1M ethanolamine (pH 9.5), 1.55mM 
sodium fluoride and 5mM p-nitrophenyl phosphate 
at 25° for 30 min. After terminating the reaction with 
1 ml of 2 M glycine (pH 10.7), the samples were centri- 
fuged at approximately 30,000g for 10min before 
reading the absorbance at 420 nm. 

The 5’-nucleotidase assay was carried out at 25° 
with a reaction mixture containing 50mM TES 
{sodium N-tris (hydroxylmethyl) methyl-2-aminoeth- 
arie sulfonic acid] (pH 7.5), 1mM EDTA, 5mM 
MgCl, and 0.1 mM [°H]-5’-AMP containing approxi- 
mately 50,000 cpm in a final volume of 250 yl. After 
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the incubation period (20 min), the reaction was ter- 
minated by boiling for 1 min. The [*H]adenosine was 
then separated from the labeled substrate on a small 
4.5-cm column of DEAE-Sephadex A-25, contained 
within a Pasteur pipette. A similar “pencil” column 
technique has been described for the separation of 
labeled adenosine from cyclic AMP, in the assay of 
cyclic nucleotide phosphodiesterase[19]. The 
(°H]-5S’-AMP, eluted with 3.0 ml of 50mM Tris-HCl 
(pH 7.5), was counted in a Packard liquid scintillation 
spectrometer (model 3310) with 10 ml of a premixed 
scintillation solution (ScintiVerse, Fisher Scientific 
Co.). An aliquot of the assay mixture containing 
[?H]-5-AMP was counted in 3.0ml of 50mM 
Tris-HCl under exactly the same conditions as the 
assay samples; thus, no quench correction was necess- 
ary. 

Rotenone-insensitive NADH or NADPH-cyto- 
chrome c reductase was assayed in the presence of 
1.5 uM. rotenone, and the reduction of cytochrome 
c at 550nm was followed [20]. Rotenone for the 
enzyme assay was prepared by the drop-wise addition . 
of 200 pl of 0.225 M rotenone in dioxane into 10 ml 
of 10% albumin, and 0.1 ml of this mixture was used 
in the assay to give a final rotenone concentration 
of 1.5 uM. 

Glucose 6-phosphatase activity was assayed at pH 
6.0 by measuring the inorganic phosphate released 
from glucose 6-phosphate in a reaction mixture 
containing KF and EDTA to minimize the interfer- 
ence in the assay by acid and alkaline phosphatase 
activities [21]. After the reaction was stopped with 
10% TCA, the samples were centrifuged at approxi- 
mately 30,000 g for 10 min, and an aliquot of the clear 
supernatant was assayed for inorganic phosphate with 
ascorbic acid and ammonium molybdate exactly as 
described by Ames [22]. 

UDPGA-glucurony] transferase (indicated subse- 
quently as glucuronyl transferase) was assayed at 25° 
with a reaction mixture containing 100mM sodium 
phosphate (pH 7.0), 0.2mM MgCl,, 5mM saccharo- 
1,4-lactone, 0.5 mM UDPGA, and 0.5mM ['*C]-3- 
trifluoromethyl-4-nitrophenol containing approxi- 
mately 3.0 x 10° cpm in a final volume of 1.0 ml. The 
reaction was stopped after 10 min with 0.2 ml of 10% 
TCA, which was followed by the addition of 1.0 ml 
water to each tube. Extraction of unreacted labeled 
substrate was done with 4ml of benzene-ether (1:1, 
v/v) using a 10-min shaking time with a mechanical 
shaker after which the upper phase was removed by 
aspiration. This was repeated an additional two times. 
An aliquot (0.5 ml) of the lower aqueous phase was 
counted in 15 ml of ACS scintillation mixture (Amer- 
sham/Searle). A reaction tube without added 
UDPGA was. assayed for each cellular function and 
the radioactivity found under these assay conditions 
was subtracted from that found in the presence of 
UDPGA. 

The benzopyrene hydroxylase assay, used in the 
present study, was based on the assay initially de- 
scribed by Hansen and Fouts [23]. The reaction mix- 
ture contained 0.1 M Tris-HCl (pH 7.4), 5mM glu- 
cose 6-phosphate, 2 units glucose 6-phosphate de- 
hydrogenase, 1 mM NADP, 5 uM ['*C]benzo[a]pyr- 
ene containing approximately 10° cpm and enzyme 
in a final volume of 2.5 ml. The reaction was stopped 
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after 5min with 1.0ml of cold acetone and placed 
in an ice bath (4°). Hexane (5.0 ml) was added to each 
sample and the mixture was shaken for 20 min. Then 
2N NaOH (2.5 ml) was added to each tube and the 
shaking was continued for additional 20min. The 
samples were then centrifuged at 2500 rev/min with 
an IEC centrifuge for 10 min, the upper (hexane) layer 
was aspirated off, and a 1.0-ml aliquot of the aqueous 
layer was counted in a liquid scintillation spec- 
trometer with 15ml of ACS scintillation mixture in 
the presence of 100 ul of glacial acetic acid to mini- 
mize chemiluminescense. 

Lactic dehydrogenase activity was assayed with a 
reaction mixture containing 50mM TES, 1 mM dith- 
iothreitol and 0.2mM NADH. After recording the 
baseline, the reaction was initiated with 0.1 ml of 
0.1M pyruvate and the change in absorbance was 
measured at 340 nm. 

Protein was determined by the method of Ross and 
Schatz [24] using crystalline bovine plasma albumin 
as the standard. 

Expression of enzymatic activity. The enzymatic ac- 
tivity, described throughout the present investigation, 
has been calculated as relative specific activity, which 
is the per cent of total activity divided by the per 
cent of total protein in the respective fraction [15]. 

Although not included in the data presented, enzy- 
matic or protein analyses were performed on the total 
homogenate for each respective subcellular distribu- 
tion carried out. In most instances, the summation 
of the enzyme activity or protein in the respective 
subcellular fractions closely approximated that found 
in the starting homogenate. 


RESULTS 


Although the scheme described in Fig. 1 was finally 
adapted to fractionate rainbow trout liver into subcel- 
lular fractions, preliminary experiments were carried 
out in an attempt to optimize conditions for a more 
definitive separation of “marker” enzymes which are 
characteristic of the various subcellular components. 
Initially, a low speed spin at 120g for 5 min was in- 
cluded in the scheme described in Fig. 1 to remove 
intact cells etc., but this resulted in variable distribu- 


Livers were minced and homogenized in four volumes of 0.25M 


sucrose with a motor-driven Teflon-glass homogenizer (6 strokes). 


Centrifuged at 600 g av for 20 min. 





I 
Nuclear pellet (N) 


Supernatant 


Centrifuged at 8,000 g av for 10 min. 





r 
Heavy mitochondrial pellet (M) 


Centrifuged at 13,300 g av for 10 min. 





r 
Light mitochondrial 
(lysosomal) pellet (L) 





Centrifuged at 165,000 g av for 60 min. 





; ae 
Microsomal (P) Supernatant (S) 


Fig. 1. Scheme for fractionation of rainbow trout liver. 


tion profiles, particularly for the plasma membrane 
markers, e.g. alkaline phosphatase and 5’-nucleoti- 
dase. Thus, in all the distribution profiles reported 
in the present work, trout liver homogenates were 
centrifuged at 600g for 20 min to obtain the nuclear 
and cellular debris pellet (Fig. 1). 

Since the lysosomes are particularly important in 
protein and lipid degradation in mammalian liver, an 
attempt was made to optimize centrifugation condi- 
tions for a more definitive separation of the hydrolytic 
enzymes in trout liver homogenates. Lowering of the 
force of the mitochondrial spin or increasing that of 
the microsomal spin resulted in a lowered yield (per 
cent of recovery) of the mitochondrial or microsomal 
marker enzymes in their respective pellets without a 
significant increase of the relative specific activity 
(R.S.A.) of acid phosphatase in the light mitochon- 
drial or lysosomal fraction. 

Thus, in the standard fractionation scheme (Fig. 1), 
the post-mitochondrial fraction was centrifuged at 
13,300 g for 10 min to obtain the light mitochondrial 
or lysosomal pellet. The subcellular distribution of 
four hydrolytic or lysosomal marker enzymes in trout 
liver fractionated according to the scheme déscribed 
in Fig. 1 was studied and the results are reported 


Table 1. Distribution of hydrolytic enzymes of rainbow trout liver* 





Nuclear 
pellet 


Mitochondrial 
pellet 


Microsomal 
pellet 


Supernatant 
165,000 g,, 


Lysosomal 
pellet 





Acid phosphatase (6) 
Recovery (%) 14.2 
R.S.A. 0.8 
B-Glucuronidase (4) 
Recovery (%) 252 
R.S.A. ‘7 
N-acetyl-B-glucosaminidase (5) 
Recovery (%) 26.7 
R.S.A. 24 
Cathepsin D (1) 
Recovery (%) 47.2 
R.S.A. 2.0 


16.2 i 45.7 9.3 
1.3 . 2.1 0.2 


27.2 2 15.9 21.9 
23 : 0.8 0.5 


11.5 25.5 
0.6 0.6 


12.8 18.3 pi 
1.9 0.9 0.2 





* Figures in parentheses indicate the number of experiments in which the enzymatic analysis was performed and 
the values shown are averages of the indicated number of experiments. Relative specific activity (R.S.A.) = per cent 


of total enzymatic activity/per cent of total protein. 
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Table 2. Enzymatic and protein analysis of subcellular fractions of rainbow trout liver* 





Nuclear 
pellet 


Mitochondrial 
pellet 


Microsomal 
pellet 


Lysosomal 
pellet 


Supernatant 
165,000 g,, 





Alkaline phosphatase (3) 
Recovery (%) 
R.S.A. 

5’-Nucleotidase (3) 
Recovery (%) 
R.S.A. 

Succinic dehydrogenase (6) 
Recovery (%) 
R.S.A. 

Acid phosphatase (6) 
Recovery (%) 
R.S.A. 

Glucose 6-phosphatase (6) 
Recovery (%) 
R.S.A. 

Lactate dehydrogenase (3) 
Recovery (%) 
R.S.A. 

Protein (8) 
Recovery (%) 


3.0 ; 20.2 
0.4 . 0.4 


4.1 10.5 
0.6 0.3 


16.2 0 
4.0 


13.9 
1.8 


10.5 
1.6 


1.8 
0.3 


1S 





* Figures in parentheses indicate the number of experiments in which the enzymatic and protein analyses were per- 
formed and the values shown are the average of the indicated number of experiments. Relative specific activity 
(R.S.A.) = per cent of total enzymatic activity/per cent of total protein. 


in Table 1. It is clear from these results that there 
is heterogeneity both in the per cent of recovery and 
relative specific activity of the four hydrolytic 
enzymes in the various subcellular fractions. B-Glu- 
curonidase and N-acetyl-f-glucosaminidase yielded 
similar distribution profiles with most of the particu- 
late activity in the nuclear and mitochondrial pellets, 
but with little enrichment in the lysosomal fraction 
relative to the mitochondrial fraction. Almost 50 per 
cent of cathepsin D activity was recovered in the nuc- 
lear fraction. The R.S.A. of the enzyme was high and 
of similar value in both the nuclear and lysosomal 
pellets, indicating enrichment in both fractions. Acid 
phosphatase, a hydrolytic enzyme used most often in 
monitoring lysosomal enrichment in mammalian liver 
fractionation schemes, yielded R.S.A. values which 
were similar for both the lysosomal and microsomal 
pellet, indicating a similar enrichment of this enzyme 
in both fractions. Since one of the goals of the present 
work was to explore the distribution profile of certain 
drug-metabolizing enzymes in trout liver, which are 
known to reside in the microsomal fraction of mam- 
malian liver, further efforts in delineating a lysosomal 
fraction in trout liver were not made. 

A full enzymatic characterization of subcellular 
fractions obtained by the scheme outlined in Fig. 1 
was then undertaken and these results are summar- 
ized in Table 2. Approximately 70 per cent of the 
succinic dehydrogenase was located in the pellet 
obtained by centrifuging the post-nuclear supernatant 
at 8000 g for 10 min. The R.S.A. of succinic dehydro- 
genase of this fraction was 6.5 and the R.S.A. of the 
lysosomal fraction was 4.0, indicating some contami- 
nation of the lysosomal fraction by mitochondria. 

Alkaline phosphatase and 5S’-nucleotidase, markers 
of plasma membranes in mammalian liver [25], 
yielded almost identical distribution profiles. Both the 
per cent of recovery and R.S.A. values for these 


enzymes suggest that plasma membranes of trout 
liver, under the homogenization conditions described, 
were localized mainly in the nuclear and microsomal 
pellets (Table 2). 

Since one of the goals was to investigate the subcel- 
lular distribution profile of certain drug-metabolizing 
enzymes in trout liver, of particular importance was 
the distribution of microsomal marker enzymes in 
subcellular fractions of trout liver prepared according 
to scheme outlined in Fig. 1. Glucose 6-phosphatase, 
a gluconeogenic enzyme found in the microsomal 
fraction of mammalian liver [25], was found to the 
extent of approximately 65 per cent in the microsomal 
fraction of trout liver (Tables 2 and 3). There was 
a definite enrichment of this enzyme in the microso- 
mal fraction as indicated by the high R.S.A. of this 
fraction. 

Microsomal contamination of the high speed super- 
natant was low, but approximately 10-20 per cent 
of the 5’-nucleotidase and alkaline phosphatase 
plasma membrane markers were found in the 165,000 
gay Supernatant (Table 2). Assay for lactate dehydro- 
genase indicated that approximately 85 per cent of 
this enzyme was recovered in the high speed superna- 
tant, indicating minimal contamination of the mem- 
branous fractions by cytosolic material. 

Since Table 2 is a composite of data accumulated 
over several experiments, the results from a single 
subcellular distribution in which all the enzymes and 
protein content were measured are presented in Fig. 
2. A comparison of the relative specific activities of 
the marker enzymes from this individual fractionation 
with those presented in Table 2 indicates excellent 
agreement. 

Having characterized the fractionation scheme de- 
scribed in Fig. 1 with marker enzymes, the subcellular 
distribution of glucuronyl transferase and benzopyr- 
ene hydroxylase in trout liver was explored. The 
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Table 3. Distribution of microsomal enzymes of rainbow trout liver* 





Nuclear 
pellet 


Mitochondrial 
pellet 


Supernatant 
165,000 g,, 


Microsomal 
pellet 


Lysosomal 
pellet 





Glucose 6-phosphatase (6) 

Recovery (%) 

R.S.A. 
Rotenone-insensitive 
cytochrome c reductase NADH (3) 

Recovery (%) 

R.S.A. 

NADPH (2) 

Recovery (%) 

R.S.A. 

Glucuronyl transferase (2) 

Recovery (%) 

R.S.A. 

Benzopyrene hydroxylase (2) 

Recovery (%) 

R.S.A, 


10.5 64.5 0.9 
1.6 29 


12.4 $7.2 0.2 
2.1 2.5 0.1 


15.0 55.2 3.8 
3.0 2.2 0.1 


8.6 63.5 0.1 
1.4 2.5 1.0 


5.2 63.3 10.5 
0.7 2.5 0.3 





* Figures in parentheses indicate the number of experiments in which the enzymatic analysis was performed and 
the values shown are averages of the indicated number of experiments. Relative specific activity (R.S.A.) = per cent 


of total enzymatic activity/per cent of total protein. 


results of several distribution experiments focusing on 
microsomal enzymes are presented in Table 3. Glu- 
cose 6-phosphatase, glucuronyl transferase and ben- 
zopyrene hydroxylase had the highest R.S.A. and per 
cent recovery in the microsomal fraction. Similar dis- 
tribution profiles and R.S.A. were obtained with 
rotenone-insensitive cytochrome c reductase, another 
microsomal marker enzyme. However, with NADPH 
as cofactor, the high R.S.A. of the rotenone-insensitive 
cytochrome c reductase in the lysosomal fraction indi- 
cated significant contamination of this fraction by 
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Fig. 2. Distribution of marker enzymes from trout liver. 
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these enzymes. This was not surprising in light of 
the report by Sottocasa et al.[20] that this enzyme 
is also located in the outer mitochondrial membrane. 

In Fig. 3 the results of one such distribution experi- 
ment are illustrated. The relative specific activity pro- 
files of glucuronyl transferase and benzopyrene hy- 
droxylase are almost superimposable with that of glu- 
cose 6-phosphatase, a microsomal marker in mam- 
malian liver. Recovery of glucuronyl transferase and 


Succinic Dehydrogenase 


OnmMWF NW HYD NW 


r Glucose -6- Phosphatase 


Ss 


j Glucuronyl Transferase 


RELATIVE SPECIFIC ACTIVITY 


Benzopyrene Hydroxylase 
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% TOTAL PROTEIN 


Fig. 3. Distribution of mitochondrial and microsomal 
marker enzymes from trout liver. 
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benzopyrene hydroxylase in the microsomal fraction 
was approximately 70 per cent, which was similar to 
that found for glucose 6-phosphatase. 


DISCUSSION 


The studies described in this report have outlined 
a fractionation scheme for rainbow trout liver and 
have characterized the resulting fractions with appro- 
priate marker enzymes. The procedure used was 
arrived at after several trials using different homogen- 
izing media and centrifugal forces. It can be seen from 
the results that, although a sharp separation of all 
organelles was not achieved in all cases, the procedure 
does allow for adequate resolution of the major sub- 
cellular organelles. The non-homogeneity of the lyso- 
somal enzymes seen in this study has been observed 
in other systems and attempts were not made to 
resolve lysosomes, since the major thrust of this study 
concerned microsomes. 

The R.S.A. and per cent recovery of benzopyrene 
hydroxylase and glucurony! transferase were almost 
identical with these criteria for the microsomal 
marker, glucose 6-phosphatase. The R.S.A. for 
rotenone-insensitive NADH and NADPH cyto- 
chrome c reductase indicates that there was enrich- 
ment of this activity in the lysosomal as well as in 
the microsomal pellet, but these two fractions 
together contain 70-80 per cent of all microsomal ac- 
tivities studied. The microsomal. fraction alone was 
free of mitochondrial contamination and contained 
approximately 70 per cent of all microsome markers. 
Separation of microsomes from plasma membrane 
has been difficult to achieve in other species, and the 
relatively high percentage (30-35 per cent) of the 
plasma membrane markers, alkaline phosphatase and 
5’-nucleotidase in the microsomal fraction indicates 
that this same problem also exists with trout liver. 
However, the high R.S.A. of the plasma membrane 
markers in the nuclear pellet indicates the greatest 
enrichment on a biochemical basis in this latter frac- 
tion. 

In several studies concerning the metabolism of 
diazinon [26], aniline [7], aldrin [27] and diethylhex- 
ylphthalate [28] by liver subcellular fractions it can 
be noted that a considerable amount of enzymatic 
activity resided in the “mitochondrial” or 10,000 g 
pellet. The data presented in this study indicate that, 
even under carefully controlled fractionation pro- 
cedures, some microsomes sediment with the mito- 
chondrial fraction, and biotransformation of these 
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compounds by the mitochondrial fraction is most 
likely associated with contaminating microsomes 
rather than by mitochondria per se. 
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Abstract—Na-clofibrate dissolved in drinking water was administered at a dose of 12mg per day 
per animal to adult male Wistar rats. After different periods of drug administration, measurement 
was made of the activity of hepatic acetyl-CoA carboxylase, fatty acid synthetase and both microsomal 
and mitochondrial fatty acid chain elongation systems. Data obtained indicate a significant reduction 
in all synthetic activities, with the exception of the mitochondrial, even after dialysis of the investigated 
subcellular fractions. This reduction was found to increase with increased drug-administration periods, 
reaching the maximum after 7-8 days. A similar effect was previously shown by clofibrate in vitro [7]. 
The present results indicate an increase of 66.4% in hepatic cyclic AMP level as well after seven 
days of drug feeding to rats. Similarly, both serum aspartate aminotransferase and alanine aminotrans- 
ferase activities were found to increase by about 30% after 13 days. The hypothesis is advanced that 
in vivo clofibrate probably reduces the synthetic activities under investigation by firmly binding to 
active enzyme-protein sites. In addition, the possibility that also the altered cyclic AMP level induced 
by this drug is responsible for both the above reductions and other metabolic variations reported 


elsewhere should not be excluded. 


Clofibrate has been widely used to lower human 
plasma lipid levels [1-3]. To date, however, its action 
mechanism as hypolipidaemic agent has not been 
completely clarified. Many reports have shown this 
drug to affect a number of lipogenic enzymes both 
in vivo and in vitro [4-6]. Recent evidence has been 
obtained in our laboratory that in vitro clofibrate 
strongly reduces fatty acid chain elongation synthesis 
by rat liver microsomes[7]. Other authors have 
shown this drug to produce a variety of further meta- 
bolic variations in addition to lipid metabo- 
lism [8-11]. Among several postulated mechanisms, 
Green et al.[i2] have suggested the lipid-lowering 
action of clofibrate as due to its inhibition of adeny- 
late cyclase activity. 

The present paper indicates that in clofibrate-fed 
rats a notable reduction occurs not only in fatty acid 
synthetase and acetyl-CoA carboxylase, but in hepatic 
microsomal fatty acid chain elongation synthesis as 
well. In addition, a significant increase has been 
observed in the liver cyclic 3’,5'-adenosine monophos- 
phate level of such animals. Discussion is made of 
the possible bimodal clofibrate action mechanism 
through direct action on enzyme-protein and im- 
paired cyclic AMP concentration. 


MATERIALS AND METHODS 


Animals. Adult male Wistar rats weighing 
200-250 g received normal diet with free access to 
food and water until killed. The treated animals 
received Na-clofibrate dissolved in drinking water 
(0.03% w/v). Since each rat drank an average of 40 ml 
water per day, the drug dosage was assumed to be 
12 mg per day per animal. After the indicated period, the 


rats were killed by decapitation and liver subcellular 
fractions prepared as explained elsewhere [7]. Where 
indicated, the obtained subcellular fractions dissolved 
in 0.25M sucrose were used either as such or after 
dialysis against a volume of 0.33 M sucrose 70 times 
higher, containing 3 mM dithiothreitol and 0.7 mg/ml 
bovine serum albumin. Duration of dialysis was 6 hr 
at 4°. Protein was determined according to Gornall 
et al. [13]. 

Incubation conditions. In order to test fatty acid 
synthetic capacity by cell sap or microsomes, incuba- 
tion was carried out in air for 10 min at 37° in glass 
tube in a Dubnoff incubator. The reaction ‘mixture 
(final vol., 1 ml) contained: 50 uM [1,3-'*C]malonyl- 
CoA (specific activity, 4 wCi/umole), 204M _ acetyl- 
CoA, 1mM NADH, 1mM NADPH, 10mM f-mer- 
captoethanol, 10mM MgCl,, 1mM ATP, 80mM 
Tris-HCI buffer (pH 7.4) and 40mM< sucrose. In the 
presence of the soluble fraction, ATP and NADH 
were omitted from the reaction mixture. 

The incubation mixture for measuring the activity 
of mitochondrial chain elongation of fatty acids made 
up to 1 ml contained 45 uM [1-'*C]acetyl-CoA (spe- 
cific activity, 2.2 wCi/umole), 10mM _ f-mercaptoeth- 
anol, 0.5mM NADH, 0.5mM NADPH, 30mM 
phosphate buffer (pH 6.5), 2mM MnCl,,4mM ATP 
and 50mM sucrose. The reaction was carried out 
under N, for 10min at 37°. Mitochondria were dis- 
rupted by freezing and thawing prior to use. At the 
end of incubation, the reaction was stopped by the 
addition of 0.7ml 10N KOH. After saponification, 
fatty acids were extracted and total radioactivity was 
measured as previously reported [14]. 

The activity of acetyl-CoA. carboxylase was 
measured as described in ref. 14. 
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Table 1. Hepatic acetyl-CoA carboxylase activity at different periods in clofibrate-fed rats 





Crude cell sap 


Duration of feeding 


Animals (days) 


(nmoles [1-'*C]malonyl-CoA 


Activity 
Inhibition 
formed/min/mg protein) (%) 





Control 

Clofibrate-fed rats 

Clofibrate-fed rats 

Clofibrate-fed rats 

Clofibrate-fed rats 13 


0.61 + 0.08 
0.55 + 0.07 
0.52 + 0.07 
0.27 + 0.04 
0.26 + 0.03 


Ammonium sulphate precipitated cell sap 





Control 

Clofibrate-fed rats 

Clofibrate-fed rats 

Clofibrate-fed rats 13 


2.10 + 0.27 
1.13 + 0.11 
0.95 + 0.13 
0.97 + 0.12 





Rats fed the stock diet with Na-clofibrate (0.03% w/v) administered in drinking water 
for the time indicated. Results relative to crude cell sap the average of 4 animals + standard 
deviation (S.D.); those relative to ammonium sulphate precipitated cell sap (salt concen- 
tration, 0.4stn.) the mean of 3 animals + standard deviation (S.D.). In both cases protein 


concentration 0.5 mg. 


Enzymatic analysis. The aspartate aminotransferase 
(EC 2.6.1.1) and alanine aminotransferase (EC 2.6.1.2) 
activities in rat serum were assayed colorimetrically 
according to Bergmeyer and Bernt [15]. 

Cyclic AMP assay. Rat liver biopsies (50 to 
100 mg), obtained under urethane anesthesia after 
1 min liver perfusion with 10 ml of 0.9% (w/v) NaCl 
solution to eliminate impregnating blood and thus 
avoid interferences, were rapidly immersed in liquid 
nitrogen and cooled to — 158°. Tissue samples were 
drawn by freezing in situ with clamps previously 
cooled in the same environment. The tissue was 
stored in liquid nitrogen until assayed, then powdered 
in a liquid nitrogen-cooled stainless steel mortar, 
weighed and transferred to a glass homogenizer tube. 
The above operation was performed at — 20°. Homo- 
genization was carried out in the presence of 1.5 ml 
of ice cold 10% (w/v) trichloroacetic acid. The homo- 
genate was left at 0° for 10min before being centri- 
fuged for 15min at 28,000g at 5°. The supernatant 
solution was extracted four times with Svol. cold 
diethylether saturated with acidic H,O and the 
extracts heated in boiling water for 3-5 min until the 
odor of ether was no longer discernible. Cyclic AMP 
was then determined in the extracts according to the 
Gilman protein binding method [16]. 


RESULTS AND DISCUSSION 


Table 1 describes the activity of acetyl-CoA car- 
boxylase as measured in liver cell sap from clofibrate- 
fed rats. It appears to be differently reduced depend- 
ing on the length of time the animals received the 
drug. In fact, after 2 days the reduction is equal to 
15% while after 7 days it reaches 56% and shows 
no further change after longer treatment periods. The 
same behaviour is exhibited by carboxylase when 
ammonium sulphate precipitated cell sap is used as 
the enzyme source. These data confirm previous in 
vitro observations [7] according to which some direct 
interference is made by clofibrate on acetyl-CoA car- 
boxylase [17]. 

When the incorporation of [1,3-'*C]malonyl-CoA 
into fatty acids by liver cell sap from clofibrate- 
treated rats is studied, a significant inhibition is 
already evident after 1 day of drug administration 
(Table 2). This reduction remains at values of about 
40 per cent from the fifth day onwards. As in vitro 
clofibrate has also been reported to reduce de novo 
fatty acid synthesis [6, 7, 18,19] by about the same 
amount, cell sap was dialyzed prior to incubation 
with [1,3-'*C]malonyl-CoA. Since the dialyzed frac- 
tion exhibits essentially the same reduced activity as 


Table 2. Effect of clofibrate feeding on soluble fatty acid synthetase in rat liver 





Activity 


(nmoles [1,3-'*C]malonyl-CoA in- 


corporated into fatty acids/min/ 


Duration of feeding 


Animals (days) 


Undialyzed 


Inhibition 
mg protein) %) 


Dialyzed Undialyzed Dialyzed 





Control 

Clofibrate-fed rats 

Clofibrate-fed rats 

Clofibrate-fed rats 

Clofibrate-fed rats 

Clofibrate-fed rats ] 


2.08 + 0.27 — 
N.M. N.M. 
N.M. c N.M. 

1.19 + 0.13 43 

1.06 + 0.11 49 

0.87 + 0.10 58 





Rats treated as indicated in Table | were used. Results the average of 4 animals + standard deviation (S.D.). Protein, 
0.5 mg. N.M. = not measured. Cell sap dialyzed as described in Materials and Methods. 





Hepatic microsomal fatty acid chain elongation synthesis 


Table 3. Effect of clofibrate feeding on microsomal fatty acid chain elongation synthesis in rat liver 





Activity 


(nmoles [1,3-'*C]malonyl-CoA in- 


corporated into fatty acids/min/ 


Duration of feeding 


Animals (days) 


Undialyzed 


Inhibition 
(%) 


Undialyzed 


mg protein) 


Dialyzed Dialyzed 





Control 

Clofibrate-fed rats 

Clofibrate-fed rats 

‘ Clofibrate-fed rats 

Clofibrate-fed rats 

Clofibrate-fed rats l 


0.53 + 0.06 
0.50 + 0.06 
0.41 + 0.05 
0.37 + 0.04 
0.31 + 0.02 
0.28 + 0.03 


0.54 + 0.05 
N.M. 
N.M. 

0.35 + 0.03 

0.33 + 0.02 

0.26 + 0.02 





Rats treated as described in Table | for the time indicated. Results the average of 5 animals + standard deviation 
(S.D.). Protein, 1.0 mg. N.M. = not measured. Microsomes dialyzed as described in Materials and Methods. 


the undialyzed one, we may affirm that this is not 
due to simple drug-binding with enzyme-protein but 
that probably some active site of fatty acid synthetase 
is firmly tied to the drug. That this is the case is 
shown by the results of Table 3, which compare the 
activity of the fatty acid chain elongation system of 
undialyzed and dialyzed microsomes from clofibrate- 
treated rats. It is evident that in both cases a similarly 
reduced incorporation is shown after different drug- 
feeding periods. Based on the previous observation 
of competitive inhibition by clofibrate with substrate 
malonyl-CoA by the rat liver microsomal chain elon- 
gation system [7], it is possible that this drug in vivo 
inhibits fatty acid synthesis both by altering the con- 
formation of acetyl-CoA carboxylase (cf. refs 17 and 
20) and by blocking active groups of soluble fatty 
acid synthetase and microsomal system. However as 
clofibrate has been shown to decrease fatty acid es- 
terification into glycerolipid with a consequent in- 
crease of the former in free form [5, 21, 22], the above 
reduce synthetic capacity could also be due to a 
higher amount of free fatty acids, known inhibitors 
of several metabolic activities [23-25], in the subcellu- 
lar fractions under investigation. 

In line with the activity measured in vitro by the 
mitochondrial fatty acid chain elongation system in 
the presence of clofibrate [7], Table 4 shows that 
[1-'*C]acetyl-CoA incorporation into fatty acids 
remains unaffected in mitochondria from drug-treated 
animals as well. 

From Table 5 it is evident that following clofibrate 
administration periods of longer than 8 days, both 
serum aspartate aminotransferase and alanine amino- 


transferase are increased by about 30 per cent, thus 
indicating that this drug gives rise to some hepatic 
derangement as previously shown by a number of 
reports [26-28]. 

Clofibrate has been reported to produce a variety 
of hepatic metabolic alterations [4—6, 8-11, 29-31]. 
We have tried to verify whether these can be due 
to change in cyclic AMP level. Table 6 shows that 
after 7 days of drug-administration to rats, an in- 
crease of 66.4 per cent in this cyclic nucleotide con- 
centration in liver is evident. A similar increase 
already occurs after 6 days of treatment with no 
change seen until the 14th day. Analogous behaviour 
was also in evidence for blood cyclic AMP level in 
clofibrate-treated rats. At the moment it is difficult 
to explain this discrepancy with the data of Green 
et al.{12]. Probably this is due to diet difference, 
since the animals they used were fed a high sucrose 
diet. In fact, it has been observed that while in these 
rats the basal insulin level was decreased by clofi- 
brate [32], in normally fed humans the concentrations 
of this hormone are not changed by the drug [33]. 
In addition, our data are consistent with the observa- 
tion that in liver an increased concentration of certain 
enzymes is induced by clofibrate [34,35], thus 
accounting for both the increased oxidation [36, 37] 
and enhanced rat liver microsomal hydroxylation in- 
volved in bile acid formation [38]. Indeed, the in- 
creased concentration of hepatic cyclic AMP level 
caused by clofibrate could justify all these results, 
since it has recently been proposed that this cyclic 
nucleotide is capable of selectively stimulating the 
synthesis or induction of a number of enzymes. 


Table 4. Rate of mitochondrial fatty acid chain elongation synthesis from liver of clofibrate- 
fed rats 





Duration of feeding 


Animals (days) 


Activity 
(nmoles [1-'*C]acetyl-CoA 
incorporated into fatty acids/ 
min/mg protein) 


Inhibition 
(%) 





Control 

Clofibrate-fed rats 
Clofibrate-fed rats 
Clofibrate-fed rats 
Clofibrate-fed rats 
Clofibrate-fed rats 


0.18 + 0.03 ~ 
0.18 + 0.03 _ 
0.18 + 0.02 - 
v.17 + 0.02 6 
0.16 + 0.01 11 
0.16 + 0.01 11 





Rats treated as described in Table | for the time indicated. Results the average of 5 
animals + standard deviation (S.D.). Protein, 0.8 mg. 
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Table 5. Rat serum aspartate aminotransferase (GOT) and alanine aminotransferase (GPT) activities after various time 
intervals of clofibrate feeding 





Increase 


7) 


GOT 
(mU/ml) 


Increase 


(%) 


Duration of feeding 


Animals (days) 





135+ 
134 + 3 
136 +2 
142 +2 
166 + 
174 + 3 


Control 

Clofibrate-fed rats 

Clofibrate-fed rats 

Clofibrate-fed rats 

Clofibrate-fed rats 

Clofibrate-fed rats 13 


6 
28 
31 


NNN NW 


onN-oO- 
I+ I+ 1+ 1+ 1+ 1+ 





Rats treated as described in Table | for the indicated time. Results the average of 8 animals + standard 
(S.D.). Enzymatic activity expressed in International Units. 


Table 6. The effect of clofibrate administration on rat liver 
cyclic AMP level 





Increase 
(%) 


Cyclic AMP 


Animals (pmoles/g wet tissue) 





715 + 139 
1190 + 304 


Control 
Clofibrate-fed rats 


66.4 





Rats received Na-clofibrate as described in Table | for 
7 days. Results the mean of twelve rats + standard devi- 
ation (S.D.). 


Lastly, we wish to add that the suggestion that clofi- 
brate in vivo could inhibit hepatic fatty acid synthesis 
by increasing cyclic AMP level is supported by pre- 
vious reports according to which this nucleotide 
reduces lipogenesis by acting on several levels 
[39-41]. 

Alternatively the possibility that clofibrate could in- 


crease hepatic cyclic AMP level, thus accounting for, 


many of its effects, is in full agreement with the recent 
proposal of Gamble [42] that this drug may act 
through the alteration of ATP level. 
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Abstract—Inhibitors of asparagine synthetase have been selected with an asparagine-independent sub- 
line of L5178Y lymphoblasts in culture. Five of nineteen asparagine analogs showed selective inhibition 
of asparagine synthetase. The order of inhibition in vitro of cell growth and asparagine synthetase 
is: L-f-aspartyl methylamide > L-f-aspartyl hydroxamate > L-f-aspartyl hydrazide > p,L-threo-f- 
methylasparagine > D,L-a-N-methylasparagine. The most effective inhibitor of asparagine synthetase, 
f-aspartyl methylamide, was competitive with glutamine (K; = 2 x 10°*M) and ammonia. The 
B-amide was also relatively resistant to hydrolysis by Escherichia coli and Erwinia carotovora aspara- 
ginases. The f-amide had a plasma half-life of 90 min in mice; was concentrated 5-fold in leukemic 
cells from ascites fluid; and was metabolized to an «-N-acetyl derivative which was excreted in the 
urine. The compound increased life span from 31 to 79 per cent when administered to mice bearing 


various asparaginase resistant tumors. 


Therapy of malignant disease with L-asparaginase has 
met with only limited success for several reasons: (1) 
the majority of neoplasms can synthesize asparagine 
and are not dependent on an exogenous supply of 
this amino acid; (2) even in those neoplasms which 
are initially sensitive to asparaginase, selection of cell 
lines that are asparagine independent occurs during 
therapy. These resistant cells have either derepressed 
formation of asparagine synthetase or have mutated 
to high constituitive levels of this enzyme; and (3) 
because of the large molecular weight (135,000), 
asparaginase is largely restricted to the vascular sys- 
tem. Consequently, tissues such as the liver, which 
can synthesize asparagine [1], may act as a sanctuary 
for asparaginase-sensitive tumor cells during ther- 
apy [2]. Since the basis of these limitations is the 
asparagine biosynthetic capability of either the tumor 
or the host, inhibitors of asparagine biosynthesis may 
increase the effectiveness and expand the antitumor 
spectrum of asparaginase therapy. 

Asparagine is a product inhibitor (K; = 10~* M) 
of asparagine synthetase [3,4], and also exerts repres- 
sional control on the level of enzyme in the cell [5, 6]. 
The clinical significance of the repressional control 
mechanism is suggested by the report of Haskell and 
Canellos[7] that all patients with various forms of 
leukemia had very low levels of asparagine synthetase 
prior to asparaginase therapy. After asparaginase 
therapy, those patients in whose cells synthetase ac- 
tivity increased did not experience a clinical response; 
conversely, improvement was seen in the patients 
whose leukemic cells did not increase the enzyme ac- 
tivity. These results suggest that retention of aspara- 
ginase sensitivity may be achieved if it is possible to 
prevent derepression of asparagine synthetase. The 
fundamental regulatory role of asparagine in control- 
ling its own biosynthesis suggests the possible poten- 
tial value of asparagine analogs, either to inhibit 


asparagine synthetase or prevent its derepression or 
both. 


MATERIALS AND METHODS 


D.L-B-Aspartyl hydroxamate, D,L-f-aspartyl hydra- 
zide, D-asparagine, and L-f-aspartyl methyl ester were 
obtained from Nutritional Biochemical Corp., Cleve- 
land, Ohio. The foilowing compounds were prepared 
in this laboratory by the accompanying literature pro- 
cedure: D,L-a-N-methylasparagine [8], D,L-threo-f- 
methylasparagine [9], D,L-threo-f-hydrox yaspara- 
gine [10], D.L-B-aspartyl semialdehyde [11], L-5-chloro 
-4-oxo-norvaline [12], L-B-aspartyl —chloroethyl- 
amide [13], L-5-methylcysteine sulfoximine [14], L-4- 
oxo-norvaline [15], D,L-threo- and _— erythro-f- 
aminoasparagine [15], L-B-aspartyl methylamide [16], 
L-f-aspartyl isopropylamide [16]], L-B-aspartyl['*C]- 
methylamide (modified for a 1-m-mole scale using 
['*C]methylamine hydrochloride, New England Nuc- 
lear, Boston, MA)[16] and D,L-f-methylasparagine 
(modified by the use of Dowex-50, hydrogen form, 
to free the amino acid from its cupric salt) [17]. L-f- 
Aspartyl dimethylamide is a new compound prepared 
by reacting N-carbobenzoxy-L-aspartic-f-acid chloride 
-a-benzyl ester with excess dimethylamine in ether 
at 0° and deblocking the dimethylamide with hydro- 
gen and platinum on charcoal catalysis in methanol 
(Calculated: C, 44.99; H, 7.55; N, 17.49. Found: C, 
45.26; H, 7.54; N, 17.31). N-acetyl-L-B-aspartyl['*C]- 
methylamide was prepared by incubating the L-f- 
aspartyl['*C]methylamide in acetic anhydride and 
separating the products on Dowex 1X8, formate form. 
Asparaginase from Escherichia coli was obtained from 
Merck, Sharp & Dohme, Rahway, NJ; asparaginase 
from Erwinia carotovora was a gift from Dr. Robert 
Capizzi, Yale University. 

LS5178Y sublines with repressible control over 
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Table 1. Asparagine analog inhibition of L5178Y growth in the presence of asparagine (+ ASN) and absence of aspara- 
gine (— ASN) in the growth medium 





Compound Structure 


% Inhibition* 
(—ASN) (+ ASN)t 


Conc. 
(mM) 





D,L-a- N-methylasparagine 
D,L-Threo-#-methylasparagine 
D,L-Threo-f-hydrox yasparagine 
L-B-Aspartyl methylamide 
D.L-B-Aspartyl hydroxamate 


p,L-B-Aspartyl hydrazide 


D.L-B-Aspartyl semialdehyde 


L-4-oxo-Norvaline 


L-5-Chloro-4-oxo-norvaline 


L-B-Aspartyl chloroethylamide 


HOOCCH(NHCH,)CH,CONH, 
HOOCCH(NH,)CH(CH;)CONH, 
HOOCCH(NH,)CH(OH)CONH, 
HOOCCH(NH,)CH,CONHCH, 
HOOCCH(NH,)CH,CONHOH 


HOOCCH(NH,)CH,CONHNH, 


HOOCCH(NH,)CH,CHO 


HOOCCH(NH,)CH,COCH, 


HOOCCH(NH,)CH,COCH,Cl 


HOOCCH(NH,)CH,CONCH,CH,Cl 


0.04t 





* The number of cells on day 3 of drug-treated culture minus the number of cells on day 0 divided by the number 


of cells in control culture times 100. 


+ Media contains | mM asparagine except for data in parentheses in which 0.08 mM asparagine was present. 


t Per cent inhibition on day 2. 


asparagine synthetase were obtained as described by 
Uren et al.[5] and the same assay procedures for 
asparagine synthetase and its repressed-derepressed 
levels were employed. The kinetics of asparagine syn- 
thetase inhibition were performed with between 0 and 
2mM L-f-aspartyl methylamide with | and 5mM 
glutamine and between 0 and 20mM_ f-aspartyl 
methylamide with 5 and 25 mM ammonium chloride. 
The metabolism of L-f-aspartyl[{'*C]methylamide 
(300 mg/kg) in mice was determined by extracting the 
tissues with 10° (w/v) trichloroacetic acid. After ether 
extraction, the acid-soluble extract was chromato- 
graphed on a Jeol model SAH amino acid analyzer. 
The long column elution was collected in 1-ml frac- 
tions and cqunted. The N-acetyl-f-aspartyl['*C]- 
methylamide metabolite eluted at fraction 14 (the end 
of the void volume) and unmodified B-aspartyl['*C]- 
methylamide at fraction 32 corresponding to the elu- 
tion position of threonine. The concentration of 
asparagine in acid-soluble extracts of plasma and the 
livers of drug-treated LS178Y leukemic mice was 
measured with the amino acid analyzer using lithium 
citrate buffer systems. 


RESULTS 


A previous report from this laboratory[5] de- 
scribed a L5178Y subline which grew either in the 
presence or absence of asparagine. In the absence of 
asparagine, this subline grew with a characteristic lag 
in its rate of growth which correlated with the time 
necessary to derepress asparagine synthetase. Since in 
the absence of asparagine the synthetase activity is 
rate limiting for growth, inhibitors of the enzyme 
would cause a proportional inhibition of cell growth. 
In the présence of asparagine, cell growth is not 


dependent on asparagine synthetase and inhibition of 
the enzyme should not inhibit the rate of cell growth. 

Nineteen asparagine analogs were tested in this cell 
growth assay (Table 1). Compounds without inhibi- 
tory effects at 10~?M include: p-asparagine, D.L- 
a-methylasparagine, D,L-erythro-fB-amino asparagine, 
D,L-threo-f-amino asparagine, L-f-aspartyl isopropyl- 
amide, L-f-aspartyl ethylamide, L-f-aspartyl dimethy- 
lamide, L-f-aspartyl methylester, and L-S-inethylcys- 
teine sulfoximine. Compounds which inhibited growth 
in the absence but not in the presence of asparagine 
follow in the order of decreasing effectiveness: L-f- 
aspartyl methylamide > D,L-f-aspartyl hydroxamate 
> D,L-f-aspartyl hydrazide > D,L-threo-f-hydroxyas- 
paragine > D,L-threo-f-methylasparagine > and D,L- 
a-N-methylasparagine. 

The effects of these compounds on asparagine syn- 
thetase are shown in Table 2. Under the assay condi- 
tions where asparagine, a product inhibitor, causes 
91 per cent inhibition, the order of decreasing effec- 
tiveness toward asparagine synthesis inhibition is: 
L-B-aspartyl methylamide, D,L-f-aspartyl hydroxa- 
mate, D,L-f-aspartyl hydrazide, D,L-threo-f-methylas- 
paragine and D,L-«-N-methyl-asparagine. This order 
is similar to that for cell growth inhibition except 
for D.L-threo-f-hydroxyasparagine which, unlike the 
other compounds, inhibits the charging of aspara- 
ginyl-tRNA but not aspartyl-tRNA (C. Griffin, per- 
sonal communication). All of the active compounds 
also reduced the degree of derepression of asparagine 
synthetase when the cells were grown in the absence 
of asparagine in proportion to their inhibition of cell 
growth. An LS178Y subline which expresses aspara- 
gine synthetase activity in a constitutive manner was 
also inhibited by the above compounds. The type and 
magnitude of the inhibition by the most potent inhibi- 
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Table 2. Inhibition of asparagine synthetase in vitro 





Activity* 7a 
Inhibition 


Addition (nmoles/hr) 





4.43 
0.38 
1.46 
2.72 
3.81 
4.03 
4.25 
4.50 


None 

L-Asparagine 

L-B-Aspartyl methylamide 
D,L-B-Aspartyl hydroxamate 
D,L-B-Aspartyl hydrazide 
D,L-Threo-f-methyl-asparagine 
D,L-a- N-methyl-asparagine 
D.L-Threo-f-hydroxy-asparagine 





* Assay contains | mM glutamine, and was performed 
as described by Uren et al. [5] with all inhibitors present 
at a concentration of | mM. 


tor, L-B-aspartyl methylamide, are presented in Fig. 
1. L-B-Aspartyl methylamide showed competitive inhi- 
bition with glutamine with a K; of 2 x 10°*M; the 
compound also competitively inhibited the utilization 
of ammonia with a K; of 6 x 10~*M. 

To determine whether f-aspartyl['*C]methylamide 
was incorporated into protein, the analog 
(1 x 10-*M, 7.3 x 10° cpm/ml) was incubated with 
L5178Y cells (4.7 x 10°/ml) in Fischer’s medium for 
2hr. Comparisons with a control experiment, in 
which an equivalent amount of ['*C]asparagine 
(1 x 10°*M, 7x 10°cpm/ml) was __ incubated, 
demonstrated that the methylamide compound was 
incorporated into acid-insoluble counts at less than 
2.0 per cent the rate of asparagine. It seems unlikely 
that the mechanism of inhibition of cell growth is 
related to this low level of incorporation into acid- 
insoluble material. 


Considerations for therapy in vivo 


Since asparagine prevented the inhibition of tumor 
cell growth in culture caused by the asparagine ana- 
logs, therapy in vivo should be evaluated under condi- 
tions of asparagine depletion as can be achieved by 
administering the enzyme L-asparaginase. Since they 
might also be substrates, the stability of the three 
most potent inhibitors of tumor growth in the pres- 
ence of E. coli and Erwina carotovora asparaginase 
was examined (Table 3). The most potent inhibitor 
of tumor growth, f-aspartyl methylamide, was also 
the most resistant to hydrolysis by either the E. coli 
or Erwina asparaginase. Although this compound 
was a poor substrate for bacterial asparaginases, it 
proved to be a good inhibitor of the E. coli enzyme 
with a K,; of 3 x 10°°M. These results were consis- 


A- Glutamine 


Ky=2x10°4M 


pn a. 
= = 1 a 


0.5 1.0 15 2.0 
B-Asparty! Methylamide (mM) 





B- Ammonia 


K,=6x10"*M 


B-Aspartyl Methylamide (mM) 


Fig. 1. Dixon plots for the inhibition of asparagine synthe- 
tase by f-aspartyl methylamide. Panel A: glutamine con- 
centrations of | mM (—@—) and 5mM (—oO—), respect- 
ively; panel B: SmM (—@—) and 25mM (—O—) 
ammonium chloride replacing the glutamine as substrate. 
The procedures are described in Materials and Methods. 


tent with the K,,, for B-aspartyl methylamide as a sub- 
strate’ of 3 x 10°°M reported by Herrmann et 
al. [18]. 

The inhibitory effects of B-aspartyl methylamide in 
tissue culture, as a function of concentration and time 
prior to its removal, are shown in Fig. 2. These data 
show that, within the time periods examined, 2mM 
f-aspartyl methylamide present for | day or 0.1 mM 
present for 2 days wil! completely prevent subsequent 
cell growth. These results suggest the lower limits of 
concentration and time which therapy in vivo should 
seek to approximate. 


Properties in vivo of B-aspartyl methylamide 

The plasma clearance of f-aspartyl methylamide in 
mice is shown in Fig. 3. The plasma half-life (90 min) 
was much longer than that for asparagine and was 
not decreased if the animal was pretreated with E. 
coli asparaginase. 

Using the '*C-labeled f-aspartyl methylamide, the 
tissue distribution | hr after injection into a leukemic 
mouse is shown in Table 4. It was observed that, 
after correcting for the percentage of metabolites pres- 
ent as determined with an amino acid analyzer, a 
2-fold concentration of the compound had occurred 
in the liver compared to plasma and a 5-fold concen- 
tration in tumor cells compared to ascites fluid. A 


Table 3. Analog hydrolysis by asparaginase 





E. coli* 


Erwina carotovora* 





Substrate (umoles/min) (umoles/min) (%) 





L-Asparagine 10.1 
D,L-B-Aspartyl hydroxamate 4.1 
D,L-B-Aspartyl hydrazide 0.22 
L-B-Aspartyl methylamide 0.16 





* Incubation conditions and assay for the product of the reaction, aspartic acid, were those described 
for a coupled enzyme assay described by Cooney et al.[19]. All substrates were at a concentration 
of 0.2 mM. 
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© No B-AMA 
44 0.1mm B-AMA 
08 0.5mm B-AMA 
©¢@ 2.0mm B-AMA 


Cell Number 





Remove 
B-amMa 
Pa 
4 


2 
TIME (days) 








Fig. 2. Effect of f-aspartyl methylamide (B-AMA) on the 
growth of an asparagine-independent L5178Y subline. 
Cells were grown in Fischer’s media lacking asparagine 
with varying concentrations of B-AMA: (—O—) none; 
(—A—>) 0.1 mM; (—O—») 0.5 mM; and (—o—) 2.0 mM. 
After 1 day (open symbols) or 2 days (closed symbols), 
the cells were centrifuged and resuspended in fresh media 
without inhibitor. The cell number was determined with 
a Coulter counter on days 1-S. 


major hepatic metabolite eluted in the acidic region 
on the amino acid analyzer and was also present in 
the urine; unmetabolized f-aspartyl methylamide was 
not excreted under these conditions. 

The identity of the metabolite was determined by 
the following experiments. Samples of mouse urine 
taken 5hr after the injection of 300 mg ['*C]-aspar- 
tyl methylamide/kg contained the radioactive meta- 
bolite at a concentration of 100 mM. Despite the high 
concentration of metabolite, no ninhydrin reactive 
material above levels found in normal mouse urine 
was observed. Acid hydrolysis of this urine produced 
large amounts of aspartic acid. These results were 





° 
@ 


°o 
on 
x 
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pmole/mi plasma 
° 
. 


° 
——— ee ee 


eS ee | 
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1 2 3 
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Compound Dosage 300mg /kg IP 


Fig. 3. Plasma _ half-life of fB-aspartyl methylamide 
(B-AMA) and asparagine (ASN) in BDF mice. The com- 
pounds were administered at 300 mg/kg, ip. Plasma was 
prepared from blood collected by orbital bleeding. The 
concentration of the methylamide was measured as radio- 
activity in experiments designated by the symbols x, A 
and DC. In another experiment (—O—), the plasma concen- 
tration of the analog was measured as the increment in the 
concentration of aspartic acid after treatment with 200 units 
asparaginase/ml by a coupled enzyme assay described 
by Cooney et al. [19]. 


consistent with conjugation of the «-amino function 
of B-aspartyl methylamide. Treatment of the urine 
with 1000 units of hog kidney acylase regenerated the 


unmodified f-aspartyl methylamide, suggesting 
N-acetylation as the major route of metabolism in 
vivo. Samples of synthetic N-acetyl-B['*C]aspartyl 
methylamide showed the identical chromatographic 
mobility as the major urinary and liver metabolite. 
The N-acetylated compound was less than 35 as 
active as an inhibitor of L5178Y subline in culture 
as B-aspartyl methylamide. 

Plasma and liver levels of asparagine were 
measured in leukemic mice after intraperitoneal treat- 
ment with asparaginase (200 units/kg/day), B-aspartyl 
methylamide (300 mg/kg twice daily), and the com- 
bination. After 3-6 days of combination therapy, the 


Table 4. ['*C]f-aspartyl methylamide (B-AMA) tissue distribution* 





Total 
radioactivity 


Tissue (fluid) (cpm/g or ml) 


Ratio: 
B-AMA tissue 
B-AMA fluid 


Per cent 





63,700 
330,000 
13,000 
47,000 
1,080,000 


Ascites fluid 

Ascites LS1I78Y cells 
Plasma 

Liver 

Urine 


3 


2.0 





* Mice previously inoculated with 10° L5178Y cells (7 days) were given an 0.5 ml i.p. injection 
of ['*C]f-aspartyl methylamide (15 mg/kg, 0.5 wCi). After | hr the mice were sacrificed and acid-soluble 
extracts of tissues and fluids were prepared and analyzed as described in Materials and Methods. 
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Table 5. Antitumor activity of B-aspartyl methylamide* 





Saline 
Mean 


Treatment 


Weight 
changet 


o;/ 
/o 


time 


Tumor Host 


survival 


(days) 


B-Aspartyl methylamide 
Mean 
survival 
time 
(days) 


Weight 
changet 
(%) 





BDF 
CDI 
AKD 


+15 
+14 
+12 


L1210 
$180 
AD755 


7.2404 0 
10.8 + 1.1 
12.2 + 1.0 


10.6 + 0.4 
14.2 +08 
21.8 + 1.0 


+6 
+1 





* Groups of five mice were given intraperitoneal injections of 10° tumor cells and 0.1 ml of sterile 
saline, or analog (300 mg/kg) solution twice daily on days 2-S. 

+ Per cent weight loss or gain (weight on day 5/weight on day | x 100). 

t¢ Per cent ILS (increase in life span) treated + control x 100 — 100. 


liver concentration of asparagine was 25% of normal 
and the plasma level was undetectable, an effect 
equivalent to that of asparaginase alone. Treatment 
with B-aspartyl methylamide alone did not reduce the 
asparagine concentration in the liver or the plasma. 
This lack of an effect of B-aspartyl methylamide on 
the liver asparagine synthetase may relate to the rapid 
metabolism of the compound by the liver. The effects 
of the compound on asparagine synthetase in vitro 
in the liver could not be measured in crude homo- 
genates because of the rapid metabolism of the 
['*C]aspartic acid and the ['*C]asparagine formed. 
The antitumor activity of f-aspartyl methylamide 
is shown in Table 5. When the compound was admin- 
istered at high doses (300 mg/kg) twice daily, a signifi- 
cant increase in the life span (31-79 per cent) of mice 
bearing three asparaginase resistant tumors was 
observed. When the compound was combined with 
asparaginase, toxicity was enhanced with a decrease 
in the survival of the mice compared to results 
obtained with the compound alone. The asparaginase- 
sensitive L5178Y tumor did not respond signifi- 
cantly better when the compound was combined with 
asparaginase as compared to asparaginase alone. 


DISCUSSION 


The ability of asparagine analogs to inhibit the 
growth of an L5178Y subline in culture only in the 
absence of asparagine proved to be a useful screen 
for compounds which selectively inhibit asparagine 
synthetase. All but one of the compounds which inhi- 
bited cell growth only in the absence of asparagine 
inhibited asparagine synthetase to a degree which cor- 
related with the degree of inhibition of cell growth. 
The only exception, B-hydroxy-asparagine, appears to 
inhibit the charging of asparaginyl-tRNA but not 
aspartyl-tRNA. The structure-activity relationships 
presented in Tables | and 2 suggested that there exists 
on asparagine synthetase some bulk tolerance in the 
threo position of the B-carbon of asparagine and that 
one proton in the amide nitrogen can be replaced 
with a group smaller than ethyl. D,L-B-Aspartyl hy- 
droxamate was previously reported to inhibit aspara- 
gine synthetase from a human tumor [20]. Another 
previously reported inhibitor of the enzyme, 5-chloro- 
4-oxo-norvaline [3], does inhibit cell growth, but the 
inhibition was not nullified by the addition of aspara- 
gine to the media. This result was consistent with 
the ability of the compound to inhibit other gluta- 


mine requiring enzymes [12], and indicates the selec- 
tivity of the cell culture assay reported here. L-S- 
methyl-cysteine sulfoximine does not inhibit cell 
growth although its next higher homolog, methionine 
sulfoximine, has been reported to be a potent inhibi- 
tor of glutamine synthetase [21]. 

The three most effective inhibitors of asparagine 
synthetase, B-aspartyl methylamide, f-aspartyl hy- 
droxamate and f-aspartyl hydrazide, when added to 
a cell culture deprived of asparagine at a level which 
slows cell growth, would prevent the derepression of 
asparagine synthetase levels. Whether these com- 
pounds function as corepressors or block the dere- 
pression by inhibiting general protein synthesis conse- 
quent to depriving the cells of asparagine remains un- 
answered. Although the results were consistent with 
a corepressor function, their selective action on only 
asparagine synthetase has not been demonstrated. 
Precedence for such selectivity has been obtained by 
Norton and Chen[22], who have shown that in a 
strain of Lactobacillus arabinosus, which will dere- 
press both its asparagine and glutamine synthetases, 
B-aspartyl hydroxamate will selectively prevent the 
derepression of only the asparagine synthetase. 

The most effective cell growth inhibitor, B-aspartyl 
methylamide, was also the most effective inhibitor of 
asparagine synthetase and most resistant to hydroly- 
sis by bacterial asparaginases. This resistance to hy- 
drolysis was reflected jn vivo in the unchanged plasma 
half-life of the compound when the animal was pre- 
treated with a therapeutic level of asparaginase. The 
longer plasma half-life compared to asparagine also 
reflects an increased stability toward liver aspara- 
ginase. Although the compound was an effective in- 
hibitor in vitro of asparagine synthetase, in vivo it did 
not add to the reduction in the concentration of 
asparagine in liver or plasma caused by injecting E. 
coli asparaginase. Similarly the increase in survival 
of asparaginase-sensitive L5178Y leukemic mice was 
not potentiated by simultaneous treatment with the 
analog. 

The rapid metabolism in vivo to N-acetyl-f-aspartyl 
methylamide and excretion of this material required 
the administration of at least 300 mg/kg of the com- 
pound twice daily to maintain an average plasma 
level of the analog of about 0.1 mM. A 4-day therapy 
schedule at this dosage should be sufficient to prevent 
growth of leukemic cells as judged by the cell culture 
data in Fig. 2. This therapy regimen significantly in- 
creased the life of mice bearing various asparaginase 





1410 


resistant tumors (Table 5). The lack of synergistic re- 
sponses with the combined therapy is probably 
related to the fact that the asparagine analog is a 
better inhibitor of asparaginase (K; = 3 x 10~°M) 
. than asparagine synthetase (K; = 2 x 10~*M). Thus, 
the asparaginase activity is neutralized by the simul- 
taneous presence of the analog at a level of 0.1 mM. 
Nevertheless, these increases in survival support the 
proposal that inhibitors of asparagine synthetase will 
show antitumor efficacy over a broader spectrum of 
tumors than those which will respond to asparaginase 
alone. It is our belief that more potent inhibitors of 
asparagine synthetase which do not inhibit nor are 
hydrolyzed by asparaginase will improve survival 
beyond that observed in this work. 
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Abstract—The inhibitory effect of chlorpromazine on L-methionine transport was studied in the everted 
sac preparation of the rat intestine. Chlorpromazine inhibits only the sodium-dependent active com- 
ponent of L-methionine transport, without affecting the sodium-independent diffusion component. Inhi- 
bition of methionine transport by chlorpromazine is time dependent and concentration dependent. 
Half-maximal inhibition was observed at 5.2 x 10~*M chlorpromazine in the medium. No significant 
metabolism of chlorpromazine was observed during the experiment, suggesting that the unchanged 
chlorpromazine was the active inhibitor. Studies on a few chlorpromazine metabolites showed that 
demethylation in the aminopropy]l side chain or ring hydroxylation at the 7-position in the chlorproma- 
zine molecule did not affect the inhibitory activity on methionine transport, while oxidation at the 


sulfur atom completely abolished it. 


Chlorpromazine (CPZ)* is a phenothiazine psycho- 
tropic agent given orally and chronically to psychia- 
tric patients. The possibility that prolonged chronic 
oral ingestion of CPZ results in changes in the gas- 
trointestinal tract function was studied in our labora- 
tory [1]. Our previous report showed that 42 per cent 
of oral CPZ was recovered from the small intestine 
at 2hr, 28 per cent at 6hr, and 9.6 per cent at 24hr 
after a dose. L-Methionine transport in intestinal seg- 
ments obtained from both acutely and chronically 
CPZ-treated rats was significantly inhibited. 

The present study describes the nature of CPZ inhi- 
bition on intestinal transport of L-methionine using 
the everted sac technique. Some structure—activity 
relationships were studied by testing the inhibitory 
activity of a few CPZ metabolites on the intestinal 
transport of L-methionine. 


MATERIALS AND METHODS 


Materials. CPZ HCl was supplied by Smith, Kline 
& French Laboratories. Nor,-CPZ HCl, 7-OH-CPZ, 
and CPZ-SO-HCI were kindly provided by Dr. Albert 
A. Manian of the Psychopharmacology Research 
Branch, National Institute of Mental Health, Chevy 
Chase, MD. L-Methionine was obtained from Sigma 
Chemical Co.; '*C-ring-labeled CPZ HCl from 
Applied Science Laboratories, Inc., State College, PA; 
and L-[1-'*C]methionine and Nuclear Chicago Solu- 
bilizer (NCS) (tissue solubilizer) from Amersham/ 
Searle Corp. All other chemicals were of reagent- 
grade purity and were purchased from Fisher Scien- 
tific Co., Rochester, N.Y. 

Animals. Male Sprague-Dawley rats (250-375 g), 
maintained on Purina Chow laboratory diet, were 
used in all the experiments. The animals were 





*The abbreviations used in the text are: 
chlorpromazine; nor,-CPZ, didesmethylchlorpromazine; 
7-OH-CPZ, 7-hydroxychlorpromazine; and CPZ-SO, 
chlorpromazine sulfoxide. 


CPZ, 


deprived of food for 14-18 hr before sacrifice but had 
free access to water. 

Handling of samples containing CPZ. As CPZ 1s sus- 
ceptible to photo-oxidation [2], samples containing 
CPZ were protected from light. CPZ was added to 
the flasks after the oxygenation and shortly before 
incubation with the tissues. 

Assay of CPZ. Separation of unchanged CPZ from 
its metabolites was done by selective solvent extrac- 
tion, as described earlier [1] using ['*C]CPZ. 

General experimental procedure. All animals were 
killed by stunning and decapitation. The abdomen 
was opened by incision. The small intestine was iso- 
lated, and the first 25 cm, beginning with the pylorus, 
was discarded. From the next portion (the mid- 
jejunum) four to eight segments (each about 6cm 
long) were cut and placed in individual aluminum 
pans containing ice-cold modified Krebs-Tris buffer 
(pH 7.0; 37°) gassed with 100% oxygen. The buffer 
contained 118mM NaCl, 25mM Tris-Cl, 4.7mM 
KCl, 2.5mM CaCl,, 1.2mM MgSO,, and 1.2mM 
KH,PO,. In experiments requiring sodium-free 
Krebs-Tris, all the NaCl was replaced by an equival- 
ent concentration of Tris-Cl. The segments were 
everted as described by Wilson and Wiseman [3], 
filled with 0.5 ml of the same buffer as the incubation 
medium plus 5mM glucose as metabolic substrate, 
ligated, and placed in 25 ml of the appropriate buffer 
(Krebs-Tris or sodium-free Krebs-Tris) in 50-ml 
Erlenmeyer flasks. (In a few experiments the volume 
of incubation medium was 5 ml and incubation was 
done in 25-ml Erlenmeyer flasks). No glucose was 
added to the incubation medium. Labeled substrates 
and other drugs were added to the mucosal solution 
only. After all the additions, the pH of the incubation 
medium was readjusted to pH 7.0 with | N NaOH 
or | N HCl. Incubations were carried out at 37° in 
a Dubnoff metabolic incubator shaking at 100 oscilla- 
tions/min. At the end of the incubation period, the 
sacs were quickly removed and rinsed for 5 sec in 
5-10 ml of ice-cold modified Krebs-Tris buffer. Each 
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sac was cut open and the serosal fluid was drained 
and collected. In the early experiments, the serosal 
volumes measured 0.43 to 0.48 ml, with no significant 
differences between the treated and control groups. 
Hence, in later experiments, a 0.5-ml serosal volume 
was assumed for the calculations. After removal of 
the serosal fluid, each sac was placed in a preweighed 
scintillation vial and dried in the oven at 105° over- 
night. The vial with the dry tissue was then weighed, 
and the difference in weight of the vial with and with- 
out tissue gave the dry tissue weight. The tissues were 
then solubilized in 1.5 ml of NCS tissue solubilizer. 

No extracellular volume measurements or intracel- 
lular concentration measurements were attempted in 
the study because of the uncertainties associated with 
these measurements [4]. Incubation periods of 5, 15 
and 30min were used in most of the time-course 
studies. 

Determination of radioactivity. Radioactivity from 
aliquots’ of serosal fluid (0.2ml) and incubation 
medium (1 ml) and whole solubilized tissue, added to 
10 ml of Triton X-100 toluene scintillation liquid [5], 
was assayed in a Packard Tricarb scintillation spec- 
trometer. Counting efficiencies ranged from 75 to 78 
per cent for the aqueous samples and from 50 to 60 
per cent for the solubilized tissue samples. All values 
were corrected for quenching and background. 

Expression of the data. The results are expressed 
in the following form: 


(a) Mucosal traasport: 


amount of substance in tissue + amount of 
substance in serosal compartment 
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Mucosal transport of CPZ, sz moles/g dry wt 








Fig. 1. Mucosal transport of CPZ and its effect on medium 
CPZ concentration. Everted sacs were incubated in 25 ml 
of standard Krebs-Tris incubation medium containing © 
1mM CPZ (including 0.4 yCi ['*C]CPZ). Incubations 
were terminated at indicated times and values of the muco- 
sal transport were determined. The preparation of sacs, 
conditions of incubation, assay methods, and the method 
of calculation and expression of data are described in 
Materials and Methods. Each point represents the mean 
+S.E. for three sacs. 








g of dry tissue 


(b) Serosal transfer: 


amount of substance in serosal compartment 





g of dry tissue 


(c) Tissue content: 


amount of substance in tissue 





g of dry tissue 
(d) Serosal/tissue ratio: 

serosal transfer 

tissue content 
(e) Per cent control value: 


mean mucosal transport for treated at time t 





- x 
mean mucosal transport for control at time t 


(f) A,,-,, Per cent control value: 


(mean mucosal transport for (mean mucosal transport for 


treated at time f2) 


treated at time f,) 





(mean mucosal transport for _ (mean mucosal transport for 


control at time ft) 


RESULTS 


CPZ mucosal transport and medium concentration. 
Our early studies indicated that some of the charac- 
teristics of CPZ transport in the intestine needed to 
be considered before studies of the effect of CPZ on 


x 100 


control at time t,) 








L-methionine or any other transport substrate were 
made. Figure | shows some of these characteristics. 
From a |-mM CPZ medium concentration, the 
mucosal transport was 13.3 wmoles/g of dry tissue at 
5 min and 41.4 umoles/g of dry tissue at 30 min. Nine- 
ty-seven per cent of the mucosal uptake was observed 
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0----0 Control 
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! | J 
20 25 30 
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Mucosa! transport of methionine, 


Fig. 2. Time course of effect of CPZ on L-methionine 
mucosal transport. Everted sacs were incubated in 25 ml 
of standard Krebs-Tris incubation medium containing 
1 mM L-methionine (including 0.4 wCi L-['*C]methionine) 
with (treated) or without (control) 1 mM CPZ. Incubations 
were terminated at indicated times and values of the muco- 
sal transport were determined in the two groups. The prep- 
aration of sacs, conditions of incubation, assay methods, 
and the method of calculation and expression of data are 
described in ‘Materials and Methods. Each point represents 
the mean +S. E. of values from eight sacs. 


to be in the tissue and very little was in the serosal 
fluid. This could be due to the high tissue-binding 
characteristics of CPZ [2,6]. To test what portion 
of the observed CPZ tissue content at 5 min repre- 
sented trapped or adsorbed CPZ, shorter incubation 
periods (10 sec—5 min) were used. The tissue CPZ con- 
tent was found to increase gradually with time in this 
period. The 10-sec tissue content (which would rep- 
resent mostly trapped or adsorbed CPZ) was only 
12 per cent of the 5-min tissue CPZ content, suggest- 
ing that most of the 5-min tissue CPZ content repre- 
sented mucosal transport as opposed to trapping. 
The large mucosal transport of CPZ can affect the 
incubation medium concentration of CPZ. Using 5 ml 
of incubation medium (the volume often used in 
everted sac studies), CPZ concentration decreased by 
15 per cent from initial concentration in 5 min, and 
40 per cent with 30 min of incubation. When the incu- 
bation volume was 25 ml, there was only a 10 per 
cent drop in the medium concentration of CPZ at 


Table 1. Effect of CPZ on the serosal transfer, tissue con- 
tent and serosal/tissue ratio of L-methionine* 





Tissue 
content 


Serosal 
transfer Serosal/ 
tissue 


ratio 





Group (umoles/g dry wt) 





3.4 + 0.5t 
6.9 + 0.7 


6.4 + O.5t 
119+09 


Treated 
Control 





* The values of serosal transfer, tissue content and sero- 
sal/tissue ratio were calculated for the 30-min time points 
in the experiments illustrated in Fig. 2, as described in 
Materials and Methods. Values are means + S. E. for eight 
sacs. 

+ Significantly different from control (P < 0.01). 
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Table 2. Effect of CPZ on sodium-independent component 
of L-methionine mucosal transport* 





Sodium-independent L-methionine mucosal 
transport (umoles/g dry wt) 





Group 





Treated 
Control 





* Everted sacs were incubated in 25 ml of sodium-free 
Krebs-Tris buffer containing 1 mM _L-methionine (includ- 
ing 0.4 uCi L-['*C]methionine) with (treated) or without 
(control) 1 mM CPZ. Other details are similar to those 
described in Fig. 2. Values are means + S. E. for three 
sacs. 


the end of a 30-min incubation. To maintain a steady 
concentration of CPZ, 25 ml of incubation medium 
was used in the rest of the experiments in this study. 

CPZ effect on L-methionine transport. L-Methionine 
was rapidly taken up and transported by the intes- 
tinal tissue (Fig. 2). The transport was faster in the 
first 5 min, a finding similar to that of Schultz et al. 
[7] with the transport of L-alanine in rabbit intestinal 
mucosal strips. A CPZ concentration of | mM in the 
incubation medium inhibited the mucosal transport 
of L-methionine significantly by 15 and 30 min when 
compared to the controls (P < 0.05 and 0.001 respect- 
ively). 

CPZ inhibition of L-methionine mucosal transport 
increased with time. The treated group transported 
81 per cent of the control in the 0- to 5-min period, 
48 per cent in the 5- to 15-min period, and only about 
39 per cent in the 15- to 30-min period. 

The decreased mucosal transport in the CPZ- 
treated group could be due to decreased serosal 
transfer or decreased tissue content, or both. Table 
1 shows that both the serosal transfer and the tissue 
content of methionine were significantly less in the 
treated group. The serosal/tissue ratios, indicative of 
tissue release of methionine to the serosal side, were 
not different between the treated and control groups, 


Table 3. Effect of CPZ on sodium-dependent component 
of L-methionine mucosal transport* 





Na *-dependent L-methionine mucosal 
transport (umoles/g dry wt) 





Group 5 min 15 min 30 min 





Treated : 2.8 4.0 
6 


12.9 
31.0 


Control 
Per cent 
control 


43.1 


per cent control = 71.4 
per cent control = 29.5 
per cent control = 18.8 





* The values of the sodium-dependent component were 
obtained by subtraction of the mean values of sodium- 
independent mucosal transport at the time points shown 
in Table 2 from the corresponding mean values of total 
mucosal transport shown in Fig. 2. The per cent control 
and A,,_,, per cent control values were calculated as de- 
scribed in Materials and Methods. 
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Fig. 3. Log concentration-effect curve for CPZ inhibition 
of the sodium-dependent component of L-methionine 
mucosal transport. Everted sacs were incubated in 25 ml 
of standard Krebs-Tris incubation medium containing 
| mM L-methionine (including 0.4 wCi L-['*C]methionine). 
The medium also contained CPZ at different concen- 
trations (control had no CPZ). Incubations were ter- 
minated after 30 min and the values of total mucosal trans- 
port in the various groups were determined as described 
in Materials and Methods. From these values, the value 
of the 30-min sodium-independent component of L-meth- 
ionine mucosal transport (taken as the mean of 30-min 
values for control and treated groups in Table 2) was sub- 
tracted to obtain the values of the 30-min sodium-depen- 
dent component of L-methionine mucosal transport for the 
control and the treated (different CPZ concentration) 
groups. The treated values were expressed as per cent of 
control and the per cent inhibition values (100 per cent, 
control value) were calculated. Results at each concen- 
tration are values from two sacs. 


suggesting that the CPZ effect was at the level of 
mucosal uptake. 

CPZ effect on sodium-independent and sodium- 
dependent components of L-methionine transport. The 
total transport of L-methionine in intestine, like that 
of other neutral amino acids, has a sodium-dependent 
and a sodium-independent component [8]. 

The effect of |1mM CPZ concentration on the 
transport of 1 mM _ L-methionine by the everted sac 
in a sodium-free Krebs-Tris medium is shown in 
Table 2. CPZ had no significant inhibitory effect on 
the sodium-independent component of L-methionine 
mucosal transport. Tissue CPZ concentration moni- 
tored on the same day after a 15-min incubation in 
normal and sodium-free Krebs-Tris medium showed 
no significant difference (30.2+2.0 and 33.9 + 
0.9 umoles/g of dry tissue respectively), suggest- 
ing that the negative effect of CPZ on the sodium- 
independent transport of L-methionine was not due 
to low tissue CPZ in sodium-free buffer. The effect 
of CPZ on the sodium-dependent component of 
L-methionine transport is shown in Table 3. The 
values for the sodium-dependent mucosal transport 
were obtained by subtracting the observed sodium- 
independent mucosal transport shown in Table 2 
from values obtained with the regular Krebs-Tris 
buffer shown in Fig. 2. The A3o_,; per cent control 
value of 18.8 per cent shows that about 81 per cent 
of the sodium-dependent transport of L-methionine 
is blocked after exposure of intestinal tissue to | mM 
medium concentration of CPZ for over 15 min. 


Log concentration-effect curve. A semilogarithmic 
plot of the concentration-effect (Fig. 3) gave the 
classical sigmoid curve. Half-maximal inhibition 
occurred at a CPZ medium concentration of 
5.2 x 10°*M. 

CPZ metabolism under the experimental conditions. 
There is some disagreement among investigators 
about the metabolism of CPZ in the gut tissue. Some 
workers [9] reported CPZ metabolism in the gut, 
whereas others [10,11] found insignificant metabo- 
lism. We investigated CPZ metabolism occurring in 
the everted sacs under our experimental conditions 
in order to determine whether CPZ, CPZ metabolites 
or both could be responsible for inhibition of L-meth- 
ionine transport. Everted sacs were incubated for 
30 min in 5 x 10°*M ['*C]CPZ. After incubation, 
unchanged CPZ was 100.1 +1.3 per cent and 
99.8 + 0.4 per cent in the tissue and incubation 
medium, respectively, suggesting that the inhibition 
of L-methionine transport was due to unchanged 
CPZ. 

Effect of CPZ metabolites on L-methionine mucosal — 
transport. The effect of three metabolites of CPZ on 
L-methionine transport was studied. The structures of 
these metabolites, as well as of CPZ, are shown in 
Fig. 4. CPZ and nor,-CPZ were about equipotent 
in their inhibitory effect, 7-OH-CPZ was slightly less 
potent than CPZ and nor,-CPZ, and CPZ-SO, in 
contrast, had an insignificant effect on L-methionine 
mucosal transport (Table 4). 


DISCUSSION 


In the present work, the characteristics of CPZ in- 
hibition of L-methionine intestinal transport were 
studied using the everted sac technique. This is the 
simplest technique in vitro available for the study of 
intestinal transport wherein the polar characteristics 
of the intestine are preserved and transcellular trans- 
port can be monitored. It has been used extensively 
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Fig. 4. Structure of CPZ and CPZ metabolites used in 
the study: (A) CPZ; (B) nor,-CPZ; (C) 7-OH-CPZ; and 
(D) CPZ-SO. 
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Table 4. Effect of CPZ and CPZ metabolites on L-meth- 
ionine mucosal transport* 





Per cent of 
control 


Additions to 
mucosal solution 


Mucosal transport 
(umoles/g dry wt) 





100 
36.8 
36.0 
5i.4 
92.3 


Control 

CPZ (1 mM) 
Nor,-CPZ (1 mM) 
7-OH-CPZ (1 mM) 
CPZ-SO (1 mM) 


I+ I+ I+ I+ [14+ 
—-SoOo-S 
Cow;mW CONN 





*Everted sacs were incubated in 25ml of standard 
Krebs-Tris incubation medium containing 1 mM L-meth- 
ionine (including 0.4 yCi L-['*C]methionine). The medium 
in addition contained the indicated concentrations of CPZ 
or CPZ metabolites (“control” had nothing in addition). 
Incubations were terminated after 30 min, and the values 
of mucosal transport in the different groups were deter- 
mined as described in Materials and Methods. Results are 
the means + S. E. for three sacs. 


in the last 20 years and is generally thought to be 
reliable [4]. Although some workers have questioned 
the validity of the everted sac preparation on histolo- 
gical grounds [12], other workers have clearly shown 
its reliability using both histologic [13] and func- 
tional [14] parameters. L-Methionine was chosen as 
the transport substrate because (a) it is actively trans- 
ported in the rat intestine via the neutral amino acid 
pathway [15], (b) it is negligibly metabolized by the 
rat intestine [16], and (c) the intestinal tissue levels 
of the amino acid are negligible [17]. 

In the present study, the inhibition of L-methionine 
transport in the intestine by various concentrations 
of CPZ occurred as early as at 5 min and increased 
with time. The observed time-course of CPZ action 
could be due to metabolites of CPZ rather than to 
CPZ itself, but the negligible CPZ metabolism 
observed under the experimental conditions makes 
this possibility unlikely. Time-dependent inhibition 
would also be expected to occur if CPZ uptake by 
the tissue was important for the inhibitory effect. We 
have found that the tissue CPZ levels generally corre- 
late with percentage inhibition of L-methionine trans- 
port. In recent studies,* we have characterized the 
time dependence of the CPZ effect in more detail. 

Several characteristics of the action of CPZ—its 
ability to produce a graded, concentration-related 
biological response, the classical sigmoid concentra- 
tion-effect curve, and the structure-activity relation- 
ship observed (even with the limited number of con- 
geners tried)—suggest the existence of a specific site 
of action (“receptor”). However, the potency is not 
quite in keeping with what would be expected of a 
specific “drug-receptor” interaction. The high concen- 
trations of CPZ required to produce a significant 
effect on the intestinal transport of L-methionine in 
the present study may be related to the fact that intact 
tissues were used in the experiments. CPZ binds 
avidly to tissue proteins [2]; hence a lot of CPZ in 
the preparation might be bound nonspecifically. Dif- 
ferential potency of CPZ effects in the presence and 
absence of protein (with comparatively less effect in 





* P. R. Sundaresan and L. Rivera-Calimlim, unpublished 
observations. 
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the presence of protein for the same CPZ concen- 
tration) is well documented [18]. 

The structure-activity relationship of a few con- 
geners showed that demethylation in the aminopropyl 
side-chain (as in nor,-CPZ) or even introduction of 
an oxygen atom in the ring at the 7-position to form 
a hydroxyl group (as in 7-OH-CPZ) does not greatly 
alter the inhibitory activity on L-methionine trans- 
port. But the attachment of oxygen to the sulfur in 
the ring results in loss of the inhibitory activity. The 
lack of inhibitory effect of CPZ-SO could not be due 
to poor tissue uptake because of its greater polarity, 
since 7-OH-CPZ is more polar than CPZ-SO [19]; 
yet it has inhibitory activity. Further studies with 
other congeners would help to clarify the structure- 
activity relationship. 
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Abstract—The effects of dietary linoleate, oxidised linoleate, lipid peroxides, cholesterol, cholesterol 
hydroperoxides and squalene have been examined on the concentration of cytochrome P450 and rate 
of oxidative demethylation in the endoplasmic reticulum. Addition of methyl linoleate (5%) to a diet 
containing 5% lard caused a large increase in the rate of oxidative demethylation, oxidised methyl 
linoleate (5%) was much less effective and also depressed the rate of oxidation when added to a 
diet containing corn oil. A supply of dietary linoleic acid or other polyunsaturated fatty acids are 
essential for maximum rate of oxidative demethylation in the endoplasmic reticulum and for maximum 
induction by phenobarbitone. Dietary lipid peroxide did not increase the rate of oxidative metabolism 
in the endoplasmic reticulum or its induction. Feeding a diet which included 10% herring oil, and 
which contains only 1.7% linoleic acid caused a very rapid rate of oxidative demethylation and a 
high concentration of cytochrome P4S0 in the liver endoplasmic reticulum. Induction by phenobarbi- 
tone was also very effective after feeding this diet. The unsaponifiable fraction of herring oil, added 
to the lard diet, very effectively increased the rate of oxidative demethylation to a value similar to 
that observed after feeding a diet containing 10% herring oil. Addition of cholesterol (2 g/kg diet) 
or of squalene (1 g/kg diet) to diets containing 10% lard were less effective than the unsaponifiable 
fraction of herring oil but caused a large increase in the content of cytochrome P450 and rate of 
oxidative demethylation in the endoplasmic reticulum. Induction of phenobarbitone was also enhanced. 


Cholesterol hydroperoxide was not more effective than cholesterol. It may be concluded that a supply 
of dietary sterols is essential for maximum activity of oxidative demethylation in the liver endoplasmic 
reticulum, especially when linoleic acid is in restricted supply and for maximum induction by phenobar- 
bitone. The non-saponifiable fraction of herring oil cannot be completely replaced in the diet by pure 
cholesterol, cholesterol hydroperoxide or squalene. 


Several investigations have demonstrated that dietary 
lipids can play an important role in the regulation 
of the activity of drug metabolising enzymes in the 
liver endoplasmic reticulum. A lipid deficient diet 
causes a reduction in enzyme activity [1-3] and it 
has been demonstrated that the unsaturated linoleic 
acid is especially important [3]. The role of linoleic 
acid is also substantiated by the finding that during 
enzyme induction by phenobarbitone, more linoleic 
acid is incorporated into the phospholipids of the 
endoplasmic reticulum [4]. Brown et al. [5] demon- 
strated that organic peroxides added to the diet 
enhanced the inducing effect of phenobarbitone and 
other drugs. Oxidised sterols were especially effective 
in enhancing induction and this was confirmed by 
Marshall and McLean[1] but oxidised sterols had 
little inducing power of their own [1, 5]. 

Oxidation of unsaturated fatty acids leads to rapid 
destruction of the double bonds, the formation of per- 
oxides and more complex degradation products such 
as aldehydes [6,7]. It would thus appear that oxi- 
dation of lipids of diets may have opposing effects 
on the regulation of liver drug metabolisim enzymes. 
On the one hand, destruction of the linoleic acid by 
oxidation would lead to a reduction in the activity 


of the enzymes whilst the oxidation of fatty acids or 
sterols could lead to an enhanced inductive effect. 

In the experiments described in this paper the rela- 
tion between dietary linoleic acid, other polyunsatur- 
ated fatty acids, lipid peroxides formed from unsatur- 
ated fatty acids, sterols and oxidised sterols have been 
studied with special reference to their effects on oxida- 
tive drug metabolism in the liver. 


MATERIALS AND METHODS 


Rats. Male albino rats 6-7 weeks old, 120-150g 
were used in all experiments. Food and water were 
available ad lib. 

Diets. Purified diets were prepared as described by 
Rowe and Wills [3]. 

Dietary lipid components. Lard, free from added 
antioxidants, was supplied by Unigate Ltd., Mazola 
pure corn oil was used as a source of corn oil and 
refined herring oil was supplied by Marfleet Refining 
Co., Hull. The unsaponifiable matter used to supple- 
ment the lard was the material remaining after 
saponification of an equal quantity of herring oil, 
Squalene (2, 6, 10, 15, 19, 23, Hexamethyl 2, 6, 10, 
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14, 18, 22, Tetracosahexene) Grade 1 was obtained 
from Sigma Chemical Co. 

A commercial sample of methyl linoleate (Koch- 
Light Ltd.) was found to have undergone considerable 
autoxidation, and was used for supplementation of 
the dietary lipids as oxidised methyl linoleate (OML). 
A pure sample of methyl linoleate was prepared by 
fractional distillation of the partially oxidised methyl 
linoleate under vacuum. The fraction distilling over 
at 134° was collected and stored under nitrogen. 

Oxidised lard was prepared by irradiation in air 
of a sample with an ultraviolet lamp for 48 hr or until 
the lipid peroxide content of the lard reached 
40 m-mole peroxide/kg. 

Preparation of cholesterol hydroperoxide. Choles- 
terol (BDH) was oxidised to cholesterol 7-«-hydroper- 
oxide by photoxidation based on the method of 
Schenck et al.[8,9] and its purity assessed by t.lL.c. 
[10]. 

Diet analysis. The diets were analysed for lipid per- 
oxides using an iodometric method [11]. The alde- 
hyde breakdown products formed by peroxidation of 
dietary lipids were also determined by the thiobarbi- 
turic acid method [12]. The unsaponifiable content 
of the dietary lipids was estimated by saponification 
in the presence of an antioxidant B-hydroxyacetani- 
lide using the diethyl ether extraction method (Ameri- 
can Oil Chemists Soc. 1946) and the cholesterol con- 
tent of unsaponifiable matter was determined [13]. 
The squalene content of the dietary lipid was esti- 
mated by separation of squalene by column chroma- 
tography [14]. An accurately weighed sample of lipid 
in hexane was put on a Florisil (Floridin and Co.) 
60-100 mesh column and the squalene eluted from 
the column with a further 25 ml of hexane. The eluate 
was evaporated to dryness over a boiling water bath 
and the remaining sample of squalene dried over 
sodium sulphate and weighed. 

Enzyme induction. Induction of drug metabolising 
enzymes was achieved by giving the animals | mg 
sodium phenobarbitone/ml in the drinking water [1]. 

Preparation of microsomal fraction. Each rat was 
killed by cervical fracture, the liver removed and 
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rinsed in ice cold 0.25M sucrose. The microsomal 
fraction was recovered by centrifugation of a 10% 
liver homogenate in 0.25M sucrose at 9000g for 
25min and the microsomes precipitated from the 
supernatant with a calcium salt [15]. The microsomal 
pellet was resuspended in 125mM KCI (05g 
liver/ml) to make a 50% microsomal fraction. 

Determination of oxidative demethylation and cyto- 
chrome P450. The rate of oxidative demethylation of 
aminopyrine and concentration of cytochrome P450 
were determined as previously described [3]. 

Experimental procedure. Diets containing the 
various lipids were fed to groups of 30 rats for 21 
days. After this period 15 rats were given orai pheno- 
barbitone (10 mg phenobarbitone/100 g body weight/ 
day) in the drinking water for 10 days whilst continu- 
ing to feed the diet. Two animals were killed by cervi- 
cal fracture 10, 12, 16, 18 and 21 days after starting 
feeding the diet and then 3, 4, 7, 8 and 10 days after 
administration of phenobarbitone. 


RESULTS 


Diet analysis. Diets were stored at 4° and the per- 
oxide and malondialdehyde contents measured at in- 
tervals during the period of feeding. The main fatty 
acid components of the diet were those recorded by 
Rowe and Wills [3]. Herring oil contained 29% satu- 
rated fatty acids, 12.6% oleic acid, 1.7% linoleic acid, 
1.2% of 18:3, 5.4% of 18:4, 15.8% of 20:1, 21% of 
22:1, 2.4% of 22:5 and 6.4% of 22:6. Its total poly- 
unsaturated fatty acid content was 17.1% and the per- 
oxide content of the diet is shown in Table 1. 

The diet containing lard, which consisted mainly 
of saturated or monounsaturated fat, contained low 
levels of oxidised lipids, while the diet containing her- 
ring oil which consisted of highly unsaturated fatty 
acids and more prone to peroxidation contained 
nearly three times the quantity of lipid peroxides of 
the lard diet (Table 1). The fatty acids of the corn 
oil diet were nearly 50% polyunsaturated, but a high 
concentration of the natural antioxidant Vitamin E 


Table 1. Lipid peroxide and malonaldehyde content of diets 





Additions 


Malonaldehyde 
equiv. 
umoles/kg diet 


Lipid peroxide 
m-moles/kg diet 





©, Oxidised Lard 
5°, Lard 5% OML 
5°, Lard 5% ML 
°., Lard Unsaponifiable matter* 
°, Lard Cholesterolt (2 g/100 g) 
’, Lard 
Lard 
©, Corn oil 
5°, Corn oil 
, Herring oil 
Fat Fee 


Squalenet (1 g/100 g) 


5% OML 


60 +4 
461 + 40 


1.07 + 0.07 
2.63 + 0.24 
3.96 + 0.17 
0.99 + 0.06 
1.59 
1.37 


Oxidised cholesterolt (2 g/100 g) 3.50 


1.55 
0.27 + 0.05 
3.00 + 0.05 
3.16 + 0.1 
0.39 + 0.07 





Results expressed as Mean + S.E.M. 


OML = oxidised methyl linoleate contained 80 m-moles lipid peroxide and 


malonaldehyde/kg. 


371 pmoles 


ML = methyl linoleate (distilled) contained 2.75 m-moles lipid peroxide and 245 umoles 


malonaldehyde/kg. 


* Unsaponifiable matter prepared from a weight of herring oil equivalent to the weight 


of lard used. 


+ 2g Cholesterol and oxidised cholesterol/kg diet. 


t 1 g Squalene/kg diet. 





The effect of dietary lipid peroxides 


Table 2. Unsaponifiable matter and sterols in the dietary 
lipids 





Herring oil 





Unsaponifiable matter (°,) 2.32 
Cholesterol (mg/100 g fat) 745 
Squalene (mg/100 g fat) 900 





(100 mg/kg) [3] kept the lipid peroxide concentration 
at a low level (Table 1). 

Irradiation of the lard with u.v. caused the lipid 
peroxide value of the diet containing lard to increase 
from 1.07m-mole peroxide/kg to 2.63m-mole per- 
oxide/kg, or by 40%, but the irradiation increased the 
aldehyde breakdown products to 750% of the un- 
oxidised lard diet (Table 1). 

Herring oil contained a high percentage of unsa- 
ponifiable matter mostly comprised of cholesterol and 
squalene while lard contained very little unsaponifi- 
able matter and almost no squalene (Table 2). 

Both cholesterol and squalene are readily oxidised 
to the hydroperoxides and the supplementation of the 
lard diet with 0.8% cholesterol hydroperoxide con- 
siderably increased the concentration of lipid per- 
oxides and, to a much smaller extent, aldehydes in 
the diet. Addition of pure cholesterol did not signifi- 
cantly alter the peroxide content (Table 1). Herring 
_ oil contained a high concentration of oxidised lipids 
and when the unsaponifiable matter prepared from 
this oil was added to the lard diet, it caused only 
a small increase in peroxide but a large increase in 
aldehydes (Table 1). This indicated that the peroxides 
in the herring oil were mainiy in the saponifiable frac- 
tion and that only a small proportion were steroid 
or squalene peroxides. 

Effect of oxidised lipids on oxidative demethylation 
and cytochrome P450. The concentration of cyto- 
chrome P450 and the rate of animopyrine demethyl- 
ation as indicated by the V,,,,, in the microsomal frac- 
tion prepared from rats fed a lard diet were both 
significantly less than the values obtained from the 
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fractions prepared from rats fed the corn oil or her- 
ring oil diet (Table 3). The effect of corn oil was 
almost certainly due to the high linoleic acid content 
[3] and this was substantiated by addition of methyl 
linoleate to the lard diet when a greatly increased 
rate of demethylation was observed (Table 3). 

Herring oil, however, contains only 1.7% linoleic 
acid and its effect must be due to other factors. Other 
polyunsaturated fatty acids in herring oil such as 22:6 
(6.4%) may be able to replace linoleic acid but in 
view of the importance ascribed to oxidised lipids and 
oxidised sterols in the induction process [1, 5], it was 
considered possible that the peroxide content of the 
oil might be of major importance. 

The importance of lipid peroxide was studied by 
oxidation of the lard before adding to the diet or 
by addition of oxidised methyl linoleate (OML) to 
lard or corn oil diets. 

Addition of unoxidised methyl linoleate to the lard 
diet significantly increased the concentration of cyto- 
chrome P450 in the microsomal fraction and the rate 
of aminopyrine demethylation, and enhanced slightly 
the inducing effect of phenobarbitone, but the high 
levels of dietary lipid peroxides resulting from adding 
OML to the diet containing lard or corn oil did not 
cause any significant increases in the rate of oxidative 
demethylation or concentration of cytochrome P450 
in the endoplasmic reticulum over and above those 
observed after feeding the lard + ML or corn oil diets 
(Table 3). 

It is thus unlikely that the effect of dietary herring 
oil on the liver enzyme system was a result of its 
lipid peroxide content or aldehyde degradation 
products of peroxidation. 

Effects of unsaponifiable fractions of herring oil, cho- 
lesterol and cholesterol hydroperoxide. In view of the 
fact that the peroxide content of herring oil did not 
appear important for the high rate of oxidative 
demethylation observed, the unsaponifiable fraction 
which formed a relatively large proportion of herring 
oil (Table 2), was prepared and studied. 


Table 3. The effect of dietary lipid peroxide, methyl linoleate and oxidised methyl linoleate on oxidative demethylation 
of aminopyrine and cytochrome P450 concentrations 





Cytochrome P450 
nmoles/mg protein 


Dietary 


Demethylation of 
aminopyrine _ a 
K,,(mM) (nmoles/min/mg protein) 





lipid peroxide 


Diet m-moles/kg Basic 


Induced Basic Induced Basic Induced 





10°, Lard 1.07 0.47 
+0.01 

(12) 

10°,, Oxidised Lard 2: 0.51 
+0.04 
5°, Lard + 5% OML t 0.42 
+0.03 

(7) 
5°, Lard + 5°, ML i 0.74 
+0.05 

(9) 
10°,, Corn oil ¥. 0.62 
+0.03 

(14) 
5°,, Corn oil + 5°, OML . 0.42 
+0.05 

(6) 

10°., Herring oil 3.16 0.83 
+0.04 


1.15 0.49 0.41 4.45 10.95 
+0.06 +0.02 +0.01 +0.01 +0.74 
(12) (12) (12) (12) (12) 

1.26 0.59 0.47 4.66 11.60 
+0.07 +0.03 +0.03 +0.19 +0.58 

1.06 0.60 0.43 6.46 14.28 
+0.09 +0.06 +0.02 +051 +0.34 

(7) (7) (7) (7) (7) 

1.44 0.50 041 7.75 14.89 
+0.10 +0.08 +0.04 +0.48 +0,.32 
(10) (9) (10) (9) (10) 

1.48 0.55 0.46 6.06 13.20 
+0.26 +0.01 +0.02 +0.28 +0.78 
(14) (14) (14) (14) (14) 

1.19 0.71 0.44 5.73 13.52 
+0.12 +0.05 +0.03 +0.74 

(7) (6) (7) (6) (7) 

1.63 0.59 0.38 8.36 17.93 
+0.04 +0.02 +0.01 +0.41 +0.89 


+1.02 





Figures in parenthesis are the number of animals used and results are expressed as Mean + S.E.M. 


OML = oxidised methyl linoleate. 
ML = methy! linoleate. 
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Effect of unsaponifiable matter and dietary sterols on microsomal aminopyrine demethylase activity and levels 


of cytochrome P450 





Cytochrome P450 
nmoles/mg protein 


Aminopyrine demethylation 





V, 


max 
K,, (mM) (nmoles/min/mg protein) 





Diet Basic 


Induced 


Basic Induced Basic Induced 





0.47 + 0.01 
0.69 + 0.03 
0.70 + 0.04 
0.63 + 0.03 
0.83 + 0.04 


10%, Lard 

10% Lard + cholesterolt 

10%, Lard + unsaponifiable matter* 
10% Lard + squalene} 

10% Herring oil 


1.15 + 0.06 
2.08 + 0.17 
187+ 0.11 
1.78 + 0.12 
1.63 + 0.14 


0.49 + 0.02 
0.58 + 0.02 
0.44 + 0.02 
0.52 + 0.03 
0.59 + 0.02 


0.41 + 0.01 
0.41 + 0.02 
0.40 + 0.01 
0.46 + 0.02 
0.38 + 0.01 


445 + 0.10 
5.83 + 0.24 
8.84 + 0.40 
5.79 + 0.29 
8.36 + 0.41 


10.95 + 0.74 
13.08 + 0.83 
15.34 + 0.63 
15.05 + 0.73 
17.93 + 0.87 





Results are expressed as Mean + S.E.M. 


* Unsaponifiable matter of herring oil equivalent to weight of dietary lard. 


+ 2 gm cholesterol/kg diet. 
t 1 gm squalene/kg diet. 


Saponifiable matter was prepared from herring oil 
and a quantity added to lard so that each gram of 
lard contained the unsaponifiable matter from 1g 
herring oil. This diet would thus be exactly equivalent 
to herring oil in respect of the unsaponifiable fraction. 

The supplementation of the lard diet with unsa- 
ponifiable matter from herring oil increased the levels 
of both cytochrome P450 and rate of aminopyrine 
demethylation close to the values observed after feed- 
ing the herring oil. Addition of cholesterol and squa- 
lene to the lard diet also increased considerably the 
values of these parameters, but neither was as effective 
as the unsaponifiable fractions. This is shown most 
clearly in the un-induced animals where the V,,,, after 
addition of saponifiable matter to the lard was con- 
siderably -more than that after feeding lard + choles- 
terol or lard + squalene (Table 4). 

It is significant that phenobarbitone induction was 
most effective after feeding diets in which cholesterol 
or squalene was mixed with lard. Increases of 300% 
in cytochrome P450 after addition of cholesterol and 
283% after addition of squalene were observed (Table 
4). Increases in the rates of oxidative demethylation 
were 224% for cholesterol addition and 260% for 
squalene addition. 

Dietary cholesterol or squalene thus directly in- 
duces the concentration of cytochrome P450 in the 
endoplasmic reticulum and enhances the inductive 
effect of phenobarbitone, particularly on cytochrome 
P450 (Table 4). 

The incorporation of cholesterol hydroperoxide in 
the diet was not more effective than cholesterol in 
increasing the concentration of cytochrome P450 or 
activity of aminopyrine demethylation, either before 
or after phenobarbitone treatment (Table 5). 


DISCUSSION 

In an earlier investigation [3] we demonstrated 
that the strong enhancement of the rate of oxidative 
demethylation in the liver endoplasmic reticulum 
after feeding corn oil could be accounted for by its 
linoleic acid and Vitamin E contents. Vitamin E was 
effective in increasing the rate of oxidative demethyl- 
ation when added to a lard diet [3]. 

Pure re-distilled methyl linoleate, when added to 
a lard diet caused a large stimulation of the rate of 
oxidative demethylation and concentration of cyto- 
chrome P450. This, together with results obtained 
using corn oil, clearly establish the important role 
played by dietary linoleic acid in inducing a high rate 
of oxidative demethylation. 

Previously, some investigators [1,5] have reported 
that organic peroxides or oxidised lipids in the diet 
enhanced the induction of cytochrome P450 and mic- 
rosomal hydroxylation. Formation of peroxide in the 
lard diet before feeding caused no significant increase 
in the cytochrome P450 concentration and rate of 
oxidative demethylation beyond that observed after 
feeding the lard diet (Table 3). Addition of oxidised 
methyl linoleate to the corn oil diet did not change 
the basic or induced rate of oxidative demethylation 
and even decreased the levels of cytochrome P450 
(Table 3). The results of these experiments do not 
therefore support the importance of dietary lipid per- 
oxides or their degradation products for activation 
or induction of enzymes involved in oxidative 
demethylation. 

Of the dietary fats so far studied herring oil has 
been found to be most effective in causing a very 
high rate of oxidative demethylation and a maximum 
induction after phenobarbitone treatment. 


Table 5. Effect of dietary oxidised sterols on microsomal aminopyrine demethylase activity and levels of cytochrome 
P450 





Dietary lipid 
peroxides 


Cytochrome P450 


(nmoles/mg protein) 


Aminopyrine demethylation 





V, 


K,, (mM) (nmoles/min/mg protein) 





m-moles/kg 


Diet diet Basic 


Induced 


Basic Induced Basic Induced 





10°,, Lard + cholesterol 1.37 
10°,, Lard + cholesterol 
hydroperoxide 3.50 


0.69 + 0.03 


0.62 + 0.04 


2.08 + 0.17 


1.75 + 0.16 


0.58 + 0.02 0.41 + 0.02 5.83 + 0.24 13.08 + 0.35 


0.57 + 0.08 0.45 + 0.03 6.32 + 0.15 12.42 + 0.35 





2 gm cholesterol or cholesterol hydroperoxide/kg diet. 
All results are expressed as Mean + S.E.M. 





The effect of dietary lipid peroxides 


The effect of herring oil is unlikely to be due to 
its linoleic acid content which is only 1.7%, much 
less than corn oil (50%), and even less than lard 
(5.9%). 

Several possible explanations could be advanced to 
explain the great efficiency of herring oil: its content 
of more highly unsaturated fatty acids such as of 
22:6 (6.4%) or 18:4 (5.7%), its very high peroxide 
content (Table 1) or its high content of unsaponifiable 
matter including squalene and especially cholesterol 
(Table 2), could be involved separately or additively. 

Although the peroxide and aldehyde concentrations 
of the herring oil were very high and much higher 
than corn oil (Table 1), it would appear very unlikely 
that these were important factors because, as dis- 
cussed above, oxidation of lard or addition of 
oxidised methyl linoleate did not increase the rate 
of oxidative demethylation (Table 3). 

The highly unsaturated fatty acids, such as 18:4 
or 22:6 could be incorporated into the membrane 
directly and convert it into a configuration which is 
very effective in activation of the enzymes. We have 
shown recently* that rats fed a diet of herring oil 
incorporated much more highly unsaturated acid 
such as 22:6 into their endoplasmic reticulum lipid 
than those animals fed a normal diet. Degradation 
and saturation of these highly unsaturated fatty acids 
to form linoleic acid may occur but as the total con- 
tent of these acids is only 17% of the total fatty acid 
content of herring oil it is very unlikely that this oil 
would be more effective than corn oil with its 50% 
content of linoleic acid. 

It would thus appear that the unsaponifiable, or 
sterol fraction of the oil is of major importance. 

Addition of the unsaponifiable fraction from her- 
ring oil to the lard diet produced values for cyto- 
chrome P450 concentration and rate of oxidative 
demethylation close to those observed after feeding 
herring oil (Table 4). This demonstrates that the unsa- 
ponifiable fraction of the herring oil is of major im- 
portance in producing the increased rate of oxidative 
demethylation. Addition of pure cholesterol or pure 
squalene to the diet also increased the rates and 
although these additions were less effective than the 
unsaponifiable fraction before induction they per- 
mitted a very effective induction of cytochrome P450 
concentration and rate of oxidative demethylation by 
aminopyrine (Table 4). 

Addition of pure cholesterol to the diet had pre- 
viously been found to have little effect on levels of 
hepatic cytochrome P450 and demethylation but that 
“aged” or oxidised cholesterol induced drug metabo- 
lism and particularly enhanced the inducing effect of 
phenobarbitone [1, 5]. 

Both the pure cholesterol and pure cholesterol hyd- 
roperoxide induced the levels of cytochrome P450 
and N-demethylation to an approximately equal 
extent (Table 5). Thus the effects observed for “aged” 
cholesterol are unlikely to be ascribed to a preformed 
cholesterol hydroperoxide. The enhancing effect of 





*C. E. Hammer and E. D. Wills, unpublished observa- 
tions. 
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cholesterol on the drug metabolising enzyme system 
could be a result of a specific inductive effect similar 
to that caused by phenobarbitone. 7«-hydroxylation 
of cholesterol, is an important step in its metabolism 
to bile acids and may be dependent on a cytochrome 
P450 which is similar to, but not identical with the 
cytochrome P450 essential for drug hydroxyl- 
ation [16]. 

Alternatively, a direct incorporation of the dietary 
cholesterol into the membranes cannot, however be 
excluded. Rapid proliferation of membranes following 
phenobarbitone induction requires much extra cho- 
lesterol and internal synthesis may not be able to 
keep pace with demand. 

It may be concluded that a supply of dietary sterols 
is essential for maximum activity of oxidative demeth- 
ylation and especially when linoleic acid is in restric- 
tive supply and for maximum induction by phenobar- 
bitone. Cholesterol hydroperoxide is not more effec- 
tive than cholesterol but the non-saponifiable fraction 
of herring oil appears to contain other, so far un- 
identified components, which increase the activity of 
the system. 
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Abstract—The effect of variations of the nature of the lipid content of the diet has been studied 
on the rate of formation of hydroxylated derivatives of benzo[a]pyrene in liver endoplasmic reticulum. 
Measurements were made by a fluorimetric determination of the hydroxylated products and by separ- 
ation of radioactive products from labelled benzo[a]pyrene. Hydroxylation was minimal when a fat 
free diet was fed, little affected by addition of 10% lard (containing mainly saturated and monounsatur- 
ated fatty acids but only 6% linoleic acid) but incr2ased to a significant extent by 10% corn oil (contain- 
ing 50% linoleic acid). Addition of 10% herring oil (containing 15.4% polyunsaturated fatty acids but 
only 1.7% linoleic acid) to the diet did not increase the rate of hydroxylation. Methyl linoleate signifi- 
cantly increased the rate of hydroxylation, Vitamin E did not affect it and cholesterol was inhibitory 
by some tests. 

These experiments demonstrate similarities and important differences in the responses of oxidative 
demethylation of drugs and hydroxylation of carcinogens to dietary lipids. Both processes are enhanced 
by a supply of dietary linoleic acid but cholesterol and Vitamin E which stimulate oxidative demethyla- 
tion do not significantly affect hydroxylation of benzo[a]pyrene. These different requirements for dietary 
lipids may demonstrate that membranes of different structure are required for maximum activity of 


the two enzyme systems. 


The quantity and composition of lipid in the diet play 
an important role in the regulation of the activity 
of the microsomal drug oxidation enzyme system and 
the concentration of cytochrome P450, both before 
and after induction with phenobarbitone. Polyun- 
saturated fatty acids, and expecially linoleic acid, 
sterols and vitamin E are essential in the diet for 
maximum activity of the hepatic drug metabolising 
enzyme systems [1-4]. 

The oxidative metabolism of carcinogenic poly- 
cyclic hydrocarbons, which is likely to be essential 
for the conversion of hydrocarbons such as benzo[a]- 
pyrene to the active carcinogenic form [5-7], occurs 
in two stages. The first stage which is NADPH depen- 
dent, produces epoxides which are converted by an 
epoxide hydratase to diols. The formation of hydroxy- 
lated derivatives of hydrocarbons in the liver and lung 
but not the kidney is decreased by feeding a low pro- 
tein diet. It is also influenced by dietary lipid but 
the actual factors in the dietary lipids responsible for 
the variation are uncertain [8]. 

Experiments were therefore designed to investigate 
the nature of the dietary lipid factors which influence 
the enzymes involved in hydrocarbon hydroxylation 
and establish whether these were the same or different 
from those which we had shown regulate the activity 
of oxidative drug metabolism [4]. 


MATERIALS AND METHODS 


Rats. Male albino rats, 6-7 weeks old, weight 
120-150 g were used in all experiments. Food and 
water were available ad lib. 


Diets. Purified fat free diets were prepared accord- 
ing to Diplock et al. [9] and contained 25% casein 
(Unigate Ltd.), 30% sucrose, 20% wheat starch (Adcol 
Ltd.), 10% dried yeast (Bovril Ltd.), 10% lipid and 
5% Cox’s salt mix. The diet was supplemented with 
Rovimix AD, (Roche Ltd.), supplying 5,000 i.u. Vit. 
A and 1,000 i.u. Vit. D3/kg diet. 

Dietary lipid components. Corn oil (Mazola C.P.C.) 
or lard, free from antioxidants (Unigate Ltd.) or 
refined herring oil (Marfleet Refining Co., Marfleet, 
Hull) were added as the dietary lipid to give a final 
concentration of 10% lipid. The 10% lipid fraction 
of some diets was made up of 50% antioxidant free 
lard and 50% redistilled methyl linoleate (Koch Light 
Ltd.). Pure cholesterol (BDH, Analar) 2g cholester- 
ol/kg diet), purity determined by t.l.c. [10] and D-a- 
tocopherol (Sigma) (120 mg/kg diet) were added to 
some diets after mixing into the lard. 

The iodine numbers of the dietary lipids were deter- 
mined according to Wij’s method [il], the mixed 
tocopherol content and the fatty acid composition of 
the dietary lipids by the methods described by Rowe 
and Wills [4] and the cholesterol concentration in 
the unsaponifiable matter of the dietary lipids by the 
method of Mann [12]. 

Preparation of microsomal fraction. Each rat was 
killed by cervical fracture and the liver blotted dry 
and weighed. A 5g sample of each liver was finely 
chopped and homogenised for 1 min in 5 vol. of ice 
cold 125mM KCI using a Potter-Elvehjem homo- 
geniser. The cell debris, nuclei and mitochondria were 
removed by centrifuging for 25min at 9,000g av in 
a MSE 18 refrigerated centrifuge. The supernatant 
was removed and centrifuged at 100,000g av in a 
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MSE 50 centrifuge. The pellet was washed and resus- 
pended in 125 mM KCI (0.5 g liver/ml) to make a 50% 
microsomal fraction. Phenobarbitone induction of the 
microsomal aryl hydrocarbon hydroxylase activity 
after 21 days on special diets was achieved by giving 
animals 1 mg/ml sodium phenobarbitone in their 
drinking water [13]. 

Benzo[alpyrene hydroxylation. The rate of hydroxy- 
lation benzo[a]pyrene which is dependent on epoxida- 
tion and hydration of the epoxide was assayed by 
the method of Nebert and Gelboin [14] and by a 
modified method of Waterfall and Sims [15]. The 
assay medium of the second method contained 0.6 
mM NADPH, 1.25mM MgCl,, 0.05M Na,HPO,/ 
NaH,POs,, pH 7.4, 62.5mM KCI and 20-30 mg mic- 
rosomal protein or protein equivalent to 1 g liver, in 
a final vol. of 10 ml. The reaction was started by addi- 
tion of 1 umole benzo[a]pyrene in 0.5 ml acetone and 
0.1 zmoles of radioactive benzo[a]pyrene (G-[*H ]ben- 
zo[a]pyrene), incubated for 30 min at 37° in a shaking 
water bath and was stopped by addition of 50 ml ice 
cold ethyl acetate. Ethyl acetate was added to the 
blank samples prior to incubation and all samples 
were shaken mechanically for 10 min. The ethyl acet- 
ate phase was removed, the aqueous phase re- 
extracted with a further 50 ml ethyl acetate and the 
combined extracts (100 ml) were dried over 15 g anhy- 
drous sodium sulphate for 18 hr. 

The ethyl acetate was evaporated under reduced 
pressure at 35° and the residue taken up in 0.5 ml 
ethyl acetate. The sample (0.3 ml) was spotted onto 
a 10 x 20cm thin layer chromatographic plate spread 
with 0.2mm silica gel, and developed in a solvent 
containing benzene-ethanol (9:1 v/v). The products 
were located and examined under an_ ultra-violet 
lamp, wave length 350 nm, and the fluorescent bands 
were marked. 

Sections of silica gel were scraped off into scintilla- 
tion vials and 10ml 0.4% BBOT in toluene added, 
shaken well and the radioactivity measured by count- 
ing on a Packard Tricarb liquid scintillation spec- 
trometer. All the samples were corrected with an 
external normalisation standard at 100% efficiency 
because the quenching caused by various coloured 
components of the benzo[a]pyrene metabolites was 
unknown. Specific activity of the radioactive ben- 
zo[a]pyrene was determined and the proportion of 
the total quantity of benzo[a]pyrene converted to 
each metabolite was calculated. The quantities of 
metabolites formed by non-enzymic oxidation were 
allowed for and the results expressed as pmoles ben- 
zo[a]pyrene converted to each metabolite/mg pro- 
tein/30 min. 

Experimental plan. Each diet was fed to a group 
of 16 rats for 21 days after which phenobarbitone 
was incorporated into the drinking water so that each 
animal received 10 mg/100g body weight/day. Four 
animals were killed on each of the days 7, 9, 11 and 
14 after commencing the phenobarbitone treatment 
so that the total period of feeding special diets ranged 
from 28 to 35 days. 


RESULTS 


Diet analysis. The fatty acid composition of the 
lard, corn oil and herring oil are shown in Table 1 
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Table 1. Fatty acids analysis of dietary lipids 





% Total fatty acid 





Fatty acids Lard Corn oil Herring 





31.4 
2.4 
12.6 
46.3 
5.9 


ANANAAANAAAAAN 


NNN ee ee ee 
Y~ NN OOH COD OHAA 


ANKK BUNK SHSS 


QO 
N 
t 


Minor 
constituents 
unidentified 





and the relative quantities of vitamin E and choles- 
terol are shown in Table 2. 

Benzo[a]pyrene metabolism. Six metabolites were 
formed from benzo[a]pyrene after incubation with 
the microsomal fraction. The R, values of the prod- 
ucts and their fluorescent properties in u.v. light 
before and after exposure to ammonia are shown 
in Table 3. Metabolite | was identified as 3-hydroxy- 
benzo[a]pyrene by use of an authentic standard and 
the major part of the radioactivity, 50-60%, was also 
found in the fraction, but the other 5 metabolites were 
not clearly identified because no authentic standards 
were available. However, by comparison of the R, 
values and the fluorescent properties of the metabo- 
lites with those described by Waterfall and Sims [15] 
and Sims [16], we considered that metabolite 2 was 
likely to be 7, 8-dihydro-7, 8-dihydroxy benzo[a]pyr- 
ene, metabolite 3 was likely to be 9, 10-dihydro-9, 
10-dihydroxy benzo[a]pyrene and metabolite 5 was 
likely to be 1,2-dihydro-1,2-dihydroxy benzo[a]pyr- 
ene. 

Effects of feeding diets containing no fat, lard, corn 
oil or herring oil on benzo[a]pyrene hydroxylation. 
Changes in the lipid constitution of the diet caused 
significant changes in the quantity of 3 hydroxy ben- 
zo[a]pyrene whether determined fluorimetrically or 
measured by the formation of total radioactive meta- 
bolites or metabolites 1, 4, 5 and 6. No significant 


Table 2. Vitamin E and cholesterol content of diets 





Cholesterol 
content 
mg/kg diet 


Vitamin E 
content 


Diet mg/kg diet 





Fat free - - 
10% Lard 
10% Corn oil 
10% Herring oil 
5% Lard + 5% 
methyl linoleate 
10% Lard + 0.2% 
cholesterol a 2090 
10% Lard + vit E* 20.0 90 





* 120 mg D-a-tocopherol/100 g lard or /kg diet. 
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Table 3. Analysis of metabolites of benzo[a]pyrene by thin layer chromatography 





R; in 
benzene- 
ethanol 


Compound (9:1 v/v) 


Fluorescence in u.v. light 





After exposure 


Immediate to ammonia 





Benzo[a ]pyrene 
Metabolite (1) 
3-hydroxybenzo[a]- 
pyrene 

Metabolite (2) 
Metabolite (3) 
Metabolite (4) 
Metabolite (5) 
Metabolite (6) 


Violet Violet 


Violet Green 
Violet 
Violet 
Violet 
Violet 
Biue 


Blue/Violet 
Violet/Blue 
Violet 
Violet 
Blue 





The solvent system was benzene-ethanol (9:1 v/v) stationary phase silica gel G. 


changes were observed in metabolites 2 and 3 after 
feeding each of the diets used. Feeding a fat free diet 
caused the formation of a smaller quantity of total 
metabolites and of each separated metabolite, than 
each of the fat containing diets tested (Table 4). Meta- 
bolite 5 which was formed to a much smaller extent 
after feeding a fat free diet than after feeding any 
other diet may be of special interest (Table 4). 

If 10% lard (containing 5.9% linoleic acid) was 
added to the diet, the formation of the total quantity 
of hydroxylated products of benzo[a]pyrene was in- 
creased to a small and not significant extent over that 
observed after feeding a fat free diet but much greater 
quantities of metabolites 5 and 6 were produced. 
Feeding a diet containing 10% corn oil caused large 
and significant increases in 3 hydroxy benzo[a]pyrene 
determined spectrofluorimetrically and in the total 


metabolites and metabolites 1, 4, 5 and 6, determined 
by the radioactive method and separated by tlc. 
(Table 4). After feeding a herring oil diet (containing 
55.2% monoethenoid fatty acids but also 15.4% 
polyethenoid fatty acids), the formation of hydroxy- 
lated products of benzo[a]pyrene was not signifi- 
cantly different from that observed after feeding a fat 
free or lard diet (Table 4). 

These experiments indicated that dietary linoleic 
acid was likely to be important for the metabolism 
of benzo[a]pyrene in the liver and this was tested 
by addition of 5% methyl linoleate to 5% lard diet. 
This additive caused the oxidation of benzo[a]pyrene 
as measured by the rate of formation of metabolite 
1 and by total radioactive metabolites to increase to 
values similar to those obtained after feeding a diet 
containing 10% corn oil. Measurements of the rate 


Table 4. The effect of dietary lipids on the formation of hydroxylated derivatives of benzo[a]pyrene 





Radioactivity measurement (pmoles benzo[a]pyrene converted to each 
metabolite/mg protein/30 min) 


Spectrofluorimetric 
determinations 
(pmoles 
3-hydroxybenzo 





Total 


Diet Metabs. Metab.1 Metab.2 Metab. 3 


[a]pyrene formed/ 


Metab. 4 Metab.5 Metab.6 mg protein/30 min) 





1875 733 
+ 250 + 137 
4798 1500 1128 
+ 380 + 240 + 286 
NS NS NS 
10% Corn 7030 
oil + + 663 
P < 0.02 NS NS 


4359 
+ 876 


Fat free 


10% Lard 


10% Herring 8782 
oil 
NS NS NS 
6955 
+ 721 


P < 0.02 NS NS 


5% Lard + 
5% methyl 
linoleate 
10% Lard + 

vit. E* 

NS NS NS 
10% Lard 
+ 0.2% + 
cholesterol P < 0.05 NS NS NS 


923 196 - 311 
+ 294 + 74 + 60 
1185 1105 499 
+ 94 + 151 + 58 6682 + 254 
NS P<0001 P<0.05 NS 
1635 575 
+ 149 + 56 
P < 0.05 P< 0.01 
689 
+ + 102 6992 + 309 
NS } P < 0.01 NS 


6486 + 287 


9353 + 501 
P < 0.01 


+ 8084 + 587 
NS . NS P < 0.05 
7149 + 230 
NS : NS 


7258 + 396 
NS 





Results are expressed as the mean + SEMss of 16 animals. Significance tests for 10% lard, herring oil and corn 
oil diets related to values obtained for fat free diet. Significance tests for lard and methyl linoleate, lard and Vit. 
E and lard and cholesterol related to values obtained after feeding 10% lard diets. P values >0.05 classed as NS. 
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of formation of 3 hydroxy benzo[a]pyrene were 
greater than those after feeding lard but of much 
smaller significance (Table 4). 

Effect of dietary cholesterol. The failure of the her- 
ring oil diet to stimulate oxidative metabolism of ben- 
zo[a]pyrene may have been due to the high choles- 
terol content of the oil, which raised the cholesterol 
content of the diet to 745 mg/kg (Table 2). 

The effect of dietary cholesterol was studied by sup- 
plementing the 10% lard diet with 2g cholesterol/kg 
diet. This addition decreased the rate of formation 
of metabolite 1 to a small and not significant extent 
but greatly depressed the formation of metabolite 5 
(Table 4). Total metabolites determined by each 
method were not significantly different from results 
obtained after feeding a lard diet. 

Effect of dietary vitamin E. Feeding a 10% corn oil 
diet containing 100 mg vitamin E/kg diet resulted in 
a higher rate of hydroxylation of benzo[a]pyrene 
than after feeding a diet containing 10% lard contain- 
ing only 2.3 mg vitamin E/kg diet (Table 4). However, 
supplementation of the 10% lard diet with 120mg. 
p-«-Tocopherol/kg diet caused no significant changes 
in the rate of hydroxylation of the benzo[a}pyrene 
as measured by the total metabolites formed and 
spectrofluorimetrically (Table 4). These results indi- 
cate that Vitamin E was not responsible for the high 
rate of hydroxylation of benzo[a]pyrene observed 
after feeding a diet containing 10% corn oil and that 
this effect was much more likely to be caused by the 
supply of a high concentration of linoleic acid pro- 
vided by the corn oil (Table 1). 


DISCUSSION 


The oxidative metabolism of benzo[a]pyrene is 
catalysed by two enzyme systems, firstly, an NADPH 
dependent system which catalyses epoxidation and 
secondly an epoxide hydratase which converts the 
epoxides to diols. In this investigation we have only 
studied the end products of the process, the hydroxy- 
lated derivatives of benzo[a]pyrene and the effects of 
the diets tested may have been mediated by changes 
in the activity of the enzyme system involved in epoxi- 
dation, in the epoxide hydratase or both. In view of 
the fact that it has been demonstrated [4] that dietary 
lipids affect the oxidative metabolism of drugs it 
would appear that it is more likely that effects 
observed are a result of changes in activity of the 
epoxidation system. There is a clear requirement for 
lipid in the diet for a maximum rate of hydroxylation 
in benzo[a]pyrene because the enzyme activity was 
lower after feeding a fat free diet than after feeding 
a diet containing any fat tested. Although the very 
large increases in metabolite 5 caused by feeding lipid 
containing diets may be very important it is difficult 
to be certain about the significance of the finding 
because, as explained in the Results section, its precise 
identification was not established. If it is 1, 2 dihydro, 
1-2 dihydroxy benzo[a]pyrene, as suggested in the 
Results section, then changes in the composition of 
the membrane lipids, caused by dietary change may 
alter the specificity of the enzyme system so that ben- 
zo[a]pyrene is preferably oxidised to form this prod- 





* L. Lambert and E. D. Wills, unpublished observations. 
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uct (Table 4). Inclusion of polyunsaturated fatty acids 
in the diet is mainly responsible for the increased rate 
of benzo[a]pyrene oxidation when fats are added to 
the diet. This view is supported by the fact that when 
the concentration of linoleic acid in the diet was sub- 
stantially increased by incorporating corn oil or 
methyl linoleate it caused a very marked increase in 
the rate of benzo[a]pyrene oxidation (Table 4). 

The constitution of dietary lipids has a profound 
effect on the fatty acid composition of the phospho- 
lipids of the microsomal membrane [2, 3], and incor- 
poration of linoleic acid into the phospholipids of the 
hepatic endoplasmic reticulum appears to be of vital 
importance in maintaining the maximum activity of 
the membrane dependent enzyme system which cata- 
lyses oxidative metabolism of the carcinogen ben- 
zo[a]pyrene as well as being essential for the oxida- 
tive drug metabolising enzyme system. Phospholipids 
containing linoleic acid in the fatty acyl chains may 
be essential for the formation of membranes of correct 
structure ‘and configuration for support of drug and 
carcinogen metabolising enzymes, or alternatively, the 
active sites of these enzymes may be altered by the 
presence of linoleic acid in the phospholipids of the 
endoplasmic reticulum so that, as a result, the enzyme 
activity is increased. 

In addition to supplying linoleic acid, corn oil pro- 
vides a good source of natural vitamin E while lard 
supplies a minimal quantity of the vitamin. Vitamin 
E in the diet is essential for maximum activity of oxi- 
dative drug metabolism, expecially aminopyrine 


N-demethylation [4] and is believed to increase the 
stability of the microsomal membrane lipids and 


maintain the structural configuration of the mem- 
branes [17]. 

Supplementation of the lard diet with 120 mg D-a- 
tocopherol/kg diet did not, however, increase the rate 
of hydroxylation of benzo[a]pyrene above that found 
after feeding a diet containing lard. Therefore oxi- 
dation of benzo[a]pyrene may require a less stable 
membrane for activity than aminopyrine demethylase 
or the structure of the membrane required for ben- 
zo[a]pyrene hydroxylation may differ from that 
which is required for aminopyrine demethylation in 
its vitamin E content. 

A diet containing 10% herring oil strongly enhances 
oxidative demethylation of drugs in the endoplasmic 
reticulum compared with a lard or fat free diet [4], 
but feeding this diet resulted in a rate of hydroxyl- 
ation of benzo[a]pyrene which was similar to that 
after feeding a diet containing lard (Table 4). Herring 
oil contains a very low concentration (1.7%) of diene 
(Table 1) and although this may be responsible for 
its failure to enhance hydroxylation of benzo[a]pyr- 
ene the large concentrations of highly unsaturated 
fatty acid in the oil appear to compensate for the 
linoleic acid which is required for oxidative demethyl- 
ation [4]. 

Herring oil also contains a high concentration of 
cholesterol (Table 2) and we have already shown* 
that the addition of cholesterol to a lard diet stimu- 
lates the activity of the enzyme system involved in 
oxidative drug metabolism. However, supplemen- 
tation of the lard diet with cholesterol did not in- 
crease the rate of hydroxylation of benzo[a]pyrene 
and by some criteria reduced the rate (Table 4). The 
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low rate of hydroxylation of benzo[a]pyrene activity 
observed after feeding a diet containing 10% herring 
oil may therefore be caused by the presence of high 
concentrations of cholesterol in the herring oil (Table 
2). This could imply that the membrane with a high 
concentration of cholesterol is of unsuitable configur- 
ation for the support of the oxidation of cyclic hydro- 
carbons, or cholesterol could act as a substrate ana- 
logue for benzo[a]pyrene, preferably undergoing oxi- 
dative metabolism at the expense of the carcinogen. 
The oxidative metabolism of drugs such as amino- 
pyrine and oxidative metabolism of benzo[a]pyrene 
on the liver endoplasmic reticulum both require a 
supply of dietary linoleic acid for maximum activity 
but Vitamin E which enhances oxidative drug 
demethylation has no effect on benzo[a]pyrene meta- 
bolism and cholesterol which also enhances oxidative 
drug metabolism has a weak inhibitory effect on ben- 
zo[a]pyrene oxidation. 
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Abstract—{1) Suloctidil (1-(4-isopropylthiophenyl)-2-n-octylamino-propanol) inhibited the in vitro lipo- 
lysis due to the action of isoproterenol, ACTH, and dibutyryl cAMP in rat epididymal adipose tissue 
fragments. Fifty per cent inhibition occurred at a 2 x 10°* M suloctidil concentration. The drug was 
not affecting cAMP and ATP levels. (2) Suloctidil inhibited non-competitively the hormonally stimu- 
lated activity of a crude preparation of triglyceride lipase, with a K;,,, of 2.5 x 10°*M. No effect 
was observed on lipoprotein lipase. (3) It is suggested that the antilipolytic action of the drug lies, 
at least partly, beyond the adenylate cyclase step, i.e. directly on the hormone sensitive triglyceride 
lipase. This effect is compared with that of nicotinic acid, clofibrate, procaine, and f-adrenergic blocking 


agents. 


Hormone stimulated lipolysis in adipose tissue is 
mediated by cyclic 3’,5’-adenosine monophosphate 
(cAMP). cAMP activates a protein kinase, which sub- 
sequently phosphorylates a triglyceride lipase, result- 
ing in its activation [1]. This lipase in turn catalyses 
the stepwise hydrolysis of triglycerides to yield gly- 
cerol and free fatty acids. 

A number of agents have been shown. to inhibit 
lipolysis by interfering with some step in the lipolytic 
process [2, 3]. Previous work has shown that sulocti- 
dil (1-(4-isopropylthiopheny])-2-n-octylamino-pro- 
panol) inhibits in vitro norepinephrine- and theophyl- 
line-induced lipolysis in rat epididymal fat. In vivo, 
this drug also displays hypolipidemic activity in the 
Rhesus monkey. In addition, suloctidil is a vascular 
antispasmodic agent endowed with antithrombogenic 
effects and with antiplatelet and blood viscosity-low- 
ering activity [4]. In this study, the mechanism of 
action of suloctidil in inhibiting hormone-stimulated 
lipolysis in rat adipose tissue fragments was exam- 
ined. 


MATERIALS AND METHODS 


Epididymal fat bodies were obtained from Wistar 
rats (140-160 g) which has been fed ad lib. on a stan- 
dard laboratory chow (U.A.R., Villemoisson, France). 

In vitro lipolysis. Forty-eight fragments were col- 
lected from four rats and distributed at random in 
twelve flasks. In each flask four fragments weighing 
approximately 160 mg altogether were incubated with 
shaking in 2ml Krebs-Ringer bicarbonate medium 
(pH 7.4) containing 4% (w/v) albumin for 2 hr at 37° 
in a gas phase of 95% O, + 5% CO. The net release 
of glycerol was used as an index of lipolysis. Medium 
glycerol was measured enzymatically [5] and 
expressed in pmoles released/2 hr/100 mg fresh tissue. 





* Sulocton®, Continental Pharma, S.A., Brussels, Bel- 
gium. 

+ Stagiaire de Recherches du Fonds National de la 
Recherche Scientifique (Brussels, Belgium). 


cAMP levels. Adipose tissue fragments were prein- 
cubated in 2ml Krebs-Ringer bicarbonate medium, 


* containing 4% (w/v) albumin and | mM theophylline. 


After 30 min, the fragments were transferred into fresh 
medium containing the lipolytic agent. After 10 min 
(i.e. at a time corresponding to peak cAMP levels 
following the induction of lipolysis), the fragments 
were frozen at —70° in 2 ml trichloroacetic acid 5% 
(w/v) and then homogenized by ultrasonication. After 
centrifugation for 10min at 1100g, the supernatant 
was acidified with 0.1 ml 1 N HCl and extracted five 
times with 2.5 volumes diethyl ether. After lyophilisa- 
tion the extract was dissolved in water and cAMP 
was determined by the protein binding assay of Gil- 
man [6]. 

ATP levels. ATP levels were determined in adipose 
tissue fragments under conditions identical to those 
used for the measurement of lipolysis. At the end of 
the 2 hr incubation, the tissue fragments were frozen 
at —70° in 1 ml M perchloric acid. After ultrasonica- 
tion, 50 yl of the internatant was used for ATP deter- 
mination according to the luciferin-luciferase method 
of Bihler and Jeanrenaud [7]. ATP standards were 
also prepared in 1 M perchloric acid. 

Hormone-sensitive triglyceride lipase activity (EC 
3.1.1.3). Lipase activity in adipose tissue homogenates 
was assayed by the second method of Khoo and 
Steinberg [8] which is based on the hydrolysis of tri 
[1-'*C]oleylglycerol and the extraction of free 
[1-'*C]oleate by liquid-liquid partition. The homo- 
genate was prepared from epididymal adipose tissue 
of rats fasted 24hr prior to sacrifice. Fat pads were 
preincubated for 2hr in 4ml Krebs-Ringer bicar- 
bonate buffer containing 4% bovine serum albumin. 
Epinephrine in a final concentration of 5 x 10°°M 
was added 15 min before the end of this preincubation 
period. The adipose tissue was homogenized in a glass 
tissue grinder containing 5 vol. of 0.25 M sucrose with 
1mM EDTA. The homogenate was centrifuged at 
100,000 g for 1 hr. The internatant was used as enzy- 
matic source for lipase activity determination. The 
assay system contained in a total vol. of 0.8ml: 1 
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or 0.5 umole of tri{1-'*C]Joleylglycerol (0.125 Ci per 
umole of triolein) sonicated in 2.5mg gum arabic; 
20 mg albumin; 30 umoles EDTA; 0.2 ml of enzyme 
preparation, and 40 umoles phosphate buffer (pH 6.8). 
After 1 hr at 30°, the reaction was stopped with 3 ml 
chloroform—methanol—benzene (2:2.4:1, v/v/v) 
enriched with 0.3 umole unlabelled oleic acid. After 
adding 0.1 ml N NaOH and vortexing for 15 sec, the 
mixture was centrifuged at 2500 rpm for 10 min. This 
modification [8] of the liquid-liquid partition system 
of Belfrage and Vaughan [9] allowed the collection 
of free labelled oleic acid in the supernatant. The 
radioactivity present in 1.8ml of supernatant was 
counted with 10ml liquid scintillation medium 
(toluene 6.6 ml, Triton X-100 3.4 ml, Permablend III 
from Packard Instrument Co. (Downers Grove, 
U.S.A.) 55 mg). 

Lipoprotein lipase activity (EC 3.1.1.34). Acetone— 
ether powders from the epididymal adipose tissue of 
rats fed ad lib. were prepared as described previously 
[10]. The enzyme activity was extracted with 0.025 M 
NH,OH-NH, Cl buffer (pH 8.6) (2 ml/g original fresh 
adipose tissue). After 30 min centrifugation, the 4000 g 
supernatant was used directly as the enzyme source. 
Lipoprotein lipase was assayed according to a minor 
modification of the method of Bensadoun et al. [11]. 

The assay system contained in a total vol. of 0.8 ml: 
lumole of tri{1-'*C]oleylglycerol (0.125 uCi per 
umole) sonicated in 2.5 mg gum arabic; 25 mg albu- 
min; 0.08 ml rat serum for activation; 60 pymoles NaCl 
for low ionic strength; 6 umoles CaCl,; 0.2m! of 
enzyme preparation and 120ymoles Tris buffer 


(pH 8.6). The labelled free fatty acid split off from 


triolein after 1 hr at 30° was separated from the sub- 
strate by the modification [8] of the liquid-liquid par- 
tition system already described in the preceding para- 
graph. 

Reagents. Suloctidil 5 x 10°*M was slowly dis- 
solved by 16hr stirring at room temperature, in 10% 
bovine serum albumin (w/v), under the protection of 
streptomycin (50 ug/ml) and penicillin-G (100 U/ml). 
Both antibiotics were also present in control incuba- 
tions and were without effect on the investigated par- 
ameters. 

Materials were obtained from the following sources: 
Suloctidil (1-(4-isopropylthiophenyl)-2-n-octylamino- 
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propanol) from Continental Pharma S.A. (Brussels, 
Belgium); n-octylamine from Aldrich-Europ (Beerse, 
Belgium); clofibrate (2-(p-chlorophenoxy)-2-methyl- 
propionic acid ethyl ester) from Ayerst Laboratories 
(New York, U.S.A.); pindolol (1-(Indol-4-yloxy)-3- 
(isopropylamino)-2-propanol) from Sandoz (Basel, 
Switzerland); propanolol (1-(lsopropylamino)-3-(1- 
naphtyloxy)-2-propanol hydrochloride) from ICI 
(Macclesfield, England); procaine hydrochloride 
(p-aminobenzoyl-diethylaminoethanol) from Merck 
(Darmstadt, Germany); bovine serum albumin 
Pentex poor in fatty acid from Miles Research Co. 
(Kankakee, U.S.A.); glycerokinase and _ glycerol-3- 
phosphate dehydrogenase from Boehringer (Mann- 
heim, Germany); tri[1-'*C]Joleylglycerol from the 
Radiochemical Center (Amersham, England); lyophi- 
lized firefly lanterns and isoproterenol from Sigma 
Chemical Co. (St. Louis, U.S.A.). ACTH (synthetic 
corticotropin 1-24) was a gift from Ciba-Geigy (Basel, 
Switzerland). All other chemicals were of the highest 
analytical grade available. 


RESULTS 


Suloctidil significantly and dose-dependently inhi- 
bited lipolysis in epididymal adipose tissue maximally 
stimulated with 2.5 x 10°°M_ isoproterenol or 
1 x 10°°M ACTH. A 2x 10°*M drug concen- 
tration inhibited by 50 per cent the lipolysis stimu- 
lated in the presence of both hormones. Higher con- 
centrations of suloctidil couid not be tested due to 
the limitations of solubility. Suloctidil, when given 
alone, exerted a variable inhibitory effect (Tables | 
and 4) on the low basal glycerol release. n-Octyla- 
mine, which is part of the molecule of suloctidil, was 
without effect on basal or stimulated lipolysis (Table 
1). 

The inhibitory effects exerted by 1! x 10°*M or 
2 x 10~* M suloctidil on isoproterenol or ACTH-sti- 
mulated lipolysis were as pronounced as those of 
nicotinic acid, clofibrate, and procaine-HCl used at 
similar concentrations. Propanolol (1 x 10~* M) and 
pindolol (3 x 10~° M), two well known f-blockers, 
provoked a more important reduction of hormone 
stimulated lipolysis. 

Isoproterenol (2.5 x 10~° M) 


and 1x 10°°M 


Table 1. Comparison of the inhibition of lipolysis by suloctidil and other drugs in rat adipose tissue fragments incubated 
with or without isoproterenol or ACTH 





Drug No hormone 


Isoproterenol 
ACTH 1 x 10°°M 





Control 

10-5 M Suloctidil 
10-* M Suloctidil 
10-* M Suloctidil 
10-*M N-Octylamine 
10-*M Nicotinic acid 
10-* M Clofibrate 
10-* M Procaine 
10-°M Pindolol 

10-* M Propanolol 


0.21 + 0.02 (24) 
0.18 + 0.03 (6) 
0.16 + 0.03 (24) 
0.15 + 0.05 (4) 
0.24 + 0.05 (4) 
0.17 + 0.04 (12) 
0.17 + 0.02 (12) 
0.23 + 0.04 (8) 
0.64 + 0.15 (8)* 
0.02 + 0.02 (4)* 


ESSERE SE KR MN RM 


1.24 + 0.11 (12) 
1.01 + 0.09 (6)* 
0.73 + 0.13 (12)* 
0.66 + 0.10 (4)* 
1.21 + 0.09 (4) 
1.07 + 0.09 (8)* 
1.03 + 0.06 (8)* 
1.02 + 0.04 (4)* 
0.97 + 0.06 (4)* 
0.43 + 0.07 (4)* 





Incubations were performed at 37° for 2hr. Results are expressed as net glycerol release in pmoles/2 hr/100 mg 
fresh tissue. Each value represents the mean + S.E.M. Number of experiments in parentheses. The statistical analysis 
was performed on paired data according to Student's t-test (*P < 0.05: lipolysis significantly lower than the correspond- 
ing value obtained without drug). 
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Table 2. Effect of suloctidil and other antilipolytic agents on cAMP levels in adipose tissue, stimulated or not by 
isoproterenol and ACTH, in the presence of 1 mM theophylline 





Drug No hormone 


Isoproterenol 


2.5 x 10°°M ACTH 1 x 10°°M 





Control 

x 10°~*M Suloctidil 
10-*M N-Octylamine 
10-*M Nicotinic acid 
10-* M Clofibrate 
10-*M Procaine 
10-°M Pindolol 
10-*M Propanolol 


—e Ne = = Wh 
SINHNDOLHPOHN 
Ie IE IE UIE I s+ I+ 


—WN Se 


948 + 125 (26) 
910 + 114 (26) 931 + 93 (7) 
995 + 96 982 + 105 (4) 
360 + 105 (7)* 143 + 18 (3)* 
1071 + 120 (7) 982 + 235 (3) 
1261 + 85 (4)* 571 + 136* 

20 + 10 (4)* 1032 + 101 

28 + 10 (4)* 965 + 82 


839 + 67 (7) 





All incubations were performed in the presence of 1 mM theophylline, as detailed in the methods. Results are expressed 
as pmoles of cAMP accumulated after 10 min/100 mg fresh tissue. Each value respresents the mean + S.E.M. (number 


of experiments in parentheses). 


* Significant effect of the drug considered according to Student’s t-test on paired data (P < 0.05). 


ACTH, after a 10 min incubation period in the pres- 
ence of 1 x 10°3M theophylline, increased cAMP 
levels in adipose tissue fragments by about 40 times 
(Table 2). Suloctidil (1 x 10~* M) had no significant 
effect on either the basal or hormone-elevated levels 
of cAMP. Thus, the mode of action of suloctidil was 
different from that of nicotinic acid, which reduced 
cAMP levels during stimulation by isoproterenol and 
ACTH (Table 2). The same Table shows that isopro- 
terenol-stimulated cAMP levels decreased dramati- 
cally in the presence of the two f-blockers, pindolol 
(3 x 1075 M) and propanolol (1 x 10~* M) while in- 
creasing moderately (by 33%) with 2 x 10°*M pro- 
caine. Clofibrate 1 x 10°*M was without effect on 
this parameter (Table 2). This is not surprising since 
decreases in cAMP levels are obtained only when clo- 
fibrate is used at higher concentrations. Indeed, a 
3.3mM clofibrate concentration is needed to reduce 
cAMP levels in rat adipocytes stimulated with nore- 
pinephrine [12] (In this respect, human fat cell adeny- 
late cyclase is inhibited by about 25 per cent by 2mM 
clofibrate [13]). 

In accordance with previous observations, maximal 
concentrations of isoproterenol and ACTH decreased 
ATP levels by approximately one third, after a 2 hr 
incubation period (Table 3). Neither suloctidil, nico- 
tinic acid, nor clofibrate, used at the same 
1 x 10°*M concentration, was able to modify these 
ATP levels (Table 3). Thus, the absence of drug effects 
on cAMP levels did not result from variations in 
ATP. 

The marked stimulation of lipolysis by 1 x 10°7M 


and 5 x 10°3M dibutyryl cAMP was also inhibited 
by 1 x 10°*M suloctidil (Table 4). Therefore, the 
essential metabolic alteration in lipolysis appeared to 
be beyond the formation of cAMP by adenylate cyc- 
lase. 

As shown in Table 5 suloctidil, above a 
1 x 10-°M concentration, caused a dose-dependent 
inhibition of triglyceride lipase activity, ranging from 
—15 per cent at 1 x 10°° M to —43 per cent at 
1 x 10°*M (Table 5). This inhibition was of a non- 
competitive type with a K;,,,, of 2.5 x 10°*M (Fig. 
1). By contrast, n-octylamine, clofibrate and nicotinic 
acid were without significant effect. 

The activity of lipoprotein lipase, the other major 
adipose tissue lipase, was not influenced by suloctidil, 
n-octylamine, nicotinic acid, or clofibrate (Table 5). 
As a control, the same preparation was inhibited by 
88 per cent in the presence of 1M NaCl (Table 5). 


DISCUSSION 


Suloctidil was shown to inhibit the lipolytic activity 
of isoproterenol, ACTH and dibutyryl cAMP in rat 
adipose tissue. We were therefore able to confirm and 
extend the finding of Roncucci et al. [4] showing that 
the drug depresses the lipolysis stimulated by nore- 
pinephrine and theophylline. 

It should be mentioned that 1 x 10~* M suloctidil 
also exerted an antilipolytic effect on human fat. In 
a pilot study, 1 x 10~*M suloctidil markedly inhi- 
bited basal (— 64°) as well as isoproterenol- (— 77%) 
and theophylline- (— 65°) stimulated lipolysis in frag- 


Table 3. Effect of suloctidil, nicotinic acid and clofibrate on ATP levels in adipose tissue following 
stimulation of the tissue by isoproterenol or ACTH 





Drug 


No hormone 


Isoproterenol 


25° %.10 7M ACTH 1 x 10°°M 





Control 

1 x 10°*M Suloctidil 

1 x 10°*M Nicotinic acid 
1 x 10°*M Clofibrate 


13.0 + 
11.8 + 
13.4 + 
12.3 + 





Incubation conditions were identical with those described in Table 1. Each value is expressed 
as nmoles ATP/100 mg fresh tissue and represents the mean + S.E.M. of four experiments performed 


in duplicate. 


B.P. 26/15—t 
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Table 4. Effect of suloctidil on dibutyryl! cAMP induced 
lipolysis 





Suloctidil 


Addition No drug 1x 10°*M 





Control 0.06 + 0.01 0.03 + 0.01* 

1 x 10~3M Dibutyryl- 
cAMP 

5 x 10°37 M Dibutyryl- 


cAMP 


1.16+0.10 0.96 + 0.05* 


1.314004 1.11 + 0.08* 





Incubations were performed as indicated in Table 1. 
Each value is expressed as pmoles glycerol/2 hr/100 mg 
fresh tissue and represents the mean + S.E.M. of five ex- 
periments. 

* Significant inhibition by suloctidil according to Stu- 
dent’s t-test on paired data (P < 0.05). 


ments of mesenteric human adipose tissue (data not 
shown). 

Suloctidil exerted no action on the steps involved 
in the elevation of cAMP levels as the agent had no 
effect on either basal or hormone-stimulated cAMP 
levels in adipose tissue (Table 2). It can be concluded 
that suloctidil acted distal to the production of 
cAMP. This is at variance with the mode of action 
of B-adrenergic blocking agents, prostaglandins, nico- 
tinic acid and clofibrate, which prevent hormone- 
stimulated lipolysis, by inhibiting the activation of 
adenylate cyclase and the formation of cAMP (Table 
2 and refs [3,12]). Another group of antilipolytic 
agents, including «-adrenoceptor blocking agents, sul- 
fonylurea drugs, the biguanide phenformin, naphto- 
quinones, tricyclic antidepressants of the dibenzazepin 
group, and local anesthetics (such as procaine) inhibit 
hormone-stimulated lipolysis under conditions of an 
unchanged or even increased cAMP concentration 
(Table 2 and refs [3, 14, 15]). Evidence for the ability 
of these drugs to interfere with adenylate cyclase ac- 
tivity and low K,, cAMP phosphodiesterase through 
calcium movements is still under debate. 

At first view, it might be tempting to include suloc- 
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tidil in this second group of agents. However, our 
results provide a simpler biochemical explanation on 
the manner in which suloctidil lowers lipolysis. 

Suloctidil was able to reduce triglyceride lipase ac- 
tivity. This activity was measured in 100,000 g inter- 
natants from fat pads preincubated for 15 min with 
epinephrine prior to homogenization, i.e. on fully 
active lipase. Suloctidil acted non-competitively on 
this enzyme activity (Fig. 1) at concentrations which 
inhibited the lipolytic response of intact fat tissue 
(Table 1). Taken together, these results suggest that 
the antilipolytic action of suloctidil reflected a direct 
inhibition of triglyceride lipase. 

The n-octylamine part of suloctidil was found to 
be inactive (Tables 1 and 5). It remains to be estab- 
lished which structural changes in the substituted 
basic phenethylamine molecule produce the full ac- 
tivity of suloctidil. Suloctidil is able to inhibit two 
other lipases: pancreatic lipase [16] and milk lipopro- 
tein lipase [4]. However, our negative data on adi- 
pose tissue lipoprotein lipase (Table 5) show that the 
drug does not inhibit all lipolytic activities present 
in mammalian tissues. 

Suloctidil shares this property of inhibiting lipolysis 
by direct action on adipose tissue triglyceride lipase 
with only a few compounds such as the antiphlogistic 
drug benzydamine [17] and the stilbene derivative 
clomiphene [18]. A direct inhibitory effect of toibuta- 
mide on triglyceride lipase has been suggested [19] 
but also denied [14]. 

We tried to exclude the possibility that suloctidil 
possesses additional effects on the lipolytic system at 
the level of cAMP-dependent protein kinase(s). Un- 
fortunately, we were unable to test the effect of the 
drug on the binding of cAMP to adipose tissue pro- 
tein kinase(s) or on the phosphorylating capacity of 
the free catalytic subunit(s), since the albumin concen- 
tration necessary to dissolve suloctidil interfered with 
the assay procedures. 

In conclusion, suloctidil does not act as a B-blocker 
nor as a local anesthetic. Its mode of action on lipo- 
lysis is also different from that of the two hypolipide- 


Table 5. Effect of suloctidil, N-octylamine, clofibrate, nicotinic acid and NaCl on 
the activity of hormone sensitive triglyceride lipase and lipoprotein lipase 





Addition 


Activated 
triglyceride 
lipase 


Lipoprotein 
lipase 





Suloctidil 1 

Suloctidil 1 

Suloctidil 5 

Suloctidil | 

N-Octylamine 1 x 10°°M 
N-Octylamine 1 x 10°°M 
N-Octylamine 1 x 10°*M 
Clofibrate 1 x 10°°M 
Clofibrate 1 x 10°°M 
Clofibrate 1 x 10°*M 
Nicotinic acid 1 x 10°°M 
Nicotinic acid 1 x 10°*M 
NaCl 1M 


— Ww 
- = 


— oo 
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The results are expressed relative to the value without the test substance, i.e. in 
% of control (Means + S.E.M. of five experiments performed in triplicate). 
* Significant inhibition by the drug considered according to Student’s t-test on 


paired data (P < 0.05). 
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Fig. 1. Dixon’s plot [20] illustrating the non-competitive inhibition exerted by suloctidil on activated 

triglyceride lipase extracted from rat adipose tissue (details of the preparation in the Methods). Incuba- 

tions were performed for 1 hr at 30°. The two triolein concentrations used were 1.25mM and 0.63 mM. 
Means of three separate experiments. 


mic agents clofibrate [12] and nicotinic acid [3], 
which inhibit adenylate cyclase but have no effect on 
triglyceride lipase. It is clear, however, that much in- 
vestigation would be needed to see if suloctidil might 
contribute to the treatment of hyperlipemia. 
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Abstract—Phencyclidine inhibited uptake in vitro of [7H]norepinephrine (1Cso 0.52 uM), [7H ]dopamine 
(ICs 0.73 uM) and [*H]serotonin (1Cs_ 0.80 uM) in crude synaptosomal preparations from rat brain 
through a competitive mechanism. Phencyclidine was fairly similar in potency to d-amphetamine and 
methylphenidate in inhibiting catecholamine uptake but was 8 times more potent than d-amphetamine 
and 34 times more potent than methylphenidate in inhibiting [*H]serotonin uptake. 


Phencyclidine [1-(phenylcyclohexyl]) piperidine hydro- 
chloride] (sernyl, PCP) is an anesthetic drug which 
has psychotomimetic effects in man [1,2]. Like 
d-amphetamine (d-AMP) and methylphenidate (MP), 
PCP produces stereotyped behaviour and increases 
in locomotor activity in animals [3-5]. Although 
some of these behavioral effects of PCP in animals 
and man are also shared by d-AMP and MP [6-8], 
there are important differences in the behavioral pro- 
files of the three drugs. For example, although both 
PCP and d-AMP produce a similar pattern of stereo- 
typed behavior and decreased social interaction in 
monkeys, the behavioral syndrome produced by PCP 
in these animals is not characterized by the hyper- 
viglance seen after d-AMP [5,9]. Similarly, there are 
important differences in the phenomenology of 
amphetamine-induced psychosis and psychotic-like 


states induced by PCP [1, 2]. One of the biochemical’ 


effects of d-AMP and MP is blockade of re-uptake 
of catecholamines in synaptosomal preparations in 
vitro [10,11]. The studies of Kanner et al. [12] on 
the effect of PCP on the turning rate of rats with 
unilateral substantia nigral lesions strongly indicate 
that PCP promotes an increase in central dopaminer- 
gic activity. These studies suggested the possibility 
that PCP might have effects like d-AMP on brain 
dopamine metabolism. Hitzemann et ai.[13] have 
suggested, on the basis of studies of the effects of PCP 
on the synthesis and metabolism of catecholamines 
from ['*C]tyrosine and ['*C]dopa in mouse brain, 
that one important mechanism of action of PCP 
« might be an effect of the drug on the re-uptake of 
catecholamines, although they presented no specific 
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data on synaptosomal uptake. In a preliminary report 
[14], we presented evidence that PCP was a potent 
inhibitor of biogenic amine uptake. This report pres- 
ents more complete data on the effects of PCP on 
uptake in vitro of catecholamines and serotonin and 
compares the potency of phencyclidine with d-AMP 
and MP. 


METHODS 


Male Sprague-Dawley rats (200-300 g) were used 
in all experiments. Animals were decapitated and 
brains were quickly removed and chilled on ice. In 
some experiments, uptake in selected brain parts— 
caudate, nucleus accumbens or cortex—was studied, 
after these brain parts from 6 to 22 rats were dissected 
out and combined. Uptake experiments were per- 
formed with crude synaptosomes (nuclei free homo- 
genates, P,) using established methods, described in 
more detail in earlier publications [15-18], with 
minor modifications and specifications. In this series 
of experiments, the crude synaptosomal preparations 
were dissolved in the sodium-potassium-phosphate 
buffer to a final concentration of either 15 mg/ml for 
whole brain, 7.5 mg/ml for caudate, or 2.5 mg/ml for 
nucleus accumbens. The much lower concentration 
of tissue for nucleus accumbens was chosen because 
of the low weight of this brain part and the very 
large number of brains needed to achieve the concen- 
tration equivalent to that of caudate. One of three 
tritiated amines, all obtained from New England Nuc- 
lear, [*H]d,l-norepinephrine (NE, sp. act. 5.96 Ci/m- 
mole), [*H]dopamine (DA, sp. act. 7.84 Ci/m-mole) 
or [°H]serotonin binoxalate (5-HT, sp. act. 5.0 Ci/m- 
mole) was added to the medium in amounts of either 
5 ul/100 ml or 2.5 1/100ml of the synaptosomal- 
buffer mixture respectively. This yielded final concen- 
trations of tritiated amines as follows: [*H]DA: 
0.0064 uM or 0.00324M; [*H]JNE: 0.0073 uM or 
0.0037 uM; [°H]5-HT: 0.005 uM or 0.01 uM. Most 
experiments were performed at the higher concen- 
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Table 1. Comparative ICs 9 values for phencyclidine, d-amphetamine and methylpheni- 
date on inhibiting accumulation of biogenic amines in rat brain synaptosomes* 





Amine Phencyclidine d-Amphetamine Methylphenidate 





Dopamine 


Caudate 0.36 


(0.31-0.39) 


0.34 
(0.18-0.51) 


0.73 
(0.60-0.80) 
0.47 
(0.32-0.72) 


Nucleus 
accumbens 
Norepinephrine 
Whole brain 0.17 


(0.15—0.19) 


0.31 
(0.28-0.34) 


0.52 
(0.42-0.63) 
0.57 
(0.48-0.72) 


Cortex 
Serotonin 


27.31 
(17.49-42.13) 


5.94 
(3.38-10.20) 


0.80 
(0.57—1.00) 


Whole brain 





* Each number represents the ICs, value (expressed in uM) with 95 per cent confi- 
dence intervals in parentheses for the effects of the indicated drug on inhibition of 
accumulation of [7H]DA, [7H]NE or [°H]5-HT in crude rat brain synaptosomes. 
All ICs, values were calculated from experiments using *H-amine concentration de- 
scribed in the legend of Fig. 1, and are based on results from two to four experiments. 


tration of each amine except when two different con- 
centrations were required to determine the K;. Five 
ml of the amine-synaptosomal-buffer mixture was 
added to centrifuge tubes, all of which also contained 
pargyline at a final concentration of 10°*M and 
either buffer or different concentrations of PCP, 
d-AMP or MP. Samples were incubated in their cen- 
trifuge tubes at 37°C with agitation. The following 
incubation times, which preliminary experiments had 
shown corresponded to the linear portion of amine 
uptake curve in our system, were used: [*H]DA: 
Smin; [7H]NE: 10min; and [°H]5-HT: 6min. 
Sample tubes with pargyline + buffer, which were 


DOPAMINE 


o—e Coudote 


0---o Nucleus 
Acumbens 


J 


PERCENT INHIBITION 


D , L- NOREPINEPHRINE 


@—B Wole Brain 
G-—O Cortex 


not incubated at 37° and remained in ice, were used 
to obtain amine uptake values at 0° (blanks). After 
incubation, tubes were centrifuged and resulting pel- 
lets were washed with buffer, extracted with 0.4N 
perchloric acid, homogenized with a Branson Sonifer 
(model 75), recentrifuged, and an aliquot of the super- 
natant was assayed by liquid scintillation counting. 
Triplicate samples were used for each drug concen- 
tration in each experiment, and the average error of 
triplicate samples was 6.2 per cent. 

In the analysis of the data, dis./min values for 
uptake at 0° were subtracted from those obtained 
from samples incubated at 37° to obtain values relat- 
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Fig. 1. Inhibition of accumulation of [7H]DA, [H]NE and [°H]5-HT into crude synaptosomes of 
rat brain. Each point represents the mean inhibition +S.E.M. compared to control samples, and means 
are based on values from two to four separate experiments. Five ml of the synaptosomal-*H-amine- 
buffer mixture was used for each tube, with the following °H-amine concentrations: 
[°H]DA = 0.0064 uM; [H]NE = 0.0073 uM; and [°H]5-HT = 0.01 uM. Mean uptake values for con- 
trol samples were: [7H]DA: caudate, 87.0 pmoles/g, and nucleus accumbens, 114.9 pmoles/g; [*H]NE: 
whole brain, 30.7 pmoles/g and cortex, 27.4 pmoles/g; and [°H]5-HT: whole brain, 57.0 pmoles/g. 
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Fig. 2. Dixon plots for effects of phencyclidine on accumulation of (a) [7H]DA in caudate, (b) [7H]NE 

in whole brain, and (c) [7H]5-HT in whole brain in crude synaptosomal preparations from rat brain. 

Linear regression lines were determined from mean values of points based on two experiments for 

each amine. The inhibition constant (K;) was directly obtained from the plots and is indicated by 

the arrow (—>). The dashed line ( ) represents the reciprocal of maximum velocity for the amine 
uptake. 
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ing only to the temperature sensitive uptake process. 
Per cent inhibition of uptake with drug was calcu- 
lated by comparing dis./min for specific drug concen- 
trations with control (buffer) samples in the same ex- 
periment. The ICs 9 values and 95 per cent confidence 
intervals were calculated by the method of probit 
analysis [18]. K; values were determined from Dixon 
plots [19]. 


RESULTS 


PCP was a potent inhibitor of uptake of [7H]DA, 
[>H]NE and [°H]5-HT in crude synaptosomal prep- 
arations. Figure 1 shows log-dose response curves for 
the inhibitory effects of PCP on the accumulation of 
3H-amines in crude synaptosomal preparations, and 
Table 1 presents the ICs) values (with 95 per cent 
confidence intervals) for this inhibition; 1C59 data for 
the two other drugs, d-AMP and MP, previously 
shown to be potent inhibitors of catecholamine 
uptake, are also presented. 

PCP was a potent inhibitor of DA accumulation, 
with the drug having a slightly stronger effect in the 
nucleus accumbens (ICs) = 0.47 uM) than in caudate 
(ICs9 = 0.73 uM). The drug was about 2.1 times less 
potent than d-AMP or MP. The potency of PCP in 
inhibiting NE accumulation in whole brain 


(ICs9 = 0.52 uM) and cortex (ICs59 = 0.58 uM) was in 
the same range as its potency in inhibiting dopamine 
in caudate or accumbens; as with DA, PCP was 
slightly less potent in inhibiting NE accumulation 
than d-AMP or MP. In the inhibition of 5-HT ac- 
cumulation, however, PCP was considerably more 
potent (ICs> = 0.80 uM); this is about 7.5 times more 


potent than d-AMP and 34.3 times more potent than 
MP. 

Dixon plots (Fig. 2) showed that the effect of PCP 
on amine uptake of NE, DA and 5-HT was probably 
through a competitive type of inhibition. Graphical 
determination of K; values for the effect of PCP on 
the three respective amines was: DA, 
K; = 6.4 x 10°’ M; NE, K; = 6.2 x 10-7 M; 5-HT, 
K; = 6.5 x 10°’ M. 


DISCUSSION 


Our results indicate that PCP is a potent inhibitor 
of catecholamine and indoleamine uptake in crude 
synaptosomal preparations of rat brain, and that it 
acts as a competitive inhibitor. The addition of pargy- 
line inhibits the metabolism of biogenic amines 
through the monoamine oxidase pathway, and pre- 
vious chromatographic experiments by our own 
group [20] and other researchers [21-23] with similar 
uptake systems have shown that 80-95 per cent of 
radioactivity in the pellet of synaptosomes is un- 
changed NE, DA and 5-HT. Our results are similar 
to those recently reported by other investigators for 
the effects of phencyclidine and ketamine on inhibi- 
tion of synaptosomal uptake of catecholamines 
[24, 25]. Ketamine, which is considerably less potent 
than PCP in its behavioral effects, is also about 100 
times less potent than PCP in inhibiting synaptoso- 
mal NE accumulation [24]. The effect of PCP on 
5-HT uptake has not been previously reported. 

Other recent studies from our research group sup- 
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port the idea that dopaminergic mechanisms may 
play an important part in the behavioral effects of 
PCP. The stereotyped behaviors that PCP elicits in 
rats and monkeys are blocked by pimozide, a drug 
which is highly specific for blocking dopamine recep- 
tors [5, 26]. PCP also induces turning behavior ipsila- 
teral to the side of the lesion in rats with unilateral 
nigra-striatal lesions and both a-methylparatyrosine 
and haloperidol significantly reduce this effect [12]. 
Some researchers have suggested that similar behav- 
ioral effects produced by amphetamine may be pri- 
marily mediated by the effects of this drug on releas- 
ing and/or blocking re-uptake of brain dopamine. 
Our finding that PCP has a potency for inhibiting 
synaptosomal dopamine accumulation that is in the 
same order of magnitude (10~’ M) as d-AMP and 
MP is consistent with the behavioral evidence sug- 
gesting that the effect of PCP on dopaminergic 
mechanisms may be important in mediating some of 
its behavioral effects in animals and man. 

The biochemical effects of PCP on other neuro- 
transmitters, however, may also have relevance for 
its behavioral effects. Reports by our own [4] and 
other [27] groups have shown that cholinergic drugs 
antagonize some of the behavioral effect of PCP, and 
that PCP is a competitive inhibitor of acetylcholines- 
terase. Carey and Heath [25] have suggested that the 
difference between PCP and d-AMP, both of which 
are potent inhibitors of synaptosomal catecholamine 
uptake, may be related to the anticholinergic effects 
of PCP. In our own experiments, the greatest differ- 
ence between PCP and d-AMP or MP was in the 
potency of these compounds in inhibiting 5-HT ac- 
cumulation. PCP was about 8 times more potent than 
d-AMP and about 34 times more potent than MP 
in this respect. Whereas PCP has roughly equal 
potencies in inhibiting accumulation of the three 
amines (DA, NE and 5-HT) in synaptosomal prep- 
arations, d-AMP and MP, on the other hand, were 
much more potent inhibitors of the catecholamines 
than of 5S-HT. Neurochemical effects of PCP on other 
parameters of serotonergic function have not been ex- 
tensively investigated. Tongue and Leonard [28] ori- 
ginally reported increases in 5-HT and decreases in 
5-HIAA after administration of 10 mg/kg of PCP, but 
their later reports showed that this change varied 
widely in different groups of Wistar rats [29]. Experi- 
ments conducted in our laboratory, utilizing doses up 
to 20 mg/kg of PCP have not shown any significant 
increase in whole brain 5-HT in male Sprague-Daw- 
ley rats (R. C. Smith et al., unpublished results). 
Further investigation of the effect of PCP on 
measures reflecting serotonin turnover, and the effect 
of drugs which deplete or antagonize brain serotonin 
on modifying behavioral response effects of PCP in 
animals, would help clarify the effect of PCP on brain 
serotonin metabolism. The relevance of the effect of 
PCP on brain serotonin metabolism to the differences 
in the behavioral profile of PCP, as compared to 
d-AMP and MP, could then be explored. 
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SHORT COMMUNICATIONS 


Partial purification and separation of retinal acetylcholinesterase 
from butyrylcholinesterase by affinity chromatography 


(Received 10 September 1976; accepted 10 December 1976) 


The blood and tissues from several animals have been 
shown to possess buth acetylcholinesterase (AChE; EC 
3.1.1.7) and butyrylcholinesterase (BuChE; EC 3.1.1.8) ac- 
tivity [1, 2]. The ratio of the two enzyme activities depends 
upon the tissue and species under study. For instance, the 
enzyme activity in brain tissue is largely AChE, while 
cerebrospinal fluid and plasma may contain both enzymes 
[1-3]. 

Affinity chromatography has been used in the partial 
purification of solubilized AChE from the electric tissue 
of Electrophorus electricus and from guinea pig brain 
[4-6]. In tissues where both enzymes are present, it would 
be desirable to separate AChE from BuChE during the 
process of enzyme purification. In this communication, we 
report on the partial purification and separation of AChE 
from BuChE in solubilized retinal tissue using affinity 
chromatography. 

Most of the AChE in nervous tissue is associated with 
membranes [7,8]. Thus, solubilization of the tissue is a 
requirement before the enzyme can be applied to the 
affinity column. Since Triton X-100 had previously been 
used to solubilize the enzyme from nervous tissue [7], we 
also used this detergent to solubilize retinal cholinesterase. 
Guinea pigs (Harthley strain, 300-400 g) were sacrificed by 
decapitation; the retina was removed from both eyes as 
described earlier [9]. Retinas from each animal were soni- 
cated in 2ml of 10mM phosphate buffer with 50mM 
NaCl, pH 7.4 (salt-phosphate buffer). After an aliquot was 
removed from each sonicate for enzyme activity, the 
remainder was divided into two equal volumes; one por- 
tion was incubated with 0.5% Triton for 30min at 37°, 


while the second portion was incubated with buffer only. 
After incubation all samples were centrifuged at 105,000 g 
for 90 min at 5° in a Beckman ultracentrifuge, model L. 
The supernatants were separated from the pellets, and the 
pellets were resuspended by sonicating in salt-phosphate 
buffer. The cholinesterase activity was determined in all 
samples (with and without 5 x 10°*mM BW284CS1, a 
specific inhibitor of AChE activity) according to the 
method described by Siakotos et al. [1]. As a prelude to 
the purification studies, it was necessary to determine 
whether Triton affects enzyme activity. The cholinesterase 
activity [umoles acetylcholine (ACh) hydrolyzed/hr/retina] 
before and after Triton treatment was found to be 10.1 
(9.5 to 10.7) and 9.5 (9.2 to 9.8), respectively; each retina 
was found to contain approximately 2.5 mg protein. The 
effects of treatment with detergent on solubilization and 
on BuChE and AChE activity of retinal tissue are shown 
in Table 1. The results indicate that BuChE and: AChE 
are largely membrane bound enzymes, because in the 
absence of detergent, the enzymes were present in the 
105,000 g pellet. The higher specific activity of AChE in 
this pellet is due to the removal of extraneous proteins 
in the supernatant. Solubilization of the enzymes is indi- 
cated by the presence of both enzymes in the 105,000 g 
supernatant after treatment of the crude sonicate with Tri- 
ton (Triton treatment solubilized 44 per cent of the pellet 
proteins). The inhibition by BW284C51 indicates that 
about 6 per cent of the total hydrolysis of ACh is catalyzed 
by BuChE. 

Efforts were made to obtain ['*C]t-leucine-labeled 
retinal cholinesterase for solubilization and affinity 


Table 1. Contribution of butyrylcholinesterase to total enzyme activity in retinal tissue 





Cholinesterase activity 





['*C]ACh 
(umoles hydrolyzed/mg protein/hr) (umoles hydrolyzed/mg protein/hr) 


State of retinal tissue Treatment 


('*C]BuCh 





Crude sonicate 
Crude sonicate 
Crude sonicate 
Crude sonicate 


Supernatant 
Supernatant 
Supernatant 
Supernatant 


Pellet 
Pellet 
Pellet 
Pellet 


None 
BW284CS51 
Triton X-100t 
Triton X-100 + 
BW284CS1t 
None 
BW284C51 
Triton X-100 
Triton X-100 + 
BW284C51 
None 
BW284C51 
Triton X-100 
Triton X-100 + 
BW284C51 


4.00 (3.70-4.30)* 
0.24 (0.18-0.30) 
4.00 (3.80—4.20) 
0.26 (0.22-0.30) 


1.00 (0.90-1.10) 
0.07 (0.06—0.08) 
4.80 (4.40-5.20) 
0.37 (0.27-0.47) 


7.20 (6.70—7.70) 
0.46 (0.40-0.52) 
0.30 (0.00—-0.60) 
0.06 (0.04—-0.08) 


0.80 (0.74-0.86)* 
0.73 (0.67-0.79) 
0.82 (0.63—1.01) 
0.77 (0.60-0.94) 


0.23 (0.13-0.33) 
0.21 (0.11-0.31) 
1.07 (0.86—1.28) 
0.97 (0.78-1.16) 


0.68 (0.59-0.77) 
0.63 (0.50—0.76) 
0.02 (0.01-0.03) 
0.04 (0.01-0.07) 





* Each study was conducted on six animals; data are presented as the mean with 95 per cent confidence limits. 

+ Treatment with Triton X-100 was as follows: crude sonicate was incubated with 0.5% Triton for 30min at 37°, 
then centrifuged at 105,000 g to yield supernatant and pellet fractions. 

t When BW284C51 was used, it was added to the enzyme preparation and incubated for 10min at 37° prior to 
assaying for enzyme activity. 
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BEGIN 14C-RETINAL 
PROTEIN 


BEGIN NaC! 
GRADIENT 


AMOLES '4C.ACh OR BuChE 
HYDROLYZED/FRACTION/HOUR 


MMOLES x 105 14C_PROTEIN/FRACTION 


TOTAL PROTEIN (mg/FRACTION) 


FRACTION NUMBER 


Fig. 1. Purification of cholinesterase from solubilized '*C-labeled retinal tissue by affinity chroma- 
tography. AChE activity (A——A); BuChE activity (() —— Q); total protein (G——Q); and - 
protein (O—0). 


chromatography by injecting the amino acid directly into 
the vitreous chamber of the eye. After the guinea pigs had 
been anesthetized with ether, one wCi ['*C]z-leucine, sp. 
act. 27.7 mCi/m-mole, was injected into the eye in a volume 
of 0.02 ml. Two hr after ['*C]t-leucine administration, 
twelve retinas were removed, rinsed with copious amounts 
of 0.9% NaCl, pooled and sonicated in salt-phosphate 
buffer. The sonicated tissue was centrifuged at 105,000g 
for 90 min at 5°. After removing the supernatant, the pellet 
was dispersed and sonicated in 10 ml salt-phosphate buffer 
containing 0.5% Triton and incubated for 30min at 37°. 
The preparation was then diluted with additional buffer 
to give a final concentration of 0.1% detergent. The 
Sepharose complex used for affinity chromatography was 
prepared as described by Broomfield et al. [5]. It was 
aminobutyl-Sepharose 4-B, to which a specific competitive 
inhibitor of cholinesterase (p-carboxyphenyl trimethyl 
ammonium iodide, p-quat) was covalently attached. An 
0.4 x 18.7cm column of the material was prepared and 
treated with bovine serum albumin (BSA) to cover non- 
specific binding sites. After applying 10 ml BSA (1.3 mg/ml) 
in salt-phosphate buffer containing 0.1% Triton (column 
buffer) to the column, unbound BSA was removed by 
washing the column with column buffer until only traces 
of protein were present in the effluent (Fig. 1). The 
'*C-solubilized retinal tissue was then applied to the 
column at a rate of 0.16 ml/min; 1.6-ml fractions were col- 
lected. After washing the column virtually free from un- 


bound '*C-proteins, the column was eluted with a linear 
gradient of NaCl (0-1 M). Excess sait was removed from 
the enzyme rich fractions by dialyzing overnight in large 
volumes of column buffer. All fractions were assayed for 
'4C-protein, BuChE and AChE activity and total protein. 
Unbound proteins and 5 per cent of the total cholinester- 
ase activity applied to the column were removed by wash- 
ing (fractions 10 through 38). Fifty-six per cent of the total 
BuChE activity was present in these fractions. The remain- 
ing BuChE activity was fairly well separated from the 
AChE activity with a peak of activity in fraction 42. Only 
AChE activity was present in fractions 52-76 with the peak 
activity in fractions 54-56. In order to further purify the 
AChE, fractions 52 through 68 were pooled and divided 
into two portions. One portion was applied to a virgin 
column not pretreated with BSA, while the second portion 
was placed on a column pretreated with BSA as before. 
The columns were washed to remove unbound '*C-pro- 
teins and eluted with a linear gradient of choline chloride 
(0-1 M). Results obtained upon elution from the virgin 
column are illustrated in Fig. 2. Elution using choline 
chloride produced an enzyme peak (tube 22) with an ac- 
tivity of 357 ymoles ACh hydrolyzed/hr/mg of protein. As 
the concentration of choline increased up to fraction 36, 
increasing amounts of '*C-protein were also eluted: Elu- 
tion of proteins from the BSA-pretreated column (not 
shown) with choline chloride resulted in an elution pattern 
for AChE activity and '*C-proteins similar to that 


BEGIN LINEAR CHOLINE 


Cl GRADIENT 


aMOLES '4C-ACh 
HYDROLYZED/FRACTION/HOUR 


2 48 2 8 


A 


a — AChE ACTIVITY 


'4¢_ PROTEIN 





AMOLES x 105 14C.PROTEIN/FRACTION 


FRACTION NUMBER 


Fig. 2. Rechromatography of partially purified retinal AChE on a virgin affinity column and elution 
by choline chloride (0-1 M). 
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Table 2. Cholinesterase activities and protein at various stages of enzyme purification 





Specific enzyme activity 


Total enzyme activity 
Total 





BuChE 
Treatment* 


AChE 
(umoles substrate hydrolyzed/hr/mg) 


BuChE AChE 
(umoles substrate hydrolyzed/hr) 


protein 
(mg) 





Before chromatography 
Crude sonicate 
Triton-treated pellett 

Initial chromatography 
Fractions 19-36 
Fractions 37-51 
Fractions 52-68 

Rechromatography 
Fraction 22 
Fractions 18-39 


0.45 
0.98 


4.0 
8.6 


0.15 
1.85 
0.17 


0.9 
3.8 
46.0 


357.0 


38.4 
15.1 


155.0 
130.0 


17.5 
14.7 


6.7 
20.3 
53.5 


13 
5.3 
1.2 
2.0 0.0056 
95 





* For chromatography details, see Figs. 1 and 2. 
+ Enzyme activities applied to the affinity column. 


observed in Fig. 2, but the enzyme activity of the peak 
fractions was only 15 umoles ACh hydrolyzed/hr/mg of 
protein, suggesting that BSA was released along with the 
enzyme by choline chloride. 

The data in Table 2 provide additional information on 
the recovery of esterase activities and protein during the 
various stages of enzyme purification. The AChE and 
BuChE activities recovered from the initial chroma- 
tography were 64 per cent and 75 per cent respectively. 
The recovery of total and '*C-protein was 91 and 79 per 
cent, respectively. The higher recovery of total protein 
probably represents further removal of BSA from the 
column. Additional esterase activity and protein could be 
eluted with 3 M NaCl. Due to the very low concentrations 
of protein in the fractions collected during choline elution, 
total protein was only measured in the tube having the 
peak enzyme activity; 76 per cent of the enzyme activity 
applied was recovered in choline eluates. 

Although the enzyme derived from normal retinal tissue 
was highly purified by affinity chromatography, the 
amount of '*C-protein in the purified AChE fraction (Fig. 
2, tube 22) was very low (0.2 x 107° umoles). This low 
level and the fact that there was no close correlation 
between AChE activity and '*C-protein (Fig. 2) indicate 
that very little if any AChE was synthesized in the normal 
animals during the 2hr period. In contrast, the “rapid” 
return of AChE activity in animals poisoned with pinacolyt 
methylphosphonofluoridate (Soman)[10] has provided 
presumptive evidence of de novo synthesis during a 2 hr 
period. This synthesis could be due to induction of syn- 
thesis either by Soman or by abnormally low levels of 
functional enzyme [2,11]. Preliminary attempts to purify 
retinal cholinesterase from Soman-treated animals resulted 
in abnormally low specific activities when compared to 
the purification realized with control tissue (90-fold purifi- 
cation). This finding suggested that Soman-inactivated 
enzymes and/or proteins were absorbed to and eluted from 
the affinity chromatography column right along with the 
active enzyme. As a result, retinal tissue from unpoisoned 
animals was used in this investigation. 

Both AChE activity and BuChE activity are found in 
guinea pig retinal tissue and are largely membrane bound; 
BuChE activity contributes to only about 6 per cent of 
the total hydrolysis of ACh. 

The application of affinity chromatography in purifica- 
tion of retinal AChE enabled us to separate the majority 


of extraneous proteins from the peak enzyme fractions. 
About 99.5 per cent of the proteins were eliminated, with 
the peak AChE fraction showing a 90-fold increase in spe- 
cific activity. This technique of protein purification also 
resulted in the separation of most of the AChE from 
BuChE. 
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_ Some properties of particle-bound monoamine oxidase from human whole blood 


(Received 21 October 1976; accepted 26 January 1977) 


Numerous reports have appeared concerning possible cor- 
relations between changes in the activity of blood platelet 
MAO (EC 1.4.3.4) and various pathological states such as 
schizophrenia [1-3] and depression [4, 5]. 

However, the characterization of the enzyme is still in- 
complete and it was therefore of interest to determine its 
apparent pH optima, K,, and V,,,, as well as responses 
to clorgyline (a selective inhibitor of MAO-A) and 
1-deprenyl (a selective inhibitor of MAO-B) using benzyl- 
amine (BA), tyramine (TYR), phenethylamine (PEA), 
tryptamine (TRYP) and dopamine (DA) as substrates. 

The work on the characterization of human blood plate- 
let MAO which has been done so far and reviewed by 
Murphy and Donelly in 1974 [6] seems to establish that 
the enzyme is homogenous and has the inhibitor character- 
istics of MAO-B. 

Methods. We have used total! particle-bound (presum- 
ably mitochondrial) MAO from frozen haemolized human 
blood in the present investigation, to avoid the more labor- 
ious isolation of platelets with accompanying loss of ac- 
tivity. This enzyme preparation apparently consists of a 
single enzyme, with characteristics similar to, if not identi- 
cal with, those of the platelet enzyme. 

Three portions of human blood, stabilized with citrate 
and dextrose, were obtained from a blood bank, where 
they had been stored for up to 1 month at 5° and subse- 
quently stored frozen at —20° until the day of enzyme 
preparation. The donors differed with respect to age, sex 
and blood type. Freezing did not reduce MAO activity 
measurably. 5 

After thawing, the blood was centrifuged four times at 
24,000g for 10min (4°). After each centmfugation the 
supernatant was discarded and the pellet homogenized in 
25 ml sodium-phosphate buffer (0.25 mM, pH 7.0 contain- 
ing 0.1 mM EDTA). The final mitochondrial suspensions 
were stored for up to 3 months at — 20° until use. 

MAO activity was measured by a modification of the 
method described by Robinson et al. [7] and Goridis and 
Neff [8]. In general: 200 ul of particle-bound MAO sus- 
pension was preincubated 15 min at 37°. Then 200 yl of 
substrate-buffer solution (37°) was added, and the reaction 
mixture was incubated at 37° for 10-60 min., depending 
on substrate (10 min for TYR and DA, 30 min for BA and 
60 min for TRYP and BA) to give maximum enzyme ac- 
tivity while at the same time maintaining activity as a 
linear function of time. The reaction mixture contained 


'$C-labelled substrate (about 200,000 dpm per tube), unla- 
belled substrate (usually 10~*M), EDTA (50M), and 
sodium-—phosphate buffer (12,5 mM). With DA as substrate 
ascorbic acid was also added as an antioxydant (1 mM). 
The reaction was stopped by adding 500 ul 1 M perchloric 
acid. 

After cooling on ice for 10min the tubes were centri- 
fuged 10 min at 2,500 g. 500 ul portions of the supernatant 
were placed on Dowex-50 columns (5 x 35mm) to bind 
the remaining amine, and the deaminated products eluted 
with 2ml 75% ethanol directly into scintillation vials, 
which contained 10 ml of an Instagel®-ethanol mixture 
(9:1). Radioactivity was then measured in a scintillation 
counter. Less than one percent of the substrate added was 
converted to product during the incubation time. 

Blanks were carried out by pre-incubating the enzyme 
with deprenyl + clorgyline (0,1 mM, each) or adding 
perchloric acid before substrate. Assays were performed 
in dupio. 

Results and discussion. Apparent K,, and V,,,, values 
were determined for all five substrates, at their pH optima, 
using two portions of blood (Table 1). K,, and V,,,, values 
were calculated from double reciprocal plots by means of 
linear regression analysis (mean regression coefficient: 
0.997). With PEA as substrate enzyme activity was mark- 
edly inhibited at substrate concentrations above 70 uM, 
and therefore only measurements below this concentration 
were included in the kinetic analysis. Our K,, and V,,,, 
values agree well with those of Robinson et al. [7]. 

The response to clorgyline and deprenyl was determined 
for all five substrates, at their pH optima, using three por- 
tions of blood. The enzyme is inhibited by low concen- 
trations of 1-depreny! (a selective inhibitor of MAO-B), 
with an average ICs) of 6 x 10°°M and more than 90 
per cent inhibition at 4 x 10~’ M with all substrates used. 
The enzyme is far less sensitive to clorgyline: at a concen- 
tration of about 4 x 10°~°M, it is only inhibited 40-70 
per cent. The combination of clorgyline and 1-depreny] 
(within the same concentration range) had the same inhibi- 
tory effect as 1-deprenyl alone. Our results are in agree- 
ment with those of Murphy and Donelly [6] and of 
Edwards and Chang [9]. 

pH Optima were determined for BA, TYR, TRYP and 
PEA using three portions of blood. The pHs were adjusted 
using the following buffers: acetate (pH 4.0-6.0), citrate- 
phosphate (pH 4.5-—7.0), pyrophosphate (pH 5.5—8.5), phos- 


Table 1. pH Optima, K,, and V,,,, values for particle-bound MAO from human blood 





pH 
Substrate 


Particle-bound MAOt 
K ; 


pK,* optimum M x 10° 


Blood platelet MAOt 
K V, 


M x 10° (relative) 


max 


(relative) 





Benzylamine 
Tyramine 
Dopamine 
Phenethylamine 
Tryptamine 


8.8 
8.2 


6.0 
7.0 


4 
6 
3 
4 
3 


100 
55 
37 
19§ 

7 


15 100 


45 





* Taken from [10]. 


+ The mean of two (serotonin only one) separate determinations, which differed less than 


40 per cent. 


$ Results of Robinson et al. [7]. Determined at pH 7.5. 
§ Extrapolated from linear part of double reciprocal plot. 
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phate (pH6.5-8.5), borate (pH 8.0-9.5), carbonate 
(pH 10.0-10.5) and phosphate (pH 12), all sodium salts. In 
one series of experiments overlapping buffers were used 
to detect any possible specific effects of the buffer species. 
Twenty different buffers with 10-12 different pHs were 
used in such an experiment for each substrate. No consis- 
tent effects of the buffers on MAO activity was observed. 

For a given substrate the pH curves were very similar 
for all three enzyme preparations. The pH optima found 
for BA, TYR, TRYP, and PEA were near 8.8, 8.2, 7.0 and 
6.0, respectively (Table 1). The difference between the pH 
optima for PEA and BA (6.0 and 8.8, respectively) was 
quite dramatic and clear-cut: at pH6.0 MAO activity 
using BA as substrate was about 5 per cent of maximum 
activity at pH 8.8. Conversely, at pH 8.8 MAO activity 
using PEA as substrate was only about 15 per cent of 
the maximum activity at pH 6.0. Apart from two reports 
giving the pH optima for serotonin [11] and kynuramine 
[16], respectively, we have not found any studies concern- 
ing the effect of pH on the activity of human blood platelet 
MAO. However, apparent pH optima for MAO from other 
species and tissues have been reported by several investiga- 
tors. Of interest in this context are Alles’ [12] results on 
rabbit liver, which contains almost exclusively MAO-B 
[13]. He determined pH optima for a series of homologous 
substrates, and found the same unexpected difference 
between the pH optima for BA and PEA as we have: pH 
8.5 for BA and pH 6.0 for PEA. 

Substrate ionization probably cannot explain the differ- 
ence in pH optima for BA and PEA. since the pK, values 
for these two amines differ by less than 0.5 pH units. How- 
ever, ionization of the enzyme might change the conforma- 
tion of its active site (or sites), such that substrate prefer- 
ence would be quite different at lower and higher pHs, 
respectively. 

There has been some controversy as to whether the pro- 
tonated or the unprotonated species of the amines are sub- 
strates for MAO in general. McEwen and coworkers con- 
cluded from their extensive kinetic studies on MAO from 
human liver [14,15], that the unprotonated amine is the 
substrate for this enzyme. This seems unlikely, in the case 
of particle-bound MAO from human blood acting on PEA, 
since the apparent pH optimum for this substrate is more 
than three pH units below its pK, value. 

Taken together, the facts that the double reciprocal 
plots, used to calculate K,, and V,,,,, are highly linear and 
inhibition by the selective MAO inhibitor 1-deprenyl 
occurs in a single step, make it probable that particle- 
bound MAO from human blood is a single, homogeneous 
enzyme and identical to human blood platelet MAO. It 
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cannot be excluded, however, that the particle-bound 
MAO preparation contains a mixture of iso-enzymes (sub- 
types of MAO-B) with similar properties. 


LisE NYHOLM-POULSEN 
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Research Department, 
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Effect of ventilation on removal of ['*C]mescaline by perfused rabbit lung 


(Received 14 September 1976; accepted 3 December 1976) 


Many investigators have used isolated perfused lung prep- 
arations to study the pulmonary disposition of circulating 
drugs and endogenous vasoactive substances. In many of 
these studies [1-6], the perfused lungs were statically in- 
flated, while in others [7-15] the lungs were mechanically 
ventilated. It is possible that under these different condi- 
tions there exist qualitative and/or quantitative differences 
in the pulmonary removal and metabolism of the perfused 
substances. 

We tested this possibility using mescaline, which is 
removed from the circulation by statically inflated, per- 
fused rabbit lung [16] and extensively metabolized to 
3,4,5-trimethoxyphenylacetic acid (TMPA) by a semicarba- 
zide-sensitive amine oxidase which is present in lung 
homogenates [17]. 


Methods 

Left and right rabbit lungs were independently perfused 
at 10 ml/min via the first branches of the pulmonary artery 
in a non-recirculating (single-pass) system as previously de- 
scribed [5]. The Krebs-bicarbonate perfusion medium (pH 
7.4) was aerated with 95% O,, 5% CO,. Lungs were venti- 
lated with room air via a tracheal cannula at 51 strokes 
min and 21 cc/stroke [18] using a Harvard Apparatus 
model 661 Small Animal Respirator. Perfusion pressure 
and tracheal pressure were monitored using Statham pres- 
sure transducers (models P 23 DC and P 23 Bec, respect- 
ively) and a Grass model 5 Polygraph. 

The experimental protocol was as follows. After a 
10-min stabilization period during which statically inflated 
lungs were perfused with mescaline-free perfusion medium, 
lungs were perfused with medium containing 0.1 uM 
{'*C]mescaline for 12.5 consecutive min. At the beginning 
of amine perfusion (taken as zero time) the lungs were 
inflated with 25ml of room air. From 10 to 10.5 min 
(Period 1) a 0.5-min sample of effluent perfusion medium 
was collected from each lung. At 10.5 min control lungs 
were immediately reinflated with 25 ml of room air, while 
experimental lungs were mechanically ventilated until min 
11.5. A second sample of effluent was collected between 
min 11.0 and 11.5 of the ventilatory period (Period 2). At 
11.5 min, lungs were again (statically) reinflated to a 
volume of 25 ml. A third effluent sample was collected dur- 
ing this final period of static inflation at 12.0 min (Period 
3). 

Radiolabeled amine in 0.5-ml aliquots from collected 
samples was separated from its TMPA metabolite using 
Bio-Rex 70 cation exchange chromatography as previously 
described [19]. Radioactivity was measured after addition 
of 10 ml Aquasol in a Packard Tri-Carb model 3320 liquid 
scintillation spectrometer. From the radioactivity measure- 
ments the concentration of amine and metabolite in the 
inflow and outflow perfusion medium was calculated. 

Per cent removal (°, R) of perfused amine was calculated 
as: 


P C-* i. C, ° 
R= | ‘| x 100, 
Ci. 


where C, ; and C,,, represent concentrations of ['*C]amine 
in the inflow and outflow perfusion medium respectively. 
Per cent of effluent radioactivity as ['*C]mescaline 
metabolite (°,, M) was calculated as: 
YM = Cm.0 x 100, 
Cc 


t,o 


where C,,,, is the concentration of ['*C]metabolite in the 
outflow perfusion fluid and C,, is the total molar concen- 
tration of ['*C]amine plus ['*C]metabolite in the effluent. 

Results from independently perfused left and right lungs 
were similar; data from left lungs are presented in this 
paper. The results were analyzed statistically by a Student’s 
t-test [20]. 

Mescaline HCI [8-'*C] (21 mCi/m-mole) and Aquasol 
were purchased from New England Nuclear Corp., Boston, 
MA. Bio-Rex 70 cation exchange resin (100-200 mesh) was 
purchased from Bio-Rad Laboratories, Richmond, CA. 


Results 

The effect of ventilation on removal of 0.1 uM ['*C]mes- 
caline by isolated perfused rabbit lung is shown in Fig. 
1. ['*C]mescaline removal by control lungs, which were 
reinflated to static volume instead of being ventilated, 
remained unchanged during the period of effluent collec- 
tion (Fig. 1, control). In lungs which were ventilated, how- 
ever, percentage removal increased from 58 per cent during 
static inflation (Period 1) to 83 per cent during the ventila- 
tory period (Period 2). Amine removal remained elevated 
1 min after the ventilatory period (i.e. during Period 3), 
although it had decreased from the peak attained during 
ventilation. 

The per cent of effluent radioactivity appearing as 
{'*C]mescaline metabolite ({'*C]TMPA) is shown in Fig. 
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Fig. 1. Effect of ventilation on per cent removal of 0.1 uM 
['*C]mescaline by perfused rabbit lung. Protocol was as 
described in Methods. Shaded bars represent removal 
determined during static inflation. Values are expressed as 
mean + S. E. M. N = 4 for control, and 6 for ventilated 
groups. The asterisk (*) indicates significantly different 
from the Period 1 value of the same group; the dagger 
(+) indicates significantly different from the Period 2 value 
of same group, P < 0.05 (Student’s t-test, paired analysis). 
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Fig. 2. Effect of ventilation on fraction of effluent radioac- 
tivity appearing as ['*C]mescaline metabolite. Shaded bars 
represent periods of static inflation. Values are expressed 
as mean + S. E. M. N = 4 for control lungs, and 6 for 
ventilated lungs. The asterisk (*) indicates significantly dif- 
ferent from the Period 1 value of the same group; the 
dagger (+) indicates significantly different from the Period 
2 value of the same group, P < 0.05 (Student’s t-test, 
paired analysis). 


2. The rate of appearance of ['*C]mescaline metabolite 
was constant in lungs which were statically inflated (Fig. 
2, control lungs). Ventilation, however, produced a signifi- 
cant increase in the percentage of effluent radioactivity 
appearing as ['*C]metabolite. This effect can be accounted 
for primarily by an increase in the concentration of 
{'*C]metabolite appearing in the effluent, which accom- 


panied a decrease in effluent ['*C]mescaline during venti-, 


lation. 

Perfusion pressure remained unchanged during experi- 
ments in which lungs were statically inflated (Table 1). 
Ventilation produced smal! but consistent decreases in 
mean perfusion pressure. Lung weight was not significantly 
altered after the 1-min ventilatory period (Table 1). 


Discussion 

This study shows that ventilation of isolated rabbit lungs 
increases the removal of perfused ['*C]mescaline. One min 
after the cessation of ventilation the magnitude of 
['*C]mescaline removai had partially returned to its pre- 
ventilatory value. Results presented in Fig. 2 suggest that 
the observed ventilation-induced changes in mescaline 
removal are associated with elevated metabolism of the 
amine. The mechanism of this ventilatory effect is presently 
unknown. The fact that perfusion pressure and lung weight 
were not altered | min after the ventilatory period (Table 
1) suggests that ventilation-induced alterations in amine 
removal are not associated with irreversible damage to the 
organ. 

These results emphasize the importance of considering 
ventilatory conditions in the design of experiments with 
perfused lung and interpretation of results from such 
studies. The study also raises the possibility that altered 
ventilatory patterns resulting from pulmonary disease, 
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Table 1. Effect of ventilation on perfusion pressure and 
weight of perfused rabbit lungs* 





Experimental values: 
ventilated during 
Period 2 
(N = 6) 


Control values: 
static during 
Period 2 
(N = 4) 





Mean perfusion pressure 
(mm Hg) 
4.7+04 
3.8 + 0.4t 
4.9 + 0.5t 
Lung wt 


4.98 + 0.35 5.28 + 0.60 





* Values represent X + S. E. M. for left lungs perfused 
as described in Methods with Krebs medium at a flow 
of 10 ml/min. 

+ Significantly different from Period 1 value (P < 0.05, 
Student’s t-test, paired analysis). 

t Significantly different from Period 2 value (P < 0.05, 
Student’s t-test, paired analysis). 


shock and exercise may change the effectiveness of the lung 
in removing circulating drugs and other bioactive agents 
in vivo. 
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Catecholamine hypersensitivity of adenylate cyclase after chemical 
denervation in rat heart 


(Received 29 November 1976; accepted 21 February 1977) 


Trendelenburg [1] in his classical review on supersensiti- 
vity to sympathetic amines discussed several mechanisms 
which could lead to hypersensitivity, among them relation- 
ship between supersensitivity and norepinephrine content, 
deformation of the receptor and release of norepinephrine 
from nerve endings. Further investigations on these 
mechanisms carried out in different tissues and animals 
confirmed the importance of these factors [2-4]. In these 
investigations the method of chemical] denervation with 
reserpine and 6-hydroxydopamine was widely used during 
acute and chronic treatments. 

The hormonal sensitivity of adenylate cyclase and its 
close connection with beta-receptor made a good tool of 
this membrane bound enzyme to investigate receptor sensi- 
tivity [5]. Several studies were made concerning the super- 
sensitivity of the adenylate cyclase toward sympathetic 
amines not only in brain and heart slices [6-8] of rabbit, 
rat and guinea pig, but also in heart cell membrane prep- 
arations from molluscs [9]. 

The aim of the present work was to compare the effects 
of reserpine and 6-hydroxydopamine treatment on the 
catecholamine sensitivity of the adenylate cyclase rat heart 
particulate cell fractions. 

Materials and methods. All fine chemicals were from 
Sigma (St. Louis), labelled compounds were from New 
England Corp. Boston. 

Wistar rats were used for the experiments. 2.5 mg/kg res- 
erpine i.p., were injected 24hr or 100 mg/kg 6-hydroxy- 
dopamine i.p. 2 hr before excising the heart quickly under 
ether anesthesia. Controls were treated with saline. Ventri- 
cles were homogenized in 9 vol. 0.05 M Tris-HCl pH 7.4 
buffer containing 0.25 _M sucrose using a Potter apparatus 
at 4°. The homogenate was sedimented at 10000g at 4° 
for 20 min, washed twice and sedimented again at 10000 g 
with the same volumes of buffer-sucrose. Finally the pellet 
was suspended in 9 vol. of buffer omitting sucrose. Protein 
was determined according to Lowry et al. [10]. 

Adenylate cyclase assay. The reaction mixture contained 
50mM Tris pH 7.4 buffer, 4mM_ theophylline, 2mM 
ATP/1 wCi [7HJATP sp. act. 26Ci (mM), 2mM cAMP, 
2mM MgCl,, 6 mg/ml albumine, 1 mM phosphoenolpyru- 
vate and 0.1 mg pyruvate kinase and 100 yl enzyme solu- 
tion containing 200 ug protein. Incubation was carried out 
in a final vol. of 300 ul at 37° for 5 and 10min, c-AMP 
production was linear during the incubation time. The 
reaction was stopped by boiling the samples at 100° for 
3 min in the presence of a 100 wl recovery mixture (10 mM 
ATP and | mM c-AMP) or by the addition of 200 yl of 
equal parts of 5% ZnSO, and SN Ba(OH),, 50 pl of the 
supernatants was applied to Whatman No. 3 MM for 
paper chromatography as described previously [11]. 
Radioactivity was measured in a Nuclear-Chicago scintilla- 
tion spectrometer. 


Results and discussion. Figure | demonstrates adenylate 
cyclase activity in control and reserpine treated rat ventri- 
cles in the presence and absence of 10~° and 10~° M nor- 
adrenaline. The noradrenaline sensitivity with respect to 
basal activity is increased in the reserpine treated rats, 
basal activity is significantly lower with respect to the con- 
trol. Figure 2 shows the changes in adenylate cyclase ac- 
tivity in response to isoproterenol 10~° M after 6-hydroxy- 
dopamine treatment. There is a significant increase in hor- 
monal stimulation after 6-hydroxydopamine treatment and 
a decrease in basal activity as well. The decreased basal 
activity of adenylate cyclase after chemical depletion of 
catecholamines is observed only in particulate cell fractions 
whereas in slices no changes in basal activity were 
observed [3,12]. Catecholamine concentrations were 
chosen to give maximal stimulation. No significant differ- 
ences in noradrenaline K, values were reported after 
chemical denervation in brain slices by Vetulani ef al. 
[16]. 

These results seem to emphasize the role of the receptor 
in short-term supersensitivity since it develops relatively 
early after denervation, even before the catecholamine con- 
tent of the heart entirely disappeared. After a single injec- 
tion of 100 mg/kg 6-OHDA the catecholamine content of 
the rat heart fell from 0.902 ug/g to 0.042 ug/g w/w within 
2 hr [4, 9, 15]. Adenylate cyclase shows supersensitivity not 
only after in vitro noradrenaline stimulation but also after 
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Fig. 1. Adenylate cyclase activity from rat heart ventricle 
particulate preparations before and after reserpine treat- 
ment. B = basal activity, NA = noradrenaline, n = 5S. 
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Fig. 2. Adenylate cyclase activity from rat heart ventricle 

preparations before and after 6-hydroxydopamine treat- 

ment. B= basal activity, IP = isoproterenol, n= 6. 
* = P < 001; ** = P < 0.001. 


isoproterenol addition to the treated hearts (Fig. 2), which 
means that it is a typical beta-receptor effect [5S]. Similar 
results were obtained on brain slices and homogenates 
[6, 7,12]. We suppose that the lower basal activity after 
functional denervation was due partly to endogenous 
catecholamines. 

In conclusion one can assume that the beta-receptor 


hypersensitivity as measured by the activating effect of 
catecholamines on the adenylate cyclase is a fairly good 
model of receptor supersensitivity. Short-term desensitiza- 
tion to catecholamines after repeated catecholamine treat- 
ment is also reflected in the reduced response of adenylate 
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cyclase activation [13] and therefore the beta-receptor- 
adenylate-cyclase system is. able to feel deviations of 
catecholamine concentrations in both directions. 

This is in contrast with previous observations where 
supersensitivity was investigated between 4 and 8 days 
after drug treatment [2, 3, 7, 14] and points to the fact that 
supersensitivity of adenylate cyclase to catecholamines de- 
velops parallel with the decrease of catecholamine concen- 
tration, perhaps as quickly as desensitization [13]. 
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Evidence against the view that the central actions 
of polyamines are indirectly mediated 


(Received 10 November 1976; accepted 9 February 1977) 


When high doses of spermidine or spermine are adminis- 
tered by intraperitoneal or intravenous injection they pro- 
duce sedation, hypomotility, hypothermia [1] and hyper- 
glycaemia [2]. These effects are also produced when much 
smaller amounts of these polyamines are injected into the 
cerebral ventricles [3] and it is, therefore, likely that they 
are the result of an action on the central nervous system. 
It has recently been suggested that the central effects pro- 
duced by intraperitoneal injection of high doses of poly- 
amines may be mediated indirectly through the agency of 
some other neurohumoral substance such as noradrenaline 
or 5-hydroxytryptamine [4]. Furthermore, the finding that, 
in suitable concentrations, spermidine and spermine can 
inhibit or activate cholinesterase [5] could indicate an 
action mediated through a cholinergic system. The present 
experiments were undertaken in order to substantiate or 
refute the suggestion that the central actions of polyamines 
are indirectly mediated. 

Female Wistar rats weighing 120-130 g were injected by 
the intraperitoneal route with a solution of sodium chlor- 
ide (0.9%), spermine tetrahydrochloride (equivalent to 
30 mg base per kg) or spermidine trihydrochloride (equiv- 
alent to 100mg base per kg) in a dose volume of 
0.5 ml/100 g. The animals were killed 45 min after the injec- 
tion. When the acetylcholine or y-aminobutyric acid con- 
tent of the brain was to be determined the animals were 
killed by rapid freezing in liquid nitrogen and the brain 
was removed while it was still frozen. In all other experi- 
ments the animals were killed by decapitation and the 
brain was removed at room temperature. 

Whole brain acetylcholine content was determined’ by 
bioassay on the frog rectus abdominis preparation [6]. 
Noradrenaline and dopamine were determined by fluoro- 
metric assay following separation on activated alu- 
mina [7,8]. The solvent extraction procedure devised by 
Snyder, Axelrod and Zweig[9] was used to determine 
5-hydroxytryptamine. y-Aminobutyric acid was isolated by 
paper chromatography and estimated by spectrophoto- 
metry[10] and histamine in both brain and a 2.0ml 
sample of blood was determined by fluorometry after ion- 
exchange chromatography on Bio-Rex 63 [11]. The recov- 
ery in each assay procedure was determined by adding 
known quantities of the respective substance to brain 
homogenate. With the exception of 5-hydroxytryptamine, 
which was recovered in a yield of 88 per cent, recovery 


was complete. Values for the 5-hydroxytryptamine content 
of brain were corrected to take recovery into account. 

The volume of blood contained in the excised brain was 
determined by isotope dilution using 0.1 ml '?°I human 
serum albumin injection B.P. administered by intravenous 
injection. The animals were killed by decapitation after 
10min [12] and the radioactivity of a 0.1 ml sample of 
blood and of the excised brain was determined. 

Following the administration of spermine or spermidine . 
no Statistically significant change was found in the concen- 
tration of acetylcholine, noradrenaline, dopamine, 5-hy- 
droxytryptamine or y-aminobutyric acid in the brain 
(Table 1). Values for control animals are in good agree- 
ment with accepted literature values for normal rat brain. 

In accordance with previously reported findings [1] 
both spermidine and spermine produced a large increase 
in the histamine content of the blood of the animals. The 
blood histamine content of animals which had received 
sodium chloride solution was 0.37 + 0.01 (S.E.M.) n- 
mol/ml whereas that of animals given spermine was 
0.72 + 0.09 nmol/ml and that of spermidine injected 
animals 2.66 +0.25nmol/ml. The mean blood con- 
tent of the excised brains was 482+ 0.96 (S.E.M.) 
ml/100 g. The calculated mean contribution to brain hista- 
mine content made by histamine present in blood was 
0.018 + 0.001 (S.E.M.) nmol/g in saline injected animals, 
0.034 + 0.010 nmol/g in spermine injected animais and 
0.124 + 0.027 nmol/g in those given spermidine. After cor- 
rection for this contribution, no statistically significant 
change in brain tissue histamine content was detected 
(Table 1). 

The present experiments support the view that the effects 
on the central nervous system produced by spermine and 
spermidine are mediated directly rather than through the 
agency of any of the several substances estimated whose 
role in neurotransmission is accepted or canvassed. Since 
the polyamines are present in high concentrations in the 
brain[13] there is indeed no reason to presuppose that 
they should act through such an agency. It must be admit- 
ted that the present experiments are not absolutely conclu- 
sive since it is, for example, possible for the turnover of 
a substance to be changed without significant alteration 
of the whole brain content. Similarly, a localised change 
in the concentration of a substance in a discrete region 
of the brain could also occur without the total brain con- 


Table 1. The concentration of some neurohumoral substances in rat brain following the administration 
of spermine or spermidine 





Treatment 





Substance assayed 


Control 
(0.9% NaCl) 


Spermine 
(30 mg/kg) 


Spermidine 
(100 mg/kg) 





Acetylcholine 
Noradrenaline 
Dopamine 
5-Hydroxytryptamine 
y-Aminobutyric acid 
Histamine 


£2.35 + 3.1 

213 + 0.23 
5.75 + 0.45 
2.78 + 0.40 
1602 + 340 


0.557 + 0.047 


18.8 + 3.6 
1.95 + 0.29 
4.96 + 0.78 
2.50 + 0.34 
1582 + 243 
0.619 + 0.068 


16.2 + 3.9 
2.01 + 0.35 
4.84 + 0.65 
2.50 + 0.51 
8525 4323 
0.578 + 0.079 





Values are the mean content + S.E.M. for 5 animals expressed as nmol/g wet wt. 





Short communications 


tent being markedly affected. Under the present experimen- 
tal conditions the likelihood of such events is remote but 
the observation in the present investigation that changes 
in blood histamine concentration can make a significant 
coniribution to estimates of brain histamine content, illus- 
trates the need for caution in the interpretation of experi- 
mental findings. 
Pharmacology Laboratories, GRAHAM G. SHAW 
Department of Pharmacy, 

University of Nottingham, 

Nottingham NG7 2RD, England 
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Absence of increased carnitine acetyltransferase activity in the liver with proliferation 
of smooth endoplasmic reticulum 


(Received 12 October 1976; accepted 17 December 1976) 


Carnitine acetyltransferase (CAT; EC 2.3.1.7) of rat liver 
has been shown by Markwell et al. [1,2] to be distributed 
among the mitochondrial, peroxisomal and microsomal 
fractions. Previous work from our laboratory has demon- 
strated that the marked increase in CAT activity in the 
livers of rats and mice treated with several hypolipidemic 
drugs is, to a large extent, due to the striking increase 
in peroxisome population [3-5]. As the subcellular distri- 
bution of CAT is heterogenous in nature, and since the 
drugs that induce peroxisome proliferation also cause a 
concomitant increase in smooth endoplasmic reticulum 
(SER) [5-7], the possibility that SER may also contribute 


to the CAT increase could not be ruled out. The present 
study was undertaken to ascertain if compounds capable 
of inducing proliferation of SER can cause an increase in 
CAT activity in the liver. 

Male F-344 rats (Simonson Labs, Inc., Gilroy, CA) were 
treated for 1 week with a peroxisome proliferating agent, 
clofibrate (ethyl-«-p-chlorophenoxyisobutyrate) [6,8], or 
with drugs known to induce the proliferation of hepatic 
SER [9-11]. These are: phenobarbital (Winthrop Labs, 
New York, NY), allylisopropylacetamide (AIA; Hoffmann- 
LaRoche, Inc., Nutley, NJ) and [1-(o-chloraphenyl)-1-(p- 
chlorophenyl), 2,2-dichloroethane] (0,p-DDD; Aldrich 


Table 1. Effect of compounds that induce proliferation of hepatic peroxisomes or smooth endoplasmic 
reticulum on liver weight and carnitine acetyltransferase activity in male F-344 rats 





No. of 


Treatment* animals 


(g/100 g body wt) 


Hepatic CAT activity 
(units/mg protein) 


Liver wt 





Control diet 4 
Clofibrate 

(100 mg/kg; 

gavage 2 times daily) 

Phenobarbital 

(100 mg/kg; 

i.p. once daily) 

Allylisopropylacetamide 

(200 mg/kg; 

S.C.; 2 times daily) 

o,p-DDD 

(200 mg/kg; 

ip. once daily) 5 


4.52 + 0.067 3.3 + 0.4 


6.13 + 0.38t 57.8 + 6.2t 
4.98 + 0.04t 


6.07 + 0.24t 


4.15 + 0.108 





* All animals were treated for 7 consecutive days. Most received a single dose, except for clofibrate 


and AIA groups which received 2 doses/day. 
+ Values are expressed as mean + S. E. 
t Significantly different from control, P < 0.001. 
§ Significantly different from control, P < 0.05. 
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Chemical Co., Inc., Milwaukee, WI). The dose and route 
of administration of each compound is presented in Table 
1. 

The effectiveness of organelle proliferation in these ex- 
periments was monitored by the examination of thin sec- 
tions of liver tissue, under the electron microscope. In ani- 
mals treated with clofibrate, a marked increase in the 
number of peroxisomes as well as a moderate increase in 
SER was noted in the liver cells. In animals treated with 
phenobarbital, AIA or 0,p-DDD only a marked increase 
in SER was observed. The increase in liver weight was 
more pronounced in animals treated with clofibrate and 
AIA (Table 1). The changes noted in hepatocyte ultra- 
structure and liver size with these compounds were consis- 
tent with previous reports [6, 10]. 

The CAT activity was measured on supernatants 
(105,000 g for 60 min) of sonified rat liver homogenates, 
as previously described [3], using the thio-acceptor, 
[5,5’-dithio-bis-(2-nitrobenzoate)] (DTNB). The release of 
CoA from acetyl CoA in the presence of carnitine was 
measured at 412 nm. The hepatic activity of CAT was in- 
creased only in rats treated with the peroxisome prolifera- 
tor, clofibrate (Table 1). None of the agents which induced 
a significant proliferation of SER were effective in increas- 
ing the activity of hepatic CAT. In fact, a small but signifi- 
cant decrease in hepatic CAT activity was observed in ani- 
mals treated with phenobarbital. It appears, therefore, that 
the increased hepatic CAT activity is specific only for drugs 
which elicit peroxisome proliferation. 

As all agents that induce hepatic peroxisome prolifer- 
ation also have been found to have a hypolipidemic effect 
[7, 12], the the associated increase in hepatic CAT activity 
may be related to their hypolipidemic property. Lazarow 
and de Duve [13] have recently found f-oxidative activity 
of palmitoyl CoA in peroxisome fractions from rat liver 
and showed that this activity increased markedly in rats 
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treated with clofibrate. These studies, therefore, appear to 
support our contention that the drug-induced peroxisome 
proliferation is related to lipid metabolism [7]. 


Davip E. Moopy 
JANARDAN K. REDDY 


Department of Pathology, 

Northwestern University Medical 
School, 

Chicago, IL 60611, U.S.A. 
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Cross linking of deoxyribonucleic acid in furazolidone 
treated Vibrio cholerae cell 


(Received 24 January 1977, accepted 9 February 1977) 


The broad spectrum antimicrobial compound furazolidone 
or N-(5-nitro-2-furfurylidene)-3-amino-2-oxazolidone was 
shown to inhibit DNA synthesis in V. cholerae cells while 
stimulating RNA and protein synthesis at the same time 
and causing filamentation of the cells [1,2]. Synthesis of 
the cholera phage ¢ 149 DNA was at least ten times more 
sensitive to this inhibitory action of furazolidone (3, 4]. 
The drug was found to bind with DNA in vitro by interca- 
lation between the base pairs, thereby causing hindrance 
to DNA strand separation and inhibition to the digestion 
of DNA by DNase [5]. Whether this intercalative process 
of binding of furazolidone with DNA is responsible for 
the inhibition of DNA synthesis in vivo or whether furazo- 
lidone undergoes some metabolic changes or activation in 
vivo and the resulting product is responsible for the inhibi- 
tion of DNA biosynthesis either by binding directly with 
DNA or by some other process has so far been a subject 
of speculation. This communication reports in this respect 
that inter strand cross linking in DNA takes place within 
the furazolidone treated V. cholerae cells, which might 
explain the actual mechanism of inhibition of DNA bio- 
synthesis by this drug. 

V. cholerae cells, OGAWA 154, were grown in the logar- 
ithmic phase in absence or presence of 0.5 yg furazoli- 
done/ml. At different times, bacteria were harvested, 
washed in physiological saline and DNA was extracted 
following in general the method of Marmur [6]. DNA thus 
isolated from drug treated or untreated bacteria was essen- 
tially free of RNA and protein [5]. Melting temperature 
(T,,) of DNA isolated from furazolidone treated or un- 
treated cells was determined by a Hilger Watt spectrophot- 
ometer providing a thermostat controlled cell holder. 
Cross linking of DNA was estimated from the fraction 
of DNA which has been rendered reversibly renaturable 
following thermal denaturation in accordance with the 
general procedure of Geiduschek [7], as described by Rut- 
man et al.[8], and by using the formula, 


% Reversibly renaturable DNA 


a [ a (Ag oe a | x 100 
(Ag si As)cont 


where A,, A, are the absorbances at 25C of denatured 
and native DNA in the alkylated and control samples. For 
study of recovery, cells treated with the drug for 45 min 
in the logarithmic phase of growth were centrifuged, 
washed and resuspended in phosphate buffered saline 
(0.15 M), pH 8.0. The organisms were then serially diluted 
in the same buffer and stored at 37° in the dark for differ- 
ent periods up to 24 hr. After the desired period of holding, 
platings were done on nutrient agar surface and the result- 
ing colonies were counted after overnight incubation at 
aT. 

A very high percentage of reversibly renaturable DNA 
was detected in DNA isolated from furazolidone treated 
cells, as compared to the DNA from untreated cells, indi- 
cating that inter strand cross links resulted from drug 
treatment. The per cent reversibility of renaturation 
depended significantly on the period for which the log 
phase cells were treated with the drug. For 30 min treat- 
ment, the reversibility varied between 64 and 67 per cent 
in several different experiments, while it ranged between 
85 and 92 per cent when the drug treatment was continued 


for 45 min. This may be compared with the 7-14 per cent 
reversibility obtained for DNA isolated from untreated 
bacteria and also for native DNA treated in vitro with 
furazolidone. The in vitro and in vivo actions of furazoli- 
done are thus different. The isolation of such denaturation 
resistant DNA is considered as diagnostic of cross linking 
since the presence of a covalent link permits the two 
strands to “snap back” into the correct complementary 
structure after heat denaturation [9]. The in vivo action 
of furazolidone has considerable similarity with that of 
mitomycin-C [10, 11]. Both the agents induce inter strand 
cross linking in DNA in vivo, inhibit DNA synthesis and 
cause filamentation of the cells at the appropriate dose 
level by inhibiting cell division. Lawley and Brookes [12] 
reported that cross links involving alkylation of the N-7 
position of guanine were thermally quite unstable because 
of the simultaneous labilization of the purine deoxyribose 
bond. Mitomycin induced cross links were, on the other 
hand, thermally stable and conferred resistance on the 
DNA double helix to thermal denaturation [11]. Furazoli- 
done-induced cross links also enhanced the thermal.stabi- 
lity of DNA and the melting temperature (T,,) of DNA 
was raised from 69° (for native DNA under identical condi- 
tion) to 77.5° (Fig. 1). The significant point of difference 
noted so far is that unlike mitomycin-C, furazolidone binds 
with DNA in vitro by an intercalative process. It is of 
interest to note that the antibiotic carzinophillin also inac- 
tivates by the formation of cross links as shown by the 
denaturation resistance of treated B. subtilis transforming 
DNA [13]. 

Effects of furazolidone treatment on the viability and 
macromolecular synthesis in actively growing cells of V. 
cholerae were reported earlier in detail [1, 2]. 45 min treat- 
ment by 0.5 wg furazolidone/ml resulted in a 10~-15-fold 
drop in viability of the cells. However, the cells could 





i ! | 1 I 
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Fig. 1. Thermal transition profiles in 5mM_ Tris-HCl, 
pH 7.4 of DNA isolated from log phase V. cholerae cells 
treated with 0.5 wg furazolidone/ml for 30 min (O); Transi- 
tion profile for DNA (control) from untreated cells (0). 
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recover significantly when incubated in buffer at 37° in 
the dark and there is evidence indicating removal of most 
of the cross links in DNA by such treatment. Untreated 
cells proved wholly stable in this buffer at 37° showing 
no significant fluctuation in viability count up to at least 
24 hr. Treated cells showed no significant rise in viability 
count up to the first 2 or 3hr but thereafter the count 
started rising. After 18, 21 and 24hr holding in the dark 
at 37°, the viability counts increased 8-, 9- and 13-fold 
respectively (relative to the ohr. holding of the washed 
cells). This is comparable to the recovery in mustard gas 
treated Escherichia coli strain B [14]. A major discovery 
by Lawley and Brookes [15,16] and by Kohne, Steibigel 
and Spears [17] was the finding that cross links appear 
to be removed from the DNA of E. coli cells and that 
this process is controlled by the uvrB gene. This removal 
could be demonstrated by several techniques, one of which 
was the loss of the reversibly bihelical property of DNA 
[18]. DNA isolated from furazolidone treated cells held 
in buffer for 18hr at 37° in dark exhibited only 17-25 
per cent of reversibility in renaturation indicating removal 
of most of the cross links. 

Cross linkages between the complementary strands of 
DNA in vitro or in cells were detected after treatment with 
several agents including X-rays [19], nitrous acid [20], 
nitrogen or sulfur mustards [21], mitomycin-C [10, 11] etc. 
and several mechanisms for the cellular repair of cross 
linked DNA have been suggested [18]. Excision and gen- 
etic recombination have apparently been evident in contri- 
buting to recovery from damages induced by cross linking 
agents in bacterial cells [18]. But the exact mechanism 
of repair of the cross linked DNA in furazolidone treated 
cells has yet to be investigated. Also the chemical nature 
of the cross linking agent derived from the biotransforma- 
tion of furazolidone remains to be known. 


Acknowledgement—The authors gratefully acknowledge the 


receipt of a chemically pure sample of furazolidone from 
Messrs. Smith, Kline and French (India) Ltd. as gift. 


Short communications 


S. N. CHATTERJEE 
SUJATA GHOSE 
M. MalIrTI 


Biophysics Division, 
Indian Institute of Experimental Medicine, 
Calcutta-700032, India 


REFERENCES 

1. S. N. Chatterjee and C. Raychaudhuri, Ind. J. exp. Biol. 
9, 270 (1971). 

2. C. Raychaudhuri, S. N. Chatterjee and M. Maiti, Bio- 
chim. biophys. Acta 222, 637 (1970). 

3. S. N. Chatterjee and M. Maiti, Ind. J. exp. Biol. 11, 
134 (1973). 

4. S.N. Chatterjee and M. Maiti, J. Virol. 11, 872 (1973). 

5. S. N. Chatterjee, M. Maiti and Sujata Ghose, Biochim. 
biophys. Acta 402, 161 (1975). 

6. J. Marmur, J. Molec. Biol. 3, 208 (1961). 

7. E. P. Geiduschek, J. Am. chem. Soc. 84, 1329 (1961). 

8. R. J. Rutman, E. H. L. Chun and J. Jones, Biochim. 
biophys. Acta 174, 663 (1969). 

. B. S. Strauss, in Current Topics in Microbiology and 
Immunology. (Eds. W. Arber et al), Vol. 44, p. 1. 
Springer-Verlag, New York (1968). 

. V. Iyer and W. Szybalski, Science, N.Y. 145, 55 (1964). 

. V. Iyer and W. Szybalski, Proc. natn. Acad. Sci. U.S.A. 
50, 355 (1963). 

. P. Lawley and P. Brookes, Biochem. J. 89, 127 (1963). ° 

. A. Terawaki and J. Greenberg, Biochim. biophys. Acta 
119, 59 (1966). 

. A. Loveless, J. Cook and P. Wheatley, Nature, Lond. 
205, 980 (1965). 

. P. Lawley and P. Brookes, Nature, Lond. 206, 480 
(1965). 

. P. Lawley and P. Brookes, Biochem. J. 109, 433 (1968). 

. K. Kohne, N. Steigbigel and C. Spears, Proc. natn. 
Acad. Sci. U.S.A. 53, 1154 (1965). 

. R.S. Cole, Proc. natn. Acad. Sci. U.S.A. 70, 1064 (1973). 

. P. Alexander, Ann. N.Y. Acad. Sci. 163, 652 (1969). 

. E. P. Geiduschek, Proc. natn. Acad. Sci. U.S.A. 47, 950 
(1961). 

. P. Brookes and P. Lawley, Biochem. J. 80, 496 (1961). 





Biochemical Pharmacology, Vol. 26, pp. 1455-1462. Pergamon Press, 1977. Printed in Great Britain. 


THE IN VITRO METABOLISM OF MEPHENTERMINE 
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Abstract—The metabolism of mephentermine (Ie) to phentermine (Ia), N-hydroxyphentermine (Ib) and 
N-hydroxymephentermine (If) was investigated using hepatic microsomal preparations from various 
species. Liver microsomes from rabbit were the best homogenate fractions to metabolise Ie. The effect 
of incubation times, various substrate concentrations, addition of selective inhibitors and activators 
and species differences suggested that the dealkylation of Ie to Ia involved a separate metabolic route 
than the N-oxidation of Ie to Ib and If and that both hydroxylamino compounds Ib and If resulted 
from metabolic oxidation at the nitrogen atom of Ie. A mechanism explaining the separate formation 
of Ib and If through a common intermediate resulting from N-oxidation of Ie is proposed. The synthesis 
and the properties of N-methyl-(«,«-dimethyl-$-phenethyl)nitrone (Ig) are reported. 


Tertiary and secondary amines are metabolised in 
vitro and in vivo by oxidative dealkylation believed 
to involve the incorporation of atmospheric oxygen 
at the a-carbon atom to the nitrogen to yield unstable 
a-carbinolamines which spontaneously break down to 
secondary and primary amines respectively and a car- 
bonyl compound usually an aldehyde [1-4]; in some 
cases, some stabilised «-carbinolamine intermediates 
have been isolated [5-7]. 

N-Oxidation is an important metabolic route in 
vitro and in vivo in animals and man [3, 8-14]. Ter- 
tiary amines yield N-oxides[8]; secondary amines 
yield hydroxylamines and nitrones, if they possess at 
least one hydrogen atom on the a-carbon [15], while 
primary amines give hydroxylamines and C-nitroso- 
compounds if they have no hydrogen atom on the 
a-carbon [13, 14]. N-Oxides which rearrange to «-car- 
binolamines by intramolecular migration of the 
oxygen atom have been proposed and disputed as 
intermediates for the oxidative dealkylation of tertiary 
to secondary amine [4, 16-24]. 

The primary amine phentermine (Ia), N-hydroxy- 
phentermine (Ib) and N-hydroxymephentermine (If) 
were identified as metabolites (Fig. 1) of the secondary 
amine mephentermine (Ie) when incubated with hepa- 
tic microsomal fractions from rabbit[25]. The 
characteristics of these two metabolic routes are now 
reported. 


MATERIALS AND METHODS 


Compounds. Phentermine hydrochloride and 
mephentermine sulfate were kindly supplied by Riker 
Laboratories (Loughborough) and John Wyeth and 
Brother (Berkshire) respectively. N-Hydroxyphenter- 
mine (Ib), N-hydroxymephentermine (If), «-«-dimeth- 
yl-a-nitroso-B-phenylethane (Ic) and «,«-dimethyl-a- 
nitro-B-phenylethane (Id) were prepared as de- 
scribed [13,25]. All the drugs and their metabolic 
products were checked for purity by thin-layer and 
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Compounds 
Phentermine (Ia, a,a-dimethylphenethylamine) 


N-Hydroxyphentermine (Ib, V—hydroxy-a,a- 
dimethy! phenethylamine) 


a,a—Dimethyl-a-nitroso-B- phenylethane (Ic) 


a,a-Dimethyl-a- nitro— B- phenylethane (Id) 


CH, 


Mephentermine (Ie, VW -methy!-a,a-dimethyiphenethylamine) NO 
H 


N- Hydroxymephentermine (If ,+hydroxy-/V - methy!- a,@ - 
dimethy!- B-phenethylamine) 


N-Methyl-(a,a-dimethy!- B-phenethy!) nitrone (Ig) 


Fig. 1. Structure of mephentermine, its metabolic prod- 
ucts, related compounds and characteristic mass fragment 
ion (i) of N-methyl-(a,«-dimethyl-f-phenethyl) nitrone. 


gas-liquid chromatography. The following com- 
pounds were used: sodium cyanide, sodium azide, 
4-chloromercuribenzoic acid, dithiothreitol, N-ethyl- 
maleimide, 2-mercaptoethylammonium chloride (cys- 
teamine hydrochloride), all from B.D.H., potassium 
iodide, ethylenediaminetetraacetate disodium salt 
(EDTA Na,) formaldehyde solution (40% in water) 
from May and Baker Ltd. NADP Naz, glucose-6- 
phosphate disodium salt and glucose-6-phosphate de- 
hydrogenase were obtained from Boehringer. Catalase 
from bovine liver (as purified powder) was purchased 
from Sigma Chemical Co. 
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Synthesis of N-methyl-(a,x-dimethyl-B-phenethyl) 
nitrone (Ig). Nitrones can be prepared chemically in 
good yield by condensation of primary hydroxyl- 
amines with a carbonyl compound [26]. N-Hydroxy- 
phentermine (Ib) was extracted with ether from a 
freshly prepared solution of the oxalate (54mg) in 
phosphate buffer pH 7.4, the organic extract dried 
over MgSO, (anhyd.), filtered, evaporated in vacuo 
and the residue dissolved in benzene (50 ml) in a 
round bottom flask. Formaldehyde solution (40% in 
water, 1 ml) was added and the mixture refluxed for 
4hr, then the solvent evaporated off, the residue dis- 
solved in ether, the solution dried (MgSO, anhyd.), 
filtered and evaporated to yield a solid residue having 
a strong smell of formaldehyde. This residue was 
devoid of any detectable amount of compounds Ib 
and If by previously described gas-liquid and thin- 
layer chromatography system [25]. The nitrone struc- 
ture, Ig (Fig. 1), of this residue was proved by the 
following: the infra-red spectrum showed bands at 
1560 (medium, —N=—CH,) and 1150 strong, N— O) 
cm~' common in all spectra of nitrones [26]; the 
p.m.r. characteristics in CDCl, were 5H (singlet, Ar) 
72.8, 2H (two doublets, N = CH;), t3.4-4.0, 2H (sing- 
let, CH), 16.95, 6H (singlet, C-(CH;),), 18.6, the split- 
ting of the methylene protons into two doublets is 
characteristic of a-unsubstituted nitrones[27]; the 
g.c.-mass spectrum of this residue gave the following 
mass ion fragments at m/e 91(100%), 32(66%), 
55(28%), 117(25%), 70(21%), 45(21%), 162(19%), 
105(19%), 132(18%), 41(16%), 39(14%), 104(14%), 


65(12%), 43(12%), 133(10%), and 92(10%). The ion at 
m/e 70 corresponds to structure i (Fig. 1) and has 


been shown to be a characteristic fragment of various 
nitrone compounds related to phenethylamines [28]. 

T.lc. and g.l.c. analysis of an ethereal solution of 
the nitrone compound (Ig) gave a single spot at R, 
0.29 using solvent system 1 and one peak at R, 
24.4min (170°) when injected on column C [25]. 
Futhermore, oxidation of Ig in phosphate buffer 
pH 7.4 with potassium manganate (KMnO, 1%, 
20 min) followed by exctraction into ether and g.l.c. 
analysis on column C led to compiete disappearance 
of the peak corresponding to Ig (R, 24.4min, 170°) 
in favour to that of «,«-dimethyl-x-nitro-f-phenyleth- 
ane (Id, R, 6.4 min, 170°). However, water and formal- 
dehyde were found to be present by p.m.r. analysis 
of the sample of the nitrone and attempts to purify 
this compound led to decomposition. 

Gas-liquid and thin-layer chromatography. The 
columns used for g.l.c. analysis and the solvent sys- 
tems used for t.l.c. analysis were described before [25] 
and used under the same conditions. A.W.G. Pye 
“Serie 104” gas chromatograph model 84 (Pye Un- 
icam Ltd., Cambridge) with a flame ionization detec- 
tor and a 1 mV Perkin-Elmer 56 recorder were used. 

Physical measurements. Infra-red spectra were 
recorded with a Unicam SP-1000 spectrometer. Pro- 
ton magnetic resonance (p.m.r.) spectra in CDCI, 
were recorded using a Perkin-Elmer R-10 n.m.r. spec- 
trometer and a Northern Scientific 544 CAT with 
tetramethylsilane as the reference standard. All mass 
spectra were obtained using a Perkin-Elmer Model 
270 gas chromatograph-mass spectrometer (g.c.-m.s.) 
system at an electron energy of 70eV. A 2-m 
glass column packed with Chromosorb W (100-120 
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mesh size) and coated with Carbowax 20M (7.5% 
was used at 170° for recording the g.c.-mass spectrum 
of the nitrone compound (Ig); helium (0.7 kgcm~?) 
was the carrier gas. 

Animals and preparation of the liver homogenates. 
Young adult animals [New Zealand white rabbits 
(Great Toteas, Bickstead), 1.5-3.0kg; Albino Dunkin 
Hartley guinea pig (Redfern Animal Supplies), 750 g; 
Laca mouse (Tuck and Son, Southend), 30g; South 
Down Warren chick (South Down Actuaries, Uck- 
field), 100 g; Syrian hamster (Ex-Chester Beatly), 100 g 
and Wistar rat (CFHB Carworth), 350 g] were killed, 
their livers rapidly removed and the 9,000 g superna- 
tant, and microsomes prepared as described else- 
where [13]. Washed microsomes were prepared by 
resuspending the microsomal pellets in 0.25M 
Tris-KCI buffer (pH 7.4) and centrifuging at 140,000 g 
for 1 hr at 0° using a M.S.E. Superspeed 40 centrifuge. 
All homogenate fractions were resuspended in fresh 
isotonic Tris-KCl buffer at a final homogenate con- 
centration equivalent of 0.5 g of liver per ml. 

Incubation experiments. Incubations were carried 
out in 25ml conical flasks in a water bath at 37° 
with shaking. Unless stated, each incubation mixture 
contained NADP (as disodium sait, 3.4 mg, 4 umol), 
glucose-6-phosphate (as disodium salt, 6 mg, 10 umol), 
nicotinamide (0.1 ml of a 0.6M solution in water, 
60 umol), MgCl, (0.2 ml of a 0.01 M solution in water, 
20 umol), all added in water to a final vol. of 1 ml, 
phosphate buffer pH 7.4 (British Pharmacopoeia, 
1968, p. 1362; 3 ml), homogenate fraction (1 ml, equiv- 
alent to 0.5 g of original liver) and substrate in water 
(1 ml), giving a total incubation vol. of 6 ml. Nicotin- 
amide is widely used in vitro in incubation mixtures 
to inhibit the microsomal nucleotidase of liver which 
destroys NADP; under these experimental conditions 
it does not inhibit the metabolic oxidation catalysed 
by microsomes [30]. Glucose-6-phosphate dehydro- 
genase (2 units per flask) was added to the incubation 
mixture when microsomes or washed microsomes 
were used. In one experiment, various concentrations 
of microsomes equivalent to 0.25, 0.5, 0.75 and 1g 
of liver were made up by diluting the washed micro- 
somes with an appropriate volume of phosphate 
buffer. In all cases, the incubation mixtures were incu- 
bated for 5 min at 37° with shaking before the addi- 
tion of substrate, then the incubations carried out for 
various periods of time. Mephentermine (Ie, as sul- 
phate, 1-10 umol in water, 1 ml) and N-hydroxyme- 
phentermine (If, 0.19 umol, as oxalate in water, 1 ml; 
freshly prepared solution) were incubated with homo- 
genates under the above conditions. When com- 
pounds other than Ie and If were added to the incu- 
bation mixtures (final concentration of 1 mM) they 
were dissolved in phosphate buffer (pH 7.4) immedi- 
ately before the experiment. When not used, the 
homogenate preparations were stored at 4°. 

The K,, and the maximum rates of metabolism 
(Vinax) for the microsomal N-dealkylation and oxi- 
dation of mephentermine (Ie) were determined over 
the concentration ragne of 1 to 10ymol per 6ml 
(0.166—1.666 mM) using hepatic washed microsomes 
from rabbit. The data were plotted according to the 
Lineweaver—Burk (I/v vs l/s) method and subjected 
to regression analysis to give the appropriate K,, and 
Vinax Values. 
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Table 1. The in vitro metabolism of mephentermine (Ie, 5 ymol per flask) using hepatic microsomal preparations from 
rabbit liver* 





Amounts of metabolites formed 


Phentermine (Ia) 


Homogenate (nmol)t (nmol gm~')t 


N-Hydroxyphentermine (Ib) 
(nmol) 


N-Hydroxymephentermine (If) 


(nmol mg~ ') (nmol) (nmol mg~') 





21.2 $2 

48.3 +17 

47.541 
2.7 + 0.2 


794.7 + 72 

676.2 + 24 

431.8 + 12 
27 +2 


9000 g Supernatant 
Microsomes 

Washed microsomes 
Washed microsomes$ 


135.3 + 0.1 
91.6 + 13 
74.6 + 20 


_ 


eo = 
NW Oo 
OHH I+ 
Neo 





* The incubation time was 30min for the formation of Ia and 60min for the formation of Ib and IIb. Results 
are expressed as a mean value of two experiments + mean deviation. 


+ nmoles. 
t nmoles per mg of protein. 
§ NADP was omitted from the cofactor solution. 


Quantitative analysis. The metabolic reaction was 
stopped by rapidly putting the flask in an ice tray. 
The amount of mephentermine (Ie) and its metabolic 
products i.e. phentermine (Ia), N-hydroxyphentermine 
(Ib) and N-hydroxymephentermine (If) were deter- 
mined by gas-liquid chromatography as described 
before [25]. The total amount of N-oxidised metabo- 
lites of Ie i.e. Ib and If was determined by the amount 
of a,«-dimethyl-a-nitro-B-phenylethane (Id) present in 
the ethereal extract of the incubation mixture (6 ml) 
after oxidation with potassium permanganate 
(KMnO, 1%, 1 ml, 20 min shaking) since Ib and If, 
but not Ia and Ie, are oxidised quantitatively to the 
nitro compound (Id) under these conditions [25}. The 
protein content of the homogenates was determined 
by the method of Lowry et al. [29]. 


RESULTS AND DISCUSSION 


In a preliminary experiment, mephentermine (le, 
5 wmol per flask) was incubated with washed micro- 
somes from a rabbit (equivalent to 0.5g or original 
liver) plus the NADPH generating system for 30 min 
at 37° and the amounts of Ie, Ia and total N-oxidised 
metabolites were determined. The percentage of reco- 
veries (mean value of duplicate experiments) of un- 
changed mephentermine (Ie), phentermine (Ia) and 
total N-oxidised metabolites were 88.4 (4.42 umol), 8.2 


(0.408 uymol) and 3.2 (0.162 umol) respectively; the 
total recovery of substrate moiety was 99.8 per cent 
(4.99 umol). Thus, mephentermine (Ie) is not metabo- 
lised by routes other than N-dealkylation and N-oxi- 
dation under the present conditions of incubation. 
Results of the incubation of mephentermine (Ie) 
with various homogenate preparations from one rab- 
bit liver showed that the activity to metabolise Ie to 
phentermine (Ia), N-hydroxyphentermine (Ib) and 
N-hydroxymephentermine (If) is mainly localised in 
the microsomes (Table 1). Washing the microsomes 
did not affect the specific activity of the dealkylation 
of Ie to Ia but increased that of N-oxidation namely 
formation of Ib and If. Reduced pyridine cofactor 
(NADPH) was necessary for maximum activity of the 
microsomes. In the absence of a NADPH generating 
system, washed microsomes from rabbit liver dealky- 
lated Ie to significant amounts of la but no hydroxyl- 
amines Ib and If could be detected (Table 1). There- 
fore, hepatic washed microsomes plus a NADPH 
generating system were subsequently used in all ex- 
periments. 
N-Methyl-(a,«-dimethyl-8-phenethyl)nitrone (Ig) 
could not be detected when neutral ethereal extracts 
of incubation mixtures of Ie where analysed on g.l.c. 
column G (170°, [25]). Nitrones are major N-oxidised 
products of metabolism of many phenethylamines 
such as the N-ethyl, N-propyl and N-butyl derivatives 


Table 2. The effect of incubation time on the in vitro metabolism of mephentermine (Ie, 5 umol per flask) using washed 
microsomes from rabbit liver 





Amounts of metabolites formed (nmol mg~')* 


N-Hydroxyphen- 
termine (Ib) 


Time Phentermine 
(min) (Ia) 


N-Hydroxymephen- 
termine (If) 


Total N-oxidised 
metabolites 


Sum of 





10 24.8 

15 29.1 + 0.7 
20 34.3 

30 

40 

60 

10§ 

20 

40 

60 


— 
++ 


WADPN= © 

nAnoOowoan co co 
ee i iH EF I 

Pe sae = 





* nmoles per mg of protein. 
+ Experiment 1. 


t Results are expressed as a mean value of duplicate incubations + mean deviation. 


§ Experiment 2. 
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Table 3. The incubation of N-hydroxymephentermine acid oxalate (If, 0.19 umol per 6ml) with phosphate buffer at 
pH 7.4 (A) and with phosphate buffer containing liver washed microsomes from rabbit plus the standard NADPH 
generating system (B) for 60 min at 37° 





Amount (umol) recovered as 


System N-Hydroxymephentermine (If) 


N-Hydroxyphentermine (Ib) 


Total N-oxidised metabolites 





A 0.168 (88.6)* 
B It 0.04 (22.8) 
2t 0.023 (12.4) 


0.029 (15.3) 
0.107 (56.3) 
0.135 (71.4) 


0.189 (99.0) 
0.160 (84.4) 
0.162 (85.5) 





* The percentage of recoveries are in parenthesis. 
+ Experiment 1. 
t Experiment 2. 


of amphetamine and norfenfluramine when incubated 
with hepatic microsomal fraction [15]. 

The concentrations of N-hydroxyphentermine (Ib) 
determined in the organic extracts of incubation mix- 
tures of mephentermine (Ie) were similar or greater 
to those determined when phentermine (Ia) was incu- 
bated under similar conditions indicating that the pri- 
mary hydroxylamine (Ib) was derived from a route 
additional to that involving N-oxidation of the meta- 
bolically produced phentermine (Ia). Also, if N-oxida- 
tion of the primary amine phentermine (Ia) occurred 
in the incubation mixtures of Ie, then «,«-dimethyl-a- 
nitroso-B-phenylethane (Ic) should be present in 
greater amounts than Ib since Ic is the major 
N-oxidised metabolite when Ia is incubated with 
hepatic microsomes [30]. However, the nitroso com- 
pound (Ic) could not be detected on g.lc. analysis 
(column A, 100°[13]) of a concentrated ethereal 
extract of three incubation mixtures of mephenter- 
mine (Ie), while phentermine (Ia, at the same concen- 
tration of If used) incubated for the same period of 
time (60 min) with the same microsomes (from rabbit 
liver) under identical conditions yielded Ic. Thus 
phentermine (Ia) was precluded as the metabolic pre- 
cursor of N-hydroxyphentermine (Ib) when mephen- 
termine (Ie) was incubated with liver microsomal frac- 
tions. 

Further evidence that «,«-dimethyl-«-nitroso-f- 
phenylethane (Ic) was not formed in the incubation 
mixtures of mephentermine (Ie) was obtained from 
the determination of the amount of total N-oxidised 
metabolites (Table 2); these corresponded roughly to 
the sum of N-hydroxyphentermine (Ib) and N-hyd- 
roxymephentermine (If) determined in the incubation 
mixtures of Ie. The hydroxylamines Ib and If, the 
nitroso (Ic) and the nitrone (Ig) compounds have been 
shown to be quantitatively oxidised in the nitro (Id) 
compound by potassium permanganate (KMnO, 
1%, [13, 25]); this was the basis of the estimation of 
total N-oxidised metabolites. 

Thus, from the above evidence the presence of 
N-methyl-(a,x-dimethyl-B-phenethyl)nitrone (Ig) in 
the incubation mixtures of mephentermine (Ie) is pre- 
cluded. 

Incubation of N-hydroxymephentermine (If). The 
possibility of metabolic oxidative dealkylation of the 
metabolically produced N-hydroxymephentermine 
(If) to give N-hydroxyphentermine (Ib) in the incuba- 
tion mixtures of mephentermine (Ie) was considered. 
The secondary hydroxylamine (If) was mainly meta- 
bolised by dealkylation to the primary hydroxylamine 
(Ib) when incubated with hepatic microsomes from 


rabbit liver plus a NADPH generating system in the 
absence of mephentermine (Ie) (Table 3). The amount 
of If incubated was roughly three times that deter- 
mined when mephentermine (Ie) was incubated under 
identical conditions. The percentages of recoveries 
(mean value of duplicate experiments) of unchanged 
If, Ib and total N-oxidised products were 17, 64 and 
85 respectively after 60 min of incubation of If. The 
rates of formation of Ib from If under these condi- 
tions (9.1mg of protein content) were 12 and 
15 nmoles per mg of protein per 60 min. The enzymic 
reduction of the hydroxylamines Ib and If to the 
corresponding amines Ia and Ie may be responsible 
for the missing 15 per cent of the recovery of total 
N-oxidised products (Table 3) compared with that 
obtained from incubation in phosphate buffer under 
the same conditions. Secondary hydroxylamine reduc- 
tase and oxidase activities have been reported and 
the enzyme systems purified from pig and porcine 
liver microsome [31, 32]. It was established that the 
same enzyme system catalysed the disappearance of 
secondary hydroxylamines and the oxidation of 


nmole mg ' protein 


Amounts of metabolites formed, 








Time, min 


Fig. 2. The in vitro metabolism of mephentermine (Ie, 

5 wmol) as a function of time (min) using washed micro- 

somes from rabbit liver. Each point is the mean value of 

two experiments. —A— Phentermine (Ia). —O— Total 

N-oxidised metabolites. —@— N-Hydroxyphentermine 
(Ib). —&— N-Hydroxymephentermine (If). 
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Table 4. Enzyme-substrate characteristics (K,, and V,, 


ax) for the in vitro metabolism of mephentermine 


(Ie) to phentermine (Ia), N-hydroxyphentermine (Ib), N-hydroxymephentermine (If) and total N-oxidised 
metabolites using washed microsomes from rabbit liver 





Metabolic reaction* 


Correlation coefficientt 


Kat V, 


+ 
maxt 





Formation of la 
Formation of Ib 
Formation of If 
Formation of total N-oxidised metabolites 


0.92 
0.95 
0.96 
0.95 


0.917 
3.182 
0.81 

1.347 


0.199 
0.084 
0.11 

0.194 





* The incubation time was 5 min for the formation of Ia and 30min for the formation of Ib, If 
and total N-oxidised metabolites. Two experiments representing two independent microsomal prep- 
arations were performed. Incubations were done in triplicate in each experiment. 

+ The data (6 in each case) were plotted according to Lineweaver-Burk method and submitted 


to regression analysis. 


t K,, and V,,,, represent ymol per 6m! and pmol per 0.5g liver per 5 (for the formation of Ia) 
or 30 min (for the formation of Ib, If and total N-oxidised metabolites) respectively. 


secondary amines to secondary hydroxylamines and 
that the two reactions are differentiated by the opti- 
mum experimental conditions [33, 34]. 

Kinetic studies. The rate of metabolism of mephen- 
termine (Ie) to phertermine (Ia), N-hydroxyphenter- 
mine (Ib) and N-hydroxymephentermine (If) was 
linear with respect to microsomal concentration of 
5.5-22.5 mg of protein equivalent to 0.25-1 g of ori- 
ginal liver. The amount of N-hydroxyphentermine 
(Ib), N-hydroxymephentermine (If) and __ total 
N-oxidised metabolites produced were linear with 
time to 60 min (Fig. 2); under the same conditions, 
the formation of phentermine (Ia) from Ie was linear 
between 10 and 60 min. The deviation from the linear- 
ity obtained for the dealkylation of Ie to Ia during 
the first 10 min of incubation of Ie may result from 
the accumulation of NADPH generated prior to the 
addition of Ie. 

When reaction rates were plotted as a function of 
mephentermine (Ie) concentration from | to 10 umol 
per 6 ml, typical saturation curves were obtained for 
the formation of Ia, Ib, If and total N-oxidised meta- 
bolites. The data of the rates of formation of the 
metabolites Ia, Ib, If and the total N-oxidised meta- 
bolites were plotted according to the Lineweaver— 
Burk method and the enzyme-substrate character- 


istics (K,, and V,,,,) were calculated (Table 4). Good 
fitting curves were obtained for all the metabolic reac- 
tions. The maximum rate of formation of phentermine 
(Ia) is six times greater than that of the total 
N-oxidised metabolites although the tabulated rates 
are similar (Table 4); this discrepancy is explained 
by the fact that an incubation time of Smin was 
chosen for the metabolic formation of Ia against 
30 min for the measurement of total N-oxidised meta- 
bolites. On the other hand, the maximum rate of for- 
mation of total N-oxidised metabolites represents the 
added rates of formation of Ib and If suggesting the 
presence of a single enzyme system catalysing the in- 
corporation of oxygen in mephentermine (Ie) to give 
N-hydroxyphentermine (Ib) and N-hydroxymephen- 
termine (If). 

Effect of foreign compounds on the in vitro metabo- 
lism of mephentermine (Ie). The effects of foreign com- 
pounds on the microsomal metabolism of mephenter- 
mine (Ie) to phentermine (Ia), N-hydroxyphentermine 
(Ib) and N-hydroxymephentermine (If) are listed in 
Table 5. Sodium cyanide, sodium azide and EDTA 
(ethylediaminetetraacetate) strongly increased the for- 
mation of the hydroxylamines Ib and If but only 
slightly affected the formation of Ia; these compounds 
also increased, though to a lesser extent, the meta- 


Table 5. The effect of foreign compounds on the in vitro metabolism of mephentermine (Ie) using rabbit liver washed 
microsomes 





Phentermine 


Compounds* (Ia) 


Percentage formation of 
N-Hydroxyphentermine N-Hydroxymephentermine 
(Ib) (If) 





100.0 + 0.3t 
132.5 + 20.8 
98.0 + 7.7 
113.2 + 0.2 
23 +1 
80.4 + 15.3 
93.6 + 4.2 
89.5 + 12.6 
67.2+ 1.4 
86.5 + 8.9 


None (control) 

Sodium cyanide 

Sodium azide 

EDTA (ethylenediaminetetracetate) 
4-Chloromercuribenzoic acid 
N-Ethylmaleimide 

Cysteamine 

Dithiothreito} 

Potassium iodide 

Catalase 


100.0 + 0.3 
417.9 + 9.3 
154.7 + 18.1 


100.0 + 12 
528.7 + 22.5 
209.7 + 29.4 
684.0 + 6.1 


NN 


—_ 


9) 
BAe SN 


HH H+ H+ + © 
AA NNW 
+ I+ I+ I+ H+ © 
—_O-— WN 
POWWA 
w 


‘© 





* Foreign compounds (final concentration of 1 mM) and catalase (100 wg per flask) were incubated for 5 min with 
the microsomal fractions prior to the addition of mephentermine (5 uwmol) and then the incubation carried out for 


30 min. 


+ Results are expressed as a percentage mean value of two experiments + mean deviation compared to control (100%) 


incubations. 
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bolic N-oxidation of Ia when incubated with micro- 
somes under similar conditions [30]. The formation 
of phentermine (Ia) and the hydroxylamino com- 
pounds Ib and If are almost completely inhibited by 
the addition of 4-chloromercuribenzoic acid in the in- 
cubation mixtures of Ie in agreement with earlier 
results on the microsomal N-oxidation of Ia [30]. The 
metabolic formation of Ib and If were strongly inhi- 
bited by the addition of N-ethylamaleimide and dith- 
iothreitol while the formation of Ia, a typical a-carbon 
oxidation process, was only slightly affected. Potas- 
sium iodide, a known decomposer of cytochrome 
P-450 [35, 36], inhibited the deaikylation of Ie to 
Ia but not the formation of Ib and If. Enzyme inhibi- 
tors have been used to provide evidence that N-oxida- 
tion and N-dealkylation (a-C-oxidation) involved dif- 
ferent metabolic processes [3]. Catalase had only a 
slight inhibitory effect on the microsomal metabolism 
of mephentermine (Ie) precluding endogenous hydro- 
gen peroxide as the in vitro oxidant of Ie. 

Species difference in the in vitro metabolism of 
mephentermine (Ie). Microsomes from rabbit liver 
were found to be the best homogenate preparations 
to metabolise mephentermine (Ie) in vitro to Ia, Ib 
and If (Table 6). Large variations in the ratio of the 
amount of phentermine (Ia) formed to that of the 
total N-oxidised metabolites and in the ratio of the 
amount of N-hydroxyphentermine (Ib) to N-hydroxy- 
mephentermine (If) formed were obtained between 
the species investigated. Hepatic microsomes from 
chick are as active than those from rabbit to dealky- 
late Ie to Ia but formed very small amounts of Ib 
and If (less than 10% compared to rabbit micro- 
somes). Inversely, liver microsomes from guinea pig 
showed a more profound decrease in the formation 
of Ia than that of Ib and If respectively. The ratio 
of the metabolically produced N-hydroxyphentermine 
(Ib) to N-hydroxymephentermine (If) increased when 
mephentermine (Ie) was incubated with hepatic 
washed microsomes from guinea pig and hamster but 
decreased with those from chick, cat and mouse. 

Proposed mechanism for the microsomal «a-carbon 
oxidation of mephentermine (Ie) to give phentermine 
(Ia) and metabolic N-oxidation of mephentermine (Je) 
to N-hydroxyphentermine (Ib) and N-hydroxymephen- 
termine (If). Metabolic «-C- and N-oxidation involve 
different metabolic processes [3,9]. The rate of forma- 
tion of Ia from Ie is much faster than that of the 
N-oxygenated metabolites Ib and If. N-Ethylmalei- 
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mide and dithiothreitol inhibit whereas EDTA, 
sodium cyanide and sodium azide strongly enhance 
the metabolic formation of Ib and If but slightly affect 
that of Ia when added to the incubation mixtures 
of Ie. Also, potassium iodide depresses the formation 
of Ia but not that of Ib and If from Ie. Furthermore, 
liver microsomes from chick dealkylate Ie and Ia but 
do not readily form Ib and If to the same extent 
as hepatic microsomes from rabbit under the same 
conditions of incubation; the reverse is true for micro- 
somes from guinea pig. The results suggest that the 
metabolic dealkylation of Ie to Ia and the formation 
of the N-oxygenated metabolites Ib and If from Ie 
involve different metabolic processes namely a-carbon 
(a-C) and N-oxidation respectively. 

Time study of the metabolic formation of phenter- 
mine (Ia) and N-hydroxyphentermine (Ib) from 
mephentermine (Ie) with rabbit liver microsomes gave 
curves suggesting the independent formation of Ia 
and Ib. a,«-Dimethyl-a-nitroso-f-phenylethane (Ic) 
was a major N-oxidised metabolite of Ia when incu- 
bated with rabbit liver microsomes but was not 
formed in the incubations of Ie. It is concluded that 
N-hydroxyphentermine (Ib) does not derive from the 
metabolically produced phentermine (Ia) in the incu- 
bations of mephentermine (Ie). 

The kinetics of formation of the hydroxylamines 
Ib and If upon incubation of Ie with liver microsomes 
from rabbit for up to 60 min gave curves which indi- 
cated the independent formation of Ib and If from 
le. The secondary hydroxylamine If was mainly meta- 
bolised by N-dealkylation to Ib when incubated with 
rabbit liver microsomes in the absence of Ie; the rate 
of formation of Ib from If was too low to account 
for the amounts of Ib present in the incubation mix- 
tures of Ie under the same conditions. Furthermore, 
in the incubation mixtures of Ie the concentration 
of Ie (5S umol per 6 ml) exceeded that of the metaboli- 
cally produced If by a factor of at least one hundred 
at the early stage of incubation (10 min) and competi- 
tion for the N-dealkylation reaction would favour the 
faster rate of formation of Ia from Ie rather than Ib 
from If. Moreover, addition of cyanide, azide and 
EDTA in the incubation mixtures of Ie strongly in- 
creased the formation of both Ib and If but not Ia. 
Thus, under the present conditions of incubation of 
Ie, the primary hydroxylamine (Ib) is not produced 
by N-dealkylation i.e. not by the a-oxidation of the 
metabolically produced secondary hydroxylamine (If) 


Table 6. Species differences in the in vitro metabolism of mephentermine (Ie, 5 umol per 6 ml) when incubated with 
liver washed microsomes for 60 min 





Amounts of metabolites formed (nmol mg~')* 


Species Phentermine (Ia) N-Hydroxyphentermine (Ib) N-Hydroxymephentermine (If) 
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14.0 + 5 
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Fig. 3. Scheme for the metabolic a-C-oxidation of mephentermine to give dealkylation and of the 
metabolic N-oxidation to a complex which results in the formation of N-hydroxyphentermine and 


N-hydroxymephentermine. R = ArCH;, 


Fp = flavoprotein + = metabolic 


route, — = chemical 


change. 


but is produced by from N-oxidative metabolic attack 
on mephentermine (le). 

The V,,,, of the formation of the primary hydroxyl- 
amino compound Ib from the secondary amine Ie 
is of the same order than that of the N-oxidation 
of Ie to If indicating that the same enzyme catalyses 
the incorporation of oxygen present in Ib and If. 

The results of the in vitro oxidative metabolism of 
mephentermine (Ie) are rationalised in Fig. 3; use is 
made of the principles outlined earlier [37] to explain 
the formation of C-nitroso and hydroxylamino 
groups from the primary amine phentermine (Ia) by 
involving the separate formation of a primary and 
secondary hydroxylamino group from the secondary 
hydroxylamine group from the secondary amine 
mephentermine (Ie) through a single enzyme system. 

Metabolic a-carbon oxidation of Ie yields the un- 
stable carbinolamine (I) which readily eliminates for- 
maldehyde to give the primary amine Ia. 

Metabolic N-oxidation through a flavoprotein 
results in the formation of the free radical ion 


complex (II). Rapid dissociation will produce the 
Zwitterion (III) and free flavoprotein; proton re- 
arrangement then occurs to give the N-hydroperoxide 
(IV) from which water is eliminated to yield the 
nitrone compound (Ig). Nitrones of this type are very 
unstable and undergo immediate hydrolysis in neutral 
aqueous solution to give the corresponding primary 
hydroxylamines (Beckett and others, unpublished 
findings). Therefore, hydrolysis of Ig and spontaneous 
breakdown of the carbinolhydroxylamine (V) gives 
the primary hydroxylamine (Ib) and formaldehyde. 
The formation of formaldehyde i.e. N-dealkylation is 
thus produced by both a-C and N-oxidation of Ie. 

On the other hand, if rapid dissociation of the com- 
ponents of the radical complex (II) does not occur, 
the flavoprotein in the complex will be reduced to 
complex VI containing reduced flavoprotein (F,,H2). 
The nitrogen and oxygen free radicals interact to give 
the Zwitterion followed by dissociation to yield flavo- 
protein, one molecule of water and the N-oxide (VII) 
which undergoes proton rearrangement to give 
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ydroxymephentermine (If). The oxygen atom 


present in the hydroxylamines Ib and If is thus de- 
rived from the atmosphere. 


REFERENCES 


1. R. E. McMahon, J. Pharm. Sci. 55, 457 (1966). 


. E. McMahon, H. W. Culp and J. C. Occolowitz, 
. Am. chem. Soc. 91, 3389 (1969). 
A. H. Beckett, Xenobiotica 1, 365 (1971). 
. Arrhenius, Xenobiotica 1, 487 (1971). 
. E. McMahon and H. R. Sullivan, Biochem. Pharmac. 


14, 1085 (1965). 
. J. W. Gorrod, D. J. Temple and A. H. Beckett, Bio- 


chem. J. 117, 40p (1970). 


. H. N. Hucker, Drug Metab. Rev. 2, 33 (1973). 

. M. H. Bickel, Pharmac. Rev. 21, 325 (1969). 

. M. H. Bickel, Xenobiotica 1, 313 (1971). 

. P. Jenner, Xenobiotica 1, 339 (1971). 
. A. H. Beckett, D. P. Vaughan and E. E. Essien, J. 


Pharm. Pharmac. 24, 244 (1972). 


2. J. W. Gorrod, Chem.-Biol. Inter. 7, 289 (1973). 
13. A. H. Beckett and P. M. Bélanger, Xenobiotica 4, 509 


(1974). 


. A. H. Beckett and P. M. Bélanger, J. Pharm. Pharmac. 


26, 205 (1974). 


. A. H. Beckett, R. T. Coutts and F. A. Ogunbona, J. 


Pharm. Pharmac. 25, 190 (1974). 


. M.S. Fish, N. M. Johnson, E. P. Lawrence and E. C. 


Horning, Biochim. biophys. Acta 18, 564 (1955). 


. M.S. Fish, C. C. Sweeley, N. M. Johnson, E. P. Law- 


rence and E. C. Horning, Biochim. biophys. Acta 21, 
196 (1956). 


. F. H. Petit and D. W. Ziegler, Biochem. biophys. Res. 


Commun. 13, 193 (1963). 


19. 


M. BELANGER 


D. M. Ziegler and F. H. Petit, Biochem. biophys. Res. 
Commun. 15, 188 (1964). 


. D. M. Ziegler and F. H. Petit, Biochemistry 5, 2932 


(1966). 


. R. E. McMahon and R. H. Sullivan, Life Sci. 3, 235 


(1964). 


. J. M. Machinist, W. J. Orme-Johnson and D. M. 


Ziegler, Biochemistry 5, 2939 (1966). 


. M. H. Bickel, Archs Biochem. Biophys. 148, 54 (1971). 
. §. D. Nelson, P. A. Kollman and W. F. Trager, J. 


med. Chem. 16, 1034 (1973). 


. A. H. Beckett and P. M. Bélanger, J. Pharm. Pharmac. 


27, 928 (1975). 


26. J. Hamer and A. Macaluso, Chem. Rev. 64, 473 (1964). 
27. P. M. Morgan and A. H. Beckett, Tetrahedron (in 


press). 


. A. H. Beckett, R. T. Coutts and F. A. Ogunbona, J. 


Pharm. Pharmac. 25, 708 (1973). 


. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. J. 


Randall, J. biol. Chem. 193, 265 (1951). 


. A. H. Beckett and P. M. Bélanger, J. Pharm. Pharmac. 


28, 692 (1976). 


. F. F. Kadlubar, E. M. McKee and D. M. Ziegler, Archs 


Biochem. Biophys. 156, 46 (1973). 


2. F. F. Kadlubar and D. M. Ziegler, Archs Biochem. Bio- 


phys. 162, 83 (1974). 


. D. M. Ziegler and C. H. Mitchell, Archs Biochem. Bio- 


phys. 150, 116 (1972). 


. L. L. Poulsen, F. F. Kadlubar and D. M. Ziegler, Archs 


Biochem. Biophys. 164, 774 (1974). 


. Y. Imai and R. Sato, Eur. J. Biochem. 1, 419 (1967). 
. V. Ullrich, Hoppe Seyler’s Z. Physiol. Chem. 350, 357 


(1969). 


. A. H. Beckett and P. M. Bélanger, J. Pharm. Pharmac. 


26, 558 (1974). 





Biochemical Pharmacology, Vol. 26, pp. 1463-1468. Pergamon Press, 1977. Printed in Great Britain. 


EFFECT OF GLUCOCORTICOID ON PROSTAGLANDIN 
PRODUCTION DURING SIMULATED SHOCK 
CONDITIONS IN THE PERFUSED CAT LIVER* 


RICHARD P. CARLSONt, JOHN T. FLYNN{ and ALLAN M. LEFER 


Department of Physiology, Jefferson Medical College, Thomas Jefferson University, 
Philadelphia, PA 19107, U.S.A. 


(Received 13 August 1976; accepted 15 October 1976) 


Abstract—The production of prostaglandins E, and F,, by isolated perfused cat livers was quantitated 
during separate simulated shock conditions (i.e. ischemia, acidosis and hypoxia). Control livers showed 
little change in perfusate prostaglandin concentrations over a 150-min perfusion period. Neither ische- 
mia nor acidosis produced significant increases in prostaglandin concentrations in the perfusate after 
150 min of perfusion. Hypoxia resulted in a 4.5-fold increase in PGE, and a 3.5-fold increase in PGF,, 
concentrations during this same period. Lactic acid dehydrogenase and cathepsin D activities were 
also elevated in the perfusate during hypoxia. Addition of methylprednisolone (10~ > M) to the perfusate 
significantly retarded the release of PGE,, PGF,, and cathepsin D into the perfusate during severe 
hypoxia, without significantly altering the increase in lactic acid dehydrogenase activity. The action 
of methylprednisolone on prostaglandin and lysosomal enzyme release in hypoxic livers may be the 
result of a membrane-stabilizing action of the glucocorticoid. One proposed mechanism for the inhibi- 
tion by glucocorticoids of the increased prostaglandin production during hypoxia is that endogenous 
arachidonic acid is stabilized within the cell membrane phospholipids. Thus, less substrate is available 


for utilization by the prostaglandin synthetase system. 


Several investigators have demonstrated increased cir- 
culating concentrations of prostaglandins during a 
variety of forms of circulatory shock. These include 
hemorrhagic [1-3], splanchnic artery occlusion [4], 
and endotoxic [5—7] shock. Although it has been sug- 
gested that the increased circulating prostaglandin 
concentrations may have resulted from an increase 
in the rate of synthesis and release of these fatty acids 
from various organs such as the kidney [3, 6, 8-10], 
the lung [11,12] or the splanchnic region [4], the 
precise stimuli for prostaglandin synthesis and release 
during the shock states have not been determined. 
Studies in intact animals do not permit a precise loca- 
lization of the source of prostaglandin production, 
since certain blood cells are a rich source of prosta- 
glandins. In contrast, isolated perfused organs can be 
more carefully controlled by removal of the organ 
from neural and endogenous humoral factors. More- 
over, interpretation of data is facilitated since indivi- 
dual parameters such as flow, PO, and pH of the 
perfusate can be separately varied or controlled. Thus, 
the isolated perfused cat liver can be independently 
subjected to acidosis, ischemia or hypoxia. Under 
these conditions, hypoxia is the stimulus most detri- 
mental to liver integrity based upon increased perfu- 
sate activities of cytoplasmic and lysosomal enzymes, 
and depression of hepatic reticuloendothelial system 
(RES) function as indices of cellular damage [13]. 
The present study was designed to determine the 
concentrations of prostaglandins (PG) E, and F;, in 
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the perfusate of isolated cat livers subjected to 
hypoxia, ischemia or acidosis in order to determine 
the effect of these stimuli on prostaglandin synthesis 
and release. Since glucocorticoids have been shown 
to prevent lysosomal enzyme release and to protect 
against the depression of reticuloendothelial function 
during severe hypoxia [14], it was of interest to deter- 
mine the effect of methylprednisolone on _prosta- 
glandin production under control and hypoxic condi- 
tions. Additional experiments were conducted with 
liver homogenates in order to determine whether dis- 
rupted liver cells respond in a similar manner as in- 
tact cells to glucocorticoid. 


MATERIALS AND METHODS 


Animal preparation. Cats of either sex weighing 
between 2.5 and 3.5 kg and fed ad lib. were anesthe- 
tized with sodium pentobarbital (30 mg/kg, i.v.). After 
intravenous administration of heparin (1000 units), a 
laparotomy was performed. The liver was isolated 
and excised within 2-3 min after cannula placement. 
The liver was placed in oxygenated Krebs—Henseleit 
(KH) solution held at 4° and transferred to the per- 
fusion apparatus as previously described [13]. 

Perfusion technique. Livers weighing between 70 
and 100 g were placed in a water-jacketed (37°) plexi- 
glass chamber. The livers were perfused through an 
inflow cannula placed in the portal vein. After a rapid 
washout of trapped red blood cells, an outflow catheter 
placed in the vena cava was connected to a 1000-ml 
perfusate reservoir for a 10-min equilibration period. 
The Krebs-Henseleit buffer contained the following 
ingredients expressed as m-moles/liter: KCl, 4.8; 
KH,POx,, 1.2; MgSO,, 1.2; CaCl,, 2.5; NaHCO;, 
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12.5; NaCl, 118.4; glucose, 10; and N-2, hydroxyethyl 
piperazine-N’2 ethanesulfonic acid (HEPES), 25. The 
buffer also contained 5% dextran (40,000 mol. wt, 
Rheomacrodex, Pharmacia). The osmolarity of the 
perfusate was 325mOsM. The perfusate pH was 
maintained between 7.2 and 7.4 with 25 mM HEPES. 
Perfusate samples were collected from the outflow 
catheter at 0-, 60-, 90-, 120- and 150min sampling 
times for the determinations of hepatic flow, pH as 
well as lactic acid dehydrogenase (LDH), and cathep- 
sin D activities. Oxygen consumption was calculated 
from the difference in PO, values of samples collected 
simultaneously at the inflow and outflow catheters 
at the 0-, 90- and 150-min sampling times multiplied 
by the flow rate according to a previously described 
procedure [13]. Inflow pressure to the liver was 
initially set at 25cm H,O by adjustment of the 
perfusate inflow rate. A Haake constant temperature 
circulatory bath was used to maintain perfusate tem- 
perature at 37 + 0.2° within the perfusion system. 
A gas mixture of 95% O, + 5% CO, was bubbled 
through the perfusate to achieve a PO, of 300- 
450 mm Hg at the inflow cannula. Particulate matter 
was removed by an in-line 100 mesh nylon filter. 
Hypoxia was induced by gassing the perfusate with 
a mixture of 95% N, + 5% CO,. This procedure 
resulted in a perfusate PO, of 25-35 mm Hg. Acidosis 
was induced by titrating the HEPES-buffered per- 
fusate to pH6.9 prior to perfusion. Ischemia was 
initiated by manually clamping the inflow tubing to 
reduce flow to 40 per cent of control. Methylpredniso- 
lone (MP) sodium succinate was added to some perfu- 
sates at a concentration of 400 yg/ml (10~* M) just 
prior to the start of the experiment. In other experi- 
ments, the glucocorticoid vehicle, sodium succinate 
in benzyl alcohol, was added to the perfusate. 

In a separate set of perfusion experiments, arachi- 
donic acid (Sigma, 99 per cent pure)(1—5 ug/ml) was 
added at zero time to the perfusate. During the equi- 
libration period, 0.1 M Na,CO, was added to the per- 
fusate as a vehicle control. In these experiments, the 
perfusate was not recirculated. In an additional ex- 
perimental group, the livers were treated with methyl- 
prednisolone (10~* M) prior to and after administra- 
tion of arachidonic acid. Samples for prostaglandin 
and enzyme determinations were collected at 0, 2, 5 
and 10 min. 

Analytical procedures. An International Labora- 
tories model 313 blood gas analyzer was used to 
determine perfusate PO, in mm Hg. Samples were 
read immediately upon collection. Lactic acid de- 
hydrogenase activity was determined in perfusate 
samples spectrophotometrically at 340 nm using pyru- 
vate as substrate. Activities are expressed as changes 
in units of absorbance of NADH/min at 25°. Samples 
of perfusate were also assayed for cathepsin D activity 
according to the method of Anson [15] using bovine 
hemoglobin as substrate. Activities are expressed as 
m-equiv. of tyrosine x 10~* produced/hr at 37°/ml 
of perfusate. 

Liver large granule fraction preparation. Cat livers 
were rapidly excised and placed in 6vol. of 
0.02 M Tris buffer (pH 7.3) containing 0.25 M sucrose 
at 4°. The livers were homogenized, and large granule 
fractions were obtained according to the method of 
Glenn and Lefer [16]. In one set of experiments, large 
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granule fractions were preincubated for 5 min at 37° 
with MP (10~7M) or its vehicle and followed with 
an incubation for 2 min at 37° and a pH of 7.3 with 
either arachidonic acid (2 ug/ml) or its vehicle. The 
suspended fractions were subsequently assayed for 
prostaglandin E, and F,, by radioimmunoassay. 

Prostaglandin extraction and chromatography. Liver 
perfusate samples (10 ml) were collected in plastic cen- 
trifuge tubes containing 100 wg indomethacin to in- 
hibit prostaglandin synthesis in vitro. These samples 
were cooled, centrifuged at 10,000 g for 10 min at 4°, 
and frozen at — 20°. Homogenate samples (3 ml) were 
also collected in plastic centrifuge tubes and frozen 
at — 20°. Prostaglandins were extracted by a modifi- 
cation of the method of Unger et al. [17]. Ten-ml 
perfusate or 3-ml homogenate samples diluted with 
0.9% NaCl to a volume of 10 ml, were mixed with 
10 ml of 0.9% NaCl, 20ml of 95% ethanol, and a 
known amount of [7H]PGA, which was added to 
assess the per cent of recovery. The mixtures were 
washed with petroleum ether, and the pH was 
adjusted to 4.5 with 5% formic acid. The prosta- 
glandins were partitioned twice into chioroform 
which was subsequently flash evaporated at 40°. The 
residues were dissolved in 70% ethanol, mixed with 
Fuller’s Earth, and centrifuged at 2000g for 10 min. 
The prostaglandins were repartitioned to chloroform 
at pH 4.5, dried under nitrogen, and applied to silicic 
acid chromatography columns for the separation of 
A, E and F series prostaglandins according to the 
method of Jaffe et al.[18] using a modification of 
solvent ratios as previously described [19]. The entire 
PGA fraction was collected, evaporated to dryness, 
and counted in a liquid scintillation spectrometer for 
the calculation of per cent of recovery throughout 
the extraction and chromatography procedures. 

The PGE and PGF fractions were evaporated to 
dryness under 100% nitrogen and assayed by specific 
radioimmunoassay. 

PG radioimmunoassay. The dried PGE and PGF 
residues were dissolved in 1.0 ml of 95% ethanol. Ali- 
quots were transferred to assay tubes and evaporated 
to dryness under nitrogen. Both the PGF, and PGE, 
assays were carried out in 0.06M phosphate buffer 
(pH 7.3) containing 0.1% gelatin using a specific anti- 
body directed against PGF,,. PGE fractions were 
treated with sodium borohydride which reduced the 
E-type prostaglandins to F-type prostaglandins. After 
a 1 hr incubation period at room temperature, bound 
and free hapten were separated by adding dextran- 
coated charcoal followed by centrifugation at 1500g 
for 10 min. Supernatants were decanted into vials, dis- 
solved in a suitable counting medium, and counted 
in a liquid scintillation spectrometer. After calcula- 
tions of dis./min, the average binding of [*H]prosta- 
glandin was determined for duplicate samples com- 
prising a standard curve and the unknown samples 
for each assay. Sample values were corrected for ali- 
quot volume and recovery, and the PGE, values are 
corrected for their 50 per cent conversion to PGF3, 
and PGF,,, the latter of which did not react with 
the anti-PGF,, antibody. Prostaglandin concen- 
trations are reported as ng prostaglandin/ml of perfu- 
sate or homogenate. Specific characteristics of the 
PGE, and PGF, radioimmunoassays have been de- 
scribed previously [20]. 
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Fig. 1. Prostaglandin concentrations in perfusates of ex- 

perimental groups after 150 min of perfusion. The groups 

are: control (C), hypoxia (H), acidosis (A) and ischemia 

(I). The numbers in the bars represent the number of livers 

in each group. Standard errors of the means are repre- 
sented by the brackets above the bars. 


RESULTS 


The isolated, perfused cat liver is a viable and 
stable model for the investigation of the effects of 
various hemodynamic and metabolic alterations 
which simulate the shock state. The perfusion pres- 
sure of 25cm H,O resulted in a flow of 
95-105 ml/min which was maintained for the 
duration of the experiment. In ischemic livers, flow 
was set at 40 per cent of the control period value 
and held at that value for the entire 150-min obser- 
vation period. No statistical differences in flow were 
seen between the control, hypoxic or acidotic livers 
at any time period. The rate of flow of the ischemic 
livers returned to within 10 per cent of the control 
period flow when the flow clamp was released at 
150 min. 

Total hepatic oxygen consumption averaged 
between 9.5 and 12.0 ml/min/g x 10~*. These values 
were consistent, and are in very good agreement with 
those previously described [13]. Although control 
and acidotic livers did not experience significant alter- 
ations in O, consumption, this function in ischemic 
livers decreased to 40-50 per cent of control, and 
hypoxic livers exhibited reductions in O, consump- 
tions of 90-95 per cent during the 150-min experimen- 
tal period. 

The HEPES buffer in the perfusate maintained the 
pH between 7.15 and 7.35 in all groups except the 
acidotic group, and the pH in this non-buffered sys- 
tem was maintained at 6.9 for the entire 150-min ex- 
perimental period. 

The circulating lactic acid dehydrogenase ac- 
tivities, a representative cytoplasmic enzyme, and 
cathepsin D, a lysosomal enzyme, did not significantly 
increase above initial values in the control, ischemic 
or acidotic groups of livers during the 150-min experi- 
mental period. In contrast, hypoxia increased LDH 
activity 15 times (i.e. about 4500 vs 300 units/ml) by 
150 min when compared to the control group. Cath- 
epsin D activity increased 3.9 times (from 1.8 to 
7.0 units/ml) over the same time period in hypoxic 
preparations. 

Figure 1 illustrates the concentrations of prosta- 
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glandins E, and F2, in the perfusate at the end of 
the 150-min perfusion period in livers subjected inde- 
pendently to the simulated shock conditions of 
hypoxia, ischemia and acidosis. Livers subjected to 
acidosis or ischemia did not demonstrate any signifi- 
cant increase in PGE, or PGF>, concentrations at 
150 min when compared to control livers. In contrast, 
hypoxia resulted in a 4.5-fold increase in the PGE, 
concentration, and a 3.5-fold increase in the PGF}, 
concentration at 150 min when compared to controls. 
In general, the PGE, concentrations were approxi- 
mately twice those of PGF,, during most experimen- 
tal conditions in the perfused cat liver. 

The time courses of the release of PGE, and PGF, 
under control and hypoxic conditions are shown in 
Fig. 2. Although only slight changes are seen in the 
PGE, or PGF, concentrations of the control groups 
as a function of time, hypoxia results in a progressive 
increase in the prostaglandin concentrations of the 
perfusate. The 90-min concentrations of PGE, and 
PGF,, were elevated but not significantly. The con- 
centrations of both prostaglandins were significantly 
elevated above control values at 150 min. 

Since hypoxia is a strong stimulus for endogenous 
prostaglandin synthesis and release by the perfused 
cat liver, the hypoxic liver is a suitable preparation 
in which to assess the action of methylprednisolone 
(10-3 M). As shown in Fig. 3, addition of methylpred- 
nisolone to the perfusate virtually abolished the pro- 
duction of PGE, and also significantly attentuated 
the production of PGF,, by the liver in response to 
hypoxia. Methylprednisolone treatment did not sig- 
nificantly affect PGE, and PGF,, perfusate con- 
centrations of livers under control conditions. The 
vehicle for methylprednisolone (i.e. sodium succinate 
in benzyl alcohol) had no effect on any of the vari- 
ables measured in this study. 

In an attempt to delineate the mechanism of action 
of the steroid in preventing prostaglandin accumu- 
lation in the perfusate in response to hypoxia, exo- 
genous arachidonic acid was added to the perfusate 
of control livers in the presence or absence of the 
glucocorticoid. This experimental design facilitated 
study of the action of the glucocorticoid at the level 
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Fig. 2. Concentrations of prostaglandins released into the 

perfusate at specific times from 0 to 150 min during control 

and hypoxic experiments. The number of experiments in 

each group are: control (6) and hypoxia (7). Brackets rep- 
resent standard errors of the mean. 
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GLUCOCORTICOID INHIBITION OF PG RELEASE IN HYPOXIC LIVERS 
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Fig. 3. Effect of methylprednisolone (MP) in control (C) 
and hypoxic (H) experiments on prostaglandin titers after 
150 min of perfusion. The numbers in the bars represent 
the number of livers. Standard errors of the means are 
represented by the brackets above the bars. 


of prostaglandin substrate availability. Figure 4 sum- 
marizes the effect of arachidonic acid administration 
on the capacity of perfused livers to produce and 
release prostaglandins E, and F>,. In this non-recir- 
culated perfusion system, arachidonic acid (1—5 g/ml) 
increased the PGE, and PGF, concentrations within 
10 min from four to six times above the initial values. 
As in other experiments, prostaglandin E, was formed 
and released to a greater degree than was proSta- 
glandin F,,. In contrast to the finding that methyl- 
prednisolone strongly inhibited the accumulation of 
prostaglandins in the perfusate of hypoxic livers, 
methylprednisolone had no significant effect on the 
synthesis and release of prostaglandins E, and’ F3, 
resulting from the addition of exogenous substrate for 
the prostaglandin synthetase system. 

The synthetic capacity of the prostaglandin synthe- 
tase system was directly assessed in a large granule 
fraction (LGF) of cat liver homogenates (Fig. 5). Incu- 
bation of 2 min in either the presence or absence of 
arachidonic acid (2 ug/ml) resulted in similar increases 
in PGE, and PGF,, concentrations. Thus, the homo- 
genization procedure appears to provide adequate 
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Fig. 4. Time course of PGE, and PGF,j, release in control 

and methylprednisolone (MP)-treated groups after arachi- 

donic acid (1-5 g/ml) was added to the perfusate at zero 

time. The number of experiments for the groups are: con- 

trol (5) and MP (7). Brackets represent standard errors 
of means. 
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Fig. 5. Prostagiandin concentrations in suspensions from 
a large granule fraction of liver after incubation at 37 
with control (C) and methylprednisolone (MP)-treated 
groups. Arachidonic acid (AA) at 2 ug/ml was given to 
stimulate increased synthesis of prostaglandins. The 
numbers in the bars represent the number of livers in each 
group. Standard errors of the means are represented by 
the brackets above the bars. 


substrate for the prostaglandin synthetase system. 
Pretreatment of the LGF with methylprednisolone at 
10-7M had no significant effect on the production 
of either PGE, or PGF,, in any of the groups. Under 
these same conditions, the non-steroidal anti-inflam- 
matory drug, sodium meclofenamate, at a concen- 
tration of 1 ug/ml, inhibited the synthesis of both 
PGE, and PGF;, in the fractions (i.e. 85-95 per cent 
below control values). Thus, glucocorticoids do not 
directly inhibit the prostaglandin synthetase system 
in cat liver. 


DISCUSSION 


Prostaglandins are present in many tissues and are 
synthetized and released during a variety of forms 
of circulatory shock. Several investigators [1-3] have 
described a 2 to 3-fold increase in arterial blood 
prostaglandins after hemorrhagic shock, and others 
[4-7] have shown similar increases during endotoxic 
and splanchnic ischemia shock. In addition, the kid- 
ney and splanchnic organs have been shown to 
release prostaglandins during stress states 
[3, 4, 6,8,9,21,22]. While the splanchnic area has 
been shown to be a good source of prostaglandins 
during shock [4], the ability of the liver to release 
prostaglandins during shock or shock-like conditions 
had not been previously studied. 

Hepatic ischemia produced no increase in circulat- 
ing prostaglandin concentrations in our experiments. 
Similarly, acidosis did not influence cellular integrity 
or’ increase prostaglandin concentrations in the perfu- 
sate during 150 min of perfusion. In fact, prosta- 
glandin concentrations were slightly lower in acidotic 
preparations. Our experiments indicate that hypoxia, 
as it occurs in severe shock, significantly increases 
PGF,, and PGE, concentrations 3—5-fold in liver 
perfusates. These prostaglandin concentrations reflect 
the net effect of increased prostaglandin synthesis and 
release, modified by degradation. The elevation of 
prostaglandins in the perfusate in response to hypoxia 
occurred at a time when circulating LDH and cathep- 
sin D activities were also increasing. These latter sub- 
stances appear during severe hypoxia because cell 
membrane integrity and RES function are impaired 
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in this state [13, 14]. Although we cannot definitively 
establish that the release of lysosomal enzymes in our 
preparation either directly or indirectly enhanced 
prostaglandin production, other investigators have 
presented data supporting this hypothesis [23]. 

During hypoxia, hepatic cells and subcellular 
organelles undergo a loss of integrity. In this connec- 
tion, glucocorticoids have been reported to stabilize 
hepatic membranes [24]. Our experiments confirm a 
preservation of cellular integrity during glucocorti- 
coid administration in that methylprednisolone 
(10-3M) significantly inhibited the appearance of 
cathepsin D in the hepatic perfusate during 150 min 
of severe hypoxia. Also, lower prostaglandin concen- 
trations were observed in the perfusates of hypoxic 
livers to which methylprednisolone was given. 

Recently, several investigators reported that gluco- 
corticoids inhibit prostaglandin release into the extra- 
cellular space. There are three stages in cellular 
prostaglandin production which may be influenced by 
glucocorticoids. These are: (a) the level of substrate 
availability, (b) the enzymatic conversion of arachi- 
donic acid into prostaglandins, and (c) the transport 
of prostaglandins from the intracellular into the extra- 
cellular fluid. Floman et al. [25] showed both reduced 
synthesis and release of PG in inflamed rabbit syno- 
via and uvea after glucocorticoid administration. In 
some of these experiments, arachidonic acid adminis- 
tration was able to restore the prostaglandin concen- 
trations in the extracellular medium after inhibition 
by glucocorticoids. The exogenous arachidonic acid 
apparently provided the prostaglandin synthetase sys- 
tem with sufficient substrate to produce prosta- 
glandins. In contrast, experiments by Lewis and 
Piper [26] using rabbit adipose tissue suggest that 
transcellular prostaglandin transport is the step in 
which glucocorticoids affect prostaglandin release, 
since intracellular levels of PGE, are high after hyd- 
rocortisone treatment whereas PG concentrations 
were found to be relatively low in the perfusing 
medium. The data presented from our laboratory 
strongly support the hypothesis that endogenous ara- 
chidonic acid is less available to the intracellular 
prostaglandin synthetase system after administration 
of pharmacologic doses of glucocorticoid. 

We have demonstrated that glucocorticoids signifi- 
cantly inhibit prostaglandin production by perfused 
livers in response to hypoxia. The conditions of these 
experiments promoted the utilization of endogenously 
released arachidonic acid as substrate for the prosta- 
glandin synthetase system. These data do not exclude 
a glucocorticoid action on the enzymatic conversion 
of arachidonic acid into prostaglandins or on the 
transport of prostaglandins out of cells. However, 
data gathered from large granule fractions of hom- 
ogenized livers demonstrate that methylprednisolone, 
even at high concentrations, has no effect on prosta- 
glandin synthesis in broken cell preparations. Under 
the conditions of this experiment, substrate avail- 
ability was not the rate-limiting step in prostaglandin 
synthesis. Moreover, this lack of inhibition of prosta- 
glandin synthetase by glucocorticoids is in close 
agreement with the results of others [27-30], and is 
in contrast to the effect of non-steroidal anti-inflam- 
matory agents on the prostaglandin synthetase system 
[31, 32]. 
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Bito and Baroody [33] have presented data which 
suggest that the removal of prostaglandins from the 
extracellular fluid of the brain is mediated by a satur- 
able, facilitated-transport process across the blood- 
brain barrier. If this transport process is common to 
all cells, glucocorticoids could act to prevent prosta- 
glandin release by inhibiting the transport of prosta- 
glandins across the cell surface. In this regard, gluco- 
corticoids have been shown to inhibit the transport 
of prostaglandins through adipose cell membranes 
[26, 34]. Our results do not support this concept. Iso- 
lated cat livers perfused with a medium containing 
exogenous arachidonic acid produced significant 
quantities of prostaglandins, which were not inhibited 
by the administration of glucocorticoid. These find- 
ings are similar to those of Gryglewski et ai. [35], 
Floman et al. [25] and Hong and Levine [36], all of 
whom demonstrated a reversal of the glucocorticoid 
inhibition of prostaglandin production by exogenous 
administration of arachidonic acid. Furthermore, 
Kantrowitz et al.[37] demonstrated a reduction of 
the PGE, content of synovial tissue by dexametha- 
sone parallel to the decreased PGE, concentration 
in the medium. 

Regarding the sequence of events of hepatic prosta- 
glandin release, hypoxia appears to result in a loss 
of cellular and lysosomal membrane integrity. As a 
result, phospholipase A, which is known to cleave 
arachidonic acid from membrane phospholipids, may 
be released or activated. An alternate explanation 
might be that phospholipids lose their binding capa- 
city for arachidonic acid during hypoxia [38]. In 
either case, prostaglandin substrates are liberated 
from storage sites in membrane phospholipids, lead- 
ing to prostaglandin formation and release into the 
ECF. 

Glucocorticoids stabilize cellular and subcellular 
membranes, probably making arachidonic acid less 
available to the prostaglandin synthetase system. 
Although the exact mechanism of glucocorticoid inhi- 
bition of prostaglandin substrate availability is not 
known, there are three major possibilities: (1) direct 
stabilization of cellular membranes, (2) inhibition of 
phospholipase A activity or (3) prevention of phos- 
pholipase A from reaching its substrate. Phospho- 
lipase A activity in homogenates from shock pancreas 
is not affected by glucocorticoid treatment [39]. It 
thus appears that glucocorticoids reduce the avail- 
ability of substrate to the prostaglandin synthetase 
system by directly stabilizing cellular membranes or 
by attenuating the release of activated phospholipase 
A from its intracellular storage sites. 
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Abstract—The sensitivity for recognition of cyclophosphamide and its metabolites by adenosine 
3’,5’-monophosphate (cAMP) specific proteins has been investigated. A 4-hydroxyl substituent in the 
1,3,2-oxazaphosphorine ring is required for inhibition of cAMP binding to both cAMP phosphodiester- 
ase and the regulatory subunit of the cAMP protein kinase holoenzyme. Binding to the latter causes 
an activation of the kinase and results in a dissociation into regulatory and catalytic subunits. The 
inhibitor constant K; for the inhibition of cAMP binding (0.19 mM) correlates well with that for 
inhibition of the low K,, form of the phosphodiesterase (0.19 mM). In both cases inhibition is of 
the competitive type. Although 4-ketocyclophosphamide resembles 4-hydroxycyclophosphamide in elec- 
tron donating properties it is inactive with respect to binding to cAMP specific sites. This probably 
results from the difference in conformation of the rings of these two compounds. 


Cyclophosphamide _[2-bis(2-chloroethyl)aminotetra- 
hydro-2H-1,3,2-oxazaphosphorine-2-oxide] (I) is an 
antitumour agent used clinically in the treatment of 
various types of human neoplasms [1]. Although in- 
active as such it is known to be activated by enzyma- 
tic oxidation by liver microsomes [2]. The initial step 
appears to involve hydroxylation at the C-4 position 
of the 1,3,2-oxazaphosphorine ring to give 4-hydroxy- 
cyclophosphamide (II), which is in equilibrium with 
the ring opened aldehyde (III) [3-5]. Further oxi- 
dation of (II) to 4-ketocyclophosphamide (IV) and the 
ring-opened carboxylic acid (V) probably represents 
a deactivation pathway, since these forms are cytosta- 
tically less active than cyclophosphamide in vivo [6]. 
N,N-Bis (2-chloroethyl)phosphorodiamidic acid (VI) 
probably represents the final active metabolite of cyc- 
lophosphamide [7]. 

There is a similarity between the biochemical effects 
produced by cyclophosphamide and those produced 
by the intracellular mediator, adenosine 3’,5’-mono- 
phosphate (CAMP). Cyclophosphamide injected into 
rats bearing Jensen sarcomas produces a hyperglyce- 
mia which lasts up to 72 hr [8] and reduces the total 
amounts of both lipid and phospholipid [9]. This is 
equivalent to the well known glycogenolytic and 
lipolytic effects of cAMP[10]. Cyclophosphamide 
lowers plasma and erythrocyte cholesterol in rats 
[11]. This effect could also be mediated via cAMP 
since the latter has been shown to inhibit the conver- 
sion of acetate to cholesterol in broken cell prep- 
arations from liver [12]. Cyclophosphamide causes 
a rise in tyrosine transamminase in the livers of rats 
[13], in ornithine carboxylase in plasmacytomas of 
hamsters [14] and in alkaline phosphatase activity 
[15]. These enzymes are thought to be induced by 
cAMP [16-18]. The incorporation of precursors into 
DNA is inhibited by both cyclophosphamide and 
cAMP treatment [19-20]. Interferon production in re- 
sponse to Sendai virus in mice is inhibited during 
the early stages of the disease with cyclophosphamide 


[21]. Production of interferon is also prevented by 
exposure of activated lymphocytes to substances 
which elevate cAMP [22]. All agents that inhibit his- 
tamine release also suppress T cell-mediated cytolysis 
and cause in a parallel manner increases in the cAMP 
content of the lymphocyte effector cell population 
[23]. In this context the formation of histamine de- 
creases up to 50 per cent following administration 
of cyclophosphamide to rats [24] as does also the 
graft-versus host reaction [25]. Cyclophosphamide 
has been shown to be highly effective in reducing the 
immune response to sheep erythrocytes [26]. This in- 
hibition of humoral immunity is thought to be 
mediated by cAMP [27]. 

In view of this similarity of biochemical effects the 
interaction between cyclophosphamide and its meta- 
bolites and cyclic AMP binding proteins has been 
determined. 


MATERIALS AND METHODS 


[8-3H]Cyclic AMP, ammonium salt (sp. act. 27 Ci/ 
m-mole) and [y-??P]ATP (sp. act. 1.78 Ci/m-mole) 
were purchased from the Radiochemical Centre, 
Amersham. Histone (type II-A) and unlabelled cAMP 
were obtained from Sigma Chemical Co., London. 
Scintillation fluid NE233 was purchased from Nuc- 
lear Enterprises Ltd., Edinburgh. Cellulose ester filters 
were from Millipore Corp., London. Cyclophospha- 
mide and its metabolites were kindly supplied by the 
Chester Beatty Research Institute. 

Cell culture. Walker cells were maintained in static 
suspension culture in Dulbecco’s modified Eagle’s 
medium, supplemented with 10% foetal calf serum, 
under an atmosphere of 10% CO, in air. 

Competition binding with [7H]cAMP. Cells were 
removed from tissue culture medium by centrifuga- 
tion and washed with 0.9% NaCl. The cell pellet was 
sonicated in 10mM Tris-HCl, pH 7.6, containing 
250mM sucrose and 1mM MgCl, and particulate 
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materials were removed by centrifugation at 100,000 g 
for 1 hr. The protein in the supernatant fraction, 
which was used in the binding experiments was deter- 
mined according to the method of Lowry et al. [28] 
using bovine serum albumin as standard. 

Competition binding with [°H]cAMP (75,000 
counts/min per assay) was performed in a fina! assay 
vol. of 0.3 ml. The inhibitor (in dimethyl sulphoxide 
so that the final concentration in the assay was 1%) 
in 100 ul of 5OmM potassium phosphate buffer, pH 
6.5, was added to 100 pl of the soluble protein, at 
a concentration of 150-250 yg per assay, and allowed 
to equilibrate for 15min at 4° before addition of 
[7H]cAMP. After incubation for at least 2hr at 4°, 
the reaction mixture was diluted with | ml of cold 
20mM potassium phosphate buffer, pH 6.0, filtered 
through a Millipore filter (0.45 um), presoaked with 
potassium phosphate buffer and washed twice with 
a total vol. of 15 ml of the same buffer. The filters 
were placed in scintillation vials, dissolved in 1 ml 
of 2-(methoxy)ethanol and the radioactivity was 
determined in 10 ml of scintillation fluid (2-(methoxy)} 
ethanol, toluene, PPO). 

Corrections for non-specific binding by the filter 
were made as described previously [29]. 

Assay of phosphodiesterase activity. The determina- 
tion of phosphodiesterase activity has been previously 
described [30]. Incubations were carried out at 35° 
for a time interval which gave less than 10% hydroly- 
sis of the substrate. [8-*H]Cyclic AMP and 
[8-3H]5’-AMP were separated by a thin-layer chro- 
matographic procedure and radioactivity was deter- 
mined in NE 233 scintillation fluid. Compounds to 
be tested as inhibitors of phosphodiesterase activity 
were dissolved in dimethyl sulphoxide such that the 
final concentration in the enzyme assay was 1% or 
less. Control experiments showed that this had no 
effect on enzyme activity. 

Protein kinase activity. This was measured as de- 
scribed previously [31]. Washed cells were suspended 
in 10 mM potassium phosphate buffer, pH 6.5, con- 
taining 10mM EDTA, 0.5mM_1-methyl-3-isobutyl- 
xanthine and 50 mM NaCl and disrupted by freezing, 
thawing and homogenization. The homogenate was 
centrifuged at 12,000 g for 20 min at 4° and the pro- 
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tein kinase activity of the supernatant was assayed 
in the presence of various concentrations of the com- 
pounds under test. The reaction mixture (80 yl final 
vol.) contained final concentrations of 0.21 mM 
[y-3*P]JATP (sp act. 100 counts/min per pmole), 
25mM NaF, 0.5 mg histone, 0.125mM_1-methyl-3- 
isobutylxanthine and 3.75 mM magnesium acetate in 
50 mM potassium phosphate buffer, pH 6.8. The mix- 
ture was incubated at 30° and the reaction was in- 
itiated by the addition of 20 yl of the supernatant 
fluid. After 5 min incubation the reaction was ter- 
minated by pipetting 50 yl of the mixture onto What- 
man 3 MM filter paper discs. The discs were washed 
in trichloroacetic acid, ethanol and ether and the 
radioactivity was determined in NE233 scintillation 
fluid. Assays were performed in triplicate. 

Sephadex chromatography. The supernatant fraction 
derived from a tumour cell homogenate was incu- 
bated at 30° for Smin in either the presence or 
absence of 2mM 4-hydroperoxycyclophosphamide 
and was then chromatographed on a Sephadex G-100 
column using 10 mM potassium phosphate buffer, pH 
6.5 containing 10mM EDTA and 500mM NaCl. 
Fractions (0.5 ml) were collected and the enzyme ac- 
tivity (+ or — cAMP) was determined in 20 pl of each 
fraction. 


RESULTS 


Binding by protein kinases. The affinity of cyclo- 
phosphamide and its metabolites towards the regula- 
tory subunit of cytosolic protein kinase from Walker 
cells was determined by investigating the competitive 
inhibition of binding of [8-7H]cAMP at a range of 
concentrations of both inhibitor and cAMP. The 
results shown in Table | refer to the percentage inhi- 
bition of specific binding of the control assay found 
at each inhibitor concentration. 4-Hydroperoxycyclo- 
phosphamide (VII) has been employed as a suitable 
congener of 4-hydroxycyclophosphamide (II). Both 
compounds exhibit a similar high cytostatic activity 
in both in vitro and in vivo experiments [4]. Of the 
metabolites of cyclophosphamide only VII produced 
a substantial inhibition of cAMP binding. A similar 
effect was seen with the 4-hydroxy derivative of 


Table 1. Effect of cyclophosphamide and its metabolites on the binding of cAMP to specific receptor 
proteins* 





Compound 


cAMP 
(nM) 


Inhibitor concentration (mM) 


2.5 0.1 0.05 





Cyclophosphamide 
4-Ketocyclophosphamide 


4-Hydroperox ycyclophosphamide 


Cytoxyl alcohol 


4-Hydrox y-4-methyl-cyclophosphamide 


1.0 
35.0 
25.0 
39.0 
18.0 

0 

0 
33.0 
27.0 
3.0 
2.0 





* Figures refer to per cent inhibition of binding of [7>H]cAMP. 





Interaction with cAMP binding proteins 


Microsomal mixed 
————_——_a 
? function Oxidase 


M=N(CH,CH, Cl), 


Fig. 1. Scheme for the metabolic activation of cyclophos- 
phamide (I). 


4-methylcyclophosphamide which is considered to be 
the activated form of this compound [32]. An oxy- 
genated substituent at position 4 alone is not suffi- 
cient for interaction with the cAMP binding protein 
since 4-ketocyclophosphamide (IV) is a much less 
potent inhibitor than VII. The data from the binding 
with VII at cAMP concentrations of 33.25, 133 and 
266 nM is expressed as a Dixon plot [33] in Fig. 2. 
Inhibition is seen to be of the competitive type with 
a K; value of 0.19mM. The binding protein from 
Walker cells has been shown to possess two sites with 
differing affinities for the substrate [29]. Since inhibi- 
tion by VII is greatest at a high substrate concen- 
tration this indicates that competition with cAMP is 
largely at the low affinity site. 


pmole/mg protein ' 


1/[cAMP] bound, 








re) 02 04 oS 06 0 
Inhibitor concn., mM 

Fig. 2. Dixon plot competitive binding of 4-hydroperoxy- 

cyclophosphamide (VII) with [7H]cAMP. The reciprocal 

amount of bound [*H]cAMP is plotted against the con- 

centration of VII at three different constant concentrations 

of [(*H]JcAMP. Total [°H]cAMP concentration was 
x x 266nM; @——@® 133 nM; O——© 33.25 nM. 
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Fig. 3. Effect of cyclophosphamide and its metabolites on 

cytosolic protein kinase. O——O _ cyclophosphamide; 

x x 4-hydroperoxycyclophosphamide. For the sake 

of clarity the results with 4-ketocyclophosphamide are not 
shown. 


Stimulation of protein kinase. The affinity towards 
protein kinase can also be demonstrated by determin- 
ing the ability of the compounds under test to stimu- 
late the phosphotransferase activity of these enzymes. 
The results in Fig. 3 show the percentage increase 
in protein kinase activity with varying concentrations 
of cyclophosphamide and 4-hydroperoxycyclophos- 
phamide. Of the metabolites investigated only VII 
causes an activation of protein kinase and there is 
a linear relationship between the inhibition of binding 
of cAMP and the activation of protein kinase with 
a slope of 0.75 (Fig. 4). This suggests that this metabo- 
lite binds to the regulatory subunit of the protein 
kinase causing dissociation of the latter into an active 
catalytic subunit in a similar manner to that caused 
by cAMP. This was further confirmed by the experi- 
ment in Fig. 5. This shows the elution profile of 
cAMP-dependent protein kinase from Walker cell 
cytosol on a Sephadex G-100 column either with or 
without treatment with 4-hydroperoxycyclophospha- 
mide. In Fig. 5A about 50 per cent of the cAMP- 
dependent protein kinase is in the R—-C form (frac- 
tions 47-55) and 50 per cent in the C form (fractions 
57-64). This compares well with the measured 
—cAMP/+cAMP ratio of 0.46. As shown in Fig. 5B 
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Fig. 4. Relationship between inhibition of [*H]cAMP 
binding at 266nM cAMP and activation of cytosolic pro- 
tein kinase by VII. 
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there is less cAMP-dependent protein kinase in the 
R-C form and a corresponding increase in the C form 
after treatment with VII. The ratio of the peak areas 
of 0.74 compares favourably with the —cAMP/+ 
cAMP ratio of 0.61. Since this experiment was per- 
formed with a broken cell preparation the dissoci- 
ation of the protein kinase holoenzyme could not 
have been due to an elevation of endogenous cAMP 
and must be due to direct interaction between VII 
and the protein kinase R subunit. In contrast neither 
4-ketocyclophosphamide or cyclophosphamide itself 
have any effect on either protein kinase activation 
or dissociation even at concentrations up to 1.5 mM. 
That the activation of protein kinase is not due to 
an alkylation mechanism is shown by the fact that 
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Fig. 7. Effect of contact time of VII with phosphodiesterase 
on enzyme inhibition. 


neither VI or chlorambucil have any effect on the 
protein kinase activity of broken cell supernatant 
fractions at concentrations up to 1 mM (results not 
shown). 

Inhibition of phosphodiesterase. The active site of 
cAMP-specific phosphodiesterase provides a further 
recognition site for cAMP to compare cyclophospha- 
mide and its metabolites. Walker cell supernatant was 
used as a source of the enzyme since the kinetics have 
been reported in detail [30]. The results presented 
in Fig. 6 show that both cyclophosphamide and 
4-hydroperoxycyclophosphamide act as competitive 
inhibitors of the low K,, form of this enzyme though 
the K; value for inhibition by the former (2.5 mM) 
is much higher than for the latter agent (0.19 mM). 
4-K etocyclophosphamide showed no inhibition of the 
enzyme even at concentrations as high as 2mM. The 
inhibition data may be interpreted as reflecting the 
affinities of the drugs towards the active site of phos- 
phodiesterase. 

The results presented in Fig. 7 show that 4-hydro- 
perox ycyclophosphamide causes a progressive inhibi- 
tion of enzyme activity as the contact time increases. 
This inhibition follows pseudo-first order kinetics. 
There was no inactivation of the enzyme control over 
the time period of the experiment. These results sug- 
gest that the interaction between VII and the enzyme 
consists of a rapid reversible equilibration followed 
by a slower irreversible inactivation. 
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Fig. 6. Double reciprocal plot of the initial velocity of cAMP phosphodiesterase versus cAMP concen- 
tration with no inhibitor present (@——@); 2.04mM I (O——0); or 1.06mM VII (A——A) at low 
concentration of cAMP. 
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Fig. 8. Bond distances and angles of the cyclic phosphate 
moiety of cAMP and cyclophosphamide. 


The latter reaction probably results from the f- 
elimination of the reactive VI from VII which alky- 
lates a nucleophilic site on the enzyme. 


DISCUSSION 


The data in Fig. 8 shows the bond distances and 
angles of the cyclic phosphate moiety of cAMP and 
cyclophosphamide [34]. This data illustrates the 
strong similarity in these parameters for these two 
compounds. Insertion of a hydroxyl group at position 
4 of cyclophosphamide would be expected to produce 
a hydrogen bonding site equivalent to the ribose ring 
oxygen, but to have little effect on bond distances 
and angles. It therefore seemed a possibility that 
4-hydroxycyclophosphamide could substitute for 
cAMP as regards recognition by its coordinate pro- 
teins and this has been vindicated by the results pre- 
sented in this paper. Although 4-ketocyclophospha- 
mide also had a potential electron-donor oxygen 
atom at C-4 it is unable to compete with cAMP for 
specific protein binding. Although the bond lengths 
and angles in 4-ketocyclophosphamide are all very 
similar to the corresponding ones in cyclophospha- 
mide the P-N ring bond is significantly longer in 
the keto derivative (1.668 vs 1.625 A) [35] owing to 
withdrawal of electrons from this bond by the neigh- 
bouring carbonyl group. This also reflects a signifi- 
cant difference between 4-ketocyclophosphamide and 
cAMP in which the corresponding bond is 1.611 A. 
However, the difference in the conformation of the 
rings is probably the major factor in the inactivity 
of the keto compound. 4-Ketocyclophosphamide is 
planar [35] whereas in hydroxycyclophosphamide 
C-4 would have a tetrahedral configuration and the 
six-membered ring would be expected to exist in the 
chair conformation. The cyclic phosphate ring of 
cAMP is known to be locked in the chair conforma- 
tion [36] and this is probably essential for binding 
to its coordinate proteins. 

Thus of the metabolites of cyclophosphamide only 
the 4-hydroxylated derivative (VII), which is thought 
to be the active cytotoxic form in vivo competes with 
cAMP for its specific receptor sites. The similarity 
in the mode of action of cAMP and VII is illustrated 
with regard to the protein kinase when binding of 
VII to the regulatory subunit of the holoenzyme 
causes a dissociation into catalytic and regulatory 
subunits. It is unlikely that. 4-hydroxycyclophospha- 
mide would produce any in vivo effect as a direct 
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result of competition with cAMP specific proteins at 
physiological concentrations since the K; value for 
inhibition of both cAMP phosphodiesterase and 
cAMP binding at 0.19 mM is fifty-five times as high 
as the IDs. value towards HeLa cells in vitro [4]. 
However, binding of VII to phosphodiesterase causes 
a time dependent inactivation of the enzyme probably 
due to the release of VI which is a highly reactive 
alkylating agent, and in time would cause a complete 
irreversible inactivation of the enzyme. Thus the low 
affinity reversible binding of VII to phosphodiesterase 
could act as highly efficient mechanism for enzyme 
inhibition. Another alkylating agent, chlorambucil, 
has also been shown to cause an inactivation of phos- 
phodiesterase by direct reaction, and also to cause 
an increase in the intracellular level of cAMP in 
Walker cells [37]. This increase in cAMP level may 
potentiate the cytotoxic effect of the alkylating agents. 
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Abstract—{1) Isolated fat cells from rat epididymal fat pad when incubated in vitro in medium contain- 
ing >?P;, showed a time-dependent increase in specific radioactivity of microsomal phosphatidylcholine, 
phosphatidylethanolamine, and phosphatidylinositol; incubation of fat cells in the presence of adrena- 
line resulted in an increased specific radioactivity only of phosphatidylcholine compared with phospho- 
lipids in incubated control cells. (2) Investigation of the incorporation of **P; into the water-soluble 
precursors of phosphatidylcholine showed that the increase in radioactivity of phosphorylcholine was 
time-dependent, and was similar in both control and adrenaline-stimulated fat cells. Incorporation 
of 3?P; into CDP-choline was less than into phosphorylcholine, and was markedly increased in fat 
cells incubated with adrenaline when compared with controls. (3) The concentration of phosphorylcho- 
line in fat cells has been determined. (4) The fractional turnover rate of phosphatidylcholine has been 
calculated, and was found to be increased in adrenaline-stimulated cells when compared with incubated 


controls. 


When isolated fat cells are incubated with adrenaline 
there is increased incorporation of *?P; into phospho- 
lipid when compared with incubated controls. This 
increase has been shown to be due to an increased 
specific radioactivity of phosphatidylcholine [1]. Sub- 
sequent work has been carried out with the aim of 
locating the point in the biosynthetic pathway of 
phosphatidylcholine at which stimulation caused by 
adrenaline occurs. Investigations of changes in ATP 
(the presumed phosphate donor in phospholipid syn- 
thesis) have shown that there is no increase in the 
specific radioactivity of ATP in fat cells incubated 
with adrenaline when compared with controls [2]; in 
addition, incubation with adrenaline results in a fall 
in fat cell ATP concentration [3, 4]. 

Clearly the stimulation of incorporation of *?P; 
into phosphatidylcholine caused by adrenaline is not 
related to any increase in ATP specific radioactivity 
or concentration. This suggests that the action of 
adrenaline on phosphatidylcholine labelling may be 
exerted at some point in the pathway of phospholipid 
synthesis distal to ATP, and the present study was 
undertaken to investigate this. 

Preliminary studies were carried out in which 
plasma membranes were isolated from fat cells incu- 
bated with *?P;. There was little incorporation of 
radioactivity into the plasma membrane phospho- 
lipids; studies with microsomal markers showed that 
this could be totally accounted for by contamination 
of the plasma membrane by the more highly labelled 
phospholipids of the microsomal fraction. Accord- 
ingly, microsomal preparations were used for this 
work. 


MATERIALS AND METHODS 


Adrenaline (Hopkin & Williams Ltd.) was made 
up in 0.1M ascorbic acid. Collagenase was from 
Worthington Biochemical Corp., Freehold, New Jer- 
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sey, bovine serum albumin (fraction V) from Armour 
Pharmaceutical Co., Eastbourne, Sussex. U.K. 

Phosphorylcholine, phosphorylethanolamine, 
CDP-choline and CDP-ethanolamine were from 
Sigma London, Radiosotopes were from the Radio- 
chemical Centre, Amersham, Bucks, U.K. 

Animals. Male Wistar rats (120-140 g) were used). 
They were maintained on a stock laboratory diet. 

Preparation of fat-cells. Fat cells were prepared 
from rat epididymal fat pad by the method of Rod- 
bell [5]. Glucose was not present in the medium dur- 
ing the preparation of the cells. 

Incubation medium. Incubations were carried out in 
Krebs-Ringer bicarbonate buffer (1.3 mM-Ca**), pH 
7.4 [6] containing 4% w/v bovine serum albumin. *P; 
was added to the medium just before the start of each 
incubation. 

Microsomal preparations. Fat cell microsomal prep- 
arations were obtained by a method described by 
McKeel and Jarett [7]. The yield was 25-40% of the 
initial fat cell homogenate, and was estimated by 
assaying the recovery and specific activity of NADH- 
cytochrome c reductase[8], and the recovery of 
RNA [9, 10]. Assays of a plasma membrane marker 
enzyme, 5’-nucleotidase [11] showed that the micro- 
somal fraction contained 15-20% of the total homo- 
genate activity. 

Incorporation of 37P; into microsomal phospholipids. 
Samples of fat cells (4.5 ml), and approx. 200 mg dry 
wt cells/ml, were incubated at 37°, with shaking, in 
medium containing **P;, in polypropylene tubes. At 
the end of each incubation the fat cells were washed 
4 times with 4 vol. 10mM Tris pH 7.4 containing 
0.25 M sucrose, and mM EDTA, the cells homogen- 
ised, centrifuged at 16,000 g and the resulting superna- 
tant centrifuged at 160,000g to give the microsomal 
fraction [7]. The microsomal pellet was dispersed in 
0.5 ml NaCl (0.9%) and the lipids extracted overnight 
at 4° in 20 vol. chloroform-methanol (2:1 v/v) [12] 
0.9% NaCl (0.2 vol.) was added to separate two 
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Fig. 1. Time course of incorporation of °?P; into fat cell 
microsomal phospholipid. Incubation medium (see Mater- 
ials and Methods section) contained *?P; (10 wCi/ml). ——, 
control cells; cells incubated with adrenaline 
(5.4 x 10-°M). Each point represents microsomal phos- 
pholipid from 400 mg dry wt. of fat cells. 


phases. The upper layer was discarded and the lower 
lipid-containing layer washed once with 0.5 vol. 
chloroform-—methanol-10 mM KH,PO, (3:48:47 by 
vol.), and three times with 0.5 vol. chloroform—meth- 
anol-0.9% NaCl (3:48:47 by vol. [13]. 

Total phospholipid phosphorus and radioactivity 
of the microsomal lipids was determined as previously 
described [1]. The specific radioactivities of individual 
microsomal phospholipids were determined after 
separating the phospholipids by two-dimensional thin 
layer chromatography [14]. The phospholipids were 
visualised with I, vapour, scraped into test-tubes, and 
digested at 180° for 30 min, with 0.2ml conc. 
H,SO,-72% PCA (10:1 v/v) [15]. The samples were 
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Table 1. Phospholipid composition of (a) fat cell micro- 
somes, (b) liver microsomes, (c) whole fat cells 





(a) 
62.8 + 3.0 





Phosphatidylcholine + 
lysophosphatidylcholine + 
choline plasmalogen 

Phosphatidylethanolamine + 
ethanolamine plasmalogen 

Phosphatidylserine 

Phosphatidylinositol 74+ 05 

Sphingomyelin 40+09 

Phosphatidic acid —* 

Cardiolipin —* 

Phosphatidylglycerol ND 

Glycerol ethers ND 


17.8 + 0.9 


6.6 + 2.0 





(a) Present work. Figures given as phosphorus expressed 
as % total recovered phospholipid phosphorus, and are 
means + S.E.M. of TLC analyses on three separate micro- 
somal preparations. 

(b) Analysed by TLC [20]. Value for phosphatidyleth- 
anolamine includes that for phosphatidylserine; value for 
phosphatidic acid includes value for cardiolipin. 

(c) Analysed by alkaline hydrolysis method [1]. 

* Less than 1%. 

N.D., not determined. 


diluted with H,O to total vol. 3 ml, radioactivity 
measured by Cerenéov counting, and phosphorus 
determined by the method of Bartlett [16]. 

Incorporation of ??P; into phosphoryl- and CDP- 
derivatives of choline and ethanolamine. Fat cells (1 ml), 
and approx 200mg dry wt./ml, were incubated in 
polypropylene vials in medium containing **P;. TCA 
(final conc. 5% w/v) was added to terminate each in- 
cubation, the extracts kept at 4° for 30 min, and then 
centrifuged. 

The intermediates of phospholipid synthesis were 
isolated by a modification of the method of Broad 
and Dawson [17]. The supernatants were extracted 3 
times with 5 vol. of water-saturated ether, and stored 
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Fig. 2. Incorporation of **P, into phospholipids of fat cell microsomes. ——, control cells; 
cells incubated with adrenaline (5.4 x 10~° M). Incubation medium (see Materials and Methods) con- 
tained **P, 15 pCi/ml. Weight cells was 162 mg/ml. 
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at 4°, 50 yl of each extract was applied to Whatman 
No. | chromatography paper, and electrophoresis 
carried out for 3 hr at 55 V/cm at pH 3.5. Two spots 
corresponding to the phosphoryl- and CDP-deriva- 
tives of choline together with phosphoryl- and CDP- 
derivatives of ethanolamine, were located by the use 
of non-radioactive markers of these compounds. Each 
spot was cut out, attached to a fresh sheet of chroma- 
tography paper, and chromatographed in water-satur- 
ated phenol-acetic acid-ethanol (50:5:6 by vol.). This 
separated choline derivatives (R, 0.95) from ethanola- 
mine derivatives (R, 0.49). The areas containing the 
spots were cut out, scintillation mixture added (PPO, 
3.5g; POPOP, 50 mg; in toluene (1 1.) with Triton 
X-100 (500 ml) containing 10% water), and radioac- 
tivity counted. 

Measurement of pool size of phosphorylcholine. This 
was carried out by an isotope dilution method [18]. 
Phosphoryl[methyl-'*C]choline was added to a sus- 
pension of fat cells, which was deproteinised with 
TCA, final conc. 5%, and ether-extracted as in the 
previous section. The extract was lyophilised, dis- 
‘solved in water and phosphorylcholine separated on 
Whatman No. | chromatography paper as described 
above. The phosphorylcholine spot was eluted with 
0.04M formic acid, evaporated, and redissolved in 
water. Samples were taken for estimation of phos- 
phorus [16] and for radioactive counting, with an 
appropriate correction for quenching. 

Protein was estimated in the initial fat cell sample 
by the method of Lowry et al. [19]. 


RESULTS 


Fat cells were incubated in vitro in glucose-free 
medium containing *7P; in the presence or absence 
of adrenaline. Each fat cell sample was homogenised, 
the microsomal fraction prepared, and the specific 
radioactivity of microsomal total phospholipids deter- 
mined. (Fig. 1). 

There was a time-dependent increase in specific 
radioactivity of the microsomal phospholipids; the 
specific radioactivity of microsomal phospholipids 
from fat cells incubated with adrenaline was increased 
above that of microsomal phospholipids of corre- 
sponding controls at each time point. The magnitude 
of this increased specific radioactivity due to adrena- 
line was similar to that reported in phospholipids 
from whole fat cells incubated in presence and 
absence of adrenaline [1]. 

The composition of the phospholipids of the micro- 
somal fraction from fat cells is given in Table 1, 
together with a TLC analysis of rat liver microsomal 
phospholipids [20] and an analysis of whole fat cell 
phospholipids [1]. The composition of fat cell micro- 
somal phospholipids was similar to liver microsomal 
phospholipids. The proportion of phosphatidylcho- 
line in fat cell microsomes was higher than that in 
whole fat cells, and the proportion of sphingomyelin 
was lower. Cardiolipin, normally found only in mito- 
chondria, was absent from the microsomes. 

Figure 2 depicts a time course experiment in which 
fat cells were incubated for varying times in the pres- 
ence and absence of adrenaline. At each time point, 
a portion of the fat cells was homogenised, the micro- 
somal! pellet prepared, and the specific radioactivities 
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of the phospholipids determined. The specific radioac- 
tivities of phosphatidylcholine, phosphatidylethanol- 
amine, and phosphatidylinositol in microsomes from 
control cells all increased with time. In microsomes 
from fat cells incubated with adrenaline there was a 
marked increase in the specific radioactivity of phos- 
phatidylcholine (Fig. 2a), whereas the specific radioac- 
tivities of phosphatidylethanolamine and phosphati- 
dylinositol were reduced (Fig. 2b, c). Incorporation 
of >?P; into phosphatidic acid is presented as total 
counts incorporated, since the amount of phosphorus 
present was too small to be measured accurately; in- 
corporation of 3*P; into phosphatidic acid in cells 
incubated with adrenaline was lower than in incu- 
bated controls. There was negligible incorporation of 
32P. into sphingomyelin and phosphatidylserine. 
Phosphatidylcholine was thus the only phospholipid 
to show an increased specific radioactivity in the 
fat cells incubated with adrenaline, and is moreover 
the major component of the fat cell microsomal phos- 
pholipids (Table 1). 

The influence of adrenaline on incorporation of 
32P; into the water-soluble precursors of phosphati- 
dylcholine was next examined; this was compared 
with incorporation of **P; into the precursors of 
phosphatidylethanolamine, a phospholipid which 
shows a decrease in specific radioactivity in adrena- 
line-stimulated cells. Figure 3 shows a time course 
experiment in which incorporation of 37P; into phos- 
phorylcholine, phosphorylethanolamine, CDP-cho- 
line, CDP-ethanolamine and total lipid was measured 
in fat cells incubated in the presence and absence of 
adrenaline. **P; was incorporated into phosphoryl- 
choline and phosphorylethanolamine in a time-depen- 
dent fashion, and there was no difference between 
cells incubated with or without adrenaline. 3?P; incor- 
porated into CDP-choline and CDP-ethanolamine 
was much lower than in their corresponding phos- 
phoryl-derivatives. Incorporation of 3*P; into CDP- 
choline, was enhanced in fat cells incubated with 
adrenaline compared with incubated controls (Fig. 
3b). There was no significant difference between the 
radioactivity of CDP-ethanolamine in cells incubated 
with adrenaline or in control cells. Incorporation of 
32P; into total phospholipid was increased in the 
adrenaline-stimulated fat cells (Fig. 3e) and confirmed 
the hormonal sensitivity of the preparation. 

The pool size of phosphorylcholine was determined 
in a fat cell preparation, containing 6.7 g dry wt cells 
and 77 mg total protein, to which was added | pCi 
(19.2 nmol) of phosphoryl[{methyl-'*C]choline, sp. 
act. 1.14 x 108 dis/min per ymol. After isolation from 
the fat cell extract, the final specific activity was 
1.7 x 10° dis/min per pmol. The phosphorylcholine 
content of the extract was calculated to be 
16.3 umol/g fat cell protein. 


DISCUSSION 


There is little information about pathways of phos- 
pholipid synthesis in adipose tissue. Experiments car- 
ried out in this laboratory to study incorporation of 
32p. into fat cell phospholipids[1,21] suggest that 
the pathways of phospholipid synthesis may resemble 
those described in liver [22], and that synthesis of 
phosphatidylcholine is therefore via phosphorylcho- 
line and CDP-choline. 
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Fig. 3. Incorporation of **P, into (a) fat cell phosphorylcholine; (b) CDP-choline; (c) phosphorylethano- 

lamine; (d) CDP-ethanolamine; (e) Total phospholipid. Data of a, b, c and d represents CPM in 

50 ul deproteinised extract. Specific radioactivity of total phospholipid (e) was determined as in Mater- 

ials and Methods section. Specific radioactivity of medium was 27.7 x 10° counts/min per yatom 

P;. ——, control cells; , cells incubated with adrenaline (5.4 x 1075 M). Weight cells was 230 
mg/ml. 
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Table 2. Fractional turnover rate of phosphatidylcholine calculated from data of Fig. 3 





Phosphorylcholine 
relative specific 
radioactivity 


Phosphatidylcholine 
relative specific 
radioactivity 


Fractional turnover rate of 
phosphatidylcholine (fraction 
of pool replaced/hr). 





Control 
20 min 
60 min 


1.03 x 107? 
2.69 x 1072 


Adrenaline 
20 min 
60 min 


0.88 x 107? 
2.94 x 107? 


0.46 x 1073 
1.72 x 1073 


1.18 x 1073 
4.32 x 1073 


0.62 





Values for relative specific radioactivities are expressed as counts/min per patom P in com- 
pound + counts/min per yatom P in incubation medium. 


A study of the pattern of incorporation of *?P; into 
the water-solubte precursors of phosphatidylcholine 
should give information about the point(s) in the 
pathway which may be affected in fat cells stimulated 
with adrenaline. Ideally, such a study would include 
measurements of the specific radioactivities of all pre- 
cursors of phosphatidylcholine both from fat cells in- 
cubated with adrenaline and from control cells so that 
turnover times could be calculated for each. In prac- 
tice, not all of the intermediates could be measured 
accurately. Previous work has shown that the specific 
radioactivity of ATP in fat cells does not change in 
the presence of adrenaline [2]; the similarity of the 
time courses of incorporation of radioactivity into 
phosphorylcholine in fat cells incubated with and 
without adrenaline (Fig. 3a) is some confirmation of 
this, and also provides evidence that the activity of 
choline kinase (EC2.7.1.32) is not changed under these 
conditions. 

The phosphorylcholine concentration of fat cells 
under control conditions (16.3 uzmol/g protein) is simi- 
lar to that of rat liver, when published values are 
recalculated on a basis of liver protein (14.5 umol/g 
protein [23], 20.6 umol/g protein, [24]. Attempts to 
measure the CDP-choline content of fat cells by an 
isotope dilution method were unsuccessful in this 
laboratory. However, several lines of indirect evidence 
suggest that, as in liver, the CDP-choline content of 
fat cells. incubated under control conditions is about 
3-S% that of phosphorylcholine, i.e. approx. 0.5-0.8 
yumol CDP-choline/g fat cell protein. Fat cells incu- 
bated in ['*C]choline under control conditions for 
1 hr showed a distribution of radioactivity of about 
1:24 between CDP-choline and phosphorylcholine 
(Stein, unpublished observations) and a similar ratio 
is obtained in control fat cells incubated in 3?P; (Fig. 
3a, b). An estimate of the CDP-choline content of 
fat cells may also be made from the data of Fig. 3, 
if it is assumed that the specific radioactivity of CDP- 
choline at each time point is equal to that of the 
precursor, phosphorylcholine. A calculation carried 
out on this basis for control fat cells gives an average 
figure of 0.5 ymol CDP-choline/g fat cell protein, and 
agrees with the figure of 5 pmol/100g liver, ice. 
approx. 0.5 ymol/g protein determined by Wilgram 
et al. [25]. In contrast, a similar estimate of the CDP- 
choline content of adrenaline-stimulated fat cells gives 
a value that is increased above the control value and 
may indicate that the pool size of CDP-choline is 
increased as a result of adrenaline stimulation. 


The fractional turnover rate of phosphatidylcholine 
in adrenaline-stimulated and control fat cells has been 
calculated, from the data of the experiment depicted 
in Fig. 3, using a procedure described by Pumphrey 
[26] and based on Rescigno and Segre[27]. The 
following assumptions have been made: (1) the system 
is at steady-state; (2) the precursor for the purpose 
of calculation is phosphorylcholine (since there was 
no direct measurement of the pool size of CDP-cho- 
line); (3) the pool size of phosphorylcholine in adrena- 
line-stimulated fat cells and control cells is the same, 
and relative specific radioactivities calculated on this 
basis; (4) the phosphatidylcholine content is calcu- 
lated as 63% of the total phospholipid content (Table 
1) and from this a figure for the relative specific radio- 
activity of phosphatidylcholine is derived. 

From the calculated value of the fractional turn- 
over rate of phosphatidylcholine in control fat cells, 
shown in Table 2, it follows that in adrenaline-stimu- 
lated fat cells the fractional turnover rate of phospha- 
tidylcholine is increased 3-fold over that of control 
cells. The fat cells used in these experiments contain 
approximately 90 ymol phosphatidylcholine/g protein 
and synthesis of phosphatidylcholine may therefore 
be calculated to be approximately 17 umol/g protein 
per hr in control fat cells and 55 umol/g perhr in 
adrenaline-stimulated fat cells. 

Some suggestions may be made about the 
mechanism of the increased synthesis of phosphatidyl- 
choline in adrenaline-stimulated fat cells. The results 
show that there is increased incorporation of *P; into 
CDP-choline in fat cells stimulated with adrenaline; 
this can be due to increased activity either of CTP- 
choline phosphate cytidyltransferase (EC2.7.7.15) or 
of choline phosphotransferase (EC2.7.8.2). In rat liver, 
activation of CTP-choline phosphate cytidyltransfer- 
ase by lysolecithin [28] and of choline phosphotrans- 
ferase by a fall in ATP concentration [29] have been 
shown. In fat cells during adrenaline-stimulated lipo- 
lysis there is a fall in ATP concentration which 
together with an increased production of diglycerides 
may favour activation of choline phosphotransferase. 

What is the physiological significance of the in- 
creased turnover of phosphatidylcholine in rat cells 
incubated with adrenaline? In many tissues, adrena- 
line stimulation when mediated by the «-receptors 
causes increased turnover of _ phosphatidy- 
linositol [30] and this effect also occurs in fat cells 
incubated with adrenaline in presence of a f-adrener- 
gic blocking agent [1 ]. 
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It is suggested that the increased turnover of phos- 
phatidylcholine in fat cells may be related to their 
remarkable ability to respond to adrenaline by hy- 
drolysis of triglyceride, and to increase export of fatty 
acids (20-40 times) across the plasma membrane in 
presence of adrenaline. Phosphatidylcholine, a major 
component of both microsomal and of plasma mem- 
branes may be involved in facilitating this transport. 
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Abstract—The metabolism of benzo(a)pyrene and two of its metabolites 7,8-dihydro-7,8-dihydroxyben- 
zo(a)pyrene (7,8-dihydrodiol) and 9,10-dihydro-9,10-dihydroxybenzo(a)pyrene (9,10-dihydrodiol) to both 
ethyl acetate-soluble and water-soluble metabolites has been studied using short-term organ cultures 
of hamster lung. Benzo(a)pyrene is metabolised to ethyl acetate-soluble metabolites which co-chromato- 
graph with 9,10-dihydrodiol, 7,8-dihydrodiol and benzo(a)pyren-3-yl hydrogen sulphate but little or 
no 3-hydroxybenzo(a)pyrene and 4,5-dihydro-4,5-dihydroxybenzo(a)pyrene (4,5-dihydrodiol) are 
detected. After culture with benzo(a)pyrene, the amount of 9,10-dihydrodiol in the medium is 9-fold 
greater than the amount of 7,8-dihydrodiol. Benzo(a)pyrene is also metabolised by short-term organ 
cultures of hamster lung to water-soluble metabolites, which on hydrolysis with B-glucuronidase yield 
metabolites co-chromatographing with 3-hydroxybenzo(a)pyrene, quinones, 4,5-dihydrodiol and 
7,8-dihydrodiol. However little or no 9,10-dihydrodiol is detected. Both 7,8- and 9,10-dihydrodiols 
are metabolised by cultures of hamster lung to an ethyl acetate-soluble metabolite which co-chromato- 
graphs and has similar fluorescence excitation and emission spectra to 7,8,9,10-tetrahydro-7,8,9,10-tetra- 
hydroxybenzo(a)pyrene (7,8,9,10-tetrahydrotetrol). More 7,8,9,i0-tetrahydrotetrol is formed from 7,8- 
than 9,10-dihydrodiol. A major route for metabolism of 7,8-dihydrodiol is conversion into water-soluble 
metabolites, which on hydrolysis with B-glucuronidase yield an ethyl acetate-soluble metabolite co-chro- 
matographing with 7,8-dihydrodiol. However only small amounts of water-soluble metabolites are 
observed after short-term organ culture with 9,10-dihydrodiol. The amount of covalent binding after 


short-term organ culture with 7,8-dihydrodiol was greater than that with 9,10-dihydrodiol and benzo(a)- 
pyrene. This was in agreement with the many observations showing the high biological activity of 
the further metabolite of 7,8-dihydrodiol, i.e. 7,8-dihydro-7,8-dihydroxybenzo(a)pyrene 9,10-oxide. These 
results however, also raise the possibility of a role for 9,10-dihydrodiol as a precursor of active metabo- 


lites. 


The widespread occurrence of carcinogenic polycyclic 
aromatic hydrocarbons, such as benzo(a)pyrene, as 
environmental pollutants and constituents of cigarette 
smoke may be a contributory factor to the increasing 
number of deaths from lung cancer observed in many 
countries [1]. Most chemical carcinogens have to be 
metabolically activated to reactive electrophiles in 
order to initiate tumour formation [2]. The toxicity, 
mutagenicity and carcinogenicity of polycyclic aro- 
matic hydrocarbons is also believed to require meta- 
bolic activation to reactive intermediates which can 
then bind covalently with cellular macromolecules 
[2-5]. Polycyclic aromatic hydrocarbons are metabo- 
lised both to organic-soluble metabolites (such as 
epoxides, dihydrodiols, diol-epoxides, quinones and 
phenols and their sulphate esters) and to water-sol- 
uble conjugates [3, 4, 6, 7]. Many of these metabolites 
arise from epoxide intermediates which may: {i) 
re-arrange spontaneously to form the phenol; (ii) be 
converted into the dihydrodiol by the micro- 
somal enzyme epoxide hydratase; (iii) conjugate with 
glutathione; (iv) react with a cellular nucleophile in 
what is believed to be the toxic reaction [3, 4]. 
K-region epoxides have shown to be mutagenic and 
to induce malignant transformations of cells in cul- 


ture [8, 9]. However, in in vivo studies the K-region 
epoxides are less carcinogenic than the parent com- 
pound [3,10] and in cells treated with polycyclic 
aromatic hydrocarbons, the metabolite which 
reacted with the DNA was not the K-region epoxide 
(11). 

More recently, using Syrian hamster embryo cells 
and rat liver microsomes, Sims and co-workers have 
shown the further metabolism of dihydrodiols such 
as 7,8-dihydro-7,8-dihydroxybenzo(a)pyrene (7,8-di- 
hydrodiol) and 8,9-dihydro-8,9-dihydroxybenz(a)anth- 
racene to their respective diol-epoxides 7,8-dihydro- 
7,8-dihydroxybenzo(a)pyrene 9,10-oxide and 8,9-di- 
hydro-8,9-dihydroxybenz(a)anthracene 10,11-oxide 
[6, 12]. They have also shown that it is this type of 
diol-epoxide which reacts with DNA of Syrian ham- 
ster embryo cells treated with the parent hydrocarbon 
[6, 12]. These diol-epoxides, but not the parent dihyd- 
rodiols, do not require metabolic activation in order 
to be potent mutagens to both S. typhimurium strain 
TA 100 and Chinese hamster V 79 cells [13-16]. The 
diol-epoxides have also been implicated in the meta- 
bolic activation of benzo(a)pyrene in human bron- 
chial mucosa and mouse skin [17, 18]. All this data 
strongly implicates 7,8-dihydro-7,8-dihydroxyben- 
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zo{a)pyrene 9,10-oxide as the major proximate car- 
cinogen derived from benzo(a)pyrene. 

Here we report the metabolism of 9,10-dihyd- 
ro-9,10-dihydroxybenzo(a)pyrene (9,10-dihydrodiol), 
benzo(a)pyrene and 7,8-dihydrodiol by short-term 
organ cultures of hamster lung to both ethyl acetate- 
soluble and water-soluble metabolites. 7,8- and 
9,10-Dihydrodiols are further metabolised to 7,8,9,10- 
tetrahydro-7,8,9, 10 - tetrahydroxybenzo ( a ) pyrene 
(7,8,9,10-tetrahydrotetrol). Significant amounts of the 
7,8-dihydrodiol but not of 9,10-dihydrodiol are con- 
verted into water-soluble conjugates. 


MATERIALS AND METHODS 


Materials 

G-[°H]Benzo(a)pyrene (sp. act. 5Ci/m-mole and 
25 Ci/m-mole) was obtained from the Radiochemical 
Centre, Amérsham, Bucks, England and purified 
according to the method of De Pierre et al. [19]. 
Benzo(a)pyrene was obtained from Aldrich Chemicals 
and added to the labelled benzo(a)pyrene to the 
appropriate concentration. B-Glucuronidase (Type 
H-1, Helix Pomatia which also contains sulphatase) 
was obtained from Sigma Chemical Co. Leibovitz 
L-15 medium containing 2 mM L-glutamine and foe- 
tal calf serum were obtained from Biocult Labora- 
tories Ltd., Paisley, Scotland and Flow Laboratories, 
Irvine, Scotland respectively. Thin layer chroma- 
tography (t.Lc.) plates used were either pre-coated 
glass or aluminium with silica gel (0.25 mm thickness) 
both obtained from Merck, Darmstadt, Germany. 
The labelled reference compounds 4,5-, 7,8- and 
9,10-dihydrodiols and 3-hydroxybenzo(a)pyrene were 
prepared essentially as described by Sims and their 
identity was confirmed by comparison of their u.v. 
spectra with those reported in the literature [20]. 7,8- 
and 9,10-Dihydrodiols were incubated with liver 
microsomes as described by Booth and Sims and 
metabolites isolated with identical u.v. spectra to the 
proposed 7,8,9,10-tetrahydrotetrol and 9,10-dihyd- 
roxybenzo(a)pyrene [21]. 


Preparation of [?H]7,8- and [°H]9,10-dihydrodiols 
[°H]7,8- and [°H]9,10-Dihydrodiols were prepared 
essentially as described for [9H]3-hydroxybenzo(a)- 
pyrene [7] with minor modifications as follows. After 
the initial t.Lc. in a mixture of benzene-ethanol 9:1 
(v/v), the bands co-chromatographing with reference 
7,8- and 9,10-dihydrodiols were scraped off, extracted 
with ethyl acetate, and further purified by rechroma- 
tographing twice more in benzene-ethanol (9:1, v/v). 
The identity of the final products was confirmed by 
their u.v. spectra, fluorescent characteristics and 
mobility when chromatographed in benzene-ethanol 
(9:1, v/v and 19:1, v/v). When chromatographed in 
either of these solvent systems, the metabolites gave 
one major fluorescent and radioactive band which 
contained >97 per cent of the radioactivity. 


Short-term organ cultures of lung 


Male Syrian golden hamsters DSN (100-140 g) 
were obtained from D. Roberts, Basingstoke, Eng- 
land, and maintained on Sterolit bedding (Englehard 
Corp., U.S.A.). Hamster lung samples (200 + 10 mg) 
were cultured in short-term organ culture for 16-18 hr 
at 37° in 10 ml of Leibovitz L1S5 medium with 2mM 
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L-glutamine containing 10% foetal calf serum, penicil- 
lin 100U ml~! and streptomycin 100 wg ml~' [22]. 
[>H]Benzo(a)pyrene or [°H]7,8- or [9H]9,10-dihyd- 
rodiol was added to a final concentration of | uM. 

After culture, examination of haematoxylin and 
eosin sections showed that the lungs retained normal 
histological architecture except for very slight changes 
in the nuclear staining indicating early signs of auto- 
lysis. Tissue samples were separated from the medium 
at the end of the incubation period and stored at 
—20° until required for covalent binding studies. 
Radioactive metabolites in the medium were exam- 
ined immediately after culture. 


Determination of metabolism of [*H]benzo({a)pyrene 
and [°H]7,8- and [°H]9,10-dihydrodiols by short-term 
organ culture 


Ethyl acetate-soluble metabolites. Ethyl acetate- 
soluble metabolites were extracted by shaking the 
medium for a minimum of 40sec with 2 x 1 vol. 
of ethyl acetate and separating the aqueous and 
ethyl acetate phases. Control extractions, with 
medium incubated for 16-18hr with no tissue, 
extracted essentially all the radioactivity from the 
medium. The pooled ethyl acetate extracts were dried 
with sodium sulphate and examined by t.Lc. in solvent 
systems of either benzene-ethanol (9:1, v/v) (A) or 
benzene-ethanol (4:1, v/v) (B) or chloroform—meth- 
anol (4:1, v/v) (C) [20,21]. The fluorescent products 
were located by inspection of the wet plates in u.v. 
light (254 nm) and the radioactivity quantified as pre- 
viously described [22]. 

Water-soluble metabolites. After the initial ethyl 
acetate extractions, the medium remaining was 
extracted once more with ethyl acetate immediately 
prior to enzymic incubations. Samples taken from this 
extraction showed that only very low amounts of 
radioactivity were being released into the organic 
phase. The medium was then divided into two and 
incubated in stoppered tubes with either equal 
volumes of B-glucuronidase (10 mg/ml) in 0.1 M acet- 
ate buffer pH 5.0 or buffer alone. The tubes were 
flushed with nitrogen, stoppered and incubated over- 
night in a shaking water bath at 37°. The enzymic 
hydrolysates were then extracted with ethyl acetate 
and the the organic-soluble metabolites examined by 
t.l.c. in either solvent systems A, B or C. 

Covalent binding. The method used was essentially 
that of Siekevitz [23] with modifications as follows. 
Lung samples were homogenised in 0.9% saline (ap- 
proximately 3 ml) and an equal volume of | M perch- 
loric acid added. The precipitated protein was sedi- 
mented by centrifugation and the precipitate washed 
consecutively with 2 x 3ml 0.5M perchloric acid, 
2 x 5ml 96% ethanol, 2 x 5 ml of diethyl ether—eth- 
anol-chloroform (2:2:1) and 4 x Sml acetone. The 
final acetone wash was checked for the presence of 
any radioactivity and in all cases, the counts were 
the same as background. 

The final precipitates were dissolved in 0.5—1.0 ml 
soluene 350 (Packard Instrument Co). and radioac- 
tivity counted in a scintillant containing 0.5% w/v 
PPO (2,5-diphenyloxazole) and 0.02% w/v dimethyl 
POPOP [1,4 bis[{2-(4-methyl-5-phenyloxazolyl)]ben- 
zene] in toluene. Quenching was determined by inter- 
nal standardisation using [*H]toluene. 





Metabolism of benzo(a)pyrene by short-term cultures 


Table 1. Distribution of radioactivity of benzo(a)pyrene and metabolites after short-term 
organ culture 





Percentage radioactivity, expressed as a fraction of initial radioactivity 





Unchanged 
starting 
compound 
in medium 


Remaining in medium 
after ethyl acetate 
extraction 


Ethyl acetate 
extractable 
after culture 


Remaining in 
tissue after 


Compound (1 uM) culture 





34.0 + 2.1 , : 0. 2. 
52.4 + 2.3 p .8 6. 
41.34 1.7 8. 


Benzo(a)pyrene 
7,8-Dihydrodiol 


1. 
9,10-Dihydrodiol 1. 





All results are expressed as mean + S.E.M. of 4 determinations. 

[?H]Benzo(a)pyrene, [°H]7,8-dihydro-7,8-dihyroxybenzo(a)pyrene (7,8-dihydrodiol) or 
(°H]9,10-dihydro-9,10-dihydroxybenzo(a)pyrene (9,10-dihydrodiol) were incubated for 16 hr 
with hamster lung (200 mg). The medium was extracted with 2 x | vol. ethyl acetate, and 
the organic-soluble extracts separated by t.l.c. in benzene-ethanol (9:1 or 4:1, v/v) for quanti- 
tative determination of the unchanged starting compound. 


RESULTS 


Metabolism of [*H]benzo(a)pyrene by short-term organ 
cultures of hamster lung 


Ethyl acetate-soluble metabolites. After short-term 
organ culture of hamster lung, benzo(a)pyrene was 
converted to ethyl acetate-soluble metabolites and to 
more polar metabolites which remained in the culture 
medium after ethyl acetate extraction (Table 1). When 
the ethyl acetate-soluble extracts were concentrated 
and chromatographed in solvent system (A), radioac- 
tive bands which co-chromatographed with 9,10- and 
7,8-dihydrodiols were observed (Fig. 1). Little or no 
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counts/min 


Radioactivity, 
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a 


Li O00 © 


! /_Is® 


wake a7” 3-Hydroxy Benzo(a)pyrene 
7,8 Diol 
Fig. 1. Ethyl acetate-soluble metabolites from the culture 
medium after 16hr short-term organ culture of hamster- 
lung (200 mg) with [*H]benzo(a)pyrene (1 uM). The radio- 
active products were separated by t.l.c. in a mixture of 
benzene-ethanol (9:1, v/v). Part of the material migrating 
just beyond the origin co-chromatographed with benzo(a} 
pyren-3-yl hydrogen sulphate. S.F. indicates solvent front. 
The abbreviations used in the figure are 9,10-dihydro-9,10- 
dihydroxybenzo(a)pyrene (9,10-Diol), —7,8-dihydro-7,8- 
dihydroxybenzo(a)pyrene (7,8-Diol), 4,5-dihydro 4,5-dihyd- 
roxybenzo(a)pyrene (4,5-Diol) and 3-hydroxybenzo(a)pyr- 
ene (3-hydroxy). 


= 











4,5-dihydrodiol and 3-hydroxybenzo(a)pyrene were 
observed (Fig. 1). Some of the radioactivity, which 
migrates just beyond the origin, is associated with 
benzo(a)pyren-3-yl hydrogen sulphate [7]. The 
amount of this metabolite is dependent on the size 
of lung used for culture (unpublished observations). 
With the larger portions of lung used in earlier 
studies, this metabolite was the major ethyl acetate- 
soluble metabolite after lung culture. In this study 
9,10-dihydrodiol was the major ethyl acetate-soluble 
metabolite formed (Fig. 1). The ratio of 9,10- to 
7,8-dihydrodiol formation was 8.6:1. The rates of pro- 
duction of 9,10- and 7,8-dihydrodiols were 2.24 + 
0.20 and 0.26 + 0.01 pmoles g~' min~' respectively 
(Mean + S.E. n = 4). 

Water-soluble metabolites. In order to determine the 
nature of some of the radioactivity remaining in the 
medium after extraction with ethyl acetate, the 
medium was subjected to enzymic hydrolysis with 
B-glucuronidase. The hydrolysate was extracted with 
ethyl acetate and the extract was chromatographed 
in solvent system (A). Radioactive bands which co- 
chromatographed with 7,8-dihydrodiol, 3-hydroxy- 
benzo(a)pyrene, quinones (migrating just “beyond 
3-hydroxybenzo(a)pyrene) and benzo(a)pyrene were 
observed (Fig. 2). In some experiments a radioactive 
band which co-chromatographed with 4,5-dihydro- 
diol was also observed. In all experiments, little or 
no radioactivity, which co-chromatographed with 
9,10-dihydrodiol was observed (Fig. 2). Most of the 
ethyl acetate-soluble radioactivity, which was released 
following enzyme hydrolysis, co-chromatographed 
with 3-hydroxybenzo(a)pyrene (Fig. 2). 


Metabolism of 7,8-dihydrodiol 


Ethyl acetate-soluble metabolites. [*H]7,8-Dihydro- 
diol was metabolised by short-term organ culture of 
hamster lung to both ethyl acetate-soluble products 
and to water-soluble conjugates. When the ethyl ace- 
tate-soluble radioactivity was examined using either 
solvent systems (B) or (C), the material associated 
with most of the radioactivity co-chromatographed 
with, and had similar fluorescence excitation and 
emission spectra to those of, reference 7,8-dihydrodiol 
(Fig. 3). A major metabolite with. R, = 0.14 (relative 
to benzo(a)pyrene) in solvent system (B) was also 
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9,10 Diol i 3-Hydroxy Benzo(a)pyrene 
7,8Diol 

Fig. 2. Enzymic hydrolyses of water-soluble metabolites 
from benzo(a)pyrene. Water-soluble metabolites from the 
culture medium, after 16hr short-term organ culture of 
hamster lung (200 mg) with [*H]benzo(a)pyrene (1 uM), 
were hydrolysed with either f-glucuronidase (——) or 
buffer alone (-——) and extracted with ethyl acetate. The 
ethyl acetate-soluble radioactivity was separated by tlc. 
in a mixture of benzene-ethanol (9:1, v/v). S.F. indicates 
solvent front. The abbreviations used are the same as those 

in the legend to Fig. 1. 


observed (Fig. 3). This major metabolite co-chromato- 
graphed with, and had similar fluorescence excitation 
and emission spectra to, reference 7,8,9,10-tetrahydro- 
tetrol in solvent systems (B) and (C), (Fig. 4). The 
rate of formation of the 7,8,9,10-tetrahydrotetrol was 
0.91 + 0.31 pmoles g~' min~' (mean + S.E. n = 4). 
After short-term organ culture of hamster lung with 
7,8-dihydrodiol, a significantly smaller percentage of 
unchanged parent compound remained in the 
medium than in corresponding experiments with 
either benzo(a)pyrene or 9,10-dihydrodiol (Table 1). 

Water-soluble metabolites. When the water-soluble 
metabolites of the short-term organ culture of 
7,8-dihydrodiol were hydrolysed with f-glucuroni- 
dase, the greater part of the radioactivity (up to 91%) 
was released as ethyl acetate-soluble radioactivity. 
However this figure could not be accurately obtained 
in all experiments because of gelling problems on 
extraction of the enzymic hydrolysate with ethyl acet- 
ate. Control experiments, with buffer only, released 
little or no radioactivity. When the ethyl acetate- 
soluble radioactivity of the enzyme hydrolysate was 
examined by t.l.c. using solvent system (B), the major 
radioactive band co-chromatographed with 7,8-dihy- 
drodiol (Fig. 5). Thus the majority of the water- 
soluble metabolites from 7,8-dihydrodiol were present 
as either glucuronide or sulphate conjugates and only 
small amounts were present as glutathione or other 
conjugates of 7,8-dihydrodiol or 7,8,9,10-tetrahydro- 
tetrol. 


Metabolism of 9,10-dihydrodiol 


Ethyl acetate-soluble metabolites. A smaller percent- 
age of radioactivity remained in the lung after culture 
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with 9,10-dihydrodiol than with 7,8-dihydrodiol 
(Table 1). The rate of metabolism of [°H]9,10-dihyd- 
rodiol, by short-term organ culture of hamster lung, 
was much slower than that of either benzo(a)pyrene 
or 7,8-dihydrodiol. When the ethyl acetate-soluble 
radioactivity was examined using either solvent sys- 
tems (B) or (C), the material associated with most 
of the radioactivity co-chromatographed with, and 
had similar fluorescence excitation and emission spec- 
tra to, reference 9,10-dihydrodiol (Table 1). Small 
amounts of a metabolite, which co-chromatographed 
and had similar fluorescence excitation and emission 
spectra to the standard 7,8,9,10-tetrahydrotetrol but 
not with  9,10-dihydroxybenzo(a)pyrene, were 
observed (Fig. 4). The small amounts of tetrahydrote- 
trol detected prevented its accurate quantitative deter- 
mination. 

Water-soluble metabolites. Very small amounts of 
water-soluble metabolites were detected following 
lung culture with 9,10-dihydrodiol (Table 1). Enzymic 
hydrolysis of the aqueous phase with f-glucuronidase 
released very small amounts of ethyl acetate-soluble, 
radioactive material which on t..c. gave no major 
radioactive bands. 


Covalent binding 


The values for covalent binding were obtained by 
incubation of the [*H]metabolite or [*H]benzo(a} 
pyrene with tissue (Table 2). Whilst more 7,8-dihydro- 
diol is bound than either benzo(a)pyrene or 
9,10-dihydrodiol, significant amounts of the 
9,10-dihydrodiol were also bound. In preliminary ex- 
periments with [°H]4,5-dihydrodiol and [°H]3-hyd- 
roxybenzo(a)pyrene the amount of covalently bound 
material was less than that found with either [°H]7,8- 
or [°H]9,10-dihydrodiol. 
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Fig. 3. Ethyl acetate-soluble metabolites from the culture 
medium after 16hr short term organ culture of hamster 
lung (200mg) with [°H]7,8-dihydro-7,8-dihydroxyben- 
zo(a)pyrene (1 4M-7,8-Diol). The radioactive products were 
separated by t.l.c. in a mixture of benzene-ethanol (4:1, 
v/v). The major metabolite formed co-chromatographed 
with 7,8,9,10-tetrahydrotetrol of benzo(a)pyrene (7,8,9,10- 
tetrol). S.F. indicates solvent front. 
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Fig. 4. Fluorescence spectra of 7,8,9,10-tetrahydrotetrol of 
benzo(a)pyrene. Uncorrected fluorescence excitation and 
emission spectra of standard 7,8,9,10-tetrahydrotetrol of 
benzo(a)pyrene ( ) and the suspected tetrahydrotetrols, 
obtained from incubation of 7,8-dihydro-7,8-dihydroxy- 
benzo(a)pyrene (7,8-Diol) or 9,10-dihydro-9,10-dihydroxy- 
benzo(a)pyrene (9,10-Diol) with short-term organ culture 
of hamster lung, were measured in 95% ethanol. 


DISCUSSION 


Benzo(a)pyrene was metabolised by short-term 
organ culture of hamster lung to (i) ethyl acetate-solu- 
ble metabolites which co-chromatographed with 9,10- 
and 7,8-dihydrodiols and benzo(a)pyren-3-yl hydro- 
gen sulphate but as reported in earlier studies [7, 22] 
little or no 4,5-dihydrodiol and 3-hydroxybenzo(a)- 
pyrene were formed (Fig. 1) and (ii) to water-soluble 
metabolites which on enzyme hydrolysis released 
metabolites co-chromatographing with 3-hydroxyben- 

‘zo(a)pyrene, 7,8- and 4,5-dihydrodiols but not with 
9,10-dihydrodiol (Fig. 2). Thus the low amounts 


10 x103 — 


» counts/min 


Radioactivity 














Ul @) 


7,8 Diol 


O ae 
“9 


Benzola) pyrene 





Fig. 5. Enzymic hydrolysis of water-soluble metabolites 
from 7,8-dihydro-7,8-dihydroxybenzo(a)pyrene (7,8-Diol). 
Water-soluble metabolites from the culture medium, after 
16hr short-term organ culture of hamster lung (200 mg) 
with 7,8-dihydro-7,8-dihydroxybenzo(a)pyrene (1 4M), were 
hydrolysed with either f-glucuronidase (——) or buffer 
alone (——-), extracted with ethyl acetate and the organic- 
soluble extracts separated by t.l.c. in a mixture of benzene- 
ethanol (4:1, v/v). S.F. indicates solvent front. 
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of 3-hydroxybenzo(a)pyrene and 4,5-dihydrodiol 
detected after the initial culture were due most prob- 
ably to their relatively rapid conjugation to water- 
soluble metabolites or possibly to their binding to 
tissue macromolecules. All the metabolites reported 
in this study, with the exception of benzo(a)pyren-3- 
yl-hydrogen sulphate, have previously been identified 
as metabolites following incubation of benzo(a)pyrene 
with rat lung microsomes [24]. 

9,10-Dihydrodiol was metabolised relatively slowly 
when incubated with hamster lung. Most of the radio- 
activity remained as unchanged 9,10-dihydrodiol and 
very small amounts of water-soluble metabolites were 
obtained, whereas 7,8-dihydrodiol was metabolised 
more quickly, primarily to a water-soluble conjugate 
(Table 1 and Fig. 5). These results are in agreement 
with the relative rates of glucuronide conjugation of 
these metabolites using a rat liver microsomal system 
fortified with UDP-glucuronic acid [25]. The very 
low conversion of 9,10-dihydrodiol to water-soluble 
metabolites may explain why it is the major ethyl 
acetate-soluble metabolite obtained from benzo(a)pyr- 
ene (Fig. 1) in the present study. 

7,8- and 9,10-Dihydrodiols were both metabolised, 
presumably via their diol-epoxide intermediates, Le. 
7,8-dihydro-7,8-dihydroxybenzo(a)pyrene 9,10-oxide 
and 9,10-dihydro-9,10-dihydroxybenzo(a)pyrene 7,8- 
oxide respectively, to a product with similar fluor- 
escent excitation and emission spectra to 7,8,9,10- 
tetrahydrotetrol (Fig. 4). 

Many workers have suggested that it is the diol- 
epoxide from 7,8-dihydrodiol which is the ultimate 
carcinogen from benzo(a)pyrene. This was based on: 
(i) the original observation of Borgen et al. [26], that 
7,8-dihydrodiol when activated with microsomes was 
bound to DNA to a 15-fold greater extent than ben- 
zo(a)pyrene; (ii) the exceptional mutagenicity of this 
dio-epoxide in several test systems [13-16]; and (iii) 
its identification as the metabolite bound to DNA 
both in cultured cells [6,27] and in mouse skin and 
human bronchial mucosa [17, 18]. 

After short-term organ culture with 7,8-dihydro- 
diol, the radioactivity remaining associated with the 
lung was greater than with either 9,10-dihydrodiol or 
benzo(a)pyrene (Table 1). This may be connected with 
the reported greater biological activity of 7,8-dihydro- 


Table 2. Covalent binding of benzo(a)pyrene and 
its metabolites in short-term organ cultures of ham- 
ster lung 





Covalent binding 
pmoles bound/g lung 


Metabolite or 
benzo(a)pyrene 





1200 + 123 (4) 
2018 + 286 (4) 
2796 + 179 (4) 


Benzo(a)pyrene 
9,10-Dihydrodiol 
7,8-Dihydrodiol 





The covalent binding was determined after 16 hr 
organ culture of hamster lung (200 mg) with | uM 
of either [*H]benzo(a)pyrene or 7,8-dihydro-7,8- 
dihydrox ybenzo(a)pyrene (7,8-dihydrodiol) or 9,10- 
dihydro-9,10-dihydroxybenzo(a)pyrene (9,10-dihy- 
drodiol) at 37°. Results at 37° represent mean + 
S.E.M. of 4 determinations. The amount of covalent 
binding observed in controls incubated at 4° to 
minimise metabolism was always <672 pmoles 

bound/g lung. 
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diol but such interpretation is fraught with difficulty 
as the nature of most of the radioactivity remaining 
in the lung was not determined in the present study. 
The results reported here also show that after culture 
with 7,8-dihydrodiol the covalent binding is greater 
than after culture with either 9,10-dihydrodiol or ben- 
zo(a)pyrene (Table 2). Similar results have been 
obtained in preliminary experiments using short-term 
organ cultures of rat lung. The higher covalent bind- 
ing from 7,8-dihydrodiol was consistent with the 
higher amounts of 7,8,9,10-tetrahydrotetrol formed 
from 7,8-dihydrodiol. Thus, whilst these results are 
consistent with the observations suggesting that the 
diol-epoxide derived from 7,8-dihydrodiol may be the 
most reactive metabolite from benzo(a)pyrene, they 
raise the possibility that the diol-epoxide from 
9,10-dihydrodiol may also be of importance. This is 
based on the above observations and also on the find- 
ings in this study that: (i) 9,10-dihydrodiol was the 
major ethyl acetate-soluble metabolite formed from 
benzo(a)pyrene; (ii) it was conjugated very slowly; 
and (iii) the only detectable route of metabolism was 
via the 9,10-dihydro-9,10-dihydroxybenzo(a)pyrene 
7,8-oxide to the 7,8,9,10-tetrahydrotetrol as no 
9,10-dihydroxybenzo(a)pyrene was detected. In con- 
trast to this, when 9,10-dihydrodiol was incubated 
with rat liver microsomes, the major metabolite was 
9,10-dihydrox ybenzo(a)pyrene although some 
7,8,9,10-tetrahydrotetrol was also formed [21]. In pre- 
liminary experiments with short-term organ cultures 
of both human and rat lung with 9,10-dihydrodiol 
significant amounts of unidentified water-soluble 
metabolites were obtained in contrast to the very 
small amounts obtained from hamster lung. The 
further - metabolism of  7,8-dihydrodiol to 
7,8,9,10-tetrahydrotetrol in this study is in agreement 
with its metabolism with rat liver microsomes [21]. 

The possible different routes of 9,10-dihydrodiol 
metabolism, depending on the metabolising system, 
may have important implications in assessing the bio- 
logical activity of the metabolites in many of the test 
systems used. Both the initial observation of Borgen 
et al. showing the higher binding of 7,8-dihydrodiol 
[26] and some mutagenicity tests [13] have used a 
microsomal activating system which converts 
9,10-dihydrodiol to a catechol rather than to the 
tetrahydrotetrol. Thus these studies may have under- 
estimated the potential biological activity of 
9,10-dihydrodiol. The hypothesis of possible activity 
of metabolites derived from 9,10-dihydrodiol also 
receives some support from the findings that the flu- 
orescent benzo(a)pyrene-DNA product in mouse skin 
had identical fluorescent properties to that of salmon 
sperm DNA reacted with either 7,8-dihydro-7,8- 
dihydroxybenzo(a)pyrene 9,10-oxide or 9,10-dihyd- 
ro-9,10-dihydroxybenzo(a)pyrene 7,8-oxide [17]. 
When incubated with rat liver microsomes fortified 
with the soluble liver fraction and GSH, similar 
amounts of glutathione conjugates were obtained 
from the 7,8- and 9,10-dihydrodiols, indicating similar 
amounts of diol-epoxides from both substrates [21]. 
The evidence presently available which might argue 
against this hypothesis are: (i) hydrolysates of DNA 
from embryo cells treated with [°H]9,10-dihydrodiol 
did not appear to contain radioactive hydrocarbon- 
deox yribonucleoside products [6]; (ii) 7,8-dihydrodiol 
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in a cell-mediated mutagenic assay gave a very 
marked increase in mutagenicity whereas 9,10-dihyd- 
rodiol even at higher concentrations gave only a 
slight increase in mutation frequency [14]; and (iii) 
when applied to mouse skin 7,8-dihydrodiol but not 
9,10-dihydrodiol gave rise to hydrocarbon-nucleoside 
products [18]. However, these criticisms are only 
valid if both the cell systems used in these studies 
do not artificially favour formation of catechol and 
conjugates from 9,10-dihydrodiol and also that the 
9,10-dihydrodiol when applied to mouse skin can 
penetrate into the cell. Thus, whilst most of the data 
strongly implicate a major role for the 7,8-dihydrodiol 
as the precursor of a highly reactive diol-epoxide of 
benzo(a)pyrene, the possible role of other metabolites, 
e.g. 9,10-dihydrodiol, in the biological activity of ben- 
zo(a)pyrene, must also be considered. It is thus prefer- 
able to assess the potential activity of metabolites 
using a system with both metabolic activating and 
deactivating enzymes. This system should wherever 
possible utilise a tissue in which these compounds 
are biologically active and thus simulate the in vivo 
situation. 
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Abstract—The phagocytosis of starch granules by rabbit peritoneal exudate polymorphonuclear leuko- 
cytes measured by the uptake of '*'I-labeled human serum albumin was found to be suppressed 
by anaerobiosis, iodoacetate, malonate, cyanide and ATPase inhibitors. The suppressive effect of iodo- 
acetate can be partially relieved by pyruvate. The results suggest that the tricarboxylic acid cycle 
and the cytochrome system play important roles in supplying energy for the phagocytic process. 


It has been well established that phagocytosis by 
polymorphonuclear leukocytes (PMN) is accom- 
panied by increases in respiration, glycolysis, and the 
hexose monophosphate shunt (HMP) activity [1-9]. 
However, the relationship between these metabolic 
changes and the phagocytic process per se is not yet 
clearly understood. Glycolysis is commonly regarded 
as the metabolic pathway in polymorphonuclear leuk- 
ocytes that provides energy for the phagocytic pro- 
cess, and the oxidative metabolism via the tricarboxy- 
lic acid (TCA) cycle is believed to be of minor impor- 
tance in these cells [2,4, 10,11]. This view has been 
questioned recently by Patriarca et al.[12], who 
made the observation that PMN phagocytosis in vitro 
is not influenced by glucose, but lactate production 
in PMN is higher in the presence of glucose than 
in its absence. It has also been reported that mild 
degrees of physical injury augment glycolysis in PMN 
and cause a decrease in respiration [13, 14]. The role 
of the tricarboxylic acid cycle and of the cytochrome 
system in supplying energy for PMN phagocytosis 
was re-investigated employing a recently developed 
quantitative and sensitive method for measuring pha- 
gocytosis which forms the subject of this report. 


MATERIALS AND METHODS 


Rabbits. New Zealand albino rabbits were used to 
provide PMN. 

PMN. Rabbit peritoneal leukocytes were obtained 
according to the procedure of Cohn and Morse [15]. 
The cells were sedimented at 1000 rev/min (125 g) for 
15 min in a Sorvall centrifuge at 4°. After removing 
the supernatant, the cells were gently resuspended in 
Krebs-Ringer phosphate buffer to a concentration of 
5 x 10’ cells/ml. The final leukocyte suspension was 
chilled in ice and used within 20 min. Repeated obser- 
vations on stained smears showed that better than 
98 per cent of the leukocytes were polymorphonuc- 
lear. All exudates employed were essentially free of 
red blood cells. In any given experiment, only cells 
from a single animal were used. 


Starch. The starch used was isolated from the seed 
of Saponaria vaccaria or Montana “cow soap- 
wort” [16]. It is made up of extremely small granules 
with diameters distributed between 0.5 and 1.6 um. 

Buffer. Krebs-Ringer phosphate buffer, pH 7.4, 
containing one-half of the usual amount of CaCl), 
was filtered through a treated Millipore filter [17] 
(Millipore. Filter Corp., Bedford, MA) and used 
within 3 days of preparation. 

Chemicals. Radio-iodinated human serum albumin 
((''TJHSA), (65-90 uCi/mg) was purchased from 
Abbott Laboratories (North Chicago, IL). ['*C-1]glu- 
cose (16.3 wCi/mg) was purchased from the Nuclear- 
Chicago Instrument and Chemical Co. 

Measurement of phagocytosis. The degree of phago- 
cytosis was determined by measuring the uptake of 
['*"IJHSA as previously described [18]. Briefly, a 
suspension of PMN, rabbit serum and drug solution 
or buffer was placed in a 25-ml serum vial. The mix- 
ture was incubated with shaking at 37° for 30 min. 
A suspension of starch, containing '*'I-labeled albu- 
min and glucose, was then added to the serum vial. 
The incubation was resumed for an additional 30 min 
and then terminated by the addition of 2.0 ml of ice- 
cold sodium ethylenediamine tetra-acetic acid 
(NaEDTA) and the serum vial was then placed im- 
mediately on ice. The contents were transferred to 
a precooled centrifuge tube. After centrifugation, the 
supernatant was discarded and the pellet was washed 
three times with NaEDTA saline. The radioactivity 
associated with the final pellet was determined by 
liquid scintillation after treatment with hydroxide of 
hyamine. In any given experiment, only cells from 
a single animal were used. 

Measurement of ['*C-1]-glucose utilization. ['*C-1]- 
glucose utilization by PMN was determined accord- 
ing to a previously reported procedure [18]. 


RESULTS 


Effect of AT Pase inhibitors on phagocytosis of starch 
granules by PMN. Each experiment was performed 
five times. Chlorpromazine and ouabain suppressed 
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Table 1. Effect of ATPase inhibitors on the ['*'TJHSA 
uptake by rabbit peritoneal exudate PMN _ during 
phagocytosis 





Concn 
(M) 


Radioactivity* 
Compound (cpm) Pt 
Control 0 

Chlorpromazine 1 236r* 
Quinine x ie? 
Ouabain 1 x 10-4 





9829 + 126 
3884 + 151 
6032 + 201 
8061 + 69 


<0.001 
<0.001 
<0.001 





* Background radioactivity, i.e. radioactivity associated 
with the sample at zero time, has been subtracted from 
these values. Results are given on the basis of 5 x 10’ 
PMN for 30 min. Each mean value (+S.E.) represents the 
average of six determinations. 

+ Student's t-test. 


(P < 0.001) the uptake of ['°'IJHSA by PMN at a 
concentration of | x 10°*M (Table 1). Quinine, at 
a concentration of | x 10~*M, suppressed phagocy- 
tosis as measured either by ['*'IJHSA uptake or by 
visual counting of starch granules (Table 2). But the 
phagocytosis-stimulated conversion of ['*C-I]glucose 
to '*CO, was not affected by quinine (P < 0.25) 
(Table 2). 
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Effect of iodoacetate and pyruvate on phagocytosis 
of starch granules by PMN. Pyruvate, at a concen- 
tration of 5 x 10~3.M, had no effect on ['*'IJHSA 
uptake or the conversion of ['*C-I]glucose to '*CO, 
by PMN under phagocytic conditions (in the presence 
of starch granules). Iodoacetate (1 x 10~*M) sup- 
pressed the ['*'IJHSA uptake during phagocytosis 
by approximately 50 per cent in apparent agreement 
with the results by visual counting of granules in- 
gested. The phagocytosis-stimulated conversion of 
['*C-I]glucose to '*CO, was completely inhibited by 
iodoacetate (1 x 10°*M). Pyruvate (5 x 1073 M) 
partially reversed (approximately 50 per cent) the sup- 
pressive effect of iodoacetate (1 x 10°*M) on 
['*‘I1JHSA uptake, but not on its inhibitory effect on 
['*C-I]glucose utilization (Table 3). 

Effect of malonate and KCN on ['?'I]HSA uptake 
by rabbit peritoneal PMN during phagocytosis. 
Malonate (1 x 10~? M) and KCN (1 x 1073 M) sup- 
pressed the ['*'IJHSA uptake by PMN during pha- 
gocytosis (P < 0.001) (Tables 4 and 5). 

Relative efficiency of ['?'I]JHSA uptake by PMN 
incubated in the presence of starch granules under at- 
mosphere of oxygen, ait or nitrogen. The phagocytosis 
of starch granules by rabbit peritoneal exudate PMN 


Table 2. Effect of quinine on ['*'I]HSA uptake and ['*C-I]glucose utilization by rabbit peritoneal exudate PMN 
in the absence or presence of starch granules and on the number of engulfed starch granules 





['3' HSA 
uptake* 


Conditions (cpm) 


['*C-I]glucose 


Distribution of engulfed 
utilization particlest (particles/cell) 
('*Co,)" 

(cpm) 0 1-5 


No. of 
expts. 





6-10 11-15 >15 





1,486 + 129 
9,829 + 126 


Leukocytes 
Leukocytes + starch 
Leukocytes + starch 


+ quinine (1 x 107*M) 6,032 + 201 


1,900 + 49 


11,278 + 119 0 4 


11,720 + 397 ¢ 2 46 





* Background radioactivity, i.e. radioactivity associated with sample at zero time, has been subtracted from these 
values. Results, expressed as the mean +S.E., are given on the basis of 5 x. 10’ PMN for 30 min. 
+ Results are expressed as percentage of cells containing the designated number of particles. 


Table 3. Effect of iodoacetate and pyruvate on phagocytosis -of starch granules by rabbit peritoneal exudate PMN 
measured by ['?'THSA uptake, ['*C-I]glucose utilization and visual counting of engulfed starch granules 





['*C-I]glucose 
utilization 
(C'*O7)* (cpm) 


['3"TJHSA uptake* 


Conditions (cpm) 


Distribution of engulfed particlest 
(particles/cell) 

No. of 

expts. 





I-S 6-10 11-15 >15 





Leukocytes 581 

Leukocytes + pyruvatet 

Leukocytes + iodoacetate§ 

Leukocytes + iodoacetate§ 
+ pyruvatet 

Leukocytes + starch 

Leukocytes + starch + 
pyruvatet 

Leukocytes + starch + 
iodoacetate§ 

Leukocytes + starch + 
iodoacetate§ + pyruvatet 


2327 + 55 
2407 + 78 
1355 + 60 


i973 + 32 


5 
5 
5 


5 


3 3 5 





* Background radioactivity, i.e. radioactivity associated with sample at zero time, has been 


subtracted from these 


values. Results, expressed as mean +S.E., are given on the basis of 5 x 10’ PMN for 30 min. 
+ Results are expressed as percentage of cells containing the designated number of particles. 


25x 1077 M. 
$1 x 107* M. 
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Table 4. Effect of malonate on ['*'IJHSA uptake by rab- 
bit peritoneal exudate PMN in the presence of starch 
granules 
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Table 6. Relative efficiency of ['*'T]HSA uptake by rabbit 
peritoneal exudate PMN in the presence of starch particles 
under atmosphere of oxygen, air or nitrogen 





Radioactivity* 





Conditions 





Leukocytes 

Leukocytes + starch 

Leukocytes + starch + 
malonate (1 x 107? M) 


8077 + 290 <0.001 





* Background radioactivity, i.e. radioactivity associated 
with the sample at zero time, has been subtracted from 
these values. The results are given on the basis of 5 x 10’ 
PMN for 30 min. Each mean value represents the average 
of five determinations. 

+ Student’s t-test. 


as measured by ['*'IJHSA uptake was suppressed 
(SO per cent) under a nitrogen atmosphere and stimu- 
lated under an oxygen atmosphere (30 per cent) 
(Table 6). 


DISCUSSION 


It has been well established that phagocytosis by 
PMNs is accompanied by increases in respiration, 
glycolysis and HMP activity [1, 2, 4, 6, 9, 19, 20]. Only 
a small fraction of total leukocyte glucose (less than 
10 per cent) is normally metabolized via the HMP 
pathway [21-25]). It has been suggested that the 
HMP pathway might be stimulated in PMN during 
phagocytosis in order to provide sufficient NADPH 
for lipid synthesis in PMN during phagocytosis [26], 
or the stimulation may be related to the degranula- 
tion phenomenon which occurs in polymorphonuc- 
lear leukocytes during particle ingestion [21, 27], but 
probably does not provide energy for the phagocytic 
process [21]. Oxidative metabolism via the tricarbox- 
ylic acid cycle is also believed to be unimportant in 
these cells [2, 4, 10, 11]. The energy required for PMN 
phagocytosis is generally accepted to be derived from 
glucose metabolism to lactate via glycolysis. This view 
has been questioned recently by Patriarca et al. [12], 
who made the observation that PMN phagocytosis 
in vitro is not influenced by the presence of glucose 
in the incubation medium, but lactate production in 


Atmosphere Radioactivity* (cpm) Pt 





Air 5388 + 143 
Nitrogen 2670 + 90 
Oxygen 6990 + 105 


<0.001 
<0.001 





* Background radioactivity, i.e. radioactivity associated 
with the sample at zero time, has been subtracted from 
these values. Results are given on the basis of 5 x 10’ 
PMN for 30 min. Each mean value + S.E. represents the 
average of six determinations. 

+ Student’s t-test. 


PMN is higher in the presence of glucose than in 
its absence. It has also been reported that mild 
degrees of physical injury augment glycolysis in poly- 
morphonuclear leukocytes and cause a decrease in 
their respiration [13, 14]. 

The view that glycolysis provides the energy for 
PMN phagocytosis is supported by the observations 
of some investigators that (a) glycolytic enzyme in- 
hibitors such as iodoacetate or fluoride inhibit phago- 
cytosis, (b) respiratory inhibitors such as cyanide and 
antimycin A do not inhibit particle uptake; and (c) 
phagocytosis by PMN appears to be equally efficient 
under aerobic or anaerobic conditions [1, 2, 28-30]. 
Most investigators are in agreement that compounds 
interfering with glycolysis exert a profound inhibitory 
effect on phagocytosis [1,2,21,29-31]. Cohn and 
Morse [2] found that the phagocytosis of bacteria 
by rabbit peritoneal exudate polymorphonuclear 
leukocytes was effectively blocked by iodoacetate 
(2 x 10°*M) and sodium fluoride (2 x 10~*M). 
Karnovsky et al. [1,29] showed that phagocytosis of 
latex particles or starch granules by guinea pig peri- 
toneal exudate polymorphonuclear leukocytes was in- 
hibited (approximately 80 per cent) by iodoacetate 
(1 to to 3x 10°*M) and by sodium fluoride 
(2 x 10~?M). These results were interpreted as in- 
dicative that a functioning glycolytic pathway is 
required for the performance of phagocytosis. It 
should be noted, however, that both iodoacetate and 
sodium fluoride are ATPase inhibitors. The suppres- 
sion of phagocytosis by these compounds, at least in 
part, might be due to their action on ATPase. The 
inhibitory effect of sodium fluoride on Na* extrusion 


Table 5. Effect of KCN on ['?'IJHSA uptake by rabbit peritoneal exudate PMN in the presence 
of starch particles 





Radioactivity* 


Conditions (cpm) 


Pt 1-5 


Distribution of engulfed 
particles (particles/cell)* 
No. of 
expts. 





6-10 11-15 >15 





800 + 33 
5292 + 83 


Leukocytes 
Leukocytes + starch 
Leukocytes + starch 


+ KCN (1 x 1073M) 3945 + 80 


0 3 6 6 


<0.001 3 ‘ 2 2 6 





* Background radioactivity, i.e. radioactivity associated with the sample at zero time, has been 
subtracted from these values. Results are given on the basis of 5 x 107 PMN for 30min. Each 
mean value +S.E. represents the average of six determinations. 


+ Student’s t-test. 
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and K* uptake by swine and human erythrocytes, 
for example, has been shown to be due primarily to 
inhibition of NaK-ATPase rather than inhibition of 
glycolysis as was initially believed [32]. This possibi- 
lity is enhanced by the finding that phagocytosis of 
starch granules by rabbit peritoneal exudate PMN 
was significantly suppressed by all three ATPase in- 
hibitors tested (chlorpromazine, ouabain and quinine) 
(see Table 1). 

McKinney et al. [33] reported that malonate does 
not affect the ability of human polymorphonuclear 
leukocytes to phagocytize bacteria, suggesting that 
the cells do not depend on the tricarboxylic acid cycle 
as a source of metabolic energy. Sbarra et al. [34] 
found that phagocytosis was suppressed by maionate, 
but only at an unusually high concentration of 0.1 M. 
Since a similar concentration of KCl or NaCl also 
inhibited phagocytosis, it was concluded that the 
increased osmotic pressure of the system was respon- 
sible for the suppression by malonate. In disagree- 
ment with these reports, phagocytosis of starch par- 
ticles by rabbit PMN measured by the ['*'IHSA 
uptake was significantly suppressed by malonate at 
a concentration of 1 x 10°*M (see Table 2), well 
below the minimum concentration required for 
cations to influence phagocytic function. 

Opinions regarding the effects of inhibitors of cellu- 
lar respiration on phagocytosis vary. Cohn and 
Morse [2], Sbarra and Karnovsky [1] and Stossel et 
al.[35] found no inhibition of phagocytosis by 
cyanide (1 x 10~? to 8 x 10°*M). On the other 
hand, in agreement with the present results (Table 
3) that KCN is suppressive at | x 10~*M, Green- 
dyke et al.[36] and Gordon and King [37] found 
that cyanide suppressed phagocytosis at a concen- 
tration of 1 x 10°?7M. Cohn and Morse[2] and 
Greendyke et al. found distinct inhibition by 2,4-dini- 
trophenol (2x 10°*M), as did  Sherstneva 
(1 x 10-3M)[38], whereas Sbarra and Kar- 
novsky [31] found no inhibition by this uncoupler of 
oxidative phosphorylation at a concentration of 
1 x 10°*M. 

One of the crucial observations which led to the 
conclusion that glycolysis is the principal energy 
source for phagocytosis in PMN was that phagocy- 
tosis measured by microscopic counting of engulfed 
particles appeared to be equally efficient under aero- 
bic or anaerobic conditions [1], implying that this im- 
portant function of PMN is independent of available 
oxygen. In contrast, under the conditions employed 
in the present study, phagocytosis is clearly. sup- 
pressed by nitrogen (50 per cent) and stimulated by 
oxygen (see Table 4). 

The inhibition of phagocytosis by iodoacetate is 
well known. This compound blocks glycolysis pre- 
sumably by blocking the action of triose phosphate 
dehydrogenase. A study on the effect of the addition 
of metabolic intermediates which cannot be formed 
in the presence of iodoacetate may provide insight 
on the underlying mechanism of phagocytosis inhibi- 
tion. Pyruvate, at a concentration of 1 x 10°7M, 
partially relieved the inhibition of phagocytosis by 
iodoacetate 2 x 10°*M). To explain this phenom- 
enon, Selvaraj and Sbarra [40] suggested that oxida- 
tive decarboxylation of pyruvate yields acetyl CoA 
which can act as an energy source—perhaps by rever- 
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sal of acetic thiokinase to yield ATP. In view of the 
present findings that phagocytosis is suppressed by 
malonate, KCN, and by anaerobiosis, it would seem 
that the restoration of phagocytic function by pyru- 
vate is best explained on the basis of substrate avail- 
ability for oxidative phosphorylation via the tricar- 
boxylic acid cycle. The results suggest that glycolysis 
is important not only in supplying energy (2 moles 
ATP/mole of glucose) for phagocytosis but also in 
providing pyruvate for energy-producing oxidative 
metabolism. This conclusion is in agreement with the 
observation (see Table 3) that under conditions where 
glycolysis (measured by the conversion of glucose- 
[1-'*C] to '*CO,) was inhibited almost completely 
(95 per cent) by iodoacetate, the rate of phagocytosis 
was reduced by only 40 per cent. It appears other 
pathways provided sufficient amounts of substrate for 
the TCA cycle to permit phagocytosis to proceed at 
a reduced rate. The fact that the phagocytic function 
that was suppressed by iodoacetate was only partially 
restored by pyruvate is in accordance with the view 
that the suppressive action of iodoacetate is due in 
part to its effects on glycolysis and on ATPase. 

There are many possible explanations for the 
apparent disagreement between current results and 
those of certain similar studies reported in the litera- 
ture. The discrepancy may reflect differing species 
and/or source (blood, exudate) of PMN, isolation 
procedure, incubation conditions in vitro, particles 
employed, and method used for measuring phagocytic 
activity. Starch granules, instead of bacteria or latex 
particles used by other investigators, were employed 
in the present study. It has been shown that phagocy- 
tosis by poly-morphonuclear leukocytes and the effect 
of drugs thereon vary depending on the nature of 
particles offered to the phagocytes [41,42]. Phagocy- 
tosis of starch granules, unlike that of bacteria, does 
not appear to require serum opsonins. To what extent 
the use of starch granules may have contributed to 
the discrepancy between the present results and those 
reported previously by other investigators has not yet 
been determined. In the present study, as in those 
of Cohn and Morse [2, 15, 23] rabbit peritoneal exu- 
date PMN was employed. Karnovsky and his col- 
leagues, who made major contributions to this field, 
used guinea pig peritoneal exudate PMN. The possi- 
bilities that the discrepancy between some of the 
results here reported and those of similar studies in 
the literature might be due to species difference in 
the leukocytes employed, particles used, and isolation 
procedures are currently under investigation. 

The method used in the present study for measur- 
ing phagocytic activity was different from that used 
by other investigators in prior reports, which could 
also account for the discrepancy in results. Conven- 
tional measures of phagocytosis are not sensitive, ac- 
curate or reliable. Methods based on visual counts 
of engulfed particles or growing out bacteria are at 
best approximate and inadequate to determine less 
than massive depressions of uptake. The inadequacy 
of such methods has been emphasized in a number 
of papers [1, 28, 36,43]. Metabolic changes in the 
phagocytes during phagocytosis, such as increased 
oxygen consumption, or increased hexose monophos- 
phate shunt activity, have been utilized for evaluation 
of phagocytic activity [1, 9,44]. Although these meta- 
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bolic changes have been shown to accompany phago- 
cytosis, more recent reports [45-47] and the present 
data (see Tables 2 and 3) clearly indicated that such 
metabolic changes can be completely dissociated from 
phagocytosis. In other methods where starch 
granules [29] or bacteria [28] labeled with a radioiso- 
tope, or emulsions of paraffin oil [35] were employed, 
measurements suffered from an inability to dis- 
tinguish adherent from ingested particles. The method 
used in the present study, although indirect, is sensi- 
tive, objective, quantitative and capable of dis- 
tinguishing adherent from ingested particles [18]. The 
advantage of this method is illustrated by the work 
of Cannarozzi and Malawista[48]. Employing 
['*'IJHSA uptake as a measure of phagocytosis, 
these investigators showed a biphasic effect of cyto- 
chalasin B on phagocytosis not observed in their ear- 
lier studies [49, $0], according to these authors, prob- 
ably because sufficient distinction was not made 
between adherent and intracellular particles. 

The present findings of suppressive effect of an aero- 
biosis, malonate, cyanide, and the relief of iodoacetate 
suppression by pyruvate suggest that, at least for rab- 
bit peritoneal exudate PMN, the tricarboxylic acid 
cycle and the cytochrome system play important roles 
in providing energy for the performance of phagocy- 
tosis. Glycolysis appears to be important not only 
in supplying energy for phagocytosis, but also in pro- 
viding pyruvate for energy-producing oxidative meta- 
bolism. 
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Abstract—A significant reduction was found in the activity of drug-metabolizing enzymes (aminopyrine 
N-demethylase and coumarin 3-hydroxylase) and glucose 6-phosphatase in hepatic microsomes after 
the administration of reduced derivatives of progesterone (Sa-pregnane-3f-ol-20-one, 5f-pregnane-3c- 
ol-20-one, Sa-pregnane-38,20B-diol and 5f-pregnane-3a,20a-diol) to rats. These steroids slightly raised 
inosine diphosphatase activity. On the other hand, 16a-hydroxyprogesterone and pregnenolone-16a-car- 
bonitrile significantly increased drug metabolism and slightly elevated glucose 6-phosphatase. The con- 
trasting action of the different progesterone derivatives was associated with changes in microsomal 
phospholipid synthesis. Pregnanolone and pregnanediol significantly decreased the de novo incorpor- 
ation of ['*C-Me]-L-methionine into microsomal phospholipids, mainly manifesting in phosphatidyl- 
choline, phosphatidylethanolamine and lysophosphatidylcholine fractions; reduced the activity of 
S-adenosyl-L-methionine:microsomal-phosphatidylethanolamine methyl transferase; and caused a 
reduction of total microsomal phosphatidylcholine:phosphatidylethanolamine ratio. In contrast, 
16a-hydroxy-progesterone and pregnenolone-16a-carbonitrile increased the de novo synthesis of micro- 
somal phospholipids, methyl transferase activity and the ratio of total microsomal phosphatidylcholine: 
phosphatidylethanolamine. Treatment of rats with reduced progesterone derivatives diminished micro- 
somal progesterone hydroxylation in the 16a- and 6f-position and raised progesterone A*-5a-dehydro- 
genase activity measured in vitro. On the other hand, 160-hydroxyprogesterone and pregnenolone-16a- 
carbonitrile elevated progesterone hydroxylation. Considering these opposite effects it can be postulated 
that in the rat the induction of drug-metabolizing activity of the hepatic endoplasmic reticulum might 
be controlled by a balance displayed in the synthesis and metabolism of various progesterone deriva- 


tives. 


Reports on the regulation of drug metabolism by 
various steroids in the rat liver have revealed opposite 
findings. Progestational steroids (progesterone and 
norethynodrel [1] and medroxyprogesterone acetate 
[2]) and combination contraceptives (medroxyproges- 
terone-ethynyl estradiol or mestranol [2], noreth- 
ynodrel-mestranol [3], and quingestanol acetate-eth- 
ynyl estradiol [4]) increased N-demethylation and 
other microsomal drug-metabolizing activity. Cata- 
toxic steroids (spironolactone [5,6] and pregneno- 
lone-16a-carbonitrile [7, 8]), estrogens (ethyl-estrenol 
and norbolethone [5]) and anabolic steroids (testos- 
terone propionate, 19-nortestosterone [9] and meth- 
yltestosterone [6,10] also stimulated drug metabo- 
lism in the female rat. In contrast, several steroids 
were found to reduce drug metabolism; norethyno- 
drel and norethindrone [11] increased pentobarbital 
sleeping time and decreased the metabolism of several 
drugs in vivo. Estradiol, diethylstilbestrol, testosterone 
and androsterone brought about competitive inhibi- 
tion [12] in vitro. Similar effects were found with nor- 
ethynodre! [1] and norethindrone on drug [11] and 
estrogen [13] metabolism. The contradictory results 
are partly due to different dose levels applied; very 
high doses of steroids inhibited drug-metabolizing ac- 
tivity in the liver [1,11], lower but still high levels 
elicited no change [2,11], or slight elevation [14], 
whereas low doses increased drug metabolism in vivo 
[1,15]. Human data are also conflicting [3, 16, 17] 
using oral contraceptives. 


Recent studies have shown that hepatic microsomal 
hydroxylation is less effective during pregnancy 
[18-20]. The reduced drug metabolism in the preg- 
nant animal and the delayed development in the new- 
born [21,22] might be associated with the presence 
of elevated amounts of reduced progesterone metabo- 
lites. Since drugs and steroids are hydroxylated by 
common enzyme systems bound to liver microsomes 
[23, 24], it has been postulated that changes in nor- 
mal steroid balance could influence the metabolism 
of drugs and the pattern of liver response. 

In order to test this hypothesis, we have adminis- 
tered various reduced and oxidized progesterone deri- 
vatives: Sa- and 5f-pregnane-3x,20x-diol, Sa- and 
5B-pregnane-3a-ol-20-one, 16a-hydroxyprogesterone 
and pregnenolone-16a-carbonitrile to rats. The effect 
of these compounds on the microsomal hydroxylation 
of selected drugs and of progesterone has been 
measured. 


MATERIALS AND METHODS 


Wistar female rats weighing 200-250 g (High Oak 
Ranch, Richmond Hill, Ontario) were used in these 
experiments. Animals received Sa-pregnane-3/-ol-20- 
one, 5f-pregnane-3a-ol-20-one, 5Sa-pregnane-38,20f- 
diol, 5f-pregnane-3,20a-diol (Sigma Chemical Co., 
St. Louis, MO), progesterone-!6a-carbonitrile (Upjohn 
Co., Kalamazoo, MI) or 16a-hydroxy-progesterone. 
The latter compound was synthesized according to 
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a published procedure [25]. Test compounds were in- 
jected s.c. in seven daily 20 mg/kg doses dissolved in 
arachis oil. Control groups received the vehicle only. 
The last dose was given 24hr before sacrifice. 
['*C-Me]t-Methionine, 25yCi (sp. act. 33 mCi 
m-mole, International Chemical and Nuclear Corp., 
Montreal), was dissolved in 0.2 ml physiological saline 
solution and injected i.p. 1 hr before sacrifice. 

Rats were killed under light anaesthesia by exsan- 
guination via the inferior vena cava. Various methods 
have been used as established in the literature or in 
our laboratory for the preparation of liver homo- 
genates and microsomal fractions [26, 27]; determina- 
tion of aminopyrine N-demethylase [28], coumarin 
3-hydroxylase [29], glucose 6-phosphatase [27] and 
S-adenosyl-L-methionine : microsomal - phosphatidy] - 
ethanolamine methyl transferase (methyl transferase) 
[30] activities; metabolism of progesterone [22] using 
[4-'*C]progesterone (sp. act. 52.8 mCi/m-mole, New 
England Nuclear, Boston, MA); incorporation of 
['*C-Me] groups from ['*C-Me]t-methionine [31] 
extraction, purification and quantitation of microso- 
mal phospholipids [31-33]; and determination of 
phosphate [34] and protein contents [35]. Radioac- 
tivity of phospholipid fractions was measured using 
a Packard Tri-Carb liquid scintillation counter. 

Results were analysed statistically by the Student’s 
t-test [36] and significance was accepted at P < 0.05 
level. 


RESULTS 


Effect on microsomal drug metabolism. Treatment of 
rats with 5a- or 5f-pregnane-3a-ol-20-one and 5a- or 
5B-pregnane-3a,20«-diol caused a reduction of amino- 
pyrine N-demethylase and coumarin 3-hydroxylase 
activities. In contrast, pregnenolone-16a-carbonitrile 
and 16a-hydroxyprogesterone brought a significant 
increase of these enzyme activities (Table 1). 

Effect on microsomal phosphatase. Reduced pro- 
gesterone metabolites (Sa- or 5f-pregnane-3a-ol-20- 
one, and Sa- or 5f-pregnane-3«,20a-diol) decreased 
glucose 6-phosphatase. 16a-Hydroxyprogesterone or 
pregnenolone-1l6a-carbonitrile treatments caused a 
marked increase (Table 2). 

Effect on microsomal phospholipid synthesis. Various 
progesterone derivatives elicited an opposite action 
on the de novo production of microsomal phospho- 
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lipid. Incorporation of ['*C-Me]methionine was sig- 
nificantly inhibited by S5a- or 5f-pregnane-3a-ol-20- 
one and Sa- or 5f-pregnane-3«,20a-diol treatments, 
whereas 16a-hydroxyprogesterone and _ pregneno- 
lone-16«-carbonitrile elicited an increase (Table 3). 
These changes were manifest in phosphatidylcholine 
(PC), phosphatidylethanolamine (PE) and lysophos- 
phatidylcholine (LPC) fractions. The radioactivity in 
the latter represented phosphatidylmono- and dieth- 
anolamines [37]. Other phospholipid fractions 
remained unaltered by these treatments. Methyl 
transferase activity was diminished by the reduced 
progesterones and enhanced by the 16a-hydroxy deri- 
vative and the carbonitrile (Table 4). 

Significant effects were not found on total microso- 
mal phospholipid content by the various treatments 
with the exception of pregnenolone-16«-carbonitrile. 
This test compound and 16a-hydroxyprogesterone 
significantly increased PC fractions. Reduced pro- 
gesterone derivatives brought about a moderate de- 
crease of PC content and raised the PE level. Thus, 
there was a shift in the relative amounts of PE and 
PC fractions (Table 5), corresponding to changes that 
followed the uptake of ['*C-Me]methionine (Table 
3). 

Effect on microsomal progesterone metabolism. 
Reduced progesterone derivatives caused a decrease 
of progesterone hydroxylation in the 1l6a- and 
6f-position, while 16«-hydroxyprogesterone of preg- 
nenolone-16«-carbonitrile treatment increased the ac- 
tivity of these hydroxylases measured in vitro. On the 
other hand, progesterone A*-5a-dehydrogenase ac- 
tivity was significantly enhanced by the administra- 
tion of reduced derivatives (Table 6). 


DISCUSSION 


Studies in recent years have shown that drug-meta- 
bolizing enzymes, which are bound to liver micro- 
somes, catalyzed the metabolism of steroids and other 
endogenous body constituents [23, 24]. The adminis- 
tration of an inducer to experimental animals, there- 
fore, not only stimulated the biotransformation of 
drugs, but also raised the metabolism of many steroid 
hormones [38]. For instance, increased activity of 
progesterone hydroxylase induced by the administra- 
tion of drugs enhanced progesterone metabolism and 
consequently reduced its tissue level and pharmacolo- 


Table 1. Drug-metabolizing activity in hepatic microsomes of rats given various pro- 
gesterone derivatives* 





Treatment 


Aminopyrine 
demethylase 
(nmoles/hr/mg 
protein) 


Coumarin 
3-hydroxylase 
(umoles/hr/mg 

protein) 





Control 
5a-Pregnane-3f-ol-20-one 
Sa-Pregnane-3B,20f-diol 
5B-Pregnane-3a-ol-20-one 
5B-Pregnane-3a,20a-diol 
16a-Hydroxyprogesterone 
Pregnenolone -16a-carbonitrile 


12.53 + 0.91 
8.25 + 0.75t 
8.43 + 0.36t 
7.68.+ 0.42T 
8.01 + 0.337 
16.67 + 0.477 

23.45 + 1.187 


115.67 + 6.24 
90.80 + 5.13t 
92.73 + 2.11T 


148.66 + 7.497 
166.55 + 8.877 





*Each compound was administered s.c. to female rats in seven daily doses of 
10 mg/kg. The results represent the mean + S. E. of four animals in each group. 
+ P < 0.05 compared to the control group. 
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Table 2. Phosphatase activity in hepatic microsomes of rats given various progester- 
one derivatives* 





Treatment 


6-phosphatase 


Inosine 
di-phosphatase 
(umoles/hr/ 
mg protein) 


Glucose 


(umoles/hr/ 
mg protein) 





Control 
Sa-Pregnane-3f-ol-20-one 
5a-Pregnane-38,208-diol 
5B-Pregnane-3a-ol-20-one 
5B-Pregnane-3a,20a-diol 
16a-Hydroxyprogesterone 
Pregnenolone-16a-carbonitrile 


3.58 + 0.22 
4.28 + 0.15 
4.54 + 0.11 


3.78 + 0.33 
2.95 + 0.37 
3.12 + 0.17 
2.88 + 0.22T 
3.05 + 0.30t 
4.02 + 0.28 
4.46 + 0.54 


3.75 + 0.15 
3.89 + 0.31 





* For treatment details see first footnote in Table 1. 
+ P < 0.05 compared to the control group. 


gical action [24, 39]. Conversely, the treatment of rats 
with various steroids altered the ability of liver micro- 
somes to metabolize drugs [4, 40]. 

In present investigations between reduced and hyd- 
roxy progesterone derivatives, opposite actions have 
been observed on hepatic drug-metabolizing enzymes, 
microsomal phosphatases, metabolism of progester- 
one itself and on the synthesis of microsomal phos- 
pholipids essential to the function of these enzymes. 
The effects of pregnanolone and pregnanediol indi- 
cated a trend to inhibit the activity of hydroxylases, 
increase dehydrogenase and reduce glucose 6-phos- 
phatase, microsomal phospholipid content and pro- 
duction. There appeared to be no difference in action 
between the allo (Sa) and epi (58) stereoisomers repre- 
senting rat or human steroid hormones respectively. 
In contrast to the reduced progesterone derivatives, 
16a-hydroxyprogesterone elevated hydroxylases, mic- 
rosomal phospholipid level and synthesis. Pregneno- 
lone-16a-carbonitrile elicited similar action to those 
of 16a-hydroxy-progesterone, in agreement with pub- 
lished reports [7,8]. The oral administration of ster- 
oids to women did not alter drug metabolism consis- 
tently [3]; their action may be inhibitory [16, 17]. 
This may be due to the great difference existing 
between human and animal experiments. In animal 
experiments, the steroid ranged between 10 and 
50 mg/kg/day, whereas in the combination contracep- 
tive therapy 5mg norethynodrel and 0.075 mg mes- 
tranol were taken. Nevertheless, this observation indi- 


cated that the effect of steroids on experimental ani- 
mals cannot be simply extrapolated to man. 

Several progesterone derivatives have been tested 
on drug metabolism in rat as well as in women in 
vivo and in vitro [12, 41-44]. The animal studies that 
pregnanolone, pregnanedione and _pregnanediol 
caused inhibition among most conditions studied. 
Progesterone itself only elicited slight inhibitory 
action. The presence of hydroxyl group in the 
17a-position in progesterone, pregnenolone or _preg- 
nanediol reduced the inhibitory effect or even ren- 
dered the steroid inactive. Contradictory findings 
reported in the literature [1-4,9-15] might be due 
to differences in dose levels [1, 2,11, 14,15] or a re- 
flection of the metabolism of the test steroid to pro- 
duce hydroxylated and reduced derivatives. 

Previous studies from our laboratory have shown 
that the changes brought about by reduced progester- 
ones on drug metabolism were similar to the effect 
of pregnancy [20] which is associated with an in- 
creased production of these hormones. The delayed 
development of drug metabolism of the liver in the 
newborn is probably a reflection of the circulating 
maternal progesterones [22]. In the present study, it 
was demonstrated that the decrease of hydroxylase 
activities and related parameters characteristic of the 
action of pregnenolone and pregnanediol was 
reversed by the administration of hydroxyprogester- 
one. The opposing response to these steroids raised 
the possibility that in the rat liver various steroids 


Table 3. Incorporation of ['*C-Me]t-methionine into phospholipids in hepatic microsomes of rats given various pro- 
gesterone derivatives* 





Incorporation of ['*C-Me]methionine into microsomal phospholipids 


(dis./min x 10%/g liver) 





Treatment Total 


PC PE LPC 





207.52 + 10.61 
178.60 + 13.73t 
168.40 + 8.73+ 
160.94 + 7.54+ 
177.11 + 5.52t 
252.85 + 15.20t 
242.81 + 11.26t 


Control 
5a-Pregnane-3-ol-20-one 
5a-Pregnane-3 8,20B-diol 
5B-Pregnane-3a-ol-20-one 
5B-Pregnane-3a,20a-diol 
16a-Hydroxyprogesterone 
Pregnenolone-16a-carbonitrile 


0.85 + 0.08 
0.80 + 0.05 
0.87 + 0.05 
0.85 + 0.03 
0.73 + 0.04 
0.92 + 0.03 
0.90 + 0.06 


3.78 + 0.18 
2.98 + 0.22 
3.25 + 0.34 
3.17 + 0.12 
2.98 + 0.11 
4.63 + 0.38 
4.43 + 0.45 


187.36 + 10.77 
149.50 + 5.57t 
162.10 + 7.11f 
164.16 + 5.92 
143.99 + 4.42 
229.51 + 8.52 
219.61 + 6.16 





* For treatment details see first footnote in Table 1. 
+ P < 0.05 from the control group. 
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Table 4. S-Adenosyl-L-methionine; microsomal-phosphati- 
dylethanolamine methyl transferase activity in hepatic 
microsomes of rats given various progesterone derivatives* 





S-Adenosyl methionine 
methyl transferase 


Treatment (nmoles/hr/mg protein) 





0.0998 + 0.0016 
0.0834 + 0.0010 
0.0865 + 0.0010t 
0.0859 + 0.0009t 
0.0879 + 0.0013t 
0.1104 + 0.0049+ 
0.1042 + 0.0054 


Control 
5a-Pregnane-3f-ol-20-one 
Sa-Pregnane-3 8,20f-diol 
5B-Pregnane-3a-ol-20-one 
5B-Pregnane-3a,20a-diol 
16a-Hydroxyprogesterone 
Pregnenolone-16a-carbonitrile 





* For treatment details see first footnote in Table 1. 
+ P < 0.05 from the control group. 


could serve as regulators of drug metabolism irrespec- 
tive of their pharmacological or endocrinological 
properties. A balance between hydroxy- and reduced 
progesterones might control some metabolic function 
of the endoplasmic reticulum related to drug bio- 
transformation. A similar role might be played by the 
anabolic and catabolic steroids, since some of them 
caused inhibition and deteriorating action on the en- 
doplasmic reticulum, while others induced drug meta- 
bolism [1, 2, 45, 46]. The lower drug-metabolizing ac- 
tivity of the female rat [43] associated with a reduced 
microsomal phospholipid synthesis [30] as compared 
to males might also be related to the presence of preg- 
nenolone and pregnanediol. 

The endoplasmic reticulum membrane constitutes 
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a protein—phospholipid complex. In this complex the 
protein moiety is responsible for enzyme activity and 
phospholipids are essential in their catalytic function 
[47]. We have suggested that the phospholipid com- 
ponent played an important role in the formation of 
the endoplasmic reticulum membranes and in the in- 
duction or inhibition processes brought about by 
foreign compounds [30, 31]. The amount of microso- 
mal phospholipids, in particular PE and PC contents, 
seemed to be associated with the activity of drug- 
metabolizing enzymes. Modification of phospholipid 
composition influenced the base level of hepatic drug 
metabolism; the production of more PC relative to 
PE brought about an increased enzyme level. Reduc- 
tion of the PC to PE ratio and the degradation to 
LPC were associated with a decrease. A casual rela- 
tionship has been suggested in newborn rodents 
between the low activity of the mixed function oxi- 
dase system and increased phospholipid synthesis and 
content [48]. Elevated amounts of microsomal phos- 
pholipids, in particular their unsaturated side chains, 
were considered to be the major contributing factors 
in the inhibitory action [49]. This observation could 
not exclude our proposal by emphasizing the impor- 
tance of microsomal PC synthesis from PE by step- 
wise methylation as an essential process in the regula- 
tion of drug metabolism. Since 16a-hydroxyprogester- 
one and _ pregnenolone-l6a-carbonitrile increased 


enzyme activity and enhanced PC production while 
pregnenediol and pregnanolone decreased these pro- 
cesses, the action of various steroids on drug metabo- 
lism is probably associated with the synthesis of mem- 
brane-bound phospholipid. 


Table 5. Phospholipid changes in hepatic microsomes of rats given various progesterone derivatives* 





Microsomal phospholipid (umoles P/g liver) 





Treatment Total 


PC LPC 





Control 
Sa-Pregnane-3f-ol-20-one 
Sa-Pregnane-38,20B-diol 
5B-Pregnane-3a-ol-20-one 
5B-Pregnane-3a,20a-diol 
16a-Hydroxyprogesterone 
Pregnenolone 16-carbonitrile 


6.44 + 0.19 
6.13 + 0.17 
6.28 + 0.11 
6.08 + 0.28 
6.02 + 0.18 
6.51 + 0.08 
8.30 + 0.30T 


0.20 + 0.02 
0.21 + 0.01 
0.18 + 0.02 
0.17 + 0.011 
0.18 + 0.015 
0.21 + 0.02 
0.29 + 0.02 


4.38 + 0.20 
3.88 + 0.18 
4.08 + 0.11 
3.52 + 0.18 
3.81 + 0.11 
5.39 + 0.21F 
5.44 + 0.30t 
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* For treatment details see first footnote in Table 1. 
+ P < 0.05 from the control group. 


Table 6. Activity of some progesterone-metabolizing enzymes in hepatic microsomes.of rats goven 
various progesterone derivatives* 





Progesterone-metabolizing enzymes (nmoles/hr/mg protein) 





Treatment 


16a-Hydroxylase 


6B-Hydroxylase  A'*-5a-Hydrogenase 





Control 


10.85 + 0.84 
8.12 + 0.S5t 
8.04 + 0.23t 
5.52 + 0.28t 
6.87 + 0.28+ 

16.03 + 0.22 

21.59 + 0.97 


0.722 + 0.075 
0.578 + 0.016 
0.692 + 0.039 
0.588 + 0.015 
0.572 + 0.022 
0.910 + 0.084 
0.952 + 0.045t 


19.08 + 2.08 
27.75 + 5.19 
26.19 + 3.89 
21.58 + 3.98 
27.37 + 3.08 
21.13 + 2.19 
18.15 + 2.77 


Sa-Pregnane-3f-ol-20-one 
5a-Pregnane-3f,20B-diol 
5B-Pregnane-3a-ol-20-one 
5B-Pregnane-3a,20a-diol 
16a-Hydroxyprogesterone 
Pregnenolone-16a-carbonitrile 





* For treatment details see first footnote in Table 1. 
+ P < 0.05 from the control group. 
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Abstract—The effect of partial hepatectomy (67-75 per cent excised) on aryl hydrocarbon (benzo[a ]pyr- 
ene) hydroxylase and 2-acetylaminofluorene N-hydroxylase activities in genetically responsive 
CS7BL/6N and nonresponsive DBA/2N inbred strains of mice was studied. Basal aryl hydrocarbon 
hydroxylase activity in CS7BL/6N mice is reduced by 70 per cent within 12 hr but returns to control 
values between 36 and 48hr after the operation and remains at that level thereafter. Similar, but 
less pronounced, changes are observed in the DBA/2N mouse. Treatment with 3-methylcholanthrene 
(80 mg kg~' intraperitoneally) 1 hr after partial hepatectomy induces aryl hydrocarbon hydroxylase 
in CS7BL/6N mice, by 48hr, to the same extent as in mice with intact livers. In DBA/2N mice, 
even after partial hepatectomy, treatment with 3-methylcholanthrene has no effect on aryl hydrocarbon 
hydroxylase activity. The effect of partial hepatectomy and 3-methylcholanthrene treatment on 2-acetyl- 
aminofluorene N-hydroxylase activity in both strains of mice is similar to that observed on aryl hydro- 


carbon hydroxylase activity. 


The aryl hydrocarbon hydroxylase in the liver of 
CS7BL/6N mice is induced by 3-methylcholanthrene 
treatment, whereas this enzyme is not induced by 
3-methylcholanthrene in the liver of DBA/2N mice. 
Although genetic differences in aryl hydrocarbon hy- 
droxylase induction exist in cell culture from fetal 
mouse liver, cells from a strain normally nonrespon- 
sive to polycyclic hydrocarbons do exhibit some in- 
duction of ary! hydrocarbon hydroxylase activity [1]. 
Regenerating liver is similar to cell culture in that 
DNA is rapidly replicating and the hepatocytes are 
less differentiated. Thus, it is possible after partial 
hepatectomy that aryl hydrocarbon hydroxylase 
might become partially or completely inducible by 
polycyclic hydrocarbons in the liver of nonresponsive 
mice. This paper presents evidence that partial hepa- 
tectomy neither affects the maximum 3-methylchol- 

‘ anthrene-induced activities of aryl hydrocarbon hy- 
droxylase and 2-acetylaminotluorene N-hydroxylase 
in the responsive CS7BL/6N mice nor causes an in- 
crease in these enzyme activities after 3-methylcho- 
lanthrene treatment in the. nonresponsive DBA/2N 
mice. 





*A portion of this work [A. R. Boobis, C. Reinhold 
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MATERIALS AND METHODS 


The polycyclic hydrocarbons benzo[a]pyrene and 
3-methylcholanthrene were purchased from Sigma 
Chemical Co. (St. Louis, MO) and J. T. Baker Chemi- 
cal Co. (Phillipsburg, NJ), respectively; B-naphthofla- 
vone was purchased from Aldrich Chemical Co. (Mil- 
waukee, WI); 2-acetylaminofluorene from Eastman 
Kodak Co. (Rochester, NY); and NADPH and 
NADH from Sigma Chemical Co. [9-'*C]-2-acetyl- 
aminofluorene (10.5mCi/m-mole), purchased from 
New England Nuclear (Boston, MA), was shown to 
be more than 99.9 per cent pure by thin-layer 
chromatography (chloroform—methanol, 97:3, v/v). 
Authentic N-hydroxy-2-acetylaminofluorene was 
generously given to us by Dr. Elizabeth Weisburger, 
National Cancer Institute. All other reagents were of 
the best commercial grade available. The inbred 
C57BL/6N and DBA/2N mice used in these studies 
were obtained from the National Institutes of Health 
Animal Supply. 

Treatment of animals. The mice were kept on stan- 
dard hardwood bedding in plastic cages and fed 
Wayne Lab-Blox chow ad lib. The environment in 
the animal room was controlled as previously de- 
scribed [2]. Mice of either sex [3], between 4 and 6 
weeks of age at the time of operation, were used. For 
studies involving enzyme induction by the aromatic 
hydrocarbons 3-methylcholanthrene or f-naphthofla- 
vone, 80 mg of the compound/kg of body weight, in 
corn oil, was administered intraperitoneally to each 
mouse at various time intervals before sacrifice; con- 
trols received an equivalent volume of corn oil alone. 
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Partial hepatectomy. Partial hepatectomies (67-75 
per cenit removed) and sham operations were per- 
formed on C57BL/6N and DBA/2N mice under ether 
anesthesia between 9:00 a.m. and 12:00 noon, accord- 
ing to the method of Higgins and Anderson [4]. The 
partially hepatectomized mice were sacrificed at 
various time intervals after the operation for aryl hy- 
drocarbon hydroxylase and N-hydroxylase assays. 
Regeneration of the liver during the 5 days after the 
operation was in accordance with the observations 
of Higgins and Anderson [4]. 

Preparation of microsomes. Animals were killed by 
decapitation. Immediately upon exsanguination the 
minced livers from individual mice were separately 
washed as free as possible from blood in ice-cold 
250mM potassium phosphate-KCl buffer, pH 7.25, 
and homogenized. The homogenate was centrifuged 
for 20min at 9000g and the supernatant fluid was 
carefully decanted and recentrifuged for 60 min at 
105,000 g. The surface of the microsomal pellet was 
washed twice with the phosphate-KCl buffer, and the 
pellet was suspended in the same buffer prior to assay. 
Protein was determined according to the method of 
Lowry et al. [5]. 

Enzyme assays. The aryl hydrocarbon hydroxylase 
activity in liver microsomes was estimated as- pre- 
viously described by Nebert and Gielen [6]. One unit 
of aryl hydrocarbon hydroxylase activity is defined 
as the amount of enzyme catalyzing/min at 37° the 
formation of hydroxylated product causing fluor- 
escence equivalent to that of 1 pmole of 3-hydroxy- 
benzo[a]pyrene recrystallized standard. 

The rate of N-hydroxylation of 2-acetylaminofluor- 
ene in liver microsomes was measured as previously 
described [7]. One unit of 2-acetylaminofluorene 
N-hydroxylase activity is defined as that amount of 
enzyme catalyzing/min at 37° the formation of 
1 pmole N-hydroxy-2-acetylaminofluorene. The speci- 
fic activities of both aryl hydrocarbon hydroxylase 
and 2-acetylaminofluorene N-hydroxylase are 
expressed in this report as units/mg of microsomal 
protein. 

The amount of cytochrome P-450 in the microso- 
mal fractions was estimated by the method of Omura 
and Sato [8]. 

Histology. Paraffin sections were prepared from 
livers obtained at different time intervals after partial 
hepatectomy, and stained with hematoxylin and eosin 
[9] for microscopic examination. 


RESULTS 


The aryl hydrocarbon hydroxylase activity in un- 
treated mice was decreased for the first 48 hr after 
partial hepatectomy (Fig. 1). Whereas the decrease in 
the hydroxylase activity was pronounced in the 
CS57BL/6N mice, only small and statistically not sig- 
nificant (P > 0.05) changes were observed in the 
DBA/2N mice. Studies of mono-oxygenase activities 
in the regenerating rat liver[10] have shown that 
both p-hydroxylation of aniline and N-demethylation 
of aminopyrine are decreased after partial hepatec- 
tomy and return to control levels at 60 and 180hr 
respectively. 

The changes in liver mono-oxygenase activity in 
the CS57BL/6N mice observed after partial hepatec- 
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Fig. 1. Effect of partial hepatectomy on aryl hydrocarbon 
hydroxylase activity in CS57BL/6N (B6) (O) and DBA/2N 
(D2) (A) mice. Sham operated mice were used as controls. 
Each point is a mean +S.E.M. of six animals. The 
specific activity of aryl hydrocarbon hydroxylase in control 
animals was 320+ 31pmoles mg ' min~! for the 
CS57BL/6N and 290 + 37pmoles mg™' min™' for the 
DBA/2N. 


tomy were paralleled by histological changes in the 
liver. During the first 36-48 hr the liver underwent 
reversible fatty infiltration, which was apparent both 
macroscopically and histologically. Within 2-3 days, 
however, both the gross and histologic appearance 
of the liver had returned to normal. Although mono- 
oxygenase activity in the liver of DBA/2N mice is 
not significantly decreased after partial hepatectomy, 
the histological changes were similar to those 
observed in CS57BL/6N mice. Surgical mortality was 
10-20 per cent, and mice survived successfully for at 
least | year after partial hepatectomy. 

Induction of hepatic aryl hydrocarbon hydroxylase 
activity by polycyclic hydrocarbons such as 3-methyl- 
cholanthrene and f-naphthoflavone is found in some 
inbred strains of mice but not in others [6]. Figure 
2 shows the effect of partial hepatectomy on 3-methyl- 
cholanthrene induction of aryl hydrocarbon hydroxy- 
lase in the genetically responsive C57BL/6N and the 
nonresponsive DBA/2N mouse. 3-Methylcholanth- 
rene (80 mg kg” ') was given intraperitoneally in corn 
oil 1 hr after surgery. In the responsive B6 mouse, 
induction of aryl hydrocarbon hydroxylase was de- 
tectable within 12hr, and increased to a maximum 
at 48hr, as compared with aryl hydrocarbon hy- 
droxylase activity in the untreated operated control. 
A similar pattern of induction was observed in the 
CS7BL/6N mouse, with maximum activity, at 48 hr, 
not differing significantly from that observed in the 
operated mice[3]. In the nonresponsive DBA/2N 
mouse, 3-methylcholanthrene treatment after partial 
hepatectomy did not alter the aryl hydrocarbon hy- 
droxylase activity. 
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Fig. 2. Induction of aryl hydrocarbon hydroxylase in par- 

tially hepatectomized B6 and D2 mice with 3-methylcho- 

lanthrene (MC) (80mg kg™', ip). Key: B6 control 

(O----O); B6 MC-treated (@——@); D2 control 

(A---A); and D2 MC-treated (A——-A). Each point is 
a mean of eight animals. 


The genetically mediated trait of aryl hydrocarbon 
hydroxylase inducibility by polycyclic hydrocarbons 
has recently been shown to be closely linked with 
the inducibility of the hepatic N-hydroxylation of 
2-acetylaminofluorene in C57BL/6N and DBA/2N 
mice [2]. Figure 3 shows the effect of partial hepatec- 
tomy on the 3-methylcholanthrene induction of the 
N-hydroxylase in CS7BL/6N and DBA/2N mice. 
After partial hepatectomy this genetic association was 
still apparent; the responsive CS57BL/6N mouse 
showed induction of the N-hydroxylase after 3-meth- 
ylcholanthrene treatment, whereas the N-hydroxylase 
in nonresponsive DBA/2N mouse was not induced. 
The magnitude of N-hydroxylase induction at 48 hr 
in the hepatectomized C57BL/6N mouse did not 
differ significantly from that found in unoperated ani- 
mals. Pretreatment of the mice with B-naphthoflavone 
gave the same response in both CS57BL/6N and 
DBA/2N with respect to aryl hydrocarbon hydroxy- 
lase and 2-acetylaminofluorene N-hydroxylase induc- 
tion as did 3-methylcholanthrene. 

Figure 4 shows the effect of partial hepatectomy 
on 3-methylcholanthrene-induced aryl hydrocarbon 
hydroxylase activity in CS7BL/6N mice. The specific 
aryl hydrocarbon hydroxylase activity is plotted as 
a percentage of the maximum value found in unoper- 
ated 3-methylcholanthrene-treated animals as a func- 
tion of the time between surgery and sacrifice of the 
animals. All animals received 80 mg kg~' of 3-methyl- 
cholanthrene 48hr prior to sacrifice. As the time 
between partial hepatectomy and sacrifice lengthened, 
induced aryl hydrocarbon hydroxylase activity in- 
creased, reaching 100 per cent of the unoperated con- 
trol values at 48 hr. Although the absolute activity 
of aryl hydrocarbon hydroxylase was decreased over 
the first 24hr after partial hepatectomy when com- 
pared with the corresponding nonoperated controls, 
fold inducibility (i.e. the ratio of control over induced 
enzyme activity) remained unaltered or even increased 
between 24 and 48 hr. 


* A. R. Boobis, J. S. Felton and D. W. Nebert, manu- 
script in preparation. 
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Fig. 3. Induction of 2-acetylaminofluorene N-hydroxylase 
in partially hepatectomized B6 and D2 mice with MC 
(80mg kg™', ip). Key: B6 control (O---O); B6 MC- 
treated (@——@); D2 control (A---A); and D2 MC- 
treated (A——A). Each point is a mean of five animals. 


It has previously been shown that administration 
of 3-methylcholanthrene or f-naphthoflavone to re- 
sponsive inbred strains of mice (such as C57BL/6N, 
C3H or BALB/c) results in the formation of a micro- 
somal CO-binding hemoprotein [6]. This hemopro- 
tein, referred to as cytochrome P-448 or P,-450, is 
characterized by a 2-nm shift to the blue in its CO- 
difference spectrum, as compared with the control 
value of 450nm for control mice or 3-methylcho- 
lanthrene-treated nonresponsive mice. In addition. 
there is a close correlation between electrophoretic 
increases in this new hemoprotein and increases in 
aryl hydrocarbon hydroxylase activity after polycyclic 
aromatic hydrocarbon treatment of responsive mice.* 
Figure 5 shows that there was a selective induction 
of cytochrome P,-450 after 3-methylcholanthrene 
treatment in partially hepatectomized CS7BL/6N 
mice. The 2-nm shift to the blue in the CO-difference 
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Fig. 4. Effect of partial hepatectomy on AHH activity in 

B6 mice after MC treatment. All animals received MC 

(80mg kg~', ip.) 48hr prior to sacrifice. Thus, for 

example, animals at the 12-hr time point were operated 

on 36 hr after the injection of MC and sacrificed a further 

12hr later. Each point is a mean+S.E.M. of five 
animals. 
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Fig. 5. Carbon monoxide difference spectra of hepatic 
microsomes 24 and 48 hr after partial hepatectomy in un- 
treated and MC-treated B6 mice. 


spectrum, as well as an increase of 40 per cent in 
total cytochrome P-450 content, was readily observed 
48 hr after 3-methylcholanthrene treatment. Results 
similar to these were found in unoperated 3-methyl- 
cholanthrene-treated C57BL/6N mice.* 


DISCUSSION 


We have previously shown [2] that induction by 
polycyclic aromatic hydrocarbons of aryl hydro- 
carbon hydroxylase and 2-acetylaminofluorene 
N-hydroxylase activities is genetically linked in the 
inbred CS7BL/6N and DBA/2N mice. After partial 
hepatectomy in the responsive C57BL/6N mouse, 
polycyclic aromatic hydrocarbons induce both aryl 
hydrocarbon hydroxylase and 2-acetylaminofluorene 
N-hydroxylase to the same extent as in unoperated 
CS7BL/6N mice, with maximum induction occurring 
at 48 hr in all cases. This corresponds to the forma- 
tion of evtochrome P,-450 (or P-448) as determined 
spectropnotometrically. The aryl hydrocarbon hy- 
droxylase and 2-acetylaminofluorene N-hydroxylase 
activities in the nonresponsive DBA/2N mouse are 
not induced by polycyclic aromatic hydrocarbons 
even after partial hepatectomy. 

Both basal and polycyclic hydrocarbon-induced 
aryl hydrocarbon hydroxylase and N-hydroxylase ac- 
tivities are significantly decreased the first 24 hr after 
partial hepatectomy in the C57BL/6N mouse (Figs. 





* A. R. Boobis, J. S. Felton and D. W. Nebert, manu- 
script in preparation. 


1 and 4). Similar changes have been observed in the 
rat after partial hepatectomy, and also in both rat 
and mouse after chemical liver injury [10-12]. The 
reason for the difference in the decrease of monooxy- 
genase(s) activity after partial hepatectomy between 
the C57BL/6N and DBA/2N (Fig. 1) mice is not clear 
at this point, but it could possibly reflect some un- 
known strain difference in response to the partial 
hepatectomy. Despite the decrease after partial hepa- 
tectomy in basal aryl hydrocarbon hydroxylase ac- 
tivity in the responsive CS7BL/6N mouse, 3-methyl- 
cholanthrene induction becomes apparent 12 hr after 
the injection of the polycyclic hydrocarbon (Fig. 2). 
Furthermore, the fold inducibility throughout the 
course of polycyclic hydrocarbon induction is the 
same or greater than in the unoperated C57BL/6N 
mouse. 

It has previously been shown that aryl hydrocarbon 
hydroxylase in cell culture from DBA/2N mice, which 
are normally nonresponsive, is inducible by polycyclic 
hydrocarbons [1]. The possibility, therefore, exists 
that aryl hydrocarbon hydroxylase activity might be 
induced in the regenerating liver of the adult DBA/2N 
mouse. No induction of either aryl hydrocarbon hy- 
droxylase or N-hydroxylase is observed in the 
regenerating liver from the DBA/2N mouse after the 
administration of polycyclic hydrocarbons, indicating 
that even during periods of rapid cell growth the gen- 
etic expression of these enzyme activities is similar 
to the intact liver. 

There is increasing evidence to suggest that repli- 
cating cells are especially vulnerable to the action of 
carcinogens. The evidence stems mainly from work 
on skin carcinogens [13], but recently cell replication 
has been implicated in the initiation of carcinogenesis 
in liver [14]. The use of partially hepatectomized re- 
sponsive CS57BL/6N and nonresponsive DBA/2N 
mice as well as progeny from appropriate backcrosses 
and intercross [6, 15] could provide a valuable experi- 
mental model for evaluating the role of aryl hydro- 
carbon hydroxylase activity in chemically initiated 
liver cancer [16]. 


Acknowledgement—We are indebted to Dr. D. W. Nebert 
for valuable discussions concerning this work. 
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Abstract—After partial purification, rabbit brain extracts were assayed for dihydrofolate reductase by 
spectrophometric, radiochemical and methotrexate binding assays. By these assays, the specific activity 
of rabbit brain dihydrofolate reductase was about 15 per cent that of liver. Both rabbit liver and 
brain dihydrofolate reductase activities were abolished by methotrexate and had comparable K,,, (3 uM), 
pH maxima (4.8), and cofactor requirements (NADPH). In vivo, a small percentage of [*H]folic acid 
was reduced to [*H]methyltetrahydrofolate when injected into the left lateral ventricle. Thus, both 
in vitro and in vivo, the central nervous system has the ability to reduce oxidized folates. 


Dihydrofolate reductase (5,6,7,8-tetrahydrofolate: 
NADP oxidoreductase; EC 1.5.1.3) enzymatically 
reduces folate and dihydrofolate (DHF) to tetrahy- 
drofolate (THF). Dihydrofolate reductase activity was 
not previously detected in rabbit or other mammalian 
brain extracts [1]. Therefore, in our studies of di- 
hydrofolate reductase activity in rabbit choroid 
plexus, we used rabbit brain as a control tissue lack- 
ing dihydrofolate reductase. However, rabbit brain 
was an inappropriate control tissue for we consis- 
tently detected dihydrofolate reductase activity in par- 
tially purified rabbit brain preparations. 

The purposes of this report are: (1) to demonstrate 
that dihydrofolate reductase exists in rabbit brain in 
significant amounts; (2) to characterize the dihydrofo- 
late reductase activity in brain; and (3) to show that 
folic acid can be converted to tetrahydrofolate in the 
rabbit central nervous system in vivo as well as in 
vitro. 


METHODS AND MATERIALS 


[3’,5',9-*H]folic acid (56Ci/m-mole) and [*H]- 
methotrexate (6 Ci/m-mole) were obtained from 
Amersham-Searle. The [*H]folic acid required puri- 
fication on Sephadex G-25 biweekly[2] and the 
[°H]methotrexate required purification on DEAE- 
Sephadex [3]. (+)-L-Tetrahydrofolate and (+)-L-N-5- 
methyltetrahydrofolate (MeTHF) were obtained from 
Sigma, purified on DEAE-Sephadex columns in 0.2 M 
mercaptoethanol and stored at —20° with 2 mg/ml 
sodium ascorbate [4]. NADPH and NADH were 
obtained from Sigma and methotrexate from Lederle 
Laboratories. All studies were performed on New 
Zealand white rabbits weighing about 1.5 kg. 

Dihydrofolate reductase was obtained from fresh 
rabbit liver, choroid plexuses from six to eight rabbits 
(approximately 200mg), whole blood, whole rabbit 
brain and about 0.4-g samples of rabbit brain above 
the lateral ventricle (including cortex, white matter 
and periventricular grey matter). Tissues were im- 
mediately homogenized in 7-10 vol. of cold isotonic 
saline in scintered glass tubes and the dihydrofolate 
reductase activity was purified through the second 


ammonium sulfate precipitation step as suggested by 
Perkins et al. [5]. The enzyme-containing pellet was 
taken up in either water or 0.02M sodium citrate 
(pH = 4.8) [6] and stored at 2°. Dihydrofolate reduc- 
tase was assayed within 2 days of enzyme preparation 
except as discussed below. 

Dihydrofolate reductase activity in the partially 
purified preparations described above was deter- 
mined on the pellets taken up in water by the spectro- 
photometric method of Mathews et al.[7], which 
measures the reduction of DHF to THF by NADPH, 
and on the pellets taken up in sodium citrate by the 
radiochemical method of Rothenberg [6,8], which 
measures the reduction of [*H]folic acid to [°H]- 
THF. A third, albeit indirect, method employed for 
measuring dihydrofolate reductase activity in the 
various partially purified enzyme preparations de- 
scribed above was a methotrexate binding assay [9]. 

The product of the enzymatic reduction of [*H]- 
folic acid by NADPH [6,8] was identified in two 
chromatographic systems [4,10]. Partially purified 
dihydrofolate reductase was incubated for 20 min at 
37°. with 2.5 or S5pmoles [*H]folic acid and 0.1 mg 
NADPH in 1 ml of 0.02M citrate buffer (pH = 4.8) 
containing 0.01% mercaptoethanol [6]. At the end of 
the incubation, 10 ul mercaptoethanol and, in the case 
of samples chromatographed on columns, 1.0mg 
sodium ascorbate as well as 50 ug carrier THF were 
added to the incubation mixture which was then 
heated for 30min at 75°. After cooling in ice and 
centrifugation at 1740g for 5 min, 10 yl of the super- 
natant was chromatographed on thin-layer cellulose 
plates and developed in 3%, ammonium chloride 
(pH = 6.2) containing 0.5% mercaptoethanol [10, 11]. 
In some cases, 0.90 ml of the supernatant was added 
to 2.1ml of 0.1M_ sodium phosphate _ buffer 
(pH = 6.0) containing about 1.0mg purified carrier 
THF and chromatographed on a 18 x 0.55cm 
DEAE-Sephadex column equilibrated with 0.1M 
sodium phosphate (pH = 6.0) containing 0.2 M mer- 
captoethanol [4]. The column was eluted with phos- 
phate buffer (pH = 6.0) of increasing ionic strength 
containing 0.2M mercaptoethanol [4]. Both these 
chromatographic techniques separate folic acid, DHF, 
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THF, MeTHF and p-aminobenzoylglutamate, a 
known breakdown product of THF [4, 10]. 

To measure the metabolism of [*H]folate in the 
central nervous system, a hole was drilled in the skull 
after the induction of anesthesia with sodium pen- 
tothal, and 2.0 wCi [*H]folic acid in 0.1 ml of artificial 
cerebrospinal fluid (CSF) was injected stereotactically 
into the left lateral ventricle [2]. The hole in the skull 
was sealed with bone wax [2]. After 2 hr, the rabbit 
was reanesthetized and 1 ml of cisternal CSF was 
withdrawn. The nature of the radioactivity in the CSF 
was determined on the thin-layer and column chro- 
matographic systems described above except that, in 
some cases, carrier MeTHF was substituted for 
THF [4, 10]. 

The ability of rabbit brain slices to concentrate and 
metabolize [*H]folic acid in vitro was also measured. 
Rabbit brain above the left lateral ventricle (approxi- 
mately 0.7 g) was sliced into 0.25-mm pieces on a 
Mcllwain tissue chopper and washed twice for 2 min 
in chilled artificial CSF [12]. About 30 mg tissue was 
added to 3 ml of artificial CSF and preincubated at 
37° for Smin under 95% O, in a metabolic shaker 
[11,12]. After the preincubation, [*H]folic acid was 
added (20nM) and the incubation continued for 
30 min. At the end of the incubation, the brain slices 
were filtered and washed with two 5-ml rinses of iced 
artificial CSF [11,12]. The *H concentration of the 
slices and medium was determined [11,12]. In one 
experiment, the nature of the *H within the tissue 
at the end of the incubation was determined by hom- 
ogenizing the filtered brain slices in 1 ml of 0.01M 
sodium phosphate buffer (pH = 6.5) containing 10 yl 
mercaptoethanol and 0.5 mg of carrier MeTHF, heat- 


ing at 75° for 30min, centrifuging and chromato- « 


graphing the supernatant on the thin-layer system de- 
scribed above [4, 11]. 


RESULTS 


The dihydrofolate reductase specific activities in 
partially purified rabbit brain, choroid plexus and 
liver as determined spectrophotometrically and radio- 
chemically are shown in Table 1. Also shown in Table 
1 are the pmoles methotrexate bound/mg of brain 
and liver protein [9]. Although indirect, methotrexate 
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binding is an independent measure of dihydrofolate 
reductase [9]. As shown in Table 1, there was an 
excellent correlation between the results of the func- - 
tional and binding assays. By all three assays, rabbit 
brain extracts contained about 15 per cent as much 
dihydrofolate reductase activity as liver/mg of protein. 

Definitive evidence that rabbit brain and liver 
extracts can convert [°H]folic acid to [7H]THF was 
forthcoming when [*H]folic acid was incubated with 
NADPH and the partially purified dihydrofolate 
reductase preparations. After a 20-min incubation, the 
product co-chromatographed with carrier THF in 
both the thin-layer and column chromatographic sys- 
tems (Fig. 1) when 1 mg/ml of sodium ascorbate was 
added to the incubation medium at the start of the 
incubation [4,10]. When sodium ascorbate was 
excluded, the product co-chromatographed (in the 
thin-layer system) predominantly with aminoben- 
zoylglutamate, a known breakdown product of 
THF [8, 10]. 

The characteristics of the dihydrofolate reductase 
activity in the partially purified brain and liver 
enzyme preparations were similar as measured by the 
method of Rothenberg [6,8]. Both brain and liver 
preparations required NADPH as a cofactor; when 
NADH was substituted for NADPH on an equal 
weight basis, there was no detectable dihydrofolate 
reductase activity in brain or liver. Whole blood in 
brain (about 1-2 per cent of brain weight) could not 
account for the dihydrofolate reductase activity in 
brain, since whole blood had less than 5 per cent 
of the dihydrofolate reductase activity of brain/mg of 
protein. Also, the addition of extracts of fresh whole 
rabbit blood (from 1 and 10 yl of whole blood) to 
brain extracts containing about | mg protein did not 
alter the dihydrofolate reductase activity/mg of brain 
protein. Methotrexate (1.0 uM) abolished totally the 
dihydrofolate reductase activity in both brain and 
liver. The pH dependence of the partially purified 
brain and liver dihydrofolate reductase preparations 
was similar. Both brain and liver had maximum ac- 
tivity at pH 4.8 [6,8]. At pH 4.0 and 7.0, brain had 
42 and 18 per cent respectively, of the activity at 
pH 4.8, whereas liver had 45 and 15 per cent respect- 
ively. The K,, values for brain and liver were about 
3 uM, a value similar to those previously reported [8]. 


Table 1. Dihydrofolate reductase activity in liver, brain and choroid plexus extracts by three different methods* 





Rothenberg 
methodt 
% Liver 


(pmoles/min x mg) activity 


Methotrexate 
binding methods 
% Liver 
binding 


Spectrophotometric 
methodt 

% Liver 

activity 


(units/mg) (pmoles/mg) 





0.40 + 0.13 (6) 
0.07 + 0.02 (6) 18 
0.04 (2) 10 


Liver 
Brain 
Choroid plexus 


2.0 + 0.3 (5) 
10 0.3 + 0.1 (5) 16 
14 





* Values are expressed as means + standard error of the mean. The numbers in parentheses indicate the number 


of experiments at each point. 


+The method of Rothenberg [6,8] was employed with 5 pmoles [*H]folic acid, 1 mg sodium ascorbate, and about 
0.2 mg of partially purified liver dihydrofolate reductase or 1.0 mg of brain or choroid plexus dihydrofolate reductase. 
The pmoles/min/mg of protein of [*H]folic acid reduced to (7H]THF shown are the initial rates. 

t The spectrophotometric method was followed [7]. One unit of activity equals a decline of 0.01 absorbance units/min 


and equals 1.05 nmoles DHF reduced/min [7]. 


§ The ability of the partially purified dihydrofolate reductase to bind [*H]methotrexate/mg of protein was deter- 


mined [9]. 
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Fig. 1. Partially purified brain dihydrofolate reductase (1.2 mg) and 2.5 pmoles [*H]folic acid were 
added to 1 ml of citrate buffer containing 0.01% mercaptoethanol, 0.1 mg NADPH and 1 mg sodium 
ascorbate. The mixture was incubated for 20min at 37° [6,8]. At the end of the incubation, the 
protein was denatured and the mixture centrifuged. Then 1 mg tetrahydrofolate was added to the 
supernatant which was, in turn, applied to a DEAE-Sephadex column as described in the text [4]. 
The column was eluted with phosphate buffer of increasing ionic strength containing 0.2M mercap- 
toethanol and 2-ml fractions were collected [4]. Shown in Fig. 1 are the disintegrations/min/fraction 
and the absorbance/fraction in arbitrary units vs the fraction number. 


Shown in Fig. 2 are Hofsteé transformations of the 
velocity (y) of the formation of THF and the concen- 
tration (S) of folate in the medium. Both the partially 
purified brain and liver dihydrofolate reductase prep- 
arations used in Fig. 2 were from a single rabbit. The 
partially purified dihydrofolate reductase activity in 
brain was not stable when stored in a refrigerator 


at 2°. After 9 and 19 days, the dihydrofolate reductase 
specific activity was 41 and 17 per cent, respectively, 
of the specific activity on day 1. 


After the injection of 2.0yuCi [°H]folic acid into 
the left lateral ventricle of two rabbits, an average 
of 9 per cent of the «injected [*H]folic acid (in an 
assumed volume of CSF of 3ml) was recovered in 
2hr[2]. These results confirmed a previous study 
which showed that [*H]folic acid is rapidly cleared 
from CSF [2]. The *H radioactivity recovered in the 
CSF co-chromatographed with carrier folic acid (49 
per cent; N = 2) and MeTHF (S51 per cent) in the 
thin-layer chromatographic system [10,11]. No 7H 
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Fig. 2. [H]folic acid (2.5 pmoles) and various amounts of carrier folate were incubated for 15 min 

with 1.18 mg (brain) or 0.14 mg (liver) of partially purified dihydrofolate reductase obtained from one 

rabbit as in Fig. 1 [6,8]. Plotted in Fig. 2 are the Hofsteé transformations of the velocity and concen- 

tration data for brain and liver respectively [11]. The respective K,, and Y,,,, are shown [6, 11]. 

The coefficient of determination (r?) in each case is shown. In both cases, less than 25 per cent of 
the [7H ]folic acid was converted to THF when no carrier was added [6]. 
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appeared as THF. To confirm the thin-layer chroma- 
tographic results, about 0.9 ml of the withdrawn CSF 
from one rabbit was chromatographed on a DEAE- 
Sephadex column after pretreatment of the withdrawn 
CSF as described above and the addition of approxi- 
mately 1 mg of carrier THF. Fifty-eight per cent of 
the °H remained associated with folic acid (vs 59 per 
cent in the thin-layer system) and 42 per cent chroma- 
tographed as a single peak just before the carrier 
THF, consistent with the position of MeTHF [4]. 
Thus, 2 hr after the injection of 2.0 wCi [*H]folic acid 
into the left lateral ventricle, 4.6 per cent could be 
recovered as MeTHF and 4.4 per cent as [*H]folic 
acid in the CSF. These experiments do now allow 
interpretation of where the [°H]folic acid was 
reduced, i.e. in brain and/or choroid plexus and/or 
meninges and/or outside the central nervous system 
with subsequent transport back into the CSF. How- 
ever, the latter possibility is unlikely since we have 
previously shown that tracer amounts of ['*C]meth- 
yltetrahydrofolate do not achieve higher levels in CSF 
than plasma even after a 3-hr intravenous infusion 
[2]. In the present experiments, plasma contained 
300 dis/min/ml (N = 2) at the end of the study, 
whereas CSF contained a _ concentration of 
[7H]MeTHF more than two orders of magnitude 
higher. 

As previously reported by two groups of investiga- 
tors, we found that rabbit brain slices did not ac- 
cumulate or metabolize [*H]folic acid when incu- 
bated in 20nM [*H]folic acid for 30 min [1, 13]. 


DISCUSSION 


Partially purified New Zealand white rabbit brain 
homogenates appear to have about 15 per cent as 
much dihydrofolate reductase activity/mg of protein 
as comparably prepared and assayed rabbit liver 
extracts (Table 1). The characteristics of the rabbit 
brain dihydrofolate reductase activity are similar to 
those of liver as shown by the absolute requirement 
of the enzyme from both liver and brain for NADPH 
(over NADH), the similar pH maxima, the compar- 
able K,, (Fig. 2) and the abolishment of enzyme ac- 
tivity of both preparations with 1.0 uM methotrexate. 

The tritiated product of the reaction between brain 
and liver dihydrofolate reductase, NADPH and 
[°H]folic acid as described by Rothenberg [6, 8] co- 
chromatographed with THF in two systems when 
1 mg sodium ascorbate was added to the reaction 
mixture and measures were taken to prevent oxi- 
dation during the chromatography [4,10] (Fig. 1). 
However, when the sodium ascorbate was excluded 
from the reaction mixture, the tritiated reaction prod- 
uct chromatographed predominantly with aminoben- 
zoylglutamate, a known breakdown product of THF. 
Thus, we have confirmed that the assay as described 
by Rothenberg [6,8] is a measure of the enzymatic 
activity of dihydrofolate reductase. However, the 
product does not remain [°H]THF as thought by 
Rothenberg [6, 8], unless sodium ascorbate is added 
to the reaction mixture. 





*H. T. Abelson, unpublished observations. 
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The explanation of our detection of dihydrofolate 
reductase activity in rabbit brain contrary to the find- 
ing of other investigators is not clear [1]. Possibly, 
our method of preparing the extracts or the fact that 
the brain enzyme is unstable even at 2° could explain 
the difference. Alternatively, our strain of rabbits 
might be different. The latter explanation, however, 
is unlikely since we have also found dihydrofolate 
reductase activity in mouse brain.* 

We have confirmed that [*H]folic acid, when in- 
jected in tracer doses into the left lateral ventricle, 
is rapidly cleared from the CSF into blood [2]. How- 
ever, of the small amount of °*H activity remaining 
in the CSF (9 per cent), about 50 per cent had been 
reduced and converted to MeTHF. The site of reduc- 
tion of [°H]folic acid in the central nervous system 
is unclear. Possibilities include brain, choroid plexus, 
arachnoid tissue and, although unlikely, the CSF 
compartment. Choroid plexus, unlike brain as dis- 
cussed below, contains a very vigorous uptake system 
for [*H]folic acid [11]. Like brain, choroid plexus 
contains dihydrofolate reductase activity (Table 1). 
Previously, Spector and Lorenzo[2,11] have sug- 
gested that the choroid plexus may be the locus of 
[*H]folic acid transport from CSF to blood. Thus, 
it is possible that the choroid plexus and not the brain 
is the place wherein [*H]folic acid is reduced to 
[7H]THF when [*H]folic acid is injected into the 
cerebrospinal fluid. 

The possibility that [7H]MeTHF entered CSF 
from plasma after injection of [*H]folic acid intraven- 
tricularly is unlikely. Although radiolabeled MeTHF 
enters CSF from plasma, the levels in CSF were still 
less than in plasma even after 2.5hr[2]. Thus, the 
very low levels of *H in plasma at the end of the 
experiment (300dis/min/ml) in the rabbits who 
received intraventricular [*H]folic acid could not 
explain the high concentration of [7H]MeTHF in 
CSF (35,000 dis./min/ml). 

The reason for and the function of dihydrofolate 
reductase in brain are not clear. First, reduced folates 
(MeTHF) readily enter CSF and brain from blood 
via a saturable transport system [2]. Second, as noted 
by us and other investigators [1,13], brain slices in 
vitro do not accumulate (and, then, metabolize) 
[*H]folic acid. It is possible that, in the brain, intra- 
cellular reduced folates become oxidized; the role of 
brain dihydrofolate reductase might be to reduce in- 
tracellular oxidized folates as opposed to oxidized 
folates outside the cell. The choroid plexus or some 
other mechanism might reduce oxidized folates in the 
CSF-extracellular space of brain compartment. Of the 
total folates in rat brain, 8 per cent are dihydro- 
folates [14]. Alternatively, brain dihydrofolate re- 
ductase, like liver dihydrofolate reductase, might 
reduce 7,8-dihydrobiopterin to tetrahydrobiopterin 
[15]. Tetrahydrobiopterin is a cofactor for brain tyro- 
sine and tryptophan hydroxylases [16]. 

Whatever the role of dihydrofolate reductase in 
mammalian brain, its presence and sensitivity to 
methotrexate might explain the heretofore puzzling 
toxicity of methotrexate in the central nervous system 
[17,18]. Low dose methotrexate does not have 
serious central nervous system toxicity except when 
injected intrathecally, thus bypassing the blood-brain 
and blood—CSF barrier, or when administered in con- 
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junction with X-ray therapy to the brain [17, 18]. We 
speculate that methotrexate may bind to brain dihyd- 
rofolate reductase, thus inhibiting the reduction of 
oxidized folates or some other unknown substrate to 
a critical degree. 

In summary, rabbit brain appears to contain sig- 
nificant dihydrofolate reductase activity. Further 
studies will be required to detect its presence in other 
mammalian species (particularly humans) and ascer- 
tain its function(s) in the brain. 
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Abstract—A gas chromatographic method for the estimation of 2-phenylethylamine in rat brain is 
described. The method utilises ion exchange resin, acetylation in aqueous solution and solvent extraction 
procedures for purification prior to derivative formation and gas chromatography with electron capture 
detection. This method gives a value of 1.1 + 0.2ng/g (mean + S.E.M.) for the endogenous concen- 


tration of 2-phenylethylamine in rat brain. 


Several reports suggest that 2-phenylethylamine (PE) 
is excreted in abnormal quantities in phenylketonuria 
[1], schizophrenia [2] (though here there is some dis- 
pute [3]) and depression [4,5], and this amine has 
also been implicated in the aetiology of migraine [6]. 
The systemic administration of PE to rodents is 
reported to reduce the concentration of brain cat- 
echolamines and 5-hydroxytryptamine 5-HT [7,8], 
while in vitro experiments, using synaptosome- 
enriched fractions of rat brain, show that PE modifies 
the normal transport of noradrenaline, dopamine and, 
to a lesser extent, 5S-HT[9-11], across synaptosomal 
membranes. 

The apparent importance of PE has led to the de- 
velopment of several methods for its quantification 
[12-19]. However, with the exception of the radio- 
enzymatic method of Saavedra [17], the gas chroma- 
tographic-mass spectrometric method of Willner et al. 
[19] and the mass spectrometric integrated ion. cur- 
rent method of Durden et al. [18] the methods appear 
to lack specificity. We report here a specific and sensi- 
tive gas chromatographic method for the estimation 
of PE in rat brain tissue. 


MATERIALS AND METHODS 


Reagents. All reagents were Analar (B.D.H., Poole, 
Dorset) except where stated. 

Water was double distilled in an all-glass appar- 
atus. Methanol (spectroscopic grade;. B.D.H.) was 
redistilled over potassium hydroxide, the fraction 
boiling between 64.5° and 65.5° was collected into 
an all-glass container and stored at 4° until required. 
Methanolic-HCl was prepared from this redistilled 
methanol and HC! gas. 

Amberlyst 15 (80-120 mesh) was washed with 
2M-sodium hydroxide, water, 4M-HCI and water. 
The procedure was repeated at least 4 times. The resin 
was then washed with redistilled methanol, 3 M meth- 
anolic-HCl, methanol and finally water. 

Acetic anhydride was redistilled twice and the frac- 
tion boiling between 139° and 140° collected into an 
all-glass container and stored at 4° until required. 
Ethyl acetate, pentafluoropropionic anhydride 
(Sequanal grade; Pierce & Warriner Ltd., Chester, 


U.K.) and cyclohexane (laboratory reagent) were used 
without further purification. 

Gas chromatography. The gas chromatograph used 
in this work was a Hewlett Packard 57 13 fitted with 
a 15-mCi °*Ni source linear electron capture detector. 
The glass column (1.8m x 4mm id.) was packed 
with 3% OV-3 on 100-120 mesh Gas Chrom Q 
(Applied Science Laboratories). The carrier gas was 
5% methane in argon at a flow rate of 40 ml/min. 
The injection port temperature was 250°, detector 
temperature 250° and the column temperature 130°. 

Animals. Male Wistar rats, 180-220 g were obtained 


from the Biochemistry Department, University of 
Birmingham. 


Methods 


The rats were killed by cervical fracture and the 
brains removed rapidly at room temperature, the 
pineal and meninges being excluded. The tissue was 
immediately transferred to a glass vial, frozen on solid 
carbon dioxide and stored at —20° until the assay 
was carried out. The tissue, which had been allowed 
to partially thaw, was homogenised in 5 vol. of ice 
cold 0.4N perchloric acid using a Potter—Elvejhem 
Homogeniser with a Teflon glass pestle (0.1-0.15 mm 
clearance). Internal standards were added to the 
appropriate tissue samples during the homogenisation 
and subsequently handled in parallel with the other 
brain homogenates. : 

Stage 1. The homogenates were centrifuged at 
10,000 g for 20 min at 4° and the supernatant adjusted 
to a pH of 7.5 with 2 M-KOH; the insoluble potas- 
sium perchlorate was removed by centrifugation at 
room temperature for 5min. The supernatant was 
then applied to the Amberlyst 15 columns 
(2.5 x 0.4cm) and allowed to percolate through the 
resin under gravity (30-40ml/hr). The resin was 
washed with 10 ml of water and the amine eluted with 
10 ml 1.6 M-methanolic-HCl. The column eluate was 
evaporated to dryness at 40° in a rotary evaporator 
under vacuum. 

Stage 2. The residue was taken up in 3.0 ml of water 
and a small amount of sodium bicarbonate was added 
followed by 0.3 ml acetic anhydride; the sample was 
shaken and further additions of sodium bicarbonate 
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Fig. |. Mass spectrum of N-acetyl, 2-phenylethylamine. The mass spectrum was obtained on an AEI 

MS 9 with an ionisation potential of 70eV. The spectrum has been normalised. The spectrum shows 

a molecular ion at 163 and the major fragmentation appears to be due to cleavage a- to the nitrogen 
to give the base peak at 104. 


’ 


0.5 att 
' qT 1 q q Ly 
4 8 12 4 8 12 
Time, min Time, min 





Percentage response 
Percentage response 
























































Fig. 2. Gas chromatograms of the 2-phenylethylamine derivative. (a) blank value obtained with per- 
chloric acid; (b) from 4g of brain tissue; (c) as (b) plus 20ng PE as internal standard; (d) from 
2 g of brain tissue from animal injected i.p. 4hr before death with 75 mg/kg pargyline hydrochloride. 
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made until the effervescence ceased. The samples were 
then shaken for 5 min with 3 ml of ethyl acetate, cen- 
trifuged to separate the phases, and the organic layer 
evaporated to dryness at room temperature under a 
stream of nitrogen in 0.8 ml capacity reaction vials. 

Stage 3. To each vial was added 20 yl of ethyl acet- 
ate and 100 yl of pentafluoropropionic anhydride; the 
reaction vials were then tightly capped with Teflon 
lined seals and heated at 60° for 30min in an alu- 
minium heating block. The samples were allowed to 
cool to room temperature and transferred to 4.0 ml 
of a saturated solution of sodium tetraborate on top 
of which was 400 yl of cyclohexane, the sample being 
added to the cyclohexane phase. The tubes were 
shaken for 15 sec, centrifuged briefly to separate the 
phases and an aliquot of the upper organic phase 
removed into a capped vial. A 1-yl sample was in- 
jected onto the gas chromatograph and the PE-deri- 
vative was eluted with a retention time of 9.0min 
under the conditions described above. 


RESULTS AND DISCUSSION 


Since there is no evidence that PE in brain tissue 
is subject to any rapid post-mortem changes* it was 
unnecessary to take special precautions, other than 
those mentioned above, in killing the animal and 
removal of the brain. Further, we have found that 
brain tissue can be stored at —20° for periods of at 
least 1 month with no loss in PE. Internal standards 
were routinely added during the homogenisation 
stage. 

Column chromatography. Amberlyst 15 was used in 
preference to the standard cation exchange resins for 
the chromatographic purification as it was found 
necessary to elute the amine from the resin with meth- 
anolic-HCl. This frequently resulted in poor flow 
characteristics with the standard cation exchange 
resins due to removal of the aqueous phase. However, 
Amberlyst 15, a macroreticular cation exchange resin, 
shows very little shrinkage on removal of the aqueous 
phase, with the result that optimal flow characteristics 
are maintained during the elution with methanolic- 
HCl. The recovery of 25ng of PE from the resin 
under these conditions is 89.5 + 1.0% (mean + 
S.E.M., n = 5). ! 

Acetylation. Under the conditions used PE is con- 
verted to N-acetyl-2-phenylethylamine, the structure 
of which has been confirmed by mass spectrometry 
(Fig. 1). 

This acetylation stage confers several advantages 
in this assay procedure besides functioning as an ad- 
ditional purification stage. The derivative is readily 
soluble in ethyl acetate and can be recovered from 
the aqueous phase in excellent yield (95+ %) without 
contamination from inorganic salts which interfere 
with the subsequent reaction. Further, the compound 
is insufficiently volatile to be lost on evaporation of 
the solvent ethyl acetate. 

Preparation of pentafluoropropionate derivative. The 
structure of the product obtained from the reaction 
of N-acetyl-2-phenylethylamine with pentafluoropro- 





* Personal communication from A. A. Boulton and S. 
R. Philips. 
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pionic anhydride was investigated with nuclear mag- 
netic resonance spectroscopy. 

Proton magnetic resonance spectra of this com- 
pound show a singlet due to 5 aromatic protons at 
7.17 ppm, a singlet from the protons of the acetyl 
group at 2.39 while the side chain protons a- and 
B- to the nitrogen gave complex multiplets centred 
at 3.90 and 2.82 ppm; the lower field resonance being 
tentatively assigned to the protons a- to the nitrogen 
in agreement with previous work [20]. Fluorine mag- 
netic resonance spectra showed two singlets at 
116.4 ppm (due to CF) and 82.1 ppm (due to CF;) 
using CCI,F as reference. No coupling was observed 
which is typical of the C,F, group. This data is con- 
sistent with the structure N-acetyl, N-pentafluoropro- 
pionyl-2-phenylethylamine. 

Removal of excess reagent. The normal method of 
removal of excess pentafluoropropionic anhydride 
prior to gas chromatography is to evaporate the re- 
agent under a stream of nitrogen; this, however, 
results in a considerable loss of the derivative due 
to its volatility. We have found that it is possible 
to partition the derivative between cyclohexane and 
a saturated solution of sodium tetraborate, obtaining 
a complete separation of the pentafluoropropionic an- 
hydride from the PE derivative which is quantitat- 
ively recovered in the organic phase. Such a separ- 
ation is not possible with the N-pentafluoropro- 
pionyl-2-phenylethylamine as this derivative is hydro- 
lysed on contact with aqueous solutions. The greater 
stability of the N-acetyl, N-pentafluoropropionyl-2- 
phenylethylamine is presumably due to the decrease 
in the basicity of the aliphatic nitrogen following 
acetylation. 

Gas chromatography. The gas chromatographic 
characteristics of the derivative are good but it was 
found necessary to use injection port temperatures 
of 250° in order to allow continued use of the column 
over a period of time; presumably this prevented the 
deposition of involatile tissue components on the in- 
jection port. Under these conditions the PE derivative 
is resolved from the similar derivative formed from 
benzylamine (thought not to be present in the rat 
brain tissue [21]). Derivatives formed from’ phenyl- 
ethanolamine, p-tyramine, octopamine, noradrenaline, 
dopamine and adrenaline do not co-chromatograph 
with the derivative formed by 2-phenylethylamine 
under the conditions used in this assay. 

A typical GC record obtained from 4 g of rat brain 
tissue is shown in Fig. 2b and the value of 
1.1 + 0.2ng/g (mean + S.E.M., n = 6) obtained by 
this method for the endogenous concentration of PE 
in rat brain is in good agreement with other published 
work [17-19]. Administration of pargyline hydro- 
chloride (75 mg/kg i.p.) 4hr before death caused a 
dramatic increase in the brain levels of PE (Fig. 2d) 
to 96.9 + 19.2 ng/g (mean + S.E.M., n = 6). On the 
same GC record can be seen the peak due to benzyl- 
amine (Bz), a metabolite of pargyline [21], which 
under these conditions was found to have a concen- 
tration in whole brain of 221.6 + 29.8 ng/g (mean + 
S.E.M., n = 6). 

The method described above was developed for the 
estimation of PE but it can be readily modified for 
the quantification of a number of structurally related 
cerebral amines and drug metabolites. 
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ACTION OF S 1432, A NEW PSYCHOTROPIC DRUG, 
ON THE CENTRAL CHOLINERGIC SYSTEM 
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Abstract—S 1432 (hydroxyethyl-9’, purinyl-6’-1-benzhydryl-4-piperazine dihydrochloride), an anticon- 
vulsant, muscle relaxant and CNS depressant in experimental animals, increased the acetylcholine 
level in the striatum (50%) hippocampus (25%) and mesencephalon (15%) but not in the diencephalon 
or hemispheric residuum of the rat at doses of 20 and 40 mg/kg, i.p. The effect lasted for about 
120 min after a single dose of 40 mg/kg. The drug markedly decreased the choline level in the striatum 
but not in the other brain areas observed. The action of S 1432 on striatal acetylcholine was not 
blocked by pimozide indicating that the increase was not modulated through dopaminergic neurons. 
Furthermore, the drug did not alter whole brain or brain area levels or the turnover of noradrenaline, 
serotonin or dopamine although there was a tendency towards a decrease in the latter. Pretreatment 
with S 1432 prevented pentylenetetrazol convulsions in 11/12 rats. Under these conditions, pentylene- 
tetrazol completely antagonized the effect of S 1432 on striatal but not hippocampal acetylcholine. 
Thus, similarly to diazepam (14), a biochemical interaction of S 1432 with pentylenetetrazol is demon- 


strated. 


S 1432 [Hydroxyethyl-9’, purinyl-6’-1-benzhydryl-4- 
piperazine dihydrochloride] (Fig. 1) is a new drug 
provided with the properties of an anticonvulsant, a 
muscle relaxant and CNS depressant in experimental 
animals (unpublished data from the Servier Labora- 
tories, Paris). Furthermore, the compound does not 
affect either the cardiovascular or the autonomic ner- 
vous system and is devoid of hypnotic and neurolep- 
tic activity. 

The pharmacological spectrum in general indicates 
that S 1432 may be useful clinically as an antianxiety 
drug. It was thus of interest to characterize this new 
agent at the neurochemical level and to compare it 
with the benzodiazepines, a class of minor tranquil- 
izers with which it shares many pharmacological 
properties. 


MATERIALS AND METHODS 


Female CD rats (Charles River) weighing 215-225 g 
were housed at 22° with standardized light cycles 


CH3—CH> OH 


Fig. 1. Chemical structure of S 1432. 
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(12 hr of light and 12 hr of darkness) for at least 4 
days prior to experimentation. For the estimation of 
brain area acetylcholine the animals were killed by 
decapitation and the head was immediately immersed 
in liquid nitrogen for 6—7 sec. The brain was removed 
from the cranium as rapidly as possible and the left 
corpus striatum and other brain areas (mesencepha- 
lon, diencephalon, cerebral hemispheres, cerebellum 
and hippocampus) were isolated under n-pentane at 
—5° following the technique of Campbell and 
Jenden [1]. The brain parts were frozen in liquid 
nitrogen, weighed in the frozen state and pulverized 
[2]. The radiochemical method of Saelens, Allen and 
Simke [3] was then used for the measurement of ace- 
tylcholine and choline with a modification described 
earlier [4]. The results are expressed as nmoles free 
base of acetylcholine and choline per g tissue wet 
weight. 

Choline o-acetyltransferase activity was determined 
by the radiochemical method of McCaman and 
Hunt [5] with some modifications [6] and cholines- 
terase activity was determined by the radiochemical 
method of McCaman, Tomey and McCaman [7]. 

3-Methoxy-4-hydroxy-phenylethyleneglycol sulfate 
(MOPEG-SO,) was measured by the method of 
Meek and Neff [8] in whole brain. Indoles were esti- 
mated according to the method of Giacalone and Val- 
zelli [9]. 

Dopamine, noradrenaline and homovanillic acid 
were determined in the striatum by the fluorimetric 
methods of Laverty and Taylor[10] and Korf et 
al.{11,12]. The kinetic constants were calculated 
according to the method of Brodie et al. [13]. 

S 1432 was kindly supplied by the Servier Labora- 
tories, Paris and dissolved in distilled water. 


RESULTS 
Table 1 shows the effect of S 1432, 40 mg/kg, on 
the acetylcholine and choline level in the cerebellum, 
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Table 1. Effect of S 1432 on the acetylcholine and choline level in rat brain areas 





Acetylcholine (nmoles/g wet wt + S.E.) Choline (nmoles/g wet wt + S.E.) 





Brain area Controls Treated Controls Treated 





Hemispheric restt 9.7 + 1.0(4) 10.6 + 0.6(4) 49.7 + 1.8 (4) 47.3 + 2.8 (4) 
Hippocampus 18.0 + 1.0 (6) 22.8 + 1.0(6)t 77.4 + 3.6(4) 71.1 + 4.2(4) 
Striatum 28.5 + 2.7 (4) 42.0 + 1.9(4)t 104.9 + 4.3 (4) 64.4 + 1.7(4)t 
Mesencephalon 17.1 + 0.8 (4) 19.4 + 0.5 (5)* 55.8 + 3.6(7) 59.9 + 2.5(4) 
Diencephalon 19.8 + 0.8 (9) 21.6 + 1.0(7) 45.6 + 0.8 (4) 45.8 + 1.8(5) 





*P < 0.05 Student’s t-test. 

+ P < 0.01 Student’s t-test. 

¢ Cerebral hemispheres less striatum and hippocampus. 

The rats were sacrificed 30 min after the administration of S 1432, 40 mg/kg, i.p. The figures in brackets represent 
the number of animals used. 


Table 2. Effect of S 1432 at 20 and 40 mg/kg on the acetylcholine level in rat brain areas 





Acetylcholine (nmoles/g wet wt + S.E.) 





Dose 
Treatment mg/kg i.p. Hippocampus Striatum Mesencephalon 





Controls — 18.0 + 1.0(6) 28.9 + 1.3 (12) 17.1 + 0.5 (10) 
S 1432 20 20.2 + 0.5 (6) 33:39 + 1.707 19.3 + 0.6(7)* 
S 1432 40 22.8 + 1.0 (6)* 44.7 + 2.7(12)* 19.5 + 0.6(7)* 





*P < 0.01 Dunnett’s test. 
The rats were sacrificed after 30 min. The figures in brackets represent the number of animals used. 


Table 3. Time-course effect of S 1432 on the acetylcholine level in rat hippocampus and 
striatum 





Acetylcholine (nmole/g wet wt + S.E.) 





Treatment Hippocampus Striatum 





29.8 + 1.4(10) 
45.1 + 2.4(11)* 
49.1 + 3.5 (6)* 
44.4 + 4.5 (6)* 
30.5 + 0.5 (4) 


Controls 

S 1432 30 
S 1432 60 
S 1432 120 
S 1432 240 


NNNN 
SUNN 
hwnd — 
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*P < 0.01 Dunnett’s test. 
S 1432 was administered at a dose of 40 mg/kg. The figures in brackets represent the 
number of animals used. 


Table 4. Effect of pimozide or pentylenetetrazol on the S 1432- induced increase in the acetylcholine level in the 
rat striatum and hippocampus 





A B © D Brain 
Drug in C and D Controls S-1432 Drug drug + S 1432 area 





Pimozidet 30.6 + 0.9(6) 42. 
Pentylenetetrazolt 29.5+0.8(5) 50. 


1 (6)* 11.1 + 0.5(6)* 26.4 + 1.2 (6) Striatum 
l 
Pentylenetetrazolt 18.5 + 0.8(6) 23.7 


+ 2.3 
+ 4.0(5)* 27.9 +0.8(5) 31.7 + 1.6(5) Striatum 
+ 1.1 (6)* 12.5 + 1.5 (6)* 15.8 + 0.9 (6) Hippocampus 





Statistics: Anova (2 x 2) factorial analysis and Tukey’s test for unconfounded means. No interaction between pimozide 
and S 1432. Interaction between pentylenetetrazol and S 1432 in the striatum. 

*P < 0.01 vs. respective controls. 

t Pimozide was administered i.p. at a dose of 1 mg/kg and S 1432 at a dose of 40 mg/kg, i.p. The animals were 
killed 240 min after pimozide and 30 min after S 1432. 

t Pentylenetetrazol was administered i.p. at a dose of 80 mg/kg and S 1432, 40 mg/kg, i.p. The animals were killed 
60 min after § 1432 and 12 min after pentylenetetrazol. 





Action of S 1432 on the central cholinergic system 


Table 5. Effect of various doses of S 1432 on the brain level of 5-HT, S-HIAA, MOPEG-SO, and HVA 





5-HT 
(ug/g) 


Dose 


Treatment (mg/kg i.p. 60 min) 


HVA 
(ug/g) 


5-HIAA 
(ug/g) 


MOPEG-SO, 
(ug/g) 





0.26 + 0.02 
0.30 + 0.02 
0.27 + 0.01 
0.30 + 0.01 
0.31 + 0.01 


10 
20 
30 
40 


Controls 
S 1432 
S 1432 
S 1432 
S 1432 


0.36 + 0.03 0.42 + 0.09 
0.34 + 0.01 
0.36 + 0.01 
0.34 + 0.01 


0.37 + 0.02 


154.0 + 5.46 
148.8 + 5.44 — 
163.3 + 4.16 0.41 + 0.03 


169.8 + 4.88 0.24 + 0.09* 





Each figure represents the mean of 6 animals. 


*P < 0.01 Dunnett’s Test was used for statistical analysis. 


Table 6. Effect of S 1432-on the turnovers of dopamine in the striatum and noradrenaline in the brainstem 





Steady state 
level 


Treatment (ug/g + S.E.) 


Rate of 
disappearance 
K(hr~') + S.E. 


Turnover time 
(hr) 


Turnover rate 
(ug/g/hr) 





Dopamine in striatum 
Controls 

S 1432 

Noradrenaline in brainstem 
Controls 

S 1432 


5.51 + 0.6 (4) 
4.54 + 1.2(4) 


0.38 + 0.02 
0.37 + 0.02 


0.21 + 0.02 
0.16 + 0.07 


0.23 + 0.04 
0.29 + 0.04 


4.76 
6.25 


1.16 
0.73 


4.35 
3.45 


0.087 
0.109 





S 1432 was administered at a dose of 20 mg/kg, ip. The rats were killed 60 min later. 


diencephalon, mesencephalon, hippocampus and 
hemispheric residuum (less striatum and _ hippo- 
campus) at 30min after intraperitoneal administra- 
tion. Among the hemispheric structures, the acetyl- 
choline level was increased only in the striatum (47%) 
and hippocampus (27%) and not in the hemispheric 
residuum. The level was also slightly but significantly 
increased in the mesencephalon (13%). 

The choline level was significantly decreased in the 
striatum by 39% and remained unaltered in the other 
areas considered at this dose and time after the ad- 
ministration of S$ 1432. 

The effect of S 1432 at 20 and 40 mg/kg on the 
acetylcholine level in the striatum, hippocampus and 
mesencephalon at 30min after administration is 
shown in Table 2. The acetylcholine level in the 
hippocampus was not significantly changed at the 
dose of 20 mg/kg but was increased by 27 per cent 
at 40 mg/kg. The striatal acetylcholine level was in- 
creased by 24% at 20 mg/kg and by 55% at 40 mg/kg. 
In the mesencephalon, the increase of the quaternary 
amine was of about the same order (13-14%) at both 
doses used. 

It thus appears that the striatum is the area most 
sensitive to the action of S 1432 on acetylcholine. 

A time-course of the effect of S 1432, 40 mg/kg 
(Table 3), indicates that the maximal increase in both 
striatal and hippocampal acetylcholine was obtained 
between 30 and 120min and the level returned to 
normal by 240 min after administration. 

The prior administration of pimozide, a powerful 
and selective central dopamine receptor blocker, did 
not antagonize the action of S 1432 on striatal acetyl- 
choline (Table 4). In fact, in the pimozide pretreated 
animals (1 mg/kg, i.p., 240 min), in which the striatal 
acetylcholine level was markedly lowered, S 1432 pro- 
duced approximately the same net increase in acetyl- 


choline (from 30.6 + 0.9 to 42.1 + 2.3 nmoles/g in the 
group with S 1432 alone, and from 11.1 +0.5 to 
26.4 + 1.2 nmoles/g in the group with pimozide plus 
S 1432). As shown by statistical analysis, these data 
indicate that the action of S 1432 is not mediated 
through the dopaminergic system. 

On the other hand, the increase in striatal acetyl- 
choline produced by S 1432 was completely anta- 
gonized by the post-administration of pentylenetetra- 
zol (80 mg/kg, i.p., 12 min) whereas there was no inter- 
action between these drugs in the hippocampus. By 
itself, this convulsant did not affect the acetylcholine 
level in the striatum but markedly decreased the level 
in the hippocampus (Table 4). S 1432 pretreatment 
prevented pentylenetrazol convulsions in 11/12 rats 
under the conditions described in Table 4. 


Striatal choline o-acetyltransferase and cholinester- 
ase activities were not affected by the in vivo incuba- 
tion of the 500g supernatant fraction with S 1432 
at concentrations of Syg/2mg_ tissue/ml and 
2 ug/0.3 mg tissue/ml, respectively. The enzymic ac- 
tivities were 20.1 + 0.28 umoles acetylcholine formed/ 
hr/g wet wt and 3268 + 131i umoles acetylcholine 
hydrolyzed/hr/g wet wt, respectively. 

Whole brain levels of 5-HT, 5-HIAA and 
MOPEG-SO, were not altered by treatment with S 
1432, 10-40 mg/kg, 60 min (Table 5). Furthermore, at 
a dose of 20 mg/kg, the drug did not affect the level 
of striatal HVA but at 40 mg/kg, it produced a signifi- 
cant decrease in the level of this dopamine metabolite 
of about 40% (Table 5). 

Neither the turnover of NE and its steady state 
level in the brainstem, nor the turnover of DA and 
its state level in the striatum were altered by S 1432, 
20 mg/kg (Table 6). There was, however, a tendency 
towards a decrease in the turnover of DA. 
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DISCUSSION 


We have shown that S 1432 exerts its action of 
increasing acetylcholine mainly in subcortical struc- 
tures such as the hippocampus and the striatum. Fur- 
thermore, this drug does not induce its effect on ace- 
tylcholine via a direct action on the metabolism of 
this quaternary amine since the enzymes involved in 
the synthesis and hydrolysis of acetylcholine were 
apparently not altered. 

Since only few biochemical data are available on 
the action of S 1432 on other neuronal systems, it 
cannot yet be established whether the mechanism by 
which this drug affects cholinergic neurons is direct 
or indirect through other putative neurotransmitters. 
However, it may be inferred from the overall negative 
biochemical effect of S 1432 (at 20mg/kg) on the 
dopaminergic system and the ineffectiveness of dopa- 
mine receptor blockade to alter the action of S 1432 
on striatal acetylcholine, that the action of this new 
tranquilizer is not mediated through the dopaminer- 
gic system. Furthermore, the lack of effect of S 1432 
on the level of serotonin and 5-HIAA and 
MOPEG-SO, tends to suggest that also the sero- 
toninergic and catecholaminergic systems are not in- 
volved in this biochemical action of S 1432. 

The compound § 1432 is about 5 times less potent 
than diazepam [14] in increasing the acetylcholine 
level in the striatum and it could be qualitatively dis- 
tinguished from the benzodiazepines in a few aspects 
of its action. In contrast to diazepam, S 1432 did 
not affect the acetylcholine level in the hemispheric 
residuum [14] but on the other hand had a profound 
action on the choline level in the striatum. This de- 
crease in striatal choline is reminiscent of the action 
of the anticonvulsant drug carbamazepine [15]. 

Finally, whereas pentylenetetrazol gave an unusual 
interaction with diazepam, producing a decrease in 
the striatal acetylcholine level below that of the con- 
trol [14], S 1432 was completely blocked by penty- 
lenetetrazol. 


In general, the pharmacological similarities of S 
1432 and diazepam are reflected also in their sharing 
several, but not all, biochemical properties on the cen- 
tral cholinergic system. 
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Abstract—Female mice, fed ad lib., were exposed to 1.5mg of carbon disulphide per liter of air for 
4hr a day, 5 days a week, for approximately 3.5 weeks. During the first week of the experiment 
the liver changes were similar to those found after acute carbon disulphide intoxication, i.e microsomal 
cytochrome P-450 content was lowered, the activities of NADPH cytochrome c-reductase and 7-ethoxy- 
coumarin deethylase were decreased and the measurable UDP-glucuronosyltransferase activity was 
increased. The copper and phospholipid contents of the liver were also increased somewhat. Later 
on the activities of the microsomal enzymes were either partially or totally restored in spite of continu- 
ing exposure. The liver phospholipid content was also restored. The activity of UDP-glucuronosyltrans- 
ferase was decreased significantly below the control level. The diene conjugation of liver phospholipids 
was increased, and this finding indicates that the exposure was able to damage the membrane lipids 
of the liver continuously. It is suggested that the partial or total restoration of the enzyme activities 
resulted either from their decreased sensitivity to the toxic metabolites of carbon disulphide or from 
their stimulated synthesis. The increased diene conjugation of the liver phospholipids indicates that 
the lipid environment of membrane bound enzymes changes during subacute exposure to carbon disul- 


phide. 


Carbon disulphide (CS,) poisoning is known to 
depress microsomal drug hydroxylation in the liver, 
especially in animals pretreated with phenobarbi- 
tone [1-4]. In addition CS, also increases the activity 
of microsomal UDP-glucuronosyltransferase in vivo 
in a manner resembling the effect of the related drug 
disulfiram [5, 6]. In a previous article it was suggested 
that one reason for the stimulation of the transferase 
activity could be the stimulation of microsomal lipid 
peroxidation by the metabolism of CS, [7]. 

The mechanism by which CS, is able to enhance 
microsomal lipid peroxidation is obscure. It has, how- 
ever, been reported that CS, exposure causes choles- 
tasis in perfused rat liver [8], and cholestasis itself 
is known to affect microsomal drug metabo- 
lism [9, 10]. Cholestasis is also known to change the 
metal metabolism of liver, because some metals, e.g. 
copper, are mainly excreted from the liver in the 
bile [11, 12]. 

The changes in liver microsomes that CS, induces 
seem to be reversible in 2-3 days[1,6], and, if so, 
recovery after an acute CS, intoxication is probably 
achieved through the synthesis of new proteins [1]. 
Accordingly, it seems possible that in the course of 
subacute CS, exposure the toxic effects of CS, on 
the liver could be cumulative. In order to elucidate 
this possibility, we exposed mice subacutely to CS). 
We also measured the amount of copper in the liver 
and liver lipid peroxidation in order to explore the 
basis of CS, stimulated microsomal UDP-glucurono- 
syltransferase. 





* Present address: MRC Toxicology Unit, MRC Labor- 
atories, Woodmansterne Road, Carshalton, Surrey SM5 
4EF, United Kingdom. 


MATERIALS AND METHODS 


Twenty-eight adult female mice of the CB-20 strain 
(age 15-19 weeks, weight 23-30 g) were exposed to 
1.5mg CS,/l of air for 4hr a day, 5 days a week. 
Nine animals were used as controls. The mice were 
fasted during the daily exposure but were otherwise 
allowed to eat ad lib. On day 2, 3, 5, 9, 12, 16 and 
23 of the experiment four exposed animals were killed 
3 hr after the daily exposure. The livers of the animals 
were removed in an ice bath, they were weighed, and 
about 300 mg of each liver was used for the copper 
determinations. 

The liver microsomes were prepared by the conven- 
tional procedure [13]. The microsomes were analyzed 
for their cytochrome P-450 content according to the 
method of Omura and Sato[14], and for their 
NADPH cytochrome c-reductase activity according 
to Phillips and Langdon [15]. The 7-ethoxycoumarin 
deethylase activity was measured by the method of 
Ullrich and Weber [16]. The excitation wavelength 
was 340 nm, and that of emission 440 nm. The activity 
of UDP-glucuronosyltransferase was measured 
according to a method described earlier and p-nitro- 
phenol was used as the aglycone[17,18]. Protein 
determinations were performed [19], bovine serum 
albumin being used as the standard. 

Liver lipids were extracted, and the diene conjuga- 
tion of the lipid extracts was measured essentially as 
described by Recknagel and Ghoshal [20]. Butylated 
hydroxytoluene (50 mg/ml) was, however, added to all 
the solvents used to diminish lipid peroxidation dur- 
ing the procedure. The cholesterol content of the 
extracts was measured by the Liebermann—Burchard 
reaction [21], and the phospholipids according to the 
method of Naito [22]. 
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To determine the liver copper content, about 
300 mg of liver was solubilized with concentrated 
HCl. The copper in the solubilate was chelated 
with diethylammoniumdiethyldithio-carbamate and 
extracted into methylisobutylketone. The copper in 
the organic phase was measured with a flame atomic 
absorption spectrophotometer (Perkin Elmer 400). 
The precision and accuracy of the method was tested 
with SRM 1577 bovine liver (National Bureau of 
Standards, Washington, U.S.A.), the result being 
199 + 10 g/g (S.D., n = 8). The certified value for 
copper in this control sample was 193 + 10 yg/g of 
liver. 

The 7-ethoxycoumarin was synthesized as de- 
scribed by Ullrich and Weber [16], and the purity 
of the compound was tested with infrared spectro- 
metry and thin layer chromatography. 

The statistical significance were evaluated with Stu- 
dent’s t-test. 


RESULTS 


The mice tolerated the subacute CS,-exposure well. 
No clinically observable neurological signs developed 
during the experiment. 

Microsomal enzyme activities. In the beginning of 
the experiment microsomal P-450 content decreased 
remarkably (fable 1). In spite of the continuing expo- 
sure, the measurable P-450 content of the microsomes 
increased later on, and it reached a new, stable level 
during the last part of the experiment. 

The activity of microsomal NADPH cytochrome 
c-reductase was affected by CS, exposure in a manner 
similar to the effect on cytochrome P-450 content 
(Table 1). At the beginning of the experiment the ac- 
tivity was low, but it increased later on to the control 
level and was even slightly above it by the end of 
the experiment. 

As found earlier [6], the activity of microsomal 
7-ethoxy-coumarin deethylase of liver was affected 
more by CS, exposure than the microsomal cyto- 
chrome P-450 content was (Table 1). At days 9 and 
12 the 7-ethoxycoumarin deethylase had reached its 
lowest levels (20-25% of controls). In contrast, at the 
same time points the cytochrome P-450 contents had 
almost and the NADPH cytochrome c-reductase ac- 
tivities had fully reached control levels again (Table 
1). 

CS, exposure enhanced slowly microsomal UDP- 
glucuronosyltransferase activity (Table 1). The in- 
crease became evident after five daily exposures of 
the mice to CS,. Unexpectedly, the phase of stimu- 
lation of microsomal UDP-glucuronosyltransferase 
after day 9 was followed by a decrease in the measur- 
able enzyme activity, and the activity continued to 
decrease up until the end of the experiment, when 
the activity of UDP-glucuronosyltransferase of the 
liver microsomes in the exposed animals was signifi- 
cantly lower than the corresponding activity of the 
controls (Table 1). 

Effect of CS, exposure on liver copper content. The 
liver copper content seemed to follow the changes 
of liver microsomal UDP-glucuronosyltransferase; 
the extent of the changes was, however, much smaller. 
The liver copper content increased to 105.7% (2 
P < 0.05) of the control value (8.26 + 0.43 ug/g wet 
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wt.) during first week of exposure and stayed on this 
level until day 12 (106.2%; 2 P < 0.05). Thereafter 
the content dropped to a new level 6-7% below con- 
trol, which was 92.3% (2 P < 0.01) on day 23. 

Effect of CS, exposure on liver lipids. CS, exposure 
initially increased the liver phospholipid content and 
liver phospholipid-cholesterol ratio (Table 1). No 
changes were found in liver cholesterol content. Later 
on, the content of phospholipids in the livers of the 
exposed animals decreased to the level of the controls 
(Table 1). 

CS, exposure doubled the diene conjugation of 
liver lipid extracts during the first 16 days of the ex- 
periment (Table 2). The CS, induced level of lipid 
peroxidation remained high still at the end of the ex- 
periment (Table 1). 


DISCUSSION 


The present study clearly indicates that the sub- 
acute CS, poisoning of mouse liver differs from the 
acute one. During the beginning of the experiment 
the changes found in mouse liver were similar to 
those reported after acute intoxications [14,7] in 
that the components of microsomal mixed-function 
oxidase as well as overall drug hydroxylation reac- 
tions were inhibited, UDP-glucuronosyltransferase 
activity was enhanced, and liver phospholipid content 
was increased. Later on, all the mentioned changes 
either partially or totally disappeared. 

The metabolites of CS, seem to attack microsomal 
P-450 molecules in a way which inevitably leads to 
the degradation of the cytochrome molecules [23-25]. 
In accordance with earlier reports, we found 
diminished cytochrome P-450 content in the micro- 
somes during the first days of the study (Table 1). 
From the end of the first exposure week, however, 
microsomal P-450 content increased to a value nearer 
that of the control animals. Even if the mechanism 
of this partial restoration of cytochrome P-450 ac- 
tivity remains obscure, it seems possible that the 
newly synthetized molecules of cytochrome are less 
vulnerable to the attack of the toxic metabolites of 
CS,. 

CS, exposure affected microsomal NADPH cyto- 
chrome c-reductase activity in a manner similar to 
the effect on the cytochrome P-450 content of the 
microsomes in that during the first days of the experi- 
ment the activity was below the level of the controls. 
But later it increased to a level higher than the con- 
trol value [26]. It therefore seems possible that the 
toxic metabolites of CS, are also able to reach the 
molecules of NADPH cytochrome c-reductase, the 
result being the enzyme inhibition which was seen 
during the first days of the experiment. The later in- 
crease in the reductase activity is in accordance with 
the earlier report of Sokal [26], and it may result 
from the compensatorily increased. synthesis of the 
enzyme. It is a general feature of microsomal-bound 
drug-metabolizing enzymes that at the same time 
when the measurable UDP-glucuronosyltransferase 
activity is increased as a result of treatment with 
membrane perturbants, the component reactions of 
microsomal mixed-function oxidase, e.g. NADPH 
cytochrome c-reductase, as well as the overall drug 
oxidation reactions, are decreased [27]. 
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In our experimental conditions the activity of mic- 
rosomal ethoxycoumarin deethylase was not restored 
as early as was the cytochrome P-450 content of the 
microsomes. This phenomenon may indicate that the 
restorations of the two activities are not coupled. One 
reason for the difference could be a difference in the 
turnover rates of the various components of the mic- 
rosomal mixed-function oxidase, but it is also possible 
that newly synthetized cytochrome P-450 molecules 
are not as effective in catalyzing deethylation as the 
cytochrome P-450 molecules in control livers are. 

CS, has been shown to cause cholestasis in per- 
fused rat liver [8]. The slight increase in liver copper 
found in the beginning of our experiment could have 
resulted from decreased bile flow. The changes 
measured for the liver copper content are, however, 
much less than those found after rats have been 
treated with disulfiram [5]. Whether the enhanced 
lipid peroxidation is due to cholestasis requires more 
specific further studies, and the increased activity of 
UDP-glucuronosyltransferase found in CS, treated 
animals but that some other mechanism is responsible 
for these changes. 

In accordance with earlier findings we found that 
the liver phospholipid content increased in CS, 
exposed animals, but later on returned to normal. In 
addition, the diene conjugation of liver phospholipids 
increased, and this result suggests that continuous 
CS, exposure is able to damage microsomal mem- 
branes in spite of the partial or total restoration of 
various enzyme activities. In fact, it is possible that 
the activity of microsomal enzymes that are depen- 
dent on phospholipids, such as cytochrome P-450 or 
UDP-glucuronosyltransferase, may become affected 
when the function of microsomal phospholipids 
becomes deteriorated by lipid peroxidation. The in- 
itial increase in microsomal UDP-glucuronosyltrans- 
ferase activity is most probably due to an activation 
caused by CS, exposure [6,7]. The decline of the 
enzyme activity later on may be explained by a: de- 
creased stability of the enzyme in the activated form, 
or to the renewed constraint probably due to liver 
regeneration despite continuing lipid peroxidation. 

In conclusion, the effects of subacute CS, exposure 
on liver microsomes cannot be regarded as a cumula- 
tion of acute intoxication only, but rather they result 
from the compensative adaptation of liver metabolism 
to a new level at which microsomal enzyme activities 
are partially or totally restored but liver phospho- 
lipids are increasingly degraded by lipid peroxidation. 


J. JARVISALO et al. 
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Abstract—A simple kinetic test is proposed that will detect the presence of contaminating inhibitors 
in the radioactive substrate solutions used in the radiochemical assays of enzymes. Double-reciprocal 
plots are constructed from initial velocity data obtained from assays conducted under conditions of 
constant specific radioactivity and of constant radioactivity. A significant difference between the K,, 
values determined in this way will show the presence of an inhibitory impurity necessitating the purifica- 
tion of the radioactive substrate. It is possible to determine whether the contaminating inhibitor is 
competitive, uncompetitive or mixed by this method and to estimate the true K,, value in the first 


two cases. 


The presence of inhibitory contaminants in substrate 
solutions is known to cause erroneous estimates in 
enzyme kinetic parameters [1-4]. Whilst it is gener- 
ally a relatively simple matter to purify the substrates 
used in enzyme studies, the small amounts of radio- 
active materials used for radiochemical assays some- 
times makes it inconvenient to carry out such purifi- 
cations and in many cases kinetic studies have been 
reported in which the purity of radioactive com- 
ponent of the assay medium has not been checked. 
In this paper we propose a simple kinetic test to 
detect the presence of inhibitory impurities in the 
radioactive substrate. 


THEORY 


Most radiochemical enzyme assays that involve 
varying the substrate concentration are carried out 
either at constant radioactivity or constant specific 
radioactivity. In the former approach the amount of 
radioactive substrate present is held constant and the 
substrate concentration is varied by having different 
amounts of unlabelled substrate present. The constant 
specific radioactivity method involves maintaining the 
ratio of radioactive to unlabelled substrate at all sub- 
strate concentrations. The presence of an inhibitory 
contaminant in the radioactive substrate solution will 
have different effects upon the kinetic parameters for 
the two methods. In the constant radioactivity 
method the amount of inhibitor will be constant in 
each assay and thus the normal reversible inhibitor 
equations (see eg. [5]) will apply whereas in the con- 
stant specific radioactivity method the inhibitor con- 
centration will vary with the substrate concentration 
and the kinetic equations derived for systems in which 
the substrate is contaminated by an inhibitor [1-4] 
will apply. The types of effects that will be seen will 
depend upon the type of inhibitor present and the 
effects of the common simple types are considered 
in terms of an enzyme obeying the simple Michaelis— 
Menten equation. 


(a) Competitive inhibitors. Contamination of the 
radioactive substrate with a competitive inhibitor will 
give rise to the kinetic equation 


V 
v= (1) 


1 + = ipagas 
Ss K; 


if the constant radioactivity method is employed, and 
where s and i represent the substrate and contaminat- 
ing inhibitor concentrations. If the constant specific 
radioactivity method is used the inhibitor concen- 
tration will be a constant proportion of the substrate 
concentration and thus we can write i = x.s, where 
x is a constant. Under these conditions equation (1) 
will become 





4 2 
be =, 
| a: @) 
1+ —+— 
S K; 
The double-reciprocal plots that will be given by sys- 
tems obeying equations (1) and (2) are shown in Fig. 
la. In both cases linear plots are obtained and the 
lines given by the two methods will intersect on the 
right hand side of the vertical axis. It can be seen 
that line given by equation (1) will intersect the verti- 
cal axis at a value of 1/V and the line given by equa- 
tion (2) will have a slope of K,,/V allowing the true 
K,, value to be determined from the results of experi- 
ments carried out using both assay approaches. 
(b) Uncompetitive inhibitors. Contamination with an 
inhibitor of this type will give the equation 
: 3 
v= 
1+ os Kn ? 
K, $s 
if the constant radioactivity method is used, and 


(4) 
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Fig. |. Double-reciprocal plots [6] given by systems in which the radioactive substrate is contaminated 
by a reversible inhibitor. In all cases lines labelled (A) would be determined by the constant radioactivity 
method and those labelled (B) would be determined by the constant specific radioactivity method. 
The broken line represents that that would be expected in the absence of any inhibition. Plots for 
competitive (a), uncompetitive (b), mixed (c) and non-competitive (d) inhibition are shown. In the 
case of uncompetitive inhibition the linear portion of line B is superimposed upon that given in the 
absence of inhibition. For mixed inhibition line A can intersect with the broken line above or below 
the — I/s axis. 


if the constant specific radioactivity method is used. 
The types of double-reciprocal plots that will be 
obtained are shown in Fig. |b. In this case the lines 
given by the two methods will be parallel but high 
substrate inhibition will be shown in the experiments 
carried out at constant specific radioactivity. Extrapo- 
lation of the linear portion of the line obtained at 
constant specific radioactivity (equation (4)) will allow 
V and K,, to be calculated from the intercepts on 
the vertical and horizontal axis in the normal way. 

(c) Mixed inhibitors. Contamination with a mixed 
inhibitor will give 





(5) 


1+—+ 
K 


for the case where the constant radioactivity method is 
used and 





(6) 


when the constant specific radioactivity is used. The 
types of double-reciprocal plots that will be given are 
shown in Fig Ic. The lines given by the two methods 
will not be parallel but there is no way of predicting 
whether the intersection point will be to the right- 
hand or the left-hand side of the vertical axis. This 
type of inhibition can however be distinguished from 
a competitive contaminant since in this case apparent 


high-substrate inhibition would be given when the 
constant specific radioactivity method used but not 
with the constant radioactivity method. It is not poss- 
ible to obtain the true K,, value in this case from 
these two lines. 

In the special case of non-competitive inhibition 
where K; = K; in equations (5) and (6) the double- 
reciprocal plots (Fig. 1d) will not be distinguishable 
from those given by the mixed case. 

Contamination of the radioactive substrates used 
in enzyme assays is not uncommon and frequently 
results from the instability of these compounds. In 
the assay of methyltransferases contamination of 
S-adenosylmethionine by S-adenosylhomocysteine 
[7] can lead to significant errors in the estimation 
of enzyme activities due to the powerful product inhi- 
bition given by the latter compound (see eg. [8]). The 
contamination of amine substrates used for the assay 
of monoamine oxidase by their corresponding alde- 
hydes has also been shown to lead to incorrect kinetic 
conclusions [4]. Both in these and other cases the 
kinetic method outlined in this paper can provide a 
convenient means of checking for significant amounts 
of impurities in the radioactive substrates used. 


DISCUSSION 


The approach outlined in this paper provides a 
simple way of detecting the presence of a reversible 
inhibitor in the radioactive substrate solution used 
for radiochemical enzyme assays. A significant differ- 
ence between the K,, values determined by the two 





Detection of inhibitory contaminants 


methods would indicate that the radioactive substrate 
solution should be purified. A contaminating irrevers- 
ible inhibitor may readily be detected by determining 
the variation of initial velocity with enzyme concen- 
tration [5]. The method can be extended to cover 
contaminating inhibitors affecting enzymes that cata- 
lyse two substrate reactions (see [2,4]) and the effects 
that will be seen will be similar to those shown in 
Fig. 1. Despite the fact that the true K,, value may 
be extracted from results obtained with competitive 
and uncompetitive contaminants by using this 
method, it is not suggested that this represents an 
ideal way of doing so. It is, of course, not possible 
to determine a value of K; (or K;) by using this 
approach without knowing the concentration of the 
inhibitory contaminant. A limitation to this approach 
may occur if true high-substrate inhibition occurs, but 
in this case devrations from linearity will be seen with 
double-reciprocal plots determined using both the 
constant radioactivity and the constant specific radio- 
activity methods. In cases where high-substrate inhi- 
bition occurs without any inhibitory contamination 
of the substrate, the K; values calculated for inhibi- 
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tion by substrate (see eg. [5]) will be the same which- 
ever of the radiochemical assay approaches is used 
whereas an additional contamination of the radio- 
active substrate with either an uncompetitive or a 
mixed (or a non-competitive) inhibitor will result in 
unequal values. 
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Abstract—The role of various sulphydryl compounds in protective mechanisms against acute ethanol 
toxicity has been investigated in the mouse. Intraperitoneal administration of varying doses of ethanol 
(0-6 g/kg as 20 per cent, w/v solutions) produced a linear dose response reduction in hepatic reduced 
glutathione (GSH) levels. The time scale of this effect suggested that GSH depletion occurred as a 
consequence of hepatic damage rather than contributing towards it. It was also demonstrated that 
the sulphydryl compounds f-mercaptoethylamine-HCl, cysteine and methionine significantly increased 
the survival rate of mice given a lethal dose of ethanol. 


Reduced glutathione (GSH) is the major non-protein 
thiol of the cell. In the liver it is a substrate for the 
enzyme GSH peroxidase, which is responsible for the 
further metabolism of lipid peroxides [1,2], and is 
important in conjugation reactions with foreign com- 
pounds which are then excreted as mercapturic acids 
[3,4]. As such its intracellular concentration is im- 
portant and any diminution could lead to lipid per- 
oxide or other cellular injury. 

The significance of this to ethanol induced hepatic 
injury was indicated when it was found that acute 
ethanol intoxication resulted in increased lipid per- 
oxide formation [5] and in a reduction in GSH levels 
in the livers of rats [6]. Unfortunately, administered 
GSH does not readily enter cells. Recently, however, 
several reports have been published indicating a pro- 
tective role for other sulphydryl compounds in 
various cases of drug induced liver injury including 
cysteamine in paracetamol poisoning [7] and cysteine 
in bromobenzene [3], paracetamol[8] and carbon 
tetrachloride poisonings [9]. 

The present study was therefore undertaken to 
further examine the effect of ethanol on GSH levels 
in the liver and to investigate the effect of the sul- 
phydryl compounds f-mercaptoethylamine-hydro- 
chloride (cysteamine-HCl) and cysteine and the sul- 
phur containing amino acid, methionine, on the toxic 
action of ethanol and its metabolite acetaldehyde. 


MATERIALS AND METHODS 


B-Mercaptoethylamine hydrochloride, cysteine and 
methionine were supplied by British Drug Houses, 
Poole, Dorset. Titration with iodine and TLC exam- 
ination [7] confirmed that the purity of -mercap- 
toethylamine hydrochloride was greater than 95 per 
cent. 
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1. The effect of an acute dose of ethanol on hepatic 
GSH levels in the mouse 

Methods. Male mice weighing approximately 30g 
each were divided into seven groups of six animals 
and starved overnight. Animals in each group were 
given a single intraperitoneal injection of 6g eth- 
anol/kg body weight as a 20 per cent w/v solution 
in saline. Groups were sacrificed at 2-hour intervals 
from zero time to 10hr with the exception of one 
group which was maintained for 24hr. Livers were 
removed and hepatic GSH levels measured by a 
modification of the method described by Jollow et 
al. [3]. 

Results. Figure 1 shows the depletion of hepatic 
GSH levels with time in the mouse following an acute_ 
dose of ethanol. Up to 4hr after ethanol administra- 
tion there was very little difference from zero time 
levels, but thereafter the level of GSH fell steadily 
to approximately 45 per cent of normal after 8 hr. 
This low level of GSH was maintained up to 24hr 
after ethanol administration. ; 


2. Relationship between ethanol dosage and hepatic 
GSH levels in the mouse 


Methods. The procedure was similar to that above. 
Seventy mice in groups of ten were given single doses 
of ethanol varying from 06g ethanol/kg body 
weight. All animals were sacrificed after 8 hr and their 
hepatic GSH levels measured. 

Resuits. Figure 2 shows that hepatic GSH levels 
in the mouse are depleted by increasing ethanol con- 
centrations. The depletion was linear with a correla- 
tion coefficient of r = 0.74 (P < 0.001). The reduction 
in GSH levels to approximately 45 per cent of normal 
produced by 6g ethanol/kg is presumably the maxi- 
mum response to ethanol since animal mortality dra- 
matically increases above this ethanol dosage (see 
Table 1). 


3. The effect of B-mercaptoethylamine-HCl, cysteine 
and methionine on the survival of mice given a lethal 
dose of ethanol 

Methods. The experiments were designed to deter- 
mine whether f-mercaptoethylamine-HCl, cysteine 


1529 





C. M. MAcDONALD, J. Dow and M. R. Moore 


x 
mn 


-~)P 
aa 


§ 


p moles GSH/g 
WET WEIGHT 
LIVER 


= 
a 
i 


FFFFF 





? ~ 





02468 
Time (hours) 


Fig. 1. Changes in the level of GSH in mouse liver follow- 
ing an acute dose of ethanol. 


and methionine had any effect on the survival of mice 
given an LD7, dose of ethanol. 

Male mice weighing 28-33g were divided into 
groups of seventy animals. Control groups received 
a single intraperitoneal injection of ethanol, while test 
groups received ethanol followed 10-20 min later by 
an intraperitoneal injection of one of the test com- 
pounds. The dosages used were as follows: ethanol, 
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Fig. 2. Dose relationship between ethanol dosage and 
hepatic GSH levels in the mouse. 


6.5 g/kg as a 19 per cent w/v solution in saline, p- 
mercaptoethylamine-HCI and cysteine, 330 mg/kg 
as 1g/l0ml solutions in saline and methionine, 
330 mg/kg as a 1g/20ml solution in 10 per cent 
ascorbic acid in saline. 

In all groups those animals not surviving for a 
minimum period of 2 hr were excluded from the final 
assessments, their deaths being attributed to anaes- 
thetic or other non-specific effects of ethanol [10]. 
The experiments were terminated after 24 hr and the 
number of animals still surviving in each group 
counted. 

Results. The proportion of fatalities occurring in 
the first 2 hr following ethanol administration was the 
same for all groups within each trial (Table 1). 

Ethanol administration given alone to control 
groups produced approximately 70 per cent mortality. 
The administration of B-mercaptoethylamine-HCl sig- 
nificantly (P < 0.001) increased survival as compared 
with controls (Table 1). 

Table | also shows that a similar increase in sur- 
vival was obtained by cysteine (P < 0.001), whilst 
methionine was somewhat less effective (P < 0.05). 


4. The effect of cysteine on the survival of mice given 
a lethal dose of acetaldehyde 


Mice 30-40 g were given cysteine 330 mg/kg 30 min 
prior to dosage with acetaldehyde solution (0.1 ml) 
at a dose rate of 15 nmol/kg. The survival of the ani- 
mals was followed over the subsequent 48 hr. 

Results. There was no significant difference in mor- 
tality in the experiment between the animals treated 
with SH compounds and acetaldehyde, and those 
given acetaldehyde alone (Table 2). 


DISCUSSION 


It has been shown that the administration of large 
single doses of ethanol to mice significantly reduces 
the level of GSH in the liver, a result which is in 
agreement with our previous observation in rats [6]. 


Table 1. The effect of B-mercaptoethanolamine-HCl, cysteine and methionine on the survival of mice 
given lethal doses of ethanol 





Number 


animals 


Number 
of surviving 
after 2 hr 


Number 
surviving 
after 24 hr 


% Survival 
after 24 hr 


oO 
Yo Increase 
in survival 





Ethanol control 
Ethanol + cysteamine-HCl 


Ethanol control 
Ethanol + cysteine 
Ethanol + methionine 


20 38% 
37 ny 
19 29% 


39 60% 
30 47%, 


Sy A 


107%" 
62%+ 





*P < 0.001 
+P < 0.05 


Table 2. Effect of cysteine on mice given a lethal dose of acetaldehyde 





Number of 
animals 


% Survival after 
3hr 24hr 48hr 





Acetaldehyde control 
Acetaldehyde + cysteine 
(330 mg/kg) 


68 


68 








Possible protective role for sulphydryl compounds 


The maximum depletion appeared to occur 6-8 hr 
after ethanol administration and was maintained for 
at least a further 16hr thereafter. An ethanol dose— 
response relationship with the level of GSH in the 
liver was also established. This indicated that GSH 
levels of 45 per cent of normal were the lowest obtain- 
able with ethanol since further increases in the eth- 
anol dosage resulted in a dramatic increase in animal 
mortality (Table 1). 

Reductions in the GSH content of the liver is a 
common feature of hepatoxicity. For example, signifi- 
cant reductions in GSH level occur within Shr of 
bromobenzene administration [3] and within | hr of 
paracetamol administration [11]. Associated with this 
there is an increase in free radical and lipid peroxide 
formation. 

Since GSH inhibits lipid peroxidation as a result 
of its antioxidant properties [12] and through its in- 
volvement with GSH peroxidase [5], a decrease in 
the GSH content of the liver could well give rise to 
an increase in both peroxide formation and intracellu- 
lar injury. However, no depletion of GSH occurred 
within the first 3 hr following ethanol administration 
by which time lipid peroxide formation is well estab- 
lished [5]. It therefore appears that the lowering in 
GSH content is not the cause of the enhanced lipid 
peroxidation in acute ethanol toxicity but rather may 
be a consequence of increased peroxidation in the 
liver cell. The involvement of GSH peroxidation in 
the detoxification of lipid peroxides could account for 
a significant proportion of this reduction. 

These studies also demonstrate that the sulphydryl 
compounds f-mercaptoethylamine-HCl, cysteine and 
methionine, significantly increased the survival of 
mice given a lethal dose of ethanol. No such effect 
was observed with ethanol’s primary metabolite, acet- 
aldehyde, although such a diminution has been 
reported previously [13]. This may in part be due 
to the very much greater toxicity of acetaldehyde. 

To what extent this effect of these sulphydryl com- 
pounds was due to their ability to prevent liver injury 
has not been established. However, it has previously 
been shown that these agents prevent iiver damage 
by other hepatoxic agents by providing an extra 
source of SH groups for use in conjugation reactions 
with toxic metabolites [3, 7-9]. That such a mechan- 
ism may also operate in ethanol toxicity is suggested 
by increased excretion of ['*C]metabolites in the 


1531 


urine following the administration of ['*C]cysteine 
to rats acutely intoxicated with ethanol [14]. Further, 
the increase in excretion of these metabolites occurred 
between 3 and 24hr after ethanol administration so 
coinciding with the depletion of GSH in the liver. 
Although the identity of these metabolites has not 
yet been established, similar excretion patterns have 
been observed after administration of other hepatoxic 
agents. In such instances they have been identified 
as mercapturic acids [4]. 

It is also possible that these sulphydryl compounds 
may serve as alternative substrates for GSH peroxi- 
dase. Although the substrate specificities are lower 
than for GSH [1] their contribution could increase 
when GSH levels were low. Their potential use may 
be worthy of consideration in the human situation 
where mortality from acute alcoholic hepatic failure 
and hepatic coma remains high [15]. 
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SHORT COMMUNICATION 


Enhancement by caffeine of the growth inhibitory effects of antimetabolites 
in lymphoma L5178Y cells* 


(Received 29 September 1976; accepted 20 December 1976) 


Caffeine has manifold effects on cultured mammalian cells 
(review: Ref. 1). At relatively high concentrations it can 
by itself inhibit growth and induce mutation and chromo- 
some aberrations [2, 3]. In addition, however, many studies 
have shown that concentrations of caffeine that inhibit 
neither growth nor incorporation of [*H]thymidine into 
DNA potentiate: the lethal effects of ultraviolet irradiation 
and of a variety of alkylating agents [4-13]. Although the 
precise mechanism or mechanisms by which caffeine exerts 
these effects are not known, the process of post-replicative 
repair of DNA is believed to be involved. 

This paper reports observations of the enhancement by 
caffeine of the growth inhibitory effects of methotrexate, 
6-methylmercaptopurine ribonucleoside, mycophenolic 
acid, hydroxyurea and 2’-deoxyadenosine in cultured mur- 
ine lymphoma L5178Y cells. Methotrexate is an inhibitor 
of dihydrofolate reductase (EC 1.5.1.3), methylmercapto- 
purine ribonucleoside of amidophosphoribosyltransferase 
(EC 2.4.2.14), mycophenolic acid of inosinate dehydrogen- 
ase (EC 1.2.1.14), and hydroxyurea of ribonucleoside 
diphosphate reductase (EC 1.17.4.1), whereas enzymatic 
sites of action of deoxyadenosine have not been precisely 
defined. For the purposes of this paper, we are applying 
the term “antimetabolite” to hydroxyurea and deoxy- 
adenosine as well as to the other drugs, as they all affect 
nucleotide metabolism. We are not aware that the 
enhanced cytotoxicity of combinations of caffeine and anti- 
metabolites has previously been reported. 

The lymphoma LS5178Y cells used in this study were 
grown in stationary suspension culture in Fischer’s 
medium supplemented with 10% horse serum (Grand 
Island Biological Co.). Stock cultures were maintained in 
logarithmic phase by dilution at least every 48 hr to a den- 
sity of ca. 0.2 x 10° cells/ml. In the experiments reported 
here, cells were used at densities between 0.14 and 
2.5 x 10° cells/ml, under which conditions the average 
generation time was 11 hr. Cell numbers were measured 
using a model Z; Coulter Counter. When combinations 
of drugs were used, all were added simultaneously. 

Deoxyadenosine, hydroxyurea, and methylmercaptopur- 
ine ribonucleoside were obtained from Sigma Chemical 
Co., methotrexate from Lederle Laboratories, mycopheno- 
lic acid from Dr. T. J. Franklin, and 2’-deoxycoformycin 
from Dr. G. A. LePage. 

The results are shown in Fig. 1. In all of these experi- 
ments, cells were exposed to drugs for between | and 6 hr, 
after which the drugs were removed (i.e. the cells were 
collected by centrifugation and suspended in fresh 
medium). Growth was then measured during 38-54 hr after 
removal of drugs. Under these conditions, “re-growth” may 
depend on the extent of cell kill during the period of expo- 
sure to drug, to disturbances in the cell cycle, or to con- 
tinued effects of intracellular drug that may still be present. 
The times of exposure to drug and the concentrations of 
the drugs that were used were chosen, on the basis of prior 
experience, to induce small to moderate degrees of growth 
inhibition in the absence of caffeine. These results (Fig. 





* This work was supported by the National Cancer In- 
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1, panels A and D) and other studies have indicated that 
2 mM caffeine by itself was not growth inhibitory under 
these conditions. 

The interaction of caffeine and methotrexate (Fig. 1A) 
was studied both when cells were exposed to drugs for 
1 hr and when a 6-hr treatment time was used. In both 
cases, the addition of caffeine led to an appreciably greater 
degree of apparent cell kill. 

In studies with deoxyadenosine (Fig. 1B), an inhibitor 
of adenosine deaminase (EC 3.5.4.4), 2'-deoxycoformycin, 
was added to prevent detoxification of this compound 
[14,15]. At the concentration used, the deoxycoformycin 
had no growth inhibitory effect of its own. Again, caffeine 
enhanced the growth inhibition produced by deoxyadeno- 
sine, although the growth rates of treated cells were less 
than control cells. In another experiment (data not shown), 
conditions were obtained in which there was no increase 
in cell number over 30 hr in the presence of deoxyadeno- 
sine. In this case, the combination of caffeine plus deoxy- 
adenosine led to a progressive decrease in cell numbers. 
In one experiment, it was shown by the soft-agar cloning 
technique [16] that caffeine actually did increase cell kill- 
ing by deoxyadenosine. 

Caffeine enhanced the growth inhibitory effect of 100 uM 
hydroxyurea to a large extent (Fig. 1C), and this enhance- 
ment was also observed (data not shown) when higher con- 
centrations (320 and 3200 uM) of hydroxyurea were used; 
these concentrations, of course, were themselves inhibitory. 
This enhancement of growth inhibition by combinations 
of hydroxyurea and caffeine was also observed when mur- 
ine leukemia L1210 and human lymphoblast 6410 cells 
were used. 

Finally, enhancement by caffeine of the growth inhibi- 
tory effects of methylmercaptopurine ribonucleoside (Fig. 
1D) and of mycophenolic acid (Fig. 1E) was also observed 
in lymphoma L5178Y cells. In both of these cases, treated 
and control cells grew at approximately the same rates 
after recovery for 20 hr in the absence of drug. 

The mechanism or mechanisms by which caffeine 
enhances the growth inhibitory effects of the antimetabo- 
lites are not known. Methotrexate (Refs. 17 and 18, and 
L. W. Brox, personal communication), 6-methylmercapto- 
purine ribonucleoside (R. W. Wood and J. F. Henderson, 
unpublished results), mycophenolic acid (J. K. Lowe and 
J. F. Henderson, unpublished results), hydroxyurea 
[19-21] and deoxyadenosine (L. W. Brox, personal com- 
munication) all either decrease intracellular concentrations 
of the four deoxyribonucleoside triphosphate substrates of 
DNA synthesis, or cause alterations in the relative concen- 
trations of these metabolites, or both. If caffeine partially 
interferes with a process that requires deox yribonucleoside 
triphosphates (such as DNA repair) then reduction or un- 
balance in their concentrations might further retard this 
process. This matter obviously requires further investiga- 
tion. 
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Fig. 1. Enhancement by caffeine of growth inhibition by antimetabolites. Fifty-ml bottles were inocu- 
lated with 10ml of lymphoma LS178Y cells in Fischer’s medium containing 10% horse serum at 
cell densities of between 0.2 and 1.2 x 10° cells/ml. Drugs were added and the cells were incubated 
for varying periods of time, after which the cells were collected by centrifugation at 800g and resus- 
pended in 20 ml of fresh warmed growth medium in the absence of drugs. The cultures were incubated 
at 37° and cell densities were measured for the next 38-54 hr. Results presented are averages of duplicate 
analyses, and are representative of those obtained in at least two experiments. (A) Methotrexate. Cells 
were incubated for 6hr with no additions (A), for 6hr with 2mM caffeine (CQ), for 1 hr with | uM 
methotrexate (©), for 1 hr with | uM methotrexate plus 2 mM caffeine (@), for 6hr with | uM metho- 
trexate (A), and for 6hr with | uM methotrexate plus 2mM caffeine (™@). (B) Deoxyadenosine. All 
cultures contained 0.3 ug/ml of deoxycoformycin during the period of exposure to drug. Cells were 
incubated for Shr with no other additions (4), for Shr with 50 uM deoxyadenosine (O), or with 
50 uM deoxyadenosine plus 2mM caffeine (@). (C) Hydroxyurea. Cells were incubated for 3 hr with 
no additions (A), for 3 hr with 100 uM hydroxyurea (@), or for 3hr with 100 uM hydroxyurea plus 
2mM caffeine (0). (D) Methylmercaptopurine ribonucleoside. Cells were incubated for 3 hr with no 
additions (A), for 3 hr with 2 mM caffeine (0), for 3 hr with 5 .M methylmercaptopurine ribonucleoside 
(@), or for 3hr with 5 uM methylmercaptopurine ribonucleoside plus 2mM caffeine (C1). (E) Myco- 
phenolic acid. Cells were incubated for 2 hr with no additions (A), for 2hr with | uM mycophenolic 
acid (©), or for 2hr with | uM mycophenolic acid plus 2 mM caffeine (@). 
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METABOLISM IN VIVO OF DIOXANE: IDENTIFICATION OF p-DIOXANE-2-ONE AS THE 
MAJOR URINARY METABOLITE* 
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Previous investigations (1-3) from our laboratory have established p-dioxane (Th. & 
commonly used industrial and laboratory solvent, as a hepatic carcinogen. This finding 
was confirmed by Kociba et al. (4). The literature on the metabolism of Lis very scanty. 
Based on results obtained from the oxidation of I by nitric acid, Fairley et al. (5) postu- 
lated oxalic acid and diglycolic acid to be the metabolites of l. However, this hypothesis 
could not be substantiated by animal studies (6). In order to gain an insight into the 


mechanism of carcinogenic action of I, we have undertaken studies of its metabolism in 


vivo. In analyzing by gas chromatography (g.c.) the urine samples obtained from rats 


treated with I, we have identified a major metabolite of I The present communication 
describes these studies. 

Male Sprague-Dawley rats (95-130 g) were given dioxane (50-400 mg/100 g body 
weight) intraperitoneally. Urine samples were collected in 8- or 12-hr periods for Z 
days, using 0.2 ml of glacial acetic acid as a preservative; the samples were then treated 
with kaolin, filtered through Whatman No. 42 paper and the filtrate pH was checked and 
adjusted to between 4.0 and 4.5. Gas chromatographic (Microtek GC DSS-162 equipped 
with a flame ionization detector) separation of the volatile compounds present in the kao- 
lin-treated urine on Porapak Q or QS (mesh 50-80, 6 ft. x i in., inlet 280°, column 180°, 
detector 200°) revealed two major peaks: one with a retention time of 7 min correspond- 
ing to I and the other with a retention time of 32 min hereafter called ''the metabolite. '' 
The appearance of the metabolite was dependent on the pH of the urine. At high pH (in ex- 
cess of pH 12), no metabolite can be detected; reacidification of the solution brought about 
the re-appearance of the metabolite peak, suggesting the presence of an acidic group in 


the metabolite. The excretion of the metabolite was dose dependent and time dependent, 
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reaching a maximum between 20 to 28 hr after administration of I. Administration of di- 
ethylene glycol (II) also yielded the same metabolite; however, it was almost entirely ex- 
creted prior to 20 hr, suggesting that II may represent an intermediate stage in the me- 
tabolism in vivo of I, Under similar conditions, diglycolic acid, ethylene glycol and oxal- 
ic acid did not give rise to excretion of the metabolite. 

Isolation of the metabolite was achieved by preparative g.c. (Varian model 90-P 
equipped with a thermal conductivity detector), Urine samples were first concentrated 
30- to 40-fold by lyophilization. The metabolite was then isolated from the lyophilized 
urine by trapping the effluent gas in a U-shaped collecting tubule immersed inice. The 
freshly isolated sample was in the form of a yellowish liquid which would gradually solidi- 
fy to a white amorphous material after several days, on standing at ambient temperature. 
Generally, after isolation the metabolite was immediately diluted with deuterated chloro- 
form or with methylene chloride for spectral analyses. The purified metabolite showedan 


* in the infrared (IR) spectrum (Perkin Elmer 257 grat- 


intense carbonyl band at 1750 cm” 
ing IR spectrometer). Nuclear magnetic resonance (NMR) spectra(Varian A-60 or 
HA-100) showed two triplets and one singlet with equal intensity at 6 3.85, 4.48 and 4. 37 
respectively. Gas chromatography-mass spectrometric studies were performed ona 


Hewlett-Packard 5982A quadrupole mass spectrometer equipped with a model 5710A gas 


chromatograph using OV-101 as support. Figure 1 shows the g.c.-mass spectrum of the 


100-7 Dioxane Metabolite 102 


Fig. 1. Gas chro- 
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metabolite isolated from lyophilized urine by preparative g.c. and diluted with methylene 


chloride. A parent peak at m/e 102 was observed. Molecular weight determinations by 
cryoscopy and by the Rast method (Galbraith Labs., Knoxville, Tenn., and Huffman 
Labs., Wheatridge, Colo.) yielded, however, inconsistent values ranging from 147 to 565, 
which attests the instability of the isolated compound. Based on the information obtained, 
the structure of the metabolite has been deduced and identified as p-dioxane-2-one (also 
known as 2-hydroxyethoxyacetic acid 6-lactone) (IV). This conclusion was supported by 
the facts that IV is a lactone with a six-membered ring, which has the peculiar character- 
istic of spontaneously polymerizing to linear polymers (V) on standing (7), and that IV can 


be reversibly converted to 2-hydroxyethoxyacetate (III) (which is non-volatile) by adjusting 





Preliminary Communications 


the acidity or alkalinity of the solution (8). Synthetic p-dioxane-2-one was obtained from 
Aldrich Chemical Co. and purified by distillation. The authentic compound possesses the 
same chemical properties and exhibits identical IR, NMR and g.c.-mass spectra as the 
dioxane metabolite. Evidence that IV is an actual metabolite of I was provided by our 
studies using 4C-labeled I. Forty to sixty per cent of the radioactivity may be recovered 
from the urine of rats given 4C-labeled I. Using preparative g.c., 4 C-labeled IV was 
isolated from the urine by bubbling the column effluent directly through dioxane -based 
liquid scintillation solution (Bray's solution). The amount of radioactivity collected cor- 


related well with the amount of IV determined by the flame ionization detector. 


To establish the absolute amounts of IV excreted by rats dosed with I, the purified 


authentic cornpound was diluted with kaolin-treated urine from untreated rats to a final 
concentration of 10 mg/ml and the solution was used to standardize the g.c. calibration. 
The average excretion of IV in 48 hr was found to be 227. 8415.8 mg (mean:S. E. of 
eight determinations)/200 g body weight from rats given I at a dose of 300 mg/100 g body 
weight. Thus, 33 per cent of I given was recovered as IV inthe urine. An average of 
10.8 per cent of I was excreted unchanged. Comparison of these data with those obtained 
by using “C-labeled I indicated that IV and I accounted for most, if not all, of the urinary 
excretion. 

Our data clearly establish that p-dioxane-2-one is the major urinary metabolite of 
dioxane. Other experiments (9) revealed that the metabolism of I to IV can be significant- 
ly increased by pretreatment of rats with inducers of microsomal mixed-function oxidases 
(MFO) and decreased by inhibitors of MFO, suggesting the involvement of MFO in the me- 
tabolism in vivo of I. That the metabolism of I may be related to its toxicity and/or car- 
cinogenicity is implicated from acute toxicity studies which indicate that certain agents 
that modify the metabolism of I also modify its toxicity in the same manner. Preliminary 
data on the acute toxicity of IV indicate that IV is considerably more toxic thanI. The 
possibility that IV may be a proximate carcinogen of I is currently under study in view of 
the fact that a number of lactones with similar structure are known to be carcinogenic 
(10,11). It is of interest that IV and derivatives of IV have been used commercially and 
industrially as preservatives for animal specimens and other purposes. The potential 
health hazard of the compound remains to be assessed. 

The possible metabolic pathways of I are shown in Fig. 2. The observation that IV is 
excreted from rats given II and at a rate faster than that of [V from I supports pathway 
(a); however, the absence of Il inthe urine from rats givenI suggests either very rapid 
conversion of II to III (IV) or that other alternative mechanisms exist. One interesting al- 
ternative [pathway (b)] is the formation of a keto-peroxyl radical as an intermediate, 
similar to the reaction scheme proposed by Lorentzen et al. (12) for the oxidation of the 
carcinogen benzo(a)pyrene to benzo(a)pyrene diones. Another alternative [pathway (c)] 
that remains to be tested involves hydroxylation of I followed by oxidation of the hemiace- 


tal (aldehyde) intermediate. The exact nature of the pathway awaits further studies. 
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In the preceding communication (1), we summarized our studies on the metabolism in 
vivo of dioxane which identified p-dioxane-2-one to be the major urinary metabolite. It is 
well documented that the activity of mixed-function oxidases (MFO) metabolizing foreign 
compounds can be modulated by various inducers, repressors and inhibitors (2-4). In or- 
der to investigate the involvement of MFO in the metabolism in vivo of dioxane, the effect 
of several such agents on the excretion of p-dioxane-2-one was studied. 

Male Sprague-Dawley rats (95-130 g) were used throughout. Three typical inducers 
of MFO were employed: phenobarbital (PB), the polychlorinated biphenyls, Aroclor 1254 
(PCB) (Monsanto Chemical Co.), and 3-methylcholanthrene (MC). PB was dissolved in 
0.9% saline and administered i. p. at a dose of 80 mg/kg daily for 4 consecutive days prior 
to dioxane administration. PCB and MC were dissolved in corn oil; PCB was given ata 


single dose of 500 mg/kg 4 days prior to dioxane administration and MC at 40 mg/kg 24 hr 


prior to dioxane administration. Control rats received equivalent amounts of saline or 


corn oil. To repress the synthesis of cytochrome P-450(5), cobaltous chloride (60 mg/kg) 
was injected s.c. 24 hr prior to dioxane administration. Dioxane (3 g/kg) was giveni.p. 
and urine samples were collected at 8- or 12-hr intervals and treated as previously (1). 

2, 4-Dichloro-6-phenylphenoxy ethylamine (DPEA), a potent, long-acting inhibitor of MFO 
(6, 7) (gift of Dr. R. E. McMahon, Eli Lilly Co.), was dissolved in saline and given at the 
dose of 15.9 mg/kg 30 min prior to dioxane administration and 8, 16 and 24 hr thereafter. 
The amount of p-dioxane-2-one present in urine was determined by analytical gas chro- 
matography using purified synthetic reference compound as standard. 

Figure 1 shows the effect of PB pretreatment on the excretion of p-dioxane and p-di- 
oxane-2-one. PB significantly increased the total amount of the metabolite excreted (227 
mg/200 g body weight for control rats and 370 mg for PB-treated rats). In addition, the 
time required for peak excretion was reduced from between 20 to 28 hr for control rats to 
about 12 hr for PB-treated rats. Administration of DPEA to PB-treated rats partially 
blocked the stimulatory effect of PB in the first 16 hr; DPEA alone was also inhibitory. 
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Similar results were obtained when rats were pretreated with PCB. While there was vir- 


tually no effect with MC, cobaltous chloride decreased metabolite excretion. 


2>-= Dioxone from control 

D——O Dioxane from PB pretreated 
O-=C Metabolite from control 
@—@ Metabolite from PB pretreated 


Amount excreted (mg/200 gm body weight) 





Time, hours 


Fig. 1. Effect of phenobarbital on the excretion 


of dioxane and p-dioxane-2-one. 


To ensure that the effects observed above were not due to the modulation of renal ex- 
cretory function by various agents, the results were also expressed on the basis of mg 
creatinine excreted. Creatinine was determined by the modified micromethod of Folin's 
creatinine assay (8). Administration of dioxane caused a decrease in creatinine excretion 
in the first 8 hr. Pretreatment with the various inducers had no clear-cut effect on the 
creatinine excretion; however, cobaltous chloride substantially lowered creatinine excre- 
tion. Table 1 shows the effect of PB administration on the metabolite excretion, ex- 
pressed on the basis of mg creatinine excreted. Clearly, the stimulatory effect of PB 
was independent of renal excretory function. DPEA substantially curtailed the PB effect 
in the first 16 hr. Similarly, the stimulatory effect of PCB was independent of renal ex- 


» cretory function and was curtailed by DPEA, 


TABLE 1. Effect of PB and of PB + DPEA on p-dioxane -2-one exc retion* 


_ _____Time period _- 
Treatment 0-8 hr 8-16 hr 16-24 hr 24-32 hr 32-40 hr 40-48 hr 








Control 10.7 15.9 18.0 2,4 21.6 2.2 
PB 52.4 45.4 22. 4. 15.9 3.6 | Pa 
PB + DPEA 27.6 35.0 19.0 20.5 21.8 3.0 





*Values are expressed as mg p-dioxane-2-one/mg of creatinine. DPEA was given 0.5 hr 


before and 8, 16 and 24 hr after the administration of dioxane. 
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To confirm the above findings, experiments were carried out using uniformly labeled 
(**C]-dioxane. Rats were given [**C]-dioxane along with unlabeled carrier and urine 
samples were collected for 12-hr periods. The urine obtained was alkalinized to pH>12 
with 10 per cent NaOH, a treatment that converts p-dioxane-2-one into 2-hydroxyethoxy - 
acetate (1). The alkalinized urine was then separated on anion-exchange columns (Bio-Rad 
AG 1 x 8, acetate form, mesh 200-400, 0.7x4cm). Two fractions were collected: a 
non-anionic fraction (eluted by distilled water) and an anionic fraction (eluted by 0.5 M 
NaCl). The former fraction was mainly composed of p-dioxane while the latter contained 
mainly 2-hydroxyethoxyacetate anion. Results obtained from calculations of the radioac- 
tivity present in these fractions indicated close agreement with those obtained by analyti- 
cal gas chromatography. Pretreatment with either PB or PCB increased the total excre- 
tion of **C-labeled metabolite and reduced the time required for peak excretion. 

The results strongly suggest the involvement of typical microsomal MFO in the me- 
tabolism in vivo of dioxane. Of the three typical inducers of MFO used, PB and PCB sig- 
nificantly increased the amount of metabolite excreted and shortened the peak excretion 
time. Although MC had virtually no effect, it is now well established that PB and MC 
represent two distinct classes of agents (2-4) which induce cytochromes P-450 and P-448 
respectively. The PCB, onthe other hand, appear to have a wide spectrum of inducing 
activity, inducing both types of cytochromes (9,10). The results suggest the involvement 
of P-450 types of cytochromes in the metabolism in vivo of dioxane. The observations 
that DPEA, a long-acting inhibitor of MFO, inhibits the excretion of p-dioxane-2-one 
from untreated and PB- and PCB-treated rats, and that cobaltous chloride, a repressor 
of cytochrome P-450 synthesis, also inhibits the metabolite excretion lend further support 
to the involvement of MFO, 

The relationship between the metabolism in vivo of dioxane and its acute toxicity 
and/or carcinogenicity is a subject of great interest in view of the possibility that 
p-dioxane-2-one may be carcinogenic. Preliminary toxicity data of p-dioxane-2-one in- 
dicate that the lactone (LD,,9=0. 75 g/kg) is considerably more toxic than dioxane. Agents 


that modify the metabolism of dioxane may therefore be expected to modify its toxicity; 


this is in fact the case for certain inducers and inhibitors of MFO. Pretreatment with 


PCB, which increases the metabolism of dioxane, significantly increases its toxicity 
(LDg = 5.3 + 0.1 g/kg for control and 4.4 + 0.1 g/kg for PCB-treated rats). Simultane- 
ous administration of DPEA (which inhibits the metabolism) appeared to be protective; at 
a dioxane dose of 4.55 g/kg, the mortality rate was decreased from 70 per cent for PCB- 
t reated rats to 30 per cent for rats treated with PCB + DPEA. Pretreatment with MC, 
which had virtually no effect on the excretion of the metabolite, had no significant effect 
on the LDgg. However, PB seems to be an exceptional case since PB-pretreatment ap- 
peared to have no significant effect on the LD. of dioxane in spite of increasing its me- 
tabolism. The reason for this difference is not known; one possibility is that the lactone 
may be further metabolized to exert its toxic effect. Inthis regard, preliminary studies 
indicate that PCB-pretreatment increases the acute toxicity of the lactone; at a lactone 


dose of 0.7 g/kg, the mortality rate was increased from 40 per cent to 90 per cent after 
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pretreatment with PCB, Experiments are currently in progress to elucidate the role of 


the metabolism in the toxicity and carcinogenicity of dioxane. 
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Many substances combine with oxidized cytochrome P-450, changing its absorbance.. It is 
possible to estimate an apparent binding or affinity constant from this type of data [1,2]. 
As a rule, two kinds of changes may be observed. One class of substance such as ethyl- 
morphine produces a minimum in the difference spectrum at 420 nm and a maximum at 385-390 nm. 
These are type I compounds. Other compounds exemplified by aniline or nicotinamide bring 
about a maximum at approximately 430 nm and a minimum at 390-410 nm. These are type II 
compounds. The mechanism by which such spectral changes are brought about is not entirely 
clear. 

Imai and Sato [3] noted similarities between protoferriheme and cytochrome P-450 with 


ethylisocyanide and pyridine induced spectral interactions. Schenkman and Sato [4] also used 


protoferriheme as a model for cytochrome P-450, inducing a type I change by increasing its pH. 


In this communication a reverse type I spectral change is induced by the addition of hydro- 
phobic substances to protoferriheme. Its significance with respect to the spectral changes 


observed with cytochrome P-450 is discussed. 


MATERIALS AND METHODS 

All nydrocarbons were purchased from Eastman. A stock solution of 2 mM protoferriheme 
(Hemin, Eastman, 97 + % by spectral analysis) was made up in 0.1 N sodium hydroxide. The 
working solution was prepared by diluting 1 ml of stock solution to 25 ml with Tris-KC1(50 mM) 
buffer, giving a final concentration of 8 x 10-5 M. The hydrocarbon solutions were made up 
in alcohol; it was ascertained that alcohol itself produced no appreciable spectral change 


with protoferriheme. The pH was adjusted to 7.68 with a few ul of 1 N NaOH. 
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The spectral changes were measured by means of a Cary 17 spectrophotometer. The volume 
of the protoferriheme solution in the cuvette was 3 ml. The hydrocarbon solution was added 
in alcohol to the cuvette in the sample compartment by means of a micropipette. A like’ 
amount of alcohol was added to the reference compartment and the spectral change determined. 
The process was repeated until 80 ul alcohol or alcoholic solution of hydrocarbon had been 
added to each of the corresponding cuvettes. The data were plotted as suggested by 
Schenkman et al. [1,2], that is to say the reciprocal of A Absorbance, the difference in 
optical density at 420 and 385 nm, was plotted against the reciprocal of the hydrocarbon 
concentration. The apparent spectral constants were calculated by the method of least 
squares. They were computed as apparent association constants for the reaction 


‘ 
E+S_ ES 


_ [es] 
(E}{S] 


a aia ie ‘ 0 , 
at equilibrium. The apparent change in free energy, AG was then written as 


RESULTS 


If protoferriheme is allowed to interact with hydrophobic substances such as hydro- 
carbons, a large spectral change takes place as is seen in Fig. 1 which illustrates the 
difference spectrum obtained with ethylbenzene at pH 7.68. Similar spectral changes were 


observed with aliphatic hydrocarbons; aromaticity is not required. 





T T t ' 


“42 


8 
T 





4 ABSORBANCE 


fe 
iwi 





387 
ae a Se oe ee it - s a 
= WAVELENGTH (nm) 








Fig. 1. Difference spectrum of ethylbenzene with protoferriheme. Ethylbenzene was added to 
a final concentration of 9.9 x 10°*%* M, as described in Materials and Methods. 


It may be observed that this spectral change is a mirror image of that obtained when 
cytochrome P-450 interacts with a type I substrate. In the case of protoferriheme, the peak 
and trough occur at 422 and 387 nm respectively, rather than 420 and 385 nm as is usually 


the case with the enzyme. The A Absorbance (difference in absorbance at 422 and 387 nm) is 
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proportional to the concentration of added hydrocarbon as is the case with the addition of 
substrate to cytochrome P-450. A plot of the reciprocal of A Absorbance vs the reciprocal of 
the hydrocarbon concentration, as applied by Schenkman et al. [1,2] to cytochrome P-450, also 
gives a straight line with protoferriheme, allowing the calculation of an apparent association 
constant for the binding of the hydrocarbon to protoferriheme. A typical example of this 
double reciprocal plot may be seen in Fig. 2. Typical substances which give a type I response 
with the enzyme such as hexobarbital or ethylmorphine give a distorted noncharacteristic 
spectral change with protoferriheme. Aniline causes changes similar to those produced by the 
hydrocarbons. The substance used must have predominantly hydrophobic character to give a good 


response and to bind well. 


4 4 4 








1 -3 
(traieenzenty * 


Fig. 2. Double reciprocal plot of ethylbenzene with protoferriheme. Ethylbenzene concentra- 
tions ranged from 2.48 x 10-4 M to 1.98 x 10-3 by adding 5 yl increments of a 0.0743 M solu- 
tion of ethylbenzene dissolved in ethanol. 

A previous communication from this laboratory [5] pointed out that the free energy of 
binding of a homologous series of aromatic hydrocarbons to hepatic microsomal cytochrame P-450 
was linear with hydrocarbon size. Figure 3 shows that a similar result is obtained for the 
apparent binding of the same series of hydrocarbons to protoferriheme. The slope is 0.36, by 
the method of least squares, as compared to a slope of 0.39 for the hepatic microsomal cyto- 
chrome P-450. This agreement might be fortuitous; it is of interest that there is an in- 
creased negative free energy change as molecular size is increased which amounts to 0.36 kcal 
per mole per added carbon atom. This is a measure of the effect of added carbon atoms on the 
work involved in complex formation. 

The results described are in agreement with the concept that in the resting state of 
the enzyme a hydrophobic moiety (associated with the enzyme itself) is in close proximity 
to the heme(s). When a type I substrate such as hexobarbital (which does not itself 
produce a characteristic change with heme) combines with cytochrome P-450 at some site other 


than in the vicinity of the heme, a conformational change or some other process occurs which 
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Fig. 3. Dependence of apparent free energy of binding upon size for a series of aromatic 
hydrocarbons. The abscissa represents the number of carbon atoms added to the benzene ring. 
Therefore, the points represent benzene (zero carbon atoms), toluene, ethylbenzene and naph- 
thalene in ascending order. While naphthalene is not strictly speaking an analog, it has 
been shown previously [5,6] to behave as though it were. 

results in the withdrawal of this hydrophobic moiety from the vicinity of the heme(s). 

Since introduction of hydrophobic (hydrocarbon-like) substances results in the above 
described inverse type I response, moving that moiety away from the heme(s) would result in 
a typical type I difference spectrum. Conversely, the removal of the substrate from the 
oxidized enzyme could cause this hydrophobic moiety to return to the original position 
relative to the heme, thus giving a reverse type I change. It is not possible to choose as 


to whether the hydrophobic moiety moves away from the heme or vice versa; a combination of 


both is possible. 


The interaction of hydrocarbon with protoferriheme causes a reproducible increase in the 


pH of .01 unit after the addition of 9.9 mM ethylbenzene. These results are consistent with 
the work of Schenkman and Sato [4] where an increase in hydroxyl ion caused a type I change. 
These present results show a reverse type I change with the uptake of a proton from the 
medium, mediated by the interaction of ethylbenzene with the protoferriheme moiety. In other 
words, the reverse type I spectral change is associated with the hydrocarbon-protoferriheme 


complex being a stronger base than the free protoferriheme. 
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ANNOUNCEMENT 


The department of physiology of the University of Turku, Finland, will arrange a satellite symposium of 
the 7th International Congress of Pharmacology, named 

‘Conjugation Reactions in Drug Biotransformation’ 
at the Ikituuri Congress Center, Turku, Finland, July 23-26, 1978. 

The subjects covered will include conjugation reactions of arene oxides, their linkage to the oxidation; 
role of glutathione conjugation in toxicity and in man; toxification with sulfate and glucuronide conjugation; 
purification, cellular regulation and development of glucuronidation enzymes; evaluation of other conjugation 
reactions (glycosylation, acetylation, amino acid conjugation); new sites in the body for conjugation; genetic 
variations in conjugation reactions. 

The programme will include short invited talks, discussion panels, and free communications (poster sessions). 

For information contact the secretary, Antero Aitio, Department of Physiology, Kiinamyllynkatu 10, 20520 
Turku 52, Finland. 
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Abstract—The hepatic effects of technical and pure grade pentachlorophenol were investigated in female 
rats fed 20, 100 and 500 ppm of each for 8 months. Technical pentachlorophenol was contaminated 
with 8 ppm hexa-, 520 ppm hepta-, and 1380 ppm octachlorodibenzodioxins and with 4 ppm tetra-, 
42 ppm penta-, 90 ppm hexa-, 1500 ppm hepta- and 200 ppm octachlorodibenzofurans; pure pentachlor- 
ophenol contained less than 0.1 ppm of each of these contaminants. Technical pentachlorophenol pro- 
duced hepatic porphyria and increased hepatic aryl hydrocarbon hydroxylase activity, glucuronyl trans- 
ferase activity, liver weight, cytochrome P-450 and microsomal heme, but not N-demethylase activity. 
The peak of the CO-difference spectrum of cytochrome P-450 was shifted to 448 nm, and there was 
a dramatic increase in the 455-430 ratios of the ethyl isocyanide difference spectrum. The enzyme 
changes were observed at 20 ppm of technical pentachlorophenol. Porphyria occurred at 100 and 
500 ppm. Pure pentachlorophenol had no significant effect on aryl hydrocarbon hydroxylase activity, 
liver weight, cytochrome P-450, microsomal heme, the ethyl isocyanide difference spectrum or 
N-demethylase activity at any dose level, but did increase glucuronyl transferase at 500 ppm. In contrast, 
both pure and technical pentachlorophenol decreased body weight gain comparably at 500 ppm. It 
is concluded that technical pentachlorophenol produces a number of liver changes which cannot be 
attributed to pentachlorophenol itself, but are consistent with the effects of biologically active chlor- 


inated dibenzo-p-dioxins and dibenzofurans. 


Pentachlorophenol is widely used as a wood preserva- 
tive by the lumber industry, and as a fungicide and 
a bactericide. Recently, commercial preparations of 
pentachlorophenol have been shown to be contami- 
nated with hexa-, hepta- and octachlorodibenzo-p- 
dioxins and dibenzofurans [1]. Chlorinated dibenzo- 
p-dioxins, contaminants of a number of industrial 
products, are formed when alkali metal salts of chlor- 
inated phenols are heated at high temperatures [2]. 
These compounds, especially 2,3,7,8-tetrachlorodiben- 
zo-p-dioxin (TCDD), are among the most potent and 
toxic compounds known. The oral LD;, of TCDD 
is | wg/kg in guinea pigs and 100 pg/kg in rats [3]. 
TCDD produces fetal malformations, hepatic nec- 
rosis, edema, thymic atrophy, hyperkeratosis in the 
rabbit ear and a number of other biological re- 
sponses [4]. Hepatic effects of TCDD include induc- 





*A preliminary report of this work was presented at 
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Atlanta, GA, March 1976 [Toxic. appl. Pharmac. 35, 
(1976)]. 

+ Address reprint requests to: Dr. Joyce Goldstein, 
National Institute of Environmental Health Sciences, 
Research Triangle Park, NC, PO Box 12233. 

t National Institute of Environmental Health Sciences, 
National Institutes of Health, Research Triangle Park, NC 
27709. 

§ Department of Chemistry, Kansas State University, 
Manhattan, KS 66506. 


B.P. 26/17—a 


tion of d-aminolevulinic acid (ALA) synthetase in the 
chick embryo[5], hepatic porphyria[6], and in- 
creases in cytochrome P-448 and activity of a number 
of drug-metabolizing enzymes[7,8]. Hexachlorodi- 
benzo-p-dioxins also produce fetal malformations and 
pathology at low doses [9]. Less is known about the 
toxicity of other chlorinated dibenzo-p-dioxins and 
dibenzofurans. 

Because of the extreme potency of the chlorinated 
dibenzo-p-dioxins, much of the toxicity of many tech- 
nical grade chlorinated aromatic chemicals could be 
due to these contaminants. The chloracne and por- 
phyria cutanea tarda reported in a 2,4,5-trichloro- 
phenoxyacetic acid (2,4,5-T) factory[10] have been 
attributed to contamination by TCDD [11]. Chlor- 
acne was also observed in workers in a factory in 
West Germany which produced technical pentachlor- 
ophenol [12]. Technical pentachlorophenol produced 
in this factory produced hyperkeratosis in the rabbit 
ear while pure pentachlorophenol did not [13], sug- 
gesting the presence of chlorinated dibenzo-p-dioxins. 
In the late 1950s, the presence of chlorinated dibenzo- 
p-dioxins in feed additives was responsible for mil- 
lions of deaths in broiler chicks, and 2,4,5-trichloro- 
phenol and pentachlorophenol were suggested as the 
probable sources [14,15]. A number of chlorinated 
benzenes produce porphyria in experimental ani- 
mals [16]. The possible contamination of these prod- 
ucts by chlorinated dibenzo-p-dioxins is unknown. 
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However, hexachlorobenzene, a fungicide responsible 
for a widespread accidental outbreak of human 
cutaneous porphyria in Turkey in 1959[17] is 
reported to be contaminated with octachloro-p-diben- 
zodioxin, and hepta- and _ octachlorodibenzo- 
furans [18]. 

The effects of pentachlorophenol on the liver have 
received little attention, despite its wide usage, struc- 
tural similarity to the porphyrogenic chlorinated ben- 
zenes and 2,4,5-T, and contamination with hexa- and 
octachiorodibenzo-p-dioxins. Knudsen et al. [19] 
reported that 200 ppm of a technical grade of pen- 
tachlorophenol increased aniline hydroxylase activity 
slightly but had no effect on N-demethylase activity. 
Kimbrough and Linder[20] reported histological 
changes in livers of rats fed a technical grade of pen- 
tachlorophenol that were not seen when rats were 
fed pure grade pentachlorophenol. 

The present study was undertaken to determine the 
effects of pentachlorophenol on the liver and to dis- 
tinguish its effects from those of its contaminants by 
comparing the effects of pure and technical grades 
of pentachlorophenol, with known composition of 
chlorinated dibenzo-p-dioxins and dibenzofurans, on 
the development of hepatic porphyria and alterations 
in hepatic drug-metabolizing enzymes. 


METHODS 


Animals. Forty-two female Sherman rats (29- to 
33-days-old) were randomly distributed into seven 
groups of six each and fed ground Purina laboratory 
chow ad lib. containing 0, 20, 100 or 500 ppm of pure - 
pentachlorophenol or 20, 100 or 500 ppm of technical 
grade pentachlorophenol. Rats were ear tagged and 
body weights and clinical symptoms recorded weekly. 
Food consumption was measured during weeks 1, 2, 
5, 9, 15, 20, 25 and 30. Urine was collected for 24 hr 
in metabolic cages at 4, 8, 16, 24 and 31 weeks. Rats 
were sacrificed by decapitation at 8 months, and ALA 
synthetase, aryl hydrocarbon hydroxylase, aminopyr- 
ine N-demethylase, p-nitrophenol glucurony] transfer- 
ase, ethyl isocyanide difference spectra, cytochrome 
P-450, total microsomal heme and hepatic porphyrins 
determined as described below. 
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Chemicals. Technical pentachlorophenol (86 per 
cent pure, lot KA578) from Monsanto Chemical Co. 
was labeled 10 per cent other chlorophenols and 4 
per cent inert ingredients. Pure pentachloropheno! 
(>99 per cent pure) was from Aldrich Chemical Co. 

Chemical analysis. Both pentachlorophenol ‘samples 
were analyzed for chlorodibenzo-p-dioxins by a 
method similar to that of Crummett and Stehl [21]. 
The pentachlorophenol was dissolved in benzene and 
transferred to sea sand (Fisher S-25, washed and 
ignited) and the solvent evaporated. The sand was 
then transferred quantitatively to an alumina column 
(Fisher A-540). The column was eluted with 150 ml 
hexane and then 100 ml of 20% CH,Cl,/hexane. Re- 
covery studies showed 80-98 per cent of the dioxins 
to be in the second fraction. Quantitation was accom- 
plished by selected ion monitoring gas chromatogra- 
phy—mass spectrometry (GC-MS) of the two most 
abundant ions in the respective molecular ion clus- 
ters. A Finnigan 9500 gas chromatograph is interfaced 
by a glass jet separator to a Finnigan 3300/F mass 
spectrometer equipped with an electron impact 
source. Mass spectrometer control and data acqui- 
sition were accomplished by means of a Finnigan 
6100 data system. Peak areas were determined using 
the standard software. The instrument response was 
determined by measuring standard curves for octa-, 
1 ,2,3,4,6,7,9-hepta-, 1,2,3,4,6,7,8-hepta-, and 1,2,3,6,7,8- 
hexachlorodibenzo-p-dioxins and for 2,3,7,8-tetra-, 
2,3,4,7,8-penta-, and octachlorodibenzofurans. The in- 
strument response to the penta-isomer was used to 
determine the amount of hexachlorodibenzofurans, 
and the response to the octa-isomer was used to 
determine the amount of heptachlorodibenzofurans. 
The GC column was 2mm id. x 5 ft containing 3% 
OV210 on 100/120 mesh Gas Chrom Q (Applied 
Sciences Laboratories). 

The purity of technical pentachlorophenol was con- 
firmed after derivitization with N,O-bis-(trimethyilsi- 
lyl}acetamide (Pierce Chemical Co., Rockford, IIL) 
using a Hewlett-Packard 5700 A gas chromatograph 
equipped with dual flame icnization detectors and a 
1/8in x 2m, 10% OV101 column operated at 130° 
with an He flow of 25 ml/min. Instrument response for 
pentachlorophenoltrimethylsilylsilylether was deter- 


Table 1. Chemical analysis of pure and technical pentachlorophenol 





Source 


Pure 
(Aldrich, lot 120,717) 


Pentachlorophenol 
Technical 
(Monsanto, lot KA578) 





Phenols* 
Pentachlorophenol 
Tetrachlorophenol 

Nonphenolics (ppm)* 
Dibenzo-p-dioxins 

Tetrachloro- 
Pentachloro- 
Hexachloro- 
Heptachloro- 
Octachloro- 
Dibenzofurans 
Tetrachloro- 
Pentachloro- 
Hexachloro- 
Heptachloro- 
Octachloro- 


~ 99° 
>99% 


<0.1 
<01 
<0.1 
<0.1 


<0.1 
<0.1 
<0.) 
<0.1 
<0.1 


<0.1 ppm 


<0.1 ppm 





* Samples were analyzed by GC-MS. The lower detection limit was 


0.1 ppm. 





Hepatic effects of pentachlorophenol 


mined with similarly derivatized pure (> 99 per cent) 
pentachlorophenol. 

Assays. ALA synthetase was assayed in whole liver 
homogenates [22], aminopyrine N-demethylase in 
9000 g supernatants[23] with the substitution of 
HEPES for Tris buffer, and aryl hydrocarbon hy- 
droxylase in 9000g supernatants [24]. Microsomes 
were prepared by CaCl, precipitation [25], resus- 
pended in 1.15% KCl containing 0.1.M K,HPO, 
buffer, pH 7.4, and 25% glycerol, and stored at 0° 
for 24-48 hr for determination of cytochrome P-450. 
p-Nitrophenol glucuronyl transferase was assayed in 
microsomes equivalent to 50 mg wet wt of liver (resus- 
pended in 1.15% KCl) incubated for 5 min in the pres- 
ence of 0.3% digitonin, 0.9mM_ p-nitrophenol, and 
2.7mM UDPGA as described for o-amino- 
phenol [26]. p-Nitrophenol was determined spectro- 
photometrically [27]. Microsomal cytochrome P-450, 
protoheme [28, 29] and ethyl isocyanide ratios [30] 
were determined using an Aminco DW-2 spectro- 
photometer. The ethyl isocyanide difference spectrum 
was obtained in 0.1M potassium phosphate buffer, 
pH 7.4, by addition of 10 ul of a 0.33M solution of 
ethyl isocyanide to 3 ml of the microsomal suspension 
of dithionite-reduced microsomes. The final ligand 
concentration (1.1 mM) was saturating, because addi- 
tion of more ethyl isocyanide produced no greater 
absorbance. Microsomal protein [31], urinary por- 
’ phyrin [32], and urinary ALA and porphobilinogen 
(PBG) [33] were measured as previously described. 
Tissue porphyrins were determined by the method of 
Abbritti and De Matteis [34] using uroporphyrin as 
a standard. The porphyrins in selected liver samples 
were separated and identified by thin-layer chroma- 
tography [35]. 

Data were 
lowed by 
P = 0.05 [36]. 


analyzed by analysis of variance fol- 
Duncan’s multiple-range test at 


RESULTS 


Table | shows the results of GC-MS analysis of 
both samples of pentachlorophenol. Technical pen- 
tachlorophenol was contaminated with 1380 ppm 
octa-, 520 ppm hepta- and 8 ppm hexachlorodibenzo- 
p-dioxins and with 260 ppm octa-, 400 ppm hepta-, 
90 ppm hexa-, 40ppm penta- and approximately 
4 ppm tetrachlorodibenzofurans. Pure pentachloro- 
phenol contained less than 0.1 ppm of all of the above 
isomers. Tetrachlorodibenzo-p-dioxins were not 
detected in either sample with a detection limit of 
0.1 ppm. Although tetrachlorodibenzofurans were 
detected in technical pentachlorophenol, the 
2,3,7,8-isomer was not present. Approximately one- 
half the total amount of hexachlorodibenzo-p-dioxins 
present in technical pentachlorophenol was_ the 
1,2,3,6,7,8-hexa-isomer. Two additional unidentified 
hexa-isomers were present. 1,2,3,4,7,8-Hexa- and 
1,2,3,7,8,9-hexa-isomers were absent. 1,2,3,4,6,7,8- 
Hepta(160 ppm)- and 1,2,3,4,6,7,9-hepta(360 ppm)- 
isomers were identified in technical pentachloro- 
phenol. Chlorodiphenyl ethers were detected, but 
these were not quantitated. Technical pentachloro- 
phenol was found to contain 84.6 per cent penta- 
chlorophenol. The only other chlorophenol detected 
by GC-MS was 2,3,4,6-tetrachlorophenol (3 per cent). 
The other impurities appeared to be nonhalogenated 
and aliphatic in nature. These were not further char- 
acterized. 

All dietary levels of technical pentachlorophenol in- 
creased hepatic aryl hydrocarbon hydroxylase activity 
(15- to 43-fold) (Fig. 1), while 500 ppm of pure pen- 
tachlorophenol produced an insignificant 2-fold in- 
crease. Technical pentachlorophenol produced signifi- 
cantly greater effects than pure pentachlorophenol at 
every dietary level. In contrast, neither grade of pen- 
tachlorophenol affected aminopyrine N-demethylase 








nmole/g per min 





° 





50 


45) 


40 


35> 


30 


25 


Emole/g per 30 min 








fe) 


Fig. 1. Effects of technical and pure pentachlorophenol on aryl hydrocarbon hydroxylase and aminopyr- 

ine N-demethylase. Groups of six female rats were fed 0, 20, 100 or 500 ppm of pure or technical 

pentachlorophenol and sacrificed at 8 months. Values represent means + S.E. (a) Significantly greater 

than controls, P < 0.05. (b) Technical pentachlorophenol significantly greater than corresponding diet- 
ary level of pure pentachlorophenol, P < 0.05. 
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Fig. 2. Effects of technical and pure pentachlorophenol on cytochrome P-450 and glucuronyl transfer- 

ase. Rats were treated as in Fig. 1. Values represent means + S.E. (a) Significantly greater than controls, 

P < 0.05. (b) Technical pentachlorophenol significantly greater than the corresponding dietary level 
of pure pentachlorophenol, P < 0.05. 


activity. Cytochrome P-450 was increased 2- and 
3-fold by 100 and 500 ppm of technical but not pure 
pentachlorophenol (Fig. 2), and was significantly 
higher in livers of rats fed technical pentachloro- 
phenol than rats fed pure pentachlorophenol. Micro- 
somal heme paralleled cytochrome P-450 (Fig. 3). 
Glucurony] transferase was significantly increased by 
20, 100 and 500 ppm of technical pentachlorophenol, 
but only by 500 ppm of pure pentachlorophenol (Fig. 
2). The effect of technical pentachlorophenol’ was 
greater than that of pure pentachlorophenol at all 
dose levels. Liver weight (Table 2) and liver/body 
weight ratios (Fig. 3) were increased by 100 and 
500 ppm of technical but not pure pentachlorophenol. 

The CO-difference spectrum of reduced liver micro- 
somes from both control rats and rats fed pure pen- 


80 


tachlorophenol peaked at 450 nm. Technical pentach- 
lorophenol shifted the peak of the CO-binding pig- 
ment to 448-449 nm. When ethyl isocyanide was used 
as a ligand, the difference spectra of reduced micro- 
somes from control and pure pentachlorophenol-fed 
rats were remarkably similar (Fig. 4). The ethyl iso- 
cyanide difference spectra from rats treated with tech- 
nical pentachlorophenol exhibited a shift from 455 
to 453 nm, and an increase in absorbance at 453 nm 
with little or no change in the absorbance at 430 nm. 
As a result, the ratio of the 455/430nm peaks was 
significantly altered by all dietary levels of technical 
pentachlorophenol, but not pure pentachlorophenol 
(Table 2). 

Urinary porphyrins and ALA were slightly elevated 
by feeding 500 ppm of technical pentachlorophenol 
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Fig. 3. Effects of technical and pure pentachlorophenol on total microsomal heme and liver/body 
weight ratios. Rats were treated as in Fig. 1. Values represent means + S.E. (a) Significantly greater 


than controls, P < 0.05. (b) Technical pentachlorophenol significantly greater than corresponc 


g diet- 


ary level of pure pentachlorophenol, P < 0.05. 
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Table 2. Effects of pure and technical pentachlorophenol 





Ethylisocyanide difference spectra 
(455/430 nm peak ratio) (g) (g) 


Treatment 


Body weight Liver weight 





Control 
Pure pentachlorophenol (20 ppm) 
Pure pentachlorophenol (100 ppm) 
Pure pentachlorophenol (500 ppm) 

ae | Pp tachl, ph 1 (20 ppm) 
Technical pentachlorophenol (100 ppm) 
Technical pentachlorophenol (500 ppm) 





0.513 + 0.018 
0.520 + 0.035 
0.553 + 0.014 
0.566 + 0.038 
0.951 + 0.143+t 
1.140 + 0.10tt 
1.400 + 0.13tt 


310 + 14 
320 + 14 
300 + 15 
269 + 10* 
296 + 5 

382 4 13 
245 + 7* 


8.6 + 0.4 
89 +04 
8.1+0.5 
8.2 + 0.2 
8.4404 
9.7 + 0.6t 
11.6 + 0.3tt 





* Significantly lower than controls, P < 0.05. 
+ Significantly greater than controls, P < 0.05. 


t Technical pentachlorophenol significantly greater than corresponding level of pure pentachloro- 


phenol, P < 0.05. 


for 1 month, but pure pentachlorophenol had no 
effect (Table 3). Values remained relatively stable for 
the next 3 months (data not shown), but after 6 to 
8 months of exposure, urinary uroporphyrins rose 
sharply in two rats fed 500 ppm and one rat fed 
100 ppm of technical pentachlorophenol (8-, 10- and 
145-fold). At autopsy, total liver porphyrins (Fig. 5) 
were elevated in one-third of the rats fed 100 and 
500 ppm of technical pentachlorophenol (5, 60, 113 
and 1287 ug/g vs a 99 per cent confidence limit for 
controls of <3.9 yg/g at P = 0.01). The livers of 
several rats fed 500 ppm of pure pentachlorophenol 
and 100 or 500 ppm of technical pentachlorophenol 
were totally dark or contained dark areas. Some of 
these dark areas from livers of rats fed technical pen- 
tachlorophenol were fluorescent, and the presence of 
porphyrins was verified by chemical determination of 
total porphyrins and thin-layer chromatography. 
However, some of the dark livers did not fluoresce, 
and the amount of porphyrin detected by thin-layer 
chromatography was identical to controls. The por- 
phyrins in porphyric livers were identified as uropor- 
phyrins (20% 7-carboxy- and 80% 8-carboxypor- 
phyrins). Uroporphyrins were not present in detect- 


able amounts in livers from control or pure penta- 
chlorophenol-fed rats. The mean ALA synthetase ac- 
tivity was not affected by pentachlorophenol (Fig. 5), 
but one value in the group fed 100 ppm of technical 
pentachlorophenol was outside the normal range (ele- 
vated 4-fold), and this liver contained the most por- 
phyrin (1287 g/g). 

Body weight was significantly depressed in rats fed 
500 ppm of pure or technical pentachlorophenol (Fig. 
6). Food consumption expressed as g/rat/day was ap- 
proximately equal in all groups, but relative to body 
weight (g/kg/day) was highest in rats fed 500 ppm of 
pentachlorophenol. On a mg/kg basis, the dose of 
pentachlorophenol calculated from the food con- 
sumption declined 50 per cent over the 8-month feed- 
ing period (Fig. 7). 


DISCUSSION 


Our results show that chronic exposure to technical 
pentachlorophenol produces a number of hepatic 
changes which are consistent with the effects of “bio- 
logically active” chlorinated dibenzo-p-dioxins. These 
changes include hepatic porphyria and increases in 


Ethyl isocyanide difference spectra 





A Absorbance 


-——-== Control ; 
——— Pure pentachloropheno! 


—— Technical 
pentachloropheno! 


453 


| 








! 
440 


430 





450 


Wavelength, nm 


Fig. 4. Ethyl isocyanide difference spectra of microsomes from control rats and rats treated with pure 
or technical grade pentachlorophenol. Each spectrum represents a single rat fed 500 ppm of pure 
pentachlorophenol, 500 ppm of technical pentachlorophenol or control chow for 8 months. 
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Table 3. Effect of pure and technical grades of pentachlorophenol (PCP) on excretion of urinary 
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porphyrins and their 


precursors* 





Uroporphyrin 
1 month 


Coproporphyrin 


Treatment | month 8 months 


8 months 


PBG 
1 month & months 


ALA 


| month 8 months 





44+05 10+ 0.1 


Control 

Pure PCP 

(20 ppm) 

Pure PCP 
(100 ppm) 

Pure PCP 
(500 ppm) 
Technical 

PCP (20 ppm) 
Technical 

PCP (100 ppm) 
Technical 

PCP (500 ppm) 


09 + 0.1 


12+ 0.1 


+ 1.6t} 


> > 744 2 > 24+ ++ 
12.8 + 2.7t} + 2.8t} + 0.2t} 


10+01 


44+ 


164 +07 128 + 0.8 27.8 + 0.6 


159 +09 13.2 + 1.1 29.4 + 2.0 


+08 130+ 08 28.0 + 1.3 


11.6 +09 28.0 + 1.3 
14.5 +0.7 26.6 + 1.6 
17.7 + 1.0tt 30.7 + 1.2 


22.4 + 1.5tf 38.9 + 0.7 





* Values represent pg excreted/24 hr, expressed as means + S.E. 


+ Significantly different from controls, P < 0.05. 


t Significantly greater than corresponding dietary level of pure pentachlorophenol, P < 0.05. 

§ Means not significantly different from controls because of large S.E., but urinary uroporphyrin excretion of one 
out of six rats fed 100 ppm and two out of six rats fed 500 ppm of technical pentachlorophenol was greater than 
the 99 per cent confidence limits for controls (> 3.5 ug/24 hr at P = 0.01). 


aryl hydrocarbon hydroxylase activity, glucuronyl 
transferase activity, liver weight, cytochrome P-450 
(with a shift of the peak of the CO-difference spec- 
trum from 450 to 448-449nm), the ratio of the 
455:430nm peaks of the ethyl isocyanide difference 
spectrum of microsomal hemoprotein, and total mic- 
rosomal heme, but no increase in aminopyrine 
N-demethylase. Pure pentachlorophenol, in contrast, 
was not porphyrogenic, had no significant effect on 
aryl hydrocarbon hydroxylase activity, liver weight, 
cytochrome P-450, total microsomal heme or the 
ethyl isocyanide difference spectrum, and only a slight 
effect on glucuronyl transferase activity. 

Similarly, TCDD increases aryl hydrocarbon hy- 
droxylase and glucuronyl transferase activities, but 
not aminopyrine N-demethylase activity[8]. A 
number of drugs and pesticides induce a variety of 
drug-metabolizing enzymes, including aminopyrine 
N-demethylase. However, only a few compounds, pri- 


marily carcinogenic polycyclic hydrocarbons, induce 
formation of a cytochrome known as P-448, which 
differs from cytochrome P-450 by a 2-nm shift in the 
peak of the CO-difference spectrum, an increase in 
the ratio of the 455:430nm peaks of the ethyl iso- 
cyanide difference spectrum, and changes in substrate 
specificity [30]. Recently, TCDD has been shown to 
have similar effects [7, 24]. 

The remarkable differences between the hepatic 
effects of pure and technical pentachlorophenol are 
consistent with the presence of chlorinated dibenzo- 
dioxins and dibenzofurans in technical pentachloro- 
phenol. TCDD was not detected in the technical pen- 
tachlorophenol used in this study; however, hexa-, 
hepta- and octachlorodibenzo-p-dioxins, tetra-, pen- 
ta-, hexa-, hepta- and octachlorodibenzofurans, and 
predioxins were present. It is unlikely that predioxins 
or octachlorodibenzo-p-dioxin were responsible for 
the hepatic effects of pentachlorophenol. Octachloro- 
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Fig. 5. Effects of pure and technical pentachlorophenol on accumulation of hepatic porphyrins and 
ALA synthetase activity. Rats were treated as in Fig. 1. The per cent of the total number of rats 
in each group which are porphyric is shown above (porphyria is defined as a hepatic porphyrin concen- 
tration greater than the 99 per cent confidence limit for controls of 3.9 g/g at P = 0.01). ALA synthetase 
values represent means + S.E. No treatment groups were significantly greater than controls. 
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Fig. 6. Effects of pure and technical pentachlorophenol on body weight gain. 
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dibenzo-p-dioxin and predioxins are not lethal at 
doses 10* times the LD;, of TCDD [9,37], nor do 
they induce aryl hydrocarbon hydroxylase in the 
chick embryo[38]. On the other hand, although 
hexa- and heptachlorodibenzo-p-dioxins are less 
potent than TCDD, activity depends largely on the 
position of the chlorines. Poland and Glover [5] com- 
pared the activity of a number of chlorodibenzo-p- 
dioxin isomers as inducers of aryl hydrocarbon hy- 
droxylase and ALA synthetase in the chick embryo, 
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Fig. 7. Consumption of pentachlorophenol by rats fed diets 
containing pure and technical pentachlorophenol. The rats 
were treated as in Fig. 1. 


and Bradlaw et al. [39] compared activity as inducers 
of aryl hydrocarbon hydroxylase in rat hepatoma 
cells in culture. Hexa- and hepta-isomers with the 
four lateral ring positions (2,3,7,8-) occupied by chlor- 
ines had considerable activity. The structure—activity 
relationship of the chlorinated dibenzofurans appears 
to be similar to that of the chlorinated dibenzo-p- 
dioxins [38]. The relative potency of most of the 
chlorinated dibenzo-p-dioxin and_ dibenzofuran 
isomers in vivo is not known; however, the relative 
potency of those isomers which have been tested in 
vivo correlated well with the potency in vitro [9, 37]. 

From the food consumption, we calculated that 
rats fed 20ppm of technical pentachlorophenol, a 
dose which increased aryl hydrocarbon hydroxylase 
activity, received 10-20ng/kg/day of hexa-, 0.6 to 
1.3 ug/kg/day of hepta-, and 1.6 to 3.3 ug/kg/day of 
octachlorodibenzo-p-dioxins, as well as 5-10 ng/kg/ 
day of tetra-, 50-100 ng/kg/day of penta-, 225-450 ng/ 
kg/day of hexa-, 1-2 wg/kg/day of hepta- and 0.65 to 
1.3 ug/kg/day of octachlorodibenzofurans. The dose 
of dioxins and furans consumed by rats fed 100 ppm 
of technical pentachlorophenol, a dose which pro- 
duced porphyria, was five times higher than the above 
values. In comparison, single doses of 200 ng/kg of 
TCDD increase aryl hydrocarbon hydroxylase ac- 
tivity. Because of the long half-life (17 days) and high 
liver distribution of TCDD [40], we would expect the 
effects of chronic dosing to be cumulative. Aryl hy- 
drocarbon hydroxylase is increased by sixteen weekly 
doses of 10ng/kg/week of TCDD, and porphyria 
occurs after sixteen weekly doses of 0.1 ug/kg/ 
week [41]. These data are compatible with thc hy- 
pothesis that the hepatic effects of technical penta- 
chlorophenol reported in this paper are due to the 
presence of chlorinated dibenzo-p-dioxins and diben- 
zofurans at the concentrations reported. 

The type of porphyria induced by technical pen- 
tachlorophenol, characterized by delayed onset after 
exposure, and increased excretion and hepatic ac- 
cumulation of uroporphyrins, is similar to the por- 
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phyria produced by hexachlorobenzene [42], poly- 
chlorinated biphenyls[32] and very low doses of 
TCDD [41]. Pentachlorophenol is a metabolite of 
hexachlorobenzene [43]. However, our results show 
that pure pentachlorophenol is not porphyrogenic; 
therefore, it cannot be responsible for the porphyro- 
genic effects of hexachlorobenzene. Notably, some 
grades of hexachlorobenzene are contaminated with 
octachlorodibenzo-p-dioxin and chlorodibenzofurans, 
and some polychlorinated biphenyl mixtures with 
tetrachlorodibenzofuran [44]. However, pure hexa- 
chlorobiphenyl isomers with no detectable levels of 
chlorinated dibenzofurans are also porphyro- 
genic [45]. 

Technical pentachlorophenol did not increase ac- 
tivity of ALA synthetase, the rate-limiting enzyme in 
porphyrin synthesis. A detectable increase in ALA 
synthetase activity also occurs later than the initial 
rise in hepatic porphyrins in polychlorinated biphenyl 
poisoning [32]. The primary defect in this type of por- 
phyria is probably not induction of ALA synthetase. 

Pure and technical pentachlorophenol had similar 
effects on only two parameters. First, both pure and 
technical pentachlorophenol decreased body weight 
gain comparably in the absence of an effect on food 
consumption; suggesting poor utilization of food at 
the 500 ppm level. It is probable that the decrease 
in body weight is related to the fact that pentachloro- 
phenol is a known uncoupler of oxidative phosphory- 
lation [46]. Second, the livers of some rats fed both 
pure and technical pentachlorophenol were disco- 
lored in the absence of any accumulation of por- 
phyrins. The identity of the pigment is not known. 

Few studies have explored the possibility that the 
biological effects of pentachlorophenol could be pro- 
duced by the highly active contaminants present in 
varying amounts in various commercial preparations. 
Johnson et al. [47] reported that a commercial grade 
of pentachlorophenol contaminated with 20 ppm 
hexa- and 2000 ppm octachlorodibenzo-p-dioxin was 
more toxic than pure pentachlorophenol. Technical 
pentachlorophenol produced a positive response in 
the chick edema and rabbit ear bioassays, elevated 
serum alkaline phosphatase, decreased serum albu- 
min, hemoglobin and packed cell volume, and pro- 
duced minimal hepatocellular degeneration and nec- 
rosis in rats, while pure pentachlorophenol with no 
detectable concentrations of chlorinated dibenzo-p- 
dioxins produced none of these effects. Kimbrough 
and Linder [20] found more histological changes in 
livers of rats treated with technical pentachlorophenol 
than rats treated with pure pentachlorophenol. On 
the other hand, Schwetz et al. [48] compared purified 
and commercial grades of pentachlorophenol on 
embryonic and fetal development in the rat and con- 
cluded that the amounts of nonphenolics in technical 
pentachlorophenol (including 4 ppm hexa-, 125 ppm 
hepta-, and 2500 ppm_ octachlorodibenzo-p-dioxins, 
30 ppm hexa-, 80 ppm hepta- and 80 ppm octachloro- 
dibenzofurans) did not contribute significantly to the 
effects of this material in developing rat embryo and 
fetus. They found that 15, 30 or 50 mg/kg/day of pure 
pentachlorophenol given during early organogenesis 
caused a significant increase in the incidence of 
resorptions, a decrease in maternal and fetal body 
weight, a decrease in fetal crown—rump length, subcu- 
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taneous edema and variations in the development of 
ribs, vertebrae and sternebrae. Purified pentachloro- 
phenol was slightly more toxic than commercial grade 
pentachlorophenol on each of the parameters 
observed. 

Our results show clearly that technical pentachlor- 
ophenol containing chlorinated dibenzo-p-dioxins 
and dibenzofurans produces a number of hepatic 
effects which cannot be attributed to pentachloro- 
phenol itself, but are consistent with the effects seen 
with chlorinated dibenzo-p-dioxins. These effects in- 
clude porphyria, increased liver weight, induction of 
cytochrome P-448, increased aryl hydrocarbon hy- 
droxylase and glucuronyl transferase activities, and 
an increase in microsomal heme. The most sensitive 
indicator of the presence of biologically active dioxin 
and furan isomers in pentachlorophenol was aryl hy- 
drocarbon hydroxylase activity. Pentachlorophenol is 
widely distributed throughout the environment, and 
has been found in the urine of both occupationally 
exposed workers (mean, 20 ppm) and the general 
population (mean, 40 ppb) [49]. It should be noted 
that some commercial grades of pentachlorophenol 
have much lower concentrations of chlorinated diben- 
zo-p-dioxins and dibenzofurans than the grade util- 
ized in the present study [47]. However, the magni- 
tude of the effects seen with 20 ppm of technical pen- 
tachlorophenol (contaminated with 8 ppm _hexa-, 
520 ppm hepta- and 1400 ppm of octachlorodibenzo- 
p-dioxin as well as 4ppm tetra-, 40 ppm _penta-, 
90 ppm hexa, 400 ppm hepta and 260 ppm of octa- 
chlorodibenzofurans) and the difficulty in quantitating 
chlorinated dibenzo-p-dioxins and dibenzofurans in 
the environment at ppt levels emphasize the impor- 
tance of controlling the quality of pesticides and 
herbicides. Moreover, this study points out the impor- 
tance of determining the quantity and toxicology of 
contaminants of chemicals used in pharmacological 
or toxicological studies. Possibly, many studies have 
attributed biological effects to pentachlorophenol and 
other environmental chemicals which were actually 
due to the presence of undetermined amounts of 
highly active contaminants. 
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Abstract—The antagonistic activity of nortriptyline, amitriptyline and imipramine to the hypothermic 
and tremorgenic activity of oxotremorine was determined in mice. The peripheral anticholinergic rela- 
tive potencies of these drugs were evaluated by following the dose-dependent time profiles of their 
mydriatic activity. The binding constants of the antidepressant agent toward the central muscarinic 
receptor from the mouse whole brain homogenate were determined in vitro, and could be correlated 
with the EDs, values found for the three drugs’ in vivo responses. The three antidepressants tested 
were found to be 100-fold less active than scopolamine. HBr in all four biological preparations selected. 
Their anticholinesterase activity towards the enzyme in whole mouse brain homogenate was found 
to be too low to make any possible contribution to their activity in vivo. The relationships between 
structure and function and the possible contribution of their antimuscarinic property to the observed 


in vivo effects are discussed. 


Imipramine and the related tricyclic compounds have 
been found to be the most useful drugs for the treat- 
ment of depression in the last two decades [1-3]. 
Their therapeutic efficacy has been attributed to an 
ability to block the uptake of noreprinephrine and 
5-hydroxytryptamine into the nerve ending, thereby 
allowing the transmitters to remain at the receptor 
sites for a longer period [4, 5]. However, it is known 
that these drugs show anticholinergic activity in the 
peripheral and central nervous systems [6-8]. The tri- 
cyclic antidepressants are able to prevent hypo- 
thermia and tremor caused by the muscarinic agonist 
oxotremorine in mice [9,10]. Furthermore, several 
clinical reports indicate that physostigmine, an anti- 
cholinesterase capable of crossing the blood brain 
barrier, can effectively reverse the anticholinergic 
CNS manifestations of severe poisoning by the tricyc- 
lic antidepressants [11, 12]. In this work we compared 
the anticholinergic potency of some tricyclic antide- 
pressants as determined in vitro by the [*H]-N-meth- 
yl-4-piperidyl benzilate binding assay in mouse brain 
homogenate, with data obtained from in vivo studies 
in mice, including the effect of direct injection of the 
drug on mydriasis, and on antagonism of hypo- 
thermia and tremor induced by oxotremorine. 
Throughout this study amitriptyline, nortriptyline 
and imipramine were the tricyclic antidepressants and 
scopolamine served as pure muscarinic anticholiner- 
gic agent as reference compound. 


MATERIALS AND METHODS 


Drugs. The following compounds were dissolved in 
physiological saline (0.9% NaCl w/v) solution: oxotre- 
morine (Aldrich), nortriptyline HC! (Ikapharm, 
Israel), amitriptyline-HCl (Asia, Israel), imipra- 
mine-HClI (Plantex, Israel), (—) scopolamine: HBr 
(Plantex). All other drugs used were of analytical 
purity. 

Animals. Adult male mice weighing 18-24g, ICR 
strain, were used throughout. Animals were allowed 


free access to food and drinking water until the com- 
mencement of an experiment. Housing and laboratory 
temperatures were maintained at 23 + 0.5°. Animals 
were always injected s.c. with 0.1 ml of drug solution. 

Measurement of tremor. Tremor was_ assessed 
visually 15 min after 0.2 mg/kg (0.1 ml) oxotremorine 
s.c. injection, with or without prior injection of an 
antitremorgenic drug. No attempt was made to grade 
the severity of the tremor; it was noted as being either 
present or absent. The percentage of the effect of the 
drug was defined as the percentage of mice in a group 
of 10 which showed no tremor up to 15min after 
oxotremorine injection. 

Measurement of hypothermia. Rectal temperature, 
measured by an electronic thermometer (YSI), was 
recorded at regular intervals after 0.1 mg/kg (0.1 ml) 
oxotremorine s.c. injection, with or without prior in- 
jection of an antihypothermic drug. The percentage 
of the effect was defined as [(AT, — AT,)/AT,] x 100; 
where AT, was the maximal change in temperature 
after oxotremorine injection, and AT, was the maxi- 
mal change in temperature after injection of both 
oxotremorine and the antihypothermic drug. 

Measurement of mydriasis. According to Long et 
al. [13]. 

Acetylcholinesterase 
method [14]. 

Brain uptake of [*H scopolamine. Labelled material 
(100 pc, 0.2 mg/kg) was injected s.c. to mice. They 
were decapitated at various time intervals and their 
brains quickly removed (within 2min) and washed 
for 30sec in saline. Each brain was placed in a 
Potter-Elvehjem glass homogenizer containing 5 ml 
distilled water and fitted with a teflon pestle. 0.2 ml 
portions of the homogenate were assayed for radioac- 
tivity in a standard mixture containing 0.2 ml distilled 
water and 3 ml of Insta-gel (Packard). Four mice were 
used for each time interval and the results expressed 
as the average of the four. 

Binding experiments in vitro. A full description of 
the procedure for determining the affinity constants 


activity. By Ellman’s 
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Fig. 1. (A) Time profile of the dose-dependent rectal temperature after 0.1 ml s.c. injection of oxotremor- 

ine to mice. Each curve describes a successive recording of the same group of mice, at a given dose. 

Values shown are the mean + S.E. obtained in a group of 5 mice. Doses used: 0.03 mg/kg (@), 

0.06 mg/kg (©), 0.1 mg/kg (A) and 0.3 mg/kg (A). (B) Dose-response curve for the hypothermic activity 
of oxotremorine. Each point represents the maximal effect for each dose taken from A. 


of the anticholinergic drugs towards the “muscarinic 
sites” in a preparation from mice brain homogenate 
is given elsewhere [15]. The preparation is a 1000g 
supernatant of 10% brain homogenate in 0.32M 
sucrose. A 0.05 ml portion was incubated for 30 min 
at 25° in a total volume of 2ml of modified Krebs 
solution (118mM NaCl, 469mM KCl, 1.9mM 
CaCl,, 0.54mM MgCl,, 1.0mM NaH,PQg,, 11.1 mM 
glucose and 25mM Tris-HCl, pH 7.4). The incuba- 
tion mixture included [*H]-N-methyl-4-piperidyl ben- 
zilate (NMPB) specific activity 6Ci/m-mole or 
[7H]NMPB and various concentrations of the ligand 
tested, as specified in each experiment. The incubation 
was terminated by the addition of ice-cold Krebs 
solution and filtration with GF/C filters. The filters 
were washed three times using the same Krebs solu- 
tion and immersed in 5 ml Insta-gel (Packard) in plas- 
tic vials. Thirty min later the radioactivity was deter- 
mined using liquid-scintillation counter (Packard) 
with a 33 per cent efficiency. The affinity constant 
of the drug towards the muscarinic receptor was cal- 
culated by plotting 1/RL* (RL* = the concentration 
of [7H]NMPB-receptor complex) versus the drug’s 


concentration. From the slope of the straight line 
obtained, the affinity constant was calculated. 

[?H]Scopolamine. Scopolamine specific activity 
1.75 Ci/m-mole, was labelled by tritium exchange in 
the Nuclear Research Center, Negev, Israel. 


RESULTS 


The antimuscarinic potencies of three antidepres- 
sive drugs were evaluated in two central system effects 
(hypothermia, tremor) and in one peripheral system 
effect (mydriasis), as well as by using two in vitro pre- 
parations—muscarinic receptor and acetylcholinester- 
ase, both from mouse brain whole homogenate. 

Antihypothermic and antitremorgenic activity. The 
antihypothermic and antitremorgenic potencies of the 
tested drugs were determined by measuring their 
effects against these states induced by oxotremorine. 
Both the degree and the duration of the hypothermia 
induced in mice by s.c. administration of oxotremor- 
ine were found to be dose-dependent (Fig. 1). The 
oxotremorine was tested in a dose range of 
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Fig. 2. Time profiles of the dose dependent rectal temperature after 0.1 mg/kg s.c. administration of 

oxotremorine following prior injection of imipramine or scopolamine. (a) 20min after imipramine: 

2 mg/kg (O). 10 mg/kg (A) and control (@). (b) Simultaneously with scopolamine: 0.025 mg/kg (0), 

0.05 mg/kg (A), 0.1 mg/kg (A) and control (@). Each value represents the mean + S.E. obtained in 
a group of 5 mice. 
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Fig. 3. The effect of the time interval between antidepres- 
sant and oxotremorine injection on the maximum antihy- 
pothermic effect. The antihypothermic drugs were injected 
s.c. (0.1ml) at various times before oxotremorine 
(0.1 mg/kg) s.c. (0.1 ml) injection. Three experiments, 5 mice 
each, were performed for each time interval. The points 
are the means of the results (S.E. + 7%): nortriptyline 
(5 mg/kg) (@), amitriptyline (2mg/kg) (O), imipramine 
(5 mg/kg) (4), scopolamine (0.1 mg/kg) (0). 
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0.03-0.3 mg/kg. By successive measurement of the 
hypothermic effect, the peak effect could be deter- 
mined for each dose, and dose-response curves could 
be obtained. These curves were linear in the range 
of 0.03-0.1 mg/kg; the upper value was used for the 
study of the antihypothermic activity of the tricyclic 
antidepressants. 

The time course of the hypothermia induced by 
0.1 mg/kg oxotremorine administered 20min after 
various doses of imipramine is shown in Fig. 2a. Sco- 
polamine-HBr was used as a reference compound 
because it is considered an antimuscarinic drug with 
a profound central anticholinergic potency. As shown 
in Fig. 2b, simultaneous s.c. injection of 0.1 mg/kg 
oxotremorine and 0.025—0.1 mg/kg scopolamine either 
completely blocked the hypothermic effect of oxotre- 
morine or partly antagonized its development. 

Inch et al. [16] found the time profile of the anti- 
muscarinic activity of atropine-like drugs to be 
linearly dependent on the minus logarithmus of their 
affinity constant to the muscarinic receptor. Thus, 
they emphasized the need to determine the time of 
the in vivo peak effect as a prerequisite to evaluating 
the relative anticholinergic potency in a given set of 
drugs. Indeed, determination of the relative antimus- 
carinic potency of a given set of drugs at a fixed time 
interval leads to completely different results. There- 
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Fig. 4. Dose-response curves for antihypothermic activity of antidepressant drugs. The maximum values 
of the hypothermia (taken from Figures like Fig. 1) are represented. Amitriptyline (O), nortriptyline 
(A), imipramine (@), scopolamine (CD). 


Table 1. A summary of pheripheral and central anticholinergic potency of some tricyclic 
antidepressants 





Drug ED; 9mg/kg* 


EDs omg/kgt 


EDsomg/kgt K(M)~‘§ K(M)~ '§ 





Amitriptyline 3 4.5 
Nortriptyline 10 19 
Imipramine 8 73 
Scopolamine 0.1 0.07 


3.2 x 107[7,8] 

5.0 x 10°[7, 8] 

7.1 x 10° [8] 
3 x 10° 


6 3x 10’ 
30 4.5 x 10° 
23 5 x 10° 
0.009 2.5 x 10° 





* EDs for the antagonism of the hypothermic effect caused by oxotremorine (Figs 2, 4). 
+ EDs, for the antagonism of the tremorgenic effect caused by oxotremorine (Fig. 8). 


JEDs9 for the mydriatic effect. 
§ Mouse brain homogenate. 
{| Guinea pig ileum preparation. 
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Fig. 5. (a) Time profile of the dose-dependent tremor induced in mice by 0.1 ml s.c. injection of oxotre- 

morine, at the following doses. 0.05 mg/kg (@), 0.10 mg/kg (©), 0.20 mg/kg (A), 0.30 mg/kg (A). See 

Methods for further details. (b) Dose-response curve for tremorogenic effect. Each point represents 
the maximal effect for each dose taken from (a). 


fore, we measured the effect of the time interval 
between the administration of the antidepressants and 
oxotremorine on the magnitude of the antihypother- 
mic effect (Fig. 3). The maximum antagonistic activity 
of nortriptyline, amitriptyline, imipramine and 
scopolamine developed at different rates, reaching 
maximum value at 20, 60, 20 and 0 min before oxotre- 
morine administration, respectively. On the basis of 
these results, the dose-response studies of the antihy- 
pothermic activity of the four drugs were carried out 
at a different time schedule for each (Fig. 2). From 














Fig. 6. The effect of the time interval between oxotremor- 
ine and antidepressant drugs administration on the maxi- 
mum antitremorgenic effect. The antitremorgenic drugs 
were injected s.c. (0.1 ml) at various times before s.c. 
(0.1 ml) injection of oxotremorine (0.2 mg/kg). Three ex- 
periments, 10 mice each, were performed for each time 
interval. The points are the means of the results 
(S.E. + 5%): amitriptyline (6mg/kg) (©), nortriptyline 
(14 mg/kg) (@), imipramine (5 mg/kg) (A), scopolamine 
(0.08 mg/kg) (@). 


Table 2. Optimal time intervals for the antagonistic ac- 
tivity of tricyclic antidepressants to hypothermia and 
tremor* 





Optimal time interval (min) 


Drug (s.c.) Antihypothermiat Antitremort 





—20 — 30 
— 30 
—20 


—10 


Nortriptyline 
Amitriptyline — 60 
Imipramine —20 
Scopolamine 0 





*The data are taken from Figs 3, 6. Each value rep- 
resents the results from two separate groups of 10 animals 
each. 

+ Hypothermia was induced by s.c. administration of 
0.1 mg/kg oxotremorine. 

tTremor was induced by s.c. administration of 
0.2 mg/kg oxotremorine. The presence of the effect was 
determined after 10 min. 


these graphs a dose-response curve for the antihy- 
pothermic activity of each drug was constructed (Fig. 
4). The EDs, values were calculated from these graphs 
and are presented in Table 1. 

In addition to its hypothermic effect, oxotremorine 
is believed to induce a tremorgenic response of central 
origin [10, 17]. Indeed, Inch et al., used these central 
effects to evaluate the relative antimuscarinic poten- 
cies of a whole set of atropine-like drugs [16]. How- 
ever, no details could be found in the literature for 
the dose-dependent time profile of oxotremorine ac- 
tivity. Thus, in order to choose both the proper dose 
and the correct time schedule of oxotremorine activity 
for evaluating the antitremorgenic potency of the 
antidepressants, the time course for its tremorgenic ac- 
tivity was determined in the dose range of 
0.05-0.3 mg/kg (Fig. 5a). Both the percentage of the 
effect and the duration of the response were dose- 
dependent, and dose-response curves were obtained 
(Fig. 5b). The minimum dose which still caused a 
full effect was selected as the standard dose for eva- 
luating the antidepressants. 
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Fig. 7. Dose-response curves for the tremor induced by s.c. administration of 0.2 mg/kg oxotremorine 
with (©) or without (@) prior injection (30 min) of 4.5 mg/kg amitriptyline. 
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Fig. 8. Dose-response curves for antitremorgenic drugs. Drugs were injected s.c. at optimum times 

before oxotremorine (see Fig. 6). Tremor was assessed visually 15 min after the oxotremorine injection 

(see Methods for further details). Scopolamine (10 min before oxotremorine, A), amitriptyline (30 min, 
@), nortriptyline (30 min, ©), imipramine (20 min, @). 


The time profiles for the antitremorgenic activity 
of the drugs had to be determined since they were 
not necessarily the same as for their antihypothermic 
activity. The results (Fig. 6, Table 2) showed that the 
maximal antitremorgenic activity of nortriptyline, 
amitriptyline, imipramine and scopolamine was 
achieved at different time intervals: 30, 30, 20 and 
10 min, respectively, before the injection of 0.2 mg/kg 
oxotremorine. These values are clearly different from 
those found for the antihypothermic activity. Interest- 
ingly, scopolamine: HBr was found in both cases to 
exert its antimuscarinic activity at the shortest time 
interval. 

The time course of the tremor induced by oxotre- 
morine after a prior injection of various doses of the 
drugs tested reflected a competition between the two 
kinds of compounds: the increase in the dose of the 
antidepressant led to a parallel decrease in both the 
percentage and duration of the developing tremor (see 
Fig. 7, amitriptyline). Moreover, the dose-response 
curves obtained for all four drugs tested were parallel 
and the EDs9 values could be interpolated (Table 1, 
Fig. 8). 

Mydriatic activity. The antimuscarinic activity of 
the drugs was clearly manifested in their mydriatic 
activity. Indeed, this peripheral response is frequently 
exploited by investigators as a “direct” method for 
evaluating peripheral antimuscarinic potency, since 


only one drug has to be systematically administered 
to the subjects. Although the mydriatic activity is a 
measure of overall competition between a muscarinic 
agonist (endogenous acetylcholine) and the tested 
drug, it has the advantage of being measured quanti- 
tatively at a response range of 20-80%, thereby en- 
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Fig. 9. Time profile of the dose-dependent mydriasis in- 

duced in mice after s.c. administration of amitriptyline and 

scopolamine. Each point represents the mean response in- 

duced in 6 mice, at the following doses: amitriptyline 

5 mg/kg (©) and 20 mg/kg (0), scopolamine 0.01 mg/kg (@) 
and 0.1 mg/kg (@). 
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Fig. 10. Dose-response curves for the mydriatic activity of tricyclic antidepressants: nortriptyline (@), 
imipramine (QO), amitriptyline (O) and scopolamine (A). 
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Fig. 11. Competition experiments using [*H]NMPB and anticholinergic drugs. (a) Competition of 
[7H]NMPB with imipramine (©) with nortriptyline (@). (b) Competition of [7H]NMPB with 
scopolamine. 


Table 
terase 


3. Anti-acetylcholines- 
activity of tricyclic 
antidepressants 





Drug K;(M) 





36 x 10°° 
3.4 x 1074 
3.4 x 1074 


Amitriptyline 
Nortriptyline 
Imipramine 





abling a finer evaluation of the drugs relative poten- 
cies. The dose dependent time profiles for the mydria- 
tic activity of amitriptyline, together with that of sco- 
polamine-HBr, are presented in Fig. 9. The dose- 
response curves are shown in Fig. 10. 

Binding experiments. Brimblecombe et al. [8] 
showed the tricyclic antidepressants to have a con- 
siderable affinity to peripheral muscarinic systems. In 
view of Beld et al.’s finding [18] of a good correlation 
between peripheral antimuscarinic potency and the 
binding constant towards the central muscarinic 
receptor for atropine, we decided to determine the 
affinity of our drugs towards the muscarinic receptor 
from the mouse brain. 

The binding constant towards the muscarinic 
receptor from the mice whole brain homogenate was 

etermined in vitro (Fig. 11, see also Methods). Plot- 
ting 1/RL* values against the concentration of the 


tested ligand gave straight lines from which both the 
binding constant and the number of the total muscar- 
inic receptors could be calculated. The binding con- 
stants to the central muscarinic receptor obtained by 
this method are summarized in Table 1. 
Acetylcholinesterase inhibition. Many central-acting 
drugs were found to exert multiple biochemical inter- 
actions rather than one specific biochemical activity. 
For example, the analgetic drug morphine and many 
of its congeners are known to bind to cholinester- 
ase [19]. Likewise, phencyclidine and its derivatives 
were found to bind to both the central cholinesterase 
and the muscarinic receptor [20,21]. Although they 
are amines with a high degree of protonation at 
physiological pH, the antidepressants investigated 


Table 4. * Intratomic distances in 
imipramine molecule 





Cs; Ng 





4.0 5 y 6.8 
2.5 . r 5.6 
re ; : 5.8 





* Lengths in A° of intratomic dis- 
tances in imipramine according to the 
crystal structure found by M. L. 
Post [29]. 
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here were found to bind only loosely to acetylcho- 
linesterase from the mouse brain (Table 3). This low 
affinity, which is clearly demonstrated by the rela- 
tively high K; values, resembles that of choline. Simi- 
lar results were reported by Ho et al.[22] and by 
Caratsch et al. [23]. Thus, as far as the central cho- 
linergic system is concerned, the three antidepressants 
interact with the muscarinic receptor in vitro with 
higher affinity of two orders of magnitude relative 
to their affinity to the central acetylcholinesterase 
from the mouse brain. 


DISCUSSION 


Determination of the relative affinity of the tricyclic 
antidepressants towards the central muscarinic ner- 
vous system requires knowledge of their relative anti- 
cholinergic potency in vivo. Unfortunately, the quanti- 
tative data available on their antimuscarinic activity 
in vivo are derived from a variety of experimental pro- 
cedures, preventing a comprehensive comparison. In 
order to use a standard in vivo procedure we exploited 
one of the criteria formulated by Inch et al. [16] 
which, if fulfilled, enables one to overcome many of 
the difficulties found in this kind of experiment. This 
criterion requires plotting the whole time course of 
the drug activity in vivo, and determination of the 
peak response as a means of comparing the relative 
potencies. Indeed, the time intervals to the peak anti- 
muscarinic activity were specific for both the drug 
and the effect measured. As shown in Table 2, these 
intervals range from 0 to 60 min for the antitremor- 
genic and antihypothermic effects. Moreover, both 
scopolamine and amitriptyline developed their anti- 
tremorgenic and antihypothermic effects at a different 
rate. As a consequence, a specific time schedule was 
adopted for each drug and for each antimuscarinic 
effect. 

One way of comparing the relative anticholinergic 
potencies of the drugs is to calculate their EDs. values 
from the dose-response curves (Table 1, Figs 4, 8). 
Our values were lower than those reported pre- 
viously [8, 24]. This discrepancy could result from a 
number of factors, including a different route of drug 





Imipramine 











Fig. 12. Molecular model of imipramine as found in the 
crystal structure [28]. 
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Table 5. A comparison between the intratomic distances 
in benactyzine in the crystal conformation and in the 
superimposed conformation* 





C, Cs O; O, Ce C, Ng 





3.9 47 40 5.2(5.4) 
25 35 27 4800 
16.25 24 326.4 


5.9 6.1 (6.5) 
4.5 4.9(5.2) 
40 4.8(5.3) 


6.8 (7.2) 
5.6 (6.1) 
5.8 (6.3) 





* Lengths in A° of intratomic distances in benactyzine 
calculated from superimposition of this molecule with imi- 
pramine using Dreiding Models. The figure in brackets 
is the length of intratomic distance in benactyzine accord- 
ing to A. Meyerhoffer [28]. 


administration, an arbitrary time interval selected 
between the times of drug and oxotremorine adminis- 
tration, and varying dose ratios of the two com- 
pounds. It is our feeling that the specific conditions 
laid down in our experiments for determining the 
relative in vivo antimuscarinic potency is a more cor- 
rect approach, although much more time consuming. 
Interestingly, the relative antimuscarinic potencies 
found for the three antidepressants is maintained in 
the two central effects. Thus, nortriptyline is the least 
active, while amitriptyline is the most potent drug. 
Scopolamine, the reference compound, has a ten-fold 
higher potency than amitriptyline (Table 1). 
According to Inch et al. [25], there is a linear corre- 
lation, which is not yet understood, between the 
affinity constant of a given drug towards the muscar- 
inic receptor and the time profile of its biological 
effects. A longer onset time and a more prolonged 
duration was found for the antimuscarinic drug with 
a greater affinity towards the receptor. It was 
expected that by using equipotent doses (EDs values), 
the tricyclic antidepressants would manifest their anti- 
cholinergic effects more quickly than scopolamine, 
because their affinity constants reported by Brimble- 
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Fig. 13. Molecular model of benactyzine as found in the 
crystal structure [29]. 
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Fig. 14. Superposition of imipramine and_ benactyzine 


molecules. 


combe et al. [8] for peripheral muscarinic system are 
lower by 2.5 orders of magnitude (Table 1). Since the 
same values were found here for the binding constants 
towards the central muscarinic receptor, and because 
the onset times of the antidepressants are longer than 
those of scopolamine (Table 2), it seems that Inch’s 
theory is valid mainly for pure antimuscarinic drugs. 
Indeed, it is possible that these compounds are not 
pure antimuscarinic drugs, mediating their central 
effects via mixed neuromechanisms. However, the 
purely competitive nature of their antimuscarinic 
effect both in vivo (Figs 4,7,8) and in vitro (Fig. 11) 
tempt one to conclude that their antitremorgenic and 
antihypothermic effects are also mediated by choliner- 
gic mechanisms. 

In order to further investigate the long onset time 
of the drugs’ anticholinergic effects, a peripheral anti- 
muscarinic response was selected and its in vivo time 
course followed. As illustrated in Fig. 9, the mydriatic 
activity of the tricyclic antidepressants, induced by 
systemic administration, has again a longer onset time 
than that of scopolamine. It will be of interest to fol- 
low the kinetics of their interaction with the central 
muscarinic receptor in vitro, as well as the time course 
of their peripheral antimuscarinic effects in, e.g., iso- 
lated organs, in order to gain some biochemical inter- 
pretation to the in vivo time profile. 

The binding constants towards the central muscar- 
inic receptor, determined in vitro, could be considered 
the lower limit for the drug concentration needed to 
block half of the available muscarinic sites. However, 
because an antimuscarinic drug is expected to com- 
pete in vivo both with endogenous (Ach) and exo- 
genous (oxotremorine) muscarinic agonists, one 
assumes that a much higher concentration has to be 
built up in the CNS in order to induce measurable 
central antimuscarinic activity. One possible 
approach for determining the concentration of a drug 
in an organ in vivo is to follow its uptake, using 
labelled material. Using [*H]scopolamine it was 
found that the peak concentration of [*H]scopola- 
mine in the mouse brain is 4 x 10°’ M/kg tissue, 
which is higher by two orders of magnitude than its 
binding constant. In a different study using various 


labelled psychotropic drugs we found that the amount 
generally taken up by the mouse brain in vivo is 
around | per cent of the dose injected. Thus, it is 
reasonable to assume that the concentration of the 
tricyclic antidepressants in the brain will be around 
10-° M/kg tissue, at the EDs) value, which exceeds 
by at least one order of magnitude their binding con- 
stant. Thus, it seems justifiable to compare the bind- 
ing constants found in vitro with the pharmacological 
values determined in vivo, as shown in Table 1. In 
a recently published report, Sayers et al. [24] deter- 
mined the iCso values for [*H]quinuclidinyl benzilate 
displacement by several antidepressant drugs in vitro. 
This approach allows only a comparative study of 
the drugs selected towards the muscarinic receptor 
since their values depend on both the concentration 
and the affinity of the labelled drug used. On the 
other hand, determination of affinity constants of 
antimuscarinic drugs towards the receptor, as done 
in this work, permits a comparison with results 
obtained in other muscarinic systems. 

A competition between two compounds on the 
same biological site is believed to indicate a possible 
common molecular structure. Thus, among agents 
manifesting antimuscarinic activity, three necessary 
chemical groups have to coexist—a cationic group, 
an aromatic group and a hydroxylic group [26]. 
These reactive regions were found by analysis of 
X-ray diffraction pattern to be spatially similarly 
arranged. In our work, a putative antimuscarinic 
drug, suggested by Ariens et al.[26 and references 
sited therein] to incorporate the necessary chemical 
elements for antimuscarinic activity, was found by 
examining molecular models to fit the rules formu- 
lated by Guy et al.[27] and Meyerhoffer [28]. The 
antimuscarinic character of the tricyclic antidepre- 
sants may also reflect a molecular resemblance to the 
identical “antimuscarinic pharmacophore”. The moi- 
ecular structure of imipramine, in one of the preferred 
conformations found in the crystal state [29], is 
shown in Fig. 12, while the intratomic distances are 
summarized in Table 4. The molecular structure of 
benactyzine, as found in the crystal [30], is shown 
in Fig. 13. This drug represents an aminoester of ben- 
zilic acid, known to have high antimuscarinic ac- 
tivity [28]. 

In order to verify the possibility of imipramine 
mimicking the spatial arrangement of benactyzine, we 
examined both CPK and Dreiding molecular models. 
Both aromatic rings of benactyzine could be superim- 
posed on those of imipramine without steric hin- 
drance as judged by CPK molecular models. The 
superposition of the rest of the benactyzine molecule 
on that of imipramine slightly changes the dihedral 
angles found in the crystal, but the imipramine still 
mimics the allowed conformation as found by CPK 
molecular models (Table 5, Fig. 14). 

Although it is not yet clear whether the antimuscar- 

inic component of the tricyclic antidepressants con- 
tributes to their antidepressive activity, it is clear that 
such interactions must be taken into consideration 
when designing new analogs. 
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Abstract—The distribution of [*H]ethanolamine-O-sulphate (EOS) and the regional changes in GABA 
metabolism after 160 yg (8 mg/kg) intracerebroventricularly and 2 g/kg subcutaneously have been stud- 
ied in the mouse brain. Over 60 per cent of the injected radioactivity (given i.c.v.) was lost within 
the first hr. That remaining at 24 hr, however, after subcellular fractionation appeared to be associated 
with GABA-transaminase (GABA-T). The greatest binding occurred in the hypothalamus, an area 
with a high endogenous GABA concentration and the highest turnover rate of those areas studied. 
GABA turnover rates calculated over a 4hr period for both 160 yg i.c.v. and 2 g/kg s.c. correlated 
(P < 0.001) with the endogenous GABA concentrations. EOS 2 g/kg s.c. was as effective as 160 ug 
i.c.v. in inhibiting GABA-T in the brain, but has a slower onset of action. The possibility of a larger 
GABA-T pool in the hypothalamus than in the other areas studied is discussed. 


Ethanolamine-O-sulphate (EOS) is an active site di- 
rected irreversible inhibitor of GABA transaminase 
(4-aminobutyrate: 2-oxoglutarate amino transferase, 
E.C. 2.6.1.19.) (GABA-T) both in vitro and in vivo [1]. 
EOS does not inhibit glutamic acid decarboxy- 
lase[2], succinic semialdehyde dehydrogenase [3], 
alanine aminotransferase or aspartate aminotransfer- 
ase[1] and is at present the most specific GABA-T 
inhibitor available. Upon intracerebroventricular or 
intracisternal administration to mice or rats, EOS 
produces raised GABA levels [3,4] accompanied by 
behavioural depression and diminished hind limb 
extensor phase to maximal electroshock [5]. 

In order to determine whether EOS acts at a 
specific site in the brain, its distribution and the 
regional changes in GABA metabolism after intracer- 
ebroventricular (i.c.v.) administration were studied. 
Although it has been stated by Fowler and John [1] 
that EOS may not be expected to cross the blood/ 
brain barrier, we have also examined the effects of 
subcutaneously administered EOS on GABA metabo- 
lism. 


MATERIALS AND METHODS 


Preparation and distribution of [*H]ethanolamine- 
O-sulphate. [7H]EOS was prepared by the method 
of Rumpf[6] from [*H]ethanolamine (sp act 3.8 Ci/ 
m-mole). Briefly, [7H Jethanolamine (plus carrier etha- 
nolamine to a final concentration of 16.9mM), was 
reacted with an exact double molar excess of H,SO, 
(33.8 mM) at 140° and then evaporated to dryness 
under nitrogen. The brown residue was dissolved in 
100 ul of distilled H,O and the [7H]EOS purified and 
separated from any unreacted [*H]ethanolamine by 
two. dimensional TLC using n-butanol:acetic 
acid: H,O (120:30:50) as the first solvent and isopro- 
panol: ethanol: N-HCI (75:75:50) as the second. Spots 
were identified by spraying with 0.5 g benzoquinone 
in 10 ml pyridine and 40 ml n-butanol. Ethanolamine 
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and EOS give brown-red spots. Approximately 
0.4mCi [7H]EOS was synthesised from 1 mCi 
[H]ethanolamine. 

For regional brain distribution studies, 160 ug EOS 
containing 88,800 dpm (all in 0.02 ml) was injected 
i.c.v. into groups of 10 female Horne’s mice (20 g). 
After 1, 4 or 24hr, the mice were killed and six brain 
areas rapidly dissected onto cardice. The areas were 
weighed individually on a torsion balance, solubilized 
and counted by the method of Dent and Johnson [7] 
DPM were determined by the use of a quench correc- 
tion curve. 

GAB A-transaminase assay. Female Hornes mice 
(20 g) were given EOS 160 yg ic.v. or 2 g/kg s.c. and 
whole brain GABA-T activity determined up to 24 hr 
later. The brains were homogenised in 2ml 0.4M 
borate buffer pH 8.2. GABA-T activity was also deter- 
mined after 4hrs in six brain areas. The brain areas 
from 5 mice were pooled and homogenised at 
100 mg/ml (50 mg/ml for hypothalamus) in 0.4 M bor- 
ate buffer pH 8.2. 

Incubations were carried out at 37° for 30 min in 
1.5ml of 0.4M borate buffer, pH 8.2 containing 
50 uymoles GABA, 50 umoles a-ketoglutarate, 15 yg 
GSH, 15 yg pyridoxal phosphate and 0.2 ml homo- 
genate. The reaction was stopped by the addition of 
0.5 ml 25% TCA. Zero blanks (trichloroacetic acid 
added before enzyme) were run concurrently. The suc- 
cinic semialdehyde formed was estimated by the 
method of Salvador and Albers [8] and standard suc- 
cinic semialdehyde was prepared by the method of 
Bruce et al. [9]. 

GABA assay. Mice were killed and the brains 
frozen in liquid nitrogen. Areas pooled from 5 mice 
were homogenised in 3 ml 0.5M_ perchloric, centri- 
fuged (after standing in ice for 30 min) and the super- 
natant neutralised with 20% KHCO,. GABA was 
measured by the formation of NADPH using the 
GABA-transaminase/succinic semialdehyde dehydro- 
genase (Gabase) system [19]. The incubation mixture 





1570 


contained 0.1M Tris-HCl buffer pH 8.9, 3 2mM 
’ a-ketoglutarate, 0.5SmM NADP, 8mM _ 2-mercapto 
ethanol, 2501 of neutralised extract (total vol. 
1.25 ml) and ‘Gabase’ to complete the reaction in 
60 min. GABA standards (up to | mM) and tissue 
blanks were run in parallel. 

Subcellular distribution of [*>H]EOS. Mice (20-25 g) 
were dosed with 88,000 dpm [*H]JEOS in 0.02 ml and 
killed after 24 hr. The brains were removed, washed 
in 0.32M sucrose and then pooled. A 10% whole 
brain homogenate in 0.32 M sucrose was prepared in 
a glass homogeniser with a Teflon pestle. Subcellular 
fractions were prepared at 0-4° using the method of 
Salganicoff and De Robertis [10]. For determination 
of radioactivity, pellets were rehomogenised in 5 ml 
of 0.32M sucrose, and aliquots taken for counting. 
For estimation of GABA-T activity, 0.5 ml aliquots 
of pellets rehomogenised in 5 ml of 0.32 M sucrose, 
or of the soluble supernatant fractions were used in 
the assay previously described. 

Protein content. Protein concentrations were deter- 
mined by the Miller method [11]. 

Materials. Labelled materials. [1-*H]Ethan-1-ol-2- 
amine hydrochloride, 3.8 Ci/m-mole from Radio- 
chemical Centre, Amersham. Gabase in 50% glycerol 
and NADP from Sigma, London. Ethanolamine-O- 
sulphate (2-amino ethyl hydrogen sulphate) was 
obtained in crude form from Kodak Ltd., Kirkby, 
Liverpool, and purified by dissolving in distilled water 
and precipitating with absolute ethanol. 


RESULTS 


Distribution of [?H]EOS. Table | shows the distri- 
bution of [*7H]JEOS in mouse brain areas for up to 
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Fig. 1. Inhibition of GABA-T activity by EOS in whole 

mouse brain. Female Hornes mice were dosed with 160 yg 

EOS i.c.v. or 2 g/kg s.c. and GABA-T activity measured 

at various times up to 24hr. Values are mean + S.E.M. 
of 4 animals/time point. 


24hr after i.c.v. administration. Over 60 per cent of 
the radioactivity was lost within the first hr presum- 
ably by leakage from the injection site and into the 
CSF. The radioactivity remaining at 24hr appeared 
to be associated with GABA-T activity (P < 0.020) 
as suggested by the subcellular distribution studies 
(Table 2). The greatest residual concentration of label 
occurred in the hypothalamus. 


Table 1. Regional distribution of [7H]EOS 





l hr 


Brain region DPM/mg tissue Ratio 


DPM/mg tissue 


Time after EOS 


4hr 24 hr 


Ratio DPM/mg tissue Ratio 





Cerebellum 
Medulla and 
pons 
Hypothalamus 
Midbrain 
Striatum 
Cerebral cortex 


+ H+ 1+ I 
MWAoun= 


1.63 
1.68 


LST 
2.04 


wn 


3.12 
1.69 
1.61 
l 


w 


3.08 
1.94 
1.61 
l 


I+ I+ + I+ 
wRN— 


I+ 1+ I+ 1+ 
non 





Female Hornes mice (20g) were dosed i.c.v. with 160 ug EOS containing 88,800 dpm all in 0.02 ml for 1, 4 and 
24h. Values are mean + S.E.M. of 10 animals. For comparison of distribution ratios, cerebral cortex = 1. 


Table 2. Subcellular distribution of [7H]EOS 





Fraction Description “%[PH]EOS* % GABA-Tt % GABA-Tt 





Nuclear + debris 9 + 3. l 16 
Crude mitochondrial . é 72 
Microsomal 2 
Soluble cytoplasm F : | 7 





*Values are mean + S.E.M. of per cent of total DPM recovered after 24 hr. 
[?H]EOS (88,800 dpm) was dosed to 6 mice ic.v. in 0.02 ml. Mice were killed, the 
brains removed and pooled for centrifugation after homogenisation at 10% in 0.32 M 
sucrose. Values are mean + S.E.M. of 5 experiments. 

+ Values are % of total GABA-T activity determined from brains pooled from 6 
mice; r = 0.987, P < 0.020 with v = 2. 

t Values from Waksman et al. [18]; r = 0.982, P < 0.020 with v = 2. 
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Table 3. Effect of EOS on mouse brain GABA-T activity 





Brain region 


Control 
GABA-T 


activity (umoles/ 
mg protein/hr) 


Percent 


inhibition after 
160 ug EOS 
i.c.v. for | hr 





Cerebellum 


Medulla and pons 


Hypothalamus 
Midbrain 
Striatum 
Cerebral cortex 


0.278 + 0.020 
0.400 + 0.038* 
0.381 + 0.071* 
0.360 + 0.058* 
0.301 + 0.032* 
0.220 + 0.024 


e * 


SASREL 
He HE He HE 
ane oe & 





Groups of 5 female Hornes mice (20 g) were given EOS 
160 yg i.c.v. for | hr. Values are mean + S.E.M. of 6 experi- 
ments. 

*P < 0.050 when compared with cerebral cortex. 


Effect of EOS on GABA-T activity. The inhibition 
of GABA-T activity by 160 yg icv. and by 2 g/kg 
s.c. EOS in whole mouse brain is shown in Fig. I. 
Both treatments inhibited the enzyme by more than 
85, per cent at 24hr. The inhibition of GABA-T by 
EOS 2 g/kg s.c. was of a slower onset than 160 yg 
i.c.v. having no significant effect at 30 min. 


umol/g wet wt. 
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Turnover rate, pmol/gper hr 
Fig. 2. Correlation between turnover rate as determined 
after 160 wg EOS ic.v. and endogenous GABA concen- 


trations in the areas studied. Correlation coefficient 
r = 0.933, P < 0.010 with 3 degrees of freedom. 


umol/g wet wt. 


Endogenous GABA, 








0.5 1.0 


Turnover rate, pmol/g per hr 


Fig. 3. Correlation between turnover rate as determined 

after 2g/kg EOS s.c. and endogenous GABA concen- 

trations in the areas studied. Correlation coefficient 
r = 0.865, P < 0.025 with 4 degrees of freedom. 


EOS (160 yg i.c.v. for | hr, Table 3) did not appear 
to preferentially inhibit GABA-T to any great extent 
in any particular brain area. Mean control whole 
brain GABA-T activity was 0.394 + 0.014 umoles suc- 
cinic semialdehyde produced/mg protein/hr (n = 12). 

Effect of EOS on GABA concentrations. Both 160 pg 
EOS i.c.v. and 2 g/kg S.C. (Table 4) caused significant 
increases in endogenous GABA concentrations in all 
areas. GABA turnover rates were calculated by 
exponential rise over the 4hr period although the 
rates may only be regarded as apparent, since 
GABA-T was not completely inhibited at 4hr. For 
both treatments, the rates correlated with the control 
endogenous GABA content of the areas studied (Figs. 
2 and 3), with the highest rate occurring in the hypo- 
thalamus. The rises in whole brain GABA levels were 
240 per cent (160 yg ic.v.) and 147 per cent (2 g/kg 
s.c.) with approximately 60 per cent inhibition of 
GABA-T after 4 hr. 


DISCUSSION 


The distribution of [*H]ethanolamine-O-sulphate 
given intracerebroventricularly will be dependent 
upon loss due to leakage from the injection site, loss 


Table 4. Effect of EOS 160 yg ic.v. and 2 g/kg s.c. on mouse brain GABA levels 





Endogenous GABA levels (umoles/g/wet wt.) 


EOS 160 pg 


Brain region Control 1.C.V. 


EOS 2 g/kg 
S.C. 


After 160 ug EOS i.c.v. 

Apparent 
turnover rate 
(umoles/g/hr) 


t,/2(h) k(h-') 





Cerebellum 


Medulla and pons 


Hypothalamus 
Midbrain 
Striatum 
Cerebral cortex 


1.75 + 0.16 
1.87 + 0.11 
4.23 + 0.58 
3.70 + 0.20 
3.36 + 0.29 
2.08 + 0.01 


8.20 + 0.57* 
7.42 + 0.42* 
14.59 + 0.39* 
11.96 + 0.58* 
9.10 + 0.84* 
6.58 + 0.31* 


4.75 + 0.35* 
5.39 = 0.32" 
11.77 + 0.35* 
8.32 + 0.97* 
6.48 + 0.18* 
5.35 + 0.49* 


0.675 + 0.050 
0.644 + 0.033 
1.289 + 0.031+ 
1.081 + 0.0514 
0.818 + 0.079 
0.579 + 0.025 


1.793 + 0.031+ 
2.019 + 0.074t 
2.270 + 0.276 
2.379 + 0.121 
2.922 + 0.472 
2.419 + 0.078 


0.387 + 0.006t 
0.344 + 0.013t 
0.314 + 0.035 
0.293 + 0.015 
0.249 + 0.036 
0.289 + 0.009 





Groups of 5 female Hornes mice (20g) were given EOS either s.c. or i.c.v. for 4hr. Values are expressed as umoles/g 
wet wt. and are mean + S.E.M. of 3 experiments. The t,,2, k and turnover rates were calculated on the basis of 
an exponential rise in GABA concentrations over the 4hr period [12]. 

*P < 0.005 cf. control 

+P < 0.001 cf. cerebral cortex. 

¢ P < 0.025 cf. cerebral cortex. 
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into the CSF, upon metabolism and non-specific 
binding of EOS and its metabolites, and upon irre- 
versible binding to GABA-transaminase. It has been 
suggested [1] that EOS may undergo f-elimination 
catalysed by GABA-T and the animoethylene inter- 
mediate may bind to inactivate the enzyme. Subcellu- 
lar distribution studies (Table 2) show a good correla- 
tion between binding of *H remaining after 24 hr and 
GABA-T activity, and at 24hr remaining radioac- 
tivity (as [7H Jaminoethylene bound to GABA-T) may 
be representative of the enzyme pools present in each 
brain area. There is a good correlation between *H 
binding and the rises in endogenous GABA levels that 
occur in the different brain areas after EOS, the grea- 
test increase was seen in the hypothalamus and the 
least in the cortex and cerebellum. EOS did not 
appear to preferentially inhibit GABA-T in any par- 
ticular brain area at | hr (Table 3) and this may indi- 
cate uniform distribution after injection. 

After EOS administration, the subsequent rises in 
GABA levels have previously been shown [12] to fol- 
low a biphasic exponential pattern, there being a 
rapid rise during the first 6 hr after injection and the 
present calculation of turnover rates is based on the 
exponential rise. At 4hr, GABA-T is not completely 
inhibited (60-70 per cent, Fig. 1), however the subse- 
quently determined turnover rates correlate well with 
the endogenous GABA levels in the different brain 
areas (Figs 2 and 3), and since it is known[13] that 
endogenous GABA levels parallel GAD more so than 
GABA-T activities, the rates may be indicative of 
GABA synthesis by GAD. The order of the turnover 
rates for each area calculated using EOS agree with 
those published by Collins [14] using [2,3-7H]GABA. 
Howoever, since EOS does not completely inhibit 
GABA-T, the values quoted here must only be 
regarded as apparent and not true rates. 

Our findings show good agreement with other 
workers [3] in that EOS given i.c.v. inhibits GABA-T 
and elevates brain GABA. We have extended these 
observations to show that EOS also acts subcu- 
taneously when a large dose (2 g/kg) is given and suffi- 
cient time (2 hr, Fig. 1) is allowed for absorption, thus 
demonstrating that EOS passes the blood brain bar- 
rier. 

It has been suggested that the GABA-T pool is 
located in the mitochondria of the ‘small’ glutamate 
compartment and that the morphological identity of 
this compartment is attributed to glial cells (15-17, 
20). Our evidence shows greater binding of *H to the 
hypothalamus (an area which also has a high endo- 
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genous GABA level and a high turnover rate), which 
may suggest the presence in this area, of a larger glial 
GABA-T pool than in the other areas studied. 
Another possibility is the existence of a hypothalamic 
GABA-T enzyme with a higher affinity for EOS, and 
perhaps therefore a higher affinity for GABA or 
a-ketoglutarate. Thus although GAD is considered to 
be rate limiting in the maintenance of endogenous 
GABA concentrations, at least in the hypothalamus 
the GABA-T activity, whether a function of glial pool 
size or relative substrate affinity, cannot be ignored 
in the regulation of GABA turnover. 
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Abstract—Contrary to published studies, 6-thioguanosine 5'-phosphate (6-thioGMP) was found to be 
a relatively weak inhibitor of the phosphorylation of GMP catalyzed by guanylate kinase. The inhibition 
constant for 6-thioGMP was 2.3 mM for the enzyme from human erythrocytes. This K; value is 30-fold 
larger than previously reported values. The weak inhibition by 6-thioGMP is related to the alternate 
substrate activity of this compound. It has an apparent K,, value of 2.1 mM and a maximal velocity 
of 3 per cent of that attainable with GMP as the saturating substrate. The discrepancy between these 
findings and those previously reported was found to be due to a spectrophotometric artifact that 
was associated with the high absorbance of 6-thioGMP at the wavelength previously used for the 
velocity measurements. Guanylate kinase from rat liver, hog brain, Sarcoma 180 tumor cells and Ehrlich 
ascites tumor cells was also inhibited by 6-thioGMP with a K; in the mM range. 


For a number of years, the inhibition of guanylate 
kinase* by 6-thioGMP has been proposed to be one 
of the modes of action of the metabolically activated 
thiopurines: 6-mercaptopurine, 6-thioguanine and 
their respective ribonucleosides [1,2]. Studies with 
the partially purified enzyme from a number of 
sources [3-7] have indicated that 6-thioGMP was a 
competitive inhibitor with respect to GMP with a 
K, value in the range of 0.05 to 0.21 mM. Contrary 
to the results with the isolated enzyme, studies in 
vitro with Sarcoma 180 cells, lymphoma L5178Y cells, 
H.Ep.2 cells [8-11] or Ehrlich ascites cells [12] have 
shown that preloading the cells with concentrations 
of 6-thioGMP up to 0.2mM has little or no effect 
upon the incorporation of guanine into GTP. 

In an effort to resolve this apparent contradiction, 
the interactions of 6-thioGMP and guanylate kinase 
have been re-examined. A spectrophotometric artifact 
was found to have been present in the earlier enzyme 
assays. The kinetic constants determined in the 
absence of this artifact are in accord with the findings 
of the intact cell studies. 





* Abbreviations used are: guanylate kinase = ATP:GMP 
phosphotransferase, EC 2.7.4.8; 6-thioGMP = 6-thioguan- 
sine 5’-phosphate; 6-SeGMP = 6-selenoguanosine 5’-phos- 
phate; U = enzyme unit (1 umole product formed/min); 
and Marzp = electrophoretic mobility of ATP. 

+ Specific activity was determined at 0.1mM GMP as 
previously described [6]. 

t Studies indicate that under these conditions the phos- 
phorylation of 6-thioGDP by pyruvate kinase is not rate 
limiting (unpublished data). 

§ Supplied with the spectrophotometer. 

© Authors from Brown University were supported by 
Grants: USPHS CA 07340 and CA 13943. 
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MATERIALS AND METHODS 


Materials 


Guanylate kinaset was partially purified from 
human erythrocytes (2.9U/mg) [5], rat liver 
(0.15 U/mg) [7], Sarcoma 180 cells (1.1 U/mg) [6] and 
Ehrlich ascites cells (1.5 U/mg) [13]. Hog brain 
guanylate kinase (10U/mg), pyruvate kinase 
(200 U/mg), lactate dehydrogenase (550 U/mg), and 
the sodium salts of NADH, ATP and phosphoenol- 
pyruvate were purchased from Boehringer Mannheim 
Corp. [8-'*C]GMP was purchased from Amersham/ 
Searle. 6-ThioGMP was prepared chemically [14] 
from 6-thioguanosine and enzymatically [15] from 
6-thioguanine and was purified as described elsewhere 
[16]. The two preparations were found to be indis- 
tinguishable and to be >99 per cent pure as analyzed 
by high pressure liquid chromatography. 


Enzyme assays 

Spectrophotometric assay. Guanylate kinase ac- 
tivity was determined by coupling the formation of 
the products, ADP and either GDP or 6-thioGDP,t 
to the pyruvate kinase and lactate dehydrogenase 
mediated oxidation of NADH as described by Agar- 
wal and Parks [7]. Reaction rates were measured in 
l-cm path length black-masked quartz semi-micro 
cuvettes and were monitored at 30° in a thermostated 
Gilford model 240 spectrophotometer using a full- 
scale recorder deflection of 0.1 absorbance unit. All 
measurements were obtained using the tungsten light 
source with the blue filter§ in the light path. Reaction 
mixtures contained 100mM Tris-acetate, pH 7.5; 
10mM MgCl,;4mM ATP; 100mM KCI; nucleoside 
monophosphate substrate; guanylate kinase; and a 
coupling system consisting of 0.15mM NADH, 
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1.5mM phosphoenolpyruvate, 2.5 U/ml of pyruvate 
kinase and 3.3 U/ml of lactate dehydrogenase. Other 
details are described in the figure legends. Reactions 
were initiated with either guanylate kinase or nucleo- 
side monophosphate after a 3-min preincubation in 
a 30° water bath. The oxidation of NADH was moni- 
tored at 373 nm [Ae = 3.6mM_~'cm~']. The €373 for 
6-thioGMP is 0.13mM~'cm™'. All absorbance 
changes reported in the present study were obtained 
under conditions of <0.04 per cent stray light. In 
no case did the absorbance of a reaction mixture 
exceed 1.2 units at 373 nm. 

Radiochemical assay. Reaction mixtures identical to 
those for the spectrophotometric assay in the 
absence of the coupling system were used. GMP was 
replaced by [8-'*C]GMP (61 Ci/mole; varied, from 
0.01 to 0.1 mM). Reactions were initiated with guany- 
late kinase after preincubation for 3 min at 30° and 
reactions were terminated after 5 min by the addition 
of 25 ul of 1.1M EDTA, pH 9, containing 35mM 
GMP and 35mM GDP carrier. An aliquot (10 yl) 
of this mixture was spotted on Whatman 3MM paper. 
The substrate and product were separated by high 
voltage electrophoresis in 50mM_ sodium citrate, 
pH 3.5, at 3000 volts for 60min (Marp = 100; 
Momp = 56; Mopp = 104; and Mgrp = 107). The 
ultraviolet absorbing spots corresponding to GMP 
and GDP were cut out and counted for radioactivity 
as previously described [16]. 


RESULTS 
Spectrophotometric stray light artifacts 

In previous studies with guanylate kinase, both the 
substrate and inhibitory properties of 6-thioGMP 
were determined spectrophotometrically at 340 nm 
using a tungsten light source without a filter in the 
light path [3-7]. Examination of several spectrophot- 
ometers revealed that at high absorbance they did 
not respond in a linear fashion under these conditions 
(Fig. 1). Three factors which have been reported to 
be common causes of stray light artifacts appear to 
have been responsible for this non-linear response.* 
First was the use of an energy source (tungsten lamp) 
which has a disproportionate amount of energy with 
longer wavelength than that used to monitor the reac- 
tion rates. Second was the failure to decrease the in- 
tensity of this long wavelength energy exiting from 
the monochrometer by use of the blue filter. Third 
was the use of a wavelength for monitoring the reac- 
. tion rates at which the absorbance of the samples 
was very high. At high absorbance, stray light 
becomes an appreciable portion of the light energy 
being measured and thus causes relatively large errors 
in quantitative measurements. 

As previously described by Cavalieri and Sable 
[18], the error caused by stray light in the determina- 
tion of absolute absorbances is compounded when 
measuring absorbance changes. For example, a reac- 
tion with an absorbance of 2.1 measured with a spec- 
trophotometer having 0.4 per cent stray light displays 
a 17 per cent error in absolute absorbance and a 45 
per ceni error in the observed reaction velocity for 





* For a more complete discussion of the causes and 
effects of stray light, see Ref. 17 and 18. 
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Fig. 1. Effect of stray light on observed absorbance. Absor- 
bance measurements were determined using the tungsten 
light source with and without the blue filter in the light 
path. Stray light was 0.4 per cent in the absence of the 
filter and <0.03 per cent in the presence of the filter. 


a 0.1 absorbance unit decrease. The reaction mixtures 
previously used in the determination of the inhibition 
constants for 6-thioGMP had absorbance values at 
340 nm ranging from 0.9 for reactions in the absence 
of 6-thioGMP to 2.1 at the highest 6-thioGMP con- 
centrations. Under these conditions, the values deter- 
mined for the inhibition constants would be invalid 
because of the effects of stray light. 

In the present study, inclusion of the blue filter in 
the light path decreased the stray light from 0.4 to 
<0.04 per cent thereby decreasing the error in abso- 
lute absorbance measurements to <0.2 per cent. 
When the reaction rates were monitored at 373 nm 
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Fig. 2. 6-ThioGMP as substrate for human erythrocytic 

guanylate kinase as measured by the spectrophotometric 

assay. Reactions (250 yl) contained 0.04 U guanylate 

kinase. Initial velocities are expressed as nmoles 
6-thioGDP formed/min. 
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Fig. 3. 6-ThioGMP-mediated inhibition of the conversion 
of GMP to GDP as measured by the radiochemical assay. 
Reactions (100 yl) contained 9 x 10~* U of human eryth- 
rocytic guanylate kinase. Initial velocities are expressed as 
nmoles GDP formed/min. Bars in the secondary plot (see 
inset) represent the range of slopes obtained from three 

separate determinations. K,, for GMP = 0.017 mM. 


instead of 340 nm, reaction mixtures containing high 
concentrations of 6-thioGMP had absorbances values 
of <1.2. Under these conditions, the error in the 
determination of the reaction rates was decreased 
from 45 to <0.6 per cent. 
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Fig. 4. 6-Thio-GMP-mediated inhibition of the conversion 

of GMP to GDP as measured by the spectrophotometric 

assay. Reactions (250 yl) contained 0.005 U of human 

erythrocytic guanylate kinase. Initial velocities are ex- 

pressed as nmoles GDP formed/min. K,, for GMP = 
0.011 mM. 


Substrate activity of 6-thioGMP 

In the presence of rate-limiting amounts of erythro- 
cytic guanylate kinase and an excess of pyruvate 
kinase, lactate dehydrogenase and phosphoenolpyru- 
vate, 6-thioGMP was converted to 6-thioGTP. Moni- 
toring the formation of 6-thioGTP and the concomi- 
tant oxidation of NADH at 373 nm instead of 340 nm 
allowed relatively high concentrations of 6-thioGMP 
(0.2 to 6mM) to be used without interfering with the 
accuracy of the assay. 6-ThioGMP was thereby 
shown to be an alternate substrate for guanylate 
kinase with a K,, value of 2.1 +0.2mM and a ¥,,,, 
of 2.6 + 0.2 per cent of that observed with GMP (Fig. 
2). Preliminary studies with [°°S]6-thioGMP support 
these data. The K,, value for GMP was 0.011- 
0.017 mM (Figs 3 and 4) which is in agreement with 
earlier studies [6]. 

Inhibitory activity of 6-thioGMP 

In order to circumvent any possible effects of stray 
light on the spectrophotometric assay, a radio- 
chemical assay measuring the phosphorylation of 
['*C]GMP was used. Initial velocities were deter- 
mined while varying the GMP concentration at 
several fixed concentrations of 6-thioGMP. An ap- 
parent inhibition constant for 6-thioGMP of 
2.3 + 0.6mM was thereby obtained (Fig. 3). To con- 
firm this finding, the K; value was determined using 
the spectrophotometric assay at 373 nm (Fig. 4). The 
value obtained spectrally, 2.8 + 0.2mM, was nearly 
identical to that obtained radiochemically. The pre- 
viously reported K; values for the enzyme from this 
source [5,6] were at least an order of magnitude 
lower than the value determined here. 

Preliminary studies with guanylate kinase from hog 
brain, rat liver, Sarcoma 180 tumor cells and Ehrlich 
ascites tumor cells also revealed that, contrary to the 
previously reported values [1, 3-7], the apparent inhi- 
bition constants for 6-thioGMP were also in the mM 
range. 


DISCUSSION 


The substrate and inhibitory properties of 
6-thioGMP with partially purified guanylate kinase 
which are presented here are quantitatively quite dif- 
ferent than those previously reported [3-7]. 

Previous studies dealing with the stubstrate proper- 
ties of 6-thioGMP were conducted under conditions 
of non-linear spectrophotometric response. In addi- 
tion, the concentrations of 6-thioGMP used were con- 
siderably lower than its K,, concentration. Thus, velo- 
cities of <1 per cent of GMP instead of 3 per cent 
were observed [4, 5,7]. The use of techniques which 
permit assays to be monitored with higher concen- 
trations of 6-thioGMP have now revealed that the 
velocity of the phosphorylation of 6-thioGMP by par- 
tially purified guanylate kinase approximates that 
observed in intact erythrocytes incubated with 6-thio- 
guanosine [19]. 

In studies by Lau and Henderson [12], Crabtree 
et al. [8] and Nelson et al. [9-11], preloading of cells 
with 6-thioGMP was shown to have little or no effect 
on the conversion of guanine to GTP. Nelson et al. 
[11], in calculations using the concentrations in vivo 
of 6-thioGMP attained and the incorrect inhibition 
constant of 0.075mM, have proposed that the lack 
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of any observed inhibition by 6-thioGMP was due 
to the fact that only 46 per cent of the guanylate 
kinase would be inhibited. Thus, this step would not 
become rate limiting in the conversion of guanine to 
GTP. This conclusion is further substantiated by 
recalculation using the inhibition constant of 2.3 mM 
found in the present study. Actually only 2 per cent 
of the guanylate kinase would be inhibited under 
the conditions used. Since the concentration of 
6-thioGMP (up to 0.2 mM) found in cells treated with 
thioguanine or thioguanosine is only about one-tenth 
of its inhibition constant, instead of 3-fold greater as 
previously supposed, 6-thioGMP would not be 
expected to significantly affect guanylate kinase in 
vivo. 

In a recent report using the same spectrophoto- 
metric assay previously used to determine the inhibi- 
tion constant for 6-thioGMP, 6-SeGMP has been 
reported to be a competitive inhibitor of guanylate 
kinase from rat liver [7], human erythrocytes and 
S-180 cells [20]. Inhibition constants of approxi- 
mately 0.1 mM were obtained. In view of the fact that 
the reaction mixtures used to determine these values 
had absorbances approaching 2.5 at 340 nm, the vali- 
dity of these constants is in question. Re-examination 
of the interaction of 6-SeGMP and guanylate kinase 
is in progress (laboratory of R. E. Parks, Jr.). 


Acknowledgements—The authors are grateful to Drs. J. A. 
Fyfe and T. A. Krenitsky for their comments during manu- 
script preparation. 5 
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Abstract—Experiments have been performed that make necessary a modification of the hypothesis 
that 6-thioguanine produces cytotoxicity by a sequential blockade of the enzymes, ribosylamine-5-phos- 
phate: pyrophosphate phosphoribosyltransferase (PRPP-amidotransferase), inosinate dehydrogenase 
and guanylate kinase. L5178Y murine leukemia cells (in vivo and in vitro) were pretreated with 6-thio- 
guanine under conditions known to produce significant accumulations of the analog nucleoside 
5’-monophosphate, 6-thioGMP, inhibition of purine de novo biosynthesis, and marked cytotoxicity. 
When these cells were incubated with [8-'*C]guanine, no inhibition in the formation of guanine nucleo- 
tides was observed in comparison with control cells not treated with 6-thioguanine. Furthermore, 
measurement of changes in the intracellular concentrations of GMP, GDP and GTP did not provide 
evidence for the occurrence of a ‘cross-over’ between GMP and GDP in the presence of 6-thioGMP. 
Thus, the predicted accumulation of GMP resulting from the postulated blockade of guanylate kinase 
by 6-thioGMP did not occur. L5178Y cells incubated with guanine for periods of | hr or less accumu- 
lated concentrations of GDP and GTP that approximated the intracellular levels of ADP and ATP. 
Time studies were performed with human erythrocytes in which the rate of formation of nucleotides 
was compared in cells incubated with guanosine or 6-thioguanosine. With guanosine, the rapid forma- 
tion of guanine nucleotides was observed with the ratio of GTP:GDP:GMP approximating the ratios - 
of the adenine nucleotides of the erythrocytes, i.e. no accumulation of GMP was observed at any 
time period up to 6hr. In contrast, with 6-thioguanosine, a rapid initial formation of 6-thioGMP 
was observed with a gradually accelerating formation of 6-thioGTP. After 2hr, the concentration 
of 6-thioGMP decreased whereas the formation of 6-thioGTP achieved a velocity of about 0.007 umole/ 
min/ml of erythrocytes. This velocity is about 2 per cent of that expected with saturating levels of 
GMP, if one assumes the intraerythrocytic activity of guanylate kinase to be 0.3 enzyme unit/ml 
of cells (enzyme unit: 1 unit catalyzes the conversion of | ymole substrate into product/min). These 
findings are in general agreement with the results of studies with purified guanylate kinase preparations 
described in the accompanying publication [R. L. Miller, D. L. Adamczyk, T. Spector, K. C. Agarwal, 
R. P. Miech and R. E. Parks, Jr., Biochem. Pharmac. 26, 1573 (1977)], which indicate that the K,, 
value and V,,,, value of 6-thioGMP are approximately 2.0mM and about 3 per cent of the V,,,, 
with GMP respectively. Therefore, it may be concluded that administration of 6-thioguanine does 
not cause significant inhibition of guanylate kinase. However, the poor reactivity of 6-thioGMP with 
guanylate kinase probably causes the marked intracellular accumulation of this analog nucleotide after 
administration of 6-thioguanine or its derivatives. 





*Supported by Grants CA 07340 and CA 13943 from Several years ago, this laboratory, in collaboration 


the United States Public Health Service and CH-7Q from 
the American Cancer Society. 

+ Present address: Department of Pharmacology and 
Toxicology, The University of Texas Medical Branch at 
Galveston, Galveston, Texas 77550, U.S.A. 
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Sarcoma 180/TG, Sarcoma 180 cells resistant to 6-thio- 
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leoside phosphorylase, purine-nucleoside: orthophosphate 
ribosyltransferase (EC 2.4.2.1); hypoxanthine-guanine 
phosphoribosyltransferase, IMP-GMP pyrophosphate 
phosphoribosyltransferase (EC 2.4.2.8); PRPP synthetase, 
ATP; pD-ribose-5-phosphate pyrophosphotransferase (EC 
2.7.6.1); and E.U., enzyme unit (1 unit catalyzes the conver- 
sion of 1 umole substrate into product/min). 


with colleagues from Yale University, presented the 
hypothesis that 6-thioguanine (6-TG) exerts its 
cytotoxic effects as the result of a sequential blockade 
involving the enzymes, PRPP-amidotransferase,{ in- 
osinate dehydrogenase and guanylate kinase[1]. In 
accord with this hypothesis were the observations of 
potent inhibition of de novo purine biosynthesis by 
the administration of 6-thioguanine [2] and of inhibi- 
tion of PRPP-amidotransferase by 6-thioGMP [3, 4]. 
Also, it had been shown both with bacterial and Sar- 
coma 180 inosinate dehydrogenases that the enzyme 
is progressively and irreversibly inhibited by exposure 
to 6-thioGMP [1,5]. Consistent with a significant 
role of the enzyme guanylate kinase in the action of 
6-TG is the marked intracellular accumulation of 
6-thioGMP with the delayed and relatively slow for- 
mation of the polyphosphate nucleotides [6]. Studies 
with purified guanylate kinase preparations from a 
variety of tissues indicated that 6-thioGMP can act 
as an inhibitor/alternative substrate with K; values 
similar to the K,, values for GMP, but with V,,,, 
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values of less than 0.1 per cent of those for 
GMP [7-10]. However, studies during the past year, 
as reported in the accompanying paper [11], indicate 
that the apparent inhibition of guanylate kinase 
resulted from a_ spectrophotometric artifact and 
require that this portion of the hypothesis be modi- 
fied. 

Various techniques have been developed recently 
that have made it possible to examine the question 
of guanylate kinase inhibition by 6-thioGMP in intact 
viable cells. Most important has been the method of 
high pressure liquid chromatography with monitoring 
at two wavelengths, which has facilitated studies of 
the intracellular formation and interconversion of 
nucleotides of guanine and 6-thioguanine. When the 
relative rates of synthesis of 6-thioGMP, 6-thioGDP 
and 6-thioGTP in intact erythrocytes were examined, 
a much more rapid formation of the polyphosphate 
nucleotides was found than was predicted by the ear- 
lier studies with isolated guanylate kinase. Also, ex- 
periments have been performed to test for the postu- 
lated biochemical ‘cross-over’ [1] during the synthesis 
of guanine nucleotides from guanine in intact tumor 
cells inhibited by 6-thioGMP. In this case, the postu- 
lated blockade of the guanylate kinase reaction by 
6-thioGMP should have caused a temporary accumu- 
lation of GMP and a fall in the GDP and GTP con- 
centrations. As described below, neither type of ex- 
periment gave results consistent with predictions de- 
rived from the earlier kinetic studies with purified 
guanylate kinases[7—10]. The findings reported 


below, however, appear to be in reasonable agreement 
with the newer results described in the accompanying 
manuscript, which indicate that 6-thioGMP is a sub- 


strate with a relatively high K,, value (2-5 mM) and 
a Vx Of about 3 per cent of that for GMP. The 
latter value is at least 20-fold greater than those 
reported in earlier studies[7—10]. Portions of this 
work have been reported previously [6, 12]. 


MATERIALS AND METHODS 
Materials 


Guanosine, 6-thioguanosine, 6-thioguanine and 
6-methylmercaptopurine ribonucleoside were pur- 
chased from the Sigma Chemical Co., St. Louis, MO. 
and guanine and glutamine were from P-L Biochemi- 
cals, Milwaukee, WI. CalBiochem Corp., La Jolla, 
CA, supplied dithiothreitol. Dr. S. H. Chu of this 
Division prepared the [*°S]6-thioguanine (100 
counts/min per nmole) used in_ this study. 
[8-'*C]guanine (35 wCi/umole) and [2-'*C]glycine 
(39 wCi/umole) were obtained from Schwarz/Mann, 
Orangeburg, NY. Fresh human blood collected in 
acid-citrate-dextrose medium, from which the plate- 
let-rich plasma had been removed, was obtained from 
the Division of Hematological Research, Pawtucket 
Memorial Hospital, Pawtucket, R.I. Mouse tumor 
cells, originally obtained from Dr. A. C. Sartorelli, 
Yale University School of Medicine, New Haven, CT, 
were maintained by weekly i.p. transplantation into 
mice purchased from Charles River Labs (North 
Wilmington, MA). In the case of Sarcoma 180 and 
Sarcoma 180/TG, about 2 x 10° cells were trans- 
planted into female CD' mice whereas for L5178Y 
cells, female BDF, mice were used. 
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Preparation of cells 

Human erythrocytes were centrifuged at 1350g in 
a clinical centrifuge for 5 min. Buffy coat and acid- 
citrate-dextrose medium were discarded. Erythrocytes 
were washed twice with 5 vol. of 0.99% NaCl and once 
with incubation medium (see below) by gentle resus- 
pension and centrifugation (as above) and then sus- 
pended to about 50% (v/v) in incubation medium. 

For drug treatment in vivo—incubation studies in 
vitro, 6-thioguanine was administered to mice in 0.9% 
NaCl solution by i.p. injection 6 or 7 days after tumor 
implantation. Control mice received identical volumes 
of 0.9% NaCl solution. One hr after administration 
of 6-thioguanine, tumor cells were removed from two 
mice of each group, pooled, and washed twice with 
5 vol. of 0.9% NaCl. Contaminating erythrocytes were 
removed by differential centrifugation. Cells were then 
washed once with tumor cell incubation medium (see 
below) and resuspended to about 20% (v/v) in the 
same medium. For other studies performed entirely 
in vitro, cells were removed from mice 6 or 7 days 
after implantation and washed as above. 


Incubation and extraction procedures 


Washed erythrocytes (15% suspension) were incu- 
bated with guanosine (0.5mM) or 6-thioguanosine 
(1 mM) in a medium consisting of NaCl (75 mM), 
MgSO, (2mM), glucose (10mM), potassium phos- 
phate buffer (50mM), penicillin (100 units/ml) and 
streptomycin (100 ug/ml) at a pH of 7.4. Dithiothrei- 
tol (2mM) was also included in: incubations with 
6-thioguanosine. Total volumes were 10 ml and incu- 
bations were carried out in a shaking water bath (80 
oscillations/min) at 37° with air as the gas phase. At 
appropriate times after the addition of substrate, 
0.5-ml aliquots of incubation mixture were removed 
and placed into chilled (4°) 15-ml centrifuge tubes 
containing 0.25 ml of 12% perchloric acid, mixed well 
and allowed to stand for 15 min. After centrifugation 
to remove denatured protein (1350 g for 5 min), 0.4-ml 
aliquots of the supernatant fluids were neutralized 
with cold KOH to pH 6.5-7.5 using phenol red as 
the indicator. After standing at 4° for 15 min, insolu- 
ble KCIO, was removed by centrifugation. The clear 
supernatant solutions were transferred to 10 x 75 mm 
tubes, frozen and kept at — 20° until analyzed by high 
pressure liquid chromatography (see below). 

Tumor cells (Sarcoma 180 or Sarcoma 180/TG, 
control or 6-TG-treated), prepared as above, were 
suspended to a final concentration of 10% (v/v) in 
incubation medium consisting of Tris-HCl (40 mM), 
KCl (20 mM), NaCl (88 mM), MgCl, (2 mM), glucose 
(5.5 mM) and potassium phosphate buffer (22 mM) at 
a final pH of 7.4. [8-'*C]guanine (5.83 uCi/umole) 
was added to a concentration of 100 uM. For L5178Y 
cell studies, cells were removed from four mice, 
pooled and washed as above. Cells were suspended 
to a final concentration of 5% (v/v) in tumor cell incu- 
bation medium and 6-thioguanine (180 4M) was 
added. The mixtures were incubated for 30min, 
washed to remove residual 6-thioguanine, and resus- 
pended (to a 5% concentration) in incubation medium 
containing [8-'*C]guanine (5.83 wCi/umole; 100 uM). 
Other incubation conditions were as for human eryth- 
rocytes. Samples (1.0 ml) of the incubation mixtures 
were removed (at appropriate times after the addition 
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of labeled precursor) into chilled 15-ml centrifuge 
tubes containing 0.2 ml of 26% perchloric acid, mixed 
well, and allowed to stand for 15 min. Neutralization 
and storage conditions were as for erythrocytes. In 
experiments with L5178Y cells in which 6-thioguanine 
nucleotide synthesis was monitored, [°°S]6-thio- 
guanine (500 cpm/nmole; 180 uM) was substituted for 
unlabeled 6-thioguanine and unlabeled guanine 
(100 uM) was used in place of [8-'*C]guanine. All 
other details were as above. 

For studies of purine biosynthesis de novo, Sarcoma 
180 cells were removed from two mice, pooled, 
washed twice with 0.9% NaCl and once with tumor 
cell incubation medium (see above). After incubation 
of cells (10% suspension) for 15 min, 6-thioguanine 
was added to appropriate flasks to a concentration 
of 150 uM and incubation was continued for 60 min. 
Cells were then washed twice with 0.9% NaCl, once 
with incubation medium, and finally resuspended to 
a concentration of 10% in incubation medium con- 
taining glutamine (2 mM). After 15 min of incubation, 
[2-'*C]glycine (39 wCi/umole; 2.8 Ci/ml of incuba- 
tion mixture) was added and incubations were con- 
tinued. Total volume was 3.6 ml. At appropriate times 
after addition of radioactive precursor, 0.5-ml aliquots 
of reaction mixture were removed and placed into 
chilled (4°) 15-ml centrifuge tubes containing 0.1 ml 
of 26% perchloric acid. Neutralization and storage 
of extracts are described above. 


Analysis of cell extracts 


Nucleotide levels were determined in neutralized 
acid-soluble extracts by high pressure liquid chroma- 
tography using a Varian LCS-1000 liquid chromato- 
graph. Usually 20 yl of the cell extract was used for 
chromatography. For studies with human erythro- 
cytes, the column employed was a Reeve-Angel AS- 
Pellionex-SAX column (3m x | mm). The low con- 
centrate eluant was 0.002 M KH,PO, (pH 4.5) and 
the high concentrate eluant was 0.5 M KH,PO, (pH 
4.5) in 1.0M KCl. The starting volume was 40 ml and 
the flow rates were column, 14 ml/hr and gradient, 
7 mli/hr. Eluants were monitored at two wavelengths, 
254nm to detect normal nucleotides and 350nm to 
facilitate detection of 6-thioguanine nucleotides. For 
the tumor cell studies, high pressure liquid chroma- 
tography was carried out exactly as described by 
Parks and Brown[13]. In all cases, areas of peaks 
on the chromatographic profiles were determined by 
planimetry and the concentrations of nucleotides were 
determined by comparison with areas of standard nu- 
cleotide solutions of known concentration chromato- 
graphed under identical conditions. 

To determine the incorporation of radioactivity 
from [8-'*C]guanine, [°°S]6-thioguanine or 
[2-'*C]glycine into nucleotides, fractions of the 
column eluants were collected at 2-min intervals 
(0.4 ml/fraction). The contents of the fraction collector 
tubes were rinsed with two 4.5-ml aliquots of a diox- 
ane-based scintillation fluid prepared by dissolving 
two 4-g packets of Omnifluor [New England Nuclear, 
Boston, Mass.; contains 98% PPO (2,5-diphenyloxa- 
zole) and 2% bis-MSB(p-bis-[O-methylstyryl]-ben- 
zene)] plus 100g napthalene in | liter of scintillation 
grade p-dioxane. All radioactivity measurements were 
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made with a Packard Tri-Carb model 2000 scintilla- 
tion counter at an efficiency of about 70 per cent. 


RESULTS AND DISCUSSION 


Rates of incorporation of guanosine and 6-thioguano- 
sine into the nucleotide pools of human erythrocytes 


It has been established in earlier studies that fresh 
normal human erythrocytes, in comparison with most 
other cell types, have very low levels of guanine nu- 
cleotides [14-17]. However, the human erythrocyte 
contains adequate activity levels of all of the enzymes 
required for the conversion of guanine or guanosine 
to GTP[10]; furthermore, when washed human 
erythrocytes are incubated with guanosine (1 mM) in 
the presence of high orthophosphate concentrations 
(50 mM, pH 7.4), and 10mM glucose, they rapidly 
accumulate GTP in concentrations that far exceed the 
normal ATP concentrations of the cell (about 1.2 to 
1.6 upmoles/ml of cells [14,15]). In fact, in recent ex- 
periments on the formation of GTP by human eryth- 
rocytes, when reaction mixtures were supplemented 
with additional guanosine after several hours of incu- 
bation, GTP concentrations in the order of 7.0 
umoles/ml of cells were achieved (G. W. Crabtree, 
C. A. Bell and R. E. Parks, Jr., unpublished observa- 
tions). Also, the initial rate of synthesis of GTP from 
guanosine is about 5-fold more rapid than the rate 
of synthesis of GTP from guanine [6]. It has been 
proposed that the rate-limiting step in guanine 
nucleotide synthesis in human erythrocytes is the for- 
mation of PRPP and that PRPP is synthesized more 
readily from ribose-1-phosphate (formed by the pur- 
ine nucleoside phosphorylase reaction) than from 
glucose [18]. 

Figure | presents the results of a time study in 
which the relative rates of synthesis of GMP, GDP 
and GTP from guanosine (0.5 mM) were compared 
in the human erythrocyte. Throughout the experi- 
ment, GTP accumulated much more rapidly than 
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Fig. 1. Rates of guanine nucleotide synthesis from guano- 
sine in human erythrocytes. Fresh, washed human erythro- 
cytes (15% suspension) were incubated with guanosine 
(0.5 mM) at 37° in a shaking water bath with air as the 
gas phase. At the times indicated, samples of the reaction 
mixture were removed, extracted with perchloric acid, neu- 
tralized and aliquots of the neutralized solutions were ana- 
lyzed for nucleotide content by high pressure liquid 
chromatography. For details of procedures, see Methods. 
Data are reproduced with the permission of the New York 
Academy of Sciences. 
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Fig. 2. Rate’ of analog nucleotide synthesis from 6-thio- 
guanosine in human erythrocytes. Experimental details are 
as for Fig. 1, except that 6-thioguanosine was present at 
1mM and both incubation medium and perchloric acid 
contained dithiothreitol (2 mM). Data are reproduced with 
the permission of the New York Academy of Sciences. 














either GDP or GMP, and at all times the GMP levels 
were low. In fact, through examination of high pres- 
sure liquid chromatograms in this experiment (data 
not shown), the ratio of GTP:GDP:GMP resembled 
closely the ratio of ATP: ADP: AMP. This experiment 
indicates that, in the erythrocyte, the rate-limiting 
step involves the synthesis of GMP, which is then 
rapidly converted into polyphosphate nucleotides by 
guanylate kinase and nucleoside diphosphokinase, 
both of which occur in the erythrocyte at reasonably 
high activities (guanylate kinase, about 0.3 E.U./ml 
of cells; NDP kinase, about 70 E.U./ml of cells [10]). 

The rate of formation of guanine nucleotides during 
the first 20 min of incubation with guanosine was ap- 
proximately 0.05 yzmole/ml of cells/min. It is signifi- 
cant that this rate is much lower than the activities 
of purine nucleoside phosphorylase (13.0 E.U./ml of 
cells[10]), hypoxanthine-guanine phosphoribosyl- 
transferase (0.3 E.U./ml of cells[16]), guanylate 
kinase (0.3 E.U./ml of cells [10]) and PRPP synthe- 
tase (0.35 E.U./ml of cells [19)). 

All of the above enzymic activity measurements 
were performed with hemolysates by use of assays 
that measure maximal velocities, and it is probable 
that under intracellular conditions one or more of 
these enzymes may operate at less than maximal vel- 
ocity. Other important aspects to be considered are: 
(1) a good estimate of the activity of phosphoribomu- 
tase in the human erythrocyte is not available, and 
(2) as established largely through the studies of Pater- 
son et al.[20-22], there is a facilitated diffusion 
mechanism that efficiently delivers nucleosides such 
as guanosine into the erythrocyte. Although it seems 
unlikely that this transport mechanism could be rate 
limiting, it will be of interest to repeat an experiment 
similar to that of Fig. | in the presence and absence 
of a specific nucleoside transport inhibitor such as 
p-nitrobenzylthioguanosine [23]. 

As seen in Fig. 2, very different results were 
obtained when human erythrocytes were incubated 
with 1.0mM 6-thioguanosine under conditions essen- 
tially identical to those of Fig. 1. During the first 
hour of incubation, much more rapid synthesis of 
6-thioGMP than of 6-thioGDP or 6-thioGTP was 
observed. Also, the initial rate of 6-thioguanine nu- 


cleotide synthesis from 6-thioguanosine was much 
slower than the rate observed for the synthesis of 
guanine nucleotides in Fig. 1 (about 0.01 umole/ 
min/ml of cells from 6-thioguanosine vs about 
0.05 ymole/min/ml of cells from guanosine). Es- 
pecially significant is that after a lag period of about 
30 min the formation of 6-thioGDP and 6-thioGTP 
began to accelerate, and at 2 hr, when the 6-thioGMP 
level has reached about 0.6 umole/ml of cells, the rate 
of formation of 6-thioGTP reached a velocity of 
about 0.007 ymole/min/ml of cells. This latter value 
compares favorably with a value which can be esti- 
mated from other published works using Sarcoma 180 
cells (see Table 6, Ref. 24). 

This accumulation of 6-thioGMP with a delayed 
formation of 6-thioGDP and 6-thioGTP, we suggest, 
has special significance. In partial confirmation of 
earlier studies, these observations demonstrate, in in- 
tact cells, that 6-thioGMP is a poor substrate for the 
enzyme guanylate kinase. However, when one con- 
siders the rate of synthesis of 6-thioGTP during the 
period of 2-4hr (0.007 umole/min/ml of cells), this 
velocity is about 2 per cent of the maximal velocity 
that could have been achieved with GMP as the sub- 
strate with the amount of guanylate kinase normally 
found in human erythrocytes (about 0.3 E.U./ml of 
cells). However, this velocity is far greater than the 
Virax Values for 6-thioGMP with various partially 
purified guanylate kinase preparations reported in 
earlier studies from this laboratory [7-10]. In more 
recent studies (documented in the accompanying 
manuscript[11]) the V,,,, of 6-thioGMP with par- 
tially purified guanylate kinase from human erythro- 
cytes was about 3 per cent of the V,,,, observed with 
the natural substrate, GMP. Therefore, the above in- 
vestigations with intact human erythrocytes are 
further evidence that the earlier reports of the very 
low reactivity of 6-thioGMP with the enzyme guany- 
late kinase were the result of an unfortunate artifact 
in the assay procedure and indicate that the conver- 
sion of 6-thioGMP to 6-thioGDP in intact cells is 
at least 20 times faster than predicted by the earlier 
erroneous kinetic data. However, the relatively slow 
reactivity of 6-thioGMP with guanylate kinase can 
result in the accumulation of this fraudulent nucleo- 
tide to remarkably high levels, e.g. about 0.6 umole/ml 
of cells in Fig. 2, a concentration that far exceeds the 
concentrations of GMP that normally occur in intact 
cells. 


Failure to demonstrate a biochemical cross-over in the 
synthesis of GTP from guanine in murine tumors inhi- 
bited by 6-thioguanine 


The hypothesis has been presented [1] that potent 
inhibition of guanylate kinase by 6-thioGMP should 
cause a biochemical cross-over during the conversion 
of guanine or other guanine nucleotide precursors to 
GTP, ie. inhibition of guanylate kinase by 
6-thioGMP should produce an accumulation of 
GMP with a concurrent decrease in the concen- 
trations of GDP and GTP. It was postulated that 
such a cross-over might be of short duration due to 
blockade of purine de novo biosynthesis and of in- 
osinate dehydrogenase by 6-thioGMP, which would 
cause a lowering of the GMP pools. In order to test 
this hypothesis, experiments were performed in which 
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Fig. 3. Effect of 6-TG treatment on the incorporation of 
[8-'*C]-guanine into guanine nucleotides in Sarcoma 180 
ascites tumor cells. Cells were removed from mice 1 hr 
after the ip. administration (4mg/kg; 6-TG treated) 
or 0.9% NaCl (control), washed and incubated (final cell 
concentration = 10%) with [8-'*C]guanine (5.83 uCi/ 
pmole; 100 uM) in a final volume of 10 ml. For details 
of incubation, extraction, etc, see Methods. 


Sarcoma 180 ascites cells, Sarcoma 180/TG cells (re- 
sistant to 6-thioguanine due to an increase in an alka- 
line phosphohydrolase [25]) and L5178Y cells were 
preincubated with 6-TG under conditions known to 
cause intracellular accumulations of 6-thioGMP in 
concentrations of about 0.1 wmole/g of cells or 
greater [26]. 

In Fig. 3 are presented the results of a time-course 
experiment on the incorporation in vitro of 
[8-'*C]guanine (100 uM) into guanine nucleotides in 
6-day post-inoculation Sarcoma 180 ascites cells 
removed from mice | hr after an i.p. injection with 
6-TG (4.0mg/kg). The control consisted of cells 
removed from similar animals injected i.p. with an 
equal volume of 0.9% NaCl | hr prior to sacrifice. 
Aliquots of cells were removed at the indicated time 
periods during | hr of incubation. Perchloric acid 
extracts were prepared and subjected to high pressure 
liquid chromatography and the amounts of radioac- 
tivity in the peaks corresponding to GMP, GDP and 
GTP were determined. As seen in Fig. 3, no signifi- 
cant difference was observed in the rate or amount 
of radioactivity incorporated into the nucleotide 
pools of 6-TG-pretreated or control Sarcoma 180 
cells. No evidence was observed to indicate the occur- 
rence of cross-over, i.e. no accumulation of GMP was 
detected throughout the experiment that could be 
attributed to an intracellular inhibition of the enzyme, 
guanylate kinase. Essentially identical results were 
obtained in similar experiments with Sarcoma 
180/TG ascites cells. Also, an experiment was per- 
formed with L5178Y cells removed from mice, 6 days 
post-implantation, and incubated in vitro in a medium 
containing 6-TG (180 uM). After 0.5 hr, the cells were 
washed three times in drug-free incubation medium 
and were resuspended in incubation medium contain- 
ing [8-'*C]guanine (100 uM). The results of this ex- 
periment were qualitatively similar to those of Fig. 
3, i.e. there was no evidence of accumulation of GMP 
consistent with an inhibition of guanylate kinase by 
6-thioGMP. Of interest is that during the first 15 min 
of incubation with [8-'*C]guanine, the GTP levels 
of the LS178Y cells increased about 1.5- to 2-fold 
above the concentrations at zero time, as measured 
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both by high pressure liquid chromatography and by 
the amount of radioactivity incorporated (data not 
shown). In similar experiments where L5178Y leuke- 
mia cells were pretreated for 30 min with [*°S]6-thio- 
guanine (180 uM; 500 cpm/nmole) prior to treatment 
with non-labeled guanine (100 uM), the total acid- 
soluble 6-thioGMP incorporated _ intracellularly 
approximated 0.084 ymole/ml of cells. This concen- 
tration of intracellular 6-thioGMP is consistent with 
the amounts found in other experiments where signifi- 
cant tumor inhibition occurred. 

Figure 4 illustrates the nucleotide profiles of 
L5178Y cells from this experiment. The bottom pro- 
file of this figure was obtained by removing samples 
of the incubation mixture at 0, 5, 15, 30 and 60 min 
after addition of unlabeled guanine, extracting the 
samples with perchloric acid, combining the neutra- 
lized extracts and subjecting an aliquot of the mixture 
to high pressure liquid chromatography. This pro- 
cedure was followed both to obtain adequate sample 
volume for chromatography and to obtain a profile 
which represents an ‘average’ for the incubation 
period. These profiles emphasize that not only do 
6-TG-containing nucleotides accumulate in these cells 
(see radioactivity profile), but also that the GTP levels 
are markedly increased over normal levels after incu- 
bation with guanine. Therefore, in the presence of 
substantial levels of 6-thioguanine-containing nucleo- 
tides, these cells were apparently capable of unim- 
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Fig. 4. High pressure liquid chromatographic profiles of 
L5178Y cells incubated with [°°S]6-thioguanine and 
guanine. Washed L5178Y cells were incubated for 30 min 
with [°°S]6-thioguanine (180 uM ; 500 cpm/nmole), washed 
to remove residual labeled 6-thioguanine, and then incu- 
bated with unlabeled guanine (100 uM). Details of incuba- 
tion, extraction, and chromatography are described under 
Methods. The upper profile represents a normal profile 
of L5178Y cells, i.e. cells which had not been incubated 
with either 6-thioguanine or guanine. For the lower profile, 
samples of the incubation mixture were removed at 0, 5, 
15, 30 and 60min after addition of unlabeled guanine, 
extracted, neutralized and the extracts were pooled. For 
high pressure liquid chromatography (HPLC), 20 yl of this 
“pooled” material was utilized. Eluates were monitored for 
radioactivity by collecting 2-min samples after HPLC. 
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peded and rapid synthesis of large quantities of 
guanine nucleotides from guanine. 

In other experiments reported elsewhere, substan- 
tial antineoplastic synergism was observed between 
6-thioguanine and 6-methylmercaptopurine ribonuc- 
leoside (MMPR) [26]. It was demonstrated that when 
animais were pretreated with MMPR, the analog nu- 
cleotide, 6-thioGMP, was synthesized more rapidly 
and to a significantly higher concentration than was 
observed with animals not pretreated with MMPR. 
In addition, the subsequent rate of decline in the 
6-thioGMP levels (presumably due to the action of 
an alkaline phosphohydrolase) increased from a T, , 
of about 7hr to about 10-11 hr[26]. Therefore, an 
experiment similar to that of Fig. 3 was performed 
on Sarcoma 180 cells removed from mice that had 
been pretreated with MMPR (4 mg/kg) and 6 hr later, 
6-TG (10 mg/kg). In this experiment also, no evidence 
of a GMP:GDP cross-over consistent with an inhibi- 
tion of guanylate kinase was detected. 

In order to demonstrate that under the conditions 
employed in these experiments the levels of 
6-thioGMP which accumulated were capable of 
reproducing previously established [3] metabolic in- 
hibiticns in tumor cells, Sarcoma 180 ascites cells 
removed from mice 6 days after inoculation were 
thoroughly washed and incubated with 6-TG 
(150 uM). After Il hr, the cells were washed free of 
extracellular 6-TG and were suspended in incubation 
medium containing glutamine (2mM) and [2-'*C]- 
glycine (39 wCi/umole, 2.8 wCi/ml of incubation mix- 
ture). Control cells were treated similarly, but were 
not preincubated with 6-thioguanine. After | hr of in- 
cubation with labeled glycine, the cells were washed 
and extracted as above. Aliquots of the neutralized 
extracts were subjected to high pressure liquid 
chromatography with collection of individual frac- 
tions of column eluate for counting of radioactivity. 
The greatest amount of radioactivity was present as 
ATP. As seen in Fig. 5, after incubation with 6-thio- 
guanine, the incorporation of radioactivity from 
[2-'*C]glycine into ATP was significantly reduced. 
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- Fig. 5. Effect of 6-TG on the incorporation of [2-'*C]gly- 
cine into ATP in Sarcoma 180 ascites tumor cells. Cells 
were removed from mice, washed and incubated (10%, final 
concentration) with 6-TG (150 uM) for | hr before addition 
of glutamine (2mM) and [2-'*C]glycine (39 yCi/pymole; 
2.8 uCi/ml) to give a total volume of 3.6 ml. Incubation 
medium was as for Fig. 3. Samples were removed at the 
indicated times and radioactivity present in ATP was 
determined as in Methods. 
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Therefore, it may be concluded that the quantities 
of 6-thioguanine nucleotides formed in the above ex- 
periment were sufficient to produce the expected 
block of purine de novo biosynthesis, presumably at 
the PRPP-amidotransferase step [3]. 


COMMENTS 


The daia presented above conclusively demonstrate 
that the intracellular accumulation of significant 
levels of the analog nucleotide, 6-thioGMP, does not 
produce a detectable interference with the intercon- 
version of GMP and GDP, mediated by the enzyme, 
guanylate kinase. Since the appearance of our prelimi- 
nary report[12], various groups of workers have 
documented similar findings with other types of 
cells [24,27,28]. At the time of our preliminary 
report, a satisfactory explanation was not at hand for 
the failure to demonstrate the postulated biochemical 
cross-over between GMP and GDP due to inhibition 
of guanylate kinase. Previously, there was no reason 
to question the earlier kinetic studies performed on 
numerous occasions with guanylate kinase prep- 
arations from various tissues and different spe- 
cies [7-10]. Now, however, as documented in the 
accompanying manuscript [11], it is apparent that the 
prior kinetic studies yielded erroneous data due to 
a spectrophotometric artifact [29]. The kinetic par- 
ameters (K,,, K; and V,,,, values) measured by the 
use of several assay procedures are reasonably consis- 
tent with the intracellular findings presented above. 
As noted in the accompanying paper[11], when the 
corrected K; of 6-thioGMP (2.3 mM) is used to calcu- 
late the degree of intracellular inhibition of guanylate 
kinase, a value of about 2 per cent is obtained rather 
than 46 per cent inhibition as estimated pre- 
viously [24]. 

The marked accumulation of GTP and GDP in 
L5178Y cells (see Fig. 4) and erythrocytes after incu- 
bation with guanosine or guanine deserves further 
examination. In studies to be documented elsewhere, 
this laboratory has shown that, if the GTP level of 
erythrocytes is markedly elevated by preincubation 
with guanosine, subsequent incubation of these cells 
with 6-thioguanosine leads to a marked accumulation 
of 6-thioGMP with a striking inhibition in the rate 
of formation of 6-thioGDP and 6-thioGTP, in con- 
trast to the results presented in Fig. 2 above. These 
observations suggest that accumulation of intracellu- 
lar guanine nucleotides can result in inhibition of 
guanylate kinase. If similar results are found with 
tumor cells, i.e. LS178Y murine leukemia, one might 
expect that preincubation of the cells with guanosine 
or guanine under conditions that result in a large 
accumulation of GDP and GTP might markedly in- 
hibit the incorporation of 6-thioguanine into cellular 
nucleic acids. Therefore, future studies are planned 
to examine the influence that modulations in the 
guanine nucleotide levels of cells may have on the 
cytotoxicity produced by 6-thioguanine or its deriva- 
tives. 

The results presented above are in general agree- 
ment with the kinetic data in the accompanying 
manuscript [11], which demonstrate that K,, and V,,,, 
values of GMP and 6-thioGMP with guanylate 
kinases from various sources differ markedly, i.e. 
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K, of GMP, 0.01 to 002mM; K,, of 
6-thioGMP ~ 2.0mM; and YV,,,, with 6-thioGMP 
about 3 per cent of that with GMP. In the experiment 
shown in Fig. 2, however, when the 6-thioGMP level 
reached about 0.5 to 0.6 umole/ml of cells, the forma- 
tion of 6-thioGTP proceeded at a rate approximately 
2 per cent of that possible in the presence of saturat- 
ing levels of GMP, if one assumes that the activity 
of guanylate kinase is 0.3 E.U./ml of cells[10]. To 
have achieved the cbserved rate of formation of 
6-thioGTP with this amount of intracellular guany- 
late kinase, one would have expected a 6-thioGMP 
concentration in the order of four to five times greater 
than the K,, value, i.e. 8-10mM. Possible explana- 
tions of this discrepancy include: (a) the enzymatic 
activity of guanylate kinase within the cell is consider- 
ably greater than the assumed value of 0.3 E.U./ml 
of erythrocytes; and (b) a form of compartmentation, 
or perhaps protein-protein aggregation, occurs that 
makes local concentrations of 6-thioGMP markedly 
greater than those measured with intact cells with the 
assumption that the 6-thioGMP is uniformly distri- 
buted throughout intracellular water. 

Although the data above and in the accompanying 
manuscript[11] indicate that 6-thioGMP does not 
significantly impair the intracellular interconversion 
of guanine nucleotides, one may not conclude that 
guanylate kinase is not involved in the mechanism 
of cytotoxicity of 6-thioguanine. In fact, this enzyme 
may play a crucial role, since it is established that 
6-thioGMP is a poor substrate for guanylate kinase, 
i.e. it has relatively high K,, and low V,,,, values com- 
pared to GMP. This fact can account for the marked 
accumulation of the analog nucleotide, 6-thioGMP, 
that is observed within the first hour after incubation 
of various cells with 6-thioguanine or 6-thioguanosine 
(see Fig. 2). Although intracellular GMP concen- 
trations vary from one cell type to another and are 
usually too low to measure conveniently by tech- 
niques such as high pressure liquid chromatography, 
the intracellular concentrations of GMP are usually 
estimated to fall in the range of 1-10 nmoles/ml of 
cells. This range of GMP concentrations is only about 
1-10 per cent of the 6-thioGMP levels regularly 
shown to accumulate in susceptible tumor cells. In 
view of the well-established metabolic inhibitions 
caused by nucleoside 5’-monophosphates [30], it 
remains a distinct possibility that this marked ac- 
cumulation of 6-thioGMP causes metabolic effects 
that are responsible for certain of the cytolytic mani- 
festations of drugs of this class. In support of this 
possibility, the closely related purine analog, 6-seleno- 
guanosine, has been shown to possess antitumor and 
cytotoxic actions which are virtually indistinguishable 
from those exhibited by 6-thioguanosine [31]. When 
cells are treated with 6-selenoguanosine under condi- 
tions which result in cell death, this analog accumu- 
lates intracellularly at the nucleoside 5’-monophos- 
phate (6-selenoGMP) level with no detectable forma- 
tion of analog nucleoside 5’-di- or triphosphate. 
Accordingly, 6-selenoguanosine appears to exert it~ 
metabolic effects as 6-selenoGMP [31, 32]. However, 
for 6-thioguanine, incorporation into cellular DNA 
may also serve as a mechanism of cytotoxicity in 
some types of cells [24], but this mechanism may not 
hold for all cells [31, 32]. 
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Abstract—Because of their cardiotonic properties and their close relations with tissue energetic stores, 
we studied the inotropic and metabolic effects of inosine and uridine in isolated perfused rabbit hearts 
and incubated rat diaphragm muscles. Inosine and uridine in concentrations of 10~*M _ increased 
myocardial contractility, glucose uptake, myocardial glycolysis and the breakdown of ATP in rabbit 
hearts. Uridine also increased glycogen content, most probably due to a stimulation of glycogen syn- 
thesis by this nucleoside. Neither nucleoside had an effect on myocardial lipolysis. Similarly, inosine 
in concentrations of 10~* to 10~° M stimulated glucose uptake and the rate of glycolysis in incubated 
rat diaphragm muscles. On the other hand, uridine in concentrations of 10~* to 10~° M stimulated 
glucose uptake and the content of glycogen in diaphragm muscles. However, no effect of uridine 
on glycogen content was observed when these muscles were incubated in Krebs bicarbonate medium 
without glucose. The inotropic and metabolic effects of inosine, but not of uridine, were abolished 
in isolated rabbit hearts treated with 10°°M propranolol. Despite this inhibition, it seems unlikely 
that the action of inosine and uridine is mediated by endogenous catecholamines. On the other hand, 
their metabolic effects are similar to those of cardiac glycosides. 


Among the degradative products of adenine and ura- 
cil nucleotides, inosine and uridine have been found 
to be especially effective in increasing myocardial con- 
tractility in mammalian hearts[1,2]. The elevated 
tension of ventricular muscle responding maximally 
to inosine was further increased by the addition of 
uridine, suggesting that these compounds act by dif- 
ferent mechanisms [1]. It has been further observed 
that the inotropic effect of inosine, but not of uridine, 
is inhibited in rabbit hearts by reserpine [3]. Since 
reserpine interferes with the metabolism of catechol- 
amines in the heart [4], it has been suggested that 
endogenous catecholamines mediate the inotropic 
effects of inosine, while the action of uridine seemed 
to be independent of adrenergic mechanisms [3]. 

Inosine is a degradative product of high energy 
phosphate compounds, and has been recovered in 
high quantities when the breakdown of ATP is stimu- 
lated, e.g. in hypoxia or ischemia [5,6]. On the other 
hand, uridine is a precursor of coenzymes or imetabo- 
lites involved in the synthesis of glycogen, e.g. UTP, 
UDP and UDP-glucose [7]. Despite their close rela- 
tions with the metabolism of important energetic 
stores, as well as their inotropic properties, metabolic 
effects of inosine and uridine in the myocardium have 
not yet been studied. 

The purpose of the present investigation was there- 
fore 2-fold: (1) to study the metabolic effects of in- 
osine and uridine in the isolated perfused rabbit heart, 
and (2) to clarify the role of endogenous catechol- 
amines in the mechanism of action of inosine and 
uridine by studying their effects in rabbit hearts 
treated with propranolol, a beta-receptor inhibitor. 
The metabolic effects of inosine and uridine were also 
studied in rat diaphragm muscle, a tissue in which 
the release of catecholamines is unlikely to be an im- 
portant factor. 


METHODS 


Experiments with isolated perfused rabbit hearts. 
Albino rabbits of both sexes, 6-8 weeks old, were 
maintained under standard conditions and allowed 
free access to food and water. The isolated rabbit 
heart was prepared in the following way: a rabbit 
was first anesthetized by the intraperitoneal adminis- 
tration of 30 mg/kg of sodium pentobarbital and tied 
in a supine position. The animal was mechanically 
ventilated with room air by means of an endotracheal 
tube and a rodent respirator. After the chest of the 
animal was opened, the heart and all connected ves- 
sels were isolated from surrounding tissues. A plastic 
catheter of a small diameter was inserted into one 
of the branches of the aortic arch, tied in the position, 
and 1I-ml Lipo Hepin (5000 U.S.P. units sodium 
heparin/ml) was given through it into the animal. This 
catheter was used for the measurement and monitor- 
ing of the perfusion pressure in the aorta. A large 
plastic catheter was inserted into the inferior vena 
cava, advanced through the right atrium into the right 
ventricle, and tied in the position, and warm normal 
saline (37°) was perfused through it to wash the heart 
free of blood. This catheter was used for the collection 
of the perfusion fluid from the right ventricle during 
the experiment. 

All branches of the aortic arch were ligated. The 
descending aorta was cross-clamped and a plastic 
cannula was inserted into the aortic arch distally to 
the branch with the catheter and tied in the position. 
The pulmonary vessels, as well as both superior caval 
veins, were ligated and cut. The heart with attached 
cannula and both catheters was removed from the 
chest, and the aortic cannula was connected with a 
rubber tube filled with perfusion fluid and coming 
from a polystaltic pump apparatus. The perfusion 
fluid was pumped from a reservoir into the aorta and 
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coronary circulation of the heart and collected by the 
catheter placed in the right ventricle. The average wet 
weight of the heart was 5.1 + 0.1 g, and the perfusion 


flow rate was kept constant for each heart and repre- 


sented 7-8 ml/min. 

Modified Krebs-Henseleit bicarbonate solution 
containing, in m-moles/l, NaCl, 118.5; KCl, 4.7; CaCl,, 
1.3; KH,PO,, 1.2; MgSO,, 1.2; NaHCO;, 24.9; 
and D-glucose, 5.5; and equilibrated with a gas 
mixture of 95% O, + 5% CO, was used as a per- 
fusion medium. The pO, of this medium ranged from 
550 to 640 mm Hg, and pCO, from 17 to 24mm Hg. 
The pH and temperature of the medium were con- 
stantly monitored and kept stable at 7.4 and 37° re- 
spectively. 

A tension of 10 g was applied to the right ventricle 
of each heart. The right ventricular performance was 
assessed by measuring of a wall tension which was 
recorded with a Grass force displacement transducer 
- FT 03C and Grass model 5 polygraph, and was 
expressed in mm of deflecting pen. The left ventricular 
performance was assessed by means of an isovolu- 
metric rubber balloon introduced into the left ven- 
tricle through the left atrial appendage and the mitral 
valve. The pressure developed within the balloon 
filled with normal saline was recorded with Statham 
P23D pressure transducer and Grass polygraph, and 
was expressed in mm Hg. The first derivative of devel- 
oped pressure within the balloon, dP/dt, was recorded 
simultaneously. 

Each heart was first perfused with the above-men- 
tioned medium for 20 min of an equilibration period, 
which was immediately followed by 10 min of an ex- 


perimental period. During this period, hearts were 
either perfused with the same medium in the control 
group, or with Krebs bicarbonate medium containing 
experimental drugs. Hearts were frozen while beating 
in liquid nitrogen at the end of the experimental 
period and kept frozen until biochemically analyzed. 


Propranolol-treated hearts were perfused with 
Krebs bicarbonate medium as described above and 
containing 10~°M_ propranolol hydrochloride from 
the start of the equilibration period until the end of 
the experiment. 

The outflow medium from the right ventricle was 
collected in 5-min intervals during the end of the 
equilibration and throughout the experimental 
period. All outflow media were collected in ice-cold 
calibrated vessels, volumes measured and media saved 
frozen until biochemically analyzed. 

The ventricles of frozen hearts were dissected from 
other tissue, weighed out frozen, and 1 g tissue was 
immediately homogenized in 4ml of 5% ice-cold 
perchloric acid. The ventricles were first homogenized 
with Sorvall Omni |Mixer at high speed for 30sec 
at 0°, and then rehomogenized with a Potter—Elveh- 
jem glass homogenizer at 0°. The homogenates were 
centrifuged at 5000 g for 10 min at 4°. The measured 
parts of supernatants were neutralized with 1 N KOH 
to pH 7.0, the volumes estimated and the fluids bio- 
chemically analyzed. The sediments free of superna- 
tants were dissolved in 40ml of 1N NaOH and 
diluted with distilled water, and protein content was 
estimated. Myocardial concentration of any substrate 
was calculated from the concentration of the substrate 
in supernatant fluid and total volume of supernatant, 
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and was expressed in umoles or nmoles/g of myocar- 
dial protein. 

The measured parts of outflow media were simi- 
larly neutralized with 1N KOH to pH 7.0, the 
volumes estimated, and fluids biochemically analyzed. 
Glucose uptake by the heart was calculated from the 
difference of glucose concentrations measured in in- 
flow and outflow media, and the volume of outflow 
medium. Under the present experimental conditions, 
the concentration of glucose was decreased from 
100 + 1 to 84 + 1.5mg/100 ml in the perfusion fluid 
after its single circulation through the heart. The total 
amount of metabolite released from the heart was cal- 
culated from its concentration in the outflow medium 
and the volume of the outflow medium. 

These biochemical methods were used: glucose was 
determined enzymatically by hexokinase [8]; lactate 
and pyruvate were measured enzymatically with lac- 
tate dehydrogenase [9, 10]; glycogen was measured 
colorimetrically by the anthrone method of Seifter et 
al.[11]; glycerol was determined enzymatically with 
pyruvate kinase, glycerol kinase and lactate dehydro- 
genase [12]; free fatty acid (FFA) were measured 
colorimetrically according to the method of Dalton 
and Kowalski[13]; adenosine triphosphate (ATP) 
was determined enzymatically with glyceraldehyde 
phosphate dehydrogenase and _ phosphoglycerate 
kinase [14]; adenosine diphosphate (ADP) was deter- 
mined enzymatically with lactate dehydrogenase and 
pyruvate kinase[15]; and endogenous inosine was 
measured enzymatically with xanthine oxidase and 
nucleoside phosphorylase [16]. Protein content was 
measured colorimetrically according to the method 
of Lowry et al. [17]. The present values of myocardial 
contents of ATP, ADP and glycogen, if recalculated 
per g wet or dry tissue, are similar to those obtained 
by others [18-20]. 

Experiments with rat diaphragm muscles. Wistar 
male rats weighing between 120 and 160g were 
allowed free access to food and water until used for 
these experiments. The preparation of diaphragm 
muscles and their incubation in Krebs bicarbonate 
medium containing 5.5 m-moles D-glucuse have been 
described before [21]. After incubation, muscles were 
quickly removed, digested in hot (100°) 30% KOH 
and analyzed for glycogen according to the method 
of Seifter et al. [11]. 

Incubation media were biochemically analyzed; 
glucose concentration was determined enzymatically 
by the hexokinase method [8]; lactate and pyruvate 
were determined enzymatically with lactate dehydro- 
genase [9,10]. The amount of glucose taken up by 
the muscle was calculated from its starting and final 
concentrations in the medium, and the volume of the 
incubation medium; glucose uptake was expressed in 
umoles/g wet tissue. Lactate or pyruvate released by 
the muscle was calculated from its concentration in 
the medium and the volumes of the medium; values 
were expressed in ymoles or nmoles/g wet tissue. 

Inosine and uridine, as well as all enzymes for bio- 
chemical determinations, were obtained from C. H. 
Boehringer and Sohne CmbH. Propranolol hydro- 
chloride was obtained from Ayerst Co., and epineph- 
rine hydrochloride from Vitarine Co. All chemicals 
used in these experiments were purchased from J. T. 
Baker Chemical Co. 





Metabolic effects of inosine and uridine 


The present data were expressed as a mean + 
S.E.M., and were statistically evaluated by Student’s 
t-test. 


RESULTS 


Effects of inosine (10~° M) and uridine (10~* M) on 
right ventricular wall tension, developed pressure in the 
left ventricular balloon, dP/dt and heart rate in isolated 
perfused rabbit hearts. At the beginning of the experi- 
mental period, right ventricular wall tension, devel- 
oped pressure in the left ventricular balloon and heart 
rate of control hearts were 16.6 + 1.2mm, 45.0 + 
4.4mm Hg and 102 + 2 beats/min, respectively, and 
all these values remained unchanged during the entire 
experiment. Inosine in a concentration of 10~° M in- 
creased right ventricular wall tension, developed pres- 
sure in the left ventricular balloon and its dP/dt by 
40 per cent (P < 0.01), 62 per cent (P < 0.0125) and 
57 per cent (P < 0.025) respectively. Similarly, uridine 
increased right ventricular wall tension by 30 per cent 
(P < 0.01), developed pressure in the left ventricular 
balloon by 78 per cent (P < 0.0125) and its dP/dt by 
66 per cent (P < 0.0025). Both nucleosides were with- 
out effect on the heart rate of isolated rabbit hearts. 

Effects of inosine (10~* M) and uridine (10~° M) on 
myocardial glucose uptake, and the release of lactate, 
glycerol and FFA from isolated perfused rabbit hearts. 
Myocardial glucose uptake of control hearts was 
56.9 + 5.6 umoles glucose/g of protein during the pre- 
experimental period of 5 min, and this value remained 
unchanged during the entire experiment (Table 1). 
While the nucleosides had no effect on myocardial 
glucose uptake during the first half, inosine and uri- 
dine increased it by 52 per cent (P < 0.025) and 66 
per cent (P < 0.01), respectively, during the second 
half of the experiment. 

Control rabbit hearts released 26.3 + 2.4 umoles 
lactate/g of protein, 1.9 + 0.1 umoles glycerol/g of 
protein and 4.5 + 0.4 wmoles FFA/g of protein during 
the pre-experimental period. All these values 
remained unchanged in control hearts during the 
entire experiment. Inosine and uzidine had no effect 
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on the release of lactate, glycerol and FFA from iso- 
lated rabbit hearts. 

Effects of inosine (10~* M) and uridine (10~° M) on 
myocardial contents of glycogen, lactate, pyruvate, 
FFA and glycerol in isolated perfused rabbit hearts. 
Myocardial content of glycogen was 88.6 + 5.5 
umoles glucose/g of protein in control hearts at the 
end of the experiment (Table 2). Myocardial glycogen 
remained unchanged in inosine, but increased 31 per 
cent above control value in uridine-perfused hearts. 

Myocardial contents of lactate and pyruvate were 
28.0 + 2.7 umoles and 573 + 45 nmoles/g of protein, 
respectively, in control hearts at the end of the experi- 
ment. The content of lactate increased by 47 and 83 
per cent and pyruvate by 23 and 40 per cent in in- 
osine and uridine perfused hearts respectively. 

Myocardial contents of FFA and glycerol were 
10.5 + 1.2 and 7.6 + 0.5 umoles/g of protein in con- 
trol hearts at the end of the experiment. Inosine had 
no effect on myocardial content of FFA, but increased 
the amount of glycerol by 32 per cent. Uridine had 
no effects on the contents of FFA and glycerol in 
rabbit hearts. 

Effects of inosine (10~* M) and uridine (10~° M) on 
myocardial contents of ATP, ADP and endogenous in- 
osine in isolated perfused rabbit hearts. Myocardial 
contents of ATP, ADP and endogenous inosine were 
29.8 + 2.8, 8.9 + 0.6 and 1.0 + 0.2 umoles/g of pro- 
tein, respectively, in control hearts at the end of the 
experimental period (Table 3). While the content of 
ATP decreased by 30 per cent, the contents of ADP 
and endogenous inosine increased by 17 and 160 per 
cent above control values, respectively, in inosine-per- 
fused hearts. Similarly, the myocardial content of 
ATP decreased by 27 per cent, and the contents of 
ADP and endogenous inosine increased by 24 and 
270 per cent above control values, respectively, in uri- 
dine-perfused hearts. 

Effect of inosine (10~° M) and uridine (10~° M) on 
right ventricular wall tension, developed pressure in the 
left ventricular balloon, dP/dt and heart rate in isolated 
propranolol-treated rabbit hearts. In_propranolol- 
treated hearts, right ventricular wall tension, devel- 


Table 1. Effects of inosine (107° M) and uridine (10~° M) on the uptake 
of glucose by isolated perfused normal and propranolol-treated rabbit 
hearts* 





Uptake of glucose (umoles/g protein/S min) 





Pre-experimental 
period 
(5 min) 


Experimental period 





First half 
(5 min) 


Second half 
(5 min) 





Control 56.9 + 5.6 


Inosine, 10°*°M 
Uridine, 10-°M 


Propranolol 
control 

Propranolol + 
inosine, 10-* M 

Propranolol + 
uridine, 10°°M 


50.1 + 11.5 
(10) 
86.1 + 13.9t 
(12) 
97.3 + 16.7t 
(10) 
47.448 
(9) 

38.9 +43 
(9) 

100.6 + 21t 
(9) 





* Values are means + S. E. The number of experiments is indicated 


in parentheses. 
+P < 0.025. 
~P < 0.01. 
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Table 2. Effects of inosine (10~° M) and uridine (10~° M) on the contents of glycogen, lactate, pyruvate, FFA and 
glycerol in isolated perfused normal and propranolol-treated rabbit hearts* 





Lactate 
(umoles/g 
protein) 


Glycogen 
(umoles glucose 
g protein) 


FFA 
(umoles/g 
protein) 


Glycerol 
(umoles/g 
protein) 


Pyruvate 
(nmoles/g 
protein) 





88.6 + 5.5 
(9) 
919 +101 
(10) 
115.7 + 10.2 
(9) 
63.6 + 69 
(7) 
70.3 +89 
(9) 
942+ 69 
(8) 


Control 28.0 + 2.7 


Inosine, 10-° M NSt 0.0125 


Uridine, 10~-° M 0.025 0.01 
Propranolol 
control 
Propranolol + 
inosine, 10°°M 
Propranolol + 
uridine, 10~° M 


(7) 
33.0 + 5.0 
(9) 
44.3 + 4.2 
(9) 


NS 


0.005 


573 + 45 
(9) 
704 + 45 


10.5 + 1.2 76+0.5 





* Values are means + S. E. The number of experiments is indicated in parentheses. 


+ Not significant. 


oped pressure in the left ventricular balloon and heart 
rate were 11.3+1.1mm, 226+18mm Hg and 
74 + 8 beats/min, respectively, at the beginning of the 
experiment. All these values remained unchanged in 
control and inosine-treated hearts during the entire 
experiment. 

On the other hand, uridine increased right ventricu- 
lar wall tension by 39 per cent (P < 0.05), developed 
pressure in the left ventricular balloon by 57 per cent 
(P < 0.01) and its dP/dt by 24 per cent (P < 0.001). 
Both nucleosides were without effect on heart rate 
of propranolol-treated rabbit hearts. 

Effects of inosine (10~° M) and uridine (10~° M) on 
the uptake of glucose, and the release of lactate, gly- 
cerol and FFA from isolated propranolol-treated rabbit 
hearts. Myocardial glucose uptake of propranolol- 
treated rabbit hearts was 52.4 + 9.8 umoles/g of pro- 
tein during the pre-experimental period (Table 1). 
This value remained unchanged in control and in- 
osine-perfused hearts during the entire experiment. 
While uridine had no effect on glucose uptake during 
the first half, this nucleoside increased it by 97 per 
cent (P < 0.025) during the second half of the experi- 
ment. 

Propranolol-treated rabbit hearts released 
20.6 + 2.0 umoles lactate, 3.3 + 0.2 umoles glycerol 
and 3.0+0.5umoles FFA/g of protein during the 
pre-experimental period of Smin. All these values 


remained unchanged in control, inosine- and uridine- 
treated hearts during the entire experiment. 

Effects of inosine (10~° M) and uridine (10~° M) on 
myocardial contents of glycogen, lactate, pyruvate, 
FFA and glycerol in isolated propranolol-treated rabbit 
hearts. Myocardial content of glycogen was 
63.6 + 6.9 umoles glucose/g of protein in control pro- 
pranolol-treated hearts at the end of the experiment 
(Table 2). While inosine was without effect, uridine 
increased the content of glycogen by 48 per cent. The 
contents of lactate and pyruvate were 
32.4 + 3.0 umoles and 542 + 76 nmoles/g of protein, 
respectively, in control propranolol-treated hearts. In- 
osine had no effect, while uridine increased the con- 
tent of lactate by 37 per cent. Both nucleosides had 
no effects on the content of pyruvate in propranolol- 
treated hearts. 

Myocardial contents of FFA and glycerol were 
5.5 + 0.6 and 6.2 + 1.1 umoles/g protein, respectively, 
in control propranolol-treated hearts. Inosine and uri- 
dine had no effect on myocardial contents of FFA 
and glycerol in propranolol-treated rabbit hearts. 

Effects of inosine (10~° M) and uridine (10~*° M) on 
myocardial contents of ATP, ADP and endogenous 
inosine in isolated propranolol-treated rabbit hearts. 
Myocardial contents of ATP and ADP were 
16.5 + 1.8 and 8.2 + 0.4 wmoles/g of protein, respect- 
ively, in control propranolol-treated hearts at the end 


Table 3. Effects of inosine (10~° M) and uridine (10~° M) on the contents of ATP, 
ADP and endogenous inosine in isolated perfused normal and propranolol-treated 
rabbit hearts* 





ATP 
(umoles/g 
protein) 


Endogenous 
inosine 
(umoles/g 
protein) 


ADP 
(umoles/g 
protein) 





Control 


10°°M 0.025 


Inosine 


Uridine, 10~°M 0.025 
Propranolol 
control 
Propranolol + 
inosine, 10°° M 
Propranolol + 
uridine, 10°°M 


18.1 + 1.7 
(8) 
26.0 + 2.4 
(8) 


NSt 


0.005 


8.9 + 0.6 
(7) 
10.4 + 0.6 
(7) 
11.0 + 06 
(7) 
8.2+04 
(7) 
8.0 + 0.5 
(9) 
97+06 
(9) 


0.05 


0.025 





* Values are mean + S. E. The number of experiments is indicated in parentheses. 


+ Not significant. 





Metabolic effects of inosine and uridine 


1589 


Table 4. Effects of different concentrations of inosine and uridine on the uptake of glucose, the content of glycogen 
and the production of lactate and pyruvate by rat diaphragm muscles incubated for 60 min in Krebs medium* 





Glucose 
uptake 
(umoles/g 
wet tissue) 


Glycogen 


wet tissue) 


(umoles glucose/g 


Lactate 
(umoles/g 
wet tissue) 


Pyruvate 
(nmoles/g 
wet tissue) 





6.9 + 0.6 25.9 + 1.2 
(10) 

94411 23.4411 
(10) (13) 

9.1+09 23.6 + 1.1 


Control 
Inosine, 10°*M 
10-°M 
10-°M 
Control 
Uridine, 10-*M 9+ 0.05 
10-°M 0.0025 


10-°M 0.005 


28.8 + 1.1 863 + 33 
(13) (10) 
35.5 + 2.0 971 + 55 
(13) 
32.1 + 1.6 
(13) 
33.2417 
(13) 
38.2 + 2.6 
(10) 
36.0 + 2.7 
(10) 
0.05 35.7 — 3.6 
(10) 
34.7 + 2.3 
(10) 


0.025 





* Values are means + S. E. The number of experiments is indicated in parentheses. 


+ Not significant. 


of the experiment (Table 3). While inosine caused no 
changes, uridine increased the content of ATP by 58 
per cent and ADP by 18 per cent above the control 
values. 

The inosine was 


contents of endogenous 


3.2 + 0.8 umoles/g of protein in control propranolol- 
treated hearts. Both nucleosides had no effect on the 
content of endogenous inosine of propranolol-treated 
hearts. 

Effects of different concentrations of uridine on the 
uptake of glucose, content of glycogen, and the produc- 
tion of lactate and pyruvate by rat diaphragm muscles. 


The uptake of glucose by control rat diaphragm 
muscle was 7.2 + 0.5 umoles/g wet tissue, and the 
muscle content of glycogen was 25.5 + 1.1 umoles 
glucose/g wet tissue after 60min of incubation in 
Krebs bicarbonate medium containing 5.5 m-moles 
D-glucose (Table 4). The concentrations of lactate and 
pyruvate found in the medium after the incubation 
of control muscles were 38.2 + 2.6 umoles/g wet tis- 
sue and 795 + 49 nmoles/g wet tissue respectively. 

The uptake of glucose by diaphragm muscle was 
increased by 51, 57 and 44 per cent above control 
value in the presence of 10~*, 10~° and 10~° M uri- 
dine respectively. Uridine in concentrations of 10~¢, 
10~° and 10~° M also increased the content of gly- 
cogen in diaphragm muscle by 16, 17 and 23 per cent 
respectively. The concentrations of lactate and pyru- 
vate found in the medium after the incubation were 
unchanged from control values in the presence of 
10~* to 10°° M uridine. 

When control rat diaphragm muscles were incu- 
bated in Krebs bicarbonate buffer without glucose for 
60 min, the content of glycogen was 15.7 + 1.0 umoles 
glucose/g wet tissue, and the concentrations of lactate 
and pyruvate in the medium were 24.9 + 1.5 umoles/g 
wet tissue and 831 + 38 nmoles/g wet tissue res- 
pectively. Uridine in concentrations of 10~*, 107° 
and 10~° M had no effect on the content of glycogen 
in diaphragm muscle, as well as on the concentration 
of lactate in the medium. Uridine in a concentration 
of 10°*M increased the concentration of pyruvate 
in the medium by 17 per cent while no effect was 
observed in the presence of 10~° and 10~° M uridine. 


Effects of different concentrations of inosine on the 
uptake of glucose, tissue content of glycogen and the 
production of lactate and pyruvate by rat diaphragm 
muscle. The uptake of glucose by control diaphragm 
muscles was 6.9 + 0.6 umoles glucose/g wet tissue and 
their content of glycogen was 25.9 + 1.2 umoles glu- 
cose/g wet tissue after 60min of incubation (Table 
4). There were 28.8+1.1umoles lactate and 
863 + 33nmoles pyruvate/g of wet tissue in the 
medium after the incubation. 

The uptake of glucose by the muscle was increased 
by 36, 32 and 30 per cent above the control value 
in the presence of 10~*, 10~° and 10~°M inosine 
respectively. Inosine in concentrations of 10~* to 
10-°M had no effect on the content of glycogen in 
the muscle. The concentration of lactate in the 
medium was increased by 23, 11 and 15 per cent 
above control values in the presence of 10~*, 1075 
and 10~°M inosine respectively. There was no effect 
of inosine in concentrations of 10~* to 10°°M on 
the concentration of pyruvate in the medium. 


DISCUSSION 


In the present study, the infusion of inosine or uri- 
dine in concentrations of 10~°M into the isolated 
rabbit hearts caused the increase in right ventricular 
wall tension and in developed pressure in the left ven- 
tricular balloon, as well as in dP/dt. Since neither nuc- 
leoside had an effect on the heart rate of isolated 
rabbit hearts, it is clear that both inosine and uridine 
increased myocardial contractility of isolated rabbit 
hearts. 

Uridine, but not inosine, in concentration of 
10~° M also increased right ventricular wall tension, 
developed pressure in the left ventricular balloon, as 
well as dP/dt in isolated propranolol-treated hearts. 
It is obvious that uridine increased myocardial con- 
tractility in propranolol-treated hearts. On the other 
hand, propranolol, which blocks inotropic and 
chronotropic responses to catecholamines, inhibited 
the inotropic effect of inosine in rabbit hearts. 

The infusion of inosine or uridine in concentrations 
of 10-°M into isolated rabbit hearts increased the 
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uptake of glucose by the myocardium, but caused no 
change in the amount of lactate released from these 
hearts. On the other hand, both nucleosides increased 
myocardial contents of lactate and pyruvate in rabbit 
hearts. While inosine caused no change, uridine in- 
creased myocardial content of glycogen. The content 
of any metabolite in the myocardium is the result of 
two opposite processes, and the accumulation of this 
metabolite is caused either by its increased produc- 
tion, an inhibition of its utilization, or by a combina- 
tion of both. Since the accumulations of lactate and 
pyruvate occurred simultaneously with enhanced glu- 
cose uptake and myocardial contractility in inosine- 
and uridine-perfused hearts, it seems very likely that 
both nucleosides increased the production of these 
metabolites of glycolysis. 

Increased muscular contraction itself has been 
shown to accelerate the membrane transport of a 
number of hexoses and pentoses [22], and therefore, 
could explain the increased glucose uptake in inosine- 
and uridine-perfused hearts. However, in the present 
study, inosine and uridine in concentrations of 10~+ 
to 10°°M increased the uptake of glucose in incu- 
bated quiscent rat diaphragm muscles where the in- 
terfering action of contraction was absent. The -pro- 
duction of lactate by the muscle was increased only 
in the presence of inosine. On the other hand, uridine 
increased glycogen content of the muscle incubated 
in the presence of glucose. Since the effect of uridine 
on the content of glycogen was absent in muscles in- 
cubated without glucose in the medium, it seems very 
likely that this nucleoside stimulated the synthesis of 
glycogen in rat diaphragm muscles. If we can apply 
these results observed in skeletal muscle to the myo- 
cardium, then both nucleosides stimulated glucose 
uptake by the myocardium primarily, and not second- 
ary to increased contractility, and uridine accumu- 
lated glycogen in rabbit hearts due to its increased 
synthesis. 

Both inosine and uridine failed to change the 
amounts of FFA and glycerol released from rabbit 
hearts. Inosine-perfused hearts contained more gly- 
cerol, but the content of FFA remained unchanged. 
Uridine caused no change in myocardial contents of 
both end products of lipolysis. The accumulation of 
glycerol in inosine-treated hearts is not clear, but it 
seems that inosine, as well as uridine, had no effect 
on myocardial lipolysis. On the other hand, inosine 
and uridine were observed to inhibit not only the 
basal, but also the catecholamine-stimulated lipolysis 
in isolated rat adipose tissue [21]. 

We observed increased breakdown of high energy 
phosphate compounds in rabbit hearts perfused with 
inosine and uridine, since the myocardial content of 
ATP decreased and the content of ADP was in- 
creased. One of the degradative products of AMP, 
endogenous inosine, was also accumulated in inosine- 
and uridine-perfused hearts. The increased break- 
down of ATP in these hearts was most probably due 
to higher energetic requirements for increased myo- 
cardial contractility. 

In the present study, propranolol-treated hearts 
contained less glycogen and ATP than nontreated 
rabbit hearts. The cause for this is unclear from the 
present results, but it is possible that propranolol in- 
hibited the synthesis of ATP and glycogen in the 
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heart. Since propranolol inhibits the activities of gly- 
cogenolytic and lipolytic rates through the inhibition 
of beta-receptor sites [23, 24], a decreased production 
of metabolites from these metabolic pathways would 
produce fewer substrates for the oxidative phosphory- 
lation, and inevitably lower synthesis of ATP. It 
seems that some effects of propranolol are indepen- 
dent of the blockade of beta receptors, because this 
drug has been shown to inhibit oxidative phosphory- 
lation of heart mitochondria [25], the incorporation 
of pyruvate into CO, and lipids of epididymal fat 
tissue [26] and myocardial glucose uptake [27], as 
well as to depress the contents of high energy phos- 
phate compounds of isolated rat heart [27]. 

Increased glucose uptake, glycolysis and the break- 
down of ATP caused by inosine in rabbit hearts were 
inhibited by propranolol. On the other hand, uridine 
had inotropic and metabolic effects in propranolol- 
treated hearts similar to the effects in non-treated 
hearts. Increased myocardial contractility was accom- 
panied by higher glucose uptake, glycogen syn- 
thesis and glycolysis in propranolol-treated hearts 
perfused with uridine. However, higher contents of 
ATP and ADP caused by uridine in propranolol- 
treated hearts are not clear. It can be only speculated 
that this nucleoside enhanced the supply of substrates 
from the glycolytic pathway for the Krebs cycle and, 
thereby, increased the synthesis of ATP in proprano- - 
lol-treated hearts. 

While the action of uridine seems to be indepen- 
dent of adrenergic mechanisms, the inhibition of in- 
otropic and metabolic effects of inosine in rabbit 
hearts by propranolol supports the idea that the 
action of this nucleoside is mediated by endogenous 
catecholamines. Then, one would expect that such 
metabolic pathways as glycogenolysis or lipolysis, 
which are stimulated by catecholamines, would also 
be activated by inosine. However, we could not 
observe any signs of stimulation of these pathways 
in the heart perfused with inosine. Moreover, this 
nucleoside stimulated the uptake of glucose, a process 
which is not believed to be under the control of 
adenyl cyclase [28], and therefore it seems likely that 
the metabolic and inotropic effects of inosine are not 
mediated by endogenous catecholamines. The inhibi- 
tion of myocardial action of inosine by propranolol 
is unclear, but might be due to general depressing 
action of this beta blocker [25-27]. However, further 
studies will have to be carried out to determine the 
role of the release of catecholamines in the action 
of inosine in the heart. 

Metabolic effects of inosine and uridine appear 
to be similar to those described for cardiac glycosides. 
Ouabain or digoxin stimulated glucose uptake in the 
heart [18] and glucose uptake and glycogen synthesis 
in diaphragm muscle [29], as well as inhibited the 
catecholamine-stimulated lipolysis in adipose tis- 
sue [30]. The similarity in actions between nucleo- 
sides and cardiac glycosides is even closer, since all 
these compounds are positive inotropic agents. The 
fact that inosine and uridine in such low concen- 
trations as 10° or 10~’ M were capable of changing 
the metabolism of muscle or adipose tissue [21] sug- 
gests that specific receptors are involved in their 
mechanism of action rather than effects on intracellu- 
lar contents of nucleotides. Further studies will be 
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required to determine if inosine or uridine, like car- 
diac glycosides, inhibits Na*-K*-activated ATPase. 
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Abstract—Trimethoprim (TP) at concentrations of 1 x 107° to 1 x 10~3M inhibits the incorporation 
of thymidine, uridine, formate, and leucine by human lymphocytes undergoing blastogenic transforma- 
tion induced by conconavalin A. TP does not alter cell viability, as measured by trypan blue exclusion, 
or cell numbers. An effect of TP on dihydrofolate reductase, such as is seen with methotrexate, is 
insufficient to explain the inhibitory effects of TP since an in vivo estimation of dihydrofolate reductase 
activity, utilizing deoxyuridine incorporation into deoxyribonucleic acid, is not inhibited. Also the 
observed inhibition of precursor incorporation is not fully reversed by either folate or folinate. TP 
did not alter the percentage of cells transforming but reduced the number of autoradiographically- 
labelled lymphoblasts. Immunosuppression by TP in vivo may be associated with these findings. 


Trimethoprim (2,4-diamino-5,3,4,5-trimethoxybenzoyl 
pyrimidine; TP) has a potent immunosuppressive 
effect in preventing the rejection of skin allografts in 
mice [1] and may be immunosuppressant in man [2]. 
We have investigated the effect of this substance on 
the transformation produced in normal human peri- 
pheral lymphocytes by the plant lectin, concanavalin 
A (Con A). This mitogen induces lymphocytes in cul- 
ture to increase their synthesis of RNA, DNA and 
protein with associated cellular enlargement and 
mitosis, i.e. blastic transformation. This process is 
believed to reflect some of the early steps in an im- 
mune response. The population of cells responding 
in this fashion, however, is larger and probably differ- 
ent from that responding in a similar way to a specific 
antigenic stimulus[3]. A more specific type of re- 
sponse is evoked by allogeneic lymphocytes during 
the co-cultivation of lymphocytes from genetically un- 
related donors (mixed lymphocyte cultures) and the 
effect of TP has also been investigated in such cul- 
tures. 


MATERIALS AND METHODS 


Trimethoprim was a gift of Dr. J. J. Burchall (Bur- 
roughs Wellcome Co., Research Triangle Park, NC). 
Concanavalin A was a lyophilised, three-times crystal- 
lised preparation from Miles-Yeda (Kankakee, IL). 
2-deoxyuridine and folic acid were obgained from 
Sigma Chemical Company (St. Louis, MO). Methyl-a- 
D-mannopyranoside was from Calbiochem (LaJolla, 
CA); 0.4% Trypan Blue in normal saline from Gibco 
(Grand Island, NY) and methotrexate sodium from 
Lederle (Pearl River, NY). Eagle’s Minimal Essential 
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Medium, Hank’s balanced salt solution and fetal calf 
serum were purchased from Microbiological Associ- 
ates (Bethesda, MD). Folate-free Minimal Essential 
Medium was prepared and sterilised in our labora- 
tory. PCS is a product of Amersham-Searle (Arling- 
ton Heights, IL). 

The following radioisotopes were obtained from the 
New England Nuclear Corporation (Boston, MA) and 
were diluted in Hank’s solution to allow the addition 
of 1 wCi to each culture in a volume of 20 wL: thymi- 
dine [°H methyl] (sp. act. 6.7 Ci/mM), [5,6-*H]Juri- 
dine—{sp. act. 45 Ci/mM) and [1-'*C]-L-leucine (sp. 
act. 25mCi/mM). [3’, 5’-°H]folic acid (sp. act. 
22 Ci/mM) from Schwarz—Mann (Orangeberg, NY) 
was diluted in 0.5% sodium bicarbonate to allow 
addition of 1 wCi/ml culture. The purity of this com- 
pound was checked by paper chromatography before 
use. ['*C]Sodium formate (sp. act. 58 mCi/mM) was 
purchased from Amersham-Searle (Arlington 
Heights, IL). 

Isolation, culture and chemical extraction of human 
lymphocytes. Heparinised peripheral blood from nor- 
mal subjects was sedimented by gravity in sterile 
tubes at 37°. The leucocyte-rich plasma was period- 
ically aspirated and the cells washed twice in Eagle’s 
Minimal Essential Medium (MEM). The lymphocyte 
concentration was determined by counting in a 
haemocytometer using 0.1% crystal violet in 1% acetic 
acid and the final volume of the suspension was 
adjusted to give 10° lymphocytes/ml medium which 
was enriched with 10% v/v fetal calf serum. One milli- 
liter cultures were set up in 12 x 75 mm polyethylene 
culture tubes (Falcon No. 2051, Falcon Plastics, 
Oxnard, CA) and were usually stimulated with 40 yg 
Con A in Hank’s Balanced Salt Solution. Drugs or 
diluents were added at the times indicated. TP was 
added after solution in ethanol. Cultures were set up 
in triplicate and incubated at 37° in a water-saturated 
atmosphere of 5% carbon dioxide in air, usually for 
72 hr. Isotopically labelled precursors were added at 
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the times indicated and incubation was terminated 
by the addition of 3 ml ice-cold Hank’s solution. The 
cells were harvested by centrifugation and washed a 
second time in this medium and then successively in 
two, 3 ml aliquots of ice-cold 5% trichloracetic acid 
(TCA) and finally in 3 ml methanol. The residue was 
dissolved in 0.5 ml 1M Hyamine-10-X in methanol 
at 70° for 15min and transferred to counting vials 
with 3ml ethanol. A_ scintillation mixture (3g 
2,5-diphenyloxazole (PPO), 100 mg 1,4-bis 
[2-(5-phenyloxazolyl)] benzene (POPOP), 300 ml eth- 
anol and 700ml toluene) was added and the vials 
counted in a Beckman liquid scintillation system with 
an efficiency of approximately 20% for 7H and 80% 
for '*C. Where appropriate, disintegrations per min 
were calculated using an external standard channels 
ratio method. 

Two-way mixed lymphocyte cultures were set up 
using lymphocytes prepared as above from two unre- 
lated donors, 5 x 10° lymphocytes from each donor 
being mixed to give | ml culture. These were incu- 
bated for 6 days, [*H]thymidine being present during 
the final 3 hr of culture. Preparation for counting was 
as described above. 

Folate and folinate studies. The effect of TP on folic 
acid uptake during transformation was studied using 
10° lymphocytes/ml culture in folate-free MEM. After 
67 hr incubation | wCi [*H]folic acid was added and 
at 72 hr 3 ml ice-cold Hank’s solution added. The cells 
were washed twice more in ice-cold Hank’s solution, 
the supernatant aspirated and 1 ml water added to 
lyse the cells which were held at 70° for 20 min. 5 ml 
PCS (Amersham-Searle) was added to the lysate in 
a counting vial and the mixture counted in the liquid 
scintillation spectrometer. 

In experiments in which the folate or folinate con- 
centration of the medium was varied the cells, after 
initial sedimentation, were washed twice in medium 
containing the desired folate or folinate concentration 
and cultures set up and processed as described pre- 
viously. 

Deoxyuridine suppression test. The deoxyuridine 
suppression test was carried out by the method of 
Metz et al. [4]. 2-deoxyuridine was added to 3-day 
stimulated lymphocyte cultures to give final concen- 
trations of 44 x 10°43 4M/ml and an appropriate 
concentration of TP was added. One hr later | pCi 
[*H]thymidine was added and after a further 3 hr the 
cells were harvested and processed as above. 

Cell counting and autoradiography. To estimate cell 
numbers, clumping was first reduced by adding 
methyl-x-D-mannopyranoside in Hank’s solution to 
give a final concentration of 50 mM/ml culture and 
incubation continued for a further hr. After gentle 
agitation, cells were stained with 0.1% crystal violet 
in 1% acetic acid and counted in a haemocytometer. 
Cell viability was estimated by counting the percent- 
age of cells excluding Trypan Blue[5]. Autoradi- 
ography was carried out on preparations made from 
72-hr cultures labelled for 3 hr with 1 Ci [7H]thymi- 
dine, fixed in 3:1 (v/v) methanol-acetic acid, and 
exposed to Kodak Nuclear Track Emulsion Type 
NTB-2 for 7 days before development. The slides were 
then stained with Giemsa stain and examined under 
oil-immersion: at least 1250 cells were examined for 
blastic transformation. 
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Analysis. Data were analyzed by the Mann—Whit- 
ney U-test. The 0.05 level of probability was accepted 
as significant. 


RESULTS 


TP at concentrations ranging from 1 x 10°°M 
produced a dose-dependent inhibition of the increase 
in [*H]thymidine incorporation induced in lympho- 
cytes by Con A (Fig. 1). In the presence of 
5x10°°M TP, thymidine incorporation was 
reduced to 714+ 1.5% (S.E.M. n= 8) of control 
values, this being the concentration approximately 
attained in human tissues where concentration of TP 
occurs. At | x 10°3M the incorporation of thymi- 
dine is almost completely suppressed. The effect of 
the ethanol, used as the solvent for TP, was trivial 
and the mean incorporation of thymidine into lym- 
phocytes stimulated with Con A was 9% less in those 
cultures exposed to ethanol. In all experiments con- 
trol cultures were set up containing ethanol at the 
same concentration as was used as the vehicle for 
TP. 

When the incorporation of [*H]thymidine into 
DNA was determined at different times over a period 
of 143 hr it was found that the inhibitory effect of 
TP was maintained over this time. Figure 2 shows 
that TP | x 10°*M significantly suppresses thymi- 
dine incorporation at 43, 70, and 143 hr. 

Lymphocytes stimulated into blastic transforma- 
tion by a two-way lymphocyte reaction exhibited a 
similar dose-dependent inhibition of thymidine incor- 
poration by TP (Fig. 3). 

TP had a reduced inhibitory effect on [*H]thymi- 
dine incorporation when its contact time with the 
cells was short. For example | x 10~*M TP reduced 
thymidine incorporation to 42.2+5% (SEM., 
n = 12) of control when present throughout incuba- 
tion and when added one hour before [*H]thymidine, 
ie. contact time of 4hr, the incorporation was 
69.3 + 3.7 (S.E.M., n = 12). 
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Fig. 1. Effect of TP on [*H]thymidine incorporation into 

Con A-stimulated lymphocytes after labelling for the final 

3hr of 72hr incubation at 37° (expressed as mean + 

S.E.M. of the percentage incorporation relative to that of 

the untreated control). TP was added at the time of stimu- 

lation with 40 ug/ml Con A. Control cultures contained 
vehicle for TP in place of drug. 
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Fig. 2. Incorporation of [*H]thymidine (as cpm. x 107%) 

into Con A-stimulated lymphocytes after various incuba- 

tion times with | x 10°*M TP. TP was present through- 

out the culture period. The [*H]thymidine was added for 
the final 3 hr of culture. 


Increasing the Con A concentration was unable to 
overcome the inhibitory effect of TP on thymidine 
incorporation as is shown in Fig. 4 which depicts the 
cellular response to varying concentrations of Con 
A plotted as a log dose-response curve. The inhibi- 
tion of thymidine incorporation by higher Con A con- 
centrations is a phenomenon attributed to toxic 
effects of the lectin [6]. In our experiments the mean 
viability of lymphocytes at 72hr in the presence of 
40 pg/ml Con A was 88 + 2%. It is apparent from 
Fig. 4 that TP depressed the maximal response of 
the cells and in fact depressed the response at each 
level of Con A tested. 

TP also inhibits the incorporation of [*H]uridine 
(after 24 hr culture) and ['*C]formate (after 72 hr cul- 
ture) into acid insoluble material in a dose-dependent 
manner as shown in Figs 5 and 6. 

The overall rate of protein synthesis increases 
within a few hr of the initiation of lymphocyte trans- 
formation reaching a maximum of about 48 hr and 
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Fig. 3. Effect of TP on [*H]thymidine incorporation of 
lymphocytes stimulated by a two-day mixed lymphocyte 
reaction. Lymphocytes from two unrelated donors incu- 
bated with and without TP for 6 days, [°H]thymidine 
added for final 3 hr of incubation. Incorporation of [°H]- 
thymidine expressed as mean + S.E.M. of the percentage 
incorporation relative to control cultures containing 
vehicle for TP in place of drug. 
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Fig. 4. Alteration of Con A concentration produces 

changes in [*H]thymidine incorporation at 72hr (as 

cpm x 107-3) in the absence (A) and presence of 

5 x 10°-*M (@) and 5 x 10°°M (0) TP. TP and Con A 

were present throughout culture, [*H]thymidine was 
added for the final 3 hr of incubation. 


then waning. Interestingly, TP showed much less in- 
hibitory effect on the maximal 48-hr protein synthesis 
than at 72hr (Fig. 7). This may reflect a secondary 
nature of the effect of TP protein synthesis. 
Inhibition of [*H]thymidine incorporation could 
result from a non-specific toxic effect on the cells 
affecting, for example, cell viability. Cellular viability, 
estimated by the trypan blue exclusion method [5], 
and cell counts, carried out in a haemocytometer, | 
showed that drug treatment has no apparent effect 
on cell viability or numbers at 72 hr. To exclude the 
possibility of some more subtle interference with lym- 
phocyte metabolism, which although it did not result 
in altered trypan blue permeability, was sufficient to 
permanently impair the cellular utilization of exo- 
genous thymidine, a further experiment was carried 
out. Lymphocytes were pre-incubated with TMP for 
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Fig. 5. Effect of TP on incorporation of [*H]uridine. 10° 
cells/ml were incubated with Con A (40 pg/ml) and varying 
TP concentrations. After 21 hr [*H]uridine (1 wCi) was 
added and the cells harvested at 24hr. Incorporation of 
[7H] into the acid-insoluble residue is expressed as 
mean + S.E.M. of the percentage incorporation relative to 
that of the control cultures which contained the vehicle 
for TP in place of drug. Control incorporation was 
25120 + 950 cpm. 
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Fig. 6. Effect of TP on incorporation of ['*C]formate. 10° 
cells/ml were incubated with Con A (40 pg/ml) and varying 
TP concentrations. After 69 hr ['*C]formate (1 wCi) was 
added and the cells harvested at 72hr. Incorporation of 
['*C] into the acid-insoluble residue is expressed as 
mean + S.E.M. of the percentage incorporation relative to 
that of the control cultures which contained the vehicle 
for TP in place of drug. Control incorporation was 
9678 + 652 cpm. 


24hr at 37° before being washed twice with medium 
(with 2hr at 37° between washes) to remove TP 
before their response to Con A at 48hr was tested. 
Cells were also simply incubated in medium and 
washed as control. Cells exposed to 1 x 10°*M TP 
before washing incorporated 10,966 + 1075 cpm/10° 
cells (n = 9); control cultures which were washed and 
then stimulated, incorporated 10,385 + 1457 cpm/10° 
cells (n = 9). A further group of control cultures 
which were pre-incubated without ethanol incorpor- 
ated 9024 + 973 cpm/10° cells (n = 9). These differ- 
ences were not statistically significant. Therefore, no 
permanent damage seems to accrue from a 24hr 
exposure to TP. 

Effects of TP on the folate metabolism of transform- 
ing lymphocytes. One possible explanation of the 
effects of TP on the incorporation of isotopically 
labelled metabolic precursors might be an inhibition 
of lymphocyte dihydrofolate reductase. 

An indirect estimate of the activity of dihydrofolate 
reductase in vivo may be obtained by the method of 
Metz et al. [4]. In this assay the synthesis of thymidy- 
late from exogenous “cold” 2-deoxyuridine added to 
the transforming cells expands the intracellular pool 
of thymidylate. This reduces the specific activity of 
the exogenous [*H]thymidine subsequently taken up 
during labelling so that the incorporation of tritium 
into DNA falls. Methotrexate (MTX) inhibits dihyd- 
rofolate reductase and so synthesis of thymidylate 
from deoxyuridine is reduced since this enzyme is 
required for rapid regeneration of tetrahydrofolate 
from dihydrofolate formed during the thymidylate 
synthetase reaction. The intracellular thymidylate 
pool is therefore depleted and exogenous [*H]thymi- 
dine incorporation into DNA is increased. The effect 
is shown in Fig. 8. The effect of TP differed from 
that of methotrexate. These experiments suggest that 
TP does not inhibit the dihydrofolate reductase of 
transforming human lymphocytes. 
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Fig. 7. Effect of TP on ['*C]leucine incorporation into 
Con A-stimulated lymphocytes after 48 (@) and 72 (O) hr 
incubation in presence of drug. Incorporation from a 3 hr 
pulse of ['*C]leucine (1 wCi) expressed as mean + S.E.M. 
of percentage incorporation relative to controls. Controls 
contained vehicle for TP in place of drug. 


Transforming lymphocytes show an_ increased 
folate uptake [7]. We studied this effect in folate-free 
medium at 72hr and Table | shows the effect of TP 
on this process. We found a significant inhibition of 
nearly 20 per cent with 10°*M MTX. TP, however, 
failed to diminish the folate uptake even at 5 times 
the concentration of MTX that did so. 

An alternative assessment of dihydrofolate reduc- 
tase activity would be by determination of the effects 
of addition of exogenous folate and folinate to cul- 
tures in the presence of TP. If TP acted by competi- 
tively inhibiting dihydrofolate reductase then in- 
creased exogenous folate should reduce the inhibition 
providing that TP does not alter folate permeability 
in lymphocytes. When folic acid (pteroylglutamic 
acid) or folinic acid (N°-formy! tetrahydrofolic acid) 
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Fig. 8. Indirect in vivo estimate of dihydrofolate reductase 
inhibition by methotrexate and TP. 72-hr cultures of Con 
A-stimulated lymphocytes preincubated with varying con- 
centrations of 2-deoxyuridine for | hr followed by | hr in- 
cubation with 1 x 10°°M_ methotrexate (O——O), 
1 x 10°*M TP (@——@) or drug diluent (A——A). 3-hr 
pulse of | wCi [H]thymidine given and cells extracted as 
before. [*H]thymidine incorporation expressed as 
mean + S.E.M. percentage of incorporation by control cul- 
tures pulsed without pre-incubation with deoxyuridine or 
drugs. All points on methotrexate curve differ significantly 
from control; only incorporation at lowest deoxyuridine 
concentration is significant for the TP-treated cultures. 





Trimethoprim and human lymphocytes 


Table 1. Effect of TP on [*H]folic acid uptake at 72hr 
by Con A transformed lymphocytes 





% of control folic 
acid uptake* 


Drug Concentration Mean S.E.M. n Pt 





5 NS. 
11 NS. 
6 NS. 
5 0.03 


87.6 4.8 
92.3 3.0 
93.6 5.4 
81.0 5.7 


5 x 1074 
1 x 1074 
5 x 1075 
1 x 107¢ 


Trimethoprim 


Methotrexate 





* Control uptake = 23.2 pg/10° cells (S.E.M. 3.6; n = 8); 
without Con A uptake = 14.8 pg/10° cells (S.E.M. 3.2; 
n= 7). 

+P > 0.05 = Not significant = N.S. 


were added in various concentrations to lymphocytes 
transformed by Con A in the presence of | x 10°-*M 
TP, only minor and insignificant reversal of the TP- 
induced inhibition of [*H]thymidine incorporation at 
72 hr occurred. Thus under these conditions in the 
absence of folic acid 1 x 10°*M TP reduced [°H] 
thymidine incorporation by 425+25% (S.E.M., 
n = 12). Adding 100 ng/ml folic acid to the medium 
reduced this inhibition to 12.4 + 2.4% (S.E.M., n = 9) 
which was a significant reversal. Additions of 50, 400, 
50000 and 100000 ng/ml folic acid however did not 
produce significant reversal. Additions of concen- 
trations of folinic acid ranging from 30 to 60000 
ng/ml failed to significantly alter the degree of inhibi- 
tion of [H]thymidine incorporation produced by 
1 x 10-*M TP. Taken together these results suggest 
that there is no significant inhibition of human lym- 
phocyte dihydrofolate reductase by TP at this concen- 
tration. 

Effect of TP on blast formation and thymidine label- 
ling. To investigate whether TP inhibited the process 
of transformation rather than thymidine uptake auto- 
radiographic studies were undertaken. Table 2 shows 
that whilst TP did not affect the percentage of cells 
undergoing blastic transformation morphologically, 
the percentage of blasts labelled with thymidine as 
an indicator of DNA synthesis was reduced. 


DISCUSSION 


We have demonstrated that TP inhibits Con 
A-induced thymidine incorporation by human lym- 
phocytes. Not only thymidine, but also uridine, leu- 
cine and formate incorporation were inhibited by TP 
in a dose-dependent fashion. This implies that TP is 
not acting to inhibit specific membrane transport of 
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thymidine and suggests it may act upon some central 
metabolic function during transformation. The differ- 
ent effects seen on protein synthesis were of interest: 
overall protein synthesis reaches a peak at around 
48 hr after the addition of mitogen [8] yet TP pro- 
duces a lesser effect at this time compared to its effect 
when protein synthesis is waning at 72hr. Protein 
synthesised during the period of maximal DNA syn- 
thesis (at 72 hr) is apparently more susceptible to TP 
inhibition, perhaps indicating that this effect is 
secondary to an effect on nucleic acid metabolism. 

TP inhibition was also observed when lymphocyte 
transformation was induced in a mixed lymphocyte 
reaction suggesting that the inhibition is not depen- 
dent upon interference with Con A recognition sites. 
Inhibition of thymidine incorporation occurred even 
when TP was introduced many hours after the mito- 
genic stimulus, which again suggests a more complex 
mechanism than simple competition for mitogen 
binding sites since it is known that lymphocytes are 
irreversibly committed towards DNA synthesis after 
6hr incubation with phytohaemagglutinin [9]. 

These effects do not seem to be merely an apparent 
inhibition of incorporation due to non-specific killing 
of the cells by TP since no gross signs of toxicity 
were apparent as measured by Trypan Blue exclusion 
or changes in cell number. Neither can the effect be 
attributed to a more subtle derangement of lympho- 
cyte function without gross changes in membrane per- 
meability or celi death since the capacity of lympho- 
cytes to respond to Con A was found to be unim- 
paired after pre-incubation with TMP. 

The known inhibitory effects of TP on dihydrofo- 
late reductase made this an obvious first choice for 
any investigation of the mechanism of action of TP. 
Studies on the human hepatic enzyme have shown 
that 50 per cent inhibition occurs at 3 x 10°*M 
TP [10]. TP produces its effects on lymphocyte trans- 
formation at concentrations one order of magnitude 
smaller than this. It may be that the drug is selectively 
concentrated by lymphocytes or alternatively the lym- 
phocyte enzyme could possess different kinetic 
properties. Indirect estimation of dihydrofolate reduc- 
tase activity by the deoxyuridine titration method of 
Metz et al. [4] showed only minimal evidence of inhi- 
bition. It is interesting that diphenylhydantoin, 
another drug showing some immunosuppressive 
properties, demonstrates a similar phenomenon [11]. 
This technique depends upon a number of factors 
which include deoxyuridine uptake and phosphoryla- 
tion, thymidine kinase activity, the activity of DNA sal- 
vage pathways and the rate of DNA synthesis. It could 


Table 2. Effect of TP on blastic transformation and [*H]thymidine labelling after 
72 hr stimulation with Con A 





Percentage of cells undergoing Percentage of blasts labelled by 


transformation 


Mean S.E.M. n 


3H thymidine 


P Mean S.E.M. 1 P 





82.5 1.8 
81.8 3.0 
82.5 2.6 
76.2 2.5 


Control 

TP 5x 10°-*M 
TP 1 x 10°*M 
TP 1x 10-5M 


— 10.4 0.5 6 
N.S. 4.3 0.6 6 
N.S. 4.7 0.8 6 
0.03 7.1 0.9 4 


0.001 
0.001 
0.001 





P value for comparison of drug-treated cultures with control (N.S. = Not Significant 


at P < 0.05). 


B.P. 26/17—b 
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not reveal dihydrofolate reductase inhibition if TP 

affected one of these processes. A small inhibitory 

effect on dihydrofolate reductase has been noted at 

10°*M TP[12,13] although another study only 

detected inhibition at 10° ' M[14]. We have been un- 

able to detect inhibition of the reductase of human 

fibroblasts in tissue culture undergoing epidermal 

growth factor-induced mitosis[15]. Although, like 

MTX and pyrimethamine, TP lowers the intracellular 

thymidine triphosphate content of human lympho- 

cytes significant changes do not occur below 

10-3M [27]. 

Addition of folate or folinate (5-formyl tetrahydro- 

’ folate) only partially reverses the effects of TP on thy- 
midine incorporation. Folate would act competitively 

with TP for dihydrofolate reductase whilst folinate 

would supplement the putatively depleted intracellu- 
lar reduced folate pool. Two separate folate transport 
systems exist in lymphocytes: MTX shares the carrier 
for 5-methyl and 5-formyl tetrahydrofolate whilst 
folate enters by a separate mechanism [16,17]. The 
effects of TP on folate transport in lymphocytes are 
unknown but our experiments with labelled folate 

make it unlikely that it significantly alters the access 
of folate at the drug concentrations employed. In 
human lymphoblastoid cell lines in culture TP 

appears to be a weak inhibitor of folate trans- 
port [18]. Interpretation of folate and folinate addi- 

tion experiments is complicated by the inhibitory 

effects of these substances upon thymidine uptake. 
Bain [19] found that folic acid increased thymidine 

uptake in mixed lymphocyte reactions but decreased 

that of phytohaemagglutinin-treated lymphocytes 

although there was no effect on the number or per- 

centage of blast cells formed. A possible explanation 
of this phenomenon is that in medium containing no 
folate, the intracellular folate stores plus folate 

released by dead cells allows DNA synthesis to pro- 

ceed, although the intracellular thymidine pool is 
smaller due to reduced availability of folate coenzyme 

for its synthesis. There is thus less dilution of 

added [*H]thymidine by endogenous thymidine and 

the specific activity of DNA synthesised from the pool 

is high. Adding increased amounts of folate would 

allow expansion of the thymidine pool thereby de- 
creasing the specific activity of DNA synthesised after 

addition of exogenous [*H ]thymidine. 

One of the principal actions of MTX is the inhibi- 
tion of dihydrofolate reductase yet, unlike TP, the 
incorporation of [*H]thymidine is apparently in- 
creased. Inhibition of dihydrofolate reductase depletes 
the supply of reduced methylene tetrahydrofolate 
which is required for conversion of deoxyuridylate to 
thymidylate. The reduced size of the intracellular thy- 
midine pool will, as explained above, increase the 
specific activity of DNA synthesised after [*H]thymi- 
dine addition although radiophosphorus labelling 
shows DNA synthesis to be reduced by MTX [20]. 

Inhibition of thymidine uptake by TP could indi- 
cate either that in the presence of the drug a reduced 
number of cells respond to the mitogenic stimulus 
or that the same number of cells respond but the 
amount of thymidine incorporated is reduced. Auto- 
radiographic studies were undertaken to distinguish 
between these possibilities. TP did not alter the 
number of cells undergoing morphological transfor- 
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mation although the incorporation of [*H]thymidine 
into their DNA is significantly reduced. Salzmann et 
al.[21] have similarly shown that if DNA synthesis 
is blocked by 5-fluoro-2’-deoxyuridine the transfor- 
mation of lymphocytes is unaffected. Likewise, 
Rozenszajn and Radnay[22] found that mitosis is 
1000-fold more sensitive to MTX than is transforma- 
tion. Dipyramidole at a concentration twenty times 
that required to completely inhibit uridine membrane 
transport with secondary inhibition of RNA synthesis 
also does not alter the percentage of cells trans- 
formed [23]. These observations suggest that inter- 
ruption of the cell cycle at a phase of DNA synthesis 
is not an unusual mode of drug action and is pro- 
duced by several different mechanisms. 

It is tempting to speculate upon the clinical signifi- 
cance of the phenomena described. The lymphocyte 
blastogenic response to Con A represents an in vitro 
model for the early stages of cellular immunity. TP 
plasma levels during therapy are approximately 
10-° M [24] a level at which we observed approxi- 
mately 50 per cent inhibition in the mixed lymphocyte 
reaction, although less inhibition was seen in lectin 
transformed cells. TP is 42-46% protein bound [25] 
and concentration in tissues is known to occur [26]. 
The in vitro phenomenon described could be associ- 
ated with the immunosuppressive effects observed by 
other investigators. Possibly caution should be exer- 
cised in the interpretation of clinical tests dependent 
upon lymphocyte transformation when the patient is 
concurrently receiving TP. 

We conclude that TP suppresses some of the meta- 
bolic consequences of lymphocyte transformation 
although the morphological features of the process 
are unaffected. We have found no evidence that this 
effect is dependent on inhibition of dihydrofolate 
reductase and there are indications that a second 
mechanism, perhaps involving nucleic acid metabo- 
lism is implicated. 
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Abstract—The effects of inhibitors and of inducing agents for cytochromes P-450 on the fluroxene 
mediated destruction of cytochromes P-450 were investigated with hepatic microsomes from male rats 
in vitro and compared with the metabolism of fluroxene (2,2,2-trifluoroethyl vinyl ether) to 2,2,2-tri- 
fluoroethanol under similar conditions. The fluroxene mediated destruction of cytochromes P-450 and 
the metabolism of fluroxene are fully inhibited under totally anaerobic conditions. Carbon monoxide, 
SKF 525A and metyrapone fully inhibit the fluroxene mediated destruction of cytochromes P-450 
and partially inhibit the metabolism of fluroxene to trifluoroethanol in microsomes from phenobarbital 
pretreated rats. The K,, values for the destruction of cytochromes P-450 by fluroxene in vitro were 
calculated as 0.8, 3.3 and 1.5mM for microsomes from phenobarbital induced, 3-methylcholanthrene 
induced and uninduced animals, respectively. V,,,, values for 3-methylcholanthrene and phenobarbital 
induced microsomes (approximately 0.5 nmol cytochromes P-450 destroyed/mg microsomal protein/7 
min) are elevated compared to uninduced microsomes (0.2 nmol cytochromes P-450 destroyed/mg 
microsomal protein/10 min). The K,, value for the metabolism of fluroxene to trifluoroethanol in control 
microsomes of approximately 1.0mM is unchanged following induction, and V,,,, for the production 
of trifluoroethanol is increased relative to controls only in phenobarbital induced microsomes. It is 
concluded that the fluroxene mediated destruction of cytochromes P-450 appears to involve 
both cytochrome P-448 and cytochrome P-450 whereas the production of trifluoroethanol from flurox- 


ene is catalyzed by cytochrome P-450 but not by cytochrome P-448. 


Fluroxene (2,2,2-trifluoroethyl vinyl ether), a volatile 
anaesthetic agent, is known to be metabolized by the 
hepatic cytochrome P-450 dependent drug metaboliz- 
ing enzyme system in vivo and in vitro§. Elevated 
levels of hepatic cytochrome P-450, but not cyto- 
chrome P-448, are accompanied by increased metabo- 
lism of fluroxene in vitro and enhanced toxicity of 
fluroxene anaesthesia in vivo [1, 2. 

Following fluroxene anaesthesia of animals induced 
for elevated levels of type P-450 cytochromes with 
phenobarbital or 3-methylcholanthrene, a marked de- 
crease in the levels of hepatic microsomal total type 
P-450 cytochromes was observed [2]. The fluroxene 
mediated degradation of hepatic cytochromes P-450 
was mimicked in vitro in the presence of hepatic 
microsomes, fluroxene and NADPH [3]. Greater des- 
truction of type P-450 cytochromes was observed 
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and cytochrome P-448 (P,-450). The terms “cytochrome 
P-450” or “cytochrome P-448” designate the specific 
enzyme indicated, except in phrases such as “the cyto- 
chrome P-450 dependent drug metabolizing pathway”. 
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with microsomes from phenobarbital or 3-methylcho- 
lanthrene pretreated rats with initially elevated levels 
of type P-450 cytochromes than with microsomes 
from control rats. The degradation appears to be 
specific for type P-450 cytochromes since the levels 
of other microsomal enzymes such as cytochrome b, 
or NADPH-cytochrome c reductase are not affected. 
The observed decrease in the levels of hepatic micro- 
somal cytochromes P-450 seen in the presence of flur- 
oxene appears to reflect chemical alteration of the 
heme moiety of cytochromes P-450 [3]. Based on the 
observation that 2,2,2-trifluoroethyl ethyl ether—the 
saturated analogue of fluroxene—does not destroy 
cytochromes P-450 in vivo or in vitro, it was proposed 
that the vinyl portion of the fluroxene molecule is 
responsible for the fluroxene mediated destruction of 
hepatic cytochromes P-450 [2, 3]. 

The mechanism of the fluroxene mediated destruc- 
tion of cytochromes P-450 is currently being investi- 
gated in our laboratories. Reported herein are the 
effects of various inhibitors, reducing agents and in- 
ducing agents for cytochromes P-450 on the fluroxene 
mediated destruction of cytochromes P-450 and on 
the metabolism of fluroxene to 2,2,2-trifluoroethanol. 


MATERIALS AND METHODS 


Materials. Materials were obtained as follows: 
cylinders of pure gases, Afrox Ltd.; sodium succinate 
and EDTA, British Drug Houses Ltd. Reduced gluta- 
thione (Sigma Chemicals) was assayed by the method 
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of Stadtman [4] and found to be over 90% reduced. 
Allyl-iso-propyl-acetamide and SKF 525A (f-diethyl- 
aminoethyl|-2,2-diphenylvalerate) were generous gifts 
from Hoffmann-La Roche, Inc., Nutley, New Jersey, 
and from Smith, Klein & French, Ltd., respectively. 
Metyrapone [ 2-methy]-1,2-bis(3-pyridyl)-1- propane] 
was provided as a gift by Ciba-Geigy Ltd., Basle, 
Switzerland. Electron transport particles were pre- 
pared from fresh beef heart by Method 2 of Crane 
et al. [5]. The electron transport particles were stored 
at 4° and their activity in the presence of succinate 
was assayed by measuring oxygen consumption with 
a Clark type oxygen electrode. Male Wistar rats 
weighing between 180 and 230g were used for all 
experiments. Animals were induced with phenobarb- 
ital and 3-methylcholanthrene or treated with allyl-iso- 
propylacetamide as described earlier [2,3]. Hepatic 
microsomes were prepared by gel filtration accord- 
ing to the method of Tangen et al.[6] as described 
earlier [3]. 

Preparation of reaction mixtures. For investigations 
of the destruction of microsomal proteins and the 
metabolism of fluroxene in vitro, reaction samples 
contained microsomes (2mg protein/ml 0.02M 
Tris-HCI buffer, pH 7.4), 0.2mM EDTA, NADPH 
generating system (0.4 mM NADP, 7.5 mM glucose-6- 
phosphate, 0.5 units per ml glucose-6-phosphate de- 
hydrogenase, 5mM MgCl,, | mM nicotinamide) and 
fluroxene or other compounds as specified. References 
for spectral work contained only microsomes and 
were incubated as for samples. For most studies, reac- 
tion samples and references were contained in vials 
of appropriate size so that the air space in the vial 
was approximately 10-15 per cent of the total volume 
once the vial was stoppered with a serum cap. To 
prepare reaction samples, microsomal suspensions 
were equilibrated at 30°, fluroxene was added below 
the level of the microsomal suspension and the mix- 
ture was stoppered and vortex mixed for 30 sec. Any 
further additions were made through the serum cap 
of the stoppered vial. The reaction was then initiated 
by the addition (through the serum cap) of a 
solution of EDTA plus NADPH generating system. 
Samples were assayed for total type P-450 cyto- 


at time zero and following incubation with shaking 
in a Galenkampstat shaking bath equilibrated at 30°. 
At the end of the incubation period of 7 min (unless 
otherwise indicated) for destruction with induced 
microsomes and 10 min for destruction with unin- 
duced microsomes and for metabolism with all types 
of microsomes, samples were removed immediately 
for assay or the reaction was quenched by bubbling 
with CO for 30 sec and assayed shortly thereafter. 
For experiments under different atmospheric condi- 
tions, oxygen or a mixture of CO—O, (80:20, v/v) was 
bubbled through the microsomal suspension for 30 
sec immediately prior to the addition of fluroxene. 

Anaerobic experiments. For anaerobic experiments 
the modus operandi was as for the preparation of 
reaction mixtures described above with the following 
modifications. A mixture of microsomes (2 mg pro- 
tein/ml, final concentration) and electron transport 
particles (0.4mg _ protein/ml, final concentration) in 
0.02M Tris-HCl buffer, pH 7.4, was deoxygenated 
for 15 min by repeated flushing with deoxygenated 
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nitrogen and evacuation by aspiration. This treatment 
resulted in a decrease in the oxygen content of the 
suspension to approximately 15 per cent that of air 
saturated microsomes as measured by oxygen elec- 
trode. The suspension was then transferred to a 
nitrogen bag (Instruments for Research and Industry, 
Cheltenham, Pennsylvania) which was continually 
flushed with nitrogen or argon. Succinate was added 
to the suspension, and 3.0 ml aliquots were placed 
in 4 ml cuvettes with teflon stoppers. Solutions of the 
remaining reagents which had been previously deoxy- 
genated by bubbling with oxygen-free nitrogen for 15 
min were added to the microsomal suspension as de- 
scribed for the aerobic experiments. The cuvettes were 
stoppered with teflon caps and, where necessary, 
vortex mixing was performed in the nitrogen bag. 
Cuvettes were then removed from the nitrogen bag 
and incubated in air without shaking at 30°. 

Assay by oxygen electrode of samples so prepared, 
containing microsomes, electron transport particles 
and succinate indicated in every case that the concen- 
tration of oxygen was effectively zero and was not 
decreased further following addition of the oxygen 
scavanger sodium dithionite. The O-demethylation of 
p-nitroanisole that occurred with a first order rate 
constant of 0.2 min~' aerobically did not proceed 
measurably over 10 min under the anaerobic experi- 
mental conditions described above, which further in- 
dicates that the experimental conditions were indeed 
totally anaerobic. The activity of the electron trans- 
port particles under the conditions of the anaerobic 
experiments was 0.05-0.10 wmol O, consumed per 
min. 

Assays. The levels of cytochromes P-450, cyto- 
chrome b, and heme were determined according to 
the method of Omura and Sato [7]. NADPH-cyto- 
chrome c reductase activity was measured as de- 
scribed by Omura and Takesue [8]. 


Table |. Effects of inhibitors on the fluroxene mediated 

destruction of type P-450 cytochromes and on the metabo- 

lism of fluroxene in phenobarbital induced hepatic micro- 
somes in vitro 





TFE formed 
(nmol/min/mg 
microsomal 
protein) 


Destruction 


Conditions* cyts P-4S50t{ 





ea / 97+ 1.0 
O, 8.9 + 1.1 
Anaerobic <0.01 

CO-O,,(80:20) 3.54+0.1 
50 uM SKF 525A 6.8 + 1.7 
330 uM SKF 525A 41+04 
50 uM metyrapone 2440.4 





* Incubation mixture contained microsomal suspension 
(2 mg protein/ml 0.02 M Tris-HCl buffer, ph 7.4), 0.2 mM 
EDTA, 6mM fluroxene and NADPH generating system 
at 30°. 

+$.D. < +0.05 nmol cytochromes P-450/mg microso- 
mal protein. Initial levels (approximately 2.5 nmol/mg mic- 
rosomal protein) were determined at time zero on samples 
identical to those incubated for 10 min. 

t Abbreviations used are TFE, 2,2,2-trifluoroethanol; 
cyts P-450, type P-450 cytochromes. 
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2,2,2-Trifluoroethanol was quantitated by gas 
liquid chromatography using a 6mm x 2m copper 
column containing 10% di-iso-decylphthalate on acid 
washed Chromosorb P (Applied Scientific Labs., Inc.) 
in a Beckman GC-M gas chromatograph as described 
by Gion et al [9]. The identification of trifluoroeth- 
anol was achieved by mass spectrometry. 

Microsomal lipid peroxidation was monitored by 
measuring malonaldehyde production according to 
the method of Ernster and Nordenbrand [10]. All in- 
cubation mixtures for this assay contained EDTA. 

Binding studies. Studies of the binding of fluroxene 
were performed as described earlier [1]. The inhibitor 
SKF 525A when present was at identical concen- 
trations in the sample and reference cuvettes. 

All other materials and experimental procedures 
are as described earlier [1, 3]. 

Calculations. K,, and V,,,, values were calculated 
from computerized Hanes plots of [fluroxene]/v 
versus [fluroxene]. Initial rates (v) for the destruction 
of cytochromes P-450 and the production of 2,2,2-tri- 
fluoroethanol were monitored over the time periods 
indicated, during which the respective reactions were 
linear to a good approximation. 


RESULTS 


The effects of inhibitors on the metabolism of flurox- 
ene and on the fluroxene mediated destruction of cyto- 
chromes P-450 in vitro. The effects of inhibitors on 
the fluroxene mediated destruction of cytochromes 
P-450 and on the metabolism of fluroxene in hepatic 
microsomes from phenobarbital induced rats are pre- 
sented in Table |. The destruction of cytochromes 
P-450 and the conversion of fluroxene to trifluoroeth- 
anol seen in the presence of fluroxene, NADPH and 


Table 2. Effect of SKF 525A on the binding 
of fluroxene to cytochromes P-450 in pheno- 
barbital induced hepatic microsomes in vitro 





SKF 525A K, 
(uM) (mM) 


0 
50 
100 
330 


aA... 
(absorbance) 





0.090 + 0.008 
0.096 + 0.002 
0.064 + 0.003 
0.042 + 0.007 


NYRUb 
1+ I+ I+ I+ 
Soo > 
UNO 


ore er 





hepatic microsomes is completely abolished when the 
reaction is performed under anaerobic conditions. 
Carbon monoxide, metyrapone and SKF 525A 
(330 uM) fully inhibit the destruction of cytochromes 
P-450 and decrease the metabolism of fluroxene by 
approximately 65 per cent. At low concentrations 
(50 uM), SKF 525A does not measurably inhibit the 
degradation of cytochromes P-450 but does partially 
(ca. 30 per cent) inhibit the production of trifluoroeth- 
anol in phenobarbital induced microsomes (Table 1). 
As reported earlier, SKF 525A at this concentra- 
tion (50 uM) does not inhibit the binding of fluroxene 
to hepatic microsomal cytochrome P-450[1], but 
does so at higher concentrations (Table 2). The in- 
hibition of the binding of fluroxene to cytochrome 
P-450 in phenobarbital microsomes by SKF 525A 
(K; = 270 uM) is of a noncompetitive or mixed type. 
Since fluroxene binds preferentially to cytochrome 
P-450[1] and SKF 525A at low concentrations has 
been reported not to interact with this cyto- 
chrome [11], it would appear that at the higher con- 
centrations of SKF 525A utilized herein, this inhibitor 
binds to more than one type P-450 cytochrome. 


Table 3. The abilities of oxidants and reductants to support the fluroxene mediated destruction of 
cytochromes P-450 and the metabolism of fluroxene in phenobarbital induced hepatic microsomes 
in vitro 





Fluroxene 


Cytochromes P-450* 
(nmol/mg microsomal 


TFE formedt 
(nmol/mg microsomal 


protein) protein) 





Additions* (30 mM) 


0 min 10 min 0 min 10 min 





None 

NADPH generating system 
NADH (0.6 mM) 

Na,S,0, (10 mM) 


Ascorbate (10 mM) 


HIO, (7.5 mM) 


LF. 


H,0, (10 mM) 


++ tei tit l++4+ 


ms 


nil 
102 + 7 
15+5 


nil 
nil 
nil 


NNNNE ENN 
Cor OK WWI hO 


2.4 
2.4 


Fe 
- 





*Incubation mixture contained microsomes (2mg protein/ml) and 0.2mM EDTA in 0.02M 
Tris-HCl, pH 7.4, 30°. Abbreviation used is TFE, 2,2,2-trifluoroethanol. 


© $.D. + 0.1 nmol/mg microsomal protein. 


+ Limit of measurement is less than 0.1 nmol TFE/mg microsomal protein. 
|| Microsomes appeared to precipitate during incubation. 


§ Microsomes omitted from incubation mixture. 
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30 
[Fiuroxene] 
Fig. 1. Hanes plot of the fluroxene mediated destruction 
of cytochromes P-450 as a function of the concentration 
of fluroxene in microsomes from phenobarbital induced 
rats., Fluroxene concentration, mM; rate, nmol cyto- 
chromes P-450/mg microsomal protein/7 min. Microsomes 
(2 mg protein/ml 0.02 M Tris—HCl buffer, pH 7.4), 0.2mM 
EDTA, NADPH generating system and fluroxene incu- 
bated at 30°. 


The abilities of oxidants and reductants to support 
the fluroxene mediated destruction of cytochromes 
P-450 and the metabolism of fluroxene by hepatic 
microsomes in vitro. The reductants sodium dithionite 
and ascorbate support neither the fluroxene mediated 
destruction of cytochromes P-450 nor the metabolism 
of fluroxene in vitro (Table 3). NADH supports the 
production of trifluoroethanol to 15% of the extent 
seen with NADPH, but does not measurably support 
the fluroxene mediated destruction of cytochromes 
P-450. 

Periodic acid and hydrogen peroxide, compounds 
that have been reported to support the hydroxylation 
of steroids by partially purified hepatic microsomal 
cytochromes P-450 [12], do not apparently support 
the cytochrome P-450 dependent metabolism of flur- 
oxene or the fluroxene mediated destruction of cyto- 
chromes P-450 in vitro. It appears that these reagents 
are utilized in side reactions with hepatic microsomal 
protein and in the non-specific degradation of flurox- 
ene. 


K,,, and V,,,,, values for the conversion of fluroxene 
to 2,2,2-trifluoroethanol and for the fluroxene mediated 
destruction of cytochromes P-450 in vitro. Hanes plots 
of the destruction of cytochromes P-450 and the pro- 
duction of trifluoroethanol as a function of the con- 
centration of fluroxene are linear for all types of in- 
duction (see e.g. Fig. 1), permitting calculation of K,, 
and V,,,, parameters. The effects of inducers of cyto- 
chrome P-450 and cytochrome P-448 on the K,, and 
V.rax Parameters for both of these reactions are pre- 
sented in Table 4. The K,, values for the fluroxene 
mediated destruction of cytochromes P-450 vary in 
differently induced microsomes. The V,,,, values for 
this reaction are increased relative to controls by 
3-methylcholanthrene and phenobarbital induction. 
The K,, values for the metabolism of fluroxene 
to 2,2,2-trifluoroethanol are unchanged by induction, 
and V,,,, is elevated relative to controls only in 
phenobarbital induced microsomes. Similar results 
were obtained by monitoring the metabolism of flur- 
oxene by NADPH consumption [1]. 

In microsomes from 3-methylcholanthrene— 
allyl-iso-propylacetamide pretreated rats the levels of 
cytochromes P-450 in isolated hepatic microsomes 
were decreased by 0.6 nmol of cytochromes P-450 
relative to microsomes from 3-methylcholanthrene 
pretreated animals (Table 4). In comparison to 
3-methylcholanthrene induced microsomes, the K,, 
value for the metabolism of fluroxene was unchanged 
and V,,,, for this reaction was decreased by approxi- 
mately 50 per cent. The extent of destruction of type 
P-450 cytochromes by fluroxene was 0.44/1.25 and 
0.51/2.09 nmol/mg microsomal protein/10 min in 
microsomes from 3-methylcholanthrene—allyl-iso- 
propylacetamide pretreated and 3-methylcholanthrene 
induced animals, respectively. 

The effects of induction on the production of 
2,2,2-trifluoroethanol in comparison to the fluroxene 
mediated destruction of cytochromes P-450. The effects 
of inducing agents for cytochromes P-450 and P-448 
on the production of trifluoroethanol and on the flur- 
oxene mediated destruction of cytochromes P-450 are 
presented in Fig. 2. With microsomes trom rats in- 
duced with 3-methylcholanthrene and phenobarbital, 
respectively, the ratios of the amount of trifluoroeth- 


Table 4. The effects of induction of hepatic microsomal type P-450 cytochromes on the fluroxene 
mediated destruction of cytochromes P-450 and on the metabolism of fluroxene in vitro 





Destruction of cyts P-450 


Metabolism of fluroxene 
(Production of TFE) 





Cyts P-450 
(nmol/mg microsomal 


Induction* protein) 


Venax 

(nmol cyts P-450/ 
mg microsomal 
protein/7 min) 


Veras 
(nmol TFE/min/ 
mg microsomal 
protein 





None 
PB 
MC : 
MC/AIA 1. 


0.19 + 0.02 





* Abbreviations used are cyts P-450, cytochromes P-450; MC, 3-methylcholanthrene; PB, phenobarbi- 
tal; TFE, 2,2,2-trifluoroethanol; AIA, allyl-iso-propylacetamide. 


§S.D. + 0.3 mM. 


© §.D. + 0.7 nmol TFE/min/mg microsomal protein. 
+ nmol cyts P-450/mg microsomal protein/10 min. 
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° 


nmole/mg microsomal protein 
°o 
(*,) 


CYTS P-450 destruction, 


a Ss 


| | 
300 


100 200 
TFE production, nmole/mg microsomal protein 








Fig. 2. The destruction of cytochromes P-450 versus the 
production of 2,2,2-trifluoroethanol. Microsomes from un- 
induced (0), phenobarbital (A) and 3-methylcholanthrene 
(©) induced rats (2 mg protein/ml 0.02 M Tris-HCI buffer, 
pH 7.4), 0.2mM EDTA, NADPH generating system and 
30 mM fluroxene incubated at 30°. Points in the graph 
were generated as a function of time (ca. 5, 7, 10, 15, 20, 
30, 60 min). Boosters of NADPH generating system minus 
MgCl, and nicotinamide were added every eighth minute. 
Both assays were performed on identical reaction mixtures. 


anol produced to the amount of cytochromes P-450 
degraded was 107 and 296 respectively and the ratio 
observed with control microsomes was 226. 

Lipid peroxidation. Malonaldehyde production is 
not appreciably enhanced after 30 min incubation in 
the presence of fluroxene and/or NADPH generating 
system relative to appropriate controls, indicating 
that lipid peroxidation is not involved in the flurox- 
ene mediated destruction of cytochromes P-450 in 
vitro. 

The effect of fluroxene on the levels of exogenous 
heme. The presence of fluroxene in a reaction mixture 
containing phenobarbital induced microsomes, 
NADPH generating system, EDTA and added hema- 
tin (ca. 254M) did not appreciably affect the total 
heme content of the mixture after 30 min incubation 
at 30°. The total heme content decreased from 
268+01uM to 200+01uM and from 
23.2 + 0.7 uM to 17.5 + 1.0uM after 30 min incuba- 
tion in the absence and presence of fluroxene, respect- 
ively. The data corresponds to a heme content of 75% 
after 30 min incubation in the absence or the presence 
of fluroxene. These figures have been corrected for 
the destruction of the heme moiety of cytochromes 
P-450 (ca. 1 uM) seen in the presence of fluroxene. 


DISCUSSION 


We have attempted to clarify the role of cyto- 
chromes P-450 in the fluroxene mediated destruction 
of cytochromes P-450 in vitro. In order to ascertain 
if the metabolism of fluroxene is required for the des- 
truction reaction, we have compared the effects of 
various experimental conditions on the fiuroxene 
mediated destruction of cytochromes P-450 and on 
the cytochrome P-450 dependent conversion of flur- 
oxene to 2,2,2-trifluoroethanol. The results reported 
herein support an essential role for cytochrome P-450 
in the metabolism of fluroxene to 2,2,2-trifluoroeth- 
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anol and suggest that the fluroxene mediated destruc- 
tion of cytochromes P-450 also requires the metabo- 
lism of fluroxene by the cytochrome P-450 dependent 
pathway. 

The requirement of the destruction reaction for 
NADPH, fluroxene, oxygen and hepatic microsomes 
and the enhancement of the destruction reaction fol- 
lowing induction of elevated levels of type P-450 cyto- 
chromes (data reported herein and [3]) are consistent 
with an essential role for cytochromes P-450 in the 
fluroxene mediated destruction of cytochromes P-450. 
The inhibition of the fluroxene mediated destruction 
of cytochromes P-450 by recognized inhibitors of 
cytochrome P-450 dependent reactions such as car- 
bon monoxide, SKF 525A and metyrapone (Table 1) 
provides further support for the involvement of the 
cytochrome P-450 pathway in the fluroxene mediated 
destruction of cytochromes P-450 in vitro. 

Although the fluroxene mediated destruction of 
cytochromes P-450 and the conversion of fluroxene 
to trifluoroethanol both require the binding and 
metabolism of fluroxene by the cytochrome P-450 
dependent drug metabolizing system, there appears 
to be no fixed ratio between the extent of the cyto- 
chrome P-450 dependent conversion of fluroxene to 
trifluoroethanol and the extent of the fluroxene 
mediated destruction of cytochromes P-450 in micro- 
somes induced for different type P-450 cytochromes 
(Fig. 2). 

One possible explanation of this phenomenon is 
that different type P-450 cytochromes are associated 
with the destruction and metabolism reactions. Con- 
siderable evidence has accumulated suggesting that 
this is the case. The metabolism of fluroxene appears | 
to be catalyzed predominantly by cytochrome P-450, 
and not greatly by cytochrome P-448 [1]. In contrast, 
the fluroxene mediated destruction of cytochromes 
P-450 appears to involve both cytochrome P-450 and 
cytochrome P-448. Lack of variation in K,,, and en- 
hancement of V,,,, only in phenobarbital induced 
microsomes in studies of the metabolism of fluroxene 
by trifluoroethanol production (Table 4) or NADPH 
consumption [1] indicate that cytochrome P-450, but 
not cytochrome P-448, catalyzes the metabolism of 
fluroxene. This is further supported by the observa- 
tion that allyl-iso-propylacetamide, a compound 
reported to decrease the levels of cytochrome P-450 
but not cytochrome P-448 [13], markedly decreases 
the metabolism of fluroxene to trifluoroethanol (Table 
4). 
The observed variation in the K,, values for the 
destruction reaction with induction of different type 
P-450 cytochromes (Table 4) indicates that more than 
one type P-450 cytochrome may be involved in the 
destruction reaction. The involvement of cytochrome 
P-448 in the fluroxene mediated destruction of cyto- 
chromes P-450 is suggested by the lack of effect of 
allyl-iso-propylacetamide on the destruction reaction 
in microsomes from 3-methylcholanthrene induced 
rats (Table 4), whereas an essential role for cyto- 
chrome P-450 is indicated by the inhibition of the 
destruction reaction in phenobarbital induced micro- 
somes by metyrapone, a compound proposed to be 
a specific inhibitor of cytochrome P-450 [11]. The ele- 
vation of V,,,, values for the fluroxene mediated des- 
truction of cytochromes P-450 by either 3-methyl- 
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cholanthrene or phenobarbital induction (Table 4) 
further suggests that cytochrome P-448 and cyto- 
chrome P-450 may be involved in the destruction 
reaction in microsomes induced for elevated levels of 
these enzymes. It is envisaged that different type 
P-450 cytochromes may be involved in distinct 
aspects of the fluroxene mediated degradation of cyto- 
chromes P-450. One type of cytochromes P-450 may 
catalyze the conversion of fluroxene to a reactive 
species, whereas the same or another type of cyto- 
chromes P-450 may be degraded by metabolically 
activated fluroxene. 

The destruction of cytochromes P-450 by a medi- 
cally used compound such as fluroxene provides the 
first example of a novel mechanism for effecting drug- 
drug interactions. It has been proposed that a single 
drug can directly affect the metabolism of another 
drug by the three mechanisms of induction, inhibition 
and competition [14]. In view of the results presented 
herein and earlier documenting the ability of flurox- 
ene to destroy hepatic cytochromes P-450 in vivo and 
in vitro[2,3], it would appear that a fourth possible 
mechanism, involving the destruction of the drug 
metabolizing enzymes should be added to this list. 
We are continuing to investigate the mechanism of 
destruction of cytochromes P-450 by fluroxene and 
other compounds, in the hope that these studies will 
aid in elucidating the complexities of drug-drug inter- 
actions in animals and man in vivo. 
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Abstract—The effects of muscarinic drugs on levels of choline (Ch) in brain and blood and on levels and 
turnover of acetylcholine (ACh) in brain were studied in mice by means of a pulse injection of 7H¢-Ch 
and analysis of Ch and ACh by mass fragmentography. Oxotremorine (OT) increased the levels of 
Ch and ACh and reduced the turnover of ACh. Muscarine, which is supposed not to penetrate into 
brain increased Ch but not ACh levels and reduced ACh turnover. Methylatropine had no effect 
by itself but when given before OT it abolished the increase in blood Ch and counteracted the OT 
effect on levels and turnover of ACh. The results demonstrate, that the concentration of ACh does 
not solely regulate its turnover and that apart from the central actions of OT its peripheral actions 
play an important role for the turnover of ACh and levels of ACh and Ch in brain. 


Tertiary amines with cholinergic action, e.g. oxotre- 
morine (OT) and arecoline, increase the endogenous 
levels of acetylcholine (ACh) and choline (Ch) and 
decrease ACh turnover in the brain of mice and rats 
[1-3]. 

Such drugs, when administered systemically, also 
induce profound peripheral effects including haemo- 


dynamic changes. In the case of OT its haemodyna- 
mic effects alter the distribution of the drug to the 
brain, probably by changing its apparent volume of 
distribution [4]. In experiments on the effect of OT 
on ACh turnover we found an increased specific ac- 
tivity of deuterium labelled Ch in brain after i.v. injec- 
tion [5]. These results suggested an increased distri- 
bution to the brain of the administered Ch. We have 
now carried out a series of experiments with com- 
pounds of both central and peripheral cholinergic 
action in order to study their effects on levels of ACh 
and Ch and on the synthesis rate of ACh in the mouse 
brain in vivo. 


MATERIALS AND METHODS 


Animals and drugs. Male NMR, albino mice weigh- 
ing 20-27 g were used. (+)-Muscarine iodidet in a 
dose of 2.4 mg/kg was given subcutaneously, atropine 
methylbromide 5 mg/kg, and OT oxalate | mg/kg (as 
base) were given intraperitoneally in volumes of 
5 ml/kg. N-2-hydroxyethyl-N,N,N-tri-7H,, 'H-methyl- 
ammonium iodide (d,-Ch) was given intravenously 
(5 ml/kg) during | sec in a dose of 440 nmoles to each 
animal. N-(2-Hydroxyethyl}N,N,N-tri-7H3-methyl- 
ammonium iodide (do-Ch) and N-(2-acetoxyethyl} 
N.N,N-tri-7H3-methylammonium iodide (do-ACh) 
were used as internal standards [5]. N-(2-Acetoxy- 
ethyl)-N,N,N-tri-7H,,'H-methylammonium __ iodide 
(d,-ACh) was used for calibration purposes. The syn- 





+ Gift from Professor P. Waser, Ziirich. 


thesis of the deuterium labelled compounds have been 
described previously [5]. 

Procedure. Mice were treated with the drug or 
saline and killed by spinal dislocation. The brain was 
removed, weighed, and homogenized in 4ml 
0.4 N HCIO, with an Ultra-turrax homogenizer in a 
small plastic scintillation flask (25 ml). The time from 
killing to homogenization was standardized to 
between 40 and 43 sec. 

After addition of internal standards, 0.250 nmoles 
dg-ACh (in 0.5 ml) and 0.3 nmoles dg-Ch (in 0.5 ml), 
endogenous ACh and Ch together with their deuter- 
ated variants were extracted with dipicrylamine in di- 
chloromethane as ion pairs. The Ch moieties were 
derivatized with propionyl chloride and the resulting 
mixture of ACh and propionyl choline (PrCh) deriva- 
tives was demethylated with sodium thiophenoxide 
[6] and analyzed by mass fragmentography according 
to Karlén et al. [5]. 

Semiquantitative estimation of muscarine in brain. To 
test whether any {+)}muscarine might have entered 
the brain and induced central effects, we analyzed the 
brain concentration of this drug. It cou!a be demon- 
strated that (+)-muscarine was carried through the 
extraction procedure, was propio*.ylated in the 5-OH 
position and also N-demethylated so that it could 
be gas chromatographed on the same column as ACh 
and PrCh, although at a higher temperature, 160°. 
On electron impact mass spectrometry the base peak 
of normuscarine was m/e 58. This was used for the 
mass fragmentographic quantitation. A calibration 
curve was constructed by analysing (+)-muscarine 
(20, 50 and 100 pmoles) added to duplicate samples 
of brain homogenates from untreated animals. From 
this curve the concentration of muscarine was calcu- 
lated in brains of animals pretreated for 15 min with 
2.4mg-kg~' of muscarine. At 20pmoles the peak 
height of the galvanometer response was about 
10mm. 
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Table 1. Effect of (+)}muscarine iodide on ACh and Ch levels and synthesis of ACh 





Treatment (+)Muscarine 
time 
d,-Ch 





= 


d,-ACh/d,-Ch ACh Ch d,-ACh/d,-Ch 





an 
Ww 


15 sec 
45 sec 
2.5 min 
5 min 
10 min 


0.067 + 0.006 
0.182 + 0.027 
0.236 + 0.058 
0.325 + 0.055 
0.569 + 0.036 
0.707 + 0.084 


ins + 19 
19.7 = 34° 
19.7 + 3.2 
19.6 + 3.8 
15.9 + 1.7° 
19.0 + 1.5* 


65.9 + 2.1% 
78.0 + 12.7t 
94.9 + 8.3t 
100.8 + 9.7t 
87.3 + 8.7t 


0.037 + 0.003t 
0.061 + 0.006t 
0.143 + 0.021¢ 
0.179 + 0.027t 
0.254 + 0.015t 


I+ 1+ I+ 1+ + I+ 
glk he wh dk ot 04 
NAN ~~) CO 
ESSBS I 
—=HAOnN ON 
H + H+ I+ H+ I+ 


20 min 


95.8 + 10.7 0.319 + 0.015} 





Mice were pretreated i.p. with saline or (+)-muscarine iodide (2.4mgkg~'s.c.) for 15min. dg-Ch was then given 
i.v. and the animals were killed 15sec. to 20min thereafter. The data are given as means + S.D. (nmoles g~') of 


four animals. 
*P> 01. 
+P <0.05. 
t P < 0.005. 


Estimation of Ch in blood. Endogenous Ch was 
determined in plasma of mice treated with saline or 
the cholinergic drug 15 min previously. The mice were 
killed by cervical dislocation and about 0.2-0.5g 
blood was collected into 5 ml saline in 10 ml hepar- 
inized centrifuge tubes. After centrifugation at 3000 
rev/min for 10min the diluted plasma (about 4 ml) 
was transferred to a 25 ml centrifuge tube. After addi- 
tion of do-Ch (10nmoles in 1.0ml) and 2.5ml 
1.2NHCIO, the samples were centrifuged at 
100.000 g for 20 min. The supernatant was then ana- 
lyzed for Ch in the same way as the brain superna- 
tants. The results are expressed as nmoles per g whole 
blood. 


RESULTS 


Concentration of (+)-muscarine in brain. The 
amount of muscarine in extracts from treated animals 
corresponded to about 50-75 pmoles per g brain. The 
experiment was repeated and this time the brain was 


0.08 + 


{on (muscarine) 


Specific activity 





Deuterated compound/ Total compound 


carefully rinsed with saline to remove blood before 
it was homogenized. The level of muscarine was now 
only about 10-15 pmoles per g brain. 

Effect of cholinergic drugs on endogenous Ch in 
blood. The concentration of Ch in whole blood of 
saline treated mice was 13.9 + 1.6nmoles/g 
(mean + S.D., n = 6). In animals treated with cho- 
linergic drugs according to Tables 1-3 the following 
figures were obtained: methylatropine, 11.5 + 2.1 
(n = 4); methylatropine + OT, 14.5 + 3.3 (n= 4); 
OT, 31.4 + 4.0 (n = 6); muscarine, 25.1 + 3.2 (n = 6). 

Effect of (+)-muscarine on endogenous ACh and Ch 
levels and synthesis of ACh in brain. The time course 
of the effect of muscarine iodide (2.4mg-kg~', s.c.) 
on ACh and Ch levels was studied. Muscarine at this 
dose induced profound peripheral effects, e.g. saliva- 
tion, lacrimation and diarrhea. A small increase in 
the concentration of ACh was observed (Table 1). The 
concentration of Ch was increased significantly after 
17.5 min and remained elevated for the time period 
studied (35 min). 


(muscarine) 


(saline) 





7 


15 20 


Fig. 1. Sp. act. of ACh and Ch in brains of mice 15sec to 20min after an i.v. pulse injection of 
440 nmoles d,-Ch. The mice were pretreated with either saline or (+)-muscarine for 15 min. 
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Table 2. Effect of OT on ACh and Ch levels and synthesis of ACh 





Saline 


OT 





Treatment 


time (sec) ACh Ch 


nmoles/g 


Exp. 
no. 


Pretreatinent 
time (min) 


nmoles/g 


Ch 
nmoles/g 


ACh 
nmoles/g 


d-ACh/ 
de-Ch 


d.-ACh/ 
dg-Ch 





19.7 + 2.8 
73:33 
16.0 + 1.3 
14.5 + 1.5 
150 15.2 + 2.0 


180 18.2+ 4.1 


19.2 +92 
WE $3.7 
74.3 + 5.8 
63.1 + 3.8 
64.6 + 5.7 


70.2 + 4.4 


0.016 
0.035 
0.013 
0.021 
0.015 
0.018 
0.009 
0.017 
0.018 
0.015 
0.039 
0.079 


0.053 
1.100 
0.060 
0.159 
0.056 
0.161 
0.037 
0.122 
0.043 
0.134 
0.033 
0.159 


32.1 + 4.8t 86.5 + 17.3* 


320+1.7f 103.3 +8.5t 
30.6+3.4t 1765+ 45.5t 
26.3+2.6t 1200+ 14.7t 
27.7426f 121.9 + 30.1t 


21.6 + 3.8* 80.6 + 26.1* 





Mice were pretreated i.p. with saline or OT (1 mgkg~', base) for 15-180 min. d,-Ch was then given i.v. and the 
animals were killed 15 or 45 sec. later. The figures for ACh and Ch concentrations are means + S.D. (nmoles kg~') 
of four animals and the figures for the ratio of dg-ACh and d,-Ch are the means of two animals. 


79 > Gi. 
t P < 0.02. 
¢ P < 0.005. 


The specific activity of iv. injected d,-Ch was ele- 
vated between 15sec and 20min in animals pre- 
treated with muscarine compared to controls (Fig. 1). 
In the case of ACh a reduction in sp. act. was seen 
for the first 4 min followed by a slight elevation from 
4 up to 20min. The synthesis rate of ACh obtained 
from the ratio between d,-labelled ACh and Ch was 
reduced in animals treated with muscarine compared 
to controls (Fig. 3). 


Effect of OT on endogenous levels of ACh and Ch 
and synthesis of ACh in brain. The time course of the 
effect of OT on levels of ACh and Ch was studied 
between 15 and 180 min after administration of OT 
(Table 2). The values of the controls in different ex- 


periments ranged between 14.5 and 19.7 nmoles-g™' 


Specific activity 
Deuterated compound/ Total compound 


for ACh and 63.1 and 75.2 nmoles:g~' for Ch. After 
OT treatment ACh levels increased to above 30 nmo- 
les-g~' after 15 min and decreased slowly to almost 
normal after 180 min. The time course of the increase 
in endogenous Ch was delayed compared to ACh 
with a peak concentration appearing at about 90 min 
after OT. At 180 min the levels of Ch were almost 
back to normal. 

The effect of varying the time of pretreatment on 
the initial synthesis rate of ACh was also studied 
(Table 2). The fate of pulse injected d,-Ch was deter- 
mined after 15 and 45 sec. OT drastically reduced the 
mole ratio between d,-ACh and d,-Ch and the effect 
was maximal between 15 and 120 min. After 180 min 
the synthesis rate had almost returned to normal. 


ACh (saline) 
ACh (OT) 











min. 


Fig. 2. Sp. act. of ACh and Ch in brains of mice 15 sec to 20 min after i.v. pulse injection of 440 nmoles 
d,-Ch. The mice were pretreated with either saline or OT for 15 min. 
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Deuterated ACh/Deuterated Ch 


Saline (0°) 
Methylatropine (4) 


Methylatropine+OT (4) 
Muscarine (@) 





+ 


20 


min 


Fig. 3. Time course of the incorporation of i.v. pulse injected d,-Ch into ACh following pretreatment 
with OT, muscarine, atropine methylbromide and the combination of atropine methylbromide and 
OT. 


In separate experiments animals were pretreated 
with OT and 15 min later dg-Ch was injected i.v. and 
its incorporation into ACh was studied for the follow- 
ing 20 min (Fig. 2). The sp. act. of Ch was increased 
and this increase was most marked for the first min- 
utes. After 20 min the sp. act. was about the same 
as in controls. The sp. act. of ACh was drastically 
reduced during the whole period. The mole ratio 
between deuterium labelled ACh and Ch was reduced 
compared to controls and also compared to the ani- 
mals treated with muscarine (Fig. 3). 

Pretreatment with methylatropine abolished the 
salivation but not the tremor induced by OT. Methyl- 
atropine alone did not change the concentrations of 
ACh and Ch. The combination of methylatropine and 
OT increased both Ch and ACh significantly (Table 
3) and the rate of incorporation of injected d,-Ch 
into ACh was reduced (Fig. 3). 


DISCUSSION 


The results confirm earlier findings that the concen- 
tration of ACh is increased in brains of mice treated 
with the centrally acting muscarinic drug OT. The 
central origin of this effect is further established by 
the fact that the peripherally acting drug, methylatro- 
pine, which is not supposed to penetrate into the 
brain to any significant degree fails to counteract the 
increase in ACh levels induced by OT. The increase 
of ACh following OT can, however, be blocked by 
the centrally acting drug atropine [1]. 

The effect of OT on brain ACh lasts for about 3 hr. 
During this time the synthesis rate of ACh is de- 
creased (Table 2). During the onset of the OT syn- 
drome, i.e. for the first 15min [7] and during the 
decline of symptoms, between 120 and 180 min, a cau- 
sal relation between levels and synthesis rate of ACh 


Table 3. Effect of atropine methylbromide alone and in combination with OT on levels 
of ACh and Ch and on synthesis of ACh 





Pretreatment drug 
and time (min) 
Atropine 

methylbrom. 


Treatment 
time (sec) 


OT d,-Ch 


Exp. no. 


ACh Ch d.-ACh/d,-Ch 





15 
~ 45 
25 15 
25 45 
10 15 
10 : 45 


172+3.0 649487 0.058 + 0.017 
0.165 + 0.040 
0.071 + 0.022 
0.131 + 0.042 
0.026 + 0.005 


0.054 + 0.003 


I+ I+ I+ I+ I+ | 
t wns 





Mice were pretreated s.c. with atropine methylbromide (5 mg kg~') alone or with atropine 


methylbromide (5 mg kg~') followed by OT (1 mg kg™ 


the animals were killed after 15 and 45 sec. 


' ip.). dg-Ch was then given i.v. and 


The data are given as means + S.D. (nmoles g~') of four animals. 


ACh, P < 0.001: 1-5, 2-6, 3-5, 4-6. 
Ch, P < 0.1: 1-3, 2-6, P 0.05: 1-5, 


P < 0.01: 4-6, 2+4. 


5, 3-5, 
d,-ACh/d,-Ch, P < 0.01: 4-6, 3-5; P < 0.001: 1-5, 2-6. 
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seems to exist (Table 2). However, it is interesting 
to note that the quaternary drug muscarine, which 
in our experiments can be found only in trace 
amounts in the brain, does not increase the ACh 
levels, yet decreases its synthesis rate (Table 1, Fig. 
3). The diminished synthesis rate after muscarine is 
also reflected in the displacement of the sp. act. curve 
of ACh in which the activity develops slower, peaks 
at a later time (about 5min compared to about 
2.5 min in controls) and also prevails for a longer time 
(Fig. 1). Schubert et al. [2] have suggested that the 
effects of OT on endogenous levels and synthesis rate 
of ACh might be explained by the fact that OT is 
a muscarinic agonist and that activation of muscar- 
inic receptors would lead to a decreased release of 
ACh by a negative feedback mechanism. This would 
result in an increased concentration of ACh, where- 
upon its synthesis would decrease. However, this hy- 
pothesis cannot explain the reduced synthesis follow- 
ing muscarine treatment since the concentration of 
ACh is not significantly changed by this drug. The 
simplest explanation for the central effect of muscar- 
ine is that the small but measurable concentration 
achieved in the brain (about 10 pmole-g~').is enough 
to reduce the synthesis of ACh but not to affect its 
endogenous level. This difference in action may be 
dependent upon concentration but may also be due 
to qualitative differences in action between OT and 
muscarine, in which case OT but not muscarine 
would have the property to block the release of ACh 
from nerve endings. Another possible explanation for 
the action of muscarine may be its peripheral haemo- 
dynamic effects including hypoxia. It has been shown 
that hypoxia may decrease the activity of Ch acetylase 
by 20 per cent [8]. On the other hand Carson et 
al. [9] have concluded after experiments with a cho- 
line acetylase inhibitor, that cholinacetylase seems to 
be in great excess in the brain and that a marginal 
inhibition of this enzyme’s activity does not affect the 
synthesis of ACh. 

The elevation of endogenous Ch seen in brain and 
blood after OT can also be produced with muscarine. 
It has been shown earlier that the peripheral effects 
of OT can alter its own distribution and when these 
effects were blocked with methylatropine a smaller 
proportion of OT was distributed to the brain [4]. 
OT has been shown also to increase the concentration 
of injected [*H]dextrane in blood [10]. The increased 
concentration of endogenous Ch in blood and brain 
of OT treated mice could be explained by the lowered 
apparent volume of distribution caused by the peri- 
pheral haemodynamic changes induced by the drug. 
The increased sp. act. of d¢-Ch in brain for the first 
15 min after OT or muscarine (Figs | and 2) can be 
explained in a similar way. The return towards nor- 
mal sp. act. 20 min after OT may be due to the sub- 
sequent increase in endogenous Ch (Fig. 2). Haubrich 
et al. [11] have shown that the half life of Ch in 
plasma of guinea pigs is less than | min and that 
uptake into peripheral tissues is the principal mechan- 
ism for its rapid removal. 

When the peripheral cholinergic effects of OT were 
blocked with methylatropine the central action of OT 
increased ACh levels and decreased its synthesis rate 
(Table 3, Fig. 3). However, somewhat unexpectedly 
the endogenous Ch levels in brain were also 


1611 


increased and this finding suggests another mechan- 
ism than a decreased apparent volume of distribution. 
The ratio between blood and brain concentrations of 
Ch appears to have been changed. It is unlikely that 
decreased utilization of Ch due to reduced synthesis 
of ACh is responsible for this increase. Haubrich et 
al. [11] have demonstrated that neither the concen- 
tration of ACh nor its rate of synthesis was correlated 
with the concentration of free, endogenous Ch. Both 
ACh and Ch in brain therefore seem to be influenced 
by OT in two ways. An indirect peripheral effect on 
Ch that can possibly be explained by haemodynamic 
changes, and one of central origin that may be caused 
by intracellular mobilization [12]. On ACh the effects 
of central and peripheral origin may be visualized by 
the difference in its maximal concentrations obtained 
following OT alone and OT in combination with 
methylatropine. In addition, a slower synthesis rate 
of ACh is evident with OT alone. This difference may, 
however, be explained by the higher concentration 
of OT in the brain in animals treated with OT alone 
compared to animals in which the cholinergic effects 
have been blocked peripherally with methylatropine 
[4]. Another explanation for this difference is offered 
by the experiments with muscarine in which the peri- 
pheral effects on ACh synthesis in brain are demon- 
strated. Thus, the peripheral effects including hypoxia 
may add to the decreased synthesis rate of ACh 
caused by the central action of OT. 

In conclusion, the experiments in this paper have 
demonstrated that the peripheral effects of cholinergic 
drugs may play a role in the metabolism of ACh and 
Ch in the brain. 
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Abstract—Rabbits made tolerant to bacterial pyrogens by repeated daily i.v. injections of 1.5 ug/kg 
E. coli LPS, recovered their full reactivity to fever when reinjected with LPS on day 12 after a 1-week 
resting period. Afebrile animals showing induced tolerance (sacrificed on day 5 after 4 daily LPS 
injections) had increased levels of NA and decreased levels of DOPAC and HVA in hypothalamus 
and brain stem. These changes are viewed as a long-term adaptive mechanism in response to the 
stress elicited by repeated LPS injections. In both febrile and afebrile animals lower NA and higher 
HVA levels were found in the hypothalamus 3hr after a single LPS injection, or after the last of 
five daily LPS injections, or after a fifth LPS injection given after a resting period of 1 week following 
four daily LPS injections. As these changes took place independently of fever they are held to be 
the manifestation of a short-term adaptive response of the organism to a febrile trauma. 


In 1892, Klemperer [1] reported that repeated daily 
injections of bacterial pyrogen induced a state of 
tolerance in dogs and rabbits. Later, various authors 
observed this type of decreased febrile reponse follow- 
ing successive administrations of bacterial pyrogens— 
either non-purified, such as antimicrobial vaccines, or 
purified, such as bacterial lipopolysaccharides. The 
experiments have been reviewed by Bennett and 
Cluff [2] and Atkins [3]. 

This study presents some observations on the 
febrile response and the induced tolerance to E. coli 
lipopolysaccharide (LPS) following repeated daily, i.v. 
injections in rabbits and the effects of this type of 
tachyphylaxis on the levels of biogenic amines and 
their metabolites found in the tissues of various brain 
structures. The purpose of the present experiments 
was to find out (a) if the condition of induced toler- 
ance modifies the metabolism of the brain biogenic 
amines and (b) if induced tolerance provides a model 
in which the febrile response has become dissociated 
from the biochemical changes observed previously [4] 
during the febrile response. 


MATERIALS AND METHODS 


Male mongrel rabbits with a mean body weight 
of 2.5kg were housed under controlled conditions of 
temperature (20° + 1) for one week prior to use and 
during the 5 or 12 days period of experimental pro- 
cedure. 

Rectal temperature was measured with a ‘Ellab’ 
thermocouple (Electrolaboratoriet, | Copenhagen) 
every 15 min for 1 hr before and up to 7 hr after each 
injection. 

All results were obtained in groups of ten animals. 
The treatment of the groups varied according to the 
number of injections of either LPS or 0.9% saline 


solution (control groups) and according to the time 
of sacrifice after the last injection. Some groups 
received daily injections of either LPS or of 0.9% 
saline for 4 consecutive days, being sacrificed 1 day 
later, or for 5 consecutive days being sacrificed 1.5 hr 
or 3hr after the last injection. Other groups received 
daily injections of either LPS or 0.9% saline for 4 
consecutive days and were then given a rest period 
of 7 days when they were either sacrificed without 
further treatment or given a further LPS injection and 
sacrificed 1.5 or 3 hr later. 

The preparation, storage, and dilution of the E. 
Coli LPS solution has been described elsewhere [4]. 
The dose given was 1.5 pg/kg i.v. per day. Pyrogen 
free 0.9% saline solution (1 ml/kg) administered i.v. 
served as a control. All injections were given at ap- 
proximately 10:00. 

Biochemical analysis. The procedures for sampling 
the tissues, extraction, and assay for the amines and 
their metabolites have previously been described in 
detail [4]. In each case, the concentrations were calcu- 
lated by internal standard. 

The concentrations of the following compounds 
were determined in the hypothalamus (H) and the 
brain stem (BS). Serotonin (5-HT), dopamine (DA), 
noradrenaline (NA) and their respective metabolites 
5-hydroxyindolacetic acid (5-HIAA), 3,4-dihydroxy- 
phenylacetic acid (DOPAC), homovanillic acid 
(HVA), and 3-methoxy-4-hydroxyphenylethylene gly- 
col sulfate (MOPEG-SO,), the major metabolite of 
NA in the brain. In addition, measurements were 
made of the levels of DA and its metabolites in the 
caudate nucleus (CN) and of 5-HIAA, HVA and 
MOPEG-SO, in the cerebrospinal fluid (CSF). 

Statistical significance was assessed by using Stu- 
dent’s t-test. The results were expressed as the mean 
+ S.E.M. 
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Fig. 1. Daily changes in the rectal temperature of rabbits receiving repeated daily i.v. injections of 
E. coli LPS (1.5 pg/kg). 


RESULTS 
Febrile response to LPS 

Following the administration of a single LPS injec- 
tion, the febrile response in the rabbit is characteristi- 
cally biphasic (Fig. 1, lst day). Two peaks occur at 
approximately 1.5hr and 3-3.5hrs_post-adminis- 
tration. Therefore, the time points of 1.5 hr and 3 hr 
were chosen as yielding the most fruitful data for the 
present study on the effects of repeated injections of 
LPS. 

Daily injections for 4 or 5 days. A progressive in- 
crease occurred in the magnitude of the first peak 
for the first 3 days. After the 3rd injection, the first 
peak was significantly higher (P < 0.05; Fig. 1) than 
after the Ist injection. After the fifth injection, the 
first peak was not significantly different from the one 
obtained after the first injection. 

A progressive reduction occurred of the second 
peak during the first three injections and the duration 
of fever decreased. After the fourth injection, the 
second peak had disappeared and the febrile response 
had become monophasic. Three hr after the fifth LPS 
injection, temperature did not differ from normal 
values (Fig. 1). 

Daily LPS injection for 4 days, followed by a 1-week 
resting period; then a Sth LPS injection on day 12. 
Following re-injection on day 12, the febrile response 
returned to its original biphasic form. However, the 
curves were not identical to those found on day 1: 
for the 22 animals receiving this treatment, three 
showed a first peak which was lower than that of 
day 1; and 19 animals showed a first peak which 
was the same or mostly higher than that of day 1. 
Table 1 shows the average rise in temperature for 
day 12 as compared to days 1 and 2. It can be seen 
that the value of the first peak on day 12 was similar 
to the one obtained for the first peak on day 2, and 
that the value of the second peak was comparable 
to the value of the second peak obtained on day 1. 


Furthermore, a comparison of the duration of fever 
on day 12 with that on days 1 and 2 shows that 
there was a decrease in relation to day 1 and an in- 
crease in relation to day 2. These relationships are 
better expressed by means of a planimetric fever index 
(F.I.) at 6hr post administration. If a value of 100 
is given to F.I. on day 1, then F.I. is 55 on day 2 
and 85 on day 12. 


Effects on levels of biogenic amines and their metabo- 
lites 

Daily LPS or 0.9% injections for 4 days; animals 
sacrificed on day 5. As shown in Fig. 2, the LPS- 
treated rabbits showed no change, compared to the 
control group, in the levels of 5S-HT or DA in the 
hypothalamus (1,432 + 79 ng/g and 435 + 19 ng/g re- 
spectively), in the brain stem (1,715 + 89ng/g and 


Table 1. Comparison of febrile responses (mean + S.E.M.) 

obtained with rabbits treated with LPS. The values are 

measured at specific time intervals (corresponding to the 

first and second peaks) following the Ist injection and 
repeated injections 





Febrile state: AT(°C) 
LPS treatment schedulest 


1.5 hr 3 hr 





1.30 + 0.09 1.95 + 0.14 
(22) (22) 
1.67+ 0.08 1.50 + 0.17* 
(22) (22) 


Day 1: after 
Ist injection 

Day 2: after 
2nd injection 

Day 12: reinjection 
after 4 consecutive 
injections + resting 
period 


1.78 + 0.08T 
(22) 


2.05 + 0.18 
(14) 





¢ The experimental procedures are described in the text. 
( ) Mean number of animals. 

* different (p < 0.05) when compared to day 1. 

+ different (p < 0.01) when compared to day 1. 
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Fig. 2. Comparison of the levels of NA, DA, HVA and 

DOPAC in the hypothalamus, brain stem and caudate 

nucleus of control rabbits and rabbits receiving 4 daily 

i.v. injections (1.5 yg/kg) of LPS; the treated animals were 

sacrificed on day 5. The significance levels are as follows: 
*P < 0.05, **P < 0.01, ***P < 0.001. 


206 + 6 ng/g respectively), or in the concentration of 
DA in the caudate nucleus (13,08 + 0,58 ug/g). How- 
ever, the NA levels were significantly higher both in 


the hypothalamus and the brain stem (control values 
1,724 + 153 and 458 + 23 ng/g respectively). 

The concentrations of 5-HIAA and MOPEG-SO, 
were unchanged in the hypothalamus (1,520 
+ 78 ng/g and 296 + 20 ng/g respectively) and brain 
stem (1,945 + 57ng/g and 217 + 15ng/g_ respect- 
ively), however the levels of DOPAC and HVA de- 
creased significantly both in the hypothalamus (con- 
trol values: 174 + 12ng/g and 1,097 + 70ng/g re- 
spectively) and in the brain stem (control values: 
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95 + 5ng/g and 506 + 20ng/g respectively). In the 
caudate nucleus the concentration of HVA was also 
significantly decreased, but the DOPAC level was un- 
changed (control values: 5,280 + 290ng/g and 
1,579 + 94 ng/g respectively). 

In the CSF no significant differences were found 
after the LPS injections in the levels of 5-HIAA 
(68 + 3ng/ml) HVA (48 + Sng/ml) and MOPEG- 
SO, (44 + 6 ng/ml). 

Daily LPS injections for 5 days; animals sacrificed 
1.5 hr or 3hr after the last injection. The results are 
summarized in Fig. 3. They have been compared with 
the results shown in Fig. 2. No changes were found 
in the levels of S-HT and DA in hypothalamus and 
brain stem 1.5 hr and 3 hr after the last injection but 
in the group of animals killed 3 hr after the last injec- 
tion the NA level in the hypothalamus was signifi- 
cantly decreased. As regards metabolites only the 
levels of HVA became significantly increased in the 
hypothalamus and brain stem 1.5hr and 3hr after 
the last injection. In the caudate nucleus there were 
no changes in the levels of DA and DOPAC, nor 
in the level of HVA. 

Daily LPS or 0.9% saline injections for 4 days fol- 
lowed by a one week resting period; animals either sac- 
rificed or given a Sth LPS injection and then sacrificed. 
Figure 4 shows the results after a resting period of 
1 week following four daily injections of LPS. Only 
a slight decrease was still present in the HVA level 
of the brain stem, but there was also a small decrease 
in the level of DOPAC when compared to the con- 
trols. The results obtained in the group of animals 
which received a fifth LPS injection after the 1 week 
resting period are summarized in Fig. 5. They have 
to be compared with the results shown in Fig. 4. The 
main changes observed were a significant decrease in 
the NA concentration of the brain stem 1.5 hr and 
3 hr, and of the hypothalamus 3 hr after the injection; 
1.5 hr after the injection the reduction in the NA con- 
centration in the hypothalamus was statistically not 
significant. There were statistically significant in- 
creases in the HVA levels at both time intervals, but 
only in the brain stem. 
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Fig. 3. Comparison of the levels of NA, DA, HVA and DOPAC in rabbits receiving daily i.v. injections 
of LPS as follows: (1) for 4 days, sacrificed on day 5 (C); (2) for 5 days, sacrificed 1.5 and 3hr 
post-administration (see Fig. 2 for significance levels). 
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Fig. 4. Same as Fig. 2, but the animals were sacrificed 
on day 12, ie. after a resting period of 7 days. 


DISCUSSION 


The febrile response in the rabbit to daily i.v. injec- 
tions of LPS was found to become reduced both in 
magnitude and duration. Since a similar result has 
been obtained in the goat with LPS[5] and in the 
cat with lipid A [6] it would appear that tolerance 
induced by bacterial pyrogens is not species-linked. 
The most striking observation during the LPS 
induced tolerance was the disappearance of a second 
fever peak which according to Greisman and Wood- 
ward [7] results from endogenous pyrogens derived 
from the liver, in response to the fourth daily injec- 
tion. An immunological mechanism may be respon- 
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sible for it since Root and Wolff [8] showed a similar 
tachyphylaxis in rabbits following daily injections not 
of an LPS but of an immune serum containing sol- 
uble antigen-antibody complexes. 

After a 1-week resting period following a series of 
daily i.v. injections of LPS the rabbits were no longer 
tolerant and reverted to the original biphasic fever 
pattern. But there were differences between the re- 
sponse and that obtained with the first injection of 
LPS which are difficult to relate to the state of toler- 
ance. For instance, no convincing explanation can 
be offered for the finding, not previously described, 
that the first peak of the fever response to LPS given 
after the 1 week resting period was usually higher 
than that of the response to the first LPS injection. 

It is not possible at this stage to say whether the 
changes during the induced tolerance—the increase 
in the concentration of NA in the brain without a 
change in the level of its metabolite MOPEG-SO, 
and the decrease in the acid metabolites of DA with- 
out a change in the level of DA—are the cause or 
the result of the tachyphylaxis or whether the two 
phenomena are independent. However, the finding 
that the biochemical changes occur also when the 
LPS injection is given during the induced toijerance 
although temperature does not rise, shows that the 
changes in amine metabolism occur independent of 
the febrile response. Consequently the pyrogen-resis- 
tant rabbit provides a model for dissociating the 
febrile response from the changes produced by LPS 
in the levels of biogenic amines in the brain. 

There may well be a connection between the in- 
crease in the level of NA in the brain during induced 
tolerance and the increase in the NA concentration 
observed during prolonged stress [9-11]. Further- 
more, Thoenen [12] and Kvetnansky [13] found in 
in vitro experiments that the tyrosine hydroxylase ac- 
tivity of the suprarenal medulla and of adrenergic 
nerve endings is increased in a variety of experimental 
conditions leading to a state of prolonged general 
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Fig. 5. Comparison of the levels of NA, DA, HVA and DOPAC in rabbits receiving daily i.v. injections 

of LPS as follows: (1) for 4 days and sacrificed on day 12 after a resting period of 7 days (C); 

(2) as above but sacrificed on day 12 at 1.5 and 3hr after a Sth injection of LPS (1.5 yg/kg) (see 
Fig. 2 for significance levels). 
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stress. According to Thoenen the higher concen- 
tration of this enzyme at the active sites is probably 
the result of increased synthesis of its enzyme-protein. 
For instance, Spurr [14] reported that in dogs sub- 
jected for 5 days to repeated hyperthermias the level 
of serum glutamic-oxalo acetic transaminases, serum 
glutamic-pyruvic transaminase and isocitric dehydro- 
genase was increased. 

It is difficult to explain the differences found 
between the response displayed by the metabolites of 
DA (a decrease in the level of DOPAC and HVA) 
and of NA (no change in the level of MOPEG-SO,). 
It may be that the DA catabolism is preferentially 
directed to NA synthesis resulting in a fall of the DA 
metabolites, as if a partial inhibition of the respon- 
sible enzymes had taken place. The NA synthesized 
might then be taken up by the ‘storage compartment’ 
as Glowinski [15] called it. This author considers this 
NA pool an older form of the amine which is not 
readily released in contrast to the NA of the ‘func- 
tional compartment’ which takes up the newly synthe- 
sized NA and uses it preferentially during neuronal 
activity [16]. In this way no changes need to occur 
in the level of MOPEG-SO,. 

Viewed in connection with the biochemical changes 
produced in animals subjected to prolonged stress our 
results might be considered to be a manifestation of 
a long-term adaptive mechanism in response to the 
induction of tolerance to LPS. This mechanism would 
develop independently of the short-term response de- 
scribed earlier [4] which follows the administration 
of a single LPS injection. 

There is also the possibility that the increase of 


NA in the hypothalamus and brain stem during in- 
duced LPS tolerance result from an interaction with 
prostaglandins, which would most likely be the E 
prostaglandins released during pyrogen-induced fever 
since according to the theory of Hedqvist [17] the 
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E prostaglandins have a modulatory role in the nor- 
andrenergic nervous system. 
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Abstract—Benserazide [N-(seryl)-N’-(2,3,4-trihydroxybenzyl)-hydrazine, Ro4—4602] is known to inhibit 
aromatic amino acid decarboxylase. David [1] has shown that administration of [1-'*C]tryptophan 
to mice leads to a considerable evolution of '*CO;, and that this is inhibited by prior administration 
of benserazide. This was interpreted as indicating that decarboxylation to tryptamine may be a major 
pathway of tryptophan metabolism in the mouse. In the present work, an alternative explanation 
is advanced. Evolution of '*CO, from [1-'*C]tryptophan could be due to metabolism of the alanine 
released by the action of kynureninase. In this case there would also be evolution of '*CO, following 
administration of [2-'*C]tryptophan. This has been demonstrated. It has further been shown that 
benserazide is a potent inhibitor of kynureninase and kynurenine aminotransferase in the mouse. The 
result of this inhibition is both a decrease in oxidative metabolism of tryptophan and an increase 
in the concentration of kynurenine in the liver. These effects are seen at levels of the drug similar 
to doses used clinically in treatment of Parkinson’s disease. One effect of reduced oxidative metabolism 
of tryptophan would be reduced synthesis of nicotinamide, and it is possible that patients treated 
with benserazide may show some signs of niacin deficiency. 


It has been suggested that a ‘quantitatively significant’ 
pathway of tryptophan metabolism in the mouse is 
by decarboxylation to tryptamine [1]. The evidence 
for this suggestion was primarily the evolution of 
'$CO, after administration of [1-'*C]tryptophan to 
mice, and inhibition of this by administration of ben- 
serazide [N-(seryl)-N’-(2,3,4-trihydroxybenzyl)-hydra- 
zine (Ro4-4602)] a known inhibitor of aromatic 
amino acid decarboxylase (aromatic L-amino acid 
carboxy-lyase, EC 4.1.1.28). 

An alternative explanation for the evolution of 
'4CO, following administration of [1-'*C]trypto- 
phan can be advanced to account for the effect of 
benserazide. There are two established pathways of 
tryptophan metabolism in mammals by which the 
carboxyl carbon of tryptophan could be released as 
carbon dioxide: 

(i) Decarboxylation of 5-hydroxytryptophan to 
5-hydroxytryptamine. This is known to be catalysed 
by aromatic amino acid decarboxylase, and hence 
known to be inhibited by benserazide. However, 
under normal conditions it does not account for more 
than about | per cent of total body tryptophan meta- 
bolism, and therefore is unlikely to explain the find- 
ings of David [1]. 

(ii) The hydrolysis of hydroxykynurenine to hyd- 
roxyanthranilic acid in the oxidative pathway of tryp- 
tophan catabolism, catalysed by kynureninase 
(L-kyrurenine hydrolase, EC 3.7.1.3), leads to the 
release of the side chain of the original tryptophan 
as alanine. It is to be expected that much of this 
alanine would undergo deamination to pyruvate, and 
then decarboxylation to acetyl-SCoA, releasing car- 
bon dioxide from the carboxyl carbon of tryptophan. 
It is generally assumed that most of the tryptophan 
catabolised by mammals is by this pathway. 

Hence if kynureninase were inhibited by bensera- 
zide the data reported by David [1] could be inter- 


preted in terms of existing knowledge of metabolic 
pathways, without the need to postulate a novel path- 
way. Such inhibition would have the effect of reducing 
the production of carbon dioxide from the carboxyl 
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group of tryptophan, since it would result in reduced 
formation of alanine from the side chain of hydroxy- 
kynurenine. 

In this paper a number of investigations are 
reported demonstrating that kynureninase is indeed 
inhibited by benserazide, not only at the rather high 
dose used by David in his experiments [1], but also 
at levels approximating to the doses used clinically 
in therapy of Parkinson’s disease. Such inhibition 
may have a serious effect not only on tryptophan 
metabolism, but also on niacin nutritional status in 
benserazide-treated patients, since a considerable 
amount of nicotinamide is normally synthesised from 
tryptophan [2, 3]. 


MATERIALS AND METHODS 


Mice of two strains, NRMI and Schofield, were 
used in these studies. All animals weighed about 25 g. 
Reagents were all obtained from the usual commer- 
cial sources and were in general of analytical reagent 
grade; pi-[1-'*C]tryptophan and L-[2-'*C]trypto- 
phan were obtained from the Radiochemical Centre, 
Amersham, Bucks, U.K. The benserazide used was 
a generous gift of Roche Products Ltd, Welwyn 
Garden City, Herts, U.K. 

(a) ['*C]carbon dioxide release studies. Mice were 
injected intraperitoneally with either 0.5 yCi 
L-[2-'*C]tryptophan or 1.0yCi pt-[{1-'*C]trypto- 
phan, together with 50mg/kg body weight non- 
radioactive L-tryptophan. They were placed in indivi- 
dual conical flasks through which carbon dioxide-free 
air was passed using a small compressor. Exhaled air 
was passed through 2 ml of 0.25 mole/l Hyamine hyd- 
roxide solution in i-propanol in a small tube, to trap 
carbon dioxide. The Hyamine hydroxide solution was 
changed at 10min intervals for a total of 130 min; 
it was washed into scintillation counter vials with a 
further 2 ml of i-propanol, then 10 ml of scintillator 
solution (3g PPO, 0.3g POPOP per litre toluene) 
was added to each and radioactivity measured by 
liquid scintillation spectrometry. 

(b) Liver kynureninase assay. The activity of kynur- 
eninase was assessed by its action on kynurenine to 
form anthranilic acid, which can be measured fluori- 
metrically. Liver was homogenised in 2ml of 
0.15 mole/] sodium chloride per gram of tissue; 0.5 ml 
of this homogenate and 0.5 ml of a sodium phosphate 
buffer (pH 7.0, 0.2 mole/l) were incubated together at 
-30° for 5 min. For inhibitor studies, benserazide was 
dissolved in the buffer, so that it was present with 
the enzyme during this pre-incubation period. The 
reaction was initiated by the addition of 0.2 ml of 
a solution of 10 m-mole/l pL-kynurenine. After incu- 
bation for a further 40 min the reaction was stopped 
by the addition of | ml of 1 mole/ trichloroacetic 
acid. 

Precipitated protein was removed by centrifugation 
at 2000 g for 10 min and the supernatant was brought 
to approximate neutrality by the addition of 0.5 ml 
of'1 mole/l sodium hydroxide solution. The volume 
was then adjusted to 5 ml by the addition of 1 mole/I 
sodium phosphate buffer at pH 5.5, and the fluor- 
escence due to anthranilic acid was measured (exci- 
tation 310 nm, emission 420 nm), using an Aminco- 
Bowman spectrophotofluorimeter. Under these condi- 
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tions kynurenine did not significantly affect the fluor- 
escence due to anthranilic acid, although addition of 
more than about 20 umole of kynurenine did quench 
the fluorescence considerably. Preliminary kinetic 
studies showed that the K,, of kynureninase towards 
DL-kynurenine was about 790 ymole/l; this means 
that the concentration of substrate in the incubation 
mixture (16.7 m-mole/l) was considerably in excess of 
K,,. Assuming that the D-enantiomer is not a sub- 
strate, the value obtained for the K,, of the mouse 
liver enzyme towards kynurenine agrees well with the 
figure of 300 umole/l L-kynurenine quoted by other 
workers [4]. 

(c) Urinary excretion of xanthurenic and kynurenic 
acids. Six mice were placed in a metabolic cage for 
6 hr daily (from 10.00 to 16.00 hr) and urine was col- 
lected. During this time they were allowed free access 
to water, but not food. They were given intraperi- 
toneal injections of benserazide (SO0mg/kg body 
weight), tryptophan (50 mg/kg body weight) or ben- 
serazide and tryptophan at the same doses, in a strict 
rotation with a treatment-free (control) day between 
each administration of drug. The same six mice were 
used throughout. 

Urine was collected into 2ml of 2 mole/] hydro- 
chloric acid and was diluted to 10 ml with distilled 
water, then frozen and stored at — 20° until required. 
Aliquots of the diluted urine were used for deter- 
mination of creatinine by the following method: 1 ml 
of diluted urine was reacted with 5ml of saturated 
picric acid solution and 2 ml of 100 g/l sodium hyd- 
roxide solution. After 15min the absorbance at 
520 nm was measured, relative to a reagent blank and 
a standard solution of creatinine. 

The remainder of the urine was used for measure- 
ment of xanthurenic and kynurenic acids by the fol- 
lowing modification of the method of Satoh and 
Price [5]. To one 4ml sample of the diluted urine 
1 ml of a solution containing 0.5 mole/l xanthurenic 
acid and 0.1 mole/l kynurenic acid was added; 1 ml 
of distilled water was added to another 4ml sample. 
Both samples were then poured onto 2cm long 
columns of Dowex 50-W ion exchange resin (acid 
form, 350mg dry weight of resin per column). The 
columns were prepared prior to use by washing with 
5 ml of 2 mole/l hydrochloric acid and 10 ml of water. 

The eluate from the columns following the urine 
samples and a first 10 ml fraction of water was dis- 
carded; the columns were then washed with a further 
25 ml of water and the eluate collected. This fraction 
contained essentially all the xanthurenic and kynur- 
enic acids applied; the mean observed recovery of 
xanthurenic acid was 83 + 3.5 per cent and kynurenic 
acid 79 + 4 per cent. 

Xanthurenic acid was measured by reacting | ml 
aliquots of the column eluate with | ml of saturated 
aqueous solution of sodium hydroxide; after centrifu- 
gation to clear the solution the fluorescence due to 
xanthurenic acid was measured (excitation 370 nm, 
emission 515nm). Kynurenic acid was measured in 
i.5 ml aliquots of the eluate, which were reacted with 
1 ml of concentrated sulphuric acid; after cooling for 
a few minutes the fluorescence due to kynurenic acid 
was measured (excitation 365 nm, emission 440 nm). 
Under these conditions no cross-reaction was detect- 
able between xanthurenic and kynurenic acids present 
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in the same solution. Especially for the measurement 
of kynurenic acid a very high background fluor- 
escence was found, despite careful washing of the ion 
exchange resin; therefore a column blank, in which 
only water was passed through a column of ion 
exchange resin, was used, as well as the more usual 
reagent blank. 

(d) Liver tryptophan oxygenase assay. Tryptophan 
oxygenase (L-tryptophan:oxygen 2,3-oxidoreductase 
(decyclising), EC 1.13.11.11) activity was measured by 
the method of Knox and co-workers [6]. 

(e) Liver kynurenine aminotransferase assay. Kynur- 
enine aminotransferase [L-kynurenine:2-oxoglutarate 
aminotransferase (cyclising), EC 2.6.1.7] activity was 
measured by fluorimetric measurement of the kynur- 
enic acid formed. Liver was homogenised in 4 ml of 
0.15 mole/l sodium chloride solution per g tissue; 
0.5 ml of this homogenate and 0.5 ml of 0.1 mole/l 
sodium phosphate buffer at pH 7.0 were incubated 
together for 5min. As above, benserazide was dis- 
solved in the buffer when required, so that it was 
present throughout the pre-incubation period. 

The reaction was initiated by the addition of 0.2 ml 
of a solution containing 200 m-mole/l sodium 2-oxo- 
glutarate and 10m-mole/l pi-kynurenine. After 
15min the reaction was stopped by the addition of 
1 ml of 1 mole/l trichloroacetic acid, and denatured 
protein was removed by centrifugation at 2000g for 
10 min. Kynurenic acid was measured fluorimetrically 
as above. To allow for the presence of endogenous 
kynurenic acid and other interfering materials an un- 
incubated blank was carried through the same pro- 
cedure. 

(f) Liver kynurenine concentration. Kynurenine was 
measured fluorimetrically after homogenisation of 
liver in 10 ml of 0.4mole/l perchloric acid per g of 
tissue. Denatured protein was removed by centrifuga- 
tion at 2000 g for 10 min, and the supernatant volume 
was adjusted to 20 ml with 0.4 mole/| perchloric acid 
solution. Replicate 5 ml aliquots of this supernatant 
were then poured over 2cm long columns of Dowex 
50-W ion exchange resin, prepared as described 
above. To one sample 100 yg of pDL-kynurenine in 
1 ml of 0.1 mole/l hydrochloric acid was added; the 
same volume of hydrochloric acid alone was added 
to the other sample. The eluate from the application 
of the supernatant, and following washing with 10 ml 
of water, was discarded, and kynurenine was eluted 
by washing the columns with 5 ml of 0.5 mole/I triso- 
dium orthophosphate solution. 1 ml of this eluate was 
then diluted with 6ml of water and the fluoresence 
due to kynurenine was measured (excitation 370 nm, 
emission 470 nm). The mean observed recovery of the 
internal standard was 76 + 7.6 per cent. Dilution of 
the eluate was found to be essential for fluorimetry 
of kynurenine, since at high concentrations a great 
deal of self absorption, and hence quenching of fluor- 
escence, was observed. 


RESULTS 


As can be seen from Fig. 2, administration of 
[2-'*C]tryptophan to mice, together with a non- 
radioactive tryptophan load (50 mg/kg body weight) 
led to a considerable production of '*CO;. The 
release of '*CO, following administration of 
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Fig. 2. Evolution of '*CO, following administration of 

DL-[1-'*C]tryptophan (closed circles) or L-[2-'*C]trypto- 

phan (open circles) to mice. (Points show mean + S.D. 
for 5 animals in each group). 


[1-'*C]tryptophan (with the same nonradioactive 
tryptophan load) was somewhat greater. 

The [1-'*C]tryptophan used was the racemic 
mixture and animals were each given | wCi so as to 
provide 0.5 wCi of the L-enantiomer; those animals 
treated with [2-'*C]tryptophan received 0.5 uCi of 
the L-enantiometer alone. This means that those ani- 
mals treated with the pt-[1-'*C]tryptophan received 
a very small amount of very high specific radioactivity 
D-tryptophan, so that any trace metabolism of the 
D-enantiomer (for example by D-amino acid oxidase 
activity) would result in a disproportionate release of 
the radioactive label. 

The effect of benserazide added in vitro to mouse 
liver homogenates on kynureninase activity is shown 
in Table 1. At 50 ug/g tissue (the same level as the 
dose given by David[1] to his animals) there was 
apparently total inhibition of kynureninase activity. 


Table 1. The effect of benserazide on liver kynureninase 
activity in vitro 





K ynureninase activity 
nmoles anthranilic acid ed 
formed/min/g liver inhibition 


Benserazide 
(ug/g liver) 





0 43.6 + 3.2 — 
25 16.4 + 0.7* 65 
25.0 2.2 + 0.2* 95 
50.0 undetectable 100 





Benserazide at the concentrations shown was added to 
liver homogenate and pre-incubated for 5 min before the 
reaction was initiated by addition of substrate as described 
in the Methods section. (Figures show mean of 5 deter- 
minations + S.E.M.) 

* Significantly different from control, P < 0.001. 
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Table 2. Urinary xanthurenic acid excretion following ben- 
serazide and tryptophan administration 


D. A. BENDER et al. 


Table 4. The effect of benserazide on liver kynurenine 
aminotransferase activity in vitro 





Urinary xanthurenic acid 


Treatment umole/pymole creatinine 





Control 

Tryptophan 

50 mg/kg body weight 
Benserazide 

50 mg/kg body weight 
Benserazide + tryptophan 


Kynurenine amino- 
transferase activity 
(nmole kynurenic acid 
formed/min/g liver) 


oy 


Inhibition 


Benserazide 
(ug/g liver) 





49 
es 61 
undetectable 100 





(Figures show mean of 5 determinations + S.D.) 
* Significantly different from control, P < 0.02. 
+ Significantly different from tryptophan 

P < 0.05. 


group, 


Benserazide at concentrations as low as 2.5 ug/g tis- 
sue, which is of the same order as doses used clinically 
in treatment of Parkinson’s disease, also led to very 
significant inhibition of kynureninase. 

The results obtained for the urinary excretion of 
xanthurenic acid are shown in Table 2. Following ad- 
ministration of a tryptophan load (50mg/kg body 
weight) there was a considerable increase in xanthur- 
enic acid excretion, as would be expected. Benserazide 
alone (at 50 mg/kg body weight) had no effect on the 
’ excretion of xanthurenic acid. However, administra- 
tion of benserazide together with tryptophan led to 
a significantly lesser increase in xanthurenic acid 
excretion than that observed after tryptophan alone. 
Basal excretion of kynurenic acid by the mice was 
below the limit of reliable detection by the method 
used, possibly partly because of the high fluorescence 
blank caused by some unidentified material eluted 
from the ion exchange resin, referred to above. No 
data for kynurenic acid are therefore reported here. 

The observation that benserazide apparently pre- 
vents the formation of xanthurenic acid following a 
tryptophan load suggests the possibility that the drug 
may act by preventing the entry of tryptophan into 
the oxidative pathway. However, as can be seen from 
Table 3, even at concentrations up to 200 g/g tissue, 
benserazide had no effect on tryptophan oxygenase ac- 
tivity in vitro. The activity of the enzyme was also 
measured in livers from six mice that had received 
50 mg benserazide/kg body weight 3 hr before death. 
The mean tryptophan oxygenase activity in these ani- 
mals, 312 + 20 nmole kynurenine formed/min/g liver, 
was not significantly different from that of a group 


Table 3. The effect of benserazide on liver tryptophan oxy- 
genase activity in vitro 





Tryptophan oxygenase activity 
(nmole kynurenine formed/min/g liver) 


Benserazide 
(ug/g liver) 





0 309 + 24 
“ 344 + 20 (N.S.D.) 
50 318+2 (NSD) 
100 324 + 25 (N.S.D.) 
200 341 + 20 (N.S.D.) 





Benserazide at the concentrations shown was added to 
liver homogenate and pre-incubated for 5 min before the 
reaction was initiated by addition of substrate as described 
in the Methods section. (Figures show mean of 5 deter- 
minations + S.E.M.) 


Benserazide at the concentrations shown was added to 
liver homogenate and pre-incubated for 5 min before the 
reaction was initiated by addition of substrate as described 
in the Methods section. (Figures show mean of 5 deter- 
minations + S.E.M.). 

* Significantly different from control, P < 0.001. 


of control animals examined at the same time, 
307 + 26 nmole kynurenine formed/min/g liver. 

The effect of benserazide on kynurenine amino- 
transferase (the enzyme that catalyses the conversion 
of kynurenine to kynurenic acid and hydroxykynur- 
enine to xanthurenic acid) was also investigated. As 
can be seen from Table 4, benserazide at 50 ug/g tis- 
sue led to apparently total inhibition of the enzyme. 
Even at low concentrations (2.5 ug/g liver) benser- 
azide was a potent inhibitor of kynurenine amino- 
transferase. 

The effect of benserazide administration on the 
liver kynurenine concentration was investigated in 5 
mice that had received 50 mg/kg body weight benser- 
azide, together with a tryptophan load (50 mg/kg 
body weight) 1.5 hr before killing, and in a control 
group of animals that received the tryptophan load 
alone. In the control animals, the liver kynurenine 
concentration was 4.76 + 0.55 umole/g tissue, while in 
those animals that had received benserazide as well 
as tryptophan it had risen to 7.47 + 0.79 umole/g tis- 
sue, a highly significant difference. 


DISCUSSION 


It has been demonstrated that tryptamine is a nor- 
mal constituent of mammalian brain [8], and that 
various drug treatments can alter its concen- 
tration [9]. However, the origin of this tryptamine 
is unclear. It has been claimed that tryptophan is a 
substrate for mammalian aromatic amino acid decar- 
boxylase [10], but the activity is barely detectable 
even using extremely high concentrations of trypto- 
phan, and at the unphysiological pH of 9.0[10, 11]. 
Weil-Malherbe [12] has claimed to have demon- 
strated tryptamine formation from tryptophan in 
brain slices, but the separation methods he used were 
unable to differentiate between tryptamine and 
5-methoxy-tryptamine, a compound known to be 
formed in vivo from 5-hydroxy-tryptamine. 

David [1] has proposed that decarboxylation to 
tryptamine is a ‘quantitatively significant’ pathway of 
tryptophan metabolism in the mouse. His evidence 
was based mainly on the production of '*CO, from 
[1-'*C]tryptophan, and inhibition of this by benser- 
azide, a known inhibitor of aromatic amino acid 
decarboxylase. In order to minimise interference from 
gastro-intestinal bacteria, many of which are known 
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to have an active tryptophan decarboxylase, David 
treated his animals with neomycin and sulfasuxidine 
for 24hr before each experiment. However, it is 
doubtful whether this is a sufficient time to permit 
gut sterilisation, and this treatment would not be 
expected to deplete intestinal yeasts and fungi which 
might also have tryptophan decarboxylase activity. 
Thus, although David did detect tryptamine in his 
animals (by homogenisation of the entire carcase less 
the gastro-intestinal tract) following oral administra- 
tion of [3-'*C]tryptophan (in which the label would 
be retained in tryptamine), and a monoamine oxidase 
inhibitor, this could have been a result of residual 
gastro-intestinal bacterial action. 

The present work proposes an alternative explana- 
tion for the evolution of '*CO, from [1-'*C]trypto- 
phan, and inhibition of this reaction by benserazide 
Benserazide has been shown to inhibit kynureninase, 
and this would prevent release during oxidative meta- 
bolism of the side chain of tryptophan as alanine. 
Alanine would normally be expected to undergo dea- 
mination to pyruvate, followed by decarboxylation to 
acetyl-SCoA, and thence total oxidation to carbon 
dioxide. Evolution of '*CO, would therefore be 
expected to be essentially the same following adminis- 
tration of [1-'*C] or [2-'*C]tryptophan. This has 
been demonstrated. At the same time benserazide has 
been shown to inhibit kynurenine aminotransferase, 
and as a result of the inhibition of two enzymes in- 
volved in its onward metabolism, to increase the liver 
concentration of kynurenine. 

It is not surprising that benserazide should inhibit 
enzymes other than aromatic amino acid decarboxy- 
lase. The drug is a hydrazide, and it is well established 


that hydrazides inhibit a great many pyridoxal phos- 
phate-dependent enzymes, by formation of hydra- 
zones with the cofactor. As well as acting as an inhibi- 
tor of pyridoxal phosphate-dependent enzymes by 
this mechanism, it might be expected that benserazide 
would have a greater potency as an inhibitor of 
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enzymes whose substrates contain a hydroxyphenyl 
group. There might be an affinity between the inhibi- 
tor and the substrate binding site, as well as the irre- 
versible reaction with the cofactor. This remains to 
be further investigated. 

One potentially important implication of the pres- 
ent work is that inhibition of kynureninase, which 
has been demonstrated to occur even at relatively 
modest levels of benserazide, will lead to inhibition 
of the synthesis of nicotinamide from tryptophan. It 
is not known how important this synthesis is relative 
to dietary intake of niacin, but it is known that fol- 
lowing administration of isoniazid, which similarly in- 
hibits kynureninase by cofactor blockage, signs of nia- 
cin deficiency and even frank clinical pellagra have 
been reported [13]. It is therefore possible that pro- 
longed treatment of Parkinsonian patients with ben- 
serazide may lead to some degree of niacin deficiency. 
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Abstract—The turnover of plasma free fatty acids and blood glucose has been measured in starved 
rats exposed to inhalation of carbon disulphide (2 mg/l) for 15 hr overnight. Measurements were made 
following single intravenous injection of [U-'*C]palmitic acid or of [5-*H]glucose and [U-'*C]glucose 
in groups of exposed and control rats. CS, intoxication leads to a small but significant decrease 
in the rate of utilization of plasma free fatty acids and it is suggested that decreased availability 
of plasma free fatty acids leads to the increased catabolism of amino acids and the relatively large 
increase in urea production which is seen in starved CS,-treated rats. Increased urea production is 
not associated with an increase in the absolute rate of production and utilization of blood glucose 
as measured using [5-*H]glucose. There is an increase in the fractional turnover of blood glucose, 
but this is accompanied by a small hypoglycaemia in starved CS,-treated rats. The fraction of glucose 
carbon which is recycled is unchanged in treated rats. A comparison has been made between fed 
and 24hr-starved rats in their response to exposure to CS, (2 mg/l) for 4hr. The results indicate 
that in contrast to starved rats, plasma free fatty acid utilization increases when fed rats are exposed 
to CS, and there is no increase in urea production. Inter-relationships between these effects are dis- 


cussed. 


When starved rats are exposed to inhalation of car- 
bon disulphide (15hr overnight at 2 mg/l), plasma 
urea concentration and the rate of urea excretion in- 
crease by about 50% [1]. At the same time there are 
small but statistically significant decreases, relative to 
corresponding starved controls, in the concentrations 
of both plasma free fatty acids (FFA) and glu- 
cose [1, 2]. It was suggested [1] that there may be an 
increased rate of utilization of glucose in starved rats 
after CS,-intoxication, and that gluconeogenesis from 
amino acid precursors might be stimulated. These 
suggestions however were based on simple observa- 
tions of changes in the concentrations of plasma con- 
stituents and it was proposed that they should be 
tested by more direct measurement of the turnover 
of blood glucose. 

To clarify the interrelationships between glucose, 
FFA metabolism, and the rate of urea production in 
starved rats after acute CS, intoxication, therefore, 
measurements of rates of utilization of plasma FFA 
and blood glucose are now presented. It is shown 
that the increased catabolism of proteins and amino 
acids indicated by increased urea production after 
CS, intoxication [1] is associated with a small but 
significant decrease in the rate of utilization of plasma 
FFA, the major fuel in starved rats. Despite an in- 
crease in the potential supply of gluconeogenic pre- 
cursors however the rate of gluconeogenesis is not 
increased in starved rats after CS,-intoxication. There 
is an increase in the metabolic clearance rate (or frac- 
tional turnover) of blood glucose after CS,-intoxica- 
tion, which leads to a small hypoglycaemic effect as 
the absolute rate of production is unaltered. 

Since the net breakdown of protein in a given tissue 
may depend on the supply to that tissue of alternative 


(non protein) substrates, such as fatty acids and glu- 
cose [3], it was of interest to compare the responses 
of fed and starved rats to exposure to CS,. This has 
been done by using a short (4hr) exposure to CS, 
and it is shown that the effect of CS, on plasma FFA 
concentration is dependent on nutritional state, and 
not on length of exposure as was previously sug- 
gested [1]. Corresponding differences between fed and 
starved rats in the response of plasma urea concen- 
tration to CS, intoxication are also shown. The 
results obtained are discussed in terms of nitrogen 
loss and substrate supply in CS,-intoxicated rats. 


MATERIALS AND METHODS 


Treatment of animals. Male albino rats of the Por- 
ton strain, weighing 180-220 g in the fed state, were 
exposed to 2mg CS,/l of air in a vertical constant 
flow exposure chamber [4]. Control rats were kept 
in similar chambers without CS,. There was no access 
to food or water in the chambers. Results are also 
quoted from previous experiments[1] in which 
heavier rats (200-250g) of the same strain were 
treated similarly. 

Two periods of exposure were used —{1) Rats were 
exposed for 15 hr overnight (18.30 hr—09.30 hr), food 
having been removed from the rats at 09.30hr on 
the day exposure was started. These rats were used 
for the measurement of the turnover of blood glucose 
and plasma FFA (see below). (2) Fed rats or rats 
starved for 24hr were exposed for 4hr 
(10.00 hr—14.00 hr). Within 1 hr of the end of expo- 
sure, these rats were anaesthetized with diethylether 
and decapitated. FFA and urea were assayed in 
plasma samples as previously described [1]. 


1625 





1626 


Turnover of plasma FFA. The rate of utilization 
(or rate of irreversible disposal) of plasma FFA was 
measured in groups of CS,-treated and control rats 
under ether anaesthesia according to methods de- 
scribed in detail elsewhere [5] which are summarised 
here. All experiments were carried out at room tem- 
perature (18-—20°). 

Immediately prior to experiments [1-'*C]palmitic 
acid (The Radiochemical Centre, Amersham) was 
complexed to serum obtained from donor rats. Four 
groups of experimental rats were then studied. Rats 
in one CS,-treated group and in one control group 
were injected via a tail vein with [1-'*C]palmitic acid 
(25 wCi) in serum (0.2 ml) obtained from CS,-treated 
donor rats. Similarly a treated and a control group 
were injected with tracer in serum from control rats. 
At each of 5 times (8 sec, 26 sec, 47 sec, 1 min 45 sec, 
3 min) after injection 4 rats from each group were 
decapitated, and blood collected in heparin. Plasma 
samples were analysed for ['*C]FFA and FFA con- 
centrations, and data normalized to a constant quan- 
tity (D dpm) of tracer injected per 100 g body wt. 

Subsequent calculations were based on the quantity 
of FFA label per ml of plasma, rather than per total 
plasma volume as in previous work [5]. The areas 
to infinity under the quantity of label-time curves (A 
dpm.min.ml~') were calculated and estimates made 
of the standard error on the areas as described by 
Heath and Cunningham [6]. The donor group had 
no significant effect on area, and data were therefore 
pooled into one group of treated and one group of 
control rats. 

A metabolic clearance rate (MCR, ml plas- 
ma.min~'.100 g~') was calculated from the relation- 
ship MCR = D/A [6], assuming MCR to remain con- 
stant in each rat over the experimental period [5]. 
The rate of utilization (uequivs FFA.min~'.100 g~') 
was calculated as the product of MCR and the mean 
plasma FFA concentration in each group of rats. 

Turnover of blood glucose. D-[5-*H]Glucose and 
p-[U-'*C]glucose were obtained from Radiochemical 
Centre, Amersham. Estimates of the rate of utilization 
of blood glucose and of the degree of glucose carbon 
recycling were made in 24hr starved rats following 
a single intravenous injection of both tracers and were 
based on the work of Heath et al. [7,8] and of Katz 
et al. [9, 10]. 

Conscious rats were injected via a tail vein with 
[5-2H]glucose (25 pCi) and [U-'*C]glucose (5 Ci) in 
saline (0.2 ml). At each of four times after injection 
(Table 1) groups of 4 or 5 rats were decapitated and 
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Table 1. Sampling times and blood glucose concentrations — 
during measurements of glucose turnover 





Blood Glucose Concentration (mg/ml) 
Control CS,-treated 


Time 
(min) 





0.953 + 0.082 (5) 
0.849 + 0.029 (4) 
0.754 + 0.035 (4) 
0.790 + 0.084 (5) 


0.798 + 0.028 (4) 
0.760 + 0.063 (5) 
0.647 + 0.027 (5) 
0.696 + 0.043 (4) 


2 
3 
12 





All rats had been starved for 24hr prior to the experi- 
ments. 

Experimental procedure is described in Methods. Results 
are expressed as mean + S.E.M. with number of rats in 
parentheses 


blood collected in heparin. Glucose concentrations 
and glucose specific radic2ctivities in samples (1 ml) 
of whole blood were. measured after paper chroma- 
tography as described by Frayn [11], allowing calcu- 
lation of the quantity of each isotope in glucose per 
mi of blood. The areas to infinity under quantity of 
label-time curves were calculated [6] and are desig- 
nated A, in the case of [5-*H]glucose and Ac in that 
of [U-'*C]glucose. 

Blood glucose concentrations over the experimental 
period are shown in Table 1. These show small devi- 
ations from the steady state. Even substantial devi- 
ations from steady state do not invalidate the calcula- 
tion of mean MCR from the simple relationship 
MCR = D/A, although rates of utilization cannot be 
directly calculated [8]. It was assumed that MCR was 
independent of blood glucose concentration over the 
observed range and the rate of utilization of blood 
glucose at any one time was calculated as the product 
of the mean MCR (from [5-*H]glucose) and blood 
glucose concentration at that time. An estimate of 
the extent of glucose carbon label recycling was calcu- 
lated from the ratio (Ac — Ay)/Ac [9]. 

Standard errors on rates of utilization. Rates of utili- 
zation are given by the product of concentration and 
MCR. In order to calculate standard errors on rates 
of utilization, the square of the coefficient of error 
was equated with the sum of the squares of the coeffi- 
cients of error on concentration and MCR, where 
coefficient of error is defined as (S.E.M./mean). A 
more detailed analysis of the results (not presented) 
suggests an inverse correlation between MCR and 
blood glucose concentration within a group. The 
above calculation therefore tends to overestimate the 
true error on rate. Such overestimation would not 


Table 2. Turnover of plasma FFA in starved rats after exposure to CS, 





Plasma FFA 
concentration 
(uequiv./ml) 


clearance rate 
(ml/min/100 g) 


Rate of 
utilization 
(uequiv./min/100 g) 


Metabolic 





0.801 + 0.023 
0.696 + 0.018 
P < 0.001 


Control 
CS,-Treated 


6.15 + 0.201 
6.11 + 0.265 
NS. 


4.93 + 0.214 
4.25 + 0.215 
P < 0.05 





Rats were exposed in the presence or absence of CS, (2 mg/l) for 15 hr overnight 
without access to food. FFA turnover was measured as described in Methods. Results 
are expressed as mean + S.E.M. The significance of differences between means was 
assessed by Students t-test. Data was pooled from 40 rats in each group as described 


in Methods. 
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Table 3. Turnover of blood glucose in starved rats after exposure to CS, 





Control 


CS,-Treated 





MCR ([5—*H]glucose) 
(ml/min/100 g) 

MCR ([U-'*C] glucose) 
(ml/min/100 g) 

% Recycling 


Time (min) 

6 1.66 + 0.16 : . NS 

Rate of 23 
utilization 

(mg/min/ 50 1.31 

100 g) 2 1.38 


1.74 + 0.08 
1.28 + 0.05 


26.5 + 1.4 


0.09 ; i 
0.16 : .09 NS 


1.97 + 0.06 P < 0.05 
P < 0.01 


0.05 < P< 0.1 


1.48 + 0.09 ; NS 


NS 





Measurements were made as described in Methods on rats which had been starved 
for 24 hr and had been exposed to CS, (2 mg/1) for 15 hr overnight. MCR = metabolic 
clearance rate. Rates of utilization are calculated from data in Table 1 and MCR 
obtained using [5-*H]glucose. Results are expressed as mean + S.E.M. The signifi- 
cance of differences between mean was asséssed using Student t-test. The number 


of rats used is given in Table 1. 


affect the conclusions reached. The significance of dif- 
ferences between means was assessed using Students 
t-test, for (n-2) degrees of freedom, where n is the total 
number of rats compared. 


RESULTS 


(a) The turnover of plasma FFA in starved rats after 
CS,-intoxication. The rate of utilization of plasma 
FFA was measured in starved rats exposed to CS, 
overnight and in corresponding controls as described 
in the Methods section. In agreement with previous 
results [1], the plasma FFA concentration was signifi- 
cantly lower in treated rats (Table 2). The metabolic 
clearance rate was the same in both groups of rats. 
Thus there was a small (15 per cent) but significant 
decrease in the rate of FFA utilization after CS,- 
intoxication (Table 2). These results indicate that 
acute CS,-intoxication reduces the rate of production 
of plasma FFA and that the rate of utilization de- 
clines in proportion to the decrease in plasma FFA 
concentration. 

(b) The turnover of blood glucose in starved rats 
after CS,-intoxication. Apparent metabolic clearance 
rates of blood glucose were measured in starved CS,- 
treated rats and in starved controls by using 
[5-2H]glucose and [U-'*C]glucose and are shown in 
Table 3. The metabolic clearance rate measured by 
either tracer was significantly greater in CS,-treated 
rats than in controls. Blood glucose concentrations 
throughout the experiment (Table 1) were consistently 
lower in CS,-treated rats than in controls. A signifi- 
cant decrease in blood glucose concentration after 
exposure to CS, for the same period has also been 
reported previously [1]. The rates of utilization of 
blood glucose presented in Table 3 were calculated 
by using the mean metabolic clearance rate of 
[5-3H]glucose (see Methods section) and are subject 
to a qualification given below. There was no differ- 
ence in the rates of utilization between the groups 
throughout the experimental period. 

The rate of utilization equals the rate of replace- 
ment in the steady state. Data in Table 1 suggest 
that a steady state was approached at the end of the 
experiment. These results therefore indicate that the 


rate of gluconeogenesis is unchanged in CS, treated 
starved rats. Estimates of the extent of glucose carbon 
recycling tended to be lower in CS,-treated rats 
(Table 3) but this effect was not statistically signifi- 
cant. 

The possibility has not been excluded that the in- 
crease in the metabolic clearance rate as measured 
by the irreversible loss of [5-*H]glucose in CS,- 
treated rats is due to an increase in futile cycling at 
the triose phosphate stage of glycolysis [12], rather 
than an increased clearance of glucose from blood. 
However, Katz et al.[10] point out that it is likely 
that the contribution of futile cycling to the irrevers- 
ible loss of [5-*H]glucose in starved rats in vivo is 
quite small. Furthermore, if increased futile cycling 
were the case, then the lower blood glucose concen- 
tration of CS, treated rats would indicate a decreased 
rate of gluconeogenesis. The hypothesis that is being 
tested is that there is an increased rate of gluconeo- 
genesis and this is clearly disproved by the present 
results. 

(c) Plasma FFA and urea concentrations in fed and 
starved rats after CS, intoxication. The decreased rate 
of utilization of plasma FFA in rats exposed to CS, 
overnight (15 hr) without access to food is accom- 
panied by an increased rate of production of urea 
and a proportional increase in plasma urea concen- 
tration relative to corresponding starved controls. 
The results presented in Table 4 show that a qualitat- 
ively similar but smaller response occurs in rats 
exposed for a shorter period (4hr) if they have been 
previously starved for 24 hr. However, exposure of fed 
rats for 4hr results in a marked increase in plasma 
FFA concentration and no significant change in urea 
concentration. Differences between a short and long 
exposure reported previously [1] are therefore due to 
nutritional state and not length of exposure. 


DISCUSSION 


The rate of utilization of plasma FFA is propor- 
tional to their concentration in plasma over a wide 
range [5]. Furthermore exposure to CS, has no effect 
on the metabolic clearance rate of plasma FFA in 
starved rats. It is therefore reasonable to assume that 
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Table 4. FFA and urea concentrations in plasma of fed and starved rats after exposure to CS, (2 mg/l) for 4 hr 





Rats FFA (yequivs/ml plasma) 


Urea (mM) 





Control 
CS,-treated 
Control 
CS,-treated 


Fed 


24 hr-starved 


0.481 + 0.024 (24) 
0.600 + 0.038 (24) 
0.974 + 0.03 (10) 
0.777 + 0.039 (8) 


5.28 + 0.27 (12) 
5.62 + 0.29 (12) 
5.61 + 0.17 (18) 
7.18 + 0.21 (16) 


P < 0.02 N.S. 


P < 0.01 P < 0.001 





Food was removed at 09.30hr either on the same day as exposure or on the previous day. Rats were exposed 
from 10.00hr to 14.00 hr as described in the Methods section. “Fed” rats were in a post-absorptive state when blood 
samples were obtained at the end of exposure. Results are presented as mean + S.E.M. with number of rats in paren- 
theses. The data on FFA concentrations in fed rats are taken from Cunningham (1975)[1] and are presented here 


to facilitate comparison with present work. 


the increased FFA concentration in fed rats exposed 
to CS, indicates an increased rate of production and 
utilization. Freundt and Kurzinger [13] report in- 
creased oxygen consumption in rats given free access 
to food during exposure to CS, at concentrations up 
to 1.2 mg/l. The present results suggest that this in- 
crease in oxygen consumption is met by increased 
mobilization of FFA. 

Whereas in fed control rats plasma FFA utilization 
is at a low level and increases readily in response 
to various stressful stimuli, that in starved rats is 
already high, but is decreased on exposure to CS). 
The reasons for this difference between fed and 
starved rats are not known. It may be noted that 
various other toxic effects of CS, are modified by 
nutritional state, for example, effects on the heart and 
liver [14,15] and on catecholamine metabolism in 
adrenals [16]. Starvation may play a dual role in the 
toxicity, affecting both the metabolism of CS, [17] 
prior to the toxic lesions, and also in determining 
the possible adaptive responses of the rat subsequent 
to the lesions. 

Although the decrease in the concentration of 
plasma FFA was small in starved CS,-treated rats, 
the decrease was sustained and was observable after 
4hr exposure and after 15S hr exposure. A decreased 
rate of utilization may involve changes in the rate 
of esterification or of oxidation of fatty acids. A dis- 
turbance in esterification is suggested by a fall in 
plasma esterified fatty acid concentration after expo- 
sure to CS, [1]. A decreased rate of oxidation of fatty 
acids might be associated with a decreased oxygen 
consumption or increased oxidation of alternative 
fuels. The former is unlikely in view of the increase 
in oxygen consumption that occurs in fed rats after 
CS,-intoxication. With respect to the latter possibi- 
lity, since fatty acids constitute the major fuel in 
starved rats [18], a small percentage decrease in their 
oxidation rate would be compensated only by a larger 
percentage increase in the oxidation of other sub- 
strates. Thus the increased rate of urea excretion 
which accompanies decreased fatty acid utilization in 
starved rats, suggests the possibility that increased 
amino acid catabolism occurs in response to a de- 
‘creased availability of fatty acids. Such a response 
occurs after administration of various antilipolytic 
agents to starved rats, for example nicotinic acid [19], 
nicotinamide [20] and 3-5-dimethylisoxazole [21]: In 
these cases the decrease in plasma FFA concentration 
and the increase in urea production are larger than 
in the case of CS, but the proportionality between 
the responses is similar. 


The size of the increase in urea excretion after CS, 
treatment [1] in starved rats suggests that it is due 
to catabolism of amino acids derived from skeletal 
muscle protein. The transport of amino nitrogen from 
the periphery to the liver is intimately related to 
gluconeogenesis and the recycling of glucose car- 
bon [22]. In CS,-intoxicated rats therefore increased 
transport of amino nitrogen may involve either an 
increase in the production of amino acids from glu- 
cose derived carbon, or an increase in the export from 
the extrahepatic tissues of amino acids derived di- 
rectly from protein breakdown. Quantification of 
these processes using tracer techniques alone is how- 
ever difficult because of isotopic dilution in both liver 
and the periphery. An estimation may be made of 
the fraction of glucose derived from amino acids 
assuming 3.9 g of glucose to be generated per 1 g of 
urea nitrogen excreted[23]. In previous experi- 
ments [1] urea excretion was measured in CS,-treated 
and control rats following an intragastric water load, 
and was 2.76 and 4.14 umoles/min/100g in control 
and treated rats respectively. These figures correspond 
to 22% and 33% of the glucose produced in control 
and CS,-treated rats in the present experiments. This 
increase in the provision of amino acids for gluconeo- 
genesis would take the form of an absolute increase 
in the rate of gluconeogenesis of the order of 10-15%. 
There was no evidence for any such increase although 
the results presented are not precise enough to rule 
out the possibility (Table 3). Alternatively, the in- 
creased transport of amino groups from the periphery 
to the liver could have involved the in situ oxidation 
of carbon skeletons derived from protein breakdown 
in muscle and an increase in the fraction of glucose 
recycled via amino acids, for example by the amina- 
tion of glucose derived pyruvate [22]. In this case the 
present results are consistent with a corresponding 
diminution in the recycling of glucose via other inter- 
mediates, e.g. lactate since there was no increase in 
the total rate of glucose carbon recycling. Both these 
possibilities are subject to further investigation. 
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JACQUELINE LEEDS and Davip M. TuRNER* 


Department of Biochemistry and Drug Metabolism, Hazleton Laboratories Europe Ltd., Harrogate, 
North Yorkshire, England 


(Received 13 December 1976; accepted 7 March 1977) 


Abstract—The binding of ['*C]nicotine to various tissue fractions has been studied in the cat, pigeon 
and rat using the technique of equilibrium dialysis. Liver homogenates from all three species bound 
the drug to varying extents though the distribution of radioactivity showed species differences. Cat 
and rat liver binding appeared to reside predominantly in the microsomal fraction whereas in the 
pigeon the activity was essentially present in the cytosol. Lung tissue from all three species showed 
only a small binding capability which was not associated with the microsomes or soluble cell com- 
ponents. Brain homogenates in cat and rat showed a similar small degree of binding but there was 
a significant degree of binding in pigeon brain homogenate. Cat and pigeon kidney homogenates 
showed a small degree of tissue binding which appeared to be uniformly distributed in the cell fractions. 
Rat kidney, however, exhibited an extremely large in vitro binding capability which was apparently 
associated with the cytosol. The percentage binding was increased with increasing buffer pH over 
range pH 6-8 corresponding to an increase in the proportion of free base. A Scatchard plot over 
the concentration range 62—1540nM gave a linear response, calculations from which indicated a low 
affinity, high capacity, binding capability for nicotine. Jn vivo distribution studies in the rat after subcu- 
taneous administration of 0.4 mg/kg ['*C]nicotine revealed a high degree of localisation of radioactivity 
in the kidney relative to other tissues and subsequent tissue fractionation confirmed the in vitro observa- 
tions. Plasma from all three species showed no significant binding properties. The nature of the binding 
entity is not yet known though it can be concentrated by chromatography on Sephadex G-100 and 


is associated with a fraction of relatively low molecular weight containing little, if any, lipid. 


Pharmacokinetic studies of nicotine and investiga- 
tions on its metabolic fate have been frequently de- 
scribed over recent years in a variety of animal species 
including man [1-3] and a number of metabolites of 
the drug have been characterised [4,5]. Much is 
known regarding the pharmacological effects of this 
compound in relation to tobacco smoking [6] and 
effects of nicotine on the central nervous system have 
been correlated with pharmacokinetic data [7,8]. It 
is known from autoradiographic evidence that radio- 
activity accumulates in certain areas of the brain after 
administration of ['*C]nicotine [9] it has been shown 
that the hypothalamus [8] and other regions [10] of 
the brain preferentially concentrate the drug. After 
administration of ['*C]nicotine to animals [7, 11] or 
man [3] it is often found that less than quantitative 
excretion/elimination of radioactivity occurs over 4-7 
day study periods and long term retention of the drug 
and/or its metabolites has been detected autoradio- 
graphically in the respiratory tract and urinary blad- 
der of rodents [12]. Pharmacokinetic studies on nico- 
tine in rats{11] and man [3] indicate that the drug 
has a high apparent volume of distribution and it 
is known that the tissue to plasma concentration 
ratios for nicotine are often large [7, 13]. The binding 
of this important smoke constituent in tissues from 
three species using the technique of equilibrium dialy- 
sis has therefore been investigated. 





* To whom all correspondence should be addressed. 


MATERIALS AND METHODS 


Male Hooded Lister rats, bred at these labora- 
tories, weighing between 250-350 g were used. They 
were fed on a standard laboratory diet (41B, Oxoid 
Ltd) with free access to water. 

Male cats weighing between 2.5 to 3kg bred in 
these laboratories were also used. 

Female White Carneau Pigeons, obtained from the 
Palmetto Pigeon Plant, Sumter, NC, weighing 
between 500-600 g were fed a pellet diet with free 
access to water. 

[2’-'*C]Nicotine hydrogen tartrate at a specific ac- 
tivity of 20mCi/m-mole was synthesised in these 
laboratories by Dr. T. H. Houseman using the 
method of Decker [14]. Unlabelled nicotine hydrogen 
tartrate and all other reagents were obtained from 
the British Drug Houses, Poole, Dorset. 

In vitro studies. Rats and pigeons were sacrificed 
by cervical dislocation. Cats were anaesthetised by 
intraperitoneal administration of Nembutal (Abbot 
Laboratories, Queenborough, Kent) at a dose of 
60 mg/kg. 

With the animal or bird on a cold surface tissues 
were excised, dissected free of connective tissue, 
weighed and chopped finely. Homogenates 
(20% (w/v)) were made in ice cold 0.1 M _ phosphate 
buffer, pH 7.4 using a Potter-Elvehjem glass/teflon 
homogeniser. A portion of each homogenate was cen- 
trifuged at 10,000 g for 30 min at 0° and the superna- 
tant removed. A portion of this supernatant was 
further centrifuged for ! hr at 100,000 g and the clear 
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Table 1. Percentage binding of ['*C]nicotine fractions in different species expressed as mean + S.E.M. 





Species Fraction 


Tissue 


Lung Brain Kidney 





Homogenate 
Rat 10* x g supernatant 
(6) 10° x g supernatant 


Homogenate 
Cat 10* x g supernatant 
(4) 10° x g supernatant 
Homogenate 
Pigeon 10* x g supernatant 
(4) 10° x g supernatant 


HHH HHH HHH 
wh = Sw = eh 
NOD ANOS Ff O~) 


45+ 1.1 72+08 
nil nil 
nil nil 

44+ 1.0 7.7 + 1.1 
nil nil 
nil nil 

6.6 + 2.5 22.7 + 1.9 
nil 3440.5 
nil 44+ 1.0 


263.9 + 39.6 
258.4 + 46.2 
285.0 + 39.9 


8.1 + 0.8 
6.4 + 0.8 
44+09 
53419 


8.1 + 0.5 
9.8 + 0.8 





Figures in parentheses indicate the number of animals. Original nicotine conc. (Co) = 154nM. 


supernatant thus produced, was separated. Hepar- 
inised plasma was also used from blood obtained by 
aortic puncture. 

Equilibrium dialysis. Equilibrium dialysis was per- 
formed on tissue extracts in the following manner: 
A portion of each extract (1 ml) was pipetted into 
a Visking cellulose membrane bag (The Scientific In- 
strument Centre, London) of 0.025 mm_ thickness, 
which was then sealed and dialysed on a roller mixer 
for 12 hr at 4° against a larger volume (40 ml) of 0.1 M 
phosphate buffer containing 0.56 wCi ['*C]nicotine 
hydrogen tartrate. At the end of this time the Visking 
bag was carefully removed, blotted and the contents 
sampled (200 pl) after brief inversion to ensure homo- 
geneity. A portion (200 yl) of the buffer solution was 
also counted. On each occasion a buffer blank was 
similarly dialysed to act as control. 

In vivo studies. Three male rats were each given 


a subcutaneous injection of ['*C]nicotine hydrogen 
tartrate (2 wCi) in physiological saline at a dose of 
0.4 mg/kg (0.4 mg/ml). Twenty min later each animal 
was killed by cervical dislocation and the brain, lungs, 
kidneys and liver removed. Each tissue was homogen- 


ised, centrifuged to separate the 10,000g and 
100,000 g fractions, and portions of each fraction 
counted. 

Radioactivity measurements. Clear aqueous samples 
were counted directly by adding to a dioxan based 
Scintillator (15 ml) [7]. All other samples containing 
tissue debris were solubilised with Soluene-350 (Pack- 
ard Instrument Ltd.), in vial, to which was then added 
the scintillator. Radioactivity was measured on a 
Packard Model 3375 liquid scintillation spectrometer 
(Packard Instrument Ltd.). All samples were counted 
for 10,000 counts. 

Bound drug concentration (Cg) was obtained from 
the difference between the tissue fraction concen- 
tration (C;) and the final buffer concentration (C;,). 
The percentage activity bound is_ therefore 
(Cr = Cr/Cr) x 100. 


RESULTS 


In vitro dialysis studies. Analysis of tissue blanks, 
where the contents of the bag were replaced by buffer 
solution, indicated, after dialysis, that the expected 
equilibrium concentration had been attained. There 
was no evidence of drug binding to the Visking mem- 
brane. 

The results of equilibrium dialysis on subcellular 
fractions of four tissues from the rat, cat and pigeon 


are shown in Table 1. In all three species there was 
evidence of significant tissue binding to liver which 
in the cat and rat occurred predominantly in micro- 
some contairiing supernatant. Removal of the micro- 
somes by ultracentrifugation, reduced binding signifi- 
cantly in rat and cat liver fractions but not in the 
pigeon liver. 

Lung tissue in all three species showed a small 
degree of binding, but microsomal and cytosol prep- 
arations were without activity. Plasma proteins from 
all species exhibited no significant binding of radioac- 
tivity. 

Brain homogenates from the rat and cat showed 
a small degree of binding, but as with lung, the micro- 
somal and cytosol preparations derived from the 
homogenates were, in this context, inactive. Pigeon 
brain homogenates however, showed a considerable 
degree of binding though the 10* x g and 10° x g 
supernatants possessed a much reduced capability. 

The most striking species difference occurred in the 
kidney. Cat and pigeon kidney homogenates showed 
relatively low degrees of binding which appeared to 
be uniformly distributed thoughout the subcellular 
fractions. Rat kidney homogenates, in contrast, exhi- 
bited a very large degree of binding which, on subcel- 
lular fractionation, appeared to reside exclusively in 
the cytosol. 


10° x g Supernatant 10° x g Supernatont 4 


[— e Kidney 
o Liver 


e Kidney 
oLiver 


Relative percent binding 











Fig. 1. The effect of variation in pH on the binding of 
['*C]nicotine to rat tissue fractions. Co = 154 nM. 





Factors affecting the tissue binding of nicotine in various species 











cB, pm 


Fig. 2. Modified Scatchard plot of the binding of ['*C]- 
nicotine to rat kidney cytosol over the concentration range 
62 to 6200 nM. 


Effect of pH on tissue binding of nicotine to rat liver 
and kidney fractions. The effect of pH of the dialysis 
buffer and tissue homogenate, on the binding of 
['*C]nicotine was investigated and the data are illus- 
trated graphically in Fig. 1. It may be seen that, in 
both tissues examined the degree of binding increased 
with pH over the range studied. The effect of pH 
on the degree of binding in kidney was particularly 
marked. 

Effect of nicotine concentration on tissue binding. 
The degree of binding to rat kidney cytosol was esti- 
mated over a range of ['*C]nicotine concentrations 
(62-5200 nM). The resultant data were used to con- 
struct a modified Scatchard plot [15] which, as shown 
in Fig. 2, resulted in a curve the shape of which indi- 
cated the possibility of two types of binding site. Cal- 
culations and extrapolation of the initial linear re- 
sponse to increasing nicotine concentration, over the 
range 62-1540 nM, enabled an apparent association 
coefficient of 1.1 x 10?M~! and a binding capacity 
of 322 nmoles per mg protein to be derived. 

In vivo tissue distribution studies. Tissues obtained 
from rats after subcutaneous administration of 
['**C]nicotine were fractionated and the radioac- 
tivity measured in each fraction. Table 2 shows the 
results where the data are calculated relative to the 
activity in each homogenate. In lung and brain the 
radioactivity, at 20min after dosing was uniformly 
distributed throughout the cells. The same phenom- 
enon occurred in rat kidney. In liver, however, the 
distribution data suggested a relative concentration 
in the microsomes and perhaps other cell organelles. 
The table also shows the total individual tissue homo- 
genate activity distribution expressed relative to that 
in the liver. When expressed this way, brain and lung 
contained relatively less activity than liver but kidney 
contained some five times as much activity as hepatic 
tissue. 





0.4 


OD 280 nm 
-------dpm 














Fraction number 


Fig. 3. Chromatography of a rat kidney 10° x g superna- 
tant on a sephadex G 100 column. 


Chromatographic studies of the tissue binding. A por- 
tion (1 ml) of the dialysed rat kidney 10° x g superna- 
tant at pH 7.4, was applied to a 60 x 1.1 cm Sephadex 
G-100 column and activity eluted with 0.1. M_ phos- 
phate buffer pH 7.4 containing 0.02% sodium azide. 
Figure 3 shows the elution profile. Elution of a single 
peak of radioactivity was associated with a relatively 
small protein containing peak (measured at 280 nm) 
approximately one void volume after the main frac- 
tion. On the same column ['*C]nicotine was eluted 
between fractions 59-62. 


DISCUSSION 


The results indicate that ['*C]nicotine will bind 
to tissues in certain species—particularly the rat. Such 
tissue binding is consistent with the apparently large 
volumes of distribution [11] and tissue to plasma 
levels [13] of the drug which have been reported in 
that species. It seems clear that in livers of all three 
species the principal binding occurs in microsomes 
which is consistent with their metabolic involvement. 
However, it is known that in the metabolism of nico- 
tine the cytosol is also required, at least for cotinine 


Table 2. Distribution of radioactivity in subcellular fractions of rat tissues 20 min 
after subcutaneous administration of 0.4 mg/kg ['*C]nicotine 





Percentage dpm/ml 
in cellular fractions 


relative to homogenate Liver 


Lung Brain Kidney 





10* x g supernatant 
10° x g supernatant 


8044+44 9644 7.3 
40.7 + 4.3 


94.9 + 2.7 
9704150 95.6499 


98.7 + 6.6 
100.1 + 4.2 





Percentage dpm/gm 100 


tissue relative to liver 


So 39 + 3 


538 + 55 
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production [16] and so the findings of residual binding 
in that fraction is not surprising. Jn vitro studies [17] 
using the method of Hucker et al. [16] have indicated 
a much greater rate of hepatic nicotine metabolism 
in pigeon as compared to rat and it is known that 
the LDs, for nicotine is much less in this bird than 
that observed in other species [18]. These earlier and 
the present observations may well be consistent with 
important differences in avian drug metabolism. 

Both the lung and brain of the rat and cat showed 
little tendency to bind nicotine suggesting that the 
observed binding in other tissues may not be related 
purely to lipid solubility. Luddon et al. [19] have 
reported that lung, and liver slices, when incubated 
with ['*C]nicotine under anaerobic conditions both 
bind the drug significantly. Yamamoto et al. [13] 
however, observed only a relatively low degree of 
binding in lung tissue using a similar technique. 

Perfused lung studies indicate that nicotine itself 
does not bind significantly in vivo to dog lung 
although metabolites of nicotine such as the N-oxide 
appear to do so [20]. Nicotine is actively metabolised, 
in vitro, in liver preparations at 37° and both kidney 
and lung are also capable of much lower degree of 
metabolism. Brain tissue appears to be without meta- 
bolic activity [9]. Under the conditions of our experi- 
ments we consider it unlikely, however, that signifi- 
cant metabolism occurred and examination of a liver 
homogenate, after dialysis, by solvent extraction 
revealed only ['*C]nicotine. 

Pigeon brain was unusual in that the homogenate 
bound much larger proportions of the drug than did 
the tissue from the other two species. Few compara- 


tive studies have been performed on this species with 
nicotine or other basic drugs and so it is difficult 
to speculate on the reason for this difference. Pigeon 
brain, however, appears to be relatively more sensitive 


to enzyme inhibition by nicotine than is rat 
brain [21]. 

The most striking observation, however, relates to 
rat kidney, the cytosol of which showed a consider- 
able capability to bind ['*C]nicotine. 

The in vivo radioactivity distribution and the evi- 
dence from earlier tissue slice studies[12] were also 
consistent with this finding. Though the solid content 
of both 10* and 10° x g supernatants would vary 
from tissue to tissue the homogenates were made up 
on the basis of identical wet weight to buffer ratios 
and so the relative increase in radioactivity, provided 
a valid means for comparison. Rat brain and lung 
activity, in the centrifuged fractions, were not signifi- 
cantly lower than the homogenate which was consis- 
tent with the in vitro observations. The same relation- 
ship in the rat kidney was also not surprising since 
the in vitro binding appeared exclusively in the 
10° x g supernatant which was common to all three 
fractions. The in vivo distribution in rat liver however, 
complemented the in vitro data indicating microsomal 
binding. In the in vivo studies it is certain that some 
metabolism would have occurred which could 
account for the relatively greater concentrations of 
['*C] activity in the lung and brain homogenates. 
However, the time of sampling was arranged to coin- 
cide with the peak blood level [22] and it is known 
that metabolism of ['*C]nicotine in the rat is rela- 
tively slow [22]. 
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The nature of the binding is unusual since it 
appears to increase with increasing pH which for 
nicotine means increasing proportions of the free 
base. This would suggest a non covalent lipid contain- 
ing fraction in the kidney extract. Such binding would 
not be particularly strong or specific and the Scat- 
chard plot data indicate binding sites which possess 
a low affinity though with high capacity. The evidence 
of at least one other type of other binding site is 
of only academic importance in relation to the nico- 
tine concentrations likely to be achieved in tobacco 
smoking related experiments. 

The lack of plasma protein binding at physiological 
PH is consistent with the relatively uniform distribu- 
tion between red cells and plasma in a number of 
species [23]. 

The nature of the entities responsible for binding 
the nicotine in rat kidney is not known though the 
chromatographic studies including separation on 
Sephadex G-100 indicate a component with a rela- 
tively low molecular weight. 

Cat and chicken kidney cortex have been reported 
to bind organic bases such as hexamethonium [24] 
and active uptake processes are involved. Yamamoto 
et al. [13], however, reported that the uptake of nico- 
tine by rat kidney was a passive process, but was 
not dependent wholly on lipid solubility. 

The relevance of these results to the human smoker 
are unknown since the nicotine bindings properties 
in human tissues have not been studied. The observa- 
tions are clearly of importance however in relation 
to the disposition and pharmacodynamics of other 
basic chemicals the moreso in relation to the wide- 
spread use of the rat as a model for toxicological 
screening of drugs. 
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Abstract—The inhibition of mitochondrial monoamine oxidase (MAO) from beef brain cortex by the 
selective inhibitors, clorgyline, harmaline, Deprenyl and pargyline, was compared using five substrates: 
serotonin (5-HT), B-phenylethylamine (PEA), tyramine, tryptamine and dopamine. Dose-response 
studies, consistent with the classification of MAO, types A and B, indicated that serotonin deamination 
was more sensitive to clorgyline and harmaline inhibition than was phenylethylamine. However, the 
curves for all substrates were double-sigmoidal, rather than being a single sigmoid curve for 5-HT 
and PEA. Deprenyl and pargyline did not exhibit any marked selectivity for inhibiting PEA deamina- 
tion without prior preincubation of enzyme and inhibitor. The rate of inhibition was variable and 
was dependent upon the substrate, the nature of the inhibitor and the inhibitor concentration. Dual 
inhibitor studies, using the “type A” inhibitor, clorgyline, and the “type B” inhibitor, Deprenyl, together, 
resulted in almost complete MAO inhibition, regardless of substrate. Combining the two type A inhibi- 
tors, clorgyline and harmaline, or the two type B inhibitors, deprenyl and pargyline, resulted in inhibi- 
tions that were equal to or only slightly greater than the inhibition produced by a single inhibitor. 
These results suggested that there are at least two distinct sites in beef brain MAO from cortical 


mitochondria which may be interacting. The deamination of all substrates occurs at both sites. 


There has been considerable interest in the evaluation 
of the multiple activities of MAO (monoamine: 
oxygen oxidoreductase, EC 1.4.3.4.) [1,2]. Although 
the existence of separate multiple forms has not been 
definitely established, the variable characteristics of 
the enzyme observed with respect to substrate [3-5] 
have made the concept of multiple forms an attractive 
hypothesis. In particular, the classification on MAO 
into “A” and “B” types has received considerable 
acceptance [6-8]. The classification was derived from 
the work of Johnston [9] who described an abnormal 
double-sigmoid dose response of liver MAO to the 
inhibitor, clorgyline, when tyramine was used as sub- 
strate as opposed to serotonin which exhibited only 
a single-sigmoid curve. The double-sigmoid curve was 
taken to be indicative of two enzyme forms with dif- 
ferent inhibitor sensitivities. The substrate-related sen- 
sitivity to several inhibitors has become a primary 
consideration in the designation of the two types of 
activity which have been found to occur in variable 
proportions in different organs [10, 11]. Nevertheless, 
there have been several reports where the enzyme 
properties do not agree in toto with the A-B concept 
as generally defined with respect to substrate and in- 
hibitor specificities [12, 13]. 

Previous investigations from this laboratory 
[14, 15] have dealt with the characterization of MAO 
in intact, purified beef brain mitochondria and the 
effect of various parameters on activity with respect 
to substrate. Variations in certain properties such as 
pH optimum and response to anions were observed, 
but these appeared to follow a pattern along a sub- 





* This article constitutes the fifth paper in a series en- 
titled, “Studies of Monoamine Oxidases.” 


strate structural line rather than a possible A-B 
enzyme classification. The thermostability of the 
various deaminating properties was not clearly differ- 
ent so as to indicate the possibility of distinct molecu- 
lar species. The differentiation of putative MAO 
forms remains of importance for a better understand- 
ing of neurochemical function and the present investi- 
gation describes some distinct characteristics of MAO 
inhibition in intact beef brain mitochondria which 
point to the complexity of this problem. Preliminary 
communication of some of these findings has been 
presented [16, 17]. 


MATERIALS AND METHODS 


Reagents. All radiochemicals: ([1-'*C]dopamine 
hydrobromide (6:28 mCi/m-mole), [1-'*C]f-pheny- 
lethylamine hydrochloride (7 mCi/m-mole), [2-'*C]- 
tryptamine bisuccinate (47.3 mCi/m-mole), 
[1-'*C]tyramine hydrochloride (9.20 mCi/m-mole) 
and [2-'*C]serotonin binoxalate (17.2 mCi/m-mole), 
and liquid scintillation chemicals were obtained from 
New England Nuclear Corp., Boston, MA. The cation 
resins, AGSOW-X8 (200-400 mesh) and Amberlite 
CG-50 (100-200 mesh), were obtained from Bio-Rad 
Corp., Richmond, CA and A. H. Thomas Co., 
Philadelphia, PA, respectively. The following drugs 
were kindly supplied through the courtesy of the 
manufacturers as indicated: clorgyline hydrochloride | 
(M & B 9302), May & Baker, Ltd., London, England, 
and pargyline hydrochloride (“Eutonyl”), Abbott 
Laboratories, North Chicago, IL. Deprenyl [(—)E- 
250] was a gift from Drs. J. Knoll and K. Magyar, 
Budapest, Hungary. Harmaline was purchased from 
Aldrich Chemical Co., Inc., Milwaukee, WI. 
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Methods. Mitochondrial fractions were prepared 
and MAO activity was assayed as previously de- 
scribed [14,15]. Radiometric assays were used to 
measure the deamination of ‘'*C-labeled serotonin 
(0.5mM), f-phenylethylamine (0.5mM), tyramine 
(1.0 mM), tryptamine (0.2 mM) and dopamine (0.5 
mM). The substrate concentrations used were those 
determined to be optimal for each substrate under 
the conditions of assay (0.05 M potassium phosphate 
buffer, pH 7.4; 20 min, 37°. Protein concentrations 
were determined by the method of Lowry et al. [18], 
using bovine serum albumin as standard. 

Inhibition was measured with and without preincu- 
bation of the enzyme with inhibitor. For studies with 
preincubation, the enzyme was preincubated with the 
inhibitor at 37°, for the desired length of time. The 
reaction was then started by the addition of the sub- 
strate. In studies without preincubation, the enzyme 
was added to the reaction mixture containing sub- 
strate and inhibitor. The degree of inhibition was 
determined by comparison to control samples: which 
were assayed under similar conditions as the inhibited 
samples. In the mixed inhibitor studies, the enzyme 
was preincubated with the inhibitors, singly or in 
combination, for 15-20 min at 37°, pH 7.4, prior to 
the addition of substrate. Equimolar concentrations 
of the inhibitors were present when used in combina- 
tion. 

In dialysis experiments, the enzyme was incubated 
with inhibitor for 30 min at 37° in pH 7.4 buffer. 
An aliquot was taken for activity measurements and 
the remaining fraction was dialyzed against 500 vol. 
of 0.05 M phosphate buffer, pH 7.4, at 4° for approxi- 


mately 48 hr with several changes of buffer. After di- 
alysis, activity was measured using standard assay 
procedures as previously described [15]. 


RESULTS 


Differential inhibition of MAO. In order to study 
the A-B nature of MAO in beef brain cortex, the 
effects of the inhibitors said to be selective for the 
“A” form (clorgyline and harmaline) and the “B” form 
(Deprenyl and pargyline) were determined. The re- 
sponses of beef brain MAO to clorgyline using five 
substrates are shown in Figs. 1 and 2. There was a 
distinct susceptibility of the enzyme with regard to 
the deamination of 5-HT (preferred substrate of A 
form), compared to PEA (preferred substrate of B 
form). The I, values (molar inhibitor concentration 
required to inhibit enzyme activity by 50 per cent) 
for the overall deamination reaction were 7.5 x 10~° 
M vs 1.8 x 10°° M for 5-HT and PEA respectively. 
The deamination of the other substrates, tyramine, 
. dopamine and tryptamine, said to be commonly de- 
aminated by both A and B forms, was found to be 
intermediate in sensitivity to the inhibitor. Thus, the 
substrate susceptibility was in the order that might 
be expected under the A-B classification. However, 
the dose-response curves were double-sigmoidal for 
all substrates. Similar results were obtained with har- 
maline, although the inhibitor potency was slightly 
less than clorgyline with I,9 values of 5.6 x 10° M 
and 4.6 x 10°° M for 5-HT and PEA deamination 
respectively. 
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The differentiation observed in the inhibition of 
5-HT and PEA deamination by Deprenyl and pargy- 
line (Figs 3 and 4) and not as marked as with clorgy- 
line and harmaline. The dose-response curves with 
pargyline appeared to be single-sigmoid curves for all 
substrates and with Deprenyl for 5-HT; however, the 
dose-response curves to Deprenyl of PEA deamina- 
tion, as well as those of the “common” substrates (Fig. 
5), showed a shoulder which might or might not be 
considered indicative of a double-sigmoid curve. In 
his description of the abnormal inhibitory properties 
of clorgyline, Johnston [9] described the general slope . 
of the dose-response curves (25875 = plz5 — plys, 
where pl; and pl,, are equal to the negative logar- 
ithm of the inhibitor concentrations required to give 
25 and 75 per cent inhibition, respectively) as gener- 
ally being greater than 1 for the complex inhibition 
of two enzymes, due to the interpolation of a plateau 
region in the curve. The slopes observed here for clor- 
gyline ranged from 3.45 to 3.90 for all substrates. For 
Deprenyl, the slope with 5-HT was 1.0, but slopes 
were shallower for the other substrates, in the order 
of 2.3 to 2.45. 

Effect of preincubation of E + 1 on MAO inhibition. 
The rate of interaction of inhibitor with MAO 
affected the deamination of substrates unequally. This 
was evident from the dose-response studies which 
were performed with and without preincubation of 
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Fig. 1. Clorgyline inhibition of phenylethylamine and sero- 
tonin oxidation. Enzyme was preincubated with clorgyline 
for 15 min at 37° before the addition of substrate 
[(@——) PEA; (O---O) 5-HT] to start the reaction. 
Enzyme activity was determined radiometrically as de- 
scribed previously [14, 15]. Substrate concentrations were 
0.5 mM for both PEA and 5-HT. Per cent inhibition was 
determined by comparison with control sample containing 
no inhibitor. The values obtained were plotted against the 
negative logarithm of the inhibitor molar concentration 
(=p). , 
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Fig. 2. Clorgyline inhibition of dopamine, tyramine and 

tryptamine oxidation. Same conditions as in Fig. 1, using 

(A--—-A) dopamine, (@——) tyramine, and (O——O) 
tryptamine as substrates. 


© Phenylethylamine 
° Serotonin 








ale 
3 


7 6 5 4 
pI 

Fig. 3. Deprenyl inhibition of phenylethylamine and sero- 
tonin oxidation. Enzyme was preincubated with Deprenyl 
for 15 min at 37° before the addition of substrate, either 
PEA (@——@) or 5-HT (O--—-0), to start the enzyme reac- 
tion. Activity was determined radiometrically as previously 
described [14, 15]. 
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Fig. 4. Pargyline inhibition of phenylethylamine and sero- 
tonin oxidation. Same conditions as in Fig. 3. 
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Fig. 5. Deprenyl inhibition of dopamine, tyramine and 
tryptamine deamination. Enzyme was preincubated with 
Deprenyl for 15 min at 37° before the start of the reaction 
by the addition of substrate [(A----A) dopamine, 
(@——) tyramine, and (O——) tryptamine]. Activity 
was determined radiometrically as previously described 

(14, 15]. 
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Fig. 6. Instaneous inhibition of phenylethylamine and 
serotonin deamination by Deprenyl. Enzyme was not 
preincubated with inhibitor. Enzyme reaction was started 
by addition of enzyme to inhibitor and substrate 
[(@——) PEA; (O---0) 5-HT] and activity determined 
radiometrically as previously described [14, 15]. Control 


samples were assayed under identical conditions without 


E +1. In the case of Deprenyl, the dose-response 
curves of 5-HT and PEA deamination were superim- 
posable in studies where the enzyme was not preincu- 
bated with the inhibitor prior to assay (Fig. 6). Indivi- 
dual rate studies using 5-HT and PEA as substrates 
indicated that three variables needed to be con- 
sidered; namely, the substrate itself, the nature of the 
inhibitor and the inhibitor concentration (Fig. 7). 
Clorgyline had been reported to require no preincu- 
bation for development of inhibition [19]; however, 
the present studies showed that this was not true for 
all conditions. With moderately low inhibitor concen- 
trations (10~’ and 10~® M), approximately 10-20 min 
of preincubation was required for maximal inhibition 
of the deamination of all substrates. At higher concen- 
trations of clorgyline, the deamination of PEA was 
not inhibited maximally until after 15 min of preincu- 
bation, whereas the inhibition with 5-HT seemed to 
require no preincubation. The studies with Deprenyl 
also showed some anomalies. Preincubation was 
required for maximal inhibition of PEA at low to 
moderate inhibitor concentrations from 10~® to 107° 
M, whereas with high concentrations of Deprenyl 
(10~* M), the inhibition of PEA deamination was not 
time dependent. As seen in Fig. 7b, the degree of inhi- 
bition of 5-HT deamination was not dependent on 
incubation times, at both high and low concentrations 
of inhibitor. At high concentrations of Deprenyl (10~* 
M), the deamination of the other substrates also did 
not require preincubation for maximal inhibition. 
These variations in the effect of preincubation did not 
appear to be a consequence of reversible vs irrevers- 
ible inhibition, since similar results were obtained 
with the reversible inhibitor, harmaline. Preincuba- 


tion was necessary for maximal inhibition by harma- 
line at concentrations lower than 10~° M (Fig. 8). 


inhibitor. pI = negative logarithm of molar inhibitor 
concentration. 
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Preincubation, Preincubation, min 
. Fig. 7. Rate of inhibition of MAO in beef brain mitochondria by clorgyline and Deprenyl—Effect 
of inhibitor concentration. High concentrations (10~* — 10~° M) of inhibitor were preincubated with 
enzyme for indicated lengths of time at 37° before the start of the reaction by the addition of substrate 
[(O---O) 5-HT; (G——C) PEA]. Similarly, low concentrations (10-7 — 107-8 M) of inhibitor were 
preincubated with enzyme and inhibition of 5-HT (@-—-@) and PEA ‘@ ®) oxidation was 
measured. Figure 7a shows results with clorgyline using 10~* and 10~*M clorgyline as the high 
and low concentrations for the inhibition of 5-HT oxidation and 10~* and 10~’M clorgyline for 
the inhibition of PEA oxidation. Figure 7b shows the results for Deprenyl inhibition using 10~* M 
and 10~’ M as the high and low concentrations for the inhibition of both 5-HT and PEA oxidation. 
Activities were determined radiometrically as described previously [14, 15] and per cent inhibition was 
determined by comparison with control experiments in which enzyme was preincubated for the same 

length of time without inhibitor. 
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Fig. 8. Effect of preincubation on harmaline inhibition of 
serotonin and phenylethylamine deamination. The inhibi- 
tion of S-HT and PEA deamination by the reversible in- 
hibitor, harmaline, was measured with and without prein- 
cubation of E + I, before starting the reaction with sub- 
strate. Preincubation time was 15 min for studies with 
preincubation. Key: (O---O) 5-HT deamination with 
preincubation; (O——0O) 5-HT deamination without prein- 
cubation; (@---@) PEA deamination with preincubation; 
and (@——@) PEA deamination without preincubation. 


On the other hand, studies with the tricyclic anti- 
depressant, imipramine, which also inhibits MAO 
reversibly, yielded a constant inhibition, with and 
without preincubation, regardless of inhibitor concen- 
tration and substrate used (to be published). 

Effect of dialysis. The reversibility of harmaline in- 
hibition and the irreversibility of Deprenyl and clor- 
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gyline inhibition was confirmed by dialysis experi- 
ments (Table 1). After 48-hr dialysis of the inhibited 
enzyme, MAO activity was recovered in the harma- 
line-treated sample but not in the deprenyl- or clor- 
gyline-treated samples. There was little difference in 
the recovery of enzyme activity irrespective of the 
substrate used: 5-HT, PEA and tyramine. 

Mixed inhibitor studies. The inhibition of MAO ac- 
tivity in beef brain mitochondria obtained when a 
combination of two inhibitors was used simul- 
taneously is shown in Tables 2 and 3. When two in- 
hibitors are present at the same time, acting on the 
same system, the inhibition produced by both inhibi- 
tors together is defined by: 

ino =i, + ip — ii, 
where i, and i, are the fractional inhibitions produced 
by each inhibitor separately [20]. In Table 2, the 
experimentally determined multiple inhibitions, i, », 
for the combination of an A inhibitor, clorgyline, and 
a B inhibitor, Deprenyl, were compared to the theor- 
etical, calculated values defined by the equation 
above. For all substrates, with the exception of 5-HT, 
the experimental values were greater than the theor- 
etical values. With 5-HT, the experimental results 
were about equal to the calculated values. There was 
almost 100 per cent inhibition of MAO activity with 
A-B combination, indicating that the inhibitions pro- 
duced by each inhibitor were essentially additive. In 
contrast, the combination of two A inhibitors or two 
B inhibitors (Table 3) did not result in total inhibi- 
tion. The inhibition of 5-HT and PEA was not addi- 
tive and found to be equal to or less than the calcu- 
lated inhibition. With the A inhibitors, clorgyline and 
harmaline, the inhibition produced with the two in- 
hibitors present was essentially the same as with 
either single inhibitor. The combination of B inhibi- 
tors, Deprenyl and pargyline, resulted in inhibitions 
slightly greater than inhibition with either inhibitor 
alone, but still less than the sum of the two inhibitors. 


DISCUSSION 


The studies presented here indicate that, with beef 
brain mitochondrial MAO, clorgyline and harmaline 


Table 1. Reversal of MAO inhibition by dialysis* 





Inhibitor Substrate 


Before dialysis 


Per cent 
reversal of 
inhibition 


Per cent inhibition 
After dialysis 





Clorgyline (10-* M) 5-HT 
PEA 
Tyramine 
5-HT 
PEA 
Tyramine 


5-HT 
PEA 
Tyramine 


Deprenyl (10~* M) 


Harmaline (107-5 M) 


94.6 4.4 
87.1 0 
85.7 0.3 


80.8 


99.0 
85.4 
86.0 


81.2 
96.6 97.4 
99.8 94.7 


83.5 0 
54.5 0 
68.5 0 





* Dialysis experiments were carried out as described in Methods. Per cent inhibition was determined by a comparison 
of inhibited samples with control samples which were treated in the same manner as the inhibited samples but with 
no inhibitor present. 
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Table 2. Multiple inhibition of MAO in beef brain mitochondria using an A inhibitor and a B inhibitor* 





Calculated 
theoretical 
mult. inhibition 
(i, + iz — if) 


Calculated 

sum of ind. 
inhibition 
(i, + iz) 


Measured 
clorgyline Deprenyl 
inhibition inhibition 

Substrate i (iz) 


Measured 
Measured 
mult. inhibition 
(i; ,2) 





Serotonin 
Phenylethylamine 
Tyramine 


Tryptamine 


38.1 + 2.7 (9) 
14.6 + 1.8 (12) 


65.3 + 2.1 (9) 
50 + 2.2 (11) 


55.9 + 2.9 (5) 
38.3 + 2.2 (7) 


58.3 + 3.3 (5) 


85.0 + 3.9 (5) 
83.6 + 4.4 (5) 


98.6 + 0.7 (4) 
96.5 + 1.5 (4) 


99.1 + 0.5 (2) 
98.6 + 1.0 (2) 


95.2 + 4.2 (2) 


114.8 
89.8 


115.8 
98.3 


118.8 
98.2 


113.4 


85.6 
78.8 


82.8 
74.1 


| 83.6 
75.3 


$1.3 


44.6 + 3.7 (5) 91. 


5 +4. 
58.0 + 3.8 (4) 906 + Ot (2) 
4214+41(5). 993+0. 


Dopamine 


2 (2) 93.1 71.5 
122.7 85.2 


T (2) 106.9 79.6 





* Inhibition is expressed as per cent or fractional inhibition using equimolar concentrations of the A inhibitor, clorgy- 
line, and the B inhibitor, Deprenyl, for the multiple inhibition. Studies were carried out as described in Methods. 
Measured data are per cent inhibitions + S.E.M., determined by comparison with control samples containing no 
inhibitor. Numbers in parentheses are the number of determinations; all determinations were done in duplicate for 


the inhibited samples and in triplicate for the controls. 


were clearly more effective in inhibiting the oxidation 
of 5-HT than PEA, in agreement with the A-B model. 
It should be emphasized, however, that the clear pre- 
ference ascribed to these inhibitors, in terms of a 
single-sigmoid curve, was not observed. Double- 
sigmoid or biphasic curves were observed for both 
5-HT and PEA, in addition to the other substrates. 
This indicated that there may be two types of activi- 
ties present in intact purified beef brain mitochondria 
differing in their sensitivities to clorgyline or harma- 
line which act on both 5-HT and PEA. Yasuhara [21] 
also found a biphasic dose-response curve for the in- 
hibition of 5-HT oxidation by harmine, the unsatur- 
ated analogue of harmaline. Upon heat treatment, 
however, a single-sigmoid curve was obtained. Results 
were interpreted on the basis of two sites or forms, 
one of which was heat labile and the other heat stable. 
On the other hand, the B-type selective inhibitors, 


Deprenyl and _ pargyline, weakly differentiated 
between 5-HT and PEA oxidation by beef brain mito- 
chondria, and this, only with preincubation of enzyme 
and inhibitor. In this respect, beef brain MAO 
appeared to respond similarly to MAO from rabbit 
tissues, which Squires [10] reported was not selec- 
tively inhibited by Deprenyl and pargyline, while 
showing a differential response to clorgyline and har- 
mine. 

The results presented here are in agreement with 
other recent reports [22,23] which have shown that 
both A and B types of MAO can oxidize substrates 
which had been previously thought to be exclusive 
for one form or another. While there may be vari- 
ations due to species and organs, Ekstedt [23] 
reported large differences in the K,, values of the two 
forms for the different amines. Since the PEA concen- 
tration used in the present experiments was relatively 


Table 3. Multiple inhibition of MAO using two A or two B inhibitors* 





Calculated 
theoretical 
mult. inhibition 
(i; + i, — i,i2) 


Calculated 

sum of ind. 
inhibition 
(i; + i) 


Measured 
mult. inhibition 


(i;,2) 


Measured Measured 
{hj inhibition inhibition 
Substrate (M) (i) (iz) 





Inhibition by A inhibitors, clorgyline (i,) and harmaline (i,) 
Serotonin 10°° 76.7+1.6(10) 76.9 + 5.0 (6) 
107-7 +75.2+1.9 (10) 71.0 + 4.3 (6) 


10-° 50.5 + 2.8 (9) 52.1 + 1.7 (5) 
10-7 48.3 +2.0(10) 45.2 + 1.3 (6) 


153.6 94.6 
146.2 92.9 


Phenylethylamine 102.6 76.3 


4. 
1. 
2.7 (3) 
0.6 (3) 93.5 3 


+ 1+ 1+ I+ 


Inhibition by B inhibitors, Deprenyl (i,) and pargyline (i,) 
Serotonin 10-° 38.1 + 2.7 (9) 48.6 + 4.2 (5) . : 86.7 68.2 
10-7 146+18(12) 118 +28 (6) , d 26.1 24.6 


10-° 65.3 + 2.0 (9) 69.7 + 4.1 (6) 135.0 89.5 


Phenylethylamine . 
10-7 500+22(i1) 32.7 + 3.1 (7) ; . 82.7 66.3 





* Equimolar concentrations of inhibitors were used for multiple inhibitions. Measured data are per cent inhibition 
+ S.E.M. determined by comparison with control samples assayed without inhibitor. Studies were carried out as 
described in Methods. Numbers in parentheses are the number of determinations; all determinations were done in 
duplicate for the inhibited sample and in triplicate for the controls. 
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high (0.5 mM), this may in part account for the sub- 
strate preferences reported here for the beef brain 
MAO. 

The rate studies with clorgyline and Depreny] (Fig. 
7) might be interpreted as a result of different rates 
of attack by the inhibitors on two distinct centers of 
oxidation: a fast-reacting center and a slow-reacting 
center, as suggested for the biphasic inhibition of 
rat liver MAO oxidation of tyramine by 5-phenyl- 
(-3- N -cyclopropyl ) ethyl - amine - 1 ,2, 4 - oxaldiazole 
(PCO) [24]. However, this does not fully explain all 
the ramifications of the present study with regard to 
the variations in rate occurring with the different in- 
hibitors, inhibitor concentrations and various sub- 
strates. In general, all the inhibitors used showed 
some time dependency, but there also was instan- 
taneous inhibition, the degree of which depended on 
the inhibitor concentrations. The present results, 
perhaps, might be better explained by assuming a 
two-step inhibition reaction occurring at two different 
centers [25]. 

E,t1I=E,:1-E,—-—I1 


E,;+1I=E, 1-E,; - I. 


In the first step, there is a non-covalent interaction 
occurring between enzyme and inhibitor which takes 
place rapidly, so that one observes an instantaneous 
inhibition, the extent of which depends on inhibitor 
concentration. In the second step, a covalent bond 
between E and / is formed at a much slower rate. 
The rate of this second reaction would not be the 
same for both sites. 

The mixed inhibitor studies (Tables 2 and 3) also 
indicated that MAO in beef brain mitochondria 
might contain different sites which are distinct for the 
different inhibitors but perhaps are not mutually 
exclusive for any particular substrate. There appears 
to be a site which reacts with clorgyline and harma- 
line and another site for Deprenyl and pargyline. 
Both sites are involved in the deamination of all the 
substrates and the effect of using a combination of 
inhibitor of an A type and a B type is an additive 
one. Thus, one is able to completely inhibit MAO 
activity using relatively low concentrations of such 
a combination whereas if a single inhibitor or even 
a combination of inhibitors of the same type is used 
at the same concentrations, one only observes partial 
inhibition. It is interesting to note the difference in 
the effects of the combination of clorgyline and har- 
maline and that of Deprenyl and pargyline, where 
the A inhibitors show more of an antagonistic effect 
(Table 3). This probably reflects the dissimilarity 
between the structural nature of clorgyline and har- 
maline, or a difference in the type of inhibition pro- 
duced, being irreversible with clorgyline and rever- 
sible with harmaline, as confirmed by the dialysis ex- 
periments. Deprenyl and pargyline are both propar- 
gylamine derivatives and are irreversible inhibitors. 

The deamination of 5-HT deviated slightly from 
the general pattern of additive inhibition with A-B 
combinations of inhibitors in that there was only 85 
per cent inhibition with the combination of clorgyline 
and Deprenyl in contrast to the other substrates 
(Table 2). Recently it was reported that there is a 
clorgyline-insensitive 5-HT-oxidizing activity in the 
circumventricular structure of the rat brain [26]. 
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Since it was observed here that total inhibition of 
5-HT deamination was not achieved with high con- 
centrations of clorgyline (Fig. 1), it may well be that 
this remaining 5-HT-oxidizing activity in beef brain 
is due to a site or form which is distinct from those 
previously mentioned. Nonetheless, with regard to the 
other substrates, the present results would seem to 
be in partial agreement with a recent study in vivo 
by Green and Youdim [27] who gave clorgyline plus 
Depreny! simultaneously to rats and found total inhi- 
bition of both 5-HT and PEA oxidation with brain 
tissue. Higher doses of a single inhibitor were able 
to inhibit by 100 per cent the oxidation of only one 
amine but not the other. With beef brain MAO, it 
is possible to completely inhibit PEA oxidation with 
higher concentrations of clorgyline and 5-HT oxi- 
dation with sufficiently high concentrations of 
Deprenyl. Green and Youdim [27] suggested that, 
while 5-HT may normally be metabolized by pre- 
dominantly the A type of MAO, when this form is 
inhibited, type B may continue to act on the amine 
and that MAO acts in vivo as an integrated enzyme 
system with properties that differ from the individual 
forms studied in vitro. The present report seems to 
indicate that intact mitochondria might be regarded 
as an integrated system in vitro. 
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Abstract—Serotonin transport and storage in suspensions of washed rabbit platelets were investigated 
by following the exchange of platelet-bound [*H]serotonin and ['*C]serotonin added to the suspending 
medium. Assuming a three-compartment system (suspending medium, platelet cytoplasm and platelet 
storage organelles), the transfer rates between the different compartments were calculated from the 
exchange data by statistical analysis. Reserpine reduced the storage organelle serotonin content by 
inhibiting the transfer of serotonin from the cytoplasm into the amine storage organelles. It also reduced 
the fraction of serotonin in the cytoplasm transferred per unit of time into the suspending medium. 
Imipramine (20 uM) inhibited the uptake of serotonin across the platelet plasma membrane into the 
cytoplasm and reduced the fraction of cytoplasmic serotonin transferred per unit of time into the 
suspending medium. At this concentration it had no effect on serotonin transport across the amine 
storage organelle membrane in either direction. The method used allows the serotonin transfer rates 
across the platelet plasma membrane to be distinguished from those across the amine storage organelle 
membrane in intact cells, and permits these transfer rates to be estimated simultaneously. The method | 
may be used for determining the e.fects of drugs that interfere with transport and storage of biogenic 
amines and in defining the defects in diseases with abnormal transport or storage of biogenic amines. 


We have recently developed a method of analysis of 
serotonin transport and storage in intact platelets 
[1,2]. With this method it is possible to estimate the 
rates of serotonin transfer across the platelet plasma 
membrane and across the membrane of the storage 
organelles without introducing artifacts due to homo- 
genization. Using this approach, we have now exam- 
ined the effects of reserpine and imipramine, which 
are known to interfere with the transport and storage 
of biogenic amines such as adrenaline, noradrenaline 
and serotonin in nervous tissue [3], the adrenal 
medulla [4], and blood platelets [5]. In addition to 
confirming previously recognized effects of imipra- 
mine and reserpine on the transport and storage of 
biogenic amines, the present studies provide quantita- 
tive data on the effect of these drugs on serotonin 
transport across the amine storage organelle mem- 
brane in intact blood platelets. 


MATERIALS AND METHODS 

Non-radioactive compounds 

Bovine thrombin was obtained from Parke, Davis 
& Co., Detroit, MI. Serotonin [5-hydroxytryptamine 
creatinine sulfate complex (S-HT)] was purchased 
from Sigma Chemical Co. (St. Louis, MO). Apyrase 
(EC 3.6.1.5) was prepared according to Molnar and 
Lorand [6]. This preparation hydrolyzed 18 nmoles 





* Part of this work was presented at the Forty-seventh 
Meeting of the American Heart Association, Council on 
Thrombosis, National Conference on Thrombosis and 
Hemostasis, Nov. 20-22, 1974, Dallas, TX, U.S.A. 


ATP/min/yg of protein and 300 nmoles ADP/min/yg 
of protein (3 mg protein/ml of apyrase). Reserpine (Ser- 
pasil) was obtained from Ciba Co. Ltd., Dorval, Que- 
bec, and was used for the experiments in vivo. Reser- 
pine powder dissolved in absolute ethanol at a con- 
centration of 0.33 mM or Serpasil was used for the 
experiments in vitro. Both preparations gave the same 
results compared with the appropriate control. Im- 
ipramine (Tofranil) was obtained from Geigy Canada 
Ltd., and dissolved in 0.85% saline. All concentrations 
given are the final concentrations in the platelet sus- 
pensions after all additions. 


Radioactive compounds 


5-Hydroxytryptamine [*H] (G) creatinine sulfate 
({?H]serotonin ; [7H]-5-HT) in aqueous solution con- 
taining 2% ethanol (sp. act. between 11 and 17.3 Ci/m- 
mole) and 5-hydroxytryptamine-3’-['*C]creatinine 
sulfate ({'*C]serotonin; ['*C]-5-HT) (sp. act. ap- 
proximately 50 mCi/m-mole in different batches) were 
obtained from Amersham/Searle Corp., Arlington 
Heights, IL. The radioactive purity of the ['*C]-5-HT 
was determined by paper chromatography [5] and 
found to be between 96 and 98 per cent. Unlabeled 
serotonin was added to the radioactive serotonin 
when the final serotonin concentrations in the platelet 
suspensions were above | uM. 


Platelet suspensions 

Suspensions of washed platelets in Tyrode solution 
containing 0.35% albumin and apyrase (2 pl/ml of sus- 
pending medium) were prepared from rabbit blood 
by the method described by Ardlie et al. [7]. 
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Platelet release reaction 

Suspensions of washed platelets were prepared 
from the blood of rabbits that had been injected intra- 
peritoneally with 5 mg reserpine/kg 18 hr prior to the 
collection of the blood [8]. Control suspensions were 
prepared from rabbits that had not been treated with 
reserpine. 

The washed platelets were equilibrated with 
['*C]-5-HT at a concentration of 123 uM for 60 min. 
It had been established previously [2] in experiments 
in which serotonin uptake was measured fluorometri- 
cally that no further accumulation of serotonin in the 
platelets was achieved under these conditions after 
20 min of incubation. The suspensions from reserpine- 
treated animals were equilibrated with serotonin in 
the presence of 2 uM reserpine. The control suspen- 
sions were equilibrated with serotonin in the absence 
of reserpine. After incubation with serotonin the 
platelets were resuspended in fresh Tyrode solution 
containing 0.35% albumin and unlabeled serotonin at 
the same concentration at which platelets had been 
previously equilibrated. The platelet release reaction 
was studied immediately after the platelets were resus- 
pended. One ml of platelet suspension (10° plate- 
lets/mm*) was warmed to 37° for 5 min and then incu- 
bated with Tyrode solution (0.1 ml) or with thrombin 
(in 0.1 ml of Tyrode solution) to give a final concen- 
tration of 0.45 units/ml for 3 min at 37° in a shaking 
‘device. The suspension was transferred rapidly into 
an Eppendorf centrifugation tube and centrifuged for 
45 sec at 12,000g in an Eppendorf microcentrifuge 
3200. Samples for radioactivity determination were 
taken from the supernatant fluid. The radioactivity 
released by thrombin was corrected for the radioac- 
tivity found in the supernatant fluid of the .aliquot 
treated with Tyrode solution. Released radioactivity 
was expressed as a percentage of the platelet-bound 
radioactivity in the control sample. 

The effect of imipramine (20 uM) on the release of 
['*C]-5-HT from washed rabbit platelets was studied 
in a similar manner. The methods used differed in 
two ways: (1) the rabbits from which blood was 
obtained were not treated with imipramine, and (2) 
the washed rabbit platelets were equilibrated with 
['*C]-5-HT at a concentration of 100 uM in the pres- 
ence or absence of 204M imipramine for 2 hr with 
one change of the suspending medium after | hr. The 
prolonged incubation time (as compared to the ex- 
periments in which the effect of reserpine was studied) 
was chosen since preliminary experiments had shown 
that, in the presence of 20 uM imipramine, the rate 
of serotonin uptake was reduced by more than 50 
per cent. 


Initial rate of [*H]serotonin uptake by rabbit platelet 
suspensions 


Platelets were suspended at a concentration of 
10*/mm? or 10°/mm? in Tyrode solution containing 
SmM HEPES (N-2-hydroxyethyl-piperazine-N’-2- 
ethane sulfonic acid) buffer and apyrase (pH 7.35). 
To ensure accurate platelet concentrations, platelets 
diluted in 1% ammonium oxalate were counted by 
light microscopy in triplicate in Neubaur chambers. 
Platelets were kept at 37° in 1-ml aliquots in. conical 
plastic Eppendorf tubes. Modified Tyrode solution 
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(0.1 ml) or reserpine (2 uM) or imipramine (20 uM) 
was added to the aliquots of platelet suspension and 
incubated for 30 sec. At this time 1, 100 or 123 nmoles 
[3H]-5-HT was added and mixed. Samples (0.1 ml) 
were removed 10, 20, 30, 40, 50 and 60sec later and 
transferred immediately into 2ml of suspending 
medium containing 123 uM non-radioactive serotonin 
and 0.4% formaldehyde [9], kept at 0° to stop im- 
mediately further [*H]-5-HT uptake. This 2.1-ml 
sample was then filtered and washed with 8 ml of ice- 
cold (0°) modified Tyrode solution (no calcium, no 
magnesium) on a Millipore filter HAWP, diameter 
25 mm, pore size 0.45 um (Millipore Corp., Bedford 
MA) plated on a Millipore filter holder (Cat. No. 
10.025.02) under vacuum. Filtration and washing 
required about 15 sec. The filters were dried overnight 
in scintillation counting vials. Then 10 ml of Triton- 
X-100-toluene scintillation fluid [10] was added to 
each vial. The vials were mixed with a vortex mixer 
for 30 sec, cooled to 4° and counted in a f-scintilla- 
tion counter. The counts per min obtained from the 
filtered samples were corrected for non-specific bind- 
ing to the filter and converted into nmoles [*H]-5-HT 
taken up/10° platelets. In the absence of inhibitors 
the rate of [7H]-5-HT uptake was linear with time 
for at least 1 min when a low concentration of sero- 
tonin (1 uM) was used, and less than 5 per cent of 
the total [*H]-5-HT added was taken up during this 
time. The slope of the curve was calculated by linear 
regression amalysis, expressed as nmoles_ of 
[°H]-5-HT taken up/min/10° platelets and considered 
to represent the initial rate of serotonin uptake by 
the platelets. In the presence of reserpine or high con- 
centrations of 5-HT (100 or 123 uM), the initial rate 
of uptake was obtained graphically by drawing the 
tangent to the [°H]-5-HT uptake curve. 


Serotonin exchange experiments 


Experiments were performed in which the exchange 
of radioactive serotonin tracers between platelets and 
surrounding medium was determined. Under equilib- 
rium conditions for the total serotonin, there is no 
net flux of serotonin but a net movement of tracer 
occurs when the tracer is not distributed according 
to the equilibrium amounts among the pools, e.g. if 
one label is outside the platelets and the other is in- 
side. These experiments provide the data by which 
serotonin fluxes may be determined. 

Suspensions of washed platelets were prepared 
from the blood of reserpine-treated and untreated 
rabbits. The platelets were equilibrated with 
[°H]-5-HT (123 uM) for 60min in the presence or 
absence of reserpine (24M) as described for the 
studies of the platelet release reaction. After incuba- 
tion, the platelets were resuspended in fresh Tyrode 
solution containing albumin (0.35%) and apyrase 
(2 pl/ml of suspending medium). The platelet count 
was adjusted to 10°/ml. In experiments in which the 
effect of imipramine was investigated, washed 
platelets were prepared from the blood of untreated 
rabbits. The platelets were then equilibrated with 
[H]-5-HT (100 uM) in the presence of imipramine 
(20 uM) for 120 min with a change of suspending 
medium after 60 min. After incubation, the platelets 
were resuspended in a medium containing either 
123 uM (reserpine experiments) or 100 uM unlabeled 





Serotonin transport and storage in rabbit blood platelets 


serotonin (imipramine experiments) and the drug 
which had been present during the previous incuba- 
tion. All incubations were performed at 37°. After the 
platelets were resuspended in these media, 
['*C]-5-HT was added to the suspending medium. 
(The change in serotonin concentration resulting from 
the addition of the radioactive serotonin was less than 
0.3 uM.) Since the final concentrations of serotonin 
and drug were those of the previous incubation, no 
further net loss or uptake of serotonin could occur. 
The exchange of tracers between surrounding medium 
and platelets was determined; ['*C]-5-HT is taken 
up by the platelets and disappears from the surround- 
ing medium. At the same time [*H]-5-HT accumu- 
lates in the surrounding medium. Samples (approxi- 
mately 0.5 ml) of platelet suspension were taken every 
2 min. The platelets were removed by centrifugation 
in an Eppendorf microcentrifuge 3200 and the radio- 
activity in the supernatant fluid was determined. The 
exchange of tracers and thereby the exchange of sero- 
tonin can be observed until complete equilibrium of 
the tracers has taken place. Usually samples were 
taken for 60-80 min. 

The high serotonin concentrations (100 or 123 uM) 
in the exchange experiments were chosen to ensure 
that there would be no appreciable net movement 
of serotonin across the platelet plasma membrane and 
to minimize the fraction of serotonin converted to 
its metabolites during the exchange experiments (see 
below and Ref. 2). Although part of the serotonin 
transfer across the platelet plasma membrane may be 
due to diffusion rather than due to active transport 
at the high serotonin concentrations used, these con- 
ditions were essential for later analysis. The high con- 
centration of serotonin used in these experiments 
allowed us to estimate the maximum transport rates 
of serotonin between the different compartments 
which would otherwise be impossible with presently 
available techniques. 


Analysis of serotonin exchange experiments 


The exchange of serotonin between platelets and the 
suspending medium was followed with two radioac- 
tive tracers, '*C and 3H. At the beginning of the ex- 
periments the [°H]-5-HT is largely within the 
platelet, and the ['*C]-5-HT is in the suspending 
medium. The serotonin exchange data are obtained 
as counts of '*C and 3H radioactivity in the suspend- 
ing medium. These data may be converted to the frac- 
tion of total '*C and 7H in the platelet suspension. 
It is assumed that the platelet suspension contains 
three compartments: suspending medium (compart- 
ment 1); “cytoplasm” (compartment 2); and storage 
granules (compartment 3). Serotonin is exchanged 
between the granule compartment and the suspending 
medium via the “cytoplasm” compartment. The pro- 
portion of the serotonin in any compartment that is 
transferred to another compartment in | min is the 
fractional turnover rate between these compartments. 
Thus, for example, if a value of 1 is given to the 
amount of serotonin in any compartment and 10 per 
cent of this amount is transferred per min to a neigh- 
boring compartment, the fractional turnover rate 
from one to the other is 0.1 (min~'). [For easier read- 
ing we have used the term “percentage of serotonin 
transferred between compartments” (unit: min~') in 
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Results and Discussion. “Percentage of serotonin 
transferred between compartments” is obtained by 
multiplying the fractional turnover rate by 100.] For 
the transfer of serotonin from compartment | to com- 
partment 2, the fractional turnover rate is represented 
by the symbol a, and for the transfer from compart- 
ment 2 to 1 by the symbol a, >, etc. Under the steady 
state conditions of the exchange experiments, these 
fractional turnover rates for serotonin are constant. 
The fractional turnover rates are assumed to be equal 
for radioactive and non-radioactive serotonin. The 
fraction of tracer in compartment | (the suspending 
medium) is referred to by m, and may be described 
by the following equations for '*C and °H tracers 
if a compartmental model is assumed [1]. 

['*C] m, = A + Be~*"* + Ce~*## (1) 

[7H] m, = A + De~*"' + Ee~*#" (2) 
In these equations, the pre-exponential constants A, 
B, C, D and E are functions of the initial tracer distri- 
bution among the compartments and the fractional 
turnover rates (a;2, @;, @23 and a3), whereas the 
exponential constants, 4, and A,, are functions of the 
fractional turnover rates alone. These functions are 
given in the Appendix. 

As the initial distribution of '*C is known, all this 
tracer lying within the suspending medium, the frac- 
tional turnover rates describing the exchange of sero- 
tonin can be estimated from the '*C data set:°A, B, 
C, A, and A, that give the best fit of Eqn. | to the 
data being determined. 

Although the *H data set cannot be used to calcu- 
late the fractional turnover rates, the initial distribu- 
tion of 7H within the platelet being unknown, this 
data set is valuable in that the equation describing 
it, Eqn. 2, has constants in common with Egn. | (A, 
A, and A,). The simultaneous fitting of both data sets 
to Eqns. | and 2 thus provides more precise estimates 
of these constants. The fitting employs a Bayesian 
multivariate technique of analysis which takes into 
account the correlation of errors in both data sets. 
Details of this technique have been described pre- 
viously [1]. (The expanding simplex method of 
Nelder and Mead [11] was used to search for the 
estimates of A, B, C, D, E, A, and A, with highest 
posterior probability. The criterion of maximum like- 
lihood was that of Box and Draper [12].) From the 
estimates of A, B, C, A, and A;, the fractional turnover 
rates d,>, G21, 423 and a3, may be calculated from 
the work of Robertson et al. [13] (see Appendix). 

As the platelets are at equilibrium with respect to 
serotonin and as the amount of serotonin within the 
suspending medium is known, the amounts of sero- 
tonin in the two platelet compartments may be calcu- 
lated as follows: let S, be the total amount of sero- 
tonin in compartment 1, S, the total serotonin in 
compartment 2, and §,; the total serotonin in com- 
partment 3. Then (amount of serotonin in compart- 
ment 1) x (fraction of serotonin in compartment | 
transferred to compartment 2 every min) 


= flux from compartment | to 2 (amount/unit time) 
= a2,S, 


Similarly: 


flux from compartment 2 to 1 (amount/unit time) 
= 4128 
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At equilibrium: 


42,8; = a,2S, 


421 
S, = S,; — 
12 


Similarly: 


432 
S; = S$, — 
423 


The analysis of the exchange experiments as de- 
scribed above is based on the assumption that the 
['*C]-5-HT added to the platelet suspension is not 
converted to other compounds to an appreciable 
extent during the experiment. We have previously 
reporied [2] that this assumption is justified for 
washed rabbit platelets in the absence of drugs that 
influence serotonin transport or storage. However, 
Pletscher [5] found that part of the endogenous 
platelet serotonin as well as part of exogenously 
added serotonin is metabolized in the presence of res- 
erpine. We confirmed the observation of Pletscher [5] 
and found that under the conditions of our experi- 
ments approximately 2 per cent of the ['*C]-5-HT 
(123 uM) added to the platelet suspension (10° plate- 
lets/ml) was metabolized within | hr in the presence 
of 2 uM reserpine. Further experiments were done to 
demonstrate that the small amounts of 5-HT metabo- 
lites formed will not influence the results obtained 
in the serotonin exchange experiments greatly. 

Experiment |. In this experiment, we examined 
whether or not the amount of 5-HT metabolites in 
platelets in the presence of reserpine is large or small 
compared to the platelet content of 5-HT. Platelets 
from reserpine-treated rabbits were equilibrated with 
['*C]-5-HT at a concentration of 123 uM in the pres- 
ence of reserpine (2 uM) for 90 min with a change 
of the suspending medium after 60min. They were 
then resuspended in fresh medium containing 123 uM 
unlabeled serotonin (platelet count, 10°/ml). Immedi- 
ately upon resuspension, ['*C]-5-HT and its radioac- 
tive metabolites were determined by paper chroma- 
tography [5] in aliquots of the total platelet suspen- 
sion and the supernatant fluid from the platelet sus- 
pension. Platelet-bound ['*C]-5-HT and radioactive 
metabolites were calculated; 2.9 per cent of the total 
platelet-bound radioactivity was found in 5-hydroxy- 
tryptophol (5-HT’ol), the only 5-HT metabolite 
formed within the platelets to any extent [14]. This 
indicates that the amount of metabolites present in 
reserpine-treated platelets is very small under the 
exchange conditions of the present experiments. 
Absolute values may be calculated from Table 2. 
Thus, if all the 5-HT’ol (1.28 nmoles/10° platelets) 
were in the cytoplasmic compartment, it would con- 
tribute 7.9 per cent of the total 5-HT + metabolite 
content in this compartment. If it were exclusively 
in the granule compartment, it would contribute 4.6 
per cent of the total 5-HT + metabolite content in 
this compartment. 

Experiment 2. In this experiment, we examined 
whether newly formed 5-HT’ol would accumulate in 
the suspending medium or be retained in the platelets. 
Platelets from reserpine-treated rabbits were equili- 
brated with 123 uM ['*C]-5-HT and then resus- 
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pended at a concentration of 10°/ml in a medium 
containing ['*C]-5-HT of the same concentration 
(123 uM). The accumulation of ['*C]-5-HT’ol in the 
platelet suspension and its distribution between 
platelets and the suspending medium were deter- 
mined. At all times (up to 60 min), between 80 and 
95 per cent of the total ['*C]-5-HT’-ol formed was 
found in the suspending medium. (Control experi- 
ments showed that the formation of radioactive 
5-HT’ol by platelets in the absence of reserpine was 
negligible.) This indicates that the majority of 5-HT’ol 
formed in blood platelets in the presence of reserpine 
accumulates in the suspending medium. 

‘ Experiment 3. In this experiment, the absolute 
amounts of 5-HT’ol formed within 60min in a 
platelet suspension containing reserpine were esti- 
mated. Platelets from reserpine-treated rabbits were 
equilibrated with unlabeled 5-HT at a concentration 
of 123 uM and resuspended in a medium containing 
['*C]-5-HT at a concentration of 123 uM (platelet 
count 10°/ml). The formation of ['*C]-5-HT’ol was 
studied over a period of 60 min. In this experiment, 
1.5 per cent of the total ['*C]-5-HT was metabolized 
to ['*C]-5-HT’ol. Since the ['*C]-5-HT’ol accumu- 
lates practically exclusively in the suspending medium 
(see Exp. 2) and since the concentration of 
['*C]-5-HT in the suspending medium is known 
(123 uM at the beginning of the experiment and only 
slightly less after 60 min because of the small amount 
metabolized), one can _ calculate that about 
0.015 x 123 nmoles ['*C]-5-HT’ol is formed by 10° 
platelets during the 60 min of the exchange experi- 


.ment. Dividing this number by 60, we obtain the 


amount of 5-HT’ol formed/min (0.031 nmole/min/10° 
platelets). Table 2 of Results indicates that the 
exchange of serotonin across the platelet plasma 
membrane in the presence of reserpine is 
8.6 + 1.3 nmoles/min/10° platelets. Thus, the forma- 
tion and flux of 5-HT’ol from the platelets into the 
suspending medium contribute probably less than 0.4 
per cent to the total flux of '*C across the platelet 
plasma membrane. The experiments in which the in- 
itial uptake of serotonin was determined (Fig. 1) sup- 
port further the conclusion that the small amount of 
5-HT’ol formed during the exchange experiments 
does not influence the numerical results significantly. 
Practically the same values were obtained when 
uptake of serotonin into the platelets was determined 
by either calculation from the exchange experiments 
or by direct determination in short-term incubation 
experiments (see Results). 

Consequently, a correction was made to the radio- 
activity as measured in the supernatant fluid to reflect 
the true amount of radioactive serotonin present 
when analyzing the exchange of serotonin in the 
presence of reserpine. Only this correction needed to 
be made since the main metabolite, 5-HT’ol, collected 
in the surrounding medium. Since it was found that 
approximately 2 per cent of the radioactivity in the 
supernatant fluid after 1 hr was not serotonin, the 
appropriate percentage was subtracted from each 
supernatant fluid radioactivity measurement, taking 
into account the time of measurement, e.g. 1 per cent 
was subtracted at 30 min. The subsequent mathemati- 
cal analysis for fractional turnover rates showed little 
sensitivity to this correction. 
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Imipramine almost completely prevents the forma- 
tion of serotonin metabolites in the suspension of 
washed rabbit platelets [5]. Therefore, no correction 
was applied in experiments in which the serotonin 
exchange in the presence of imipramine was investi- 
‘ gated. 


RESULTS 
Effects of reserpine on serotonin storage and transport 


Liberation of serotonin from platelets. Washed rabbit 
platelets were labeled with ['*C]-5-HT (1 uM), 
washed and resuspended in Tyrode solution contain- 
ing albumin (0.35%) and a small amount of apyrase. 
Upon addition of reserpine (2 uM), about 20 per cent 
of the initially platelet-bound '*C accumulated in the 
suspending medium within 60 min. 

Inhibition of serotonin accumulation by platelets. 
Washed rabbit platelets rapidly accumulated 
['*C]-5-HT added to the suspending medium. Reser- 
pine (2uM) inhibited this accumulation of 
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Fig. 1. Effect of reserpine on the initial rate of uptake of 
(?H]-5-HT. Panels A and B: Washed rabbit platelets 
(10°/mm?) were incubated for 30sec with saline (A) or 
2uM reserpine (B), before the addition of 123 uM 
[°H]-5-HT. Mean and standard error (S. E. M.) of tripli- 
cate determinations. (This was typical of five experiments. 
Mean+S. E. M. in these five experiments was 
7.9 + 0.4nmoles/min/10° platelets for the control platelets 
and 7.8 + 0.4nmoles/min/10° platelets for the reserpine- 
treated platelets; P < 0.8.) Panels C and D: Washed rabbit 
platelets (10*/mm*) were incubated for 30sec with saline 
(C) or 2uM reserpine (D) before addition of 1 uM 
(?H]-5-HT. Mean + S. E. M. of triplicate determinations. 
(This was typical of eleven experiments. Mean + S. E. M. 
in these eleven experiments was: 3.0 + 0.2 nmoles/min/10° 
platelets for the control platelets and 2.8 + 0.2 nmoles/ 
min/10° platelets for the reserpine-treated platelets; 
P < 0.5.) In these experiments less than 8 per cent of the 
serotonin was taken up by the platelets during the observa- 
tion period; therefore the concentration of serotonin was 
not appreciably depleted during the time of study. 





100 : 
- 


eoo 


74 . 
C-INFLUX] reo 


RESERPINE 
v7 «¢ 





t 
CONTROL 


SH - EFFLUX 


SUPERNATANT RADIOACTIVITY 


4 4 











30 40 
MINUTES 


Fig. 2. Effect of reserpine on S5S-HT exchange. Platelets 
from rabbits that had received 5 mg/kg of reserpine intra- 
peritoneally 18hr prior to the collection of blood, were 
equilibrated with [°H]-5-HT at a concentration of 123 uM 
in the presence of 2 uM reserpine and then resuspended 
in ['*C]-5-HT and reserpine at the same concentrations. 
Exchange of 7H and '*C between platelets and suspending 
medium was followed in supernatant fluid samples of ali- 
quots of the platelet suspension taken at 2-min intervals. 
Details are described in Materials and Methods. Control 
platelets were prepared without reserpine in the same way 
from blood of animals that had not been given any reser- 
pine. The platelet count was 10°/mm?. This was one of 
five similar experiments. Key: (O——©) exchange of *H 
and '4C in the presence of reserpine; (@——8) exchange 
of 3H and '‘C in the control platelet suspension. 


['*C]-5-HT. However, reserpine (2 uM) did not in- 
hibit the initial rate of ['*C]-5-HT uptake at either 
low (1 uM) or high (123 uM) 5-HT concentrations 
(Fig. 1). The initial rate of 5-HT uptake at 123 uM 
was about three times greater than that at | uM 
5-HT. 

Effect on exchange of serotonin between platelets and 
suspending medium. Washed rabbit platelets from 
either reserpine-treated animals or untreated control 
animals were incubated with [°H]-5-HT at a concen- 
tration of 123 uM in either the presence or absence 
of 2 uM reserpine. The platelets were resuspended in 
['*C]-5-HT and reserpine at the same concentration 
at which they had been equilibrated. Supernatant 
fluids from samples of the platelet suspension were 
prepared at 2-min intervals. The concentration of 7H 
and '*C in each supernatant fluid was determined 
(Fig. 2). Analysis of the data showed that transfer 
from the cytoplasmic compartment into the granule 
compartment (amine storage granules) was signifi- 
cantly diminished in the presence of reserpine. How- 
ever, the percentage of serotonin in the amine storage 
organelles that was transferred into the cytoplasm per 
unit of time was not significantly altered (Table 1). 
As a consequence of these changes in transport, the 
amount of serotonin in the amine storage organelles 
was greatly reduced (by about 85 per cent) compared 
to the control platelets (Table 2). 

Reserpine (2 uM) did not affect the rate of serotonin 
exchange between the suspending medium and the 
cytoplasm across the platelet plasma membrane 
(Table 2). In agreement with this, the percentage of 
serotonin transferred from the suspending medium 
into the cytoplasm per min was unaltered by reser- 
pine. However, the percentage of serotonin in the 





H.-J. REIMERS et al. 


Table |. Effect of reserpine on transfer of serotonin between suspending medium and different 
compartments of a suspension of washed rabbit platelets* 





Percentage of serotonin transferred 
between compartments/min 





Significance of difference 
between meanst 


Reserpine-treated 


Compartments Control platelets platelets 





Suspending medium to 7.1 #42 6.9 + 1.0 Not significant 
cytoplasm 

Cytoplasm to suspending 
medium 

Cytoplasm to storage 
granules 

Storage granules to 
cytoplasm 


73.4 + 8.9 48.1 + Significant 


29.6 + 6.6 Significant 


1L7+03 Not significant 





* Results are expressed as means + S. E. M. of five experiments. In these studies serotonin trans- 
port has been described by non-linear equations containing several constants. Significance of the 
change of the values of these constants was assessed through (a) Student’s t-test and (b) direct 
determination of 95 per cent joint confidence contours for the estimated values in each experiment. 
Details of these techniques have been described [1]. The reserpine treatment and experimental 
details are described in Materials and Methods. The serotonin concentration in the suspending 


medium was 123 uM. The platelet count was 10°/mm?. 


+ At the 95 per cent level of confidence. 


cytoplasm transferred into the suspending medium 
per unit of time was reduced by about one-third 
(Table 1), and consequently the cytoplasmic 5-HT 
pool was slightly increased in the presence of reser- 
pine (Table 2). 


Effect of reserpine on thrombin-induced release of 


serotonin. In the next set of experiments, we examined 
whether the values for the size of the cytoplasmic 
compartment and the granule compartment obtained 
from the exchange experiments are comparable to the 
values for releasable and non-releasable serotonin of 
platelets. Washed platelets from reserpine-treated rab- 
bits were equilibrated with ['*C]-5-HT (123 uM) in 
the presence of reserpine (2 uM) and resuspended in 
Tyrode solution containing albumin (0.35%) and un- 
labeled serotonin at the same concentration at which 
the platelets had previously been equilibrated. Upon 
addition of thrombin (0.45 units/ml), reserpine-treated 


platelets released 72 + 3 (mean + S. E. M.) per cent 
of their radioactivity whereas the control platelets 
released 91 + 3 per cent of their radioactivity. This 
difference was significant (P < 0.05; N = 4). 


Effects of imipramine on serotonin storage and trans- 
port 


Liberation of serotonin from platelets. Imipramine 
(20 uM), added to a suspension of washed rabbit 
platelets prelabeled with ['*C]-5-HT at a low concen- 
tration (1 uM), caused the accumulation of only a 
very small amount of '*C in the suspending medium 
upon prolonged incubation (Fig. 3). When platelets 
were prelabeled with ['*C]-5-HT at a high concen- 
tration (100 uM) and resuspended in a medium con- 
taining no added serotonin, imipramine (20 uM) 
caused the accumulation (net efflux) of a larger 
amount of '*C in the suspending medium (Fig. 3), 


Table 2. Effect of reserpine on serotonin content in different compartments of a rabbit platelet 
suspension and its exchange between these compartments* 





Compartment 


Control platelets 


Significance of differ- 
ence between means 


Reserpine-treated 
platelets 





Serotonin 
(nmoles/10° platelets) 


10.8 + 0.8 
177 + 19 


Cytoplasm 
Storage granules 


P<02 
P < 0.001 


16.3 
28.1 


Serotonin 
(nmoles/min/10° platelets) 


Exchange of serotonin 8.9 + 1.5 
between suspending medium 
and platelet cytoplasm 

Exchange of serotonin 
between platelet cytoplasm 
and platelet storage 
organelles 


3.1 + 08 


8.6 + 1.3 


0.67 + 0.11 





*Means + S. E. M. of five experiments. The significance of the differences was calculated by 


Student’s t-test. 


The reserpine treatment and experimental details are described in Materials and Methods. The 
serotonin concentration in the suspending medium was 123 uM. The platelet count was 10°/mm?. 
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Fig. 3. Effect of imipramine on the liberation of '*C from 
platelets prelabeled with ['*C]-5-HT and the accumulation 
of radioactivity in supernatant fluid. Washed platelets incu- 
bated with either | uM ['*C]-5-HT (A, A) or 100 uM 
['*C]-5-HT (©, @) were resuspended in the presence (A, 
@) or absence (A, ©) of imipramine (20 uM). Radioactivity 
was determined in the supernatant fluid from aliquots of 
the two suspensions taken at 3-min intervals. The platelet 
count was 10°/mm*. This was one of three similar 
experiments. 


indicating that imipramine reduced the amount of 
serotonin in the platelets. 

Inhibition of serotonin accumulation by platelets. Im- 
ipramine (204M) powerfully inhibited the initial 
uptake of [°H]-5-HT at low (1.5 uM) and high 
(100 uM) serotonin concentrations (Fig. 4). 

Effect on exchange of serotonin between platelets and 
suspending medium. The reduced amount of serotonin 
in blood platelets in the presence of imipramine could 
be due to the diminished uptake of serotonin across 
the platelet plasma membrane demonstrated above 
or due to diminished uptake of serotonin into the 
amine storage organelles from the cytoplasm, or both. 
This was examined in experiments in which the 
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exchange of serotonin between washed rabbit 
platelets and the suspending medium was followed 
in the presence or absence of 20 uM imipramine as 
described in Materials and Methods. Analysis of these 
experiments showed that 20 uM imipramine inhibited 
the exchange of serotonin across the platelet plasma 
membrane (Table 3). Imipramine reduced the fraction 
of serotonin transferred per unit of time from the sus- 
pending medium into the platelet cytoplasm and 
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Fig. 4. Effect of imipramine on the initial rate of uptake 
of [°H]-5-HT by washed rabbit platelets. Panels A and 
B: Washed rabbit platelets (10°/mm+) were incubated for 
10 min with saline (A) or 20 uM imipramine (B) before the 
addition of 100 uM [°H]-5-HT. Mean of duplicate deter- 
minations. (This was typical of two experiments.) Panels 
C and D: Washed rabbit platelets (10*/mm*) were incu- 
bated for 30sec with saline (C) or 20 uM imipramine (D), 
before the addition of 1.5 uM [°H]-5-HT. Mean of dupli- 
cate determinations. (This was typical of five experiments.) 


Table 3. Effect of imipramine on serotonin content in different compartments of a rabbit platelet 
suspension and its exchange between these compartments* 





Significance of differ- 
ence between means 


Imipramine-treated 


Compartment Control platelets platelets 





Serotonin 
(nmoles/10° platelets) 
11.3+ 1.8 8.5 
179 + 25 
Serotonin 
(nmoles/min/10° platelets) 


l P<04 


Cytoplasm 2. 
7 P<04 


Storage granules 


+ 
+ 


Exchange of serotonin P < 0.05 
between suspending medium 
and platelet cytoplasm 

Exchange of serotonin 
between platelet cytoplasm 
and platelet storage 
organelles 


P< 02 





* Means + S. E. M. of three experiments. The significance of the differences was calculated by 
Student’s t-test. 

The imipramine concentration was 20 uM; the serotonin concentration in the suspending medium 
was 100 uM. The platelet count was 10°/mm?. 
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Table 4. Effect of imipramine on transfer of serotonin between different compartments of washed 
rabbit platelets* 





Percentage of serotonin transferred 
between compartments/min 





Compartments Control platelets 


Imipramine-treated 


Significance of difference 


platelets between meanst 





Suspending medium to 8.4 + 1.6 
platelet cytoplasm 
Platelet cytoplasm to 

suspending medium 
Platelet cytoplasm to 

storage granules 
Storage granules to 

cytoplasm 


70.6 + 2.3 


3.24 1.4 Significant 


34.7 + 7.6 Significant 
Not significant 


Not significant 





* Results are expressed as means + S. E. M. of three independent experiments. The significance 
of the differences between the means was calculated as described in Table 1. The concentration 
of serotonin in the suspending medium was 100 uM. The imipramine concentration was 20 uM. 


The platelet count was 10°/mm?. 
+ At the 95 per cent level of confidence. 


reduced the fraction of serotonin lost per unit of time 
from the cytoplasm into the suspending medium 
(Table 4). However, the exchange of serotonin across 
the amine storage organelle membrane was not sig- 
nificantly reduced at this concentration of imipramine 
(Table 4). 


Effect of imipramine on thrombin-induced release of 


serotonin. Platelets were equilibrated with serotonin 
in the presence of imipramine as described in Mater- 
ials and Methods. Upon addition of thrombin (0.4 
units/ml), imipramine-treated platelets released 96 + 3 
(mean + S. E. M.) per cent of their radioactivity 
whereas the control platelets released 88 + 3 per cent 
of their radioactivity. This difference was not signifi- 
cant (P < 0.2; N = 3). 


DISCUSSION 


Reserpine [8, 15-23] and imipramine [24, 25] inter- 
fere with the storage and transport of biogenic amines 
in nervous tissue [3,26-39], adrenal medulla 
[4,40-42], blood platelets [43-52] and other cells 
such as mast cells [53]. Because they can be rapidly 
isolated in pure form, platelets are usefui for the in- 
vestigation of transport and storage of biogenic 
amines [54,55]. The present studies show that it is 
possible to examine quantitatively the effects of im- 
ipramine and reserpine on serotonin transfer across 
the platelet plasma membrane and the amine storage 
organelle membrane in intact platelets. 


Reserpine 

Reserpine liberates serotonin from blood platelets 
[8, 43,44, 48] and inhibits accumulation of serotonin 
by platelets [45, 56-58]. Reserpine binds to the amine 
storage organelle membrane [59, 60] but*is also found 
outside the amine storage organelles [60], for 
example, in the platelet plasma membrane [55]. How- 
ever, its precise location and distribution outside the 
amine storage organelles are presently unknown [60]. 
Although it had been suggested originally that reser- 
pine exerts its effects by inhibiting the active uptake 
across the platelet plasma membrane [45, 56, 61, 62], 
more recent experiments did not show an effect of 


reserpine on the initial uptake of serotonin by 
platelets [57, 58]. However, reserpine reduced the dif- 
fusion of serotonin from the platelets into the sur- 
rounding medium [63] and inhibited the uptake of 
serotonin into (isolated) amine storage organelles 
[50]. In the experiments reported in this paper, with 
intact platelets it was possible to examine quantitat- 
ively the rates of exchange of serotonin across the 
plasma membrane and the granule membrane. Using 
this intact platelet system, we found that reserpine 
exerted a greater effect at the storage organelle mem- 
brane (transfer from the cytoplasm to the granules) 
than at the plasma membrane (transfer from cyto- 
plasm to suspending fluid). Values for the serotonin 
transfer rates were calculated by statistical analysis 
from experiments in which the exchange of radioac- 
tive serotonin between platelets and the suspending 
medium was followed using methods developed pre- 
viously [1,2]. An attempt was made to examine the 
validity of the numerical values obtained by this 
method, by comparing the rate of exchange across 
the platelet plasma membrane with the initial rate 
of uptake of serotonin measured in independent ex- 
periments. For this purpose, a method was developed 
that made it possible to measure serotonin uptake 
at very short time intervals (10 sec) after its addition. 
This was necessary since it was found that the uptake 
of [°H]-5-HT or ['*C]-5-HT in the presence of reser- 
pine was linear for less than 1 min. The values 
obtained with this method for the initial rate of 
uptake of serotonin by washed rabbit platelets were 
similar to the values obtained for the transfer of sero- 
tonin from the suspending medium into the platelet 
cytoplasm by statistical analysis of the serotonin 
exchange experiments. At a serotonin concentration 
of 123 uM, the rate of transfer from the suspending 
medium into the platelets was 7.8 + 0.4nmoles/ 
min/10° platelets when measured by the filtration 
method and 8.9 + 1.5 nmoles/min/10° platelets when 
calculated from the exchange experiments. 


Imipramine 


In contrast to reserpine, imipramine causes no or 
only very little liberation of serotonin from the 
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platelets [49]. However, similar to reserpine, imipra- 
mine inhibits the accumulation of serotonin by blood 
platelets [24, 46, 51, 62, 64-66]. All investigators agree 
that this inhibition is due to an inhibition of the 
active serotonin uptake across the platelet plasma 
membrane [5,52], although there is some dispute 
about whether this inhibition is competitive [64, 66] 
or non-competitive [67] in nature. The effect of im- 
ipramine on serotonin uptake across the platelet 
plasma membrane was confirmed in the initial uptake 
studies as well as in the serotonin exchange experi- 
ments. In the presence of imipramine, we also 
observed some accumulation of platelet serotonin in 
the suspending medium, indicating a small reduction 
of the serotonin storage capacity. This finding is in 
agreement with the hypothesis—put forward by 
Markwardt [68]—that any drug which inhibits the 
uptake causes a slow release of endogenous serotonin 
as well. This is so because the passive diffusion of 
serotonin out of the platelet is counteracted by active 
uptake across the platelet plasma membrane [68, 69]. 
In addition, it was found in these experiments that 
imipramine at a concentration of 20 uM reduced the 
fraction. of serotonin transferred from the platelet 
cytoplasm into the suspending medium per unit of 
time. This is consistent with the suggestion of Gey 
and Pletscher [70] that tricyclic drugs such as chlor- 
promazine and chlorprothixene inhibit liberation of 
endogenous monoamine compounds in brain tissue 
by reducing the permeability of brain membranes to 
the amines. Similarly Lingjaerde [71] demonstrated 
recently that doxepin, another tricyclic drug, 
diminished the efflux of radioactive serotonin from 
preloaded platelets at a concentration of 10 uM. The 
diminished fraction of serotonin transferred from the 
platelets into the suspending medium per unit of time 
provides an explanation for the finding that platelets 
liberate only a small amount of their serotonin during 
incubation with imipramine. 

In vitro, it has been shown that imipramine at high 
concentrations (>40 uM) [50] inhibits the uptake of 
serotonin into isolated amine storage organelles. Fur- 
thermore, small amounts of imipramine accumulate 
in the amine storage organelles [72] when intact 
platelets are incubated with this drug. Imipramine has 
been shown in vitro to displace serotonin from its 
adenosine triphosphate complex [73]. However, our 
data on the transfer rates of serotonin across the 
amine storage granule membrane in intact platelets 
indicate that imipramine at a lower concentration 
(20 uM) has no significant effect at this site. 


Effect of reserpine and imipramine on intracellular 
serotonin distribution 


It was possible to calculate from the percentages 
of serotonin transferred into the neighboring com- 
partment(s) per unit of time under the equilibrium 
conditions of the present experiments the amounts 
of serotonin (+its metabolites; see Materials and 
Methods) in the intermediate (extragranular, cytoplas- 
mic) pool and the storage compartment (amine stor- 
age organelles). This calculation showed that the 
intermediate compartment contained about 5-10 per 
cent of the platelet serotonin, the remaining 90-95 
per cent being in the storage compartment. It is 
generally thought that only the serotonin bound to 
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the amine storage organelles but not the extragranu- 
lar material can be released from platelets during the 
release reaction [74]. Thus, it is possible to examine 
the validity of the numerical results obtained from 
analysis of the serotonin exchange by measuring the 
amount of releasable serotonin. Thrombin caused a 
maximal release of about 90 per cent of the platelet- 
bound serotonin in the absence of either imipramine 
or reserpine. This value is similar to those reported 
from other laboratories [75]. The value of 5-10 per 
cent for non-releasable, extragranular serotonin in 
normal washed rabbit platelets is similar to the esti- 
mate of extragranular noradrenaline in sympathetic 
nerve tissue [76] and the particle-free store of adrena- 
line in the adrenal medulla [77, 78]. 

In reserpine-treated platelets from reserpine-treated 
animals, the absolute amount of serotonin in the 
extragranular compartment did not change signifi- 
cantly, whereas the storage granule pool was greatly 
diminished (calcuiated from the exchange experi- 
ments). Consequently the proportion of the total 
platelet serotonin (+metabolites) within the inter- 
mediate (extragranular) compartment rose to 25-40 
per cent under the equilibrium conditions of these 
experiments whereas 60-75 per cent remained in the 
granules. Upon stimulation with thrombin, about 70 
per cent of the platelet serotonin was released. 

In contrast, imipramine, which diminished the 
platelet serotonin content only slightly, did not 
change the relative distribution of serotonin between 
the extragranular and the granular compartment sig- 
nificantly as calculated from the exchange experi- 
ments. This is consistent with the finding that imipra- 
mine did not change the releasable proportion of the 
total platelet serotonin. 

The method of studying serotonin exchange in in- 
tact platelets used in these experiments may be applic- 
able in investigating the sites at which other drugs 
interfere with the storage and transport of biogenic 
amines. It may also prove helpful in defining more 
precisely the nature of the defect in some diseases 
that are thought to be related to disorders of trans- 
port or storage of biogenic amines [55, 79-81 ]. 
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APPENDIX 


The platelet suspension is assumed to be comprised of 
three compartments: suspending medium (compartment 1), 
“cytoplasm” (compartment 2), and storage organelles (com- 
partment 3). Symbols: a2, is the fraction of serotonin in 
compartment | (suspending medium) that transfers to com- 
partment 2 (“cytoplasm”) in unit time; a,, is the fraction 
of serotonin in compartment 2 that transfers to compart- 
ment | in unit time; a3, is the fraction of serotonin in 
compartment 2 that transfers to compartment 3 (storage 
organelles) in unit time; and a), is the fraction of serotonin 
in compartment 3 that transfers to compartment 2 in unit 
time. If there is neither creation nor destruction of the 
serotonin tracer within a compartment, then, for that com- 
partment: 


rate of accumulation = (rate at which serotonin tracer is 
of tracer in the transferred from the other com- 
compartment partments into this compartment) 
— (rate at which serotonin tracer 
is lost to the other compartments). 
Thus, for compartment 1 
dm, 
— = a;2M2 — Az;m 
dt 1272 2193 
Similarly, for compartment 2 
dm, 


ry = A2,;M, + Az3M3 — A,2M2 — A32M2 


and for compartment 3 


dm, 
—— = 432m, — az3m 
dt 32°°2 233 

This set of simultaneous differential equations may be 
rewritten in vector notation and solved through matrix 
diagonalization [82]. 
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As described in Materials and Methods, the solution for 
m, takes the form of 


m,(t) = A + Be~*"' + Ce~*# 

in which A, B, C, A, and A, are expressed in terms of 
the fractional turnover rates (a,>, a@2,, @23 and a3>) and 
the initial distribution of tracer [m,(0), m(0), m3(0)]. These 
relationships then follow: 
_ 712423 
AyAz 

412 fe — A) (‘“ — A,)az,m,(0) 
(A, — Aa) A 4; 2(d23 — 42;) 
_ 423(423 — imi 


432(a23 — 421) 


A 





B= + m,(0) 





Cc 





" (a23 — A2) Ee — 4,)a2,m,(0) «ag 


4;2(423 — 42) 
—i 0 
+ 423(423 — A,)ms3( | 


432(423 — 42) 


ng 





Ay = (x — y)/2 
Ax = (x + y)/2 
where 


x= (a2, + Ay. + G23 + a32) 


cap 
y = Lx? — 4(a2 1432 + @21423 + 442a23))'” 


The initial distribution of the '*C tracer is known 
[m,(0) = 1, m,(0) = m,(0) = 0] and thus the fractional 
turnover rates may be calculated from the estimated values 
of A, B, C, 4, and A;. The relationships permitting direct 
calculation of fractional turnover rates were obtained from 
the work of Robertson et al. [13], and are: 


a, = BA, + CA, 
. ‘ A,A2(1 — A) 
a2 = (A, + A, — az) — ~*~——_ 
a2) 
AhyA, 
a2 
Q}2 
_ AyA2(1 — A) 


az, 


= G23 
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Abstract—There is a slow exchange of adenine nucleotides between the metabolically active (cytoplas- 
mic) poo! and the releasable amine storage organelle pool of blood platelets. Reserpine is known 
to inhibit serotonin uptake into platelet storage organelles. Therefore, we have determined whether 
reserpine also inhibits the uptake of adenine nucleotides from the cytoplasm into the storage organelles 
of rabbit platelets. Transport of adenine nucleotides from the metabolically active pool into the releas- 
able amine storage granule pool was followed by labeling the metabolically active pool of adenine 
nucleotides by incubating the platelets with ['*C]Jadenosine or ['*C]adenine. Practically complete 
release of amine storage granule constituents was induced at various times in aliquots of the labeled 
platelet suspensions by treatment with a high concentration of thrombin (0.45 units/ml). The fraction 
of the total labeled ['*C]ATP released was taken as a measure of ATP transport from the metabolically 
active pool into the releasable pool. Reserpine (0.2 and 2 uM) decreased the rate of ATP transport 
into the storage granules by about 50 per cent. Platelets obtained from rabbits that had received - 
5 mg/kg of reserpine intraperitoneally 18hr prior to the collection of blood released less ATP and 
ADP than control platelets from animals that had not received any drugs. This was not due to inhibition 
of the release reaction by reserpine. Since reserpine reduces the amount of adenine nucleotides in 
the storage granules, we conclude that if it affects the rate of efflux of adenine nucleotides from the 
granules at ail, this effect must be slight compared with the inhibition of the uptake into the granules. 
Reserpine was also found to decrease the incorporation of [8-'*C]adenosine into platelet adenine 
nucleotides by inhibiting adenosine uptake into the platelets noncompetitively (K; = 2 uM). Inosine 
uptake was also inhibited by reserpine. The effect of reserpine on adenosine uptake was reversible. 
In contrast, the effect of reserpine on ATP transfer from the metabolically active pool into the releasable 
pool was irreversible. This is in keeping with earlier observations that some reserpine binds to platelets 
reversibly and some binds irreversibly. 


It has been shown previously that there is a slow 
transfer of adenine nucleotides from the metabolic 
pool (cytoplasm) into the releasable amine storage 
granule pool of both rabbit and human 
platelets [1,2]. This transfer of adenine nucleotides is 
much slower than the transfer of serotonin from the 
cytoplasm into the amine storage granules of 
platelets [1,3]. Reserpine is known to inhibit sero- 
tonin uptake into platelet storage granules [4]. The 
work of Da Prada et al. [5] has shown that the ATP 
concentration in platelet storage organelles from 
reserpine-treated rabbits is less than that in storage 
organelles of platelets obtained from normal rab- 
bits. Therefore, it was the object of the present 
studies to determine whether reserpine inhibits the 
adenine nucleotide transport from the metabolic pool 
into the releasable amine storage granule pool in 
addition to its inhibitory effect on serotonin uptake 
by the storage granules. Transfer of ['*C]ATP from 
the metabolic pool into the releasable pool of 
platelets was examined in these experiments by using 
platelets in which the metabolically active ATP pool 
had been labeled by incubating the platelets with 
[8-'*C]adenosine or [U-'*C]Jadenine. In conjunction 
with these studies, we also examined whether reser- 


pine has an effect on [8-'*C]adenosine uptake and/or 
incorporation into platelet ATP. 


MATERIALS AND METHODS 


Non-radioactive compounds. Bovine thrombin was 
obtained from Parke, Davis & Co., Detroit, MI. 
HEPES _ (N-2-hydroxyethyl-piperazine-N’-2-ethane 
sulfonic acid) was purchased from Sigma Chemical 
Co., St. Louis, MO. Pyruvate kinase and phos- 
phoenolpyruvate were obtained from C. F. Boehr- 
inger, Mannheim, New York, NY. Luciferin—lucifer- 
ase was from E. I. Dupont de Nemours & Co., Wilm- 
ington, DE. Reserpine (Serpasil) was obtained from 
Ciba Co. Ltd. Dorval, Quebec. Reserpine powder 
from two sources (Matheson, Coleman & Bell, East 
Rutherford, NJ, and Ciba Co. Ltd., Dorval, Quebec) 
was dissolved in absolute ethanol at a concentration 
of 0.33 mM. In all experiments in vitro, similar results 
were obtained with either Serpasil or reserpine 
powder dissolved in ethanol. Apyrase (EC 3.6.1.5) was 
prepared by a slight modification [6] of the method 
of Molnar and Lorand [7]. This preparation hydro- 
lyzed 18nmoles ATP/min/yg of protein and 
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300 nmoles ADP/min/yg of protein (3 mg protein/ml 
of apyrase). 

Radioactive compounds. [8-'*C]adenosine (sp. act. 
> 50mCi/m-mole), [U-'*C]adenine (sp. act. > 
225 mCi/m-mole) and ['*C]inosine (sp. act. between 
40 and 60mCi/m-mole) were obtained from 
Amersham/Searle Corp. (Arlington Heights, IL). 

Platelet suspensions. Suspensions of washed plate- 
lets in Tyrode solution containing 0.35% albumin 
were prepared from rabbit blood by the method de- 
scribed by Ardlie et al. [8]. In experiments in which 
the platelet suspension was kept at 37° for extended 
periods of time, HEPES buffer was added to the sus- 
pending medium at a final concentration of 5mM. 
Apyrase (0.2 yl/ml) was added to the platelet suspen- 
sion in those experiments in which neither the release 
of total ATP and ADP nor radioactive ATP and 
ADP was to be determined [9]. 

Incorporation of [8-'*C]adenosine into platelets. 
The initial rate of [8-'*C]adenosine incorporation 
was studied in platelets suspended at a concentration 
of 500,000/yl in Tyrode solution at pH 7.35 contain- 
ing 0.35% albumin, 5mM HEPES buffer and apyrase. 
Platelets were kept at 37° in 1-ml aliquots in conical 
plastic Eppendorf tubes. Then 0.01 ml of 0.154M 
NaCl, 0.01 ml of absolute ethanol or 0.01 mi 
reserpine (0.4, 4 or 10 uM) was added and incubated 
for 30sec. At zero time, 0.007 ml [8-'*C]adenosine 
(0.4 to 54 uM) was added and mixed. For final adeno- 
sine concentrations greater than 1 uM, unlabeled 
adenosine was included. At 30sec, a 0.1-ml sample 
was removed from the incubation mixture and trans- 
ferred immediately into 2 ml of Tyrode solution con- 
taining 0.35% albumin, 1mM_ unlabeled adenosine 
and 0.4% paraformaldehyde [10] to stop immediately 
further [8-'*C]adenosine uptake. This solution was 
kept on melting ice. This 2.1-ml sample was then fil- 
tered and washed with 8 ml of ice-cold (0°) modified 
Tyrode solution (no magnesium, no calcium) on a 
Millipore filter HAWP, diameter 25mm, pore size 
0.45 um (Millipore Corp., Bedford, MA) placed on 
a Millipore filter holder (Cat. No. 10.025.02) under 
vacuum. (The filters were soaked overnight before the 
day of use in modified Tyrode solution and trans- 
ferred to a Tyrode solution containing 0.35% albumin 
and 1mM adenosine 4-Shr before the commence- 
ment of the experiment.) Filtration and washing 
required about 15sec. The filters were air dried in 
liquid scintillation counting vials before 10 ml of a 
toluene-based liquid scintillation fluid [3] was added 
to each vial and counted in a f-scintillation counter 
at an efficiency of approximately 70 per cent. The 
counts per min obtained from the filtered samples 
were corrected for unspecific binding to the filter and 
converted into nmoles adenosine taken up per 10° 
platelets, allowing for variations in the specific radio- 
activity. At a concentration of 4M, [8-'*C]adeno- 
sine uptake into platelets was linear for at least 
120 sec. 

Metabolism of [8-'*C adenosine in washed platelets. 
[8-'*C]adenosine was added to a suspension of 
washed platelets (10°/yl) at an initial concentration 
of 16 uM. At indicated time intervals up to 60 min 
after the addition of [8-'*C]adenosine, aliquots from 
the platelet suspension (0.2 ml) were extracted with 
0.4 ml of ice-cold perchloric acid (final concn 3°) con- 
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taining unlabeled adenosine metabolites in amounts 
giving final concentrations of about 1.6mM in the 
extract. After neutralization with 0.2ml potassium 
citrate (26%) and removal of KCIO, by centrifuga- 
tion, 0.02-ml samples were subjected to descending 
paper chromatography using methods described by 
Randerath and Struck [11] and Cain et al. [12]. The 
positions of individual adenosine metabolites 
(('*C]ATP, ['*CJADP, ['*C]JAMP, ['*C]IMP, 
['*C]inosine and ['*C]hypoxanthine) were identified 
under ultraviolet light, and appropriate areas were 
cut out, placed in vials and counted by liquid scintil- 
lation spectrometry [13]. Aliquots of the neutralized 
extract were also counted directly. In all samples the 
radioactivity in the identified metabolites accounted 
for more than 90 per cent of the radioactivity 
measured in the neutralized extract directly. 

In some experiments, samples of supernatant fluid 
obtained by centrifuging 1 ml of the platelet suspen- 
sion for 1 min at 12,000g were also extracted with 
perchloric acid, and [8-'*C]adenosine as well as its 
metabolites was separated by the methods described 
above. In these experiments, 16 uM [8-'*C]adenosine 
was also added to (unlabeled) platelet suspension 
supernatant fluid (obtained by centrifuging a sample 
of platelet suspension at 12,000g for 2min in an 
Eppendorf centrifuge 3200), and [8-'*C]adenosine 
metabolites were determined at the same time inter- 
vals that were used in the experiments with platelet 
suspensions. This made it possible to calculate the 
extent of the platelet-dependent conversion of 
[8-'*C adenosine into its metabolites. 

Transfer of ['*C]JATP from the non-releasable 
(metabolic) pool into the releasable pool of plateleis. 
Washed rabbit platelets suspended in Tyrode solution 
containing 0.35% albumin were incubated with 20 wCi 
['*C]adenosine or 40 wCi ['*C]adenine for 60 min at 
37° to label their metabolic ATP pool [14]. Platelets 
were removed by centrifugation and resuspended in 
Tyrode solution containing 0.35% albumin and 5mM 
HEPES at a platelet count of 1.0 x 10°/yl. This plate- 
let suspension was kept in a conical glass tube 
covered with parafilm at 37° for up to 7 hr. At hourly 
intervals, beginning 2hr after the addition of 
('*C]adenosine or ['*C]adenine to the platelet sus- 
pension, the release reaction was induced in 1-ml ali- 
quots with thrombin (0.45 units/ml). Control samples 
were treated with Tyrode solution. The platelet sus- 
pension was kept for 3min in a shaking device 
(170 cycles/min) at 37°. The suspension was then 
rapidly transferred to an Eppendorf centrifugation 
tube and the reaction was stopped by centrifuging 
for 1 min at 12,000 g in an Eppendorf microcentrifuge 
3200 (Brinkmann Instruments, Rexdale, Ontario). The 
amounts of ['*C]ATP and its metabolites were deter- 
mined chromatographically in aliquots of the platelet 
suspension, in the supernatant fluid from the platelet 
Suspension treated with Tyrode solution, and the 
supernatant fluid from the platelet suspension treated 
with thrombin. From these data the amount of 
['*C]ATP converted to other labeled compounds and 
the percentage of ['*C]ATP released from the plate- 
lets were calculated. In some experiments, the released 
ATP was determined by the firefly luminescence 
method [15] and the changes in the specific radioac- 
tivity of the released ATP were calculated. 





Effect of reserpine on adenosine uptake, and transport of ATP 


Experiments in vivo. Suspensions of washed plate- 
lets were prepared from rabbits that had been given 
an intraperitoneal injection of 5 mg reserpine/kg 18 hr 
prior to the collection of blood. This dose was based 
on that used by Shore et al.[16]. Control platelet 
suspensions were prepared from rabbits which had 
not been treated with reserpine. One ml of platelet 
suspension (1.0 x 10°/ul) was warmed at 37° for 
5 min and then incubated with the control solution 
or with thrombin solution (0.45 units/ml) for 3 min 
at 37° in a shaking device. Apyrase was omitted from 
the suspending medium. After the reaction, the sus- 
pension was rapidly transferred into an Eppendorf 
centrifugation tube and centrifuged for 1 min at 
12,000 g in an Eppendorf centrifuge. Aliquots of the 
total platelet suspension and supernatant fluid were 
taken for ATP and ADP determination using the fire- 
fly luminescence method [15]. 

In some experiments, the metabolic ATP pool was 
labeled by incubating the platelets with ['*C]adeno- 
sine in vitro. Platelets were injected into rabbits that 
also received 5 mg reserpine/kg intraperitoneally im- 
mediately after infusion of the platelets or into control 
rabbits that did not receive any drugs. Platelets were 
reharvested from blood collected 18-20 hr after their 
infusion. Suspensions of washed platelets were pre- 
pared and the release of ['*C]ATP and its metabo- 
lites was measured as described above. 


RESULTS 


Effect of reserpine on [8-'*C]adenosine uptake and 
metabolism by platelets. When [8-'*C]adenosine 
(16 uM) was incubated with a suspension of washed 
platelets, the main metabolites formed were 
[‘*C]ATP, ['*C]ADP, ['*C]inosine and ['*C]hy- 
poxanthine. The amounts of ['*C]AMP and 
[‘*C]IMP found in the platelet suspension were neg- 
ligible (Table 1). While all of the ['*C]ATP and 
almost all of the ['*C]ADP appeared to be platelet 
bound, practically all of the ['*C]inosine and 
['*C hypoxanthine were recovered in the supernatant 
fluid obtained after centrifugation of the platelet sus- 
pension (Table 1). Much smaller amounts of 
['*C]inosine and practically no ['*C]hypoxanthine 
were formed when the supernatant fluid removed 
from a platelet suspension was incubated with 
['*C]adenosine. Reserpine (4 uM) reduced the rate of 
[8-'*C]adenosine disappearance from the platelet 
suspension, and diminished the rate and the total 
amounts of ['*C]ATP and ['*C]ADP formed within 
the platelets (Table 1). Similarly the initial rate of 
['*C]inosine formation was reduced. However, at the 
end of the 60-min incubation period, the total amount 
of ['*C]inosine that had accumulated in the suspend- 
ing fluid was greater in the presence of reserpine than 
in its absence. In contrast to the increased accumu- 
lation of ['*C]inosine, there was less accumulation 
of ['*C] hypoxanthine in the platelet-suspending fluid 
in the presence of reserpine (Table 1). The combined 
accumulation of ['*C]inosine and ['*C]hypoxan- 
thine within 60 min of addition of [8-'*C]adenosine 
to the platelet suspension was greater in the presence 
of reserpine than in its absence. Although some 
['*C]inosine was formed when ['*C]adenosine was 
added to the supernatant fluid removed from a plate- 
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let suspension, the amount that accumulated was less 
than in the presence of platelets, and reserpine did 
not affect the rate or extent of ['*C]inosine formation 
(Table 1). 

The cause of the increased accumulation of 
['*C]inosine and diminished accumulation of 
['*C] hypoxanthine in the platelet-suspending fluid in 
the presence of reserpine was investigated in an ex- 
periment in which platelets suspended in Tyrode solu- 
tion containing 0.35% albumin were incubated with 
['*C]inosine in either the absence or presence of res- 
erpine (Fig. 1). Reserpine inhibited the platelet-depen- 
dent conversion of ['*C]inosine to ['*C]hypoxan- 
thine. 

Table 2 shows that the effects of reserpine in vitro 
on [8-'*C]adenosine metabolism in platelets were 
partially reversed by resuspending them in fresh Tyr- 
ode solution containing 0.35% albumin before adding 
[8-'*C]adenosine. When platelets were isolated from 
the blood of rabbits that had received 5 mg reser- 
pine/kg 18hr prior to the collection of blood, the 
metabolic conversion of [8-'*C]adenosine by plate- 
lets was the same as by platelets obtained from the 
blood of untreated rabbits (data not shown). 

The rapid metabolism of [8-'*C]adenosine in 
blood platelets and its partial conversion to ['*C]ino- 
sine and ['*C]hypoxanthine, which are not retained 
in the platelets, pose problems for the determination 
of [8-'*C]adenosine uptake by platelets. To minimize 
these problems, adenosine uptake was measured 
after short incubation times (0.5 min) of the platelet 
suspension with uM concentrations of [8-'*C]adeno- 
sine. Figure 2 shows that adenosine uptake was linear 
for at least 2 min when platelets were incubated with 
[8-'*C]adenosine at a concentration of 44M. In a 
double reciprocal plot of the velocities of [8-'*C]- 
adenosine uptake vs adenosine concentration, a K,, 
of 10 uM for [8-'*C]adenosine uptake was obtained 
(Fig. 3). An Eadie—Hofstee plot of the same data gave 
a maximum velocity of adenosine uptake of 
0.540 nmole/0.5 min/10° platelets (Fig. 3). Reserpine 
inhibited adenosine uptake. This inhibition appeared 
to be noncompetitive (Fig. 3) with a K; of 24M as 
obtained from a Dixon plot. 

Effect of reserpine on transfer of metabolic ATP into 
the releasable compartment. Platelets from rabbits that 
had been treated with reserpine released less ATP and 
ADP upon exposure to 0.45 units/ml of thrombin 
than the control platelets (Table 3). In normal plate- 
lets, adenine nucleotides exchange between the meta- 
bolically active pool and the releasable pool [1, 2]. 
Therefore, we examined whether the reduced amounts 
of releasable ATP and ADP in platelets from reser- 
pine-treated animals were due to (1) impaired transfer 
of ATP from the cytoplasmic, metabolically active 
compartment into the storage organelles, or (2) inhibi- 
tion of the platelet release reaction. To investigate 
these possibilities, the transfer of metabolically active 
ATP (labeled with [8-'*C]adenosine or [U-'*C]- 
adenine) into the releasable pool was followed in the 
presence or absence of reserpine. Because of the effect 
of reserpine in vitro on adenosine uptake, platelets 
were labeled with [8-'*C]adenosine or [U-'*C]- 
adenine prior to incubation with this drug. After incu- 
bation for 1 hr with the labeled compounds, the 
platelet suspension was divided into two parts: reser- 
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pine was added to one part, the other part served 
as a control. At hourly intervals up to 7hr, the 
amount of ['*C]ATP that could be released from the 
platelets was determined by inducing the release reac- 
tion with a high concentration of thrombin (0.45 
units/ml) in aliquots of the two suspensions. Seven 
hr after the platelets were labeled, about 24 per cent 
of the total platelet ['*C]ATP could be released from 
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the control platelets but only 14 per cent could be 
released from the platelets that had been treated with 
reserpine (Fig. 4). Reserpine had the same effect at 
concentrations of 0.2 or 2 uM. Washing the platelets 
in calcium-free Tyrode solution did not remove the 
effect of reserpine. 

Next, an experiment was done in which the specific 
radioactivity of the released ['*C]ATP was deter- 


Table 1. Effect of reserpine on [8-'*C]adenosine metabolism by washed platelets* 





Time after addition of [8-'*C]adenosine (min) 





Incubation 


Metabolite Inhibitor mediumt 


30 40 





['*C]adenosine Tyrode 
Reserpine 
['*C]ATP Tyrode 
Reserpine 
['*C]ADP Tyrode 
Reserpine 
['*C)AMP Tyrode 
Reserpine 
['*C]IMP Tyrode 
Reserpine 
['*C]inosine Tyrode 
Reserpine 
['*C}hypoxanthine Tyrode 
Reserpine 
Recoveryt 


Tyrode 


Reserpine 


103 
102 
101 


101 


tN ON bt co 
SOoO-SOoO-SCCCCCCCOR OP MOC OP Oo S EO RBBnWw 
tN - O— Ww CO 
cokoo-SSSu-e 
nN 


SCOoOH-SCONDOCCCO—-CORONGS 


Oooo Coocooocooococonoouconond 
oooooroooooroosnhOowneOoouncoe 


why 
Omr Oh SUWeKE WOUCOOKCOoOwNocococooocoocooorKroouUNcowoso 


tw t 
Or ocooroonoocooooooonoHmwuccoacoo 


Ny 
CmoeDvovoo-oCcOonoooocococoonoeHanocooxnosd 


0 
0 
6 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
25 
25 
4 


Orr OP FPNUOON~wWIOOCCOCCCOCHOCCCCCOCOCOCOCOOCOOFKCOWwoo 
— NN 
NN ww 
NOHO OS 
tw ww 
CootNS 


Bonn-ars 


103 
100 
103 
95 
106 
99 


101 
105 
96 
100 
98 


96 
98 
103 





* The conditions of the experiment are as follows: 16 uM ['*C]adenosine (initial concn); platelet count: 1.0 x 10°/yl; 


reserpine 4 uM. This was one of three similar experiments. 


+ P;: metabolite was extracted with perchloric acid from total platelet suspension, to which [8-'*C]adenosine had 
been added. Ps: metabolite was extracted with perchloric acid from supernatant fluid obtained by centrifugation from 
platelet suspension that had been incubated with [8-'*C]adenosine. S: metabolite was extracted with perchloric acid 
from platelet-suspending fluid that had been incubated with [8-'*C]adenosine after its separation from the platelets 


by centrifugation. 
t Percentage of the radioactivity accounted for. 
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Fig. 1. Effect of reserpine (4M) on the conversion by 
washed rabbit platelets of added ['*C]inosine (initial conc 
16 uM) to ['*C]hypoxanthine. The platelet concentration 
was 1.0 x 10°/yi. There was no appreciable conversion of 
['*C]inosine to ['*C]hypoxanthine in the absence of 
platelets. Key: reserpine (O——0), control (@——®). 


mined since, if a reduced rate of transfer of ['*C]ATP 
into the granules were responsible for the reduced 
release, the specific radioactivity of the released 
['*C]ATP would be less in the presence of reserpine. 
Figure 5 shows that, in the presence of 2 uM reser- 
pine, the specific radioactivity of the releasable 
['*C]ATP increased more slowly than it did in the 
absence of reserpine. 

To study the transfer over a longer period of time, 
experiments were done in which the labeled platelets 
were infused into rabbits and reharvested after 
18 hr. The platelets that had been treated with reser- 
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Fig. 2. Effect of time on the accumulation of radioactivity 
by washed rabbit platelets upon incubation with [8-'*C]- 
adenosine (initial concn 4 uM). The platelet concentration 
was 0.5 x 10°/ul. Accumulation of radioactivity in the 
platelets was measured by the filtration method described 
in Materials and Methods. The initial rate of accumulation 
of radioactivity was taken as a measure for the adenosine 
uptake by platelets (0.206 nmole/min/10° platelets). A prac- 
tically identical result was obtained when the platelet count 
was adjusted to 1.0 x 10°/ul (0.199 nmole/min/10° 
platelets). 


pine before their infusion into rabbits released less 
of their radioactive ['*C]ATP (41 + 2 per cent) upon 
addition of thrombin (0.45 units/ml) than the control 
platelets (53 + 3 per cent) that had not been treated 
with reserpine (means + S.E.M.; N = 6; P < 0.05). 
When reserpine-treated platelets were injected into 
rabbits that also received 5 mg reserpine/kg, immedi- 


Table 2. Effect of reserpine on metabolic conversion of [8-'*C]adenosine by suspen- 
sions of washed rabbit platelets* 





Type of Time after addition of ['*C]adenosine (min) 
platelet 


suspension* | 





Metabolite 60 





87 
98 


['*C]adenosine 


we 


oO 
~ 
we 


['*C]ATP 


tN 
w= 


['*C]ADP 


['*C]inosine 


NmMwUunrn 
NK OCONYNYNUNAND © CON to 


mom Ww 
PND NK HhN NW OO 


['*C] hypoxanthine 


ADWPFPAWPFPONTPOwTPONw>yY 


—— WR WU— —& dK = a 
w 


=) 


2 





* In these experiments, ['*C]adenosine (initial concn 16 uM) was added to a suspen- 
sion of washed rabbit platelets (platelet count 10°/yl) in the absence (A) or presence 
(B) of 4 uM reserpine. Suspension C had been treated with reserpine (4 uM) and was 
then resuspended in Tyrode solution containing 0.35% albumin before addition of 
['*C]adenosine. Aliquots of the suspensions were extracted with 3% perchloric acid 
at the indicated times, and ['*CJATP, ['*C]ADP, ['*CJAMP, ['*C]IMP, ['*C]hy- 
poxanthine and ['*C]inosine and ['*C]adenosine were separated chromatographi- 
cally. The radioactivity in ['*C]AMP and ['*C]JIMP was minimal and has been 
omitted from this table. In similar experiments it was found that ['*CJATP and 
['*C]ADP were almost completely platelet bound, whereas ['*C]adenosine, ['*C]ino- 
sine and ['*C]hypoxanthine were almost exclusively in the platelet-suspending fluid 
(see Table 1). The values given in this table are expressed as a percentage of the 
total radioactivity added. 


BP. 26/18—s 
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Table 3. Effect of reserpine on releasable ATP + ADP of rabbit platelets* 





ATP + ADP (umoles/10'' platelets) 





Control platelets 


Significance of 
difference between 
means 


Reserpine-treated 
plateletst 





Platelet ATP + ADP 
content 

Released ATP + ADP 41+0.5 

Per cent of total 62 
ATP + ADP released 


6.6 + 0.7 


5.8 + 0.5 P < 0.2 


3.0 +.0.4 P < 0.05 


52 





* Suspensions of washed platelets were prepared from blood obtained from either the reserpine- 
treated animals or the control animals that had not received any reserpine. Results represent 


means + S. E. of five experiments. 


+ Reserpine (5 mg/kg) was injected intraperitoneally into rabbits 18 hr prior to collection of the 


blood. 


t The release reaction was induced with 0.45 units/ml of thrombin, a concentration known to 
cause complete release of amine storage granule contents from control platelets. 


ately after infusion of the platelets, release of 
['*C]ATP was less than from platelets that had only 
been treated with reserpine in vitro (Table 4). 


DISCUSSION 


The results reported demonstrate two cellular 
effects of reserpine that have not been described so 
far to the best of our knowledge: (1) reserpine inhibits 
the incorporation of adenosine into the metabolic 
pool of adenosine triphosphate (ATP), and (2) it in- 
hibits the transfer of ATP from the metabolic pool 
into the releasable granule pool of blood platelets. 


2 
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Fig. 3. Kinetic analysis of the uptake of adenosine by 
washed rabbit platelets and its inhibition by reserpine. 
Uptake of adenosine in the absence (@——@®) or presence 
of two different reserpine concentrations (A——A, 4 uM 
reserpine; O——O, 10 uM reserpine) was measured by the 
filtration method described in Materials and Methods. The 
reciprocals of the velocities of adenosine uptake are plotted 
against the reciprocal of the adenosine concentration. 
The insert shows an Eadie—Hofstee plot of the velocities 
of adenosine uptake at different adenosine concentrations 
in the absence of reserpine. v = initial velocity (nmoles/ 
0.5 min/i0° platelets), s = concentration of adenosine 
(uM). All points represent the means of triplicate deter- 
minations. This was one of three similar experiments. 





Effect of reserpine on uptake of [8-'*C adenosine by 
platelets and its metabolism within the platelets. The 
incorporation of radioactively labeled adenosine into 
platelet adenine nucleotides has been studied exten- 
sively [18-23]. Holmsen and Rozenberg[19] have 
provided evidence that the incorporation of adenosine 
into platelet adenine nucleotides depends on rapid 
phosphorylation by adenosine kinase of adenosine 
transported across the platelet membrane. Our find- 
ing that any [8-'*C]adenosine remaining was in the 
supernatant fluid of platelet suspensions incubated 
with this compound, is consistent with the suggestion 
of Holmsen and Rozenberg [19] that there is no free 
intracellular adenosine provided »M concentrations 
of adenosine are used. However, the results from the 
present study show that adenosine can also be de- 
aminated to inosine by the platelets and accumulate 
subsequently in the extracellular fluid. This is in con- 
trast to the conclusion by Holmsen and Rozen- 
berg[19] that adenosine seems to be exposed only 
to adenosine kinase and not to adenosine deaminase 
upon entry into human platelets, but is consistent 
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Fig. 4. Effect of reserpine (2 uM) on time-dependent in- 
crease of ['*C]ATP that could be released from washed 
rabbit platelets prelabeled with ['*C]adenosine. The 
detailed labeling procedure is described in Materials and 
Methods. At the times indicated, aliquots of the platelet 
suspension (1 x 10°/yl) were removed, and release was in- 
duced with 0.45 units/ml! of thrombin. Means and S.E.M. 
of five experiments. Similar results were observed with 
0.24M_ reserpine. Key: reserpine (@——@®), control 
(O——©). 
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Fig. 5. Effect of reserpine (2 4M) on the time-dependent 
increase in specific radioactivity of ATP released from 
washed rabbit platelets prelabeled with ['*C]adenosine. 
Details of the 1-hr labeling procedure (black bar) are de- 
scribed in Materials and Methods. At the times indicated, 
aliquots of the platelet suspension were removed, and the 
release reaction was induced with 0.45 units/ml of throm- 
bin. Aliquots of the supernatant were taken for ATP deter- 
mination with the luciferin—luciferase method and for chro- 
matographic separation of radioactive adenine nucleotides 
in perchloric acid extracts. Values were corrected for total 
ATP and radioactive ATP in the supernatant fluid before 
stimulation with thrombin. For details see Materials and 
Methods. Similar results were obtained when platelets were 
prelabeled with ['*C]adenine. This was one of two similar 
experiments. Key: reserpine (@——®), control (O——0). 


with more recent findings by Sixma et al. [24] and 
the earlier observations of Ireland and Mills [18] in 
suspensions of washed human platelets that “platelets 
as well as accumulating phosphorylated derivatives 
of adenosine convert adenosine into inosine (and con- 
vert inosine into hypoxanthine)”. It is possible that 
the deamination of adenosine by platelets has been 
missed in experiments employing _ platelet-rich 
plasma [18, 19] because of the high adenosine dea- 
minase activity in plasma [22]. 
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Deamination of adenosine as the first metabolic 
step after its entry into the cell has also been de- 
scribed in other cells such as polymorphonuclear 
leukocytes [25]. For red cells it has been proposed 
that the adenosine concentration and its affinity for 
adenosine deaminase (adenosine aminohydrolase, 
EC 3.5.4.4.) and adenosinekinase (ATP: adenosine-5’- 
phosphotransferase, EC 2.7.1.20) determine whether 
the adenosine will be phosphorylated or de- 
aminated [26]. Sixma et al. [24] have recently put for- 
ward an alternative hypothesis. They suggested that 
adenosine can be taken up by platelets by two differ- 
ent carrier-mediated transport systems. These authors 
provided some evidence that adenosine at low (uM) 
concentrations is taken up preferentially via a low 
K,, system and directly incorporated into adenine nu- 
cleotides. In contrast, adenosine taken up by a high 
K,, system (mM adenosine concentrations) is con- 
verted to inosine and hypoxanthine or incorporated 
into adenine nucleotides. In the present experiments, 
only low concentrations of adenosine were used (uM 
range) and short incubation times were chosen 
(0.5 min) for the study of adenosine uptake, thus mini- 
mizing the problems arising from intracellular dea- 
mination of [8-'*C]adenosine. (Deamination of 
adenosine and subsequent rapid loss of inosine from 
the platelets into the extracellular fluid may lead to 
underestimation of adenosine uptake.) Under these 
conditions a Michaelis-Menten constant of 10 uM for 
adenosine uptake by washed rabbit platelets was 
found. This value is very similar to the value of 
9.8 uM reported by Sixma et al. [24] for the low K,, 
system of adenosine uptake by human platelets. Simi- 
lar results have also been reported for adenosine 
uptake by rabbit polymorphonuclear leukocytes 
(10 uM) [25] and for canine heart (11.6 uM) [27]. 

There is some kinetic evidence that the entry and 
metabolism of adenosine are separate events 
[25, 28, 29]. Therefore, inhibitors could interfere with 
either the carrier-mediated uptake across the mem- 


Table 4. Effect of reserpine on the transfer of ['*C]ATP from the non-releasable, 
metabolic pool into the releasable pool of rabbit platelets* 





Amount transferred (cpm/10° platelets) 





Control platelets 
['*C]ATP 


Reserpine-treated platelets 


(‘*CJADP ['*C]JATP ['*C]ADP 





Exp. | 
Platelet 
Released with 
0.45 units/ml thrombin 
Exp. 2 
Platelet 
Released with 
0.45 units/ml thrombin 


52,500 
25,300 


26,300 
16,500 


7,000 
2,900 


46,600 
11,600 


4,900 
4,800 


38,800 
12,500 


4,600 
2,000 


3,400 
1,900 





* Platelets labeled with ['*C]adenosine were treated in vitro with reserpine (2 uM) 
and injected into rabbits treated with 5 mg/kg of reserpine intraperitoneally: Platelets 
were reharvested from blood collected 18 hr after their injection. They were suspended 
in Tyrode solution containing 0.35% albumin, and the release reaction was induced 
with 0.45 units/ml of thrombin. The platelet count was 10°/yl. Control platelets were 
prepared from the blood of rabbits that had been injected with ['*C]adenosine-labeled 
platelets. These platelets had not been incubated with reserpine in vitro nor had the 
rabbits been treated with reserpine. In each experiment the values represent the mean 
of two observations. It is likely that the release of ['*C]ADP is overestimated since 
there is some breakdown of ['*C]ATP after its release into the suspending 


medium [17]. 
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brane (transport step) or with the first metabolism 
step. The present results are compatible with the hy- 
pothesis that reserpine affected both steps. (1) It 
diminished uptake of adenosine by platelets since the 
disappearance of adenosine from the platelet-suspend- 
ing fluid was slowed, and (2) reserpine inhibited the 
incorporation of adenosine into platelet adenine nu- 
cleotides. The inhibition of incorporation of [8-'*C]- 
adenosine into adenine nucleotides was not solely due 
to inhibition of adenosine uptake since the total plate- 
let-dependent inosine (+ hypoxanthine) formation 
from [8-'*C]adenosine within 60 min was increased 
in the presence of reserpine. This indicates that a 
larger fraction of the [8-'*C]adenosine that entered 
the platelets was deaminated to inosine in the pres- 
ence of reserpine. Simultaneous inhibition of adeno- 
sine uptake and the adenosine kinase reaction by in- 
hibitors of adenosine uptake has been postulated in 
other cell systems as well [30]. 

Another possible interpretation of the effect of res- 
erpine on adenosine metabolism is that reserpine in- 
hibits both the low K,, and the high K,, carrier sys- 
tems for adenosine uptake described by Sixma et 
al. [24]. Inhibition of the low K,, system would 
explain the diminished incorporation of [8-'*C]- 
adenosine into platelet adenine nucleotides in the 
presence of reserpine. Inhibition of the high K,, sys- 
tem by reserpine would account for the reduced rate 
of inosine formation. The increased total platelet- 
dependent inosine + hypoxanthine formation from 
[8-'*C]adenosine in the presence of reserpine would 
have to be attributed to a relatively greater effect of 
reserpine on the low K,, system than on the high 
K,, system. 

Both hypotheses for the nature of the reserpine- 
induced inhibition of adenosine uptake by platelets 
assume that reserpine inhibits the low K,, carrier- 
mediated transport. Kinetic analysis at low adenosine 
concentrations (0.4 to 10 uM adenosine) showed that 
the reserpine-induced inhibition is noncompetitive. 
No. further attempt was made in the present experi- 
ments to determine if the second effect of reserpine 
on the metabolism of adenosine described above rep- 
resents an inhibition of the high K,, system [24] or 
an inhibition of platelet adenosine kinase. 

Reserpine also diminished the platelet-dependent 
conversion of exogenous ['*C]inosine to ['*C]hy- 
poxanthine. This indicates that reserpine probably 
also blocks membrane transport of inosine. Inhibition 
of inosine transport by other inhibitors of adenosine 
transport such as p-nitrobenzylthioguanosine has 
been shown previously [23, 31]. However, it is pre- 
sently unknown whether inosine and adenosine use 
the same carrier-mediated transport system. 

Effect of reserpine on transfer of metabolic ATP into 
the releasable pool of platelets. It was previously 
demonstrated with both rabbit and human platelets 
that ATP is transported from the metabolically active, 
non-releasable pool into the releasable storage 
organelle pool [1, 2]. The results of the present experi- 
ments demonstrate that in the presence of reserpine 
both the absolute amounts of releasable radioactive 
ATP and the specific radioactivity of the released 
['*C]ATP were decreased. This must be due to inhi- 
bition of transfer of ['*C]ATP from the metabolic 
pool into the releasable granule pool in the presence 
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of reserpine. Our conclusion that the diminished 
release of ['*C]ATP from platelets is not due to an 
inhibition of the thrombin-induced release reaction 
is supported by our previous observations [32]. In 
those experiments it was shown that reserpine in vitro 
did not reduce the thrombin-induced release of sero- 
tonin and adenine nucleotides. Thus, reserpine not 
only inhibits the transfer of serotonin across the plate- 
let amine storage organelle membrane [4] but also 
inhibits the mechanism by which adenine nucleotides 
are transported across this granule membrane. How- 
ever, the maximum transport rate of serotonin across 
the granule membrane is much greater than that of 
ATP [1, 3] so that these two processes are not likely 
to be linked to each other. The amount of releasable 
ATP + ADP in platelets from rabbits that had 
received reserpine 18 hr prior to blood collection was 
diminished. This finding is compatible with the obser- 
vation of Da Prada et al.[5] that the ATP content 
of isolated storage granules from rabbits treated with 
reserpine is lower than that of granules of platelets 
from untreated rabbits. Since reserpine reduces the 
transport of ATP from the cytoplasm into the releas- 
able pool, this must mean that the transport of ATP 
or its metabolites from the releasable pool back into 
the cytoplasm is decreased much less (if at all), result- 
ing in a decreased amount of releasable storage 
granule ATP + ADP. 

The results of the present studies may also be rele- 
vant to the earlier observation that reserpine reduces 
the catecholamine and nucleotide content of the 
(denervated) adrenal medulla [33, 34] as well as of 
isolated medullary granules [35]. 

The effect of reserpine on adenine nucleotide trans- 
port across the storage granule membrane appears 
to be irreversible since the inhibition of the transport 
of ATP from the metabolic pool to the releasable 
pool was sustained when platelets were washed after 
treatment with reserpine in vitro or when reserpine- 
treated platelets were infused into the circulation of 
untreated rabbits. This effect of reserpine on the 
transport of adenine nucleotides across the storage 
granule membrane is different from its effect on the 
uptake of adenosine across the platelet membrane. 
Inhibition of adenosine uptake was diminished when 
platelets were resuspended in fresh medium after incu- 
bation with reserpine or abolished when adenosine 
uptake was determined in platelets prepared from 
rabbits that had received reserpine 18 hr prior to the 
collection of blood. Thus, the effect of reserpine on 
adenosine uptake is reversible. 

The present observations that reserpine can alter 
adenosine transport across the platelet plasma mem- 
brane reversibly and ATP transport (in addition to 
serotonin transport) across the storage granule mem- 
brane irreversibly are in keeping with the demon- 
stration by Enna et al. [36] that although part of the 
reserpine binding to platelets is reversible, reserpine 
binding to the storage granule membrane is irrevers- 
ible. They are also in keeping with the suggestion 
of Minter and Crawford [37] that both the surface 
membrane of platelets and the granule membranes 
are targets for reserpine. 
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Abstract—Reserpine inhibits the transfer of ATP from the metabolically active pool into the releasable 
pool (amine storage organelles) of washed rabbit platelets. Since reserpine is known to interfere with 
oxidative phosphorylation of isolated mitochondria, possible effects of reserpine on the energy metabo- 
lism of intact platelets were examined with the aim of determining whether or not such effects could 
explain the reduced transfer of metabolic ATP into the releasable pool of ATP. Reserpine caused 
a small increase in ['*C]hypoxanthine and ['*C]inosine accumulation in a suspension of washed 
rabbit platelets prelabeled with ['*C]Jadenosine or ['*C]adenine. Reserpine also caused increased oxi- 
dation of ['*C]glucose. Serotonin mimicked these effects of reserpine, and imipramine inhibited the 
serotonin-induced as well as the reserpine-induced increases in ['*C]hypoxanthine and ['*C]inosine 
formation and glucose oxidation. However, imipramine did not prevent the reserpine-induced inhibition 
of ['*CJATP transfer from the metabolically active pool into the releasable pool. It is concluded. 
that the effects of reserpine on energy metabolism are at least partially attributable to the increased 
demand for energy for the uptake of serotonin, liberated from the platelets during incubation with 
reserpine, and not to uncoupling of oxidative phosphorylation. Furthermore, the small decrease of 
the metabolically active ATP pool upon incubation of platelets with reserpine cannot explain the 


reduced transfer of ATP from the metabolic pool into the amine storage granule pool. 


Reserpine interferes with the transport and storage 
of monoamines in nervous tissue [1] and cells such 
as blood platelets [2-5]. In a previous paper [6] we 
provided evidence that reserpine also interferes with 
the transfer of ATP from the metabolically active 
pool into the releasable ATP pool which is considered 
to be located in the amine storage organelles of plate- 
lets [4]. Since reserpine has been reported to uncou- 
ple oxidative phosphorylation in isolated liver and 
kidney mitochondria [7], we have now investigated 
some effects of reserpine on platelet energy metabo- 
lism with the aim of determining whether or not these 
effects are responsible for the reduced transfer of 
metabolic ATP into the releasable pool of ATP. 

Reserpine causes the liberation of serotonin from 
blood platelets [3,4]. This serotonin is available for 
reuptake across the platelet plasma membrane—a 
process that is not inhibited by reserpine [5]. Sero- 
tonin uptake across the platelet plasma membrane 
is thought to occur by an active, energy-requiring 
mechanism [3]. We therefore examined whether this 
energy-requiring process caused increased glucose 
oxidation and/or increased conversion of platelet 
adenosine triphosphate to hypoxanthine in the pres- 
ence of reserpine or added serotonin. 


MATERIALS AND METHODS 


The source and preparation of materials were the 
same as those described previously [5,6]. Additional 
materials used in these experiments were: oligomycin 
(15% oligomycin A, 85% oligomycin B) was pur- 
chased from Sigma Chemical Co., St. Louis, MO. It 


was dissolved in 95% ethanol and diluted in glucose- 
free Tyrode solution. p-[6-'*C]glucose was obtained 
from New England Nuclear Corp., Boston, MA. 

Preparation of suspensions of washed platelets. Sus- 
pensions of washed platelets were prepared as de- 
scribed by Ardlie et al. [8,9]. Platelets were incubated 
with [8-'*C]Jadenosine or [U-'*C]adenine to label 
their metabolic adenine nucleotides [10] as described 
previously [6]. 

Formation of adenosine triphosphate metabolites. 
After being labeled with radioactive adenosine or 
adenine and resuspended in fresh Tyrode solution 
containing 0.35% albumin and 5mM HEPES, (N-2- 
hydroxyethyl-piperazine-N'-2-ethane sulfonic acid) 
buffer (pH 7.35), the platelets were kept at 37° for 
up to 8hr in conical plastic tubes in the presence 
or absence of the drug to be tested. At indicated time 
intervals, 1-ml aliquots were removed from the plate- 
let suspension, and ['*C]ATP and its radioactive 
metabolites were determined in 3% perchloric acid 
extracts of the platelet suspension. The labeled com- 
pounds in the supernatant fluid obtained by centrifu- 
gation of the platelet suspension (12,000g, 45 sec) 
were also determined at the same time after treatment 
for 3 min with Tyrode solution (control) or thrombin 
(0.45 units/ml). The detailed methods have been de- 
scribed previously [6, 11]. 

Adenylate energy charge. From the concentration 
of ['*C]JATP, ['*C]ADP and ['*C]JAMP, the 
adenylate energy charge of the platelets was calcu- 
lated as described by Mills [12]. Values were cor- 
rected for releasable ['*C]ATP, ['*C]ADP and 
['*CJAMP [13]. 
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Fig. 1. Effect of reserpine and imipramine on formation 
of ['*C]hypoxanthine (left) and ['*C]inosine (right) in a 
suspension of washed rabbit platelets preincubated with 
['*C]adenine to label the metabolic adenine nucleotide 
pool. The platelet suspension was kept at 37° and 1|-ml 
samples of the platelet suspension were removed at the 
indicated time intervals. Perchloric acid extracts of the 
total platelet suspension and the supernatant fluid were 
chromatographed on paper to separate the adenine nucleo- 
tides and their metabolites. Practically all of the ['*C]hy- 
poxanthine and ['*C]inosine was found in the supernatant 
fluid. This was one of three similar experiments. Key: 
A——A, reserpine (2uM); A&——A, _ reserpine 
(2 uM) + imipramine (204M); O——O, imipramine 
(20 uM); and @——®, control. 


Glucose oxidation. Glucose oxidation was measured 
by determining the formation of '*CO, from 
[6-'*C]glucose using a method described previously 


[14]. 
RESULTS AND DISCUSSION 


When washed platelets suspended in Tyrode solu- 
tion containing 0.35% albumin and 5mM HEPES 


were kept for several hours at 37°, a small amount 
of inosine and hypoxanthine accumulated in the sus- 
pending medium. Figure | shows that about | per 
cent of the metabolic ATP (labeled with ['*C]adenine 
or ['*C]adenosine) was converted per hour to 
['*C]inosine. The ['*C]hypoxanthine accumulating 
during 7hr of incubation was negligible. Reserpine 
(2 uM), however, caused the accumulation of a signifi- 
cant amount of ['*C]hypoxanthine after prolonged 
incubation. Reserpine had little effect on the accumu- 
lation of ['*C]inosine. 

Figure 2 shows that reserpine (2 uM) also increased 
the production of '*CO, from [6-'*C]glucose. In 
contrast to the increase of accumulation of ['*C]Jhy- 


Table 1. Effect of reserpine on adenylate energy charge 
of platelets* 





Adenylate energy charget 





Time of 
incubation 
(hr) 


Reserpine-treated 


Control platelets platelets 





0.930 + 0.010 
0.946 + 0.010 
0.948 + 0.010 
0.951 + 0.029 


0.936 + 0.012t 
0.936 + 0.015t 
0.944 + 0.009t 
0.941 + 0.011t 





* Means and S. D. of five experiments. 

+ The adenylate energy charge was calculated from the 
distribution of non-releasable ['*C]ATP, ['*C]ADP and 
['*C]AMP in suspensions of washed rabbit platelets 
labeled with ['*C]adenosine or ['*C]adenine. The 
amounts of ['*C]ATP, ['*CJADP and ['*C]AMP that 
could be released with a high concentration of thrombin 
(0.45 units/ml) were subtracted from the amounts of 
['*C]ATP, ['*C]JADP and ['*C]JAMP that were found 
in the total platelet suspension. 

t Differences between the means of control platelets and 
reserpine-treated platelets were not significant at the 95 
per cent confidence level at any time. 
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Fig. 2. Production of '*CO, from [6-'*C]glucose (167 uM, 0.2 wCi) by washed rabbit platelets sus- 
pended in a modified Tyrode-albumin solution containing 5mM HEPES (pH 7.35) without glucose 
(platelet count: | x 10°/yl). Left panel: effect of reserpine and oligomycin on '*CO, production. Key: 
@——®, Tyrode (control): A——-A, reserpine (2 uM); ¥——Y, oligomycin (0.1 uM; added in 10 pl 
of 95% ethanol to give a final concentration of 0.63% ethanol); O——O, reserpine (2 uM) + oligomycin 
(0.1 uM); O1-——Q, reserpine (2 uM) + ethanol (0.63%); and &——4, ethanol (0.63%, control). Tyrode, 
ethanol and oligomycin were added to the platelet suspension together with [6-'*C]glucose at the 
beginning of the experiment. Reserpine was added 4 min after the commencement of the incubation 
of the platelet suspension with [6-'*C]glucose. Right panel: effect of reserpine and imipramine on 
'*CO, production. Key: @——@, Tyrode (control); A——A, reserpine (2 uM); O——O, imipramine 
(20 uM); &A——A, reserpine (2 uM) + imipramine (20 uM). All additions were made at the same time 
as the incubation of the platelet suspension with [6-'*C]glucose was commenced. This was one of 
, two experiments with similar results. 
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Fig. 3. Effect of serotonin and imipramine on formation 
of ['*C]hypoxanthine (left panel) and ['*C]inosine (right 
panel) in a suspension of washed platelets preincubated 
with [U-'*C]adenine to label the metabolic adenine nu- 
cleotide pool. The platelet suspension was kept at 37° and 
1-ml samples of the platelet suspension were removed at 
the indicated time intervals. Perchloric acid extracts of the 
total platelet suspension and the supernatant fluid were 
chromatographed on paper to separate the adenine nucleo- 
tides from their metabolites. Practically all of the ['*C]hy- 
poxanthine and ['*C]inosine was found in the supernatant 
fluid. Key: A A, serotonin (initial concn 123 uM); 
A——A, serotonin (initial concn 123 uM) + imipramine 
(20 uM); and @——@, control. This was one of two similar 
experiments. 


poxanthine upon prolonged incubation of a platelet 
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immediately. Reserpine did not prevent the oligomy- 
cin-induced inhibition of '*CO, production (Fig. 2). 
An increase in platelet O, consumption [15-18] and 
hypoxanthine [19,20] and CO, [14] formation can 
be observed during energy-requiring processes such 
as platelet shape change, aggregation and the release 
reaction. Increased hypoxanthine formation can also 
be found after inhibition of platelet glycolysis and oxi- 
dative phosphorylation with antimycin and deoxyglu- 
cose [21]. Our findings that oligomycin-induced inhi- 
bition of '*CO, production was not prevented by res- 
erpine (2 uM) and that the adenylate energy charge 
of the platelets was not significantly altered by reser- 
pine (Table 1) indicated that ADP rephosphorylation 
was not measureably impaired and that reserpine at 
the concentration used did not uncouple oxidative 
phosphorylation in platelets. This is in agreement 
with the earlier finding by Century and Horwitt [22] 
that reserpine had only a slight effect on oxidative 
phosphorylation in rat brain homogenates at approxi- 
mately ten times higher concentrations than those 
used here. Furthermore, the increased production of 
hypoxanthine only became apparent several hours 
after the addition of reserpine. This may indicate that 
the increased production of ['*C]hypoxanthine may 
be due to a process that requires increasing amounts 
of energy with time. In this regard, it should be 
pointed out that reserpine causes the liberation into 
the suspending fluid of endogenous platelet serotonin 
[4] which is then available for reuptake across the 
platelet plasma membrane by an active, i.e. energy- 
requiring, process [3]. It is also possible that initially 


little or no hypoxanthine accumulated in the platelet 
suspension (in spite of increased energy demands and 


suspension with reserpine, the effect of reserpine on 
'4CO, formation from [6-'*C]glucose was apparent 
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Fig. 4. Production of '*CO, from [6-'*C]glucose (167 uM, 0.2 wCi) by washed rabbit platelets sus- 
pended in a modified Tyrode—albumin solution containing 5mM HEPES (pH 7.35) but no unlabeled 
glucose (platelet count: 1 x 10°/yl). Left panel: effect of serotonin and oligomycin on '*CO, production. 
Key: @——®, Tyrode (control); A——A, serotonin (123 uM); V VY, oligomycin (0.1 uM; added 
in 10yl of 95% ethanol to give a final concentration of 0.63% ethanol); O——O, serotonin 
(123 uM) + oligomycin (0.1 uM); 0——Q, serotonin (123 uM) + ethanol (0.63%); and +1, ethanol 
(0.63%, control). Tyrode, ethanol and oligomycin were added to the platelet suspension together with 
[6-'*C]glucose at the beginning of the experiment. Serotonin was added 4 min after the incubation 
of the platelet suspension with [6-'*C]glucose was commenced. Right panel: effect of serotonin and 
imipramine on '*CO, production. Key: @——@®, Tyrode (control); A——A, serotonin (123 uM); 
O——, imipramine (10 uM; 40 uM imipramine examined at the same time gave similar results); and 
A——A, serotonin (123 uM) + imipramine (10 uM; 40 uM examined at the same time gave similar 
results). All additions were made 4 min after the commencement of the incubation with [6-'*C]glucose. 
These results were representative of three experiments with similar results. In these experiments, imipra- 
mine (10 or 40 uM) did not cause complete inhibition of the increased '*CO, production in the presence 
of 123 uM serotonin. In experiments with 12.3 uM serotonin, imipramine (20 uM) completely blocked 
the increased '*CO, production. 





H.-J. REIMERS et al. 














['4c] ate RELEASED (% OF TOTAL ) 


HOURS 


Fig. 5. Effect of reserpine and imipramine on time-depen- 
dent increase of ['*C]ATP that could be released from 
washed rabbit platelets prelabeled with [U-'*C]adenine. 
At the times indicated, 1-ml samples of the platelet suspen- 
sion were removed. Perchloric acid extracts were prepared 
from the platelet suspensions and from the supernatant 
fluids after exposure of the platelet suspension to Tyrode 
solution (control) or thrombin (0.45 units/ml). ['*C]ATP 
was separated from other adenine nucleotides and their 
metabolites by paper chromatography. The percentage of 
the total platelet-bound ['*C]ATP released by thrombin 
is plotted. Values were corrected for ['*C]ATP found in 
the supernatant fluid of the sample exposed to Tyrode 
solution. Key: @——@, Tyrode; A——A,, reserpine (2 uM); 
O——O, imipramine (20uM); and A——A, reserpine 
_(2 uM) + imipramine (20 uM). This was one of two similar 
experiments. 


increased hypoxanthine formation) since hypoxan- 
thine can be reincorporated into adenine and guanine 
nucleotides by a salvage pathway [23]. This is appar- 
ent from Fig. 1, which shows that within hr | of 
observation, hypoxanthine that had been formed dur- 
ing centrifugation and resuspension of the platelets 
disappeared again from the platelet suspension. How- 
ever, the reasons for the incomplete reincorporation 
of hypoxanthine into the adenine and guanine nucleo- 
tides upon prolonged incubation of the platelets 
remain unexplained from the present experiments. 
The hypothesis that the reserpine-induced increase 
in ['*C]hypoxanthine accumulation and the increase 
in '*CO, production from [6-'*C]glucose are 
mediated by serotonin liberated from the platelets 
was examined in the following experiments. Serotonin 
at a concentration (123 uM) that was not completely 
incorporated into the platelets during the course of 
the experiment caused an increased accumulation of 
['*C]hypoxanthine in the platelet suspension (Fig. 3) 
and increased the formation of '*CO, from [6-'*C]- 
glucose (Fig. 4). The accumulation of ['*C]hypoxan- 
thine was delayed as it was in the case of reserpine, 
indicating that it takes some time before the hypoxan- 
thine salvage pathway is overloaded under the condi- 
tions of the present experiments. Both effects of sero- 
tonin were diminished by the addition of 10-40 uM 
imipramine, a drug known to inhibit active serotonin 
uptake across the platelet plasma membrane [3, 4] 
(Figs. 3 and 4). Imipramine (20 uM) also reduced the 
reserpine-induced increase in '*CO, production (Fig. 


2) and the reserpine-induced increase in ['*C]hypox- 
anthine formation (Fig. 1). 

Although imipramine (20 uM) reduced the reser- 
pine-induced '*CO, production and ['*C]hypoxan- 
thine formation, it did not alter the reserpine-induced 
inhibition of ['*C]ATP transfer from the metabolic 
pool into the releasable pool (Fig. 5). This indicates 
that the previously observed inhibition of ['*C]ATP 
transfer by reserpine [6] is not due to changes in 
the concentration of ['*C]ATP in the metabolic pool. 
It is more likely that the effect of reserpine on 
['*C]ATP transfer is exerted at the platelet granule 
membrane, whereas the other observed metabolic 
effects of reserpine may be due primarily to reserpine- 
induced liberation of platelet serotonin. 
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Abstract—A possible contribution of metabolic processes to the tolerance to cyclohexamine 
(1-(1-phenylcyclohexyl) ethylamine) was investigated by determining the kinetics of brain and liver 
uptake of the labeled drug. A similar time course was found for both naive and tolerant mice. In 
addition, the amount of the drug uptaken by the brain was found to be linearly dependent on the 
dose injected in both groups. The possibility of adaptive changes in brain enzymes was investigated 
using mouse brain acetylcholinesterase (AcChE, E.C.3.1.1.7) as a model of a putative enzyme, affected 
by phencyclidine derivatives. Although brain AcChE is believed to be chronically affected by these 
drugs in vivo, no measurable changes could be observed in the amount, the affinity towards diverse 
ligands or the kinetic properties of this enzyme, between naive, cyclohexamine-tolerant and physostig- 
mine tolerant mice. Possible changes in receptors as the mechanism of tolerance induction were tested: 
by determining the amount of the central muscarinic receptor and its affinity towards a highly specific 
antimuscarinic ligand in vitro. When comparing naive animals to mice tolerant to cyclohexamine, 
physostigmine and oxotremorine, no measurable differences could be found in any of these parameters. 
Repeated injections of cyclohexamine together with scopolamine prevented tolerance development to 
the former. The possibility of homeostatic events as tolerance mechanism is presented and discussed. 


Phencyclidine (1-(1-phenylcyclohexyl) piperidine) and 
cyclohexamine share with other many centrally-acting 
drugs the ability to induce tolerance. This response 
can be developed in mice within a few days, and was 
found to be dose-dependent and reversible [1 ]. 

The complete reversibility of the tolerance, together 
with a lack of carry-over between two consecutive 
tolerance cycles induced in the same group of animals 
[1], exclude an immune response as a possible basis 
of the tolerance. However, as suggested for barbitu- 
rates, analgetics, amphetamines and various psy- 
choactive drugs, several other processes have been in- 
vestigated for their possible contribution to the 
observed phenomenon [2,3], including metabolic, 
cellular and homeostatic mechanisms. 

The present report is an investigation of the contri- 
bution of these processes to the development of toler- 
ance to phencyclidine derivatives in mice. While 
metabolic events can be studied by directly following 
the fate of the drug in the body, cellular and homeo- 
static mechanism have to be investigated by neuro- 
biochemical techniques. Accordingly, labeled drugs 
were used to evaluate the possible contribution of 
metabolic processes, while brain AcChE and muscar- 
inic receptor were selected as neurobiochemical 
models for cellular interactions. By examining these 





Abbreviations: Phencyclidine: 1-(1-Phenylcyclohex yl)pi- 
peridine (Sernyl) Cyclohexamine: 1-1(-Phenylcyclohexyl) 
ethylamine; NMPB: N-Methyl-4-piperidyl-benzilate; 
DTNB: 5,5’ Dithiobis-2-nitrobenzoid acid; AcChE: Acetyl- 
cholinesterase (E.C.3.1.1.7). 


both in vivo and in vitro, it was found that neither 
metabolic processes nor the selected cellular mechan- 
isms contribute significantly to the establishment of 
tolerance. However, it is suggested that homeostatic 
adaptations [4,5] may play a role in the tolerance 
phenomenon to phencyclidine derivatives in mice. 


MATERIALS AND METHODS 


Materials. Phencyclidine derivatives were pi2pared 
according to Kalir et al. [6] and used as hydrochlo- 
ride salts in double-distilled water. Physostigmine- 
salicylate, acetylthiocoline-iodide and 5-5’ Dithiobis-2 
Nitro-benzoic acid (DTNB) were purchased from 
Sigma; scopolamine-HBr ([a]§° = —13.3°, C = 2.04 
in 1 N HCl) from Plantex (Israel); and oxotremorine 
(free base) from Aldrich. The labeled compounds 
[?H]N-methyl 4-piperidyl-benzilate (NMPB), specific 
activity 6Ci/mM, and [*H]cyclohexamine, specific 
activity 1.98 Ci/mM were obtained from the Nuclear 
Research Center, Israel. Fresh solutions were pre- 
pared every 2-3 days, and stored refrigerated until 
use. All drugs were injected s.c. in a constant volume 
of 0.1 ml per animal. 

The albino ICR mice of both sexes used throughout 
this study were approximately 4 weeks old and 
weighed 19-24 g. All in vivo experiments were con- 
ducted between 09:00-17:00, at an ambient tempera- 
ture of 23 + 1°. 

Uptake of labeled  cyclohexamine. About 
1.5 x 10’ cpm/mouse were injected s.c. to groups of 
animals. Three mice were decapitated at a time, 
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according to a set time table, and their brains and 
livers removed within 2 min, washed for 30sec with 
saline and homogenized separately in 5 ml double-dis- 
tilled water, using Potter-Elvehjem glass tubes fitted 
with teflon pestles. Aliquots of 0.1 and 0.2 ml of the 
brain and liver homogenates, respectively, were with- 
drawn and double-distilled water added to give a final 
volume of 0.4ml. These samples were shaken with 
3 ml of scintillation liquid (Insta-Gel, Packard) and 
counted in a Packard tricarb liquid scintillation 
counter, model 2002. The amount of labeled drug in 
nmoles/g tissue was calculated and expressed as the 
mean + S.D. of 24 separate experiments. 
_ Brain AcChE activity. ACChE activity was deter- 
mined spectrophotometrically according to Ellman et 
al. [7] using a Varian Techtron spectrophotometer, 
model 635, and a Servogor recorder, with acetylthio- 
choline as a substrate. The catalytic activity of acetyl- 
thiocholine hydrolysis was previously found to 
depend linearly on the amount of brain homogenate 
within the range of 1-12 mg tissue per assay [8]. 
Accordingly, a typical reaction mixture where the 
final volume was 3 ml! contained 8.0 mg tissue, 0.1 ml 
DTNB, 0.01 M and 0.1 M phosphate buffer, pH = 8. 
The tissue was prepared as a 10% homogenate in ice- 
cold 0.1M phosphate buffer, pH = 8, containing 
0.1M NaCl and 0.5% Triton-X-100, and diluted to 
a final concentration of 20 mg/ml with 0.1 M_ phos- 
phate buffer, pH = 8. All experiments were carried 
out at 25°, pH = 8, and initiated by adding 0.025 ml 
of the substrate. No measurable butyrylcholinesterase 
activity was found under these conditions. K; values 
towards phencyclidine derivatives were determined 
using substrate concentrations in the range of 
0.8-6 x 10~*M. Dose-response curves for the inhibi- 
tion of AcChE by physostigmine in vitro were deter- 
mined by recording the residual enzyme activity after 
a 10min preincubation with various physostigmine 
concentrations using 6 x 10~*M substrate. t, deter- 
minations for the carbamylation in vitro were carried 
out as follows: 5 ml of the diluted brain homogenate 
(20 mg/ml) were incubated at 25° with the desired 
physostigmine concentrations. Aliquots of 0.4 ml 
(8 mg tissue) were withdrawn immediately before and 
at different time intervals after the addition of physo- 
stigmine, transferred to the above reaction mixture 
and the enzyme’s activity determined immediately, 
using 6 x 10-*M substrate. In several experiments 
cyclohexamine was added to the incubation mixture 
| min before physostigmine. t, values were interpo- 
lated from the “log AOD/min vs time” curves, relative 
to the pre-physostigmine activity. Inhibition of 
AcChE by physostigmine in vivo and its spontaneous 
reactivation were measured as follows: 0.4 mg/kg 
physostigmine were injected to groups of animals, 
which were decapitated in triplicate, according to a 
set time table. The brains were quickly removed, 
weighed and homogenized separately as described. 
The AcChE was determined 3 separate times for each 
homogenate within 4min of decapitation, using 
6 x 10°*M substrate. Results are expressed as per- 
centage of inhibition, and are the mean of 2-6 experi- 
ments. The pre-injection activity (100%) is given as 
the mean of 180 separate readings. 

Brain muscarinic receptor determination. The 
amount and the affinity constant of mouse’s brain 
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muscarinic receptor were determined according to 
Yamamura and Snyder [9], with several modifica- 
tions: 10% brain homogenates were prepared in 
0.32 M ice-cold sucrose, and centrifuged at 1000 g for 
10 min. Pooled supernatants of 2 brains served'as the 
receptor source. The highly-specific labeled anti-mus- 
carinic ligand, [*H]N-Methyl-4-piperidyl benzilate 
(NMPB), was diluted in a solution of the following 
salts to yield ligand concentrations in the range of 
0.1-15mM: 27.6g NaCl, 14g KCl, 1.12g CaCl, 
0.44 g MgCl,, 0.56 g NaH,PO, and 8.0 g glucose, dis- 
solved in 41 of 2.5 x 10°3M_ Tris-solution, 
pH = 7.4. The reaction mixtures, prepared in tripli- 
cate, contained 0.05 ml of the supernatant and 2 ml 
of the desired ligand concentration and were incu- 
bated for 30 min at 25°. The reaction was stopped 
by dilution with 3 ml of the above ice-cold solution 
and immediate filtration on GFC 2.5 cm fiberglass fil- 
ters (Whatman). Each reaction tube was washed 2 
more times with the same volume. Each filter was 
then carefully transferred to a plastic tube, shaken 
with 4.5 ml scintillation liquid (Insta Gel, Packard), 
and after a minimum of 30min, read in a Packard 
tricarb liquid scintillation counter (model 2002). The 
specific binding (B) was calculated as the total binding 
minus the non-specific one, and plotted in cpm versus 
the respective ligand concentration (L) (see Fig. 9). 
Bmax Values were extrapolated from 1/B versus 1/L 
plots, and the amount of receptor in pmoles/g brain 
was determined according to the specific activity of 
the labeled ligand and the counter’s efficiency (33%). 
The Kp values of the receptor towards its ligand were 
determined from the slopes of these curves. 
Tolerance induction and evaluation. Tolerance to 


phencyclidine derivatives was induced and assessed 
using the rotarod test, as described elsewhere [1]. 
Tolerance to physostigmine and oxotremorine was in- 
duced and assessed by following simultaneously 4 sys- 
temic effects: salivation, tremor, hypothermia and the 
rotarod effects. Details are given in previous studies 
[8, 10]. 


RESULTS 


In experiments following labeled cyclohexamine in 
mouse brain and liver (Figs 1 and 2), no significant 
differences were found either in the amount or in the 
rate of uptake and elimination of the labeled drug 
between naive and cyclohexamine-tolerant mice. A 
plot of the amount of drug uptaken by the brain vs 
the injected dose at the time of its peak presence 
(40 min) showed a clear linear relation which was 
identical for both groups, over the dose range of 
0.6-60 mg/kg (Fig. 3). 

All the phencyclidine derivatives tested were found 
to inhibit brain AcChE in vitro in a competitive man- 
ner (Table 1), with K; values in the range of 
2-8 x 10°°M. A comparison of some parameters of 
AcChE from the brain homogenates of naive, cyclo- 
hexamine-tolerant and physostigmine-tolerant mice is 
given in Table 2. The dose-response curves for the 
inhibition of AcChE by physostigmine in vitro were 
compared in the 3 groups of animals (Fig. 4), and 
the inhibition of brain AcChE by 0.4 mg/kg physo- 
stigmine was also followed in vivo (Fig. 5). In addition, 
the rate of AcChE carbamylation by physostigmine 
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Fig. 1. Kinetics of brain uptake of [*H]cyclohexamine in naive and tolerant mice. The uptake of 

the labeled drug by the brain was determined in naive (O——0) and cyclohexamine-tolerant (A——A) 

mice, at different time intervals after s.c. injection of 4.5 mg/kg of the drug (about 1.5 x 10’ cpm/animal). 
Results are expressed as mean + S.D. of 2-4 separate experiments, each in triplicate. 


in vitro was assessed from the t, values at several 
inhibitor concentrations (Fig. 6). As can be seen in 
Table 2 and Figs 4-6, no measurable differences were 
found in any of these parameters between the 3 
groups of animals. 

Investigation was made of the possibility that the 
interaction observed between AcChE and phencycli- 
dine derivatives in vitro (Table 1) may also occur in 
vivo. The calculated “brain concentration” of cyclo- 
hexamine following a single injection of 6 mg/kg is 
about 70 per cent of the K; value (Figs 1, 3 and Table 
1); a chronic exposure to this dose every 4hr would 
presumably raise the brain concentration to a much 
higher level. (6 mg/kg is the dose previously selected 
for rapid tolerance induction [1].) However, since the 
above-mentioned interaction is extremely reversible, 
it would probably be impossible to measure the inhi- 


bition of AcChE by cyclohexamine in vivo directly, 
according to the residual activity in brain homo- 
genates after systemic administration of the drug. 
Thus, an indirect approach was adopted, by which 
cyclohexamine was used to slow down the rate of 
AcChE carbamylation by physostigmine in vivo simi- 
lar to what was found in vitro (Fig. 7). A dose of 
30 mg/kg was used in the in vivo procedure, which 
was expected to produce a “brain-concentration” of 
about 3.5 times the K; value at the time of its peak 
presence —40 min (Figs 1, 3 and Table 1). Unfortu- 
nately, even a very low dose of physostigmine 
(0.01 mg/kg) injected 15 min after this high dose of 
cyclohexamine inhibited brain AcChE in vivo to the 
same degree as in the control group (about 15 per 
cent). 

Repeated simultaneous injections of 6 mg/kg cyclo- 
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Fig. 2. Kinetics of liver uptake of [*H]cyclohexamine in naive (O——O) and cyclohexamine-tolerant 
(&4——A) mice. For details see legend to Fig. 1. 





I. Pincuasi, S. MAAYANI and M. SOKOLOVSKY 





— a ee a ee 


[3H-Cyclohexamine] log.n moles /gr.brain 


i oS eet 4 








ss were | 





Oo5 1.0 


5 10 


Injected dose (mg/kg) 


Fig. 3. ‘The relation between injected doses and the amount of [*H]cyclohexamine uptaken by mouse 

brain, in naive (@——@) and cyclohexamine-tolerant (A——A) mice. Mice were s.c. injected with 

labeled cyclohexamine in the dose-range of 0.6-60 mg/kg, and decapitated 40 min later. The amount 
of drug uptaken by the brain was determined as described in the Methods section. 


Table 1. K; values for the inhibition of brain AcChE in 


naive mice by phencyclidine derivatives 





Phencyclidine derivative 


(HCI salts) K; (M) 





1.9 x 107° 
4.3 x 1075 
5.7 x 1075 
3.5 x 1075 
71 x 0" 


Phenycyclidine 
Cyclohexamine 

Isopropyl phencyclidine 
Thienyl phencyclidine 
1-Phenyl cyclohex yl-amine 





K; values were calculated from Lineweaver—Burk plots, 
using at least 2 inhibitor concentrations. (See Methods for 
details.) 


hexamine with 0.3 mg/kg scopolamine prevented 
almost completely the induction of tolerance to the 
former (Fig. 8). However, in direct measurements of 
the amount of the brain muscarinic receptor and its 
affinity towards a specific ligand, no measurable dif- 
ferences were found between naive, cyclohexamine- 
tolerant, physostigmine-tolerant and oxotremorine- 
tolerant mice (Table 3, Fig. 9). 


DISCUSSION 


The various mechanisms proposed to explain the 
tolerance phenomenon can be grouped under three 
headings [2]: (1) dispositional tolerance, which attri- 
butes the reduction in behavioral effects to changes 
in metabolic and pharmacokinetic processes; (2) cellu- 
lar tolerance, suggesting modifications in cellular 
components which interact with the chronically- 
administered drug, e.g. neurotransmitters, enzymes, 
receptors; (3) homeostatic mechanism, in which 
diverse neuronal pathways which differ in their sus- 
ceptibility to drugs are assumed to be altered so as 
to counteract the initial drug effect, resulting in resto- 
ration of steady-state [4,5]. The first two of these 
mechanisms were investigated in this study, using 
cyclohexamine as a tolerance-inducing drug. 

Dispositional tolerance is assumed to be a result 
of several processes, including changes in the rate of 
drug absorption, modification of the drug’s relative 
distribution between the organs, an increased rate of 
metabolism or elimination, etc. [2]. The possible con- 
tribution of these processes to the “phencyclidine- 
tolerance” in mice previously described [1] was evalu- 


Table 2. A comparison of several enzymatic parameters in naive, cyclohexamine-tolerant and physostigmine-tolerant 
mice 





V, 


pumoles/min/ 


Animals mg tissue 


K; (M) 


K,, (M) (for cyclohexamine) 





14.8 + 2.1 (8) 
15.5 + 4.2(3) 
14.2 + 2.0(4) 


Naive 
Cyclohexamine-tolerant 
Physostigmine-tolerant 


7.35+@ 
7.2 + 0.7 x 107° (3) 
tS 


3.8 + 0.6 x 1075 (3) 
3.8 + 0.7 x 10-5 (3) 
4.0 + 0.3 x 1075 (3) 


8 x 1075 (8) 


6 x 1075 (4) 





All parameters were calculated from the respective Lineweaver-Burk plots. Results are expressed as the mean + S.D. 
of separate experiments, the number of which is given in parentheses. (See Methods for details.) 
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Fig. 4. Dose-response curve for inhibition of mouse brain AcChE by physostigmine in vitro, in naive 
(@——®), physostigmine-tolerant (A——-A) and cyclohexamine-tolerant (A——A) mice. Physostigmine 
salicylate in the concentration range of 10-°-10~5M, was added to the reaction mixture and the 


_ residual AcChE activity was determined after a 10-min preincubation using 6 x 10-*M substrate. 
Results are expressed as per cent inhibition relative to control values. 
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Fig. 5. Kinetics of inhibition of brain AcChE by physostigmine in vivo, in naive (@——®), physostig- 

mine-tolerant (A——A) and cyclohexamine-tolerant (A——A) mice. Groups of mice were s.c. injected 

with 0.4 mg/kg physostigmine salicylate, and the residual activity of AcCChE determined at different 

time intervals, using 6 x 10~*M substrate. Results are expressed as the mean per cent inhibition 

relative to pre-injection activity. The standard deviation for 6-180 separate readings was found to 
range between 3-15%. (See Methods for details). 
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Fig. 6. t, values for the inhibition of brain AcChE by physostigmine in vitro at different inhibitor 

concentrations, in naive (@——®), physostigmine-tolerant (A——-A) and cyclohexamine-tolerant 

(4——A) mice. The respective brains homogenates (20 mg/ml) were incubated at 25° with various 

physostigmine concentrations, in the range of 6 x 10~*-6 x 10~’M. Aliquots were withdrawn at 

various time intervals and the residual AcChE activity determined using 6 x 10~*M substrate. ¢, 
values were interpolated from the log. AOD/min vs. t plots (see Methods). 
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Fig. 7. Effects of various cyclohexamine concentrations on 
the t, values for inhibition of brain AcChE by physostig- 
mine in vitro, in naive (@——@®) and cyclohexamine-toler- 
ant (A——A) mice. Brain homogenates were pre-incubated 
for | min with cyclohexamine concentrations in the range 
of 3.5-11 x 10~*M. 2 x 10°’ M physostigmine salicylate 
was then added and aliquots withdrawn at different time 
intervals and the residual AcChE activity determined using 
6 x 10°*M substrate. t, values were interpolated from the 
log. AOD/min vs t plots (see Methods). 


ated by determining the time-profile of brain and liver 
uptake of labeled cyclohexamine, and by establishing 
the relationship between the amount of drug adminis- 
tered and that uptaken by the brain. In view of the 
similarity found here between the kinetics of brain 
uptake of the drug in naive and tolerant animals (Fig. 
1), it seems unlikely that dispositional events consti- 
tute the major basis for tolerance development. This 
conclusion is supported by the similarity observed 
between the kinetics of liver-uptake of the drug in 
naive and tolerant mice (Fig. 2): in both groups the 
rate of drug uptake by the brain and liver (1.3 and 
2.2 nmoles/g/min respectively) was roughly propor- 
tional to the relative wet weights of these organs (0.45 
and 0.9 g, respectively). Thus, it is difficult to conceive 
of a possible change in the permeability of the tissue 





, 
Oo 


L 


EDso (mg/kg) 


1 — ee ee i l 
5 10 
Days of treatment 


4 
G 4 A = 














Fig. 8. Change in EDs, on chronic exposure to 6 mg/kg 
cyclohexamine (© ©), or a “cocktail” of 6 mg/kg cyclo- 
hexamine + 0.3 mg/kg scopolamine (@——@®). Mice were 
injected with the above drugs 5 times a day at 4-hr inter- 
vals, and tested for their response to cyclohexamine in the 
rotarod-test on different days. ED;9 values were interpo- 
lated from the respective dose-response curves, and plotted 
versus days of treatment. )) marks cessation of treatment. 
(See [1] for further details). 
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Fig. 9. Typical binding curve of [°H]N-Methyl-4-piperi- 
dyl-benzilate to brain muscarinic receptor in vitro, in naive 
(@——®), physostigmine-tolerant (A———A), oxotremor- 
ine-tolerant (* *) and cyclohexamine-tolerant 
(&——A) mice. Aliquots of the 1000 g supernatant of the 
respective brain homogenates were incubated at 25° for 
30 min with the labeled ligand in the concentration range 
of 0.1-15 nM. The specific binding to the muscarinic recep- 
tor was determined (see Methods). 


to the drug via the so-called “blood brain barrier” 
as a result of repeated exposure [11]. Similar results 
were reported for other drugs [12, 13]. 

Since repeated exposure to 6 mg/kg cyclohexamine 
every 4hr [1] presumably results in accumulation of 
the drug in the brain during tolerance induction, it 
was interesting to follow its fate in the brain over 
a wide dose-range. The observed correlation between 
the injected dose of cyclohexamine and the amount 
uptaken by the brains of naive and tolerant mice im- 
plies that the similar pharmacokinetics of the drug 
in these groups is preserved up to 60 mg/kg. 

Additional evidence suggestive of the possible role 
played by cellular and/or homeostatic mechanisms in 
tolerance production is found in the remarkable 
cross-tolerance to physostigmine and oxotremorine 
observed in cyclohexamine and phencyclidine-chroni- 
cally treated mice [10]. Since the two cholinergic 
drugs bear no chemical resemblance to phencyclidine, 
it is highly unlikely that similar metabolic processes 
are involved in the production of tolerance. These 
conclusions are consistent with those drawn for many 
other psychoactive drugs [2, 3, 14-24]. In fact, it is 
generally accepted that dispositional tolerance plays 
a significant role in the tolerance induced by the 
short-acting barbiturates (25-26), although it may 
serve as a secondary mechanism for other drugs, too. 

Several variations of “cellular modifications” were 
suggested as possible mechanisms of the tolerance 
phenomenon. One such variation is that formulated 
for direct interaction between the tolerance-inducing 
drug and an enzyme which is supposedly controlled 
by feed-back mechanisms. These mechanisms enable 
adaptive changes, which, in turn, counteract the acute 
drug effect [27-29]. This theory was tested by select- 
ing brain AcChE as a model enzyme, for three 
reasons. (1) All phencyclidine-derivatives tested were 
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Table 3. A comparison of several receptor parameters in naive, cyclohexamine- 
tolerant, physostigmine-tolerant and oxotremorine-tolerant mice 





pmole receptor 


Animals 


per g Brain 


Kp (M) 





Naive 
Cyclohexamine-tolerant 
Physostigmine-tolerant 
Oxotremorine-tolerant 


74.7 + 6:1 (4) 
71.4 + 8.4(3) 
75.3 + 6.6 (3) 
73.1 + 15.6 (3) 


04 x 107°(3 
23) 





The amount of muscarinic receptor and its affinity constant towards NMPB 
were determined from the respective binding curves. Results are expressed as 
the mean + S.D. of separate experiments, the number of which is given in 


parentheses. (See Methods for details.) 


found to inhibit this enzyme in a competitive, though 
mild and reversible, manner (K;’s = 2-8 x 107° M) 
(Table 1). (2) Brain “concentrations” of cyclohexamine 
after the s.c. injections of 6 mg/kg (the tolerance in- 
duction dose [1]) may reach the range of its K; value 
established in vitro on repeated exposure (Figs. 1, 3). 
(3) A pronounced cross-tolerance to physostigmine 
was found in cyclohexamine-treated mice [10]. The 
former is an anticholinesterase drug, known as a 
highly potent carbamylating agent, and it induces 
most of its systemic cholinergic effect via cholinester- 
ase inhibition [8]. 

Three parameters were selected for characterization 
of brain AcChE and its comparison in naive and 
tolerant animals: (1) V,,,, values, (2) affinity towards 
different ligands, e.g., the substrate, cyclohexamine 
and physostigmine, and (3) the rate, determined in 
vitro, and the time course, followed in vivo, for the 
carbamylation of AcChE by physostigmine. As sum- 
marized in Table 2 and Figs 4-7, no significant differ- 
ences were found in any of these parameters of brain 
AcChE activity between naive and cyclohexamine- 
tolerant mice; nor were there differences in physostig- 
mine-tolerant animals. Thus, changes in the total 
amount of enzyme or in its molecular characteristics 
seem to be excluded as tolerance mechanisms. These 
results fit those found for many nonreversible organo- 
phosphorous cholinesterase inhibitors [21, 30-35]: in 
all these studies, the enzyme’s activity remained at 
about 20-30 per cent of control throughout the 
chronic treatment, and the observed tolerance could 
not be explained by development of resistance 
towards the inhibitor. Therefore, other mechanisms 
were proposed, such as possible changes in acetylcho- 
line levels via feedback mechanisms, or alterations in 
the respective receptor’s sensitivity. Furthermore, the 
inhibition of AcChE in vivo by morphine and physo- 
stigmine was also found previously to be unchanged 
in morphine-tolerant [36] and physostigmine-tolerant 
rats [37], respectively. It seems then that although 
several psychoactive drugs were found to interact 
with enzymes which are involved in normal transmis- 
sion [38], there is no conclusive evidence as to the 
role played by possible enzymatic adaptations in the 
tolerance to these drugs. 

Various changes in receptors were also accepted 
as possible adaptation underlying tolerance develop- 
ment [28, 29, 39-45]. Brain muscarinic receptor was 
selected as a model receptor molecule for four 
reasons. (1) It was found that phencyclidine deriva- 
tives possess anti-cholinergic properties [46]. (2) It 
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was found in our laboratory that phencyclidine de- 
rivatives can bind to the central muscarinic receptor 
in vitro, with Kp values c.a. 1 x 107° M~! (Rehavi, 
M., Personal communication). (3) “Brain concen- 
tration” of cyclohexamine can reach the range of its 
Ky value on repeated exposure (Figs 1, 3). (4) A 
marked cross-tolerance to oxotremorine was found 
in cyclohexamine-chronically treated mice [10]. Oxo- 
tremorine is well known for its interaction with the 
central muscarinic receptor, and, in fact, was used to 
define specific muscarinic binding in rat brain [9]. 
A muscarinic agonist rather than a muscarinic antag- 
onist was selected in this study as a reference toleran- 
ce-inducing drug because direct measurements of 
muscarinic antagonistic activity and, consequently, of 
tolerance to it are difficult to perform using conven- 
tional methods and pharmacological doses. (For 
Example, Friedman et al. [47] used scopolamine 
doses as high as 150 mg/kg.) It was felt that changes 
induced in the central muscarinic receptor by chronic 
administration of either oxotremorine or the presum- 
ably antagonist cyclohexamine could be determined 
in binding experiments in vitro. However, when 
measuring the amount of muscarinic receptor and its 
affinity towards a specific ligand (NMPB), as shown 
in Table 3 and Fig. 9, no significant differences were 
found between naive, cyclohexamine-tolerant, physos- 
tigmine-tolerant and oxotremorine-tolerant mice. 
These results correspond with those found by direct 
measurements of the opiate-receptor in morphine- 
tolerant animals [48]. Although enhancement of 
receptor-binding by in vivo administration of narcotic 
agonists and antagonists was found, no apparent cor- 
relation could be established between these changes 
and tolerance development [49-51]. On the other 
hand, a large amount of psychopharmacological evi- 
dence derived from in vivo and in vitro experiments 
points towards altered receptor sensitivity after pro- 
longed treatment with various drugs; e.g., morphine 
[52, 53], organophosphorous cholinesterase inhibitors 
[21, 32-35], atropine [54] etc. or changes in the 
number of receptors [55]. One possible reason for 
this gap between biochemical and psychopharmacolo- 
gical approaches may be the difficulty in interpreting 
purely in vitro measurements of binding capacity, 
since the postulated changes in the receptor may be 
undetectable by the techniques currently in use, 
and/or closely linked to its membranal character and 
to possible interactions with other membranal com- 
ponents, e.g., adenylate-cyclase [56]. It can only be 
concluded, with reservations, that according to the 
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inethods utilized in this study, no evidence was found 
to support a possible role of receptor-adaptations in 
to cyclohexamine, 


the development of tolerance 
physostigmine and oxotremorine. 

The third group of adaptive mechanisms proposed 
are homeostatic processes [4,5]. Such mechanisms 
may perhaps be elucidated by screening the receptors 
needed for the development of tolerance to a given 
drug. In our study it was found, for example, that 
continuous blockade of the muscarinic receptor by 
repeated injections of scopolamine prevented the de- 
velopment of tolerance to cyclohexamine, adminis- 
tered simultaneously (Fig. 8). The same results were 
obtained for physostigmine and oxotremorine, using 
different schedules of antagonist-tolerance-inducing 


drug injections [57,58]. Accordingly, it was found - 


that tolerance to morphine can be blocked by con- 
comitant administration of narcotic antagonists 
[49, 59-61], and similarly continuous blockade of the 
dopaminergic receptor prevented development of 
tolerance to amphetamine [62]. It seems that this 
approach, combined with cross-tolerance experiments 
[10], could be employed to assess the relative contri- 
bution of diverse neuronal components to the acute 
effect of drugs as well as to tolerance development, 
and to identify possible interactions between different 
pathways which might reflect the central nervous sys- 
tem homeostasis. 
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Abstract—A new procedure was used to follow continuously and simultaneously four systemic effects 
induced by oxotremorine in mice: salivation, tremor, hypothermia and those measured in the rotarod 
test. Using an equipotent dose of methoxotremorine, it was found that apart from salivation, the 
other systemic effects are centrally originated. By comparing the complete dose-response curves for 
these systemic effects in naive and tolerant mice, it was found that: (1) Salivation is the most sensitive 
effect in naive mice; (2) All curves shift in parallel to the right on continuous exposure to oxotremorine, 
in a manner that seems to be dose-dependent; (3) the tolerance to oxotremorine is reversible. Since 
oxotremorine-tolerant mice were found to be cross-tolerant to various tertiary anti-cholinesterase agents 
and cholinergic agonists, the involvement of the muscarinic receptor in the tolerance to oxotremorine 
was investigated, using two different approaches. (1) Continuous blockade of the receptor by scopol- 
amine in vivo prevented tolerance development to oxotremorine; this effect was found to depend on 
the time of scopolamine administration relative to oxotremorine injection, and on the systemic effect 
measured. (2) The amount of receptor and its affinity towards a specific ligand were determined in 
vitro; no significant differences were found between naive and oxotremorine-tolerant animals. The 


significance of these results in the elucidation of possible tolerance mechanisms is discussed. 


Several laboratories have reported tolerance develop- 
ment to tremorine (1,4-dipyrrolidino-2-butyne) and 
oxotremorine [1-4]. But no attempt has been made 
to elucidate the basis of this phenomenon and to cor- 
relate it with the acute effects of the drugs. Since tre- 
morine and oxotremorine are used for screening new 
anti-Parkinsonian drugs [3], it seems of importance 
to know just how they induce tolerance, and, in par- 
ticular, the role of the cholinergic receptor in this pro- 
cess. Our findings on this subject reported here are 
based on the “quadro-test” procedure, whereby the 
drug’s effecis on four parameters are measured during 
a 6-min cycle. 


MATERIALS AND METHODS 


Materials 


Oxotremorine (free base) and Tacrine (HCI-H,O) 
were obtained from Aldrich; physostigmine (salicy- 
late), neostigmine (bromide), acetylthiocholine (iodide) 
and 5,5’Dithiobis-(2-Nitrobenzoic acid) (DTNB-EIl- 
man reagent) were Sigma products. Pilocarpine (HCI) 
and (—) scopolamine-HBr ((¢}, = —13.3° in IN HCl 
(c = 2.04)) were obtained from Plantex (Israel). The 
methiodide salt of oxotremorine was prepared from 
the free base according to Hanin et al. [5]. Fresh 





Abbreviations: Tremorine: 1,4-Dipyrrolidino-«-butyne; 
NMPB: N-methyl-4-piperidyl benzilate; DTNB: 5,5’, Dith- 
iobis-(2-Nitrobenzoic acid) 
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solutions in saline were prepared every 2-3 days and 
stored refrigerated until use. The test doses were in- 
jected subcutaneously in a constant vol. of 0.1 ml per 
animal. The labeled compound [7H ]-N-methyl-4-piper- 
idyl-benzilate (NMPB) (sp. act: 6Ci/mM) was 
obtained from the Nuclear Research Center, Israel. 

ICR male and female mice were used, approxi- 
mately 4 weeks old, and weighing 18-22 g. They were 
housed in 20 x 30 x 40cm plastic cages, with food 
and water available ad lib. Temperature and light 
were kept on constant schedules (12 hr light, 12 hr 
dark, ambient temperature 23° + 0.5). The animals 
were allowed a minimum of 2 days to acclimate after 
shipment before any experimental procedure was 
begun. 


Methods 


Immediately prior to each test, groups of animals 
were placed in new 20 x 30 x 40cm plastic cages, 
and food and water were withdrawn for the 1-2 hr 
of the experiment. The “quadro-test” procedure was 
used in which four effects induced by oxotremorine 
are measured continuously and simultaneously in 
6-min cycles: hypothermia, salivation, tremor and the 
effects measured in the rotarod test. The experiments 
were conducted between 14:00 and 23:00, unless 
otherwise specified. 

Hypothermia. Rectal temperature of the animals 
was recorded by a YSI (model 456 TUC) telether- 
mometer, at constant ambient temperature (23 + 
0.5°). The rectal temperature of each animal was read 
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Fig. 1. Time-profiles of four systemic effects induced by 0.08 mg/kg oxotremorine. The effects were 
recorded simultaneously using the “quadro-test” procedure (see Methods for details). Results are 
expressed as the mean + S.D. of 3 separate experiments, 9 mice in each. 


30 sec after insertion of the probe 2.5 cm into the rec- 
tum. The hypothermic effect is expressed as the mean 
+ S.E.M. of the decrease in temperature in °C, rela- 
tive to pre-injection temperature of each group. 
Salivation and tremor were recorded from the 
moment of injection until complete recovery, accord- 
ing to Inch et al. [6]. These parameters are repre- 
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sented as the percentage of affected animals versus 
the time. 

Rotarod test. Mice were placed on a rod 32mm 
in diameter, rotating at 16.5rpm. Sideward move- 
ments on the rod were limited by circular discs set 
19cm apart. Mice were trained until able to stay on 
the rod for at least 120 sec (such training takes about 
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Fig. 2. Dose-response curves of four systemic effects induced by oxotremorine. The curves were con- 

structed from the peak effects induced by various doses of oxotremorine, as exemplified in Fig. 1, 

in naive mice (@——®), after 5 daily injections of 0.08 mg/kg (O——O), and after 14 daily injections 
of increasing doses, up to 0.8 mg/kg (A——A). 





Tolerance to oxotremorine 


Table 1. EDs, values of some cholinergic effects induced by oxotremorine in naive 
and oxotremorine-tolerant mice 





Effect Naive A* 


EDso (mg/kg) 
Tolerant 
Tolerance 
degree Bt 


Tolerance 
degree 





0.042 
0.032 
0.055 
0.009 


0.110 
0.075 
0.120 
0.012 


Hypothermiat 
Tremor 
Rotarod 
Salivation 


2.6 0.190 4.5 
2.3 0.180 5.6 
22 0.210 3.8 
19 0.025 2.9 





* Groups exposed to daily doses of 0.08 mg/kg oxotremorine. EDs, was determined 


on the fifth day. 


+ Groups exposed to daily gradually increasing doses of oxotremorine, up to 


0.8 mg/kg, for 14 days. 


¢ Chosen arbitrarily as the dose inducing a peak hypothermia of 3.5°. 


10 min). These mice were injected s.c. with test drugs 
or control solutions and subjected to a test trial last- 
ing 120sec. Mice which were unable to cling to the 
rotarod within the first 30sec. were returned to the 
rod and the trial was continued for additional 90 sec. 
Those mice unable to stay on the rod within these 
90 sec were scored as affected. The mice were tested 
in this manner every 6 min until a complete recovery 
from the drug effect was achieved. Results are 
expressed as the percentage of drop-out as a function 
of time. In each test 9 mice were used per dose. 

Quadro-test procedure. During the 6-min cycle of 
this procedure 9 mice were tested: first on the rotarod 
(2 min), then simultaneously for tremor and salivation 
(1 min), and finally the rectal temperatures of 6 of 
the 9 animals were recorded (3 min). Figure 1 is an 
example for the time profile curves obtained by this 
procedure, for 0.08 mg/kg oxotremorine. 

Similar time profiles for the response of the mice 
to various doses in the range of 0.05—-0.2 mg/kg were 
obtained. Plotting the peak effect versus the logar- 
ithmus of the dose resulted in dose-response curves, 
from which EDs) values were interpolated for each 
systemic effect separately. 

Tolerance induction. Mice were injected daily either 
with a constant dose of 0.08 mg/kg oxotremorine or 
with gradually increasing doses up to 0.8 mg/kg. The 
complete dose-response curves were established for 


the above systemic effects on different days of treat- 
ment and the EDs, interpolated. The ratio of ED<so 
of tolerant/ED;, of naive mice is defined as the “toler- 
ance degree”. 

Brain muscarinic receptor determinations. The 
amount and the affinity-constant of mouse’s brain 
muscarinic receptor were determined according to 
Yamamura and Snyder [7] with modifications: 10% 
brain homogenates were prepared in 0.32 M ‘ice-cold 
sucrose, and centrifuged at 1000g for 10 min. Pooled 
supernatants of 2 brains served as the receptor-source. 
The highly-specific labeled anti-muscarinic ligand, 
[?H]-4-N-Methyl-piperidyl benzilate (NMPB), was 
diluted in a solution of the following salts to yield 
ligand concentrations in the range of 0.1-15nM: 
27.6g NaCl; 1.4g KCl, 1.12g CaCl,, 044g MgCl,, 
0.56 g NaH,PO, and 8.0g glucose, dissolved in 41 
of 2.5 x 10~3M. Tris-solution, pH = 7.4. Each reac- 
tion mixture contained 0.05 ml of the supernatant and 
2 ml of the desired ligand concentration. The reaction 
mixtures were prepared in triplicate and incubated 
for 30 min at 25°. The reaction was stopped by dilu- 
tion with 3 ml of the above solution and immediate 
filtration on GFC 2.5 cm fiberglass filters (Whatman). 
Each reaction tube was washed with an additional 
3 ml of the cold solution, and the filters were washed 
2 more times with the same volume. Each filter was 
then carefully transferred to a plastic tube, shaken 
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Fig. 3. Dependency of the response to oxotremorine on days of treatment with the drug. Mice were 
injected daily with 0.08 mg/kg oxotremorine and their peak responses were determined for: salivation, 
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of injections. Results are the mean + S.D. of 3 separate experiments, 9 mice in each. 
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Table 2. Cross-tolerance to various cholinergic drugs in oxotremorine-tolerant mice 





Naive 
Systemict 
effects 


Test drug Hyp. 


Oxotremorine-tolerant 


Hyp. Rot. 





100 
84 


88 
53 


100 
64 


100 
43 


100 
60 


P§ 
pt 


Oxotremorine 
(0.08 mg/kg) 


Pilocarpine 
(10 mg/kg) 
Tacrine 

(10 mg/kg) 
Physostigmine 
(0.2 mg/kg) 


Neostigmine 
(0.1 mg/kg) 


20 


i" 
10 


100* 
50 


100+ 
56 


2.1* 0.6F 


44 100 
28 29 


12 100 
65 10 


66 
23 


75 
47 41 





Mice were injected daily with increasing doses of oxotremorine up to 0.4 mg/kg (*) for 10 days, or up to 0.8 mg/kg 


(t+) for 14 days. 


t Systemic effects: Hyp: hypothermia; Rot: rotarod; Trem: tremor; and Sal: salivation. 

§P: peak effect, expressed as the percentage of affected animals in each group. For hypothermia P represents the 
maximal temperature reduction in °C relative to preinjection temperature. 

“ D: duration of the effect, from injection to complete recovery (tremor, salivation, rotarod) or to 25% recovery 


(hypothermia). 


with 4.5 ml scintillation liquid (Insta-Gel, Packard) 
and after a minimum of 30min read in a Packard 
tri-carb liquid scintillation counter (model 2002). The 
specific binding (B) was calculated as the total binding 
minus the nonspecific one, and plotted in cpm versus 
the respective ligand concentration (L). B,,,, values 
were extrapolated from 1/B vs 1/L plots, and the 
amount of receptor in pmoles/g brain was deter- 
mined, according to the specific activity of the labeled 
ligand and the counter’s efficiency (33%). The Kp 
values of the receptor towards its ligand were deter- 
mined from the slopes of these curves. 


RESULTS 


The reduction in the peak of the effect and shorten- 
ing of its duration have both been extensively used 
for tolerance evaluation to various drugs [8,9]. 


Therefore, a continuous procedure was used here 
(“the 6-minute cycle”) to follow the complete time- 
profile of the cholinergic systemic effects induced by 
oxotremorine in mice. This procedure is represented 
in Fig. | for 0.08 mg/kg oxotremorine. As can be seen, 
the 4 systemic effects (hypothermia, tremor, salivation 
and those measured in the rotarod test) differ in their 
sensitivity to the drug; the onset-time to peak effect 
was 5-10 min for tremor and salivation, as opposed 
to 22-32min for hypothermia and rotarod; the 
duration of the peak effect was 20min, 10min and 
2min for the salivation, tremor and the other 2 
effects, respectively; and the peak effect itself was vari- 
able. By all these criteria salivation is the most sensi- 
tive effect. Therefore, the establishment of the com- 
plete dose-response relationship for each effect 
separately is a prerequisite for tolerance evaluation 
(see Methods), and is represented in Fig. 2. The EDs5o 
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Fig. 4. Antagonism of the oxotremorine-induced systemic effects by scopolamine. Scopolamine.HBr 


(0.4 mg/kg) was injected 10 min after oxotremorine (0.08 mg/kg) (* 


*). The results are compared 


to those of the control group (O——) (see Fig. 1). 
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Fig. 5. Dependency of the response to oxotremorine on the time of its administration relative to 
scopolamine injection. Mice were injected at time “O” with 0.4 mg/kg scopolamine.HBr. 0.08 mg/kg 
oxotremorine were administered to different groups at various times after, and their peak responses 


determined for salivation (O——), tremor (« 


*), rotarod test (@——@) and hypothermia (A——-A). 


Results are expressed as % of control (see Fig. 1) and are the mean + S.D. of 3 separate experiments, 
9 mice in each. 


values interpolated from these curves are summarized 
in Table 1. 

The possible contribution of peripheral interactions 
to the drug’s effects were assessed using 1.34 mg/kg 
methoxotremorine, the quarternary analogue of oxo- 
tremorine. This dose was found to be equipotent to 
0.08 mg/kg oxotremorine in the isolated guinea pig 
ileum on a molar basis [5]. Using this dose, a full 
salivation was achieved (100%) which lasted 70 min, 
while no measurable responses could be observed for 
the other 3 effects. It seems then, that the oxotremor- 
ine-induced salivation is mainly peripheral, while the 
other 3 effects are centrally originated. 

Two schedules were used for tolerance induction: 
daily injections of a constant dose of 0.08 mg/kg, and 
daily injections of gradually increasing doses up to 
0.8 mg/kg. The time-course of the changes in the 
peaks of the 4 systemic effects measured during daily 
treatment with 0.08 mg/kg of the drug is depicted in 
Fig. 3, using a test-dose of 0.08 mg/kg. The salivation 
effect is apparently not modified by this treatment 
because the test-dose is much too high considering 
the sensitivity of this effect (Figs 1 and 2). The other 
3 effects decreased gradually and reached a plateau 
after 4 days. Withdrawing the chronically-adminis- 
tered drug at this stage resulted in recovery of the 
peak effect to control values (Fig. 3). 

Using gradually increasing doses of oxotremorine 
for tolerance induction, a much higher tolerance 
degree could be obtained. A comparison of the dose- 
response curves of naive and oxotremorine-treated 
mice shows a parallel shift of the curves to the right 
for all systemic effects (Fig. 2). Interpolation of the 
EDs, values and a comparison of the tolerance degrees 
after the two chronic treatments is given in Table 1. 

The existence of cross-tolerance among various 
drugs is considered to reflect a common neurobio- 
chemical mediation [10-12]. A marked reduction in 
the peak and/or the duration of the systemic effects 
induced by several cholinergic drugs was observed in 
oxotremorine-treated animals (Table 2). A possible 
common denominator for all these drugs is the mus- 
carinic receptor, and therefore further research was 


carried out to evaluate the role of this receptor in 
tolerance development. The kinetics of the anta- 
gonism to the acute effects of oxotremorine by scopo- 
lamine was followed by administering 0.4 mg/kg sco- 
polamine 10 min after the injection of 0.08 mg/kg oxo- 
tremorine (Fig. 4): within 10 min of scopolamine in- 
jection all the oxotremorine-induced systemic effects 
were completely blocked. Thus, by changing the time 
of scopolamine administration relative to oxotremor- 
ine injection, the duration of the oxotremorine- 
induced systemic effects can be controlled. When 
0.08 mg/kg oxotremorine were injected to different 
groups of mice at various time intervals after an injec- 
tion of 0.4 mg/kg scopolamine, a gradual recovery of 
all systemic effects was observed. An almost complete 
recovery was found in the group injected with oxotre- 
morine 24 hr after scopolamine (Fig. 5). Therefore, it 
was concluded that this dose of scopolamine is elim- 
inated from the cholinergic nervous system 24 hr after 
its administration. 

Based on the data presented in Figs 4 and 5, a 
series of experiments were conducted in which differ- 
ent groups of mice were injected daily with 0.4 mg/kg 
scopolamine, at —10, 0, +2, +10, +20, +40 or 
+80 min realtive to oxotremorine (0.08 mg/kg) ad- 
ministration for 4 days. Twenty-four hr after the last 
injection, the mice were challenged with 0.08 mg/kg 
oxotremorine and subjected to the quadro-test pro- 
cedure. The results of these experiments are summar- 
ized in Fig. 6. Intervals of —10 or Omin between 
the drugs resulted in a clear prevention of tolerance 
development. On the other hand, a maximal reduc- 
tion in the peak effects of both hypothermia and the 
rotarod test, namely, tolerance, was observed when 
scopolamine was given as soon as 2 min after oxotre- 
morine. Much longer intervals were needed for devel- 
opment of tolerance to the tremor effect. Again, this 
test-dose of oxotremorine is much too high to see 
a measurable reduction in salivation (Fig. 2), and in 
this case shortening of the duration of the salivation 
was used to assess the tolerance degree (Table 2). 

A comparison of the amount of muscarinic receptor 
and its affinity towards a specific ligand did not reveal 
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Fig. 6. Dependency of tolerance development to oxotremorine on the interval between oxotremorine 
and scopolamine injections. Mice were treated for 4 days with daily injections of 0.08 mg/kg oxotremor- 
ine, and 0.4 mg/kg scopolamine, given at various time-intervals before and after the former. The peak 
responses to 0.08 mg/kg oxotremorine were determined 24hr after the last injection for salivation 


(* *), tremor (O 


©), rotarod test (@——-@) and hypothermia (A——A), and compared to those 


of naive and tolerant (treated with oxotremorine only) mice. Results are the mean + S.D. of 3 separate 
experiments, 9 mice in each. 


any differences between naive and oxotremorine- 
tolerant mice (Table 3). 


DISCUSSION 


Oxotremorine was chosen as a model drug for this 
investigation of “cholinergic-tolerance” for several 
reasons. (1) It interacts with the cholinergic nervous 
system, probably both as a muscarinic agonist 
[ 13, 14] and as an acetylcholine depletor [15-17]. (2) 
These interactions involve naturally-occurring neuro- 
transmitter and receptor; and (3) it induces a variety 
of measurable systemic effects, which can be relatively 
easily differentiated into peripheral and central re- 
sponses. 

The “quadro-test” procedure enabled continuous 
monitoring of four systemic effects induced in mice: 
tremor, salivation, hypothermia and those measured 
in the rotarod test. Apart from salivation, all the 
effects are centrally originated. We chose these par- 
ticular systemic effects because they are easily 
recorded in large groups of animals; they are repro- 
ducible, non-learned and not affected by drug-test or 
test-test interactions, and they are all muscarinic, 
being blockable by scopolamine. HBr (Fig. 4). 

Repeated injections of a constant dose of oxotre- 
morine resulted in parallel shifts of the dose-response 


curves of all the systemic responses (Fig. 2) until a 
new steady-state was achieved, as revealed in the pla- 
teau (Fig. 3). Similar results were found for phencyc- 
lidine derivatives [18], and were interpreted as reflect- 
ing the existence of an ultimate “tolerance capacity” 
obtainable with each dose. On the other hand, when 
the injected dose was increased daily, a much higher 
tolerance degree could be achieved (Fig. 2, Table 1), 
suggesting that tolerance development is dose-depen- 
dent, as was found for many other centrally-acting 
drugs [8, 9]. 

The involvement of the muscarinic receptor in 
tolerance development to oxotremorine was assessed 
by two different approaches. Cross-tolerance to 
several tertiary cholinergic agonists and cholinester- 
ase inhibitors was found in the oxotremorine-tolerant 
mice (Table 2). Furthermore, the tremor induced by 
the cholinesterase inhibitors was not modified in the 
oxotremorine-tolerant animals, probably because it is 
a non-muscarinic effect [19]. Continuous blockade of 
the muscarinic receptor by daily administration of 
scopolamine prevented tolerance development (Fig. 
6). Similar results were reported for morphine-narco- 
tic antagonists [20-23] and amphetamine-dopaminer- 
gic blocker combinations [24]. Furthermore, the 
degree of tolerance-inhibition is determined by the 
time of antagonist administration relative to oxotre- 


Table 3. Comparison of the amount and affinity of the central muscarinic receptor 
in naive and oxotremorine-tolerant mice 





pmole receptor/ 


g brain 


Kp (M) 





Naive 
Oxotremorine-tolerant 


74.7+ 6.1 (4) 
73.1 + 15.6 (3) 


x 107° (7) 


0.2 
0.1 x 107° (3) 


0.6 + 
0.6 + 





The parameters summarized in this table were calculated from the respective 
binding curves of specific labeled ligand to brain homogenates (see Methods for 
details). The results are the mean + S.D. of separate experiments, the number of 


which is given in parentheses. 
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morine (Fig. 6), and it is tempting to try and correlate 
the kinetics of scopolamine as a blocker of oxotre- 
morine’s acute effect (Fig. 4), and the oxotremorine- 
induced tolerance (Fig. 6). As 10min is the time 
required for complete antagonism of the acute effects 
(Fig. 4), administration of scopolamine 10 min before 
oxotremorine in chronic treatment completely 
blocked tolerance development (Fig. 6). These results 
seem to imply that direct interaction with the mus- 
carinic receptor is a prerequisite for tolerance devel- 
opment. Furthermore, a dissociation was found 
between the requirements of the various systemic 
effects under study for such an interaction: while 
2min are sufficient in the cases of salivation (as 
measured by its shortened duration), hypothermia 
and the rotarod-test, a much longer period of undis- 
turbed interaction is needed for development of 
maximal tolerance to the tremoregenic effect (Fig. 6). 
One direct conclusion from these results is that the 
effects measured in the rotarod-test are not a tremore- 
genic side-effect, but an independent muscarinic re- 
sponse. 

Various changes in receptors were proposed as 
tolerance and dependence mechanisms [25-33]. 
Using specific-binding experiments, no measurable 
changes were found here, either in the amount of 
muscarinic receptor or in its affinity (Table 3). These 
results can be explained in a number of ways: 

One way is to attribute the acute effects of oxotre- 
morine to its activity as an acetylcholine depletor 
[15-17]. Such depletion will result in “bombardment” 
of the cholinergic receptor with neurtransmitter. 
Tolerance to this effect may be achieved by changes 
in the presynaptic pools similar to what was found 
after physostigmine treatment [34]. Blocking of the 
receptor will prevent this feedback and, consequently, 
tolerance development. Other possibilities can be 
post-receptor events or homeostatic adaptations 
[35-36], namely, changes in the balance between par- 
allel pathways in the central nervous system. These 
possibilities should be thoroughly investigated in 
order to achieve better insight into the perplexing 
problem of tolerance. 
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Abstract—A role for acidic phospholipids in brain muscarinic receptors is suggested by their effect 
on the specific binding of a potent muscarinic antagonist, tritiated 3-quinuclidinyl benzilate ([7H]QNB), 
to neural membranes. The addition of phosphatidylserine (PS) enhances specific muscarinic binding 
up to 40 per cent, while phosphatidic acid (PA) and phosphatidylinositol (PI) are less effective, and 
neutral lipids are generally without effect. Unsaturated fatty acids, but neither saturated fatty acids 
nor the methyl esters of unsaturated fatty acids, inhibit [*>H]QNB binding, the amount of inhibition 
being proportional to the degree of unsaturation. Unsaturation in the phospholipids is also inimical 
to muscarinic binding. Pretreatment of the membranes with phospholipases A and C decreases binding 
100 and 60 per cent respectively. The addition of acidic phospholipids restores some binding activity 
after phospholipase treatment. Inhibition of [>H]QNB binding by low concentrations of cationic deter- 
gents is completely reversible by PS and PA. Ionic, pH and temperature effects on QNB binding 
indicate that the association of QNB with muscarinic receptors involves primarily hydrophobic interac- 


tions. 


The role of lipids in membrane structure and function 
and the nature of protein-lipid interactions are areas 
of intense research. Much evidence has accumulated 
which suggests that acidic lipids preferentially associ- 
ate with membrane proteins. For example, Marinetti 
and Love[1] have found that, in the red blood cell 
membrane, phosphatidylserine is five times more 
likely to be crosslinked to membrane proteins than 
is phosphatidylethanolamine. Acidic lipids are known 
to activate enzymes such as Na*, K*-ATPase [2], 
acetylcholinesterase [3], tyrosine hydroxylase [4], and 
adenyl cyclase [5], and to change the conformation 
of model proteins [6]. 

Information on the role of lipids in the activity of 
neural receptors is limited. Work in this laboratory 
has indicated a close relationship between phosphati- 
dylserine and the opiate receptor [7,8]. Eldefrawi et 
al.[9] found that nicotinic receptors from Torpedo 
electroplax were susceptible to phospholipase C treat- 
ment. Bartfai et al.[10] found that the binding of 
muscarinic ligands to a soluble smooth muscle prep- 
aration was slightly inhibited by phospholipases C 
and D. Alberts and Bartfai[11], however, reported 
that phospholipase C had no effect on atropine bind- 
ing by a preparation solubilized from rat brain by 
high salt concentrations. The difficulty in finding solu- 
bilizing agents for muscarinic receptors which do not 
alter or destroy their binding activity may be a reflec- 
tion of the receptors’ intimate association with the 
lipid membrane environment. 

The present studies were carried out in order to 
determine the importance of lipids for the muscarinic 
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cholinergic receptor of rat brain. A specific antagon- 
ist, tritiated 3-quinuclidinyl benzilate ((*7H]QNB), was 
used to measure muscarinic binding [12,13]. The 
effects of phospholipases, phospholipids, fatty acids, 
cationic detergents, ions and temperature on the bind- 
ing were investigated. The results indicate that acidic 
phospholipids are components of brain muscarinic 
receptors. 


MATERIALS AND METHODS 


Measurement of [7H]QNB binding to brain tissue. 
A crude synaptic membrane preparation was 
obtained by killing 150 g, male, Sprague-Dawley rats 
with a sharp blow to the lumbar region. The fore- 
brains (everything anterior to the midbrain) were 
quickly removed and thoroughly homogenized in 
20 vol. of 20mM sodium-—potassium buffer, pH 7.4, 
containing 1 mM EDTA. The homogenate was centri- 
fuged at 3000 g for 10 min and the resulting superna- 
tant was centrifuged for 30 min at 40,000 g. The pellet 
was homogenized in 20 mM phosphate buffer, pH 7.4, 
and used without further treatment. Electron micro- 
scopy of the pellet revealed a large amount of dis- 
rupted nerve endings and other membranes, but little 
mitochondrial or nuclear material. 

Muscarinic binding was measured by a variation 
of the method of Yamamura and Snyder [12]. 
[7HJQNB having a specific activity of 130 mCi/m- 
mole was prepared as previously described [14]. Two 
ml of a suspension containing 3 mg protein, 20mM 
phosphate buffer and [7H]QNB was incubated for 
30 min at 35°. The concentration of [7HJQNB in the 
incubation medium was 10nM in all experiments, 
except in the chaotropic ion experiments, where the 
concentration was 1 or 10 nM, as noted, and in the 
determination of dissociation constants, where the 
concentration was varied from 0.1 to 50 nM. Control 
samples contained a large excess (10~° M) of unla- 
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beled QNB. The mixture was filtered by suction 
through a Whatman GF/B glass fiber filter and 
washed once with 7 ml of ice-cold buffer. The filters 
were placed in plastic scintillation vials, and 10 ml 
of scintillation fluid [10g of 2,5-diphenyloxazole 
(PPO), 0.5g of 1,4-bis[2-(5-phenyloxazolyl)]-benzene 
(POPOP), 1:1 Triton X-100, 2:1 toluene] was added. 
The vials were held for at least 12 hr at room tem- 
perature before being counted in a Beckman LS-233 
counter at an efficiency of 24 per cent. Under these 
conditions, direct binding of QNB to the filters was 
negligible (10-20 cpm). Specific binding was defined 
as the total binding minus the binding in the presence 
of excess unlabeled QNB. 

As a consequence of the limited specific activity 
of radiolabeled ligands, distortions may be introduced 
in the determination of very low dissociation con- 
stants by the necessity of using relatively high concen- 
trations of receptor [15]. The receptor concentration 
must be less than one-tenth of the true affinity con- 
stant in order for the experimentally derived values 
to be valid [15]. To obtain such a condition, the 
receptor concentration was reduced to 20pM by 
simultaneously decreasing the amount of protein per 
assay to | mg and increasing the volume of the incu- 
bation medium by 10 to 20-fold. Figure 1 depicts the 
[7HJQNB binding curve at 33.4° with a reduced con- 
centration of receptor. The Kp is 1.9 x 10~'° M, in 
good agreement with values reported by other investi- 
gators [12, 13]. 

Effect of added lipids on [7H]QNB binding to neural 
membranes. L-«-Lysophosphatidylcholine (type 1), 1-«- 
phosphatidylcholine (PC) dioleoyl, dipalmitoy] (grade 
1), and from bovine brain (type 111-B), 1-«-phosphati- 
dylethanolamine (PE) dipalmitoyl, cholesterol (Sigma 
grade), and linoleic (grade 111) and oleic acids were 
obtained from Sigma Chemical Co. Phosphatidyl- 
inositol (PI) from yeast, cerebrosides from bovine 
brain, and stearic and palmitic acids (puriss) were 
obtained from Koch-Light Laboratories, Ltd. Arachi- 
donic and docosahexaenoic acids, the methyl esters 
of all the fatty acids and gangliosides from bovine 
brain, were obtained from Supelco, Inc. Phosphatidyl- 
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Fig. 1. Specific binding of [7H]QNB to a rat brain mem- 

brane preparation. The concentration of receptor was 

reduced to less than 20pM by suspending | mg protein 

in 25ml of incubation media. The tissue was incubated 

at 33.4° for 30 min and the filter assay was performed as 
described in Materials and Methods. 
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serine (PS), phosphatidylinositol and phosphatidyl- 
ethanolamine were prepared from bovine brain by 
column chromatography by the methods of Rouser 
et al.[16]. All lipids were over 95 per cent pure as 
estimated by thin-layer chromatography on Silica 
gel H using chloroform—methanol-acetic acid—water 
(25:15:4:2). 

To study the effect of lipids on muscarinic binding, 
aliquots of standard solutions of the various lipids 
in suitable organic solvents were added to Teflon- 
glass homogenizers and evaporated under a stream 
of nitrogen. The ratio of protein to added lipid was 
6 to 1. A buffered aqueous suspension of neural mem- 
branes was added and the mixture was well homogen- 
ized. Aliquots of this suspension were then assayed 
for [7HJQNB binding as described above. 

Phospholipase and detergent treatments. Phospho- 
lipase A from bee venom, phospholipase C (type 111) 
from Bacillus cereus, and phospholipase D (type 1) 
from cabbage were obtained from Sigma Chemical 
Co. Membranes to be treated with a lipase were sus- 
pended at a protein concentration of 8mg/ml in 
20mM phosphate buffer, pH 7.4, containing 3mM 
CaCl, (30mM calcium in the case of phospholipase 
D). The phospholipase was then added (0.07 units 
phospholipase C/mg of protein, 0.7 units phospho- 
lipase A/mg of protein, or 0.22 units phospholipase 
D/mg of protein), and the mixture was incubated at 
35° in a water bath. In some experiments, membranes 
were suspended in buffer containing 7.5 mg/ml of fatty 
acid-free bovine serum albumin (BSA) (Sigma) during 
phospholipase A incubation. The reactions were 
quenched by removing 0.4-ml aliquots to 1.6ml of 
ice-cold buffer containing 10mM EDTA (100mM 
EDTA in the case of phospholipase D). The binding 
assay was carried out as described above except that 
the incubation was for | hr at 0°. 

Membranes were treated with cationic detergents 
(cetylpyridinium chloride and _ cetyltrimethylam- 
monium bromide from Sigma) by adding small ali- 
quots of concentrated detergent solutions while stir- 
ring vigorously. The membrane suspension was 
allowed to stand at room temperature for 30min 
before performing the usual binding assay. 


RESULTS 


Binding of [7H]QNB to neural membranes. From 
concentration vs binding curves it was observed that 
saturation of specific binding was attained at a QNB 
concentration of 1.0 x 107? M at 33°. A Lineweaver- 
Burk plot revealed a Kp value of 1.9 x 10~'° M. The 
concentration of receptor in the crude synaptic mem- 
brane preparation was 0.2 to 0.4 pmole/mg of protein. 

Binding constants were determined at several differ- 
ent temperatures. It was found that the dissociation 
constant decreased with increasing temperature. A 
plot of the log of the association constant vs 1/T 
reveals a large positive enthalpy change of 13,000 cal/ 
mole associated with QNB binding (Fig. 2). A large 
positive entropy of 80cal/mole was also found, so 
that the free energies of binding were calculated to 
range from —10,400cal/mole at 0° to — 13,600 cal/ 
mole at 34°. 
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Fig. 2. Influence of temperature on the affinity of 
[7HJQNB for the muscarinic receptor. Thermodynamic 
parameters of the binding interaction were obtained from 
the relationship 


as described by Segel [17]. Each point represents the aver- 
age of two experiments agreeing within 5 per cent. 


[7HJQNB binds specifically to brain tissue over a 
very wide pH range (Fig. 3). Binding is virtually un- 
affected by H* concentration from pH 4 to 9, and 


significant amounts of binding are seen from pH 2 
to 11. Above pH 12, there is a complete inhibition 
of binding which cannot be reversed by lowering the 
pH. Ca?* and Mg?* have a slight (10 per cent) in- 
hibitory effect on binding at concentrations of 
0.5 mM. Increasing the divalent cation concentration 
to up to 5.0mM resulted in no further decrease. 


EDTA in concentrations up to 100 mM had no effect 
on the binding. 

The presence of chaotropic anions inhibited 
[7HJQNB binding. Nal decreased binding 10 per cent 
at 50mM, while 1M Nal decreased binding 60 per 
cent. This inhibition could be completely reversed by 
increasing the concentration of labeled ligand in the 
binding assay from 1 to 10nM, indicating that the 
loss of binding represents decreased QNB affinity for 
the receptor rather than destruction or solubilization 
of the receptor. After the salt was washed away by 
centrifuging and resuspending the resulting pellet in 
low ionic strength buffer, the binding potency was 
completely restored. The strength of various chaotro- 
pic ions at 0.5M in decreasing QNB binding was: 
SCN~ > CCI,COO- > I- > NO; > CH,;,CICOO-. 
This series agrees well with that given by Hatefi and 
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Fig. 3. Specific [7H]QNB binding as a function of pH. 
The citrate-phosphate-borate buffer of Teorell and Sten- 
hagen [18] was used. 
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Fig. 4. Effect on specific [7H]QNB binding of lysophos- 

phatidylcholine (IPC) and oleic (18:1), linoleic (18:2), ara- 

chidonic (20:4) and docosahexaenoic (22:6) acids. Satu- 

rated fatty acids (stearate and palmitate) and the methyl 

esters of all the fatty acids depicted here had no effect 
on the binding. 


Hanstein [19] for the strength of chaotropic ions in 
most situations. 

Effect of fatty acids on [7H]QNB binding. Homo- 
genization of neural membranes in the presence of 
various fatty acids commonly found in brain lipids 
produced the efiects shown in Fig. 4. At high concen- 
trations (0.5 to 1.0 mg fatty acid/3 mg of protein), cer- 
tain fatty acids inhibited muscarinic binding, the 
degree of inhibition being proportional to the number 
of double bonds in the aliphatic chain. Completely 
saturated fatty acids (palmitate and stearate) and the 
methyl esters of all of the fatty acids were without 
effect. 

Effect of phospholipids on [?H]QNB binding. The 
direct addition of certain lipids to neural membranes 
enhanced high affinity QNB binding, phosphatidyl- 
serine and phosphatidic acid being the most active 
(Table 1). Preincubation of the membranes with 
10mM EDTA doubled the effect of PS, while produc- 
ing somewhat less activation by certain other lipids. 
PS and other acidic lipids produced an increased 
amount of low affinity, non-specific binding of QNB. 
That the lipid enhancement listed represents specific 
muscarinic binding can be derived from the fact that 
PS increases the specific binding of cerebellar and cer- 
ebral tissues by amounts proportional to their normal 
binding, even though the total specific binding in the 
cerebrum is 5 times greater than in the cerebellum. 
Evidently the amount of enchancement is related to 
the concentration of receptor present and not the 
amount of neural membrane present. It was possible 
that the routine use of such a high (10~° M) concen- 
tration of unlabeled QNB could contribute to artifi- 
cially high specific binding values by saturating lower 
affinity sites to which the added lipids may cont. .ute 
directly. However, lipid enhancement is still observed 
if the concentration of cold QNB is reduced to only 
20-50 times the concentration of labeled ligand, a 
range in which Scatchard plots reveal no additional 
binding sites. 

Of the lipids tested, cholesterol, PC and brain PI 
were totally without effect. It cannot be determined 
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Table 1. Change in specific [7H]QNB binding by the addition of various lipids* 





Binding when assayed in 
20 mM phosphate buffer 


Binding when assayed in 
20 mM phosphate buffer 
with 10mM EDTA 





[7H]QNB (pmoles 


bound/mg 


Lipid protein) 


Per cent 
change 
from 
control 


Per cent 
change 
from 
control 


[7H]JQNB (pmoles 
bound/mg 
protein) 





Control, no lipid 
Phosphatidylserine 
Whole brain 
White matter 
Gray matter 
Phosphatidylcholine 
Dipalmitoyl 
Dioleoy] 
Brain 
Phosphatidylethanolamine 
Dipalmitoyl 
Brain 
Phosphatidylinositol 
Yeast 
Brain 
Phosphatidic acid 
Cerebrosides 
Gangliosides 
Cholesterol 


—5 


+9 
0 
+9 
+8 
25 
~4 





* Membranes were homogenized in the presence of various lipids, and the muscarinic binding 
was assayed as described in the text. The ratio of added lipid to membrane protein was | to 
6 (w/w). The values given are the average of at least three experiments agreeing within 15 per 


cent. 


from these experiments whether the apparent inhibi- 
tion of binding by gangliosides is real or a reflection 
of a strong, direct interaction between the lipid and 
QNB. A water-soluble QNB-ganglioside complex 
would not be retained by the glass fiber filters, so 
that this possibility could not be evaluated. 

Effect of phospholipases on [7H]QNB binding. The 
time course of receptor inactivation by phospholipase 
A is shown in Fig. 5. That the inactivation is enzyma- 





pmoles [*H] QB bound/mg protein 





Time, 


Fig. 5. Time course of the inhibition of [*H]QNB binding 

by phospholipase A in the presence of Ca** (@——@); 

Ca?* and BSA (@--@); Ca?* and excess EDTA 

(O——0O); and Ca?*, excess EDTA and BSA (O---0). 

Samples kept at 35° with no lipase (M/——4B) served as 
a control. 


min 


tic is shown by the temperature dependence of the 
inhibition. At 0° the enzyme causes a 15 per cent 
decrease in binding; at 35° there is a 100 per cent 
decrease. Also, the inactivation can be largely halted 
by incubation in 10mM EDTA which chelates the 
calcium required for this enzyme. Crude bee venom 
contains no proteolytic enzymes, so that contami- 
nation of this sort may be ruled out [20]. 

Lysophospholipids, which along with fatty acids 
are the products of phospholipase A action, were in- 
hibitory to QNB binding, the inhibition being linear 
with increasing concentration of the lipids (Fig. 4). 

The addition of fatty acid-free bovine serum albu- 
min at a concentration of 7.5 mg/ml during the incu- 
bation of membranes with the enzyme afforded some 
protection against the enzyme’s action (Fig. 5). In an 
incubated control without lipase, the BSA caused a 
10-15 per cent decrease in muscarinic binding. BSA 
which was preincubated with a mixture of fatty acids 
was ineffective in mitigating the effects of phospho- 
lipase A. In addition, it has been observed in this 
laboratory that fatty acid-free BSA will not protect 
another neural receptor, the opiate receptor, from 
phospholipase A-mediated inhibition. These facts in- 
dicate that the receptor protection afforded by the 
BSA is due to its ability to sequester inhibitory fatty 
acids and/or lysophospholipids released by the 
enzyme and is not due to a direct inhibition of the 
lipase by the albumin. 

After membranes were treated with phospholipase 
A, specific muscarinic binding could be restored by 
the addition of various lipids (Table 2). PS, PA and 
to a lesser extent PI were capable of increasing QNB 
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Table 2. Change in specific [*H]QNB binding by the addi- 
tion of various lipids to phospholipase A-treated neural 
membranes* 





Relative binding Relative binding 
after lipase after lipase 
treatment in treatment in 

the absence of the presence 


Condition BSAt of BSAt 





Control, no lipase 793 127 

Lipase treated: 
No lipid 
PS, whole brain 
PC dipalmitoyl 73 
PI, brain 170 107 
PA dipalmitoyl 282 134 
PE, brain 84 90 
Cerebrosides 120 101 
Cholesterol 93 101 


100 100 
204 138 
102 





* Membranes (8 mg protein/ml) were treated with phos- 
pholipase A (0.7 units/mg of protein) for 45 min at 35°. 
Aliquots were then homogenized in the presence of various 
lipids at a lipid to protein ratio of | to 6 (w/w) and assayed 
for muscarinic binding as described in the text. The values 
listed are the average of two experiments agreeing within 
10 per cent. 

+ 100 = 0.05 pmole [7H]QNB bound/mg of protein. 

¢ 100 = 0.3 pmole [*H]QNB bound/mg of protein. 


binding after treatment with lipase in the absence of 
BSA, although the enhanced binding did not 
approach control levels. In the presence of BSA, PS 
and PA increased binding 38 and 34 per cent, respect- 
ively, to levels which were slightly higher than the 
no-lipase control levels. 

Phospholipase C from B. cereus was also inhibitory 
to [7HJQNB binding. Attempts at regeneration of 
receptors by the addition of lipids were unsuccessful. 
PS and PA stimulated binding to a moderate degree 
but could not elevate binding to lipase-free control 
levels. Phospholipase D had no effect on QNB bind- 
ing; however, with the incubation conditions 
employed, no gross effect of the enzyme on the lipid 
composition of the membranes could be detected by 
thin-layer chromatography, performed as described in 
Materials and Methods, of chloroform—methanol (1:1, 
v/v) extracts. 

Effect of cationic detergents on [7H]QNB binding. 
Since the lipid activation of muscarinic binding sug- 
gests a role for anionic phospholipids in the receptor 
complex, the effect on QNB binding of cationic deter- 
gents, which may become associated with negatively 
charged lipids in or near the receptor, was investi- 
gated. Detergent concentration vs binding curves for 
cetyltrimethylammonium bromide and _ cetylpyri- 
dinium chloride are shown in Fig. 6. In general, when 
the detergent concentration was high enough to in- 
hibit binding by more than 60 per cent, the inhibition 
was irreversible. At physiological pH, there is no solu- 
bilization of membrane proteins by the detergents at 
this concentration. The addition of PS or PA to mem- 
branes treated with approximately 10~7M cationic 
detergent resulted in complete recovery of QNB bind- 
ing. At this concentration the binding has been 
reduced about 40 per cent. No other lipids tested (PC, 
PE, PI, cerebrosides, cholesterol and gangliosides) 
were effective in restoring binding. 


B.P. 26/18—p 





a N 
Oo uo 


% Control binding 
Nn 
oO 


j j 
-8 —6 =4 =2 
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Fig. 6. Inhibition of specific [7H]QNB binding by two 
cationic detergents, cetyltrimethylammonium bromide 
(O——©) and cetylpyridinium chloride (@——®). 








DISCUSSION 

The present results indicate that phospholipids are 
components of the brain muscarinic receptor insofar 
as [7H]QNB binding is inhibited by phospholipases 
and cationic detergents and is stimulated by the addi- 
tion of certain exogenous phospholipids. 

With regard to the inhibitory action of phospho- 
lipase A, it is not clear whether the effect is due to 
inhibition by the reaction products or to the destruc- 
tion of lipids which are an integral part of the recep- 
tor. Both reaction products of phospholipase A, fatty 
acids and lysophospholipids, inhibit QNB binding 
when added at high concentrations to neural mem- 
branes. It is likely that they can inhibit binding in 
much smaller amounts when enzymatically released 
in the immediate vicinity of the receptor. Fatty acid- 
free bovine serum albumin binds 8 moles fatty acid/ 
mole with a high affinity [21, 22] in addition to bind- 
ing lysophospholipids; and at concentrations high 
enough to bind all of the fatty acids present in the 
membrane lipids, BSA affords significant, but not 
complete, protection of the receptor from the lipase’s 
action. Since BSA, which was preincubated with a 
fatty acid mixture, was much less effective in protect- 
ing the receptor, the inhibitory action of phospho- 
lipase A could be due in part to the reaction products 
formed. On the other hand, since phosphatidylserine 
and phosphatidic acid completely restore QNB bind- 
ing after enzyme treatment, it is also possible that 
the inhibitory effect is due to the removal of essential 
phospholipids by the enzyme. 

Inhibition of [7H]QNB binding by phospholipase 
C is incomplete. Increasing the amount of enzyme 
or the incubation time produces no more than 60 
per cent inhibition. There is no restoration of binding 
after the introduction of any exogenous lipid. The 
reaction products (phosphoserine, phosphocholine, 
phosphoinositol, and phosphoethanolamine head- 
groups and diacyl glycerides) do not inhibit muscar- 
inic binding when directly added to neural mem- 
branes. Unlike the products of phospholipase A 
action, the phosphorylated headgroups and diglycer- 
ides formed do not have strong detergent properties 
which might lead to the destruction of remaining 
receptor structures. It is possible that the glyceride 
formed remains adjacent to the receptor, but, lacking 
the proper headgroup, is unable to participate effec- 
tively in muscarinic binding. Since the added phos- 
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pholipids do not replace or displace the glyceride, 
binding is not restorable. 

Cationic detergents inhibit QNB binding at con- 
centrations which are too low to solubilize any mem- 
brane material. This inhibition can be completely 
reversed by the acidic phospholipids PS and PA. No 
other lipids tested were effective. The detergents 
apparently complex with negative charges in or near 
the receptor, resulting in a direct competition with 
QNB for the charged binding site or a configurational 
rearrangement of the receptor which precludes bind- 
ing. The added acidic lipids either remove the deter- 
gent through direct interaction or replace the inacti- 
vated charges in the receptor. 

Further evidence for phospholipid involvement in 
the muscarinic receptor comes from the enhancement 
of [7H]QNB binding when certain phospholipids are 
added directly to untreated membranes. The polar 
lipids are especially effective in enhancing QNB bind- 
ing. Although the extent of the enhancement by the 
various lipids tended to vary from experiment to ex- 
periment, the order of stimulatory strength was con- 
stant: PS > PA, PI, cerebrosides, PE (saturated) > 
PC, cholesterol > PE (brain) > gangliosides. The fact 
that preincubation of membranes with 10mM EDTA 
increases the effects of the lipids suggests that calcium 
may be involved. Calcium is an intrinsic component 
of biomembranes, involved in both lipid—lipid and 
lipid-protein interactions [23,24]. Treatment of 


membrane preparations with EDTA may facilitate in- 
sertion of exogenous lipids into the membrane as well 
as allow them to associate with intrinsic proteins 
which are usually more tightly complexed with adja- 
cent lipids. The lipids are added in concentrations 


that are much higher than their critical micelle con- 
centrations, so that both monomers and micelles are 
present. Lipid micelles alone either do not bind 
[*H]JQNB or are not retained by the glass fiber filters 
used in the binding assay in these experiments. Pre- 
vious experiments in this laboratory indicate that less 
than | per cent of the exogenous lipid becomes bound 
to the membranes [7]. 

The fatty acid composition of phospholipids affects 
their ability to enhance QNB binding. PS extracted 
from mammalian gray matter contains a relatively 
large amount of docosahexaenoic acid and other un- 
saturated hydrocarbon chains, while PS derived from 
white matter contains predominately saturated and 
’ monoenoic chains [25, 26]. This distribution was con- 
firmed on the bovine PS samples derived from these 
two sources and used in this experiment. The white 
matter PS was three times more effective in stimulat- 
ing muscarinic binding than the gray matter PS. PE 
derived from brain contains large amounts of unsa- 
turated fatty acid moieties [27] and is somewhat in- 
hibitory to QB binding. Synthetic PE containing only 
saturated hydrocarbons (palmitate) enhances binding 
12 per cent. PI from yeast has 95 per cent saturated 
or monoenoic fatty acid components [28] and is more 
stimulatory toward QNB binding than PI from bo- 
vine brain, which has a more unsaturated composition 
and is especially high in arachidonic acid [29]. On 
the other hand, dipalmitoyl, dioleoyl and brain PC’s 
are equally without effect on QNB binding. When 
fatty acids are added to membranes, QNB binding is 
inhibited only by the unsaturated acids, while no fatty 
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acid enhances binding. This inhibition by unsaturated 
lipids is somewhat surprising in light of the known 
chemical composition of synaptosomal plasma mem- 
branes. The serine and ethanolamine phosphoglycer- 
ides of synaptic membranes are characterized by their 
high degree of unsaturation as compared to those of 
gray matter, white matter, or myelin plasma mem- 
branes [30]. Synaptic sphingomyelin and PC have a 
saturated composition while phosphatidic acid is only 
a minor membrane component [30]. The presence of 
double bonds in lipids may inhibit binding by intro- 
ducing greater configurational freedom in molecules 
involved in receptor site functions. The increased con- 
formational possibilities of unsaturated lipids may 
result in the insertion or absorption of the aliphatic 
chains to receptor surfaces where they block binding. 
There is also the possibility that direct ligand-lipid 
interactions are increased by lipid unsaturation. Non- 
specific binding increases when the degree of unsatu- 
ration is high. 

The thermodynamic, pH and ionic data presented 
indicate that ionic or polar forces are far less impor- 
tant in QNB binding than are hydrophobic ones. 
Chaotropic ions, which disrupt water structure and 
thereby weaken hydrophobic interactions, reversibly 
decrease the affinity of QNB for the muscarinic recep- 
tor. Since binding is constant over a wide range of 
pH and is unaffected by high ionic strength, electro- 
static interactions are only minimally involved in 
QNB binding. The large positive entropy and 
enthalpy changes associated with the binding point 
to the lack of exothermic processes, which would have 
been expected if hydrogen and ionic binding forces 
were preponderant. In the bound state, QNB would 
be held in a more restricted orientation while the 
large entropy change could result from the release 
of bound water from the ligand and receptor surfaces 
upon binding [31, 32]. Alternatively, there could be 
an increased randomness in the overall membrane- 
receptor complex as a consequence of ligand binding. 
It is known that the binding of certain drugs to artifi- 
cial lipid membranes increases membrane fluidity 
[33]. 

The nature of QNB binding to the muscarinic 
receptor is clearly very different from that of acetyl- 
choline, despite the fact that the binding sites for the 
two appear to at least partially overlap. QNB and 
acetylcholine are structurally similar, both containing 
cationic and esteratic sites which are important points 
of attachment to the receptor. They differ insofar as 
QNB possesses two aromatic groups capable of 
strong hydrophobic interaction with lipids and the 
hydrophobic region of membranes [34]. The argu- 
ments favoring the identity of QNB-binding sites with 
the muscarinic receptor have been presented by 
Yamamura and Snyder[J2] and are partially sup- 
ported by work done in this laboratory [14]. An un- 
derstanding of the differences in molecular interac- 
tions between QNB and acetylcholine binding is 
afforded by the concept of accessory hydrophobic 
receptor areas advanced by Ariéns and Simonis [35]. 
Adjacent to the muscarinic receptors are areas which 
interact with the double ring systems commonly 
found in muscarinic antagonists. The contribution of 
these hydrophobic forces to antagonist-receptor bind- 
ing eclipses that of the traditional esteratic and 
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anionic site interactions, although stereochemical 
compatibility with these two sites is still necessary 
for high affinity binding. In this paper, evidence has 
been presented for the involvement of certain lipids 


in 


the muscarinic receptor, as measured by QNB 


binding. It is possible that the role of lipids is due 


to 


their participation in the accessory hydrophobic 


binding areas. 


2. 
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DIFFERENTIAL INCREASE OF HEPATIC PEROXISOMAL, 
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ACYLTRANSFERASES IN CLOFIBRATE-FED RATS* 


Mary ANN K. MARKWELL,} LORAN L. BIEBER and N. EDWARD TOLBERT 
Department of Biochemistry, Michigan State University, East Lansing, MI 48824, U.S.A. 


(Received 30 August 1976; accepted 14 January 1977) 


Abstract—Hepatic peroxisomes, mitochondria and microsomes from control and clofibrate-treated ani- 
mals were separated by isopycnic sucrose gradient centrifugation and the carnitine acyltransferase 
system studied in each of these organelles. Clofibrate treatment produced a 13-fold increase in the 
total activity of carnitine acetyltransferase and a 5-fold increase in carnitine octanoyl- and palmitoyl- 
transferase activities. The specific activities of the transferases in all three subcellular locations increased, 
but to different extents. Peroxisomal and microsomal carnitine acetyltransferases doubled in specific 
activity; the mitochondrial enzyme increased 10-fold. Peroxisomal, mitochondrial and microsomal car- 
nitine octanoyltransferases all increased 3-fold in specific activity. Carnitine palmitoyltransferase, which 
is found only in mitochondria, increased 3-fold in specific activity. These differential increases changed 
the per cent distribution of total carnitine acetyltransferase from 50 per cent in the mitochondria 
of control livers to 90 per cent in treated livers. Peroxisomes from clofibrate-treated livers had a 
consistently greater isopycnic density in sucrose gradients. Total catalase activity increased 2-fold upon 
treatment and a greater percentage of it was found in the particulate fractions. The specific activity 
of peroxisomal catalase and urate oxidase remained the same as in controls. Carnitine acetyl- and 
octanoyltransferases are the first reported enzymes whose peroxisomal specific activity increases with 
clofibrate treatment. Preliminary results of treatment with another membrane-inducing drug, phenobar- 
bital, indicated no change in peroxisomal density, catalase distribution and activity, and no effect 
on the specific activities of the peroxisomal, mitochondrial and microsomal carnitine acyltransferases. 


Administration of the hypolipidemic drug clofibrate 
(ethyl-p-chlorophenoxy isobutyrate) has been shown 
to induce a rapid and marked proliferation of hepatic 
peroxisomes [1]. A moderate increase in the amount 
of smooth endoplasmic reticulum and mitochondrial 
protein content has also been observed in the liver 
of clofibrate-treated male rats [2,3]. Each of these 
subcellular structures—the peroxisomes, mitochon- 
dria and endoplasmic reticulum—contains a carnitine 
acyltransferase system [4,5] composed of two or 
more enzymes capable of using short- and medium- 
chain acyl-CoA substrates [6]. In addition, the mito- 
chondrial acyltransferase system has the unique capa- 
bility of using long-chain acyl-CoA substrates such 
as palmitoyl-CoA. 

The importance of acyl-CoA derivatives as sub- 
strates and regulators of cholesterol synthesis and 
fatty acid metabolism has prompted investigators to 
study the effect of hypolipidemic drugs such as clofi- 
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brate on the carnitine acyltransferases. Increases in 
the activity of one or more of the transferases in liver 
homogenates from clofibrate-fed rats or in a mito- 
chondrial fraction isolated by differential centrifuga- 
tion have been reported by several groups [7-11]. A 
comparative study of the effect of clofibrate feeding 
on the different peroxisomal, mitochondrial and mic- 
rosomal transferase systems is the subject of this 
report. 

After this report was completed, a similar study 
was published by Kahonen [12]. Kahonen used rats 
that had been fasted for 2 days prior to sacrifice. We 
used fed rats because a rapid drop in peroxisomal 
enzyme activity occurs after 2 days of starvation or 
drug alteration. The two investigations establish a 
remarkable change in the distribution of the carnitine 
acyltransferases within the hepatic cells, when the rat 
is given clofibrate, which must implicate a change in 
the overall balance between metabolism and syn- 
thesis. Our data represent the first detailed compari- 
son between these metabolic subcellular organelles 
isolated by zonal sucrose gradients from non-starved 
animals. 

Recently Lazarow and De Duve[13] have impli- 
cated liver peroxisomes as a site for some fatty acyl- 
CoA oxidation. This discovery supports further the 
concept of two respiratory systems, mitochondria for 
energy conservation and peroxisomes where the 
energy is wasted. One role for the carnitine acyltrans- 
ferases in this dichotomy would be to participate in 
shuttling the substrates between the different com- 
partments. 
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Table |. Effect of clofibrate on weight gain and liver 
weights* 





Control Clofibrate 





Daily weight increase 6.95 + 1.07 6.89 + 0.65 
(g/day) 


Liver weight (g) 17.1 + 1.6 21.8 + 1.3t 





* Mean values + S. D. are from six rats. 
+ Statistically different from control, P < 0.001. 


EXPERIMENTAL PROCEDURES 

Drug administration and preparative procedures. 
Male Sprague-Dawley rats (200-225 g) which had 
been acclimated to ground Wayne Lab-Blox Stock 
diet were fed 0.25% (w/w) clofibrate (Ayerst Labora- 
tories, N.Y.) in the diet ad lib. for 2-3 weeks. Control 
rats were fed on the basal diet for the same period. 
During the study, the animals were individually 
housed in metabolic cages and had free access to tap 
water. Food intake was monitored daily and weight 
gain weekly. Phenobarbital (sodium, Merck) pretreat- 
ment was performed in a similar manner by including 
this drug in the drinking water (0.1%, w/w) for 10 
days prior to sacrifice. 

For each experiment two animals were sacrificed 
between 9:00 and 10:00 A.M. by decapitation without 
previous fasting. The livers were each perfused, 
minced and washed with 300ml of 0.25M_ sucrose 
in 20mM glycylglycine at pH 7.5 before homogeniza- 
tion in the same medium. One stroke of a loose-fitting 
Potter-Elvehjem homogenizer (clearance ~ 0.016 in.) 
was used to prepare a 20% homogenate. The homo- 
genate was filtered through one layer of Miracloth 
(Chicopee Mills, Inc.) and centrifuged for 10 min at 
270 g. The resulting supernatant was subjected to iso- 
pycnic sucrose density centrifugation in an IEC B-29 
or B-30 zonal rotor for 3hr as previously de- 
scribed [14]. Sixty gradient fractions of 20ml each 
from the B-29 rotor or 10 ml each from the B-30 were 
collected and immediately assayed for catalase and 
cytochrome c oxidases. The gradient fractions were 
then stored frozen for the rest of the determinations. 

Biochemical determinations. The activities of cata- 
lase and cytochrome c oxidase and the sucrose den- 
sity and protein profiles were determined in gradient 
fractions as previously described[14] except that 
0.01% Triton X-100 was included in the catalase 
assay. Urate oxidase activity was measured in the 
presence of 0.05% Triton X-100 by the decrease in 
absorption at 293nm[15,16]. The microsomal 
marker NADPH-cytochrome c_ reductase was 
assayed as_ referenced[5,17]. Carnitine acetyl-, 
octanoyl- and palmitoyltransferase activities were 
determined using the general thiol reagent method 
with corrections for carnitine-independent ac- 
tivity [18] at an acyl-CoA concentration of 200 uM. 
Pretreatment of the fractions by freezing reduced 
background levels without affecting transferase activi- 
ties. 

Results are reported as the arithmetic mean + stan- 
dard deviation. Two group comparisons of means 
were made applying the Student’s t-test. The Range- 
STP (Tukey’s) test was applied to multigroup com- 
parisons. 
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RESULTS 


Body and liver growth. As expected from the well- 
known hepatomegalic effect of clofibrate, the livers 
of the treated animals did increase significantly in 
weight as compared to the controls. On the average 
they were 27 per cent larger, but normal in appear- 
ance (Table 1). The normal rate of body growth was 
not changed by placing the animals on a diet of 0.25% 
(w/w) clofibrate for 2-3 weeks. 

Centrifugal behavior of subcellular particles. Sedi- 
mentation patterns of marker enzymes (Fig. 1) on iso- 
pycnic sucrose density gradients indicate one particu- 
late peak for each of the three subcellular structures: 
peroxisomes, mitochondria and microsomes. Per- 
fusion of the liver and washing of the subsequently 
minced tissue were necessary steps to prevent aggre- 
gation of subcellular structures in homogenates from 
fed animals. The type and extent of cross-contamina- 
tion of subcellular peaks did not alter with clofibrate 
treatment. 

Peroxisomes from clofibrate-treated rats consis- 
tently sedimented at a slightly greater isopycnic den- 
sity than from controls (Table 2). The shallow sucrose 
gradient in the peroxisomal region (Fig. 1) was necess- 
ary to resolve this difference. No apparent change was 
observed in the densities of the mitochondria and 
microsomes. 

The percentage of total catalase found in the par- 
ticulate fractions increased with clofibrate treatment 
(P > 0.01) from 35.7 + 3.8 per cent in controls to 
50.8 + 5.3 per cent after drug treatment. It was not 
possible to distinguish whether this was the result of 
reduced peroxisomal fragility or a preferential in- 
crease of peroxisomal catalase over cytosolic catalase 
with clofibrate treatment. 

Hepatic enzyme levels. Total catalase activity (Table 
3) increased 2-fold on administration of clofibrate to 
the male rat. Increases in catalase were seen both in 
the particulate and soluble fractions, but were slightly 
greater in the peroxisomal fraction. Total urate oxi- 
dase and NADPH-cytochrome c reductase activities 
remained unchanged. The greatest biochemical 
change was observed in the amount of carnitine acyl- 
transferase activities. Total carnitine acetyltransferase 
activity increased 13-fold; carnitine octanoyl- and pal- 
mitoyltransferase activities both increased 5-fold. 

Because the carnitine acyltransferases have a multi- 
locular distribution in the hepatocyte, the effect of 
clofibrate upon the amount of these enzymes in each 
sub-cellular location was studied. In the peroxisomes, 
the amount of catalase, a matrix enzyme of the par- 
ticle, kept pace with proliferation of the organelle, 
maintaining a constant specific activity. The specific 
activity of urate oxidase, a core enzyme, remained 
the same or might have slightly decreased with treat- 
ment. In contrast, carnitine acetyl- and octanoyltrans- 
ferases of the peroxisomal matrix actually increased 
2- to 3-fold in specific activity. These are the first 
reported enzymes whose specific activities increase in 
isolated peroxisomes with clofibrate treatment [19]. 

The mitochondrial carnitine acyltransferases also 
increased with drug treatment, but in a different pat- 
tern of change from that in peroxisomes (P > 0.01). 
The specific activity of mitochondrial carnitine acetyl- 
transferase was 10-fold greater from treated livers 





Effect of clofibrate on hepatic carnitine acyltransferases 





CONTROL 


*—* CATALASE (MMOLES/MIN/ML) 





e—e CYTOCHROME C OXIDASE (JUMOLES/MIN/ML) 


eo—- PROTEIN (MG/ML) 
*— URATE OXIDASE (NMOLES/MIN/ML) 

















2 
Zz 
< 
3 
: 
2 
: 
8 
° 
| 


eo CARNITINE ACETYLTRANSFERASE (NMOLES/MIN/ML) 


0 20 30 40 50 
GRADIENT FRACTION NO 


$ 





CLOFIBRATE-TREATED 


(UMOLES/MIN/ML ) 


*—« NADPH-CYTOCHROME C REDUCTASE 





DENSITY (G/CC) 











\ 
0 20 30 40 50 
GRADIENT FRACTION NO 





*— CARNITINE PALMITOYLTRANSFERASE (NMOLES/MIN/ML) 


Fig. 1. Isopycnic sucrose density profiles of the carnitine acyltransferases and marker enzymes from 
control and clofibrate-treated rat liver. Catalase (@——@®), cytochrome c oxidase (O——O) and 


NADPH-cytochrome c reductase (A 


A), respectively, mark the peroxisomal, mitochondrial and 


microsomal peaks (top panels). The peroxisomal core enzyme urate oxidase (@——®), protein (O——O). 
and sucrose density profiles are seen in the middle panels. Activities of carnitine acetyl- (@——@), 


octanoyl- (O——O) and palmitoyl- (A 


A) transferases are shown corrected for background activity 


(bottom panels). Transferase values for the control gradient were multiplied by 5 to maintain the 
same scale as for the treated. A 600-ml sucrose gradient was used for the control and a 1200-ml 
gradient for the treated livers. Two livers were used per gradient. 


than from controls. For this enzyme the maximum 
increase in activity occurred in the mitochondria, with 
smaller increases in the peroxisomes and microsomes. 
Mitochondrial. carnitine octanoyl- and _ palmitoyl- 
transferases both increased about 3-fold over control 
values. 


The response of the microsomal transferase system 
to clofibrate closely resembled the peroxisomal sys- 
tem. Microsomes, like peroxisomes, contain the 
acetyl- and octanoyltransferase, and both of these 
microsomal activities increased 2- to 3-fold in specific 
activity. However, these two enzymes are tightly as- 
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Table 2. Effect of clofibrate on the isopycnic density of 
subcellular fractions* 





Control Clofibrate 


Subcellular fraction (density of peak in g/cc) 





.251 + 0.002F 
.206 + 0.002 
1.146 + 0.003 


.240 + 0.003 
.207 + 0.002 
1.152 + 0.005 


Peroxisomes 
Mitochondria 
Microsomes 





* Mean values + S. D. are from three experiments. 
+ Statistically different from control, P < 0.01. 


sociated with the reticular membrane, whereas the 
peroxisomal enzymes are soluble [6]. Another mem- 
branous enzyme of the microsomes, NADPH-cytoch- 
rome c reductase, remained constant or might have 
slightly increased upon drug treatment (P < 0.05). 
The differential responses of the three subcellular 
carnitine acyltransferase systems to clofibrate resulted 
in a larger percentage of the transferases being mito- 
chondrial (Table 4). Carnitine palmitoyltransferase 
and cytochrome c oxidase were used as markers for 
the mitochondrial region, since they are found only 
in that organelle. The greatest change was seen in 
carnitine acetyltransferase distribution. In control 
livers, half of the carnitine acetyltransferase activity 
was extramitochondrial, i.e. peroxisomal and micro- 
somal. In treated livers, only 10-15 per cent was 
found outside mitochondria. The change in carnitine 
octanoyltransferase distribution was less because it in- 
creased 2- to 3-fold in all of its subcellular locations. 
Comparison with phenobarbital. Like clofibrate, 
phenobarbital is known to cause a preferential induc- 
tion of smooth endoplasmic reticulum, but without 
significantly changing the volume of rough endoplas- 
mic reticulum, mitochondria or peroxisomes [20]. 
Preliminary results indicated that, in contrast to clofi- 
brate, the effects of phenobarbital were limited to the 
microsomes and its drug-metabolizing system. The 
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isopycnic density of peroxisomes (1.238 g/cc) and per 
cent of total catalase in particulate fractions (36.5°/) 
were the same as in controls. Total and specific activi- 
ties of catalase and urate oxidase in the peroxisomes 
also remained the same (Table 3). No apparent 
changes in the specific activities of the peroxisomal, 
mitochondrial or microsomal carnitine acyltransfer- 
ases were observed. The effect of phenobarbital on 
NADPH-cytochrome c reductase, a component of 
the drug-metabolizing system, was evident from a 
2-fold increase in its total activity to 3.1 ymoles/min/g 
of liver and in its increase in specific activity (see 
Table 3). 


DISCUSSION 


All three carnitine acyltransferase systems of the 
liver—peroxisomal, mitochondrial and microsomal— 
respond to clofibrate treatment with an increase in 
the specific activity of each of their transferase 
enzymes. Because of the extent of this increase 
(10-fold for mitochondrial carnitine acetyltransferase) 
and the fact that the soluble peroxisomal transferase 
system is affected to the same extent as the mem- 
branous microsomal one, it is difficult to attribute 


Tabie 4. Effect of clofibrate on the subcellular distribution 
of the hepatic carnitine acyltransferases* 





Control Clofibrate 
(% of total activity in 
mitochondrial region) 


Enzyme 





Carnitine acetyltransferase 
Carnitine octanoyltransferase 
Carnitine palmitoyltransferase 
Cytochrome c oxidase 
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* Mean values + S. D. are from three experiments. 
+ Statistically different from control, P < 0.01. 


Table 3. Effect of clofibrate and phenobarbital on the activity of liver enzymes* 





Control 


Clofibrate Phenobarbital 





Total activity 
Catalase 
Urate oxidase 
NADPH-cytochrome c reductase 
Carnitine acetyltransferase 
Carnitine octanoyltransferase 
Carnitine palmitoyltransferase 
Specific activity 
Peroxisomal peak 
Catalase 
Urate oxidase 
Carnitine acetyltransferase 
Carnitine octanoyltransferase 
Mitochondrial peak 
Carnitine acetyltransferase 
Carnitine octanoyltransferase 
Carnitine palmitoyltransferase 
Microsomal peak 
NADPH-cytochrome c reductase 
Carnitine acetyltransferase 
Carnitine octanoyltransferase 


57,000 + 3,000 
0.351 + 0.068 
1.508 + 0.167 
0.420 + 0.047 
0.699 + 0.058 
0.195 + 0.021 


(5.93 + 2.61) x 10° 


(umoles/min/g liver) 
122,000 + 23,0007 
0.480 + 0.092 
1.979 + 0.449 3.1 
5.405 + 1.225} 
3.362 + 0.818t 
1.018 + 0.275t 
(nmoles/min/mg protein) 


61000 


(5.04 + 0.46) x 10° 
43.4473 
24.6 + 3.8 
37.4 + 7.17 


7.8 x 10° 


137.1 + 46.24 
84.9 + 9.24 
36.3 + 4.7t 


160 + 22 
10.6 + 1.0F 
20.9 + 3.9F 





* Mean values + S. D. are from three experiments for control and clofibrate, and one experiment for phenobarbital. 


+ Statistically different from control, P < 0.01. 
t Statistically different from control, P < 0.001. 
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these changes solely to the membrane-proliferating 
effect of clofibrate. Alternative explanations such as 
a specific induction or slower turnover of these 
enzymes must be considered. That the microsomal 
transferase system was not changed by the micro- 
somal membrane-proliferating drug phenobarital 
suggests that clofibrate had a specific effect on the 
transferases. 

The carnitine acetyltransferase in the mitochondrial 
system appears to be under a different control from 
that in the peroxisomal and microsomal systems. In 
the latter two systems, the carnitine acetyl- and 
octanoyltransferase activities both increased the same 
amount (2- to 3-fold). In the mitochondrial system, 
the acetyltransferase clearly increased to a greater 
extent than the other two components, the carnitine 
octanoyl- and palmitoyltransferases. That the peroxi- 
somal and microsomal transferase systems respond 
similarly to clofibrate is consistent with the concept 
that peroxisomes originate from smooth endoplasmic 
reticulum. Both the peroxisomes and microsomes 
contain the carnitine acetyl- and octanoyltransferases, 
but not carnitine palmitoyltransferase, a feature which 
distinguishes them from the mitochondrial transferase 
system [4, 5]. 

Although the clofibrate diet shifted the distribution 
of carnitine acetyltransferase toward a higher percent- 
age in the mitochondria, the activity of this enzyme 
actually increased also in the peroxisomes. Carnitine 
acetyl- and octanoyltransferases are the first reported 
enzymes whose specific activity in isolated peroxi- 
somes increases with clofibrate treatment [12, 19]. 
Catalase, a matrix enzyme like the transferase, main- 
tained a constant specific activity, its synthesis keep- 
ing pace with the proliferation of the peroxisomes and 
its complement of protein. The specific activities of 
other matrix enzymes of the peroxisomes, such as 
D-amino acid oxidase and L-a-hydroxy acid oxidase, 
are reportedly depressed by clofibrate treatment [21]. 
The core enzyme of the peroxisomes, urate oxidase, 
remained the same in specific activity or was slightly 
lower than in controls as previously reported [22, 23]. 

In addition to altering levels of individual peroxiso- 
mal enzymes, clofibrate affected the centrifugal behav- 
ior of the whole organelle by increasing its isopycnic 
density in sucrose gradients. Although Kahonen’s 
data with tube gradients suggested this [12], our use 
of large sucrose gradients in zonal rotors was necess- 
ary to establish a statistical significance to this in- 
crease. The different centrifugal behavior of these par- 
ticles in Ficoll gradients has been previously sug- 
gested to depend on some structural alteration caused 
by clofibrate treatment [22]. Similarly, the increase in 
the per cent of total catalase found in peroxisomal 
fractions of liver of rats on clofibrate could be due 
to reduced peroxisomal fragility with less leakage of 
matrix enzymes into the supernatant. However, this 
increase in the percentage of particulate catalase 
could also be explained by a differential response to 
clofibrate of particulate and cytosolic pools of this 
enzyme. 

Kahonen [12] found a lower percentage of the 
catalase in the liver peroxisomes of rats on clofibrate, 
and thought these particles might be less stable 
because of the treatment. In considering this differ- 
ence between the two investigations, it must be noted 
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that Kahonen used rats that had been starved for 
2 days before sacrifice, while we used non-starved 
rats. Previously, investigators have used starved rats 
to facilitate organelle separation in sucrose gradients. 
Since we found that starvation was not essential for 
obtaining adequate organelle separation, and since 
rapid changes in peroxisomal properties occur with 
starvation, we used animals fed ad lib. 

A similar but more complex problem exists in try- 
ing to determine if there are cytosolic carnitine acyl- 
transferases. Some carnitine acetyl- and octanoyl- 
transferase activity, but no carnitine palmitoyltrans- 
ferase activity, was found in supernatant fractions 
(Fig. 1). The amount was slightly more than could 
be accounted for by peroxisomal breakage [21] if one 
assumes that catalase is totally peroxisomal and uses 
it as a measure of breakage. The problem is further 
complicated by the report that the outer mitochon- 
drial transferase pool is easily lost to the supernatant 
fractions during homogenization [23]. Also, although 
we have shown that in isolated microsomal fractions 
the transferases present are membrane-bound [5], we 
do not know how much, if any, of the carnitine acetyl- 
and octanoyltransferase activities were in the reticular 
lumen before the endoplasmic reticulum was dis- 
rupted by homogenization and thus solubilized. 

The possible causal increases in hepatic carnitine 
acyltransferase activities by clofibrate is consistent 
with its hypolipidemic influence. The ability of aryloxy- 
isobutyrate derivatives such as clofibrate to decrease 
levels of triglycerides and neutral steroids in mam- 
malian tissues has been known for some time [24]. 
Their mode of action is unclear, but has been ascribed 
to blockage of cholesterol synthesis at pre-meva- 
lonic [25] and possibly post-mevalonic sites [26], and 
inhibition of fatty acid synthesis at both the acetyl- 
CoA carboxylase [27], and acyl-CoA-a«-glycerophos- 
phate acyltransferase [28] steps. Our data add the 
possibility that clofibrate also affects the availability 
of the acyl-CoA derivatives, which act as substrates 
and regulators for many of the above enzymes by 
changing the levels of carnitine acyltransferase activi- 
ties. 

Increases in the total hepatic activities of one or 
more of the carnitine acyltransferases have been 
observed in animals treated with other hypolipidemic 
drugs (such as nafenopin and methyl clofenapate), 
which are structural analogs of clofibrate [10], and 
with others (such as tibric acid) which are structurally 
unrelated [29]. All of the above compounds also in- 
duced peroxisome proliferation in the male rat, but 
this membrane-proliferating effect is not a necessary 
prerequisite for the hypolipidemic influence of these’ 
drugs. Proliferation of peroxisomes does not occur 
in female rats treated with clofibrate, yet its hypolipi- 
demic effect is present [30]. Clofibrate, however, did 
cause a significant increase in total hepatic carnitine 
acetyltransferase in female rats, but to a lesser extent 
than in male rats [10]. 

During clofibrate treatment, the levels of CoA and 
its thioesters markedly increased [31]. Mitochondrial 
oxidation of medium- and long-chain fatty acids also 
increased [32, 33]. In normal mitochondria carnitine 
had little effect on octanoate oxidation. In mitochon- 
dria from clofibrate-treated animals, a 3-fold increase 
in octanoate oxidation was observed upon the addi- 
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tion of carnitine [33]. The appearance of this partial 
carnitine dependence under conditions of high rates 
of fatty acid oxidation implicates the involvement of 
carnitine octanoyl- and possibly acetyltransferases in 
the drug-treated animal. 


Acknowledgement—The authors wish to thank Nancy 
Gerber and Harry Holmes for their technical assistance. 


REFERENCES 


. D. J. Svoboda and D. L. Azarnoff, J. Cell Biol. 30, 
442 (1966). 

. P.G. Legg and R. L. Wood, J. Cell Biol. 45, 118 (1970). 

. C.K. R. Kurup, H. N. Aithal and T. Ramasarma, Bio- 
chem. J. 116, 773 (1970). 

. M. A. K. Markwell, E. J. McGroarty, L. L. Bieber 
and N. E. Tolbert, J. biol. Chem. 248, 3426 (1973). 

. M. A. K. Markwell and L. L. Bieber, Archs Biochem. 
Biophys. 172, 502 (1976). 
M. A. K. Markwell, N. E. Tolbert and L. L. Bieber, 
Archs Biochem. Biophys. 176, 479 (1976). 

. H. E. Solberg, M. Aas and L. N. W. Daae, Biochim. 
biophys. Acta 280, 434 (1972). 

. J. E. Petersen, Biochim. biophys. Acta 306, 1 (1973). 

. M. T. Kahonen and R. H. Ylikahri, Fedn Eur. Biochem. 
Soc. Lett. 43, 297 (1974). 
D. E. Moody and J. K. Reddy, Res. Commun. Chem. 
Path. Pharmac. 9, 501 (1974). 

. H. Goldenberg, M. Huttinger, P. Kampfer, R. Kramar 
and M. Pavelka, Histochemistry 46, 189 (1976). 

2. M. T. Kahonen, Biochim. biophys. Acta 428, 690 (1976). 

13. P. B. Lazarow and C. De Duve, Proc. natn. Acad. Sci. 

U.S.A. 73, 2043 (1976). 

. N. E. Tolbert, Meth. Enzym. 31, 734 (1974). 

. M. London and P. B. Hudson, Biochim. biophys. Acta 
21, 290 (1956). 


16 
17 


. E. Praetorius, Biochim. biophys. Acta 2, 590 (1948). 

. T. Omura and S. Takesue, J. Biochem., Tokyo 67, 249 
(1970). 

. L. B. Fritz and S. K. Schultz, J. biol. Chem. 240, 2188 
(1965). 

. M. A. K. Markwell, R. Gee and N. E. Tolbert, Fedn 
Proc. 35, 1406 (1976). 

. R. P. Bolender and E. R. Weibel, J. Cell Biol. 56, 746 
(1973). 

. F. Leighton, L. Coloma and C. Koenig, J. Cell Biol. 
67, 281 (1975). 

. R. Hess, W. Staubli and W. Riess, Nature, Lond. 208, 
856 (1965). 


. Y. H. Edwards, J. F. A. Chase, M. R. Edwards and 


P. K. Tubbs, Eur. J. Biochem. 46, 209 (1974). 
. J. M. Thorp and W. S. Waring, Nature, Lond. 194, 
948 (1962). 


. D. R. Avoy, E. A. Swyryd and R. G. Gould, J. Lipid 


Res. 6, 369 (1965). 

. D. L. Azarnoff, D. R. Tucker and G. A. Barr, Metab- 
olism 14, 959 (1965). 

. M. E. Maragoudakis and H. Hankin, J. biol. Chem. 
246, 348 (1971). 

. R. G. Lamb and H. J. Fallon, J. biol. Chem. 247, 1281 
(1972). 


. D. E. Moody and J. K. Reddy, Fedn Proc. 35 (abstr. 


970), 381 (1976). 

. D. Svoboda, H. Grady and D. Azarnoff, J. Cell Biol. 
35, 127 (1967). 

. S. Miyazawa, T. Sakuria, M. Imura and T. Hashimoto, 
J. Biochem., Tokyo 78, 1171 (1975). 

. B. Wolfe, J. Kane, R. Havel and H. Brewster, Circula- 
tion 42 (suppl. III), 2 (1970). 

. I. E. Hassinen and M. T. Kahonen, in First Inter- 
national Symposium on Alcohol and Acetaldehyde Meta- 
bolizing Systems (Eds. R. G. Thurman, T. Yonetani, 
J. R. Williamson and B. Chance), p. 199. Academic 
Press, New York (1974). 





Biochemical Pharmacology, Vol. 26, pp. 1703-1708. Pergamon Press, 1977. Printed in Great Britai. 


EFFECT OF METAL CHELATING AGENTS ON THE 
STORAGE OF NOREPINEPHRINE IN VITRO BY 
CEREBRAL SYNAPTIC VESICLES* 


K. S. RAJAN, R. D. WIEHLE, W. H. RIESEN, R. W. CoLBurRN and J. M. Davis 


IIT Research Institute, Chicago, IL 60616 (K.S.R., R.D.W. and W.H.R.) 
National Institute of Mental Health, Bethesda, MD 20014 (R.W.C.) and 
Illinois State Psychiatric Institute, Chicago, IL 60612 (J.M.D.), U.S.A. 


(Received 31 October 1975; accepted 10 December 1976) 


Abstract—The inhibitory effects of fourteen different metal chelating agents on the storage in vitro 
of [*H]pL-norepinephrine (NE) by the isolated synaptic vesicles from rat brain were investigated with 
a view to explore the possible importance of metal chelation phenomena. The chelators under examin- 
ation belong to the classes of polyamines, aminocarboxylic and hydroxy carboxylic acids exhibiting 
a wide range of metal-binding strengths. Values of ICs, viz., the amount of the chelator which will 
inhibit 50 per cent of the storage of [*H]pL-NE, were determined for the different compounds. The 
strengths of chelate formation of the “synaptosomal and vesicular metal ions”, viz. Cu**, Fe?*, Fe**, 
Zn?*, Mg** and Ca?*, with the above compounds were compared with their inhibition in vitro of 
the vesicular storage of [7H]pDL-NE in order to determine if a correlation existed between the two. 
On the basis of regression analyses of the data on the stabilities of the individual metal chelates 
(log Ky,) and the inhibitory effects of the different chelators (log 1Cs9/NE), significant correlation 
coefficients were obtained with the Cu?* and Zn** amine systems, i.e. 0.98 with P < 0.02, and 0.88 
with P < 0.02 respectively. In regard to the metal-aminoacids systems, Mg** gave the most satisfactory 
correlation coefficient, ic. 0.91, P < 0.01; with Fe(II) = 0.84, P < 0.02 and the mixed-metal system 
Cu + Zn + Fe + Mg + Ca = 0.87, P < 0.05. The existence of such correlation is considered significant 
from the point of view of the metal coordination hypothesis for the vesicular binding and storage 


of NE. 


This work was undertaken as a part of our continuing 
investigations on the possible importance of metal 
chelation phenomena in the activity of the neuro- 
transmitter amines. Since the discovery of the co- 
occurrence of the metal ions, viz. Cu?*, Fe?*, Fe**, 
Zn?*, Mg?* and Ca?*, in cerebral synaptosomes and 
synaptic vesicles [1-3], model system studies on the 
chelation of a number of biogenic amines and ATP 
with the above “synaptosomal and vesicular metal 
ions” [4-8] have indicated the existence of a gradation 
of thermodynamic stabilities for the metal—amine 
binding. Some interesting correlation between the 
order of the metal—amine-binding strengths and the 
affinity order in vivo of the amines for granule binding 
[9] was also noted [4-8]. The objective of the present 
study is to determine effects of polyfunctional chelat- 
ing agents on the storage of norepinephrine in vitro 
by synaptic vesicles. This approach is based on the 
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assumption that if the vesicle-bound monoamines, 
ATP and the proteins were to exist in a “mutually 
chelated” form with the co-occurring metal ions, then 
the interactions of polydentate chelating agents with 
the vesicles might conceivably bring about significant 
inhibition of their binding of NE.¢ Chelating agents 
with different molecular backbones having two or 
more metal-binding groups of varying basicities might 
be expected to show differences in their inhibitory 
effects on the monoamine storage. In this investiga- 
tion the method of IC;) was used. ICs, is the concen- 
tration (or the amount) of the chelator which will 
inhibit 50 per cent of the storage of [7H]JNE with 
which it is in competition. In any case, under a given 
condition of constant concentration of [7H]NE, the 
relative values of ICs, for the various chelating agents 
give us a measure of their relative inhibitory effect. 

The chelating agents that are investigated in this 
study are illustrated structurally in Fig. 1. Dotted 
lines show metal-binding sites. 


EXPERIMENTAL 


The synaptic vesicles were isolated from whole rat 
brain by a modification of the procedure described 
by Johnson et al. [10], which is in turn a modification 
of that of Whittaker et al. [11]. The essential steps 
of the procedure are as described below. Male 
Sprague-Dawley albino rats (200-250 g) were decapi- 
tated and the whole brain was rapidly (10~—20 sec) 
removed to ice-cold 0.32M_ sucrose. The pooled 
brains (34g) were mechanically homogenized in 
40 ml of 0.32M sucrose in a Potter-Elvehjem tissue 
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homogenizer fitted with a Teflon pestle of specific 
clearance (250 um). Homogenization was for | min at 
860 rev/min. The homogenate was centrifuged at 
1,000g for 10min to precipitate blood, unbroken 
cells, and debris. The initial supernatant, S,, was 
decanted and saved. The precipitate was washed with 
20.0 ml of 0.32M sucrose and centrifuged at 1,000g 
for 10 min. The second supernatant, S,, was combined 
with S, and centrifuged at 10,000g for 20min. The 
resulting supernatant was decanted and discarded. 
The pellet, P,;, was resuspended in 20 ml of ice-cold 
0.32 M sucrose and centrifuged at 10,000 g for 30 min. 
The P, pellet corresponds to the “mitochondrial frac- 
tion” of Whittaker et al. and consists largely of mito- 
chondria, intact synaptosomes, myelin fragments plus 
cellular debris. After centrifugation, the supernatant 
S, was discarded and the pellet, P,, was “osmotically 
shocked” by resuspension in 30 ml of ice-cold, triple- 
distilled water, followed by mechanical homogeniza- 
tion for 2 min as already described. The homogenate 
was then centrifuged at 15,000 g for 30 min. The final 
supernatant, S;, largely contains released synaptic 
vesicles, and small cellular debris. The S, fraction was 
divided into three 10-ml aliquots and each carefully 
layered onto a discontinuous sucrose density gradient 
consisting of 15 ml of 1.0M, 5 ml of 0.80M, 5 ml of 
0.60 M, and 7.5ml 0.40M sucrose previously pre- 
pared. The gradients were centrifuged in an SW-25 
swinging rotor in a Beckman model L centrifuge at 
25,000 rev/sec (61,000 g) for 2 hr at 4°. The high-speed 
centrifugation produces a hazy, bluish-white band 
within the 0.40M _ sucrose layer which may be 
siphoned using a pasteur pipette and held at 4° until 
diluted with triple-distilled water to 0.3M_ sucrose 
and utilized directly in uptake experiments. An ali- 
quot was saved for protein analysis. All experiments 
are begun within | hr of the dilution of the purified 
synaptic vesicle preparation. 

In order to minimize any possible variations 
between the preparations of the synaptic vesicles used 
in the storage studies, a number of precautions were 
taken. The age, weight and number of animals used 
for any given series of experiments were kept as con- 
stant as possible. The rats were of the same sex and 
ranged in weight from 200 to 250g. Protein analyses 
were carried out on each preparation. The control 
storage of [7H]NE (per mg of protein) under the ex- 
perimental conditions was found to vary by 10-20 
per cent between the preparations. Experiments where 
the variation was greater than 20 per cent were dis- 
carded. 

Chelating agents. Aqueous solutions of the chelat- 
ing agents were prepared by dissolving the reagent 
grade compounds in double-distilled water. The pH 
values of the solutions were adjusted to 7-7.2 using 
NaOH or HCI by means of a glass—calomel electrode 
system. 

NE storage. The norepinephrine storage experi- 
ments were based on the methods originally described 
by Colburn and Maas [1, 2] in which isolated mouse 
synaptic vesicles were incubated at 4° in a 0.32M 
sucrose medium containing tritium-labeled norepin- 
ephrine and various chelators. In general, the greater 
the metal-binding strength, the greater might be the 
inhibition of storage of tritiated norepinephrine by 
the isolated synaptic vesicles, provided the transport 
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characteristics of the chelating agents across the vesi- 
cular membranes are nearly similar. 

In a preliminary series of storage experiments, solu- 
tions of DL-norepinephrine ({[7H]JNE) (0.45 nmole) 
were prepared to which additions were made of either 
nonlabeled DL-NE or of potential inhibitors, viz. the 
chelating agents EA, EDA, DETA, DTPA and NE. 
The structural formulas of these and other com- 
pounds used in this study are illustrated by structures 
I-XIV. (It is seen that the various chelating agents 
furnish one through eight potential coordinate bind- 
ing sites for the metal ions.) The uptake was initiated 
by addition of a 1.0-ml vesicle suspension in a total 
volume of 1.2 ml containing the different chelators 
and gently shaken at 30° for 45 min. The total amount 
of the chelator in the medium was varied from 0 to 
10*nmoles. After incubation the uptake was ter- 
minated by rapid vacuum filtration using 0.2 um pore 
size, celotate filters (Millipore Corp.). The retained 
vesicles and filters were not washed, but placed di- 
rectly into a toluene-based scintillation fluid and 
counted for tritium label. For blanks, we used incuba- 
tion mixtures with tritiated NE, but no vesicles. Also 
included in each set of experiments were tritiated NE 
to show the maximal (100 per cent) binding, and suffi- 
cient nonlabeled NE for partial (i.e. 50 per cent bind- 
ing) as well as complete inhibition (0 per cent bind- 
ing). : 

In an alternate series of experiments, the following 
chelators were investigated: EDA, NE, EDTA, 
EGTA, TTHA, EDDHA, IMDA, ALA, CYS, SSA 
and MA. In this, the millipore filtration step for the 
termination of the [7H]NE uptake was replaced by 
an alternate procedure. Details of this series of uptake 
experiments are described below. Incubations were 
carried out at 30° for 45 min. Cellulose nitrate centri- 
fuge tubes (3 in. x 5/8 in., made for the Beckman No. 
40 rotor) were used as incubation vessels. All incuba- 
tion vessels contained 0.286 nmole of tritiated nor- 
epinephrine (obtained as NET-048 from New Eng- 
land Nuclear Co.) in 0.020 ml and one of the follow- 
ing: (a) 0.100ml of unlabeled norepinephrine, (b) 
0.100 ml chelator (potential inhibitor at various con- 
centrations), or (c) 0.100 ml of triple-distilled water. 

The uptake of tritiated norepinephrine was initiated 
by the addition of 2.00 ml of the synaptic vesicle prep- 
aration (in 0.3M sucrose). The total volume of all 
incubation vessels was 2.12 ml. The uptake of tritiated 
norepinephrine was terminated after 45 min by preci- 
pitation of the synaptic vesicles by centrifugation at 
27,000 g for 20min at 4°. The supernatant was dis- 
carded and the pellet containing the synaptic vesicles 
saved. The centrifuge tubes were inverted and allowed 
to drain onto paper for 15min, then the inside of 
each tube was wiped out with a piece of absorbent 
paper wrapped around an applicator stick; special 
care was taken not to disturb the pellet. One ml of 
0.1 N NaOH was added to each tube and each tube 
was mixed on a vortex to dissolve the pellet. The 
contents of each tube was placed directly into Bray’s 
scintillation fluid and counted for the tritium label. 
Counting was performed by a Nuclear-Chicago Uni- 
lux II liquid scintillation counter equipped with a bar- 
ium channels ratio mode for the estimation of 
quenching factor. Problems with color quenching and 
instability of quenching fluid were not encountered. 
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Table 1. Inhibition of binding of [7H]NE by chelating 
agents* 





ICsot 





Amounts 


._. (Chelating Agent) 
(nmoles) Ratio: NE 


Compounds 





EA . 
EDA 
DETA 
DTPA 





* Binding data were obtained by using the millipore fil- 
tration technique. 

+ Amount of inhibitor necessary to inhibit 50 per cent 
of the uptake of 1.55 nmoles [7H]NE. 


It should be pointed out that the concentrations of 
NE used in the study were very small. In view of 
the extremely small amounts of the tissue fractions, 
the amounts of NaOH used were small. Furthermore, 
the time lapse between sample preparation and 


Table 2. Inhibition of [7H]NE binding by chelating agents 





ICso* 





Amounts 


. Chelating agent 
(nmoles) Ratio: NE 


Compounds 





NE 
EDA 
EDTA 
TTHA 
EGTA 
EDDHA 
IMDA 
CYS 
SSA 
ALA 
MA No inhibition 
at 2 x 10° 
nmoles 





* Amount of inhibitor necessary to inhibit 50 per cent 
of the uptake of 0.29 nmoles [7H]NE. 
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measurement was very small. Hence no color devel- 
opment was observed. 

In each experiment, synaptic vesicles were incu- 
bated at 30° for 45min in 0.3M_ sucrose with 
0.286 nmole of tritiated DL-norepinephrine and in- 
creasing amounts of unlabeled chelator (potential in- 
hibitor). In each set of experiments, control (100 per 
cent binding) tubes were included. In these controls, 
0.286 nmole [H]NE was incubated with the synaptic 
vesicle preparation, and 0.100 ml water replaced the 
chelator. For blanks, 6000 nmoles of unlabeled NE 
in 0.100 ml replaced the chelator. This amount of un- 
labeled NE is sufficient to inhibit essentially all stor- 
age of [*H]NE. These blank tubes thus serve as an 
index of non-specific binding of NE (0 per cent synap- 
tic vesicle binding). 

It should be pointed out that the inhibition studies 
by EDA and NE were carried out by both methods 
described above, viz. millipore filtration and centrifu- 
gation, in order to determine if the results obtained 
by the two methods are similar and comparable. The 
data from the two series are presented separately in 
Tables 1 and 2. 


RESULTS 


Figure 2 represents the typical ICs, curves for the 
chelators, ic. EA, EDA, NE and DTPA. Values of 
the per cent storage of [H]NE are plotted against 
the various amounts of the chelators, ie. EA, EDA, 
DTPA and NE. The data obtained by employing the 
millipore filtration technique were used for tracing 
the curves in Fig. 2. Values of ICs) were obtained 
from these curves at the 50 per cent storage mark, 
and the data are presented in Table 1. 

In the second series of experiments, values of ICs 
for EDA and cold NE were redetermined by using 
the centrifugation method for the termination of 
[°H]JNE uptake (Table 2). All the subsequent experi- 
ments in vitro on the inhibitory effects of the other 
chelators, i.e. ALA, CYS, SSA, EDTA, TTHA, EGTA, 
IMDA and EDDHA, were carried out using the cen- 





“I 


1 





Percent storage of =H-DL-NE 











10 


Amount 


of inhibitor, 


nmoles 


Fig. 2. Inhibition of binding of 1.55 nmoles [*H]pt-norepinephrine in synaptic vesicles by unlabeled 
NE, DTPA, EDA and EA (incubation volume = 1.2 ml; sucrose = 0.32 M; each point in the graph 
is the average of four experiments). 
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Table 3. Metal chelate stabilities of some amines and their inhibition in vitro of [7H]NE storage 





ICso Metal chelate stabilities (log K y4,)t 
in vitro* 


(ratios) 





Chelators Cu(II) Zn(II) FE(II) Ma(II) Ca(II) 





EA 
DETA 
EDA 
NE 


14.5(B3) 
12.9(B3) 9.6(B3) 
27.9(B>) 17.082) 10(B3) 


*The ICs ratio represents the ratio of the amount of the chelating agent to that of NE at 
50 percent inhibition. B, and £3 represent the overall stability constants for the metal chelates 


10.4(B3) 





having metal:ligand ratios of 1:2 and 1:3 respectively. 
+ Martell and Sillen [12]; Ky, represents the thermodynamic equilibrium constants for the re- 
spective metal—amine binding reactions, viz. Cu(II) + NE = Cu(II)NE, Ky, = [Cu(IDN)NE]/[Cu(I})] 


[NE)). 


trifugation technique. The ICs) values obtained for 
these systems are included in Table 2. 

After obtaining the ICs) values for each of the che- 
lating agents, the ratios of the amount of chelator 
necessary to inhibit 50 per cent of the NE uptake 
to that of NE with which it is in competition were 
determined for each of the systems. Values of the ICs, 
and the ratios are also included in Tables | and 2. 


DISCUSSION 


A comparison of the relative effectiveness of the 
different chelating agents in inhibiting the storage of 
NE in vitro by the vesicles is of interest. The lower 
the values of ICs, (and the ratios of the chelating 
agent to NE), the greater will be its competitive tend- 
ency for the inhibition of the storage. Colburn and 
Maas [1,2] reported that 3.2 umoles EDA consider- 
ably inhibited the binding of the 0.6nmole NE in 
mouse brain vesicles at 0°. In addition to essentially 
confirming the observations of Colburn and Maas 
[1, 2], our data have extended the studies to a number 
of different chelating agents and have provided com- 
plete inhibitory data. 

By using the two different methods (viz. millipore 
filtration and centrifugation), nearly identical ICs.» 
values were obtained for EDA and NE systems (com- 
pare Tables 1 and 2). Hence in the discussion of the 
inhibitory effects of the different chelators, the data 
obtained by using the two methods were compared. 


In examining the possible correlation with the 
metal chelate stabilities, it is appropriate to discuss 
the inhibitory effects as a function of the types of 
chelators used, viz. amines and aminocarboxylic 
acids, particularly in view of the relatively greater ease 
of transport of the amines across the vesicular mem- 
brane than the amino acids. 

A comparison of the data in vitro on the amines, 
viz. EA, EDA, DETA and NE, with their metal-bind- 
ing strengths (Table 3) indicates that the monodentate 
amine, EA (with one metal-binding group), having the 
lowest metal complexing affinity has shown the smal- 
lest inhibitory effect, ie. 1C59 = 3 x 10° nmoles, and 
ratio = 2 x 10°. The polydentate amines (with more 
than one metal-binding group) EDA, DETA and NE 
have shown substantially larger inhibition of [7H]NE 
storage which appears to be consistent with their high 
metal chelating abilities (Table 3). 

Among the carboxylic acids, the polydentate chela- 
tors having more than two metal-binding groups, viz. 
EDTA, DTPA, TTHA and EGTA, have in general 
shown significantly larger inhibition (Table 4) than 
ALA, CYS and SSA. It appears that the presence of 
the diamine (or polyamine) backbone might be im- 
portant in bringing about an effective inhibition. For 
example, EDTA, DTPA and TTHA are more effective 
than IMDA, ALA and CYS. 

In view of the fact that significant concentrations 
of all the five different metal ions (i.e. Cu, Fe, Zn, 
Ca and Mg) were found to occur in the vesicles, a 


Table 4. Metal-binding strengths of some carboxylic acids and their inhibitory effects on [*H]NE storage* 





Inhibition 


Metal chelate stabilities (log K4,,)t 





in vitro 


Compounds (IC59/NE) Cu(il) 


Zn(II) 


Fe(II) Fe(III) Ma(Ii) Ca(II) 





18.8 
27.9 
15.3(20.3)t 
17.7 

21.4 
16.2(B2) 


16.3(B3) 


15.1(B2) 
2.9 


7.0 

52 

37 

70 

362 

862 
2.0 x 104 
2.7 x 10* 
2.9 x 105 

No inhibition 


EDTA 
DTPA 
TTHA 
EGTA 
EDDHA 
IMDA 
CYS 
SSA 
ALA 
MA 


22.8 


14.3 
16.6 
17.1 
11.9 


10.1(B2) 
11.8(B2) 
9.9(B2) 
7.3(B2) 


16.4 


29.4 
20.5 
39.7 


12.9 

14.2 

12.2(B2) 

18.2(B>) 

10.6(B3) 
9.5(B2) 
2.4 


25.1(B3) 
10.4 





* The terms ICso ratios, B,, Bs and Ky; are as described in Table 2. 


+ Martell and Sillen [12]. 
t Stability constant for a 2:1, Cu(II): TTHA chelate. 
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Fig. 3. Model of a mixed-metal polynuclear chelate with ATP and norepinephrine. 


correlation analysis involving the inhibitory effects of 
the different chelating compounds, log; (ICs for the 
ligand/NE) and the stabilities of their chelates with 
the individual metals (log of the chelate stabilities, 
i.e. log Ky ,) as well as different combinations of 
metals might prove useful in obtaining an insight into 
the mode of occurrence of the metals in the amine- 
storage sites and their possible involvement in the 
amine-storage mechanism. It is conceivable that in 
the amine storage sites, a combination of two or more 
metals might be incorporated, being coordinately 
bound by ATP, vesicular biomolecules and norepin- 
ephrine (NE). In other words NE might be bound 
to more than one of the vesicular metals in accord- 
ance with the hypothetical scheme presented in Fig. 
3 

Correlation analyses for the individual metals were 
carried out by using the values of the stability con- 
stants (log Ky,) of their chelates with the different 
chelating agents and their corresponding inhibitory 
effects, i.e. log (ICsq for the ligand/NE). In the cases 
of the combinations of the different metals, their over- 


all stabilities, obtained by the product of the stability 
constants of the individual metal chelates (or the sum 
of the log of the individual stability constants), were 
employed. In this treatment, the overall stability, “2B,” 
of a “mixed-metal chelate system” consisting of three 
metals, viz. M,;, M, and M3, and a chelator L may 
be represented as follows: 


M, + M, + M3; + L=M,M,2M;3L 
___[M,:M,M3L] 
[M,][M2][Ms]{L] 


In the correlation analyses, a value for B3 for each 
of the different combinations of the metals for any 
chelator, L, was estimated by assuming that the fol- 
lowing approximation, i.e. 


B; = K,'K2°Ks3, 
holds for the mixed-metal system where K,, K and 
K, represent the stability constants of the chelates 
of the metals M,, M, and M, with L determined 


at similar conditions of ionic strength and tempera- 
ture. Then, 


B; 


log B; = log K, + log K, + log K; 


Hence, values of log f, for the stabilities of the mixed- 
metal systems and the corresponding ICs9 values for 
the individual chelators were used in the correlation 
analyses. 


Data from the amine and aminoacid systems were 
separately treated for their correlation. On the basis 
of a treatment of the data of the individual metals, 
it was found that Mg?* gave the most satisfactory 
correlation coefficient, i.e. v = 0.91, with P < 0.01 for 
all the aminoacids investigated in this study. Fe** 
gave, v = 0.84, P < 0.02 and the mixed-metal system, 
ie. Cu + Zn + Fe + Mg + Ca, v = 0.87, P < 0.05. 
In the case of the amine systems, Cu?* and Zn** 
gave v = 0.98, P < 0.02 and v = 0.88, P < 0.02 re- 
spectively. 

It should be pointed out that the results of the 
above correlation analyses might at best be taken to 
strongly suggest the importance of metal coordination 
phenomena in the vesicular binding and storage of 
norepinephrine. Having been attempted for the first 
time, it provides an interesting stimulation for further 
detailed investigations of the metal chelation hypo- 
thesis for the biogenic amine activity. 
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Abstract—At concentrations which did not alter tissue oxygen consumption, 2,4,5-trichlorophenoxyace- 
tate (2,4,5-T) increased the rate of tetraethylammonium (TEA) efflux from renal slices by 35-130 per 
cent. The efflux of N'-methylnicotinamide (NMN) was unaffected by 2,4,5-T. The steady-state transport 
of 2,4,5-T by renal slices was not altered by competitive or irreversible inhibitors of the base transport 
system. These data and others indicate that, despite 2,4,5-T-TEA interaction, 2,4,5-T is not transported 
totally or even to a great extent by the renal organic base secretory mechanism. A model is presented 


that is consistent with all the observations. 


The uptake of tetraethylammonium (TEA) by renal 
cortical slices is decreased by competitors of the 
organic base transport system and by metabolic in- 
hibitors [1,2]. The slice accumulation of another 
organic cation, N'-methylnicotinamide (NMN), is 
reduced by many of the same competitive or meta- 
bolic inhibitors [1,2]. However, the efflux of NMN 
is not altered significantly by competitive inhibitors, 
but is reduced slightly by potent transport inhibitors 
[3] and significantly increased by dinitrophenol, an 
uncoupler of oxidative metabolism [4]. 

The steady-state accumulation and the initial rate 
of uptake of TEA are reduced in renal slices from 
2,4,5-trichlorophenoxyacetate (2,4,5-T)-pretreated rats 
[5]. In addition, the efflux of TEA is increased in 
slices from pretreated animals [6]. The influence of 
2,4,5-T on TEA accumulation in normal renal slices 
appears to be competitive in nature and occurs when 
the concentration of organic ions is at a high intracel- 
lular concentration [7]. Such a competitive interac- 
tion of TEA, an organic base, and 2,4,5-T, a com- 
pound transported by the organic anion system, is 
uncommon. That 2,4,5-T is transported by the 
p-aminohippurate (PAH) system is clear from earlier 
work with specific competitors [8, 9]. 

The present study was performed to determine the 
mechanism of 2,4,5-T alteration of TEA transport, i.e. 
whether 2,4,5-T had an inhibitory effect on oxygen 
consumption or acted as a classical competitive in- 
hibitor. Also, the extent of 2,4,5-T—organic base inter- 
action was studied with classical reversible and irre- 
versible inhibitors of organic base transport. 





* Supported by NSF Grant P4B3159 and was presented 
in part at the ASPET Fall Meeting in New Orleans, LA, 
1976. 

+ NIH Postdoctoral Fellowship recipient (PHS Grant 
AM 05437) during part of these investigations at: Depart- 
ment of Physiology, 120 Sherman Hall, State University 
of New York at Buffalo, Buffalo, NY 14214. 


METHODS 


The experimental procedures employed in this 
study were similar to those used in other studies from 
this laboratory [5-8]. Renal cortical slices were pre- 
pared from the kidneys of male Sprague-Dawley rats 
as reported earlier [8] and incubated in a modified 
Krebs-Ringer phosphate buffer at pH 7.4 [6, 10]. Slices 
were incubated at 25° in a Dubnoff metabolic shaker 
(100 cycles/min) with a 100% oxygen atmosphere. The 
renal slice transport of ‘'*C-labeled organic ions 
(Amersham/Searle or New England Nuclear) was 
measured using standard liquid scintillation tech- 
niques and an external standard for quench correc- 
tion. The organic compounds studied were NMN, 
TEA, 2,4,5-T and PAH. At the end of the incubation 
period, the tissues were weighed and homogenized in 
distilled water. The '*C concentration was deter- 
mined in aliquots of the media or whole tissué homo- 
genates. The uptake data are expressed as the slice-to- 
medium or S/M ratio (cpm/g of tissue cpm/ml of 
medium). 

The procedure for determining the efflux of 
14C-labeled organic ions from renal cortical slices is 
a modification of that used by Farah et al. [11]. The 
slices were preloaded with the test compound for 
60 min at 25° in the presence of 100 per cent oxygen. 
After this preincubation, the tissues were rinsed 
briefly and then transferred at 1-min intervals through 
a series of individual runout chambers each contain- 
ing 3.0 ml of fresh Krebs-Ringer phosphate buffer at 
a constant temperature of 25°. Tissue transfer was 
accomplished by means of a nylon net attached to 
a rubber-coated metal wire. The radioactivity col- 
lected from each runout chamber after exposure of 
the tissue plus that remaining in the tissue after the 
experiment was used to construct the efflux curves 
and calculate the rate constants. 

The oxygen consumption of renal slices was studied 
using a Yellow Springs Instruments model 53 oxygen 
monitor employing a Clark-type electrode. The data 
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are presented as initial rates of oxygen consumption 
(ul O,/hr/mg wet tissue) computed from the decrease 
in oxygen saturation of the 4-ml bathing solution over 
the first 5 min of a 10-min incubation. The standard 
Krebs-Ringer phosphate buffer solution was used as 
the bathing solution and was saturated with air prior 
to the start of incubation. 

The data were analyzed statistically using the Stu- 
dent’s t-test or a paired t-test depending on experi- 
mental design. The level of significance was chosen 
as P < 0.05. 


RESULTS 


Renal cortical slices from 2,4,5-T-pretreated ani- 
mals have a depressed oxygen consumption when no 
metabolic substrate is present in the incubation 
medium during the measurement of oxygen uptake 
[6]. Such a disruption in cellular metabolism might 
explain the alterations found in TEA transport by 
renal slices [5,6]. To determine whether 2,4,5-T can 
influence oxygen consumption of normal renal slices 
and thus influence organic cation transport, 10°? M 
2,4,5-T was added to the renal slice incubation 
medium. No significant influence on tissue respiration 
was observed whether or not lactate was present in 
the bathing solution (Fig. 1). 

The runout of TEA from renal slices of rats pre- 
treated with 2,4,5-T was significantly greater than 
from control slices [6]. A possible mechanism for the 
interaction between 2,4,5-T and TEA comes from di- 
rect competition studies which showed that 2,4,5-T 
competes for the steady-state transport of TEA [7]. 
To determine whether or not 2,4,5-T would increase 
TEA efflux from normal tissue preloaded with TEA, 
the efflux test procedure of Farah et al. [11] and Ross 
et al. [4] was used. TEA-preloaded tissues were trans- 
ferred through a series of seven chambers containing 
herbicide-free buffer and the next eight chambers con- 
tained 10°* or 10°3M 2,4,5-T in the same buffer. 
The runout of TEA was measured and the first-order 
rate constants were calculated. Data from representa- 
tive experiments are presented in Fig. 2 for TEA efflux 
and similar efflux experiments with tissues preloaded 
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Fig. 1. Influence of 2,4,5-T on renal cortical slice oxygen 

consumption (yl O,/hr/mg wet weight). Data are presented 

as mean values + S.E. of five experiments. Lactate was 
present at a concentration of 10~? M as indicated. 
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MINUTES 

Fig. 2. Typical data for the effect of 2,4,5-T on the runout 

of TEA (@——@) and NMN (O——o). Arrows mark the 

addition of 10-3 M 2.4,5-T. The first-order rate constants 

are given for each line and are in units of reciprocal 
minutes. 


with NMN. Although TEA efflux was increased 
within minutes of 2,4,5-T addition, no effect on NMN 
efflux was observed. 

Summary data for the influence of 2,4,5-T on TEA 
and NMN efflux are presented in Fig. 3. The first- 
order rate constants for TEA determined from the 
runout in the presence of 2,4,5-T were significantly 
greater than the control values. The NMN runout 
rate constants were significantly less than those for 
TEA in the presence of 10~ > M 2,4,5-T (—22 per cent) 
and significantly greater than those for TEA control 
(+46 per cent). 

Since certain metabolic and potent competitive in- 
hibitors alter NMN efflux, these compounds were 
tested to determine their influence on TEA runout 
to compare with the influence of 2,4,5-T on TEA 
efflux. Although many studies on TEA transport have 
been performed, specific experiments on competition 
for runout were not done [12,13]. As with NMN 
efflux, TEA runout was increased by dinitrophenol. 
Although a slight decrease in TEA runout was pro- 
duced by mepiperphenidol, the effect was not signifi- 
cant (Table 1). 

Since 2,4,5-T has been shown to inhibit TEA trans- 
port competitively, and TEA was ineffective in block- 
ing 2,4,5-T transport [7], other potent inhibitors of 
the base transport system also were tested for their 
effects on 2,4,5-T transport. If these organic base 
transport inhibitors reduced 2,4,5-T transport, this 
would be evidence that 2,4,5-T not only alters TEA 
transport but also is transported by the base system. 
Cyanine dye No. 863, a competitive transport inhibi- 
tor, at a concentration (1.0 ug/ml) which markedly 
reduced TEA transport, failed to alter the transport 
of 2,4,5-T and PAH (Table 2). At higher concen- 
trations of cyanine (2.5 to 5 ug/ml), 2,4,5-T transport 
was decreased, but so was that for PAH. 
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Fig. 3. Influence of 2,4,5-T on the first-order rate constants for the runout of organic bases. The 
data are presented as mean values + S.E. (N =.4) in units of reciprocal minutes. Tissues were preloaded 
with 3.57 x 10°°M TEA or 1.67 x 10°° M NMN for 1 hr at 25°. 


Table 1. Effect of inhibitors on TEA efflux* 





TEA efflux 





Dinitrophenol Mepiperphenidol 





Control k, min~'! 0.0278 + 0.002 0.0270 + 0.001 
Test k, min~! 0.0542 + 0.005¢'t 0.0251 + 0.002f 





*Data are presented as mean first-order rate con- 
stants + S.E. in units of reciprocal minutes (N = 3). Tis- 
sues were preloaded with 3.57 x 10°-°M TEA for 1 hr at 
25°. Inhibitors were present at a concentration of 10~* M. 

+P < 0.05. 

¢ Dinitrophenol produced an increase of 95 per cent in 
test k compared to the control; mepiperphenidol produced 
a decrease of 7 per cent in test k compared to the control. 


Phenoxybenzamine, an irreversible inhibitor of the 
organic base transport system [4], did not reduce 
2,4,5-T transport significantly (Fig. 4). The lack of 
effect on 2,4,5-T was paralleled by a similar minor 
effect on PAH transport. Mepiperphenidol [14], an 
effective competitive inhibitor of the cation system, 
also had a minimal effect on 2,4,5-T transport (Fig. 
4). 


Table 2. Effect of cyanine dye No. 863 on TEA, 2,4,5-T 
and PAH accumulation* 





Control 
(S/M ratio 
+ S.E.)t 


Cyanine No. 863 
(S/M ratio 
+ S.E.) 


Per cent 
change 





— 28.2 
+1.7 
+3.8 


TEA 
2,4,5-T 
PAH 


8.20 + 0.15 
10.55 + 0.30 
12.38 + 0.36 


5.89 + 0.18t: 
10.73 + 0.18 
12.85 + 0.24 





*Data are presented as mean values + S.E. (N = 4). 
Renal cortical slices were incubated with organic ions 
(7.5 x 10-°M) for 120 min. Cyanine dye No. 863 was 
present at a concentration of 1 pg/ml (mol. wt = 390). 

+ S/M = slice-to-medium. 

~P < 0.05. 
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Fig. 4. Effect of phenoxybenzamine and mepiperphenidol 

on organic ion transport (N = 4). Data are presented as 

the per cent of control accumulation + S.E. Renal slices 

were incubated with organic ions (7.5 x 10°°M) for 
120 min. 


DISCUSSION 


Previous studies have demonstrated that metabolic 
inhibitors decrease the uptake of TEA and NMN 
[1,2]. The organic acid herbicide 2,4,5-T has been 
shown to reduce the transport of TEA readily, but 
has only minor effects on the renal slice transport 
of NMN [7]. These facts could be interpreted to 
mean 2,4,5-T does not alter TEA transport by means 
of disruption of cellular metabolism. The finding that 
2,4,5-T (10-3 M) does not alter renal slice oxygen 
consumption supports this belief. However, it has 
been noted that 2,4,5-T can produce a decrease in 
oxygen consumption by renal tissue from animals 
pretreated with 2,4,5-T [6]. This, decrease in oxygen 
consumption is reversible upon addition of transpor- 
table organic ions, which might relate to the reversal 
of the inhibited organic acid transport system, an 
energy-dependent transport process. That is, once a 
large concentration of organic ion was present and 
transported by the tissue, the inhibition was reversed 
[7] and normal metabolism resumed [6]. Such a tran- 
sient reversal of oxygen consumption inhibition has 
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been reported in other animal cells and liver mito- 
chondria [15]. 

The apparent competitive interaction of 2,4,5-T on 
intracellular TEA accumulation is supported by the 
current effiux studies. The large (30 to 130 per cent) 
and immediate (1-3 min) increase in efflux of TEA 
in the presence of 2,4,5-T is in agreement with a 
specific disruption of the intracellular accumulation 
process as seen by the increase in PAH efflux by 
organic acid competitive inhibitors. In the case of 
TEA, ‘since classical base inhibitors fail to alter TEA 
efflux, a unique interaction of TEA and 2,4,5-T will 
be postulated (see below). The need for a reconside- 
ration of these transport systems is emphasized by 
the lack of an effect of 2,4,5-T on NMN efflux. This 
observation is consistent with the lack of a significant 
effect of other competitive inhibitors on efflux [3]. 

Potent competitive (cyanine dye No. 863 and mepi- 
perphenidol) and irreversible (phenoxybenzamine) in- 
hibitors failed to alter 2,4,5-T transport. The lack of 
inhibition might by explained if 2,4,5-T is transported 
by both the organic anion [8,9] and organic cation 
system. That is, because 2,4,5-T is accumulated by 
slices by both transport systems, when the base trans- 
port system is inhibited completely, 2,4,5-T accumu- 
lation could occur via the acid system and hence no 
depression of uptake would be observed. Attempts 
to test this hypothesis were undertaken by measuring 
the effects of organic base competitors on 2,4,5-T 
transport in the presence of high concentrations of 
probenecid. It was reasoned that the non-probenecid 
sensitive 2,4,5-T uptake might be blocked by base in- 
hibitors thus revealing transport by this base system. 
These experiments yielded negative results and led to 
the alternate explanation presented in Fig. 5. 

In this model it is proposed that 2,4,5-T does not 
interact with the carrier mediated aspect of base 
transport located in the plasma membrane, but rather 
at specific intracellular accumulation sites for TEA. 
This proposal is an adaptation of the two-step trans- 
port model for PAH secretion by the proximal tubule 
of mammals originally proposed by Copenhaver and 
Forster [16], and subsequently by Foulkes and 
Miller [17]. The base kinetic behavior of movement 
is virtually identical to that proposed for organic 
anions. 

Two transport steps are depicted in this model: the 
first (a) is located at the peritubular membrane and 
the second (b) is an intracellular accumulation site. 
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Fig. 5. Model for the transport of organic ions by the 
proximal tubule. 
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Movement of PAH occurs via passive diffusion into 
the lumen (c). This two-step model is supported by 
a number of studies using renal slices [11, 16-19] and 
separated tubules [20,21]. In addition, two com- 
ponent influx and efflux plots for different organic 
ions have been found [6,7], and curve stripping of 
the efflux studies by Huang and Lin [22] also demon- 
strates a two-component system for PAH. Although 
all of these data are kinetic in nature and, therefore, 
do not provide direct experimental evidence for the 
two transport components, they offer the reasonable 
suggestion that two components exist. 

Due to the high degree of nonspecific binding of 
2,4,5-T which is not found for TEA and PAH, a sep- 
arate step (d) has been added to accommodate this 
characteristic of 2,4,5-T transport. Also, consideration 
is given to the observation that 2,4,5-T blocks steady- 
state TEA uptake (site e), but has no effect on the 
initial influx of this cation when the 2,4,5-T is added 
directly to fresh tissue slices [7]. Hence, it is proposed 
that 2,4,5-T interferes with intracellular TEA accumu- 
lation (e), but not the membrane transport step for 
organic cations. This is consistent with the increased 
efflux of TEA. That is, TEA is released from intracel- 
lular storage by 2,4,5-T and hence is available for 
more rapid efflux from the cell. The model also sug- 
gests that, since 2,4,5-T does not alter NMN efflux, 
NMN does not have a significant intracellular ac- 
cumulation or binding site (f). Once NMN is trans- 
ported into the cell, it is essentially in free solution, 
and, therefore, the level of NMN uptake is solely a 
function of the magnitude of the membrane transport 
step. 

In summary, it appears that 2,4,5-T has unique 
characteristics as an organic anion which permits it 
to interact with the transport of at least one organic 
cation, TEA. The important characteristic is probably 
the high degree of tissue binding noted with 2,4,5-T. 
In renal cortex homogenates, as much as 50-60 per 
cent 2,4,5-T binding has been observed in preliminary 
experiments. With PAH, about 10-15 per cent bind- 
ing was noted and with phenolsulfophthalein (PSP), 
about 25 per cent. 


Acknowledgements—Analytical grade 2,4,5-T (AGR 86187) 
was a gift from Dow Chemical Co., U.S.A., Midland, MI. 
Phenoxybenzamine was received from Smith, Kline & 
French Laboratories, Philadelphia, PA. Mepiperphenidol 
was acquired from Merck, Sharp & Dohme Research 
Laboratories, West Point, PA. 


REFERENCES 


. A. Farah and B. Rennick, J. Pharmac. exp. Ther. 117, 
478 (1956). 

. A. Farah, M. Frazer and E. Porter, J. Pharmac. exp. 
Ther. 126, 202 (1959). 

. A. Farah and M. Frazer, J. Pharmac. exp. Ther. 145, 
187 (1964). 

. C. R. Ross, N. I. Pessah and A. Farah, J. Pharmac. 
exp. Ther. 160, 381 (1968). 

. F. J. Koschier and W. O. Berndt, Toxic. appl. Pharmac. 
35, 355 (1976). 

. F. J. Koschier and W. O. Berndt, J. Toxic. envir. Hlth, 
2, 323 (1976). 

. F. J. Koschier and W. O. Berndt, Toxic. appl. Pharmac. 
38, 297 (1976). 





2,4,5-T and organic base transport 


8. W. O. Berndt and F. J. Koschier, Toxic. appl. Pharmac. 


26, 549 (1973). 

. J. B. Hook, M. D. Bailie, J. T. Johnson and P. J. Gehr- 
ing, Fd Cosmet. Toxic. 12, 209 (1974). 

. W. E. Umbreit, R. H. Burris and J. F. Stauffer, Mano- 
metric Techniques, p. 119. Burgess,, Minneapolis (1957). 
. A. Farah, M. Frazer and M. Stoffel, J. Pharm. exp. 
Ther. 139, 120 (1963). 

. B. R. Rennick, D. M. Calhoun, H. Gandia and G. K. 
Moe, J. Pharmac. exp. Ther. 110, 309 (1954). 

. B. R. Rennick and A. Farah, J. Pharmac. exp. Ther. 
116, 287 (1956). 

. L. Peters, Pharmac. Rev. 12, 1 (1960). 

. G. B. Silberstein and A. B. Hooper, J. Cell Physiol. 
85, 331 (1975). 


16 


17 


18 


19 


20 


21 


22 


1713 


. J. H. Copenhaver and R. P. Forster, Am. J. Physiol. 
195, 327 (1958). 

. E. C. Foulkes and B. F. Miller, Am. J. Physiol. 196, 
86 (1959). 

. L. T. Welch and M. T. Bush, Am. J. Physiol. 218, 1751 
(1970). 

. P. K. Knoefel and K. C. Huang, Proc. Soc. exp. Biol. 
Med. 130, 914 (1969). 

. M. B. Burg and J. Orloff, Am. J. Physiol. 217, 1064 
(1969). 

. M. I. Sheikh and J. V. Moller, Biochim. biophys. Acta 
196, 305 (1970). 

. K. C. Huang and D. S. T. Lin, Am. J. Physiol. 208, 
391 (1965). 








Biochemical Pharmacology, Vol. 26, pp. 1715-1718. Pergamon Press, 1977. Printed in Great Britain. 


THE CLINICAL PHARMACOLOGY OF A 
HEPATOMA-SPECIFIC ALKYLATING AGENT 


G. A. Curt, T. A. Connors, I. M. Murray-Lyon and M. H. N. TATTERSALL* 
Department of Medical Oncology, Gastroenterology and Biochemistry, 
Charing Cross Hospital, London W6 8RF 
and The Institute of Cancer Research, 

London S.W.7, England 


(Received 28 October 1976; accepted 9 February 1977) 


Abstract—Pharmacological studies have been made in hepatoma patients taking CB10-252, a latent 
enzyme-activated alkylating agent. Following oral administration, the drug was absorbed rapidly, and 
peak levels of unmetabolised drug were seen at | hr. The parent drug is cleaved by azoreductase 
to yield an alkylating agent with a very short half-life and stable metabolites. Peak plasma levels 
of these metabolites were seen at 2hr with persistence of the compounds for 12hr. Eight hr after 
drug administration, 80 per cent of the dose had been eliminated in the urine, the majority in the 
form of metabolites with only 2 per cent being recovered as unmetabolised drug. Azoreductase 
activity was demonstrated in normal human liver and in human bone marrow and lymphoid cells. 
This latter finding may explain the occurrence of myelosuppression observed in several patients. These 
data indicate that CB10-252 is not a hepatoma-selective alkylating agent, but that the drug is well 


absorbed following oral administration. 


N,N-Di_ (2-bromo-n-propyl) amino-3-methyl-2’-car- 
boxy-azobenzene, or CB10-252, is a latent enzyme- 
activated alkylating agent. Metabolism by a non- 
specific NADPH requiring cytosol azo-reductase 
yields 4-di-(2-bromo-n-propyl) amino-2-methylaniline, 
an active alkylating radical which hydrolyses with a 
half life of 45 sec [1,2], and o-aminobenzoic acid (an- 
thranilic acid) which is non-toxic (Fig. 1). The enzyme 
which metabolises CB10-252 has been found in liver 
and hepatoma tissue, and since the half-life of the 
active metabolite is so short, CB10-252 activated in 
liver would not be expected to cause myelosuppres- 
sion. The properties of the compound and the demon- 
stration of the enzyme in primary hepatomas were 
the basis for a clinical trial of CB10-252 in patients 
with in-operable hepatoma. The purpose of this study 
was to investigate the clinical and biochemical phar- 
macology of CB10-252. In this study, levels of the 
parent compound (I) and of anthranilic acid (III) were 
measured and activation of CB10-252 has been in- 
ferred from demonstration of anthranilic acid in the 
blood of patients taking CB10-252 (Fig. 1). In addi- 
tion azoreductase assays were performed on bone 
marrow, spleen and lymphoid tissues. 


MATERIALS AND METHODS 


Plasma levels: unmetabolized drug, free and conjugated 
amines 

Serial plasma samples (Heparinised blood speci- 
mens) were obtained from patients after an oral dose 
of 30 mg CB10-252. Drug absorption and metabolism 
was followed by measuring levels of o-aminobenzoic 
(anthranilic acid) (Fig. 1) using a modified Bratton 
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Marshall reaction [3]. The assay is quantitatively spe- 
cific for anthranilic acid, and no reaction takes place 
with the parent drug or the alkylating radical [2]. 

Anthranilic acid assay. To 2 ml of plasma, 2 ml of 
20% trichloroacetic acid (BDH Chemicals Ltd.) was 
added and the precipitate spun at 4,000g for 10 min. 
1 ml of 0.05% sodium nitrite (May and Baker Ltd.) 
was added to 3 ml of the supernatant, and the mixture 
allowed to stand for 3min. Excess nitrite was 
removed with | ml of 0.5% ammonium sulphamate 
and the tube left for a further 3 min. Six ml of 0.1% 
N-naphylethylene-diaminedihrochloride (N.E.D.) 
(Kodak Chemicals Ltd.) was added, and the contents 
left for 30 min. Coupled N.E.D. was extracted with 
4 ml of n-butanol. (B.D.H. Chemicals, Ltd.) and 1 gm 
of sodium chloride (May and Baker Ltd.). Optical 
density at 550 my was read on a Unicam SP 800 spec- 
trophotometer and compared with a standard curve 
of anthranilic acid prepared in human plasma. 


fe BrCH, 
N=N = NC CB. 10-252 
— CH,CH BrCH, =i 


COOH CHs 





Azo reductase 
NADPH 


SMECH BrCHs 
NH, + HN NC 
CH,CH BrCHy 


0 














NH, 


COOH 


Fig. 1. The metabolism of CB10-252 (I). CB10-252 is 
reduced to anthranilic acid (III) and an active alkylating 
agent (II) by a non-specific azoreductase. 
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Anthranilic acid: conjugation products. Anthranilic 
acid is metabolised to conjugation products undetect- 
able by the above assay. To measure the conjugation 
products it was necessary to hydrolyse aliquots of 
plasma and then assay total anthranilic acid. 0.5 ml 
1 N sodium hydroxide was incubated with 2 ml of 
plasma at 37° for | hr. The mixture was neutralised 
with 0.5 ml of 1 N hydrochloric acid, and anthranilic 
acid was then assayed as above with correction for 
dilution. 

Unmetabolised drug. Unmetabolised CB10-252 was 
assayed by chemically reducing the compound to 
alkylating radical and anthranilic acid with sodium 
dithionite. 0.75 mg of sodium dithionite reduced 
10 nmol of CB10-252 with stoichiometric amounts of 
anthranilic acid being released in the medium after 
reduction and the reaction was immediate at room 
temperature. 0.75 mg of sodium dithionite was added 
to 2ml plasma samples, and the reaction products 
assayed for anthranilic acid using the assay described 
above. 

Urine was assayed for CB10-252, anthranilic acid 
and conjugation products using the assays described 
above with comparison to a standard solution of 
anthranilic acid in saline. 


Tissue azoreductase levels 


Liver azoreductase proved to be unstable with a 
half-life of approximately 50 hr when stored at —20°. 
All enzyme analyses were therefore performed on 
fresh tissue. Human liver and spleen biopsies were 
obtained at staging laparotomy on a 63-year-old 
female with Hodgkin’s Disease. Human bone marrow 
was harvested from a 32-year-old with testicular car- 
cinoma, and a 12-year-old female leukaemia patient. 
Aliquots of the tissues were examined histologically 
and found to be normal. Liver specimens were also 
obtained from Charles River rats. 

The liver specimens were ground in a glass tissue 
homogenizer (Uniform) to make an approximate 25% 


| 


x 
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i 

Time, hr 
Fig. 2. Plasma levels of CB10-252 in three patients follow- 
ing a 30 mg dose orally. Plasma was hydrolysed by reac- 
tion with dithionite, and anthranilic acid levels were 
assayed (see text). Results were of conjugated and free 
anthranilic acid anlysis subtracted to give the levels of un- 
metabolised drug. 
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solution in ice cold 0.1 M phosphate buffer (pH 7.4). 
Free cells were expressed from splenic tissue, and red 
cells were lysed in this as well as the bone marrow 
aspirates by suspension in 0.3% saline with resto- 
ration of isotonicity after 30 sec. Cells were collected 
by low-speed centrifugation, suspended in phosphate 
buffer (pH 7.4) and sonicated (MSE sonicator) in an 
ice water bath for 60 sec. 

The resulting suspensions were centrifuged for 
20 min at 9000 g. 1 ml of the supernatant was added 
to 3ml of phosphate buffer containing 300 pg 
CB10-252 and an NADPH generating system to cata- 
lyse reduction (15m _ glucose-6-phosphate 0.7 um 
NADP, 50 um nicotinamide, Sigma), and 17.5 yg of 
magnesium chloride (Analar) [4]. The mixture was in- 
cubated under nitrogen for 15 min at 37° and excess 
substrate was extracted with 10ml of chloroform 
(BDH Chemicals). To 2 ml of the aqueous phase was 
added 3 ml of 20% TCA, and precipitate removed by 
centrifugation at 3000g for 10min. Three ml of the 
supernatant was assayed for anthranilic acid. Protein 
concentrations were determined by the Lowry reac- 
tion [5], and the enzyme specific activity was calcu- 
lated. 


Plasma levels 


Total conjugated and free anthanilic acid were 
assayed and used as an index of drug activation, while 
levels of CB10-252 were estimated by measurement 
of total anthranilic acid levels following chemical hy- 
drolysis with dithionite (combined free amine + 
CB10-252). Figure 2 shows the plasma levels of 
CB10-252 following oral administration of 30mg to 
three patients. Peak values are reached at | hr and 
the drug persists for some hr in the blood and in 
one patient was still present at 10 hr. This particular 
patient’s urine contained 28nmol/ml of unmetab- 
olised drug and 23% of the drug was excreted unme- 
tabolised. Figure 3 shows the plasma levels of conju- 
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Fig. 3. Plasma levels of conjugated and free anthranilic 
acid in three patients following a 30mg dose CB10-252 
orally (see text). 
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Fig. 4. Plasma levels of CB10-252 and conjugated an- 
thranilic acid in one patient following a 30 mg oral dose 
of CB10-252. 


gated and free anthranilic acid in the same three 
patients. Peak values occurred at 2 hr with clearance 
of the compounds by 12 hr. The patients who metab- 
olised and cleared the drug most rapidly showed few 
side effects following drug treatment, but the patient 
in whom drug was still present in plasma 10 hr after 
administration developed myelosuppression after a 
few days treatment. A typical normal plasma drug 
profile is seen in Fig. 4; 30 min after treatment, drug 
+ free amines and conjugated + free amines had 
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Fig. 5. Plasma’ levels of CB10-252 and conjugated an- 
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Fig. 6. Plasma levels of CB10-252 (unmetabolised drug) 
and excretory pattern in one patient following a 30mg 
oral dose. : 


reached 3.0 and 3.25 nmol/ml respectively. At 2 hr. 
drug metabolism is evident, with unmetabolised drug 
+ free amines falling to 2nmol/ml and products of 
metabolism rising to 9nmol/ml. The drug is not de- 
tectable by 6.5 hours, and no _ unmetabolised 
CB10-252 was found in this patient’s urine, the drug 


being eliminated as free and conjugated amines. 

The plasma profile in another patient after a 50 mg 
dose is seen in Fig. 5. Peak drug levels are reached 
after 2 hr and peak drug metabolites (12 nmol/ml) at 
4hr. With this dose both parent compound and 
metabolites are detectable throughout the 8hr of 
study. 


Tissue azoreductase 





nM Reduced/gm per i5 min 














WW, 9 


g 
Human Human Humon Human 
liver marrow spleen chang 
liver 
cells 








Rot 
liver 


thranilic acid in one patient following a 50mg oral dose Fig. 7. Azoreductase activity of different tissues (see text 


of CB10-252. Bars indicate range of triplicate assays. 


for details). 
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Excretory patterns 

Figure 6 shows the absorption and excretory pat- 
tern of CB10-252 in one patient. Eight hr after drug 
administration, 87 per cent of the dose had been elim- 
inated in the urine, 85 per cent as metabolites (an- 
thranilic acid) and 2 per cent as unmetabolised 
CB10-252. In another patient 23 per cent of the drug 
excreted in the urine was unmetabolised CB10-252. 


Tissue azoreductase levels 

Human liver has 51 per cent of azoreductase ac- 
tivity present in rat liver, and human Chang liver cells 
considerably lower levels (Fig. 7). Human bone mar- 
row and spleen cells showed substantial azoreductase 
activity, approximately 30 per cent of that found in 
rat liver. 


DISCUSSION 


Our results indicate that CB10-252 is well absorbed 
following oral administration and 90 per cent of the 
administered dose is recoverable in the urine at 8 hr 
in the form of parent drug or metabolites. The drug 
caused no gastro-intestinal toxic effects suggesting 
that the drug was absorbed intact and not following 
activation by intestinal bacteria. In support of this 
hypothesis is the observation that CBI10-252 is 
extracted from an acid medium by oil*, and it is thus 
possible that CB10-252 is absorbed from the stomach. 

Azoreductase has been reported in normal liver and 
primary hepatoma, with greater activity in the normal 
tissue [4]. Nevertheless it has been suggested that 





*G. P. Warwick, personal communication. 
+ T. A. Connors, unpublished results. 
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CB10-252 might be selectively cytotoxic to hepatoma 
tissue because of the higher mitotic rate and conse- 
quent greater sensitivity to alkylating agents. More- 
over, a preliminary observation that the Walker car- 
cinoma (very low azoreductase activity) is curabie by 
CB10-252 when the tumour is implanted in the liver 
and virtually completely refractory to this agent when 
the tumour is implanted in the flank, suggests that 
secondary tumour in the liver may be drug suscep- 
tible even if the tumour itself is unable to activate 
the drugf. 

Our results indicate that azoreductase activity is 
present in normal human bone marrow and lymphoid 
cells. This may explain the occurrence of myelosup- 
pression observed in several patients in the clinical 
trial. Thus if CB10-252 is to have true hepatoma sel- 
ectivity, the drug must be administered directly into 
the liver at a rate not exceeding that which can be 
metabolised in the liver. 
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Abstract—The present report is a comparative study of adenylate cyclase activity in various areas 
of the brain identified as dopaminergic. Low levels of dopamine were found to stimulate adenylate 
cyclase from the striatum, median eminence, olfactory tubercle, nucleus accumbens and amygdala. 
Apomorphine, known to mimic the pharmacological and physiological effects of dopamine, stimulated 
adenylate cyclase from the median eminence. Several different classes of drugs effective in the treatment 
of schizophrenia were potent inhibitors of the stimulation by dopamine of the enzyme from these 
various regions. The drugs studied included representatives of the phenothiazine, butyrophenone, diben- 
zodiazepine and dibenzoxazepine classes. The inhibition by the dibenzoxazepine, loxapine, which is 
structurally very similar to the dibenzodiazepine, clozapine, was competitive with respect to dopamine. 
The calculated inhibition constant (K;) for loxapine of about 15nM was similar to that observed 
for some of the more potent phenothiazines. The results, considered together with previously published 
data, support the possibility that the therapeutic effects, as well as the extrapyramidal and endocrinolo- 
gical side effects, of these antipsychotic agents may be attributable to their ability to block the activation 


of adenylate cyclase in various select areas of the brain. 


It is well known that many antipsychotic drugs pro- 
duce an extrapyramidal syndrome indistinguishable 
from Parkinson’s disease [1,2]. These extrapyramidal 
side effects may arise from the ability of these drugs 
to block the dopamine receptor of the caudate nu- 
cleus [3,4]. Many investigators have indirectly char- 
acterized the dopamine receptor in physiological, 
pharmacological and biochemical studies. Most 
recently, a dopamine-sensitive adenylate cyclase was 
demonstrated in homogenates of the caudate nucleus, 
olfactory tubercle and nucleus accumbens [5-9]. 
These studies have suggested that an intimate associ- 
ation exists between this dopamine-sensitive adeny- 
late cyclase and the “dopamine receptor” of these 
areas, since the biochemical and pharmacological 
properties of this enzyme were similar to the reported 
properties of the dopamine receptor. 

Dopamine has been implicated as a neurotrans- 
mitter in several other regions of the mammalian cen- 
tral nervous system in addition to those areas men- 
tioned above. Recently, the amygdala, cerebral cortex 
and median eminence have been identified as regions 
receiving dopaminergic innervation [10-14]. Previous 
studies have supported the correlation between dopa- 
minergic innervation of the limbic system and the 
extrapyramidal motor system and the occurrence of 
dopamine-sensitive adenylate cyclase in these two 
areas [6]. Thus, it was of interest to verify the pres- 
ence of a dopamine-sensitive adenylate cyclase in the 
amygdala and median eminence. 





* Abbreviations used are: EGTA, ethylene glycol-bis-(f- 
amino ethylether)-N,N’-tetra-acetic acid; and cyclic AMP, 
3’,S’-adenosine monophosphate. 


It has been proposed that the extrapyramidal side 
effects of the antipsychotic drugs may be related to 
their ability to block the stimulation by dopamine 
of adenylate cyclase activity in the caudate nucleus 
and that the therapeutic effects of the antipsychotic 
drugs may be related to a similar action on a dopa- 
mine-sensitive adenylate cyclase in the limbic sys- 
tem [6]. Furthermore, it has been suggested that the 
endocrinological side effects of the antipsychotic 
drugs may result from a blockade of dopamine recep- 
tors in the median eminence [15]. The results pres- 
ented in this paper demonstrate that a dopamine- 
sensitive adenylate cyclase does occur in the median 
eminence and the amygdala and that antipsychotic 
drugs are capable of inhibiting dopamine stimulation 
of adenylate cyclase from these areas. 


MATERIALS AND METHODS 


ATP, cyclic AMP, and EGTA* were purchased 
from Sigma, and 3-hydroxytyramine (dopamine) was 
from CalBiochem; inorganic salts were all reagent 
grade; loxapine was a gift from Lederle Laboratories. 
All phenothiazines and related compounds were 
obtained, in high purity, from their commercial dis- 
tributor. 

The procedure for the dissection of the rat caudate 
nucleus (the nucleus caudate putament[16]), olfac- 
tory tubercle and nucleus accumbens has been de- 
scribed [6]. The median eminence and amygdala were 
dissected according to the guidelines in K6nig and 
Knippel [16] for the rat brain. For the dissection of 
the median eminence, the ventral surface of the brain 
was exposed under a dissecting microscope. An iris 
knife was laid flat on the upturned, slightly parted 
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basal surface of the hypothalamus and pressed down. 
The median eminence which protrudes the plane of 
the dissecting instrument was then carefully separated 
from the rest of the hypothalamus. 

After the tissues were obtained, they were pooled 
and were homogenized in 50 vol. (weight to volume) 
of 2mM__ Tris-(hydroxymethyl) aminomethane- 
maleate buffer (pH 7.4)-2mM EGTA. The standard 
assay system (final volume 0.25 ml for the median 
eminence and 0.5 ml for all other areas) contained 
(in m-moles/liter): Tris-(hydroxymethyl) aminometh- 
ane-maleate, 80.2; ATP, 0.3; MgSO,, 1.2; theophyl- 
line, 10; EGTA, 0.6 (including the amount introduced 
with the tissue homogenate); tissue homogenate 
(0.025 ml for the median eminence and 0.050 ml for 
other areas); plus test substances as indicated. Incuba- 
tion was for 2.5 min for all areas except the median 
eminence which was for 5 min at 30°. The reaction 
was terminated by boiling, and cyclic AMP was 
measured as described [5]. Under the experimental 
conditions used, enzyme activity was proportional to 
time and enzyme concentration. Protein was deter- 
mined essentially by the method of Lowry et al [17]. 


RESULTS 


The effects of various concentrations of dopamine, 
norepinephrine and !-isoproterenol, on the adenylate 
cyclase of a homogenate of the median eminence is 
shown in Fig. |. Adenylate cyclase activity was stimu- 
lated by low concentrations of dopamine; a half-max- 
imal increase in enzyme activity was observed with 
5 uM dopamine. In contrast, the B-adrenergic agonist 
l-isoproterenol had no significant effect on adenylate 
cyclase activity with concentrations as high ‘as 
1000 uM. L-Norepinephrine stimulated adenylate cyc- 
lase activity of the median eminence to the same 


Cyclic AMP Formed (pmole/mg protein/min) 
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maximal level as did dopamine. Greater concen- 
trations of /-norepinephrine than of dopamine were 
required to achieve a given increase in enzyme ac- 
tivity. Half-maximal stimulation of the enzyme was 
obtained with 30 uM I-norepinephrine and maximal 
stimulation was obtained with 300 uM I/-norepineph- 
rine. Similar to results observed in the olfactory 
tubercle and caudate nucleus, the increase in enzyme 
activity in the presence of a combination of dopamine 
and /-norepinephrine, each at a concentration causing 
maximal enzyme stimulation, was no greater than 
with either agent alone. This suggests that /-nor- 
epinephrine interacts with the same receptor as does 
dopamine. 

Although low concentrations of dopamine were 
able to stimulate the adenylate cyclase activity of the 
median eminence homogenate, the stimulation by 
dopamine represented an approximate 70 per cent in- 
crease above basal activity. This was less than the 
increase observed in either the olfactory tubercle or 
caudate nucleus but similar to that observed for the 
nucleus accumbens. It is conceivable that this smaller 
stimulation of the enzyme from the median eminence 
may be due to contamination of this preparation by 
non-dopaminergic regions surrounding the median 
eminence. 

The effect of apomorphine, a dopamine agonist, is 
shown in Table 1. Low concentrations of apomor- 
phine were found to stimulate the median eminence 
adenylate cyclase. 

Fluphenazine, one of the most potent phenothia- 
zine compounds, both as an antipsychotic agent as 
well as in producing extrapyramidal side effects in 
patients, has been shown to be a potent competitive 
antagonist of dopamine-sensitive adenylate cyclase in 
the olfactory tubercle and caudate nucleus [6]. It was 
of interest to test fluphenazine in the median 











Test Substance (uM) 


Fig. |. Effect of catecholamines on adenylate cyclase activity in a homogenate of rat median eminence. 

Standard conditions were used for the measurement of adenylate cyclase activity. In the absence of 

added catecholamine, 78.4 + 0.9 pmoles/mg of protein/min of cyclic AMP was formed. The increase 

in cyclic AMP above this basal level is plotted as a function of catecholamine concentration. The 

data give the mean values and ranges for duplicate determinations on each of three replicate samples. 
Key: (@) dopamine; (O) norepinephrine; and (A) isoproterenol. 





Dopamine-sensitive adenylate cyclase 


Table 1. Effect of apomorphine on adenylate cyclase ac- 
tivity in a homogenate of the rat median eminence* 





Enzyme activity 


Addition (pmoles/mg/min) 





89.4 + 1.0 
135.7 + 21F 
92.4 + 0.5 
110.0 + 1.0 
125.1 + 1.8f 
100.3 + 2.4 


None 
Dopamine 
Apomorphine 
Apomorphine 
Apomorphine 
Apomorphine 


(40.0 uM) 
(1.0 uM) 
(3.0 uM) 

(10.0 uM) 

(30.0 uM) 





* Data are expressed as the mean + S. E. M.; N = 4. 
+P < 0.001, relative to control. 


eminence in addition to the dibenzodiazepine, cloza- 
pine, a potent antipsychotic with low extrapyramidal 
side effects, and loxapine, a dibenzoxazepine whose 
chemical structure is very similar to clozapine. Table 
2 shows the calculated inhibition constants (K;) for 
these agents on several dopaminergic areas. In all 
areas studied, these agents inhibited dopamine stimu- 
lation of adenylate cyclase. Loxapine was found to 
be a rather potent inhibitor of adenylate cyclase in 
both the olfactory tubercle and the caudate nucleus. 
Further studies with loxapine in the olfactory tubercle 
(Fig. 2) and the striatum (data not shown) indicate 
that this compound is a competitive inhibitor of 
adenylate cyclase activity. 


DISCUSSION 


The ability of dopamine to stimulate adenylate cyc- 
lase in the median eminence may be especially impor- 
tant from the standpoint of neuroendocrinology. The 
distribution of dopamine within the median eminence 
correlates well with the distribution of gonadotropin 
releasing hormone (LHRH)[19], and dopamine has 
long been known to be capable of facilitating LH 
release through an effect that has been localized to 
the region of the median eminence [20]. Since most 
of the LHRH in this region is thought to be located 
in tanycytes [21], and since cyclic AMP is known to 
stimulate the release of hormones from other cells, 
such as those of the pancreas [22] and anterior pitui- 
tary gland [23], it is conceivable that dopamine facili- 
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tates the release of LHRH by stimulating adenylate 
cyclase in tanycytes. The implied hypothesis that 
tanycytes represent a significant source of the dopa- 
mine-sensitive adenylate cyclase measured in these ex- 
periments could perhaps be tested by the application 


1/ Increase ( pmole/mg/min’ ') 





a 
-02-01 O OF O02 O3 
\/ Dopamine (M7 ') 


increase in Cyclic AMP (pmole/mg/min) 








10 100 

Concentration of Dopamine (uM) 
Fig. 2. Effect of various concentrations of dopamine, alone 
(@) or in combination with 0.25 uM _ loxapine (0), on 
adenylate cyclase activity in a homogenate of the olfactory 
tubercle of the rat. In the absence of added dopamine and 
loxapine, 70.0 + 1.8 pmoles cyclic AMP/mg of protein/min 
was formed. The increase in cyclic AMP above basal level 
(ie. the level in the absence of both dopamine and loxa- 
pine) is plotted as a function of dopamine concentration. 
Inset: Double reciprocal plot of cyclic AMP increase as 
a function of dopamine concentration from 3 to 300 uM. 

(A, @) control; (0) 2.5 x 107’ M loxapine. 


Table 2. Calculated inhibition constants (K;) from several dopaminergic areas of the brain for representatives of the 
phenothiazine, butyrophenone, dibenzodiazepine and dibenzoxazepine classes 





Enzyme activity 
(pmoles/mg/min) 


K;* (nM) 





+ Dopamine 


Source of enzyme Control (40 uM) 


Chlorpromazine 


Fluphenazine Clozapine — Loxapine 





105.1 
50.9 
80.0 
83.2 

103.8 


280.0 
109.8 
120.2 
125.6 
180.6 


Caudate nucleus 
Olfactory tubercle 
Nucleus accumbens 
Median eminence 
Amygdala 


90 8.0 
60 7.0 
75t 7.St 
70t 7.5 
80 





*The K; value was calculated from the relationship K;,/K,, = 1 + 1/K, where Kj, and K,, are the concentrations 
of dopamine. required to give half-maximal activation of the enzyme, in the presence and absence of test substance, 
respectively, and / is the concentration of the inhibitor except where indicated. 

+ Where daggers appear, the K; value was calculated from the relationship 15) = K; (1 + S/K,,), where Iso is the 
concentration of drug required to give 50 per cent inhibition of the enzyme activity, and S is the concentration (40 uM) 
of dopamine [5, 18]. 
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of immunocytochemical procedures [24], and such 
studies are currently being planned. 

The results herein also show that the dibenzoxaze- 
pine, loxapine, is a potent inhibitor of adenylate cyc- 
lase in various dopaminergic areas of the brain. The 
demonstration that loxapine is a potent competitive 
inhibitor of adenylate cyclase in the olfactory tubercle 
suggests that it would be a good antipsychotic agent. 
However, the fact that it is also a potent inhibitor 
of the enzyme in the caudate and median eminence 
suggests that its high extrapyramidal side effects may 
be due to its ability to antagonize the stimulation 
by dopamine of adenylate cyclase from these areas. 
7-OH loxapine, a natural metabolite of loxapine, has 
recently been shown to be a potent inhibitor of the 
caudate enzyme [25]. Based on these experiments, we 
would predict that this metabolite which is thought 
to potentially be a good antipsychotic agent would 
also be a potent inhibitor of the dopamine stimu- 
lation of adenylate cyclase from the median eminence 
and caudate nucleus. 

Finally, the evidence that a dopamine-sensitive 
adenylate cyclase occurs in the median eminence and 
that antipsychotic drugs are potent antagonists of this 
enzyme is compatible with the idea that the endo- 
crinological side effects of the antipsychotic drugs 
may result from a blockade of dopamine receptors 
in this area. 
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SHORT COMMUNICATION 


The influence of caffeine and theobromine on locomotive 
activity and the brain cGMP/cAMP ratio in white mice 


(Received 17 December 1976; accepted 23 February 1977) 


The cyclic nucleotides adenosine 3,5 monophosphate 
(cAMP) and guanosine 3,5 monophosphate (CGMP) have 
been implicated as intracerebral target systems for the 
effects of centrally depolarizing drugs[1,2] and also for 
the stress condition [3]. Electrophysiological studies by 
Stone et al. [4] and Phillis [5] have shown that cyclic nu- 
cleotides administered iontophoretically exert marked 
effect on the neuronal firing pattern of pyramidal tract 
neurons: cGMP had a predominantly excitatory action 
while spontaneously active neurons were depressed by 
cAMP. 

It is well established that caffeine increases locomotive 
activity in white mice [6-10]. This could be explained as 
an activation of the pyramidal tract neurons resulting in 
an elevated discharge rate. It is not clear whether the cyclic 
nucleotides are involved in this effect: Some authors found 
a decrease in the cAMP content in certain areas of the 
brain after administration of caffeine or theophyl- 
line [11,12] which was denied by others [13-15]. An in- 
crease of the cAMP level was also reported [12]. The in- 
fluence of caffeine on the brain concentration of cGMP 
has not been investigated so far. We have recently shown 
that the caffeine-induced increase in locomotive activity 
and oxygen consumption in white mice was antagonized 
by theobromine[10]. The aim of the present study was 
(i) to establish the correlation between the caffeine-induced 
locomotive activity and the cGMP/cAMP ratio in the 
brain, (ii) to assess the effects of theobromine on these 
parameters and (iii) to investigate whether a theobromine 
pretreatment might alter the effect of caffeine on the 
cGMP/cAMP ratio. 

From the experiments by Stone and Phillis [4,5] show- 
ing an adverse effect of CGMP and cAMP on the firing 
pattern of pyramidal neurons, it seems that this ratio 
cGMP/cAMP might be more important for the electrophy- 
siological activity of the brain cell rather than the actual 
amount of cGMP and cAMP present. 


MATERIALS AND METHODS 


Male NMRI mice (body weight 25 + 1 g) which had free 
access to standard diet (FUKO*) and tap water were used. 
The test substances (solubilizer: sodiumsalizylate) 45 pg/g 
caffeine, 180 ug/g sodium theobromine and 45 g/g caffeine 
together with 180 yg/g sodium theobromine were dissolved 
in saline (0.9%) and injected intraperitoneally in a vol. of 
0.25 ml. Control animals were injected with saline (0.9%). 

The locomotive activity was determined in groups of 
five mice, 0-30 min after i.p. injection of the test substances 
with the aid of an Animex DO activity meter (Farad elec- 
tronics, Sweden). All experiments were performed at the 
same time of day. 

The determination of cyclic AMP and cyclic GMP was 
carried out using a protein binding method [16] modified 
for cAMP as initially described by Brown et al.[17] and 
for cGMP as described by Illiano et al. [18]. 30 min after 
ip. injection of the test substances the mice were killed 
by microwave irradiation. The brains were dissected and 
rapidly frozen in liquid nitrogen. Tissues were homogen- 


ized (Potter S, Braun, Melsungen, W. Germany) in 5% 
trichloracetic acid. After centrifugation, the supernatant 
was pipetted off and washed five times with 10 vol. of 
water-saturated diethyl-ether. Residual ether was removed 
in a steam of nitrogen. For cyclic AMP assay, portions 
of the washed extract were lyophilized and subsequently 
taken up in distilled water. In the cyclic GMP assay, 
chromatography on Dowex 50 WX 8, 100-200 mesh, H* 
Form (Serva, Heidelberg) was used for further purification. 
The final cGMP fraction was collected, lyophilized and 
subsequently taken up in distilled water. To calculate 
losses of CGMP during the preparation, tracer quantities 
[*H]-cGMP were added to the samples. Aliquots of the 
trichloracetic acid homogenates were assayed for protein 
according to Lowry et al. [19]. 

Statistical analysis was performed using student’s t-test 
and differences were regarded to be significant if- p was 
0.05 or less. 


RESULTS 


Effects of caffeine and theobromine on the locomotive ac- 
tivity. As shown in Fig. la, 45 yg/g caffeine initiates a 
90 per cent increase in the locomotive activity of white 
mice. This effect was completely antagonized by 180 yg/g 
theobromine. Theobromine alone had no influence on the 
motor activity. 

Effects of caffeine and theobromine on the brain concen- 
tration of cyclic nucleotides. Table 1 shows the total brain 
concentration of cAMP which was diminished by 31% 30 
min after caffeine. Theobromine had no effect on the brain 
cAMP when given by itself but completely prevented the 
caffeine induced decrease. By contrast, total brain cGMP 
increased by 49% 30 min. after caffeine. Again this effect 
was prevented by theobromine-pretreatment which was in- 
effective when given alone. 

Fig. 1b shows the CGMP/cAMP ratio in these experi- 
ments. It was elevated after caffeine but remained un- 
changed after theobromine or caffeine and theobromine, 
respectively. Thus a similar graphical pattern as in the 
locomotion experiments was obtained. 


DISCUSSION 


Our experiments have shown that the increase in loco- 
motive activity of white mice after caffeine was paralleled 
by a rise in the CGMP/cAMP ratio in the brain. Theobro- 
mine, though ineffective by itself, completely prevented 
these effects. As caffeine and theobromine are structurally 
similar, one might assume that a competitive antagonism 
exists between these methylxanthines at a certain brain 
receptor. 

The findings by Stone et al. [4] and Phillis [5] showing 
an increase in electrical activity by cGMP and a decrease 
by cAMP in pyramidal neurons of the rat and cat brain, 
and thus a counteraction of cGMP and cAMP, are in 
agreement with our results. It may be concluded that caf- 
feine raises CGMP by activating the guanylate cyclase and 
at the same time diminishes cAMP by inactivating the 
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Fig. 1. Male white mice, body weight 25 + | g, shown are 
means + S.E.M. (n= 5). (a) Motor. activity: impul- 
ses x 10° 0-30 min after 0.9% NaCl (K), 45 ug/g caffeine 
(C), 180 ug/g theobromine (T), 45 g/g caffeine + 180 yg/g 
theobromine (C + T). (b) Brain ratio CGMP/cAMP 30 
min after 0.9% NaCl (K), 45 ug/g caffeine (C), 180 yg/g 
theobromine (T), and 45 yg/g caffeine + 180 ug/g theobro- 
mine (C + T). Total brain concentrations of controls: 
cAMP 9.65 + 0.36 pmoles/mg protein, cGMP 1.0 + 0.12 
pmoles/mg protein. xxx P < 0.001, xx P < 0.01, ns. = no 

significance to controls. 


adenylate cyclase in an increase of the 
cGMP/cAMP ratio. 
It is unlikely that the effect of caffeine on the 


cGMP/cAMP ratio was due to its ability to inhibit the 


resulting 


Tabie |. Total brain concentration of c-AMP and c-GMP 
after administration of saline, caffeine, theobromine and 
caffeine + theobromine* 





Substrate c-AMP c-GMP 





1.00 + 0.12 
1.49 + 0.30 


Saline (0.9%) 

Caffeine (45 pg/g) 
Caffeine (45 pg/g) 

+ theobromine (180 pg/g) 
Theobromine (180 pg/g) 


9.65 + 0.36 
6.62 + 0.87 


9.80 + 0.65 
8.50 + 1.09 





* Values are expressed as means in pmoles/mg protein 
+ S.E.M. 


phosphodiesterase; for in. that case one would expect an 
increase in the cAMP level as well. On the other hand 
it has been shown by Vernikos-Dannellis and Harris [20] 
that caffeine and theophylline had no influence on the rat 
brain phosphodiesterase. Furthermore, it is not yet clear 
whether phosphodiesterases play any functional roie in the 
brain [21, 22]. 

One might speculate from our findings that the caffeine 
induced increase in locomotive activity is causally related 
to the elevation in the CGMP/cAMP ratio. Further work 
will clearly be needed to obtain conclusive data. 


W. SPRUGEL 
P. MITZNEGG 
F. HEIM 


Pharmakologisches Institut der 
Universitat Erlangen-Niirnberg, 
D-8520 Erlangen, Germany 
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EVIDENCE FOR AN ENZYMATIC p-TYRAMINE-DEHYDROXYLATING SYSTEM 
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Evidence for the ring dehydroxylation in vivo of biogenic amines has been presented by 
a number of investigators [1-6]. However, in mammals, this type of reaction appears to be 
limited to a small number of substances, and even in these cases to be of little quantitative 
significance [5]. 

The conversion of p-tyramine (TRM) to 2-phenylethylamine (PEA) has been substantiated 
in the central nervous system after intraventricular injection of labeled TRM [3,6]. The 
importance of elucidating the nature and factors governing this reaction is apparent because 
it completes a pathway linking dopamine and PEA. The existence of this utiike route has 
already been partly established by recent work showing the brain conversion of dopamine to 
TRM in vivo [1]. This biochemical route could prove of importance in the pathophysiology 
of certain diseases involving alteration of dopamine mechanisms [3,6]. In this study, we 
present some preliminary data supporting the enzymatic nature of this conversion of TRM to 
PEA, and we also describe an experimental system for the further characterization of this 
reaction. 


The radiolabeled amines, PEA (custom-made ring [?H]-pea, sp. act. 2.0 Ci/m-mole) and 


TRM ((1-!4cl-TeM, sp. act. 12.4 mCi/m-mole, and [?u]-TRM (G)*HC1, sp. act. 9.75 Ci/m-mole), 


were obtained from Amersham Searle and New England Nuclear. Before use, their purity (>95 
per cent) was examined by thin-layer chromatography (t.l.c.) [Quanta Q alumina-oxide glass 
plates; ter-amyl alcohol-20% aqueous methylamine (4:1), 6-8 hr at 32°], followed by t.l.c. 
radioactive scanning analysis [3,6] (Packard model-7200 radio-chromatogram scanner). All 
other chemicals and solvents were of the finest grade commercially available and were used 
without further purification. 

White male New Zealand rabbits (2.0 to 2.5 kg, 9 to 1l-weeks-old) were used as exper- 
imental animals. After decapitation, the brains were immediately removed, the main surface 
blood vessels and blood clots were carefully dissected out, and the tissue was quickly rinsed 
in chilled saline (0.9% NaCl), patted dry, and weighed (~ 8 g). The whole brains (two per 
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experiment) were homogenized in a 0.1 M phosphate buffer [1:2.5 (w:v), pH 7.4, 2.5% in Triton 
X-100], centrifuged (10,000 g, 10 min), and the supernatant was used as a crude enzyme prep- 


° 
aration. These procedures were carried out at 0-4. 


Figure 1 


Initial Velocity as a Function of Initial Substrate Concentration 
(T=37°C, [Crude Enzyme] =2.9 g/100 ml Homogenate, time =] minute) 








T Tt T T , 
0.4 0.6 08 10 1.2 
Initial p-Tyramine Concentration, yMolar 


The reaction mixture containing the enzyme preparation and the monoamine oxidase inhib- 


itor pargyline (final concentration range of 0.3 to 24 per cent and 2 X 10> M, respectively) 


was completed to a volume of 4.75 ml with buffer phosphate and incubated for 10 min (37°), 
prior to the addition of different TRM (1-!4c] concentrations (in 0.25 ml phosphate buffer; 
approximately 8 X 10° dis./min) (Fig. 1). PEA was then extracted from samples (1.2 ml), 
taken at different time intervals, as previously described [7]. (?u]-7TRM (0.08 ng, ~ 1 xX 10° 
dis./min) was added to one third of the sample (which was used to estimate the specificity 

of the PEA separation procedure); another third of the sample received [>H]-PEA (0.36 ng, 

it ae 10° dis./min) as internal standard to determine the percentage of recovery of the newly 
synthesized pea-[/4c]; the rest of the initial sample was processed without further addi- 
tions. Half of the hexane PEA-containing fraction was evaporated down into 1 N HCl (room 
temperature) and the residue was dissolved in a 2,5-diphenyloxazole, [1 ,4-bis-2-(4-methyl-5- 
phenyloxazoly1) benzene], Triton X-100, toluene (5 g, 0.9 g, 250 ml, 750 ml) counting mixture 


and used for pea-[!4c] estimation (differential double isotope counting). Further confirma- 


tion of the presence of pEa-[!4c] was obtained by subjecting the rest of the samples to 
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t.l.c. followed by t.l.c. radioscanning (for details, see Refs. 3 and 5). The area corres- 
ponding to labeled PEA was scraped off the plate and counted. Blanks, using boiled homogen- 
ates plus A .rabeled TRM, were carried out throughout the entire experimental procedure, and 
the dis./min obtained were subtracted from the radioactivity present in the actual experimen- 
tal samples. Using this procedure, we have efficiently separated newly synthesized labeled 
PEA from its radioactive precursor TRM, as well as from other possible interfering metabo- 
lites [3,5,6]. 

There was no statistically significant activity of either a (blanks) or 34 (sample 
aliquot with added [?u]-7TRM) in the corresponding n-hexane PEA-containing fraction. Further- 


more, and considering that the radioscanning system has a 15-20 per cent activity-recording 


efficiency for 14, and 0.1 to 1.0 per cent for 34, t.l.c. of this fraction (actual experi- 


ments) showed only one peak corresponding to 140_1abeled PEA, whereas no radioactivity was 
detected from the blanks. 

Figure 1 represents the initial velocity (1 min) for the p-dehydroxylation reaction of 
TRM to PEA. This graph, together with the Lineweaver-Burk plot of the same data (Fig. 2), 
shows the existence of a linear relationship between initial TRM concentration ~_ (range, 


0.2 to 1.6 uM) and product (PEA) ferention’-. 


Figure 2 


Lineweaver-Burk Plot 
(T=37°C, [Crude Enzyme] =2.9g/100 ml Homogenate, time = | minute) 
wisi 











TRM-14c x10°OM 


*V; expressed as dpm 140. PEA formed per minute 


The rather large standard error of the PEA values (Fig. 1) is probably due to the rela- 


tive heterogeneity of the crude enzyme preparations used. Each point represents the average 
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+ S.E. of five to seven experiments done in duplicate. ,Results are corrected for PEA recov- 


ery from brain incubates (range, 35-42 per cent). 


It is clear from the present experiments that crude (10,000 g supernatant) rabbit brain 


preparations can convert significant amounts of TRM to PEA at all enzyme concentrations 
tested (0.3 to 24.0 per cent). Furthermore, our results, although of only a preliminary 
nature, show a linear relationship between the reciprocal of substrate concentration and 
initial reaction rate. These findings support the existence of a brain TRM-dehydroxylating 
enzymatic system and provide further evidence for a central nervous system metabolic pathway 
linking dopamine to PEA [3,6]. 

At present, there is no satisfactory evidence as to the possible physiological or phar- 
macological role of such a biochemical route, although peers the short half-life [8,9] of 
brain PEA (which is both rapidly metabolized by MAO, [10] and could readily leave the brain 
[11]), this pathway could be involved in a buffer-like mechanism regulating excessive accum- 
ulation of dopamine or TRM. 

Undoubtedly, a better characterization of this new enzymatic reaction will have to be 


accomplished in order to understand its possible biological role. 
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Daunomycin is a glycosidic anthracycline antibiotic with both 
cytotoxic and antimitotic activity. The drug has been shown to inhibit 
both RNA and DNA synthesis (1,2). This biological action is most likely 
related to its ability to bind strongly to double-stranded (ds)DNA and 
thus inhibit template activity (3). Considerable experimental evidence 
exists in support of intercalation as the mechanism of strong binding of 
daunomycin to ds-DNA (4). Clinical activity of daunomycin has been 
primarily demonstrated in acute leukemias (5). 

In this report, the interaction of daunomycin with unfractionated 
yeast transfer RNA (t-RNA) is examined using UV-visible spectroscopy, 
thermal denaturation and fluorescence. The binding of daunomycin to ds- 
RNA of viral origin has been previously investigated by thermal denaturation 
and viscosity studies (6). The results of those experiments show the 
secondary structure of the ds-RNA to be irrelevant to the stability of 
the complex formed with daunomycin. Furthermore, no evidence of intercalation 


was obtained. The conclusion, thus, was that the native B conformation 


of DNA is required for intercalation of daunomycin. The 7 and fluorescence 


studies described below present evidence of a substantially different 
kind of binding of daunomycin to t-RNA than to ds-RNA. While no means 
proof, the results are compatible with an intercalative mechanism for 
the drug-t-RNA interaction. 

Unfractionated yeast t-RNA (A grade) was purchased from Calbiochem. 


Daunomycin (daunorubicin hydrochloride) and calf-thymus DNA (Type I) were 
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purchased from Sigma Chemical Company. These chemicals were used without 
further purification. All solutions were made up in 0.01 M phosphate 
buffer, pH 7 and all measurements were made at room temperature. 


Concentrations of t-RNA solutions were determined spectrophotometrically, 


in moles nucleotide, using ~s = 201. DNA concentrations, in moles 


nucleotide, and daunomycin concentrations were similarly obtained using 
the molar extinction coefficients E560 = 6600 and ©1480 = 9870 respectively 
(7). 

The visible spectra were obtained on a Cary 14 spectrometer. 
Thermal hyperchromism was measured using a Beckman Acta CIII spectrophotometer 
with a Beckman temperature programmer. Fluorescence measurements were 
made on a Perkin-Elmer Fluorescence Spectrophotometer 204 with a Perkin 
Elmer 150 xenon power supply. All melting profiles at 260 nm were 
obtained with the reference cell containing daunomycin at the same 
concentration as the sample cell. 

The visible spectrum of daunomycin undergoes a hypochromic, slightly 
bathochromic shift upon addition of t-RNA. Such behavior is typical of 
the interaction of planar drugs with nucleic acids, but does not reveal 
information about the mechanism of binding. 


The melting profiles for various solutions of daunomycin with t-RNA 


are presented in Fig. l. 


PF 








Figure 1. Melting profiles for daunomycin + t-RNA: (a) t-RNA alone; 


(b) P/D = 2.7; (c) P/D = 0.9. [t-RNA] = 1074 y. 
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The increased hyperchromicity as more drug is added is most likely due 

to hyperchromicity in the strong absorption of daunomycin at 260 nm, resulting 
from dissociation of the drug-t-RNA complex. The secondary structure of 

t-RNA is significantly stabilized by the presence of the drug. The 

results for t-RNA are similar to those obtained in studies of ethidium 
binding to t-RNA (8). For example, at a nucleotide to drug ratio, P/D, 

of 2.7, daunomycin increases the ‘ of t-RNA by about nine degrees. At 

a similar value of P/D and in a similar buffer, ethidium stabilizes t- 

RNA by ten degrees. 

Measurement of the absorbance at 480 nm as a function of temperature 
showed the hyperchromism of the drug to occur in the same temperature 
range as the hyperchromism of the t-RNA measured at 260 nm. Similar 
behavior has been observed for the DNA-daunomycin complex (4) and suggests 
that binding of the drug depends on the integrity of the nucleic acid 
secondary structure. Furthermore, the interaction is reversible as 


evidenced by superimposable heating and cooling curves, as shown in Fig. 2. 








T(°C) 


Figure 2. Melting and cooling profiles for daunomycin + t-RNA at P/D = 0.9; 


(0) first heating; (®) cooling; (&) second heating. [t-RNA] = 10°"M. 
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It has been shown that ds-DNA quenches the fluorescence of daunomycin 

(3). Such quenching is typical fer intercalation (in some cases, e.g. 
ethidium, intercalation results in enhancement of fluorescence). We 
have measured the fluorescence of daunomycin at a fixed wavelength in 
solutions of varying concentrations of t-RNA and calf-thymus DNA. The 
results are displayed in Fig. 3. The results for DNA closely parallel 
those obtained previously in Mg**-free buffers (3). Addition of t-RNA 
results in a significant amount of quenching, but somewhat less than 
addition of DNA. While the emission spectrum was not recorded in these 
experiments, the addition of nucleic acid did not shift the spectrum 


significantly. 


100 


80 


60 


40 


uJ 
U 
y 4 
ud 
VU 
WY) 
uJ 
a 
oO 
= 
— 
a 
e 
r 
lu 
U 
a 
uu 
a 








10 12 
P/D 
Figure 3. Fluorescence of daunomycin in the presence of various nucleic 
acids; excitation wavelength 480 nm, emission wavelength 565 nm: (a) drug 


+ DNA; (b) drug + t-RNA; (c) drug + poly(A) - poly(U). [drug] = 4 x 107°. 


Data for construction of a Scatchard plot were obtained by spectral 
titration, at 480 nm, of a 107 °™ solution of daunomycin in a 10 cm 
cuvette. A plot of r/D, as a function of r, where r is the average 


number of drug molecules bound per t-RNA molecule and De is the free 
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drug concentration, is presented in Fig. 4. The curve is biphasic, 


typical of intercalation complexes with nucleic acids (4,8,9). At low 


values of r, however, the graph is linear and may be analyzed according 
to the equation r/D, = K (n-r), where K is the equilibrium (association) 
constant and n is the number of available binding sites. The resulting 
value of K is 1.2 x 10° a+) and the extrapolated value of n is 0.037. 


Assuming an average of 75 nucleotides per t-RNA molecule, this is equivalent 


to 2.8 sites per t-RNA. 


1.5x106 


1.2x10¢ 


I 
@ 
1.0x 106 
8.0x105 
6.0x105 
4.0x105 3 
¥ 


2.0x105 “9eo—. 
_|j.| * > ese 


0 02 04 .06 .08  .1 13 








r 


Figure 4. Isotherm for the binding of daunomycin to t-RNA. 


The results presented above provide evidence that the interaction 
of daunomycin with t-RNA is different from that of daunomycin with viral 
ds-RNA. In the Ty fluorescence quenching and spectral titration studies, 
t-RNA interacts with daunomycin in a manner similar to DNA. At the low 
ionic strength of these experiments, t-RNA is probably in an extended 
form, but still possessing hydrogen-bonded regions (10). These results 
are consistent with, but not proof of, intercalation of the drug in the 
double helical segments of t-RNA, as proposed for ethidium (8). 

The question of binding mechanism aside, these studies suggest, in 
addition to DNA, t-RNA may also be a receptor for daunomycin. This may 
also be true for adriamycin, which is very similar structurally to 


daunomycin. In a recent study, adriamycin was shown to inhibit protein 





Preliminary Communications 


synthesis in cell-free systems (11). This effect may be due to binding 


of the drug to t-RNA. Work is currently in progress to characterize the 
anthracycline-t-RNA interaction more completely. 
ACKNOWLEDGEMENT 

The author wishes to thank Mr. R. Burnett for assistance in obtaining 
binding curve data. This work was supported by a grant from the Academic 
Senate, UCSF. 

REFERENCES 

D. C. Ward, E. Reich and I. H. Goldberg, Science 149, 1259 (1965). 

G. Hartmann, H. Goller, K. Koschel, W. Kersten and H. Kersten, 

Biochem. Z. 341, 126 (1964). 

E. Calendi, A. DiMarco, M. Reggiani, B. Scarpinato and L. Valentini, 

Biochim. Biophys. Acta 103, 25 (1965). 

F. Zunino, R. Gambetta, A. DiMarco and A. Zaccara, Biochim. Biophys. 

Acta 277, 489 (1972). 

B. A. Chabner, C. E. Myers, C. N. Coleman and D. G. Johns, N. Engl. 

J. Med. 292, 1159 (1975). 

J. Doskocil and I. Fric, FEBS Letters 37, 55 (1973). 

V. Barthelemy-Clavey, J. C. Maurizot and P. J. Sicard, Biochimie 

55, 859 (1973). 

R. Bittman, J. Mol. Biol. 46, 251 (1969). 

R. J. Douthart, J. P. Barnett, F. W. Beasley and B. H. Frank, 

Biochemistry 12, 214 (1973). 

P. E. Cole, S. K. Yang and D. M. Crothers, Biochemistry 11, 4358 

(1972). 

R. L. Momparler, M. Karon, S. E. Siegel and F. Avila, Cancer Res. 


36, 2891 (1976). 





Biochemical Pharmacology, Vol. 26, pp. 1735 - 1740. Pergamon Press, 1977. Printed in Great Britain. 


PARIETAL CELLS OF THE STOMACH TRAP SALICYLATES DURING ABSORPTION 
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Gastric irritation, ulceration and bleeding are frequent 


aspirin and other acidic, non-steroid anti-inflammatory drugs 


side effects of 
(NSAID){1| .These 


compounds are contained in most analgesic, antirheumatic drugs in medical use. 


An understanding of the cellular and molecular mechanisms involved in the de- 


velopment of gastric damage is essential if the therapeutic effectiveness of 


known NSAID is to be improved and less toxic compounds developed. Many theo- 


ries have been proposed to explain why NSAID damage the gastric mucosa. Some 


of them leave crucial events unexplained, while others lack experimental 


preof. For example, it has been suggested that aspirin blocks 
prostaglandins, which normally restrain secretion of acid and 
gastric irritationj2}. This cannot be accepted as an adequate 


cause (a) non-acidic inhibitors of prostaglandin synthesis do 


the synthesis of 
thus inhibit 
explanation be- 


not cause gas- 


tric irritation, and (b) acidic NSAID apparently do not - as would be expected 


- increase, but decrease acid secretion |3|. The attractive hypothesis put for- 


ward by Martin 4;|, on the other hand, lacks experimental proof. On the basis 


of biophysical considerations he concluded that trapping of large amounts of 


salicylate anions together with protons would occur in cells of the stomach 


mucosa during absorption. These molecules would then disturb the buffer system 


of the cell, interfere with mitochondrial functions and eventually lead to 


cell death. However, not all cell types of the stomach mucosa 


appear to be 


equally sensitive to salicylates and to show signs of decay after aspirin ad- 


ministration. One explanation is that not all types of cells accumulate sali- 


cylates to the same extent during absorption. Theoretical |5/,clinical|6| and 


morphological .7, observations indicate that parietal cells of 


the stomach 


which are actively secreting protons may take up particularly high concentra- 


tions of salicylate during absorption and that damage to the gastric mucosa 


starts with the decay of these cells. In this communication, evidence is pre- 


sented that such selective accumulation of salicylates does take place and 


that it can be visualized by autoradiographic methods. Commercially available 


radioactive salicylic acid was used in these experiments. Whole-body auto- 
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radiographs of young rats (40 g body weight) taken 45 min. after the admini- 


stration of 140-salicylic acid* show accumulation of activity in the kidney 
and especially in the stomach wall. An example is shown in fig. 1. Interest- 


ingly, little activity is found at this time in the stomach lumen or the gut. 


re. 2. Autoragiograph of a rat 
treated with C-salicylic acid. 

At time O the drug (10 pCi in 
lmg/100g) was administered by sto- 
mach tube. Forty-five minutes 

later the rat was exsanguinated, 
deep frozen and prepared for auto- 
radiography. Slices (100p) were 
mounted on X-ray film and exposed 
for three weeks. The autoradiograph 
obtained shows high activity in the 
stomach and the kidney. 


The high concentration of salicylic acid in the stomach wall prompted fur- 
ther investigation of drug distribution between the different compartments 
of the stomach wall, i.e. the non-glandular part (rumen), which has a corni- 
fied epithelium, and the glandular part, the mucosa of which is comparable 
<o that found in humans. To establish the time course of quantitative chan- 
ges in drug concentration during absorption, the concentrations in the glan- 
dular and non-glandular tissues of rat stomach were measured at different 
times following administration. The results are given in fig. 2. The two 
different parts of the stomach show a strikingly different pattern of drug 
concentration. There was a slow increase of activity in the non-glandular 
part of the stomach, reaching a maximum at about 45 min. after drug admini- 
stration. By contrast, . in the glandular part of the stomach,the highest 
concentrations were found only one minute after administration. Thereafter, 
the concentration declined rapidly and had fallen to almost blood levels 


after about 45 min. 


These findings suggested that in certain cells of the glandular stomach par- 
ticularly high drug concentrations might be expected shortly after drug ad- 
ministration. Hence, we tried to obtain autoradiographic recordings of thin 
(5p) slices of the stomach wall removed 1,5 and 15 min. after administration 
of 3H-salicylic acid*. The biochemical data indicated very rapid diffusion 
of salicylic acid across the stomach wall and a suitable method was there- 
fore sought which would provide immediate fixation of tissue and drug for 
autoradiography purposes. Preliminary experiments using different fixation 


and embedding techniques showed that immediate deep freezing of the stomach 


* New England Nuclear Corporation,Boston, Massachusetts, USA 
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Fig. 2. Time course of 140-salicylic acid concentration in the glandular 
(O) and non-glandular (@) stomach of rats and in blood (qd). Rats (100g body 
weight) were fasted for 16 hours, dosed with 2 pCi in lmg salicylic acid 

in 0,5 ml saline by stomach tube and sacrified after different time inter- 
vals. The stomach was removed, rinsed with saline and cleaned with tissue 
paper. Samples from both parts of the stomach (whole wall) and blood were 
weighed, processed in a sample oxidizer and counted in a liquid scintilla- 
tion spectrometer. The results were corrected for quenching and background, 
and means + S.E. were calculated (n = 5). S.E. of the means of the blood 
values were too small to be shown. 
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wall of treated animals in liquid propane, cutting in a cryostat at -25°C, 
mounting on emulsion and exposure at the same temperature (details see ref.8) 
prevented diffusion of the radioactivity within the tissue. (By contrast, 
freeze drying and embedding in epon - the method used by others 9 - allowed 
3H to diffuse even into the embedding medium). Using our technique we found, 
as expected on the basis of the biochemical studies, a steady increase in 
drug concentration in the (cornified) surface layer of the non-glandular sto- 
mach (fig.3).However, drug penetration into deeper layers containing vital 
cells and blood vessels was apparently small.(This finding is in keeping with 


the fact that ulcers due to saltcylates do not occur in the rumen of rats.) 
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Fig. 3. Autoradiographs of sections of the nonsglandular (upper series) and 
glandular part of rat stomach (lower series). ~H-salicylic acid (40 pCi in 
1 mg/100g) in O,5 ml saline was administered at time O to fasted (16 hours) 
rats. The animals were killed one (a), five (b) or fifteen (c) minutes later. 
The stomach was removed within 50 sec., carefully cleaned by wiping with 
tissues and frozen in liquid propane. The tissue was transferred into a 
cryostat, cut at -25 C, and 5p sections were mounted on emulsion covering 
micro slides (for details see ref. 8). After exposure at -30 C for 14 days 
the sections were quenched in methanol-collodium and the emulsion developed 
at room temperature. Darkfield pictyres of unstained autoradiographs are 
shown. Silvergrains resulting from ~H disintegrations appear as light dots. 


In contrast, autoradiographs of the glandular part of the stomach revealed 


high drug concentrations throughout the glandular mucosa only 1 min. after 
drug administration (fig.3). At 5 min. the overall drug concentration was 
considerably lower than at 1 min.. As expected, high drug concentrations 
persisted in particular compartments. The surface mucus, together with the 
mucus~producing superficial cells was loaded with activity. More striking, 
however, was the accumulation of activity in many parietal cells in some 


areas of the mucosa, as shown in fig. 4, especially since the extracellular 
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Fig. 4. Autoradiograph of a particular area in the glandular stomach of a rat 
treated as explained in fig. 3. The specimens were obtained 1 min. (a,b) and 
5S min. (c) after drug administration. In 4a the drug has accumulated in a 
line of parietal cells below the mucus layer. Higher magnification of these 
cells (4b) shows the location of activity in individual parietal cells. Such 
areas were found in serial sections of the glandular stomach of all rats 
killed 1 min. after drug administration and in 2 out of 3 rats killed 5 min. 
after drug administration (4c). The stomachs of all 3 rats investigated 15 
min. after drug administration showed no such localized drug accumulation. 


space, connective tissue cells and pepsinogen-producing cells in these areas 
were practically devoid of activity (seen in stained sections). The conclu- 
sion must be that selective trapping of salicylate molecules in parietal 
cells in some areas does indeed occur. It is, however, a very short-lived 


event. Already 15 min. after drug administration comparatively low levels of 


activity, which appeared to be randomly distributed, were observed. Sections 


of the glandular stomach of 3 non-drugged animals and of 3 animals given 
"cold" drug only did not contain areas exhibiting similar "grain accumula- 
tion" in dark field pictures or stained specimens. The areas where accumula- 
tion occurs may contain actively secreting parietal cells and they may well 


be the foci from which ulcers of the stomach mucosa develop. 





Preliminary Communications 


These findings represent the first experimental evidence that the trapping of 


salicylate anions occurs in stomach cells after ingestion, as proposed by 


Martin years ago(4]. (Previous research was probably unable to provide this 


evidence because the techniques used[9]did not prevent diffusion of salicylic 
acid). Moreover, our findings show that absorption’of salicylic acid may take 
place within a few minutes and that trapping of salicylate anions occurs in 
parietal cells in some areas of the stomach during that time. This may well 
cause the immediate decay of these cells. Hence our observation supports the 
assumption that functioning parietal cells are essential for the development 
of ulcers due to salicylate medication|5|, which explains why achlorhydric pa- 
tients hardly experience gastric side effects from aspirin(|6,10! and why 
pharmacological {13} or surgical vagotomy|{14]| reduces both, parietal cell acti- 
vity and mucosal damage due to salicylates. It also explains why reduced aci- 
dity together with increased concentrations of Na‘ and K* in gastric fluid cha- 
racterize the early stages of mucosal damage due to salicylates. These events 
are possibly not causes|13] but consequences of parietal cell decay. In addi- 
tion, our observations might explain why recent approaches to the problem of 
reducing salicylate toxicity have been successful. Slow-release forms of aspi- 
rin 6 and.its esterification with other chemicals 15 retard absorption and may 
thus reduce trapping of drug anions in parietal cells. Finally, it is hoped 
chat the data presented will add to the understanding of the cellular events 
leading to gastric damage by salicylates and by acidic NSAID in general, and 
thus provide a rationale for the development of less toxic NSAID. However, 
further research is needed to elucidate the reasons why drug accumulates in 
the parietal cells of selected areas only. The causal relationship between in- 


tracellular drug accumulation and cell decay also remains to be established. 
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COMMENTARY 


ANTI-SCHIZOPHRENIC DRUGS—MEMBRANE 
RECEPTOR SITES OF ACTION 


PHILIP SEEMAN 


Pharmacology Department, Medical Sciences Building, University of Toronto, 
Toronto, Canada MSS 1A8 


Neuroleptic sites-of-action strategy 


The anti-psychotic drugs, introduced in 1952 [21], 
effectively reduce many of the symptoms of schizo- 
phrenia and to a large extent prevent relapse and re- 
hospitalization of schizophrenic patients [31]. These 
drugs thus provide a powerful research tool and stra- 
tegy for determining the abnormal site or sites in the 
brain in schizophrenia. 

Such a pharmacological strategy[72] requires a 
thorough search to locate all of the many possible 
sites of neuroleptic receptors in normal brain before 
a subsequent search can be made for an abnormal 
subset of neuroleptic receptors in tissues from schizo- 
phrenic or psychotic patients. This neuroleptic recep- 
tor approach differs in practice from the psychosis- 
exacerbation strategy [25, 40, 50, 1, 101,64] and from 
the biochemical approach to schizophrenia [36, 54-56, 
46, 64]. 

The purpose of this Commentary is primarily to 
compare the pharmacological properties of the differ- 
ent reported sites of neuroleptic action and to con- 
sider critically which of these might be of particular 
significance in the clinical action of neuroleptic drugs. 


Neuroleptic sites: criteria for specific and non-specific 
sites 


Many different sites of action have been suggested 
for the neuroleptic drugs. These sites may be classified 
as either specific or non-specific according to the fol- 
lowing criteria. 

Stereoselective criterion of neuroleptic action. The 
neuroleptic drugs are very fat-soluble [73, 24, 69] and 
surface-active [74, 72,60]. The drugs are, therefore, 
very soluble in membranes [81]. Hence, it is not sur- 
prising that the neuroleptics interfere with many 
membrane-associated events[73,84] because the 
neuroleptic concentration within the membrane phase 
attains extremely high values. In fact, the drug molar- 
ity (or molality) within the membrane phase itself can 
go as high as 20mM (that is, 20m-moles drug/kg 
or liter of membrane phase) when, for example, the 
aqueous phase contains 10~° M or 10~° M chlorpro- 
mazine [73]. Such enormous concentrations within 
the membrane phase produce a wide variety of non- 
specific membrane-disturbing actions. These include 
expansion of membrane proteins, membrane fluidiza- 
tion, alterations of trans-membrane fluxes, and inhibi- 
tion of excitability (anaesthetic action) [73]. 

These non-specific membrane actions depend pri- 
marily on the membrane solubility of the drug, and 


there is very little difference between stereoisomers 
in producing such effects. For example, opiate enan- 
tiomers (dextrorphan and levorphanol) are equally 
active in their local anaesthetic action when applied 
in the 10~° to 10~*M concentration range [79]. In 
the nM concentration range, however, the /evo- form 
of the opiate is generally 100-1000 times more active 
than the dextro- form on opiate receptor systems. 

Because the neuroleptics are so very membrane- 
soluble, any neuroleptic action on, or binding to, bio- 
logical membranes is not a sufficient criterion for 
identifying that action or binding as being associated 
with a “specific” neuroleptic site. It requires the stereo- 
selective action of (+)-butaclamol [7, 97] in order to 
identify that site as truly specific for the neuroleptic. 
For example, in the 0.1 to 1 4M zone the neuroleptics 
are non-specifically membrane-anaesthetic [91], while 
in the nM region they are stereoselective [87, 88, 8]. 
Furthermore, since neuroleptic solubility in octanol 
(or in the membrane) generally goes up in accordance 
with clinical potency, it is essential to use the neuro- 
leptic enantiomers to define neuroleptic specificity 
because the enantiomers have identical partition coef- 
ficients (Table 1). Cis-trans isomers, however, may not 
have identical partition coefficients. Thus, cis- and 
trans-flupenthixol are not ideal drugs for establishing 
true neuroleptic specificity, since their membrane con- 
centrations may not be identical. Differences in action 
between cis- and trans-neuroleptics are a necessary 
but not a sufficient criterion for identifying a specific 
neuroleptic site. The meager solubility data available 
on cis- and trans-isomers of neuroleptics, however, 
do suggest that their partition coefficients may be 
similar (Table 1). 

Nanomolar concentration criterion for specific neuro- 
leptic action. Of the many neuroleptic sites proposed, 
only those affected by nanomolar concentrations 
(1-100 nM) ought to be further considered as being 
truly specific and clinically significant. Therapeutic 
concentrations of the neuroleptics in plasma water 
are between 0.1 and 50nM (Table 2). Aqueous con- 
centrations exceeding 100nM are generally toxic. 

In a typical biochemical pharmacology experiment 
with neuroleptics (in vitro), considerable amounts of 
the neuroleptic are adsorbed to the tissue and the 
glassware [72]. This absorption amounts to 20-90 per 
cent for chlorpromazine [76], 29-50 per cent for halo- 
peridol [87,49], 70 per cent for pimozide [49], and 
86 per cent for clopimozide [49]. Even with [*H]apo- 
morphine, the amount removed from the aqueous 
medium can be high (~45 per cent; Ref. 89). 
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Table 1. Partition coefficients (P) 





Octanol/water* 


Membrane/buffer [84]t 





Chlorpromazine sulfoxide 
Promethazine 
Promazine 
Imipramine 
Chlorpromazine 
Haloperidol 
Fluphenazine 
Prochlorperazine 
Trifluperidol 
Pimozide 
Clopimozide 
Penfluridol 
(+)-Butaclamol 
(—)-Butaclamol 
cis-Flupenthixol 
trans-Flupenthixol 


1,900 [SOA] 
22,400 t¢ 19 
35,500 [SOA] 30 
41,700 [SOA] 295 
191,000 [SOA] 
555,000 ¢ 
912,000 t 
1,350,000 tf 
1,700,000 t 
2,000,000 [49] 
12,600,000 [49] 
40,000,000 [49] 
Log P = 2.52§ 
Log P = 2.56§ 
Ryo = 0.90 \| 
Ruo = 0.90 i| 


1,700 
200 





* Coefficient for the non-ionized form of the drug. 
+ Numbers in brackets refer to reference numbers. 


{ Calculated from Ref. 50A. 


§ At pH 7.45; using pK of 8.15, P can be derived (see Ref. 60); data of L. G. Humber, 


Ayerst Res. Labs., Montreal. 


Ry. = Log P-r, where P is the partition coefficient in a thin-layer chromatographic 


system and r is the constant; see Ref. 61. 


These enormous adsorptions must be considered 
before applying the Cheng—Prusoff equation [11] for 
calculating the neuroleptic K; on a particular system. 
No study has systematically attempted to do this. 
Existing K, values [18,8] for neuroleptics are difficult 
to interpret because no allowance has been made for 
adsorption [49]. Until this problem is resolved, it 
would be better if authors reported the actual inhibi- 
tory concentrations observed experimentally (ICso 
values). 


Types of specific sites for neuroleptics 

Using the criteria of neuroleptic specificity outlined 
in the previous sections, it is possible to consider the 
sensitivities in vitro of various pre-synaptic and post- 
synaptic sites to neuroleptics, and to comment criti- 
cally whether the sites might be pharmacologically 
vulnerable in vivo. 

Pre-synaptic nerve impulses. Neuroleptics can 
block conduction of nerve impulses 
[73, 66, 26, 30, 81-83,91]. In general, however, this 


Table 2. Neuroleptic concentrations in serum water* 





Average concn 


in plasma 


Average 


Per cent bound concn in 





Previous 
days on 
drug 


Neuroleptic 
dose range 
(mg/day) 


No. of 
patients 


Peakt 
(ng/ml) 


Pre-dose 
(ng/ml) 


plasma water 
(nmoles/1.) 


to plasma 
proteins 





Haloperidol 
9-15 [102]§ 
7-14 [23] 

Chlorpromazine 
400-900 [67] 
400 [15] 

400 [15] 
300 [71] 
300-600 [52] 
600 [32] 
200-800 [90] 

Thioridazine 
300-600 [2] 
30-600 [53] 46 


Over 14 
Chronic 


76.2 + 1.2] 1.5 
2.8 


94.5 [19] 


94.4 [3] 





* Determined by gas chromatography. 
+ Usually 3 hr after oral dose. 


t Neuroleptic concentration which inhibits the specific binding of [*H]haloperidol by 50 per cent (see Ref. 87). 


§ Numbers in brackets refer to reference numbers. 


|| T. Inaba and P. Seeman (1976, unpublished observations); measured at 3 ng/ml; method of Ref. 37. 
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local anaesthetic-like action of the neuroleptics occurs 
in the sub-micromolar concentration range (Table 3). 
According to the nanomolar concentration criterion, 
therefore, the impulse-blocking actions occur at con- 
centrations which are about ten times higher than 
those found clinically in the serum water (Table 2). 
It is known that small diameter axones are consider- 
ably more sensitive to anaesthetic blockade (by neuro- 
leptics) than are large ones [91] (A. Staiman and P. 
Seeman, manuscript to be published). It is possible, 
therefore, that very small pre-synaptic fibers (0.1 um 
wide) may be blocked, but this would probably still 
occur at rather higher serum drug levels. 

The stereoselective anaesthetic action of butaclamol 
has not yet been studied. If it should turn out that 
the butaclamol enantiomers are equiactive, one may 
then conclude that the impulse-blocking sites of 
action are not vulnerable in vivo, since only 
(+)}butaclamol is effective in vivo [97]. 

Pre-synaptic coupling-blockade by neuroleptics. 
Neuroleptics can inhibit the entry of Ca** into excit- 
able cells [65, 82, 48]. Thus, the drugs are every effec- 
tive in blocking the coupling between the pre-synaptic 
impulse and the entry of Ca?* (Table 3)[77]. 

Although there is a highly stereoselective action of 
(+)}butaclamol on the pre-synaptic coupling site, the 
concentrations of the neuroleptics range from 50 to 
1000 mM;; these are about ten times higher than those 
found in serum water in vivo (Table 2). 
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Unlike all the other pre-synaptic actions of neuro- 
leptics, the potency for inhibiting pre-synaptic 
coupling correlates very well with the clinical potency 
of the neuroleptic (Fig. 1)[77]. However, despite 
meeting this clinical potency criterion, and despite 
meeting the stereoselectivity criterion, the neuroleptic 
concentrations required for coupling-blockade are 
still too high to be realized clinically. An equally im- 
portant and rather demanding criterion is that neuro- 
leptic potencies in vitro and in vivo should correlate 
1:1, but the regression coefficient for these data (Fig. 
1) does not meet this ideal. 

Pre-synaptic membrane fluidization by neuroleptics 
(enhanced release of transmitter). At rather high con- 
centrations (in the uM range), the neuroleptics fluidize 
all pre-synaptic membranes, including vesicle mem- 
branes [73], thus promoting membrane-membrane 
fusion. This leads to an enhanced spontaneous release 
of neurotransmitter (Table 3). Although the stereo- 
selectivity of this process has not yet been studied, 
it is unlikely that it can be of therapeutic significance 
because of the extremely high concentrations required 
(compare with Table 2). This transmitter-releasing 
action, however, may be of importance in toxic neuro- 
leptic states such as tardive dyskinesia [84]. 

Pre-synaptic uptake of transmitters. The uptake pro- 
cesses for dopamine, norepinephrine and serotonin 
are all rather insensitive to neuroleptics (Table 3), 
requiring supra-micromolar concentrations for signifi- 


Table 3. Possible pre-synaptic sites for neuroleptics 





Neuroleptic ICs) values (nM) 





Block of 
stimula- 
ted re- 
lease of 

dopamine 


Enhance- 
ment of 
dopamine 
release 


Block of 
nerve 
impulses 


Block 


dopamine 
uptake 


Reversal 
of apo- 
morphine- 
inhibited Block 
tyrosine of 
hydrox y- auto- 
lase receptors 


Block 
of of norad- 
renalin 
uptake 


Block 
of 5-HT 
uptake 





Promazine 7,000 [81]* 6,100 [77] 


16,000 [39] 


160[29] 12,000 [29] 


400[81]  700[77] 
900 [39] 


100 [62] 


3,500 [75]t 10,000 [75] 
2,600 [39] 10,600 [27] 
1,000 [62] 

10,000 [39] 

5,800 [27] 

9,000 [39] 

10,000 [27] 


500 [33] 
180 [29] 


3,800 [28] > 1,000[5] 
5,100[29] 500 [39] 


Chlorpromazine 


170[81]  800[77] 


160 [77] 


Nil [12] 
300 [29] 


Thioridazine 
Trifluoperazine 
9,000 [33] 
440 [77] 
315 [77] 
54 [77] 
> 50 [100] 
95 [77] 
1900 [39] 
100 [62] 


Clozapine Nil [12] 
Prochlorperazine 


Fluphenazine 


3,700 [29] 
11,000 [27, 39] 


16,000 [29] 
40 [81] 500 [12] 1,000 [100] 
20 [5] 
20 [5] 
16 [39] 
110 [13] 
500 [12] 
100 [5] 
55 [39] 
200 [39] 
10 [5] 


100 [81] 100 [75] 


4,000 [39] 


4,400 [27] 
1,300 [62] 
300 [75] 


Haloperidol 


51 [77] 
100 [62] 
150 [77] 


100[75] 1,100 [27] 


400 [62] 


Pimozide 


(+)-Butaclamol 


> 100,000 
[77] 


59 [77] 
13,000 [77] 


(—)-Butaclamol 
1,000 [39] 
Nil [5] 
3,500 [39] 
5,800 [39] 


a-Flupenthixol 
B-Flupenthixol 





* Numbers in brackets refer to reference numbers. 
+ The ic values for Ref. 75 refer to the threshold concentrations of neuroleptics. 
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Fig. 1. Correlations between the dopamine synapse-blocking actions of neuroleptics and their clinical 

potencies. Although the pre-synaptic blocking concentrations [77, 78] (of stimulated release of [*H]do- 

pamine from rat striatal slices) correlate very well, the values are too high (S0-1000 nM) to be observed 

clinically in the patient’s serum water. The post-synaptic inhibiting. concentrations of the neuroleptics 

(on butaclamol-specific [*H]haloperidol binding to either rat or calf caudate homogenate [80, 85-88]) 
exhibit a better correlation and are effective at concentrations seen clinically (Table 2). 


cant inhibition. Although no studies have yet been 
reported on the stereoselective actions of butaclamol, 
there is little difference between the two geometric 
isomers, alpha- and beta-flupenthixol (on dopamine 
uptake). Thus, pre-synaptic uptake or re-uptake is not 
likely to be a vulnerable site of neuroleptic action 
in vivo. 

Pre-synaptic enzymes as sites for neuroleptics. The 
only pre-synaptic enzyme which has received serious 
consideration as a possible specific site of neuroleptic 
action is tyrosine hydroxylase. This enzyme is inhi- 
bited by apomorphine, and this inhibition is in 
turn antagonized by many neuroleptics (Table 3). 
Strangely, clozapine and thioridazine do not exert 
such antagonism[12]. None of the three criteria 
(listed in the section entitled “Neuroleptic Sites: Cri- 
teria for Specific and Non-specific Sites”) are fulfilled 
in this particular site of neuroleptic action: there is 
relatively poor stereoselectivity in vitro by butacla- 
mol [39], the neuroleptic concentrations are high, and 
the correlation with clinical potency is poor. 

Pre-synaptic receptors (autoreceptors) as sites for 
neuroleptics. It is known that there are pre-synaptic 
membrane receptors for neurotransmitters (autore- 
ceptors) [10,45] which are important in regulating 
tyrosine hydroxylase and dopamine  synthe- 
sis [68, 98, 59]. 

There is very little information, however, on the 
sensitivity in vitro of such pre-synaptic receptors to 
neuroleptics. Westfall et al. [100] found that 1000 nM 
fluphenazine antagonized the dopamine-inhibited 


synthesis of new dopamine, a process presumably 
mediated by pre-synaptic dopamine receptors. It is 
difficult to know how sensitive these pre-synaptic 
receptors are to fluphenazine since only one fluphena- 
zine concentration had been tested. It is possible that 
the neuroleptic inhibition of pre-synaptic coupling is 
somehow associated with such pre-synaptic receptors, 
since apomorphine can antagonize the neuroleptic in- 
hibition of the [*H]dopamine release from electrically 
cally stimulated striatal slices (T. Lee and P. Seeman, 
unpublished observations), a finding also observed in 
vitro by Perkins and Westfall [62]. If both these two 
sets of results are truly indicative of the pre-synaptic 
receptor sensitivity to neuroleptics, then these autore- 
ceptors cannot be considered as being particularly 
vulnerable to neuroleptics in vivo because of the high 
neuroleptic concentrations needed. 

Post-synaptic adenylate cyclases as neuroleptic sites. 
Considerable data have now accumulated on the 
neuroleptic inhibition of the catecholamine-sensitive 
adenylate cyclases (see Fig. 2 aiid Table 4). For the 
phenothiazines and butaclamol there is a crude but 
definite correlation between their inhibitory potencies 
and their clinical antipsychotic potencies. For the 
butyrophenones, however, there seems to be no such 
correlation. Iversen et al. [39,57] have found a corre- 
lation within the butyrophenones between data in 
vitro and animal data. It is possible, as suggested by 
Iversen, that there are two sets of neuroleptic recep- 
tors, one for the phenothiazines and another for the 
butyrophenones; the specific binding data for 
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Fig. 2. Correlation between clinical potency and inhibitory dosage of phenothiazines and butyro- 

phenone neuroleptics. The inhibitory potencies of the phenothiazines (against dopamine-sensitive adeny- 

late cyclase in striatal or caudate homogenates) generally correlate with the clinical potencies; there 
is no such correlation for the butyrophenone neuroleptics. Numbers refer to references. 


[*H]haloperidol, however, suggest that only one set 
of neuroleptic receptors need be proposed (see next 
section). 

The dopamine-sensitive adenylate cyclase enzyme 
does not quite fulfill the necessary criteria for being 
of pharmacological significance in vivo, although it 
is stereoselectively blocked by (+)}butaclamol [63], 
and although there is a crude correlation with clinical 
potency within the phenothiazines. The correlation 
within the phenothiazine family (Fig. 2) and the dis- 
tinctly different correlation within the butyrophenone 
family [39] can be almost entirely explained by the 
increasing partition coefficients of each set of con- 
geners (Table 1). Furthermore, the inhibiting concen- 
trations of neuroleptics on this enzyme are extremely 
high, all of them being in the uM range. While it 
is true that the so-called K; values are in the nanomo- 
lar range, the Cheng-—Prusoff relation between the 
neuroleptic ICs, values and the K; values does not 
take into account the fact that the C,,,,, and C;,,.. 
values for the neuroleptics are far from identical; fur- 
thermore, the K; value is not a concentration that 
can be freely applied to the situation in vivo, since 
one does not know the dopamine concentration in 
the synaptic cleft during the discharge of dopaminer- 
gic vesicles (the concentration, in fact, may be in the 
uM to mM range for short periods). A final difficulty 
with dopamine-sensitive adenylate cyclase as a candi- 
date for being a meaningful neuroleptic receptor is 
that sulpiride, a new antipsychotic drug, and metoclo- 
pramide do not inhibit this enzyme [70]. 

Post-synaptic receptors for dopamine/apomorphine 
and neuroleptics. A number of specific receptor sites 
have now been investigated in order to determine 


whether the properties of ligand binding might estab- 
lish the site as being “specific” for neuroleptic drugs 
(see Table 4). Of these, the one most sensitive to neur- 
oleptic drugs is that for [*H]haloperidol itself (Fig. 
1). 

The properties of [*H]haloperidol binding in the 
striatum fulfill all the criteria required of a specific 
neuroleptic receptor; namely, the binding is stereo- 
selectively blocked by (+)-butaclamol, the neurolep- 
tics compete for binding in a 1:1 relation with their 
clinical potency, and the concentrations in vitro are 
of the same order as those found in the serum water 
of patients who are using these drugs. Earlier reports 
of neuroleptic binding [95,47] did not reveal results 
which fit these criteria. 

The neuroleptic IC, values for inhibition of specific 
haloperidol binding have been reported from both 
this laboratory [80,85-88] and Snyder’s labora- 
tory [92, 94, 16-18,93,8]. Although there is good 
agreement between the two sets of data from these 
laboratories, there are two or three neuroleptics 
which seem to give different results. For example, 
Creese et al.[18] find that chlorpromazine is ten 
times stronger than clozapine in blocking the binding 
of [*H]Jhaloperidol, while Seeman et al. [87] find that 
clozapine is about twice as potent as chlorpromazine; 
clinically, the anti-psychotic dosage of clozapine is 
about half that of chlorpromazine. A_ possible 
explanation for this apparent discrepancy is that “spe- 
cific” binding of haloperidol is defined differently in 
the two laboratories; Burt et al. [8,9] define it as the 
difference in [*H]Jhaloperidol binding in the absence 
and presence of 100nM (+)-butaclamol, while See- 
man et al. [87] define it as that difference in the pres- 
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Table 4. Possible post-synaptic sites for neuroleptics 





Neuroleptic or 
butaclamol ICs, values (nM) 
(+)-Isomer (—)-Isomer 





Dopamine receptors 
Chlorpromazine 
Haloperidol 

Haloperidol receptors 

Apomorphine receptors 

Alpha-Adrenergic 

receptors 

Beta-Adrenergic 

receptors 


Serotonin receptors 


D-LSD-receptors 
GABA receptors 


Dopamine (DA)-sensitive 


70 
100 


1,000 
No effect 
~ 30 
1,000 
50 
No effect 
No effect 


30,000 
16,000 


300 
1,300 
20,000 


8,000 


1,000 
No effect 
> 1,000 

8,000 

7,000 
No effect 
No effect 


No effect 


adenylate cyclase 180 


Noradrenalin (NA)}sensitive 
adenylate cyclase 
Butaclamol 
Chlorpromazine 
Haloperidol 
Pimozide 


~ 50 uM 35 

10,000 35 

10,000 35 
75 4 





* Rat striatum; 1 nM [*H]DA; using 1 uM (+)-butaclamol for non-specific binding. 
+ [°H]DA (5 nM); using 1 uM DA or 10 uM (+)-butaclamol for non-specific bind- 


ing; calf striatum. 


[*H]Apomorphine (1.5 nM); using i00nM (+)-butaclamol for non-specific bind- 


ing; calf striatum. 


t (°H]Haloperidol (2.14); using 100nM (+)-butaclamol for non-specific binding; 


rat striatum. 


§ [°H]Haloperidol (2nM); using 100nM (+)-butaclamol or 100 uM DA for non- 


specific binding; calf striatum. 


€ Calf striatum; 0.8 to 1nM [*H]dihydroergocryptine; using 1 4M phentolamine 
for non-specific binding (P. Seeman, unpublished observations). 

** [°H]Dihydroalprenolol (0.7nM); using 100nM propranolol for non-specific 
binding (P. Seeman, unpublished observations). 

++ (°H]Dihydroalprenolol (1 nM); using 1 uM (—)-alprenolol for non-specific bind- 


ing; rat cortex. 


tt (°H]Serotonin (4.6nM); using excess 5-HT for non-specific binding; calf stria- 
tum; (P. Whitaker and P. Seeman, unpublished observations). 
§§ Calf striatum; 7nM [°H]5-HT; using 104M 5-HT for non-specific binding. 
[7H]GABA (13 nM); (P. Seeman, unpublished observations), calf striatum. 


ence of 100nM (—)}butaclamol and (+ }butaclamol. 
Apparently, 100 nM (—)-butaclamol has no effect in 
the results of Burt et al., but does in the results of 
Seeman et al. A further difference may reside in the 
preincubation procedure. 

Of all the neurotransmitter ligands studied, the 
dopaminergic ones (dopamine and apomorphine) are 
those fost stereoselectively blocked by (+ )}butacla- 
mol (Table 4). This is strong evidence that the neuro- 
leptic sites and the dopamine sites are closely associ- 
ated, if not identical, as first proposed by Van Ros- 
sum [96]. The situation is not so simple, however, 
since (+)-butaclamol does not have an absolute 
stereospecificity; this neuroleptic has considerable 
stereoselective action on both the alpha-adrenergic 
and serotonin receptors (Table 4) [20, 22]. 


Conclusions 

Although the neuroleptic drugs may provide a stra- 
tegy for locating the “schizophreno-genic” sites in 
human brain, there are a number of pitfalls. The 
drugs are highly membrane-soluble and thus non-spe- 
cificaily bind to many sites, producing many types 
of membrane perturbations. Stereoselective action by 
the (+)-butaclamol neuroleptic does occur in the nM 
region, and of all sites studied, the post-synaptic bind- 
ing sites for haloperidol and for dopamine (apomor- 
phine) are the ones most stereoselectively blocked. 
These assays for neuroleptic receptors and dopamine 
receptors are now ready to be applied to the study 
of diseased human brain tissues (Parkinson’s disease, 
schizophrenia, Huntington’s disease, tardive dyskine- 
sia, and others). It should be emphasized, however, 





Anti-schizophrenic drugs 


that merely measuring the number of receptor sites 
and their dissociation constant (Kp) will not be suffi- 
cient to characterize the diseased neurotransmitter 
pathway, since synaptic “transmissivity” or synaptic 
sensitivity is a function of both the neurotransmitter 
turnover (synthesis and release) as well as the number 
and Kp of the transmitter receptors. A complicating 
factor is that prolonged exposure of agonist drugs 
to receptors induces tachyphylaxis, particularly with 
beta-adrenergic receptors. If this receptor desensitiza- 
tion is a general phenomenon for many types of 
receptors, including the dopamine/neuroleptic recep- 
tors, it will be necessary to develop methods to ensure 
that the receptors are all re-sensitized before their 
measurement in disease states. 
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Abstract—O,0’-diesters of apomorphine exert behavioral effects identical to those of apomorphine, 
but prolonged in proportion to the bulk of the esters. This prolonged activity may reflect depot proper- 
ties of the esters, and/or decreasing rates of hydrolysis to the presumably active metabolite, apomor- 
phine. To test the latter hypothesis, mouse brain apomorphine was assayed by a fluorimetric method 
that can distinguish apomorphine from its monophenolic analogues and was confirmed by thin-layer 
chromatography. Apomorphine fluorescence was recovered after systemic injection of di-isobutyrylapo- 
morphine as well as after apomorphine, but its half-life in brain was greatly prolonged after administra- 
tion of the ester. Ester hydrolysis also occurred in vitro with minces or homogenates of rat tissue, 
yielding a product with the fluorescent and chromatographic properties of free apomorphine which 
also stimulated the activity of a dopamine-sensitive adenylate cyclase in rat striatal homogenates, sensi- 
tive to apomorphine but not its esters. Most of the activity resided in the high-speed supernatant 
fraction of liver; high esterase activity was found in rat plasma and was present in most tissues. 
This reaction was dependent on temperature, tissue and substrate concentration, followed saturable 
kinetics, and was inhibited by triorthocresylphosphate, an esterase inhibitor. This apparent enzymatic 
reaction proceeded at rates varying inversely with the size of the ester substituent. These results support 
the suggestion that the rate of hydrolysis may be related to desirable prolongation of action of ester 


prodrugs of apomorphine. 


The administration of their labile, lipophilic precur- 
sors can facilitate the delivery of ordinarily highly 
hydrophilic pharmacologically active catecholamine 
agonists to the central nervous system (CNS). 
Examples of such “prodrugs” include O-triacetylated 
norepinephrine [1], the methylene-dioxyether trivas- 
tal (ET-495, Piribedil, converted in vivo to a catechol, 
S-584) [2], O,0’-diacetylapomorphine [3,4], and O,0’- 
diacetyl-N,N-dimethyldopamine [4,5]. Some of these 
compounds with CNS activity that are precursors or 
prodrugs of dopamine agonists might have clinically 
useful properties, for example as antiparkinson agents 
[4-6], and as antagonists of prolactin release [7-9]. 
Some prodrugs of this type might provide advantages 
in addition to improved availability to the CNS, in- 
cluding prolonged action. 

Short activity has severely limited the clinical use- 
fulness of apomorphine as a presumed dopamine 
agonist in the past [6]. In previous work, we found 
that a series of apomorphine esters produced behav- 
ioral effects in the rat similar to those of apomorphine 
itself, but with a prolonged duration of action 
[4,9,10]. Thus, a series of O,0’-diesters of apomor- 
phine of increasing size provoked stereotyped gnaw- 
ing behavior in intact rats, as well as rotation in a 





*Supported in part by U.S. PHS Research grants 
(NIMH) MH-16674 and MH-25515; a research grant from 
the Benevolent Foundation of Scottish Rite Freemasonary, 
Northern Jurisdiction, U.S.A.; and a U.S. PHS (NIMH) 
Career Scientist Award, MH-74370 (to R. J. B.). 

+Present address: Mailman Research Center, McLean 
Hospital, 115 Mill St., Belmont, MA 02178. 


direction contralateral to unilateral midbrain lesions 
in one nigrostriatal pathway. The esters had a delayed 
latency to maximal behavioral effect as well as a pro- 
longed duration of action in comparison with apo- 
morphine; prolongation of the behavioral effects of 
the esters increased with the size of the ester substi- 
tuent, up to six times that of apomorphine. None of 
the esters increased the synthesis of cyclic AMP in 
striatal homogenates exhibiting adenylate cyclase ac- 
tivity stimulated by apomorphine or dopamine. 

These observations suggested that desirable pro- 
longation of action of apomorphine by esteric deriva- 
tives is probably due to their increased lipophilic 
“depot” properties or to slow hydrolysis of the larger 
esters that converts the prodrugs to the probable 
active product, apomorphine. We now report that 
such esters can be hydrolyzed in vitro and in vivo 
to free apomorphine, evidently by an enzymatic pro- 
cess, the rate of which in inversely related to the size 
of the ester substituent, suggesting that the increased 
duration of action of these prodrugs may in part re- 
flect the rate of production of an active metabolite, 
presumably apomorphine. 


MATERIALS AND METHODS 


Apomorphine: HCl was obtained from Merck. Di- 
isobutyryl, dipropionyl, dipivaloyl and dibenzoyl 
O,0’-diesters of apomorphine were synthesized by a 
procedure reported previously [4,10]. The details of 
the synthesis, proof of structure and purity of the 
compounds have been reported by Borgman et al. 
[10]. 10-OH- and 10-methoxyaporphine had been 
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synthesized by Dr. Borgman’s laboratory [11]; N-n- 
propyl-norapomorphine (10,1 1-hydroxylated), 10-OH 
and 11-OH-N-n-propylnoraporphine, 2,10,11-tri-OH- 
aporphine, and apocodeine (the 10-methoxy,]1-OH- 
analogue of apomorphine) were kindly donated by 
Professor John Neumeyer and Dr. Felix Granchelli 
of Northeastern University. Labeled [6-7H]-3’,5’-cyc- 
lic adenosine monosphosphate (cyclic AMP) was pur- 
chased from New England Nuclear. Bovine adrenals 
for preparing a binding protein used in the assay of 
adenylate cyclase activity were obtained from Pel- 
Freeze. Spectral grade ethyl acetate was purchased 
from Fisher Scientific. Triorthocresylphosphate 
(TOCP) was from Eastman; physostigmine (eserine) 
sulfate and S-adenosyl-L-methionine iodide were from 
CalBiochem; pyrogallol and disulfiram were from 
Sigma. All other chemicals were obtained from com- 
mercial sources in the highest available purity. Silica 
gel-on-plastic thin-layer chromatogram (t.l.c.) sheets 
were purchased from Eastman. Male Sprague-Daw- 
ley rats (180-220 g) and male CD-1 mice (30-45 g) 
were obtained from Charles River. Animals were 
maintained on Purina laboratory chow for rats, mice 
and hamsters, and water ad lib. 

Apomorphine and its esters were dissolved for in- 
jection in a vehicle containing (by vol.) ethanol (22.4 
per cent), polyethylene glycol 400 (U.S.P. grade, J. 
T. Baker, 52.1 per cent) and isotonic saline (25.5 per 
cent). The drugs were prepared at the shortest poss- 
ible time before administration by first dissolving in 
warm ethanol, followed by addition of the other sol- 
vents; these solutions were nitrogen-gassed and kept 
on ice protected from light to minimize decompo- 
sition—all as described previously [4,9]. The apor- 
phines were injected into mice intraperitoneally (i.p.) 
in volumes less than 0.5 ml. 

Brain apomorphine levels (using mice instead of 
rats in order to conserve ester) were estimated by the 
fluorescence method of Van Tyle and Burkman [12], 
except for the modification of tissue extraction 
methods suggested by Von Voigtlander et al. [13] 
(0.4 N perchloric acid homogenates of the tissue were 
extracted with 1.67 vol. ethyl acetate). Samples were 
read at the experimentally determined optimal excita- 
tion/emission wavelengths of 276/380 nm in an Amin- 
co-Bowman spectrofluorometer. “Blanks” and stan- 
dards were prepared for each experiment in 0.4 N 
perchloric acid containing 0, and 1-10 yg of authentic 
apomorphine, respectively, and carried through the 
extraction and assay procedures, with and without 
the addition of brain tissue homogenized in the per- 
chloric acid. As recovery of the amounts of apomor- 
phine encountered in these experiments did not de- 
crease appreciably when brain tissue was present 
(> 95 per cent recovery of authentic apomorphine), 
the results were not corrected for recovery of apomor- 
phine. 

Ester-hydrolyzing activity of rat tissues in vitro was 
evaluated by recovery of apomorphine fluorescence 
in 5.0 ml ethyl acetate (as described by Von Voigt- 
lander et al. [13]) from 50- to 150-ul portions of 
reaction mixtures which had been diluted with 3.0 
ml of 06.4 N perchloric acid after incubation of serum 
or 50,000 g supernatant fractions of homogenates of 
rat tissues in 2 vol. of phosphate buffer (10 mM, pH 
6.6) under the conditions described in the tables and 
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figures below. Blanks (0 yg) and recovery standards 
(1-10 yg) of authentic apomorphine in each experi- 
ment were prepared from reaction mixtures contain- 
ing tissue extract without added ester. 

Identification of apomorphine recovered from incu- 
bations with rat tissue in vitro or from mouse brain 
in vivo was confirmed by chromatographing ethyl 
acetate extracts (using the extraction methods of 
Erhardt et al. [14]) of incubation mixtures or tissue 
homogenates with authentic apomorphine and esters 
on the Silica gel t.l.c. sheets. The chromatograms were 
developed 9 cm in the following solvent mixtures 
(v/v): benzene—methanol (4:1) [14], or chloroform- 
methanol-ethyl acetate (92:5:3); and aporphines 
were visualized by the following reagents: iodine 
vapor, or diazotized sulfanilic acid (DSA) spray re- 
agent [14], or by a 0.1% (w/v) solution of N,2,6-trich- 
loro-p-benzoquinone-imine (J. T. Baker, TCBI) dis- 
solved in chloroform—dimethylsulfoxide (DMSO) 
(9:1, v/v), using DMSO which had previously been 
saturated with powdered crystalline sodium bicar- 
bonate [15]. 

Adenylate cyclase activity in response to dopamine 
or the aporphines was estimated in homogenates of 
striatal tissue from rat brain by the methods of Cle- 
ment-Cormier et al. [16] and Brown et al. [17], with 
slight modification [4]. In some experiments, aliquots 
of reaction mixtures containing products of the hy- 
drolysis of apomorphine esters by rat liver minces 
were used to evaluate the formation of an agonist 
of dopamine- and apomorphine-sensitive adenylate 
cyclase. Thus, rat liver minces (1g/4ml of medium) 
were preincubated for 15 min at 37° or 4° in phosphate 
buffer (10 mM, pH 6.0) containing isotonic sucrose 
(0.32 M), apomorphine esters (0.8 mM), and pyrogal- 
lol (0.1 mM) to inhibit catechol-O-methyltransferase 
(COMT) [18]. After centrifuging (1000 g), aliquots (10 
ul) of supernatant yielding final aporphine concen- 
trations of 16 uM were incubated with rat striatal 
homogenates to assay the activity of adenylate cyclase 
[4, 16,17] as already described. In some experiments 
the preincubation with liver mince was conducted 
without pyrogallol and with added methylation co- 
substrate, S-adenosylmethionine (0.1 mM). 

All data are expressed as means +S.E.M. and stat- 
istical significance of differences is evaluated by Stu- 
dent’s t-test (2-tailed). Kinetic data were expressed 
according to Lineweaver and Burk [19] and analyzed 
by linear regression analysis by the method of least 
squares with the aid of a Hewlett-Packard pro- 
grammable calculator (model 9800-10). 


RESULTS 


Fluorescence assays. Apomorphine produced exci- 
tatory/emission spectral maxima of 276/380 nm (Fig. 
1) after calibration of the spectrofluorometer with 
quinine, whether apomorphine was dissolved in ethyl 
acetate equilibrated with either a strongly acidic or 
a neutral aqueous medium. These results accord well 
with previous studies of the fluorescence character- 
istics of this compound, in which values of 270/370 
nm [12], or 282/379 nm [13] were reported for the 
same parameters. The recovery of apomorphine from 
liver or brain homogenates, acidified with 0.4 N per- 
chloric acid and extracted into ethyl acetate, was vir- 
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Fig. 1. Fluorescence of apomorphine and di-isobutyryl 
apomorphine. Fluorescence spectra were evaluated for solu- 
tions of apomorphine (APO) (@——@) or its ester (A——A) 
at the same concentration (i ug/ml) in ethyl acetate and 
expressed as fluorescence units vs emission wavelength 
(nm), with excitation at 276 nm. In addition, the spectra 
are shown of an ethyl acetate extract of rat liver homo- 
genates (O——), acidified with 0.4 N perchloric acid after 
incubation with the di-isobutyryl ester (at 16 uM for 15 
min at 37°), as described for Table 4; and of the product 
recovered, as described in Materials and Methods and for 
Fig. 3, from mouse brain 20 min after injection of di-isobu- 
tyrylapomorphine (120 mg/kg, ip.) after administration of 
pyrogallol (250 mg/kg, i.p.) 60 and 30 min previously to 
prevent O-methylation (A——A). Blank was determined 
with ethyl acetate washed with perchloric acid. Data are 
typical values from one of three separate experiments. 
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tually quantitative up to 1000 ng/ml (Fig. 2), and the 
assay method reliably detected less than 25 ng apo- 
morphine. Under the conditions of assay using tissue 
extracts, the emission peak at 380 nm with | yg apo- 
morphine was consistently more than 45-times higher 
than the fluorescence in a reagent blank (ethyl acetate 
equilibrated with perchloric acid), a tissue blank 
(ethyl acetate extract of brain or liver homogenized 
in phosphate buffer with perchloric acid added) (Fig. 
1), or with esters of apomorphine; the di-isobutyryl 
ester, which was used in most experiments, did not 
yield fluorescence at 380 nm appreciably above 
blanks, even at concentrations as high as 1000 ng/ml 
(see Fig. 1). 

Before this assay technique was used to estimate 
the hydrolysis of apomorphine diesters to the free 
10,11-catechol product, apomorphine, it seemed well 
to question whether phenolic aporphines, which 
would be produced by the removal of only one ester 
group, or the metabolism of apomorphine to apoco- 
deine by COMT [18], have fluorescence character- 
istics identical to those of apomorphine. When a 
series of aporphines with hydroxyl or methoxy moie- 
ties in the 10 or 11 position was evaluated, none had 
fluorescence characteristics closely similar to those of 
apomorphine (Table 1). Interestingly, even slight 
changes in the structure of the aporphine system far 
from the region of a free 10,11-catechol group (viz. 
N-n-propyl-substitution to replace the N-methyl 
group, or the addition of a hydroxyl group in the 
2-position) can evidently modify the fluorescence 
spectra (Table 1). 

The assay of apomorphine by its native fluor- 
escence was sufficiently sensitive and apparently suffi- 
ciently specific to permit the estimation of free apo- 
morphine in tissue incubation mixtures containing 
apomorphine esters, or in brain after administration 
in vivo of apomorphine or its esters. For example, 
when the di-isobutyryl ester of apomorphine was 
reacted with a 50,000 g supernatant fraction of rat 


APOMORPHINE STANDARD 
APO FROM LIVER EXTRACT 


—— APO FROM BRAIN EXTRACT 


ihaetnomn 


2 


APOMORPHINE (ug/ml ) 


Fig. 2. Standard curve for apomorphine fluorescence. Fluorescence was determined at 276/380 nm 

for authentic apomorphine (APO) added to ethyl acetate (expressed as g/ml), or for identical amounts 

added to homogenates of liver or brain and extracted in ethyl acetate as for Table 5. The recovery 

was nearly 100 per cent at least to 1 ug/ml, and the assay can detect less than 25ng apomorphine 

(fluorescence of 1 wg was more than 45 times above reagent or tissue blanks). Data are means of 
triplicate determinations, less an appropriate blank. 
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’ Table i. Fluorescence wavelength maxima of hydroxy or methoxy aporphines* 





Compound 


Excitation (nm) Emission (nm) 





Apomorphine 

Apocodeine (10-methoxy,11-OH-aporphine) 
2,10,11-Tri-OH-aporphine 
10-OH-aporphine 

10-Methoxy-aporphine 
N-n-propylnorapomorphine 
10-OH-N-n-propylnoraporphine 
11-OH-N-n-propylnoraporphine 


276 380 
318 362 
318 369 
320 354 
318 350 
318 380 
320 360 
318 342 





* All compounds were read at a concentration of 1 pg/ml in spectral grade ethyl acetate shaken 
with 0.4 N perchloric acid, and all produced detectable fiuorescence at their optimal wavelengths, 
in excess of a reagent blank. When quinine was used as a standard to calibrate the peak spectral 
readings, its excitation and emission peaks were within +1 per cent of published values, and so the 
values reported are uncorrected. The experimental variance of the reported values was not more than 


+2 nm. 


liver, a product was recovered by extraction into ethyl 
acetate after the addition of 0.4 N perchloric acid 
that exhibited identical fluorimetric spectral charac- 


teristics to those of authentic apomorphine (Fig. 1). . 


This result suggested that the esters of apomorphine 
might be hydrolyzed in tissues to produce free apo- 
morphine. 

A fluorescent product with emission and excitation 
spectral characteristics identical to authentic apomor- 
phine could be detected in brain extracts when apo- 
morphine was given to mice 10 or 15 min previously 
(Fig. 3). Furthermore, the product recovered after ad- 
ministration of di-isobutyrylapomorphine in vivo had 
identical fluorimetric characteristics to authentic apo- 


morphine and to the product recovered after adminis- 
tration of apomorphine (Fig. 1). The sensitivity of the 
fluorimetric tissue assay of free apomorphine was not 
sufficient to permit its detection in individual mouse 
brains after minimum behaviorally effective doses of 
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Fig. 3. Recovery of systemically administered apomor- 
phine from mouse brain vs dose administered. Apomor- 
phine was given i.p. in doses up to 0.25 m-mole/kg (78 
mg/kg). After 15 min, brains were removed and homogen- 
ized in 0.4 N perchloric acid, extracted in ethyl acetate, 
and assayed fluorimetrically at 276/380 nm as described 
in Materials and Methods. Data are mean values + S.E.M. 
for N > three mice; doses of apomorphine are expressed 
as umoles/kg (lower abscissa scale) and as mg/kg (upper 
scale). 





apomorphine or its di-isobutyryl ester; nevertheless, 
tissue levels of apomorphine could be detected after 
doses (30-50 yumoles/kg) (Fig. 3) close to the estimated 
EDs, (25 umoles/kg), rising to maximum tissue levels 
(Fig. 3) that corresponded to maximally effective 
doses (ED;99 = 100-150 pmoles/kg) for stereotyped 
behavior observed in the mouse with apomorphine 
or the di-isobutyryl ester (R. Baldessarini, N. Kula, 
K. Walton and R. Borgman, Psychopharmacology, in 
press). When equimolar doses of apomorphine or its 
di-isobutyryl ester were given systemically to the 
mouse, the increase of apparent apomorphine fluor- 
escence after administration of the ester was some- 
what less in maximum amplitude than after apomor- 
phine, although apomorphine fluorescence could be 
detected much longer after injection of the ester (more 
than 6hr after the ester vs 60-90 min after apomor- 
phine) (Table 2). These results are consistent with the 
hypothesis that the esters of apomorphine are hydro- 
lyzed in vivo to provide free apomorphine, which can 
reach receptor sites in the brain slowly to exert pro- 
longed neuropharmacological effects. 

Independent identifications of apomorphine. Thin- 
layer chromatography was used to confirm the iden- 
tity of the apomorphine recovered from tissues or in- 
cubations. Authentic apomorphine, when dissolved in 
pure ethyl acetate, migrated on Silica gel t.lc. plates 
in benzene-methanol to an apparent R, of 0.38, in 
close agreement with a recently reported value of 0.35 
obtained with the same technique [14]; the di-isobu- 
tyryl ester ran to an R, of 0.78 under the same condi- 
tions. When tissue extracts were used, these solvent 
systems produced excellent separation of free apo- 
morphine and its esters (e.g., the R, values for apo- 
morphine and di-isobutyryl-apomorphine were 0.22 
and 0.60 in chloroform—methanol-ethyl acetate vs 
0.49 and 0.78 in benzene—methanol). Ethyl acetate 
extracts of mouse brain tissue after administration in 
vivo of di-isobutyrylapomorphine (100 mg/kg, i.p., 10 
min previously), or of rat brain or liver homogenates 
incubated with this ester in vitro at 0.4 mM for 15 
min at 37° contained a spot on Silica gel t.l.c. sheets 
which coincided in R, with authentic apomorphine 
in both solvent systems. Moreover, the colors of the 
visualized spots corresponding to apomorphine and 
its esters were identical to those produced by the 
authentic compounds with all three visualizing re- 
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Table 2. Time course of recovery of apomorphine from mouse brain 
after administration of apomorphine or di-isobutyrylapomorphine* 





Brain apomorphine (yg/brain) 





Time (min) 


Apomorphine 


Di-isobutyryl-APO 





0 0 
10 
20 
60 
90 
240 0 


4.34 + 0.90 
4.70 + 0.20 
0.37 + 0.10 
0.04 + 0.02 


0 
2.58 + 0.20 
2.44 + 0.85 
0.39 + 0.12 
0.38 + 0.07 
0.27 + 0.06 





* Apomorphine (APO) or its ester was given at a dose of 0.25 
m-mole/kg, i.p., and brains were removed, frozen on dry ice, homogen- 
ized in 0.4 N perchloric acid, extracted in ethyl acetate, and assayed 
for apomorphine fluorescence as described in Materials and Methods. 
Data are mean values of brain apomorphine +S.E.M. (N = four to eight 


mice/condition). 


agents used: e.g. iodine vapor gave a green reaction 
with apomorphine, and a “burnt orange” color with 
di-isobutyrylapomorphine; the DSA reagent gave 
gray-green and tan-gray respectively; the TCBI re- 
agent produced blue-purple and bright green fading 
to blue-gray, respectively, with these two aporphines. 

To provide further evidence for the presence of free 
apomorphine after incubation of tissue with a diester, 
we preincubated di-isobutyrylapomorphine with rat 
liver minces and then, after centrifugation, incubated 
portions of the supernatant reaction mixture with rat 
striatal homogenates containing an adenylate cyclase 
stimulated by dopamine or apomorphine, with an in- 
hibitor of phosphodiesterase [4, 9, 16]. In this experi- 
ment, apomorphine led to an increase in the forma- 
tion of cyclic AMP when added directly to the striatal 
homogenate, whereas the di-isobutyryl ester did not 
(even when added at 100 uM, cyclase activity = 102 
per cent of control), as we have reported previously 
[9]; apomorphine retained most of this activity after 
incubation with rat liver, while the ester became 
active in the cyclase assay only after preincubation 
with tissue, but no longer did so when the preincuba- 
tion was conducted on ice rather than at 37° (Table 
3). Furthermore, when the COMT inhibitor pyrogal- 
lol was not included in the preincubation mixture, 
and the methyl donor S-adenosylmethionine was 
added, the subsequent stimulation of adenylate cy- 
clase by the product of the ester was reduced from 
145 per cent (Table 3) to 125 per cent. These results 
are consistent with the hypothesis that the ester was 


hydrolyzed to the free catechol, and that this reaction 
was temperature dependent, and possibly enzymatic 
in nature. 

Characterization of ester hydrolysis. In order to pur- 
sue further the possibility that enzymatic hydrolysis 
of the esters can occur, an ester of apomorphine was 
incubated with a 50,000 g supernatant fraction of rat 
liver, and apomorphine was recovered by extraction 
into ethyl acetate for fluorimetric assay (Table 4). 
Under these conditions, apomorphine was produced 
by a reaction that was found to be highly dependent 
on temperature and tissue concentration, and to be 
inhibited by TOCP, a compound previously reported 
to inhibit non-specific esterases [9, 20], with little in- 
hibitory effect obtained with physostigmine, an inhibi- 
tor of acetylcholinesterase (Table 4), but no inhibition 
with disulfiram (data not shown), a compound pre- 
viously reported to have some anti-carboxylesterase 
activity [21]. A study of the tissue distribution of the 
presumed esterase activity indicated that almost all 
of the activity in crude homogenates of liver could 
be accounted for in the soluble 50,000 g supernatant 
fraction. The activity was very high in rat plasma (but 
low in human plasma) and was found in varying 
levels of activity in most other rat tissues, including 
low activity in brain (Table 5). 

The time course of hydrolysis of a series of esters 
of increasing molecular weight suggested that the rate 
of the reaction bears an inverse relation to the size 
of the ester substituent (Fig. 4), under conditions in 
which the solubility of the esters did not seem to be 


Table 3. Effect of apomorphine or hydrolyzed apomorphine ester on rat striatal adenylate cyclase* 





Adenylate cyclase activity 





Added directly 


to 
Drug 


cyclase 


Added after preincubated with 
rat liver mince 





37° 4° 





Di-isobutyryl-APO, 16 uM 
APO, 4 uM 


89.0 + 4.4 
137.0 + 3.4F 


144.8 + 10.1t 
123.7 + 3.9f 


106.4 + 3.5 
128.0 + 7.3t 





* Data are adenylate cyclase activity as per cent of control +S.E.M.; N = > 5; 100 per cent = 
34.4 pmoles cyclic AMP/min/mg of tissue. Medium recovered from incubation with rat liver mince 
alone had no effect (103.7 + 1.9 per cent), nor did ester up to 100 4M (102.0 + 7.0 per cent) (N = 6). 


APO = apomorphine. 
+ P < 0.01 compared to 100 per cent value. 
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Table 4. Characteristics of conversion of di-isobutyrylapomorphine to apomorphine by 
liver* 





Enzyme 
(mg tissue/assay) 


APO % of 
(nmoles produced/15 min) 


Control 





0 
10 
20 
40 
100 (Control) 
100 + 0.1 mM TOCP 
100 + 0.1 mM physostigmine 
100 at 4° 


0 0 
232 +13 27.4 
33.4 
60.4 
100 
45.3+ 
76.1 
3.6 





* 0,0'-di-isobutyrylapomorphine (0.4 mM) was incubated with 1.0 ml of a 50,000 g 
rat liver supernatant diluted to produce the stated concentrations of tissue per assay, 
for 15 min at 37° in final volume at 2.5 ml; 50-yl aliquots were acidified with 3.0 ml 
of 0.4 N perchloric acid, and apomorphine (APO) was extracted into ethyl acetate and 
assayed fluorimetrically, all as described in Materials and Methods; data are means + 
S.E.M. (N = 3). TOCP is triorthocresylphosphate. 


+ P < 0.01, compared with control. 


a factor. When the reaction was conducted with vary- 
ing concentrations of several substrate esters of in- 
creasing size, the reaction appeared to follow satur- 
able Michaelis-Menten kinetics, consistent with the 
proposed enzymatic nature of the process. The appar- 
ent K,, values for several esters in at least three separ- 
ate experiments clustered in the range of 0.4 to 0.8 
mM, with no consistent relationship to the size of 
the esters, while the apparent maximum initial vel- 
ocity (V,,,,) bore an inverse relationship to the size 
of the esters (Table 6). 


DISCUSSION 


In our previous studies, we have found that diesters 
of apomorphine exert behavioral effects identical to 
those of apomorphine but prolonged in proportion 
to the size of the ester substituent [4,9, 10]. These 
behavioral effects are believed to be mediated at least 
in part by agonism of dopamine receptors in the CNS 
by apomorphine [9, 22]. Evidence for this view is that 
a dopamine-sensitive adenylate cyclase in rat striatal 
tissue is stimulated by apomorphine, but not its esters 


Table 5. Conversion of di-isobutyrylapomorphine to 
apomorphine* 





APO 


Tissue (nmoles/hr) 





Plasma (rat) 
Gut 
Heart 
Spleen 
- Kidney 
Liver 
Muscle 
Brain 
Plasma (human) 


3666 + 110 
2160 + 104 
1772 

1620 

1517 + 57 

1022 + 56 

468 + 18 

349 + 19 

302 + 29 





* Di-isobutyrylapomorphine (0.4 mM) was incubated 
with 1.0 ml of a 50,000 g tissue supernatant equivalent 
to 100 mg tissue (or with 0.2 ml plasma), in a final volume 
of 5 ml (1 ml for plasma) for 15 min at 37°; apomorphine 
(APO) was recovered and assayed as described for Table 
4; data are means + S.E.M. (N = 3) or mean values from 
one experiment as nmoles APO produced per mg wet wt 
of tissue or per ml of plasma, per hr. 


[4,9] (see Table 3); this reaction has been proposed 
to reflect the stimulation of central dopamine recep- 
tors [16, 23]. The lack of effect of apomorphine dies- 
ters on the apomorphine-sensitive brain cyclase 
strongly suggests that they must first be hydrolyzed 
to the free catechol. This view accords well with the 
growing evidence that free catechol groups are 
required for aporphine compounds to exert effects in 
vivo believed to be indicative of stimulation of central 
dopamine receptors [see review in Ref. 9]. Thus, it 
is likely that the esters of apomorphine serve as 
“latent” drugs or prodrugs [24] of the presumed 
active metabolite, apomorphine. 


100 


diprop - APO 


diisobut - APO 


% CONVERSION TO APOMORPHINE 
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““vdibenz- APO 
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Fig. 4. Time course of hydrolysis of apomorphine esters. 
The following esters of apomorphine (0.4 mM) were incu- 
bated with rat liver supernatant at 37° as described for 
Table 4: dipropionyl (diprop-APO, @——@), di-isobutyry] 
(di-isobut-APO, O——0O), dipivaloyl (dipiv-APO, 
A—— A), and dibenzoyl (dibenz-APO, B——@™); the in- 
creasing molecular weights of the free bases are: 379, 407, 
435, and 375 respectively. Data represent time course as 
mean (+ S.E.M.) per cent conversion of esters to free apo- 
morphine as estimated after acidification with 0.4 N per- 
chloric acid and extraction into ethyl acetate by measure- 
ment of fluorescence at 276/380 nm, as described in Mater- 
ials and Methods (N = six assays). 
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Table 6. Maximum velocity of hydrolysis of apomorphine esters by rat liver extract 
in vitro* 





Ester Mol. wt Vax (nmoles APO/min) 





379 
407 
435 


1088.0 + 106.6 
56.0 + 1.2 
36.0 + 0.6 


Dipropionyl-APO 
Di-isobutyryi-APO 
Dipivaloyl-APO 





* The esters (as HCI salts, with mol. wt given for the free base) were incubated 
at concentrations from 0.075 to 1.20 mM with rat liver extracts for 15 min for the 
larger esters and 2 min for dipropionyl-APO at 37°; reaction mixtures were then 
assayed fluorimetrically for apomorphine (APO) as described for Table 4. The appar- 
ent V,,,, was computed by linear regression analysis of the Y-intercept of the plot 
of (velocity)~' vs [ester]~'. Data are mean values of apparent YV,,,,/0.1 g of tissue 
+ S.E.M. for at least three experiments. In all experiments, the data followed saturable 
(linear) Michaelis-Menten kinetics closely (r > 0.98). The apparent K,, values were 


all in the range of 0.4 to 0.8 mM. 


Further evidence that is consistent with this pro- 
posed interpretation of the effects of apomorphine 
esters is that their systemic administration results in 
a much more prolonged appearance in the mouse 
brain of what seems to be free apomorphine than 
occurs after injection of apomorphine itself (Table 2). 
In addition, we have extended our behavioral findings 
with the rat [4,9, 10] to the mouse, in which stereo- 
typed cage-climbing behavior induced by apomor- 
phine and antagonized by neuroleptic dopamine an- 
tagonists [13] was produced by di-isobutyrylapomor- 
phine, but with a striking prolongation of action that 
corresponded closely with brain levels of free apomor- 
phine (R. Baldessarini, N. Kula, K. Walton and R. 
Borgman, Psychopharmacology, in press). We have 
also noted that increased brain levels of apomorphine 
in the mouse was associated with increased levels of 
cyclic AMP in the striatum (a tissue found to contain 
dopamine- and apomorphine-sensitive adenylate cyc- 
lase in the mouse) after rapid tissue fixation [25] with 
focused microwave irradiation (K. Walton, N. Kula 
and R. Baldessarini, unpublished observations). 

The present findings are consistent with the view 
that decreased rates of hydrolysis contribute to the 
increased behavioral actions of apomorphine esters 
in the rat or mouse, and suggest that metabolic hy- 
drolysis of the esters is similar in these two species. 
Thus, evidence was presented that the esters can be 
hydrolyzed to apomorphine by rat or human plasma 
or soluble supernatant fractions of many rat tissues 
(see Table 5). This process was dependent on tempera- 
ture and tissue concentration, and was inhibited by 
TO€P, an agent previously reported [20] to inhibit 
esterase activity (see Table 4). This time course of 
hydrolysis (see Fig. 4), and the apparent maximum 
initial velocity (see Table 6) of hydrolysis of a series 
of apomorphine diesters were found to be inversely 
related to the size of the ester substituent. Very simi- 
lar findings have been reported regarding the rate of 
hydrolysis of a series of esters of the diphenolic bran- 
chodilator amine, terbutaline, with which the rate of 
hydrolysis (and V,,,, of the reactions) decreased with 
increasing size of the ester substituents [26]. 

In addition to the correlation of the rate of hy- 
drolysis of the esters in vitro, with the duration of 
availability of apomorphine to the brain in vivo, and 
with the duration of behavioral activity of the apo- 
morphine esters, an additional factor contributing to 
this extended tissue half-life and duration of activity 


B.P. 26/19—B 


are the possible changes in distribution, availability, 
and metabolism (“depot” behavior) of the esters. 
Thus, since the partitioning of the esters of apomor- 
phine between organic solvents and water in the lipo- 
philic direction appeared to increase with the bulk 
of the ester substituents [9], it is possible that the 
increased lipophilic character of the larger esters con- 
tributes to their prolonged activity. Moreover, the 
presence of ester groups should decrease peripheral 
metabolism, and presumably inactivation, of apomor- 
phine by previously proposed mechanisms that in- 
clude conjugation or methylation of the hydroxyl 
groups [18], thus enhancing the availability of apo- 
morphine to the brain. The available information 
does not permit a clear choice between the two alter- 
native hypotheses, nor does it exclude the possibility 
that both the depot characteristics and the decreased 
rates of hydrolysis to the active metabolite may con- 
tribute to the time course of action of the esters in 
vivo. 

The availability of a mechanism by which to in- 
crease the duration of action of apomorphine has 
considerable potential clinical importance. The clini- 
cal use of apomorphine [6] and N-n-propylnorapo- 
morphine (NPA) [27] in patients with Parkinson’s 
disease has been severely limited by the short duration 
of action of these catechol-aporphines. Furthermore, 
diurnal or hourly fluctuations in the clinical responses 
to L-dopa in such patients (“on-off phenomena) 
might be minimized by the availability of longer act- 
ing dopamine agonists [28]. Additional clinically 
desirable characteristics of the centrally active apor- 
phines which act as dopamine agonists include in- 
creased oral activity [9] (increased gastrointestinal 
absorbtion and decreased peripheral metabolism), 
which might also be possible to achieve by the use 
of esters (to block metabolism) with an improved 
balance of lipophilic/hydrophilic properties. An ideal 
dopamine agonist would also avoid the nausea and 
vomiting that is often encountered early in the clinical 
use of L-dopa or apomorphine in high doses; conceiv- 
ably, the lower average brain levels of apomorphine 
after a dose of its esters might diminish this problem. 
Long-acting, orally effective central dopamine 
agonists might be useful for conditions other than 
Parkinson’s disease, including the management of car- 
cinoma of the breast and certain endocrine dysfunc- 
tions by the suppression of prolactin output, which 
can be effected by apomorphine [29], as well as by 
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esters of apomorphine [8] (A. Boyd, R. Baldessarini, 
S. Reichlin and R. Borgman, unpublished observa- 
tions in the rat). In addition, the reported paradoxical 
anti-dyskinetic and sedative effects of apomorphine 
in man (see review in Ref. 9) might also be exploited 
to clinical advantage with the development of labile 
prodrugs with prolonged activity. 
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STEREOCHEMICAL COURSE IN VIVO OF ALPHA- 
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Abstract—The metabolic fate in vivo of the antihypertensive agent a-methyldopa («-MD) has been 
examined in rat brain tissues with the aid of '°C- and ?H-labeled compounds and chemical ionization * 
mass spectrometry. After intraperitoneal administration of (S)-2-MD, endogenous catecholamines in 
the caudate nucleus and hypothalamus were replaced by the corresponding «-methylated compounds. 
In contrast to these results, brain catecholamines were unaffected when (R)-a-MD was given. Transport 
of the amino acids into the brain was found to be highly stereoselective for the (S)-enantiomer. After 
direct administration of (S)- or (R)-c-MD into rat brain (third ventricle), evidence of metabolism was 
obtained only for the pharmacologically active (S)-enantiomer. These results are consistent with the 
hypothesis that the centrally mediated antihypertensive properties of (S)-z-MD are dependent on its 
metabolic conversion in the brain to a-methyldopamine and/or «-methylnorepinephrine. 


Extensive studies on the pharmacologic properties of 
the clinically useful [1-6] antihypertensive agent «- 
methyldopa (a-MD, I§) have led to a “central false 
neuro-transmitter” proposal to describe its mode of 
action [7-10]. The fundamental biochemical events 
that underlie this mechanism are active transport of 
the amino acid into the brain followed by enzymatic 
decarboxylation to a-methyldopamine (a-MDA, II) 
and oxidation of II to a-methylnorepinephrine 
(a-MNE, III). The antihypertensive activity [2] and 
catecholamine-depleting properties [11] of «-MD are 
associated with the (S}enantiomer, (S}I. Additionally, 
evidence based on the excretion of a-MDA [12-15] 
and assays with partially purified enzyme prep- 
arations [16] suggest that the stereospecificity of the 
antihypertensive activity of a-MD is related to the 
decarboxylation of the amino acid by (S)-DOPA 
decarboxylase. Recent studies, however, have indi- 
cated that brain [17] and other tissues [18, 19] con- 
tain decarboxylases other than (S)-DOPA decarboxy- 
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§ See Fig. 1 for chemical structures. 

|| Solvents were removed on a rotary evaporator under 
vacuum, Melting points were taken on a Thomas—Hoover 
apparatus and are uncorrected. Nuclear magnetic reson- 
ance spectra were recorded on a Varian A-60A instrument. 
Chemical ionization mass spectra were taken on an Associ- 
ated Electronics Inc. model MS 902 double focus mass 
spectrometer equipped with a direct inlet system and modi- 
fied for chemical ionization mass spectrometry. The re- 
agent gas was isobutane at a pressure of 0.5 to 1.0 Torr, 
at the indicated source temperature. 


lase with undefined sterochemical substrate require- 
ments. In order to further characterize the structural 
features associated with the metabolic disposition of 
a-MD, we have examined the metabolism of 
(S)-a-MD [(S)-I], (R)-«-MD[(R)-I], and (R,S)-«-MD 
in rats. With the aid of stable isotopically labeled 
compounds (see below) and a chemical ionization (c.i.) 
mass spectrometric assay for endogenous catechol- 
amines and a-methylated catecholamines [20], we 
have investigated the stereochemical requirements for 
the decarboxylation of a-MD in vivo in the anatomi- 
cally well-defined, catecholamine-rich caudate nucleus 
and hypothalamus. As part of these studies, we also 
have examined the stereochemical requirements for 
transport of the (S)- and (R)-amino acids into the 
brain and the fate of (S)- and (R)-~«-MD administered 
directly into the rat brain via a chronically implanted 
cannula terminating in the third ventricle. 


MATERIALS AND METHODS 


['°C]a-MD (89 per cent isotopic enrichment), 
specifically labeled at the benzylic carbon atom, was 
synthesized as previously described for the 65 per 
cent enriched compound [21]. Resolution of the 
13C-labeled amino acid was accomplished by modifi- 
cation of a literature procedure [22,23]. The amino 
acid hydrochloride (2.53 g, 10.2 m-moles) was heated 
under reflux and a nitrogen atmosphere in acetic 
anhydride—pyridine (11 ml each) for 13 hr. After com- 
plete removal of the acetic anhydride and pyridine, 
the residue was treated with 2 N HCl (4ml) and the 
resulting mixture extracted with ethyl acetate 
(4 x 50 ml). The combined extracts were washed with 
water (2 x 25 ml), dried (Na,SO,), and concentrated 
to yield after crystallization from acetone the white 
tris—acetyl derivative (1.85g, 54 per cent): m_p.|j 
191-93° (lit. [23] m.p. 197-99°); nmr (pydidine-d,) 6 
7.43 to 7.02 (m, 3H, ArH), 3.99 and 3.58 (AB q, 2H, 
J = 18.8 Hz, Ar-!2CH,), 3.99 and 3.58 (d of AB q, 
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Fig. 1. Structures of substrates, internal standards and metabolites described in text. The '3C label 
is located at the benzylic carbon atom, designated by an asterisk. 


2H, J;3., = 132 Hz, Ar-'*CH,), 2.23 (s, 3H, COCHs), 
2.20 (s, 3H, COCH;), 2.04 (s, 3H, NCOCH;), 1.69 
(s, 3H, Ar'*CCCH;) and 1.69 (d, 3H, J,3..,, = 3-5 H;, 
Ar'°CCCH;); c.i.m.s. (280°) m/e (rel. int.) 339 (100, 
MH‘), 338 (11), 321 (89). An acetone (30 ml) solution 
of the resulting (R,S)-tris—acetyl derivative (2.96 g, 
8.76 m-moles) and quinine (3.35 g, 10.3 m-moles) was 
stirred and then maintained at 0—S° for 3 hr. The solid 
quinine salt of this tris-acetyl derivative [1.85 g, 64 
per cent, m.p. 155—170° (lit. [23] m.p. 164-66°)] in 
water (4 ml) and 2 N HCl (6 ml) was extracted with 
ethyl acetate (4 x 20 ml). The combined extracts were 
washed (8 ml of 2N HCl), dried (MgSO,), and eva- 
porated to yield 0.9 g (100 per cent) of the resolved 
acid: m.p. 178-79° (lit. [23] m.p. 181-83°); [«]2o- 
64.86° (C 2, 96% ethanol) (lit. [23] [«]?3.-74.5°, C2, 
96% ethanol). The low rotation led us to subject this 
material to the resolution with quinine a second time: 
m.p. 177-79°; [a]2§o-68.77° (C2, 96% ethanol). 
Hydrolysis of the resolved tris—acetyl derivative 
(1.39 g, 4.13 m-moles) in refluxing 6N HCI (35 ml) 
gave, after removal of solvent, the extremely hygro- 
scopic hydrochloride salt of (S}a-MD['*C] 
[(S}I['*C]-HCl, 0.97 g, 95 per cent]. Working under 
oxygen-free nitrogen, the amino acid hydrochloride 
(0.97 g, 3.9 m-moles) in water (2 ml) was treated with 
triethylamine (0.6 ml, 4.3 m-moles). After cooling for 
3hr in an ice-water bath, the solids were collected 
by suction filtration, washed once with water (3 ml), 
and dried in vacuo to yield (S}«-MD['?C] 
[(S}I['*C], 0.72 g, 87 per cent]: m.p. 290-300°, dec. 
(lit. [23] m.p. 290-300°, dec.). The nmr spectrum was 
identical to the reported spectrum of I['*C] (65 per 
cent enrichment [23]) except for effects due to the 
higher ‘°C enrichment. The enantiomeric purity of 
(S}I['*C] was established to be 98 per cent by 
observing only one peak on gas-liquid chroma- 
tography (g.l.c.) analysis of the drastereomeric amide 
formed from tris-O-methylated «-MD['*C] and 
(—}1-a-methoxy-«-trifluoromethylphen ylacetyl chlor- 
ide.* Racemic I shows two well-resolved peaks when 
analyzed by this assay. 

Syntheses of the deuterium-labeled internal stan- 
dards dopamine-d, (DA-d,, IV-d,) and (R,S)-a- 
MDA-d, (II-d,) were achieved by following the pre- 





* J. Gal and M. Ames, unpublished observations. 


viously reported synthesis of «-MDA [12] except that 
lithium aluminium deuteride (> 99 per cent d) re- 
placed the lithium aluminum hydride. Syntheses of 
the deuterium-labeled internal standards (R,S)-nore- 
pinephrine-d,¢,d; (NE-d,¢,ds, V-d¢,ds) and (R,S)-eryth- 
ro-a-MNE-d,,d,,d, (III-d7,d¢,d;) have been published 
[24]. The “pseudoracemic mixture” of «-MD was pre- 
pared by mixing equal amounts of (R)-«-MD and 
(S)['3C]-a-MD. 

Animal procedures. Male Wistar rats (300-400 g) 
were used in all experiments. The various forms of 
a-MD (30mg/ml in 0.9% NaCl-0.1 N HCl) were 
given intraperitoneally (i.p., 200 mg/kg) or intraventri- 
cularly (i.vt., 1 mg/kg), the latter under light ether 
anesthesia via a 22 gauge stainless steel cannula. The 
cannula had been stereotaxically implanted under 
pentobarbital anesthesia (50 mg/kg) into the third 
ventricle 24 hr prior to a-MD treatment. The animals 
were killed by decapitation either 5 hr (for catechol- 
amine determinations) or 1 hr (for amino acid deter- 
minations) after i.p. drug administration. The animals 
treated i.vt. were sacrificed after 2hr. In all experi- 
ments the caudate nucleus and hypothalamus were 
quickly isolated, weighed and immediately frozen at 
—70° until analyzed. 

Analytical procedures. A stock solution of internal 
standards (DA-d,, «-MDA-d,, NE-d,,ds, and 
a-MNE-d,,d,,d;) was prepared in 0.1 N HCl and was 
standardized against a solution of the corresponding 
unlabeled amines (104M in each compound) by the 
c.i. mass spectral assay described below. The stock 
solution concentrations of the internal standards were 
adjusted such that the ions monitored for NE-dg, 
a-MNE-d,, DA-d, and «-MDA-d, were equal in in- 
tensity to the corresponding ions of the do-amines. 
A second standard solution of (R,S)-«-MD['°C] 
(10 uM) was prepared in 0.1 N HCl. The tissues were 
homogenized with a Teflon-glass Potter-Elvehjem 
tissue homogenizer (six to eight strokes) in 5% tri- 
chloroacetic acid (3 ml) containing 0.5% sodium meta- 
bisulfite (an antioxidant) to which the deuterated 
amine stock internal standard solution (200 yl for the 
caudate nucieus and 100 yl for the hypothalamus) or 
['3C]amino acid internal standard solution (500 pl) 
had been added. 

For amine analysis, the pH of the homogenates was 
adjusted to 4.0 with 0.5 M acetic acid-sodium acetate 
(pH 5), and the resulting solutions were centrifuged 
(15,000 g for 15 min). The supernatant fractions were 
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Fig. 2. MH~ values for various derivatives monitored in c.i. mass spectra. 


applied to colums packed with the sodium form of 
BioRad AG S50W-x8 cation exchange resin (0.5 cc),* 
and the columns were eluted sequentially with 0.5 M 
acetic acid-sodium acetate (pH 5, Sml), 0.1 N HCI 
(10 ml), anhydrous ethanol (10 ml), and anhydrous 
2N ethanolic HCI (8 ml). This last fraction, which, 
according to recovery studies, contained over 90 per 
cent of the amines of interest, was evaporated to dry- 
ness under vacuum in the cold in a Concentratube,t 
and the residue in anhydrous | N ethanolic HCl 
(0.25 ml) was capped and heated for 1 hr at 60~70° 
(oil bath) to convert a-MNE and NE to their corre- 
sponding f-ethyl ethers. The solvent was removed 
under a stream of dry nitrogen, and the resultant resi- 
dues were treated with pentafluoropropionic anhy- 
dride (PFPA, 0.25 ml) at 60° for 20min in capped 
tubes to form the pentafluoropropionyl (PFP) deriva- 
tives VI (from «-MDA), VII (from DA), VIII (from 
a-MNE) and IX (from NE), respectively, shown in 
Fig. 2. The reaction mixtures were then concentrated 
under nitrogen to ca. 10 yl for c.i. mass spectral analy- 
sis. 

Analysis for the amino acids proceeded in a similar 
fashion except that the pH of the homogenates was 
not adjusted and the hydrogen form of the resin was 
used. The sequential elutions consisted of 0.1 N HCl 
(10 ml), anhydrous ethanol (10 ml) and 2 N ethanolic 
HC! (10 ml). The final eluent contained the amino 
acids of interest and was concentrated to dryness in 
vacuo in the cold in a Concentratube. The residue 
in 2N ethanolic HCI (0.25 ml) was heated for 6 hr 
at 60° to form the ethyl ester. The solvent was 
removed under a stream of dry nitrogen, and the resi- 
due was treated with PFPA as described above to 
form the PFP derivative X in preparation for c.i. mass 
spectral analysis. 

The concentrated PFPA solutions were applied to 
the ceramic tip of an AEI MS 902 direct insertion 
probe. Spectra were recorded at 170—-180° with isobu- 
tane (0.7 Torr) as reagent gas. Each sample was 
scanned over the relevant mass region three to five 
times and the appropriate ion current intensity lines 
(Fig. 2) were averaged arithmetically (only when 
10mm above background levels). In general, ion cur- 





* All resins were conditioned prior to use by washing 
the resin (50 g) sequentially with 500 ml each of water, | N 
NaOH, water, 2N HCl, and water. The sodium form of 
the resin (0.5 ml, on column) was prepared by sequential 
washing with 2N HCI (10 mI), water (until Cl~ free by 
AgNO, test), 1 N NaOH (10ml) and water (until pH 7). 
The hydrogen form of the resin was prepared by washing 
the resin (0.5 ml, on column) with 2 N HCI (10 ml) follewed 
by water (until Cl” free). b 

+Concentratubes were obtained from Laboratory 
Research Co., P.O. Box 36509, Los Angeles, CA 90036. 


rent intensity ratios varied less than 5 per cent. Those 
samples that did not provide sequential ion intensity 
ratios within 5 per cent were discarded. 


RESULTS 


Typical c.i. mass spectral scans of the derivatized, 
deuterated internal standards and corresponding cat- 
echolamines found in the caudate nucleus isolated 
from the brains of rats treated with (S)-c-MD and 
(R)-a-MD are given in Fig. 3b and 3c respectively. 
Figure 3a presents the mass spectrum of a mixture 
of the eight pure amine standards carried through 
the analytical procedure. Ion intensities for the deri- 
vatized, deuterated internal standards for «-MNE 
appear at m/e 657, 656 and 655 (MH®* for VIII 
d,.d¢,d5), for NE at m/e 642 and 641 (MH* for 


594 


rT 








RELATIVE INTENSITY 














Fig. 3. Chemical ionization mass spectra of derivatized cat- 
echolamines, «-mcthylcatecholamines and their deuterated 
internal standards. Upper panel (a): mixture of derivatized 
standard amines; center (b): from rat brain caudate nucleus 
after i.p. (S}a-MD; and lower (c): from rat brain caudate 
nucleus after i.p. (R}a-MD. The mass numbers corre- 
sponding to the MH® ions of the derivatized catechol- 
amines are as follows: m/e 657 (a-MNE-d,), 650 (a-MNE- 
do), 642 (NE-d,), 636 (NE-do), 608 (aMDA-d;), 606 
(xzMDA-d,), 594 (DA-d,), 592 (DA-do). 
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Table 1. Levels of dopamine and «-methyldopamine in the 

rat brain caudate nucleus in control animal and after 

administration of (S}, (R,S)-, and (R}a-methyldopa, and 
(S}-a-meth yldopa['*C]* 





a-Methyldopamine 
(nmoles/g) 


Dopamine 
(nmoles/g) 


Drug given 
ip. or [i.vt.] 





(S}a-MD 
(S}a-MD 
(S}a-MD['3C] 
(R,S}-a-MD 
(R.S)-a-MD 
(R}-a-MD 
(R}a-MD 
Control 
[(S}o-MD]: 
[(R}o-MD] 





*In all ip. experiments, 200 mg/kg were given; for the 
i.vt. studies, 1 mg/kg was given. In the control i.p. experi- 
ment, vehicle (0.9% NaCl-0.1 N HCl) only was given. 


IX-d,,d,),* for «-MDA at m/e 608 (MH®* for VI-d,) 
and for DA at m/e 594 (MH®* for VII-d,). Ion in- 
tensities at m/e 650 (MH* for VIII-d,), m/e 636 
(MH* for IX-d,), m/e 606 (MH®* for VI-do) and m/e 
592 (MH * for VII-do) correspond to the undeuterated 
amines a-MNE, NE, «-MDA, and DA respectively.t 
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Fig. 4. Chemical ionization mass spectra of rat brain hypo- 
thalamus amines and deuterated internal standards after 
i.p. administration of (S)-s-MD [(a) upper panel] and 
(S)}-a-MD['?C] [(b) lower panel]. Note that the MH* ions 
corresponding to the derivatized a-MDA (m/e 606) and 
a-MNE (m/e 650) are shifted by one atomic mass unit 
to m/e 607 and 651 when (S}a-MD['?C] is given. The 
intense ion at m/e 601 appeared irradically in hypothala- 
mic studies and has not been identified. 





*The ion located at m/e 640 is derived from IX-d, 
formed from exchange of an aromatic deuterium atom of 
1X-d,,d; during work-up. Since in this study we did not 
attempt quantitative estimations of NE and a-NME, we 
have not corrected for this loss of label. Analogous loss 
of the deuterium atoms present in the DA and a-MDA 
internal standards is not possible since these atoms are 
sp? bonded to carbon. 

+ In order to simplify the discussion that follows, refer- 
ence will be made to the parent amines even though the 
mass spectral ions cited will actually be the appropriate 
derivative. 
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Fig. 5. Chemical ionization mass spectra of caudate 
nucleus extracts worked up for amino acids. Figure Sa 
(upper panel) was obtained after ip. administration of 
(S)-a-MD. Figure 5b (lower panel) was obtained after i-p. 
administration of (R}-a-MD. The ions observed at m/e 679 
in both spectra are derived from the a-MD['°C] internal 
standard. The ion at m/e 678 is derived from the adminis- 
tered (S)}a-MD['*C]. Both tracings are corrected for the 
11% '?C contaminant in the '*C internal standard. 


Consistent with literature reports [25], NE (m/e 
636) and a-MNE (m/e 650) were not detected in the 
caudate nucleus tissues. In the samples obtained from 
(S)-«-MD-treated animals (Fig. 3b), ion current in- 
tensities at in/e 592 and 606 (DA and a-MDA) were 
comparable to the mass lines at m/e 594 and 608 
(deuterated internal standards). Similar tracings were 
obtained after (R,S)-«-MD and after (S)-c-MD['3C], 
except that in the latter case the ion corresponding 
to «-MDA['?C] (m/e 607) replaced the m/e 606 ion. 
The c.i. mass spectral tracing obtained from the (R)-a- 
MD-treated animal (Fig. 3c) shows a much more in- 
tense ion at m/e 592 (DA) and essentially background 
current at m/e 606 (a-MDA). When the pseudorace- 
mic mixture composed of equal amounts of (R)-«-MD 
and (S)-a-MD['*C] was given, the ion current inten- 
sity at m/e 607 [a«-MDA['%C] derived from 
(S)-a-MD['3C]) was equal to that of the internal stan- 
dard at m/e 608 (a-MDA-d,). Ion current at m/e 606 
[a-MDA derived from (R)-2-MD] when corrected for 
the 11 per cent '*C content in the (S)-e-MD['?C] 
was essentially the same as background. The quanti- 
tative estimations of «-MDA and DA in the caudate 
after ip. administration of various forms of a-MD 
are summarized in Table 1. Too few analyses were 
carried out for statistical treatment of these data. 
However, the stereochemical dependence for forma- 
tion of a-MDA is clearly evident. 

Results obtained from samples of the hypothalamus 
(Fig. 4a) were similar to the results from samples of 
the caudate: except that ions corresponding to the de- 
rivatives of both a-MDA (m/e 506) and a-MNE (m/e 
650) were readily detected, but again only: after 
(S)-«-MD treatment. Consistent with these assign- 
ments were the values obtained from c.i. mass spectra 
of the hypothalamic amines isolated from an animal 
treated ip. with (S)-«-MD['°C]. The ions assigned 
to the a-MDA and a-MNE derivatives VI and VIII 
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Fig. 6. Chemical ionization mass spectra of derivatized 

catecholamines, «-methylcatecholamines and their deuter- 

ated internal standards, found in the rat caudate nucleus. 

Upper panel (a) after intraventricular administration of 

(S)-x-MD, and lower panel (b) after intraventricular admin- 
istration of (R}a-MD. 


have shifted from m/e 606 to 607 and 650 to 651, 
respectively (Fig. 4b). After (R)-«-MD, hypothalamic 
NE levels were the same as control levels, and no 
significant ion currents were observed at m/e 606 and 
650, even though the deuterated internal standard de- 
rivatives gave rise to prominent ions. As a final check, 
the pseudoracemic mixture was given. The mass spec- 
tral tracing of the hypothalamic amines was similar 
to that shown in Fig. 4b; the «-MDA.and «-MNE 
found were derived solely from (S)-«-MD['3C]. 

Our failure to detect «-MDA and «-MNE after i-p. 
administration of (R)-x-MD led us to examine levels 
of the (R)- and (S)-amino acids in the caudate nucleus. 
In these experiments, (R,S)-x-MD['*C] served as an 

_ internal standard, which, as its ethyl ester-PFP de- 
rivative (X['°C]), appears in the c.i. mass spectrum 
at m/e 679. The presence of «-MD (ca. 100 nmoles/g) 
in the caudate after administration of the (S)-enan- 
tiomer is indicated clearly by the intense ion appear- 
ing at m/e 678 (Fig. Sa). A similar tracing was 
obtained after administration of (R,S)-«-MD. How- 
ever, when corrected for the '*C content of the '°C 
internal standard (11 per cent), the ion intensity at 
m/e 678 after administration of (R)-«-MD was found 
to be very low (Fig. 5b). Results similar to those with 
(S)-a-MD['?C] were obtained with the pseudorace- 
mic mixture of amino acids. Based on these data, we 
concluded that transport of «-MD into the brain is 
probably a highly stereoselective process involving 
mechanisms analogous to the active transport of 
endogenous aromatic amino acids [26]. 

In order to bypass the blood-brain stereochemical 
barrier, (S)- and (R)-x-MD were administered directly 
into the brain via a cannula implanted into the third 
ventricle. The caudate nucleus once again was ana- 
lyzed for catecholamines. As depicted in Fig. 6a 
[{(S)-«-MD] and Fig. 6b [(R)-«-MD] and summarized 
in Table 1, a-MDA was detected in the tissue isolate 
only after (S)- but not (R)-x-MD was given. 


DISCUSSION 


The results summarized in this paper are consistent 
with the contention that the antihypertensive action 
of a-MD is linked to its metabolic conversion to 
a-MDA and «-MNE in the brain. Comparatively high 
levels of «-MDA in the caudate nucleus (Table 1) and 
voth a-MDA and a-MNE in the hypothalamus were 
found only after administration of (S)- and 
(R,S)-«-MD. Additionally, endogenous levels of DA 
and NE were lower than the control levels. The phar- 
macologically inactive (R)-7-MD did not show analo- 
gous biochemical properties. After i.p. administration 
of the (R)-enantiomer, the levels of endogenous 
amines were unchanged in the caudate nucleus and 
hypothalamus. There was no evidence to indicate the 
presence of the a-methylated catecholamines in these 
tissues. The administration of pseudoracemic a-MD 
[(R)-['2C]: (S)-['3C]] allowed us to study the stereo- 
selectivity of decarboxylase activity in vivo on both 
enantiomers of a-MD, simultaneously and in a single 
animal. Brain «-MDA and a-MNE were derived ex- 
clusively from the (S)-«-MD['3C]. 

These results could be explained either by the selec- 
tive transport of the (S)-«-MD but not the (R) across 
the blood-brain barrier as suggested by the relatively 
high levels of (S}a-MD vs (R}-a-MD found in the 
caudate nucleus or the lack of central decarboxylase 
activity for transported (R}a-MD. This issue was 
clarified by directly administering the two enan- 
tiomers into the third ventricle of rat brains. Only 
the pharmacologically active (S}isomer led to pro- 
duction of «-MDA in the caudate. On the basis of 
these experiments coupled with less direct evidence 
[11-15], it may be concluded that, in mammals, 
a-MD interacts with macromolecules in a stereospeci- 
fic fashion analogous to naturally occurring sub- 
strates both in terms of active transport mechanisms 
and enzymatic conversion. 
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Abstract—In view of the recent discovery that disulfiram (DF) and diethyldithiocarbamate (DDTC) 
inhibit the colon carcinogenicity of 1,2-dimethylhydrazine, a study of the effects of DF, DDTC, and 
the related compounds bis(ethylxanthogen) (BEX), carbon disulfide (CS), sec-butyldisulfide (SBDS), 
diethylamine (DEA) and triethylamine (TEA) on the metabolism of 1,2-dimethylhydrazine-['*C] was 
undertaken. With respect to vehicle-treated control rats, DF, BEX, DDTC and CS, significantly in- 
creased the levels of the 1,2-dimethylhydrazine metabolite azomethane and decreased the levels of 
'4CO, in the exhaled air. These compounds significantly decreased the levels of urinary azoxymethane 
and methylazoxymethanol and also decreased the levels of '*C in various rat organs. DEA, TEA 
and SBDS were ineffective in all these respects. It is concluded that DF, BEX, DDTC and CS, inhibit 
the N-oxidation in vivo of azomethane to azoxymethane, an essential step in the metabolic activation 
of 1,2-dimethylhydrazine. It appears likely that the effective agent in the inhibition of the N-oxidation- 


of axomethane by DF, BEX and DDTC is CS,, a metabolic product of these compounds. 


1,2-Dimethylhydrazine is a powerful carcinogen with 
a high degree of specificity for producing cancer of 
the large intestine in various rodent species [1-3]. 
Typically, 10-16 weekly s.c. injections of this car- 
cinogen at a dose level of ca. 20 mg/kg to either rats 
or mice will yield a near 100 per cent of colon tumors 
within a further period of 2-3 months. In order to 
exert its effects, 1,2-dimethylhydrazine must be meta- 
bolically activated. Druckrey et al. [1,4] have postu- 
lated that the activation sequence is as follows: 
1,2-dimethylhydrazine —> azomethane — azoxymeth- 
ane— methylazoxymethanol. 

Methylazoxymethanol is unstable under physio- 
logical conditions and breaks down to form formalde- 
hyde and methyldiazonium hydroxide, a powerful 
alkylating agent. This pathway, in fact, appears to 
function in vivo, since azomethane-['*C] has been 
detected in considerable quantities in the exhaled 
air of rats given 1,2-dimethylhydrazine-['*C] [5]. 
Also, azoxymethane-['*C] and methylazox ymethanol- 
['*C] were detected in small amounts in the urine 
of these animals [6]. 

Recently, the discovery was made that the carcino- 
genicity of 1,2-dimethylhydrazine can be abolished by 
the concomitant administration of disulfiram (DF) or 
diethyldithiocarbamate (DDTC) in the diet [7,8]. 





*Supported by Grant CA1I5400 from the. National 
Cancer Institute through the National Large Bowel Cancer 
Project and by Public Health Service Grant CA15638 from 
the National Cancer Institute. 

+ BEX is currently under study for its capacity to inhi- 
bit the carcinogenic effects of 1,2-dimethylhydrazine and 
methylazoxymethanol acetate in mice (L. A. Watterberg, 
A. Fladmoe and L. Lam, work in progress). 


Preliminary studies on the effects of DF on the meta- 
bolism of 1,2-dimethylhydrazine have shown that DF 
causes increased levels of azomethane in the exhaled 
air and decreases levels of 1,2-dimethylhydrazine 
metabolites in the urine of rats [9, 10]. 

DF, in vivo, is rapidly metabolized to DDTC, dieth- 
ylamine (DEA) and carbon disulfide (CS,) [11-14]. 
Since DDTC, CS, as well as DF possess considerable 
biological activity in that they inhibit a large number 
of enzymes and enzyme systems (see Discussion), it 
was of interest to examine and compare the effects 
of the DF metabolites DDTC, DEA and CS, with 
the parent compound. Also examined in this study 
are the DF analogues bis(ethylxanthogen) (BEX), in 
which the —N< of DF is replaced by an —O— 
group and sec-butyldisulfide (SBDS) which contains 
the —S—S— of DF but lacks the >C=S group. 
Since DF is a tertiary amine, triethylamine (TEA) was 
also tested as an additional control. The structural 
relationships of the compounds examined are shown 
in Fig. 1. 


MATERIALS AND METHODS 


Chemicals. 1,2-Dimethylhydrazine, DF, CS,, SBDS 
and TEA were obtained from Aldrich Chemical Co. 
(Metuchen, NJ). DEA was obtained from Fisher 
Scientific Co. (Springfield, NJ). BEX was synthesized 
by the method of Losse and Wottgen [15].t The 
sodium salt of DDTC was obtained from Eastman 
(Rochester, NY). '*C-labeled, 1,2-dimethylhydrazine 
was obtained from New England Nuclear Corp., and 
its radiochemical purity was verified by thin-layer 
chromatography prior to use [16]. 
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Fig. |. Structural formulas of the compounds examined 

for their effects on the metabolism of 1,2-dimethylhydra- 

zine-['*C]: (1) carbon disulfide; (2) diethylamine; (3) di- 

ethyldithiocarbamate; (4) triethylamine (R = —CH,CH;); 

(5) disulfiram; (6) bis(ethylxanthogen); and (7) sec-butyl- 
disulfide. 


Animals. Male F344 rats, mean body weight 240 g, 
obtained from Charles River Breeding Laboratories 
(Wilmington, MA), were maintained on Purina Lab 
Chow and water. The animals were housed in piastic 
cages under conditions of constant temperature and 
humidity with a light-dark cycle of 12 hr. 

Administration of compounds. After an overnight fast 
with water available ad lib. DF, DDTC or SBDS 
were administered, by stomach tube, as suspensions 
in 1.5 ml of 4% starch [17]. BEX, DEA, TEA and 
CS, were administered, by the same route, as solu- 
tions in corn oil. Control animals received 1.5 ml of 
the appropriate vehicle. Except for DF which was 
given at a dose of 3.4m-moles/kg, all other com- 
pounds were given at a dose level of 1.1 m-moles/kg. 
BEX, in addition, was given at a level of 0.82 m-mole/ 
kg in some experiments. 

Administration of 1,2-dimethylhydrazine-['*C]. Two 
hr after the oral administration of the test compounds 
or vehicle (controls), the rats were injected s.c. with 
21 mg (calculated as free base)/kg of 1,2-dimethyl- 
hydrazine-['*C] in 1.5 ml of aqueous solution, pH 
6.4, containing ethylenediaminetetra-acetic acid (7 mg/ 
100 ml}. The amount of radioactivity used per rat was 
10 pCi. 

Determination of expired azomethane-['*C] and 
'4CO,. The procedures used were exactly as de- 
scribed previously [5]. Briefly, immediately after dos- 
ing with 1,2-dimethylhydrazine-['*C], the rats were 
placed in glass metabolism cages. Air from the cage 
was passed through three gas washers in series. The 
first and third gas washer in the train contained, re- 
spectively, ethanol cooled to —72° and 1 N H,SO,, 
to trap azomethane-['*C]. The contents of the eth- 
anol gas washer were changed hourly for the first 





*PPO = 2,5-diphenyloxazole; and POPOP = 1,4-bis- 
[2-(4-methyl-5-phenyloxazolyl)] benzene. 


6hr. The second gas washer in the train contained 
1 N NaOH to trap '*CO,. This gas washer, as well 
as the one containing 1 N H,SO,, was sampled every 
hr and the contents were renewed after 6 hr. 

Determination of radioactivity. The '*C content of 
urine was determined by dissolving duplicate 10-pl 
aliquots directly in Scintisol (Isolab Incorp., Akron, 
OH). Selected rat organs, obtained 24hr after the 
administration of 1,2-dimethylhydrazine-['*C] were 
weighed, homogenized in 0.25 M sucrose and aliquots 
were solubilized in NCS (Amersham Searle Corp.). 
In the case of colons, only the mucosal tissue layer 
was used. This was obtained by cleansing the colons 
with cold saline, slitting the organ longitudinally and 
scraping the mucosal layer with a spatula on a glass 
plate cooled to 0°. 

The solubilized homogenates were dissolved in a 
toluene PPO-POPOP* mixture. Radioactivity was 
determined by liquid scintillation counting with 
appropriate quench corrections established by the 
external standard-channels ratio method. 

Urinary metabolites of 1,2-dimethylhydrazine-['*C]. 
Urine samples were collected and frozen as soon after 
excretion as possible. All samples were analyzed 
within 48 hr after collection. As determined in separ- 
ate runs, no appreciable deterioration of 1,2-dimethyl- 
hydrazine metabolites occurred within this period 
when the urines were stored at —20°. Aliquots 
(100 yl) of thawed, centrifuged urine samples were 
analyzed by high pressure liquid chromatography on 
Aminex A-27 (acetate~) columns as described pre- 
viously [6] but with the following modifications. Two 
main columns, each 3 x 24in., in series, were pre- 
ceded by a short (% x 24 in.) removable precolumn. 
All three columns were packed with Aminex-27 resin 
in the acetate form. The inclusion of a removable pre- 
column resulted in a greatly increased working life 
of the main columns, and the use of two rather than 
one main separating column, as in our original 
procedure, gave greater resolution, especially of 
the early eluting peaks. The columns were eluted 
at 1 ml/min with 0.01M sodium acetate, pH 5.6. 
Fractions. of | ml were collected directly in Scintisol. 
When present, urinary azoxymethane and methyl- 
azoxymethanol were verified by comparison of elu- 
tion volumes with standard compounds and by re- 
chromatography on pBondapak C,, [6]. 


RESULTS 


Control animals receiving either corn oil or 4% 
starch 2 hr prior to the administration of 1,2-dimethyl- 
hydrazine-['*C] exhale approximately 14 per cent of 
the radioactivity in the form of azomethane-['*C]. 
Dosing with either SBDS, DEA or TEA does not 
significantly affect the amount of azomethane-['*C] 
exhaled. In contrast, pretreatment of animals with 
DF, DDTC, BEX or CS, increases the amount of 
azomethane-['*C] 2- to 3-fold. Approximately - 13-16 
per cent of the 1,2-dimethylhydrazine-['*C] dose is 
exhaled by the control animals as '*CO,. Again, pre- 
treatment with SBDS, DEA or TEA has no significant 
effect on '*CO, excretion. Pretreatment with DF, 
DDTC, BEX and CS,, however, causes an inhibition 
of approximately 65-80 per cent. These data are 
shown in Table 1. 
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Table 1. Effects of pretreatment with DF and related compounds on the 24-hr excretion of radioactivity derived from 
| ,2-dimethylhydrazine-['*C] in the expired air and in the urine of CDF rats* 





No. of 


Compound animals Mol. wt 


Dose (mg/kg) 


% Dose radioactivity (+S. E. M.) 
Expired 
azomethane 


Expired CO, Urine 





DF 296.5 
DDTCt 
CS, 

BEX 

BEX 
SBDS 
DEA 

TEA 

Corn oil 
4% Starch 


NN WN WY WN WY Ww WwW 


2.1 + 0.3 
2.6 + 0.4 
2.8 + 0.3 
5.24146 
2.8 + 0.7 
13.0 + 1.0 
17.0 + 1.0 
16.0 + 3.0 
13.0 + 2.0 
16.0 + 1.0 


iy 
ARADAUNNA Aan 
He HE He HE EH HE H+ 
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UN eeNISH—Sn 

H+ 


He + ++ + H+ + H+ H+ + 
—— oo KY PW 
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* DF, DDTC and SBDS were given by stomach tube as suspensions in 1.5 ml of 4% starch solution. BEX, DEA, 
TEA and CS, were administered by the same route as solutions in 1.5 ml corn oil. Two hr later, 1,2-dimethylhydra- 


zine-['*C] was given s.c. at 21 mg/kg. 


+ The trihydrate of the sodium salt of DDTC was used. 


The time courses of the appearance of exhaled azo- 
methane-['*C] and '*CO, derived from 1,2-dimethyl- 
hydrazine-['*C] in animals pretreated with SBDS 
and CS, are shown in Fig. 2. While only these two 
compounds were selected for this illustration, the time 
courses for DEA, TEA, 4% starch controls and the 
corn oil controls were essentially identical to the 
SBDS-treated animals and overlap the respective 
curves for azomethane-['*C]. Similarly, the effects of 
DF, DDTC and BEX were essentially identical to 
those obtained with CS,,. 

Considerable quantitative variations in the 24-hr 
urinary output of '*C derived from 1,2-dimethylhy- 
drazine-['*C] were observed among individual rats 
in each group pretreated with a given test compound 
as well as between the different groups (Table 1). 
When analyzed by high pressure liquid chroma- 
tography, however, the urines could be divided into 
two classes with respect to 1,2-dimethylhydrazine 
metabolites. In one class, characteristic of animals 
pretreated with SBDS, DEA, TEA, corn oil or 4 per 
cent starch, a complex pattern was observed which 
included non-metabolized 1,2-dimethylhydrazine- 
['*C], azoxymethane-['*C] and methylazoxymeth- 
anol-['*C]. In the second class, characteristic of ani- 
mals pretreated with DF, DDTC, BEX and CS,, 
greatly decreased levels of 1,2-dimethylhydrazine 
metabolites were present in the 24-hr urines. In par- 
ticular, azoxymethane and methylazoxymethanol 
were greatly reduced or completely absent. Figure 3 
shows the urinary high pressure liquid chromato- 
graphic elution patterns for animals receiving SBDS 
and corn oil. These patterns are essentially identical 
to those obtained from the urines of animals receiving 
DEA, TEA and 4% starch. Also shown in Fig. 3 are 
elution patterns of urines from animals pretreated 
with CS, and BEX. These patterns are also character- 
istic of urines from animals pretreated with DF and 
DDTC. 

The effects of pretreatment with the various test 
compounds on the '*C content of selected organs 
24hr after the administration of 1,2-dimethylhydra- 
zine-['*C] is shown in Table 2. The data show that 
less '*C is present in the organs of rats pretreated 
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HOURS 
Fig. 2. Time course for the appearance of ['*C]azo- 
methane and '*CO, in the exhaled air of CDF rats pre- 
treated with CS, or SBDS and 2hr later injected with 
1,2-dimethylhydrazine-['*C] (21 mg/kg). Azomethane and 
CO, were determined as described in Methods. Each point 
represents the mean + S. E. of three separate experiments 
each using one animal. 


with DF, DDTC, BEX or CS, than in the corre- 
sponding organs of rats pretreated with SBDS, DEA, 
TEA or control vehicles. For the liver, the difference 
is from 69-70 per cent. For the kidneys, it is 43-59 
per cent; for the lungs, 49-62 per cent; for the spleen, 
42-62 per cent; and for the colon mucosa, 54-70 per 
cent. 


DISCUSSION 


The results presented here show that DF, DDTC, 
BEX and CS, have in common the following effects 
on the metabolism of 1,2-dimethylhydrazine-['*C]: 
(1) they increase the amount of exhaled azometh- 
ane-['*C]; (2) they decrease the amount of exhaled 
14CO,; (3) they reduce the levels of azoxymeth- 
ane-['*C] and methylazoxymethanol-['*C] in the 
urine; and (4) they decrease '*C tissue levels. The 
similarities in their effects suggest that these com- 
pounds share a common locus of action. 

With regard to the enhanced appearance of axo- 
methane-['*C] in the exhaled air, this increase can- 
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Fig. 3. High pressure liquid chromatographic profiles of 24-hr urines of CDF rats pretreated with 
SBDS, corn oil vehicle, CS, or BEX and 2hr later with 1,2-dimethylhydrazine (21 mg/kg).. The large 
early eluting peak (21-25 ml) is due largely to non-metabolized 1,2-dimethylhydrazine-['*C] (DMH). 
Methylazoxymethanol-['*C] (MAM) and azoxymethane-['*C] (AOM) elute at approximately 61-65 ml 
and approximately 66-69 ml respectively. The other peaks in the profiles have not as yet been identified. 
Profiles for SBDS and corn oil vehicle control are essentially identical to those obtained from rats 
pretreated with DEA, TEA or 4% starch. Profiles for CS, and BEX are essentially identical to those 
obtained after pretreatment with DSF or DDTC. For technical details, see Methods. 


Table 2. Tissue distribution of radioactivity derived from 1,2-dimethylhydrazine-['*C] in animals pretreated with DF 
and related compounds* 





No. of 
Compound animals Liver Kidney Lung Spleen Colon mucosa 





DF 
DDTC 
CS, 
BEXt 
BEX} 
SBDS 
DEA 

TEA 

Corn oil 
4% Starch 


0.09 + 0.01 0.07 + 0.01 0.04 + 0.01 0.05 + 0.01 0.05 + 0.01 
0.06 + 0.01 0.05 + 0.01 0.04 + 0.01 0.03 + 0.01 0.04 + 0.01 
0.08 + 0.01 0.08 + 0.01 0.03 + 0.01 0.03 + 0.01 0.06 + 0.01 
0.15 + 0.07 0.10 + 0.02 0.05 + 0.02 0.06 + 0.02 0.07 + 0.02 
0.09 + 0.01 0.10 + 0.01 0.05 + 0.01 0.04 + 0.02 0.05 + 0.01 
0.37 + 0.07 0.19 + 0.01 0.10 + 0.01 0.11 + 0.01 0.15 + 0.02 
0.35 + 0.19 0.21 + 0.01 0.11 + 0.01 0.13 + 0.03 0.22 + 0.08 
0.35 + 0.04 0.18 + 0.01 0.10 + 0.01 0.11 + 0.01 0.16 + 0.02 
0.38 + 0.02 0.18 + 0.01 0.10 + 0.01 0.10 + 0.09 0.15 + 0.22 
0.39 + 0.09 0.16 + 0.03 0.13 + 0.09 0.08 + 0.06 0.13 + 0.09 


NMhM WN Ww WN WwW Ww Ww 





* The same animals used to obtain the data in Table | were killed 24 hr after the administration of 1,2-dimethylhydra- 
zine-['*C]. Tissues were excised, homogenized and the '*C content was determined as described in Methods. Triplicate 
determinations of '*C on each tissue homogenate were done. Values represent per cent dose '*C/g wet weight tissue. 

+ BEX at 198 mg/kg. 

¢ BEX at 269 mg/kg. 





Effect of disulfiram on metabolism in vivo of 1,2-dimethylhydrazine 


not be accounted for by increased oxidation of 
1,2-dimethylhydrazine. Such an increase in oxidation 
would lead to a. greater availability of substrate for 
conversion to azoxymethane, methylazoxymethanol 
and further products. This, in turn, would lead to 
an increased excretion of these metabolites in the 
urine, and to increased tissue binding of '*C. Even 
if the metabolic enzymes were saturated, these par- 
ameters could in no way be of lesser magnitude than 
in the control animals. But this is in contradiction 
to the observed results. Thus, a more plausible 
explanation for the effects of these compounds is that 
their primary effect is to block the N-oxidation of 
azomethane to azoxymethane. This mechanism fits 
the observed effects’since such a block would not only 
cause azomethane to accumulate and be excreted in 
greater amounts in the expired air, but also results 
in decreased urinary excretion of metabolites and de- 
creased tissue binding. 

With regard to the production of '*CO, from 
1,2-dimethylhydrazine-['*C] by control rats and rats 
pretreated with DEA, TEA or SBDS, much of the 
'4CO, exhaled is presumably derived from the oxi- 
dation of formaldehyde-['*C] [18]. The formation 
of formaldehyde in vitro has been observed during 
the oxidative demethylation of 1,2-dimethylhydrazine 
[19] and also of azoxymethane [4]. The spontaneous 
breakdown of methylazoxymethanol also leads to for- 
maldehyde as one of the products [20]. Unfortu- 
nately, not enough data are as yet available to permit 
the evaluation of the relative importance of these 
pathways in vivo. 

After pretreatment with DF, DDTC, BEX and CS,, 
the amount of '*CO, exhaled is significantly de- 
creased (Table 1). Such a decrease could result from 
decreased production of formaldehyde-['*C], from a 
decrease in its oxidation or both. Since DF is known 
to inhibit aldehyde dehydrogenase in vitro and both 
DF and DDTC inhibit the enzyme in vivo [21,22], 
it might be expected that the oxidation of formalde- 
hyde to CO, by way of formate could be decreased 
in rats treated with these compounds. However, we 
known of no reports in the literature describing the 
inhibition of aldehyde dehydrogenase in vivo by either 
CS, or BEX. 

The block imposed on the N-oxidation of azometh- 
ane to azoxymethane by DF, DDTC, BEX and CS, 
would decrease the formation of the ultimate [23] 
carcinogenic metabolite of 1,2-dimethylhydrazine, the 
methyldiazonium ion, by way of methylazoxymeth- 
anol. Thus, a block at this level would be sufficient 
as an explanation for the inhibition of 1,2-dimethyl- 
hydrazine carcinogenicity as observed previously for 
DF and DDTC [7,8]. However, it is possible that 
DF, DDTC, BEX and CS,, besides inhibiting the 
N-oxidation of azomethane, could also exert ad- 
ditional blocks on 1,2-dimethylhydrazine metabolism. 
DF, DDTC and, in particular, CS, have been found 
to inhibit the hepatic mixed function oxidase activity 
and to decrease liver cytochrome P-450 [24-28]. 
Specifically, inhibitions of N- and O-demethylations, 
as well as C-hydroxylations by these compounds have 
been demonstrated [25,27,29-32]. Thus, these ad- 
ditional blocks could consist of the inhibition of oxi- 
dative demethylations of 1,2-dimethylhydrazine and 
azoxymethane as well as inhibition of the hydroxyl- 
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ation of azoxymethane to methylazoxymethanol. We 
have recently obtained preliminary data indicating 
that the formation of methylazoxymethanol-['*C] 
through the hydroxylation of azoxymethane-['*C] is 
indeed depressed in vivo when the latter compound 
is administered to rats pretreated with DF or CS, 
[33]. However, it appears that this step, as well as 
the inhibition of demethylation of azoxymethane, is 
of only minor importance relative to the inhibition 
of N-oxidation of azomethane in the case when 
1,2-dimethylhydrazine is administered, simply because 
insufficient quantities of azoxymethane are formed. 
This is evident from Fig. 3. Incomplete inhibition of 
formation of azoxymethane together with inhibition 
of its further metabolism would result in its appear- 
ance in the urine. The absence of discrete peaks due 
to azoxymethane in the urines of rats pretreated with 
DF, DDTC, BEX or CS, indicates that this is not 
the case. 

The effects of DF, DDTC, BEX and CS, reported 
here are not obtained with the DF metabolite DEA, 
the tertiary amine TEA or with the disulfide analog, 
SBDS. This indicates that the common structural de- 
nominator of the effective compounds consists of the 
thiono-sulfur group. The mechanism of enzyme inhi- 
bition due to DF and BEX in vitro may be ascribed 
to the formation of mixed disulfides with protein-SH 
groups [21, 34,35] and that of DDTC to metal ion 
chelation [36, 37]. However, in view of the effective- 
ness of CS, with regard to the results reported in 
the present communication, we tentatively conclude 
that neither of these mechanisms plays a major role 
in the inhibition of the metabolism or the carcino- 
genicity of 1,2-dimethylhydrazine. While the conver- 
sion of CS, to xanthates or dithiocarbamates by reac- 
tion with alcohols or amines, respectively, in vivo with 
subsequent oxidation to the disulfide form cannot be 
excluded, it would appear that a simpler explanation 
for the effects described here is that DF, DDTC and 
BEX are all metabolized to CS,, and that the latter, 
perhaps after further metabolism to carbonyl sulfide 
[28, 38], represents the effective inhibitor. 
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Abstract—The effect of neomycin on the metabolism of phospholipids was investigated in the guinea 
pig kidney both in vivo and in vitro. In vivo, after an intraperitoneal injection of [°?P]orthophosphate, 
the polyphosphoinositides (phosphatidylinositol phosphate and phosphatidylinositol diphosphate) were 
the most rapidly labeled phospholipids reaching maximal radioactivity within 40 min. The labeling 
of these lipids paralleled that of the nucleotide phosphate pool. After chronic treatment of animals 
with neomycin (100 mg/kg body weight daily for 6 days), phosphate incorporation into the polyphos- 
phoinositides was decreased whereas incorporation into other lipids remained unaffected. Also, the 
amount of phosphatidylinositol diphosphate was reduced from 270 to 170 nmoles/g of kidney. 
No significant changes in phospholipid labeling were found in the liver. Experiments in vitro with 
kidney homogenates demonstrated inhibition of labeling of phosphatidylinositol diphosphate from 
[y-??JATP and inhibition of the enzymatic hydrolysis of previously labeled [°?P]phosphatidylinositol 
phosphate and diphosphate in the presence of neomycin. A direct antibiotic-lipid interaction is dis- 
cussed as a mechanism for the observed effects of neomycin on renal polyphosphoinositide metabolism. 


The chronic toxicity of aminoglycosidic antibiotics 
(neomycin, streptomycin and related compounds) to 
the kidney and the inner ear has long been recognized 
as a problem in chemotherapy [1]. Both tissues ac- 
cumulate these antibiotics above serum drug 
levels [2,3], and eventually kidney failure and deaf- 
ness may result. In contrast to the well-established 
clinical and morphological observations [1, 4-6], the 
biochemical mechanisms underlying these tissue 
specific toxic actions remain unclear. 

We have previously demonstrated an effect of neo- 
mycin on polyphosphoinositide labeling in inner ear 
tissues in vivo [7,8]. Polyphosphoinositides are meta- 
bolically highly active constituents of nervous and 
secretory tissues, and have been suggested to be in- 
volved in events related to changes in membrane per- 
meability and ion transport [9, 10]. Of non-nervous 
tissues, kidney has a relatively high content of poly- 
phosphoinositides [11,12], and a rapid turnover of 
the monoesterified phosphate groups of these lipids 
has been reported for rat kidney [12}. Anatomical, 
physiological, and immunological similarities between 
inner ear tissues and the kidney[13] have been 
demonstrated, and some congenital syndromes exhi- 
bit both renal and hearing defects [14,15]. In addi- 
tion, a number of drugs, notably diuretics and 
aminoglycosides, exert pharmacological actions on 
the kidney as well as the inner ear. These consider- 
ations led us to investigate the influence of neomycin 
on phospholipid metabolism in the kidney. 


MATERIALS AND METHODS 


Labeling and separation of tissue lipids. Male albino 
guinea pigs (BioLabs, St. Paul, MN) weighing 300- 





*A Preliminary Report was presented at the Annual 
Meeting of the American Society of Biological Chemists 
in June, 1976, San Francisco, California. 


400 g were injected intraperitoneally with carrier-free 
sodium [3?P]orthophosphate (1 mCi/kg body wt) in 
sterile saline and killed by decapitation. Tissues were 
quickly removed, weighed and homogenized in 10 vol. 
of ice-cold 10% (w/v) trichloroacetic acid with a Poly- 
tron homogenizer (Brinkman Instruments, Westbury, 
NY). 

Total lipid extracts were obtained from the tri- 
chloroacetic acid homogenates with the biphasic sys- 
tem of chloroform—methanol-HCl, according to the 
method described by Hajra et al.[16]. The lipid 
extracts were resolved by thin-layer chromatography 
on Silica gel (Brinkman, Silica gel 60) using two differ- 
ent solvent systems: solvent 1, chloroform—methanol- 
conc. aqueous ammonia-water (45:45:3.5:11, v/v) 
and solvent 2, chloroform—methanol-glacial acetic 
acid—water (50:32:11:3, v/v). Lipids were identified by 
co-chromatography with commercial standards 
(Supelco, Bellefonte, PA) and polyphosphoinositides 
prepared from ox brain according to Hendrickson 
and Ballou[17]. [°?P]lipids on thin-layer chroma- 
tography plates were located by autoradiography on 
Kodak No-Screen X-ray films (Eastman Kodak, 
Rochester, NY), scraped into vials and counted by 
liquid scintillation spectrometry. 

For the analysis of polyphosphoinositide content 
of kidneys, lipids were extracted and purified as de- 
scribed by Hauser and Eichberg [11]. 

Experiments in vitro. Guinea pig kidneys were 
homogenized in 9 vol. of 0.25M sucrose using a 
glass-glass homogenizer and centrifuged at 1000 g for 
20 min. The pellet was discarded and the resulting 
supernatant fraction (henceforth referred to as 
“homogenate”) was frozen-and-thawed four times to 
disrupt mitochondria. For labeling of phospholipids 
by [y-32P]ATP, incubations were performed at 37° 
in air in a shaking water bath. Homogenates (0.43 mg 
protein/incubation) were preincubated in 50mM 
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sodium HEPES (N-2-hydroxyethylpiperazine-N’-2- 
ethanesulfonic acid), pH 7.4, for 15 min in the presence 
or absence of neomycin (in 0.25 ml). Incubations were 
continued after the addition of 15mM MgCl, and 
3 mM Tris [y-??P]ATP (final concentrations in 0.5 ml 
final volume). The reactions were terminated by the 
addition of 1.5 ml of chloroform—methanol (1 :2, v/v). 
Lipids were extracted after the addition of 0.5 ml of 
2.4N HCI and 1.0 ml chloroform. The resulting upper 
layer was re-extracted with 1.0ml chloroform. The 
combined lower phases were then washed with 2.0 ml 
methanol-0.6 N HCl (1:1, v/v). Lipid separation and 
determination of radioactivity were performed as de- 
scribed above. 

Hydrolysis of polyphosphoinositides was studied 
using *?P-labeled lipids extracted from guinea pig 
kidneys after intraperitoneal injection of *7P;. The 
total lipid extract was neutralized, dried under N, 
and suspended in 50 mM sodium HEPES, pH 7.4, by 
sonication. After preincubation of the homogenate 
(0.35 to 0.60 mg protein) in 50mM sodium HEPES, 
pH 7.4, 2mM MgCl, and 2mM KF in 0.25 ml for 
15 min in the presence or absence of neomycin, ali- 
quots (0.25 ml) of the *?P-labeled lipid suspensions 
were added and incubations continued. Hydrolysis 
was stopped by the addition of 1.5 ml of chloroform- 
methanol (1:2, v/v). 

Other analytical procedures. Nucleotide phosphate 
in the trichloroacetic acid supernatant fractions from 
tissue homogenates was absorbed on charcoal, 
washed and hydrolyzed for 10min in 1 N HCI[18], 
and released inorganic phosphorus was assayed spec- 
trophotometrically [19]. Lipid phosphorus was deter- 
mined after ashing [20]. [y-??7PJATP radioactivity in 
the HCl-soluble upper layers from incubations in vitro 
was measured by the method of Huang [21]. Protein 
was determined by the method of Lowry et al. [22]. 

For neomycin determination, five animals were in- 
jected subcutaneously with neomycin (100 mg/kg 
body wt) daily for 6 days and killed 24hr after the 
last injection. Kidneys were homogenized with a 
Polytron in 20 vol. of 0.1 M Na-phosphate, pH 8.0, 
and aliquots were assayed microbiologically [23-25]. 
Bianks and neomycin standards were determined in 
the presence of control tissue. 

Materials. Carrier-free [*?P]orthophosphate was 
obtained from New England Nuclear (Boston, MA), 
and Sephadex G-25-300 and HEPES from Sigma 
Chemical Co. (St. Louis, MO). Neomycin B sulfate 
was a gift from the Upjohn Co. (Kalamazoo, MI). 
[y-*?P]ATP was prepared enzymatically [26] and 
purified by ion-exchange chromatography [27]. 


RESULTS 


Labeling of phospholipids in vivo. The time course 
of 3?P-incorporation into the phospholipids of the 
guinea pig kidney (Fig. 1) shows that phosphatidy- 
linositol phosphate (PhIP) and diphosphate (PhIP,) 
were rapidly labeled reaching a maximum 20-40 min 
after injection of **P;, followed by loss of label with 





* Abbreviations used are: PhA = phosphatidic acid (1,2- 
diacyl-sn-glycero-3-phosphate); PhC, PhE, PhS = phos- 
phatidyicholine, -ethanolamine, -serine; and PhI, PhIP, 
PhIP, = phosphatidylinositol, phosphate, diphosphate. 
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Fig. 1. Time course of **P-incorporation into (A) ATP and 
(B) phospholipids in the guinea pig kidney in vivo. Animals 
were injected intraperitoneally with 1 mCi *?P,/kg body 
wt. Kidneys were analyzed as described in Materials and 
Methods. Each time point represents the average value 
from four kidneys. Key: ATP (0); PhIP, (A); PhIP (@); 
PhA (@); PhI (A); PhE (C); and PhC ()). 


increasing time. The time course of labeling of the 
polyphosphoinositides followed closely the appear- 
ance of radioactivity in the acid-labile nucleotide 
phosphate pool. These results agree well with the 
observations of Tou et al.[12] for the rat kidney. 

Phosphatidic acid (PhA)* also revealed a rapid pat- 
tern of labeling and reached a plateau after 40 min. 
The initial labeling of the other phospholipids pro- 
ceeded much more slowly. 

Effects of neomycin treatment. Guinea pigs received 
subcutaneous injections of neomycin sulfate (100 mg 
neomycin/kg body wt) daily for 6 or 7 days. At this 
time, the drug had accumulated in the kidney to 
about millimolar concentration and kidney weight 
had increased significantly (Table 1). The amounts of 
protein, total phospholipid and soluble phosphates 
were also elevated but when these values were norma- 
lized to tissue weight, no significant changes were seen 
in these compounds between drug-treated and control 
animals. There were also no changes in phosphate 
incorporation into the quantitatively major phospho- 
lipids (Table 2) when incorporation was calculated 
from the specific radioactivity of the precursor, 
[y-3*P]ATP. However, incorporation into PhIP, and 
to a lesser extent into PhIP was reduced. This differ- 
ence between the polyphosphoinositides and the other 
phospholipids was confirmed in a total of five experi- 
ments with drug treatment varying from 6 to 10 days. 
Concomitant with the reduced incorporation, the 





Neomycin and renal phospholipids 


Table 1. Effects of neomycin treatment* 





Drug-treated 


Control animals animals 





Body wt (g) 

Kidney wt (g) 

Liver wt (g) 

Kidney analysis (per g wet wt) 
Protein (mg) 
P; (umoles) 
Nucleotide ~ P (umoles) 
Lipid-P (umoles) 
Neomycin (umoles) 

Liver analysis (per g wet wt) 
Protein (mg) 
P; (umoles) 
Nucleotide ~ P (umoles) 
Lipid-P (umoles) 


331.35 
2.0 + 0.1f 
11.8 +09 


136 + 13t 
5.6 +08 
1.7+0.1 
19.3 + 18 

0.94 + 0.148 


IH AG 
DAwanaw 
He He H+ 


Nore 
aren 


—_ 


17.5422 





* Guinea pigs received subcutaneous injections of neomycin (100 mg/kg body wt) daily 
for 7 days and were sacrificed on day 8. Six animals were analyzed/group as described 
in Methods. Values are expressed as means + S. D. 


+P < 0.001. 
$0.05 <P <0.10. 


§ From a parallel experiment; see Methods. 


amount of PhIP, was lowered after 6 days of neo- 
mycin injections from 270 + 60nmoles/g of tissue 
(five control animals) to 170 + 60 nmoles/g of tissue 
(five treated animals; 0.05 > P > 0.02). 

In liver, no drug-induced changes were observed 
in weight, content of protein, phospholipid or soluble 
phosphates (Table 1). After intraperitoneal injection 
of 3*P;, the most highly labeled phospholipid was 
phosphatidylcholine (Table 2). The absence of a large 
incorporation into the polyphosphoinositides may 
reflect the lower content of these lipids [28] or may 
indicate a different metabolic role in this tissue. After 
drug treatment, there were no significant differences 
in the P; incorporation into any of the phospholipids 
including PhIP and PhIP,,. 

Studies in vitro. In order to gain some understand- 
ing of the possible mode of action of neomycin on 


the metabolism of polyphosphoinositides, experi- 
ments in vitro were designed to investigate the effect 
of the antibiotic on the synthesis and breakdown of 
these phospholipids. 

Lipids were labeled in vitro by incubation of kidney 
homogenates (1000g supernatant) with [y-??P]ATP. 
Under these conditions, the label appeared mainly in 
PhIP, PhIP, and PhA. Calculations of the rate of 
synthesis of PhIP, and PhIP from the initial slopes 
(Fig. 2) and the specific radioactivity of [y-??7P]ATP 
yield values of 15 and 23 pmoles phosphate incorpor- 
ated/min/mg of protein, respectively, under the condi- 
tions of the assay. These values are in good agreement 
with the observed activities of PhIP kinase [29] and 
PhI kinase [30] in homogenates of rat kidney cortex. 

The time course of phospholipid labeling from 
[y-32P]JATP showed an inhibition of **P-incorpor- 


Table 2. Effect of neomycin on phosphate incorporation into phospholipids in vivo* 





Drug-treated 


Control animals animals 





Kidney (nmoles P, incorporated/g tissue) 
Phosphatidylethanolamine 
Phosphatidylcholine 
Phosphatidic acid 
Phosphatidylinositol (+ serine) 
Phosphatidylinositol phosphate 
Phosphatidylinositol diphosphate 

Liver (nmoles P; incorporated/g tissue) 
Phosphatidylethanolamine 
Phosphatidylcholine 
Phosphatidylinositol (+ serine) 
Phosphatidylinositol phosphate 
Phosphatidylinositol diphosphate 


ZR ouwad 
sO — — Nt OO 
I++ I H+ I+ I+ I+ 
sa2vses 
I+ I+ I+ I+ I+ I+ 


w 
— 


SESS 
He He He He H+ 
Une & 
oOo Oo 
nwo = 
cookanaed 
He He He H+ H+ 





* Guinea pigs received subcutaneous injections of neomycin (100 mg/kg body wt) daily 
for 6 days. Controls received saline. On day 7 animals were given 1 mCi **P,/kg body 
wt intraperitoneally. Six tissues were analyzed/group as described in Methods. Values 


are expressed as means + S. D. 
+ 0.02 < P < 0.05. 
$0.01 < P < 0.02. 
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Fig. 2. Time course of labeling of phospholipids in vitro 
from [y-??P]ATP. Kidney homogenates (0.43 mg protein) 
were incubated as described in Methods in the presence 
(open symbols) or absence (closed symbols) of 10~* M neo- 
mycin. [y-??P]ATP was 3 mM (73.3 x 10° dis./min/umole). 


ation into PhIP, in the presence of neomycin (Fig. 
2). This inhibition of labeling of PhIP, was dependent 
on the concentration of antibiotic (Is9 = 10~>- 
10~* M, Fig. 3). An increase in the labeling of PhIP 
was observed only at 10°?M neomycin. Measure- 





T T 


PhiP2 4 


°o 
b 


o 
eo] 


° 
LY) 





+ 4 


3 





32— INCORPORATION (dpm x 1073) 
& 


L 








° 
uo 


ee Sr ORK Oe 
NEOMYCIN (-log M) 


Fig. 3. Effect of varying concentrations of neomycin on 

the labeling of phospholipids in vitro. The incubation sys- 

tem was the same as that described in Fig. 2, except that 

the incubation time was 10 min and the neomycin concen- 

tration was varied as shown. Closed symbols indicate incu- 
bations in the absence of neomycin. 
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Fig. 4. Time course of enzymatic hydrolysis of previously 
labeled [*?P]lipids. Desaited kidney homogenates were in- 
cubated in the presence (open symbols) or absence (closed 
symbols) of 10°*M neomycin as described in Methods. 


ments of [y-??P]ATP at the end of each incubation 
showed that the rate of ATP hydrolysis was not 
changed significantly (less than 10 per cent) in the 
presence of neomycin. 

Hydrolysis of phospholipids was measured using 
32P-labeled total lipid extracts obtained from guinea 
pig kidneys after intraperitoneal injections of **P;. In 
order to remove inorganic phosphate, which has been 
shown to inhibit PhIP, phosphomonoesterase ac- 
tivity in rat kidney preparations[31], the kidney 
homogenate was desalted by passage through 
Sephadex G-25 equilibrated with 0.25 M sucrose. In- 
cubation of this desalted preparation with sonicated 
suspensions of phospholipids previously labeled with 
32P. showed that PhIP and PhIP, were rapidly hyd- 
rolyzed. This enzymatic hydrolysis was blocked by 
the antibiotic (Fig. 4) in a dose-dependent fashion 
(Fig. 5, I5g = 10~°-10-* M). 


DISCUSSION 


Few reports on the phospholipids of the kidney 
have been concerned with polyphosphoinositides. In 
this study, we have demonstrated a rapid labeling of 
PhIP and PhIP, in the guinea pig kidney in vivo. 
Labeling of the polyphosphoinositides has been 
shown to proceed by phosphorylation of phosphati- 
dylinositol (PhI) by [y-2?P]ATP according to the fol- 
lowing reactions [29, 32]: 


Phi + [y-22PJATP— [22P]PhIP + ADP (1) 
PhIP + [)-22P]ATP— [22P]PhIP, + ADP (2) 
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Fig. 5. Effect of varying concentrations of neomycin on 
the enzymatic hydrolysis of previously labeled [°?P]lipids. 
Conditions were the same as indicated in Fig. 4. Incuba- 
tions were performed for 5 min at varying neomycin con- 
centrations. Control incubations were carried out in the 
absence of neomycin and with an inactivated homogenate 
(“heated enzyme,” 15min at 90°) respectively. The latter 
also indicates the amount of [°?P]lipid present at the start 
of the incubation. 








The rapid equilibration of **P in the polyphos- 
phoinositides with the acid-labile nucleotide pool (the 
immediate precursor) and the lag observed in the 
labeling of PhI indicate that labeling is confined to 
the monester phosphate groups according to reac- 
tions | and 2, and is not introduced by de novo syn- 
thesis via phosphatidylinositol. This has also been 
observed in the pig [33] and rat kidney [12]. 

This metabolism is apparently affected by neo- 
mycin in vivo and in vitro. In vivo, neomycin accumu- 
lates in the kidney to a millimolar concentration after 
6 days of drug injection. Similar findings have been 
reported for streptomycin[2] and kanamycin [3]. 
Early morphological and physiological damage in- 
flicted by aminoglycosides includes tubular necrosis, 
polyuria, albuminuria and decreased urea clearance 
and should be expected from the dosage of neomycin 
given in this experiment [1, 5, 6, 34]. The effect of neo- 
mycin on the polyphosphoinositides is evident in the 
labeling studies where the rate of P,-incorporation is 
decreased considerably, whereas no such effect is seen 
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on the quantitatively major phospholipids. In agree- 
ment with this, the measured total phospholipid con- 
tent is unchanged but the content of phosphatidy- 
linositol diphosphate is significantly lower after drug 
treatment. Since PhIP, represents only about | per 
cent of the total renal phospholipids, this decrease 
is not reflected in the total lipid determination. Pre- 
vious biochemical studies which reported renal phos- 
pholipid metabolism to be unchanged under the in- 
fluence of dihydrostreptomycin did not investigate the 
polyphosphoinositides [35, 36]. 

The decreased labeling of polyphosphoinositides 
after neomycin intoxication was observed in the kid- 
ney, but not in the liver. This agrees well with clinical 
and pathological findings that the kidney and the in- 
ner ear are the primary organs affected by aminogly- 
cosidic antibiotics after systemic injections [1]. Simi- 
lar decreases in the labeling of polyphosphoinositides 
by °?P; were found in inner ear tissues after ototoxic 
damage by neomycin [6,7]. Although brain has the 
highest content of PhIP and PhIP, of all body tissue, 
it is protected from the action of aminoglycosides by 
the blood-brain barrier [2]. 

While the experiments in vivo point to a possible 
correlation between the biochemical and pharmacolo- 
gical actions of the drug, they leave open the question 
of the possible biochemical mechanism. Inhibition of 
kinase reactions or stimulation of hydrolysis will lead 
to a decreased labeling of polyphosphoinositides and 
decreased content of PhIP, as observed in our studies 
in vivo. The latter possibility is not supported by the 
results in vitro as the hydrolysis of both PhIP and 
PhIP, is blocked by neomycin. In support of the first 
alternative, labeling of PhIP, via the kinase reaction 
is strongly inhibited by neomycin but labeling of 
PhIP is largely unaffected. The levels of neomycin 
showing these effects in vitro are well below the drug 
concentration reached in the kidney after chronic 
drug treatment. 

A mechanism which would account for the obser- 
vations, both in vivo and in vitro, is suggested by the 
fact that polyphosphoinositides can form complexes 
with polycations [37], including neomycin [38]. We 
have recently demonstrated that changes by neomycin 
of polyphosphoinositide labeling in guinea pig brain 
subcellular fractions can be explained by such a direct 
drug-lipid interaction [39]. 

Binding of the aminoglycoside to the acidic poly- 
phosphoinositides would effectively lower the avail- 
ability of these lipids for both kinase and hydrolase 
actions. In vitro, labeling of PhIP, (reaction 2) 
depends on the availability of PhIP, which would be 
lower in the presence of neomycin, and *?P-incorpor- 
ation into PhIP, would be diminished. Labeling of 
PhIP would not be expected to be significantly low- 
ered by negmycin since the PhI content would not 
be limiting. On the contrary, an increase in 
[°?P]PhIP would be expected in the presence of neo- 
mycin due to the inhibition of its hydrolysis and of 
labeling of PhIP, (reaction 2), and this is observed 
at the higher drug concentrations. Similarly, binding 
of neomycin to PhIP, and PhIP would decrease the 
hydrolysis of these lipids. 

Inhibition of phosphomonoesterase reactions by 
substrate complexing by neomycin can also explain 
the decreased labeling of polyphosphoinositides in 
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vivo. If steady state levels of PhIP and PhIP, are 
maintained by the combined action of kinases and 
phosphomonoesterases, reduction of hydrolytic ac- 
tivity due to lowered substrate availability would 
result in a slower turnover of PhIP, and PhIP and 
in a decrease in labeling of these two lipids. Chroni- 
cally, an inhibition of PhIP conversion to PhIP, 
should lead to lowered concentrations of PhIP, 
which we indeed observed. Thus, the assumption of 
a direct antibiotic-polyphosphoinositide interaction is 
sufficient to explain the experimental observations. 
Nevertheless, a neomycin effect directly on some of 
the enzymes involved in the turnover of these phos- 
pholipids cannot be ruled out at this point. 

Polyphosphoinositides are believed to be important 
lipid constituents of nervous and secretory tis- 
sues [9,40]. The kidney has a large complement of 
plasma membranes and contains appreciable quanti- 
ties of PhIP and PhIP,[12]. These phospholipids 
have a high affinity for Ca?* and Mg?* ions, and 
it has been postulated that they may play an impor- 
tant role in the active transport of cations and regula- 
tion of membrane permeability to ions. It has been 
speculated [12] that these lipids participate in some 
important function in the tubule membranes during 
secretion and reabsorption of solutes from the lumen 
of the tubules. Complexing of the polyphosphoinosit- 
ides by the polycationic antibiotic would be expected 
to interfere with the functional role of these lipids 
in the kidney. In addition, changes in membrane in- 
tegrity induced by such binding could facilitate the 
penetration of these drugs into the cell where they 
may exert further toxic effects [3]. 
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Abstract—P13, a polyflavane compound, bound to myocardial membranes with various degrees of 
efficiency: sarcolemma > mitochondria > sarcoplasmic reticulum. The binding was enhanced by added 
cations. Partial release of bound P13 was obtained by washing and the same cations which enhanced 
the binding, inhibited the release. Washing-induced protein release from membranes was prevented 
by bound P13. The binding of P13 did not modify respiratory activity and energy-linked Ca?* accumu- 
lation in intact mitochondria, but retained a better coupling activity in aged mitochondria by preventing 
cation efflux which occurs during ageing. P13 behaved like a membrane stabilizer since its binding 
diminished membrane leakage and therefore prevented protein and cation passive efflux through aged 


membranes. 


Ultrastructural and metabolic changes induced by 


myocardial infarction are being extensively studied. It 
has been well established that the energetic stores of 
creatine phosphate [1] and glycogen [2] are consider- 
ably lowered; oxygen deprivation is accompanied by 


an important enzyme release[3] and _ cation 
efflux [4, 5], probably due to an increased membrane 
permeability, since alterations and lesions have been 
observed throughout the myocardial cell. 

Previous studies with P13, a polyflavanic polymer, 
indicated promising effects on energetic metabolism 
of hypoxic myocardium, since it favored maintenance 
of higher energy stores[7]; it has also been shown 
in the same study that the (Na* + K*) ATPase of 
sarcolemma, which controls sodium and potassium 
movements across the membrane, was strongly inhi- 
bited by P13. On the other hand, experiments on the 
electrical activity of a myocardial fiber have suggested 
that P13 decreased potassium efflux*. By these 
various properties, P13 may protect the myocardial 
cell against anoxia. 

The present paper describes the binding of P13 on 
myocardial membranes: sarcoplasmic reticulum, 
mitochondrial and sarcolemmal membranes. In the 
case of mitochondria and sarcolemma, the binding 
appeared cation-dependent and protected the mem- 
branes against protein release. Moreover P13 binding 
prevented mitochondrial membrane ageing as tested 
on their coupling properties and the Ca?* and Mg?* 
movements. 

In addition, according to Carafoli [6], mitochon- 
dria are implicated in myocardium contraction pro- 
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cess by accumulating calcium to initiate relaxation 
while the release of Ca** initiates contraction. There- 
fore the effects of P13 on calcium movements through 
mitochondrial membranes have been investigated: it 
has been shown that P13 did not affect the influx 
of Ca** and the concomittant respiratory stimulation 
while it decreased the uncoupler-induced Ca’* efflux. 


MATERIAL AND METHODS 


P13 was obtained as described earlier [7] from the 
“Centre de Recherches Pierre Fabre” and used in pH- 
controlled aqueous solutions. 


Preparation of myocardial membranes 


Known procedures were used as described earlier 
to prepare whole mitochondria [8], purified sarco- 
lemma [9,10] or purified sarcoplasmic  reticu- 
lum [11,12] from pig heart. 


P13 binding 


Membranes were incubated for 30min with in- 
creasing P13 concentrations at 0-4° and centrifuged 
at 135,000g for 90min (sarcoplasmic reticulum), 
36,000 g for 10min (mitochondria) or 12,000g for 
5 min (sarcolemma) in an Eppendorf centrifuge. This 
centrifugation of the sarcolemma in 25 mM imidazole 
1 mM EDTA, pH 7.0, buffer, was sufficient to elimin- 
ate the protein from the supernatant fluid. Bound P13 
was calculated by subtracting the amount of P13 
present in the supernatant fluid from the initially 
added P13; P13 content in the supernatant fluid was 
determined by simultaneous measurement of optical 
density at 275 and S50Snm. Indeed P13 spectrum 
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showed a high 275nm absorption band (Ef%,, = 90) 
and a minor 505.nm band (E}%,, = 4.8); moreover, it 
was verified that the protein and nucleotide release 
was too low to modify significantly P13 determina- 
tion. 

Incubation media (1 ml final volume) were 0.25M 
sucrose, 10mM Tris-HCl, pH 7.4 (mitochondria and 
sarcoplasmic reticulum) or 25mM_ imidazole-HCl, 
1mM EDTA, pH 7.0 (sarcolemma) with or without 
added cations such as Ca?*, Mg?* or (Na* + K*) 
at the indicated concentrations. Standard P13 curves 
were obtained in the absence of membranes and with 
the same medium and cations when added. 

Results are followed by the standard error of the 
mean. 

Reversal of P13 binding 

To determine the reversibility of P13 binding, the 
membranes were first incubated (1 ml final volume) 
for 30min with a high concentration of P13 
(75 pg/ml), spun down as mentioned above and then 
the obtained pellets were washed once or twice: they 
were homogenized in | ml incubation medium and 
immediately spun down; P13 released in the superna- 
tant washings was measured as previously described. 


Protein determination 


The procedure of Lowry et al.[13] was used to 
measure protein release during the washings; other 
determinations were made with the biuret method of 
Gornall et al. [14]. 


Mitochondrial respiration 

The respiratory activity of intact, freshly prepared, 
or aged mitochondria was studied by oxypolarogra- 
phy [15] incubating 2.4mg mitochondria in 2ml 
16mM Tris-HCl, 112mM KCl, 1.25mM potassium 
phosphate, »pH 7.4 at 28°. The respiratory substrate 
was 10mM_ glutamate; ADP, when added, was 
0.2mM. P13 effects were studied on state 4 respir- 
ation and on respiratory control ratio (RCR) as 
defined by Chance & Williams [15]. RCR values were 
calculated by the (state 3/initial state 4) ratio. P13 
was added in the incubation medium for freshly pre- 
pared mitochondria or during storage for aged mito- 
chondria. Ca?* stimulation of state 4 respiration was 
studied by adding 1.5 mM CaCl,. 


Cation determination 


Mitochondrial Mg?* and Ca?* were measured by 
atomic absorption spectrophotometry. When cation 
efflux occuring during respiration was examined, 
mitochondria were incubated for 5 min, in | ml of the 
same medium used for oxypolarographic studies with 
or without 10mM cation. The reaction was stopped 
by rapid. centrifugation with an Eppendorf centrifuge. 
Mitochondrial cations were then extracted by | ml 
5% perchloric acid; after centrifugation, supernatant 
fluids were diluted in 0.5% La—0.1 N HCI and their 
cation content was analysed on a Perkin Elmer model 
403 atomic absorption spectrophotometer. When 
mentioned, 10~*M 2,4-dinitrophenol (2,4-DNP) was 
added at 5 min and the reaction proceeded for 5 more 
min; finally, it was stopped by rapid centrifugation. 

Mitochondrial Ca?* accumulation was also deter- 
mined using the metallochromic indicator murex- 


A. Di Pietro et.al. 


ide[16] and measuring murexide Ca?* complex 
absorption with a dual-wavelength Aminco-Chance 
spectrophotometer. Mitochondria (2.4 mg) were incu- 
bated in 3ml 225mM mannitol, 55mM sucrose, 
10mM Tris-HCl, 1.67mM _ potassium phosphate, 
10mM glutamate, 50 uM murexide, pH 7.4 buffer at 
30°. The reaction was initiated by 0.333 mM CaCl). 
When indicated, Mg”* was 6.6 mM and 2,4-DNP was 
0.66 x 10-*M. 


Assay of ATPase activity 


ATPase activity was measured by the previously 
described colorimetric method[17]. Mitochondria 
(0.8 mg) were incubated in 0.8 ml 31 mM _ Tris-HCl, 
0.25 M sucrose, 3mM ATP, 3mM Mg Cl,, 1.25mM 
ammonium acetate, pH 7.4 at 30° for | min. The reac- 
tion was stopped by 75 yl 50% ice cold trichloracetic 
acid and the inorganic phosphate liberated was 
measured by the Sumner method [18]. 


RESULTS 
P13 binding on myocardial membranes 


Figure | shows that all membranes exhibit a great 
affinity for P13 and that in the studied concentration 
range, the binding in the absence of added cation is 
a linear function of P13 concentration ; concentrations 
over 80 yg P13/ml were discarded as beyond the 
physiological and pharmacological range. In the pres- 
ence of cations, a slight curvature appeared. 

The amount of P13 bound depended on the mem- 
brane type and on cation content of the medium. The 
lowest binding was obtained for sarcoplasmic reticu- 
lum since only 35 + 2.5 percent of the P13 added 
to the medium remained bound to the membrane 
(Fig. 1a). The Scatchard plots (insert Fig. 1a) indicate 
that these membranes have two classes of sites with 
very different affinities. 

The binding was greater with mitochondria since 
a 46.5 + 1.5% value was obtained in the absence of 
added cations; this percentage was considerably 
enhanced by 3mM Ca?** or Mg?*: 82 + 4% up to 
40 wg P13/ml and 78 + 4% at 75 yg/mi with Ca?*; 
89 + 2% up to 40 pg/ml and 80 + 2% at 75 pg/ml 
with Mg?* (Fig. 1b). Scatchard plots (insert—Fig. 1b) 
show that the presence of either Mg?* or Ca?* in- 
crease the affinity of mitochondrial membranes for 
P13, apparently without modification of the number 
of sites which in every case are about 125 yg P13/mg 
protein. The binding was apparently unaffected by 
ageing since stored and frozen mitochondria bound 
the same amounts of P13 as intact mitochondria. 

The largest P13 binding was obtained with sarco- 
lemma: 87.5 + 2% up to 20 pg/ml and 78 + 2% at 
75 pg/ml in the absence of added cations; 100% up 
to 20 ug/ml and 85 + 2% at 75 ug/ml with 100mM 
Na* + 10mM K* (Fig. Ic). Scatchard plots (insert 
Fig. lc) show that there are sites of very high affinity 
besides other sites; because of the very affine sites, 
the Scatchard are difficult to interpret. This binding 
of P13 was not modified if the membranes: were 
stored or freshly prepared. 


Reversal of P13 binding 


Table | indicates that P13 binding to mitochondria 
or sarcolemma was reversible (at least partially) since 
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Fig. 1. P13 binding to myocardial membranes. Incubation and P13 determination are described in 

Methods. The indicated cations were added to the incubation medium. a—Sarcoplasmic reticulum: 

0.27 mg protein/1 ml; b—mitochondria: 0.72 mg protein/1 ml; c—Sarcolemma: 0.75 mg protein/1 ml. 

Each curve is the average of four different experiments; vertical bars indicate S.E.M. Insert: B,F 
expressed as pg P13/mg protein. 


about 20 per cent bound P13 were released by one 
washing and 30 per cent by two washings in relatively 
small volumes of | ml (cf. legend of Table 1); great 
volumes could not be used for washings, because the 
molecular absorbance of P13 is too low for accurate 
spectrophotometric measurements in too dilute solu- 
tions. However dilution by 50 volumes of washing 
medium completely released the inhibition of ATPase 
activities [7] with both types of membranes. 

The same cations which enhanced P13 binding 
(Ca** or Mg?* for mitochondria, Na* + K~* for sar- 
colemma) partially prevented against P13 release, 
when added during binding. If they were added only 
in the washing medium, the protection was even 
better. Curiously enough, P13 release also decreased 
by about 50 per cent when EGTA or EDTA was 
added to the washing medium indicating that Ca?* 
or Mg?* might form a complex with P13, since they 
were no longer accessible to their chelating agents. 

Such a cation P13 complex formation was 
observed in other experiments when the addition of 


Ca?* to aqueous solution of P13 gave rise to a “gel” 
and therefore modified P13 spectrum. This gel could 
also be obtained with AICI, instead of Ca?* and 
might be related to chelate formation. 


Effects of bound P13 on protein release during washing 


Table 2 shows that a low (5 per cent) but a measur- 
able amount of protein was released during washing 
of mitochondria. This amount did not depend on the 
presence of added cations in the incubation medium, 
but was greatly increased by high concentrations of 
chelating agents like EGTA or EDTA. P13 efficiently 
decreased protein release during washing: it totally 
prevented any loss of mitochondrial protein in the 
absence of added chelating agents and diminished the 
large release induced by EGTA or EDTA. 


Effects of bound P13 on mitochondrial respiration and 
respiration-driven cation accumulation 


Ca** accumulation. Respiration-driven energy can 
be used by the mitochondrion to accumulate Ca?’*; 
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Table 1. Release of membrane-bound P13 by washing 





Mitochondria 
Bound % 
Pi3 Released 


Washing pg/ml P13 


Sarcolemma 
Bound 
P13 


Washing pg/ml 





Before 49 
washing 
1 Washing 
2 Washings 
Before 
washing 
1 Washing 
2 Washings 
1 Washing 
EGTA 
2 Washings 
EGTA 
Before 
washing 
| Washing 
2 Washings 
1 Washing 
EDTA 
2 Washings 
EDTA 


No cation added 
during binding 


+ 3mM Ca?* 
during binding 


+ 3mM Mg?* 
during binding 


Before 54 
washing 

1 washing 44.8 

2 Washings 39 

1 Washing 
Na*,K* 

2 Washings 
Na*,K* 


No cation added 
during binding 


47.3 


Before 65.3 
washing 

1 Washing 

2 Washings 

1 Washing 
Na*,K* 

2 Washings 
Na*,K* 


100 mM Na* 
10mM K* 
during binding 
53.7 
60.6 


58.0 





Protein amounts: Mitochondria 0.72 mg/ml. Sarcolemma 0.75 mg/ml. In all experiments, P13 binding was carried 
out by adding 75 yg P13 to | ml incubation medium (see Methods) with or without Ca** or Mg?* for mitochondria, 
with or without Na* + K* for sarcolemma. P13 bound was measured after spinning down the membranes as a pellet. 
Washings were performed by homogenizing the pellet in 1 ml medium for | mn, and spinning down again; the P13 
released was estimated in the corresponding supernatant fluid. When added to the washing medium, EGTA or EDTA 
were !0mM, and Na*, 100mM, K* 10mM. The percent of P13 released was calculated by comparison with P13 


bound before washing. 


this energy-linked cation movement stimulates state 
4 respiration. If high Ca** amounts (1.5 mM) were 
added, the respiratory stimulation was followed by 
an irreversible inhibition in the presence of various 
substrates. The stimulation can be attributed to Ca?* 
influx, but the inhibition has not yet been explained. 
Fig. 2a shows that increasing P13 concentrations did 
not modify Ca?* stimulation of respiration but did 
modify the inhibition. In the presence of added Mg?*, 
Ca’* stimulation was lowered; in that case, P13 
slightly increased Ca?* stimulation of state 4 (Fig. 
2b). Therefore P13 seemed to slightly enhance Ca?* 
influx when it was lowered by Mg?*, and did not 
affect it when it reached an optimal rate. 


Table 2. Effect of mitochondria-bound P13 on washing- 
induced protein release 





Released proteins 
Washing mA (ug) satis 
—P1 + 


1 Washing : 0 





No cation 
added during 
binding 

+3mM Ca?* 1 Washing 
1 Washing with 
10mM EGTA 
1 Washing 34 
| Washing with 56 
10mM EDTA 


+ 3mM Mg?* 





Experimental conditions are the same as those described 
in Table | (0.72mg mitochondrial protein). The. same 
supernatant fluids used for P13 release were analysed for 
protein release by the method of Lowry et al. [13]. 





pug PI3/mt 
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Fig. 2. Comparative effects of P13 and Mg?* on Ca?* 
state 4 respiration enhancement of mitochondria, measured 
by oxypolarography. (a}—Intact mitochondria (M) were in- 
cubated as described in Methods. The indicated P13 con- 
centrations were added before the mitochondria. (b}—Same 
conditions plus 5SmM Mg?* added before the mitochon- 
dria. Graphs have been directly reproduced from one ex- 
periment. Results were reproducible with three different 
mitochondria preparations. 





Binding of the polyflavane P13 


The Ca?* accumulation by mitochondria was stud- 
ied with glutamate as respiratory substrate either by 
atomic absorption spectrophotometry or by the mur- 
exide technique. The first method indicated that P13 
did not modify the amount of Ca?* accumulated 
(290 nmoles Ca? */mg protein) but partially prevented 
2,4-DNP-induced Ca?** efflux since 230nmoles 
Ca?*/mg protein were recovered with P13 instead of 
200 nmoles Ca**/mg protein without P13. However 
this method was not convenient to study the kinetics 
of Ca** accumulation and P13 effects; the murexide 
technique was thus used in all further studies. 

Fig. 3a shows that in the conditions used, mito- 
chondria accumulated about 400nmoles Ca?*/mg 
protein. When Mg?* was added, the initial rate of 
incorporation was lowered, but the final accumu- 
lation level remained unchanged. This process was 
energy-linked and required a permeant anion like 
phosphate, since much lower amounts of Ca?* of 
about 40-70 nmoles Ca**/mg protein were accumu- 
lated in the absence of either added substrate or phos- 
phate. Once the Ca** had been accumulated, it was 
possible to induce its efflux by uncouplers such as 
2,4-DNP. Fig. 3a indicates that P13 had no effect 
on Ca?* influx; in the presence of added Mg?* the 
slight increase in Ca?* influx is probably not signifi- 
cant. On the contrary, P13 inhibited 2,4-DNP- 
induced Ca?* efflux (Fig. 3b). A similar inhibition 
was produced by Mg?* and these two effects were 
additive. The Ca** accumulation driven by ATP hy- 
drolysis was studied with and without acetate as per- 
meant anion instead of phosphate, since the latter was 
unusable in the colorimetric method used for deter- 
mination of the released phosphate. Figure 4 shows 
that increasing P13 concentrations stimulated mito- 
chondrial ATPase activity as previously described [7]. 
When Ca?* was added, higher ATPase activity was 





Ca** influx 











Control without phosphate 
Control without glutamate 
Control without M+P13 





Ca**effiux 
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|mole Ca 
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Fig. 3. P13 and Mg?* effects on Ca** movements across 
the mitochondrial membrane. Ca?* accumulation or efflux 
was measured with murexide (see Methods). (a}—P13 and 
Mg?* effects on respiration-driven accumulation of Ca?*; 
(b}—P13 and Mg?* effects on 2,4-DNP induced efflux of 
accumulated Ca?*. P13 concentration was 22 ug/ml. Mito- 
chondria: 2,4 mg protein/3 ml. Graphs have been directly 
reproduced from one experiment and were reproduced 
three times. 
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Fig. 4. P13 effects on Ca?* stimulated ATPase activity. 

Mitochondrial ATPase activity was measured as described 

in Methods.) @: no addition; 0: + (Ca?*; 
A: + Ca?* + ammonium acetate 


obtained but the curve profile remained unchanged. 
When Ca?* plus acetate were present, a maximum 
ATPase activity equal to that obtained with un- 
couplers, was obtained. This maximum activity was 
no longer modified, whatever the P13 concentration 
was. 

The combined results (Figs 2, 3 and 4) indicate that 
P13 did not affect mitochondrial Ca?* accumulation 
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M+Mq° +PI3 


Mp3 or M+Mg°~ 
M+PI3 
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gs 8 


nN 


Time, min 











Fig. 5. P13 and Mg?* effects on aged mitochondria state 
4 respiration. State 4 respiration of mitochondria was 
measured by oxypolarography with or without 5mM 
Mg?’* added before the mitochondria. (a}—Intact mito- 
chondria: 37.5 yg P13/ml were added in the assay; 
(b}—Mitochondria stored at 0-4° for 24 hr with (Mp;3) or 
without (M) 12.5 ug P13/mg protein; (c)—frozen mitochon- 
dria stored with (Mp,3) or without (M) 12.5 wg P13/ml. 
Graphs have been directly reproduced from one experi- 
ment and were reproduced three times. 
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Table 3. P13 and Mg?* effects on aged mitochondria RCR 





Stored at 
04° for 
24hr 


Frozen 
mitochondria 


Intact 
mitochondria 





M 

M + Mg?* 
M + Pl3 
Mp3 

Mpi3 + Mg?* 





M + P13: mitochondria + P13 added during the RCR 
assay (1 to 56 ug/ml). Mp,3: mitochondria stored at 0-4° 
cr frozen with or without 12.5 yg P13/mg proteins for 
24 hr. 

Mg’* when added was 5mM. RCR was measured as 
described under Methods. The experimentation was 
repeated twice and gave the same results. 


when it occurred at a maximal rate, but slightly 
enhanced it when it was lowered; P13, like Mg**, 
inhibited 2,4-DNP induced Ca?* efflux. 

Effects on aged mitochondria respiration. In a pre- 
vious report [7], it was shown that, with glutamate 
as a substrate, P13 did not affect state 4 respiration 
of intact mitochondria; Mg?* did not modify oxygen 
consumption either (Fig. Sa). On the contrary, when 
mitochondria were stored at 0° (Fig. 5b), or frozen 
(Fig. Sc), with or without P13 and were then assayed 
for respiration, P13 showed a protective effect against 
ageing: the rate of respiration remained a linear func- 
tion of time, while a time decreasing rate of respir- 
ation was observed with mitochondria stored or 
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frozen without P13. Similar respiratory rates were 
obtained by adding Mg?* in the assay. Therefore P13 
might act as Mg?* or by preventing Mg?* release 
during ageing. 

The RCR values of aged mitochondria were very 
low. P13, added during storage, partially prevented 
this lowering (Table 3) and the effect was almost 
equivalent to that produced by added Mg?*. 

Effects on cation content. Mitochondria, aged by 
storage or by freezing, lose part of their cations: 
25% Mg?* by storage and 31% by freezing; 55% 
Ca?* by storage and 45% by freezing (Table 4). P13, 
added during storage, lowered these losses to 14% 
and 25% for Mg?*, 35% and 38% for Ca**. Several 
experiments were performed giving the same vari- 
ations. Respiration (Table 5) hardly affected cation 
contents but 2,4-DNP severely decreased Ca?* level 
and P,, partly prevented this loss. 


DISCUSSION 


The results presented here, have shown that P13 
binds very efficiently all the tested pig myocardial 
membranes. Sarcolemmal and mitochondrial mem- 
branes were the most sensitive to the drug and thus 
appear as the possible targets in situ; it is obvious 
that, when administered, P13 should easily reach sar- 
celemma, while the question arises to know if it will 
attain mitochondrial membranes. 

The binding of P13 is enhanced by those cations 
related to the physiological function of the ATPases, 
specific of each myocardial membrane. It is therefore 
interesting to correlate this binding of P13 to its 


Table 4. Effects of storage and freezing of mitochondria with P13 on their Mg?* 
and Ca?* content 





Intact 
mitochondria 
—P13 +P13 


—P13 


Stored at 0-4 
for 24hr 
+P13 


Frozen 
mitochondria 
—P13 +P13 





Mg?* 
nmoles/mg 
2 al 
nmoles/mg 





Mitochondria were stored at 04° or frozen with or without 12.5 wg P13/mg proteins 


for 24 hours in 0.25M sucrose, 10mM Tris-HCl, pH 7.4 buffer. At this time, the 
mitochondria were spun down and their Mg** and Ca?* contents were measured 
by atomic absorption spectrophotometry. Results represent a typical experiment; simi- 
lar variations were observed three times. 


Table 5. Effect of storage and freezing of mitochondria with P13 on Mg?* and Ca** 
efflux during respiration 





Stored at 04° 
for 24 hours 
—P13 +P13 


Intact 
mitochondria 
—P13 +P13 


Frozen 
mitochondria 
—P13 +P13 





Mg?* 
nmoles/mg 

+ 2,4-DNP 
a 
nmoles/mg 

+ 2,4-DNP 


9.4 9.9 





Intact or aged mitochondria were incubated for 5 or 10min in the presence of 
glutamate as described in Methods. The remaining mitochondrial cations were deter- 
mined by atomic absorption spectrophotometry. Results represent a typical experi- 
ment, three different experiments were performed. 





Binding of the polyflavane P13 


effects previously observed on the membrane 
ATPases [7] and to the physiological cation move- 
ments. 

The ATPase activities of sarcolemmal and sarco- 
plasmic reticulum membranes were always inhibited 
by P13 in the concentration ranges used here. The 
mitochondrial ATPase was inhibited by P13 when 
measured on the isolated enzyme or on the membrane 
broken by sonication, while it was slightly activated 
when measured on fresh mitochondria; in this latter 
case the main effect of P13 is likely to increase the 
access of ATP to the enzyme, but P13 however does 
not probably reach easily the active center, since the 
activation of the ATPase activity is limited. The same 
slight activation was observed in Fig. 4 with fresh 
mitochondria. 

For every membrane, the inhibition of ATPase was 
easily reversed by large dilution. In the present study 
we have shown that washing reverses at least partly, 
P13 binding. It means that P13 binds reversibly to 
membrane sites very close to ATP sites, or even to 
the ATP sites on the ATPase itself, since the binding 
is accompanied by a competitive inhibition between 
ATP and P13. This does not exclude that some other 
membrane sites bind P13 almost irreversibly. 

Cations that stimulate P13 binding also prevent 
P13 release from the membrane. It is interesting to 
recall that Gargouil* has demonstrated that P13 
diminishes K * efflux of sarcolemmal membranes. We 
focussed our attention on the effects of P13 on Ca?* 
and Mg?* permeability of mitochondrial membranes. 
These effects appeared quite complex. If P13 did not 
affect the rate of Ca?* influx and the amount of accu- 
mulated Ca?*, however an interesting result was that 
the concomitant presence of P13 and Mg’* almost 
abolished the uncoupler-induced Ca?* efflux (Fig. 3b) 
and P13 alone partially prevented this efflux. 

This fact that EGTA or EDTA did not affect the 
protection respectively enhanced by Ca** or Mg?* 
against the reversal of P13 binding, clearly indicates 
that these cations are no longer accessible to their 
chelating agents and therefore that they give a very 
strong association with the membrane in the presence 
of P13. This association could be a phospholipid- 
cation-protein ternary complex, which, according to 
Van Deenen [20] might play an important role in 
membrane functions. 

According to Carafoli [6] mitochondria accumulate 
calcium to initiate muscle relaxation; as P13 does not 
change Ca** accumulation, relaxation should not be 
modified by the presence of P13. The release of Ca?* 
initiates contraction[6]; if the uncoupler-induced 
Ca?* efflux can be compared to the exit of Ca?* 
initiating contraction, P13 by diminishing the rate of 
Ca?* efflux should slow down contraction and 
diminish the cardiac work. This is in agreement with 
the previously described[7] saving of energy stores 
and would also explain how animals submitted to 
hypoxic conditions survive for a longer time when 
treated with P13 [19] which allows them to slow 
down their cardiac work. 

In addition, P13 protects mitochondria against age- 
ing: the presence of P13 during storage of mitochon- 
dria prevented the diminution of their respiratory 





* Y. M. Gargouil, personal communication. 
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control ratio as observed by Romani and Monad- 
jem [21] when adding Mg?* to the storage medium 
of mitochondria. Thus P13 mimics the effects of 
Mg?* may be by partly preventing the loss of mito- 
chondrial Mg?* (Table 4) during storage. It has been 
shown that the release of Mg?* leads to a loss of 
the functional impermeability of mitochondria [22]. 
Binet and Volfin [23] have also shown that the mito- 
chondrial Mg?* is essential for the maintenance of 
the functions and the stability of the membrane struc- 
ture. 

The effect of P13 on the permeability of the mem- 
brane is also illustrated on the protein release from 
the membrane (Table 2), since P13 prevents the wash- 
ing-induced protein release from mitochondria. 

In conclusion, these results have shown that P13 
seems to act by preventing the leakage of some com- 
ponents of the cell (proteins, cations) thus maintaining 
the integrity of the cardiac membranes and their func- 
tions as suggested earlier [24]. A previous paper [7] 
showed that P13 preserves the energy stores of the 
myocardial cell. By now, nobody can tell what the 
primary effect of P13 is; but both effects contribute 
to lower the cardiac work. 


Acknowledgement—Thanks are due to the French C.N.R.S. 
for a special help via ATP 2304. 
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EFFECT OF PYRUVATE ON THYROID 
HORMONE-INDUCED LIPOLYSIS IN 
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Abstract—Pyruvate markedly enhanced lipolysis induced by triiodo-L-thyronine (L-T3) or methyl- 
xanthines in fat cells from fasted rats, but not from fed rats. In contrast, pyruvate only slightly increased 
lipolysis which had been submaximally elevated by epinephrine, adrenocorticotropic hormone or 
thyroid-stimulating hormone, and did not affect the lipolytic effect of lutenizing hormone, growth 
hormone plus dexamethasone or hydrocortisone. Insulin and prostaglandin E, blocked this pyruvate 
effect on T3-induced lipolysis. In the presence of 5mM pyruvate, a significant lipolysis was observed 
with 0.001 mM L-T;; a near maximal effect was seen with L-T,; at 0.1mM. Conversely, lipolysis 
induced by 0.1mM L-T, was clearly augmented with 0.01 mM _ pyruvate; a maximal effect was seen 
with pyruvate at 5mM. Pyruvate itself had no effect on basal lipolysis, but promptly stimulated 
T3-induced lipolysis after its addition. Furthermore, pyruvate (0.01 to 5mM) did not alter the ratios 
of fatty acid/glycerol released during lipolysis induced by 0.1 mM L-T;. Pyruvate also markedly aug- 
mented T3-induced formation of cAMP in fat cells from fasted rats. This accumulation of cAMP 


was blocked by AMP, a potent inhibitor of lipolysis induced by T, plus pyruvate. 


Lipolysis induced by epinephrine and other lipolytic 
hormones in adipose tissue in vitro is greatly affected 
by the thyroid state of the animal; it is enhanced 
by administration in vivo of thyroid hormones, and 
reduced by pharmacological or surgical thyroidec- 
tomy [1-10]. In addition to this permissive effect [10], 
a direct effect of triiodo-L-thyronine (L-T3) on lipo- 
lysis in isolated fat cells has been reported [9, 11], 
although doses of L-T; required were much higher 
than those for administration in vivo. 

Hormone-induced lipolysis in vitro is also known 
to be enhanced in the presence of glucose, either alone 
or in combination with insulin [12-17], probably by 
providing «-glycerophosphate for the re-esterification 
of free fatty acids (FFA) [13-18], and/or by supplying 
energy for the activation of the lipase system [17]. 

We examined the effects of glucose and its metabo- 
lites on thyroid hormone-induced lipolysis and adenyl 
cyclase systems in isolated rat adipocytes, since 
adenosine 3’:5’-monophosphate (cAMP) has _ been 
proven to mediate the lipolytic actions of various hor- 
mones [19-22]. The present report describes the 
marked stimulatory effect of pyruvate on T,-induced 
lipolysis and on the accumulation of cAMP in fat 
cells. 


EXPERIMENTAL PROCEDURE 


Animals. Adipose tissue donors were normal male 
rats of the Wistar strain, weighing 150-190 g, and 
allowed free access to regular laboratory chow (CE-2 
pellet, Nihon Clea, Tokyo, Japan) and tap water. In 
some experiments, animals were fasted for 48 hr, or 
fasted for 48 hr and then refed for 24 hr prior to kill- 


ing. Surgical thyroidectomy was performed 3 weeks 
before the experiments as described previously [9]. 

Incubation of fat cells. Adipocytes were isolated 
from epididymal fat pads of rats according to Rod- 
bell [23]. Cells (SO-60 mg of the original tissue) were 
suspended in 1 ml Krebs-Ringer phosphate buffer 
(KRP, pH 7.4) containing one half the recommended 
amount of CaCl, [13] and 3% bovine serum albumin 
(BSA, Armour Fraction V), and incubated at 37° for 
up to 1 hr with gentle shaking both in the presence 
and in the absence of compounds to be tested. 

Assays for FFA, triglycerides, glycerol and. protein. 
FFA was extracted from aliquots (1 ml) of the incuba- 
tion mixture with 0.5 ml of Dole’s solution [24] fol- 
lowed by 0.6 ml heptane and 1 ml water. Assays for 
FFA [25], triglycerides (TG)[26] and __ gly- 
cerol [27,28] were performed as described. The 
amount of FFA or glycerol released was expressed 
as microequivalents (uEq) palmitic acid of FFA or 
umoles glycerol/m-mole of TG of g of adipose tissue 
protein/hr. 

For the assay of protein, the fat cell suspension 
(1 ml) was acidified with 5% (final concentration) 
HCIO,, and then extracted twice with a mixture of 
ether (5 ml) and ethanol (3 ml) to remove fat before 
the method of Lowry et al. [29] was applied. 

Assays for adenyl cyclase, cAMP and ATP. Adenyl 
cyclase activity was determined by measuring ['*C]- 
cAMP formed in adipocytes which had been pre- 
viously incubated with [8-'*C]adenine according to 
Kuo and De Renzo [30]. Fat pads (15 g) were incu- 
bated with [8-'*C]adenine (25 Ci, 52.6 mCi/m-mole, 
New England Nuclear Corp.) and collagenase (12 mg, 
Boehringer and Sigma) in KRP at 37° for 1 hr. Dis- 
persed labeled cells, into which about 7 per cent of 


1783 





A. ICHIKAWA et al. 


Table 1. Effect of glucose on T;-induced FFA release in fat cells of rats* 





FFA released (uEq/g protein/hr) 





Rat None 


+ Glucose 


+T; + Glucose + T; 





15.2+08 
398 +24 
24.9 + 3.9 


Fed 
Fasted 
Fasted-refed 


7.8 +08 
41.3+14 
28.8 + 2.4 


18.7 + 1.3 
89.6 + 5.4 
39.1+ 48 


174 +08 
188.5 + 4.4 
40.0 + 3.9 





* Fat cells isolated from about 50 mg of fat pads were incubated for 60 min at 37° in 1 ml of KRP 
with or without 0.1 ml L-T, and 5mM glucose. Values are the mean + S.E. of five incubations. 


the added [8-'*C]adenine was incorporated, were 
washed four times with KRP containing 0.01 mM 
cold adenine, and used for the assay. ['*C]cAMP 
formed was isolated by column chromatography on 
Dowex 50 (H* form) followed by treatment with 
ZnSO,-Ba(OH), according to Krishna et al. [13]. 

cAMP content was assayed by the radioimmunoas- 
say method of Okabayashi et al.[32]. Aliquots 
(0.2 ml) of the incubation mixture were mixed with 
0.1M acetate buffer (pH 6.2) (0.05 ml), heated for 
3min at 100°, and then centrifuged at 1000g for 
20 min. Aliquots (25 yl) of the supernatant fluid were 
mixed with 1%BSA (10yl), [7H]cAMP (10yl, 
0.03 wCi/pmole, Amersham-Searle), the rabbit anti- 
body serum for human serum albumin conjugated 
with O? -succinyl cAMP (kindly supplied by Dr. T. 
Okabayashi, Shionogi & Co., Ltd. Osaka, Japan), 
0.05 M acetate buffer (pH 6.2) (40 ul) and water (5 yl). 
After incubation of the mixture at 0° for 60 min, ali- 
quots (75 yl) were poured onto a Millipore filter 
(0.45 ym pore, 2.5cm diameter) previously soaked in 
0.05 mM acetate buffer (pH 6.2), and the radioactivity 
of [7H]cAMP-antibody retained on the filter was 
counted in 10 ml of Bray’s scintillant. 

ATP content was estimated by the lucifereine—luci- 
ferase method of Bihler and Jeanrenaud [33]. 

Sepharose-bound and succinylaminoethyl Sepharose- 
bount T,. L-T, was covalently attached to Sepharose 
4B (Pharmacia Fine Chemicals) by adapting the 
method of Pensky and Marshall [34] for the prepara- 
tion of Sepharose-bound L-thyroxine. The amount of 
L-T, bound was determined by preparing Sepharose- 
bound L-T, with a trace amount of ['*'IJL-T, 
(Dainabot RI Research, Tokyo, Japan). L-T, was also 
attached to succinylaminoethyl Sepharose 4B, pre- 
pared according to Cuatrecasas [35], by the method 
of Berman and Yound [36]. 

Chemicals. Growth hormone (GH), thyroid-stimu- 
lating hormone (TSH), lutenizing hormone (LH), in- 
sulin, ACTH and thyroid hormone analogues were 
obtained from Sigma, and cAMP and N°,O? -dibu- 
tyryl cAMP (Bt,cAMP) from Seishin Pharmaceutical 
Co., Tokyo, Japan. Prostaglandin E, (PGE,) was a 
gift from Ono Pharmaceutical Co., Osaka, Japan. 
Other chemicals and nucleotides of reagent grade 
were obtained commercially. 


RESULTS 


Effects of glucose and related compounds on 
T;-induced lipolysis in fat cells. As shown in Table 
1, fat cells obtained from fasted rats were markedly 
more responsive to 0.1 mM L-T, than those from fed 
or fasted—refed animals [9], resulting in a more than 


2-fold stimulation of FFA release. This T,-induced 
lipolysis was further augmented by adding glucose to 
the mixture in which the fat cells from fasted rats 
were incubated, whereas glucose itself did not affect 
the basal lipolysis in each case. Therefore, we used 
adipocytes from rats fasted for 48 hr in most of the 
following experiments, unless otherwise stated. 

Among various related compounds (5 mM) tested, 
only pyruvate was much more effective than glucose 
in augmenting T,; (0.1 mM)-induced lipolysis in fat 
cells: FFA released (uEq/m-mole of TG/hr), control, 
9.2+0.4; T3;, 251 +0.7; T; + glucose, 37.8 + 1.2; 
and T,; + pyruvate, 62.4 + 0.4. a-Keto-glutarate and 
oxaloacetate were both about equally effective as glu- 
cose, while other intermediates in glycolysis and 
Krebs cycle, acetate and coenzyme A were either less 
effective or completely ineffective in stimulating 
T;-induced lipolysis. 

Effects of pyruvate on lipolysis induced by T, ana- 
logues and various lipolytic hormones. The synergistic 
effect of pyruvate was also observed when lipolysis 
was induced by 3,5-diiodo-L-thyronine or L-thyroxine, 
although these analogues were only about 50 per cent 
as effective as L-T,. No significant pyruvate effect 
on lipolysis was observed with other T, analogues 
tested (L-thyronine, triiodo-D-thyronine, thyroacetic 
acid and its iodinated derivatives), which were ineffec- 
tive in inducing FFA release as well as in enhancing 
the epinephrine-induced lipolysis in fat cells [9]. 

In contrast to its marked stimulatory effect on 
T;-induced lipolysis, pyruvate only slightly enhanced 
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Fig. 1. Effect of pyruvate on FFA release from fat cells 
induced by various lipolytic hormones. Fat cells isolated 
from 65 mg of fat pads of rats fasted for 48 hr were incu- 
bated for 60 min at 37° in 1 ml of an incubation mixture 
containing each hormone, with (closed bars) or without 
(open bars) 5mM pyruvate. The concentrations of hor- 
mones were: L-T;, 0.1 mM; epinephrine, 0.55 uM; ACTH, 
20 mU/ml; LH, 50 mU/ml; GH, 40 pg/ml; dexamethasone, 
2.5 uM; hydrocortisone, 0.28 uM; and TSH, 0.2 mU/ml. 
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Table 2. Effect of pyruvate on T;-induced FFA release from fat cells of rats* 





FFA released (uEq/g protein/hr) 





Rat + Pyruvate 


+ T; + Pyruvate + T, 





Fed 
Fasted 
Fasted—refed 


Bae 27 
75.5 + 5.6 
35.3 + 3.6 


Zoe 27 
235.4 + 12.3 
58.2 + 8.9 





* Fat cells isolated from about 60 mg of fat pads of fed, fasted and fasted-refed rats were incubated 
for 60 min at 37° in 1 ml of an incubation mixture containing 0.1mM L-T; with or without 5mM 
pyruvate. Values are the mean + S.E. of three incubations. 


FFA release which had been submaximally stimulated 
by epinephrine, ACTH or TSH (Fig. 1). FFA release 
induced: by LH [21, 37], GH plus dexamethasone [4] 
or hydrocortisone [38] was not affected by the addi- 
tion of pyruvate. In all cases, the release of glycerol 
was parallel to that of FFA. 

Effect of feeding conditions and thyroid state of rats 
on lipolysis induced by T3 and pyruvate. As in the 
case of the glucose effect, pyruvate showed a signifi- 
cant augmentative effect on T3-induced lipolysis in 
fat cells of rats fasted for 24 hr, the maximum effect 
being obtained in the cells from animals fasted for 
48-60 hr. This pyruvate effect was suppressed in cells 
from fasted-refed rats, and almost abolished in those 
from fed rats (Table 2). 

The stimulatory effect of pyruvate on T3-induced 
lipolysis was very much reduced, but still observed 
in fat cells from thyroidectomized rats fasted for 48 hr. 
This stimulatory effect was not observed in cells from 
fed animals. Injections of L-T,; (200 yg s.c./day/rat, 
for 3 days) given to normal and thyroidectomized, 
fed rats resulted in the enhancement of T;- or T; 
plus pyruvate-induced lipolysis in fat cells to levels 
comparable to those of fasted animals (Fig. 2). 

However, pyruvate alone did not stimulate lipolysis 
in fat cells from T,-treated, fed rats. Therefore, the 
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Fig. 2. Effect of the thyroid state of rats on the FFA 
release induced by L-T; and pyruvate from fat cells. Intact 
(open bars) and thyroidectomized (Tx, dotted bars) rats 
were maintained on laboratory chow until used. Key: (a) 
rats fasted for 48 hr, (b) fed rats, and (c) fed rats injected 
s.c. with L-T,; (200 yg dissolved in 0.2m! of 0.001 N 
NaOH/100 g of body weight, once a day for 3 days before 
killing). Fat cells were isolated from 60 mg of fat pads of 
intact rats or from 120mg of those of thyroidectomized 
rats, and incubated for 60 min at 37° in 1 ml of an incuba- 
tion mixture containing 5mM pyruvate, 0.1 mM L-T;, or 
both. Values are the mean of three incubations. 
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Fig. 3. Effect of concentration of L-T,; on FFA release 
from fat cells, with or without pyruvate. Fat cells isolated 
from 54 mg of fat pads of rats fasted for 48 hr were incu- 
bated for 60 min at 37° in 1 ml of the mixture containing 
increasing concentrations of L-T, with (@) or without (0) 
5mM pyruvate. Each point represents the mean + S. E. 
of three incubations. Statistical analysis: (with pyruvate) 
0 to 0.0001 mM L-T3, not significant; 0.001 mM L-T;, 
P < 0.05; and 0.01 to 0.5mM L-T;, P < 0.01; (without 
pyruvate) 0 to 0.00imM L-T3;, not significant; and 0.01 
to 0.5mM L-T;, P < 0.05. 
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potentiating effect of pyruvate in fat cells from 
T;-injected, thyroidectomized rats does not appear to 
be due solely to the increased cellular concentration 
of L-T;. 

Dose relationship between T;, and pyruvate on lipo- 
lysis. In the presence of 5mM pyruvate, a significant 
FFA release was observed with 0.001mM L-T;, 
while, for the elevation of basal lipolysis, 0.01 mM 
L-T, was required. FFA release in the presence of 
pyruvate was further enhanced by increasing concen- 
trations of L-T,, and almost maximal at 0.1 mM L-T; 
(Fig. 3). 

Conversely, in the presence of 0.1mM L-T;, the 
enhancing effect of pyruvate on FFA release was 
observed at a concentration level of 0.01 mM, maxi- 
mal release being observed at a concentration from 
0.2 to 5mM, and then gradually decreasing with 
higher concentration (Fig. 4). The release of glycerol 
induced by L-T; was similarly enhanced in the pres- 
ence of pyruvate. The ratios of FFA/glycerol released 
by 0.1 mM L-T,; plus pyruvate were 2.05 to 3.0 within 
a wide range of pyruvate concentrations (from 0 to 
20 mM). 

Time course of effect of pyruvate and T; on lipolysis. 
As shown in Fig. 5, in the presence of both L-T, 
and pyruvate, FFA release from fat cells steadily in- 
creased with time. Lipolysis induced by preincubation 
with L-T, alone, for 10min at 37°, was enhanced 
almost immediately after the addition of pyruvate, 
and increased linearly for at least 60 min. Preincuba- 
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Fig. 4. Effect of concentration of pyruvate on T;-induced lipolysis. Fat cells from about 60mg of 

fat pads of rats fasted for 48 hr were incubated for 60 min at 37° in 1 ml of the mixture containing 

0.1 mM L-T; and increasing concentrations of pyruvate. Each point represents the mean of four incuba- 
tions. Values in parentheses are the ratios of FFA (wEq)/glycerol (umoles) released. 


tion of fat cells with pyruvate alone for 10min at 
37° was without effect. However, the addition of L-T, 
to pyruvate-treated cells quickly elevated FFA release 
without any noticeable lag period, and this release 
increased linearly with time, as in the former case. 

Effect of pyruvate on methylxanthine- and cAMP- 
induced lipolysis. Pyruvate also acted synergistically 
with methylxanthines, inducers of lipolysis in adipo- 
cytes [20] and inhibitors for phosphodiesterase [39], 
in stimulating FFA release from fat cells. As shown 
iri Fig. 6, FFA release, due to either theophylline or 
- caffeine, was further elevated by pyruvate. In contrast, 
FFA release which was slightly stimulated by 
cAMP [20] or Bt,;cAMP, was not further augmented 
by pyruvate. 
« In additon, insulin [40,41] and PGE, [42], sup- 
pressors of the accumulation of cAMP due to cat- 
echolamine in fat cells, also inhibited lipolysis induced 
by T,, with or without pyruvate. 

Effect of nucleotides. Since Dole [43] reported in- 
hibitory effects of nucleic acid metabolites on 
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Fig. 5. Time course of effect of L-T; and pyruvate on lipo- 
lysis. Fat cells from about 60 mg of fat pads of rats fasted 
for 48 hr were incubated for 60 min at 37° in 1 ml of an 
incubation mixture containing 5 mM pyruvate (A), 0.1 mM 
L-T, (©), or both (@). After 10 min of pre-incubation, pyru- 
vate (SmM) was added to the T;-tube (O), and L-T, 
(0.1 mM) to the pyruvate tube (A). Each point represents 
the mean of three incubations. 
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Fig. 6. Effect of pyruvate on lipolysis induced by methyl- 
xanthines, cAMP and Bt,cAMP, and effect of PGE, and 
insulin on T; plus pyruvate-induced lipolysis. Fat cells 
from about 60 mg of fat pads of rats fasted for 48 hr were 
incubated for 60 min at 37° in 1 ml of an incubation mix- 
ture containing each reagent, with (closed bars) or without 
(open bars) 5 mM pyruvate. Concentrations of the reagents 
used were: L-T,;, 0.1mM; theophylline, 1 mM; caffeine, 
1 mM; cAMP, 5 mM; Bt,cAMP, 0.2 mM; PGE,, 5 g/ml; 
and insulin, 0.2mU/ml. Each point represents the mean 
of three experiments. 


epinephrine-induced lipolysis, effects of nucleotides 
and their related compounds on FFA release induced 
by T;, with or without pyruvate, were examined. 
None of the compounds tested affected basal and 
T;-induced lipolysis, and only AMP and adenosine 
showed potent inhibitory effects on FFA release in- 
duced by T; plus pyruvate. Inhibition by AMP was 
exhibited immediately after its addition to the reac- 
tion mixture at any time during lipolysis induced by 
T,; plus pyruvate, and FFA release was completely 
suppressed for at least 40 min (Fig. 7). 

A significant inhibition (50 per cent) of lipolysis in- 
duced by T, plus pyruvate was observed at a concen- 
tration of AMP as low as 0.005 mM, and a near maxi- 
mal inhibition was seen with 0.05 mM AMP (Fig. 8A). 
Furthermore, inhibition by AMP was rather specific 
for the action of T, plus pyruvate. Although AMP 
at a higher concentration (1 mM) slightly inhibited 
theophylline-induced lypolysis, it did not affect FFA 
release stimulated by epinephrine or Bt,cAMP. 
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Fig. 7. AMP inhibition of lipolysis induced by T; plus 
pyruvate. Fat cells (60mg of fat pads) of rats fasted for 
48 hr were incubated in 1 ml of an incubation mixutre con- 
taining 0.1 mM L-T, and 5mM pyruvate as described in 
the text. At the time indicated (|), 1mM (A) or 5mM 
(@) AMP was added and incubation was continued. Each 
point represents the mean of four samples. 


In contrast, inhibition by adenosine occurred at 
higher concentrations than that of AMP. Further- 
more, adenosine at 1 mM significantly inhibited lipo- 
lysis induced by epinephrine or Bt,cAMP (Fig. 8B). 

Effect of T,; and pyruvate on ATP content and 
cAMP formation in fat cells. Food deprivation for 2 
days resulted in a marked reduction of ATP content 
in fat cells of rats (Table 3). The addition in vitro 
of L-T; further reduced ATP content in cells from 
fasted rats, but not in those from fed rats. The addi- 
tion of pyruvate partially restored ATP levels which 
had been reduced by T;. 

As shown in Fig. 9, on exposure to L-T;, the for- 
mation of ['*C]cAMP in fat ceils, previously labeled 
with [8-'*C]adenine, was elevated 2.5-fold over the 
basal level within 20 min, and plateaued thereafter. 
The formation of cAMP was rapidly and markedly 
augmented by the addition of pyruvate, resulting in 
a 9-fold increase within 20 min, and declined slowly 
thereafter, while lipolysis was stimulated and pro- 
ceeded linearly for at least 60 min (Fig. 5). Pyruvate 
in the presence of theophylline did not affect the for- 
mation of ['*C]cAMP, although theophylline stimu- 
lated lipolysis (Fig. 6). 
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The accumulation of ['*C]cAMP in labeled cells 
stimulated by T, plus pyruvate coincided well with 
the increase in the total content of cAMP (Fig. 10). 
AMP or adenosine, which inhibited lipolysis induced 
by T, plus pyruvate, also markedly reduced cAMP 
content which had been elevated by these agents. 

Effect of Sepharose-bound L-T, on lipolysis. As 
shown in Table 4, both Sepharose 4B-bound and suc- 
cinylaminoethyl Sepharose 4B-bound L-T, were as 
effective as L-T,; in inducing lipolysis in fat cells, but 
their effects were not augmented by the addition of 
pyruvate. Sepharose itself did not affect FFA release 
induced by L-T, with or without pyruvate. 
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Fig. 8. Effect of AMP (A) and adenosine (B) on lipolysis 
induced by epinephrine, theophylline, Bt,cAMP, and T; 
plus pyruvate. Fat cells (45 mg of fat pads of rats fasted 
for 48 hr) were incubated for 60 min at 37° in 1 ml of a 
mixture containing | uM epinephrine (O), 5mM theophyl- 
line (OC), 0.2mM Bt,cAMP (A), or 0.1mM L-T; plus 
5 mM pyruvate (@), in the presence of increasing concen- 
trations of AMP (A) or adenosine (B). Values are the mean 
of four samples. 


Table 3. Effect of T,; and pyruvate on ATP content of fat cells* 





ATP content (nmoles/g dried fat cells) 





Addition 


Fed rats Fasted rats 





None 

Pyruvate (5 uM) 

L-T; (0.1 mM) 

L-T,; (5 mM) + pyruvate (0.1 mM) 


633: + 29 
70.9 + 3.5 
64.2 + 3.9 
12 = 3.7 





* Fat cells were incubated for 60 min at 37° in 1 ml of an incubation mixture, and ATP content was determined 
as described in the text. Aliquots of fat cell suspension were dried to constant weight. Values are the mean + S.E. 


of six incubations. 
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Fig. 9. Effect of T; plus pyruvate on cAMP accumulation 
in fat cells. Fat cells (about 250mg of fat pads of rats 
fasted for 48 hr) prelabeled with [8-'*C]Jadenine were incu- 
bated at 37° for up to 60 min in | ml of the basal medium 
(QC), containing 5mM theophylline (@), 5mM_ pyruvate 
(A), 0.1 mM L-T; (0), or both pyruvate and L-T,; (@). 
Values are the mean + S.E. of three experiments. The 
asterisk (*) indicates that aliquots of fat cell suspensions 
were dried to constant weight. 
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Fig. 10. Effect of T,; and/or pyruvate on cAMP content 
in fat cells in the presence or absence of AMP or adeno- 
sine. Fat cells [150 mg of fat pads of fed rats (open bars) 
or of rats fasted for 48 hr (closed bars)] were incubated 
at 37° for 20min in 0.25ml of a medium containing 
0.1 mM L-T, and/or 5 mM pyruvate (Pyr), with or without 
0.8mM AMP and with or without 0.8mM_ adenosine 
(Adn). The total content of cAMP (cellular and in the 
medium) was determined as described in the text. Values 
are the mean + S.E. of three experiments. The asterisk 
(*) indicates that aliquots of fat cell suspensions were dried 
to constant weight. 


DISCUSSION 


The present study shows that pyruvate synergisti- 
cally and fairly specifically augmented lipolysis in- 
duced by L-T; in isolated adipocytes. As in the case 
of the effect of L-T3, on epinephrine-induced lipo- 
lysis [9], this pyruvate effect on T3-induced lipolysis 
was more clearly demonstrated in fat cells prepared 
from fasted rats than in those from fed or fasted—refed 
animals. Since the pyruvate effect was greately sup- 
pressed by insulin, the decreased availability of insulin 
to adipose tissue by fasting [44,45] might be favor- 
able to their synergistic effect. 

Reshef et al. [46] reported that the enhancement 
of FFA esterification induced by 25mM pyruvate in 
adipose tissue from fasted rats was accompanied with 
the elevation of glyceroneogenesis and phosphoenol- 
pyruvate carboxykinase activity, and that no stimula- 
tory effect was observed with 0.25mM_ pyruvate. 
Since the stimulation of T-induced lipolysis was de- 
tectable with 0.01 mM _ pyruvate, and also since the 
ratios of FFA/glycerol released in T,-induced lipo- 
lysis were not significantly altered by the addition of 
pyruvate, the possibility exists that pyruvate functions 
other than as the donor of a-glycerophosphate for 
the esterification of FFA [i3-17] as postulated for 
glucose. 

Pyruvate not only enhanced the lipolytic response 
of fat cells to L-T3, but also elevated T3-induced for- 
mation of cAMP in fat cells. These pyruvate effects 
were abolished by PGE, and insulin, inhibitors of 
cAMP formation by various lipolytic stimuli 
[21, 22, 40-42], or by AMP and adenosine, suppres- 
sors of lipolysis [47-49] and adenyl] cyclase activation 
in adipocytes [50]. In this respect, pyruvate may func- 
tion as an effector for adenyl cyclase in fat cells as 
in the case of the specific activation of the enzyme 
from Brevibacterium liquefacience by pyruvate [51]. 
However, this remains to be determined, since pyru- 
vate itself showed no effect on either cAMP accumu- 
lation or FFA release induced by other lipolytic hor- 
mones. If L-T3; and pyruvate act directly on the 
adenyl cyclase which is presumably present on cellu- 
lar membranes, it is still inexplicable why pyruvate 
did not augment lipolysis induced by Sepharose- 
bound L-T;. 

In contrast to the requirement of a high concen- 
tration (0.1 mM) of L-T; for a direct inhibition of 
cAMP phosphodiesterase [9, 11, 48], FFA release was 


Table 4. Effect of Sepharose-bound L-T; on lipolysis* 





Addition 


FFA released (uEq/m-mole TG/hr) 





None 
Pyruvate (5 mM) 
L-T, (0.1 mM) 
+ pyruvate (5 mM) 
Sepharose 4B-bound L-T, (0.1 mM) 
+ pyruvate (5 mM) 
Succinylaminoethyl Sepharose 4B-bound 
L-T, (0.1 mM) 
+ pyruvate (5 mM) 


H+ I+ I+ 14+ + I+ 
Soresece 
wwe he bo 





* Fat cells (about 57 mg of fat pads) were incubated for 60 min at 37° in 1 ml of KRP containing 
0.1 mM L-T;, Sepharose 4B-bound L-T, or succinylaminoethyl Sepharose 4B-bound L-T, and/or 5mM 
pyruvate. Values are the mean + S.E. of three experiments. 





Effect of pyruvate on lipolysis in rat adipose tissue 1789 


clearly elevated by 0.001mM L-T; in the presence 
of pyruvate. However, it is not clear yet whether pyru- 
vate is involved in the modulation of this enzyme 
by thyroid hormones, especially a low K,, particulate 
phosphodiesterase in fat cells, the activity of which 
was reported to be elevated in hypothyroidism 
[11, 48, 49]. 

In summary, the present studies have indicated that 
the addition of pyruvate results in an increased lipoly- 
tic response of fat cells to L-T,; pyruvate appears 
to augment T;-induced formation of cAMP. The 
physiological significance of the synergistic effect of 
pyruvate on T,-induced lipolysis in fat mobilization 
in vivo or in hyperlipemia associated with hyper- 
thyroidism [52] and high carbohydrate intake [53] in 
human subjects remains to be determined. 


REFERENCES 


1. A. F. Debons and I. L. Schwartz, J. Lipid Res. 2, 86 
(1961). 

. V. Felt, B. Schovanec, P. Bene’, F. Plzak and V. 
Vrbensky, Experientia. 18, 379 (1962). 

. D. Deykin and M. Vaughan, J. Lipid Res. 4, 200 (1963). 

. G. A. Bray and H. M. Goodman, Endocrinology 76, 
323 (1965). 

. P. S. Rosenfeld and I. N. Rosenberg, Proc. Soc. exp. 
Biol. Med. 118, 221 (1965). 

. H. M. Goodman and G. A. Bray, Am. J. Physiol. 210, 
1053 (1966). 

. G. A. Bray, Endocrinology 79, 554 (1966). 

. G. Krishna, S. Hynie and B. B. Brodie, Proc. natn. 
Acad. Sci. U.S.A. 59, 884 (1968). 

. A. Ichikawa, H. Matsumoto, N. Sakato and K. Tomita, 
J. Biochem., Tokyo 69, 1055 (1971). 

. Cl. Correze, M. H. Laudat, Ph. Laudat and J. Nunez, 
Molec. cell. Endocr. 1, 309 (1974). 

. L. R. Mandel and F. A. Kuehl, Jr., Biochem. biophys. 
Res. Commun. 28, 13 (1967). 

. R. S. Gordon, Jr. and A. Cherkes, Proc. Soc. exp. Biol. 
Med. 97, 150 (1958). 

. R. L. Jungas and E. G. Ball, Biochemistry 2, 383 (1963). 

. J. N. Fain, V. P. Kovacev and R. O. Scow, J. biol. 
Chem. 240, 3522 (1965). 

. P. R. Bally, H. Kappeler, E. R. Froesch and A. Lab- 
hart, Ann. N.Y. Acad. Sci. 131, 143 (1965). 

. H. C. Meng and R. J. Ho, Prog. Biochem. Pharmac. 
3, 207 (1967). 

. R. J. Ho, R. England and H. C. Meng, Life Sci. 9, 
137 (1970). 

. D. Steinberg, M. Vaughan and S. Margolis, J. biol. 
Chem. 235, PC 38 (1960). 

. J. N. Fain, Pharmac. Rev. 25, 67 (1973). 

. B. B. Brodie, J. I. Davies, S. Hynie, G. Krishna and 
B. Weiss, Pharmac. Rev. 18, 273 (1966). 

. G. A. Robison, R. W. Butcher and E: W. Sutherland, 
in Cyclic AMP, Academic Press, New York (1971). 

. D. Steinberg and J. K. Huttunen, in Advances in Cyclic 
Nucleotide Research (Eds. P. Greengard, R. Paoletti 


and G. A. Robison), Vol. 1, p.47. Raven Press, New 
York (1972). 


. M. Rodbell, J. biol. Chem. 239, 375 (1964). 
. V. P. Dole and H. Meinertz, J. biol. Chem. 235, 2595 


(1960). 


. M. Novak, J. Lipid Res. 6, 431 (1965). 
. V. M. Sardesai and J. A. Manning, Clin. Chem. 14, 


156 (1968). 


. D. J. Hanahan and J. N. Olley, J. biol. Chem. 231, 


813 (1958). 


. O. Wieland, in Methods of Enzymatic Analysis (Ed. H. 


U. Bergmeyer). Vol. III, p. 1404. Academic Press, New 
York (1974). 


. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 


J. Randall, J. biol. Chem. 193, 265 (1951). 


. J. F. Kuo and E. C. De Renzo, J. biol. Chem. 244, 


2252 (1960). 


. G. Krishna, B. Weiss and B. B. Brodie, J. Pharmac. 


exp. Ther. 163, 379 (1968). 


. T. Okabayashi, S. Mihara, M. Nakamura, A. Tanaka 


and F. Sagara, Amino Acid and Nucleic Acid (in 
Japanese) 24, 28 (1971). 


. I. Bihler and B. Jeanrenaud, Biochim. biophys. Acta 


202, 496 (1970). 


. J. Pensky and J. S. Marshall, Archs. Biochem. Biophys. 


135, 304 (1969). 


. P. Cautrecasas, J. biol. Chem. 245, 3059 (1970). 
. J. D. Berman and M. Young, Proc. natn. Acad. Sci. 


U.S.A. 68, 395 (1971). 


. R. W. Butcher, C. E. Baird and E. W. Sutherland, J. 


biol. Chem. 243, 1705 (1968). 


_ B. Jeanrenaud and A. E. Renold, J. biol. Chem. 235, 


2217 (1960). 


. R. W. Butcher and E. W. Sutherland, J. biol. Chem. 


237, 1244 (1962). 


. R. W. Butcher and E. W. Sutherland, Ann. N.Y. Acad. 


Sci. 139, 849 (1967). 


. R. W. Butcher, J. G. T. Sneyd, C. R. Park and E. 


W. Sutherland, J. biol. Chem. 241, 1651 (1966). 


. P.. B. Wieser and J. N. Fain, Endocrinology 96, 1221 


(1975). 


. V. P. Dole, J. biol. Chem. 236, 3125 (1961). 
. S. A. Berson and R. S. Yalow, in The Hormones (Eds. 


G. Pincus, K. V. Thimann and E. B. Astwood), Vol. 
IV, p. 557. Academic Press, New York (1964). 


. C. R. Morgan and A. Lazarow, Diabetes 14, 669 (1965). 
. L. Reshef, R. W. Hanson and F. J. Ballard, J. biol. 


Chem. 245, 5979 (1970). 


. V.C. Manganiello, F. Murad and M. Vaughan, J. biol. 


Chem. 246, 2195 (1971). 


. R. G. Van Inwegen, G. A. Robison, W. J. Thompson, 


K. J. Armstrong and J. E. Stouffer, J. biol. Chem. 250, 
2452 (1975). 


. K. J. Armstrong and J. E. Stouffer, J. biol. Chem. 249, 


4226 (1974). 


. J. N. Fain, R. H. Pointer and W. F. Ward, J. biol. 


Chem. 247, 6866 (1972). 


. M. Hirata and O. Hayaishi, Biochem. biophys. Res. 


Commun. 21, 361 (1965). 


. C. Rich, E. L. Bierman and I. L. Schwartz, J. clin. 


Invest. 38, 275 (1959). 


. D. S. Frederickson, K. Ono and L. D. Davis, J. Lipid 


Res. 4, 24 (1963). 








Biochemical Pharmacology, Vol. 26, pp. 1791-1795. Pergamon Press, 1977. Printed in Great Britain. 


TRIORTHOTOLYL PHOSPHATE INHIBITION OF 
CARBOXYLESTERASES AND POTENTIATION OF 
PROCAINE TOXICITY*+ 


STEVEN D. COHEN and DENISE ORZECH 


Section of Pharmacology and Toxicology, School of Pharmacy, 
University of Connecticut, Storrs, CT 06268, U.S.A. 


(Received 1 October 1976; accepted 21 January 1977) 


Abstract—Groups of mice were given single doses of triorthotolyl phosphate (TOTP) (1-125 mg/kg, 
ip.) 18hr prior to sacrifice or procaine challenge. A dose-dependent decrease was recorded in liver 
carboxylesterase hydrolysis of diethyl succinate, triacetin and procaine. TOTP pretreatment shortened 
the time to onset and prolonged the duration of procaine (175 mg/kg, i.p.}induced loss of righting 
ability. The correlation coefficient for inhibition of liver procaine hydrolysis and prolongation of pro- 
caine action was 0.97 (P < 0.0001). No deaths were observed in procaine-injected controls yet mortality 
after procaine injection in TOTP-pretreated mice increased as a function of the TOTP pretreatment 
dose. In addition, plasma procaine concentrations after procaine injection (150 mg/kg, i.p.) reached 
peak levels sooner, remained elevated longer and were 3-fold higher in the TOTP-pretreated mice 
as compared to corn oil-pretreated procaine-injected controls. Results demonstrate potentiation of 
procaine toxicity by TOTP and suggest that this results from inhibition of procaine metabolism in 


vivo. 


Potentiation of malathion [O,O dimethyl S-(1,2-di- 
carbethoxyethyl) phosphorodithioate] toxicity by 
triorthotolyl phosphate (TOTP) and other organo- 
phosphates has been shown to result primarily from 
inhibition of tissue carboxylesterases (EC 3.1.1.1) 
which are responsible for malathion hydrolysis [1-3]. 
There have been many studies of toxicologic interac- 
tions between those organophosphates which inhibit 
carboxylesterases and those organophosphates, like 
malathion, whose major pathways of detoxification 
involve carboxylester hydrolysis [1-7]. In contrast, 
little has been done to study the effect of organophos- 
phate inhibition of esterases on the metabolism and 
toxicity of ester drugs. Bis-(p-nitrophenyl) phosphate 
inhibited acetanilide hydrolysis and prevented ace- 
tanilide-induced methemoglobinemia [8]. Likewise 
EPN [0-ethyl, O-p-nitrophenyl, phenyl phosphono- 
thioate] inhibited the hydrolysis of isocarboxazid 
and diminished isocarboxazid-induced inhibition of 
monoamine oxidase activity [9]. In both cases, drug 
hydrolysis was a prerequisite to drug action. More 
recently procaine metabolism was shown to be inhi- 
bited by EPN and enhanced by phenobarbital. EPN 
pretreatment retarded and phenobarbital pretreat- 
ment enhanced clearance of injected procaine from 
rat tissues [10]. The present study was undertaken 
to relate organophosphate inhibition of procaine hy- 
drolysis with organophosphate potentiation of pro- 
caine toxicity in mice. 
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MATERIALS AND METHODS 


Adult male Charles River mice (CD-1, 25-35 g) 
were used for this study. They were kept in air-condi- 
tioned (25°) animal quarters and given Purina Labor- 
atory Chow and water ad lib. Mice were housed six/ 
cage in stainless steel cages. The cages had a grid 
flooring which was suspended 2.5 inches above waste 
pans containing sawdust. Animal quarters were on 
a 12hr (7-7) light-dark cycle. All injections were 
timed to permit sacrifice or challenge between 8:00 
and 11:00 a.m. Procaine HCI (Merck) was dissolved 
in distilled water and TOTP (Eastman) was dissolved 
in corn oil to provide the appropriate dose in an in- 
jection volume of 5 ml/kg. All injections were made 
intraperitoneally. Control mice were given vehicle 
only. Mice were sacrificed by decapitation and exsan- 
guination and tissues were homogenized in the appro- 
priate buffer at 0-4°. Homogenates were either used 
the same day or were stored frozen and assayed 
within 3-4 days. There was no loss of enzyme activity 
under these conditions. The Student’s t-test was used 
to compare experimental and control groups. Values 
of P < 0.05 were considered significant. 

Determination of esterase activities. Tissue levels 
and initial concentrations of substrates are listed in 
Table | along with representative activities from con- 
trol mice. Carboxylesterase activity was determined 
manometrically in sodium bicarbonate _ buffer 
(0.026 M, pH 7.6) at 37° with diethyl succinate and 
triacetin as substrates [11]. Liver hydrolysis of pro- 
caine in sodium phosphate buffer (0.067 M, pH 7.2) 
was determined by dual wavelength (290 and 
265.5 nm) analysis.~ Procaine HCl was incubated 
with homogenized liver for | hr at 37°. The incuba- 
tion was stopped by addition of trichloroacetic acid 
(20%. w/v). The mixture was filtered, the filtrate 
diluted and the absorbance measured at the indicated 
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Table 1. Tissue esterase activities of control mice 





Substrate* 
(M) 


Tissuet Activityt 
(mg) (umoles/min/g) 





Diethyl succinate (0.0067) 
Triacetin (0.027) 
Procaine (0.020) 
Procaine (0.004) 
Acetyl thiocholine (0.001) 
Acetyl thiocholine (0.001) 
Acetyl thiocholine (0.001) 


Liver (2.5) 
Liver (5.0) 
Liver (100.0) 
Plasma (250.0) 
Brain (0.8) 
Liver (1.0) 
Plasma (10.0) 





* Initial molar concentration. 
+ Wet weight of tissue. 


t Mean + S. E. of five or more control mice. 


wavelengths. Procaine concentration was determined 
using the molar absorptivities of procaine and its hy- 
drolysis product, para—aminobenzoic acid, at both 
wavelengths. To determine mouse plasma hydrolysis 
of procaine, 200 wg procaine was added to 0.25 ml 
plasma in sufficient 0.1 M sodium borate buffer (pH 
9.0) to make a final incubate volume of 2.0 ml. After 
incubation with shaking for 60 min at 37°, ethyl acet- 
ate (Sml) was added and procaine extraction was 
accomplished by mixing (Vortex mixer) for 30sec. 
The absorbance of the ethyl acetate layer was measured 
. at 290 nm and compared to a standard curve to deter- 
mine the amount of procaine remaining in the incu- 
bate. The standard curve was prepared by adding 
known amounts of procaine to control plasma in bor- 
ate buffer and extracting immediately (without incu- 
bation) into ethyl acetate. The amount of procaine 
hydrolyzed was calculated as the difference between 
procaine remaining in the incubated samples and that 
remaining in a similarly treated procaine blank which 
was incubated without plasma. Tissue cholinesterase 
activities were determined by the spectrophotometric 
method of Ellman et al. [12] in 0.1 M sodium phos- 
phate buffer (pH 8) at 27°. In all cases, tissue and 
substrate concentrations were selected to provide 
optimum conditions at which enzyme activity of the 
tissue would be rate limiting. All assays were per- 
formed in duplicate and were corrected for nonenzy- 
matic hydrolysis of substrates and for tissue interfer- 
ence by using appropriate tissue and substrate blanks. 

Determination of plasma procaine levels. At selected 
times after injection of procaine HCl (150 mg/kg), 
mice were decapitated and blood was collected in 
oxalate-rinsed (25% potassium oxalate) centrifuge 
tubes. To prevent procaine hydrolysis by plasma 
esterases, 25° NaF solution (2 drops) was added to 
the collected blood. Individual samples were kept on 
ice until all samples were collected, and then all were 
centrifuged at 1500 rev/min for 15min. To 1.75 ml 
borate buffer (pH 9), 0.25 ml plasma was added and 
followed by 5 ml ethyl acetate. The tube contents were 
mixed for 30 sec (Vortex mixer) and then centrifuged 
at 1500 rev/min for 10 min. Absorbance of the ethyl 
acetate layer was determined at 290 nm. Preliminary 
tests involving repeated extractions indicated that this 
procedure removed 98 per cent of the added procaine. 
Correction was made for absorbance of tissue by 
extracting control plasma in the above manner. The 
amount of procaine in the samples was determined 
by comparing the absorbance of the sample extracts 


to a standard curve prepared by adding known 
amounts of procaine to 0.25 cc of NaF-treated control 
plasma and following the above procedure. 
Determination of procaine toxicity. Procaine toxicity 
was measured by determining the time to and 
duration of loss of righting ability, after a sublethal 
dose of procaine (175 mg/kg). Onset was measured 
as the time elapsed from injection to loss of righting 
ability. Recovery was measured from the loss to the 
regaining of righting ability. A mouse was considered 
to have recovered if it could right itself after being 
turned on its back, twice in a 10-sec time period. 


RESULTS 


Effect of TOTP pretreatment on mouse liver and 
plasma esterase activity. To determine the effect of 
TOTP on the esterase activity of mouse liver, groups 
of five mice were pretreated with selected doses of 
TOTP or corn oil and sacrificed 18 hr later. Results 
are shown in Fig. 1. Inhibition of carboxylesterase 
activity was dependent on the dose of TOTP given. 
The degree of inhibition of ester hydrolysis after simi- 
lar doses of TOTP varied among the individual sub- 
strates tested. Brain cholinesterase activity (not 
shown) was not significantly (P > 0.05) altered after 
any of the TOTP doses tested. For the ester sub- 
strates tested, liver hydrolysis of diethyl succinate was 
most sensitive to inhibition by low doses of TOTP. 
Twenty per cent inhibition was detected after only 
1 mg TOTP/kg, whereas procaine and triacetin hyd- 
rolysis were not significantly affected by this dose. 
Maximal inhibition of diethyl succinate hydrolysis 
occurred after 10mg TOTP/kg. Inhibition detected 
after higher TOTP doses was not significantly greater 
(P > 0.05) than that observed after 10 mg TOTP/kg. 
Procaine hydrolysis was maximally inhibited by 
25 mg TOTP/kg. 

To determine the effect of TOTP on plasma cho- 
linesterase and plasma hydrolysis of procaine, ad- 
ditional groups of five mice were pretreated with simi- 
lar doses of TOTP, and 18 hr later, they were sacri- 
ficed and the blood was collected and assayed im- 
mediately. Liver cholinesterase activity was also 
determined. Results are shown in Fig. 2. The effect 
of TOTP on liver hydrolysis of procaine has been 
replotted from Fig. | for comparison. Plasma cho- 
linesterase activity was not inhibited by Smg 
TOTP/kg, whereas liver cholinesterase activity and 
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Fig. 1. Mouse liver hydrolysis of triacetin (TA), diethyl 

succinate (DES), and procaine (PROC) 18 hr after TOTP 

injection. Each point represents the mean + S. E. of groups 
of five to ten mice. 


both liver and plasma procaine hydrolysis were sig- 
nificantly inhibited by this dose. Furthermore, neither 
liver procaine hydrolysis nor plasma cholinesterase 
was inhibited by | mg TOTP/kg, whereas liver cho- 
linesterase and plasma procaine hydrolysis were sig- 
nificantly inhibited by this low dose of TOTP. Inhibi- 
tion of liver and plasma cholinesterase and liver pro- 
caine hydrolysis by 125 mg TOTP/kg was not signifi- 
cantly greater (P > 0.05) than that observed after 
25 mg/kg. In contrast, maximal inhibition of plasma 
procaine hydrolysis occurred after 5-10 mg TOTP/kg 
and this amounted to only 45-55 per cent inhibition. 

Effect of TOTP pretreatment on the toxicity of pro- 
caine in the mouse. The preceding results demon- 
strated that TOTP markedly inhibited liver hydroly- 
sis of procaine at doses below those which inhibited 
brain cholinesterase. Thus, doses of TOTP which pro- 
duced no symptoms of cholinergic poisoning might 
enhance procaine toxicity, if hydrolysis by liver were 
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Fig. 2. Mouse liver and plasma hydrolysis of acetylcholine 
and procaine 18 hr after TOTP injection. Each point rep- 
resents the mean + S. E. of groups of five to ten mice. 
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an important pathway for procaine detoxification in 
the mouse. To test this, groups of five or more mice 
were pretreated with selected doses of TOTP, and 
18hr later, they were challenged with 175 mg/kg of 
procaine HCl, i.p., for determination of procaine toxi- 
city. Results are shown in Table 2. The dose of pro- 
caine (175 mg/kg) was selected, based on preliminary 
tests which demonstrated that it caused a measurable 
loss of righting ability without lethality in control 
mice. 

In control mice, loss of righting ability occurred 
in 195 sec, and lasted 259 sec, after procaine injection. 
TOTP pretreatment shortened the time to onset, and 
significantly (P < 0.05) lengthened the duration of 
procaine action. Duration of procaine action in- 
creased as a function of the TOTP pretreatment dose. 
In addition, mortality after procaine (175 mg/kg) also 
increased as the TOTP dose increased. Just as 
1 mg/kg had little or no effect on ester hydrolysis by 
mouse liver, this dose did not significantly alter recov- 
ery time. However, one of the mice in this group died 
after procaine treatment. Correlation coefficients for 
the association between duration of procaine action 
and liver and plasma esterase activities after TOTP 
were: —0.9875, —0.8888, —0.9887, —0.9717, —0.9157 
and —0.9623 for liver cholinesterase and hydrolysis 
of diethyl succinate, triacetin and procaine, and 
plasma cholinesterase and hydrolysis of procaine, re- 
spectively. All were statistically significant (P < 0.05) 
and suggest a strong relationship between the inhibi- 
tion by TOTP of esterases and its potentiation of pro- 
caine toxicity. 

Effect of TOTP pretreatment on the time course of 
plasma procaine levels in mice. The above findings 
have demonstrated that TOTP pretreatment poten- 
tiated the toxicity of subsequently administered pro- 
caine. Furthermore, metabolism of procaine was inhi- 
bited in livers from TOTP-treated mice. To determine 
if a similar inhibition of procaine metabolism 
occurred when procaine was administered in vivo, the 
plasma procaine levels in both control and TOTP- 
pretreated mice were compared after injection of pro- 
caine. If potentiation occurred as a result of altered 
metabolism of procaine in vivo one would expect to 
see elevated plasma procaine levels in TOTP-treated 
mice. Groups of mice were pretreated with corn oil, 
or 25mg TOTP/kg, and 18hr later they were chal- 
lenged with 150 mg procaine/kg, i.p. The mice were 
sacrificed at selected times from | to 60 min after pro- 
caine challenge, and the blood was collected for 
analysis of procaine content. Results are shown in 
Fig. 3. The peak procaine level reached in control 
mice was 30 ug/ml, whereas the peak level in the 
TOTP-treated mice was approximately 100 ug/ml. 
Peak level was attained by 3 min after injection in 
control mice. In contrast, in the TOTP-treated mice, 
the peak level appeared to have already been reached 
at | min (the earliest sampling time tested). Within 
40 min after injection, procaine could be considered 
gone from the plasma of control mice. Yet up to 
60 min after injection, the TOTP-treated mice showed 
procaine levels of approximately 10 pg/ml. Thus, it 
appears that the peak plasma level was reached 
sooner, rose approximately three times higher, and 
remained elevated longer in the TOTP-pretreated 
mice compared to controls. No deaths were observed 
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Table 2. Effect of TOTP pretreatment on the toxicity of subsequently adminis- 
tered procaine* 





TOTP 
(mg/kg) 


Onsett 
(sec) 


Recoveryt 


Number dead 


(sec) Number injected 





195 + 11 
170+ 8 
150 + 13t 
176 + 29 
154 + 29t 
142 + 128 


259 + 23 
304 + 29 
634 + 102§ 
1017 + 89§ 
1519 + 149§ 
1620, 1710) 


0/16 
1/10 
1/5 
2/5 
6/10 
8/10 





* TOTP was injected 18 hr prior to procaine (175 mg/kg) challenge. Control 
groups received corn oil instead of TOTP. Values in table represent mean + S. 
E. For onset, N = number injected; for recovery, N = number alive. 

+ Onset is equal to the time from injection to loss of righting ability and 
recovery is equal to the time between the loss and the regaining of righting 


ability. 


t Significantly different from control (P < 0.05). 
§ Significantly different from control (P < 0.01). 
Individual recovery times for the two survivors. 


in controls, whereas fourteen TOTP-treated mice died 
prior to their set sacrifice time. The mean + S.E. 
plasma procaine concentration of these mice was 
99.4 + 4.5 g/ml. The data for these mice were not 
included in the preparation of Fig. 3. Since the pre- 
ceding experiments indicated that maximal inhibition 
of liver hydrolysis of procaine and maximal prolonga- 
tion of procaine-induced loss of righting ability 
occurred after 25mg TOTP/kg, one would predict 
that 125mg TOTP/kg should have no additional 
effect on plasma procaine levels beyond that observed 
after 25 mg/kg. This was tested, and plasma procaine 
levels at | or 3 min after procaine in TOTP (125 mg/ 
kg)-pretreated mice were the same (P > 0.05) as those 
detected in mice pretreated with 25 mg/kg. 
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Bins 
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Fig. 3. Plasma procaine concentrations after 150 mg pro- 

caine/kg, i.p..in control and TOTP-treated mice. Each 

point represents the mean + S. E. of concentrations in four 

to six mice. TOTP pretreatment (25 mg/kg) was given 18 hr 
prior to procaine. 


DISCUSSION 


This research provided a systematic study of the 
toxicologic interaction between TOTP and procaine. 
Liver and plasma taken from mice treated with car- 
boxylesterase-inhibiting doses of TOTP had a de- 
creased capacity to metabolize procaine, in vitro. 
Similar effects probably also occurred in vivo, since 
plasma procaine concentrations reached higher levels 
and remained elevated longer in procaine-injected 
mice which had been pretreated with TOTP than in 
procaine-injected controls. Furthermore, TOTP pre- 
treatment enhanced the acute toxicity of procaine in 
mice. Recovery from procaine-induced loss of righting 
ability was delayed in TOTP-pretreated mice and 
several of the TOTP-treated mice died after challenge 
with an apparently non-lethal (in controls) dose of 
procaine. We felt it important to determine if an inter- 
action might occur under conditions in which the test 
animal was not overloaded with ester drug. Thus, 
the challenge dose of procaine was carefully selected 
to provide a measurable response (duration of loss 
of righting ability) with a minimum of lethality. 
Potentiation of procaine-induced loss of righting abi- 
lity (toxicity) was shown to increase as a function of 
the TOTP pretreatment dose. Statistical analysis: 
showed a good correlation between esterase inhibi- 
tion by TOTP and increased procaine toxicity. 

Plasma has been suggested as the primary site of 
procaine hydrolysis in man [13], yet in other mam- 
malian species procaine hydrolysis was greater in the 
liver than in plasma [14]. This is consistent with our 
results which indicate that mouse liver procaine ester- 
ase activity was approximately 100 times that of 
mouse plasma (Table 1). Although metabolism of pro- 
caine was measured under different pH conditions for 
these two tissues (pH 7.2 for liver, and pH 9.0 for 
plasma), 100 times may be a conservative estimate 
of the difference in tissue activities, since it has been 
suggested that pH 9 is optimum for esterase activity 
[15]. Thus, one might have expected an even greater 
difference had liver esterase activity been determined 
at pH 9. In this study, procaine metabolism in the 
mouse was used as a model for studying the possible 
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effects of organophosphate inhibition of liver esterase 
on the metabolism and toxicity of ester-containing 
drugs. There are many other drugs which are metabo- 
lized by liver esterases or closely related amidases. 
For example, isocarboxazid is hydrolyzed by liver 
amidases to a monoamine oxidase-inhibiting metabo- 
lite. EPN inhibited isocarboxazid hydrolysis and par- 
tially prevented isocarboxazid-induced inhibition of 
monoamine oxidase activity. [9]. 

At the time the present study was being completed, 
it was reported [10] that EPN pretreatment in rats 
increased procaine levels in both liver and kidney 
after procaine injection. On the other hand, after simi- 
lar procaine injections, procaine concentrations were 
decreased in liver and kindey from rats which had 
been pretreated with enzyme-inducing doses of 
phenobarbital. That report lends support to our find- 
ings and together such studies provide evidence that 
organophosphate inhibition of carboxylesterase ac- 
tivity resulted in decreased ester drug hydrolysis, and 
a consequent increase in procaine toxicity in vivo. 

The clinical implications of these findings are not 
yet clear. Additional studies involving other organo- 
phosphates and additional ester-containing drugs, are 
needed to determine which enzymes are most impor- 
tant for the metabolism of the various ester-contain- 
ing drugs in man and other species likely to experi- 
ence concomitant exposure to organophosphates and 
ester drugs. Such studies will determine the impor- 
tance of monitoring carboxylesterase inhibition 


caused by organophosphates [16,17] and may indi- 
cate that such monitoring should be included in 
studies to be used in the establishment of “safe levels” 
of organophosphates for daily consumption by man 


and other non-target species. 
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Abstract—The effects of single (10 and 50 mg/kg) and chronic (10 mg/kg/day for 21 days) i.p. administra- 
tion of A®-tetrahydrocannabinol (A°-THC) on hepatic functions of rat were studied at cellular and 
subcellular levels. After chronic administration, (a) protein, RNA, phospholipid, cholesterol contents 
of liver microsomal fraction and microsomal Gl-6-Pase and Mg*?-ATPase activities increased signifi- 
cantly, (b) microsomal lipid peroxidation value decreased and (c) GOT and GPT activities of liver 
and serum and hepatic triglyceride contents remained unchanged. Most of the parameters studied 
were unaffected after single administration of the drug excepting a decrease in microsomal lipid peroxi- 
dation and increase in Mg*?-ATPase activity. No apparent harmful effect of the drug on hepatic 


functions is obvious from the present study. 


The relationship between long-term Cannabis use and 
the possible health hazards has been of interest for 
many years. Although liver is the organ which is most 
significantly involved in the metabolism and storage 
of this drug [1,2] and liver microsomal enzymes 
[3,4] play an important role in the biotransformation 
of A°-THC and its hydroxylated metabolites, there 
are controversial reports in the literature regarding 
the effect of short- and long-term administration of 
A°-THC on hepatic functions. Recent studies of 


Kolodney et al. [5] and Rosenkrantz er al. [6] failed 


to demonstrate any clinically important hepatic 
damage even after chronic marihuana consumption, 
while Kew et al. [7] showed some injurious effect 
of the drug on hepatic functions. In the present study 
the action of A®-THC on biochemical changes of liver 
and some related serum enzymes have been studied 
after acute and chronic administration of A°-THC. 


MATERIALS AND METHODS 


Adult male albino rats of Charles Foster strain 
weighing about 100-150 g and maintained on labora- 
tory stock diet were used. The stock diet used has 
the following composition in g/l00g diet: Wheat 
flour: 70; fish meal: 15; casein: 10; groundnut oil: 
5; shark liver oil: 2; USP XVII salt mixture: 4; 
A.O.A.C. Vitamin mixture: 1. For acute studies, 
A’-tetrahydrocannabinol (suspended in saline con- 
taining 1% tween 80) was administered i.p. to the ani- 
mals at dosages of 10 and 50 mg/kg and the animals 
were sacrificed by decapitation after different time in- 
terval. During chronic treatment, animals received 
A°-THC at a dose of 10 mg/kg/day for 21 consecutive 
days and were sacrificed 6hr after the last injection. 
Control rats corresponding to acute and chronic ex- 
periments received the saline-tween 80 vehicle 
through the same route and were sacrificed under 
similar conditions. 

Blood-free liver tissue was collected weighed and 
immediately placed in chilled container. Microsomes 
were prepared from 0.25 M sucrose liver homogenates 


(1:10, w/v) by differential centrifugation at 0-4° as 
described by Schenkman et al. [8]. Liver homogenate 
and microsomal suspensions of liver were processed 
by the method of Schmider for the estimation of nuc- 
leic acids [9]. Estimation of RNA was carried out 
by the orcinol method of Mejbaum [10]. DNA was 
estimated by Burtons’ [11] modification of Disches’ 
diphenylamine method [12]. Protein was estimated 
by the method of Gornall et al. [13]. The lipid mater- 
ials were extracted and washed by the method of 
Floch et al. [14]. Total lipid content was estimated 
by evaporating the measured amount of extract. 
Phospholipid was assayed by the estimation of inor- 
ganic phosphorus according to the method of Fiske 
and Subbarow [15]. The cholesterol was estimated 
by the method of Sperry and Webb [16]. The trigly- 
ceride was separated by thin layer chromatography 
on silica gel using solvent system, Petroleum ether- 
diethyl ether—acetic acid (90:10:1) and was estimated 
according to the method of Amenta [17]. Glutamic 
oxalacetic transaminase (GOT) and glutamic pyruvic 
transaminase (GPT) of liver and serum were 
measured according to the method of Reitman and 
Franknel [18]. The supernatant fraction obtained 
after centrifugation of 10% liver homogenate in 
0.25 M sucrose for 30 min at 5000g at 04° served 
as the enzyme source in case of liver GOT and GPT. 
Alkaline phosphatase activity of liver and serum was 
estimated by determining the rate of hydrolysis of 
p-nitrophenyl phosphate as advocated by Bessey et 
al. [9]. A 10% homogenate of liver in 0.25 M Sucrose 
was centrifuged at 10000g for 30min at 0-4° and 
the supernatant fraction served as the enzyme source 
in this case. Microsomal glucose-6-phosphatase (GI-6- 
Pase) activity was measured according to the method 
of Harper [20]. Mg*? ATPase activity of microsomes 
were determined according to the method of Swanson 
[21] and inorganic phosphate was estimated by the 
method of Lowry et al. [22]. Lipid peroxidation was 
determined by measuring the diene conjugate in the 
microsomal lipid extract according to the method of 
Klaassen and Plaa [23]. 
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Table 1. Effect of acute and chronic administration of A°-THC on protein, nucleic acids and lipid composition of 
rat liver 





Acute* 


Chronict 





Control 


A’-THC treatment 


Control 


(Saline- A°-THC treatment 





(Saline- 
Tween 80) 


Parameters 


studied (10 mg/kg) 


(50 mg/kg) Tween 80) (10 mg/kg/day) 
L 





Whole liver 


0.25 


+ 


Liver weight 3.82 + 
(g/100g body weight) 

Protein (mg/g) 130.80 
RNA (mg/g) 4.23 
DNA (mg/g) 2.49 
Total lipid (mg/g) 123.08 
Phospholipid (mg/g) 81.36 
Cholesterol (mg/g) 5.83 
(mg/g) 

Triglyceride (mg/g) 8.27 + 


5.00 
0.12 


He He He HH 
He He He H+ + H+ 


+ 
+ 


21.25 
103.66 
625.10 


21.02 
93.70 
620.21 


Protein (mg/g) 

RNA (yg/mg protein) 
Total lipid 

(ug/mg protein) 
Phospholipid 

(ug/mg protein) 
Cholesterol 

(ug/mg protein) 
Triglyceride 

ug/mg protein) 


He He He 


464.60 + 454.05 


+ 


30.02 + 29.69 + 


12.85 + 12.80 + 


3.96 + 0.20 


152.30 + 9.30t 
0.35t 
0.14 
2.30t 
4.408 
0.30 


0.77 


0.658 

103.10 + 1.72 
706.81 + 20.21¢ 
525.96 + 10.42t 
37.68 + 1.968 


13.88 + 1.01 





Values expressed as mean of seven observation + S.E.M. from seven rats. See Materials and Methods for experimental 


details. 


* Rats were sacrificed six hr after single i.p. administration of A°-THC at the respective doses. 


+ Treatment was continued for 21 consecutive days. 
t Significantly different from control P < 0.05. 
§ P < 0.005. 

P < 0.001. 


RESULTS 


It is evident from the results of Table | that single 
administration of A’-THC does not produce any sig- 
nificant alteration in protein, nucleic acids and lipid 
parameters of rat liver observed either at the level 
of whole liver or microsomal fraction, while after 


chronic administration of A°-THC moderate and sig- 


nificant increase of protein, RNA and phospholipid 
contents in whole liver and also in hepatic micro- 
somes is observed, with a slight increase in total lipid 
level. A significant increase in cholesterol per mg pro- 
tein ratio has been observed in microsomal fraction 
and no noticeable alteration in triglyceride content 
has been observed either in whole liver or microsomes 
under this condition of treatment. No significant 


alteration in liver weight/body weight ratio has been 
observed after chronic A°-THC administration. From 
the results of Table 2 it appears that under acute 
condition of treatment with A°-THC, GPT activity 
of liver shows a significant increase at both the doses 
within 12-18 hr of drug administration and a slight 
increase of GOT activity of liver at the higher dose 
of A®-THC is also apparent at those hours. Activities 
of both the transaminases reach the normal levels 
within 24 hr. A°-THC administration appears to have 
no significant effect on liver alkaline phosphatase ac- 
tivity, under similar conditions. Serum GOT, GPT 
and alkaline phosphatase activities do not undergo 
any noticeable alterations up to 24hr after a single 
administration of A°-THC (Table 3). No significant 


Table 2. Effect of acute A°-THC administration on rat liver glutamic oxalacetic transaminase (GOT), glutamic pyruvic 
transaminase (GPT) and alkaline phosphatase activity* 





GOT (umole pyruvate/mg protein/hr) 


GPT (umole pyruvate/mg protein/hr 


Alkaline phosphatase (ug p-nitro- 
phenol/mg protein/hr) 





Control 
(Saline- 
Tween 80) 


Time after Control A’-THC 
injection (Saline- 


(hr) Tween 80) 





(10 mg/kg) (SO mg/kg) 


A’-THC Control A’-THC 








(Saline- 


(10 mg/kg) (50 mg/kg) Tween 80) (10 mg/kg) (50 mg/kg) 





4.79 + 0.16 5.07 
4.70 + 0.14 5.03 
4.87 + 0.15 5.78 
4.70 + 0.12 5.07 
4.82 + 0.20 4.97 


0.44 §.27 + 0.23 
0.34 5.38 + 0.43 
0.43 6.20 + 0.31t 
0.18 5.92 + 0.29} 
0.42 5.10 + 0.12 


9.00 + 0.04 
8.92 + 0.30 
9.02 + 0.02 
9.24 + 0.12 
8.76 + 0.32 


+ 
+ 


H ++ H I+ I+ 


054 10.01 + 1.04 
040 8.40 + 0.85 
062 9.33 + 0.55 
102 11.96 +081 
0.75 9.88 + 1.01 


10.40+0.60 11.32+075 988 
11.72+0.18§ 10104080 9.52 
138140648 9994075 881 
13.02 +012 11.01+092 - 1048 
9.20+0.50 10.23+0.62 11.08 


8.62 + 0.58 
9.60 + 0.76 
12.35 + 0.08f 
11.38 + 0.02+ 
8.68 + 0.47 


1+ I+ I+ + I+ 





* Values are expressed as mean + S.E.M. of seven 
experimental details. 
Significantly different from control, 

+P < 0.05 

tP < 0.005 

§ P < 0.001. 


observations from seven rats. See Materials and Methods for 
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Table 3. Effect of acute A°-THC administration on serum glutamic oxalacetic transaminase (SGOT), glutamic pyruvic 
transaminase (SGPT) and alkaline phosphatase activities* 





SGOT (i.u./it serum/min) 


SGPT (i.u./lit serum/min) 


Alkaline phosphatase (King Angstron 
units/100 ml serum) 





Control 
(Saline- 
Tween 80) 


A°-THC 


(50 mg/kg) 


Time after Control 
injection (Saline- 
(hr) Tween 80) 





(10 mg/kg) 


A°®-THC Control A°’-THC 








(Saline- 


(10 mg/kg) (50 mg/kg) Tween 80) (10 mg/kg) (50 mg/kg) 





5.15 + 0.24 
5.05 + 0.36 
5.22 + 0.42 
5.20 + 0.33 
5.65 + 0.24 


9.10 + 0.80 
9.00 + 0.75 
1 8.38 + 0.70 
1 9.05 + 0.65 
2 10.08 + 0.75 


9.60 + 1.21 
10.75 + 1.15 
8.32 + 1.08 
11.27 + 0.82 
9.15 + 0.50 


8.92 + 0.71 
11.40 + 0.82 
8.02 + 1.05 
8.63 + 0.51 
11.32 + 0.45 


5.05 + 0.36 
6.22 + 0.42 
5.66 + 0.48 
5.60 + 0.45 
6.75 + 0.70 


6.16 + 0.20 
5.99 + 0.30 
5.69 + 0.18 
5.77 + 0.14 
5.81 + 0.10 


5.68 + 0.24 
6.96 + 0.40 
6.55 + 0.20 
6.03 + 0.25 
6.12 + 0.14 


6.50 + 0.25 
7.02 + 0.75 
4.69 + 0.50 
6.28 + 0.32 
6.22 + 0.25 


4.40 + 0.24 
5.80 + 0.27 
5.88 + 0.33 
4.01 + 0.30 
6.25 + 0.41 





* Values are expressed as mean + S.E.M. of six observations from six rats. 


change in the activities of liver and serum GOT, GPT 
and alkaline phosphatase activities compared to those 
of saline-tween-80 control have been observed after 
daily administration of A°-THC for 21 consecutive 
days (Table 4). Results presented in Table 5 indicate 
that upon single administration of A°-THC the 
glucose-6-phosphatase activity of the liver microsome 
does not change significantly from that of the control 


Table 4. Effect of chronic A°-THC administration on rat 

liver and serum glutamic oxalacetic transaminase (GOT), 

glutamic pyruvic transaminase (GPT) and alkaline phos- 
phatase activities* 





Control 
(Saline- 
Tween 80) 


A®-THC treatmentt 


Source Enzymes (10 mg/kg/day) 





Liver GOT (umole pyruvate, 4.89 + 0.39 5.77 + 0.31 
mg protein/hr) 

GPT (umole pyruvate 
mg protein/hr) 
Alkaline phosphatase 
(ug p-nitrophenol/ 

mg protein/hr) 

GOT (i.u./ltre 
serum/min) 

GPT (i.u./litre 
serum/min) 

Alkaline Phosphatase 
(King Angstron Unit/ 
100 mi serum) 


8.97 + 0.46 9.20 + 0.70 


10.50 + 1.50 9.47 + 1.40 


11.00 + 1.02 8.77 + 0.74 


6.18 + 0.24 5.60 + 0.30 


6.02 + 0.14 5.24 + 0.50 





* Values are expressed as mean + S.E.M. of six observa- 
tion from six rats. 
+ Treatment was continued for 21 consecutive days. 


Table 5. Effect of acute administration of A°-THC on rat liver microsomal glucose-6-phosphatase (Gl-6-Pase), Mg* *- 


as measured after different time interval under this 
condition, a significant increase in Mg*?-ATPase ac- 
tivity of the microsomes is observed at 3 and 6hr 
after A°-THC administration at both the doses. The 
effect at the higher dose being greater than that 
observed at the lower one. The results of Table 5 
also show that acute administration of A®-THC in- 
hibits lipid peroxidation of rat liver microsomes in 
a dose dependent manner and the maximum decrease 
in lipid peroxidation is noted at 6hr. This inhibitory 
effect persists even up to 18hr after the administra- 
tion of A°-THC. It is evident from the results of Table 
6 that chronic administration of A°-THC appears to 


Table 6. Effect of chronic administration of A°-THC on 

rat liver microsomal glucose-6-phosphatase, Mg * ?-adreno- 

sine triphosphatase (Mg*?-ATPase) and lipid 
peroxidation. 





A°-THC treatment* 
(10 mg/kg/day) 


Control 


Enzyme (Saline-Tween 80) 





Glucose-6-Phosphatase 3.078 + 0.14 4.65 + 0.26t 
(umole Pi/mg protein/20 min) 
Mg*?-ATPase 

(umole Pi/mg protein/hr) 
Lipid Peroxidation 


(A.0.D./mg protein x 10%) 


8.21 + 0.48 12.40 + 0.91t 


68.56 + 4.08 39.60 + 2.50t 





Values expressed as mean + S.E.M. of six observations 
from six rats. 

+ Significantly different from control, P < 0.001. 

* Treatment was continued for 21 consecutive days. 
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adenosine triphosphatase (Mg*?-ATPase) and lipid peroxidation: enzyme activity* 





Gl-6-Pase || 


Mg*?-ATPase® 


Lipid peroxidation** 





Time after A°-THC treatment 
injection 
(hr) Control 





(10 mg/kg) (50 mg/kg) Control 


A°-THC treatment A°-THC treatment 








(10 mg/kg) (SO mg/kg) Control (10 mg/kg) (50 mg/kg) 





3.144 3.61+ 4.25+ 7.66+ 
0.15 0.59 0.68 0.33 
3.15+ 3.20+ 3.50+ 7.40+ 
0.37 0.36 0.30 0.25 
3.20+ 4.24+ 3.67+ 782+ 
0.60 0.72 0.58 0.42 
3.14+ 288+ 3.04+ 7.44+ 
0.28 0.76 0.48 0.31 


9.82+t 10.95+t 65.53+ 60.41 + 58.744 
0.72 0.63 4.24 4.02 3.64 
9.15+t 10.01+t 68.40+ 44.20+§ 36.83 +5 
0.31 0.49 3.85 2.61 3.58 
815+ 8.824 63.68 + 43.96+t 38.37+¢ 
0.39 0.48 3.92 2.74 4.21 
8.03 + 7.374 62.50+ 53.10+ 47.97+t 
0.52 0.58 4.57 3.19 5.14 





*Values are expressed as means + S.E.M. of six observations from six rats. See Materials and Methods for experimental 


details. 
+ Significantly different from Control, P < 0.05. 
tP < 0.005. 
§ P < 0.001. 
|| umole of Pi liberated/mg protein/20 min. 
umole of Pi liberated/mg protein/hr. 
** A.0.D./mg protein x 10 at 243 my. 
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increase significantly, both the Gl-6-Pase and Mg*?- 
ATPase activities of rat liver microsomes. But under 
similar condition of treatment, lipid peroxidation of 
liver microsome decreases. 


DISCUSSION 


From the results of the present study it appears 
that repeated administration of A°-THC for 21 con- 
secutive days produces characteristic changes in the 
protein, RNA and lipid pattern of the whole liver 
and microsomal fractions of rat liver, while after the 
acute administration of A°-THC no noticeable alter- 
ation in the macromolecular composition of the hepa- 
tic cell is evident, which may be due to the insufficient 
concentration of the drug attained in the liver after 
single administration. Moderate increase in protein 
and RNA contents of both the whole liver and micro- 
somal fractions observed after chronic A°-THC ad- 
ministration perhaps indicates increased functional 
status of the hepatic cells. Lipophilic A°-THC has 
been known to be associated primarily with the lipo- 
protein components of the membranes [24] and 
hence it was expected that this drug would be capable 
of interacting with the lipid components of the hepa- 
tic cell. It has been known that increased proportion 
of phospholipid enhances the suitability of the mem- 
branes to sequester the foreign compounds [25]. So 
it appears that the increased level of phospholipid 
in whole liver as well as in microsomal fraction 
observed after chronic A°-THC treatment perhaps 
provides a site for storage and for intimate contact 
between the membrane enzymes and lipophilic 
A’-THC. Increase of cholesterol content of the micro- 
somes observed under this condition suggests that 
repeated administration of A?-THC perhaps stabilizes 
the molecular arrangement of the hepatic microsomal 
membrane as the presence of cholesterol within the 
membrane structure has been related to the rigidity 
of the membrane by its ability to condense with the 
unsaturated fatty acids of phospholipids [26]. One 
important point which emerges from these results is 
that unlike the action of many hepatotoxic agents 
which cause accumulation of triglycerides in the liver 
cells [27], A°-THC even after chronic treatment did 
not produce any change at the level of hepatic trigly- 
cerides. 

The unchanged activities of GOT, GPT and alka- 
line phosphatase of liver and serum compared to 
saline-tween 80 treated controls observed after 
chronic administration of A°-THC for 21 days indi- 
cates the absence of any cytotoxic injury to the liver 
cells and apparently normal hapatic function. This 
observation is also in agreement with those of 
Rosenkrantz et al. [6] and Kolodney et al. [5]. How- 
ever the transient rise in activities of liver transamin- 
ases specially GPT, observed after acute A°-THC 
administration may be due to the phenomenon of 
enzyme induction associated with hypersecretion of 
ACTH since A®-THC has been reported to be a 
potent stimulator of ACTH secretion [28]. 

Liver _glucose-6-phosphatase, a constitutive 
enzyme, firmly bound to endoplasmic reticulum plays 
a strategic role in the vectorial release of glucose from 
liver and regulation of blood glucose. Its activity 
depends on the maintenance of normal lipid-protein 
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interrelations of the reticulum membrane [29]. 
Marked increase in the microsomal Gl-6-Pase activity 
after chronic A°-THC treatment may indicate a cer- 
tain change in membrane conformation. Chronic ad- 
ministration of A?-THC has been reported to cause 
depletion of liver glycogen content [30] without sig- 
nificant alteration of blood glucose level. Hence it 
seems probable that increased enzyme activity may 
be due to the de novo synthesis of the enzyme, in 
favour of increased gluconeogenesis, which thus main- 
tains the normal blood glucose level under this condi- 
tion. 

It has been suggested that liver microsomal Mg*?- 
ATPase activity is associated with an ATP-dependent 
reduction of pyridine nucleotides [31] and the in- 
creased activity of the enzyme observed at 3 and 6 hr 
after acute A°-THC administration and also after 
chronic drug treatment may be correlated with the 
requirement of reduced pyridine nucleotides by the 
liver microsomes, possibly for the metabolism of 
A°®-THC by the microsomal hydroxylases. 

Our present result of inhibition of lipid peroxida- 
tion of rat liver microsomes after both acute and 
chronic administration of A°-THC tallies well with 
the formerly reported inhibitory effect of the drug on 
hepatic microsomal lipid peroxidation under in vitro 
condition [32]. This may be due to the antioxidant 
properties of either A°-THC or its metabolites or due 
to the competition for reducing equivalents and per- 
haps indicates a stabilizing influence of the drug at 
the liver microsomal membrane. 

In the light of the present results it appears that 
after A°-THC administration no prominent deleter- 
ious effect is observed at the level of the functional 
activities of liver tissue. This may be due to some 
apparent protective effect of the drug which supports 
detoxification as well as the working function of the 
liver by stabilization of the enzyme system. But 
whether the drug can produce hepatotoxic manifes- 
tation on more prolonged treatment and at still 
higher doses or in the presence of other cannabinoids, 
particularly Cannabidiol, Cannabinol etc. which are 
generally present in natural cannabis, remains to be 
elucidated. 
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Abstract—The 1:1 stoichiometry observed in previous studies between the stimulation of NADPH- 
cytochrome P-450 reductase activity and ethylmorphine N-demethylase would imply that the stimu- 
lation of reduction is the rate-limiting process in the N-demethylation. In the present study, we have 
found that double reciprocal plots of the N-demethylase activity of hepatic microsomes from male 
and female rats is linear for ethylmorphine concentrations from 2.5 4M to 2mM. Kinetic analysis 
suggests that these linear plots are not compatible with the stimulation of the reductase being the 


rate-limiting process. 


Since our initial studies on the role of NADPH- 
cytochrome P-450 reductase in controlling the rate 
of the microsomal hydroxylases, it has been recog- 
nized that the reduction of cytochrome P-450 is the 
rate-limiting step in the hepatic, mixed-function oxi- 
dases [1,2]. Although the exact chemical nature of 
the hydroxylating species is unknown, the stoichi- 
ometry of the overall reaction does indicate that 
peroxyl-like species must be formed [3,4]. Hence, 
when NADPH is used as the sole source of reducing 
equivalents, two electrons must be transported 
through the cytochrome P-450 to provide the necess- 
ary reducing equivalents to form the “active oxygen” 
which is inserted into the substrate. At the present 
time it is unclear whether it is the insertion of the 
first or second electron which is rate limiting. 

In spite of the controversy concerning whether the 
insertion of the first or second electron is rate limit- 
ing, there is general agreement on the broad outlines 
of the reaction sequence (Fig. 1). Concurrent studies 
by Gigon et al. [5,6] and Schenkman [7] suggested 
that the initial step in hydroxylation was the acti- 
vation of the NADPH-cytochrome P-450 reductase 
activity. It was felt that this activation was due to 
the conversion of the cytochrome to a high spin form 
which is more readily reduced. Further, it was only 
the activated cytochrome which was active in hy- 
drox ylation. 
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There are several lines of evidence suggesting that 
the reduction of the activated cytochrome is the rate- 
limiting process. The first is that Gigon et al. [5,6] 
found that there is a 1:1 stoichiometry between the 
N-demethylation of ethylmorphine and the increase, 
A, in the NADPH-cyochrome P-450 reductase ac- 
tivity. This observation has been confirmed in our 
laboratory [8-12], as well as by Cohen and Manner- 
ing [13]. Further, in our studies, we found that the 
inhibition by D,O of the hydroxylation of ethylmor- 
phine was equal to the inhibition of the activated 
reductase activity [8,9], suggesting that the activated 
substrate cytochrome complex truly controlled the 
rate of the reaction. 

At the present time there is much stronger evidence 
indicating that the activity of this activated reductase 
is not rate limiting. Studies from Estabrook’s labora- 
tory [14-16] and by Correia and Mannering [17, 18] 
have shown that NADH has a marked stimulatory 
effect on ethylmorphine N-demethylase without affect- 
ing the rate of cytochrome P-450 reduction. This sug- 
gested that the rate-limiting activity was the insertion 
of the second electron. 

In a similar vein, concurrent studies by Schenkman 
[19] and ourselves [20] found that the heat of acti- 
vation for the reductase was considerably less than 
that for the hydroxylase, suggesting that this reduc- 
tion is not the sole rate-limiting process. We have 
come to a similar conclusion on the basis of the small 
isotope effect observed with the N-demethylation of 
(7H;-methyl)-ethylmorphine [21]. Finally, Peterson 
and Mock [22] have suggested, on the basis of stop 
flow kinetic data, that the reductase activity is 
actually greater than the hydroxylase activity and that 
the stoichiometry observed by ourselves and others 
[5, 6, 8-13, 20] is erroneous. 

Hence, we are faced with the question of whether 
the stimulation of the reductase activity may be only 


1803 





J. A. THOMPSON and J. L. HOLTZMAN 


Reduced 
NADPH-— 
Cytochrome € 
Reductase 
Oxidized 
NADPH 
Cytochrome ¢ 
Reductase 


Substrate 


Oxidized eee 


Substrate 
P—450 | 


| OH 
bstrate 
Substra' on- 
Reduced 
P—450 


| 
Substrate 


Fig. 1. General scheme for hepatic mixed-function oxidases. 


an interesting property of the microsomal N-demeth- 
ylases which may happen to have a 1:1 stoichiometry 
at 37° and saturating concentrations of substrate but 
which plays no real role in the N-demethylations, or 
whether the stimulation of the reductase activity may 
be important in controlling the rate of N-demethyla- 
tion. In order to assess the role of the stimulation 
in controlling the N-demethylations, we have exam- 
ined, by a new radiometric assay [23], the kinetics 
of this activity over a much wider range of substrate 
concentrations than has previously been possible 
(2.5 uM to 2mM). Our studies indicate that the acti- 
vation of the reductase activity is probably not rate 
limiting. 

Kinetic basis of the study. Previous studies in our 
laboratory have demonstrated that the activation of 
the reductase activity is controlled by activation sites 
which are kinetically distinct from the catalytic 
site [10-12]. In the male rat, there are two sites with 
K, values equaling 29 uM and 1.0mM, while in the 
female there is a single site with a K, = 67 uM [12]. 
If this activated reductase activity is truly the rate- 
limiting component, then one would anticipate that, 
as the concentration of substrate is reduced below 
the K, for the stimulatory site, the activity of the hy- 
droxylase should show a significant deviation from 
the standard Michaelis-Menten kinetics. And indeed, 
if we use the derivations given by Dixon and Webb 
[24], we find that such is the case. Taking the model 
which has been implied from our previous studies 
[10-12], we find: 


E+S2ES K: (1) 
E+S 2 ESa K, (2) 
ESa + S 2 ESaS K. (3) 
ESaS +E +S +P (4) 


where K; is the dissociation constant of the substrate 
for the catalytic site of the unstimulated enzyme, E; 
K,, the dissociation constant for the stimulatory site 
of the unstimulated enzyme, E; and K,, the dissoci- 
ation constant for the catalytic site of the activated 
enzyme, ESa. If we assume that K,~ K,,, then the 
rate equation for this process is: 


"we > 4 4 
P Tt p+ KiK)<+ 


1 
: . VY. = S? 0) 


If we take K, = 00, that is that the unstimulated 
enzyme does not bind the substrate at the catalytic 
site, then this reduces to: 

i ut + ie 


— + 


(6) 
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This assumption is not necessary but does simplify 
the calculations and further gives the limiting case 
where only the stimulated enzyme is active, as is sug- 
gested by the studies cited above [S—13, 20]. As the 
substrate concentration goes below K,, the quadratic 
component will predominate and there should be a 
marked upward curving of the double reciprocal plots 
(Fig. 2, panels a and b). 


MATERIALS AND METHODS 


All animals used in these studies were CD rats 
obtained from Charles River, Inc. (North Willming- 
ton, MA). Male rats weighed 180-200g, while the 
females were 160-180 g. The animals were given water 
and a standard laboratory chow diet ad lib. 

The [N-*H-methyl]ethylmorphine was prepared by 
the method of Abdel-Monem and Portoghese [25]. In 
this method, the N-phenylcarbamate of norethyl- 
morphine was reduced with LiAl 7H, and [*H]ethyl- 
morphine purified on Silica gel GF thin-layer plates 
using ethylacetate-methanol-ammonium hydroxide 
Cre 2: 1h 

The animals were sacrificed by cervical fracture, 
and the livers excised, chilled on ice, and homogen- 
ized with a motor-driven Teflon-glass homogenizer 
in 3 vol. KCI-Tris (150mM, 50mM; pH 7.4) at 4°. 
The homogenate was centrifuged at 9000 g for 15 min 
in a Sorval RC2-B centrifuge with an SS-34 rotor. 
The supernatant was centrifuged at 165,000g for 
40 min in a Beckman L2-65 centrifuge with a 50Ti 
rotor. The pellet was resuspended in KCI-Tris to give 
the equivalent of 2 g liver/ml. The protein was deter- 
mined by the phenol reagent method of Sutherland 
et al. [26]. 

The activity of the microsomal ethylmorphine 
N-demethylase was determined as previously de- 
scribed [23]. In this method, varying amounts of 
[N-*H-methyl]Jethylmorphine were added to serum 
vials to give final concentrations of 2.5 uM to 2mM 
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Fig. 2. Panel a: theoretical double reciprocal plots of ethylmorphine N-demethylase in hepatic micro- 
somes from male rats where K,, = 0.25mM and V,, = 6.03 nmoles formaldehyde/min-mg of protein 


for K, = 1.0 (---), K, = 0.029 mM (——) and K, 


= 0 (——-). Panel b: Theoretical double reciprocal 


plots of ethylmorphine N-demethylase in hepatic microsomes from female rats where K,, = 0.64 mM, 
V,, = 0.52 nmole formaldehyde/min-mg of protein and K, = 0.067 mM (——) and K, = ~ (---). 


and warmed to 37°. To each vial was added 3 ml 
of an incubation mixture containing glucose 6-phos- 
phate (5.5mM), NADP (0.3mM), glucose 6-phos- 
phate dehydrogenase (Sigma Type XI, Sigma Chemi- 
cal Co., St. Louis, MO) (0.67 units/ml), and 1 mg/ml 
of microsomal protein in a KCl-Tris-MgCl, buffer 
(150 mM, 50 mM, 5 mM, pH 7.4) warmed to 37°. The 
samples were incubated for 10 min and the reaction 
was terminated by the addition of 1 ml of 5% ZnSO,. 
One ml of the incubation mixture was placed on a 
1 x 8cmcolumn XAD-2 resin to remove the labelled 
substrate and allowed to flow onto the column. The 
column was washed with 6ml of water. The first 
2ml was discarded and Sml of the effluent was 
added to 15 ml of a scintillation mixture containing 
dioxane (417 ml), 2-methoxyethanol (83 ml), naphtha- 
lene (25 g), 2,5-diphenyloxazole (5 g) and 1,4-bis[2-(5- 
phenyloxazolyl)]benzene (0.25 g)[27]. The samples 
were counted in a Beckman LS-100C liquid scintilla- 
tion counter, and the absolute activity was deter- 
mined by the addition of [*H]toluene as an internal 
standard. 


Km =0.25 mM Vm= 6.03 nmoles HCHO 
min - mg Prot 
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All incubations were run in duplicate. The data 
were fit to a double reciprocal plot by eye and the 
kinetic parameters confirmed by a least squares calcu- 
lation. 


RESULTS 


When we incubated the microsomes from both 
male and female rats with concentrations of ethyl- 
morphine ranging from 2.5 uM to 2 mM, we observed 
excellent linearity over three orders of magnitude 
range of substrate concentrations (Fig. 3, panels a and 
b). The K,, in the male rat was 0.25mM, while in 
the female it was 0.64 mM. Utilizing the kinetic par- 
ameters (K,, and V,,) obtained in this study and the 
K, values obtained in previous studies [12], we can 
calculate from Equation 6 theoretical values for the 
ethylmorphine N-demethylase activities for micro- 
somes from male and female rats (Fig. 2, panels a 
and b). It would seem reasonable to use the K, values 
from the previous studies, since in those studies we 
used animals of the same strain, provided by the same 
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Fig. 3. Double reciprocal plot of ethylmorphine N-demethylase in hepatic microsomes from (a) male 
and (b) female rats using substrate concentrations of 2.5 uM to 2.0mM. Preparations and assays are 
given in the text. 
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supplier, and of the same weight as in the present 
investigations. Further, the K, values were highly 
reproducible over a period of several months. 

In our previous study we found that in the male 
rat the stimulation of the NADPH-cytochrome P-450 
reductase is controlled by two kinetically distinct sites 
with K, values of 29 uM and 1.0 mM for ethylmor- 
phine. When each of these values are substituted into 
Equation 6, double reciprocal plots of the calculated 
N-demethylase activities show marked deviations 
from linearity over the substrate concentration range 
used in this study (Fig. 2a). The K, = © plot in Fig. 
2a (dashed line) has the same numerical values as 
the plot of the incubation in Fig. 3a, only the scale 
of the ordinate of the latter figure has been expanded 
10-fold to better illustrate the data. 

Similarly for microsomes from female rats, we can 
calculate values for the rate of ethylmorphine 
N-demethylase from Equation 6, using the K,, and 
V,, from this study and the value of 67 uM from our 
previous study. Again the line calculated from Equa- 
tion 6 shows a marked upward curve over the ethyl- 
morphine concentration range used in the incubations 
in this study (Figs. 2b and 3b). As in the study with 
microsomes from male rats, the K, = 00 (dashed line, 
Fig. 2b) has the same slope and intercepts as the line 
in Fig. 3b. 


DISCUSSION 


The kinetic scheme of hepatic mixed-function oxi- 
dases represented in Equations 1-6 has been one of 
the major, albeit controversial, working models for 
the study of this system. The primary assumption of 
this model is that the rate-limiting process of this 
enzymatic activity is the stimulation of the NADPH- 
cytochrome P-450 reductase activity. This assumption 
is quite attractive, since it suggests that there is a 
close parallel between the control of the microsomal 
mixed-function oxidases by substrates like ethylmor- 
phine and the well-defined tight coupling to the pres- 
ence of ADP of mitochondrial respiration. Yet as dis- 
cussed above, the results of studies bearing on this 
question, even from our own laboratory, have been 
highly contradictory. The current study appears to 
argue against this model. 

The data from this study clearly indicate that the 
N-demethylation is quite linear over three orders of 
magnitude of substrate concentrations. Yet, our kin- 
etic analysis of Equations 1-6 suggests that there 
should be a marked nonlinearity in the double reci- 
procal plots over this range of concentrations. This 
contradiction between our observed results and our 
prediction strongly indicates that the stimulation of 
the reductase activity does not control any process 
before the first irreversible step of the N-demethylase 
reaction, since in a sequential reaction no process 
after an irreversible step will have a major effect on 
the kinetic parameters. Clearly this is a cyclic rather 
than a sequential reaction, but some of these same 
considerations will enter into the development of a 
model. 

These considerations viewed in the light of the 1:1 
stoichiometry between the stimulation of the reduc- 
tase and the N-demethylation might suggest an alter- 
native model for the mixed-function oxidases. It may 
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be that the stimulation of the reductase activity may 
have nothing to do with the insertion of the first elec- 
tron, but rather provides the second. In such a case, 
the first would be provided by a very rapidly turning 
over cytochrome P-450 which is unaffected by the 
presence of substrate. This is in line with the concept 
that NADH stimulates the reaction without affecting 
the rate of the reduction by providing an alternative 
source of second electrons [14-18]. Similarly, the dis- 
crepancy between the temperature dependence of the 
reductase and the N-demethylase may indicate that 
the activation energy is the sum of the activation 
energies of two steps, the reduction and then the 
transfer from the reduced cytochrome of the second 
electron to the partially activated oxygen. Similarly, 
if the stimulated cytochrome reductase provides the 
second electron, the K, for stimulation would not 
have to affect the K,, for the N-demethylase, since 
the transfer of the second electron would only limit 
V,,. In such a case, the binding to the catalytic site 
would be determined by Equation 1 rather than 
Equation 3. Verification of this hypothesis will have 
to await further studies. 

Finally, it should be noted that our observation of 
linearity is in contrast to the results of Pederson and 
Aust [28] and Hayes et al.[29] who reported non- 
linear kinetics for aminopyrine and ethylmorphine 
N-demethylase respectively. The former workers used 
a different substrate which could account for the dis- 
crepancy. But, the latter workers used the same sub- 
strate and a similar strain of rats. Yet, these workers 
utilized a colorimetric method to determine activities 
at very low substrate concentrations. In our hands, 
the colorimetric assay has not proven sufficiently sen- 
sitive to go below 100 uM. Even at 100 uM of sub- 
strate and up to 10 mM, we have never observed any 
nonlinearity in the curves in the innumerable studies 
in which we have examined the substrate-dependent 
kinetics. 
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Abstract—PAH accumulation in renal cortical slices of rats is age-related different. Kinetic parameters 
were quantified using the Lineweaver—Bur analysis. The Michaelis constant for PAH uptake is 
0.50 mM in all age groups, i.e., the affinity of PAH for the transport sites is the same. The maximum 
PAH concentrations (steady-state) in renal cortical slices from 5-, 20-, 33-, and 55-day-old rats are 
0.91, 1.72, 2.57, and 1.72mM, respectively. This finding suggests that the number of transport sites 
is increasing during the postnatal development of the kidney. 


At birth the renal function is immature in most spe- 
cies. The clearances of inulin and p-aminohippurate 
(PAH) increase significantly with age [1, 2]. Likewise, 
a reduced ability of renal cortical slices from newborn 
animals to accumulate PAH or N-methylnicotin- 
amide in vitro has been observed [3-8]. 

In principle, the accumulation of foreign com- 
pounds in renal cortical slices is an index of the abi- 
lity of the proximal tubular cells to maintain a con- 
centration gradient. Under steady-state conditions the 
accumulation process is the sum of the influx into 
the tubular cells, a possible intracellular retention, 
and of the efflux from the cells back into the incuba- 
tion medium. PAH influx is the result of an oxygen- 
requiring transport, a passive PAH uptake cannot be 
stated. Furthermore, energy is also required to keep 
the transported PAH inside the cellular border [9]. 
The intracellular PAH portion (“secretory pool”) is 
in a free form [10]. 

The reason for the age-related differences in PAH 
accumulation must be searched in different carrier- 
mediated transport rates across the peritubular mem- 
brane and/or in different permeation rates across the 
luminal membrane of the tubular cells. 

In the present study we have investigated whether 
the affinity of PAH for the carrier of organic acids 
and/or the number of the transport sites differ during 
the postnatal development of the kidney. In addition, 
the ability of proximal tubular cells to maintain the 
intracellular PAH pool has been studied under 
various conditions. 


MATERIALS AND METHODS 


Wistar rats (Jena) of our institute’s colony breed 
were used. 5-, 15-, and 20-day-old animals of both 
sexes were kept with their dams up to the time of 
experimentation. 33-, 55-, 105-, and 240-day-old 
female rats were fed with standard pellets (Type R, 
VEB Versuchstierproduktion Berlin—Lichtenberg) and 
tap water ad lib. 

Animals were killed under ether anaesthesia by 
decapitation. Kidneys were removed immediately and 


placed in ice-cold Krebs-Ringer phosphate buffer (pH 
7.4). Renal cortical slices were prepared as previously 
described [11]. 200 mg of pooled renal cortical slices 
were always incubated in 3.0 ml Krebs-Ringer phos- 
phate buffer medium containing PAH in different 
concentrations. All incubations were carried out in 
a Warburg apparatus at 25° under a gas phase of 
100% oxygen for 100 min unless otherwise stated. 
After incubation the slices were removed from the 
medium, blotted, homogenized, and denaturated with 
trichloroacetic acid (10%). PAH (VEB Berlin-Chemie) 
was determined by the Bratton—Marshall reac- 
tion [12, 13]. 

Age course of PAH accumulation in proximal 
tubular cells was determined by incubating the renal 
cortical slices from 5- to 240-day-old rats for 100 min. 
In the incubation medium the initial PAH concen- 
tration was 8.5 x 10~° M. This concentration is most 
suitable for such studies as previously described [11]. 
Results are expressed as slice to medium ratio (Qs) 
calculated by dividing PAH concentration per g tissue 
(wet weight) by PAH concentration per ml medium. 
Kinetic parameters of PAH transport during the post- 
natal development were quantified by incubating the 
renal cortical slices from 5-, 20-, 33-, and 55-day-old 
rats for 100 min at increasing PAH concentration 
from 3.3 x 10~° to 2.0 x 10°*M. The active PAH 
uptake was calculated as differences between PAH 
concentration per g tissue and final PAH concen- 
tration per ml medium. Results were plotted using 
the Lineweaver—Burk plot [14], where the reciprocal 
of PAH uptake (steady-state) was plotted against the 
reciprocal of initial PAH concentration in medium. 
Michaelis constant (K,,) and maximal PAH uptake 
were calculated. 

Effect of a lack of oxygen on the ability of proximal 
tubular cells to maintain the intracellular PAH pool 
was determined as follows: (1) Aerobic and anaerobic 
PAH uptake in renal cortical slices from adult rats 
were compared after incubation for 40 and 100 min, 
respectively. In a 3rd group of samples O,- was sub- 
stituted by N,-atmosphere after 40 min. Initial PAH 
concentration was 85x 10°°M. Results are 
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expressed as Qgyy. (2) After incubation for 100 min 
the renal cortical slices from adult rats were separated 
from the medium, blotted and placed in a medium 
initially free of PAH. The efflux of PAH under aero- 
bic and anaerobic conditions was compared. Results 
are expressed as PAH concentration per g tissue. 

Arithmetic means + standard error are given. Dif- 
ferences between means were Statistically analysed 
using the Student’s t-test (P < 0.01). 


RESULTS 


Figure 1 shows the age course of PAH accumu- 
lation in renal cortical slices of rats. In the first 15 
days of age the PAH slice to medium ratio is low, 
increases rapidly to a maximum at 33 days and then 
declines gradually with age. 

Figure 2 shows the Lineweaver-Burk analysis of 
PAH transport in renal cortical slices from rats of 
different ages. The slopes of the lines representing the 
net active PAH uptake are age-related different. All 
lines intersect the abscissa at the same point, whereas 
the ordinate is intersected at different points. The 
Michaelis constant (K,,) is 0.50 mM in all age groups. 
The maximal PAH uptake in renal cortical slices from 
5-, 20-, 33-, and 55-day-old rats is 0.91, 1.72, 2.57, 
and 1.72 mM, respectively. The age-related differences 
of the maximal PAH uptake are in accordance with 
the age-related differences of PAH slice to medium 
ratio (Fig. 1). 

Figure 3 demonstrates the effect of a lack of oxygen 
on the ability of the proximal tubular cells to main- 
tain the intracellular pool of PAH. After anaerobic 
incubation for 40 min there is no PAH accumulation, 
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Fig. 1. Age course of PAH accumulation (Q,,4) in renal 

cortical slices of rats. Experiments were performed as de- 

scribed in methods (n = 4-8). Asterisk indicates the value 

significantly different from the following age group 
(P < 0.01). 
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Fig. 2. Lineweaver-Burk analysis of PAH transport in 
renal cortical slices from 5-, 20-, 33-, and 55-day-old rats. 
The reciprocal of the difference between PAH concen- 
tration in renal cortical tissue (uM/g wet weight) and PAH 
concentration in incubation medium (uM/ml) was plotted 
against the reciprocal of initial PAH concentration. Experi- 
ments were performed as described in methods (n = 4-8). 
Kinetic parameters are given in the text. 


whereas under aerobic conditions the Qs is 
48+ 0.1. In the 3rd group of samples, the oxygen 
atmosphere was substituted by nitrogen atmosphere 
only after this. Likewise, after anaerobic incubation 
for 100 min a PAH accumulation cannot be stated. 
On the other hand the Qs, is increased from 























Fig. 3. Effect of a lack of oxygen on the PAH accumu- 
lation in renal cortical slices from adult rats. Experiments 
were performed as described in methods (n = 3-6). N2 
anaerobic incubation; O, aerobic incubation; O,/N, after 
40 min O,- atmosphere was substituted by N,-atmosphere. 
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Fig. 4. Runout of PAH from renal cortical slices of adult 
rats into incubation medium initially free of PAH under 
aerobic and anaerobic conditions. @——@® Control; 
@--—-@ N,-atmosphere. The slice to medium ratio is given 
in brackets. Experiments were performed as described in 
methods (n = 4-8). Asterisk indicates the value signifi- 
cantly different from the respective control (P < 0.01). 


48 + 0.1 to 7.3 + 0.6 under aerobic conditions. In 
the 3rd group of samples the Q, is significantly 
(P < 0.01) declined from 4.8 + 0.1 to 1.3 + 0.1. 

In Fig. 4 the runout of PAH from renal cortical 
slices back into a medium initially free of PAH is 
compared under aerobic and anaerobic conditions. 
After an initial decrease of PAH concentration in the 
renal cortical slices a new steady-state is maintained 
under aerobic incubation. In contrast to this finding 
a permanent runout is observed under anaerobic con- 
ditions. 


DISCUSSION 


The neonatal rat kidney is characterized by a high 
degree of nephrogenesis during the first week of age. 
At 15 days, nephrogenic tissue is no longer present 
and full development has been reported to occur at 
28 days [15, 16]. From 1 month to 1 year very little 
change in structure is evident other than a thickening 
of the cortical layer and the development of the brush 
border to normal height [16]. A relationship between 
histological and physiological development in the 
neonatal rat kidney has been suggested [2, 7]. The age 
course of PAH accumulation in our experiments is 
in accordance with this pattern of kidney maturation. 

The steady-state PAH accumulation contained a 
saturable component, i.e., a decrease in Qs, with in- 
creasing medium concentration as already docu- 
mented [11,17]. The net oxygen-requiring PAH 
uptake follows the Michaelis-Menten kinetics, there- 
fore the data were plotted using the Lineweaver-Burk 
plot. The strict interpretation of kinetic parameters 
in the light of enzyme kinetics is not altogether valid, 
because the transport in a slice/medium system is 
more complicated. In our opinion, the apparent 
Michaelis constant and the apparent maximal trans- 
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port rate are suitable to characterize the PAH trans- 
port under comparable conditions. In the present 
study the K,,-value for PAH uptake in renal cortical 
slices from rats of different ages is 0.50mM, ie., the 
affinity of PAH for transport sites is the same in all 
ages. In contrast to K,,-value, the maximal PAH 
uptake differs during the postnatal development of 
the kidney, i.e., the transport capacity is increasing 
to a maximum at 33 days of age. It can be supposed 
that the age-related enhancement of the transport 
capacity is due to an increased synthesis of carrier 
protein as already postulated for the stimulation 
phenomenon [18]. Other authors have calculated a 
K,,,-value of 0.586 mM for renal cortical slices of adult 
male rats [19], 0.54mM for plasma membrane vesi- 
cles isolated from adult rat kidney cortex [20], and 
0.544 mM for isolated renal tubules of rabbits [21]. 
It can be stated that K,,,-values obtained with different 
methods are identical in rats and rabbits. 

The decline of PAH accumulation that occurs after 
4 weeks of age (see above) was also seen in renal 
tubules isolated from nonperfused kidneys of rab- 
bits [22] as well as in tissue from puppies and pig- 
lets [7]. These in vitro findings might be explained 
by a greater runout of PAH from the proximal tubu- 
lar cells [23]. This interpretation would correspond 
with the histological development of the brush 
border [16]. On the other hand, the decline in Qs 
can be explained by a depressed PAH uptake because 
there is an accordance with results obtained in 
vivo [1,24]. A competitive inhibition of PAH trans- 
port by metabolic products associated with the age- 
related development of the liver enzyme systems or 
by dietary origins related with weaning [25] can be 
excluded in in vitro studies. In renal tubules isolated 
from perfused kidneys of rabbits the reduced ability 
to accumulate PAH was not observed after 4 weeks 
of age. Therefore endogenous inhibitors were sug- 
gested [22]. In previous studies a maximum of renal 
sodium excretion was also measured in 33-day-old 
rats after the administration of an extensive dose of 
0.9% NaCl [26]. 

In accordance with data in the literature [27-29] 
the energy-requiring carrier transport is the most im- 
portant factor in the PAH accumulation. If the 
oxygen supply is blocked. the proximal tubular cells 
are not able to keep the transported PAH inside the 
cellular border. Passive uptake or tissue protein bind- 
ing of PAH cannot be stated. 

Further ways and means must be searched to 
characterize the functional transport sites as well as 
the age-related energy availability. 
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Abstract—The modulation of cAMP contents of rat peritoneal ngacrophages by f-adrenergic stimulants 
and blocking agents were studied. The maximum increase of cAMP contents induced by isoproterenol, 
epinephrine, norepinephrine and hexoprenaline (a selective {,-adrenergic stimulant) was about 
170 ~ 200 per cent and about 100 per cent by salbutamol (a selective 8,-adrenergic stimulant) above 
the basal level. The activity of phenylepherine, a a-adrenergic stimulant, was very weak. The concen- 
tration giving a half maximum stimulation was as follows: isoproterenol; 6.3 x 10~* M, hexoprenaline; 
8.9 x 10°-°M, salbutamol; 3 x 10~’M, epinephrine; 5.6 x 10~7M, and norepinephrine; 5.6 x 
10-° M. Taking propranolol as a standard for comparison, antagonists of the isoproterenol induced 
increase in cAMP in macrophages ranged in their minimum effective concentrations as follows: bufeto- 
lol; 1. metoprolol (a selective B,-adrenergic blocking agent); 1000, practolol (a selective B,-adrenergic 
blocking agent); > 1000, while in rat hearts bufetolol; 1, metoprolol and practolol; 100. The increase 
of cAMP by 107° M epinephrine or 10~° M hexoprenaline in rat peritoneal macrophages was blocked 
by bufetolol at a concentration of 10~7M or 10~°™M, but not by practolol at a concentration of 
10-*M. Phentolamine, a a-adrenergic blocking agent, showed no antagonistic activity against iso- 


proterenol in rat peritoneal macrophages. 


These observations suggest that the increases in cAMP in rat peritoneal macrophages by catechol- 


amines are mediated by f,-adrenergic receptors. 


Numerous studies suggest that B-adrenergic receptors 
are linked to adenylate cyclase and that the increase of 
intracellular adenosine 3’',5’-monophosphate (cAMP) 
contents is one of the early steps of the sequence 
initiated by B-adrenergic stimulus [1]. 

Recently B-adrenergic receptors were classified into 
two broad subclasses of 8, and B, according to phar- 
macological data obtained with intact tissues [2]. 
Receptors found in the heart and adipose tissue are 
among f,-type[2], whereas those in the skeletal 
muscle, liver and trachea are among f,-type receptor 
[2,3]. Biochemical studies demonstrated that the 
selectivity of B-adrenergic stimulants or blocking 
agents, observed in pharmacological intact models, is 
reflected at cAMP system by the similar selectivity 
[4-7]. Thus it is possible to suppose the type of 
B-adrenergic receptors of tissue by the effect of 
B-adrenergic stimulants or blocking agents on cAMP 
system. 

Macrophages play an important role in host 
defense against infection of certain bacteria and vir- 
uses, and in immunity [8-10]. cAMP can modify the 
function of macrophages such as the release of lysoso- 
mal enzymes accompanying with phagocytosis of un- 
digestible particles [11]. Though it was demonstrated 
that catecholamines could stimulate the adenylate 
cyclase of macrophages [12], the type of B-adrenergic 
receptors have not been mentioned. 

In the present report, studies were undertaken to 
identify the types of B-adrenergic receptors which 
mediates the increase of cAMP by catecholamines in 
rat peritoneal macrophages. 


MATERIALS AND METHODS 


Chemicals. 1-Epinephrine bitartrate, DL-isoproter- 
enol hydrochloride, 1-norepinephrine hydrochloride 
and 1-phenylepherine hydrochloride (Sigma Chemical 
Co.), phentolamine (Regitine) (Ciba Products Ltd.), 
liquid paraffin (Iwai Kagaku Co. Ltd.), medium 199 
and Hanks’ balanced salt solution (Nissui Seiyaku 
Co. Ltd.), Hepes buffer and calf serum (Flow Labora- 
tories), adenosine 3’,5'-monophosphoric acid (CAMP) 
(Sigma Chemical Co.), and cAMP assay kit (The 
Radiochemical Centre, Amersham) (catalogue no.; 
TRK-432) were used. Other reagents guaranteed were 
commercially purchased. Bufetolol, propanolol, prac- 
tolol, metoprolol, hexoprenaline and salbutamol were 
also used. Test compounds were dissolved in redis- 
tilled water immediately before use. 

Animals. Donryu strain male rats weighing 150- 
180 g (Nippon Rat Co.) were used. 

Harvest of macrophages. Rats were injected intra- 
peritoneally with 3 ml of liquid paraffin. Four days 
later the animals were injected intraperitoneally with 
15 ml of Hanks’ balanced salt solution and the peri- 
toneal cell suspensions were collected. Monolayers of 
macrophages were prepared from the cell suspensions 
by the method of Nathan et al. [13] with slight modi- 
fications. The peritoneal cells were washed twice in 
cold Hanks’ balanced salt solution, and suspended 
at 2 x 10° cells per ml in medium 199 containing 
20% calf serum. Five ml of aliquots of cell suspensions 
was dispersed into a culture tube (36cm? surface 
area). After the incubation at 37° for 60min, the 


1813 





1814 


medium in the tube was withdrawn and the culture 
was rinsed 5 times with each 5 ml of Hanks’ balanced 
salt solution. Then the adherent cells were detached 
by a policeman. The cells were suspended at 2 ~ 3 x 
10° cells per ml in medium 199 with 10mM Hepes 
buffer (pH 7.4) not containing calf serum and were 
used as macrophages for the assay of cAMP. 

cAMP assay. To 1 ml of cell suspension in a tube, 
10 ul of a test solution was added and the cells were 
incubated at 37° for 2 min under 5% CO, in air. After 
the incubation, the tube was centrifuged at 1200 g for 
30 sec and the medium was removed by suction. To 
the cell pellet 0.1 ml of ice-cold 5% trichloroacetic 
acid (TCA) was added and the cells were destroyed 
by agitating with a Vortex mixer and by foliowing 
with 2 cycles of freezing and thawing. After the centri- 
fugation at 1200 g for 10 min, 75 yl of the supernatant 
was transfered into a tube and TCA in the superna- 
tant was removed 5 times with each 0.5 ml of water- 
saturated ether. The aqueous layer was boiled for 
3min to evaporate ether. The concentrations of 
cAMP of the extract was determined using the cAMP 
assay kit based on the principle of the competitive 
binding assay. The standard curve of cAMP was con- 
structed with known amount of cAMP as described 
above. 

Hearts. The concentration of cAMP in slices of rat 
hearts was determined as reported previously [14]. 
Rats were sacrificed by blowing on the neck and the 
hearts were quickly removed. The left ventricular 
muscle was divided into three segments. The segments 
were incubated at 37° for 30min in Krebs—Henseleit 
buffer [15] containing 10mM glucose bubbling a gas 
mixture of 95% O, and 5% CO, . After the incubation, 
the medium was replaced by the fresh buffer contain- 
ing 10mM glucose and 10mM theophylline, and the 
segments were incubated for 5 min. Then a test solu- 
tion was added to the segments and further incubated 
at 37° for Smin. At the end of the incubation, the 
segments were frozen with dry ice—acetone and hom- 
ogenized in 5% TCA. The homogenates were centri- 
fuged at 1200g for 15min and 0.2 ml of aliquots of 
the supernatant were transfered into tubes. After 
removing TCA in the supernatant, the concentration 
of cAMP was determined as described above. 


RESULTS 


Increase in cAMP in rat peritoneal macrophages by 
a and B-adrenergic stimulants. Figure 1 shows the time 
course of the increase in cAMP in rat peritoneal mac- 
rophages by 10~° M isoproterenol. As shown in Fig. 
1, the increase in cAMP by isoproterenol reached a 
maximum at 2 min and returned to near a basal level 
at 5 min. In the following experiments, the drugs were 
incubated with cells for 2 min. 

Figure 2 shows the increase in cAMP in rat peri- 
toneal macrophages by « and f-adrenergic stimulants 
including hexoprenaline and salbutamol, which are 
known to stimulate selectively B,-adrenergic recep- 
tors. The maximum stimulation of epinephrine, nor- 
epinephrine and hexoprenaline was about 200 per 
cent above the basal level, which was slightly higher 
than that of isoproterenol. Salbutamol produced 
about a half of the maximum stimulation of epine- 
phrine. The concentration giving a half maximum 
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Fig. 1. Time course of 10~° M isoproterenol stimulation 

of rat peritoneal macrophages cAMP. The drug was incu- 

bated with cells for indicated time at 37°. Each point rep- 

resents the average value of triplicate determinations. (@) 
Control, (O) Isoproterenol. 


stimulation (PCs 9) obtained graphically was as fol- 
lows: isoproterenol; 6.3 x 10~*M, hexoprenaline; 
8.9 x 10~° M, salbutamol; 3 x 10~’ M, epinephrine; 
5.6 x 10°7M and norepinephrine; 5.6 x 10~°M. 
The effect of phenylepherine, a «-adrenergic stimulant, 
was small. 

Effects of « and B-adrenergic blocking agents on the 
increase in cAMP in rat peritoneal macrophages by 
B-adrenergic stimulants. A blocker and a stimulant 
were simultaneously added to the cell suspension and 
were incubated at 37° for 2min. Propranolol and 
bufetolol at a concentration of 10°’ M or more sig- 
nificantly inhibited the increase of CAMP by 10~°M 
isoproterenol as shown in Table 1. The effects of prac- 
tolol and metoprolol, selective B,-adrenergic blocking 
agents, were very weak compared with propranolol 
and bufetolol. Practolol showed no inhibition even 
at a concentration of 10°*M. Phentolamine, a 
a-adrenergic blocking agent, at a concentration of 


pmoles/|O’ cells/2 min 


cAMP, 








io 10° 10° 
Concentration, M 
Fig. 2. The increase in cAMP in rat peritoneal macro- 
phages by a and f-adrenergic stimulants. Each point rep- 
resents the average value of triplicate determinations. (O) 
Isoproterenol, (@) Epinephrine, (x) Norepinephrine, (A) 
Hexoprenaline, (A) Salbutamol, (™) Phenylepherine. 





Modulation of adenosine 3’,5’-monophosphate 


Table 1. Effect of « and B-adrenergic blocking agents on 
the increase in cAMP in rat peritoneal macrophages by 
isoproterenol 





cAMP 
Concentration of pmoles/10’ 


Compound antagonist (M) __ cells/2 min 





8.9 + 0.6T 
25.4 + 0.5 
24.7 + 0.9 
21.5 + 0.1* 
12.0 + 0.5* 
10.8 + 0.5* 
26.3 + 0.2 
20.0 + 0.2* 
13.0 + 0.1* 
11.6 + 0.2* 

7.4 + 0.3 
21.4401 
22.4 + 0.6 
24.2. + 0.4* 
23.3 + 1.0 
25.2 + 0.7* 
23.6 + 0.3* 
23.5 + 0.2* 
21.1 + 0.5 
12.7 + 0.7* 

6.0 + 0.2 
17.9 + 0.1 


Control—no drug 

Isoproterenol 10~> M 

isoproterenol 10~° M 
+ bufetolol 


Isoproterenol 10~° M 
+ propranolol 


Control—no drug 

Isoproterenol 10-5 M 

Isoproterenol 10~*M 
+ practolol 


Isoproterenol 10~° M 
+ metoprolol 


Control—no drug 

Isoproterenol 10~*° M 

Isoproterenol 10~> M 
+ phentolamine 


10° 17.8 + 0.3 





Drugs were incubated with macrophages (2.5 ~ 3 x 10° 
per ml) at 37° for 2 min. 

* Statistical significance from isoproterenol alone (P < 
0.05). 

+ Mean + S.E. (n = 3 ~ 4). 


10-° M showed no inhibition. The inhibitory effects 
of bufetolol and practolol on the increase in cAMP 
in rat peritoneal macrophages by 10~*° M epinephrine 
or hexoprenaline are shown in Table 2. Bufetolol 
showed inhibitory effects at a concentration of 
10-7 M against epinephrine, and at 10~° M against 
hexoprenaline, whereas practolol did not show any 
inhibition up to a concentration of 10~*M against 
both stimulants. 

Effects of B-adrenergic blocking agents on the in- 
crease in cAMP in rat hearts by isoproterenol. The 
drugs were incubated at 37° for 5min with the seg- 
ments of rat left ventricular muscle in the presence 
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of 10mM theophylline. Results are shown in Table 
3. Propranoloi and bufetolol at a concentration of 
10-’M significantly inhibited the increase in cAMP 
by 5 x 10-7 M isoproterenol. Practolol and metopro- 
lol inhibited it at a 100 times higher concentration 
than that of propranolol or bufetolol. 


DISCUSSION 


The contents of cAMP of rat peritoneal macro- 
phages obtained 4 days after the injection of liquid 
paraffin were enhanced by f-adrenergic stimulants. 
The increases in cAMP by f-adrenergic stimulants 
were blocked by f-adrenergic blocking agents, pro- 
pranolol and bufetolol, but not blocked by phentola- 
mine, a a-adrenergic blocking agent. Phenylepherine, 
a a-adrenergic stimulant, produced only a small in- 
crease in cAMP. These observations suggest that the 
increases in cAMP in rat peritoneal macrophages by 
B-adrenergic stimulants are mediated by f-adrenergic 
receptors, but not by a-adrenergic receptors. It is well 
known that catecholamines stimulate adenylate cyc- 
lases of various tissues and increase intracellular 
cAMP. Catecholamines-stimulated adenylate cyclases 
of guinea pig peritoneal macrophages were demon- 
strated by Remold-O’Donnell [12]. It is easy to sup- 
pose that the increases in cAMP in rat peritoneal 
macrophages by f-adrenergic stimulants observed in 
the present experiments are due to the activation of 
adenylate cyclase via B-adrenergic receptors. 

Beta-adrenergic receptors have been classified into 
two broad subtypes of 8, and B, based on the order 
of pharmacological potencies of three classical cat- 
echolamines [2}. The order of affinity for B,-adrener- 
gic receptors is isoproterenol > epinephrine > nor- 
epinephrine and for B,-adrenergic receptors is isopro- 
terenol > epinephrine > norepinephrine. The order 
of affinity (PCs) of the three catecholamines obtained 
with the increase in cAMP in rat peritoneal macro- 
phages is isoproterenol > epinephrine > norepineph- 
rine. The affinity of epinephrine is 10 times higher 
than that of norepinephrine. This result appears to 
show that B-type adrenergic receptors mediate the 
increase in cAMP in rat peritoneal macrophages by 
catecholamines. 

Recently B,-adrenergic stimulants, which selectively 
stimulate B,-adrenergic receptors, and £,-adrenergic 
blocking agents, which selectively block ,-adrenergic 


Table 2. Effect of B-adrenergic blocking agents on the increase in cAMP in rat peri- 
toneal macrophages by epinephrine and hexoprenaline 





Concentration of 
antagonist (M) 


Compound 


Hexoprenaline 


Epinephrine 
(10~* M) 


(10~° M) 





Control—no drug 


Bufetolol 


Practolol 


7.8 + 0.5T 


17.2 + 0.5 
9.8 + 0.4* 
9.6 + 0.8* 
8.6 + 0.7* 

174 +04 

17.0 + 0.8 

20.5 + 0.2* 


” 


EE oe He 
Sorseser 





Drugs were incubated with macrophages (2.2 x 10° per ml) at 37° for 2 min. 
* Statistical significance from the stimulant alone (P < 0.05). 
+t Results are expressed as pmoles cAMP/10’ cells + S.E. 
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Table 3. Effect of B-adrenergic blocking agents on the increase in cAMP in slices 
of rat hearts by isoproterenol 





Concentration of 
antagonist (M) 


Compound 


cAMP 
pmoles/100 mg tissue/S min 





Control—no drug 
Isoproterenol 5 x 10°7M 
Isoproterenol 5 x 10°7M 
+ bufetolol 
Isoproterenol 5 x 10°7M 
+ propranolol 
Control—no drug 
Isoproterenol 5 x 10°7M 
Isoproterenol 5 x 10°7M 
+ practolol 


Isoproterenol 5 x 10°7M 
+ metoprolol 


78.7 + 1.4 
278.0 + 0.0 
254.9 + 10.5 
234.3 + 11.4* 
304.3 + 10.1 
216.0 + 6.1* 

82.0 + 3.2 
309.4 + 25.6 
319.9 + 31.3 
184.5 + 1.0* 
137.7 + 8.8* 
271.2 + 8.4 
135.9 + 14.9* 

91.5 + 3.0* 





Drugs were incubated with slices of left ventricles of rat at 37° for 5min in the 


presence of 10 mM theophylline. 


* Statistical significance from isoproterenol alone (P < 0.05). 


+ Mean + S.E. (n = 3). 


receptors, have been introduced in experimental and. 


clinical uses. Hexoprenaline [16] and salbutamol [17] 
are among the former, and practolol [18] and meto- 
proloi [19] are among the latter. Bufetolol [20] and 
propranolol have no selectivity. These agents allow 
a distinction between these two subtypes of f- 
adrenergic receptors. 

The degree of maximum stimulation and affinity 
of hexoprenaline for the increase in cAMP in rat peri- 
toneal macrophages are approximately equal to those 
of isoproterenol. We reported that the affinity of hexo- 
prenaline for the increase in cAMP in rat hearts (8;) 
was 1.3 x 10°°M, and 7 x 10~°M in rat lungs (f,) 
[14]. The affinity of hexoprenaline obtained with rat 
peritoneal macrophages is shown to be close to that 
of the lung. Salbutamol appears to be a partial 
agonist for the increase in cAMP in rat peritoneal 
macrophages because the maximum stimulation is 
about a half of that of epinephrine. This result does 
not agree to the observation that salbutamol was a 
full agonist in rat uterus (8,)[7], while the affinity 
of salbutamol with rat peritoneal macrophages is 
equal to that of rat uterus, 3 x 107’ M[7]. 

On the other hand, the inhibitory activities of 
B,-adrenergic blocking agents, practolol and meto- 
prolol, against the isoproterenol-induced increase in 
cAMP were observed to be considerably less potent 
in rat peritoneal macrophages compared with rat 
hearts. 

These results obtained using the selective f- 
adrenergic stimulants and blocking agents further 
support the assumption described above that the in- 
creases in cAMP in rat peritoneal macrophages by 
catecholamines are mediated by £,-adrenergic recep- 
tors. 
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SHORT COMMUNICATIONS 


Thyrotropin-releasing hormone— increased catabolism of 
catecholamines in brains of thyroidectomized rats 


(Received 14 June 1976; accepted 19 November 1976) 


Thyrotropin-releasing hormone (TRH) is a tripeptide 
(L-pyroglutamyl-L-histidyl-L-proline-amide), found in the 
hypothalamus, that functions as a hypophysiotropic hor- 
mone. Synthetic TRH exerts behavioral effects in man and 
animals, and has been administered to depressed patients 
[1-6]. Schildkraut [7] has proposed that antidepressive 
drugs produce their effect by increasing the functional ac- 
tivity of central catecholaminergic neurons of the brain; 
however, TRH does not mimic the effects of other known 
antidepressives that either block the re-uptake of mono- 
amines [8] or inhibit monoamine oxidase [9]. The present 
study was undertaken to determine if administration of 
TRH increases the depletion of catecholamines after inhibi- 
tion of synthesis by the administration of alpha-methyltyr- 
osine (a-MT). This approach has previously been used to 
estimate the rate of catecholamine turnover in brain [10], 
and can be used to show that treatment with drugs affects 
the turnover rate of catecholamines. Because TRH may 
produce its effects through activation of the thyroid gland, 
the experiments were performed in both thyroidectomized 
and sham-operated control rats. While this study was un- 
derway, at least three other laboratories reported the 
effects of TRH on catecholamine metabolism in 
brain [11-13]. 

Male Sprague-Dawley rats (250-300 g), obtained from 
Charles River Laboratories, were used in all experiments. 
Thyrotropin-releasing factor was synthesized and gener- 
ously provided by Dr. Miguel Ondetti, Peptides Section, 
The Squibb Institute for Medical Research. Alpha-methyl- 
tyrosine methyl ester (Aldrich Chemical Co.) and TRH 
were dissolved in 0.9% saline and administered intraperi- 
toneally. Rats were decapitated, and the excised brains 
were dissected in ice water, as previously described [14]. 
Catecholamines were measured in homogenates of brain 
prepared in 0.4% perchloric acid. The catecholamines were 
isolated from the homogenate by adsorption onto alumina 
[10], and were oxidized and measured fluorometrically by 
the method of Chang [15], after their elution from the 
alumina into 0.1 N acetic acid. Endogenous concentrations 
of catecholamines were calculated from standards (1 nmole 
each) of dopamine and norepinephrine (Sigma Chemical 
Corp.) carried through the assay with the tissue samples. 

In a preliminary experiment, we had found that the ad- 
ministration of TRH (15 or 30 mg/kg, i.p.) had no effect 
on the endogenous concentration of either dopamine or 
norepinephrine in the brains of rats sacrificed 0.5, 2, 4 or 
Shr after treatment. To determine the effect of TRH on 
the turnover of catecholamines, the peptide was adminis- 
tered to rats that had been treated with a-MT to inhibit 
synthesis of norepinephrine and dopamine. As shown in 
Table 1, treatment with a-MT alone caused depletion of 
both norepinephrine and dopamine in all brain regions 
studied, and the extent of this depletion was nearly the 
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same in both sham-operated and thyroidectomized rats. 
However, in rats subsequently treated with TRH, «-MT 
caused a significantly greater depletion of norepinephrine 
in both the cortex and in the “Rest of brain” (whole brain 
less cortex, cerebellum and corpus striatum), and of dopa- 
mine in the cortex, corpus striatum and “Rest of brain” 
than it had in rats given only «-MT. Both sham-operated 
control and thyroidectomized animals showed this increase 
in the rate of depletion of dopamine and norepinephrine 
induced by the administration of TRH. 

The results of this study demonstrate that administration 
of TRH potentiates the depletion in brain of norepineph- 
rine and dopamine resulting from the inhibition of their 
synthesis by the administration of «-MT. The rate of de- 
pletion of catecholamines after inhibition of synthesis pro- 
vides an index of the rate of turnover of catecholamines, 
if TRH treatment does not affect the steady-state concen- 
tration of catecholamines in the time interval during which 
depletion is measured. Because the administration of TRH 
had no effect on levels of endogenous catecholamines, our 
results indicate that TRH increases the rate of turnover 
of dopamine and norepinephrine. The increase in dopa- 
mine and norepinephrine turnover occurred in brains of 
both sham-operated control rats and of thyroidectomized 
rats. The latter finding suggests that the increase in 
catecholamine turnover induced by the administration of 
TRH is independent of any effect of TRH on the thyroid 
gland. 

While the present study was underway, three other 
laboratories reported the effects of the administration of 
TRH on the metabolism of catecholamines in rat brain. 
All of these investigators found that administration of 
TRH had no effect on the concentration of catecholamines. 
Keller et al. [11] did find that the administration: of TRH 
(10 mg/kg, i.p.) to rats induced an increase in concentration 
of the norepinephrine metabolite, 3-methoxy-4-hydroxy- 
phenylethyleneglycol (MOPEG), and accelerated the rate 
of conversion of radiolabeled tyrosine to norepinephrine. 
The increase in concentration of MOPEG also occurred 
in thyroidectomized rats. Reigle et al. [12] found that the 
administration of TRH (8 mg/kg, i.p.) caused a slight in- 
crease in the rate of efflux of radiolabeled norepinephrine 
from the brain after intracisternal administration of the 
isotope. Using alpha-methyltyrosine to measure the rate 
of turnover of brain catecholamines, Horst and Spirt [13] 
also found an increase in the norepinephrine turnover rate 
after treatment with TRH. Thus, we have confirmed the 
previous findings of a TRH-induced increase in nore- 
pinephrine metabolism in the brain. However, in contrast 
to our results, neither Keller et al. [11] nor Horst and 
Spirt [13] found an increase in the turnover rate of dopa- 
mine in brains of rats treated with TRH. This discrepancy 
may be explained by the fact that a smaller dose of TRH 
(10 mg/kg) was used in other studies. 

The increase in the turnover rate of catecholamines may 
be related to the antidepressive effect of TRH reported 
by several investigators. The tricyclic antidepressive agents 
when administered to rats in a single dose cause a reduc- 
tion in the rate of norepinephrine turnover; however, when 
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Table 1. Effect of thyrotropin-releasing factor on the depletion of brain catecholamines induced by «a-methyltyrosine* 





Norepinephrine concn 
Treatment Dopamine concn (nmoles/g + S. E.) (nmoles/g + S. E.) 








Group '_ Thyroid- Corpus Rest of Rest of 
No. ectomy a-MT TRH Cortex striatum brain Cortex brain 





2.72 + 0.06 28.4 + 0.9 4.11 + 0.18 1.37 + 0.06 
2.01 + 0.06 18.2 + 0.6 2.61 + 0.09 0.94 + 0.04 
2.74 + 0.06 29.4 + 0.9 4.25 + 0.25 1.40 + 0.08 
2.15 + 0.06 20.5 + 0.6 2.48 + 0.11 0.89 + 0.03 
2.88 + 0.09 29.1 + 0.6 3.99 + 0.22 1.41 + 0.06 
1.47 + 0.05+ 12.7 + 0.4f 1.84 +0.08§ 0.58 + 0.03} 
2.77 + 0.08 28.0 + 1.1 3.94 + 0.17 1.34 + 0.05 
1.60 + 0.05** 14.7 + O.Stt 1.69 + O.09$¢$ 0.62 + 0.01§§ 
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* Thyrotropin-releasing hormone (TRH; 15 mg/kg, ip.) was administered to rats 1.5 and 2.Shr after treatment with 
a-methyltyrosine («-MT; 400 mg/kg, i.p.). Rats were killed 3hr after a-MT administration. Values are the means for 
five or six animals. “Rest of brain” refers to the whole brain, excluding cortex, cerebellum and corpus striatum. There 
were no differences (P > 0.05) between sham-operated and thyroidectomized control rats (group 1 vs 3), sham-operated 
and thyroidectomized rats treated with a-MT (group 2 vs 4) or with TRH alone (group 5 vs 7), or between sham-operated 
and thyroidectomized rats treated with both a-MT and TRH (group 6 vs 8). 

+ P < 0.01 compared with dopamine content in cortex of rats treated with a-MT alone (group 2). 

t P < 0.01 compared with dopamine content in corpus striatum of rats treated with a-MT alone (group 2). 

§ P < 0.01 compared with dopamine content in “Rest of brain” of rats treated with «-MT alone (group 2). 

|| P < 0.01 compared with norepinephrine content in cortex of rats treated with a-MT alone (group 2). 

“ P < 0.01 compared with norepinephrine content in “Rest of brain” of rats treated with a-MT alone (group 2). 

** P < 0.01 compared with dopamine content in cortex of thyroidectomized rats treated with «-MT alone (group 
4). ' 
++ P < 0.01 compared with dopamine content in corpus striatum of thyroidectomized rats treated with a-MT alone 
(group 4). 

tt P < 0.05 compared with dopamine content in “Rest of brain” of thyroidectomized rats treated with a-MT alone 
(group 4). 

§§ P < 0.01 compared with norepinephrine content in cortex of thyroidectomized rats treated with «-MT alone (group 
4) 


|| P < 0.01 compared with norepinephrine content in “Rest of brain” of thyroidectomized rats treated with a-MT 


alone (group 4). 
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Binding of gold in the kidney of the rat* 


(Received 7 January 1977; accepted 7 March 1977) 


The protein binding of several metals in animal tissues 
has recently been the subject of interest in numerous 
reports. Special emphasis was put on the role of metallo- 
thionein-like proteins in binding of Cd, Zn, Cu, Hg and 
Bi (for review see [1]). Gold has not been investigated in 
this respect. The present report gives preliminary data on 


the binding of gold in the kidney of the rat with reference — 


to protein classes of various molecular weights. 


METHODS 


Female rats of the Wistar strain, body weight 220-260 g 
were used in the experiments. Animals were fed standard 
LSMf# diet. Solutions of soluble gold were prepared by 
dissolving chloroauric acid (FOCh, Gliwice), neutralized 
to pH about 4, to reach the concentrations 2 and 4 mg 
Au/ml. The solutions were administered i.v. in a single dose 
of 880 ug per rat and in repeated doses: 3 x 880 yg Au 
per rat every second day, 5 x and 7 x 440 yg Au per rat 
every second day. Rats were sacrificed 24 hr following last 
injection. Liver and kidneys were removed, the remaining 
carcass (except the skin) was homogenized with water to 
reach a homogenous suspension from which samples were 
taken for gold determination. 

Kidney homogenates (20%), were prepared in a solution 
containing 0.25M sucrose and 0.01 M Tris-HCl buffer, 
pH 7.4. Homogenates were centrifuged at 12.000 g for 1 hr. 
The supernatants were subjected to column chroma- 
tography on Sephadex G-75 gels. Elution was performed 
using formate buffer, pH 8.0. 

For the determination of gold, samples were dry ashed 
at temperature of 650-700°. The residue was dissolved in 
aqua regia, evaporated almost to dryness and immediately 
dissolved in 0.8 NHCI. In the final solution gold was 
determined spectrophotometrically with rhodamine B (The 
British Drug Houses Ltd) [2,3]. The coloured complex 
of gold with rhodamine B in diisopropylether was 
measured at 553nm on the VSU-2G spectrophotometer. 
The limit of detection was 2 wg Au in a sample, precision 
7.5%. The recovery of gold following dry ashing was about 
85 per cent. 

Proteins were determined nephelometrically with tannic 
acid (Anal. Lab., Katowice) using bovine albumine (Serva) 
as a standard [4]. In the eluates from column chroma- 
tography absorbance at 250nm was measured on the 
VSU-2P spectrophotometer. 


RESULTS 


Following repeated exposure rats accumulated gold to 
an extent not exceeding 200 per cent of the individual dose 
(Table 1). Taking the wholebody retention of gold as 
100 per cent it could be shown that the share of the kidney 
in binding gold had a rising tendency, from about 13 per - 
cent following single administration of 880 yg Au to about 
35 per cent following the longest repeated exposure (Fig. 
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Table 1. The whole body retention of gold and its concen- 
tration in the kidney and liver, depending on magnitude 
and number of doses 





Whole body Concentration, ug Au/g 
retention of tissue 


bg Au Kidney Liver 


Doses 





52.3 + 15.5 
126+9 

103 + 28 
58 + 15 


15.2 + 4.9 
26.3 + 6.8 
26.4 + 4.6 
34.5 + 11.0 


1 x 880 yg Au/rat 604 + 94 

3 x 880 yg Au/rat 1153 + 182 
5 x 440 yg Au/rat 741 106 
7 x 440 yg Au/rat 782 + 138 





5-7 animals in a group; means + standard deviation. 


1). Similarly, the gold content in the liver became stabilized 
at the level of about 30 percent of the wholebody reten- 
tion. The content of gold in the remaining carcass dropped 
from about 70 per cent following single dose of 880'ug Au 
per rat to about 30 per cent following the longest repeated 
exposure to doses of 440 yg Au per rat. 

In the kidney, the 12,000g supernatant contained 
35 percent of gold in the case of single dose of 880 ug 
Au and about 50 percent after 5-7 doses of 440 yg Au. 
The respective concentrations expressed per mg of protein 
were 0.5 and 1.1 wg Au/mg respectively. Figure 2 shows 
a typical chromatography of the kidney supernatant fol- 
lowing repeated exposure to gold. In this case } of gold 
was bound by the fraction of low molecular weight pro- 
teins. The latter proteins bound only 10 percent of gold 
in experiment with single exposure. The above changes 


C3 Carcass 
CJ Liver 
E25) Kidney 


Percent of body burden 
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The relative contents of gold in the liver, kidney 
the remaining carcass depending on the magnitude 
and number of gold doses. 
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Fig. 2. The chromatography of the 12,000g supernatant 

of the kidneys. Sephadex G-75, column 65 x 2.5cm, for- 

mate buffer pH 8.0; fractions 3 ml each. Rat given 7i.v. 

doses, 440 yg Au each. Markers of the molec.wt: dextran 

blue (molec.wt = 2 mln, V,: Vo = 1); ribonuclease (molec.wt 

= 12,700, V,: Vo = 2.0), K,CrO,(molec.wt = 194, V,:Vo = 
2.8). 


occurred at the cost of the proteins of the highest molec.wt 
which 'bound about 60 percent of gold following single 
exposure and only about 35 percent after repeated expo- 
sure to gold. About 4 of gold was contained in the fraction 
of proteins of intermediate molec.wt (V,:V. = 1.5), indepen- 
dently on the kind of exposure. Table 2 shows the concen- 
tration of gold expressed per mg of protein in joint eluates 
from column chromatography corresponding to various 
elution volumes. With prolonged exposure an increase of 
concentration was seen in the fraction of low molecular 
weight proteins, the concentrations in the remaining frac- 
tions being basically constant. The data of Table 2 refer 
to mean values in joint fractions. Within the fraction of 
the lowest molec.wt the peak concentrations were found 
up to 26 yg Au/mg of protein. 


DISCUSSION 


From the existing data it follows that the critical organ 
for gold may be either liver or kidney, depending on the 
preparation applied [5, 6]. Liver seems to concentrate gold 
especially efficiently if colloidal gold is administered, 
whereas soluble gold compounds are localized mainly in 
the kidney. High levels of gold in the kidney were still 
found after more than 10 days following injection [6]. In 
the present report we applied soluble gold and the share 
of both organs, liver and kidneys, in the storage of gold 
was approximately equal, however the concentrations in 
the kidney were several times higher. The relative share 
of the kidneys rose with the duration of exposure. 

The mechanism owing to which the accumulation of 
gold in the kidney occurs so efficiently has been obscure. 
Some light is shed on this problem by the study of binding 
by various protein classes. Table 2 shows that in prolonged 
exposure the high molec.wt proteins soon reach a plateau. 
Consequently the increase of gold content in this organ 


Table 2. The concentration of gold (ug Au per mg proteins) 
in the protein fractions of different molecular weights 
(V,/Vo) depending on magnitude and number of doses 


(supernatant of kidneys) 
Doses 
V,/Vo 


1.0(0.8 — 1.3) 
1.5(1.3 — 1.8) 
2.0(1.8 — 2.2) 





1 x 880 peg 
Au/rat 


5 x 440 yg 
Au/rat 


7 x 440 pg 
Au/rat 





0.41 
0.37 
1.90 


0.64 
0.64 
9.20 


0.61 
0.57 
15.70 





is due to the rise of gold chelated by a fraction of proteins 
of the molec.wt about 10,000. This fraction of proteins 
binds in prolonged exposure about 20 per cent of the total 
gold contained in this organ. As compared with mercury 
or bismuth the role of this protein fraction is relatively 
less pronounced. Nevertheless, some analogy is obvious: 
as it is known, mercury and bismuth are efficiently bound 
in the kidneys due to a fraction of low molec.wt, inducible 
proteins, classified as metallothionein-like proteins [7-9]. 
Whether the gold binding proteins contained in the soluble 
fraction of rat kidneys are identical with those binding 
Hg or Bi remains to be elucidated. Also, it is far from 
being clear whether the increasing capacity for Au of this 
protein fraction is due to induction of the protein synthesis, 
as it is the case with mercury [7] or bismuth [9]. 
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Protection against organophosphate poisoning in vivo and inhibition 
of choline-acetyltransferase in vitro 


(Received 25 January 1977; accepted 10 March 1977) 


Poisoning by organophosphates and carbamates leads to 
an inhibition of the enzyme acetylcholinesterase (AChE). 
As a consequence, acetylcholine (ACh) accumulates at the 
synapses and neuromuscular junctions [1]. Antidotal ther- 
apy and prophylaxis against those intoxications should be 
possible by either protection of AChE or its reactivation 
after inhibition, removal of excessive ACh from the cho- 
linergic receptor or, at least, by reducing the amount of 
ACh by influencing its release or formation. The last step 
in the biochemical synthesis of ACh is performed by the 
enzyme choline-acetyltransferase (EC 2.3.1.6, ChAc). 
Several potent inhibitors of ChAc have been described in 
the literature [2-5]. 

In the course of our biological screening tests in mice 
of potential organophosphate antidotes we found the com- 
pound 4-(a-naphthylvinyl)pyridinium hydrochloride (NP) 
to be slightly effective against intoxications by soman 
[O-(1.2.2-trimethylpropyl)-methylphosphonylfluoride]. 
Because NP is known as a typical ChAc-inhibitor [3], we 
included several similar compounds into the screening pro- 
gram and, in addition, we investigated their inhibitory 
effect upon ChAc in vitro. 

Materials. The compounds HH 15, HH 16 and HH 28 
were gifts from Prof. I. Hagedorn, Freiburg; NP was syn- 
thesized by Dr. Reiner, Frankfurt. All other compounds 
were prepared in our laboratory according to the literature 
cited in the table. Little soluble iodides were converted 
into the chlorides by cation exchange on Dowex WX 50. 
In aqueous buffered solution, all pyridinium salts proved 
to be stable in the dark. Storage and application was per- 
formed under exclusion of light. When exposed to the light 
of a 60 W bulb (distance 30 cm, 30°), the aqueous solutions 
of several compounds underwent time dependent spectral 
changes (the half life of the hypsochromal shift of the long 
wavelength band is given in parenthesis): HH 13 (140 min 
at 355 nm), HH 14 (131 Min at 365 nm), HH 28 (115 min 
at 352 nm), HH 30 (261 min at 342 nm), HH 59 (350 min 
at 341 nm), NP (83 min at 331 nm). The spectral changes 
are accompanied with a decrease in inhibitory strength 
towards ChAc. These observations agree well with the 
results reported by White and Cavallito, who found the 
hypsochromal shift to be caused by a trans-cis conver- 
sion [6]. 

[1-'*C]Acetylcoenzyme A (spec. radioactivity 58 mCi/m- 
mile) and [1-'*C]acetylcholine chloride (spec. radioactivity 
17.6mCi/m-mole) were purchased from Amersham 
Buchler, Braunschweig. The radioactive acetyl-CoA was 
diluted with unlabelled acetyl-CoA (80% pure, Boehringer, 
Mannheim) to give a solution with the spec. radioactivity 
of 19.2 mCi/m-mole. 

Homogenates from rat brain were used as a source of 
ChAc: In a Potter-Elvehjem glass/teflon homogenisator 
rat brain was homogenized at 0° in a 2-fold volume (w/v) 
of 0.25 M sodiumphosphate buffer, pH 7.4, containing 0.2% 
Triton X 100; 250 ul portions were stored at —30° and 
used without further purification. At — 30° the enzymatic 
activity remained nearly constant over a period of three 
months. 


Protective activity against soman in vivo. To evaluate 
the protective activity we determined the EDs, of the pyri- 
dinium compounds against a LDg, of soman. The pyri- 
dinium salt was administered i.m. (aq. solution containing 
0.9% NaCl) to female NMRI-mice (av. body weight 23 g). 
Five min later a LDg, of soman (0.280 mg/kg in aq. solution 
containing 0.9% NaCl and 2% ethanol) was given s.c. 
Groups of eight mice were used in each experiment. Based 
upon the number of deaths occurring within the following 
24 hr, the EDs, was evaluated according to Litchfield and 
Wilcoxon [7]. 

Inhibition of ChAc in vitro. The inhibition was per- 
formed by mixing 3 pl of the pyridinium salt solution with 
2 ul rat brain homogenate and incubating 1 min at 37°. 
The enzymatic activity was determined according to Fon- 
num [8] with some slight modifications; the enzymatic 
reaction was started by addition of 5 ul substrate. The final 
concentrations in the incubation mixture were: 8.75 mM 
choline bromide, 0.093mM acetyl-CoA, 240mM NaCl, 
80mM _ physostigmine sulfate and inhibitor depending 
upon the inhibitory strength. After 5 min the reaction was 
stopped by dilution with 5 ml 0.11 mM acetylcholine chlor- 
ide in 10mM sodium phosphate buffer pH 7.4 and 2 ml 
of a 0.5% (w/v) solution of Kalignost (K-tetraphenylborate) 
in abs. acetonitrile. The acetylcholine-tetraphenylborate 
was separated from the aqueous reaction mixture by shak- 
ing with 10 ml Instafluor® (Packard Instruments). The con- 
tent of labelled acetylcholine in the organic layer was 
measured in a scintillation counter. Control runs were per- 
formed in the same way using 3 pl water instead of the 
inhibitor solution. The percentage of inhibition was plotted 
versus inhibitor concentration. The inhibitor concentration 
producing 50 per cent inhibition (I;9) was read from this 
graph. 

Control experiments. Several preliminary checks served 
to ensure a proper function of the experimental arrange- 
ment: it was established that (1) the inhibition of AChE 
by physostigmine was complete, (2) a linear calibration 
curve for ACh was obtained, (3) the additional quench, 
caused by the pyridinium salts, was—if any—within the 
experimental error, (4) the pyridinium salts did not impair 
the extraction yield for ACh, (5) the time course of the 
enzymatic reaction during the incubation period was linear 
and (6) the interference by side reactions between acetyl- 
CoA and the pyridinium salts could be excluded. This 
possibility had to be taken into account, because, for in- 
stance, N-alkylpyridiniumoximes are known to react with 
acetyl-CoA giving acetyloximes [9]. Appropriate control 
experiments were made by mixing the pyridinium salts 
with acetyl-CoA (0.1 M both in 80mM phosphate buffer, 
pH 7.4) and measuring the CoA formed after different time 
intervals. CoA was determined with Ellman’s reagent 
(5,5‘dithio-bis-2-nitrobenzoate) photometrically. The 
results indicated, that during the 5 min incubation period 
less than 1% acetyl-CoA will be lost by this side reaction. 

Results. In vivo, the compounds HH 13 and HH 14 
proved to be the best protectors against the intoxication 
by the organophosphate. With these pyridinium oximes 
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Table 1. Protection against soman in vivo and inhibition of ChAc in vitro 





Compounds 


5 
ED, 10 
moles/kg 





5.3 (4.2-6.7) 











1.4 (1.2-1.7) 











HH 


HH HONCH—{Q)—CH=CH—CHNOH Ct 


HH H,NOC —CH=CH— 
HH H,NOC— CH=CH — 


HH HONCH — CH=CH — 


HP H,NOC —NH—N==CH— 


=R, J 


=R, Cl 


6.0 (4.6-7.9) 


1.2 (0.8-1.4) 


3.8 (3.1-4.7) 


4.8 (3.9-5.9) 


=R, Cl 


3.4 (2.8-4.3) 





*a denotes the position in the pyridine nuclei. 
tfor NP, HH 30, HH59 Cavallito et al.[2] reported the Is, data 2.5, 1.5, 


0.37 x 10~° M, respectively. 


The EDs of pyridinium salts reduces the toxic effect of a LDg; of soman (s.c., 
mice) to a level of 50 per cent mortality; 95 per cent confidential limits in parentheses. 
The Iso of pyridinium salt reduces the original activity of rat brain ChAc by 50 
per cent. No item (—) indicates that an EDs9 (up to 1/10 of the compound’s LDso) 


could not be established. 


no measurable inhibition of ChAc could be obtained. On 
the other hand, with the most potent ChAc inhibitors HHs, 
and HH39 NO EDs9 against soman could be established in 
vivo. 

The inhibitory potency towards ChAc drops down upon 
introduction of an aldoxime group into the inhibitor mol- 
ecule (HH39/HH, 3, HH34/HH,5, HH2g/HH,4) as well as by bis- 
quaternization (HH39/HH2g, HH34/HHs,, HH;5/HH;,.). With 
regard to the protective efficiency, the EDs, values show 
the inverse relationship. 

From the results with these pyridinium salts we con- 
clude, that the protective effects against soman found in 
vivo are not caused by inhibition of ChAc. 

Unlike the pyridinium salts, the nonquaternary and par- 
ticularly lipophilic compound NP shows both inhibition 
of ChAc and protection against soman to a remarkable 
extent. The question as to whether here both effects are 
causally correlated needs further investigation. 
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The effect of spironolactone pretreatment on the biliary excretion 
and renal accumulation of inorganic mercury in the rat 


(Received 13 December 1976; accepted 18 March 1977) 


A discrepancy has been noted in the literature on the effect 
of spironolactone (Sp) pretreatment on the biliary excre- 
tion of inorganic mercury [1-5]. Haddow ert al. [1] and 
the authors [2, 3] reported that the biliary excretion of i.v. 
administered mercury in Sp pretreated rats was more than 
ten times higher than control rats. Conversely, Garg et 
al.[4], and more recently Klaassen [5], reported that Sp 
pretreatment did not produce a significant increase in mer- 
cury excretion in rats. Klaassen injected pure Sp material 
i.p., while Haddow et al. and the present authors adminis- 
tered oral Aldactone tablets. Because of the pharmacokine- 
tic differences reported between the oral administration 
and the i.v. injection of Sp[6,7], the difference in drug 
administration or the material used could be one possible 
cause for this discrepancy. Another difference in the pro- 
cedure is the dose of mercury administered. Klaassen in- 
jected only 30 yg/100g body weight of mercury, while 
Haddow et al. and the present authors administered a dose 
more than five times higher than the dose used by 
K laassen. In order to find out the true cause for the discre- 
pancy in Sp effect on the biliary excretion of mercury, we 
performed several tests under different experimental condi- 
tions. 

Male SPF Sprague Dawley rats weighing 250-350 grams 
were used. Commercial Sp tablets (Aldactone A. G. D. 
Searle & Co., Chicago, IL) were ground into powder and 
suspended in distilled water or ethylene glycol. A water 


suspension of powdered Aldactone was given orally 
through a stomach tube, or injected i.p. Ethylene glycol 
suspension was given i.p. Pure Sp material was purchased 
from Sigma Chemical Company (St. Louis, MO). This Sp 
material was suspended in ethylene glycol or propylene 
glycol and was administered ip. The Sp dose was 
5 mg/100 g B.W. In control rats, only ethylene glycol or 
propylene glycol was administered i.p. Mercury excretion 
studies were performed on rats 1—-2hr after the pretreat- 
ment. Under pentobarbital anesthesia (4.5 mg/100 g i-.p.), 
the common bile duct was cannulated (PE-10 tubing) and 
a saline solution of mercuric chloride containing 7°*HgCl, 
(RCC, Amersham, England) was injected i.v. Two different 
mercury doses (0.2 mg/100 g, 30 uwg/100 g) were tested in 
separate experiments. Four 30 min cumulative bile samples 
were collected during the following 2 hr. The rectal tem- 
perature was maintained between 37° and 38° throughout 
the experiment. Thereafter, rats were exsanguinated and 
the liver and both kidneys removed. The recovery of the 
i.v. administered mercury in the bile and the mercury con- 
tent in these organs were then measured for their radioac- 
tivity. The means of the treated groups were compared 
with the control value by Student’s t test. 

The biliary recovery of i.v. administered mercury and 
the mercury contents of the liver and kidneys expressed 
as a percent of the administered dose are summarized in 
Table |. 


Table 1. Biliary recovery and organ content of intravenously administered inorganic mercury in control and spironolac- 
tone pretreated rats (mean + S.D., per cent of the injected dose) 





Biliary recovery of mercury 
Spironolactone 
pretreatment 


30-60 min 60-90 min 


Mercury content 2 hr 


Total after mercury injection 


recovery 


90-120 min for 2 hr Liver Kidneys 





Mercury dose 0.2 mg per 100 g body weight 


0.39 + 0.05 
2.17 + 0.438 
1.98 + 0.438 
2.36 + O.118 
2.20 + 0.338 


Control* (4) 
Oral (W-Al1) (4) 
IP (W-Al) (3) 
IP (EG-A1) (3) 
IP (EG-Sp) (4) 


0.32 + 0.05 
5.53 + 1.498 
3.71 + 0.988 
5.26 + 0.798 
5.11 + 1.028 


0.46 + 0.08 
5.15 + 1.318 
3.77 + 0.498 
4.11 + 0.69§ 
3.92 + 0.808 


0.28 + 0.03 
1.22 + 0.218 
1.03 + 0.238 
1.26 + 0.128 
1.35 + 0.858 


1.45 + 0.12 
13.13 + 3.08§ 
10.49 + 1.168 
12.99 + 1.61§ 
12.58 + 1.398 


14.78 + 0.92 
13.30 + 1.61 
22.07 + 7.328 
15.25 + 2.19 
14.81 + 1.39 


34.77 + 4.18 
28.52 + 4.008 
17.68 + 1.508 
13.73 + 3.67§ 
6.58 + 2.658 


Mercury dose 30 pg per 100g body weight 


0.25 + 0.03 
0.87 + 0.168 
1.00 + 0.02§ 


Controlt (3) 
IP (PG-Sp) (6) 
IP (EG-Sp) (3) 


0.21 + 0.03 
1.92 + 0.57§ 
2.64 + 0.508 


0.29 + 0.05 
1.54 + 0.27§ 
1.84 + 0.198 


1.27 + 0.59 
4.87 + 0.848 
5.93 + 0.548 


20.63 + 3.50 
4.81 + 1.438 
4.16 + 0708 


0.18 + 0.06 
0.54 + 0.06§ 
0.45 + 0.178 


+ + 





*i.p. injection of ethylene glycol only fi.p. injection of propylene glycol only. 
§ Significantly different from respective control value (P < 0.01). 


© Significantly different from the control value (P < 0.05). 

All pretreatments were done 1-2 hr prior to mercury study. 

Spironolactone doses were all 5 mg/100g body weight as Sp weight. 

Number in parenthesis indicates the number of rat studied. 

IP: intraperitoneal injection, Oral: oral administration, W: water suspension, EG: ethylene glycol suspension, PG: 
propylene glycol suspension, SP: pure spironolactone material, Al: powdered Aldactone A tablet. 
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In the higher mercury dose (0.2 mg/100 g) studies, the 
four experimental groups pretreated with Sp in different 
ways showed, significant increases in the biliary excretion 
of mercury in comparison to the controls, which were 
given ethylene glycol only. This is in agreement with the 
previous reports by Haddow et al. [1] and ourselves [2, 3], 
in which Sprague-Dawley or Wistar male rats were pre- 
treated with orally administered Aldactone tablets. Since 
the i.p. injection of Sp (either powdered Aldactone or pure 
Sp) suspension increased the biliary excretion of mercury 
in the present study, the difference in the administration 
of Sp does not appear to explain the absence of the signifi- 
cant enhancement of biliary excretion of mercury reported 
previously by Klaassen [5]. When the lower dose used by 
K laassen was tested, Sp also increased significantly the bili- 
ary excretion of mercury. However, the percent recovery 
of mercury in Sp pretreated rats was one half of that when 
the higher dose of mercury was used, while the control 
biliary excretion value was approximately the same for the 
two different mercury dose studies. The biliary excretion 
of mercury in 2 hr was 4—5 times higher than control value 
in the lower mercury dose study. This is approximately 
the same as in one of Klaassen’s experiments although 
the difference between control and Sp treated rats was not 
significant in his study. Thus the difference in the effect 
of Sp on the biliary excretion of mercury between 
Klaassen’s study and the studies by Haddow et al. and 
ourselves appear to be due to the difference in the mercury 
dose used and not to the difference in the administration 
or the material used as was suspected previously [3]. 

Table | further shows a significant decrease in the kid- 
ney content of mercury in pretreated rats compared with 
control rats. Interestingly, an i.p. injection appears to be 
more effective in decreasing the mercury content in the 
kidneys in comparison with oral administration (P < 0.01, 
t test). Furthermore, an i.p. injection of pure Sp was more 
effective than Aldactone injection (P < 0.025) in decreasing 


the kidney content of mercury. However, as far as the bili- 
ary excretion of mercury is concerned, the four methods 
of administration were approximately equally effective. 


Thus, the pharmacokinetic difference reported pre- 
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viously [6,7] could possibly affect the effect of Sp on the 
mercury accumulation in the kidney, although it may not 
affect the Sp effect on the enhancement in biliary excretion 
of mercury. The significant difference in the mercury con- 
tent of the kidney between orally administered and i.p. 
injected rats and between rats given Aldactone and pure 
Sp suggests that the difference in the administration and 
the material used might cause a difference in the degree 
of protection against mercury poisoning [8] despite similar 
biliary excretion of mercury. 


Acknowledgements—The authors deeply appreciate Drs. T. 
Uesugi and H. Miyahara for their helpful suggestions on 
the study. Mr. J. Ek who carefully reviewed the manuscript 
and Miss Y. Ozawa who typed the manuscript are also 
gratefully appreciated. 


KENICHI KITANI 
REIKO MIURA 
SETSUKO KANAI 
YOSHIKO MORITA 


First Laboratory of Clinical 
Physiology, 

Tokyo Metropolitan Institute 
of Gerontology 

Itabashi, Tokyo, Japan-173 


REFERENCES 


. J. E. Haddow, C. A. Fish, P. C. Marshall and R. Lester, 
Gastroenterology 63, 1053 (1972). 

. K. Kitani, Y. Ishimura and S. Tsuruoka, Proceedings 
of the Ist World Congress on Nuclear Medicine and 
Biology, p. 454. Tokyo (1974). 

. K. Kitani, Y. Morita and S. Kanai, Biochem. Pharmac. 
26, 279 (1977). 

. B. D. Garg, B. Solymoss and B. Tuchweber, Arzneimit- 
tel Forsch. 21, 815 (1971). 

. C. D. Klaassen, Toxic. appl. Pharmac. 33, 366 (1975). 

. W. Sadée, S. Riegelman and S. C. Jones, J. Pharm. 
Sci. 61, 1129 (1972). 

. W. Sadée, M. Dagcioglu and R. Schréder, J. Pharmac. 
exp. Ther. 185, 686 (1973). 

. H. Selye, Science, N.Y. 169, 775 (1970). 





Biochemical Pharmacology. Vol. 26, pp. 1825 1829 Pergamon Press. 1977. Printed in Great Britain 


PRELIMINARY COMMUNICATIONS 


ENZYMATIC CCNVERSION OF BENZO(A)PYRENE PHENOLS, 


DIHYDRODIOLS AND QUINONES TO SULFATE CONJUGATES 


Nobuo Nemoto, Shozo Takayama and Harry V. Gelboin 
Department of Experimental Pathology, Cancer Institute, Toshima, Tokyo, 
Japan (N. N. and S. T.), and Chemistry Branch, National Cancer Institute, 


Bethesda, Md. U.S.A. (H. V. G.) 


(Received 18 May 1977; accepted 15 June 1977) 


Benzo(a)pyrene(BP) is a ubiguitous carcinogen in our environment and is 
found in air, water and in the food chain, as well as in cigarette smoke condensate [1]. 
The biological activities of BP depend on its metabolism to active intermediates 
by the microsomal mixed-function oxidases and an epoxide hydratase [2-7]. 
Recently, an ultimate carcinogenic form of BP was reported to be r-7,t-8-dihydroxy- 
t-9,10-oxy-7,8,9,10-tetrahydrobenzo(a)pyrene (diol-epoxide I) [8]. In tissue culture 
cells and in vivo, almost all the BP metabolites are converted to very polar forms 
which are not extractable with oraanic solvents [9-12]. Some of these metabolites 


have been thought to be conjugates of glutathione or glucuronic acid. The existence 


and some properties of the enzymes mediating the latter conjugation reactions were 


shown in our previous papers [13-15]. Another possible conjugation is with sulfate, 
via an activated form, 3-phosphoadenosine-5-phosphosulfate (PAPS). The sulfate 
conjugate of 3-hydroxybenzo(a)pyrene (3-OH BP) was found in the ethylacetate 

extracts of BP metabolites from human, rat and hamster lung cultures by Cohen 

et al. [16] and the enzyme system was further characterized in a subsequent study [17]. 
This paper reports the enzymatic conjugation with sulfate of a variety of oxygenated 


BP metabolites. 


The sulfate conjugates were detected by methods described previously [17]. As 
the enzyme source, a 105,000 g supernatant solution was prepared from the livers of male 
Wistar rats. The reaction mixture, in a total volume of 0.1 ml, contained 40 mM Tris-HCl, 


pH 7.5, containing 100 pg of 105,000 g supernatant protein, 5 mM MgCl , 5 mM ATP 
2 
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35 -4 
“neutralized with NaOH, 2 m™ S-Nay SO, (Amersham/Searle) and 1.25 x 10 M BP 


derivatives. The phenols were dissolved in methanol and other metabolites in 


tetrahydrofuran. *,+ 


The reaction mixture was incubated at 37° for 30 min without BP derivatives. 


This preincubation was performed so PAPS could be formed prior to the addition of 


the BP metabolites. The 30-min period was enough to get a constant reaction rate 
for sulfate conjugation. After addition of the derivatives, the reaction mixture was 
incubated for 10 min. The enzyme reaction was stopped with 2 vol. ethanol, and 


portions of aliquots were applied to Silica gel thin-layer sheets (J. -T. Baker Co.). 


On thin-layer chromatography (T.L.C.). using a solvent mixture of ethylacetate: 
methanol:water:formic acid, 100:25:20:1 by vol., unreacted BP derivatives 
were seen as spots at the solvent front and Na SO was at a Re of less than 0.1. 


35 
Almost all of the S-radioactivity bound to BP derivatives appeared at Rf = 0.6-0.7; 


it was difficult to separate one radioactive substance clearly from another except for 
the quinones. When BP quinones were used as substrates, the spots were located at 
R¢ = 0.35. Although the presence of the conjugates was recognized by their fluorescence 


35 
under U.V. illumination, the amounts were calculated by the S-specific activities. 


Table 1 summarizes two experiments on sulfate conjugation obtained with 
the various BP metabolites and derivatives. Ail of the phenols tested formed 
sulfate conjugates. The 10-OH BP and 2-OH BP showed the lowest amount of conjugate 
formation. The latter phenols have not been demonstrated as BP metabolites. The 
known metabolites 1-OH, 3-OH, 6-OH, 7-OH and 9-OH formed intermediate levels of 
sulfate conjugates. 

The quinone metabolites also were found to form conjugates with sulfate. The 
BP-3,6-quinone showed two spots on the T.L.C. system; the major one was at Rf = 0.35 and 
the other minor spot at R¢ = 0.65. The latter can be the conjugate of 3-OH or 6-OH BP 
with sulfate after a reduction from 3,6-quinone in the reaction mixtures. The 
sulfate conjugates of the phenols and diols were ethylacetate extracted, whereas 


the conjugates of the quinones were not extractable. 





* The amounts of conjugate formation with 3-OH BP or BP-7,8-oxide were identical 
whether they were dissolved in methanol or tetrahydrofuran. 
+ Quinone derivatives were not completely dissolved in tetrahydrofuran at 


2.5 mM, so that 5 pl was pipetted from saturated solutions. 
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Table 1. Formation of sulfate conjugates with 
benzo(a)pyrene metabolites and derivatives* 





Amount of conjugate formed 
BP derivative (nmoles/mg protein/10 min) 


Expt. I7 Expt. II™ 





~ 


1,6-Quinone 
3,6-Quinone 
4,5-Oxide 
7,8-Oxide 
4,5-Dihydrodiol 
7,8-Dihydrodiol 
9,10-Dihydrodiol 
Diol-epoxide I 
Diol-epoxide II 


. . . . . . . . . . . 
RMPrRAIWNDOH MNF OW WO 
DBOUUNOANTONNWWOWND OC 
OWNUOW DUI ~IW DW WwW 
.e ee 
UrFROWOWDWNoOoOMOWAOWd 
ONNWHDOWWA UAW UI 


~ 





*Incubation conditions were described in the text. 
#Not identified in literature as metabolite. 


tThe 105,000 g supernatant fractions were used from different animals. The 
mean and standard deviation of the enzyme activity from six animals using 
3-OH BP were 5.12 and 1.43 respectively. 


§Trace means only trace and not quantifiable amounts were detected. The 
abbreviations used here and in the text were as follows: 1-OH = 1-hydroxy- 
benzo(a)pyrene and numbers refer to positions on the benzo(a)pyrene ring; 
quinones, oxides and dihydrodiols are all derivatives of BP; diol-epoxide I 
is r-7,t-8-dihydroxy-t-9,10-oxy-7,8,9,10-tetrahydrobenzo(a)pyrene and diol- 
epoxide II is r-7,t-8-dihydroxy-c-9,10-oxy-7,8,9,10-tetrahydrobenzo(a)pyrene. 


In rat liver perfusion experiments, Vadi et al. [12] observed BP metabolites 


in the perfusate and found that more than half of the metabolites were water- 

soluble. A large proportion of the metabolites in the ethylacetate extractable 
fraction were dihydrodiols. Although they also detected negligible amounts of 

BP phenols, they did not report BP quinones in the perfusate. Quinone metabolites 
have been reported formed with microsomal mixed-function oxidases. Our study 
indicates that these quinones may be excreted as sulfate conjugates. We do not know 
the mechanism of quinone conjugation to sulfate. Perhaps the quinones undergo a prior 


reduction. Thus, sulfate conjugation may be a key route of quinone disposition. 
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Three dihydrodiol metabolites formed sulfate conjugates, among which the 


7,8-dihydrodiol sulfate conjugate was formed relatively slowly. Although the 
7,8-oxide showed the highest amount of sulfate conjugation among BP derivatives 
examined in the present experiments, the K-region oxide, 4,5-oxide, was a poor 
substrate. BP-7,8-oxide is chemically very labile and is easily converted to 

7-OH BP in aqueous solution. Therefore, BP-7,8-oxide might be forming the sulfate 


conjugate after being converted to the 7 phenol. 


The reaction of diol-epoxide I or its stereoisomer diol-epoxide II occurred 
to a very small extent and only trace amounts were observed. For glutathione 
conjugation, diol-epoxide II reacted far more rapidly than diol-epoxide I (N. Nemoto 
and H. V. Gelboin, manuscript in preparation). An ultimate form of BP diol- 
epoxide I is derived from trans-7,8-dihydrodiol by epoxidation by the microsomal 
mixed-function oxidases. The diol-epoxide and the trans-7,8-dihydrodiol were both 
poor substrates for the sulfate conjugation in our present experiment and for 
glucuronyl transferase in a previous paper[15]. The amount of 7,8-dihydrodiol 
produced from BP with microsomes was not generally less than those of 4,5- and 
9,10-dihydrodiols, but, because of its poor substrate capacity for the sulfate 
conjugation, this route of excretion for the 7,8-dihydrodiol might be slower 
than that of the other metabolites. The carcinogenic or mutagenic activity of BP 
might be the result of the balance between the activation and detoxification processes, 
and sulfate conjugation may play a significant role in tissue, specie and individual 


susceptibility to the carcinogenic action of polycyclic aromatic hydrocarbons. 
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3-METHYLCHOLANTHRENE INDUCIBILITY OF ARYL HYDROCARBON 
HYDROXYLASE IN CULTURED HUMAN LYMPHOCYTES DEPENDS 


UPON THE EXTENT OF BLAST TRANSFORMATION 


Prue Hart, W.G.E. Cooksley, G.C. Farrell, L.W. Powell. 
Departments of Medicine and Biochemistry, University of Queensland, 


Royal Brisbane Hospital, Brisbane, 4029, Australia. 


(Recieved 1 June 19773 xecepted 16 June 1977) 


Aryl hydrocarbon hydroxylase (AHH) is an enzyme of the microsomal mixed funct- 
ion oxidase system which is involved in the metabolism of various compounds 
including drugs, carcinogens, steroids and insecticides. Freshly isolated 
human lymphocytes do not contain measurable amounts of AHH activity; however 
after culture in the presence of mitogens, the resulting blast cells contain 
appreciable amounts of AHH, which is further inducible by polycyclic aromatic 
hydrocarbons such as 3-methylcholanthrene (3-MC)’. It has been suggested that 
the induction of AHH in cultured human lymphocytes by 3-MC is under the control 
of a single gene (2 alleles)* and that inducibility may be used as an index of 
susceptibility to chemical carcinogenesis*® and as a measure of the genetic 
contribution to rates of drug metabolism’. We and others® have found a lack 
of reproducibility of induction ratios after a fixed time in culture. Our 


culture conditions were such that we measured induction ratios up to 3 fold 


greater than previously reported*’*®’’, We now report evidence that the extent 


of induction of AHH as measured in lymphocyte culture varies with the length 

of culture and is directly dependent upon the blastogenic state of the cells 

at the time of harvest. 

The 3-MC induced AHH activity was followed at daily intervals over a period 

of 2 to 7 days in culture in lymphocytes from 4 normal healthy male individuals 
aged between 29 and 35 years. After isolation on a hypaqueficoll gradient, 
peripheral venous lymphocytes were suspended at approximately 1.2 x 10° cells/ml 
in RPMI 1640 medium (Commonwealth Serum Laboratories, Melbourne) containing 
5ug/ml phythohaemagglutinin (Burroughs-Wellcome), 1% pokeweed mitogen (v/v) 
(GIBCO) and 10% heat inactivated homologous AB human sera. For each time point, 


six 5 ml cultures (3 control, 3 induced) were set up and incubated at 37°C in 
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5% CO,. Twenty-four hours prior to harvest, 1.5 uM 3-MC in methanol (or 10 

ul methanol only) was added. Cells were collected by centrifugation, washed 
and resuspended in 1 ml of 50 mM tris-HCl buffer, pH 7.5, containing 3 mM MgCl, 
and 0.2 M sucrose’. After disruption by freeze thawing or ultrasonication, 

the cells were incubated at 37°C in the dark for 60 minutes with 25 ug benzo 
(a)pyrene (BP) (Sigma) and 1 mg NADPH (Sigma). The reaction was stopped by 

the addition of 4 mls of a cold acetone hexane solution (3/1) and the alkali 
soluble products of BP were measured fluorometrically at activation and 
emission wavelengths of 466 nm and 522 nm respectively®. The enzyme activity 
was expressed as pmoles of 3 OH BP/10° viable cells/min. DNA synthesis as 
measured by *H-thymidine incorporation was measured simultaneously in the blast 
transforming cells by the addition of 1luCi *H-methyl thymidine (TRK 120, Radio- 
chemical Centre) to 0.2ml aliquots (performed in quintuplicate) of the initial 


suspensions (initially 1.2 x 10° cells/ml) for 24 hours before harvesting. The 


cells were then collected on fibre glass filters (GFA Whatman) using an automatic 


harvester (Otto Hiller), washed automatically three times with saline, precipitated 
with 5% trichloroacetic acid, dried with methanol, and counted in a toluene based 
scintillant. 

The control AHH activity in cells from all 4 individuals varied little with in- 
creased time in culture, while the 3-MC induced AHH activity increased sharply 

to a maximum (Fig. 1). This maximal activity occurred after widely variable times 
in culture for lymphocytes from different individuals (Fig.2). Therefore, the 
time of assay relative to the time of maximally induced AHH activity considerably 
alters the observed extent of AHH induction. 

During culture, DNA synthesis also increased sharply to a maximum,and for each 
individual this occurred at the same time as maximally induced AHH enzyme 

activity (Fig.3). Therefore the variation in the extent of induced AHH 

activity for different individuals reflects variation in the degree of blast 
transformation. Alteration in the extent of blast transformation of lymphocytes 
from an individual when re-studied would cause an apparent alteration of 

enzyme induction and would explain in turn a change in induction ratio. Whether 
this degree of blast transformation is an inherent property of the individual's 
lymphocytes or whether it reflects variation in assay conditions remains to be 
determined. 

In view of these results, the observed induction of AHH by 3-MC in cultured 


human lymphocytes depends largely on the degree of blast transformation of the 





CELLS { MINUTE -H<-<--— 


PMOLES 


w 
= 
o 
< 
> 
- 
2 
~ 
° 
“ 
= 
« 
o .- 
. 
a 
o 
x 
° 
' 
° 


Preliminary Communications 


cells at the time of harvest. Therefore, the variation due to time and extent 

of blast transformation must be standardised if the degree of inducibility in 
cultured lymphocytes is to be used as a genetic marker for chemical carcinogenesis 
and drug metabolism. 
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Fig. 1. AHH activity (—fluorescence Fig. 2. 3-MC induced AHH activity in 
pmoles 3-OH benzo(a)pyrene cultured lymphocytes from all four in- 

formed/10°® viable cells/minute) during dividuals studied. Axes are as for Fig. 

increased time in culture in blast 1. The pattern of AHH activity in con- 

transformed lymphocytes from a single trol cultures in each individual was 

individual. 3-MC (1.5 uM) was added similar to that in Fig. l. 

24 hours prior to harvest. AHH activ- 

ity was assayed fluorometrically at @® individual No. 1; 0 No. 2; & No. 3; 

excitation and emission wavelengths @ No. 4. 

of 466 nm and 522 nm respectively. 

Each time point on the unbroken lines 

represents mean +S.D. of triplicate 

cultures. The broken line represents 

conversion of fluorescenceunits to 

pmoles 3 OH BP from a standard curve 

and expressed as a function of viable 

cell numbers (as measured by eosin 

exclusion)/minute of assay. Since 

there was little change in AHH activ- 

ity for control cells, the changes in 

induction ratio closely followed ob- 

served changes in 3-MC induced AHH 

activity. 
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Fig. 3. Comparison of 24 hour *H-thymidine incorporation (continuous line) 

and the corresponding 3-MC induced AHH activity (interrupted line) in cultured 
cells from different individuals. Both parameters are plotted as a function 
of total time in culture; *H-thymidine and 3-MC were added simultaneously 

24 hours prior to harvest. (a) and (b) are results from individuals No.3 

and No. 4 respectively - 2 individuals with widely different times of express- 
ion of maximal 3-MC induced AHH activity. 

Each time point on the AHH activity plots represents mean of triplicate 
cultures; each time point on the *H-thymidine incorporation figures represents 
mean Of 5 identical cultures. 
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Abstract—Analogues of NAD and NADP were prepared from cotinine, the major metabolite of nico- 
tine, through the NADase-catalyzed exchange reaction. These cotinine analogues and the corresponding 
nicotine analogues were hydrolyzed by snake venom nucleotide pyrophosphatase to produce the mono- 
nucleotides. The ribosides of nicotine and cotinine were prepared from the mononucleotides by hydro- 
lysis with snake venom 5’-nucleotidase. The mononucleotide was the major product formed when 
(nicotine)AD or (cotinine)AD was incubated with a rabbit liver microsomal fraction. However, the 
ribosides were not detected when the mononucleotides were incubated with rabbit liver extract. If 
the nucleotide analogues are formed in vivo, the possibility exists that nicotine and cotinine mononucleo- 


tides could accumulate inside the cell. 


The formation of NAD and NADP analogues of pyri- 
dine derivatives catalyzed by the NAD glycohydro- 
lase (NADase, EC 3.2.2.5) exchange reaction has been 
the subject of extensive study[1]. The structurally 
modified products have different chemical properties 
and when substituted for NAD or NADP in enzyme- 
coenzyme interactions may exhibit entirely different 
activities [2]. The formation of these analogues within 
the intact animal has also been investigated in 
attempts to elucidate the toxicity, as well as the 
chemotherapeutic function, of some pyridine-related 
compounds [3-5]. Relatively little information is 
available about the metabolism of these analogues in 
mammalian tissues. 

Nicotine (I), a 3-position substituted pyridine com- 
pound, is the major alkaloid in tobacco and is present 
in cigarettes in amounts ranging from 0.5 to 2.0 mg 
nicotine/cigarette [6]. The prime exposure to nicotine 
in the environment is through smoking; small quanti- 
ties are also used in insecticides [7]. We have shown 
that in the presence of NADase, nicotine can be 
exchanged for the nicotinamide moiety of NAD and 
NADP [8,9]. The NAD and NADP analogues of this 
alkaloid [(nicotine)AD and (nicotine)ADPf] are inac- 
tive as coenzymes but can function as competitive 
inhibitors with respect to NAD and NADP with cer- 
tain dehydrogenases [8, 9]. 

The preparation and characterization of the (nico- 
tine)AD and (nicotine)ADP analogues were described 
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in previous papers [8,9]. Nicotine metabolites which 
are modified in the pyrrolidine ring but still retain 
an unaltered pyridine ring may also be exchanged 
for the nicotinamide moiety of NAD or NADP. 
Therefore, in attempts to assess their physiological 
importance in individuals who smoke tobacco, ana- 
logues formed from the metabolites of the alkaloid 
must also be considered. Nicotine is metabolized in 
a number of species to form cotinine (II) as the major 
product[10]. In human sera, this metabolite is far 
more abundant and longer lived than the parent com- 
pound Fig. 1 [11-13]. 


(—)-Nicotine (—)-Cotinine 


I I 
Fig. 1. Structural diagrams of nicotine and cotinine. 


This paper describes the formation and characteri- 
zation of NAD and NADP analogues of cotinine 
[(cotinine)AD and (cotinine)ADP] and the mono- 
nucleotides of nicotine [(nicotine)RP] and cotinine 
[(cotinine)RP]. The fate of these compounds when 
incubated in the presence of rabbit liver extract was 
also investigated. A preliminary report of this work 
has been presented [14]. 


MATERIALS AND METHODS 


Chemicals and enzymes referred to in previous 
publications were purchased from the same 
sources [8,9]. Snake venom dinucleotide nucleotido- 
hydrolase (nucleotide pyrophosphatase, EC 3.6.1.9) 
and 5’-ribonucleotide phosphohydrolase (5’-nucleoti- 
dase, EC 3.1.3.5), as well as Neurospora crassa and 
pig brain NADase, were obtained as lyophilized 
powders from Sigma, Inc., St. Louis, MO, U.S.A. 
(-)Cotinine was prepared according to the procedure 
of Bowman and McKennis [15]. 
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[*H]nicotine and [*H]cotinine. [*H]nicotine (2.4 
Ci/m-mole) was prepared at New England Nuclear 
Corp., Boston, MA, U.S.A., by random catalytic tri- 
tium eXchange on the pyridine ring. It was converted 
to [*H]cotinine by an enzymic procedure [16]. 
Minced rabbit liver was homogenized in 0.15M KCl 
(1g tissue/2ml) and centrifuged at 10,000g for 
30 min. The supernatant fraction was used as the liver 
extract. Ten mCi [*H]nicotine and 0.1 ml of 0.5M 
phosphate buffer (pH 7.4) were added to 0.5 ml of 
the liver extract and diluted to a final volume of 
1.0 ml with H,O. The mixture was incubated at 37° 
with 2.5mg NADPH for | hr. An additional 2.5 mg 
NADPH was added and the incubation continued for 
| hr. The reaction was stopped by heating in a boiling 
water bath for 2 min and the denatured protein was 
removed by centrifugation. The supernatant fraction 
was extracted with 3ml CH,Cl,. The [*H]cotinine 
in the organic layer was purified further by thin- 
layer*chromatography (t.l.c.). In the two successive 
chromatograms, benzene—acetone—ethanol-NH,OH 
(10:8:1:0.4 by vol.) and ethyl acetate-methanol-ace- 
tic acid (17:2:1 by vol.) were used as the developing 
solvents. The R, values for cotinine were 0.49 and 
0.55 and those for nicotine were 0.66 and 0.23, re- 
spectively, in these solvents. 

Radioimmunoassay. Nicotine and cotinine were 
determined by the specific radioimmunoassays de- 
scribed by Langone et al.[11], except that in the 
cotinine assay, [*H]cotinine was used as the labeled 
hapten instead of the ['?°I]cotinine derivative. In this 
modified procedure, 0.1 ml [*H]cotinine (approxi- 
mately 12,000 cpm) was incubated with 0.1 ml of the 
appropriate dilution of rabbit anti-cotinine sera and 
0.1 ml of the sample to be analyzed. After 1 hr at 37°, 
goat anti-rabbit y-globulin was added and the im- 
mune precipitation was allowed to proceed at 24° 
overnight. The precipitate was collected by centrifuga- 
tion, dissolved in 0.2 ml 0.1 M NaOH, transferred to 
scintillation fluid and counted in a liquid scintillation 
counter. 

The specificities of the anti-nicotine and anti- 
cotinine sera are strict; thus these compounds can 
be quantitated in the presence of each other and in 
the presence of other metabolites including cotinine 
N-oxide, desmethyl-cotinine, -(3-pyridyl}y-oxo-N- 
methylbutyramide, -(3-pyridyl)-y-oxobutyric acid, 
nicotine N’-oxide, and nornicotine[11]. There is 
essentially no cross-reaction with the nucleoside or 
nucleotide derivatives of cotinine and nicotine with 
either anti-serum. 

(Cotinine)AD and (cotinine)ADP. Cotinine ana- 
logues of NAD and NADP were prepared by pro- 
cedures similar to those used to obtain (nico- 
tine)AD [8] and (nicotine)ADP [9]. For the prep- 
aration of (cotinine)\AD, NAD (20 mM), [*H]cotinine 
(100mM, 1.0 uCi/m-mole), and sodium phosphate 
buffer, pH 7.4 (50 mM), were combined in a volume 
of 50 ml. The pH of the final solution was adjusted 
to 7.5 with 0.1 N NaOH and the reaction started by 
the addition of 9 units of pig brain NADase. After 
16hr in a shaking water bath at 37°, the reaction 
was stopped by heating in a boiling water bath for 
3 min and the precipitated protein removed by centri- 
fugation. Cold acetone (200 ml) was added slowly 
with stirring to the supernatant solution. The result- 
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ing precipitate was collected, dried in vacuo, then 
resuspended in H,O and desalted on a Sephadex 
G-10 column (2 x 30cm). Since (cotinine)AD could 
not be separated from NAD on the Dowex-1 ion 
exchange resin, it was necessary to treat the crude 
products with N. crassa NADase to hydrolyze un- 
reacted NAD [17, 18]. The lyophilized crude product 
from the Sephadex G-10 column was dissolved in 
30 ml of 50 mM sodium phosphate buffer, pH 7.4, and 
incubated 16hr in a 37° water bath with 2.5 units 
of N. crassa NADase. After it was desalted on a 
Sephadex G-10 column, the product was loaded onto 
a column (1.5 x 12cm), packed with Dowex-1 ion 
exchange resin in the formate form. (Cotinine)AD was 
eluted from the column by 0.2M of formate buffer, 
pH 3.6. About 120mg (cotinine)AD was obtained 
with less than 0.1% NAD contamination. 

For the preparation of (cotinine)ADP, the incuba- 
tion conditions were similar to those used for the 
preparation of (cotinine)AD, except that NADP was 
substituted for NAD. During the incubation, the amount 
of NADP which remained in the mixture was deter- 
mined by the glucose 6-phosphate dehydrogenase 
assay. When less than 2 per cent of the original 
NADP could be detected, the incubation mixture was 
boiled and centrifuged. After precipitation by cold 
acetone and desalting on a Sephadex G-10 column, 
the crude product was loaded onto a Dowex-! 
column and eluted with a buffer gradient (350 ml 
H,0 to 350 ml of 0.75 M formate, pH 3.6). Fractions 
containing (cotinine)ADP were combined, lyophilized 
and desalted. Dowex-! column chromatography 
should be repeated if the contamination of NADP 
is too high. About 170mg (cotinine)ADP was pre- 
pared with less than 1% NADP contamination. 

The separation of nicotine and cotinine analogues 
of NAD and NADP by an anion exchange column 
is shown in Fig. 2. 

Nicotine mononucleotide. (Nicotine)AD (150 mg) 
was dissolved in 5ml buffer (0.05M Tris-acetate, 
0.005 M MgCl,, pH 7.4). Snake venom nucleotide 
pyrophosphatase (25 units) was added and incubated 
for 18 hr at 37°. More than 90 per cent of the (nico- 
tine)AD was hydrolyzed under these conditions. The 
solution was diluted to 100 ml with H,O, and passed 
through a Dowex-1 formate column (1.5 x 12cm). 
The resin was washed with 50ml H,O, and the 
effluent fluids were combined and lyophilized. The 
residue was dissolved in 2 ml H,O and further puri- 
fied on a Sephadex G-10 column. A solution of 
0.05M NH,HCO, was used as eluant. Fractions 
which contained (nicotine)RP (measured by absorb- 
ance at 260nm or by [°H]label on nicotine) were 
pooled and lyophilized. About 70 mg of a hygroscopic 
solid was collected. 

Cotinine mononucleotide. This compound was pre- 
pared from (cotinine)AD by a procedure similar to 
that used to prepare (nicotine)RP from (nicotine)AD. 
However, when the solution was diluted and passed 
through the Dowex-1 formate column, the (cotinine) 
RP was quantitatively bound by resin. Therefore, a 
gradient of 100ml H,O to 100ml of 0.2M formate 
buffer, pH 3.6, was used as eluant. The (cotinine)RP 
emerged from the column at a buffer concentration 
of about 0.08 M. Fractions containing (cotinine)RP 
(measured by absorbance at 260nm or by radioac- 
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Fig. 2. Separation of the nicotinamide adenine dinucleotide analogues of nicotine and cotinine by 

ion-exchange chromatography on Dowex-1-formate. A solution (10 ml) containing a mixture of about 

0.2 mg of each analogue was applied to the resin column (1.5 x 12cm). The resin was washed with 

30 ml H,O and then eluted with formate buffer (pH 3.6). Fractions (5 ml) were collected and analyzed 

by measuring the absorbance at 260nm. Key: (1) (nicotine)AD, (2) (cotinine)AD, (3) (nicotine)ADP 
and (4) (cotinine)ADP. 


tivity) were pooled, lyophilized and further purified 
on a Sephadex G-10 column. Final yield was 80 mg 
of a hygroscopic solid. 

Nicotine and cotinine ribosides. About 5 mg of each 
mononucleotide was dissolved in 0.5 ml buffer (0.05 M 
glycine, 0.005 M MgCl,, pH 8.5) and 15 units of snake 
venom 5’-nucleotidase added. After 18 hr at 37°, the 
solution was boiled for 2min and centrifuged to 
remove the precipitate (mostly magnesium phos- 
phate). The clear supernatant solution was passed 
through a Sephadex G-10 column, and fractions con- 
taining the ribosides were collected and lyophilized. 
Products prepared by this procedure showed only one 
u.v. absorbing or radioactive spot on t.L.c. 

Stability of mononucleotides in rabbit liver extract. 
The mononucleotides of nicotine, cotinine or nico- 
tinamide were dissolved in a solution containing 
0.25 ml of liver extract and 0.25 ml of 0.1 M sodium 
phosphate buffer, pH 7.4. The final concentration of 
each mononucleotide was 2 mM. After incubation at 
37° for 18 hr, the samples were heated for 1 min in 
a boiling water bath, diluted with 0.5 ml H,O and 
centrifuged to remove denatured protein. Each super- 
natant fluid was analyzed to determine the extent of 
hydrolysis. (Nicotine)/RP and (cotinine)RP were 
assayed by measuring radioactivity after t.l.c. NMN 
was assayed by the cyanide addition reaction [19]. 
Samples incubated in the absence of liver extracts 
were used as controls. 


RESULTS 


Nicotine and cotinine mononucleotide. The products 
formed after incubation of the nicotine and cotinine 
analogues of NAD and NADP with snake venom nu- 
cleotide pyrophosphatase were separated by t.l.c. (Fig. 


3). The cotinine and nicotine analogues of NAD each 
yielded two products, one of which was identified as 
AMP by R, values and spectra. The second product 
was identical in the hydrolysates of the NAD and 
NADP analogues of nicotine or of cotinine. Acid hy- 
drolysis of these products yielded nicotine or cotinine. 
Adenine was absent. This evidence considered 
together with the known specificity of the enzyme in- 
dicates that these products are mononucleotides. 
Their ability to bind to the anion exchange resin is 
also consistent with the behavior expected of nega- 
tively charged mononucleotides (Table 1). The posi- 
tive charge on the pyrrolidine ring of nicotine at neu- 
tral pH can account for characteristics exhibited by 
the (nicotine)RP, i.e. its high affinity for the cation 
exchange resin and somewhat lower affinity for the 
anion exchange resin. 

The corresponding mononucleotide is the major 
product formed if (nicotine)AD or (cotinine)AD is in- 
cubated with a rabbit liver microsomal fraction. In 
the digests of (nicotine)AD, at least 62 per cent of 
the nicotine moiety is recovered as (nicotine)RP and 
23 per cent as free nicotine (Table 2). Since the (nico- 
tine)JRP was recovered by ion exchange chroma- 
tography, the actual yield of this product might 
actually have been greater. With (cotinine)AD, 76 per 
cent was recovered as (cotinine)RP and 17 per cent 
as free cotinine. (Cotinine)JAD (Fig. 4) and (nico- 
tine)AD were completely hydrolyzed under the ex- 
perimental conditions used for the enzymic reaction. 
However, unlike the corresponding cotinine ana- 
logues (Fig. 4), (nicotine)AD and (nicotine)RP do not 
separate satisfactorily on the Dowex-! resin. There- 
fore (nicotine)AD digests were analyzed after t.l.c. to 
determine the extent to which (nicotine)AD had 
hydrolyzed. 
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Fig. 3. Thin-layer chromatography of the nucleotide pyrophosphatase hydrolysates of the cotinine 

and nicotine analogues. Samples from the enzymic hydrolysis of (1) (cotinine)AD, (2) (cotinine)ADP, 

(3) (nicotine)AD and (4) (nicotine)ADP were applied to a tlc. plate and developed in the solvent, 

2-propanol-NH,OH-H,O (6:3:1 by vol.). After drying in air, the tlc. plate was examined under 
u.v. light. The spot which migrated with an R, = 0.27 was identical to AMP. 


The stability of (nicotine)RP and (cotinine)RP in 
rabbit liver extracts was also studied. After 18 hr of 
incubation with the liver extract, about 80 per cent 
of the (cotinine)RP and 33 per cent of the (nico- 
tine)RP were recovered unchanged. The mononucleo- 
tides were stable when incubated with buffer under 
the same conditions. In contrast, NMN was com- 
pletely hydrolyzed to free nicotinamide during the in- 
cubation with liver extract. 

Nicotine and cotinine riboside. When incubated with 
snake venom 5’-nucleotidase, {nicotine)RP and 
(cotinine)RP are converted to derivatives which can 
be distinguished by t.Lc. from the dinucier:ide ana- 
logues, mononucleotides, and free nicotine or cotinine 
(Fig. 5). Because of the specificity of 5’-nucleoti- 


dase [20], these products are assumed to be nicotine 
and cotinine ribosides. This assumption is supported 
by their behavior on the ion exchange resins. 
Products from 5’-nucleotidase digestion possess only 
positive charges, and therefore bind only to the cation 
exchange resin. Alkaline hydrolysis converts these 
ribosides to free nicotine and cotinine. 


DISCUSSION 


Several enzymes have been implicated in the meta- 
bolic turnover of nicotinamide adenine dinucleotides 
in mammalian tissues [1,21]. In rat liver microsomes, 
NADase is the major enzyme responsible for the des- 
truction of NAD. In fact, unless nicotinamide is 


Table 1. Binding of the mononucleotides and ribosides of nicotine and cotinine to 
ion exchange resins* 





Nicotine mononucleotide 


Cotinine mononucleotide 





Type of resin (cpm) 


(% bound) 


(cpm) (% bound) 





None (control) 
Dowex | (anion) 
Dowex 50 (cation) 


Nicotine riboside 


0 4866 0 
70 856 82 
2269 53 


Cotinine riboside 





(cpm 
None (control) 6633 
Dowex | (anion) 6200 
Dowex 50 (cation) 38 


(% bound 
0 


(cpm) 
6907 

7 6594 5 
99 61 99 


(% bound) 
0 





*The resins, Dowex 1 (formate) and Dowex 50 (H*), were washed with water 
and air dried by suction. Each tritium-labeled compound (2-3 mM) in 0.4ml H,O 
(pH 7-8) was mixed with 0.1 g of either resin for 1 min at 25°. After the resin had 
settled (5 min), 0.2 ml of the clear supernatant solution was removed and counted. 
The difference in radioactivity between the control and resin-treated sample was used 
to determine the amount of nucleotide or nucleoside which was bound to each resin. 
Although 70 per cent of the (nicotine)JRP binds to the anion exchange resin at a 
concentration of 2 mM, lesser quantities bind when more concentrated solutions are 


chromatographed. 
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Table 2. Products recovered (per cent of analogue) after 
incubation of (nicotine)AD or (cotinine)AD with rabbit 
liver microsomes* 





Analogue Mononucleotide Nicotine Cotinine 





(Nicotine)AD 62 23 
(Cotinine)AD 76 17 





* The reaction mixtures contained either (nicotine)AD 
or (cotinine)AD (2.5mM) and liver microsomes (10 mg 
protein/ml) in buffer (0.05M sodium phosphate). After 
16 hr incubation at 37°, the tubes were placed in a boiling 
water bath for 2 min and the microsomes removed by cen- 
trifugation. Aliquots of the supernatant fraction were used 
to estimate free nicotine or cotinine by the radioim- 
munoassay procedure. The remainder of the digests was 
diluted and added to a Dowex 1 formate column 
(1.5 x 10cm) and eluted with a formate buffer gradient 
(0 to 0.25 M, pH 3.6). 


present to inhibit the NADase activity during assay, 
the cleavage of NAD by nucleotide pyrophosphatase 
is difficult to detect [21]. (Nicotine)ADP, as well as 
other nicotine and cotinine analogues, is hydrolyzed 
very slowly by liver microsomal NADase [8]. The 
same results were also observed when these nucleo- 
tide analogues were incubated with purified pig brain 
NADase. The specificity requirement of NADase for 
the nicotinamide moiety in the naturally occurring 
coenzymes may account for their apparent stability. 
On the other hand, the relatively broad specificity 
of nucleotide pyrophosphatase [22] may enable it to 
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play a significant role in the destruction of these 
dinucleotide analogues. Thus, during incubation of 
either (nicotine)AD or (cotinine)AD with liver micro- 
somes, about 80 per cent of the nicotine and cotinine 
moieties was recovered as the corresponding 
mononucleotides. 

The mononucleotides of cotinine and nicotine are 
relatively stable in the presence of liver extract. This 
stability may be due to the specificity of enzymes in- 
volved in the NMN hydrolysis such as the liver 
5'-nucleotidase and other phosphatases. 

(Nicotine)RP and (cotinine)RP can be hydrolyzed 
to their corresponding ribosides by the enzymic 
action of snake venom 5’-nucleotidase. Dephosphory- 
lation of these compounds could not be detected 
when liver extracts were used as a source of the 
enzyme. Recently, the N-riboside of 2-hydroxynico- 
tinic acid has been identified as the major urinary 
metabolite in dogs and rats which have received 
2-hydroxynicotinic acid[23]. It is possible that 
abnormal mononucleotides are dephosphorylated in 
other tissues, or that the liver nucleotidase is more 
specific for 2-hydroxy-nicotinic acid mononucleotide 
than for the (nicotine)RP and (cotinine)RP. Species 
variations in such enzymes may also exist. 

Because of their charge, it is generally believed that 
the ability of nucleotides to penetrate through cell 
membranes is low [24,25]. Our results suggest that 
(nicotine)RP and (cotinine)RP may accumulate inside 
the cell in some rabbit tissues. This assumption is 
supported by our studies in vivo which indicate that 
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Fig. 4. Hydrolysis of (cotinine)AD by a rabbit liver microsomal fraction. (A) Before incubation; (B) 
after 16 hr incubation. The experimental conditions are described in Table 2. The (cotinine)AD digest 
was diluted, applied to a Dowex-1-formate column (1.5 x 10cm) and eluted with formate buffer. 





W.-C. SHEN, J. FRANKE and H. VAN VUNAKIS 

















Fig. 5. Thin-layer chromatogram of the nucleotide and nucleoside analogues of nicotine and cotinine 

developed in 2-propanol-NH,OH-H,O (6:3:1 by vol.). Key: (1) (nicotine)AD, (2) (nicotine)ADP, (3) 

(nicotine)RP, (4) nicotine riboside, (5) nicotine, (6) (cotinine)AD, (7) (cotinine)ADP, (8) (cotinine)RP, 
(9) cotinine riboside and (10) cotinine. 


(cotinine)RP is the major nucleotide analogue in the 
liver and lung of rabbits injected with either nicotine 
or cotinine [26]. Even though the analogues may 
account for a minor proportion of the compounds 
which result during the metabolism of nicotine, they 
are potentially among the most important. 
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DETECTION BY RADIOIMMUNOASSAY OF NICOTINAMIDE 
NUCLEOTIDE ANALOGUES IN TISSUES OF RABBITS 
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Abstract—The formation of the NAD and NADP analogues of nicotine and cotinine in vitro by the 
NAD glycohydrolase-catalyzed exchange reaction suggested that such compounds (and the related 
mononucleotides) might also be produced in animals receiving the alkaloid or its metabolite. Since 
only sensitive and specific analytical methods could detect small amounts of the nicotine and cotinine 
analogues in the presence of the naturally occurring and abundant NMN, NAD and NADP com- 
pounds, radioimmunoassays were developed and used for this purpose. In rabbits injected with cotinine, 
cotinine nucleotide analogues were found at pmole levels/g of wet tissue in extracts from liver, kidney 
and lung. In both liver and lung extracts, cotinine mononucleotide was identified as the major product. 
Cotinine nucleotides were also found in the tissues of rabbits injected with nicotine. The rapid metabo- 
lism of nicotine to continue in vivo probably contributes to the sparsity of the nicotine analogues 


in tissue extracts from these animals. 


We have described the formation of nicotinamide 
adenine dinucleotide analogues of nicotine and 
cotinine (its major metabolite) by the NAD glycohyd- 
rolase (NADase, EC 3.2.2.5)-catalyzed exchange reac- 
tion [1-3]. When incubated with a rabbit liver micro- 
somal fraction, these NAD analogues [(nicotine)AD 
and (cotinine)AD{] and NADP analogues [(nico- 
tine)ADP and (cotinine)ADP] were hydrolyzed to the 
corresponding mononucleotides [(nicotine)RP and 
(continine)RP] [3]. The mononucleotides were rela- 
tively stable to further hydrolysis, e.g. 80 per cent of 
the original (cotinine)RP was recovered when incu- 
bated with a rabbit liver extract for 18 hr. 

In order to determine whether any correlation 
exists between the formation of these nucleotide ana- 
logues in vivo and clinical problems that may be 
related to cigarette smoking, it is essential that ana- 
lytical methods for their detection and estimation be 
available. Radioimmunoassay is a highly specific, sen- 
sitive and simple analytical method which is being 
used to quantitate a variety of compounds in physio- 
logical fluids and tissues [4-6]. This method has 
proven especially useful for the analysis of com- 
pounds which occur in small amounts (pg to ng 
range) in the physiological fluids and tissues of human 
subjects. 





* Publication No. 1126 from the Dept. of Biochemistry, 
Brandeis Univ., Waltham, MA 02154. Supported by a con- 
tract from the National Cancer Institute (NIH-NCI- 
E-72-3243) and by grant DA0007 from the National Insti- 
tute of Mental Health. 

+ PHS Research Career Awardee (Award 5K6-AI-2372 
from the National Institute of Allergy and Infectious 
Diseases). 

¢ The Abbreviations used in the text: (nicotine)AD, nico- 
tine adenine dinucleotide; (nicotine)ADP, nicotine adenine 
dinucleotide phosphate; (nicotine)RP, nicotine mononuc- 
leotide; (cotinine)AD, cotinine adenine dinucleotide; 
(cotinine)ADP, cotinine adenine dinucleotide phosphate; 
and (cotinine)RP, cotinine mononucleotide. 


In this paper we describe the development of radio- 
immunoassays for the detection and estimation of 
nicotine and cotinine nucleotide analogues. We have 
used these procedures to investigate nucleotide ana- 
logue formation in the tissues of rabbits injected with 
nicotine and cotinine. A preliminary report of this 
work has been presented [7]. 


MATERIALS AND METHODS 


Materials. The nucleotide and riboside analogues 
of nicotine and cotinine were prepared as described 
[1-3]. Bovine serum albumin (BSA) was purchased 
from Reheis Chemical Co., Chicago, IL, U.S.A., and 
1-ethyl-3-(dimethylaminopropyl)carbodi-imide (CDI) 
was obtained from the Ott Chemical Co., Muskegon, 
MI, U.S.A. 

Preparation of conjugates for immunization. CDI 
(10 mg) was added to (nicotine)RP or (cotinine)RP 
(10 mg) and BSA (5 mg) dissolved in 0.1 ml H,O. The 
reaction mixture (pH 7.0—7.2) was kept in the dark at 
25° overnight. It was then diluted to 0.3 ml with buffer 
(0.14M NaCl-0.01M_ Tris-HCl, pH 7.2), passed 
through a Sephadex G-50 column (1.2 x 30cm) and 
eluted with the same buffer. Fractions of the void 
volume with a high absorbance at 280nm were 
pooled (total 3 ml). From spectral measurements, the 
concentration of protein was 1.8 mg/ml. Since small 
amounts of [*H]mononucleotides were used in the 
synthesis of the immunizing conjugate, the degree of 
coupling could be estimated by radioactivity measure- 
ments and was found to be approximately 4 moles 
hapten/mole of BSA. 

Immunization. The mononucleotide-BSA conju- 
gates obtained after Sephadex G-50 chromatography 
were mixed with an equal volume of complete 
Freund’s adjuvant. The emulsion mixture (1.25 ml) 
was injected into the toe pads and leg muscle of four 
New Zealand albino rabbits. After 6 weeks, the ani- 
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mals were given booster injections and bled 1 week 
later. Antibodies with the properties required to de- 
velop specific and sensitive radioimmunoassays were 
obtained after the second course of injections. 

Labeled hapten. ({*H]nicotine)AD and ([?H]co- 
tinine)AD were prepared from [*H]nicotine and 
[*H]cotinine (sp. act. 2.4Ci/m-mole) by incubating 
these compounds with 3mg NAD and 8 mg of pig 
brain NADase in 0.5 ml of 0.05 M sodium phosphate 
buffer, pH 7.4. After 1hr at 37°, the reaction was 
stopped by placing the tube in a boiling water bath 
for 3min. The denatured protein was removed by 
centrifugation, and the clear supernatant solution 
diluted to 15 ml with H,O and chromatographed on 
an anion exchange resin. After washing the column 
with an excess of H,O, a linear buffer gradient 
(100ml H,O to 100ml of 0.2M formate buffer, 
pH 3.6) was applied. Fractions that contained (nico- 
tine)AD or (cotinine)AD were combined and lyphi- 
lized. The residue was dissolved in a small amount 
of H,O and stored at —20°. These preparations un- 
dergo large dilutions prior to use in the radioim- 
munoassay procedure and therefore need not be 
desalted. Since the antibodies produced from rabbits 
immunized with the nicotine or cotinine mononucleo- 
tide-BSA conjugate bind the homologous NAD ana- 
logue and mononucleotide equally well, the tritiated 
NAD analogues were used as the labeled antigens 
in the radioimmunoassays. 

Radioimmunoassay procedures. The double antibody 
technique was used to separate free labeled antigen 


W.-C. SHEN, K. M. GREENE and H. VAN VUNAKIS 


from antibody-bound labeled antigen. The conditions 
of the assay are similar to those described previously 
[8]. Labeled hapten (0.1 ml, approximately 
15,000 cpm) and 0.1 ml of serially diluted inhibitor 
standard (or 0.1 ml of diluted tissue extract) were in- 
cubated for 1 hr at 37° with 0.1 ml of rabbit antisera 
(diluted 1/1000 for anti-cotinine nucleotide and 1/200 
for anti-nicotine nucleotide). Normal rabbit serum 
(0.1 ml of 1/50 dilution) was then added to each tube 
as carrier to ensure the completeness of the immune 
precipitation. The hapten—antibody complex was pre- 
cipitated by the addition of 0.1 ml of goat anti-rabbit 
y-globulin previously titered to give complete precipi- 
tation of the y-globulin. After standing overnight at 
4°, the tubes were centrifuged, decanted and carefully 
wiped. The precipitates were dissolved in 0.2 ml of 
0.1 N NaOH and transferred to scintillation fluid, and 
the radioactivity was determined in a liquid scintilla- 
tion spectrometer. When no inhibitor was present, ap- 
proximately 2200 cpm was precipitated with the anti- 
nicotine nucleotide and 2500 cpm by the anti-cotinine 
nucleotide sera. Approximately 200 cpm was precipi- 
tated non-specifically in the presence of normal rabbit 
serum. 

The results obtained in the analysis of crude 
extracts are expressed as nucleotide equivalents/g of 
wet tissue since the antisera cannot differentiate 
between the homologous mononucleotide, NAD, or 
NADP analogue (see Table 1). After separation by 
chromatographic procedures, the individual ana- 
logues can be quantitated. 


Inhibition of the Binding of 5H—Hapten to Ab 


(A)(3H—Nicotine) AD—Anti Nicotine Nucleotide 
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Fig. 1. (A) Inhibition of the ({°H]nicotine)AD-(antinicotine nucleotide) binding by various nicotine 
derivatives. (B) Inhibition of the ((*H]cotinine)A D-(anti-cotinine nucleotide) binding by various cotinine 
derivatives. The radioimmunoassay procedure is described in Materials and Methods. 





Detection of nicotinamide nucleotide analogues 


Table 1. Inhibition of the nicotine nucleotide and cotinine nucleotide antigen- 
antibody reactions 





Amount required for 50 per cent inhibition (nmoles) 





({°H] nicotine)AD- 
(anti-nicotine nucleotide) 


Compound 


((°H] cotinine)AD- 
(anti-cotinine nucleotide) 





(Nicotine)AD 
(Nicotine)ADP 
(Nicotine)RP 
Nicotine-ribose 
Nicotine 
(Cotinine)AD 
(Cotinine)ADP 
(Cotinine)RP 
Cotinine-ribose 
Cotinine 

NAD 

NMN 
Nicotinamide 


0.010 
0.013 
0.017 
0.320 
10.0(14.7%)* 
10.0 (45.2%)* 


10.0 (42.8%)* 
10.0 (3.6%)* 


10.0 (4.6%)* 
10.0 (0%) 


10.0 (45.8%)* 


10.0 (38.4%)* 


0.008 
0.008 
0.010 
0.450 

10.0 (19%)* 
10.0 (0%)* 
10.0 (0%)* 
10.0 (0%)* 





* Per cent inhibition at 10.0 nmoles. 


RESULTS 


Antibodies specific for the NMN, NAD and NADP 
analogues of nicotine or cotinine were produced in 
rabbits immunized with nicotine or cotinine 
mononucleotide-BSA conjugates. Antibodies that 
could bind ({*H]nicotine)\AD or ({*H]cotinine)AD 
were produced in all the animals. Those that pos- 
sessed good specificity and sensitivity were used in 
the radioimmunoassays for the nicotine nucleotides 
and cotinine nucleotides. 

The inhibition of binding of ([*H]nicotine)AD to 


anti-nicotine nucleotide sera by varying amounts of 
nicotine derivatives is shown in Fig. 1A and Table 


1. The inhibition of the anti-cotinine nucleotide reac- 
tion by cotinine derivatives is shown in Fig. 1B and 
Table 1. In each case, the homologous mononucleo- 
tide, NAD and NADP analogues were the most effec- 
tive inhibitors and had almost equal activities (10- 
17 pmoles of the nicotine analogue and 8-10 pmoles 
of the cotinine analogues were required for 50 per 
cent inhibition of the homologous antigen—antibody 
reactions). Barring the occurrence of secondary reac- 
tions during the assay procedure, these results would 
indicate that the conformation of the nicotine (or 
cotinine) nucleotide moiety is similar in the NMN, 
NAD and NADP analogues. Despite the size of the 
adenosine moiety, it is not preventing the nicotine 


Table 2. Nicotine and cotinine nucleotide analogues in the tissues of rabbits injected 
with nicotine or cotinine* 





Liver Lung Kidney Heart 


Rabbit 
No. 





Compound 


Administered Nic Cot Nic Nic 





16.0 
5.8 
48 

27.0 

48.0 

40.0 
3.2 
3.8 
3.6 


1.0 
0.5 
3.6 
0.8 
22 
2.5 
0.5 
0.5 
0.5 


1.4 
0.6 


Nicotine 


0.6 
pe 
23 
1.0 
1.0 


Cotinine 


NRI 
NR2 
NR3 


1.5 
0.5 
0.5 


Control 





* New Zealand albino rabbits were injected daily (i.v.) with 0.5 ml saline which 
contained either 5 umoles nicotine or 50 umoles cotinine (higher doses of nicotine 
could not be used due to the toxicity of the alkaloid). The control rabbits were not 
injected. After 23 days, the rabbits were killed and tissues were removed, rapidly 
frozen and stored at — 70°. To prepare the extracts, chopped tissue (10 g) and nicotin- 
amide (5 mM added to inhibit NADase activity) were homogenized in 20 ml of cold 
water in a Sorvall Omni-Mixer. The homogenate was then poured with stirring into 
a tube which contained 20 ml of boiling water. After heating in a boiling water bath 
for 2 min, the protein precipitate was removed by centrifugation and washed once 
with 20 ml H,O. The supernatant fractions were pooled and applied to a column 
containing Dowex 1 formate resin (1.5 x 10cm). The column was washed with 50 ml 
H,O and then with 75 ml of 0.2M formate buffer, pH 3.6. The buffer wash was 
collected and lyophilized. The residue was dissolved in 2ml H,O and desalted on 
a Sephadex G-10 column eluted with 0.05 M NH,HCO,. The effluent was lyophilized 
and redissolved in an appropriate amount of H,O for radioimmunoassay. Values 
are expressed as pmoles of nucleotide equivalents/g wet tissue. 
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or cotinine mononucleotide moiety from reacting 
fully with the antibody. The phosphate group con- 
tributes to the binding energy; compared to the 
mononucleotides, the ribosides must be present at 30- 
to 40-fold higher concentrations to give 50 per cent 
inhibition of their respective antigen-antibody reac- 
tions. The alkaloids are essentially inactive; less than 
20 per cent inhibition is observed with 10 nmoles 
nicotine or cotinine. 

The poor cross-reaction between these antibodies 
and the naturally abundant NAD and NMN (Table 
1) enabled us to use the antisera to detect the cotinine 
nucleotide analogues in tissue extracts prepared from 
rabbits which had been injected with nicotine or 
cotinine (Table 2). Cotinine nucleotides were found 
in the extracts of liver (23-44 pmoles of nucleotide 
analogues/g of wet tissue corrected for background), 
kidney (5-12 pmoles/g) and lung (9-34 pmoles/g) pre- 
pared from the animals injected with cotinine 
(50 umoles/day for 23 days). We had shown pre- 
viously [1] that rabbit liver microsomes can be used 
as a source of NADase for the coenzyme analogue 
formation. 

The formation of nucleotide analogues varies 
among the individual rabbits. For example, the con- 
centration of cotinine nucleotides in lung extracts 
from cotinine-treated rabbits ranged from 9 to 
34 pmoles (Table 2). Nucleotide analogues were not 
detected in heart extracts. Analysis of tissue extracts 
from normal rabbits shows that the background con- 
tribution from the various organs was low and con- 
Stant. 

The pyridine—-ribose bond in NAD and NADP ana- 
logues can be split by mild alkaline hydrolysis to yield 
free pyridine derivatives [9]. In order to confirm the 
presence of cotinine nucleotide analogues in tissues, 
the liver extract from a cotinine-treated rabbit was 
hydrolyzed and assayed for the nucleotide and the 
metabolite (Table 3). The amount of free cotinine 
produced as a result of the hydrolysis was equal to 
the cotinine nucleotide present before hydrolysis. 
There were no significant differences before and after 
hydrolysis of an extract from a normal rabbit. 

It should be stressed that the cotinine antiserum 
used to quantitate the free metabolite is highly 
specific and permits analysis of cotinine in the pres- 
ence of the nucleotide analogues as well as the parent 
alkaloid and several other metabolites [10]. The 
results obtained by the use of two antibodies with 
vastly different specificities provide strong evidence 
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Table 4. Cotinine nucleotides in tissues of rabbits injected 
with cotinine* 





(Cotinine)RP 
(pmoles/g tissue) 


(Cotinine)AD 


Tissue (pmoles/g tissue) 





Liver 24 1 
Lung 12 2.6 





* Tissues from a rabbit injected with cotinine were hom- 
ogenized and the nucleotides purified as described in Table 
2. The Dowex | resin was washed with 50 ml H,0O, fol- 
lowed by 50 ml of 0.05 M formate buffer (Fraction 1) and 
then by 75 ml of 0.2 M formate buffer (Fraction 2). Each 
fraction was lyophilized, desalted and assayed for cotinine 
nucleotide by radioimmunoassay. Fraction 1 contained 
(cotinine)RP, while Fraction 2 contained (cotinine)AD. 


that the nucleotide analogues of cotinine rather than 
those of other metabolites are present in the tissue 
extracts. 

We had previously shown that a mixture of authen- 
tic (cotinine)ADP, (cotinine)AD and (cotinine)RP 
could be separated by ion-exchange chromatography 
[3]. When the liver and lung extracts from cotinine- 
treated rabbits were chromatographed, the major por- 
tion of the serological activity was recovered in the 
(cotinine)RP fraction (i.e. with the 0.05 M of formate 
buffer eluant). The remainder of the activity (5-15 per 
cent) chromatographed as (cotinine)AD (Table 4). The 
high concentration of salt in the buffer required to 
eluate (cotinine)ADP interfered with the assay of 
small amounts of (cotinine)ADP since dilution to 
achieve the ionic strength required for the antigen- 
antibody reaction was not possible. Analysis for 
(cotinine)ADP was therefore not carried out. How- 
ever, since the recovery of the serological activity in 
the (cotinine)AD fractions was complete, it is unlikely 
that appreciable quantities of this analogue were also 
present. With the naturally occurring compounds, 
NAD is far more abundant in tissues than NADP 
[11]. If a similar ratio exists among the analogues 
so that the quantities of (cotinine)AD known to be 
present are indicative of the quantities of 
(cotinine)ADP that might be expected, then the detec- 
tion of the latter compound would be difficult. 


DISCUSSION 


Rabbits were immunized with conjugates prepared 
by covalently linking the mononucleotide analogues 
of nicotine or cotinine to BSA with carbodi-imide. 


Table 3. Cotinine and cotinine nucleotides in rabbit liver extracts before and after alkaline hydrolysis* 





Cotinine-treated rabbits 


Control rabbits 





After 
hydrolysis 


Before 
hydrolysis 


Difference 


After 
hydrolysis 


Before 


hydrolysis Difference 





11.3 42.6 
35.8 3.5 


Cotininet 
Cotinine nucleotidet 


+31.3 1.4 0.5 
— 32.3 5.0 5.5 


—0.9 
+0.5 





* Before hydrolysis, aliquots of the concentrated liver extract from a rabbit injected with cotinine and from a control 
rabbit (Table 2) were diluted and assayed for both cotinine and cotinine nucleotides by the radioimmunoassay procedures. 
After hydrolysis, aliquots (0.2 ml) of each concentrated liver extract were heated in a boiling water bath for 5 min 
with 0.12 ml of 1 N NaOH. The pH was adjusted to 7 with 1 N HCI at 0°, and the solution diluted to an appropriate 
volume and assayed as described for the unhydrolyzed samples. 


+ Measured in pmoles/g tissue. 


{ Measured in pmoles of cotinine nucleotide equivalents/g wet tissue. 
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This procedure was similar to that used by Halloran 
and Parker [12,13] to couple mono-, oligo- and 
polynucleotides to proteins. Evidence that phospho- 
amide bonds were formed between the terminal phos- 
phate groups of the nucleotides and amino groups 
of the protein was presented by these workers. 

The specificities of our antisera are consistent with 
this mode of binding. The alkaloids appear to be 
completely exposed in the immunizing conjugates and 
contribute significantly to the binding energy required 
for the hapten—antibody interaction. The structural 
differences that exist between (nicotine)RP and 
(cotinine)RP are clearly recognized by the antibodies. 
For example, while 50 per cent inhibition of the bind- 
ing of ((*H]nicotineJAD to anti-nicotine nucleotide 
is obtained with 10 pmoles (nicotine)AD, 100 pmoles 
(cotinine)AD is inactive. The combining sites of the 
antibodies encompass both the ribose and phosphate 
groups. Compared to the mononucleotides, the ribo- 
sides are only about 3 per cent as effective in inhibit- 
ing the homologous reactions. Free nicotine and 
cotinine do not inhibit significantly even when very 
large concentrations are used (see Table 1). 

(Cotinine)RP is the major nucleotide analogue 
present in tissues of rabbits injected with cotinine. 
Since the anti-cotinine nucleotide sera cannot differ- 
entiate between (cotinine)RP, (cotinine)AD and 
(cotinine)ADP, the combination of ion-exchange 
chromatography followed by immunochemical analy- 
sis was used to identify and quantitate the nucleo- 
tides. Analysis with an anterisum specific for cotinine 
served to confirm the identity of the product released 
after alkaline hydrolysis of the pyridine—ribose bond. 

Cotinine nucleotide analogues were also found in 
rabbits injected with nicotine. The fact that nicotine 
is rapidly converted to cotinine in animal tissue may 
account for these findings [14,15]. Similar results 
have been reported in the study of 3-acetylpyridine- 
treated rabbits. The NAD analogue could not be 
detected in the liver extracts presumably because 
3-acetylpyridine is rapidly metabolized to nicotinic 
acid in liver [16]. 

Small amounts of material reactive with the anti- 
nicotine—nucleotide sera were found in lung extracts 
from one of the nicotine-treated rabbits and in the 
lung and kidney extracts prepared from the cotinine- 
treated rabbits. It is possible, although it has never 
been reported, that cotinine can be reduced to nico- 
tine in lung and kidney. However, before we can con- 
clude that nicotine nucleotides are present, the serolo- 
gically reactive material must be analyzed further. 
This was possible with the cotinine nucleotides since 
they formed in larger amounts. In these studies, the 
amount of nicotine given to the rabbits as a single 
injection was limited by the toxicity of the alkaloid. 
The cotinine rabbits received ten times the dose of 
nicotine. However, since nicotine is so rapidly meta- 
bolized to products that are less toxic [17,18], it 
might be possible to administer much larger quanti- 
ties of drug over the course of many hours and thus 
favor the production of nicotine analogues. 

The procedure used to extract the tissues (liver, 
lung, heart and kidney) prior to radioimmunoassay 
is not applicable to the preparation of brain samples, 
because the high lipid content interferes with the ion- 
exchange chromatography. Alternative purification 
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procedures are being developed to study analogue 
formation in this tissue. Since NADase transglycosi- 
dic activity in brain is high [19] and since nicotine 
has been found to accumulate in rat brain shortly 
after the intravenous injection of radioactive nicotine 
[20], the formation of nucleotide analogues of nico- 
tine or its metabolites in brain could be significant. 
Especially noteworthy is the suggestion that the toxi- 
city of 3-acetylpyridine is due to the formation of the 
NAD analogues in the nervous tissue [16]. 

The formation of NAD and NADP analogues in 
vivo has been reported by many laboratories [16, 
21-22]. However, to our knowledge, the formation 
of mononucleotides has not been extensively studied. 
One major difference between our studies and others 
dealing with nicotinamide nucleotide analogue forma- 
tion is that our animals received the pyridine deriva- 
tives (i.e., nicotine and cotinine) on a daily basis for 
approximately 3 weeks to simulate in some degree 
the exposure a habituated smoker would have to 
these compounds. 

Although the molecular events leading to nicotine 
toxicity have not yet been described, nucleotide ana- 
logues of this alkaloid and its metabolites may be 
involved. For example, the formation of nucleotide 
analogues may be implicated in the teratogenic effect 
of nicotine [23]. Pyridine derivatives, such as 3-acetyl 
pyridine and 6-aminonicotinamide, which can form 
NAD analogues by the NADase exchange reaction, 
have been shown to produce specific developmental 
defects in the chick embryo [24, 25]. 

In smokers, cotinine has a much longer half-life 
in the bloodstream than nicotine (i.e. 1-2 days, com- 
pared to 30-60 min) and is present in much larger 
concentrations (up to 650 ng/ml of sera) [10, 26]. 
After an individual has smoked 1-2 cigarettes, blood 
levels of nicotine can approach 60-70 ng/ml of sera 
for short periods of time [26-28]. With relatively high 
levels of cotinine continuously present in the blood- 
stream of habituated smokers and with the levels of 
nicotine peaking many times during the day depend- 
ing on individual smoking habits, the formation of 
nucleotide analogues in smokers is a distinct possibi- 
lity. Once the presence of these analogues in human 
tissues is clearly established, their implication in dis- 
eases associated with smoking will be sought. 
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PATHWAYS OF NUCLEOTIDE METABOLISM IN 
SCHISTOSOMA MANSONI—VII 


INHIBITION OF ADENINE AND GUANINE NUCLEOTIDE 
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Abstract—Twelve analogs of adenosine or its related purines have been tested as single agents or 
in combinations as possible antischistosomal compounds. Measurements were made of the effect of 
these drugs on the anabolism and catabolism of [8-'*C]adenosine by Schistosoma mansoni in vitro. 
Based on the degree of inhibition of biosynthesis of adenine and guanine nucleotides by intact worms, 
the best currently available purine analogs are 7-deaza-adenosine (tubercidin) and N°-phenyladenosine. 
These drugs reduced the total synthesis of nucleotides to 30 and 25 per cent, respectively, of controls. 
Blockade of the catabolic pathway (adenosine deaminase) by coformycin resulted in significantly in- 
creased synthesis of adenine nucleotides rather than the expected decrease. Thus, adenosine kinase 
must play a more prominent role in nucleotide synthesis than had been previously estimated. The 
implications of these findings in the development of new anti-schistosomal drugs are discussed. 


Schistosomes do not have a de novo pathway for the 
formation of IMP [1-3], but do have active salvage 
pathways for preformed purines [1-5]. Accordingly, 
various candidate analogs of adenosine or adenine 
have been proposed as therapeutic drugs. In settling 
on a suitable agent to be used, the details of the 
various pathways of adenosine metabolism assume 
crucial importance. A scheme for the pathways of nu- 
cleotide metabolism in terms of activity units has 
been presented [4]. Recently, Crabtree and Senft [6] 
and Miech et al. [7] have extended these data and 
have shown that schistosome extracts and intact 
worm preparations contain adenosine phosphorylase, 





* Supported by Grant RF 72066 from the Rockefeller 
Foundation (A.W.S.) and CA 07340 from the USPHS 
(G.W.C.). 

+ Definitions of terms used in the text are: adenosine 
deaminase, adenosine aminohydrolase (EC 3.5.4.4); purine 
nucleoside phosphoylase (PNPase), purine-nucleoside: 
orthophosphate ribosyltransferase (EC 2.4.2.1); adenosine 
kinase, ATP: adenosine 5’-phosphotransferase (EC 
2.7.1.20); adenine phosphoribosyltransferase (APRTase), 
AMP:pyrophosphate _phosphoribosyltransferase (EC 
2.4.2.7); hypoxanthine phosphoribosyltransferase (HPRT- 
ase), IMP: pyrophosphate phosphoribosyltransferase (EC 
2.4.2.8); and adenylate kinase, ATP:AMP phosphotransfer- 
ase (EC 2.7.4.3). Other abbreviations used are defined in 
the text. 


¢ The numbering sequence used for purines is as follows: 
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an enzyme which cleaves adenosine to adenine. Schis- 
tosome extracts appear to convert somewhat more 
than half of an adenosine substrate to inosine and 
hypoxanthine in vitro, using the adenosine de- 
aminaset and purine nucleoside phosphorylase 
(PNPase) reactions [3,6]. A considerable fraction of 
the adenosine is also cleaved to adenine via adenosine 
phosphorylase, following which, if 5-phosphoribo- 
syl-1-pyrophosphate (PRPP) is present, AMP is 
formed by phosphoribosylation [6]. Conversion of 
adenosine directly to AMP by means of adenosine 
kinase has been previously thought [3,4,6] to 
account for a small percentage of ATP production. 
Therefore, if one could block adenosine cleavage by 
the schistosome and interfere with the deaminative 
pathway as well, one might seriously compromise the 
parasite’s total energy and nucleic acid sources. How- 
ever, this proposal is valid only in the event that the 
activity of the adenosine kinase reaction is limited. 
Evidence presented in this paper will show that this 
phosphorylation reaction may account for a consider- 
able fraction of adenosine salvage by the schisto- 
somes. A summary of the various pathways by which 
adenosine is converted into nucleotides in the parasite 
is given in Fig. 1. 

This paper will give results of trials of several 
adenosine analogs which were examined alone or in 
combinations of two or three analogs for their effec- 
tiveness in inhibiting the conversion of adenosine in 
vitro into nucleotides, using intact, rather than hom- 
ogenized, worms. The structures of these analogst{ are 
shown in Fig. 2, and the major pharmacologic con- 
siderations suggesting such drugs are given in Table 
1 
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PURINE NUCLEOTIDE SYNTHESIS FROM ADENOSINE IN S. mansoni 





AMP——ADP——ATP 





ADENOSINE 


INOSINE 





HYPOXANTHINE 


GMP—— GDP——GTP 


APRT = Adenine Phosphoribosyitransferase 
HGPRT = Hypoxanthine-Guanine Phosphoribosyltransferase 


Fig. 1. Pathways for conversion of adenosine into nucleotides in S. mansoni. One pathway (adeno- 
sine — adenine) is not found in mammalian systems. 


METHODS 


[8-'*C]adenosine (sp. act. = 5lyCi/umole) was 
obtained from Schwarz/Mann, Orangeburg, NY. 
Coformycin (3-f-p-ribofuranosyl-6,7,8-trihydroimida- 
zo-[ 3,4-d][ 1,3 }diazepin-8-(R}-ol) and formycin 
[7-amino-3(f-p-ribofuranosyl)pyrazolo-[4,3-d ]pyrimi- 
dine] were obtained from Dr. H. Umezawa, Institute 
for Microbial! Chemistry, Tokyo. p-Nitrobenzyl-6- 
thioguanosine was a gift from Dr. A. R. P. Paterson, 
University of Alberta, Edmonton, Alberta. Tubercidin 
(7-deaza-adenosine) was from the Upjohn Co., Kala- 
mazoo, MI. The carbocyclic nucleosides (carbocyclic- 
adenosine [9-(B-D,L-2,3-dihydrox y-4-B-(hydrox y- 
methyl}-cyclopentyljadenine]}, carbocyclic-inosine and 
carbocyclic-6-methylmercaptopurine ribonucleoside) 
were gifts from Dr. L. L. Bennett, Jr., of the Southern 
Research Institute, Birmingham, Ala. Dr. M. H. 
Fleyscher of the Roswell Park Memorial Institute, 
Buffalo, NY, supplied N°-phenyladenosine. Both 
6-thioguanosine and 6-methylmercaptopurine 
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ribonucleoside were purchased from Sigma Chemical 
Co., St. Louis, MO, and arabinosyl-6-mercaptopurine 
was from Nutritional Biochemicals Corp., Cleveland, 
Ohio. Dr. Harry B. Wood, Jr. of the Drug Research 
and Development, National Cancer Institute, Beth- 
esda, Md., generously supplied us with 2-fluoro-2’- 
deoxyadenosine. 

Mice (CF, strain) were exposed percutaneously to 
cercariae from a laboratory strain of Schistosoma 
mansoni originally obtained from Dr. van der Schalie, 
Univ. of Michigan, Ann Arbor, MI. This parasite 
strain was maintained in this laboratory by repeated 
passage through a mouse-snail (Australorbis gla- 
bratus) cycle. Female mice of about 25 g were exposed 
to about 200 cercariae. After 45-60 days, mice were 
killed by cervical fracture after etherization, and the 
worms were recovered from portal or mesenteric 
veins by gentle hook-dissection. The parasites were 
placed in Fischer’s Medium (FM), containing added 
penicillin (1 unit/ml) and streptomycin (i ug/ml), and 
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Fig. 2. Structural formulas of adenosine and of analog nucleosides which were examined as inhibitors 
of nucleotide synthesis from adenosine. 
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Table 1. Purine analogs tested as inhibitors of nucleotide synthesis 





Trivial name 


Difference from adenosine 


Reasons for use 





Formycin 


Tubercidin 


N°®-phenyladenosine 
2-Fluoro-2’- 


deox yadenosine 


Coformycin 


p-Nitrobenzyl-6- 
thioguanosine 


Arabinosyl-6- 
mercaptopurine 


6-Thioguanosine 

6-Methylmercapto- 
purine ribonucleo- 
side 


Carbocyclic- 
adenosine 


Carbocyclic-inosine 


Carbocyclic-6- 


Carbon-carbon glycosidic linkage; altered 
5-membered ring 
7-Nitrogen replaced by carbon 


Phenyl group replaces a hydrogen on 
6-amino group of adenosine 

Fluorine atom on carbon 2, ribose of 
adenosine replaced by 2’-deoxyribose 


Inosine analog in which 6-membered ring 
is replaced by a 7-membered ring (methy- 
lene group inserted between carbons 5 and 
6 of inosine) 

6-Amino group of adenosine replaced by 
p-nitrobenzyl-thio group, amino group on 
carbon 2 

Ribose replaced by arabinose, 6-amino re- 
placed by thiol 


6-Amino replaced by thiol, amino group 
on carbon 2 
6-amino replaced by methylthio group 


Oxygen atom of ribose moiety replaced by 
methylene group in the furanose ring 


As for carbocyclic-adenosine, also 6-amino 
replaced by hydroxyl group 

As for carbocyclic-adenosine and 6-meth- 
ylmercaptopurine ribonucleoside 


Blocks worm adenosine phosphorylase and 
PNPase [6] 

Not a substrate for worm adenosine deaminase 
[4]; interferes with worm PNPase and adeno- 
sine deaminase [6]; forms analog nucleotides in 
intact worms [5]; antischistosomal agent in 
monkeys in vivo [8] 
Adenosine __ kinase 
enzyme) [9] 

In human erythrocytes, accumulates at mono- 
phosphate nucleotide level [10]; inhibits worm 
adenosine phosphorylase and adenosine de- 
aminase [7] 

Potent inhibitor of human erythrocytic adeno- 
sine deaminase (K; =~ 10~'°M) [11] 


inhibitor (mammalian 


Inhibitor of nucleoside transport in human 
erythrocytes [12] 


Not a substrate for adenosine deaminase [13], 
adenosine kinase [14] or PNPase [15]; inhibits 
worm adenosine deaminase [6] 

Inhibits worm adenosine deaminase and 
PNPase pathways [6, 7] 

Converted to nucleotide via adenosine kinase 
[16]; may compete with adenosine for this 
enzyme in worms 


Converted to analog nucleotides via adenosine 
kinase, adenylate kinase, etc; cytotoxic to H.Ep. 
no. 2 cells in culture [17]; stable glycosidic bond 
therefore should not be cleaved by adenosine 
phosphorylase 

Stable glycosidic bond [17] 


Stable glycosidic bond [17] 


methyl-mercapto- 
purine ribonucleo- 
side 





were incubated at 37°. After washing with this 
medium, counted pairs of worms found to be in 
copula were transferred to 13 x 100mm rubber-stop- 


pered test tubes containing the  analog(s) 
(1 x 10-*M) under study in FM. Although these 
high concentrations of analogs are not related in any 
way to those which may be used for possible chemo- 
therapeutic applications, they were chosen to show 
maximal biochemical effects. Usually, worms were in- 
cubated for 15 min with analog before [8-'*C]adeno- 
sine (25 mCi/m-mole; 10~° M final concn) was added. 
In combination studies denoted “sequential” (see Fig. 
9), analogs were added to worms in FM at intervals 
of 10min. The last analog was added 10 min before 
[8-'*C]adenosine. Routinely, ten worm pairs were in- 
cubated at 37° in a total volume of 2 ml. 

For the results presented below, the medium was 
sampled and extracted at various times throughout 
the incubation period in order to monitor disappear- 
ance of adenosine and the appearance of metabolic 
products derived from adenosine. Methods used here 
have been fully described previously [6]. At the end 
of the incubation period, worms (plus incubation 
medium) were transferred to conical glass microho- 


mogenizer tubes and allowed to settle to the bottom 
of the tubes. Medium was removed by Pasteur pipet. 
The worm pairs were washed three times with 2 ml 
FM;; after removal of the final wash solution, worms 
were blotted with a cotton swab to remove residual 
FM. FM (2 ml) was then added to the worms fol- 
lowed by 50 yl of 20 per cent perchloric acid. Worms 
were then extracted by grinding in the microhomo- 
genizer tubes. After removal of denatured proteins by 
centrifugation at 1350g in a clinical centrifuge for 
5 min, 200 yl of the supernatant solutions was neutral- 
ized with KOH. Insoluble KCIO, was removed by 
centrifugation. All manipulations were carried out at 
4°. The supernatant solutions were stored (— 20°) for 
analysis. 

Aliquots (20 yl) of the neutralized supernatant solu- 
tions were subjected to thin-layer chromatography on 
PEI-cellulose using the method of Crabtree and Hen- 
derson [18]. By the use of this method, which 
employs a stepwise concentration gradient of sodium 
formate buffer (pH 3.4) as developing solvent, the 
mono-, di- and triphosphate ribonucleotides of 
adenine and guanine are well resolved. After chroma- 
tography, spots are visualized by ultraviolet light 
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(2537 A), cut out and counted in 12 ml of toluene- 
based scintillation fluid as outlined previously [6]. 
In a limited number of trials, the supernatants of 
perchloric acid-extracted worms were analyzed for 
nucleotide content by means of high pressure liquid 
chromatography on a Varian LCS-1000 liquid chro- 
matograph equipped with a Reeve—Angel AS-Pel- 
lionex-SAX (1 mm x 3 m) column. For these analyses, 
0.002 M KH,PO, (pH 4.5) was the low concentrate 
eluant, and 0.25 M KH,PO,) (pH 4.5) in 10MKCI 
was the high concentrate eluant with a starting 
volume of 40 ml and flow rates of 14 and 7 ml/hr 
for the column and gradient pumps respectively. 
Column effluents were monitored at two wavelengths. 
The integral detector in the chromatograph, which 
monitored the effluent at 254nm, gave a profile of 
the natural nucleotides. A second variable-wavelength 
detector (model SF 770 spectroflow monitor, Schoef- 
fel Instruments Corp., Westwood, NJ) was used to 
detect analog nucleotide formation. The second detec- 
tor was set at the A,,,, for the analog under study, 
ie. formycin, 295nm; tubercidin, 272nm; and 
N®-phenyladenosine, 288nm. In these trials, the 
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worms were incubated only in analogs being tested, 
but not with adenosine. Conversion of these drugs 
into analog. nucleotides and changes in normal 
adenine or guanine nucleotide profiles could thus be 
monitored. ; 


RESULTS 


Results shown are presented in three formats: (1) 
the effect of the addition of drugs on [8-'*C]adeno- 
sine metabolism as seen in the incubation medium 
(Figs. 3-6); (2) the influence of the analogs on the 
total worm adenine and/or guanine nucleotides at the 
end of an incubation period (Figs. 7-10); and (3) the 
nucleotide profiles of worms exposed to analogs as 
seen by high pressure liquid chromatography (Fig. 
11). The results presented below represent averages 
of duplicate or triplicate determinations. 

Control (adenosine). From the control graphs in 
Figs. 3-6, one can note that intact schistosomes meta- 
bolize significant amounts of adenosine in vitro. 
Generally, about 30 per cent of the nucleoside is 
degraded in 2 hr when ten worm pairs are incubated 
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Fig. 3. Effect of formycin and coformycin on the catabolism of adenosine by intact S. mansoni in 
vitro. S. mansoni (ten pairs) were incubated in 2 ml of Fischer’s Medium containing penicillin (1 unit/ml) 
and streptomycin (1 ug/ml) at 37°. The analog (10~*M) was present for 15 min before addition of 


[8—'*C]adenosine (sp. act. = 25 wCi/m-mole; 107° 


M final concn). Conditions for extraction and 


analysis are given in Materials and Methods. 
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Fig. 4. Effects of tubercidin, N°-phenyladenosine and 2-fluoro-2’-deoxyadenosine as inhibitors of adeno- 
sine catabolism by intact S. mansoni in vitro. For incubation and extraction procedures, see Materials 
and Methods. 
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Fig. 5. Effects of combinations of two analog purine nucleosides on the catabolism of adenosine by 
intact S. mansoni in vitro. In each case, both analogs were present for 15 min before addition of [8-'*C]- 
adenosine. Incubation and extraction procedures are given in Materials and Methods. 
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Fig. 6. Effects of combinations of three analog purine nucleosides on the catabolism of adenosine 
by intact S. mansoni in vitro. In each combination, all three analogs were present for 15 min before 
addition of [8-'*C]adenosine. For conditions for incubation, etc., see Materials and Methods. 


in 2 ml of 10~° M substrate. Most of the utilized sub- 
strate can be accounted for by formation of inosine 
and hypoxanthine, both of which accumulate in the 
medium. 

Worm extracts have been shown to convert adeno- 
sine into nucleotides in the presence of PRPP. or into 
adenine, inosine and hypoxanthine, in the absence of 
added PRPP [6]. Typically, reaction rates using 
worm extracts are significantly greater than those 
reported here using intact worms. 

Formycin. Formycin (Formycin A) has previously 
been shown [6] to inhibit adenine nucleotide forma- 
tion from adenosine in worm extract preparations. 
When whole worms were used (Fig. 3), the rate of 
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utilization of the adenosine substrate was only slightly 
decreased, compared to the control. Partial blockade 
of PNPase was noted, resulting in moderate accumu- 
lation of inosine in the medium. Measurement of the 
synthesis of total adenine nucleotides from [8-'*C]- 
adenosine in the worms (Fig. 7) shows a drop of 
about 37 per cent when formycin, at 10°*M, was 
utilized to block adenosine metabolism. However, the 
synthesis of guanine nucleotides from adenosine was 
not changed when formycin was tested as the inhibit- 
ing agent. These data are reflected in the “incorpo- 
ration ratio” (see legend to Fig. 7) of 1.9 as compared 
to a control ratio of 2.8. 

From Fig. 11, it is apparent that formycin itself 
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Fig. 7. Effects of single analog purine nucleosides on the synthesis of adenine and guanine nucleotides 
from adenosine by intact S. mansoni in vitro. Conditions for incubation are as for previous figures. 
Conditions for extraction of worms and analysis of radioactivity in the nucleotides are given in Mater- 
ials and Methods. Control (100 per cent) levels of radioactivity in nucleotides were approximately: 
AMP + ADP + ATP, 2800cpm; GMP + GDP + GTP, 800cpm. Figures in parenthesis indicate “in- 


corporation ratios,” i.e. 


cpm in AMP + ADP + ATP 





cpm in GMP + GDP + GTP 


has several effects in S. mansoni: (1) it enters the para- 
site and is seen in chromatograms as the non-phos- 
phorylated nucleoside; (2) a significant amount of for- 
mycin is converted into analog di- and triphosphate 
nucleotides; formycin monophosphate does not 
appear to accumulate; and (3) ATP concentration in 
formycin-treated worms is lower than in control 
worms. 

Coformycin. As shown in Fig 7, the presence of 
10-*M coformycin dramatically increases the conver- 
sion of [8-'*C]adenosine into purine nucleotides in 
vitro using intact worms. The amount of adenine nu- 
cleotides synthesized is more than triple that observed 
with control worms. As expected, coformycin effec- 
tively. blocks the deamination of adenosine (Fig. 3), 
since both inosine and hypoxanthine fail to accumu- 
late in the medium. Apparently, as a consequence of 
the failure to deaminate adenosine, more of this sub- 
strate is available for insertion into the nucleotide 
pool via the adenosine kinase reaction, or by an in- 
direct pathway: i.e. adenosine phosphorylase and 
adenine phosphoribosyltransferase (APRTase). The 
net amount of adenosine substrate utilized by whole 
worms in vitro is about the same as in the controls 
(Fig. 3); however, essentially all of the adenosine is 
converted into adenine nucleotides within the worms. 
The increased conversion of adenosine into adenine 
nucleotides coupled with the decreased conversion 
into guanine nucleotides is reflected in the “incorpo- 
ration ratio” of 11.1 (control ratio = 2.8). 

Tubercidin. When 10~* M tubercidin is used, it can 
be seen that inosine accumulates in the medium up 
to a level exceeding hypoxanthine (Fig. 4). This is 
a reversal of accumulation of catabolic by-products, 
as compared to the control, and indicates, in agree- 
ment with previous reports [7], that one effect of this 
drug is to inhibit worm PNPase. Tubercidin has been 


reported not to be a substrate for either adenosine 
deaminase [2,4] or PNPase [7] in S. mansoni. The 
effect of tubercidin on the synthesis of nucleotides in 
the intact worm is shown in Fig. 7. Synthesis of both 
adenine and guanine nucleotides from adenosine is 
sharply reduced, the former to about 20 per cent of 
control levels. These results are emphasized by the 
“incorporation ratio” of 1.1 (control ratio = 2.8). In 
confirmation of previous reports [5], Fig. 11 illus- 
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Fig. 8. Effects of combinations of analog purine nucleo- 
sides on the synthesis of adenine and guanine nucleotides 
from adenosine by intact S. mansoni in vitro. For condi- 
tions for incubation and extraction, see Materials and 
Methods. In each case, all of the drugs in the various com- 
binations were incubated with worms for 15 min before 
addition of [8-'*C]adenosine. Abbreviations used are: 
ARA-6-MP, arabinosyl-6-mercaptopurine; FORM, formy- 
cin; TUBER, tubercidin; and COFORM, coformycin. 
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Fig. 9. Effect of combinations of analog purine nucleosides on the synthesis of adenine and guanine 
nucleotides from adenosine by intact S. mansoni in vitro. Conditions for incubation and extraction 
(and analysis) are given in Materials and Methods. All of the analogs used in the various combinations 
were incubated with worms for 15 min before addition of labeled precursor except in those cases 
denoted “sequential.” In the sequential combinations, analogs were added to worms in Fischer’s 
Medium in intervals of 10 min. For example, in the COFORM + FORM + NBTGR (sequential) com- 
bination, COFORM was incubated with worms for 10 min, FORM was added and incubation con- 
tinued for 10 min; then NBTGR was added. The last analog of the combination was added 10 min 
before [8-'*C]adenosine. Abbreviations are as for Fig. 8. Others are: PHENYLADO, N°phenyladeno- 
sine; and NBTGR, para-nitrobenzyl-6-thioguanosine. 


trates that tubercidin nucleotides produced by whole 
worms can be identified using high pressure liquid 
chromatography. Tubercidin triphosphate can be 
accumulated to levels that actually exceed ATP in 
the parasites. 

2-Fluoro-2'-deox yadenosine. Figure 4 shows that 
this analog does not impede the deamination of 
adenosine, since inosine and hypoxanthine appear in 
the medium about as rapidly as in the control. Total 
nucleotide formation from adenosine within the 
worms is found to be depressed by about 35 per cent, 
with guanine nucleotide synthesis from adenosine in- 
hibited to a greater extent than adenine nucleotide 
synthesis. This difference in the degree of inhibition 
is reflected by the “incorporation ratio” of 7.4 (Fig. 
7). High pressure liquid chromatography of worm nu- 
cleotides revealed the appearance of a peak after ATP 
which is consistent with either 2-fluoroATP or 
2-fluoro-2'-deoxyATP (data not shown). 

p-Nitrobenzyl-6-thioguanosine. This compound is an 
effective inhibitor of the facilitated transport of nuc- 
leosides in human erythrocytes [2]. When tested as 
an inhibitor of nucleotide synthesis from adenosine 
in S. mansoni, p-nitrobenzyl-6-thioguanosine reduced 
the conversion of adenosine into adenine nucleotides 
by about 60 per cent and into guanine nucleotides 
by about 75 per cent (incorporation ratio = 5.3) (Fig. 
7). The differences in these two inhibitions cannot be 
readily explained at the present time. Presumably, 
p-nitrobenzyl-6-thioguanosine has effects other than 
that of merely inhibiting transport of adenosine into 
the worms. 

6-Thioguanosine. Previously, 6-thioguanosine was 
shown to be an inhibitor of the adenosine deaminase 
and purine nucleoside phosphorylase reactions in S. 
mansoni extracts [6]. If similar inhibitions were mani- 
fested in intact worms, in the presence of this analog, 
one might expect a reduction in the incorporation 


of adenosine into nucleotides. However, when whole 
worms were incubated with [8-'*C]adenosine in the 
presence of 6-thioguanosine, no inhibition of the syn- 
thesis of either adenine or guanine nucleotides was 
observed (Fig. 7). The slight stimulation of the incor- 
poration of adenosine into adenine nucleotides in the 
presence of this analog is reflected in the “incorpor- 
ation ratio” of 4.2 (control = 2.9). 
Arabinosyl-6-mercaptopurine. Although this analog 
has been shown to inhibit the adenosine deaminase 
reaction in S. mansoni extracts [6], no effect on the 
synthesis of adenine or guanine nucleotides from 
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Fig. 10. Effects of carbocyclic nucleosides and 6-methyl- 

mercaptopurine ribonucleoside on the synthesis of adenine 

and guanine nucleotides from adenosine by intact S. man- 

soni in vitro. Conditions for incubation and extraction are 
given in Materials and Methods. 
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Fig. 11. Nucleotide profiles of intact S. mansoni incubated in vitro with analog purine nucleosides 
as determined by high pressure liquid chromatography. Conditions for incubation are as for Fig. 
3 except that [8-'*C]adenosine was omitted. Conditions for extraction are as for Fig. 7. Aliquots 
(50 pl) were subjected to high pressure liquid chromatography as outlined in Materials and Methods. 


adenosine was apparent with whole worm incuba- 
tions (Fig. 7). In fact, both processes were slightly 
elevated over control levels, although the “incorpor- 
ation ratio” (2.8) was virtually unchanged from the 
control value (2.9). Whether this lack of inhibition 
using intact worms indicates poor transport of this 
analog into the worms is not clear at the present time. 
Unlike 6-thioguanosine, arabinosyl-6-mercaptopurine 
does not appear to be anabolized to the nucleotide 
level in mammalian cells [14] nor is it converted to 
6-mercaptopurine [15] and, therefore, arabinosyl-6- 
mercaptopurine appears to exert its effects as the ara- 
binosyl nucleoside per se [15]. 

N°-phenyladenosine. This agent interferes markedly 
with utilization of adenosine by intact S. mansoni (Fig. 
4). It appears to block adenosine deamination par- 
tially, since both inosine and hypoxanthine fail to ac- 
cumulate up to the levels found in the control experi- 
ments. Furthermore, it sharply decreases total 
adenine and guanine nucleotide formation from 
adenosine in whole worms (Fig. 7). The combined in- 
hibition of adenine and guanine nucleotides, after 4 hr 
of incubation, is greater with this drug than any 
others of the group tested. The greater inhibition of 
adenine nucleotide synthesis from adenosine is shown 
by the “incorporation ratio” of 7.7 (control = 2.9). 

High pressure liquid chromatography of extracted 
worms exposed to N°-phenyladenosine reveals that 
the analog itself is not converted into nucleotides 
within intact schistosomes although the nucleoside 
appears to accumulate inside the worms (Fig. 11). In 
this respect, this analog is substantially different from 
such drugs as tubercidin, formycin or 2-fluoroadeno- 
sine (see Fig. 11 and Ref. 5). 

Carbocyclic purine nucleosides. A series of nucleo- 
sides which contain a carbon atom in lieu of the 


bridge oxygen atom in the ribofuranosyl ring of 
natural nucleosides has been tested as possible inhibi- 
tors of nucleotide synthesis from adenosine in intact 
S. mansoni. These compounds include carbocyclic- 
adenosine, carbocyclic-inosine and carbocyclic-6- 
methylmercaptopurine ribonucleoside (see Fig. 1). Of 
these _ compounds, only carbocyclic-adenosine 
appeared to be effective as an inhibitor, giving reduc- 
tions in the conversion of [8-'*C]adenosine to 
adenine and guanine nucleotides of about 40 and 45 
per cent respectively (Fig. 10). Carbocyclic-inosine 
appears to stimulate both processes slightly, whereas 
carbocyclic-6-methylmercaptopurine _ribonucleoside 
very slightly inhibited guanine nucleotide synthesis 
but did not inhibit adenine nucleotide synthesis. Simi- 
larly, 6-methylmercaptopurine ribonucleoside itself 
had no effect on adenine nucleotide synthesis but 
appeared to inhibit guanine nucleotide synthesis by 
about 35 per cent (Fig. 10). Interestingly, the carbo- 
cyclic analogs of inosine and 6-methylmercaptopurine 
ribonucleoside are not effective as cytotoxic agents 
against a human epithelial carcinoma cell line in cul- 
ture, whereas carbocyclic-adenosine is highly cyto- 
toxic [17]. Carbocyclic-adenosine has been shown to © 
be a good substrate for adenosine kinase and is con- 
verted to the triphosphate nucleotide level in intact 
mammalian cells [17]. 

Combination studies. Various combinations of two 
or three analogs were tested in an attempt to inhibit 
the incorporation of adenosine into nucleotides in in- 
tact worms. The results of these trials are presented 
in Figs. 5, 6, 8 and 9. 

When coformycin was used in combination with 
one or more nucleoside analogs, virtually none of the 
adenosine substrate appeared as purine nucleosides 
or bases in the medium (Figs. 5 and 6); however, faci- 
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luation of formation of nucleotides was noted in the 
worms (Fig. 7). This undoubtedly is a reflection of 
the increased availability of adenosine concomitant 
to the blockade of adenosine deaminase. Sequential 
use of coformycin + N°®-phenyladenosine + formycin 
inhibited adenine nucleotide synthesis by about 50 
per cent and that of guanine nucleotides by about 
80 per cent (Fig. 9). 

Several combinations of formycin with other com- 
pounds proved to be moderately effective as inhibi- 
tors of adenosine anabolism. Arabinosyl-6-mercapto- 
purine + formycin or tubercidin + formycin reduced 
adenine nucleotide synthesis by 70 per cent and 
guanine. nucleotide synthesis by about 40 per cent 
(Fig. 8). The combination of formycin + p-nitroben- 
zyl-6-thioguanosine (a nucleoside transport blocking 
agent) inhibited adenine and guanine nucleotide syn- 
thesis by 50 per cent, and appreciable inhibition was 
also shown when p-nitrobenzyl-6-thioguanosine was 
combined with N®°-phenyladenosine or tubercidin 
(Fig. 9). 

The most effective combination of agents was 
tubercidin + N°-phenyladenosine, which reduced 
adenine and guanine nucleotide synthesis to 20 and 
25 per cent of control values respectively. Interest- 
ingly, the combination of tubercidin + formycin (Fig. 
5) does not inhibit the conversion of adenosine into 
other bases and nucleosides in the medium, even 
though it is relatively inhibitory for synthesis of nu- 
cleotides within the worm (Fig. 8). 

It seems clear, however, that none of the drug com- 
binations tested in this study gave greater inhibition 
of adenosine conversion into nucleotides than did the 
most potent individual drugs themselves. 


DISCUSSION 


The results presented above demonstrate that none 
of the various types of adenosine analogs tested in 
these experiments are capable of completely inhibiting 
the conversion of adenosine into adenine and guanine 
nucleotides in intact S. mansoni in vitro. From the 
data reported here, the best candidates appear to be 
tubercidin and N°-phenyladenosine, both of which 
cause a 70-75 per cent decline in nucleotide formation 
from adenosine. Of these two, tubercidin is slightly 
more effective in blocking adenine nucleotide syn- 
thesis, while N°-phenyladenosine appears to decrease 
guanine nucleotide synthesis more effectively. One 
other compound, p-nitrobenzyl-6-thioguanosine, 
which was chosen for its possible ability to block the 
uptake of adenosine by worms, caused a considerable 
reduction of the conversion of adenosine into nucleo- 
tides in the worms exposed to this agent. 

The appearance of an analog nucleotide peak in 
the triphosphate region of high pressure liquid chro- 
matographic profiles of extracts of worms treated 
with 2-fluoro-2’-deoxyadenosine deserves comment. 
This peak could represent either 2-fluoroATP or 
2-fluoro-2’-deoxyATP. Evidence on hand suggests 
that 2-fluoroATP cannot be derived from 2-fluoro-2'- 
deoxyadenosine, since this analog nucleoside is not 
cleaved to the free base, 2’-fluoroadenine (which is 
capable of being converted to 2-fluoroATP, see Ref. 
5) when incubated with S. mansoni extracts containing 
both adenosine phosphorylase and purine nucleoside 
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phosphorylase [7]. Therefore, it appears that 2-fluoro- 
2'-deoxyadenosine can only be converted into nu- 
cleotides via the adenosine kinase reaction. In this 
regard, it should be noted that, in human erythro- 
cytes, 2-fluoro-2'-deoxyadenosine does not progress 
past the monophosphate nucleotide level, i.e. 2-fluoro- 
2'deoxyATP does not accumulate [10]. These results 
indicate that 2-fluoro-2’-deoxyAMP is not a substrate 
for human erythrocytic adenylate kinase. The fact 
that, in schistosomes, analog triphosphate nucleotide 
is recognized, may indicate that the parasitic adenyl- 
ate kinase has different substrate specificity than the 
human erythrocytic enzyme. 

Interestingly, one of the most potent inhibitors of 
the synthesis of nucleotides from adenosine, namely 
N®-phenyladenosine, has recently been shown to be 
a strong inhibitor (K; = 6 x 10~’M) of adenosine 
kinase partially purified from Sarcoma 180cells in 
culture [9]. This observation gives support to the 
belief that adenosine kinase may play a significant 
role in the conversion of adenosine into nucleotides 
in these worms. Further support comes from the fact 
that tubercidin, a substrate for adenosine kinase, is 
readily converted into analog nucleotides in intact 
schistosomes ([5] and Fig. 11 of this paper), and is 
also second in potency only to N°-phenyladenosine 
as an inhibitor of the conversion of adenosine into 
nucleotides in intact worms. 

In addition to its effects on the adenosine kinase 
reaction, N°-phenyladenosine appears to block worm 
adenosine deaminase since inosine and hypoxanthine 
are found in the medium only in small amounts (Fig. 
4). These effects of N°-phenyladenosine presumably 
are due to the analog nucleoside per se since this 
compound does not appear to form analog nucleo- 
tides in intact worms (Fig. 11). Tubercidin, in con- 
trast, does not appear to inhibit the adenosine de- 
aminase reaction to a significant extent. Rather, a site 
of inhibition by tubercidin appears to be at the purine 
nucleoside phosphorylase reaction since, in the pres- 
ence of tubercidin, inosine accumulates to a greater 
extent than does hypoxanthine, whereas the reverse 
is true in control experiments. 

In a previous paper from this laboratory, the role 
of the pathway catalyzed by the enzymes adenosine 
deaminase, purine nucleoside phosphorylase, and 
hypoxanthine phosphoribosyltransferase in the con- 
version of adenosine into nucleotides was emphasized. 
These previous reports on similar studies using worm 
extracts have tended to minimize the significance of 
the adenosine kinase reaction [3, 4,6]. Data presented 
here, however, modify this belief. Coformycin, an ex- 
tremely potent inhibitor of adenosine deaminase, does 
not inhibit adenosine anabolism in intact S. mansoni 
in vitro. Rather, in the presence of coformycin, the 
synthesis of nucleotides from adenosine is signifi- 
cantly stimulated. Apparently, in the presence of 
coformycin a larger concentration of the substrate 
(adenosine) is available for alternative pathways of 
synthesis (the adenosine kinase pathway, and the 
adenosine phosphorylase-adenine phosphoribosyl- 
transferase pathway). 

The difficulty encountered in abolishing nucleotide 
formation from adenosine in the intact worms 
through the use of adenosine analogs, singly or in 
combination, does not appear to rest in an inability 
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to block specific pathways, since these can be inhi- 
bited in vitro using supernatants of homogenates as 
test systems. In some cases, the problem may lie in 
the inability to transport such analogs into the para- 
site itself. As an example, it has already been shown 
[6] that arabinosyl-6-mercaptopurine can prevent 
practically all adenosine metabolism in a homogenate 
preparation. However, within the intact worm (Fig. 
8), inhibition is much less complete using the same 
drug. Likewise, the triple approach of coformy- 
cin + N®-phenyladenosine + formycin (Fig. 6) vir- 
tually abolishes catabolism of adenosine in the 
medium, but does not succeed in eliminating the con- 
version of adenosine into nucleotides, although this 
conversion is decreased by about 50 per cent (Fig. 
9). As noted previously [6], other factors which 
should also be considered in attempting to explain 
the lack of effect of some of these analogs on intact 
worms include possible drug metabolism within the 
worms, compartmentation of enzymes within worms 
and metabolic regulation of enzymes within worms. 

Because the importance of the adenosine kinase 
reaction for the synthesis of nucleotides from adeno- 
sine in intact worms has been re-evaluated as a result 
of the studies reported here, analogs which are inhibi- 
tors of adenosine kinase should be closely scrutinized 
as potentially useful antischistosomal agents. One 
unstudied candidate is 7-iodo-tubercidin [4-amino- 
5-iodo-7--p-ribofuranosyl-7-H-pyrrolo(2,3,d)pyrimi- 
dine]. In studies by Henderson et al. [19], this com- 
pound was found to be the most potent inhibitor of 
adenosine kinase (from Ehrlich ascites cells) of many 
purine analogs examined. In addition, our colleagues 
have shown that this analog is not converted into 
analog nucleotides in human erythrocytes (G. W. 
Crabtree, R. E. Parks, Jr. and L. B. Townsend, unpub- 
lished data). 
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Abstract—The hyperbilirubinemic effect produced by a-naphthylisothiocyanate (ANIT) in rats was sig- 
nificantly altered by different inducers and inhibitors of drug metabolism and protein synthesis, which 
supports the hypothesis that biotransformation of ANIT to a toxic metabolite is crucial to its cholestatic 
effect. The binding of a chemically reactive ANIT-derived product to rat liver microsomes was examined 
in vitro. When [7HJANIT or ['*C]ANIT was incubated with rat liver microsomes, radioactivity was 
bound irreversibly to proteins. This binding occurred in the absence (non-enzymic) and, to greater 
extent, in the presence (enzymic) of NADPH and oxygen. Enzymic binding was inhibited by carbon 
monoxide, f-diethylaminoethyl diphenylpropylacetate (SKF 525-A) and piperonyl butoxide, indicating 
that a cytochrome P-450-dependent, mixed-function oxidase mediated the binding. The enzymic binding 
was reduced by incubation with glutathione and other thiol-containing compounds, while incubation 
with f-naphthylisothiocyanate or phenylisothiocyanate inhibited both the enzymic and non-enzymic 
binding. Pretreatment of rats with phenobarbital or 3-methylcholanthrene enhanced ANIT toxicity 
in vivo and markedly increased the irreversible binding. in vitro. Piperonyl butoxide, SKF 525-A, disul- 
firam and cobaltous chloride reduced ANIT toxicity and its binding to microsomes in vitro. However, 
cycloheximide which abolished ANIT toxicity in vivo failed to affect the binding. Furthermore, 16-z- 
pregnenolone carbonitrile reduced ANIT toxicity in vivo but increased its enzymic binding. The results 
demonstrate an inconsistent correlation between toxicity of ANIT in vivo and its binding to microsomal 
proteins in vitro and indicate that binding in vitro in itself is not a valid index of ANIT-induced 
hyperbilirubinemia. Limited studies in vivo in which the irreversible binding to liver proteins was 
examined after oral ANIT administration indicated that the extent of binding after different pretreat- 
ments also did not parallel ANIT toxicity. These data cast doubt on the role of such binding in 


the pathogenesis of ANIT-induced cholestasis. 


The acute administration of «-naphthylisothiocyanate 
(ANIT¥ to several animal species results in cessation 
of bile flow (cholestasis) accompanied by increases in 
plasma levels of cholesterol, bile acids and bilirubin 
[1]. These properties have stimulated interest in this 
compound as a useful model for the elucidation of 
the mechanisms of drug-induced cholestasis [1-4]. 
Although some of the effects of ANIT may be due 
to the parent compound, there is an increasing 
amount of evidence that its biotransformation 
products are responsible for its acute cholestatic 
effect. Pretreatment of animals with phenobarbital 
(PB) potentiates ANIT-induced cholestasis while SKF 
525-A and cycloheximide (Cx) decrease or abolish the 
cholestatic response [5,6]. A marked species vari- 
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ation to the hepatotoxic effects of ANIT exists 
[2,7-9] probably because of differences in biotrans- 
formation. 

Several investigators have suggested that toxicity 
elicited by certain model carcinogens and hepato- 
toxins is mediated through the formation of chemi- 
cally reactive metabolites that bind irreversibly to 
tissue macro-molecules [10-12]. This mechanism has 
been proposed for the toxicity produced by 2-acetyl- 
aminofluorene [10], acetaminophen [13], furosemide 
[14], carbon disulfide [15, 16] and halobenzenes [17]. 
For these compounds, it has been shown that there 
is a relationship between the severity of the lesion 
and the amount of binding to hepatic macromole- 
cules. 

In vitro, ANIT has been shown to bind to bovine 
serum albumin [18]. Although it has been suggested 
that the binding is irreversible, neither the extent of 
binding nor its characteristics have been determined. 
Since the irreversible binding of ANIT to hepatic 
macromolecules could be related to its toxic effect 
on hepatocyte function, it is of interest to examine 
this phenomenon. Our experiments in vivo indicated 
that radioactivity from radiolabeled ANIT was bound 
irreversibly to rat liver proteins and that this binding 
predominates in the microsomal and cytosol frac- 
tions. Therefore, experiments in vitro were performed 
to determine the characteristics and the nature of the 
enzyme pathways responsible for this binding. We 
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examined whether binding of ANIT and/or its meta- 
bolites to liver macromolecules could be related to 
the pathogenesis of cholestasis after ANIT. We also 
looked at the possibility that pretreatments that alter 
the toxicity of ANIT in vivo could influence the irre- 
versible binding in a similar manner. 


MATERIALS AND METHODS 


Materials 


Radioactive ANIT labeled with '*C in the isothio- 
cyanate moiety ({'*CJANIT; sp. act. 1.05 mCi/m- 
mole; purity higher than 96 per cent) was supplied 
by International Chemical and Nuclear Corp., Irvine, 
CA. *H-ANIT labeled in the 4-position of the naph- 
.thalene ring (sp. act. 259.3 mCi/m-mole; more than 
97 per cent pure) was purchased from New England 
Nuclear Corp. (Boston, MA). Nonradioactive ANIT 
was supplied by Eastman Kodak Co., Rochester, NY; 
B-naphthylisothiocyanate (BNIT) and phenylisothio- 
cyanate (PIT) from Aldrich Chemical Co. (Mil- 
waukee, WI). 16-x-pregnenolone carbonitrile (PCN) 
and cycloheximide (Cx) were generously provided by 
Upjohn Company of Canada (Montréal, Québec) and 
SKF 525-A was kindly supplied by Smith Kline & 
French Canada Ltd. (Montréal, Québec). All other 
reagents were the best available commercial grades. 


Treatment of animals 


Male Sprague-Dawley rats weighing 180-220g 
were supplied by Bio-Breeding Farm Laboratory 
(Montréal, Québec) and were allowed free access to 
food (Purina Laboratory Chow) and water. Separate 
groups of animals were treated with phenobarbital 
(PB, 70 mg/kg, ip. daily for 3 days) or PCN 
(70 mg/kg, p.o. twice daily for 3 days) and were used 
24hr after treatment. 3-Methylcholanthrene (3-MC, 
20 mg/kg, i.p.) was injected 72, 60 and 48 hr before 
use. SK F-525-A (40 mg/kg, i.p.), piperonyl butoxide 
(1.3 ml/kg, i-p.), disulfiram (200 mg/kg, i.p.), cysteine 
(150 mg/kg, i.p.), cysteamine (150 mg/kg, i.p.) or cysta- 
mine (600 mg/kg, p.o.) was given | hr prior to use. 
Cx (2 mg/kg, i.p.) was injected either | or 8 hr before 
use. Pretreatment with cobaltous chloride (CoC1I,) 
consisted of two injections (40 mg/kg, s.c.) 48 and 
24hr pridér to microsomal isolation or 24 and 0.5 hr 
before administration of ANIT. To study its effects 
on ANIT toxicity, BNIT or PIT (300 mg/kg, p.o.) was 
given | hr before ANIT. Control rats received equal 
volumes of vehicles (saline for PB, SKF 525-A, CoCl,, 
Cx, cysteine, cysteamine or cystamine; carbox ymethyl 
cellulose for PCN; and corn oil for 3-MC, disulfiram, 
BNIT or PIT). 


Irreversible binding in vitro 

Preparation of liver microsomes. The animals were 
decapitated; livers were removed and homogenized 
with a motor-driven glass-Teflon homogenizer in 2 
vol. of 1.15% KCI containing 20 mM Tris—KCl buffer, 
pH 7.4. Homogenates were centrifuged for 20 min at 
10,000 g in a Sorval centrifuge; the 10,000 g superna- 
tant was then centrifuged for | hr at 105,000g in a 
Spinco model L preparative ultracentrifuge. The 
supernatant cytosol fraction) was removed and the 
microsomal pellet was resuspended, washed in 
Tris-KCI buffer, and then recentrifuged for | hr at 


A. M. E_-Hawari and G. L. PLAA 


105,000 g. The washed microsomal pellet was sus- 
pended in 0.1 M phosphate buffer, pH 7.4, and used 
within a few hours after preparation. 

Incubation reactions. Incubations were carried out 
in glass vials containing | ml of liver microsomes 
(3 mg/ml); potassium phosphate buffer, pH 7.4 
(300 umoles); and EDTA (1.5 pmoles). To this mixture 
was added 2.0 ml of 1.15% KCI containing the follow- 
ing NADPH-generating system: NADP (1.0 umole), 
glucose 6-phosphate (25 umoles), glucose 6-phosphate 
dehydrogenase (2.0units) and MgCl, (15 umoles). 
Control vessels (minus NADPH) received 2.0 ml of 
1.15% KCl in place of this system. The vessels were 
equilibrated for 3 min in a water bath shaker at 37°; 
then the reaction was initiated by the addition of the 
substrate: either [*HJANIT (~ 1,600,000 dis./min/ 
reaction vessel) or ['*CJANIT (~ 500,000 dis./min/ 
reaction vessel) at the concentrations indicated in the 
tables and figures. ANIT was introduced into the 
reaction mixture in 20yl methanol with vigorous 
shaking to assure even distribution; then incubations 
were carried out at 37°, under air, in a Dubnoff 
shaking incubator (100 cycles/min). Reactions were 
stopped at the desired time by the addition of 2.0 ml 
of 15% trichloroacetic acid (TCA). 

Removal of the unbound material from microsomes. 
Samples were subjected to three 10-sec bursts of 
ultrasound; then aliquots of 1 ml (0.6 mg _ protein) 
were transferred onto a Whatman GF/A glass-fiber 
filter paper (2.4cm). The precipitate was extensively 
washed, under light vacuum, with 5 ml of 10% TCA 
(three times), 80° methanol (four times), chloroform- 
methanol (2:1, four times), 80% methanol (two times) 
and ether (four times). This washing procedure gener- 
ally removed all the extractable radioactivity, but if 
not, washing was continued until no further counts 
were removed. The filters were dried and transferred 
to a counting vial. One ml of 1.0 N NaOH was added 
and the protein was dissolved by shaking at 60° for 
1 hr, then counted in Aquasol scintillation fluid (NEN 
Corp.). 

The irreversibility of the binding was further estab- 
lished by extraction of some samples with methanol, 
chloroform or ether for 24 hr in a Soxhlet continuous 
extractor. Other samples were also dissolved in . 
NaOH, reprecipitated with TCA and then extracted 
with organic solvents. Both procedures removed only 
small amounts (~ 10 per cent of the bound radioac- 
tivity). It was noted, however, that if the protein pre- 
cipitates in the reaction vessels were kept in contact 
with TCA for more than 5 or 6 days, some splitting 
of the bound radioactivity occurred. The samples, 
therefore, were processed within 2-3 days after incu- 
bation. 


Irreversible binding in vivo 


ANIT (7H or '4*C, 150 mg/kg, 20-40 wCi/kg) was 
given orally to groups of rats pretreated with PB, 
PCN, SKF 525-A, Cx, saline or corn oil as described 
above. At 4, 12 or 24hr after ANIT, groups of rats 
were killed by decapitation and samples of liver were 
removed, minced and homogenized with 3 vol. of 
0.9% NaCl in a motor-driven glass-Teflon homogen- 
izer. For estimation of total radioactivity in liver, a 
part of the homogenate was digested with Soluene 
(Packard Instrument Co.) and counted in Aquasol. 





Hepatotoxicity and binding of ANIT 


For quantitation of the radioactivity irreversibly 
bound to proteins, portions of the homogenate 
(1.0 ml, equivalent to 250 mg liver) were transferred 
to covered centrifuge tubes and proteins were precipi- 
tated by addition of 15% TCA. The tubes were centri- 
fuged for 15 min (~ 1000 g) and the supernatant was 
discarded. The protein precipitate was broken into 
a fine powder, resuspended in Sml of 10% TCA, 
mixed on a Vortex shaker for 3 min and centrifuged 
for 5 min. This process was repeated with 5 ml of 10% 
TCA, 80% methanol (two times), chloroform—meth- 
anol (2:1, two times) and ether (one time). The last 
washing was checked for radioactivity; then the 
extracted protein precipitate was dissolved in 1.0M 
NaOH and aliquots were counted in Aquasol. 

This extraction procedure was also used for deter- 
mination of the binding in vitro early in our study. 
Quantitatively the results were only about 60-70 per 
cent of those obtained by the filtration method util- 
ized for the removal of unbound material from micro- 
somes. 


Assessment of ANIT hepatotoxicity 


This was carried out by measuring the rise in 
plasma bilirubin 24hr after ANIT administration. 
ANIT, dissolved in corn oil, was given by gavage 
either at doses of 75 or 300 mg/kg; the low dose was 
used after inducers and the high dose after inhibitors. 
Blood was collected by aortic puncture in heparin- 
treated syringes and the plasma was separated for 
bilirubin determination. 


Analytical and statistical methods 


Radioactivity was counted in a Packard Tri-Carb 
scintillation counter (model 3375); quench correction 
was carried out by the channel ratio method. Protein 
concentration was determined according to Lowry et 
al.[19] using bovine serum albumin as the protein 
standard, and cytochrome P-450 content was esti- 
mated by the method of Omura and Sato [21]. Biliru- 
bin concentration in plasma was measured by the 
method of Jendrassik and Grof [21] as modified by 
Nosslin [22]; the Monitor Jendrassik bilirubin kit 
provided by American Monitor Corp., Indianapolis, 
IN, was used. 

The significance of the data was determined by the 
two-tailed Student’s t-test. Significant differences were 
indicated when P < 0.05. 


RESULTS 
Effects of pretreatments on ANIT toxicity 


Oral administration of ANIT to rats produces a 
dose-dependent cessation of bile flow which is associ- 
ated with hyperbilirubinemia. Earlier studies have 
demonstrated that, in mice, these toxic effects can be 
potentiated with PB and inhibited with SKF 
525-A [5]. In rats, Cx, an inhibitor of protein syn- 
thesis, abolishes the hyperbilirubinemic and cholesta- 
tic effects of ANIT[6]. In the present study, the 
effects of these, and other, inducers and inhibitors on 
ANIT toxicity were examined. Since the time course 
of hyperbilirubinemia almost parallels that of choles- 
tasis [8], the ANIT response was assessed by the rise 
in plasma bilirubin. As shown in Table |, PB con- 
siderably increased the hyperbilirubinemic effect of 
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Table 1. Effects of pretreatment with inducers, inhibitors, 
sulfhydryl compounds and ANIT analogs on ANIT- 
induced hyperbilirubinemia* 





ANIT toxicity (hyperbilirubinemia) 
(mg bilirubin/100 ml plasma) 





Dose 
(300 mg/kg. 
p.o.) 


Dose 
(75 mg/kg. 


Pretreatment p.o.) 





None 1.12 + 0.18 3.54 + 0.19 
Inducers 
PB 3.51 + 0.17¢ 
3-MC 3.90 + 0.22+ 
PCN 0.46 + 0.12t 
Inhibitors 
SKF-525-A 
Pip. butoxide 
Disulfiram 
CoCl, 
Cx (l-hr pretreatment) 
Cx (8-hr pretreatment) 
SH compounds 
Cysteine 
Cysteamine 
Cystamine 
ANIT analogs 
BNIT 0.57 + 0.13$ 
PIT 1.34 + 0.23 


1.20 + 0.24t 


0.99 + 0.48t 
0.76 + 0.23t 
LI + 0.35t 
0.38 + 0.14t 
0.33 + 0.10t 
0.41 + 0.17t 


1.28 + 0.25¢ 
0.87 + 0.28t 
0.60 + 0.22t 


0.93 + 0.20t 
3.05 + 0.38 





* Mean + S.E. of four to eight experiments. 
+ Significantly higher than non-treated rats. 
t Significantly lower than non-treated rats. 


ANIT. A marked potentiation was also exhibited after 
3-MC but, as reported earlier [23], PCN reduced the 
response to ANIT. 

Inhibitors of the mixed-function oxidase system 
(SKF 525-A, piperonyl butoxide and disulfiram) de- 
creased the ANIT-induced hyperbilirubinemia; the 
ANIT response was also abolished by CoCl, or Cx 
pretreatment. Two sulfhydryl-containing compounds, 
cysteine and cysteamine, as well as the amino disul- 
fide, cystamine, were also tested and were found to 
be effective in reducing the hyperbilirubinemia in- 
duced by ANIT. 

The two ANIT analogs, BNIT and PIT, do not 
produce the hyperbilirubinemic effects in rats even 
after near-lethal doses (unpublished observations). 
The possibility arose that pretreatment of rats with 
these compounds could modify ANIT-induced hyper- 
bilirubinemia. BNIT was found to reduce ANIT toxi- 
city, while PIT has no observable effect (Table 1). 


Binding of ANIT to microsomal proteins 


Different concentrations of either [*HJANIT or 
['*C]ANIT were incubated (in air) for various lengths 
of time with rat liver microsomes in the absence and 
in presence of an NADPH-generating system. Similar 
experiments were performed with microsomes 
obtained from PB-treated rats. The amount of non- 
extractable (bound) radioactivity was dependent on 
the ANIT concentration and on the time of incuba- 
tion. Figure | depicts the microsomal protein binding 
as a function of time. Most of the experiments were 
carried out using 5-, 15- and 30-min incubation 
periods, but since the results were quantitatively simi- 
lar, we report only the data obtained after 15-min 
incubations. ANIT binding was also dependent on 
microsomal protein concentration (Fig. 2). The bind- 
ing was relatively linear up to a concentration of 
1.0 mg/ml. Therefore, all reactions were carried out 
using a microsomal concentration of | mg/ml. 
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50. 60 

TIME OF INCUBATION (minutes) 
Fig. 1. Time dependence of the irreversible binding of 
[?HJANIT (0.1 mM) to rat liver microsomal proteins 
(1 mg/ml) isolated from non-treated and PB-treated rats. 
Incubations were carried out either in the absence or pres- 
ence of the NADPH-generating system as described in 
Materials and Methods. Values are the means of. four 

determinations. 


In the absence of NADPH, binding also occurred. 
The non-enzymic nature of this binding (— NADPH) 
was indicated by the increase of binding when the 
temperature was increased (50°). In contrast, the bind- 
ing which occurred in the presence of NADPH 
(+ NADPH) was decreased or abolished at low (5°) 
and at high (50°) temperatures. This enzymic binding 
(NADPH-dependent) was also reduced by alterations 
of the pH from an optimum of 7.3 to 7.9. Binding 
to microsomes from PB-treated rats behaved similarly 
but the difference between the enzymic and non-enzy- 
mic binding was much greater. 

Table 2 shows some of the requirements for the 
enzymic binding to microsomal protein. The reaction 
required oxygen and NADPH, was abolished in 
nitrogen and was inhibited in carbon monoxide at- 
mospheres. When non-labeled ANIT was added im- 
mediately before the incubation (Omin), both the 
enzymic and non-enzymic binding were reduced. 
However, when it was added after 10 min of incuba- 
tion, it had very little effect on the binding. Incuba- 
tion of the cytosol fraction (105,000g supernatant) 
with labeled ANIT resulted in binding which was 
almost equal in the presence or absence of NADPH 
(Table 2). This suggests that the enzyme system was 
located only in the microsomal fraction. When the 
10,000 g fraction, which contains cytosol and micro- 


aw PB (+ NADPH) 


C (+NADPH) 
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05.10 15 20 25 30 
mg MICROSOMAL PROTEIN/mI 

Fig. 2. Irreversible protein binding of [7H]ANIT (0.1 mM) 
to rat liver microsomes. Incubations were performed in 
the absence or presence of the NADPH-generating system 
for a period of 15 min. Binding showed a dependence on 
the microsomal protein concentration. Values are the 
means of four experiments. 
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somes, was used as the enzyme source, the NADPH- 
dependent binding was much lower than that 
obtained with microsomes alone. 


Effects of mixed-function oxidase enzyme inducers on 
the binding 


The binding of ANIT in vitro by hepatic micro- 
somes from rats pretreated with PB (Table 3) was 
compared to the binding by microsomes from non- 
treated rats (Table 2). PB considerably increased the 
enzymic binding without having any effect on the 
non-enzymic binding. In atmospheres of nitrogen or 
carbon monoxide the enzymic binding was strongly 
inhibited. Non-labeled ANIT, added before the start 
of incubation, reduced both the non-enzymic and 
enzymic binding. There were no differences in the 
binding to the 105,000g supernatant fraction 
obtained from non-treated or from PB-treated rats. 
The NADPH-dependent binding to the 10,000 g frac- 
tions was increased but the increase was not as 
marked as that observed with the microsomal 
105,000 g pellet. 

3-MC potentiated the hepatotoxic effect of ANIT 
(Table 1). The data in Table 4 demonstrate that 3-MC 


Table 2. Conditions for the irreversible binding in vitro of [>HJANIT and ['*C]ANIT to liver microsomes isolated 
from non-treated rats* 





(°HJANIT 
(nmoles bound/mg protein/15 min) 


('*C)ANIT 
(nmoles bound/mg protein/15 min) 








Incubation mixture — NADPH 


+ NADPH — NADPH + NADPH 





6.75 + 0.52 
5.77 +041 
6.73 + 0.57 
3.70 + 0.63+ 
6.36 + 1.10 
7.12 + 0.86 
6.67 + 1.03 


105,000 g Pellet (air) 
Nitrogen (100%) 

Carbon monoxide (90%) 
Plus ANIT (0.1 mM, 0 min) 
Plus ANIT (0.1 mM, 10 min) 
105,000 g Supernatant (air) 
10,000 g Supernatant (air) 


7.21 + 0.48 
7.03 + 0.56 
6.58 + 0.62 
4.11 + 0.32t 
6.21 + 0.86 
7.56 + 0.63 
7.31 + 0.82 


11.69 + 0.81 
6.83 + 0.78t 
7.04 + 0.68t 
5.68 + 0.40t 

10.13 + 1.04 
7.81 + 0.39t 
8.45 + 1.31t 


11.10 + 0.71 

5.49 + 0.68t 
7.44 + 0.82t 
4.17 + 0.58t 
9.91 + 1.32 

7.09 + 0.66t 
7.93 + 1.26t 





* Mean + S.E. of four to six experiments. 


+ Significantly lower than values obtained from the incubation with the 105,000 g pellet (air). 





Hepatotoxicity and binding of ANIT 


Table 3. Binding of [7H]ANIT and ['*C]ANIT to liver microsomes isolated from PB-treated rats* 





(?HJANIT 
(nmoles bound/mg protein/15 min) 


('*C)ANIT 
{nmoles bound/mg protein/15 min) 








Incubation mixture —NADPH 


+ NADPH — NADPH +NADPH 





7.10 + 0.54 
6.82 + 0.39 
6.92 + 0.83 
4.03 + 0.45t 
6.63 + 0.58 
7.38 + 0.69 
6.95 + 1.03 


105,000 g Pellet (air) 

100% Nitrogen 

90% Carbon monoxide 

Plus ANIT (0.1 mM, 0 min) 
Plus ANIT (0.1 mM, 10 min) 
105,000 g Supernatant (air) 
10,000 g Supernatant (air) 


22.67 + 3.01 
7.94 + 0.68t 
8.21 + 1.35¢ 
9.11 + 1.56t 
17.54 + 1.35+ 
8.72 + 0.98t 
12.15 + 2.10t 


6.87 + 0.44 
7.14 + 0.56 
6.83 + 0.73 
4.87 + 0.61t 
6.34 + 0.74 
8.34 + 0.58 
8.16 + 0.97 


21.62 + 2.40 
6.93 + 1.31F 
7.10 + 0.99F 
7.52 + 1.24t 
18.38 + 2.06 
7.58 + 1.05t 
11.83 + 2.4t 





* Average of four to six experiments. 


+ Significantly lower than values obtained from the incubation with the 105,000 g pellet (air). 


increased the enzymic binding of ANIT to the same 
extent as PB. However, PCN, which protects against 
the hyperbilirubinemic effect of ANIT (Table 1), also 
increased the enzymic binding of radioactivity to 
microsomes (Table 4). After treatment with PB, 3-MC 
and PCN, the cytochrome P-450 contents of the 
microsomes were increased to 170, 130 and 150 per 
cent, respectively, over control values; these increases 
did not correlate with the higher elevation of the 
enzymic binding of ANIT. 


Inhibition of binding by mixed-function oxidase 
inhibitors 

SKF 525-A, piperonyl butoxide, disulfiram and 
CoCl, known inhibitors of drug metabolism, de- 
creased or abolished the ANIT-induced hyperbiliru- 
binemia (Table 1). When given in vivo prior to sacri- 
fice, they strongly inhibited the binding of ANIT in 
vitro (Table 5). However, when microsomes from Cx- 
treated rats were incubated with ANIT, the binding 
was not affected. When added to the incubation mix- 
tures at concentrations of 0.5 mM, SKF 525-A, piper- 
onyl butoxide and disulfiram abolished the enzymic 


binding of ANIT (Table 6). Disulfiram also signifi- 
cantly reduced the non-enzymic binding. When Cx 
(10-30 mg) was added to the incubation, the binding 
was not different from that obtained when no inhibi- 
tor was added (Table 6). The microsomal cytochrome 
P-450 content was only significantly decreased after 
treatment with CoCl, (63 per cent of controls); Cx 
caused a small, non-significant decrease when given 
8 hr before sacrifice. 


Kinetics of the binding 


The changes in binding observed after the treat- 
ments in vivo with inducers and inhibitors were 
demonstrated at different substrate concentrations. 
Figure 3 shows a double reciprocal plot of the enzy- 
mic binding of [7H]ANIT to rat liver microsomal 
proteins obtained from non-treated rats and rats 
treated with different inducers and inhibitors. Reci- 
procal binding velocities were plotted against recipro- 
cal substrate concentrations, and the kinetic par- 
ameters of the Michaelis-Menten equation were cal- 
culated according to Lineweaver and Burk [24]. The 
Michaelis constant (K,,) for non-treated rats was 


Table 4. Binding of [7>H]ANIT and ['*C]ANIT to microsomes obtained from 3-MC- and PCN-treated rats* 





(SHJANIT 
(nmoles bound/mg protein/15 min) 


Source of microsomes 


('*C)ANIT 
(nmoles bound/mg protein/15 min) 





Normal rats 
3-MC-treated rats 


PCN-treated rats 


6.75 + 0.52 
11.10 + 0.71 
6.93 + 0.71 
22.0 + 2.83 
6.35 + 0.86 
14.13 + 1.14t 


7.21 + 0.48 
11.69 + 0.87 
6.77 + 0.75 
23.54 + 2.16+ 
7.16 + 0.81 
13.79 + 1.78t 





* Mean + S.E. of four to six determinations. 
+ Significantly higher than normal rats. 


Table 5. Effect of treatment with inhibitors of drug metabolism and protein synthesis on the binding of ANIT to 
rat liver microsomes* 





(?HJANIT 


(nmoles bound/mg protein/15 min) 


('*CJANIT 
(nmoles bound/mg protein/!5 min) 








Treatment -— NADPH 


+NADPH 


—NADPH +NADPH 





Vehicle 

SKF 525-A 

Pip. butoxide 
Disulfiram 

CoCl, 

Cx (l-hr pretreatment) 
Cx (8-hr pretreatment) 


6.91 + 0.43 
6.60 + 0.79 
6.57 + 0.55 
6.13 + 0.84 
6.26 + 0.47 
7.01 + 0.64 
6.89 + 0.51 


11.03 + 0.60 
7.01 + 0.94¢ 
8.11 + 0.48t 
7.98 + 0.69t 
7.06 + 0.55t 
11.47 + 1.13 
11.58 + 0.89 


7.18 + 0.44 
6.54 + 0.81 
7.37 + 0.87 
6.03 + 0.56 
6.50 + 0.41 
7.51 + 0.98 
6.84 + 0.52 


11.47 + 0.57 
8.01 + 0.75¢ 
8.43 + 0.64t 
7.64 + 0.93¢ 
7.53 + 0.49+ 
12.30 + 1.05 

11.38 + 0.91 





* Average of three to six experiments. 
+ Significantly lower than non-treated rats. 
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Table 6. 


Inhibition of ANIT binding by addition of various inhibitors to the incubation mixtures* 





Normal rats 


PB-treated rats 





(?HJANIT 
Inhibitor 


(nmoles bound/mg protein/!5 min) 





['*C)ANIT (PHJANIT ('*CJANIT 


(nmoles bound/mg protein/I5 min) 





None (solvent) 6.36 + 0.50 
10.83 + 1.02 
6.45 + 0.31 
10.86 + 1.09 
6.62 + 0.46 
4.63 + 0.96t 
5.22 + 0.68 
6.85 + 1.17t 
3.66 + 0.83t 
3.90 + 0.78t 


Cx (10-30 yg) 
SKF 525-A (0.5 mM) 
Piperony! butoxide (0.5 mM) 


Disulfiram (0.05 mM it 


+i etie+ititi 


7.01 + 0.63 
11.24 + 0.94 
6.87 + 0.41 
10.70 + 1.10 
6.88 + 0.55 
6.51 + 0.82t 
7.35 + 0.34 
8.01 + 0.76t 
4.53 + 0.61t 
4.47 + 0.86t 


6.84 + 1.04 
20.87 + 3.14 
6.57 + 0.82 
21.39 + 2.81 
7.36 + 0.41 
9.88 + 1.63t 
6.35 + 681 
10.17 + 1.98¢ 
5.03 + 0.54t 
8.83 + 1.82+ 


7.13 + 0.86 
21.11 + 216 
7.48 + 0.74 
20.91 + 1.93 
6.88 + 0.39 
10.42 + 2.13+ 
6.80 + 0.27 
11.65 + 2.06t 
4.72 + 0.62t 
9.07 + 1.74¢ 





* Mean + S.E. of three to five experiments. 


+ Significantly lower than values obtained in absence of inhibitors. 
t Disulfiram was added to incubation mixtures as an ethanolic (30 mM) solution. 


0.14mM and the maximum velocity (V,,,) was 
0.69 nmole/mg of protein/min. Pretreatment with 
3-MC and PB markedly increased the rate of binding 
reaction to 1.43 and 1.33 nmoles/mg of protein/min 
respectively. Apparent K,, was decreased in both 
cases to 0.05 mM. PCN treatment also increased the 
velocity of the reaction (V,,,, 0.95) and decreased K,,, 
to 0.08 mM. Conversely, pretreatment with piperonyl 
butoxide decreased V,,,, (0.39) and increased K,, 
(0.27). Cx had no effect on both parameters (Fig. 3). 


Inhibition of binding in vitro with BNIT and PIT 


In rats, both BNIT and PIT did not elicit the 
hyperbilirubinemic effects of ANIT. Addition of both 
compounds in concentrations of 0.1 mM _ decreased 


| Pip But 


| n mol BOUND /mg PROTEIN/ min 





both the enzymic and non-enzymic binding of ANIT 
to microsomes (Table 7). Only BNIT inhibited the 
hyperbilirubinemic effect of ANIT (Table 1). 


Inhibition of the binding with glutathione and precursor 


The effects of three sulfhydryl-containing com- 
pounds, cysteine, cysteamine and glutathione, on the 
binding of ANIT were also examined. At concen- 
trations of 0.5mM, the three compounds markedly 
inhibited or abolished the binding. The amino-di-sul- 
fide, cystamine, demonstrated a similar effect (Table 
8). Since this suggested that the reactive metabolite 
of ANIT could be an epoxide, ANIT was incubated 
in the presence of trichloropropene oxide, a non-com- 
petitive inhibitor of epoxide hydrase. It has been 


» Km= 0 27; Vmax =O 39 


Normal, Km= 0.14 , Vmax =O 69 
Cx , Km=0 13 , Vmax =0.67 


PCN, Km= 008 , Vmax= 0 95 


PB, Km=005 ; Vinax = 1.33 
3-MC, Km =0 05 , Vmox=1 43 





10 


| (mM) 
Ss 


ANIT 


Fig. 3. Michaelis-Menten plots of the enzymic binding of [*H]ANIT to rat liver microsomal proteins 

(1 mg/ml). Incubations were carried out with various amounts of [*H]ANIT for a period of 15 min. 

Velocities (nmoles bound/mg protein/min) were calculated from the difference between values obtained 

in the presence and in the absence of the NADPH-generating system. Values are the means of four 
to six incubations. 
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Table 7. Effects of 6-naphthylisothiocyanate (BNIT) and phenylisothiocyanate (PIT) on the binding of [7HJANIT and 
['*C]ANIT* 





Normal rats 


PB-treated rats 





(?HJANIT 
Incubation mixture 


(nmoles bound/mg protein/15 min) 





('*CJANIT (?HJANIT ('*CJANIT 


(nmoles bound/mg protein/15 min) 





6.87 + 0.46 
11.41 + 0.97 
3.99 + 0.38t 
6.17 + 0.86t 
4.30 + 0.61t 
5.62 + 0.93t 


Plus solvent (methanol) 
Plus BNIT (0.1 mM) 


Plus PIT (0.1 mM) 


6.76 + 0.36 
10.98 + 1.21 
3.72 + 0.45t 
5.93 + 0.37t 
4.21 + 0.S7t 
6.31 + O.SIT 


6.93 + 0.53 
22.04 + 3.15 
431 + 0.31t 
13.03 + 2.63t 
3.75 + 0.63t 
12.47 + 1.87+ 


6.54 + 0.64 
20.97 + 2.70 
3.76 + O.SIt 
11.94 + 1.80t 
4.11 +0.71t 
12.81 + 2.11t 





* Average of three to five determinations. 
+ Significantly lower than control values. 


shown that when this inhibitor was incubated with 
imipramine, it increased its irreversible binding to rat 
liver microsomes [25]; with ANIT, however, the bind- 
ing was decreased (Table 8). 


Irreversible binding in vivo 


Limited experiments were carried out after admin- 
istration of [7H]ANIT to rats pretreated with PB, 
SKF 525-A, Cx or PCN and to control rats. The 
animals were killed at different intervals and their 
livers examined for total content of 7H or the amount 
of 3H irreversibly bound to proteins. It can be seen 


from Table 9 that both total and bound 3H continued 
to rise from 4 to 24 hr, but that the increase in bound 
radioactivity was greater as reflected in the values for 
per cent bound. Pretreatment of rats with PB signifi- 
cantly increased the bound radioactivity at 4 and 
12hr. Liver content declined more rapidly than in 
controls but the bound radioactivity persisted. On the 
other hand, pretreatment of rats with SKF 525-A 
resulted in decreases in both liver content and the 
amount of 3H bound. The bound radioactivity was 
significantly lower than in controls at all times exam- 
ined. Decreases in liver content were also found after 


Table 8. Effects of sulfhydryl-containing compounds and trichloropropene oxide on the binding of ANIT* 





(HJANIT 
(nmoles bound/mg protein/15 min) 


('*CJANIT 
(nmoles bound/mg protein/15 min) 





Compound added — NADPH 


+ NADPH — NADPH +NADPH 





None (solvent) 

Cysteine (0.5 mM) 

Cysteamine (0.5 mM) 

Cystamine (0.5 mM) 

Glutathione (0.5 mM) 
Trichloropropene oxide (2.0 mM) 


6.36 + 0.50 
598 + 0.91 
6.01 + 0.57 
6.31 + 0.87 
5.08 + 0.60 
5.01 + 0.38 


10.83 + 1.02 
6.95 + 0.83t 
8.10 + 0.94t 
7.82 + 0.74+ 
7.23 + 0.61t 
8.40 + 0.68t 


7.01 + 0.44 
6.07 + 0.52 
6.46 + 0.65 
6.53 + 0.78 
5.91 + 0.84 
5.43 + 0.42 


11.24 + 0.98 
7.41 + 0.87¢ 
8.32 + 0.68t 
8.50 + 0.74¢ 
7.67 + 0.9it 
9.02 + 0.61t 





* Mean + S.E. of three to five experiments. 
+ Significantly lower than control values. 


Table 9. Irreversible binding in vivo of [7>HJANIT and ['*CJANIT (150 mg/kg, p.o.) to liver proteins of pretreated 
rats* 





Time after 
ANIT 


Pretreatment 





(hr) Control 


PB 


SKF 525-A Cx PCN 





4 Liver content 
Amount bound 


95.0 + 6.0 
78 +0.5 
(8.28 
102.0 + 9.0 
11.2+0.7 
(10.9) 
131.0 + 11.0 
223 +1. 
(17.0) 
78.0 + 6.0 
15.6 +13 
(20.0) 
97.0 + 5.0 
252419 
(25.9) 
91.0 + 8.0 
28.2 + 2.1 
(30.9) 

27+ 0.15 


12 Liver content 
Amount bound 


Liver content 
Amount bound 


Liver content 
Amount bound 


Liver content 

Amount bound 
24 Liver content 
Amount bound 


Plasma bilirubin at 24 hr (mg/100 ml) 
Correlation between binding and toxicity 


105.0 + 8.0 
17.8 + 0.9t 
(16.9) 
95.0 + 4.0 
20.9 + 1.2t 
(22.0) 
76.0 + 5.0t 
21.3404 
(28.0) 
91.0 + 5.0 
27.2 + 2.0t 
(29.9) 
62.0 + 5.0t 
26.7 + 1.7 
(43.0) 
57.0 + 6.0t 
26.3 + 13 
(46.1) 

45 + 0.14t 


+ 


67.0 + 4.0t 
3.1 + 0.2t 
(4.6) 
91.0 + 5.0 
6.6 + 0.5t 
(7.2) 
104.0 + 8.0 
12.5 + 1.0t 
(12.1) 
66.0 + 5.0 
6.5 + 0.4t 
(9.8) 
82.0 + 9.0 
13.9 + 1.4t 
(16.9) 
101.0 + 8.0 
20.2 + 2.1t 


65.0 + 6.0t 
6.1 +07 
(9.3) 
72.0 + 8.0t 
10.0 + 0.8 
(13.8) 
117.0 + 11.0 
23.9+ 14 
(20.4) 
49.0 + 6.0t 
11.8 +09 
(24.0) 
63.0 + 8.0t 
20.2 + 1.5 
(32.0) 
81.0 + 7.0 
25.9 + 2.7 
(20.0) (31.9) (38.0) 
0.72 + 0.20t 0.36 + 0.07t 0.89 + 0.23t 
+ -—- _ 


74.0 + 8.0 
9.2 +08 
(12.4) 
121.0 + 9.0 
20.3 + 1.2t 
(16.7) 
85 + 7.0t 
22.9 +15 
(26.9) 
68.0 + 6.0 
17.7419 
(26.1) 
91.0 + 6.0 
27.3 + 1.4 
(30.0) 
73.0 + 5.0 
27.8 + 26 





* Mean + S.E. of three to four. Liver content and amount bound are measured in pg/g of liver. 


+ Significantly lower than controls. 
t Significantly higher than controls. 


§ Values in parentheses indicate the per cent of amount irreversibly bound as related to the liver content at the 


time of sacrifice. 
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pretreatment of rats with Cx. However, the amount 
of 7H bound was not significantly reduced and the 
percentage bound was slightly higher than in controls. 
PCN caused a significant increase in bound *H only 
at 12hr. The percentage bound to proteins was not 
lower than in controls at all times examined. 

When ['*C]ANIT was given in place of 
[>HJANIT, it was noted (Table 9) that the amount 
of '*C bound was higher than the amount of *H 
bound. This is in contrast to the observations made 
in vitro where both labels were found to bind to the 
same extent. Pretreatment with inducers and inhibi- 
tors altered the binding in a manner similar to that 
observed after administration of [*HJANIT. In these 
experiments, serum bilirubin concentrations were 
measured at 24hr. As expected, PB enhanced the 
ANIT response, whereas SKF 525-A, Cx and PCN 
reduced it (Table 9). 


DISCUSSION 


There is increasing interest in the role of irrevers- 
ible binding of chemicals and drugs to tissue macro- 
molecules as a possible mechanism for the develop- 
ment of different forms of toxicity. This is supported 
by the finding that irreversible binding of reactive 
metabolites to macromolecules accompanies the toxi- 
city of several chemicals which require metabolic acti- 
vation for their toxicity [10-12]. It has been postu- 
lated that ANIT metabolism to toxic product(s) is 
crucial for its cholestatic response [2,5], and studies 
reported here (see Table 1) lend support to this view. 

The data presented in this paper also indicate that 
ANIT (or its metabolites) binds to hepatic proteins 
in vitro and in vivo. Binding in vitro to microsomal 
and cytosolic proteins which occurs in the absence 
of NADPH probably requires no metabolic acti- 
vation. In the presence of NADPH, the binding to 
the microsomal pellet is considerably increased. This 
NADPH-dependent binding involves an enzyme sys- 
tem which is probably located only in the microsomal 
fraction. It is stimulated by PB treatment (see Table 
3) and inhibited by SKF 525-A (see Tables 5 and 
6) and carbon monoxide (see Tables 2 and 3). These 
results indicate that the NADPH-dependent binding 
requires the conversion of ANIT to a metabolite 
formed oxidatively in hepatic microsomes by a cyto- 
chrome P-450 mixed-function oxidase system. 

Failure of non-labeled ANIT, added after initiation 
of the incubation reaction, to displace the bound 
radioactivity further indicates that biotransformation 
of ANIT precedes the binding and that binding is 
irreversible. 

When the 10,000g supernatant (microsomes plus 
cytosol) was used as source of enzyme, binding was 
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lower than that observed with microsomes alone. 
Probably the cytosol contains other enzymes which 
metabolize ANIT to less active products or which 
decompose the active metabolites formed. Alterna- 
tively, these active metabolites may react with gluta- 
thione present in the cytosol. This reaction could be 
catalyzed by glutathione transferase(s) available in 
this fraction [26]. 

As shown in Table 10, pretreatment of rats with 
PB or 3-MC, which potentiates the hyperbilirubine- 
mic effect of ANIT, markedly increases the irrevers- 
ible NADPH-dependent binding of ANIT in vitro. 
However, the enzymic binding of ANIT to micro- 
somes obtained from PCN-treated rats also increased 
considerably although PCN in vivo reduced ANIT 
toxicity. Microsomes obtained from rats treated with 
the inhibitors SKF 525-A, piperonyl butoxide, disul- 
firam or CoCl,, which decrease the cholestatic effect 
of ANIT, similar!y inhibited the extent of irreversible 
binding. However, treatment of rats with Cx, which 
totally abolishes the cholestatic and hyperbilirubine- 
mic effects of ANIT, had no effect on the microsomal 
binding. Thus, the correlation between toxicity in vivo 
and binding in vitro is inconsistent (Table 10). 

A poor correlation is also seen in the experiments 
carried out with BNIT and PIT. These ANIT con- 
geners lack the hyperbilirubinemic effect in rats even 
when given at high doses and after treatment of the 
animals with enzyme inducers. Pretreatment of rats 
with BNIT afforded some protection against the 
hepatotoxic effect elicited by ANIT, and addition of 
BNIT to the incubation medium considerably de- 
creased ANIT binding to microsomes. But although 
PIT showed no protective effect against ANIT toxi- 
city in vivo, its incubation with ANIT also resulted 
in marked reduction of the binding. Both BNIT and 
PIT, as well as disulfiram, also decreased the non- 
enzymic binding, which suggests that these com- 
pounds could be involved in a direct reaction with 
microsomal protein in much the same way as ANIT. 

Alteration of the amount of label irreversibly 
bound to liver proteins in vivo by pretreatment with 
PB or with SKF 525-A suggests that a metabolic 
product of ANIT is involved in the binding. This, 
however, does not eliminate the possibility that the 
parent compound could, partially at least, bind with- 
out activation. The extent of binding, as well as the 
per cent bound relative to the total liver content, after 
PB and SKF 525-A treatments correlates satisfac- 
torily with their modifying effects on ANIT hepato- 
toxicity. This, however, was not the case after pre- 
treatment with either Cx or PCN (Table 9). 

After Cx, the total content of radioactivity in liver 
was less than controls, but the amount of label bound 
was not significantly different. The effect of Cx on 


Table 10. Correlation between ANIT toxicity and binding in vitro 





Pretreatment before ANIT 


Hyperbilirubinemia 


Binding Correlation 





PB, 3-MC 
SKF 525-A, disulfiram, piperonyl butoxide, and 
cobaltous chloride 

SH compounds Inhibited 
BNIT Inhibited 

PIT No effect 

Cx Markedly inhibited 
PCN Inhibited 


Markedly increased + 
Markedly decreased 


Markedly potentiated 
Inhibited 


Decreased 
Decreased 
Decreased 
No effect 
Increased 








Hepatotoxicity and binding of ANIT 


total hepatic content was expected since Cx reduces 
the oral absorption of ANIT [27]. However, when 
ANIT was given i.p. after Cx, both hepatic content 
of the label and the amount bound were not different 
from the values observed in controls; yet, the protec- 
tive effect of Cx on ANIT toxicity was still evident 
(unpublished observations). 

With PCN pretreatment, which also reduces ANIT 
toxicity, the amount of radioactivity bound was either 
higher (7H) or almost equal ('*C) to that observed 
in controls (see Table 9). This, in addition to the Cx 
experiments, demonstrates that ANIT toxicity could 
be inhibited or abolished without affecting the 
amount of ANIT and/or its metabolites irreversibly 
bound to proteins. These results in vivo, although 
limited, are consistent with the data obtained in vitro 
which indicate that the binding is not clearly related 
to the development of the cholestatic lesion after 
ANIT. 

The finding that glutathione and its precursors in- 
hibit the enzymic binding of ANIT in vitro suggests 
that the active metabolite which binds to microsomal 
protein is an alkylating agent. These are nucleophilic 
compounds which are capable of reacting with elec- 
trophilic alkylating agents. It has been suggested that 
glutathione in the body may protect the liver and 
other organs from attack by toxic compounds and 
their metabolites [28]. If this is the case with ANIT, 
it would be expected that depletion of hepatic gluta- 
thione might lead to enhancement and/or potentiat- 
ing of ANIT toxicity. We carried out some prelimi- 
nary experiments in rats in which glutathione was 
depleted by administration of diethylmaleate before 
ANIT, but we found no effect on the time course 
or the degree of ANIT-induced hyperbilirubinemia. 
In another set of experiments we measured gluta- 
thione levels in the liver of rats at different time inter- 
vals (1-48 hr) after ANIT administration, but we 
found no decrease in glutathione content even after 
administration of large doses of the hepatotoxin. 

Earlier studies on ANIT metabolism in vivo and 
in vitro were unsuccessful in identifying any of the 
ANIT biotransformation products [3, 7,29]. In this 
study we did not attempt to characterize the metabo- 
lite(s) involved in the binding to proteins. Probably 
such reactive compounds would be difficult to isolate 
although identifications of any of its decomposition 
products might shed some light on its nature. The 
fact that the two labels (7H and '*C) are bound to 
the same extent in vitro indicate that the reactive 
intermediate possesses both the aromatic nucleus and 
the isothiocyanate group. Trapping of this product 
with SH compounds suggests that epoxidation of the 
naphthalene ring or the isothiocyanate moiety may 
be involved. Results in vivo, however, demonstrated 
that binding of the '*C label is in excess of that of 
the °H label. This could suggest a detachment of the 
isothiocyanate moiety and/or further activation and 
binding by means which are not available to hepatic 
microsomal enzymes. 

Some of the results presented in this paper indicate 
that, under certain conditions, the rate of irreversible 
binding of ANIT in vitro parallels its toxicity in vivo. 
If these experiments had been terminated after treat- 
ment with the inducers, PB and 3-MC, and the inhibi- 
tors, SKF 525-A, piperonyl butoxide, disulfiram and 
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CoCl, we would have concluded that a good correla- 
tion existed. However, other experiments were carried 
out and their results in general (see Table 9) raise 
doubts regarding the validity of the binding as an 
index of ANIT toxicity. Furthermore, recent experi- 
ments [9] have been performed to determine whether 
the qualitative differences in ANIT-induced choles- 
tasis observed in several species correlate with ANIT 
microsomal binding in vitro; these experiments indi- 
cate that there is no correlation. 

Although there are some attractive facets to the 
irreversible binding hypothesis, there are also some 
risks inherent in this approach. Some doubt already 
exists regarding the non-specific binding measured by 
this method as a valid measure of the specific metabo- 
lite-macromolecule interaction which might initiate 
a toxic reaction [31]. In the case of acetaminophen 
[13], furosemide[14] and bromobenzene[17], the 
total irreversible binding to liver proteins correlates 
with the extent of their necrogenic properties. How- 
ever, other studies with chemical carcinogens and 
hepatotoxins indicate some pitfalls. The non-carcino- 
genic, dibenz(a,c)janthracene, along with other car- 
cinogenic benzanthracenes, is also extensively bound 
to liver-soluble proteins [31]. 3-MC reduces the toxi- 
city of carbon tetrachloride, but the irreversible bind- 
ing of carbon tetrachloride to proteins and lipids is 
elevated [32]. 

In conclusion, the data presented in this study 
demonstrate that a reactive metabolite of ANIT is 
formed by the mixed-function oxidase system, and 
that this metabolite binds extensively to rat liver pro- 
teins. However, the results indicate no clear correla- 
tion between toxicity and binding. This suggests that 
this irreversible binding to hepatic proteins is prob- 
ably not a key event in the pathogenesis of cholestasis 
after ANIT. Further studies should be carried out to 
determine whether binding to other hepatic macro- 
molecules would correlate better with ANIT hepato- 
toxicity. This might uncover binding that is related 
to the toxic process. 
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PHARMACOKINETIC ASPECTS OF 
SULFOBROMOPHTHALEIN TRANSPORT IN 
CHRONICALLY CARBON TETRACHLORIDE- 
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Abstract—In order to elucidate the factors affecting the hepatic transport of sulfobromophthalein (BSP) 
in a pathological condition, the kinetics of the disappearance of BSP from the blood and appearance 
in the bile were studied in rats chronically intoxicated with carbon tetrachloride, and the importance 
of factors that might affect the kinetics, i.e. binding activites of plasma and hepatic cytoplasmic proteins, 
and glutathione S-transferase activity of Y-fraction, was examined. During chronic intoxication, 
although plasma protein albumin concentration decreased, no qualitative difference was shown in the 
high affinity binding site (K,). A significant decrease was shown in the cytoplasmic protein concentration 
for the Y- and Z-fractions in intoxicated rats; no significant difference was observed in the number 
of binding sites for both fractions, but their binding constants decreased. Glutathione S-transferase 
activity and glutathione (GSH) content were not altered, although a decrease in conjugating activity 
per rat was expected. The time course for the plasma disappearance and biliary excretion of BSP 
showed a remarkable delay after CCl, intoxication, while no difference was shown in the bile flow 
rate. It was concluded that hepatic blood flow might play a primary role in the initial plasma disappear- 
ance of BSP and that the decrease in the Y-fraction binding activity might explain the decrease in 


BSP uptake rate into the liver which was observed in intoxicated rats. 


The apparent plasma disappearance rate of sulfobro- 
mophthalein (BSP) is widely used to evaluate hepatic 
function as measured by the plasma retention of this 
dye after intravenous injection. The decrease in the 
rate of removal of BSP in liver disease may be caused 
by many factors; (1) hepatic blood flow, (2) binding 
to plasma proteins, (3) permeability across the sinu- 
soidal plasma membrane, (4) interaction with cyto- 
plasmic binding proteins (X, Y and Z) [1], other mac- 
romolecules and organelles, (5S) metabolism, (6) per- 
meability across the bile canalicular membrane, and 
(7) bile flow and transport in the bile duct. 

In the present paper, the probable factors altering 
the hepatic clearance of BSP in rats with cirrhotic 
livers produced by chronic carbon tetrachloride 
(CCl,) administration are elucidated. Hepatic intoxi- 
cation by CCl, is well known and widely used as 
a pathological model of liver disease. The mechanism 
of intoxication by CCl, has been widely studied 
[2-6]. The repeated intoxication by CCl, is often 
used as a model of chronic liver disease, and after 
8-10 weeks of intoxication (sixteen to twenty doses), 
the liver shows typical histological changes of chronic 
liver disease [7], namely cirrhosis [8, 9]. Furthermore, 
this method is superior to other intoxicants in both 
the reproducibility and the relatively short period for 
the intoxication (about 2 months). 

Recently, Giorgi and Segre[10] reported on the 
effect of acute CCl, intoxication on the blood and 
bile kinetics of BSP in rats by compartmental analy- 
sis. However, little has been reported on the effect 
of chronic intoxication with CCl, on the pharmaco- 
kinetics of BSP. 


The purpose of the present investigation was: (1) 
to examine the blood and bile kinetics of BSP in rats 
chronically intoxicated with CCl,, and (2) to deter- 
mine the importance of the following probable factors 
on the kinetics: binding of BSP to plasma and hepatic 
cytoplasmic proteins, glutathione S-transferase ac- 
tivity, and hepatic blood flow reported in the previous 


paper [11]. 


METHODS 


Animals. Adult male Donryu (SD strain) rats 
(Nihon Rat Co., Ltd. Japan) weighing 120-140g 
were used. CCl,-intoxicated rats were produced by 
repeated injection of CCl, in olive oil (3:4, v/v), 
0.1 ml/100g of body weight, under the skin of the 
back twice a week for 8-9 weeks[12]. Control rats 
were produced by repeated injection of olive oil. 

Blood and bile sampling. Femoral artery cannula- 
tion and bile fistula were carried out to study the 
excretion of the dye into the bile and the removal 
from the blood. After the dye. was administered 
through a femoral vein, bile and blood samples were 
taken at given times. Heparin was injected at the dose 
of 0.1 ml/100 g of body weight (100 units) through the 
femoral artery cannulae. Ether anesthesia was used 
for the operation and the sampling period. The body 
temperature was 32 + 1°. 

Materials. BSP was purchased from Daiichi Pure 
Chemicals Co. Ltd., Japan. Rat albumin (Pentex, 
Fraction V) was purchased from Research Products 
Division of Miles Lab., inc. (Kankakee, IL, U.S.A.). 
Glutathione (reduced type, GSH) was commercially 
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prepared by Béeringer Manheim GmbH, West Ger- 
many. All other reagents were commercially available 
and of special grade. 

Analytical Methods. For the blood samples, 0.1-ml 
samples of plasma were diluted and alkalinized with 
3 ml of 0.05 N NaOH and measured photometrically 
at two wave lengths, 578 and 414nm, respectively, 
in a Hitachi 124 spectrophotometer. The regression 
formula of Richards et al.[13] was used to correct 
for hemolysis, viz. 1.02 x (reading at 578nm) — 
0.29 x (reading at 414. nm). For the bile samples, after 
0.1 ml was diluted and alkalinized with 4 ml of 0.05 N 
NaOH, the samples were centrifuged at 4° for 10 min, 
at 12,000 rev/min (about 12,000g), in a Kubota 
KRP-65 centrifuge. The optical density of the super- 
natant was measured photometrically at 578 nm in 
a Hitachi 124 spectrophotometer. 

Binding to plasma protein. In the column chroma- 
tography method, the procedure reported by Kami- 
saka et al. [14] was used after the following modifica- 
tion. To an aliquot of 0.5 ml plasma, BSP (0.3 umole) 
was added. After 30min at room temperature, the 
mixture was applied to a descending column system 
(1.75 x 60cm) packed with Sephadex G-200 (Phar- 
macia Fine Chemical Co. Ltd., Sweden). Elution was 
performed with 0.01 M phosphate buffer, pH 7.3, at 
the flow rate of 12.5 ml/hr at 4°. Fractions (3 ml) were 
collected. Concentrations of protein and BSP in the 
effluent were measured photometrically in a Hitachi 
124 spectrophotometer at 280 and 578 nm, respect- 
ively, after the samples were alkalinized with 0.05 ml 
of 5N NaOH. In the equilibrium dialysis method, 
the plasma samples were previously dialyzed against 
0.05 M Tris-HCl! buffer, pH 7.4, for 24hr at 4°. The 
dialysis cell (Kokugogomu, Co. Ltd., Japan), which 
has two chambers, was divided with Visking mem- 
brane (type: 18/32, Visking Co., U.S.A.). One ml 
plasma was put in one chamber, and | ml of 0.05M 
Tris-HCl buffer containing BSP, pH 7.4, was put in 
the other chamber. The concentration of BSP in the 
buffer solution ranged from 30 to 200 uM. After the 
chambers were gently shaken for 96 hr at 4°, the con- 
centration of unbound BSP in the buffer solution was 
measured photometrically at 578 nm in a Hitachi 356 
spectrophotometer. The binding ratio was calculated 
by correcting the blank value resulting from the bind- 
ing to the Visking membrane. The concentration of 
protein in the sample was determined by the method 
of Lowry et al.[{15]. The binding parameters were 
calculated from Scatchard plots with a non-linear 
iterative least squares method using a Hitachi 
8700/8800 digital computer. 

Determination of plasma albumin. The cellulose acet- 
ate electrophoresis method was employed using a 
Separax electrophoresis apparatus (Joki Sangyo Co. 
Ltd., Japan). After 6 ul plasma was applied to the 
cellulose acetate membrane (Separax, 6 x 4cm) 
soaked in 0.06M Veronal buffer (pH 8.6, » = 0.006), 
the electrophoresis was carried out for Ihr 
(1.0 mA/cm) in the same buffer. The cellulose acetate 
membrane was stained with 0.8 (w/v) Ponceu 3R in 
6 (w/v) CH,;COOH, the colored slit of albumin was 
cut off, and then the stained dye was extracted into 
3ml of 0.25N NaOH with vigorous shaking for 
10 min. The optical density at 505 nm was measured 
photometrically in a Hitachi 124 spectrophotometer. 
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The concentration of albumin was determined using 
a standard curve prepared after similar analysis of 
the known concentration of rat albumin (1-4 g/dl). 

Preparation of supernatant fractions. Under light 
ether anesthesia, rats were killed by bleeding from 
a carotid artery. Thereafter, the liver was perfused 
with ice-cold 0.9% saline through the portal vein and 
rapidly removed, and a 25% and/or 50% homogenate 
was prepared in 0.25M_ sucrose-0.05M_ Tris-HCl 
buffer, pH 7.4, using a motor-driven, Teflon pestle, 
glass homogenizer (Takashima Shoten Co. Ltd. 
Japan). The homogenate was centrifuged at 105,000 g 
for 120 min in a Hitachi 65p ultracentrifuge (Hitachi 
Koki Co. Ltd., Japan) at 4°. The supernatant fraction 
was removed and either used immediately or stored 
at —20°. 

Binding to cytoplasmic fraction. For the column 
chromatography method, | ml of the 105,000 g super- 
natant from a 25% liver homogenate was mixed with 
1 umole BSP and placed on a Sephadex G-75 column 
(2.0 x 65cm). Elution was performed with 0.05M 
Tris-HCl! buffer (pH 7.4) using a pump-driven down- 
ward flow (12 ml/hr) at 4°. Protein concentration was 
estimated by absorbance at 280nm, and protein- 
bound BSP by absorbance after alkalinization with 
0.1 ml of 5 N NaOH at 578 nm in a Hitachi 124 spec- 
trophotometer respectively. For the equilibrium dialy- 
sis method, 5 ml of the 105,000g supernatant from 
a 50% liver homogenate was placed on a Sephadex 
G-75 column (5.4 x 85cm). Elution was performed 
with 0.05 M Tris-HCl buffer (45 ml/hr) at 4°. X-, Y- 
and Z-fractions were collected following the nomen- 
clature of Levi et al.[1], and the binding property 
to Y- and Z-fractions was studied. Equilibrium dialy- 
sis was performed in the same manner as the plasma 
protein binding study described above in the dose 
range from 0.05 to 20.0 uM. 

Glutathione S-transferase activity. The procedure for 
the spectro-photometric assay o° BSP-glutathione- 
conjugation enzyme activity proposed by Goldstein 
and Combes [16] was used to determine the specific 
enzyme activity of the Y-fraction. The reaction mix- 
tures contained 0.5 umole BSP in 0.05 ml of pyro- 
phosphate buffer, and 47 yumoles glutathione in 
0.15 ml of pyrophosphate buffer (pH 7.8), 1 ml Y-frac- 
tion in a final volume of 2.2 ml. The specific enzyme 
activity was measured by monitoring the increase in 
absorbancy at 330 nm for 5 min in a Hitachi 124 spec- 
trophotometer with a thermostated sample cell holder 
(37°). A blank lacking enzyme was carried out for 
each assay to correct for the non-enzymatic formation 
of BSP-glutathione (BSP-GSH). Net enzymatic ac- 
tivity was calculated after subtracting the non-enzy- 
matic formation from the value of the enzymatic for- 
mation. The protein concentration in the Y-fraction 
was determined by the method of Lowry et al. [15]. 
The specific enzyme activity was expressed as umoles 
BSP-GSH/mg of protein/min. 

Reduced glutathione (GSH) concentration in the 
liver. The fluorometric method of Cohn and Lyle [17] 
was used to determine the reduced (GSH) concen- 
tration in the liver. 

Pharmacokinetic analysis. Pharmacokinetic par- 
ameters in the plasma and bile kinetics were calcu- 
lated with a non-linear iterative least squares method 
[18] by use of a Hitachi 8700/8800 digital computer. 
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Table 1. Patho-physiological changes after chronic CCl, intoxication* 





Intoxicated rats 
(n = 24) 


Control rats 
(n = 11) 





Body wt (g) 
Liver wet wt (g) 
Liver wet wt/body wt (g) 


Plasma transaminase activity (Karman’s unit) 


GOT 
GPT 
Plasma albumin concn (g/dl) 
Bile flow rate (10~? ml/min) 
Hepatic blood flow** (ml/min/g liver) 


341 + 13 
13.1 + 0.7 
3.6 + 0.01 


278 + 6t 
14.8 + 0.5 
5.0 + 0.14t 


478 + 120t 
220 + 20T 
2.55 + 0.13T§ 
8.5 + 1.07 
0.64 + 0.08+,tt 
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*Results are given as the mean+S. E. Chronic CCl,-intoxication was produced by 
repeated injections of CCl, in olive oil (3:4, v/v), 0.1 ml/100g of body weight, s.c. into the 
back twice a week for 8-9 weeks[12]. Controls were produced by repeated injections of 


olive oil by the method described above. 


+ Significantly different (P < 0.05) from the control. 


tn=8. §n=15. ||n=9.€n= 11. 
** Data from the previous paper [11]. 
ttn = 3. 


Statistical analysis. All means are presented with 
their standard error (mean + S. E.). Student’s t-test 
was utilized to determine a significant difference 
between the control and the intoxicated groups. 


RESULTS 


Patho-physiological consequences of chronic CCl, in- 
toxication. Parameters of patho-physiological changes 
by chronic CCl, intoxication are shown in Table 1. 
After 8-9 weeks (sixteen to eighteen doses of intoxica- 
tion), body weight and plasma albumin concentration 
were significantly decreased. On the other hand, 
plasma transaminase activity (GOT, GPT) and the 
ratio of the liver wet weight to the body weight 
showed a significant increase. However, no significant 
difference was shown in bile fiow rate. As reported 
in a previous paper [11], hepatic blood flow was de- 
creased by the intoxication. 

Pharmacokinetic aspects. Plasma disappearance 
curves of BSP for 30 min after intravenous adminis- 
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Fig. 1. Plasma disappearance curves of a 6-yumole dose 
of BSP after intravenous administration. Each point rep- 
resents the mean + S. E. of four rats. Curves were calcu- 
lated by an iterative least squares method [18] using a digi- 
tal computer. Key: (——) control; and ( ) intoxication. 


tration are shown in Fig. |. A typical delay of plasma 
disappearance was observed in the intoxicated rats. 

The bile flow rate was not significantly altered by 
CCl, intoxication as shown in Table 1. BSP excreted 
into bile was identified by thin-layer chromatography 
on a Silica gel plate, the upper phase of a mixture 
of acetone-water—-ammonia (81:15:4) being used as 
the developing solvent[19]. Authentic BSP and its 
metabolites were identified on the dried chromato- 
grams by exposure to ammonia vapor. In the bile 
of both the control and the intoxicated rats, the main 
positive spots had the same R, value (0.32) as the 
synthesized BSP-GSH [20]. On the other hand, the 
R, value of authentic BSP was 0.76, and two slight 
pale tracer spots were observed at the same R, value 
in both groups. These two unknown metabolites had 
R, values of 0.46 and 0.62, respectively, and were con- 
sidered to be metabolites B and C as reported by 
Combes [21]. From these results, the forms in which 
BSP is excreted into the bile of groups were mainly 
BSP-GSH and a small amount as free BSP and other 
metabolites. Cumulative biliary excretion curves are 
shown in Fig. 2a, and the amount excreted in 4hr 
in control rats was 88 + 1.7 per cent of the dose, 
while that of the intoxicated rats was 59 + 2.5 per 
cent. Sigma minus plots of BSP excreted into the bile 
obtained from average excretion data points are 
shown in Fig. 2b. The control rats gave a typical high 
dose type [22] which consists of two rate constants, 
i.e. a fast rate constant, k(I) = 7.20 x 107? min~! and 
a slow rate constant, k(II) = 1.7 x 107? min~', while 
the intoxicated rats gave a low dose type [22] which 
has only a slow rate constant, k(II) = 0.44 x 107? 
min~'. A distinct change in the biliary excretion pat- 
tern was observed. In the intoxicated rats, the total 
recovery of dye in bile for 6hr after administration 
was more than 75 per cent of the administered dose, 
and no significant increase in urinary excretion was 
observed. 

The time course of the plasma disappearance and 
biliary excretion was found to be described by a four- 
compartment model (Fig. 3), since the plasma concen- 
tration time course was described by a two-compart- 
ment model and one more compartment was necess- 
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Fig. 2. (a) Cumulative biliary excretion curves of a 6-umole 
dose of BSP after intravenous administration. Each point 
represents the mean + S. E. of four rats. Curves were calcu- 
lated by an iterative least squares method[18], using a 
digital computer. Key: (——-) control, the ratio (R) of the 
total recovery of BSP from the bile to the administered 
dose was fixed at 0.90; (—-—) intoxication, R = 0.75; and 

) intoxication, R = 0.60 (see text). (b) Sigma minus 
plots of BSP excreted in the bile after intravenous adminis- 
tration of a 6-umole dose of BSP. Each point represents 
the mean value of four rats. Note that the curve of the 
control shows a typical high dose type [22] consistent with 
two constants, k(I) and k(II), while that of the intoxicated 
rats shows a low dose type consistent with only one rate 
constant, k(II). 


ary to connect the plasma and bile data according 
to the precursor successor rule proposed by Beck and 
Recignio [23]. The pharmacokinetic parameters were 
computed by a non-linear iterative least squares 
method and are listed in Table 2. In the intoxicated 
rats, significant decreases were observed in k,>, k23, 
k,5 and k34, while k,,, V, and V, were not altered. 

Plasma protein binding. As shown in Fig. 4a, the 
chromatographic pattern of control plasma on 
Sephadex G-200 showed three peaks, namely I, II and 
III, according to the order of elution as proposed 
by Janecki and Krawcynski[24] and Kamisaka et 
al. [14]. Janecki and Krawcynski[24] reported that 
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Fig. 3. Schematic illustration of a four-compartment open 
model. The data of BSP kinetics were fitted in the plasma 
compartment (X,) and in the bile compartment (X 4). 


peak I contained several high molecular proteins such 
as B-lipoprotein and «-macroglobulin, peak II con- 
tained mainly golbulin, and peak III contained low 
molecular proteins, mainly albumin. In the present 
investigation, these three peaks did not show a clear- 
cut separation, while BSP bound only to peak III, 
namely the albumin fraction. On the other hand, in 
the intoxicated rats (Fig. 4b), peak I increased relative 
to peak II and III, while BSP bound only to peak 
III as in the control animals. 

Scatchard plots of BSP binding to plasma protein 
obtained from equilibrium dialysis are shown in Fig. 
5. Two classes of affinity binding sites, namely one 
with high and the other with low affinity, are evident. 
The binding parameters calculated from these plots 
are listed in Table 3. Although the binding constant 
of the low affinity binding site (K ,) showed a decrease 
in the intoxicated rats, the binding constant of the 


Table 2. Pharmacokinetic parameters calculated with a 
four-compartment model* 





Intoxicated rats 
(n = 4) 


Control rats 
(n = 4) 


Pharmacokinetic 
parameters 





0.4612 + 0.0219 
0.0635 + 0.0216 
0.3270 + 0.0405 


0.1455 + 0.0372+ 
0.0862 + 0.0220 
0.0257 + 0.0041+ 
(0.0206 + 0.0020)t 
0.0086 + 0.0021+ 
(0.0137 + 0.0006)t 
0.0104 + 0.0008§ 
(0.0243 + 0.0026) 
13.30 + 1.50 
22.45 + 8.50 


k,2 (min~') 
k,, (min~') 
k33t (min~') 


k2st (min~') 0.0363 + 0.0045 


ks4t (min~') 0.0560 + 0.0032 


V, (ml) 
V, (ml) 


11.35 + 0.22 
82.40 + 28.30 





* Results are given as the mean + S. E. Parameters 
were calculated by a non-linear iterative least squares 
method, using a digital computer. 

+ Significantly different (P < 0.01) from the control. 

t Calculations were carried out under conditions such 
that the ratios (R) of the total recovery of BSP in the 
bile to the administered dose were fixed at 0.90 in the 
control and 0.75 in the intoxicated rats respectively. The 
values in parentheses were calculated from R = 0.60 (see 
text). 

§ Significantly different (P < 0.05) from the control. 
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Fig. 4. Binding patterns of BSP with plasma protein from 
control rats (a) and intoxicated rats (b). To an aliquot of 
0.5 ml plasma, 0.3 ymole BSP was added. After 30 min 
standing at room temperature, the mixture was applied 
to a descending column system (1.75 x 60cm) packed with 
Sephadex G-200. Elution was performed with 0.01 M phos- 
phate buffer, pH 7.3, at the flow rate of 12.5 ml/hr at 4°. 
Each fraction was 3 ml and fifty fractions were collected. 


high affinity binding sites (K,) and the number of 
high and low affinity binding sites (n, and n.) were 
not decreased in the intoxicated rats. The downward 
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Fig. 5. Scatchard plot of BSP binding to plasma protein 
obtained by an equilibrium dialysis method. Plasma 
samples were previously dialyzed in 0.05M Tris-HCl 
buffer, pH 7.4, for 24hr at 4°. The concentration range 
of BSP in the buffer solution was from 30 to 200 uM. Equi- 
librium dialysis was performed for 96hr at 4° (see text). 
Curves were calculated by a non-linear iterative least 
squares method, using a digital computer. Key: ( ) con- 
trol; and ( ) intoxication. 
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Table 3. Binding parameters of BSP to plasma protein by 
an equilibrium dialysis method* 





Binding 


parameters Control rats Intoxicated rats 





K, (M~') 3.6 x 10’ 3.8 x 10’ 
K,(M~') 8.2 x 10° 2.0 x 10° 
n, (umoles/g) 3.6 2.6 
nz (umoles/g) 10.9 15.0 





* Parameters were calculated by a non-linear iterative 
least squares method, using a digital computer. 


parallel transition of the calculated curve in the in- 
toxicated rats might be due to the decrease in the 
concentration of albumin which has the highest 
affinity for BSP. 

Binding to cytoplasmic binding fractions. The elution 
pattern of a 1-ml supernatant from a 25% liver homo- 
genate containing i umole BSP after Sephadex G-75 
column chromatography is shown in Fig. 6, panels 
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Fig. 6. Elution patterns (from a Sephadex G-75 column) 
of BSP added in vitro to the supernatant fraction of the 
liver of a control rat (a) and an intoxicated rat (b). One 
ml of the 100,000 g supernatant from a 25% liver homo- 
genate was mixed with | ymole BSP and placed on a 
Sephadex G-75 column (2.0 x 65cm). Elution was per- 
formed with 0.05M Tris-HCl buffer (pH 7.4) by use of 
a pump-driven downward flow system (12 ml/hr) at 4°. 
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Fig. 7. Scatchard plots of BSP binding to a Y-fraction (a) 
and a Z-fraction (b) with an equilibrium dialysis method. 
The concentration range of BSP in 0.05 M Tris-HCI buffer 
(pH 7.4) solution was from 0.05 to 20 uM. Equilibrium 
dialysis was performed for 96hr at 4°. Lines were drawn 
visually. Key: (——) control; and ( ) intoxication. 


a and b. In both, the protein absorbance at 280 nm 
showed five peaks. Following the nomenclature of 
Levi et al.[1], the first, the second and third peaks 
have been labeled X-, Y- and Z fractions respectively. 
The fourth and the fifth peaks are smaller molecules 
such as nucleic acid residue, but have not been identi- 
fied yet. In the control animals, most of the BSP was 
bound to the Y-fraction and less was bound to the 
X- and Z-fractions. A characteristic peak was seen 
at tube 46 named B-fraction, which appears identical 
with the fraction reported as BSP-GSH by Klaassen 
[25]. The free BSP peak which was eluted at tube 
60 is not shown in the figures. In the intoxicated ani- 
mals, the protein absorbance of the X-, Y- and Z-frac- 
tions at 280 nm tended to decrease, and a remarkable 


decrease of BSP binding to the Y-fraction was 
observed. Furthermore, the peak at tube 46 (B-frac- 
tion) disappeared. To confirm the decrease in binding 
of BSP to the Y-fraction, the binding activity was 
calculated by dividing the maximal absorbance at 
O.D.s523am by that at O.D.rgonm- The ratio was 
0.83 + 0.01 (n = 4) in the control and 0.53 + 0.035 
(n = 3) in the intoxicated rats. 

The binding of BSP to Y- and Z-fractions was 
further studied by equilibrium dialysis. The results are 
shown in Fig. 7, panels a and b, as Scatchard plots. 
The binding parameters calculated from these plots 
are listed in Table 4. The binding constant of the 
high affinity binding site (K,) showed a decrease in 
both Y- and Z-fractions, while the number of high 
affinity binding sites (n,) showed little difference. 

Glutathione S-transferase activity of the Y-fraction. 
It is well known that BSP is excreted into bile mainly 
as the glutathione conjugate [26-29]. It has been 
reported that glutathione conjugation is the rate- 
limiting step in the overall transfer of BSP from blood 
into bile [20, 30], and that the soluble fraction of the 
liver cytosol contains the enzyme which catalyzes 
BSP-glutathione conjugation, i.e. glutathione S-aryl- 
transferase (EC 2.5.1.13) (31, 32]. Recently, Kaplowitz 
et al. [33,34] reported that the Y-fraction was a 
heterogenous enzyme family catalyzing the conjuga- 
tion of glutathione, namely glutathione S-aryl [35], 
S-epoxide [36], S-aralkyl [37] and S-alkyl [38]. Habig 
et al. [39-41] also reported that the Y-fraction con- 
tained five glutathione conjugation enzymes, namely 
glutathione S-transferase A, B, C, D and E, following 
their nomenclature in the chromatographic and elec- 
trophoretic studies, and furthermore that Ligandin 
(Y-protein) was identical to glutathione S-transferase 
B (EC 2.5.1.18). 

No significant decrease was observed in the GSH 
concentration in the liver as shown in Table 5. This 
result is consistent with earlier reports, although in 
those studies acute CCl,-intoxicated rats were exam- 
ined [42, 43]. In order to elucidate whether a change 
of BSP-glutathione conjugation activity of the Y-frac- 
tion caused the conspicuous delay in the plasma and 
bile kinetics, the specific enzyme activity of the Y-frac- 
tion was determined. As shown in Table 5, no signifi- 
cant difference was observed. 


DISCUSSION 


As an experimental model of liver injury, CCl, 
hepatotoxicity has been widely used. Although many 


Table 4. Binding parameters of BSP to Y- and Z-fractions by an equilibrium dialysis 
method* 





Y-fraction 


Z-fraction 





Controls 
rats 


Binding parameters (n = 4) 


Intoxicated 


Control Intoxicated 
rats 


(n = 4) 





K, (x 10°M~') 
n, (umoles/g) 


7.8 + 0.5 
14.9 + 0.3 


2.5 + 08 





* Parameters were calculated by visual approximation. Results are given as the 


mean + SE. 


+ Significantly different (P < 0.01) from the control. 
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Table 5. BSP-glutathione conjugation enzyme activity of the Y-fraction and hepatic 
reduced glutathione (GSH) content 





Control rats 


CCl,-intoxicated rats 





Specific enzyme activity in vitro of 
Y-fraction for BSP conjugation 
(umoles/mg protein/min)* 

Hepatic glutathione (GSH) contentt 
(mg/g liver) 


0.098 + 0.004 


0.085 + 0.009 


1.75 + 0.26 1.79 + 0.05 





* Values are given as the mean + S. E. of four rats. The procedure for the spectro- 
photometric assay for BSP-glutathione conjugation enzyme activity proposed by 
Goldstein and Combes [16] was used (see text). 

+ Values are given as the mean + S. E. of three rats. The procedure for the fluoro- 
metric assay for glutathione proposed by Cohn and Lyle[17] was used. 


investigators have reported on the effect of CCl, on 
the hepatic transport of BSP [10, 44-47], these have 
been restricted to acute hepatotoxicity, i.e. effect of a 
single dose of CCl,. As Cameron and Karunaratne 
[7] reported, the chronic liver lesion produced by 
multiple doses of CCl, is distinctly different from the 
acute liver lesion produced by a single dose of CCl,. 
Recently, Paquet and Kamphausen [48] reported that 
CCl,, with a dosage regimen similar to that in the 
present study, produced an increase in the content 
of hydroxyproline, a criteria for fibrosis, and a 
marked increase in triglycerides. Tsurufuji and Ouchi 
[12] have also reported similar findings. In the 
present investigation, we examined the hepatic trans- 
port of BSP in rats with the chronic liver lesion pro- 
duced by multiple doses of CCl, as a model for the 
liver cirrhosis and compared the pharmacokinetic 
results with biochemical and physiological data in 
control rats. 

It is well known that the reduction of BSP clear- 
ance from the plasma is an important index for the 
diagnostic evaluation of liver function. In the present 
investigation, a conspicuous retention of BSP clear- 
ance from the plasma was observed in the intoxicated 
rats (see Fig. 1). In the blood, BSP is bound mainly 
to albumin [14]. Although in the intoxicated rats the 
concentration of plasma albumin was decreased (see 
Table 1), no significant difference was observed in the 
elution profiles or the binding parameters [see Figs. 
4 (panels a and b) and 5 and Table 3]. In spite of 
the decrease in the plasma albumin concentration in 
the intoxicated rats, BSP was still bound mainly to 
plasma albumin. The decrease in albumin concen- 
tration probably did not play a primary role in de- 
creasing the clearance of BSP, since V, did not show 
a significant difference between the control and in- 
toxicated rats. 

In the pharmacokinetic analysis, the plasma disap- 
pearance curves of BSP can be described by two 
exponential terms, namely a two-compartment model, 
in both the control and the intoxicated rats (see Fig. 
1), and these observations are in agreement with 
reports in rats[10], rabbits [49], dogs[13] and men 
[50,51]. The liver can be considered to belong to 
a distinctly different compartment from that of the 
plasma because the volume of compartment 1(V,) 
equals the plasma volume (see Table 2), and BSP does 
not appear in the hepatocyte immediately after intra- 
venous administration [52]. From these observations, 
it might be reasonable to represent the physiological 


meaning of the two compartments as shown in Fig. 
3. Our proposed model is in agreement with that of 
Giorgi and Segre[10], which was proposed to de- 
scribe the plasma disappearance of BSP in acute 
CCl,-treated rats. It should be noted that they took 
into account the losses of BSP from the circulation 
not due to liver uptake as the outflow from compart- 
ment | (k,9), which is largely due to urinary excretion, 
while in our model (see Fig. 3) we taken into account 
the losses not due to biliary excretion and refer to 
it as the unknown disposition from compartment 2, 
which is represented as the transfer constant k,., since 
the urinary excretion of BSP was negligible in both 
the intoxicated and normal rats [53], as well as in 
men with cirrhotic livers [51]. Giorgi and Segre [10] 
also reported that, in acute CCl,-treated rats, the two 
transfer constants, k,, and k,3, showed a significant 
decrease with respect to those of the control rats. In 
the present investigation in chronically intoxicated 
rats, a similar tendency was also observed (see Table 
2), although a significant decrease in k,4 was ob- 
served. Giorgi and Segre [10] defined k,, as the rate 
constant of hepatic uptake process from the plasma 
into the liver cytoplasm and k,, as the efflux rate 
constant from the liver cytoplasm into the plasma 
respectively. 

Levi et al.[1] suggested that two cytoplasmic 
organic anion binding proteins, Y-protein (Ligandin) 
and Z-protein, are important determinants in the 
transfer of many organic anions, especially BSP, from 
the plasma into the liver. In the present investigation, 
a significant decrease in the binding constants [see 
Fig. 7 (panels a and b) and Table 4] for Y- and Z- 
fractions for BSP as well as the protein concentra- 
tion of the Y-fraction [see Fig. 6 (panels a and b)] 
was observed. A significant decrease in k,, was also 
observed. These findings support the conclusion that 
CCl, decreases the clearance of BSP by decreasing 
its uptake into the liver due to the lower amount 
and affinity of Y-fraction, including Ligandin, for 
BSP. The glutathione-conjugating activity (umoles 
BSP conjugated/mg of Y-fraction) was not decreased 
nor was the concentration of GSH in the liver altered 
by chronic CCl, treatment (see Table 5). However, 
in the elution patterns on Sephadex G-75 [see Fig. 
6 (panels a and b)], a remarkable decrease in the B 
peak, which corresponds to the BSP-GSH synthe- 
sized during elution, was observed in the intoxicated 
rats. This decrease in the BSP-GSH fraction might 
suggest that the ability of the Y-fraction to conjugate 
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BSP was decreased per rat. In order to elucidate 
whether this decrease in the conjugation ability is due 
to the quantitative decrease in the Y-fraction per rat 
or due to an increase in Michaelis constants (K,,), 
further detailed enzymatic kinetics for the Y-fraction 
would be necessary. It is difficult to determine 
whether the decrease in k,, is caused by the decrease 
of BSP-conjugating activity, or by the impairment of 
the intrahepatic transport process. 

It is still uncertain whether one can assume that 
the transport rate of BSP from the blood pool into 
the liver sinusoid is too fast to be measured by 
compartmental analysis. If the transport rate could 
be measured, k,,V, would be equal to the hepatic 
plasma flow [54]. In the present investigation, k,2V, 
was 5.23 ml/min/rat in the control group, and 1.94 ml/ 
min/rat in the intoxicated group. Although these 
values are somewhat lower than those reported in 
the previous papers[11], they are comparable. Thus, 
the hepatic transport process due to the plasma flow 
might not be too fast to be negligible for the plasma 
disappearance of BSP. Accordingly, on the basis of 
this point of view, k,, will correspond to the hepatic 
uptake process, and, furthermore, the decrease of k23 
in the intoxicated rats will be coincident with the de- 
creased binding activity of the Y-fraction [see Figs. 
6 and 7 (panels a and b) Table 4], and k3, will corre- 
spond to the rate-limiting process in the intrahepatic 
transport or biliary excretion. 

The defect of this model, however, is that the efflux 
from the liver cytoplasm into the plasma which was 
revealed by Scharschmidt et al.[52] is disregarded. 
Such a defect can also be seen in the Giorgi model, 
since it disregards the transport process from the 
blood pool to the liver. But when either the efflux 
or the transport is considered, the plasma concen- 
tration time course should be described by three 
exponential terms. In general, it might be impossible 
to define the pharmacokinetic parameters by the re- 
stricted experimental data points as obtained in the 
present investigation, and this might explain why the 
hepatic plasma flow (k,,V,) calculated by an insuffi- 
cient two-compartment model did not completely 
agree with the observed values in a previous paper 
(11). 

From these findings, it might be impossible to 
elucidate what process is represented by the initial 
plasma disappearance rate (indicated usually K), 
which is widely used for the index of the clinical diag- 
nostic test. Although the decrease of K has been inter- 
preted as a decrease in the hepatic uptake rate, it 
might be necessary to take into account the decrease 
of hepatic blood flow as a primary factor. 

The transfer constant k34, which includes all pro- 
cesses after the disappearance of BSP from the plasma 
such as intrahepatic transport, metabolism and biliary 
excretion, was also decreased in the intoxicated rats. 
In the intoxicated rats (see Fig. 2a), the calculated 
curves for the biliary excretion data showed a discre- 
pancy from the observed values. The best-fitting curve 
was obtained when the ratio of the total recovery 
of BSP from the bile to the administration dose (R) 
was fixed at 0.60. This ratio was not identical wiih 
the value obtained for the total recovery in the bile 
in our study (approximately 0.75). Giorgi and Segre 
[10] also obtained decreased ratios with simulated 
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curves in the intoxicated rats (approximately 0.50). 
These findings suggest that the pharmacokinetic 
analysis of the biliary excretion behavior in the CCl,- 
intoxicated rats with a compartment model based on 
the linear first-order kinetics might not be feasible. 
A more elaborate model might be necessary to 
explain the biliary excretion data in pathological con- 
ditions. 
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Abstract—The characteristics of the noradrenaline (NA)-sensitive adenylate cyclase in mouse limbic 
forebrain slices have been examined. The order of potency (ECs9) found for various adrenergic agonists 
was I-isoprenaline > [-adrenaline > |-NA which corresponds to a B-adrenergic receptor. However, maxi- 
mal stimulation was greatest for /-adrenaline, and smaller for I-NA and /-isoprenaline. The stimulation 
produced by /-isoprenaline was non-significantly enhanced by concomitant administration of the 
a-adrenergic agonists, /-phenylephrine and clonidine, but the stimulation produced by /-NA was not 
enhanced by /-isoprenaline. Various adrenergic antagonists inhibited the stimulation due to 10-°M 
I-NA with ICs9 values of order of potency phentolamine > phenoxybenzamine > d,/-propranolol. How- 
ever, the maximal inhibition produced by d,/-propranolol was 95 per cent, whereas that produced 
by phentolamine was 82 per cent. 

The results suggest the presence of a population in this region of at least two types of receptor 
which may be stimulated by /-NA. One has f-adrenergic properties and the other appears to correspond 
to a B-dependent a-adrenergic receptor. Desipramine also inhibited the NA-sensitive adenylate cyclase, 
suggesting some dependence of the adenylate cyclase on NA uptake mechanisms. The dopaminergic 
antagonist pimozide was also found to be a potent inhibitor of NA-sensitive adenylate cyclase with 
an ICsq of 1.3 x 10’ M and a maximal inhibition at 10~° M of 84 per cent. The effect of dopaminergic 
agonists was also studied on this system, which is not stimulated by dopamine itself at concentrations 
up to 10-*M. The ergot alkaloids bromocryptine and ergocornine were potent inhibitors of the NA- 
sensitive adenylate cyclase, bromocryptine having an ICso for inhibition of 9.4 x 10~°M, similar to 


that of phentolamine. 


The catecholamines dopamine (DA) and noradrena- 
line (NA) have been found to stimulate adenylate cyc- 
lase in tissue slices and cell-free preparations from 
several brain areas[1]. Both DA and NA stimulate 
cyclic AMP production in slices of rat caudate nu- 
cleus [2]. However, adenylate cyclase assayed in dis- 
rupted cell preparations from striatum [3,4], meso- 
limbic areas [5] and substantia nigra [6] is stimulated 
more specifically by DA. 

The existence of a NA-sensitive adenylate cyclase 
has recently been demonstrated in both slices [7] and 
vesicular homogenates [8] of rat limbic forebrain. It 
has not been found possible to stimulate this adeny- 
late cyclase with DA. 

The hypothesis has been put forward that catechol- 
amine-sensitive adenylate cyclases form an integral 
part of the post-synaptically located receptors for 
catecholamines [9,10]. The NA-sensitive adenylate 
cyclase in the limbic forebrain thus represents a 
means of investigating the effect of dopaminergic and 
adrenergic drugs on the NA receptor. The effect of 
various neuroleptic drugs has already been studied 
on this system [7, 8, 11]. 
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The development of postsynaptic DA receptor 
agonists is important for the future of the chemo- 
therapy of Parkinson’s disease [12]. However, the 
pathology of this disease shows degeneration not only 
of the dopaminergic nigrostriatal tract but also of 
noradrenergic neurones in the nucleus locus coeru- 
leus [13]. It is possible that loss of noradrenergic 
neurones also contributes to the aetiology of the dis- 
ease [14], and that L-DOPA may act as a replacement 
therapy for central noradrenergic as well as dopa- 
minergic functions [15]. 

Thus the investigation of the postsynaptic NA 
agonist and antagonist properties of dopaminergic 
agonists could be of use in understanding the mech- 
anism of action of drugs such as 2-bromo-a-ergocryp- 
tine (bromocryptine) which is beneficial in the treat- 
ment of Parkinson’s disease [16]. 

In this paper a characterisation of the NA-sensitive 
adenylate cyclase in slices of mouse limbic forebrain 
is presented, together with the effects of various dopa- 
minergic agonists, including bromocryptine on this 
system. 


MATERIALS AND METHODS 


8-[*H adenosine 3’-5’ cyclic phosphate ammonium 
salt (specific activity: 27 Ci/umole) was obtained from 
Radiochemicals, Amersham. The following drugs 
were used, dissolved in distilled water, except where 
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otherwise stated: /-noradrenaline (I-NA, [-arterenol 
HC)), l-adrenaline (dissolved in one drop of 2N HCl 
and diluted with distilled water), /-isoprenaline-p- 
bitartrate, [-phenylephrine HCl, dopamine (3-hydroxy- 
tyramine HCl) and yohimbine HCI (Sigma Inc.); dex- 
amphetamine sulphate and phenoxybenzamine HCl 
(Smith, Kline and French Ltd); ET 495 methanesul- 
phonate (piribedil) and S584 (Les Laboratoires Ser- 
vier); bromocryptine (2-bromo-a-ergocornine meth- 
anesulphonate) and ergocornine hydrogen maleinate 
(Sandoz Ltd; both dissolved with an equal weight of 
tartaric acid in a small volume of 70% ethanol and 
then diluted in water); clonidine HCl and ST91-Cl 
(Boehringer, Ingelheim); phentolamine mesylate (Rogi- 
tine, Ciba); desmethylimipramine HCl (Geigy Phar- 
maceuticals); reserpine (dissolved in a small volume 
glacial acetic acid and diluted in water; Halewood 
Chemicals); apomorphine (dissolved in water with 5 
mg of ascorbic acid, in the absence of light; Evans 
Medical Ltd); d,/-propranolol HCI (I.C.I. Ltd.); pimo- 
zide (dissolved by boiling in 1.5% tartaric acid; 
Janssen Ltd). 

Male ‘Swiss S’ mice (20-25g; Animal Suppliers 
Ltd) were used in all experiments. The animals were 
killed by cervical dislocation, decapitated, and the 
brains were dissected as follows:— the hypothalamus 
and cerebellum were removed, and a cut was made 
through the superior longitudinal fissure. The super- 
ficial cerebral cortex was drawn aside and removed, 
exposing the ventricular system and corpora striata. 
The striata were removed along their natural limits. 
A vertical coronal cut was made at the level of the 
optic chiasm and the caudal part was discarded. The 
remaining cortical areas were removed as far as poss- 
ible. The resultant slice, referred to as the limbic fore- 
brain (including hippocampus, olfactory tubercles, 
septal nuclei, the anterior part of the medial forebrain 
bundle,. the amygdaloid nuclei and _ nucleus 
accumbens) was placed on a filter paper moistened 
with Krebs-Ringer buffer on the removable platform 
of the tissue chopper, which was cooled to 0°. The 
limbic forebrain areas from two mice were pooled 
and chopped into prisms of 0.36 mm? section using 
a Mcllwain tissue chopper (H. Mickle Ltd). The tissue 
was transferred to a tube containing 20 ml Krebs- 
Ringer buffer and the slices were separated by brief 
mixing. The composition of the buffer was (in mM): 
NaCl 138; CaCl, 2.8; KH,PO, 1.3; NaHCO, 3.9; 
MgSO, 1.3; KCl 5.2; glucose 19.9; L-ascorbic acid 
1.1; pH 7.4 adjusted after previous saturation with 
95% O,-5% CO. The slices were washed three times 
and pre-incubated at 37° for 10 min in 30 ml buffer 
using a shaking water bath. The medium was changed 
for fresh buffer (30 ml) and pre-incubation continued 
for a further 10 min. Generally three batches of tissue 
were prepared at 8 min intervals for each experiment. 
After the pre-incubation period, 25 ml of medium was 
removed from the tube, and 0.5 mi aliquots of 
medium containing about 15 mg of tissue slices were 
transferred at 2 min intervals to incubation tubes con- 
taining either a drug or its vehicle added in a volume 
of 0.1 ml. Incubation was continued for 15 min, then 
either NA or other drugs tested for their agonist ac- 
tivity (or their vehicles) were added in a volume of 
0.1 ml. The final incubation volume was 30 ml. 

Incubation was continued for 5 min. except when 
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the time course of agonist activity was under investi- 
gation. At no time during the incubation periods from 
suspension of slices in buffer to termination of the 
reaction was the tissue allowed to remain without 
oxygenation. The reaction was stopped, after aspirat- 
ing 29 ml of medium, by the addition of | mi ice-cold 
absolute ethanol and homogenising for 15 sec at 0° 
with an ultra Turrax homogeniser. The homogenates 
were centrifuged at 3000g for 30 min. The superna- 
tant, plus | ml distilled water with which the pellet 
was washed, were dried by rotary evaporation at 40°. 
The samples were resuspended in 1 ml 50mM Tris 
buffer (pH 7.4) containing 8mM theophylline and 
6mM a-mercaptoethanol. Cyclic AMP was deter- 
mined immediately in duplicate or triplicate by the 
method of Brown et al.[17], using a final assay 
volume of 300 yl. The assay was linear between 0.5 
and 50 pmoles of cyclic AMP per S50 yl of sample. 
Results were discarded unless binding of cyclic AMP 
to the protein was between 35 and 50 per cent. Recov- 
ery of cyclic AMP was determined by adding a tracer 
amount of [*H]cyclic AMP (107 '? M) with the eth- 
anol at the time of homogenisation, and counting an 
aliquot of the resuspended sample. Recovery was 
85.3 + 1.9 per cent from 23 determinations, thus the 
results were not corrected for recovery. The protein 
content of the pellet was determined by the method 
of Lowry et al.[18] and results are expressed as 
pmoles cyclic AMP per mg protein. 

In each experiment the basal cyclic AMP level was 
determined at the same time as the effect of each 
agonist or antagonist. In order to take into account 
the variation in basal cyclic AMP level found between 
experiments, the percentage change from its respective 
basal level caused by the agonist or antagonist under 
study was calculated from each determination. 

When the effects of agonists or antagonists were 
studied, the basal cyclic AMP level (B), the cyclic 
AMP level found after 5 min stimulation with the 
drug alone added as agonist (A), the cyclic AMP level 
after 5 min stimulation with I-NA (S), and the -NA 
stimulated cyclic AMP production in the presence of 
the drug added 15 min before I-NA as an antagonist 
(AS) were estimated, using the same batch of prepared 
tissue slices. The result are given in pmoles cyclic 
AMP/mg protein, and all determinations are 
expressed as the mean + 1S.E.M. The significances 
of the changes in cyclic AMP formation with the dif- 
ferent agonists and antagonists were determined by 
Student’s t test. 

The percentage inhibition of the -NA stimulated 
cyclic AMP level was calculated as: AS/S x 100%. 
The percentage inhibition of the rise in cyclic AMP 
due to I-NA was calculated as: [(AS — B)/((S — B)] x 
100%. The ECs 9 is the concentration of agonist 
required to produce 50 per cent of its maximal stimu- 
lation of adenylate cyclase. The ICs59 is the concen- 
tration of antagonist required to produce 50 per cent 
inhibition of the stimulation of adenylate cyclase due 
to 10°°M I-NA. Both these values were calculated 
graphically. 

RESULTS 


Effect of adrenergic agonists. The time curve for 
stimulation of adenylate cyclase in mouse limbic fore- 
brain slices by I-NA (10~°M) is shown in Fig. 1. 
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Fig. 1. Time curve for the stimulation of adenylate cyclase 
in mouse limbic forebrain slices by -NA (107° M). Slices 
were preincubated for 20 min before aliquots of the slices 
were distributed and incubated for 15 min in individual 
tubes. L-NA was then added to a final concentration of 
10-°M and stimulation was allowed to continue for 
between 3 and 15 min, before the process was halted by 
aspiration of excess medium and homogenisation in | ml 
absolute alcohol. The samples were treated as described 
in the Methods and cyclic AMP was estimated according 
to the method of Brown et al. [17]. The cyclic AMP levels 
are given as percentage of control + 1 S.E.M. Each value 
is the mean of at least four separate determinations esti- 
mated in duplicate. The basal cyclic AMP level was 
9.1 + 0.8 pmoles/mg protein from 16 results. 


Maximal stimulation of 264+12 per cent was 
achieved after 3 min and the level gradually declined 
with longer periods of stimulation. The stimulation 
produced after 15 min was significantly lower than 
that produced after 3 min exposure to -NA (107° M) 
(P < 0.05). Basal cyclic AMP remained constant dur- 
ing the entire period (9.1 + 0.8 pmoles/mg protein). 
The concentration for half maximal stimulation of 
cyclic AMP production by /-NA (ECs9) was 3.2 x 
10-°M using a S5min stimulation period (Fig. 2). 
Maximal stimulation of 278 + 23 per cent (P< 
0.0005) was obtained with 10°°M J/-NA and with 
greater concentrations the stimulation tended to de- 
cline. An incubation period of 5min with 10~-°M 
I-NA was thus chosen for subsequent experiments. 
The adenylate cyclase in limbic forebrain slices was 
also stimulated by /-adrenaline. Although the EC;, of 
3.0 x 10-°M was similar to that obtained with /-NA, 
the maximal stimulation at 10~° M of 696 + 155 per 
cent of basal cyclic AMP (P < 0.0005) was greater 
than that found for |-NA (10~° M) (P < 0.001). The 
a-adrenergic agonist /-isoprenaline also stimulated the 
system with an ECs, of 1.6 x 10~°M and a maximal 
stimulation at 10~°M of 148 + 29 per cent of basal 
level of cyclic AMP (P < 0.05), which was lower than 
that produced by I-NA (10~°M) (P < 0.001). The 
a-adrenergic agonist /-phenylephrine had a slight but 
non-significant agonist effect at 10~° M, producing a 
stimulation of 122 + 42 per cent of the basal cyclic 
AMP level. This stimulation was not increased at 
10-3 M (126 + 37 per cent of basal cyclic AMP level). 
Neither clonidine nor its analogue ST 91 had any 
effect on basal cyclic AMP levels, in concentrations 
up to 10-*M. Stimulation with clonidine (10~° M) 
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Fig. 2. Dose-response curve for the stimulation of adeny- 
late cyclase in mouse limbic forebrain slices by I-NA, 
l-adrenaline, and /-isoprenaline. Preincubation and incuba- 
tion of slices was carried out as in the legend to Fig. 1. 
The slices were exposed for 5 min to concentrations of the 
agonists between 10-’ M and 10~* M. The stimulation of 
cyclic AMP formation produced by each concentration of 
agonist was calculated as described in Methods. The mean 
degree of stimulation + | S.E.M. was determined from at 
least 6 independent estimations. The average basal cyclic 
AMP levels for all agonist concentrations were 9.9 + 1.4 
pmoles/mg protein for stimulation by /-adrenaline, 8.8 + 
0.8 pmoles/mg protein for stimulation by I-NA and 16.3 + 
2.0 pmoles/mg protein for stimulation by /-isoprenaline. 


produced 92 + 19 per cent of the basal cyclic AMP 
level in the absence of agonist. 

L-Isoprenaline (10~-°M) and_ /-phenylephrine 
(10~° M) together produced a greater stimulation of 
178 + 10 per cent (P < 0.025, compared to the basal 
cyclic AMP level) than either agonist alone, although 


of basal cAMP level 
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Fig. 3. The stimulation of mouse limbic forebrain adenylate 
cyclase produced by /-isoprenaline in combination with the 
a-adrenergic agonists clonidine and /-phenylephrine. L-iso- 
prenaline, clonidine and /-phenylephrine were tested alone 
and in combination at concentrations of 10~* M for their 
ability to stimulate adenylate cyclase. Experiments were 
performed and results calculated as described in Methods. 
A 5min stimulation period was used for all agonists. 
a= clonidine (10~°M); b= /-phenylephrine (10~° M); 
c = l-isoprenaline (10~* M); d = clonidine (10-5 M) + I- 
isoprenaline (10~* M); e = /-phenylephrine (10-5 M) + /- 
isoprenaline (10~°M). The significances between the 
results were: a vs d, P < 0.01; b vs e, c vs d, c vs e, 
P > 0.05. 





1880 


M. C. B. Sawaya et al. 


Table 1. The effect of compounds with adrenergic and dopaminergic antagonist properties on the stimulation of adenylate 
cyclase by |-NA (107° M) in slices of mouse limbic forebrain 
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Slices were incubated for 15 min with the antagonists prior to stimulation for 5min with 10~°M [-NA. The ICs 
is the concentration of antagonist required to give 50 per cent inhibition of the stimulation of cyclic AMP produced 
by 10°°M I-NA. These values were estimated graphically from the dose-response curves. Each point on the curve 
was the mean of 6 independent determinations each estimated in duplicate. Statistically significant differences compared 
to the stimulation gained with /-NA alone are indicated by—*P < 0.05; t P < 0.0025; ¢t P < 0.0005. 

The basal cyclic AMP level was 11.1 + 0,6 pmoles/mg protein. 


this stimulation was nct significantly greater than that 
produced by [-isoprenaline (10~° M) alone (Fig. 3). 
Despite the lack of effect of clonidine (10~°M) on 
the basal cyclic AMP level, clonidine (10~° M) to- 
gether with [-isoprenaline (10~ ° M) produced a 168 + 6 
per cent stimulation of adenylate cyclase (P < 0.0005, 
compared to the basal cyclic AMP level). However, 
this stimulation was not significantly greater than that 
produced by /-isoprenaline (10~° M) alone (Fig. 3). 
In contrast, when the slices were stimulated with I-NA 
(10~> M) together with either /-adrenaline (10~° M), 
l-isoprenaline (10~° M) or /-phenylephrine (10~° M), 
the stimulation was less than that produced by the 


more potent agonist alone. Similarly clonidine, but 
not ST 91, also inhibited the stimulation of adenylate 
cyclase produced by I-NA (10~°M) (Table 1). DA 
was inactive as an agonist or antagonist in this system 
at concentrations up to 10~* M. At this concentration 
it produced a cyclic AMP level which was 95 + 13 
per cent of the basal level. 
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Fig. 4. Dose-response curves for the inhibition of -NA 
(10-°M) stimulated cyclic AMP production by the 
a-adrenergic antagonist phentolamine and the f-adrenergic 
antagonist d,l-propranolol. Slices were preincubated for 
20 min, and then incubated for 15 min with concentrations 
of the two antagonists between 10~° and 10~° M, before 
stimulation of cyclic AMP formation for 5 min with -NA 
(10-5 M). The per cent inhibition was calculated as de- 
scribed in Methods. The values given are the mean + | 
S.E.M. of at least 6 independent determinations. The sig- 
nificances of the inhibitions produced at each concen- 
tration value are indicated by asterisks **P < 0.0025; 
*P < 0.025. The average basal cyclic AMP level was 
11.3 + 1.4 pmoles/mg protein for the propranolol dose- 
response curve and 10.1 + 1.2 pmoles/mg protein for the 
phentolamine dose-response curve. 


The effect of compounds with adrenergic and dopa- 
minergic antagonist properties. The stimulation of cyc- 
lic AMP production by /-NA was inhibited both by 
the f-adrenergic antagonist d,/-propranolol and by 
the a-antagonist phentolamine (Fig. 4). The concen- 
tration of drug producing 50 per cent inhibition of 
the response to 10°°M I-NA (iCs9) was 2.2 x 
10-°M for d,-propranolol, and 8.4 x 10-?M for 
phentolamine. 

The effects of two other a-adrenergic antagonists, 
yohimbine and phenoxybenzamine and of the dopa- 
minergic antagonist pimozide on NA-sensitive adeny- 
late cyclase are shown in Table 1. At concentrations 
higher than the concentration required for maximal 
inhibition (see Table 1) both phenoxybenzamine and 
pimozide produced less than maximal inhibition. 

The effect of compounds interfering with NA uptake 
and release. The NA uptake blocker desipramine 
(10~° M) inhibited /-NA stimulated cyclic AMP pro- 
duction by 55+ 14 per cent (P < 0.01), without 
affecting the basal cyclic AMP level. The residual 
stimulation was not affected by d,l-propranolol 
(10-°>M) but was non-significantly inhibited by a 
further 24 + 18 per cent by phentolamine 107° M. 
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Fig. 5. Dose-response curve for the inhibition of -NA 
(10~° M) stimulated cyclic AMP production by bromo- 
cryptine. The dose-response curve was determined as in 
the legend to Fig. 3. Slices were preincubated for 15 min 
either with bromocryptine, or in control slices with its 
vehicle, containing ethanol and tartaric acid. The values 
given are the mean + 1S.E.M. of at least 6 independent 
determinations of the percentage inhibition. The signifi- 
cance of the inhibition produced at each concentration 
value is indicated by asterisks: **P < 0.0025; *P < 0.025. 
The average basal cyclic AMP level was 94+08 
pmoles/mg protein from 40 results. 





Noradrenaline-sensitive adenylate cyclase 


188] 


Table 2. The effect of dopamine agonists on basal and NA-stimulated cyclic AMP levels in slices of mouse limbic 
forebrain 
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To determine the effect of the drugs on basal cyclic AMP levels the slices were incubated for 5 min with the drugs. 
To determine their ability to antagonise NA-stimulated cyclic AMP levels the drugs were added at the beginning 
of the 15min incubation period and prior to stimulation with 10~°M /-NA for 5 min. Apomorphine (5 x 107° M) 
produced a 49 + 4 per cent (P < 0.0005) inhibition of the basal level of cyclic AMP when added alone for 15 min 
as a control for stimulation experiments. This was taken into account in the calculation of the percentage inhibition 
of the rise in cyclic AMP due to I-NA (10~°M). The results are the means of 6 independent determinations each 


estimated in duplicate. 


Details of calculation are given in the Methods. Statistical significances are indicated by— 
*P < 0.05; tf P < 0.025; { P < 0.0005. The average basal cyclic AMP level was 16.6 + 1.0 pmoles/mg protein. 


Reserpine (10-5 M) and dexamphetamine (107° M) 
did not affect the basal cyclic AMP level or the stimu- 
lation produced by I-NA (107° M). 

The effect of dopaminergic agonists. The effect of 
various compounds with dopaminergic agonist 
properties was studied on cyclic AMP production in 
limbic forebrain slices. Their effect on basal cyclic 
AMP levels and on /-NA stimulation is shown in 
Table 2. Only apomorphine (5 x 10~° M) affected 
basal cyclic AMP producing a 34 + 7 per cent inhibi- 
tion when added as agonist (P < 0.01). All the DA 
agonists tested significantly reduced the absolute level 
of cyclic AMP found after stimulation with NA 
(10~ > M). However, only bromocryptine and ergocor- 
nine (107° M) significantly inhibited the rise in cyclic 
AMP solely attributable to NA stimulation. From a 
dose-response curve for the inhibition of NA-stimu- 
lated cyclic AMP formation by bromocryptine (Fig. 
5), the ICs) was 9.4 x 10°?M. Bromocryptine pro- 
duced a maximal inhibition of 99 + 12 per cent 
(P < 0.0005) at a concentration of 10-7 M. 


DISCUSSION 


The characteristics of the NA-sensitive adenylate 
cyclase in mouse limbic forebrain slices at present 
under investigation, are very similar to those found 
in rat limbic forebrain, using a similar incubation sys- 
tem for the slices [7,11]. The basal cyclic AMP level 
and the degree of stimulation of adenylate cyclase by 
l-NA is also comparable to that found in vesicular 
cell-free preparations from rat limbic forebrain [8]. 
The incubation system, with continuous oxygenation 
and a high medium:tissue ratio of approximately 
2000 during incubation was designed to reduce leak- 
age of adenine nucleotides from the slices; for these 
increase basal cyclic AMP levels [19]. That the meth- 
odology used succeeded in this object is indicated by 
the low basal tissue cyclic AMP levels, which are 
similar to those found endogenously [20]. Common 
to this and previous reports of NA-sensitive adenylate 
cyclases in limbic forebrain [7, 8,11] is the inability 
of DA to stimulate the system; although the DA con- 
tent is high. In contrast, in limbic forebrain homo- 


genates, a DA-sensitive adenylate cyclase is found 
when the tissue is prepared in a hypotonic medium 
in the absence of Ca?* ions[5]. The relationship 
between these two adenylate cyclases has not yet been 
established [21, 31]. 

In the present system the potency of the adrenergic 
agonists for adenylate cyclase in terms of the concen- 
tration required for half-maximal stimulation (ECso) 
was found to be isoprenaline > adrenaline > norad- 
renaline, which is the order of potency for classical 
B-receptors [22]. However, the maximal stimulation 
of adenylate cyclase achieved by each agonist at 
107° M was greatest for adrenaline and lower for nor- 
adrenaline and isoprenaline. The ability of adrenaline 
to produce such a large stimulation of adenylate cyc- 
lase in limbic forebrain has not previously been 
reported in rodents[1]. However, the poor agonist 
ability of /-isoprenaline in mice is in confirmation of 
the results of Schultz and Daly [24], and the inability 
of the a-adrenergic agonist /-phenylephrine to stimu- 
late adenylate cyclase has also been found pre- 
viously [24]. 

‘These results suggest the presence in the limbic 
forebrain of a mixed population of receptors. Pure 
a-adrenergic receptors do not appear to be present, 
but the ability of /-adrenaline to produce a greater 
maximal stimulation than either I-NA or /-isoprena- 
line raises the possibility that it may be acting on 
a class of receptor which requires co-stimulation at 
two associated sites, one with a- and one with 
B-adrenergic properties. The presence in the brain of 
this type of receptor has previously been proposed 
by Skolnick and Daly [25]. These authors found that 
in rat cortex the adenylate cyclase stimulation pro- 
duced by a sub-optimal concentration of /-isoprena- 
line was enhanced by the addition of the a-adrenergic 
agonist clonidine. From this evidence they postulated 
the existence of a B-adrenergic receptor which was as- 
sociated with an a-adrenergic site for co-stimulation. 
Similarly, the presence in guinea-pig cortex of an 
a-adrenergic receptor whose activation may be 
enhanced by stimulation of an associated f-adrener- 
gic receptor has been suggested by Sattin et al. [19]. 

In agreement with this hypothesis we observed a 
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tendency for synergism between the pure a- and 
f-adrenergic agonists /-phenylephrine and /-isoprena- 
line and also between clonidine in combination with 
l-isoprenaline in stimulation of cyclic AMP produc- 
tion. However, the ability of NA to produce any 
synergism with /-isoprenaline in its stimulation of 
adenylate cyclase and the failure of a combination 
of a- and f-adrenergic agonists to produce a maximal 
stimulation approaching that of /-adrenaline alone 
(Fig. 3) cannot be explained only by the presence of 
an adrenergic receptor which requires both a- and 
f-stimulation. It is possible that |-adrenaline may also 
be stimulating an independent adrenergic receptor as- 
sociated with adenylate cyclase, which is in agreement 
with the finding that the limbic forebrain region is 
innervated by adrenergic neurones [26]. 

The existence of an a-receptor in rat cerebral cortex 
has previously been reported [27-29]. This was stimu- 
lated by NA in the presence of adenosine. It is un 
known what relationship this might bear to the 
results of the present investigation, as attempts have 
been made to minimise the leakage of endogenous 
adenosine, and the effect of exogenous adenosine has 
not been studied. 

From the ICs. values for the a- and f-adrenergic 
antagonists studied, phentolamine is a 250-fold more 
potent antagonist than propranolol, although both 
give maximal inhibitions of greater than 80 per cent 
at 10°°M, suggesting that neither is acting on an 
entirely independent set of receptors. Palmer and 
Burks [30] concluded from similar results that the 
adrenergic receptors in rat cerebral cortex are rela- 
tively non-specific. However, that propranolol pro- 
duced an almost 100 per cent inhibition of NA-sensit- 
ive adenylate cyclase at 10~° M, would also lend sup- 
port to the hypothesis that the noradrenergic recep- 
tors being studied are composed of two major groups: 
(i) a small population of independent f-receptors, 
which are phentolamine-insensitive; and (ii) a much 
larger population of B-dependent a-receptors, which 
is inhibited by both phentolamine and d,/-proprano- 
lol. 

An alternative suggestion for similar results has 
been put forward by Bockaert et al.[31] that the 
a-adrenergic component of the NA-sensitive adeny- 
late cyclase is a result of NA stimulation of the DA 
receptor, although the opposite conclusion is reached 
by Harris [21]. This is difficult to equate with present 
results as DA itself does not stimulate the system, 
and it is unlikely that the characteristics of the recep- 
tors have been altered in the sliced tissue preparation 
incubated in Krebs-Ringer buffer, used in the present 
study. 

Of the other adrenergic antagonists studied, the 
a-antagonist phenoxybenzamine showed a similar 
potency to phentolamine, but with greater maximal 
inhibition. It has previously been found that at high 
concentrations phenoxybenzamine shows non-specific 
inhibitory properties, not only of adrenergic receptors 
but also of histaminergic and serotonergic systems 
[19,32]. Yohimbine, reported to be a presynaptic 
a-receptor antagonist [33] had a slightly higher 1c5o 
than the other a-antagonists, and produced a maxi- 
mal inhibition of 82+ 11 per cent. From lesion 
studies it has been suggested that the NA-sensitive 
adenylate cyclase is post-synaptically situated [11]. 
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This result brings into question the ability of yohim- 
bine to distinguish between pre- and post-synaptic 
receptors, especially at high concentrations. 

Clonidine from behavioural and other studies, has 
been found to have the characteristics of a post- 
synaptic a-adrenergic agonist[34]. However, from 
biochemical and iontophoretic approaches it appears 
to have a-adrenergic antagonist properties [35, 38]. 
This may be due in part to preferential stimulation 
of presynaptically located «-adrenergic receptors by 
low concentrations of clonidine [36]. In the present 
results, neither clonidine, nor its structural analogue 
ST 91, which is 2.6-fold more potent as a peripheral 
a-receptor agonist[37] had any adenylate cyclase 
stimulant properties. This is in agreement with the 
hypothesis that the a-receptors in this system require 
co-activation by B-adrenergic agonists. Clonidine, but 
not ST 91, inhibited NA-sensitive adenylate cyclase 
with an ICs9 similar to that of yohimbine. The rela- 
tionship of these results to the behavioural effects of 
clonidine are unclear. 

The effect of dopaminergic antagonists on NA- 
sensitive adenylate cyclase has been studied pre- 
viously in slices of rat limbic forebrain and in homo- 
genates derived from this area[7,8,11]. In the 
present study only the potency of the butyrophenone 
derivative pimozide has been investigated, and its ICs 
of 1.3 x 10~’ M is similar to that found by Blumberg 
et al.[7], who gained an ICs, of 7.5 x 107° M, tested 
against a lower concentration of I-NA (5 x 10~°M). 
However, Horn and Phillipson [8] found that 10~° M 
pimozide produced less than 50 per cent inhibition 
of the stimulation of adenylate cyclase due to 
5 x 10°°M I-NA. This apparent discrepancy could 
be resolved, as in our hands, pimozide (10~ > M) pro- 
duced lower than maximal inhibition (60 per cent) 
suggesting that non-specific membrane effects may be 
causing interference at this concentration level. These 
results indicate that pimozide is not a pure dopa- 
minergic antagonist, although it has been used as 
such in many behavioural investigations. 

Several studies have been performed to attempt to 
determine the subcellular localisation of adenylate 
cyclase, and it has been suggested that catecholamine- 
sensitive adenylate cyclases are associated with the 
post-synaptic receptor [39,40] although this conclu- 
sion is not unopposed [41]. Present results indicate 
that desipramine (10~°M) inhibits NA-sensitive 
adenylate cyclase by 55 per cent. Desipramine is a 
specific inhibitor of the neuronal uptake of |-NA [42], 
although it has been reported to have a weak post- 
synaptic a-adrenergic blocking effect, from iontophor- 
etic data on cortical neurones [43]. A possible conclu- 
sion from the present results may be that part of the 
NA-sensitive adenylate cyclase depends on the prior 
uptake of NA and is located within the pre-synaptic 
neurone. This is in contrast to previous results [8]. 
However, it may reflect a difference between cyclic 
AMP formation in intact cells and in vesicular prep- 
arations. 

An alternative explanation for this result might be 
that desipramine added during the incubation period 
leads to an accumulation of endogenous NA at the 
receptor, by inhibition of its reuptake. This might lead 
to rapid desensitization of the receptor to subsequent 
stimulation by added /-NA. The lack of effect of pro- 





Noradrenaline-sensitive adenylate cyclase 


pranolol (10~ * M) on the residual stimulation suggests 
that it is primarily the f-receptor which has been 
desensitized, as has been reported previously [44]. 

Because DA has no effect on the adenylate cyclase 
under investigation, it forms a possible system in 
which to study the effects on NA receptors of drugs 
such as neuroleptics and dopaminergic agonists 
whose major effect is thought to be on cerebral dopa- 
minergic systems. None of the dopaminergic agonists 
tested showed any stimulant properties, although 
apomorphine [2,4], ET495 [45] and its active meta- 
bolite S584[46] have all been shown to stimulate 
DA-sensitive adenylate cyclase systems. 

All the dopaminergic agonists tested in the present 
system reduced the absolute level of tissue cyclic 
AMP found after /-NA stimulation, although for apo- 
’ morphine this is partially accounted for by an inhibi- 
tion of the basal cyclic AMP level. It has been 
reported previously that dopaminergic agonists such 
as apomorphine (Jenner, unpublished observation) 
and ET495, administered in vivo, increase cerebral NA 
turnover which may be through interaction with pre- 
synaptic NA receptors [47]. However, of all the DA 
agonists, only bromocryptine and ergocornine were 
found to produce a significant inhibition of the rise 
in cyclic AMP attributable solely to stimulation by 
I-NA. Further investigation of the potency of bromo- 
cryptine showed it to have an extremely low ICso of 
9.4 x 10°°M for the inhibition of NA-stimulated 
adenylate cyclase, which is of the same order of mag- 
nitude as that of the «-blocker phentolamine (Table 
1). Previous results have shown ergocornine and bro- 
mocryptine to have prolonged DA receptor stimulant 
properties [48,49] and to cause some depletion of 
cerebral NA, either because of NA receptor blockade 
or as the result of a weak reserpine-like action 
[48, 50]. 

The effect of bromocryptine on DA-sensitive adeny- 
late cyclase is as yet unclear [51]. There is some evi- 
dence that its mode of action on cerebral dopaminer- 
gic and noradrenergic systems may be biphasic, and 
depend on the dose of bromocryptine used [52], 
although no evidence for such a biphasic response 
has been obtained in the present results. Ergot alka- 
loids are known to be «-blocking agents and to in- 
hibit NA-sensitive adenylate cyclase in the peri- 
phery [53]. The present results provide evidence for 
the ability of bromocryptine to produce extremely 
potent inhibition of NA-sensitive adenylate cyclase in 
the C.N.S. This noradrenergic receptor antagonist ac- 
tivity of bromocryptine should be taken into account 
in the attempts being made to investigate the pharma- 
cological basis for the ability o. ovromocryptine to 
stimulate locomotor activity in animals, and its effi- 
cacy in the treatment of Parkinson’s disease. 
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Abstract—p,L-Camphor was detected as a new inducer of hydroxylase in the liver microsomes of 
female mice. After a 2-day inhalation of D,L-camphor, cyt. P-450 and the ethylumbelliferone dealkylase 
were increased by 250 per cent and the NADPH-cyt. P-450 reductase by 350 per cent. The product 
[NADPH-cyt. P-450 reductase activity x cyt. P450 concentration] was shown to be a suitable reference 
parameter for the ethylumbelliferone dealkylase activity in the liver microsomes during the treatment 
with four different inducers. The relative dealkylase activity Q@ was much decreased during inhalation 
of cyclohexane or D,L-camphor. 


O-= mU ethylumbelliferone dealkylase 
~ mU NADPH-cyt. P-450 reductase x nmoles cyt. P-450/mg protein 


Obviously these two inducers preferably enhanced cyt. P-450 species with a low dealkylase activity. 
The Q-values were reproducible. Q was increased by 100 per cent during induction of a MC-sensitive 
mouse strain with 3-methylcholanthrene, but it was only moderately decreased by induction with pheno- 
barbital. Corresponding to this, methylcholanthrene is known to selectively induce a cyt. P-448 with 
high dealkylase activity whereas phenobarbital is known to change the hydroxylase specificity in the 


liver microsomes not very much. 


The premise of this paper is the following working 
hypothesis: There are different cyt. P-450 species in 
the liver microsomes with different hydroxylase speci- 
ficities [1-6]. However in the adult organism this cyt. 
P-450 population remains constant under normal and 
constant environmental conditions. An exogenous in- 
ducer may alter the P-450 population and with opti- 
mal doses a new population of cyt. P-450 species is 
induced again remaining constant as long as the treat- 
ment is continued. 

To recognize a change in the microsomal hydroxy- 
lase population we need only a single hydroxylase 
substrate, if the apparent molar activity of the hy- 
droxylase system is known. As the hydroxylases are 
bound to the microsmal membranes, not only the kin- 
etic parameters of the enzymes, but also the solubility 
of the substrates in the membranes may decisively 
influence the velocity of hydroxylations [7-9]. There- 
fore we can get reference parameters only in an em- 
pirical way. 

Some time ago we reported: Treating female albino 
mice (HOM) by cyclohexane inhalation, the product 





Abbreviations (used mainly in the figures): EU = ethyl- 
umbelliferone; CH = cyclohexane; CA = D,L-camphor; 
PB = phenobarbital; MC = 3-methylcholanthrene; K = 
controls fed only 2 hr/day; V = mice with freely accessible 
food; U = unit of the enzyme activity = 1 pmole/min. 

* A summary of this paper was a part of a short lecture 
during the 558th Meeting of the Biochemical Society, Edin- 
burgh 1975, see Biochem. Soc. Transact. 3, 972. 
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[NADPH-cyt. P-450 reductase activity x cyt. P-450 
concentration] is a suitable reference parameter for 
the ethylumbelliferone dealkylase activity [8, 10]. The 
quotient Q is the apparent molar activity searched 
for, which means the relative dealkylase activity. 

mU ethylumbelliferone dealkylase 
mU NADPH-cyt. P-450 reductase 

x nmoles cyt. P-450/mg protein 

This relation is valid because one reductase molecule 
is combined with an excess of cyt. P-450 molecules 
in the order of 10-20[11]. The reductase cannot be 
‘saturated’ with a single cyt. P-450 species. 

Changing the cyt. P-450 population, an inducer will 
also change the relative ethylumbelliferone dealkylase 
activity. If the cyt. P-450 population becomes con- 
stant again, the relative dealkylase activity will also 
become constant despite a further increase in its 
specific and total activity. 

In the paper presented here we show, that the refer- 
ence parameter [P-450 reductase activity x P-450 
concentration] for the ethylumbelliferone dealkylase 
activity is valid after induction with cyclohexane, D,L- 
camphor, phenobarbital or 3-methylcholanthrene. We 
prefer inducers without or with only one reactive 
group like cyclohexane and camphor, because these 
may show a more uniform effect than many drugs 
and xenobiotics. Phenobarbital and methylcholan- 
threne are well suited for testing the applicability of 
our reference parameter, because they are the most 
thoroughly investigated agents of two groups of in- 
ducers with varying effectiveness [12-16]. 


Q= 
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MATERIALS AND METHODS 


Chemicals. Inorganic chemicals (p.a.), sodium 
phenobarbital (puriss.) and solvents (p.a.) were 
obtained from Merck, Darmstadt, D,L-camphor (m.p. 
175-177°) from Aldrich-Europe (Janssen, Diisseldorf), 
3-methylcholanthrene (puriss.) from Fluka, Buchs and 
biochemicals from Boehringer Mannheim. The silicon 
Nr. 0860 from Roth, Karlsruhe was taken as antifoam 
agent. 

Animals. Female albino mice of 22-25 g were taken 
from our own inbred strain WHW/HOM, which 
came originally from the Deutsche Gesellschaft fiir 
Versuchstierzucht, Hannover-Linden. It was inbred in 
our institute during 10 years by Dr. Gertrud Werth, 
Homburg, Saar. As the strain WHW/HOM is MC- 
insensitive [17], for the experiments with 3-methyl- 
cholanthrene also female black mice (18-21 g) were 
taken from the well known MC-sensitive strain 
C37BL/6N kindly supplied by Dr. D. W. Nebert, In- 
stitutes of Health, Bethesda, MD. 

Feeding. In all experiments drinking water was 
freely accessible. Inhalating cyclohexane or camphor, 
the mice slept often for many hours especially at the 
Ist day of induction. Therefore these mice and their 
controls K received Altromin food (Juchem, Eppel- 
born) each day from 8-10 o'clock in the morning, 
outside of the cages in fresh air. 

After application of methylcholanthrene and even 
after phenobarbital the mice did not sleep. It was not 
necessary to fix and limit their feeding time. 

Induction. For inhalation of cyclohexane or cam- 
phor, four mice were set together into a round plexi- 
glass cage with wire bottom and cover. This was set 
into an outer cage with a cone-shaped metal gauze 
on a large funnel. A urine flask with 25 ml 2 N H,SO, 
was attached to the funnel tube. Four flat disks with 
sodium peroxide were placed into the outer cage, 
which was closed air-tightly as soon as the volatile 
inducer had been brought into it. Fresh inducer was 
given each day. Table | shows inducer dosage and 
duration of induction. 

Cyclohexane and camphor treated animals were set 
into fresh air | and 2 hr respectively before death by 
cerebrospinal stretching. Phenobarbital or methylcho- 
lanthrene treated mice were killed 24 hr after the last 
injection. All animals were killed at 8 o'clock in the 
morning. With each of the four inducers the short- 
term experiments from 0-24hr were done simul- 
taneously for the purpose of comparison. The room 
temperature was 23-26°. 


Concentration of cyclohexane and camphor in the in- 
duction cages. 1 ml cyclohexane (0.778 g) was given 
upon a cotton plug in the outer cage of 401. The 
initial CH-concentration was 2.3 x 10~*M each day. 
The daily consumption of CH by the four mice may 
be in the order of 20 per cent of the dosage. 4 ml 
of a solution of 40g D,L-camphor in 100 ml acetone 
were equally distributed on both sides of a 2-times 
folded paper handkerchief of 3.2 g. This was impreg- 
nated with 1.2 g camphor after evaporating the sol- 
vent. At 24° such a preparation was placed in each 
of four induction cages containing sodium peroxide 
and 2 N H,SO,, but no mice. The handkerchief lost 
182mg camphor after 2hr and 246mg 
(S.D. = +5 mg) after 4, 6 and 12 hr. According to this 
the concentration of camphor should be about or less 
than 4 x 10°°M in the air of the cage 3-4hr after 
closing it (see also Ref. 18). On average four mice 
consumed 300 mg camphor/day leaving 650 mg in the 
handkerchief. Therefore we can assume: Between 
3-4 hr after closing and the next opening the camphor 
concentration in the air of the cages remains constant, 
being easily filled up by the excess in the handker- 
chief. In further experiments the exact values of CH- 
and CA-concentrations in air and mouse and particu- 
larly the metabolism of CH and CA in treated and 
untreated mice will be investigated with the aid of 
a gas-liquid-chromatograph. 

Controls. Originally we had four different control 
groups according to the different experimental condi- 
tions (Table 2). Investigating the time-course of induc- 
tions, we needed the untreated animals K, especially 
for all short-term, but also for all other experiments, 
K,, K, and K, could be joint to a single group V, 
because their liver microsomes showed identical 
results. 

Analytical methods. The liver microsomes were iso- 
lated as described by Mohn and Philipp[10], and 
their protein was estimated according to Gornall et 
al. [19]. The cytochromes P-450 and b., the activity 
of the ethylumbelliferone dealkylase and_ the 
NADPH-cyt. P-450 reductase activity were estimated 
according to Omura and Sato [20,21], Ullrich and 
Weber [17] and Diehl et al. [22] respectively. 


RESULTS 


Induction by cyclohexane. During the inhalation of 
2 x 10°*M cyclohexane the values of the NADPH- 
cyt. P-450 reductase and the cyt. P-450 concentration 
rose from the beginning, but the activity of the ethyl- 


Table |. Treatment of female mice with different inducers. Dosage and duration of 
treatment 





Daily 


Inducer dosage 


Duration of 
treatment 


Kind of application (days) 





~2x 10°*M 
in the air 

~4x10°°M 
in the air 
100 mg/kg 
20 mg/kg 


Cyclohexane 
D,L-Camphor 


Phenobarbital 
3-Methylcholanthrene 


Inhalation 3 
Inhalation 25-4 


i.p. 
i.p. 








Relative ethylumbelliferone dealkylase activity 


Table 2. The controls for the experiments with the mice WHW/HOM 





Treatment 


Corresponding experimental 


Feeding animals 





Housed in closed induction cages 
for 0.25—4 days 
Untreated 


0.2 ml 0.9% NaCl ip. at each of 
3 days 

0.2 ml wheat germ oil i.p. at each 
of 2 days 


8-10 a.m. outside the 
cages 

Not limited 

Not limited 


Not limited 


CH- and CA-treated mice 

Especially short-term 
treated mice HOM 

PB-treated mice 


MC-treated mice HOM 





K, + K, + K; represent the control group V. 


CH = Cyclohexane; CA = D,L-camphor; PB = phenobarbital; MC = 3-methylcholanthrene. 


umbelliferone dealkylase did not increase before the 
first 24hr[10]. This behavior of the enzymes was 
proved to be reproducible and this is to be best seen 
in the time dependence of the relative dealkylase ac- 
tivity (Fig. 1). 

After 1 day of cyclohexane inhalation the Q-value 
became constant and was equal to 0.04mU dealky- 
lase/[mU reductase x nmoles cyt. P-450/mg protein]. 
In former experiments we found 0.05. The Q-values 
of the treated animals were significantly lower than 
those of the controls as early as 12 hr after the begin- 
ning of the experiment. The difference rose with in- 
duction time. Obviously the controls got accustomed 
to the feeding limited to 2 hr/day. 

D,L-Camphor as a new inducer for microsomal hy- 
droxylation. Other saturated hydrocarbons being 
related to cyclohexane were tested for their inducing 


properties. Cis- and trans-decaline were too toxic in 


Induction by cyclohexane: 


mU dealkylase 
" mUP-450-reductase xnmoles cyt.P-450/mg 











‘; days 
Fig. 1. Induction by cyclohexane. The relative ethylumbel- 
liferone dealkylase activity Q in the liver microsomes of 
albino mice WHW/HOM as a function of the induction 
time. Q = mU dealkylase/[NADPH-cyt. P-450 reduct- 
ase x nmoles cyt. P-450/mg protein].O——-O Induced 
mice; O---O controls. Bars represent +S.E.M. The 
numbers in circles are the numbers of investigated groups 
at each point of time. 8 livers were pooled per group. 


that concentration range, which would be necessary 
for induction [23]. Then pD,L-camphor was chosen, 
although its molecule is inflexible and under high 
strain and therefore little related to cyclohexane. 
Camphor is known to be hydroxylated in the mam- 
malian organism in vivo and in vitro [24,25]. More- 
over it is inducer and substrate of the cyt. P-450 sys- 
tem in Pseudomonas putida [26, 27]. The present study 
demonstrates that camphor is also an inducer of the 
hydroxylase system in the mouse liver microsomes 
(Figs. 2 and 3, see also Kessler and Mohn, in prep- 
aration). 

At the beginning the reductase activity was increas- 
ing more markedly than cyt. P-450 whereas the main 
increase of the dealkylase activity was not seen before 
24hr of induction. Within 2 days the nmoles cyt. 
P-450 and mU dealkylase per mg protein increased 
by 250 per cent and the mU reductase by 350 per 
cent (Fig. 2). The first decrease of the specific activities 
or concentrations respectively was seen at 2.5 days 
of induction. Obviously this was caused in part by 
dilution of the hydroxylase proteins by other micro- 
somal proteins, because the total values per liver were 
increasing until 2.5 days (Fig. 3). 

During induction by camphor the behaviour of the 
relative ethylumbelliferone dealkylase activity Q was 


Induction by 0,.-camphor: Specific activities 
of the liver-microsomes 


nmoles P-450/mg-~o 


mU red. /mg yg 








mMUcy/mg — @; 





¥: days 
Fig. 2. Induction by D,L-camphor. The specific activity of 
NADPH-cyt. P-450 reductase A and ethylumbelliferone 
dealkylase @ and the nmoles cyt. P-450/mg protein O as 
a function of the induction time. 
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T 


nmoles P-450/ liver-~ oO 
-- 
Ured./liver—my 











MUcy/ liver >e@, 


Fig. 3. Induction by D,L-camphor. The total activity of 

NADPH-cyt. P-450 reductase A and ethylumbelliferone 

dealkylase @ and the total quantity cyt. P-450 © per liver 
as a function of the induction time. 


quite similar to that during induction with cyclohex- 
ane (Figs. 4 and 1). Q was quickly decreasing some- 
what longer than 24hr. Then it remained constant 
for at least 3 days. This Q-value was significantly 
lower than that during permanent induction with cyc- 
lohexane (P < 0.05). The controls were the same as 
in Fig. |. If we stopped the camphor inhalation after 
3 days, the relative dealkylase activity increased 
within 2 days to the value of untreated animals. 

The curve of the relative dealkylase activity is not 
only more continuous than the curves of the specific 
and total activities (Figs. 2 and 3), but especially more 
continuous than that of the dealkylase activity related 
to the reductase activity or to the cyt. P-450 concen- 
tration alone (Fig. 5). From the two latter curves we 
obtain little informations about the alteration of the 
hydroxylase system by camphor, and that is also true 
for analogous curves during induction with cyclohex- 
ane [10]. However, we see that reductase and cyt. 
P-450 are induced simultaneously after the Ist day 
of camphor inhalation (see also Fig. 3). This was not 
seen during cyclohexane inhalation. 

Induction of the ethylumbelliferone dealkylase by 
phenobarbital and 3-methylcholanthrene. The experi- 
ments with phenobarbital (Fig. 6) were carried out 


Q mU EU-dealkylase 





mU P-450-reductase x nmoles P-450/mg micr. prot. 











+t, days 

Fig. 4. Induction by D,L-camphor. The relative dealkylase 

activity Q as a function of the induction time. O O 

CA-treated mice; @ —-@ CA-treated mice after stopping 
the camphor inhalation. 


° 

| 
° 
fe) 


Ucy/ Ured.—®*v 


° 
uo 
T 
° 
° 
u 








mUcy/nmoles P-450 —® oO 





.; days 
Fig. 5. Induction by D,L-camphor. The quotients mU ethyl- 
umbelliferone dealkylase/mU NADPH-cyt. P-450 reduc- 
tase A and mU ethylumbelliferone dealkylase/nmoles cyt. 
P-450 © as a function of the induction time. 


with the strain WHW/HOM whereas those with 
3-methylcholanthrene were carried out with the MC- 
sensitive black strain CS7BL/6N giving similar high 
dealkylase activities after treatment with methylcho- 
lanthrene as our mice HOM after induction by the 
other three substances. 

In contrast to cyclohexane and camphor, pheno- 
barbital and methylcholanthrene made the dealkylase 
increase from the beginning of the induction and that 
considerably more rapidly than the other two par- 
ameters. After 24hr of treatment with phenobarbital 
the reductase was obviously rising selectively. With 
both of the inducers the time course of the total ac- 
tivities and concentrations of the enzymes (not shown 
here) was quite similar to that of the specific values. 

Despite the similar increase in the specific dealky- 
lase activity during the first 24hr (Figs. 6 and 7). 
Figure 8 shows us the difference expected in the rela- 
tive dealkylase activities. During phenobarbital treat- 
ment Q is decreasing somewhat, but not so much as 
during treatment with cyclohexane or camphor. In 
contrast, Q is rising 2-fold during the short-term in- 
duction by methylcholanthrene. 


~ 9 
ks) 


mU dealkylase/mg —> @ 
nmoles P-450/mg-~ o 
mU reductase/mg —® y 








! 
2 
7. days 





Fig. 6. Induction by phenobarbital. The specific activity 

of NADPH-cyt. P-450 reductase A and ethylumbelliferone 

dealkylase @ and the nmoles cyt. P-450/mg protein O in 

the liver microsomes of mice HOM as a function of the 
induction time. 





Relative ethylumbelliferone dealkylase activity 


mU dealkylase / mg—®» @® 








nmoles P-450/mg-®©0 , 
mU reductase /mg —® Vv 


5 


| — 

ie) | 2 

t, days 
Fig. 7. Induction by 3-methylcholanthrene. The specific ac- 
tivity of NADPH-cyt. P-450 reductase A and ethylumbel- 
liferone dealkylase @ and the nmoles cyt. P-450/mg protein 
O in the liver microsomes of female black mice C57BL/6N 
as a function of the induction time. 





Comparison of the effects of the four inducers after 
maximal induction in the mouse strain WHW/HOM. 
All of the experiments in Figs. 9-11 were done with 
our MC-insensitive strain WHW/HOM. PB- and 
MC-treated animals are to be compared with the con- 
trols V and CH- or CA-treated animals with the con- 
trols K (see under Methods). 


On the left side of Fig. 9 the sequence of the relative 


dealkylase activities is Oyc => Ox > Qy = Opp > Qcu 
> Qca. In the hydroxylase population the percentage 
of cyt. P-450 molecules with high dealkylase activity 
should decrease in the same sequence. On the right 
side the relative values of the total dealkylase activi- 
ties Q’ are shown, calculated from the total activities 
of reductase and dealkylase and the total amount of 
cyt. P-450 in the liver. Here the Q’ value of the con- 
trols K is quite out of place. In contrast to the cyclo- 








! J 

12 24 
. hr 
Fig. 8. The relative ethylumbelliferone dealkylase activity 
Q dependent on the induction time. O——O Phenobarbital 
treated mice HOM; @——® 3-methylcholanthrene treated 
mice C57BL/6N. 
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hexane or camphor treated mice, the K-mice lost not 
only 20 per cent of body weight, but also 40 per cent 
of liver weight. This severe loss of liver weight, caused 
by the limited feeding, was abolished by the induction 
with cyclohexane or camphor. Beyond this both of 
these inducers enhanced the mg microsomal protein 
per g liver by 50-100 per cent. 

The comparison of the specific and the total activi- 
ties of reductase and dealkylase and of the specific 
and the total amount of cyt. P-450 shows us some 
interesting details in the different effectiveness of the 
four inducers. Phenobarbital enhanced the dealkylase 
more than the other 3 substances did (Fig. 10, left 
side). Methylcholanthrene induced a highly significant 
increase in the dealkylase activity even in our MC- 
insensitive albino strain (P < 0.001). Cyclohexane and 
camphor treated mice had a total dealkylase activity 
being 6-fold higher than that of the controls K. Cyto- 
chrome P-450 and the P-450 reductase were most 
highly induced by camphor (Fig. 10, right side; Fig. 
11, left side). The total reductase activity was 10-fold 
higher than in the liver of K-mice. After induction 
by methylcholanthrene even the total values of cyt. 
P-450 and P-450 reductase were not significantly dif- 
ferent from those of the controls V (P < 0.1; P = 0.3). 

On the right side of Fig. 11 we find the specific 
and the total content of cyt. bs in the liver micro- 
somes. The latter particularly should be a measure 
for the portion of endoplasmatic reticulum in the liver 
cell. Each of the four inducers increased cyt. bs signifi- 
cantly, but cyclohexane did so to the greatest degree. 


Maximal induction by different inducers in mice (9) 


MU EU - dealkylase 


Qs mU P-450- reductase x nmoles 450/mg micr. prot. 





mU EU-dealkylase 


= mU P-450-reductase x nmoles P-450/ liver 





V K CHCAMC PB 





DUUUUTHAUIOAUNUN Etre 























Vv K CHCAMCPB 


© @ O@OO 


Fig. 9. Treatment of mice HOM by different inducers. 
Comparison of the relative ethylumbelliferone dealkylase 
activity Q and Q’. Q@=mlU dealkylase/[mU reduct- 
ase x nmoles P-450 per mg protein]. Q’ = mU dealkyl- 
ase/[mU reductase x nmoles P-450 per liver]. V = un- 
treated mice; K = controls fed only during 2 hr/day; CH, 
CA or PB = mice treated for 3 days by cyclohexane, D,L- 
camphor or phenobarbital; MC = mice treated for 2 days 
by methylcholanthrene. Bars represent +S.E.M. The 
numbers in circles are the numbers of groups investigated. 
4-8 livers were pooled per group. 
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mU EU-dealkylase nmoles cyt. P-450 


Per mg protein Per liver Per liver 


6 


Per mg protein 
3 


140 
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V KCHCAMCPB V K CHCAMCPB V KCHCAMCPB V KCHCAMCPB 
@© OOOO 


Fig. 10. Treatment of mice HOM by different inducers. Left side: Comparison of the specific and 
the total ethylumbelliferone dealkylase activity. Right side: Comparison of the nmoles cyt. P-450 per 
mg protein and per liver. Further details see Fig. 9. 
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Fig. 11. Treatment of mice HOM by different inducers. Left side: Comparison of the specific and 
the total activities of the NADPH-cyt. P-450 reductase. Right side: Comparison of the nmoles cyt. 
b; per mg protein and per liver. Further details see Fig. 9. 
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DISCUSSION 


The product [NADPH -cyt. P-450 reductase activ- 
ity x cyt. P-450 concentration] is a suitable refer- 
ence parameter for the ethylumbellferone dealkylase 
activity especially during induction with cyclohexane 
or camphor (Figs. | and 4). Plotting the relative dealk- 
ylase activity Q against the induction time, we 
receive continuous curves indicative of a permanent 
induction. This is not the case, if we refer the dealk- 
ylase activity to the reductase activity or to the cyt. 
P-450 concentration alone (compare Figs. 4 and 5; 
see also [10]). 

With the aid of the relative ethylumbelliferone dealk- 
ylase activity the main difference between induction 
by phenobarbiyal and 3-methylcholanthrene can be 
shown. The induction by phenobarbital is compre- 
hensive. Gillette and co-workers write: “Phenobarbi- 
tal increases the metabolism of most of the drug sub- 
strates of the microsomal enzymes” (see Ref. 28, p. 


72). Many of the hydroxylase activities are enhanced 
by a factor of 2-4[12, 29, 30], and this is also true 
for the EU-dealkylation (Fig. 10). Therefore Q is not 
altered very much (Fig. 8). Methylcholanthrene in- 
duces cyt. P-448 selectively [14,15]. According to 
Nebert such a hydroxylase system has a specificity 
range much in favor of the ethylumbelliferone dealk- 
ylation and the N-demethylation of azo-dyes (see Ref. 
16, p. 153). Accordingly, Q increases markedly (Fig. 
8). Obviously cyclohexane and camphor also induce 
selectively, but contrary to methylcholanthrene, one 
or more cyt. P-450 species with a low dealkylase 
activity. There may be other hydroxylase activities, 
which are preferably induced, for instance the hexo- 
barbital hydroxylation (Weber and Mohn, in prep- 
aration) and the N-Demethylation of aminopyrine 
(Mohn and Philipp, in preparation). 

Besides of this, there are other possibilities to 
explain a decrease of Q during treatment of mice with 
cyclohexane and camphor, for instance an enhanced 
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uncoupling in the presence of substrate or an alter- 
ation of the microenvironment of the enzymes (see 
also Ref. 31, p. 5855). Such possibilities will be dis- 
cussed in our forthcoming papers. The selectivity of 
the induction is the most probable and the most inter- 
esting explanation. 

We estimated the NADPH-cyt. P-450 reductase by 
the plunger method [10, 22, 32]. We obtained the best 
results measuring the reductase rate exactly | sec after 
the start (see also Ref. 32). In all experiments NADPH 
reduced at least 90 per cent of the cyt. P-450 being 
available with sodium dithionite. 

After treatment of the albino mice HOM by cyclo- 
hexane, camphor or phenobarbital, the reductase ac- 
tivity was not significantly enhanced in the presence 
of ethylumbelliferone, aminopyrine or cyclohexane, in 
contrast to the behaviour of the P-450 reductase in 
the liver microsomes of male rats (Mohn, Kessler and 
Hoffmann, in preparation ;[33]). Using the stopped- 
flow method [34] and adding ethylmorphine, cyclo- 
hexane or other substrates, Matsubara and co- 
workers[35] found reductase rates in the first 
100 msec being 3-5 times higher than our values. 
However neither our values nor those from Matsu- 
bara are rate limiting in the aerobic hydroxylase reac- 
tions, during which the cyt. P-450 substrate complex 
can be reduced only as the nascent reduced complex 
is captured with high velocity by the following reac- 
tion steps. Obviously our reductase values are closely 
related to the reductase concentrations in the micro- 
somes, and for this reason only is this reductase ac- 
tivity a factor in our reference parameter. It is ques- 
tionable, whether the same would be valid in micro- 


omal preparations, the reductase of which is highly 


substrate dependent [22, 28, 32, 35-37]. Matsubara 
and coworkers represent the idea, that the enzyme 
may not be rate limiting at the first reduction step 
of the hydroxylation. This is based on a former 
assumption of Estabrook [38], namely that a ternary 
complex of reduced cyt. P-450, substrate and O, was 
enriched during hydroxylation of hexobarbital. 
Recently Guengerich and co-workers found a similar 
complex with benzphetamine, O, and _ isolated 
reduced cyt. P-450, [39]. However, the nature and 
function of these complexes are not clear. According 
to Guengerich, the NADPH-cyt. P-450 reductase 
may be rate limiting in the second reduction step of 
the hydroxylation. 

Apart from the O,-sensitivity of the P-450 reduc- 
tase reaction there are two other arguments for the 
rate limiting role of this enzyme in hydroxylase reac- 
tions: the unfavourable relation reductase to P-450 
molecules of 1: 10-20 [11] and the heterogenity of cyt. 
P-450[1-6]. Despite the apparent excess of P-450 
molecules, the P-450 concentration is the 2nd factor 
in our reference parameter. Provided that under aero- 
bical condition there is actually a considerable affinity 
between reductase and the P-450 substrate complex, 
this may not be effective, possibly because of a spatial 
separation of the active centers or of the active and 
binding centers and a relatively low mobility of the 
two hydroxylase components. 

During treatment of female mice with cyclohexane 
and D,L-camphor two different induction phases can 
be distinguished with the aid of the relative dealkylase 
activity Q: (1) the alteration of Q, that means a change 
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of the specificity of the hydroxylase system by a 
change of the P-450 population (Figs. 1, 2 and 8); 
(2) a period, during which Q is constant, which may 
be explained by a similar increase of all components 
of the hydroxylase system being preferably present 
in the microsomes not earlier than 24 hr after begin- 
ning of the treatment (Figs. 1 and 4). 

During the second phase also cyt. bs is enhanced, 
and this indicates an increase in the endoplasmatic 
reticulum [29] (Fig. 11). Besides, there may also be 
an inhibition of the degradation of the hydroxylases, 
as it is known from phenobarbital induction [40, 41 ]. 
Possibly the whole system can be activated by a selec- 
tive enhancement of the NADPH-cyt. P-450 reduc- 
tase. The treatment of our MC-insensitive albino mice 
by methyl-cholanthrene is particularly interesting. We 
saw no second induction phase. The change in the 
P-450 population took place as Q was rising and A,,,x 
of the CO-complex of the hydroxylating cytochromes 
shifted from 450 to 449 nm. However the increase in 
reductase activity and P-‘450’-concentration was lack- 
ing (Figs. 10 and 11). 

Our results include the possibility, that each of the 
two hydroxylase components may appear to be rate 
limiting alone, if the other does not alter significantly. 
We assume that our reference parameter [NADPH- 
cyt. P-450 reductase activity x cyt. P-450 concen- 
tration] may be valid not only for the ethylumbellifer- 
one dealkylation, but also for other hydroxylase reac- 
tions. We intend to investigate this in further experi- 
ments. 
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Abstract—Urinary kallikrein (urokallikrein), as defined by its capacity to generate kinin from heat- 
inactivated plasma or from purified human kininogen, was isolated from fresh concentrated male human 
urine and shown to be an antigenically unique urinary p-tosyl-L-arginine methyl ester HCl (TAMe) 
esterase. The isolation procedure achieved a 400- to 576-fold purification of the kinin-generating 
activity/mg of protein and yielded a product with albumin as the only significant contaminant at 
the isoelectric focusing step. The purified urokallikrein, defined by its kinin-generating activity, exhibited 
an isoelectric point with a range from pH 3.9 to 4.2 with charge heterogeneity, an apparent molecular 
weight of 25,000—40,000 on Sephadex gel filtration, and an anodal mobility on alkaline disc gels. 
Urokallikrein eluted from disc gels and identified by kinin-generating activity elicited monospecific 
antiserum in the rabbit. That purified urokallikrein is a TAMe esterase was evident from the concor- 
dance of kinin-generating activity, antigenic reactivity with a donkey antipancreas serum shown to 
recognize urokallikrein and esterolytic capacity as assessed after isoelectric focusing. There was suppres- 
sion of the esterolytic activity of purified urokallikrein by increasing doses of TAMe or benzoyl-L- 
arginine methyl ester HCI (BAMe), and analysis of these data with Dixon plots indicated substrate 


inhibition. 


Enzymes that generate kinin polypeptide activity 
from a plasma globulin substrate, kininogen, are 
termed kininogenases (EC 3.4.4.21) or kallikreins. 
Kallikreins have been recognized in human plasma 
[1], glandular tissue [2-4] and urine [4,5] and the 
last, designated urokallikrein, has been considered to 
be a factor modulating blood pressure through the 
elaboration of kinins. Partial purification of uro- 
kallikrein from human [4, 6, 7] and other mammalian 
sources [8-10] has utilized either kinin-generating or 
esterolytic activity. An esterase assay, generally em- 
ploying p-tosyl-L-arginine methyl ester HCl (TAMe),§ 
has been used to study the excretion of urokallikrein 
in hypertensive human diseases [11-14] and in experi- 
mental animal models [15-18]. However, not all 
urokallikrein preparations defined by kinin gener- 
ation have cleaved arginine ester substrates such as 
TAMe [6], and human urine is known to contain 
esterase activity that is not attributable to urokalli- 
krein [19]. 

In the present study, both esterolytic and kinino- 
gen-cleaving activities were examined and were as- 
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sociated at each step in the purification of urokalli- 
krein from human urine. Nonetheless, the highly puri- 
fied final preparation, when subjected to isoelectric 
focusing, contained some TAMe esterase activity that 
was not urokallikrein as assessed by immunochemical 
and functional criteria. Both partially and highly puri- 
fied urokallikrein were markedly susceptible to inhibi- 
tion by their synthetic ester substrates. 


EXPERIMENTAL PROCEDURE 


Materials. Synthetic bradykinin triacetate was pur- 
chased from New England Nuclear Corp. (Boston, 
MA); 99.9% pure methyl alcohol from Fisher Scien- 
tific Co. (Fair Lawn, NJ); human serum albumin from 
Schwarz/Mann Division, Becton Dickinson & Co. 
(Orangeburg, NY); alpha-N-methyl-alpha-N-tosyl-L- 
lysine-B-naphthyl ester HBr (MTLNe) and _p-nitro- 
phenyl-p’-guanidinobenzoate HCl (NPGB) from 
Nutritional Biochemical Corp. (Cleveland, OH); ben- 
zoyl-L-arginine methyl ester HCl (BAMe), p-tosyl-L- 
arginine methy! ester HCl (TAMe) and atropine sul- 
fate from Sigma Chemical Co. (St. Louis, MO); 
4,5-dihydroxy-2,7-naphthalene disulfonic acid di- 
sodium (chromotropic acid), N,N-dimethylformamide 
(DMF) and glacial acetic acid from Eastman Organic 
Chemicals (Rochester, NY); hexadimethrine bromide 
(Polybrene) from Aldrich Chemical Co. (Milwaukee, 
WI); lyophilized trypsin from Worthington Biochemi- 
cal Corp. (Freehold, NJ); diethylaminoethyl (DE-52)- 
cellulose from Whatman Biochemicals (Clifton, NJ); 
Sephadex G-100 and the sizing standards: Blue Dex- 
tran 2000, ovalbumin, chymotrypsinogen A and 
ribonuclease A from Pharmacia Fine Chemicals, Inc. 
(Piscataway, NJ); ampholine carrier ampholytes from 
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LKB, Inc. (Hicksville, NY); human plasminogen-free 
Enzodiffusion fibrin plates and streptokinase from 
Hyland Division, Travenol Laboratories, Inc. (Costa 
Mesa, CA); and rabbit anti-human albumin anti- 
serum from Behring Diagnostics Division of Hoechst 
Corp. (Woodbury, NY). 

Purification of urokallikrein. Two to three liters of 
fresh pooled normal male human urine collected over 
an 8-hr period was subjected to 100-fold concen- 
tration by positive pressure ultrafiltration at 4° using 
UM-10 Diaflo membranes (Amicon Corp., Lexington, 
MA) and stored at —70°. The concentrated crude 
urine from three collections was dialyzed for 24 hr 
at 4° against a 0.05M Tris-acetate buffer, pH 7.2, 
2.6mS with two changes of dialysis buffer. The dia- 
lyzed urine concentrate was clarified by centrifugation 
at 900g at 4. 

The entire urine concentrate was applied to DE-52 
cellulose which had been packed in a 3000-ml 
Buchner fritted disc funnel and previously equili- 
brated with the dialysis buffer. After collection of 
3000 ml effluent, the resin was eluted with the equili- 
brating buffer containing stepwise increments of 0.25, 
0.50, 0.75 and 1.0M NaCl at a rate of 300 ml/hr. Ali- 
quots of each 300-ml fraction were screened for pro- 
tein content by optical density at 280nm and for 
kinin-generating and urokinase activities as described 
below. Fractions containing kinin-generating activity 
and free of urokinase were pooled and concentrated 
100-fold. After a 12-hr dialysis against a 0.05 M Tris- 
acetate buffer, pH 6.5, 3.0mS, this material was re- 
chromatographed on a 5 x 100cm column contain- 
ing DE-52 cellulose equilibrated with the dialysis 
buffer. After collection of the effluent, a linear gra- 
dient to 10M NaCl was applied. The column was 
run at 96ml/hr and 16-ml fractions were collected 
and screened for protein content and for kinin-gener- 
ating and urokinase activities. 

Fractions comprising each peak of urokallikrein ac- 
tivity from DE-52 rechromatography were separately 
pooled and concentrated to 5 ml. These pooled frac- 
tions were dialyzed against a 0.05 M sodium acetate 
acetic acid buffer, pH 5.0, containing 0.1M NaCl, 
12.5mS, and applied to a 2.6 x 90cm column of 
Sephadex G-100 preswollen in the same _ buffer. 
Four-ml fractions were collected at a flow rate of 
24 ml/hr and screened for protein and urokallikrein 
activity. The peak of urokallikrein activity from 
Sephadex G-100 gel filtration was either concentrated 
in toto or divided into ascending and descending 
regions and concentrated to 5 ml. 

Urokallikrein assays. The generation of kinin from 
kininogen by urokallikrein was bioassayed on a 
guinea pig terminal ileum segment suspended in Tyr- 
ode’s buffer [20] made 5 x 10°’7M with atropine. 
Fractions were brought to pH 7.5 before assay, either 
by the addition of divalent cation-free Tyrode’s buffer 
fortified with 2.5°,, sodium bicarbonate, or by dialysis 
against a 0.05M Tris-HCl pH 7.5 buffer. One-tenth 
ml fractions were incubated with 0.1 ml of heat-inacti- 
vated plasma or 0.05ml of purified kininogen for 
Smin at 37° and the mixtures were immediately 
assayed for kinin content. The latter was quantitated 
by comparison with the contractile response of the 
ileum to a synthetic bradykinin standard. The prep- 
aration of heat-inactivated plasma for use as a 
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kininogen source [21] was modified to utilize a 2-hr 
exposure at 61° in order to eliminate plasma kininase 
and spontaneous kinin-generating activity. Purified 
kininogen was prepared from fresh human plasma 
[22,23] by DE-52 cellulose chromatography, 
Sephadex G-100 gel filtration and rechromatography 
on DEAE Sephadex. 

The capacity of urokallikrein, neutralized by dialy- 
sis against the assay buffer, to release methanol from 
TAMe or BAMe was assessed with a colorometric 
technique [24, 25]. The enzyme-substrate interaction 
was carried out at 37° for 60min in a final 0.5-ml 
volume of 0.05 M Tris-HCI buffer, pH 7.5. At the end 
of the incubation time 0.25 ml of 15% TCA was added 
to all samples. Controls containing substrate or 
enzyme alone were run simultaneously, and an 
amount of enzyme equivalent to that used in the ex- 
perimental samples was then added to the substrate 
controls after the addition of TCA, to form reagent 
blanks. The reaction mixtures were centrifuged at 
900 g for 20 min, and the supernatants were removed 
and assessed for methanol content. The net optical 
density at 580nm was obtained by subtracting the 
optical density of the reagent blank from that of the 
complete reaction mixture. Net optical density was 
converted to methanol content using a standard curve 
generated with known amounts of methanol. 

Urokinase assays. Urokinase, neutralized as for 
urokallikrein, was measured by its capacity to convert 
plasminogen to plasmin, which was quantitated in 
terms of either its fibrinolytic or esterolytic activity. 
In the fibrinolytic assay, 0.02-ml aliquots of column 
fractions were incubated with 2.9 yg of purified plas- 
minogen [26,27] in a final volume of 0.05 ml for 
30min at 37°, and 0.007ml of the mixtures was 
applied to fibrin plates. After incubation at 37° for 
24 hr, plasmin was quantitated using a standard curve 
developed with highly purified plasmin [27]. 

In the esterolytic assay, 0.05-ml aliquots of column 
fractions were incubated with 4.8 ug plasminogen in 
0.1 ml for 30min at 37° and 1.0ml of 1 x 10°*M 
MTLNe in 5% DMF was then added to the reaction 
mixture. After incubation for an additional 2hr at 
the same temperature, the reaction was stopped with 
0.3 ml of 1 x 10°*M NPGB in 5% DMF and the 
release of beta-naphthol measured fluorometrically 
[28]. The plasmin generated was quantitated using 
a standard curve of beta-naphthol released by plas- 
min formed from highly purified plasminogen by 
streptokinase. 

Analytical techniques and preparation of immunogen. 
Isoelectric focusing was carried out in 4 x 100mm, 
4°, acrylamide gels with 2° ampholyte, pH range 
3.5 to 5.0 or 3.5 to 10.0[29]. After electrolysis to 
a stable minimum current, the gels were sliced into 
5-mm segments and incubated for 4hr in 0.2 ml of 
distilled water for pH determination. Two-tenths ml 
of 0.05 M Tris-HCl, pH 7.5, was then added to the 
slices and elution continued for 12 hr at 4°. Aliquots 
of 0.025 ml were removed from each eluate for albu- 
min determination by Ouchterlony analysis. Fifty sl 
of the gel eluates was assessed for kinin-generating 
activity with either heat-inactivated plasma or puri- 
fied kininogen. When both TAMe-hydrolyzing and 
kinin-generating activities were to be determined, gels 
were run in replicates of six. After slicing and pH 
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determination as above, elution was continued for 
12 hr at 4° in 0.1 ml of 0.2 M Tris-HCI buffer, pH 8.0, 
containing 0.5M NaCl. The diffusates of replicate 
slices were pooled according to their pH and dialyzed 
against 0.2 M Tris-HCI buffer with 0.5M NaCl for 
12hr and for an additional 12 hr against the same 
buffer without NaCl. Two-hundredths ml of each 
pool was assessed for TAMe-hydrolyzing activity and 
0.05 ml for kininogen cleavage. In each focusing run, 
one of the replicate gels was washed with 7% TCA 
and stained with a 0.1% solution of Coomassie blue 
in 20% ethanol-7% acetic acid. 

Urokallikrein was identified antigenically after iso- 
electric focusing by two techniques, one utilizing 
eluates of the gel slices and the other employing the 
intact gel. Rheophoresis plates (Abbott Laboratories 
Inc., North Chicago, Ill.) were used for immuno- 
diffusion of the eluates against a donkey anti-human 
pancreas antiserum absorbed with normal human 
plasma [19] and shown to recognize urokallikrein 
[30]. A focused gel sliced lengthwise was embedded 
in 1°%% agar, and a trough cut parallel to it [22] was 
filled with donkey anti-urokallikrein antiserum for 
diffusion at room temperature. 

Alkaline disc gel electrophoresis was performed in 
a Buchler apparatus (Buchler Instruments, Fort Lee, 
N.J.) according to the instructions supplied by the 
manufacturer. Urokallikrein, purified through the 
Sephadex G-100 step, was electrophoresed and repli- 
cate gels were sliced into 0.2-mm segments, macerated 
and eluted with 0.3 ml of 0.2 M Tris-HCl, pH 8.0, for 
18 hr at 4°. A replicate, unsliced gel was stained with 
Coomassie brilliant blue. Aliquots of 25 yl were exam- 
ined for urokallikrein antigen by Ouchterlony analy- 
sis with the donkey antiserum to human pancreas. 
Five pl of each eluate was assessed for kinin-generat- 
ing activity with heat-inactivated plasma and 50 pl 
was assessed for esterase activity on carbobenzoxy-L- 
lysine p-nitrophenyl ester (CLN) [31]. The remainder 
of the eluates from the gel segments containing kinin- 
generating activity was pooled, emulsified in complete 
Freund’s adjuvant and injected into the toepads of 
a random-bred New Zealand rabbit. 
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RESULTS 

Purification of urokallikrein. The chromatography 
of concentrated human urine on DE-52 cellulose at 
PH 7.2 yielded urokallikrein in the eluate range from 
12.5 to 36 mS which also contained most of the pro- 
tein (Fig. 1). Urokinase was predominantly present 
in the effluent, with a small amount appearing in the 
eluate between 7 and 14 mS. Urokallikrein-containing 
fractions eluting from 15 to 36mS were pooled, con- 
centrated and rechromatographed on DE-S2 cellulose 
at pH 6.5 with a linear sodium chloride gradient (Fig. 
2). Urokallikrein presented as a series of peaks in the 
eluate between 7 and 30mS. Urokinase was not de- 
tectable in any column fraction. 

The major functional peaks, fractions 230—280, 
281-320 and 321-390, from DE-52 cellulose rechro- 
matography were separately pooled, concentrated, 
dialyzed and applied to a Sephadex G-100 column. 
The bulk of the protein appeared in the void volumes, 
while kinin-generating activity from each of the three 
pools filtered in the molecular weight range from 
25,000 to 40,000 (Fig. 3). 

In a separate purification, esterase activity was 
assessed using 0.5-ml samples of every other column 
fraction obtained from G-100 gel filtration of the last 
and major functional peak from DE-52 cellulose re- 
chromatography. Esterase activity utilizing 10mM 
TAMe (5 umoles in the assay mixture) was identified 
only in the kinin-generating peak which was compar- 
able to the preparation depicted in Fig. 3C. The puri- 
fication procedure leading to the type of preparation 
depicted in Fig. 3C was utilized routinely, and such 
preparations were further characterized by isoelectric 
focusing and in functional studies of urokallikrein. At 
this step, urokallikrein had been purified approxi- 
mately 550-fold as compared with the starting urine 
concentrate (Table 1). 

Functional and antigenic analysis of purified urokal- 
likrein after isoelectric focusing and alkaline disc gel 
electrophoresis. Purified urokallikrein (Fig. 3C) was 
subjected to analytical isoelectric focusing in a pH 
range of 3.5 to 5.0. Kinin-generating activity in the 
eluates of a sectioned gel and urokallikrein antigen 
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Fig. 1. Chromatography of concentrated crude urine on DE-52 cellulose using 0.05M Tris-acetate 

buffer, pH 7.2, and stepwise increments of NaCl. The kinin-generating activity was measured with 

heat-inactivated plasma as a source of substrate. Urokinase was measured by its ability to convert 
plasminogen to plasmin. 
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Fig. 2. Rechromatography of urokallikrein on DE-52 cellulose using a 0.05 M Tris~—acetate buffer, 

pH 6.5, with a linear gradient to 1.0M NaCl. The major peaks of kinin-generating activity, measured 

with heat-inactivated plasma, were pooled separately as indicated in the text and subjected to gel 
filtration. 


in a replicate gel sliced longitudinally were located 
in the pH range of 3.9 to 4.2 (Fig. 4). The other half 
of the longitudinally sliced gel was stained and 
revealed three bands in the region corresponding to 
functional and antigenic urokallikrein. The apparent 
charge heterogeneity of purified urokallikrein was 
substantiated with three separate preparations which 
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Fig. 3. Sephadex G-100 gel filtration of the major uro- 
kallikrein peaks recovered from DE-S2 cellulose rechroma- 
tography in 0.05M_ sodium acetate-acetic acid buffer, 
pH 5.0, containing 0.1 M NaCl. (A) Filtration of pooled 
fractions 230-280 of the experiment depicted in Fig. 2; 
(B) fractions 281-320; and (C) fractions 321-390. The sizing 
standards human serum albumin, ovalbumin, and chymo- 
trypsinogen A eluted in fractions 50, 60 and 72. respect- 
ively. Urokallikrein was measured as for Figs. 1 and 2. 


40 60 


also revealed three stained bands in the region of the 
gel corresponding to functional and antigenic urokal- 
likrein. 

In order to determine the association between 
kinin-generating and TAMe esterase activities over a 
wider pH range, isoelectric focusing was carried out 
with pH 3.5 to 10 ampholytes (Fig. 5). Kinin-generat- 
ing activity focused only at pH 3.9 to 4.3 and the 
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Fig. 4. Polyacrylamide gel isoelectric focusing of purified 

urokallikrein with pH 3.5 to 5.0 ampholytes. Kinin-gener- 

ating activity of eluates from the gel slices was measured 

with heat-inactivated plasma. The insert depicts a replicate 

gel sliced longitudinally and assessed for urokallikrein 
antigen. 
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Table 1. Purification summary for human urokallikrein* 





Total protein 
recovered 
(mg) 


Total kinin-generating 
activity recovered 
(ug kinin) 


Specific activity Cumulative 
(ug kinin generated yield 
mg protein) (°) 


Purification 
factor 


Step 





Starting material 1988 1209 
‘(crude urine concentrate) 

DE-S2 cellulose 276 726 
chromatography, pH 7.2 

DE-S52 cellulose 


chromatography, pH 6.5 


G-100 Sephadex 
gel filtration 
0.27 12 
0.32 106 
1.75 590 


0.61 100 


60 





* Data are presented for one representative purification. 


recovery of the applied material was 30 per cent when 
assayed with heat-inactivated plasma and 11.5 per 
cent when purified kininogen was used as substrate. 
The discrepancy in the recoveries of kinin-generating 
activity with the two substrates may be due to the 
limited quantities and partial denaturation of the 
purified kininogen used as compared to its concen- 
tration in heat-inactivated plasma. The 3.9 to 4.3 pH 
region where functional urokallikrein was located was 
associated with the only stained band in a replicate 
gel. Forty-two per cent of the TAMe esterase activity 
applied was recovered and more than half of this ac- 
tivity focused with the urokallikrein. The remainder 
of the TAME esterase activity focused in two separate 
peaks, neither of which exhibited kinin-generating ac- 
tivity or stainable protein. Antigenic analysis of 
eluates by rheophoresis revealed urokallikrein only 
in the two slices in which kinin-generating and TAMe 
esterase activities were located together. In a compar- 
able experiment using a different urokallikrein prep- 


aration, only 25 per cent of the recovered esterase 
activity was associated with functional and antigenic 
urokallikrein, while the remainder again focused as 
two peaks in the alkaline pH range. 

Disc gel electrophoresis of urokallikrein after the 
Sephadex G-100 gel filtration step revealed a single 
region of kinin-generating activity located near the 
anodal end of the gel with a recovery of 29 per cent. 
The kinin-generating activity was associated with 
three stained bands on a replicate gel and with the 
region in which the eluates formed immunoprecipitin 
arcs with the absorbed donkey antipancreas serum. 
Seventy-five per cent of the CLN-cleaving activity 
applied was recovered and 66 per cent of that re- 
covered was associated with functional and antigenic 
urokallikrein while the remainder was present in a 
single region of lesser anodic mobility. The gel eluates 
from the region of the gel having kinin-generating 
activity elicited a monospecific antiserum in a rabbit 
which gave a line of complete identity with the 
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Fig. 5. Polyacrylamide gel isoelectric focusing of purified urokallikrein in pH 3.5 to 10 ampholytes. 

Kinin-generating activity was measured with both heat-inactivated plasma and purified kininogen and 

esterolytic activity was assessed with 10mM (5 umoles) TAMe. The insert at the top depicts a replicate 
gel stained with Coomassie blue. 





O. oLE-MorYol, K. F. AUSTEN and J. SPRAGG 


TAMe (umole) 
e 





smoles METHANOL 





1 MI SS EE 
8 i012 14 16 
4g UROKALL/KRE/N 
Fig. 6. Generation of methanol from | to 20 umoles TAMe 
by increasing concentrations of purified urokallikrein. 


absorbed donkey antipancreas serum when examined 
with either concentrated crude urine or purified uro- 
kallikrein. 


Esterolytic activity of purified urokallikrein on 


arginine synthetic esters. Dose response and kinetic 
experiments were carried out with at least three differ- 
ent preparations of purified urokallikrein and typical 
experiments are presented. A 0.1-ml sample contain- 
ing 16.5 yg of purified urokallikrein, capable of gener- 
ating 18,000 ng kinin/ml of enzyme from heat-inacti- 
vated plasma, was diluted over a 10-fold range and 


incubated with 2-40mM TAMe (1-20 umoles in the 
reaction mixture) for 60 min at 37°. Methanol gener- 
ation varied linearly with enzyme concentration (Fig. 
6). 

One-tenth ml containing 12.1 ug urokallikrein, cap- 
able of releasing 31,000 ng kinin/ml of enzyme from 
heat-inactivated plasma, was incubated with 10mM 
TAMe (5 umoles in the reaction mixture) for 0.5 to 
90 min at 37°. Methanol release was linear over the 
standard 60-min incubation period (Fig. 7). Similar 
results were obtained with 50mM TAMe. 
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Fig. 7. Time course of release of methanol from 5 «moles 
TAMe by purified urokallikrein. 
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Fig. 8. Capacity of a single dose of purified urokallikrein 

to generate methanol from varying doses of TAMe (@) 

or BAMe (A). The per cent of substrate cleavage is also 

indicated as a function of initial TAMe (O) or BAMe (A) 

concentration. The curve depicting methanol generated 

with 16.5 yg urokallikrein (@) is replotted in Fig. 9 as the 
center line (MB). 


When 1-200mM TAMe or BAMe (0.5 to 
100 umoles in the reaction mixture) was incubated 
with 165mg urokallikrein, capable of generating 
18,000 ng kinin/ml of enzyme from heat-inactivated 
plasma, methanol release was not a linear function 
of substrate concentration except at very low sub- 
strate levels (Fig. 8). The per cent of substrate hydro- 
lyzed declined significantly with more than 2.5 umoles 
TAMe or BAMe. In no experiment was the pH at 
the end of the incubation period more than 0.1 pH 
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Fig. 9. Dixon analysis of the inhibition of 8.25 (@), 16.5 
(@) and 33.0 (A) yg urokallikrein by increasing initial con- 
centrations of TAMe. 


100 





Functional activity of purified human urokallikrein 


units below the starting pH of 7.5. Thus, inhibition 
at higher substrate levels could not be attributed to 
an increased release of acid during esterolysis. To 
examine whether this phenomenon was due to 
enzyme saturation or substrate inhibition, a series of 
curves was generated by incubation of increasing 
doses of TAMe with three concentrations of the uro- 
kallikrein preparation used above. At each dose of 
urokallikrein, methanol release reached a maximum 
and then showed a gradual decline as the initial 
TAMe concentrations were increased. When these 
data were replotted according to the method of Dixon 
and Webb [32], they yielded curves typical of sub- 
strate inhibition (Fig. 9). Lineweaver—Burk plots of 
the data obtained between 0 and 5ymoles TAMe 
yielded a K,, of 4.35 x 107° M. 


DISCUSSION 


Urokallikrein, as defined by its capacity to generate 
kinin from heat-inactivated plasma or from purified 
kininogen, was purified from fresh, concentrated, male 
human urine and shown to be an antigenically unique 
TAMe esterase. Initial DE-52 cellulose chroma- 
tography of concentrated urine at pH 7.2 permitted 
almost complete recovery of urokallikrein in the 
eluate, with the bulk of urokinase and other proteins 
appearing in the effluent (Fig. 1). In three separate 
preparations, rechromatography at pH6.5 of the 
urokallikrein fractions free of urokinase, representing 
54-59 per cent of the initial product, yielded several 
peaks of urokallikrein in the eluate (Fig. 2). Each of 
the peaks was free of any detectable urokinase, and 
the recovery of the applied urokallikrein was almost 
complete when the activities of the peaks were 
summed. When each of the major peaks from DE-52 
rechromatography was subjected to G-100 Sephadex 
gel filtration, the bulk of the protein appeared in the 
void volume while the kinin-generating activity which 
was entirely included exhibited an apparent molecular 
weight of approximately 25,000—40,000 (Fig. 3). The 
overall recovery at this step of the activity applied 
varied from 53 to 83 per cent. Because of the pro- 
gressive removal of inhibitors and inactivators, the 
recoveries and specific activities noted in Table | 
reflect not only purification of the active principle 
but also the removal of factors affecting the bioassay. 
In each of three purifications, the bulk of urokalli- 
krein activity appeared in the last eluate peak of 
DE-52 cellulose rechromatography in the range from 
19 to 30mS (Fig. 2), and Sephadex G-100 filtration 
of this activity (Fig. 3C) yielded a urokallikrein prep- 
aration that was purified 400- to 576-fold over the 
starting urine concentrate (Table 1). When analyzed 
by isoelectric focusing, albumin was the only signifi- 
cant contaminant and this product was routinely 
employed for further functional and immunochemical 
characterization. Without correcting for the albumin 
contamination, the kinin-generating activity varied 
from 305 to 830 ng/ug of enzyme when incubated with 
heat-inactivated plasma for 5 min at 37°. The isoelec- 
tric point of purified urokallikrein defined in terms 
of its kinin-generating activity was 3.9 to 4.2 when 
focused using ampholytes with a pH range of 3.5 to 
5.0 and 3.9 to 4.3 in the pH range 3.5 to 10.0 (Figs. 
4 and 5). 
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Published isolation procedures for esterase activity 
have yielded recoveries of 6-43 per cent with purifica- 
tion factors ranging from 25- to 650-fold [4, 7, 33]. A 
yield of 43 per cent with a 25-fold purification factor 
was reported [6] in a procedure in which kinin gener- 
ation was followed. These urokallikrein preparations 
exhibited apparent molecular weights of 27,000 and 
29,000 [33] and 43,600 [6]. Molecular heterogeneity 
and isoelectric points ranging from pH 3.8 to 4.2 have 
also been reported in previous studies in which uro- 
kallikrein was assessed by its hypotensive effect in vivo 
in the dog [33] or its esterolytic activity on N*-carbo- 
benzoxy-L-tyrosine-p-nitrophenyl ester [6]. 

In the present study, the focused urokallikrein 
accounted for more than half of the TAMe esterase 
activity in two purified preparations, with additional 
activities focusing in the alkaline pH range (Fig. 5). 
The contaminating esterolytic activities, appreciated 
only with the wide range ampholytes, were distinct 
from urokallikrein in neither being associated with 
kinin-generating activity nor being precipitated by 
specific antibody to urokallikrein. The failure of 
others to appreciate TAMe esterase activity in urokal- 
likrein preparations, defined by kinin-generating ac- 
tivity during purification and by N*-carbobenzoxy-L- 
tyrosine-p-nitrophenyl ester hydrolysis after focus- 
ing [6], could be a consequence of substrate inhibi- 
tion. That highly purified urokallikrein is a TAMe 
esterase is evident from the isoelectric concordance 
of kinin-generating activity, antigenic urokallikrein 
and TAMe esterase activity (Figs. 4 and 5). Separation 
of kinin-generating and esterolytic activity from a 
contaminating esterase was also observed on disc gel 
electrophoresis using CLN as the ester substrate. 
When the kinin-generating fractions were used as an 
immunogen in a rabbit, monospecific antiserum was 
obtained which gave a line of identity with the 
absorbed donkey anti-pancreas serum when reacted 
with either crude urine or purified urokallikrein. This 
finding confirms the antigenic relationship between 
glandular pancreatic kallikrein and the protein in 
urine with kinin-generating and esterolytic activity 
termed urokallikrein. 

The purified urokallikrein preparation known to 
contain some esterase activity distinct from urokalli- 
krein was employed in further studies of TAMe and 
BAMe. This preparation yielded a linear dose re- 
sponse of substrate hydrolysis when the TAMe con- 
centration was limited to 1-20 umoles (Fig. 6). Clea- 
vage of limited substrate was also linear during a 
60-min interaction period (Fig. 7). On the other hand, 
as initial substrate concentration was increased, there 
was striking suppression of the per cent of hydrolysis 
of TAMe or BAMe (Fig. 8). When these data were 
analyzed according to the method of Dixon, the tan- 
gents to the curves intersected at a single point, in- 
dicative of substrate inhibition (Fig. 9). Inhibition of 
desialylated porcine pancreatic kallikrein by high 
concentrations of BAMe has been noted in experi- 
ments performed at pH 9.0[34] and several other 
enzyme systems also susceptible to high substrate 
inhibition have been described: hydrolysis of ethyl 
butyrate by sheep liver carboxyesterase [35], oxida- 
tion of leucine by snake venom L-amino acid oxidase 
with methylene blue as hydrogen acceptor [32, 36] 
and the oxidation of 38- and 17f-hydroxysteroids by 
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B-hydroxysteroid dehydrogenase with DPN* as 
hydrogen acceptor [37]. 

A sensitive assay for TAMe esterase activity has 
been developed using TAMe labeled with tritium in 
the methyl! position [38] and has been applied to the 
measurement of excreted urokallikrein in the human 
[11,39] and experimental animals [15, 40, 41]. In the 
experiments described herein and depicted in Figs. 
4-7,5 x 10° times as much TAMe and 5 to 20 x 10° 
times as much urine enzyme source were employed 
as in the modified method using radiolabeled 
TAMe [39]. Thus, the molar ratios of enzyme and 
substrate utilized in both assays are comparable. The 
K,, values of 2.6 x 10-3 M [36] and 1.14 x 10°-7M 
[6] previously reported for urokallikrein activity on 
TAMe are comparable to the value of 4.35 x 10°7M 
obtained in the current studies with 0.5-2.5mM 
TAMe (Fig. 8). 
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Abstract—The organophosphate insecticides, dichlorvos and chlorpyrifos oxon, inhibit adrenal choles- 
terol esterification and hydrolyses in vitro at dose concentrations that correlate closely with their inhibi- 
tion of adrenal steroidogenesis. The results in vivo show that dichlorvos, given in the drinking water 
at 120 ppm, produced a statistically significant depression of plasma corticosterone during the rising 
phase of the normal diurnal rhythm. Both the control and treated adrenal free and esterified cholesterol 
levels show marked diurnal changes. In the control group there is a close parallelism between the 
diurnal changes in adrenal esterified cholesterol and plasma corticosterone levels. There is little differ- 
ence between the diurnal curves of plasma corticosterone of the 20 ppm chlorpyrifos oxon-fed animals 
and their controls. When chlorpyrifos oxon-fed animals were stressed, the expected fall in adrenal 
cholesteryl ester levels was blocked, as was the activation of adrenal cholesteryl ester hydrolase. 


It has been previously shown that a wide variety of 
organophosphate and carbamate insecticides inhibit 
adrenal corticosterone formation in the isolated rat 
adrenal cell in vitro [1]. The precursor for the syn- 
thesis of corticosterone in rat adrenal is free choles- 
terol, which is stored as the long chain fatty acid ester 
[2]. Injection of adrenocorticotrophic hormone 
(ACTH) into hypophysectomized rats caused a 
marked depletion in adrenal cholesteryl esters with 
a simultaneous increase of corticoid output [3]. It 
has also been shown that in the perfused rat adrenal 
gland, ACTH or adenosine 3’,5’-cyclic monophos- 
phate (cAMP) stimulates cholesteryl ester hydrolysis 
[4]. Trzeciak and Boyd [5] have shown that ether 
stress causes a marked depletion of cholesteryl ester 
in adrenal lipid droplets. Cholesteryl esterase (sterol- 
ester hydrolase, EC 3.1.1.13) and protein kinase 
(ATP:protein phosphotransferase, EC 2.7.1.37) activi- 
ties were significantly higher in the 105,000g rat 
adrenal supernatant fraction prepared from rats sub- 
ject to ether stress. Cholesteryl ester hydrolase was 
significantly stimulated by the addition of cAMP, 
ATP and theophylline in the presence of cyclic AMP- 
dependent protein kinase. Since organophosphate in- 
secticides have been found to inhibit lecithin-choles- 
terol acyltransferase (EC 2.3.1.43) [6], it was of inter- 
est to examine their effects on cholesteryl ester meta- 
bolism in the adrenal and attempt to correlate these 
results with their inhibitory effects on corticosterone 
formation both in vivo and in vitro. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats (Charles River Breeding 
Laboratories, Inc., Wilmington, MA _ weighing 
300-400 g were used. The animals were housed in an 
isolated room with controlled illumination 
0800-2000 hr and temperature (25 + 1°). For the 


diurnal study the rats were individually housed and 
were handled daily. For all other studies the rats were 
maintained in colony cages. The animals were sacri- 
ficed in an area removed from the animal room, and 
a period of no more than 10sec between picking up 
the rat and decapitation was maintained in order to 
minimize the rise in endogeneous ACTH levels as a 
result of stress. The time of sacrifice was at 0900 hours 
except where otherwise noted in the diurnal study. 

Fasiculata-reticularis adrenal cells were harvested 
by a modified method [1] of Haning et al.[7} using 
collagenase (type 1, Worthington Biochemical Corp., 
Freehold, NJ) dispersion techniques. The method of 
Brecher et al. [8] was followed in the studies on in- 
corporation of oleic[1-'*C] acid (Applied Science 
Laboratories, Inc., State College, PA) into the choles- 
teryl oleate fraction. The incubation medium con- 
sisted of Krebs Ringer bicarbonate glucose solution 
containing 0.1% bovine serum albumin (Pentex Frac- 
tion V, Miles Laboratories, Kankakee, IL) and an 
elevated Ca?* concentration of 7.65mM (KRBGA- 
Ca?*). A cell count of 5.3 x 10° cells/incubate in a 
total volume of 1 ml was used. For stimulation of 
corticosterone formation and oleic[1-'*C] acid 
uptake, 1 ng ACTH (Cortrosyn, Organon Inc., West 
Orange, NJ)/incubate was added. Dichlorvos [0,0- 
dimethyl O-(2,2-dichlorovinyl phosphate)], obtained 
from Shell Development Co., Modesto, CA, and 
chlorpyrifos oxon (0,0-diethyl-O-3,5,6-trichloro-2- 
pyridyl phosphate), obtained from Dow Chemical, 
Midland, MI, were the insecticides tested as inhibitors 
at concentrations of 10-5 and 5 x 10~®M respect- 
ively. Oleic[1-'*C] acid (3.5 x 10° cpm) was added 
to each sample. Incubation was for 2hr at 37° in 
closed containers that had been gassed for 5 sec with 
an O,:CO, (95:5) mixture. After incubation, the 
samples were centrifuged at room temperature for 
10min at 100g, and the supernatant fraction was 
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removed and extracted with methylene chloride. Cor- 
ticosterone formation was measured fluorometrically 
(Turner Associates model 111, Palo Alto, CA) by the 
method of Danellis et al. [9]. 

The cellular fraction was resuspended in 2 ml chlor- 
oform—methanol (2:1), unlabeled oleic acid and cho- 
lesterol were added as carriers, and the cells were 
extracted by vortexing. The cellular extract was eva- 
porated to dryness under N>, the tubes were washed 
twice with ether, and twice more evaporated to dry- 
ness. The extract was dissolved in benzene and 
applied to Silica gel plates (Prekote Silica gel GF, 
Applied Science Laboratories Inc., State College, PA). 
The chromatograms were developed following the 
protocol of Behrman and Armstrong [10]. Radioac- 
tivity of the fractions was determined in a Beckman 
scintillation spectrophotometer. 

Cholesteryl ester hydrolase activity (see Tables 2 
and 4) was determined by a modification of the 
method of Pittman et al. [11]. A 5% (w/v) homo- 
genate of decapsulated adrenal glands was prepared 
in 50mM sodium phosphate buffer, pH 7.4, contain- 
ing 0.5% bovine serum albumin. The 100,000 g super- 
natant fraction was used as the enzyme source. The 
substrate, cholesteryl[1-'*C]oleate (5 wCi) and unla- 
beled cholesteryl oleate (10mg) (Applied Science 
Laboratories, Inc., State College, PA), was purified 
on an amberlite (Dowex 1-x8, 100-200 mesh) 


column 0.5 x 10cm, and was stored at — 20° as a ben- 
zene solution. Just prior to use in the assay system, 
an aliquot was evaporated to dryness under N, and 
resuspended in ethyl alcohol. This was heated to 70°, 
taken up in a 26-28 gauge needle and extruded into 


the buffer. The emulsified substrate was kept at 30° 
until used. The enzyme assay system contained, in 
a final volume of 0.5ml, 1mM _ cholesteryl oleate, 
0.088 mg of enzyme protein, and the indicated 
amount of insecticide. Incubation was for 60 min at 
30°. The reaction was stopped by the addition of 3 ml 
of benzene-choloroform—methanol (1:0.5:1.2) con- 
taining 0.1mM oleic acid as carrier. The aqueous 
layer was made to 0.9ml with a sodium hydroxide 


M. Civen, C. B. BROWN and R. J. Morin 


solution to give a final concentration of 200mM 
sodium hydroxide. The samples were vortexed for 
30 sec and centrifuged for 10min at 1500g. An ali- 
quot of the aqueous layer was counted in a Beckman 
liquid scintillation spectrometer using tritosol [12]. 
In the activation experiment (see Table 4), the enzyme 
was preincubated with 5mM magnesium acetate, 
0.5mM ATP and 10uM cAMP in a total volume 
of 0.1 ml for 10min at 23°. The assay of cholesteryl 
ester hydrolase activity in the adrenals from the chlor- 
pyrifos oxon-ether stress experiment in vivo (see Table 
3) was performed as previously described by Chen 
and Morin [13]. Protein content of the incubates was 
determined by the method of Lowry et al. [14]. 

For cholesterol determination, portions of rat 
adrenals were homogenized in 10 times their weight 
of chloroform—methanol (2:1) at 45,000 rev/min for 
2 min using a Vir Tis homogenizer. The homogenates 
were centrifuged at 3000 g for 10 min, after which ali- 
quots of the supernatant solutions were evaporated 
to dryness under N>. Total cholesterol concentrations 
in these rat adrenal extracts were analyzed by gas 
chromatography as follows [15]: One ml of alcoholic 
KOH (6ml of 33% KOH and 94ml ethanol) was 
added to each extract, followed by heating at 60° in 
an aluminum block for 1 hr. Water (1 ml) was added, 
after which 3.0 ml of a stigmasterol internal standard, 
50 g/ml in hexane, was added to each. The mixtures 
were shaken automatically in a Vir Tis Extractomatic 
for 10min and then allowed to stand for 5min or 
more to separate the phases. Aliquots of 1 ml of each 
top layer were evaporated to dryness, redissolved in 
20 ul carbon disulfide, and aliquots then injected into 
a Barber-Colman model 5,000 gas chromatograph 
with flame ionization detection, using a 3% QF-1l 
liquid phase on Gaschrom Q_ 100/120 (Applied 
Science Laboratories), at 240° and a nitrogen carrier 
gas flow rate of 45 ml/min. Free cholesterol was ana- 
lyzed in a similar manner except that the potassium 
hydroxide was omitted from the reagent, and the mix- 
ture was not heated. Esterified cholesterol was calcu- 
lated by subtracting free cholesterol from total choles- 


Table |. Comparative effects of two organophosphate insecticides on incorporation of oleic[{1-'*C] acid into cholesteryl 
oleate and on formation of corticosteroid by decapsulated adrenal cells 





Per cent 
change 
from basal 
group 


Per cent 
esterification/ 


Treatment 10° cells/2 hr* 


Per cent 
change 
from ACTH- 
stimulated 
group 


Per cent 
change 
from ACTH- 
stimulated 
group 


Per cent 
change 
from basal 
group 


Corticosteroid 
formed (yg/ml/2 hr)* 





3.72 + 1.28 
2.00 + 0.354 


Basal 

ACTHt 

Basal + 10°°M 
dichlorvos 

ACTH + 10°°M 
dichlorvos 

Basal + 5 x 10°°M 
chlorpyrifos 
oxon 

ACTH + 5 x 10°°M 
chlorpyrifos 
oxon 


—46.2t 
2.14 + 0.503 -42.5t 


1.66 + 0.762 -55.4t 


0.40 + 0.283 —89.2t 


0.45 + 0.212 —87.9t 


0.058 + 0.028 


0.996 + 0.337 + 1617.08 


0.099 + 0.056 —70.7 


0.312 + 0.096 + 437.9 


0.029 + 0.010 — 50.0 


—77.5}) 0.184 + 0.019 + 217.08 





* Means + S.D. of three replicate experiments done in duplicate. 


+ Cortrosyn (1 ng) in an incubation volume of | ml. 
t Significantly different from basal group at P < 0.01. 
§ Significantly different from basal group at P < 0.001. 


| Significantly different from ACTH-stimulated group at P < 0.01. 
© Significantly different from ACTH-stimulated group at P < 0.05. 
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terol concentrations. Erythrocyte and plasma acetyl 
cholinesterase levels were determined by the method 
of Ward and Hess [16]. 


RESULTS 


Table 1 shows the effect of two organophosphate 
compounds, dichlorvos (DDVP) and chlorpyrifos 
oxon (CPO) on the incorporation of oleic[1-'*C] acid 
into cholesteryl oleate and on the formation of cor- 
ticosterone in fasiculata-reticularis rat adrenal cells. 
Addition of ACTH produced a significant depression 
of cholesteryl esterification. DDVP and CPO strongly 
inhibited esterification of both control and ACTH- 
treated adrenal cells. A lower inhibition of esterifi- 
cation of ACTH-stimulated cells was observed with 
DDVP as compared to CPO. 

ACTH produces a marked stimulation of steroido- 
genesis in the isolated adrenal cell. The basal levels 
of steroid are negligible. It can be seen that there 
is a significant inhibition of ACTH-induced steroido- 
genesis produced by the two insecticides. 

Table 2 shows that the hydrolysis of cholesteryl 
esters by the 100,000g rat adrenal supernatant frac- 
tion is markedly inhibited by DDVP and CPO. 
Parallel experiments indicated that these insecticides 
also inhibited cAMP-induced steroidogenesis in rat 
adrenal cells to an extent comparable to the inhibi- 
tion of cholesteryl ester hydrolase. 

It was of interest to determine if the inhibitory 
effects of the two organophosphates on cholesteryl 
ester metabolism and on corticosteroidogenesis in the 
isolated rat adrenal cell also occur in vivo. The 
adrenal gland has been shown to have a functional 
diurnal rhythm in the rat and many other species 
[17, 18]. This has been characterized by diurnal vari- 
ations in both the adrenal and plasma corticosterone 
concentrations. If organophosphate insecticides are 
inhibiting the synthesis of cholesteryl esters and cor- 
ticosteroids in vivo, alterations in the diurnal patterns 
of these metabolites might be observed. 
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Rats were given DDVP (120ppm) or CPO 
(20 ppm) in their drinking water ad lib. for a period 
of 2 weeks. Water intake was monitored in order to 
calculate the daily intake of the organophosphate 
compounds. The average daily consumption of 
DDVP was 1.09 mg/100g of body weight when the 
animals were given it at a concentration of 120 ppm. 
At this dose level, DDVP did not produce any 
obvious toxic effects. There were no gross morpho- 
logical or behavioral changes observed and no 
changes in adrenal and body weights. It did produce 
an inhibition in erythrocyte and plasma acetyl cho- 
linesterase levels for the four time points tested. The 
average depression of acetyl cholinesterase was 54 per 
cent in the erythrocyte fraction and 57 per cent in 
plasma. For all four time points, the per cent changes 
were significant at either P < 0.01 or <0.001. This 
indicates the dosage of DDVP used had the antici- 
pated pharmacologic effect. 

Figure 1 reports the results of the DDVP feeding 
experiment. Variations in plasma corticosterone and 
adrenal corticosterone, esterified cholesterol, and free 
cholesterol are shown. 

Adrenal free cholesterol. Two peak levels of adrenal 
free cholesterol concentration appeared, one at 1600 
hours and another at 2300 hours. The changes from 
the adrenal free cholesterol level at 0900 hours are 
statistically significant for both groups, with P < 0.05 
for the 0900-1600 period (26 per cent difference) and 
P < 0.001 for the 0900-2100 period (57 per cent dif- 
ference). 

Adrenal esterified cholesterol. Adrenal esterified 
cholesterol shows a more marked diurnal fluctuation 
than does adrenal free cholesterol, with the maximum 


level occurring at 1600 hours and the minimum level 
at 0900 hours in both groups. The 81 per cent in- 
crease for the control group and the 89 per cent in- 
crease for the DDVP group from minimal to maximal 
levels are both statistically significant at P < 0.05. 
These percentage increases are similar in magnitude 
to those seen in the adrenal free cholesterol and 


Table 2. Effect of dichlorvos and chlorpyrifos oxon on adrenal cholesteryl ester hydrolase activity 
and cAMP-stimulated adrenal steroidogenesis* 





Cholesteryl ester 


Treatment hydrolase activityt 


Per cent 
change 


Corticosteroid 
formed (ug)/2 hr 


Per cent 
change 





Basal 55.72 + 8.49 

cAMP 

Basal + 10°°M 
dichlorvos 

cAMP + 10°°M 
dichlorvos 

Basal + 10°°M 
dichlorvos 

cAMP + 10°°M 
dichlorvos 

Basal 

cAMP 

Basal + 7 x 
10-*® M chlor- 
pyrifos oxon 

cAMP +7 x 
10° ® M chlor- 
pyrifos oxon 


47.16 + 9.74 


19.29 + 1.94 


113.24 + 21.50 


28.22 + 6.23 


+ 588t 


0.06 + 0.02 -62.5t 


0.98 + 0.01 +5123 


0.48 + 0.02 + 200 
0.42 + 0.03 
0.16 + 0.03 
1.10 + O.11 


+200t 


0.12 + 0.01 — 25.0 


0.44 + 0.01 +175 





* Concentration of cAMP is 10 mM. Values are the means + S.D. of duplicate experiments. 
+ Cholestery! oleate (nmoles hydrolyzed/mg of protein/60 min). 

t Significantly different from basal group at P < 0.05. 

§ Significantly different from basal group at P < 0.001. 

|| Significantly different from basal group at P < 0.01. 
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Fig. 1. Effect of feeding rats 120 ppm dichlorvos in their 
drinking water for a 2-week period. The parameters exam- 
ined were adrenal free and esterified cholesterol (a), plasma 
corticosterone (b), and adrenal corticosterone (c). The solid 
lines represent the control groups and the broken lines 
represent the treated groups. The points represent the 
mean values + S.D. of six animals per group. The experi- 
rent was performed three times with duplicate samples 
per experiment. All three experiments resulted in a similar 
shift in the diurnal rhythm of the DDVP-treated group 
and showed a significant difference from the control group 
each time at the point of maximal plasma corticosterone 
production by the control group. 


adrenal corticosteroid diurnal rhythms. In the control 
groups there is a close parallelism between adrenal 
esterified cholesterol and plasma corticosterone levels. 
The DDVP-treated group shows somewhat increased 
esterified cholesterol levels at three of the four time 
points sampled, but the differences are statistically in- 
significant. 

Plasma corticosterone. The presence of the well- 
known diurnal rhythmic changes in plasma cortico- 
sterone is seen. In the control group the minimum 
level occurs at 0900 hours and the maximum level 
at 1600 hours. The increase observed is 266 per cent. 
In the DDVP-treated groups, the minimum level 
again is seen at 0900 hours, but the maximum level 
is reached 5 hr after that of the control group, at 2100 
hours, and the increase is 166 per cent. At 1600 hours, 
at the time or near the time of maximal plasma cor- 
ticosterone production by the control animals, the 
plasma corticosteroid levels of the dichlorvos-treated 
rats are significantly depressed (P < 0.05) by 45 per 
cent. 

Adrenal corticosterone. The adrenal corticosterone 
levels of the control and DDVP-treated groups do 
not show as marked variation during the 24-hr period 
as do the plasma corticosterone levels. The maximal-— 
minimal differences in the control and DDVP-treated 
animals are 51.8 and 62.3 per cent respectively. How- 
ever, it is seen that the maximum level of the control 
group is reached at 1600 hours, corresponding to the 
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Fig. 2. Variations in plasma corticosterone levels in rats 

fed 20 ppm chlorpyrifos oxon in their drinking water for 

a 2-week period. The solid lines represent the control 

groups and the broken lines represent the treated groups. 

The points represent the mean values + S.D. of six animals 
per group, done in duplicate. 
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Table 3. Effect of ether anesthesia on free and esterified adrenal cholesterol and on cholesteryl ester hydrolase activity 
in normal and chlorpyrifos oxon-treated rats* 





Esterified 
cholesterol 


Treatment (mg/g wet wt) 


(mg/g wet wt) 


Free 
cholesterol Esterified cholesterol/ 


free cholesterol ratio 


Cholesteryl ester 
hydrolase activityt 





Normal rats 

Control 

Ether anesthesia 

Chlorpyrifos oxon-treated rats) 

Control 

Ether anesthesia 4 


18.25 + 1.99 
13.77 + 1.238 


15.29 + 3.80 
16.03 + 2.12 


11.26 
7.56§ 


1.62 + 0.05 
1.83 + 0.21 


25.77 + 1.72 
37.67 + 2.748 


9.44 
9.96 


1.63 + 0.10 
1.61 + 0.10 





* Rats ether-stressed for 2 min and sacrificed 3 hr later. Values are the means + S.D. 
+ Number of animals. 
¢ Cholesteryl oleate (nmoles hydrolyzed/mg of protein/60 min). 
§ Significantly different from control group at P < 0.05. 
|| Chlorpyrifos oxon (20 ppm) in the drinking water for a 2-week period. 


plasma corticosterone maximum, while the DDVP- 
treated group reached a maximum adrenal cortico- 
sterone level at 2100 hours, again corresponding to 
the DDVP plasma corticosterone maximum. 

CPO was administered in the drinking water at 
20ppm. The average daily consumption was 
0.225 mg/100 g of body weight. CPO was used at a 
6-fold lower level than DDVP since in vitro it is a 
1000 times more potent inhibitor of steroidogenesis 
than is DDVP [1]. The results are reported in Fig. 
2 and in Table 3. 

Figure 2 shows a close parallelism in plasma cor- 
ticosterone levels between the control and chlorpyr- 
ifos oxon groups, with the minimum occurring at 
0900 hours and maximum at 2100 hours for both 
groups. The per cent increase from minimal to maxi- 
mal levels is 315 per cent for the control group and 
200 per cent for the chlorpyrifos oxon-fed group. 
Although at three of the four time points tested there 
appear to be increased corticosterone levels in the 
chlorpyrifos oxon-treated group, the differences are 
not statistically significant. 

Table 3 reports the effect of ether anesthesia on 
the levels of free and esterified adrenal cholesterol and 
on cholesteryl ester hydrolase activity in control rats 
and rats fed 20 ppm CPO in their drinking water for 
a 2-week period. In the non-stressed group treated 
with chlorpyrifos oxon, adrenal concentrations of free 
and esterified cholesterol were not significantly differ- 
ent from the control group; cholesteryl ester hydro- 


lase activity, although slightly lower, was also not sig- 
nificantly different from the control. In the control 
animals, stress by ether anesthesia resulted in a sig- 
nificant decrease (P < 0.05) in esterified cholesterol, 
a slight increase in free cholesterol and a significant 
increase (P < 0.05) of 46 per cent in cholesteryl ester 
hydrolase activity. In the chlorpyrifos oxon group 
subject to ether stress, in contrast to the effects of 
ether stress in the control group, cholesteryl ester con- 
centrations did not fall and cholesteryl ester hydrolase 
activity did not increase. 

Table 4 shows the effects of chlorpyrifos oxon in 
vitro on the basal and activated cholesteryl ester hy- 
drolase activities. The basal enzyme activity is signifi- 
cantly depressed by the insecticide at concentrations 
of 7x 10-°M (75.1 per cent, P< 0.05) and 
5 x 10~® M (60.9 per cent, P < 0.05). The statistically 
significant inhibition of the activated enzyme activity 
at these concentrations is 77 and 70 per cent respect- 
ively (P < 0.001). 


DISCUSSION 


The results in vitro reported in Tables 1 and 2, 
showing that both cholesterol esterification and hy- 
drolysis are inhibited, point to a primary site of action 
of DDVP and CPO at the level of cholesteryl ester 
metabolism. At a given dose concentration there is 
a close correlation with steroidogenic inhibition and 
cholesteryl ester hydrolase inhibition. However, since 


Table 4. Effect of chlorpyrifos oxon in vitro on basal and activated cholesteryl ester hydrolase activity 





Basal 


Activated* 





Cholesteryl 
ester 
hydrolase 
activityt 


Chlorpyrifos 
oxon (M) 


inhibition 


Cholesteryl 
ester 
hydrolase 
activityt 


Per cent 
inhibition 


Per cent 





0 113.2 + 21.5 
$x te? 113.2 + 148 
7x 107° 94.3 + 9.2 
1 x 1078 74.3 + 16 
5x 10-8 44.3 + 8.1 
7x 1078 28.2 + 6.2 


152.0 + 1.5 
0 164.4 + 11.4 0 
16.7 135.4 + 84 10.9 
34.4 123.4 + 11.6 18.8 
60.9t 44.9 + 1.5 70.58 
75.1t 34.9 + 0.6 77.08 





* Preincubation for 10 min at 23° of the enzyme (0.088 mg protein) with 5mM magnesium acetate. 
0.5mM ATP and 10 uM cAMP in a total volume of 0.1 ml. Values are the means + S.D. of duplicate 


experiments. 


+ Cholesteryl oleate (nmoles hydrolyzed/mg of protein/60 min). 
t Significantly different from the control at P < 0.05. 
§ Significantly different from the control at P < 0.001. 
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the inhibitors of cholesteryl ester hydrolase activity 
would tend to decrease the hydrolysis of newly 
formed cholesteryl! oleate in our esterifying assay sys- 
tem in vitro, and the decreased adrenal steroid con- 
centrations might stimulate esterification [19], the 
levels of organophosphate compounds necessary to 
inhibit cholesterol esterification to the same extent 
may appear to be considerably greater than actually 
are required. To prove this it will be necessary to 
isolate and assay the cholesteryl ester synthetase in 
a cell-free system under conditions comparable to the 
assay for cholesteryl ester hydrolase. It is possible that 
the two enzyme systems may exist as a multienzyme 
complex under a coordinated regulatory system. 

The study in vivo (Fig. 1) shows that DDVP, given 
in the drinking water at 120 ppm, produces a statisti- 
cally significant depression of plasma corticosterone 
during the rising phase of the normal diurnal rhythm. 
These results in vivo correlate with the inhibition in 
vitro of ACTH- and cAMP-stimulated steroidogenesis 
in the isolated adrenal cell. 

Of the adrenal biochemical parameters measured, 
the diurnal changes in esterified cholesterol were of 
the greatest magnitude, whereas free cholesterol 
shows minimum changes. The rapid return of the 
adrenal corticosterone level of the control group to 
the maximum level between 2100 and 2300 hours sug- 
gests that there is possibly a more rapid oscillation 
in these levels than the diurnal oscillation. To confirm 
this it will be necessary to examine adrenal cortico- 
sterone fluctuations at shorter time intervals during 
the diurnal cycle. The closest temporal parallelism is 
in the diurnal curves of the adrenal esterified choles- 
terol and the plasma corticosterone levels in the con- 
trol group. In the DDVP-fed group, although it is 
not statistically significant, there is a suggestion of 
an inverse relationship between adrenal cholesteryl 
ester and plasma corticosterone levels. It is possible 
that the rates of formation and/or degradation of cho- 
lesteryl ester, in vivo are rate limiting to the synthesis 
and secretion of corticosteroids, or as suggested by 
Flint et al. [19] the local concentrations of steroids 
may acutely regulate the activity of cholesterol esteri- 
fying enzymes. It will be of interest to observe the 
diurnal changes in the cholesteryl ester synthetase and 
hydrolase systems to further elucidate the relation- 
ship. 

In contrast to the lack of difference in the diurnal 
changes in plasma corticosterone in the 20 ppm CPO- 
fed animals and their controls (Fig. 2), it is clear that 
ether stress-induced activation of adrenal cholesteryl 
ester hydrolase (Table 3) is blocked by prior CPO 
treatment. The partially blockaded cholesteryl ester- 
metabolizing system does not affect the diurnal plasma 
corticosteroid changes, indicating that sufficient 
reserve precursor of free cholesterol substrate may be 
available to maintain corticosterone synthesis at nor- 
mal levels in the resting state. It will be important 
to examine the levels of adrenal and plasma cortico- 
sterone in the highly stressed animal (in which pre- 
sumably the adrenal cortex is maximally stimulated) 
in order to determine whether this partial blockade 
in cholesteryl ester hydrolysis is reflected in decreased 
corticosterone output. 

In the present experiments in vitro the organophos- 
phate compounds inhibited cholesteryl ester hydro- 
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lase activity in the adrenal supernatant fraction both 
with and without addition of exogenous ATP, cAMP 
and Mg?*, suggesting a possible direct inhibition of 
the phosphorylated enzyme itself, rather than inhibi- 
tion of the processes leading to enzyme activation. 
After administration of CPO in vivo, however, resting 
adrenal levels of cholesteryl ester hydrolase were not 
significantly inhibited, whereas the stress-induced ac- 
tivation of enzyme activity was blocked. These appar- 
ent differences between effects in vitro and in vivo may 
be attributable to conversion of the organophosphate 
compounds in vivo to derivatives with lesser inhibi- 
tory activity [20] or to less inhibitor-enzyme interac- 
tion due to possible lower cellular concentrations of 
inhibitor in vivo. Evidence from previous studies indi- 
cates that the inhibitory effects of organophosphate 
compounds on acetyl cholinesterase may be attribu- 
table to phosphorylation of the serine hydroxyl resi- 
due in the enzyme [21, 22]. The delayed neurotoxicity 
that occurs after administration of organophosphate 
compounds correlates with the gradual phosphoryla- 
tion of a neural enzyme that hydrolyzes phenylphenyl 
acetate [23]. It is possible in the present experiments 
in vivo that a gradual binding of organophosphates 
to the cholesteryl ester hydrolase occurred, or that 
the enzyme was phosphorylated at sites which inter- 
fered with the activational phosphorylative process 
via the protein kinase-cAMP-mediated transfer of 
ATP phosphate to the enzyme. The time interval of 
the experiments in vitro may have been too short to 
permit a similar process to occur. 
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Abstract—2-(N-ethylcarbamoylhydroxymethyl)furan was studied as a simple model for the entire class 
of toxic furans. This compound is toxic to both the lung and liver of the rat—covalent binding occurs 
predominantly in these target organs. The model was covalently bound to protein and nucleic acids 
throughout the cell; the enzymes responsible for activating the compound to a form(s) capable of 
covalently binding to these tissue macromolecules are localized in the microsomal and, to a much 
lesser extent, nuclear fractions of the cells of the target organs. Binding and toxicity appear to involve 
the furan moiety of the compound; this binding can be inhibited by added nucleophiles, but not 
by epoxide hydrase inhibitors. Studies utilizing both microsomes and highly purified reconstituted 
cytochrome P-450 systems for activation indicate that the reactive metabolite(s) possesses a certain 
amount of stability, in agreement with the observed distribution of the compound in vivo. 


The toxicity of a number of naturally occurring furan 
derivatives is well documented; among such com- 
pounds are the aflatoxins [1-8], 4-ipomeanol and 


related compounds [9-11], sterigmatocystin [12], and’ 


ngione [13]. The aflatoxins are also potent mutagens 
and carcinogens [1,5]. Recently, a number of simple 
furans have been shown to be hepatotoxic [14-16]. 
Because of the widespread occurrence of this family 
of chemicals in the environment [1, 10, 12-14, 16, 17], 
a simple furan was sought that could serve as a model 
for the entire class of compounds. Since Seawright 
and Mattocks [15] had demonstrated the toxicity of 
certain N-substituted carbamate esters of 3-hydroxy- 
methylfuran, studies were initiated with 2-(N-ethylcar- 
bamoylhydroxymethyl)furan (CMF), which can be 
readily prepared with *H or '*C labels to aid in 
studying metabolism. 

This report provides evidence that CMF is an 
appropriate model for the toxic furans. Studies on 
the toxicity in vivo to liver and lung, mutagenicity, 
the relationship of covalent binding to these phenom- 
ena, and the enzymic mechanism of activation are 
presented. 


MATERIALS AND METHODS 


Materials. d-Benzphetamine and pregnenolone-16a- 
carbonitrile were donated by Dr. P. W. O'Connell 
of the Upjohn Co. 

Synthesis of CMF. A solution of 50g (0.51 mole) 
of 2-hydroxymethylfuran in 200ml benzene was 
stirred and swept with dry nitrogen; to this was added 
a few drops of triethylamine and 50 g (0.72 mole) ethyl 
isocyanate over a period of 1 hr. The reaction was 





* This work was supported by National Institutes of 
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heated under gentle reflux for 1 hr, cooled, and con- 
centrated in vacuo. The residue was dissolved in ether 
and washed four times with water. The ether layer 
was dried with Na,SO, and the solvent was removed 
in vacuo to give the product in 89 per cent yield. 
Upon cooling to — 20°, the product solidified—a por- 
tion was recrystallized from benzene—petroleum ether 
to give off-white crystals: m.p. 29-30° (uncorrected); 
caled. for CgH,,NO;: C, 56.77, H, 6.56, N, 
8.28—found: C, 56.87, H, 6.70, N, 8.11 (Galbraith 
Laboratories, Knoxville, TN); mass spectrum (elec- 
tron ionization, 70eV)}—m/e (relative intensity): 169 
(2, M*), 98 (38), 97 (10), 81 (100), and 56 (21). The 
tetrahydro derivative of CMF (m.p. 77-80°) was pre- 
pared in the same manner from tetrahydrofurfuryl 
alcohol. 

In the synthesis of [7H] CMF, 0.5 g (5.4 m-mole) 
of freshly distilled 2-furaldehyde was stirred with 
0.2 mg (0.05 m-mole) NaB?H, (25 mCi) in 20 ml of dry 
ethanol for 2hr at 25°. Carrier NaBH, (0.26, 
6.7 m-mole) was added and stirring continued for an 
additional 2hr. The reaction mixture was concen- 
trated to dryness in vacuo, washed with benzene, and 
reconcentrated to dryness; the benzene treatment was 
repeated. The residue was dissolved in water and the 
aqueous solution was extracted five times with ether. 
The combined organic layers were dried with Na,SO, 
and the solvent was removed in vacuo; the residue 
was esterified as described above to give 0.42g 
[7H]CMF (50 per cent yield); the specific activity was 
8.2 mCi/m-mole. 

For the synthesis of ['*C]CMF, LiAlH, (75 mg; 
2.0 m-moles) was suspended in 20 ml of dry ether; to 
the solution was added (with stirring) 225 mg 
(2.0 m-moles) [carboxyl-'*C]-2-furoic acid (0.1 mCi, 
Research Products International) dissolved in 5 ml of 
dry ether. The reaction was stirred for 90 min at 25°, 
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stopped by the addition of ethyl acetate, diluted with 
CH,OH, and filtered through Celite. The residue was 
washed with CH;OH and ether; the combined fil- 
trates were concentrated in vacuo and esterified as 
described above. The material was purified by pre- 
parative thin-layer chromatography (t.l.c.) (Silica gel 
G; benzene-CH,OH, 9:1 (v/v); elution with acetone) 
to give ['*C]CMF in 41 per cent yield; the specific 
activity was 0.047 mCi/m-mole. 

The *H-, '*C-, and non-radioactive materials each 
gave only a single peak upon analysis by gas-liquid 
chromatography (g.l.c.) (3% OV-17, program from 80 
to 200°) and only a single I,-reactive spot with t.l.c. 
(Silica gel G; benzene-CH,OH, 8:1 (v/v); Ry 0.55); 
all of the radioactivity of the labelled materials 
migrated in a single peak (coincident with the 
I,-positive spot) in the t.l.c. system. 

Animals. Male Sprague-Dawley rats (80-100 g) 
were fed a commercial diet ad lib. Injections of CMF 
were made in 0.5 ml of corn oil intraperitoneally. Rats 
were induced with phenobarbital by allowing animals 
to drink a 0.1% solution for 5 days. 3-Methylcho- 
lanthrene (20 mg/kg) was injected intraperitoneally (in 
0.5 ml corn oil) once each day for 3 days. Pregneno- 
lone-16a-carbonitrile (100 mg/kg) was injected intra- 
peritoneally (in 1 ml water with the addition of Tween 
80) twice daily for 2 days prior to sacrifice. 

Subcellular fractions. All steps were carried out at 
0-4°. Rats were stunned by a blow to the head and 
decapitated; organs of interest were excised and 
washed in 1.15% KCl. The tissues were minced in 
0.1M Tris-acetate buffer (pH 7.4) containing 0.1M 
KCl, 1mM EDTA, and 20uM butylated hydroxy- 
toluene [18] and homogenized in the same buffer with 
eight strokes of a motor-driven Teflon-glass hom- 
ogenizer. Nuclei and cell debris were pelleted by cen- 
trifugation for 10 min at 1000 g—the resulting super- 
natant was centrifuged at 10,000g for 30min to 
obtain the mitochondrial fraction as a pellet. This 
supernatant was centrifuged at 105,000g for 60 min: 
the resulting supernatant was used as the cytosol, and 
the microsomal pellet was homogenized in 0.1M 
potassium pyrophosphate (pH 7.4) buffer containing 
1mM EDTA and 20uM butylated hydroxytoluene 
and recentrifuged at 105,000g for 60min to obtain 
the microsomal fraction. Microsomes were stored in 
10mM Tris~—acetate buffer (pH 7.4) containing 1 mM 
EDTA and 20% glycerol at —20° for up to 3 weeks 
without loss of activity. 

Purified liver nuclei were prepared essentially by 
the hypertonic sucrose method of Spelsberg et 
al. [19], except that the Triton X-100 steps were omit- 
ted. 

Enzymes. Cytochromes P-450 from phenobarbital- 
treated rabbits[20] and rats were purified as de- 
scribed*; the preparations used here contained 13.3 
and 15.4nmoles cytochrome P-450/mg of protein re- 
spectively. NADPH-cytochrome P-450 reductase was 
purified as before*; the preparation catalyzed the 
reduction of 12.8 umoles cytochrome c/min/mg of 
protein. 

Assays. Protein[21] and cytochrome P-450 [22] 
concentrations were measured as previously de- 
scribed. Polyacrylamide gel electrophoresis was car- 
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ried out essentially according to Laemmli [23]. All 
incubations (37°) in vitro utilized 50mM potassium 
N-2-hydroxyethylpiperazine-N’-2-ethane-sulfonate 
(Hepes) buffer (pH 7.7) containing 15 mM MgCl,; the 
NADPH-generating system consisted of 10mM glu- 
cose 6-phosphate, 0.5mM NADP*, and 1 unit/ml of 
yeast glucose 6-phosphate dehydrogenase. Binding of 
[?7H]JCMF in vitro was measured after thorough 
washing with 95% ethanol (homogenization with a 
Sorvall Omni-mixer at top speed for 1 min followed 
by centrifugation at 20,000 g for 10 min) until super- 
natant radioactivity was at the background level 
(usually 3—4 cycles); the precipated microsomes were 
solubilized and assayed for protein and bound radio- 
activity as described [24]. Binding in vivo utilized 
similar washing procedures for the cell fractions. All 
assays in vitro were done in triplicate and results are 
expressed as means + S.D. 


RESULTS 


Pulmonary and hepatic damage due to CMF. The 
LDso (after 16 hr) for CMF was found to be about 
80 mg/kg for male rats; death appeared to be due 
chiefly to severe lung damage. Oud of eleven animals 
that survived doses of CMF greater than 75 mg/kg, 
ten showed extensive lung damage, while only one 
showed liver damage. The lung damage (observed 
after 24hr) was characterized chiefly by edema, 
hemorrhaging and consolation. The liver damage 
(observed after 96 hr) was characterized as centrilobu- 
lar necrosis. (All observations were confirmed by 
microscopy.) When animals were pretreated with 
phenobarbital prior to injection of CMF, it was found 
that all five of the animals surviving a dose of 
80 mg/kg of CMF exhibited gross and microscopic 
hepatic necrosis. In both the untreated and the 
phenobarbital-treated rats, doses of 40-50 mg/kg pro- 
duced no observable effects. No damage to the kidney 
or to other major organs was observed in any of the 
above work. 

Covalent binding of CMF in vivo. Preliminary ex- 
periments showed that when rats were injected with 
[?H]CMF and sacrificed after 24 hr, most of the com- 
pound was tightly bound to the target organs, namely 
the liver and lung, and, to a lesser extent, the kidney 
(Table 1). In these and subsequent experiments (vide 
infra), it was found that the bound radioactivity could 


Table 1. Covalent binding of [7H]CMF to various tissues* 





(?H]CMF 
(nmoles/ 
mg protein) 


(7H]CMF 
(nmoles/g 


Tissue wet wt) 





1.15 91 
0.90 59 
0.20 13 
0.04 4 
0.05 
0.04 
0.07 
0.02 


Liver 
Lung 
Kidney 
Spleen 
Intestine 
Stomach 
Heart 
Brain 





* Measured 24 hr after injection of 70 mg/kg. Results are 
the mean values for three animals; in all cases, the S.D. 
was less than +30 per cent. 
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Table 2. Covalent binding in vivo of CMF to macromolecules of subcellular fractions* 





CMF 


Tissue Fraction 


(nmoles/mg protein) 


Per cent of total bound to: 





Lipid Protein 





1.15 
0.40 
0.19 
0.24 


0.41 
0.30 
0.23 
0.26 


0.06 
0.08 
0.09 
0.09 


Nuclei 
Mitochondria 
Microsomes 
Cytosol 


Nuclei 
Mitochondria 
Microsomes 
Cytosol 


Liver 


Nuclei 
Mitochondria 
Microsomes 
Cytosol 


40 
38 
37 

. 


78 

8 
11 
24 





* Rats were injected with 40 mg/kg [7H]CMF and sacrificed after 24 hr. Subcellular fractions were prepared as de- 
scribed in Materials and Methods, and lipid, RNA, DNA and protein were fractioned as described [25]. Results are 
the means of three experiments and the S.D. was < +25 per cent in all cases except for the lipid values (< +100 


per cent). 


not be removed by extensive homogenization or stir- 
ring under reflux with various organic solvents, dialy- 
sis, gel filtration, or electrophoresis; thus, the label 
is assumed to be covalently bound. 

The results presented in Table 2 demonstrate that 
CMF is covalently bound to all subcellular fractions 
of the liver and lung and, to a lesser extent, the kid- 
ney. Very little of the material was found in the lipid 
fraction, but instead was tightly bound to RNA, DNA 
and protein, with variation among the subcellular 
fractions. 

Distribution of the enzymatic capacity to catalyze 
covalent binding of CMF to protein. In preliminary 
experiments, it was found that liver microsomal frac- 
tions catalyzed the NADPH-dependent binding of 
CMF to protein. Under identical conditions, [carbox- 
yl-**C]-2-furoic acid was bound at less than 5 per 
cent of the rate of [>H]CMF. 2-Hydroxy[*H]methyl- 
furan was bound to protein, but the binding did not 
require NADPH and is presumably due to the insta- 
bility of this compound in water. The results pres- 
ented in Table 3 show that the enzymatic ability to 
activate CMF is concentrated in the microsomal frac- 
tion, with some activity being present in the crude 
nuclear fraction. When the microsomes prepared from 
several organs were examined for activity (Table 4), 
it was found that only those from the target organs 


Table 3. Covalent binding of CMF to protein by different 
subcellular liver fractions* 





CMF 


Fractiont (nmoles bound/min/mg protein) 





0.40 + 0.01 
0.05 + 0.06 
2.88 + 0.81 
0.01 + 0.05 


Nuclei 
Mitochondria 
Microsomes 
Cytosol 





*Each fraction was assayed for its ability to catalyze 
covalent binding of [7H]CMF (as described in Materials 
and Methods); assays were for 15 min. 

+ Added at a protein concentration of 1.5 mg/ml. 


Table 4. NADPH-dependent covalent binding of [°H]- 
CMF to microsomes isolated from various rat tissues* 





(?H]CMF 


Source (nmoles bound/min/mg protein) 





1.55 + 0.22 
0.19 + 0.04 
0.01 + 0.06 
0.04 + 0.10 
0.02 + 0.04 


Liver 
Lung 
Kidney 
Spleen 
Brain 





*See Materials and Methods for experimental details. 


(liver and lung) were able to catalyze the covalent 
binding. 

Microsomal metabolism and binding of CMF to pro- 
tein. In preliminary experiments, it was found that 
after rat liver microsomes were incubated with CMF 
for 2hr, about 15 per cent of the substrate was cova- 
lently bound to protein; subsequent analysis of the 
resulting supernatant by t.l.c. showed that at least two 
polar metabolites had been produced, accounting for 
8 and 43 per cent of the initial amount of substrate. 
The production of these presently uncharacterized 
metabolites, as well as the covalent binding to pro- 
tein, was dependent upon NADPH. 

In order to ascertain whether the furan or the 
N-ethylcarbamate moiety was involved in covalent 
binding, microsomes were incubated with ['*C]CMF 
and an NADPH-generating system; unbound radio- 
activity was removed by repeated homogenization in 
95% ethanol and centrifugation, followed by stirring 
in methanol under reflux. Although hydrolysis of 
CMF in aqueous base destroys the furan ring under 
conditions sufficient to hydrolyze the carbamate ester, 
it was found that 2-hydroxymethylfuran could be 
quantitatively recovered (as judged by g.l.c.) after 
heating CMF with 0.5 N KOH in dry methanol under 
reflux overnight. When the ['*C]CMF-protein 
complex was subjected to such hydrolytic conditions, 
no decrease in the amount of bound radioactivity 
(980 dis./min/mg of protein) was observed. Thus, it 
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Table 5. Covalent binding of CMF to microsomes and induction of activity by pretreatment of rats* 





Pretreatment 


P-450 
(nmoles/mg protein) 


CMF 
(nmoles bound/min/mg protein) 





Control 

Phenobarbital 
3-Methylcholanthrene 
Pregnenolone-|6a-carbonitrile 


2.14 


1.08 0.85 + 0.07 
1.48 + 0.12 
0.92 + 0.03 


0.75 + 0.10 


1.35 
1.34 





* Rats (four per group) were pretreated, and cytochrome P-450, protein and binding were measured 


as described in Materials and Methods. 











BOUND DPM/MG (xI0°) 











BOUND DPM (x10°) 








MG PROTEIN/ML 


Fig. 1. Covalent binding of CMF to rat liver microsomes: 
kinetics of binding and dependence on protein concen- 
tration. In the upper panel, liver microsomes (1.5 mg/ml) 
from phenobarbital-induced rats were incubated with 
[°H]CMF in the presence of an NADPH-generating sys- 
tem as described in Materials and Methods. In the lower 
panel, the concentration of microsomal protein in the assay 
was varied; all incubations were for 10 min. 


would appear that CMF is bound to protein via the 
furan ring or the a-carbon, but not via the N-ethylcar- 
bamate moiety. 

After studies to establish the linearity of the protein 
binding assay with respect to time and concentration 
of microsomal protein (Fig. 1), all subsequent experi- 
ments were carried out with approximately 1 mg pro- 
tein/ml for 10 min. The K,, for the microsomal bind- 
ing of CMF was found to be 0.16 mM; no multiphasi- 
city was apparent in the K,, plots. 

The microsomal binding activity was found to be 
induced by treating rats with phenobarbital, but not 
with 3-methylcholanthrene or pregnenolone-16a-car- 
bonitrile (Table 5). These findings are in agreement 
with results obtained using highly purified cyto- 
chrome P-450 systems: two P-450 fractions (A and 
B) from the microsomes of phenobarbital-treated rats 
had much higher turnover numbers for catalyzing the 
covalent binding of CMF to albumin than did any 
of the other fractions isolated from untreated or 
phenobarbital- or 3-methylcholanthrene-treated rats.* 
Among the different rabbit cytochromes P-450 tested, 





* F. Guengerich, manuscript submitted for publication. 


the major liver fraction induced by phenobarbital 
(P-450, 4.2) and the lung fraction were clearly most 
active. All of the cytochrome P-450 fractions cata- 
lyzed significant levels of CMF binding when 
NADPH and NADPH-cytochrome P-450 reductase 
were replaced with cumene hydroperoxide [26]. 

When rats were injected with a single dose of 
CMF (40 mg/kg) 48 hr prior to sacrifice, no significant 
differences were observed in the specific content 
(nmoles/mg of protein) of cytochrome P-450 in either 
the lung or the liver microsomes; moreover, no differ- 
ences were detected when the metabolism of benz- 
phetamine [18] and CMF were compared using the 
microsomes of these organs. Only an apparent “type 
II” difference spectrum was observed upon the bind- 
ing of CMF to either microsomal suspensions or to 
purified rat liver cytochrome P-450, with a peak at 
420 nm and a trough at 390 nm. Since the apparent 
K, in both cases was 10 mM, it is felt that these spec- 
tral changes are unrelated to the metabolism of CMF. 

The covalent binding of CMF to microsomes could 
be abolished completely by boiling and could be 
inhibited by diethylaminoethyl-2,2-diphenylvalerate 
(SKF-525A) (a presumably competitive inhibitor) or 
by cysteine or reduced glutathione (which presumably 
react with an activated metabolite before reaction 
with tissue nucleophiles) (Table 6). 

Since the hypothesis has been advanced that an 
epoxide is the active metabolite of the furan derivative 
aflatoxin B, [1,7,8,12], experiments were set up to 
examine the possible role of the enzyme epoxide hy- 
drase [27] in the activation of CMF. If an epoxide 
is produced which can be hydrated by epoxide hy- 
drase, then inhibition of epoxide hydrase (with a sub- 
strate or competitive inhibitor) should enhance the 


Table 6. Inhibition of covalent binding of [7H]CMF to 
rat liver microsomes* 





(7H]CMF 
(nmoles bound/ 


System min/mg protein) 





1.48 + 0.27 
0.01 + 0.01 
0.56 + 0.38 
0.35 + 0.10 
0.02 + 0.01 


Complete 

Complete, microsomes boiled 
Complete, + SKF-525A 
Complete, + cysteine 
Complete, + glutathione 





* Microsomes were incubated as described in Materials 
and Methods (complete system). Boiling of microsomes 
proceeded for 10min. SKF-525A, cysteine and reduced 
glutathione were all added to the incubation mixtures at 
1.0 mM. 
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a. = + ss ¢° FS 
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Fig. 2. Attempted enhancement of covalent binding of 

[SH]CMF to rat liver microsomes with epoxide hydrase 

substrates. Incubations and assays were carried out as de- 

scribed in Materials and Methods. The incubations con- 

tained varying concentrations of cyclohexene oxide (upper 

panel), 1,2-epoxy-3,3,3-trichloropropane (middle panel), 
and styrene oxide (lower panel). 


level of furan epoxide that can react with and bind 
to tissue nucleophiles. The results presented in Fig. 
2 show that the addition of varying levels of cyclo- 


hexene oxide, 1,2-epoxy-3,3,3-trichloropropane, or 
styrene oxide did not significantly enhance micro- 
somal binding to protein. Several explanations can 
be proposed for the finding: (a) an epoxide is formed 
which is not a substrate for any of the epoxide hy- 
drases which bind the epoxides used in this work, 
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(b) an epoxide is not formed, or (c) an epoxide is 
formed, but is so reactive that it cannot leave the 
activating enzyme to interact with an epoxide hyd- 
rase. 

The latter possibility was considered, although the 
experiment of Table 3 demonstrates that the activat- 
ing enzymes are concentrated in the microsomes 
while a previous experiment (Table 2) indicates that 
CMF is distributed throughout the cell, consistent 
with the hypothesis that the activated metabolite(s) 
is somewhat stable. Microsomes were incubated with 
[7H]JCMF, either in the presence of NADPH or 
cumene hydroperoxide, and highly purified rabbit 
liver cytochrome P-450,y.2 was incubated with 
[7H]CMF and excess albumin, either in the presence 
of cumene hydroperoxide or NADPH plus NADPH- 
cytochrome P-450 reductase; in all cases, excess sub- 
strate was removed by repeated dialysis, followed by 
gel filtration, and the samples were electrophoresed 
on polyacrylamide gels in the presence of sodium 
dodecyl! sulfate (Fig. 3). With microsomes, CMF was 
bound to a variety of proteins, while the purified sys- 
tems, most of the CMF was bound to albumin. [The 
large amount of radioactivity migrating with the 
tracking dye in panel B is unexplained; the finding 
is repeatable, but was not observed with the purified 
system (panel D).] 

The half-life of the activated form of CMF was esti- 
mated by incubating liver microsomes (1 mg/ml) with 
[7H]CMF and NADPH for 10min; protein was 
rapidly removed (elapsed time = 1 min) by filtration 
of the mixture through packed Celite and ultrafilt- 
ration (Amicon XM-S5OA). Aliquots of the filtrate were 
added to albumin at various intervals and incubated 
for 60min; covalent binding was determined. The 
half-life (of the material that could be bound) was 
estimated to be between 30 and 50 min. 

Covalent binding in vitro of CMF and DNA and 
nuclear proteins. Because of the covalent binding of 
CMF to nuclear macromolecules observed in vivo, ex- 
periments were carried out to assess the role of the 
nuclei in activating CMF. The results presented in 
Table 7 indicate that rat liver microsomes are capable 
of catalyzing the covalent binding of large amounts 
of CMF (as high as one residue per several hundred 
DNA base residues under these conditions) to both 
nuclear and exogenous DNA; microsomes also cata- 
lyzed the covalent binding of similar levels of CMF 
to nuclear proteins. Nuclei catalyzed the binding of 


Table 7. Covalent binding of CMF to calf thymus DNA, rat liver nuclear DNA, and rat liver microsomal and nuclear 
proteins catalyzed by rat liver microsomes and nuclei* 





CMF 


(nmoles bound/ 
pmole DNA)t 


System 


CMF 
(nmoles bound/mg 
nuclear protein) 


CMF 
(nmoles bound/mg 
microsomal protein) 





Microsomes plus thymus DNA 
Nuclei 
Microsomes plus nuclei 


9.77 + 0.95 
0.02 + 0.10 
1.77 + 0.40 


6.50 + 1.30 


6.60 + 0.90 





* Incubations contained 6 mg of rat liver microsomes, purified rat liver nuclei[20], and/or calf thymus DNA in 
3 ml plus an NADPH-generating system, Hepes-MgCl, buffer, and [*H]CMF as described in Materials and Methods. 
After 40 min, DNA and proteins were isolated as described [25, 28]; blanks consisted of boiled proteins with all other 


components present. 
ft Results are expressed as 
€260 = 6.6 mM ~! cm}, 
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Fig. 3. Distribution of [7H]CMF after binding and polyacrylamide gel electrophoresis. The migration 
front (bromphenol blue) is at either the dashed line or the right ordinate in each case. The locations 
of standard proteins run on separate gels in the same electrophoretic run are marked (rabbit liver 
cytochrome P-450,m,2, mol. wt 50,000; NADPH-cytochrome P-450 reductase, mol. wt 79,000; bovine 
serum albumin (BSA), mol. wt 67,000). The incubates applied to the gels contained components as 
follows. A: microsomes, [*7H]CMF, and NADPH; B: microsomes, cumene hydroperoxide [25], and 
(?H]CMF; C: rabbit liver cytochrome P-450, NADPH-cytochrome P-450 reductase, dilauroylglyceryl- 
3-phosphorylcholine (GPC), BSA, deoxycholate (DOC), [7H]CMF, and NADPH [18]; and D: rabbit 
cytochrome P-450, GPC, BSA, DOC, and cumene hydroperoxide [26]. 


CMF to nuclear proteins, but apparently not to 
nuclear DNA—these results appear to be inconsistent 
with the binding patterns obtained in the presence 
of microsomes, suggesting that the nuclear CMF 
metabolite(s) may differ from the microsomal CMF 
metabolite(s). (Similar results were obtained using 
liver microsomes and nuclei from phenobarbital- 
treated rats.) 


DISCUSSION 


The results presented here demonstrate that a 
rather simple furan, CMF, possesses many of the 
toxic and mutagenic properties of a variety of natur- 
ally occurring and synthetic furan derivatives found 
in the environment. Toxicity was not observed with 
low doses of CMF, in line with reported observation 
of a “threshold” for liver toxicity with the drug furose- 
mide [16]. However, CMF has been found to be 
mutagenic to Salmonella typhimurium TA 100 at low 
concentrations in preliminary experiments; at doses 
of CMF not apparently toxic to rats, significant bind- 
ing to nucleic acids and nuclear proteins occurs (see 
Table 2) and this compound should be regarded as 
a potential carcinogen. These findings support the hy- 
pothesis [16] that all furan compounds are, because 
of the inherent nature of the ring system, potentially 
toxic and possibly carcinogenic. 

Toxicity in vivo, covalent binding in vivo (see Table 
1), and NADPH-dependent covalent binding of CMF 
in vitro (see Table 4) seem to be correlated, as judged 
by the observed tissue specificity. Liver necrosis, the 
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level of liver microsomal covalent binding to protein 
in vitro (see Table 5), and the liver microsomal cyto- 
chrome P-450 species most active in activating CMF 
to a covalently bound form(s) are all induced by 
phenobarbital.* These findings argue that the toxicity 
of CMF (and, by extension, all furans) is a result of 
covalent binding of an activated form(s) produced 
enzymatically by cytochrome P-450-dependent sys- 
tems. 

Chemical evidence has been presented here that the 
carbamate moiety is not directly involved in covalent 
binding; moreover, treatment of either untreated or 
phenobarbital-treated rats with the tetrahydro deriva- 
tive of CMF (100mg/kg) produced no apparent 
effects in seven animals tested (observed up to 5 days 
after injection). 

The observed half-life of the activated metabolite(s) 
(at least 30 min) was unexpected; however, the experi- 
ment was done three times with similar results, using 
microsomes from either untreated or phenobarbital- 
treated rats. Recently, Wood et al. [29] has estimated 
the half-life of an isomer of 7,8-dihydrox y-9,10-epoxy- 
7,8,9,10-tetrahydrobenzo(a)pyrene to be 6-13 min; 
this compound was the most active of a number of 
benzo(a)-pyrene epoxides tested in transforming 
Chinese hamster V79 cells (these measurements may 
underestimate stability, as a finite time required for 
transport to the target for transformation is not in- 
cluded in the calculations). Thus, the stability of the 
activated CMF metabolite(s) in the absence of nucleo- 
philes is not inconsistent with a role as a biologically 
important electrophile. Hopefully, the stability of this 
metabolite(s) can be utilized in carrying out studies 
(with bacteria and mammalian cells) with CMF as 
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a model for chemical mutation and carcinogenesis. 

Experiments are presently in progress to elucidate 
the chemical nature of the activated form(s) of CMF. 
The active species presumably arises from insertion 
of an oxygen atom or atoms enzymatically, and 
although epoxides have been suggested as inter- 
mediates in the covalent binding of furans [1, 7, 8, 12], 
these postulated compounds may be too un- 
stable [28] to explain several observations—the active 
metabolite(s) is apparently stable enough to leave the 
main site of activation (the microsomal cytochrome 
P-450) to interact with a wide variety of nucleophiles 
in the cell, as judged by the experiments in vitro and 
in vivo described. Even if the active metabolite is an 
epoxide, the action of the form(s) of epoxide hydrase 
concerned with the hydration of styrene oxide and 
cyclohexene oxide (and inhibited by 1,2-epoxy-3,3,3- 
trichloropropane) seems to be negligible with regard 
to the metabolism of CMF (see Fig. 3); similar find- 
ings have been reported with the metabolism of afla- 
toxin B, [1]. 

The work of Vaught and Bresnick [30] and 
Jernstr6m et al. [31] suggests that nuclei play a major 
role in the activation of benzo(a)pyrene to forms 
covalently bound to nuclear DNA, while the results 
of Alexandrov et al. [32] argue against such a hypo- 
thesis. A major role for nuclear activation in the inhi- 
bition of rat liver RNA polymerase by aflatoxin B, 
has also been suggested [33]. The work presented in 
this paper argues that nuclear enzymes play only a 
minor role in activating CMF to forms covalently 
bound to nuclear DNA; such findings are consistent 
with the view that the metabolite(s) of CMF produced 
by liver microsomal cytochromes P-450 is rather 
stable and can cross the membrane to bind to nuclear 
components. The high level of covalent binding of 
CMF to nuclear components is postulated to be 
related to the mutagenicity of CMF; the levels of both 
DNA binding and mutagenicity approach those of 
the dangerous carcinogen aflatoxin B, under assay 
conditions utilized in this work. 
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DETERMINATION OF MONOAMINE OXIDASE ACTIVITY 
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Abstract—The inhibition of MAO in vivo by pargyline in mice has been studied to evaluate the useful- 
ness of n-octylamine- HCI[1-''C], a substrate of MAO that is rapidly metabolized to ''CO,, as a 
probe of MAO activity in vivo. In pargyline-pretreated mice, the rate of decline in tissue levels of 
[''C]n-octylamine after intravenous administration was decreased to an extent that varied with the 
particular tissue and the time after pargyline pretreatment. Likewise, pargyline-treated mice showed 
a reduced excretion of ''CO, after [''C]n-octylamine administration but not after octanoic acid[1-''C] 
or octanol[1-''C] injection. The duration of inhibition of ''CO, excretion after pargyline treatment 
paralleled reasonably well the inhibition of MAO measured directly in intestine and liver, but the 
inhibition of MAO in the lung, kidney and brain persisted longer. Direct measurement of mitochondrial 
MAO activity using ['*C]octylamine showed the following: intestine > liver > lung > brain )> kidney. 
At 94hr after pargyline administration, ''CO, excretion was close to the control value yet the MAO 
activity of brain, lung and kidney was less than half of the control value. Thus, the rate-determining 
step in the overall rate of ''CO, excretion appears not to be the MAO-catalyzed step but the reactions 


occurring after deamination. 


Previous studies [1-4] have suggested the potential 
utility of suitably labeled aliphatic amines as mono- 
amine oxidase (MAO) [monoamine: O, oxidoreduc- 
tase (deaminating); EC 1.4.3.4] substrates in vivo. 
Unlike the biogenic amines, whose metabolites are 
usually excreted via the kidney, aliphatic amines iso- 
topically labeled in the a-carbon position undergo in- 
itial metabolism by MAO to the corresponding alde- 
hyde, then conversion to the labeled carboxylic acid 
via aldehyde dehydrogenase and, ultimately, oxi- 
dation to labeled CO, via the various f-oxidation 
reactions [5]. 

Carbon-11 is a short-lived (t;,2 = 20.4 min) isotope 
of carbon which decays by positron emission, result- 
ing in the production of two 511-keV annihilation 
photons. The distribution of radioactivity in vivo after 
the injection of a carbon-11-labeled tracer can be 
externally visualized and the relative change in the 
tissue radioactivity determined as these photons tra- 
verse the body barrier. Previous work [2] had shown 
that n-octylamine - HCI[1-''C] ({''CJOA) was a suit- 
able substrate in vivo for MAO in mice showing both 
a high tissue uptake and a rapid metabolism to 
'1CO,. Subsequent studies in rabbits [3], dogs and 
humans [4] have demonstrated, non-invasively, the 
dynamic process in vivo of amine uptake and metabo- 
lism by lung and other tissues utilizing [''C]octyla- 
mine. However, the correlation between the exhala- 
tion of labeled CO, and the MAO activity of the 
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intact organism has not been adequately character- 
ized. We have studied the MAO initiated metabolism 
of n-octylamine - HCI[1-''C] to ''CO, in some detail 
to determine the extent to which ''CO, excretion can 
be correlated with MAO activity in several major 
organs of the mouse after a single dose of the irrevers- 
ible MAO inhibitor, pargyline. 


MATERIALS AND METHODS 


n-Octylamine- HCI[1-''C] was synthesized as 
detailed previously [2], dissolved in 0.9% saline and 
injected intravenously into a lateral tail vein of 
8-week-old male Swiss albino mice (BNL strain) 
which had been pretreated by the intraperitoneal in- 
jection of 10 or 32 mg/kg of pargyline or saline. The 
expiration of ''CO, was monitored [2] for 20 min, 
the mice were sacrificed by cervical fracture, and the 
lungs, liver, brain, kidneys and small intestine were 
removed, blotted to minimize adhering blood, 
weighed and counted for radioactivity in an auto- 
mated Nal well-counter and the data corrected for 
isotopic decay [2]. 

Portions of the above organs were extracted with 
5-10 vol. methanol-chloroform (2:1) in a ground- 
glass homogenizer, and the insoluble material was fil- 
tered onto glass wool. The soluble fraction (extraction 
efficiencies were 61-99 per cent of the activity in the 
intact tissue) was evaporated to dryness under 
reduced pressure and the residue dissolved in 2-3 ml 
of 0.05 M phosphate buffer, pH 6.0, and applied to 
a 1 x 3cm BioRex 70 column (Na* form). The de- 
aminated metabolites were separated from the 
unchanged amine by washing with 75 ml water, and 
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aliquots of this fraction containing the deaminated 
metabolites were counted for radioactivity [2]. The 
amine fraction remaining on the resin was also 
counted for radioactivity. Overall recoveries after the 
initial extraction through the separation procedures 
were 80-97 per cent. 

Mitochondria were prepared from lung, liver, brain, 
kidney and small intestine. Organs were minced finely 
and homogenized in 3-5 vol. of 0.25 M sucrose—0.1 M 
potassium phosphate buffer, pH 7.4, at 0° in a Potter— 
Elvehjem homogenizer. The~homogenate was centri- 
fuged at 600g twice, the pellets were discarded, and 
the supernatant was centrifuged at 12,100g at 4° for 
10 min. The mitochondrial pellet was resuspended in 
sucrose—phosphate buffer and re-centrifuged as above. 
The pellet was finally suspended in 0.05 M phosphate 
buffer, pH 7.4, and stored frozen at — 20°. MAO ac- 
tivity was stable for several weeks using this pro- 
cedure. 

MAO activity was determined by an adaptation of 
an earlier method [6] by incubating an aliquot of 
the mitochondrial fraction from each _ tissue 
(120-310 ug protein) with 86.74M _ n-octyla- 
mine: HCI[1-'*C] (10mCi/m-mole, syuthesized in 
our laboratory) in a total volume of 300 yl of 0.1M 
potassium phosphate buffer at 37° for 25 min. Reac- 
tions were linear with regard to protein concentration 
and time under these conditions. Reactions were 
stopped by the addition of 200 yl of 0.25 M zinc sul- 
fate followed by 200 ul of 0.25M barium hydroxide 
solution. Distilled water (1 ml) was added, and the 
mixture was agitated well on a vortex shaker and 
centrifuged at 1000 g for 5 min to remove the precipi- 
tate. A 0.5-ml aliquot of the supernatant was applied 
to a1 x 2cm column of Bio-Rex 70 (Na* form) equi- 
librated with 0.4M potassium phosphate buffer, pH 
6.0. The deaminated metabolites were washed from 
the resin with 2.5 ml of distilled water and counted 
in 10ml Aquasol (New England Nuclear, Boston, 
MA) in a liquid scintillation spectrometer. Protein 
was determined [7] using bovine serum albumin as 
a standard. 


RESULTS 


After the injection of [''C]octylamine, the clear- 
ance of this compound from the blood and the distri- 
bution to the various organs in the mouse are quite 
rapid [2]. The lung and kidney typically contained 
the highest concentration of activity/g tissue (Fig. 1) 
and accounted for 7.12 + 0.18 and 11.79 + 0.47 per 
cent/organ, respectively, of the total injected dose at 
1 min. 

The liver contained 8.07 + 0.55 per cent/organ and 
the brain 1.98 + 0.15 per cent/organ of the injected 
dose although the radioactivity/g tissue in these two 
tissues was similar (~ 5 per cent/g of tissue) (data not 
shown). Pretreatment with pargyline (32 mg/kg) 
resulted either in a decreased net clearance of the 
total radioactivity as found with the lung (and heart) 
or a net accumulation of radioactivity with time as 
shown by the kidney (and liver, brain, spleen and 
muscle). The total radioactivity in these organs from 
animals treated 1 hr previously with 32 mg/kg of par- 
gyline at 1, 5 and 15min after the administration of 
[''C]octylamine was often significantly higher than 
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Fig. 1. Clearance of radioactivity in mouse lung and kid- 
ney after the iv. injection of [''C]octylamine in control 
(@——-®) or pargyline treated (32 mg/kg) (O——-O) ani- 
mals. Each point represents the mean + S.D. of two to 
eight animals. 


control in several organs particularly at 5 and 15 min 
post injection (Fig. 2). 

Pretreatment of animals ihr previously with 
32 mg/kg of pargyline inhibited the excretion of 
'1CO, from [''C]octylamine quite markedly with 8.8 
per cent of the injected radioactivity being excreted 
as ''CO, in drug-treated animals compared to 48.1 
per cent excreted in 20 min by control animals (Table 
1). Since some recent reports [8,9] have shown that 
high doses (> 50 mg/kg) or pargyline inhibit aldehyde 
dehydrogenase, we explored this possibility to insure 
that the decrease in ''CO, excretion was not the 
result of inhibition of enzymes other than MAO 
(Table 1). Pargyline only inhibited the excretion of 
‘ICO, with [!'C]octylamine as the substrate and did 
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Fig. 2. Distribution of total radioactivity after the i.v. in- 
jection of [''C]octylamine expressed at per cent of control 
in animals pretreated with pargyline (32 mg/kg) | hr pre- 
viously. Each point represents the mean + S.D. of three 
(experimental) and five (control) mice and is significant 
(student’s t-test) at P < 0.01 except where noted. 
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Table 1. The effect of pargyline on the cumulative excretion of ''CO, from octylamine, octanoic acid and octanol* 





(mg/kg) 


Substrate Pargyline 
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* Groups of mice were pre-treated with saline or 32 mg/kg pargyline 1 hr prior to the injection of ''C-octylamine, 
‘1C-octanoic acid or ''C-octanol and the cumulative ''CO, excretion measured for 20 minutes. 
Values for octylamine are highly significant (p < 0.001) and are not significant for the other substrates except 5 


minute octanoic acid (p < 0.05). 


not significantly inhibit the 20-min ''CO, excretion 
from [''C]octanoic acid or [''C]octanol ({''C]oc- 
tanoic acid was slightly slower for the first 5 min but 
was at the control level by 10min). Since [''C]oc- 
tanol shares [''C]octanal as a common intermediate 
with [''C]octylamine, we conclude that, if aldehyde 
dehydrogenase was inhibited, it could not be demon- 
strated by a decreased ''CO, excretion. 

Thus, the B-oxidation enzymes also appear not to 
be greatly influenced by pargyline using either 
[''C]octanol or [''C]octanoic acid as model sub- 
strates. To further insure that the observed effects 
were not due to a possible non-specific action of par- 
gyline, we utilized a lower dose (10 mg/kg) in all the 
further experiments, below levels which have been 
found to cause non-specific responses. 

The return of the ability to oxidize [''C]octyla- 
mine to ''CO, is quite rapid after the single adminis- 
tration of 10 mg/kg of pargyline (Fig. 3). This return 
is characterized by a phase of rapid recovery between 
1 and 22 hr followed by a slower rate of return of 
cumulative ''CO, excretion toward control values 
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Fig. 3. Cumulative ''CO, excretion expressed as per cent 
of injected dose excreted at 5 (@——@), 10 (A——A), 15 
(O——©), and 20 (A——-A) min after the i.v. injection of 
[''C]Joctylamine at 1-94 hr after pargyline (10 mg/kg) pre- 
treatment. Control values are plotted at the far right for 
comparison. The number of animals used for each point 
is in parentheses. 
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seen at later times. By 94hr after the administration 
of pargyline, the cumulative ''CO, excretion was 
88.4, 89.5, 92.4 and 94.4 per cent of control values 
at 5, 10, 15 and 20 min respectively. 

The retention of radioactivity by several organs in 
MAO-inhibited animals after the injection of 
[''C]octylamine can be attributed to the accumu- 
lation of the unchanged amine and/or a decreased 
rate of metabolism based on the analysis of the distri- 
bution of the total radioactivity in the organs studied 
between amine and deaminated metabolite fractions 
(Fig. 4). Considerably greater activity as the un- 
changed amine was present at 20 min in all the organs 
studied at 1 and 4hr after pargyline pretreatment. 
The retention of the unchanged amine decreased 
rapidly with increasing time after pargyline adminis- 
tration and varied with the different tissues studied. 
The per cent per organ as unchanged amine in the 
liver returned to control levels the most rapidly, in 
~ 13 hr, the intestine and kidney by 46hr. The lung 
and the brain showed the slowest rate of return 
toward the control value. 

The decrease in the tissue radioactivity present as 
unchanged amine, as the MAO in these organs re- 
covered from the effects of pargyline, correlates in a 
general pattern with the studies of MAO activity in 
these organs (Fig. 5). The two organs showing the 
highest retention of the unchanged amine compared 
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Fig. 4. Effect of pargyline (10 mg/kg) on the distribution 

of total radioactivity per organ (unshaded) and [''C]n- 

octylamine activity (shaded) in mouse tissues 20 min post- 

injection. Bars for each tissue are arranged from left to 

right representing 1, 4, 13.5, 22, 46, 70 and 94 hr after par- 

gyline and control animals, respectively, and are the aver- 
age of duplicate determinations. 
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Fig. 5. MAO activity (for ['*C]octylamine) of major 
mouse organs at 1-94 hr after pretreatment with pargyline 


(10 mg/kg). Points are the average of two determinations. 
Per cent of control MAO activity represents: 


nmoles product/mg of mitochondrial 
protein (pargyline-treated) 


100: _ 
nmoles product/mg of mitochondrial 


protein (saline controls) 


The control MAO activity for each tissue is listed in 
Table 2. 


to controls, the brain and lung, also had the slowest 
return of MAO activity measured in mitochondrial 
preparations with ['*C]octylamine as the substrate. 
The two organs with the greatest rate of MAO recov- 
ery, the liver and intestine, likewise showed the fastest 
return to control for tissue amine levels at 20 min 
after the injection of [''C]octylamine. This correla- 
tion was not true for the kidney in which the amount 
of radioactivity as unchanged amine at 20 min 
returned to control levels by 46 hr while MAO ac- 
tivity in this organ was still strongly inhibited (< 50 
per cent of control). 

These findings may in part reflect the marked dif- 
ferences in the rate of deamination of ['*C]n-octyla- 
mine by the tissues studied (Table 2). The activity 
expressed as nmoles product/mg of mitochondrial 
protein/hr shows that the liver and intestine have the 
highest activity for this substrate. The lung also has 
considerable activity, about twice that of brain. The 


Table 2. Mitochondrial MAO activity of mouse tissues for 
octylamine 





nmole 
Product/mg protein/hour 


% Highest 


Tissue Activity* 





Lung 
Liver 
Brain 
Kidney 
Intestine 





Values are the average of two determinations. 

* % highest activity is listed for the sake of intercompari- 
son between tissues and was determined by setting the in- 
testinal MAO specific activity to 100% and expressing the 
activity of the other tissues as a proportion of this tissue. 


kidney showed the lowest MAO activity (about 6 per 
cent that of liver and intestine) of the organs studied 
for this substrate, and thus deamination may play 
only a minor role in the clearance of octylamine from 
this organ. The per cent of the total radioactivity 
present in the kidney as the unchanged amine at 
20 min after the injection of [''CJOA was indepen- 
dent of the time after pargyline administration and 
always greater than 83 per cent of the total. Thus, 
the relatively slow rate of oxidation of octylamine by 
kidney may account for the high levels of unchanged 
amine at 20 min in control animals. 


DISCUSSION 


Monoamine oxidase activity has been extensively 
studied with regard to age [10,11], drug treatment 
[ 12, 13], species [14], disease states [15, 16] and turn- 
over rate [17-21]. Most of these studies, however, 
have relied upon the use of techniques in vitro 
employing tissue homogenates. We have sought to 
develop a method to measure MAO activity in vivo 
employing aliphatic amines labeled in the «-position 
with carbon-11. 

We have shown previously that aliphatic amines, 
particularly n-octylamine, labeled with carbon-11, an 
isotope which decays by the emission of a positron 
which upon annihilation results in the production of 
gamma radiation which can be detected externally, 
are of potential value for the non-invasive study of 
amine uptake by the lung in animals and in man 
[2-4]. The use of such tracers is being pursued with 
a view toward the understanding of basic physiologi- 
cal processes and how they are perturbed by disease 
or injury. The goal of such studies is the application 
of radiopharmaceuticals such as [''C]n-octylamine to 
disease diagnosis in man. 

Although the short half-life of carbon-11 (20.4 min) 
and the need for a cyclotron limit the use of this 
isotope, the labeling of many organic molecules of 
biomedical importance has been achieved [22-24] 
and the desirability of carbon-11 for studies in vivo, 
particularly in humans, is great. The short half-life 
results in very low radiation doses to the patient and 
the pharmacodynamics of labeled substrates can be 
monitored externally with a gamma camera. Further- 
more, the exceedingly high specific activities which 
can be achieved (2000Ci/m-mole) greatly exceed 
those possible with carbon-14 and permit studies to 
be carried out at true tracer levels. 

Even at the near carrier-free level, octylamine has 
shown dramatic differences both in the tissue distribu- 
tion and/or clearance of activity from various mouse 
organs and the rate of ultimate metabolism to ''CO, 
after low (10 mg/kg) doses of the MAO inhibitor, par- 
gyline. Because of the relative ease by which ''CO, 
excretion (or '*CO,) can be measured, we have inves- 
tigated this parameter to determine how well it re- 
flects the MAO activity of several mouse organs. The 
recovery in the rate of ''CO, excretion after pargy- 
line appears to be independent of lung, brain and 
kidney MAO recovery and is qualitatively similar to 
MAO activity in liver and intestine, organs to which 
an appreciable amount of radioactivity initially distri- 
butes. These organs also showed the highest MAO 
activity for octylamine of the tissues studied and re- 
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covered from the effects of pargyline much faster than 
the kidney, brain and the lung. This latter finding 
is based both on the biochemical measurement of 
MAO activity in these tissues and on the analysis 
of the radioactivity present as unchanged amine after 
intravenous administration (Fig. 4). However, these 
two parameters did not correlate well for the kidney. 
At 46hr after the injection of pargyline, the amount 
of radioactivity present as amine was at control levels, 
yet the MAO activity in this organ in the same ani- 
mals was less than 50 per cent of the control value. 
Although the kidney shows a high affinity for octyla- 
mine, its ability to deaminate this substrate is very 
low. Another study [25] failed to detect any deamina- 
tion of a similar aliphatic MAO substrate, iso-amyla- 
mine, in preparations of mouse kidney. Thus, the high 
levels of octylamine present in the kidney, particularly 
at short times after pargyline treatment, may reflect 
only the affinity of this organ for the higher levels 
of unchanged amine circulating in the blood during 
MAO inhibition [2]. These higher blood levels of 
octylamine are most likely the result of decreased dea- 
mination by the liver and intestine. The lung probably 
also contributes to the whole body metabolism of this 
substrate, particularly in some other species such as 
the rabbit, dog and human [3,4] in which 60-70 per 
cent of the injected octylamine is removed from the 
circulation during the first pass by the lung, and 
within 1 min, 95 per cent of the blood activity in 
humans is due to deaminated metabolites. 

It is interesting to note the differences in the MAO 
turnover in the various organs of the mouse after irre- 
versible inhibition. A recent report [26] has also 
demonstrated a much slower rate of return of mouse 
brain MAO relative to the liver, requiring more than 
21 days to achieve control values while liver activity 
was at the control level by 7 days. The present study 
has confirmed and extended these earlier results. The 
lung was similar to the brain in the relatively slow 
return of MAO activity and the kidney also showed 
a relatively slow return of MAO activity. We have 
observed that the recovery rate of animals 10 weeks 
old at the start of the experiment was slower than 
that of the 8-week-old animals although 10-week con- 
trol animals (injected only with saline) showed no dif- 
ference from 8-week-old controls in the cumulative 
‘ICO, excreted (unpublished observations). 

Perhaps the most important observation is that at 
times (70-94 hr) when the ''CO, excretion is very 
close to control values, the MAO activity of at least 
the brain, lung and kidney is less than half of control 
and, the lung and brain also show significantly higher 
tissue levels of amine. Thus, although these organs 
may normally contribute in part to the whole body 
metabolism of this substrate in control animals, dur- 
ing periods when lung and brain MAO activity is 
strongly inhibited, the liver and intestine may have 
significantly recovered, contributing at almost control 
levels to the total ''CO, excreted. That is, the MAO 
activity of the partially recovered liver and intestine 
may be sufficient to metabolize [''C]octylamine such 
that the overall rate of ''CO, excreted is almost at 
control levels. This suggests that the rate-determining 
step in the excretion of ''CO, from [''C]octylamine 
is not dependent upon MAO activity but on the sub- 
sequent metabolic steps. This may in part be due to 
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the dilution of the labeled metabolites with endo- 
genous pools. Other explanations are also possible 
and it is difficult to assign the rate of ''CO, excretion 
to any single process. The overall rate represents the 
sum of several coupled and competing processes 
which may be altered dramatically by drug treatment. 
Nonetheless, it is interesting to note the seeming 
specificity of pargyline for MAO inhibition in view 
of the finding that the ''CO, from [''C]octanol and 
[''C]octanoic acid was not significantly affected by 
this drug. We are continuing in our attempts to devise 
methods by which it is possible to measure MAO 
activity in vivo by utilizing ''C-labeled serotonin, 
norepinephrine and phenylethylamine as well as 
octylamine and the gamma camera. It is possible to 
dynamically and non-invasively measure the clear- 
ance of radioactivity from various organs in vivo by 
using such techniques [3,4], and this approach may 
provide a more precise technique than ''CO, excre- 
tion for determining MAO activity in vivo. 
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Abstract—The bloodstream forms of Trypanosoma brucei were found to be lysed in vitro by the addition 
of heme. For each pg/ml of heme, approximately 2 x 10° organisms/ml were killed in 20 min at 37°. 
The mechanism for the lysis is believed to be mediated by heme-induced homolytic cleavage of intracel- 
lular H,O, (70 uM) to form hydroxyl radicals. The highly reactive radicals particularly disrupt various 
membranes and eventually kill the organisms. Heme and several porphyrins which are active in vitro 
are inactive in vivo due to very tight binding to albumin and other body proteins. Hematoporphyrin, 
which binds albumin weakly, is curative in vivo (160 mg/kg). Hopefully, new and more effective agents 
will be found that will enter the trypanosomes and generate free radicals to kill the cells. 


The development of new chemotherapeutic agents to 
treat infectious diseases can be aided by the identifica- 
tion of biochemical differences between the host and 
the invading organism. Although, traditionally, the 
mechanism of action has been elucidated after the 
drug has been found by screening, it is desirable to 
rationally design antimetabolites that exploit the bio- 
chemical differences. Consequently, we have been 
studying the biochemistry of the Trypanosoma brucei 
group of trypanosomes and their mammalian hosts 
in order to identify key points for which drugs can 
be designed. 

In the current paper, we have explored one of the 
differences between the trypanosome and the mam- 
malian host, namely the inability of these parasites 
to synthesize heme. As a result of this deficiency and 
the avid binding of heme by serum proteins of the 
host [1], the bloodstream stage of the life cycle has 
no detectable heme or hemoproteins such as cyto- 
chromes or catalase [2,3]. We have found that this 
lack of catalase is associated with a substantial 
amount of intracellular hydrogen peroxide. This 
hydrogen peroxide leaves the organisms vulnerable 
to attack by compounds which can cause the homoly- 
tic cleavage of peroxide to form hydroxyl radicals. 
These radicals can react with vital cell components 
and kill the organism. We have found that heme and 
related compounds serve this function and lyse this 
group of organisms. Hopefully, this pharmacological 
mechanism can be exploited in vivo by the develop- 
ment of new drugs that will be useful in animals and 
man. 


MATERIALS AND METHODS 


T. brucei, EATRO laboratory strain 110, was 
obtained from Dr. William Trager and stored as sta- 
bilates at —80° in 10% glycerol. The strain had been 
passaged in rodents seven times, since it was last 
transmitted by tsetse flies. Intraperitoneal injections 
of 2 x 10* motile organisms into Swiss mice (20g) 
yielded pleomorphic infections with slender forms 
predominating 5-7 days after infection. 

A monomorphic strain of EATRO 110, EATRO 


110M, was derived by over 100 serial passages in 
mice. These organisms were uniformly slender in mor- 
phology. They were routinely harvested 3-4 days after 
infection in mice or rats. Culture forms derived from 
EATRO 110 were kindly provided by Dr. Rolf 
Steiger [4]. The organisms were harvested in late log 
phase. The strain of T. congolense (TREU 1183) that 
was utilized had been passaged in rodents twelve 
times since it was last transmitted by tsetse flies and 
is described in more detail elsewhere[5]. These 
organisms were harvested 7 days after infection. Try- 
panosomes were isolated according to the procedure 
of Lanham and Godfrey [6]. Mice were bled retro- 
orbitally with heparinized pipettes. Whole blood 
(1 ml) was applied onto a column (15 x 0.8cm) of 
DE-52 cellulose (Whatman) and eluted with phos- 
phate buffered saline and glucose (PSG 6:4[6]). 

Heme (Grade 2), bilirubin, hematoporphyrin IX, 
microperoxidase and catalase were obtained from 
Sigma Chemical Co., St. Louis, MO. Protoporphyrin 
IX, cobalt protoporphyrin IX and uroporphyrin I 
were obtained from Porphyrin Products, Logan, UT. 
Riboflavin and leukoacetyldichlorofluorescein were 
purchased from Eastman Chemical Co., Rochester, 
NY. Bovine serum albumin was obtained from Miles 
Laboratories, Elkhardt, IN. Lipid-free diet, coconut 
and corn oil were purchased from ICN, Cleveland, 
OH. Diamide and horseradish peroxidase were 
obtained from CalBiochem, La Jolla, CA and Worth- 
ington Biochemicals, Freehold, NJ_ respectively. 
Hematoporphyrin was purified by the method of Lip- 
son et al. [7]. Zinc hematoporphyrin was synthesized 
from purified hematoporphyrin by the procedure of 
Fuhrop and Smith [8]. 

The porphyrins were freshly dissolved either in a 
mixture of one part absolute methanol to one part 
0.02 N KOH or in 0.25% Na,CO, for studies in vitro. 
No more than 50 yl of these solutions was added to 
1 ml of buffer. For intraperitoneal injections, the por- 
phyrins were dissolved in 0.14 N NaOH. These solu- 
tions were brought to pH 7.4-8.0 by adding 0.14.N 
HCl. Subsequent dilutions were made in Dulbecco’s 
phosphate buffered saline (Gibco, Grand Island, NY). 
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Trypanocidal activity was assessed by monitoring 
the motility of the organisms. The motility was 
measured as follows. Plastic tubes containing the 
buffer PSG 6:4 and the test compound dissolved in 
the appropriate solvent were equilibrated at the 
desired temperature in a water bath. Minimum Essen- 
tial Medium (MEM, Gibco, Grand Island, NY) con- 
taining the organism was added to this to a final ratio 
of 9 parts PSG 6:4 to one part MEM. The tubes 
were removed from the water bath at intervals and 
vortexed for 3 sec. An aliquot was removed and the 
organisms were counted on a Petroff-Hauser bac- 
terial cell counter at 300x with phase contrast optics 
(Zeiss). The counting was completed within 1-2 min 
after the sample was removed. Non-motile ghosts 
were distinguished from debris by the presence of 
kinetoplast and flagella or nucleus and kinetoplast. 
Thirty to fifty organisms were counted at each time 
point. The effect on motility of the solvent used to 
dissolve the test compound was always observed 
simultaneously. The pH was measured and remained 
constant over the course of the incubation. 

Anaerobic conditions were achieved in the follow- 
ing way: 2.5ml PSG 6:4/MEM, 9/1, containing 6 x 
10° T. brucei/ml, was incubated at 25° in a test tube 
with a sidearm containing 10 pl of a solution of 30 yg 
heme dissolved in methanolic potassium hydroxide. 
The system was deoxygenated under a stream of 
nitrogen gas for 5 min followed by the addition of 
5 mg sodium dithionite. The nitrogen gassing was 
resumed and the heme was mixed with the solution 
containing the parasites. 

Investigation of ultrastructural changes was per- 


formed in the following way. Column purified blood 
forms of T. brucei at 10’ cells/ml were incubated at 
37° in buffer with or without added heme (120 pg/ml). 
At intervals between 1 to 30 min, 0.5 ml aliquots were 


pipetted into 4.5 ml of 2% glutaraldehyde in 0.1M 
cacodylate buffer, pH 7.4. The samples were then cen- 
trifuged at 2000g for 20-30 min. The pellets were 
fixed in freshly prepared glutaraldehyde followed by 
osmium tetroxide solution, stained with uranyl acet- 
ate and embedded in Epoxy resin [9]. Trypanocidal 
activity in vivo was assessed by the intraperitoneal 
injection of the test compound into five mice infected 
24hr previously with 5 x 10* organisms of T. brucei 
EATRO 110M. 

The hydrogen peroxide content of trypanosomes 
was assayed by a modification of the procedure of 
Keston and Brandt[10], as described by Homan- 
Muller et al. [11]. A stock solution of 4 uM activated 
[10] leukodiacetyldichlorofluorescein (LDADCF) in 
0.025 M sodium phosphate buffer at pH 7.2 was pre- 
pared containing 4°% ethanol and 5 pg/ml of horse- 
radish peroxidase. To 3 ml of the stock solution was 
added 0.2 ml of sample, and the solution was incu- 
bated for 20min at room temperature. The fluor- 
escence was measured in a Perkin-Elmer MPF2A 
spectrofluorimeter employing an excitation wave- 
length of 340nm and observing the emission at 
520nm. A standard curve was determined by using 
freshly diluted hydrogen peroxide solutions utilizing 
an extinction coefficient of ES3, = 81. The enzymatic 
assay was linear from 10~’ to 10~* M hydrogen per- 
oxide. The hydrogen peroxide content of 10'° T. 
brucei EATRO 110M was determined. The purified 
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Fig. 1. Effect of heme on motility. T. brucei EATRO 110 

at 4 x 10° organisms/ml was incubated at 37° with differ- 

ent concentrations of heme. At the times indicated, aliquots 
were removed and motility was assessed. 


organisms were homogenized in 10 ml of phosphate 
buffer, pH 7.2, in a Virtis S45 for 25 sec. The back- 
ground fluorescence of the homogenate was deter- 
mined by adding 5 yg catalase to 2 ml of the homo- 
genate S5min prior to incubation with LDADCF. 
Neither catalase nor heme quenched the fluorescence 
of this assay. For the calculation of intracellular con- 
centration of H,O,, 10° organisms were assumed to 
occupy 81 ywl[12]. Protein concentration was deter- 
mined by the method of Lowry et al. [13]. 


RESULTS 


The addition of heme to buffered suspensions of 
T. brucei (EATRO 110) isolated from mouse blood 
was found with time to immobilize and disrupt the 
organisms. Injection of 10° organisms, treated with 
6 ug/ml of heme for 10min, into six mice did not 
result in an infection, confirming the trypanocidal 
effect of heme. The rate of immobilization was depen- 
dent on the concentration of heme and occurred at 
concentrations as low as 1.5 pg/ml (Fig. 1). At a fixed 
concentration of heme, the rate of killing of the 
organisms was dependent on the temperature of the 
incubation (Fig. 2). Calculation of the total number 
of organisms killed at various heme to trypanosome 
ratios revealed that | wg heme killed approximately 
2 x 10° organisms after 20 min at 37°. This rate is 
for freshly isolated organisms. Organisms utilized 
several hours after isolation were found to be more 
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Fig. 2. Effect of temperature on the immobilization of 

organisms by heme. T. brucei EATRO 110 at 4 x 10° 

organisms/ml was incubated with 12 yg heme/ml at differ- 
ent temperatures. 





Heme lysis of the bloodstream forms of T. brucei 


Table 1. Trypanocidal activity of heme 





T;,2 (min)* 





(6 ug heme/ml 


at 37°) 


(120 pg heme/ml 
at 24°) 


(12 pg heme/ml 
at 37°) 





Bloodstream forms 
T. brucei, dimorphic 
T. brucei, monomorphic 
T. congolense 
Culture forms 
T. brucei 


30-40 
30-40 
30-40 


3-6 
3-6 
3-6 





*T,,2 is the time required for lysis of one half of the organisms. 


sensitive (~ 2-fold) to heme. The trypanocidal effect 
of heme was independent of the presence of oxygen. 
Organisms incubated under aerobic or anaerobic con- 
ditions were lysed at the same rate. In addition to 
the dimorphic strain, the monomorphic strain of T. 
brucei and the bloodstream form of T. congolense, 
were equally sensitive to heme lysis in vitro. The times 
necessary for immobilization of one half of the 
organisms (2 x 10° trypanosomes/ml) for the three 
types were 30-40 min at 6 wg heme/ml and 3-6 min 
at 12 ug heme/ml. In contrast to the bloodstream 
form of T. brucei, the culture forms were not affected 
by heme at concentrations as high as 120 yg heme/ml 
(Table 1). Ultrastructural studies revealed rapid cellu- 
lar damage to the trypanosomes after incubation with 
heme. Trypanosomes incubated in medium alone 
remained intact throughout the 30min (Fig. 3), 
whereas those treated with heme began to lyse within 
1 min (Fig. 4), and were completely disrupted into 
membrane debris after 5 min (Fig. 5). Examination 
of a series of electron micrographs suggests that cell 
lysis is preceded by damage to various membranes 
of the cell. The membrane of the endoplasmic reticu- 
lum and the nuclear envelope are swollen and dis- 
rupted (Fig. 4). In addition, the plasma membrane 
is damaged as evidenced by the presence of denuded 
flagella and the apparent loss of cytoplasmic density 
(Fig. 4). 

Albumin completely protected trypanosomes from 
the lytic effect of heme when added prior to the addi- 
tion of heme and prevented further lysis when added 
during incubation with heme (Fig. 6). The protective 


effect depended on the binding of heme to albumin, 
since no protection occurred upon exposure of resus- 
pended albumin-treated cells to heme in fresh albu- 
min-free buffer. The strong binding of heme to albu- 
min and other body proteins probably accounts for 
its lack of trypanocidal activity in vivo (Table 2). 

In attempting to explain the trypanocidal action 
of heme, we considered its role in catalyzing free radi- 
cal formations. Heme is especially effective at catalyz- 
ing the homolytic cleavage of hydrogen peroxide [14]. 
Measurement of the hydrogen peroxide concentration 
in the bloodstream form of T. brucei revealed an 
intracellular concentration of 70 uM. This concen- 
tration (0.8 nmole/mg of protein) is approximately 30 
times higher than that found in a liver homogenate 
(0.03 nmole/mg of protein). The presence of such a 
significant amount of hydrogen peroxide should make 
these organisms extremely vulnerable to compounds 
capable of generating free radicals. 

A number of tetrapyrroles are known to produce 
activated chemical species when exposed to light [15]. 
Accordingly, the trypanocidal activity of a series of 
heme-related compounds was evaluated in the pres- 
ence or absence of light, both in vivo and in vitro 
(Table 2). Of the compounds tested, only protopor- 
phyrin IX had a light-dependent action. Cobalt proto- 
porhyrin and zinc hematoporphyrin were approxi- 
mately as effective as heme in vitro, while bilirubin 
and uroporphyrin were not effective in vitro or in vivo. 
Zinc hematoporphyrin was partially effective in vivo. 
Hematoporphyrin was not toxic in vitro but was 
active in vivo and was curative at 160 mg/kg. 


Table 2. Lytic effect of porphyrins on T. brucei 





Lytic concn in vitro* 
(ug/ml) 


Compound 


In vivo 
Mean survival 
of five mice 
(days) 


Dose 
(mg/kg) 





Protoporphyrin IX 


12 (0.24 in light) 4 


> 80 4 
Hematoporphyrin > 600 Curative 
Bilirubin > 200 4 
Heme 12 4 
Cobalt protoporphyrin <30t ND 
Zinc hematoporphyrin 12 7§ 
Control 4 


Uroporphyrin I 





* Concentration which lyses 100 per cent of organisms in 20 min. 

+ Molar extinction coefficients of > 10* at both 530nm and 562nm were assumed. 
t Not determined. 

§ Three mice were used. 
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Figs. 3—S. (Fig. 3) Electron micrograph of T. brucei (EATRO 110M) incubated without heme for 30 min 
at 37°. Note the normal appearance of the nuclear envelope, endoplasmic reticulum and flagelia. Bar 
represents | nm. (Fig. 4) Electron micrograph of T. brucei (EATRO 110M) incubated with 120 ug/ml 
of heme for 1 min at 37°. Note the swelling and disruption of the nuclear envelope and endoplasm 
reticulum and absence of membrane surrounding some sections of the flagella. Bar represents | nm. 
(Fig. 5) Electron micrograph of trypanosomal remnants after treatment with 120 pg/ml for 5 min at 37°. 
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Fig. 6. Effect of albumin on the immobilization of 

organisms by heme. T. brucei EATRO 110 at 2 x 10° 

organisms/ml was incubated at 37° with 6 wg heme/ml. 

Bovine serum albumin was added at t = 1.5 min to a final 
concentration of | mg/ml. 


Several experiments provide additional evidence 
indicating that the heme-mediated lysis of trypano- 
somes in vitro may be based on the generation of 
free radicals from hydrogen peroxide. First, trypano- 
somes grown in mice maintained on a corn oil diet, 
which is high in unsaturated fatty acids, were lysed 
four times more rapidly than organisms grown in 
mice maintained on a coconut oil diet, which is high 
in saturated fats (Fig. 7). Second, the free radical sca- 
venger, riboflavin, partially protected the organisms 
from heme lysis. Half the cells were lysed in 5 min 
by 12 pg/ml of heme without riboflavin, while a 
period of 15 min was required in the presence of ribo- 
flavin. Third, pre-incubation of trypanosomes with 
diamide which has been shown to oxidize gluta- 
thione | 16], potentiated the effect of heme presumably 
because the reduced glutathione is not available to 
act as a natural free radical scavenger. Prior incuba- 
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Fig. 7. Effect of host diet on the immobilization of 
organisms by heme. Mice were maintained on diets con- 
sisting of 17% coconut oil or corn oil in lipid-free diet 
(w/w) for 2 weeks prior to infection as well as during the 
infection. Mice were infected with 50,000 parasites (T. bru- 
cei EATRO 110M). Trypanosomes were harvested 5 days 
after infection; 4 x 10° organisms/ml were incubated at 
37° with 6 yg of heme/ml. 
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tion with 25 uM diamide reduced the time required 
for half-lysis from greater than 40 min with 3 ug/ml 
of heme to 1.5 min. 


DISCUSSION 

During the course of evolution, trypanosomes seem 
to have lost the ability to synthesize heme; forms 
which contain heme are completely dependent on 
exogenous sources[17]. While many species of try- 
panosomes acquire heme from both their insect and 
vertebrate hosts, the brucei subgroup does not seem 
to obtain heme from its mammalian hosts, perhaps 
because of the latter’s biochemical mechanisms for 
avid binding and disposal of heme[1]. Presumably 
the mammals have evolved such mechanisms to pre- 
vent auto-oxidation by free radicals, a process that 
heme so effectively catalyzes. Unsaturated fatty acids 
are particularly susceptible to these reactions [18]. 
The fact;that animal fat becomes rancid much faster 
in the pfesence of trace amounts of heme accounts 
for its careful exclusion in the preparation of fat by 
food technologists[19]. The rapid lysis of blood- 
stream trypanosomes by heme which we report in 
the present paper might well be due to free radical 
damage to lipid components of membranes. The 
enhanced susceptibility of trypanosomes to damage 
by these reactions is due to the large intracellular 
concentration of hydrogen peroxide caused by a lack 
of catalase. Heme is taken up by the organism and 
catalyzes the homolytic scission of hydrogen peroxide 
to hydroxyl radicals. These radicals can participate 
in a myriad of chemical reactions with cell substi- 
tuents. Since termination of this process occurs only 
when radicals combine with one another when they 
react to form stable products, it is apparent that the 
generation of even one radical can lead to consider- 
able damage within the cell. 

In recent years the importance of free radical reac- 
tions in biology has been recognized. Leukocyte kill- 
ing of ingested bacteria [20], the pathological lesions 
associated with the accumulation of iron and copper 
[21,22], and the damage caused by chemicals, such 
as carbon tetrachloride [23] are just a few examples 
where free radicals have been implicated. 

One of the major difficulties in studying free radical 
reactions is the inability to identify the products of 
these ractions. This accounts for the fact that most 
of the data implicating free radical reactions are infer- 
ential. The evidence for the free radical reaction 
mechanism for the lysis of trypanosomes by heme is 
as follows. First, ultrastructural studies of heme- 
treated trypanosomes reveal a very rapid swelling and 
disruption of endoplasmic reticulum membranes (Fig. 
4). This kind of cellular damage is similar to that 
seen in the liver after carbon tetrachloride intoxica- 
tion [24], and might be related to the observation 
that the endoplasmic reticulum is especially rich in 
unsaturated fatty acids[25]. Second, trypanosomes 
from animals fed diets enriched with unsaturated fatty 
acids are more susceptible to heme lysis than 
organisms isolated from animals fed a diet enriched 
with saturated fatty acids. Third, the addition of ribo- 
flavin, which is a natural free radical trapping agent, 
retards the rate of heme lysis [26]. Fourth, the pre- 
treatment of trypanosomes with diamide depletes the 
endogenous supply of reduced glutathione and poten- 
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tiates heme lysis. Reduced glutathione is one of the 
cell’s mainstays in trapping free radicals and prevent- 
ing free radical damage. 


It appears unlikely that heme lysis is due to a deter- 
gent effect since bilirubin is not trypanocidal. Biliru- 
bin is an open-chain tetrapyrrole with detergent ac- 
tivity but without the catalytic or photochemical 
properties of porphyrins and metalloporphyrins. 

The uptake of porphyrins by trypanosomes must 
be fairly specific, since several porphyrins capable of 
generating radicals are ineffective at killing the 
organisms. Uroporphyrin I, with eight carboxylic acid 
groups, does not have the biological activity pos- 
sessed by the dicarboxylic acid porphyrins, protopor- 
phyrin IX and hematoporphyrin IX. 

Hematoporphyrin, which does not lyse trypano- 
somes in vitro, is effective in vivo[27] and is thus 
presumably taken up by the organisms. A possible 
explanation for the ineffectiveness of hematopor- 
phyrin in vitro is that its activity depends upon incor- 
poration of a metal such as iron or zinc. Since zinc 
protoporphyrin is formed in vivo when protopor- 
phyrin IX accumulates, as in lead poisoning [28], this 
could be the active metabolite. In contrast to hemato- 
porphyrin, zinc hematoporphyrin is toxic to trypano- 
somes in vitro but is unfortunately too toxic in vivo 
to offer much hope as a drug. That protoporphyrin 
IX is effective at extremely low concentrations in the 
presence of light points to the use of free radical 
generators as potential trypanocidal drugs. In the 
future, we hope to find a molecule that will be selec- 
tively taken up by trypanosomes in vivo, catalyze the 
breakdown of intracellular hydrogen peroxide, and be 


therapeutically useful. 
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Abstract—Using a crude 9,000g rat liver microsomal preparation, in vitro studies were carried out 
on (a) the metabolism (hydroxylation) of diphenylhydantoin (DPH), (b) the effect of other commonly 
used anticonvulsants on this hydroxylation. DPH hydroxylation exhibited saturation kinetics at a 
DPH substrate concentration of approximately 10~*M. Mean K,, and V,, values for the reaction 
were 9.3 x 10°°M and 23.3 ug/ml respectively. The linear Hill plot with an interaction coefficient 
of 1.0 suggests that there is no cooperativity between different DPH molecules during DPH receptor 
binding process. The anticonvulsants ethosuximide, sodium phenobarbitone, sodium valproate and 
sulthiame all exhibited inhibition of DPH hydroxylation to varying degrees. K; inhibition constants 
for the four anticonvulsants were respectively 1.1 x 1077, 9 x 107*, 1.8 x 107? and 88 x 10°*M. 
Inhibition of DPH hydroxylation by sodium phenobarbitone and sulthiame was strong and competitive 
in nature. Ethosuximide showed a weak competitive type of inhibition and sodium valproate a weak 


uncompetitive type of inhibition. 


The administration of more than one anticonvulsant 
drug to patients with epilepsy as an aid to the man- 
agement of their fits is now a common clinical prac- 
tice. Diphenylhydantoin (DPH) is considered by 
many clinicians to be the drug of choice in most 
forms of epilepsy with the exception of the petit mal 
group and is, therefore, frequently included in a com- 
bined drug therapy. 

Due to the chronic nature of treatment of patients 
with epilepsy, the possibility that one anticonvulsant 
drug may interfere with the metabolic degradation 
of another must always be considered. Phenobarbi- 
tone, for example, strongly induces the formation of 
liver hydroxylating enzymes [1], which results in an 
increased rate of detoxication of many other drugs, 
including DPH, with a subsequent decrease in plasma 
half life. 

Apart from induction, it is known that some com- 
pounds, including phenobarbitone, interfere directly 
with the metabolism, which is primarily hydroxyl- 
ation [2], of DPH [3,4]. By contrast, observations 
based on the use of in vivo measurements such as 
DPH plasma half life, plasma concentration and 
DPH urinary metabolites suggest that sulthiame is 
a strong inhibitor of DPH hydroxylation [5-7]. 

In this report we present a direct assessment of 
the in vitro hydroxylation of DPH, using a crude 
9,000 g rat liver microsomal enzyme fraction. Data 
is presented on the type of competition for the micro- 
somal DPH receptor site, between DPH and various 
other commonly used anticonvulsant drugs. The 
affinity of these anticonvulsant drugs for the DPH 
receptor, which is a measure of ability to inhibit DPH 
hydroxylation, was compared quantitatively by 
measurement of K; inhibition constants. 


MATERIALS AND METHODS 


A. Preparation of 9,000 g microsomal fraction. Male 


Wistar albino rats weighing 200-300 g and kept on 
a normal laboratory diet (diet 4B, H. B. Styles Ltd., 
London) were sacrificed by decapitation. Their livers 
were removed immediately, weighed and placed on 
ice. The livers were homogenized in a Potter type 
homogenizer at 4°. For each 1.0g of tissue, 1.5 ml 
of 0.25 M sodium phosphate buffer (pH 7.4) was used. 
The whole homogenate was centrifuged at 9,000 g for 
15 min in a MSE Superspeed 50 centrifuge. After cen- 
trifugation, the waxy upper layer was removed and 
the middle zone was then poured into a collecting 
flask, leaving the sediment in the centrifuge tube to 
be discarded. The 9,000g microsmal fraction was 
always used on the day of its preparation, being 
stored at 4° prior to use. 

B. Incubation mixture. The incubation mixtures (final 
volume 1.0 ml), as modified from Kutt and Verebelly 
[3], comprised: 0.4 ml, 9,000g microsomal fraction, 
1.0ml DPH (sodium salt) in 0.01 M NaOH; 0.1 ml 
sodium valproate or phenobarbitone (sodium salt) or 
ethosuximide made up in distilled water or sulthiame 
in 0.01 M NaOH; 0.1 ml of 0.25 M phosphate buffer 
pH 7.4 and 0.1 ml each of NADP, NAD and ATP 
made up in 0.25M phosphate buffer pH 7.4 to give 
final concentration of 8.2 x 10°*M, 9.3 x 10°7M 
and 3.9 x 10°?M respectively. Anticonvulsant drug 
concentration used varied from 5 x 10°°M to 
10-3M. Samples were incubated for 15min in a 
shaking water bath at 37° with an oxygen flow rate 
of | litre/min. 

C. Assay procedure. All ingredients of the incuba- 
tion mixture, except for the microsomes were added 
to the incubation tubes. The reaction was started by 
the addition of 0.4 ml of the microsomal fraction. At 
the end of the 15 min incubation period, microsomal 
enzyme activity was terminated by the addition of 
0.5 ml of 1 N HCL and this at the same time served 
as the first step in the extraction of DPH. 0.2 ml of 
the internal standard 5-(p-tolyl)S-phenylhydantoin 
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was added and the total incubation mixture trans- 
ferred to 20 ml extraction tubes with two 5 ml chloro- 
form washes. DPH was estimated by a combination 
of the extraction method of Toseland et al. [8] and 
the GLC method of MacGee[9] as described by 
Goldberg et al. [10]. DPH was assayed by gas-liquid 
chromatography using a Perkin-Elmer F11 gas chro- 
matograph. Protein determinations were carried out 
according to Lowry et al. [11]. 


RESULTS 


Kinetic studies. The rate of disappearance of DPH 
in the in vitro incubation mixture was used as an 
indication of enzyme activity. We found that in agree- 
ment with Kutt and Verebely[4] the rate of DPH 
metabolism accorded with first order kinetics with re- 
spect to time. The reaction velocity though is only 
linear for the first 20 min. We chose a 15 min incuba- 
tion period. The product of DPH metabolism was 
found to be 5-(p-hydroxyphenyl)5-phenylhydantoin 
(pHPPH), suggesting a hydroxylation reaction. The 
dihydrodiol derivative, 5-(3,4-dihydroxy-1, 5-cyclo- 
hexadien-1-yl)-5-phenylhydantoin, which is normally 
present with pHPPH as an excretory product of DPH 
metabolism in rat urine was not detected. 

The rate of DPH hydroxylation was found to be 
dependent upon the concentration in the reaction 
mixture (Fig. 1). Transition between first and second 
order kinetics occurs at a DPH concentration of ap- 
proximately 10~*M and it is at this DPH concen- 
tration that the DPH hydroxylating enzyme is begin- 
ning to exhibit saturation kinetics (Fig. 1). 

The values of maximal velocity (V,,) for the incuba- 
tion mixture per 15 min incubation period for 10 mg 
of 9,000g microsomal protein ranged from 20 to 
30 ug/ml DPH with a mean of 23.3. Figure 2 shows 
the range of Michaelis constant (K,, 6.8 x 107° to 
1.18 x 10°~*M) obtained from different Hofstee plots. 

Interaction of DPH with enzyme binding site. Figure 
3 is a Hill plot derived from the Hill equation [13]. 
It presents an analysis of the same data used to plot 
the Hofstee plot (Fig. 2) and it can be seen that log 
v/V — v varies as a linear function of log of DPH 
concentration. 

Inhibition studies. When the anticonvulsants etho- 
suximide, sodium phenobarbitone, sodium valproate 


P. N. PATSALOS and P. T. LASCELLES 


(S)7V x 1075 





tI -10 4| -5 5 . 
“Kime xi07 >, S$ 
Fig. 2. Hofstee plot showing the range of the Michaelis 
constant (K,,) obtained from 12 different experiments. K,,, 
and K,,,, shown by intercepts on x-axis represent the range 
in K,, values obtained and are respectively 6.3 x 10°°M 
and 12 x 10°*M with a mean of 9.3 x 10~° M. [S] rep- 
resents the molar concentration of DPH. V represents the 
rate of DPH metabolism during a 15min incubation 
period in ygDPH/ml of incubation mixture per 10 mg of 
liver 9,000 g microsomal protein. 
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and sulthiame were included in the DPH-microsome 
incubation mixture DPH hydroxylation was inhibited 
to varying degrees (Fig. 4). On a molar to molar basis, 
sodium phenobarbitone and sulthiame showed strong 
inhibition whilst ethosuximide and sodium valproate 
were weak inhibitors with sodium valproate being the 
weakest. 

On the assumption that all the anticonvulsant 
drugs under study underwent metabolic degradation 
similar to DPH, competing for the same metabolic 
site on the enzyme, experiments were carried out to 
determine the inhibitor constant (K,) in the presence 
of DPH using the graphical method described by 
Dixon [12]. The results (Figs 5-8) show that whilst 
ethosuximide, sodium phenobarbitone and sulthiame 
exhibit a competitive type of inhibition, sodium val- 
proate inhibition is uncompetitive in nature. 


DISCUSSION 


The Hill interaction coefficient, n, was found to be 
1.0 (Fig. 3) and this indicates that there is no positive 
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Fig. 1. DPH microsomal hydroxylation showing saturation kinetics with respect to substrate concen- 

tration. Saturation of microsomal enzyme occurs at a DPH concentration of approximately 10~* M. 

Each point represent: the mean of four experiments. V represents the concentration of DPH, in pg/ml 

of incubation mixture per 10 mg of liver 9,000g microsomal protein, metabolised during a 15 min 
incubation period. 
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Fig. 3. Hill plot. The Hill interaction coefficient, N, is given 
by the gradient of the plot and was found to be 1.0. For 
the significance of this see text. V represents the maximum 
velocity of the reaction. v represents the velocity of reaction 
at particular substrate [S] concentration. Units as in Fig. 2. 


or negative cooperativity of binding. Since the Hill 
coefficient cannot exceed the number of binding sites 
on the receptor molecule[14] it follows that the 
receptor of DPH has only one binding site. 

The inhibition of DPH hydroxylation by the four 
anticonvulsants studied (Fig. 4) can be categorized as 
follows: 

1. Strong and competitive as observed with pheno- 
barbitone (Fig. 5) and sulthiame (Fig. 6). 

2. Weak and competitive, as observed with ethosux- 
imide (Fig. 7). 

3. Weak and uncompetitive as observed with 
sodium valproate (Fig. 8). 

The K; inhibition constants obtained suggest that 
phenobarbitone and sulthiame have a high affinity 
for the DPH receptor site whilst ethosuximide and 
sodium valproate have low affinities. 

The fact that sodium valproate exhibited a different 
form of inhibition, viz: uncompetitive, as compared 
with all the other drugs is interesting, in view of its 
dissimilar molecular configuration. This difference is 
all the more significant when considered against the 
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Fig. 5. Inhibition of DPH microsomal hydroxylation by 
sodium phenobarbitone. A competitive type of inhibition 
is observed with a mean K; of 9 x 10~*M. For clarity 
the range of K; obtained from three separate experimental 
determinations is not shown. Also not all experimental 
data used for determining K; is shown. S and S, represent 
respectively DPH_ substrate concentrations of 3.3 x 
10-°M and 10-*M. Vas in Fig. 2. 


remarkable similarity of all the other anticonvulsants 
studied, including sulthiame when viewed stereo- 
chemically [15]). 

The results presented here should be considered in 
the light of clinical reports of drug interactions in 
patients on DPH. In all cases reported[5,6] sul- 
thiame has been shown to raise plasma DPH levels 
and to decrease urinary metabolites, implying strong 
inhibition of DPH hydroxylation by either sulthiame 
itself or one of its metabolites. In this study we have 
observed directly that sulthiame itself is, indeed, a 
strong inhibitor. Whether the metabolites of sul- 
thiame produce any additional inhibition has yet to 
be determined. 

Phenobarbitone is known to be a strong inducer 
of liver microsomal enzymes[1]. It would be 
expected, therefore, that plasma DPH levels of 
patients on chronic treatment with DPH would be 
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Fig. 4. Comparative inhibition of DPH hydroxylation, expressed as a percentage, in the presence of 
varying molar concentrations of other anticonvulsant drugs. 
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Fig. 6. Inhibition of DPH microsomal hydroxylation by sulthiame. A competitive type of inhibition 

is observed with a mean K; of 8.8 x 10~*M. K; (aH) represent the range of K;’s obtained in four 

experiments. S$, and S, represent respectively DPH substrate concentrations of 5 x 10-°M and 
10-*M. V as in Fig. 2. 
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Fig. 7. Inhibition of DPH microsomal hydroxylation by ethosuximide. A competitive type of inhibition 

is observed with a mean K; of 1.1 x 10~?M. K; (a}Hd) represent the range of K,’s obtained in four 

experiments. S, and S, represent respectively DPH substrate concentrations of 5 x 10-°M and 
10-*M. Vas in Fig. 2. 


lowered by the addition of phenobarbitone to their 
regime on a long-term basis. However, occasional in- 
stances have been reported [16-19] in which plasma 
DPH levels have either not changed or been raised 
by addition of the second drug. Our results could 
explain these observations if in the chronic situation, 
the inhibition effect prevails over induction. 

The strong inhibition of DPH hydroxylation by 
ethosuximide and its consequential elevation in 
plasma was suspected in one patient by Frantzen et 
al. [20]. Preliminary results [21] obtained from analy- 
sis of plasma DPH levels and DPH urinary metabo- 
lites of Wistar rats before and after ethosuximide was 
added to a regime of DPH showed no significant 
change. The evaluation of the true clinical interaction 
of ethosuximide has to await further clinical trials but 


significant in the rat[7]. Furthermore, sodium val- 
proate has no cytochrome P450 inducing proper- 
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our data suggests that its inhibition of DPH hy- 
droxylation is probably not important. 

The inhibition of DPH hydroxylation by sodium 
valproate as measured by plasma DPH levels and 
DPH urinary metabolites has been shown not to be 


Fig. 8. Inhibition of DPH microsomal hydroxylation by 

sodium valproate. Uncompetitive type of inhibition is 

observed with a mean K; (from three experiments) of 

1.8 x 107? M. S, and S, represent respectively DPH sub- 

strate concentrations of 3.3 x 10-°M and 10-*M. Vas 
in Fig. 2. 
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ties [21,22]. To date no clinical evidence exists to 
suggest that this may be different in man. Thus in 
the light of our present findings it can be concluded 
that inhibition of DPH hydroxylation by sodium val- 
proate, in man, will probably not be of great clinical 
importance. 


SUMMARY 


The in vitro hydroxylation of DPH and its inhibi- 
tion by other commonly used anticonvulsants has 
been studied, using a 9,000g rat liver preparation. 
One high affinity, saturable, DPH binding site was 
found on the enzyme. 

All the anticonvulsants studied exhibited various 
types and strengths of inhibition and this has been 
discussed in relation to possible important clinical in- 
teractions. 
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Abstract—Choline inhibits the uptake of ['*C]tetraethylammonium (TEA) by mouse kidney cortex 
slices incubated in Krebs-Ringer bicarbonate buffer (37°, pH 7.4)), aerated with O,-CO, 95:5 v/v%. 
Inhibition seemed to be of a competitive type. Stimulation of unidirectional ['*C]JTEA exit occurred 
when choline was added to the wash-out medium, and approached ‘a maximum value with increasing 
choline concentrations. Enhancement of TEA exit by choline could be demonstrated in the presence 
of high external K* concentrations suggesting that it was not secondary to unspecific changes in 
the membrane potential. Initial ['*C]TEA uptake was increased in slices preloaded with choline. This 
argues against the possibility that choline stimulates exit by displacing ['*C]TEA from intracellular 
binding sites. Preloading the tissue with choline did not reduce relative ['*C]TEA exit which indicates 
that stimulation of initial TEA uptake after choline preloading is due to an increase of TEA influx 
rather than to an inhibition of TEA efflux. The results suggest that choline and TEA share a common 
transport mechanism. Transfer of TEA across the membrane in both directions depends on the trans- 
concentration of choline. The stimulation phenomenon may be an example of accelerative exchange 


diffusion. 


Renal transport in vivo and in vitro of nitrogenous 
organic cations is characterized by the occurrence of 
mutual transport inhibition phenomena among struc- 
turally analogous compounds [1]. Enhancement of 
organic cation transport in vivo was recently demon- 
strated in the chicken kidney where several quatern- 
ary amines had biphasic effects on the excretion of 
'4C-labelled choline and acetylcholine [2-5]. Infusion 
of organic cations at low loads was thus shown to 
increase tubular secretion of these labelled com- 
pounds whereas infusion of the same organic cations 
at high loads resulted in an inhibition of the secretion 
process. 

We have previously reported a transport interac- 
tion phenomenon of a stimulatory type associated 
with renal organic cation transport in vitro [6-9]. At 
low external concentrations a number of monoqua- 
ternary amines, e.g. choline and tetraethylammonium 
(TEA) enhanced the uptake of the polymethylene-bis- 
quaternary amine ['*C]decamethonium into mouse 
and rat kidney cortex slices, whereas the same amines 
at higher concentrations depressed the uptake. In- 
crease of initial decamethonium uptake could be 
demonstrated in the absence of monoquaternary 
amines if the tissue had been preincubated with a 
monoquaternary amine before transfer to a ['*C]- 
decamethonium containing medium. This finding in- 
dicates that stimulation in some way is related to the 
presence of monoquaternary amines in the tissue. En- 
hancement of decamethonium uptake was not due to 
competitive inhibition of decamethonium efflux by in- 
tracellularly located monoquaternary amines since no 
efflux of decamethonium could be demonstrated in 
wash-out experiments. Hence, unidirectional influx of 
decamethonium was stimulated by the presence of 
monoquaternary amines in the tissue. 

The purpose of this study was to investigate poss- 
ible transport interaction phenomena between the 


monoquaternary amines ['*C]TEA and choline in 
mouse kidney cortex slices. The former compound 
was chosen as transport substrate since it accumulates 
in mouse kidney cortex slices without undergoing 
metabolic transformation [10]. The possibility that 
any effect of choline on ['*C]TEA transport should 


be secondary to changes in ['*C]TEA metabolism 
can therefore be disregarded. 


MATERIALS AND METHODS 


Tetraethyl-1-['*C]ammonium bromide specific ac- 
tivity 2.8 mCi/mM) was supplied by New England 
Nuclear Corp., Boston, MA. Tetraethylammonium 
and choline were obtained as chloride salts from 
Merck. 

Male albino mice (25 g) of a single strain (NMRI) 
were received from Moellegaard A/S Scanbur Ejby, 
Denmark. 

Incubation procedure. Cortical slices from mouse 
kidneys were prepared and used as previously de- 
scribed [6]. Immediately after preparation the slices 
were placed in Erlenmeyer flasks (3-4 slices weighing 
50mg in each flask), containing ice cold Krebs- 
Ringer bicarbonate incubation buffer (100ml) with 
11mM _ glucose [11]. The tissue was stored 1/2 hr 
under these conditions until start of incubation. 

At start of incubation the flasks were closed with 
rubber stoppers perforated with polyethylene tubings 
through which a gas phase consisting of oxygen and 
carbon dioxide (95:5) was bubbled into incubation 
medium (pH adjusted to 7.4). The flasks were shaken 
gently (60 oscillations/min) in a water bath (37°). The 
tissue was preincubated (30 min) before addition of 
['*C]tetraethylammonium (TEA). When necessary, 
choline was added to the medium at the start of 
preincubation. The external concentration of 
['*C]TEA was kept constant during the entire incu- 
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bation period owing to the relatively large volume 
of buffer. Incubations were terminated by separating 
tissue from medium on nylon nets. If necessary, slices 
were carefully transferred to other media by means 
of a forceps. Otherwise, the tissue was placed in pre- 
weighed counting vials and weighed (wet weight). 

Measurement of radioactivity. Tissue samples 
digested (48 hr at room temperature) in | ml tissue 
solubilizer “Soluene-350° (Packard Instrument) and 
medium samples of 1 ml were completed for f-liquid 
scintillation counting by addition of 15 ml scintilla- 
tion fluid “‘Dimilume’ (Packard Instrument). Both 
types of samples were counted with identical efficien- 
cies (internal standardization) in a liquid scintillation 
spectrometer (Beckman 250) using a combined 
'$C.3H window. Tissue concentrations of ['*C]TEA 
were calculated from cpm/g tissue (post incubation 
wet weight) using counting rates in the medium 
(cpm/ml medium) as reference. Addition of ['*C]TEA 
to blank tissue and medium samples gave counting 
rates similar to those obtained in absence of tissue 
or medium. 


RESULTS 


Effect of choline on TEA uptake. Figure 1 shows 
the time course of TEA uptake at two external TEA 
concentrations (1 uM and 500 uM) in the absence or 
presence of 5mM choline. TEA uptake is markedly 
inhibited by choline, the inhibition, however, being 
less pronounced at the high TEA concentration. 

Steady-state uptake of TEA was measured at vary- 
ing external TEA concentrations in the absence (con- 
trol) or presence of 5mM choline. Data from these 
experiments are depicted in a double reciprocal plot 
(Fig. 2) which shows steady state TEA uptake as a 
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Fig. 1. Effect of choline (5 mM) on time course of ['*C]- 
TEA uptake by mouse kidney cortex slices ('*C-tissue- 
medium distribution ratio = cpm/g tissue/cpm/ml medium). 
The ['*C]TEA concentration of the medium was | uM 
(©) or 500 uM (0). The corresponding filled symbols rep- 
resent experiments in which choline was added to the 
medium. Each point is the mean of 5-6 experimental 
values with S.E.M. (vertical bars for values higher than 
0.3). 
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Fig. 2. Double reciprocal Lineweaver-Burk plot of TEA 
uptake in absence (O) or presence (@) of 5mM choline. 
Each symbol is the mean of 3-4 experimental values 
(S.E.M. within circles). Upper figure shows the initial 
(5 min) uptake of ['*C]TEA while lower figure shows the 

steady state (30 min) uptake of ['*C]TEA. 


function of the external TEA concentration. The 
upper line represents experiments with choline addi- 
tion while the lower one represents control experi- 
ments. Both lines seem to converge towards a com- 
mon intersection point on the ordinate. The inserted 
plot in Fig. 2 contains data from similar studies deal- 
ing with the effect of choline on the initial uptake 
of TEA at varying external TEA concentrations. Both 
lines seem to converge towards a common intersec- 
tion point on the ordinate also in this plot. 

Effect of external choline on TEA exit. Figure 3 
shows time course of ['*C]TEA exit in wash-out ex- 
periments. Isotope washed out re-entered the tissue 
in negligible amounts owing to the dilution effect of 
the large volume of external medium (isotope concen- 
tration in the wash-out solution did not exceed back- 
ground counting). This means that any observed effect 
on exit cannot be ascribed to changes in a parallel 
re-uptake of isotope from the wash-out solution. TEA 
exit was determined under steady-state conditions in 
control experiments (concentration of unlabelled TEA 
in the wash-out solution was equimolar to that of 
labelled TEA in the pre-equilibrating medium) mean- 
ing that no net transport of TEA occurred between 
tissue and medium. The loss of ['*C]TEA from the 
tissue was initially rapid, almost half part of the initial 
content being washed out during the first 5 min. This 
was followed by a much slower exit, and 10 per cent 
of the initial ['*C]TEA content was thus still remain- 
ing in the tissue after 30 min wash-out. Addition of 
5mM choline to the wash-out solution enhanced 
['*C]TEA exit, the initial exit, however, being rela- 
tively most stimulated. 

Table 1 shows the effect of increasing external cho- 
line concentrations on ['*C]TEA exit (Smin wash- 
out). Choline at a concentration of 0.5mM or higher 
significantly stimulated ['*C]TEA exit. Figure 4 
shows relative stimulation of ['*C]TEA exit depicted 
as a function of the external choline concentration 
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Fig. 3. Time course of ['*C]TEA exit from mouse kidney 
cortex slices in the preserice (@) or absence (O) of external 
choline (5 mM). Tissue from each animal was pre-equili- 
brated (30 min) with 1 uM ['*C]TEA. Part of the tissue 
was removed for '*C measurements while the remainder 
was divided into a control group (transferred to a choline- 
free wash-out medium) and an experimental group (trans- 
ferred to a wash-out medium with choline). The concen- 
tration of unlabelled TEA in both wash-out media was 
1 uM. At times indicated tissue slices were removed and 
'4C-.activity determined. ['*C]TEA exit was expressed as 
a fraction of the initial ['*C]TEA content per mass unit 
tissue according to the formula: Cy — C./Co, where Co rep- 
resents the initial ['*C]TEA content after pre-equilibration 
and C, the ['*C]TEA content after wash-out. Each point 
is the mean of 5-8 experimental values with S.E.M. (verti- 
cal bars for values higher than 0.03). 


(data from Table 1). The curve seems to conform to 
a Michaelis-Menten hyperbola approaching a maxi- 
mum value around 70 per cent at choline concen- 
trations above | mM. 
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Fig. 4. Percentage stimulation of ['*C]TEA exit (5 min) 

from mouse kidney cortex slices plotted as a function of 

the choline concentration in the wash-out medium (paired 
comparisons). Data from Table 1. 


Initial TEA uptake and exit in slices preloaded with 
choline. Experiments were performed to investigate 
the effect of choline preloading on ['*C]TEA uptake. 
Table 2 shows that initial uptake (Smin) of 1 uM 
['*C]TEA was stimulated in slices that had been 
preincubated with choline (0.5 and 5mM) prior to 
['*C]TEA exposure. 

Table 3 shows the results of experiments in which 
slices were preincubated with ['*C]TEA (1 uM) in the 
absence or presence of 0.5mM choline. Relative 
['*C]TEA exit (Smin wash-out) was the same 
whether or not the tissue had been preincubated with 
choline. 

Effect of external choline on TEA exit in high K* 
solutions. Figure 5 shows the time course of 
['*C]TEA exit in wash-out solutions containing high 
K* concentrations (125 mM). When comparing con- 
trol data from Fig. 3 (O) to those of Fig. 5 (0) it 


Table 1. Effect of external choline on ['*C]TEA exit (5 min wash-out) from mouse kidney cortex 
slices 





('*C]TEA exit (fraction of 
initial content) 





Choline conc. (mM) Control 


With choline Difference (°,) 





0.1 
0.5 
1.0 
2.0 
3.0 
5.0 


0.46 + 0.03 
0.44 + 0.03 
0.42 + 0.03 
0.45 + 0.04 
0.44 + 0.03 
0.44 + 0.02 


0.46 + 0.05 
0.56 + 0.04 
0.65 + 0.03 
0.71 + 0.02 
0.72 + 0.02 
0.77 + 0.01 





Results are mean values + S.E.M. Student's ¢ test on paired differences. 


For details cf. legend to Fig. 3. 


Table 2. Initial uptake of ['*C]TEA by mouse kidney cortex slices preloaded with choline 





['*C]TEA tissue-medium distribution ratio 
after 5 min incubation 





Conc. of choline (mM) in 


preloading medium Control 


Preloaded 


with choline Difference (°,) 





0.5 
5.0 


6.0 + 0.2 


+ +39 + 6,P < 0.001 
5.8 + 0.4 


+30 + 5,P < 0.001 





Slices from each animal were divided in two groups which were incubated 30 min with (preloaded) 
or without (control) choline before transfer to another medium containing 1 uM ['*C]TEA but not 
choline. Results are mean values + S.E.M. (n = 9). Student’s ¢ test on paired differences. 
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Table 3. ['*C]TEA exit (5 min wash-out) from mouse kid- 
ney cortex slices preloaded with choline 





['*C]TEA exit (fraction of initial content) 





Preloaded Difference 


Controi with choline (%) 





0.44 + 0.03 0.42 + 0.04 0+11 





Slices from each animal were divided in two groups which 
were pre-equilibrated with | uM ['*C]TEA in the absence 
(control) or presence of choline (0.5mM). Both groups 
were thereafter subjected to a procedure similar to that 
described for the control experiments in legend of Fig. 3. 
Results are mean values + S.E.M. (n = 8). Student's t test 
on paired differences. 


is seen that high external K* concentrations per se 
stimulate TEA exit. Addition of 5mM choline to the 
wash-out solutions gave, however, rise to a further 
increase of TEA exit (Fig. 5). The stimulatory effect 
of choline on ['*C]TEA exit in high K* solutions 
was highest initially: 32 +7 per cent (P < 0.005, 
n = 8) and 19 + 3 per cent (P < 0.001, n = 8) after 
3 and 5 min wash-out respectively (data from Fig. 5). 


DISCUSSION 


Choline inhibits the uptake of ['*C]TEA by mouse 
kidney cortex slices (Fig. 1), and the inhibition seems 
to be of a competitive type (Fig. 2). Addition of cho- 
line to the wash-out solution increased the unidirec- 
tional exit of ['*C]TEA (Fig. 3), and the curve relat- 
ing relative stimulation of ['*C]TEA exit to the exter- 
nal choline concentration conformed to a Michaelis— 
Menten hyperbola (Fig. 4). Enhancement of TEA exit 
in the presence of external choline may be due to 
an increased permeability of the cell membrane to 
TEA or to a rise in the intracellular level of freely 
diffusible TEA. The intracellular concentration of dif- 
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Fig. 5. ['*C]TEA exit from mouse kidney cortex slices 
into high K* media (120mM Na*®* replaced by equimolar 
K *) in the presence (@) or absence (OC) of 5mM external 
choline. Tissue from each animal was pre-equilibrated in 
a standard medium (30 min) with | uM ['*C]TEA. Part 
of the tissue was removed for '*C measurements while 
the remainder was divided into a control group (trans- 
ferred to a choline-free high K* medium) and an experi- 
mental group (transferred to a high K* medium with cho- 
line). For further details cf. Fig. 3. 
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fusible TEA would increase if choline displaced TEA 
from intracellular binding sites. According to the lat- 
ter hypothesis a decrease of TEA uptake was to be 
anticipated in slices where these binding sites were 
pre-occupied by choline. However, the finding that 
initial TEA uptake was actually stimulated in slices 
preloaded with choline disagrees with this idea (Table 
2). The increase of initial TEA uptake in choline pre- 
loaded slices may result from a decrease of TEA efflux 
(e.g. choline and TEA competing for a common efflux 
mechanism) or from an actual increase of TEA influx. 
The latter possibility seems to be the more likely one 
in view of the unchanged ['*C]TEA exit from tissue 
preequilibrated in the presence of choline (Table 3). 
The lack of any effect of intracellular choline on TEA 
exit is somewhat puzzling in view of the competitive 
inhibition of TEA uptake by extracellular choline. 
This might, however, be the result of an asymmetric 
affinity of choline for the transport system, i.e. that 
choline has a much lower affinity (lower inhibitory 
potency) for the intracellular than for the extracellular 
side of the transport system. 

At high concentrations, i.e. 100mM choline was 
shown to be just as effective as K* in depolarizing 
the membrane potential of amphibian kidney slices, 
whereas choline at a low concentration, i.e, 5mM 
had no effect [12]. The external choline concen- 
trations which stimulated TEA exit in the present 
study were not exceeding 5 mM. It is, therefore, un- 
likely that stimulation of TEA exit should be second- 
ary to a depolarization of the membrane potential 
produced by external choline. The observation that 
external choline enhanced TEA exit even in high K* 
solutions where the tissue is depolarized does also 
agree with this assumption (Fig. 5). 

The present data suggest that the monoquaternary 
amines choline and TEA share a common transport 
mechanism in mouse kidney cortex cells. The trans- 
port of TEA across the cell membrane depends on 
the transconcentration of choline (trans-side: the side 
towards which the transport is directed). There is a 
resemblance between the present trans-stimulation 
phenomena and previous observations concerning 
transport of hexoses and amino acids. Efflux of 
[*H]glucose from human erythrocytes approached a 
maximum value with increasing concentrations of un- 
labeled glucose or galactose in the efflux bath [13]. 
Preloading mouse ascites carcinoma cells with un- 
labeled glycine or N-methylglycine increased influx 
of ['*C] glycine, whereas addition of N-methyl-glycine 
to the external solution inhibited ['*C]glycine uptake 
[14]. The accelerative exchange diffusion or substrate 
facilitated transport model advanced to explain the 
latter phenomena implies that the binding of trans- 
substrate to the carrier facilitates re-orientation of 
carner sites towards the opposite side (cis-side) and 
thereby enhances transport of substrate from cis to 
trans-side. On the basis of this model the data pre- 
sented here suggest that choline influx increases TEA 
efflux while choline efflux increases TEA influx. 
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Abstract—Tube feeding of ['*C]ethylene dibromide (EDB) to non-fasted rats resulted in the incorpor- 
ation of the radioactivity into liver DNA, RNA and protein. Using alkaline and neutral sucrose gra- 
dients, it was observed that administration of the pesticide to non-fasted rat caused slower sedimentation 
of liver DNA in alkaline and not in neutral sucrose gradients. Slower sedimentation of liver DNA 
in alkaline sucrose gradients was apparent within 2 hr after the administration of a dose of 22 mg/100 g 
or 4hr after a dose of 7.5 mg/100g of body weight. Using a dose of 7.5 mg/100 g, the EDB-induced 
liver DNA damage was repaired significantly by 17.5 hr and almost completely by 96 hr. Administration 
of diethyldithiocarbamate, a free radical scavenger, did not inhibit liver DNA damage caused by EDB. 


Ethylene dibromide (EDB) is a pesticide used either 
separately or mixed with other haloalkane fumigants 
like ethylene dichloride and carbon tetrachloride. 
This agent has been found to be toxic to animals 
[1,2], to cause a decrease in the laying of eggs in 
chicks [3] and to be spermicidal in bulls [4]. Recently 
it has also been reported to be carcinogenic [5] and 
mutagenic [6]. 

It has been demonstrated that carcinogens interact 
with DNA of several organs and induce slow sedi- 
mentation of DNA in alkaline and/or neutral sucrose 
gradients indicative of single and/or double strand 
breaks respectively [7-16]. Therefore it was of interest 
to determine whether EDB would interact with liver 
DNA in vivo and induce DNA damage that could 
be measured by its slow sedimentation in alkaline 
and/or neutral sucrose gradients. 

The results presented in this paper show that (1) 
EDB interacts with liver DNA, RNA and protein and 
induces single strand breaks in liver DNA; (2) the 
strand breaks are largely repaired by 96hr after the 
administration of the halo-alkane; and (3) pretreat- 
ment of the animal with diethyldithiocarbamate 
(DEDTC), a free radical scavenger, does not prevent 
the induction of liver DNA strand breaks caused by 
EDB. 


MATERIALS AND METHODS 


White male rats of Wistar strain (Carworth Farms) 
weighing about 130-160g were used in all experi- 
ments. Thymidine-[methyl-7H] (sp. act. 20Ci/m- 
mole) and ['*C(U)JEDB (sp. act. 20 mCi/m-mole) 
were purchased from New England Nuclear, Boston, 





* Present address: Department of Animal Nutrition, Agri- 

cultural Research Organization, The Volcani Center, 
P.O. Box 6, Bet Dagen, Israel. 
+ Reprint requests should be addressed to D. S. R. 
Sarma, Department of Pathology, University of Tor- 
onto, Medical Sciences Building, Toronto, Ontario, 
Canada MSS 1A8. 


MA. Unlabeled EDB was obtained from Aldrich 
Chemicals, Milwaukee, WI; and DEDTC and pro- 
nase were obtained from Sigma Chemical Co., St. 
Louis, MO. Cellulose nitrate tubes (Beckman Instru- 
ments,Inc., Fullerton, CA) and dialysis tubing (A. H. 
Thomas, Philadelphia, PA) were treated with 0.5% 
boiling solution of EDTA (pH 7.5) for 10min and 
rinsed with distilled water before use. Liver DNA was 
labeled by injecting thymidine-[methyl-°H] during 
the peak of DNA synthesis after partial hepatectomy 
[8]. The animals were used after a minimum recovery 
period of 2 weeks, by which time the liver had 
returned to a quiescent state [17]. 

After appropriate treatments, rats were killed by 
decapitation, livers excised and the size of the liver 


‘DNA was measured by sedimentation in alkaline 


sucrose density gradient. The preparation of alkaline 
and neutral sucrose gradients, suspension of liver nu- 
clei, lysis of nuclei and release of DNA on the top 
of sucrose gradient and other technical details were 
carried out as described previously [8]. The alkaline 
lysing agent consisted of 0.3 M NaCl, 0.03 M EDTA, 
0.5% sodium dodecyl sulfate and 0.1 M Tris, the pH 
of which was adjusted to 12.5 with 5 N NaOH [18]. 
Neutral lysing agent was similar to the alkaline lysing 
agent except that the pH was 7.5 and contained auto- 
digested pronase (2 mg/ml of lysing solution [8)). 

Alkaline sucrose gradients were calibrated using 
DNA from T,, T; and SV40 nicked circles. Molecular 
weight values higher than T, phage-DNA are extra- 
polated from the sedimentation patterns of DNA of 
SV40, T, and T, phages [19]. 

Incorporation of radioactivity into liver DNA, RNA 
and protein after the administration of ['*C(U)]EDB. 
['*C(U)JEDB was mixed with unlabeled EDB to give 
a specific activity of 15.6 wCi/mg. Labeled EDB was 
dissolved in corn oil and was given by stomach tube 
(12 mg/100 g of body weight). Four hours later the 
rats were killed by decapitation, livers excised, weighed 
and rinsed in 0.25 M sucrose containing 0.05 M Tris, 
pH 7.6, 0.025M KCI and 0.005M MgCl,-6H,O0 
(TKM) and homogenized in 2 vol. of 0.25™M _ sucrose 


1941 





1942 


containing TKM, using a Potter-Elvehjem homogen- 
izer with a clearance of 0.006 to 0.009 in. between 
Teflon pestle and glass chamber. The liver was 
homogenized with ten strokes (one up and one down 
movement per stroke). The homogenate was centri- 
fuged at 3000 rev/min in an International Centrifuge 
model PR-6 at 4° for 10 min to pellet the nuclei. After 
pelleting the mitochondria at 12,000 rev/min in a Sor- 
vall Centrifuge model RC-2, the post-mitochondrial 
supernatant was centrifuged at 100,000g for 4hr in 
a Spinco ultracentrifuge at 4° to obtain microsomal 
pellet and the supernatant cytoplasmic fraction. The 
nuclear and microsomal pellets were rinsed with 
0.25 M sucrose containing TKM and repelleted. The 
nuclear DNA was isolated and purified either by the 
procedure described by Kirby and Cook [20] or 
using CsCl [21]. 

Ribosomal and cytoplasmic RNA and _ nuclear, 
microsomal and cytoplasmic proteins were prepared 
as described by Schneider [22]. The radioactivity in 
these fractions was determined as detailed earlier [8]. 
DNA was determined by the diphenylamine method 
[23], RNA by the orcinol method [24] or by measur- 
ing absorption at 260 nm and protein by the method 
described by Lowry et al. [25] or by the fluorescence 
method [26]. 


RESULTS 


The results on the incorporation of radioactivity 
into liver DNA, RNA and protein after the adminis- 
tration of ['*C(U)]EDB are presented in Table 1. The 
incorporation of radioactivity was highest in the pro- 


tein fraction followed by RNA and DNA. The radio- 
activity in DNA was hydrolyzable to an extent of 
80-90 per cent by pancreatic DNase. Acid hydroly- 
sates (0.1 N HCI at 90° for 60min) of '*C-labeled 
rat liver DNA gave three major and two minor u.v. 
quenching radioactive spots on thin-layer chromato- 
grams (Mn 200 cellulose; thickness 250 um; Analtech, 
Inc., Newark, DE) developed in isopropanol—conc. 
HCl-water (170:41:39) solvent system for 4hr. The 
chemical nature of these compounds is not known 
and is being studied. Even though the nature of the 
interaction of EDB with liver DNA is not known 
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Table 1. Incorporation of radioactivity into liver DNA, 
RNA and protein after the administration of 
['*C(U)]EDB* 





Incorporation of radioactivity 


Cellular fraction (dis./min/mg) 





Nuclear DNA 


Ribosomal RNA 
Cytoplasmic RNA 


3,000; 2,700 


9,000 
9,800; 8,400 


14,000 
10,000 
20,000; 30,000 


Nuclear protein 
Microsomal protein 
Cytoplasmic protein 





* Livers of two rats were pooled and each value rep- 
resents one determination. Other details are described in 
Materials and Methods. 

+ DNA samples were found to contain 2-3% protein and 
hence the values were corrected for the nuclear protein 
contamination. 


at present, on a molar basis its interaction with DNA 
(5.68 x 10° mole nucleotides/mole EDB) approaches 
that obtained with several alkylating agents [27]. The 
next series of experiments was designed to determine 
whether EDB, like other alkylating agents, causes 
slow sedimentation of liver DNA in alkaline and/or 
neutral sucrose gradients. 

As can be seen from Table 2, while most of the 
liver DNA of control rats sedimented in the molecu- 
lar weight range of >3.2 x 10° daltons, that from 
rats treated with EDB (7.5 mg/100 g) for 4hr had a 
lower molecular weight and was heterodisperse in 
alkaline sucrose gradients. The acid-precipitable 
radioactivity in the gradients fractions was essentially 
free of protein and RNA [8] and was characterized 
as DNA by its stability to alkali (0.3 N NaOH), in- 
sensitivity to pronase and susceptibility to DNase 
digestion. It was further judged to be single stranded 
by physical and electron microscopic methods as well 
as by its susceptibility toward S, nuclease [19]. 

The data presented in Table 2 also indicate that 
the slow sedimentation of liver DNA seems to be little 
affected by increasing the dose of EDB above 
7.5 mg/100 g of body weight. This lack of progression 
of DNA damage with increasing the dose of EDB 


Table 2. Sedimentation patterns of hepatic DNA in alkaline sucrose gradients after the administration of different 
doses of EDB 





Distribution of liver DNA in alkaline sucrose gradients 


(% of total radioactivity) 





Fractions and corresponding mol. wt 





EDB administered* 
(mg/100 g body wt) 


14 
No. of rats 


(>3.2 x 10°) 


12-18 
(<2.2 x 108) 


5-11 
(3.2 x 10° to 2.2 x 10°) 





Control 


+ He H+ + 
—- ODA 


N 


He HH + 
ADH 

RASS@oU 
HHH 
Aun & tN 





* EDB was tube fed at different concentrations, and control rats received equivalent volumes of corn oil. All the 
rats were killed 4 hours later. Other details are described in Materials and Methods. The numbers in parentheses 


represent molecular weight ranges. 
+ Mean + S.E. 
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Table 3. Sedimentation patterns of hepatic DNA in alkaline sucrose gradients at different time periods after the adminis- 
tration of EDB 





Distribution of liver DNA in alkaline sucrose gradients 


(% of total radioactivity) 





Fractions and corresponding mol. wt 





Time after 14 


administration of EDB* No. of rats 


(>3.2 x 10%) 


5-1 


—11 12-18 
(3.2 x 10° to 2.2 x 108) 


(<2.2 x 10%) 





— 


Control 
30 min 

1 hr 

2 hr 

4hr 

24 hr 


Ww 


oo 
BARS=SE 
Nr ~~ ew 

NO 


Nwhn 
He HE HEHE HH 


— 
— 


HEHEHE HEHE 
ene eb 
He He HE HE 
NDA WwW we dO 


~ 
we 
Ke NAUNNWN 


RVG w 





*EDB was tube fed at a dose of 22 mg/100g of body weight. Details are described in Materials and Methods. 
The numbers in parentheses represent molecular weight ranges. 


+ Mean + S.E. 


above 7.5mg/100g may be due to the inability of 
the liver to metabolize higher concentrations of EDB 
during this time period [2]. 

In the following experiments, the effect of EDB 
treatment as a function of time on the sedimentation 
of liver DNA in alkaline sucrose gradients was deter- 
mined. To study this aspect, a large dose of EDB 
(22 mg/100 g of body weight) was chosen. The results 
presented in Table 3 clearly indicate that the slower 
sedimentation of liver DNA, an effect that is signifi- 
cant and reproducible, can be observed within 2 hr 
after the EDB administration, a time at which EDB 
exerted its maximum effect on lowering hepatic sol- 
uble sulfhydryl groups [1]. 

Liver DNA damage (as measured by sedimentation 
analysis in alkaline sucrose gradients) with a dose of 
22 mg/100 g was progressive with time and persists 
up to at least 24hr. Since this dose of EDB induces 
liver cell necrosis at later time periods in fasted ani- 
mals [28], repair of EDB-induced DNA damage was 
studied using lower doses. The results presented in 
Table 4 indicate that liver DNA damage induced by 
a non-necrogenic dose of 7.5mg EDB/100g was 
largely repaired by 96hr after the administration of 
EDB. 

EDB, like CCl,, causes lipid peroxidation [2, 29]. 
DEDTC, a free radical scavenger, has been shown 


to inhibit the lipid peroxidation due to CCl, [30]. 
In addition, recently it has been demonstrated that 
administration of DEDTC also inhibits the induction 
of liver DNA strand breaks by dimethylnitrosamine 
(DMN) by inhibiting the microsomal metabolism of 
DMN (31, 32]. It was therefore of interest to deter- 
mine whether DEDTC prevents the EDB-induced 
liver DNA strand breaks. The results presented in 
Table 5 indicate that DEDTC did not prevent the 
liver DNA damage caused by EDB; however, in a 
very few experiments DEDTC offered partial protec- 
tion. 


DISCUSSION 


It is clear from this study that EDB interacts with 
DNA in addition to RNA and protein. Further, EDB 
administration causes damage to liver DNA, a lesion 
that can be monitored by sedimentation of liver DNA 
in alkaline sucrose gradients. This lesion is largely 
repaired within 96 hr. 

Not much is known about the metabolism of EDB 
in rat liver. Our observation that DEDTC did not 
inhibit the EDB-induced strand breaks in liver DNA 
does not necessarily preclude the involvement of the 
microsomal cytochrome P-450 system in the metabo- 
lism of this pesticide. Although DEDTC inhibited the 


Table 4. Repair of hepatic DNA damaged by EDB as analyzed by sedimentation in alkaline sucrose gradients 





Distribution of liver DNA in alkaline sucrose gradients 


(% of total radioactivity) 





Fractions and corresponding mol. wt 





Time after 
administration of EDB* 


(hr) No. of rats 


14 
(>3.2 x 10°) 


5-11 12-18 
(3.2 x 10° to 2.2 x 108) (<2.2 x 10%) 





—- 


Control 
4 
17.5 
24 
48 
96 


DNDwW 


Se 
we AUno 
H+ He HHH Ht 


Ukr OND Ww 
:— 


wweweue 


wnooro- 
I+ I I+ 1+ H+ I+ 
aT ol > cad 





* EDB was given at a dose of 7.5 mg/100g of body weight. Other details are presented in Materials and Methods. 


The values in parentheses represent molecular weight ranges. 


+ Mean + S. E. 
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Table 5. Influence of DEDTC on EDB-induced DNA damage as analyzed by sedimentation in alkaline sucrose gradients 





Distribution of liver DNA in alkaline sucrose gradients fractions 


(% of total radioactivity) 





Fractions and corresponding mol. wt 





Treatment* No. of rats 


1-4 
(>3.2 x 109) 


12-18 
(<2.2 x 10°) 


5-11 
(3.2 x 10° to 2.2 x 10%) 





— 


Control 9 
EDB 4 
DEDTC + EDB 12 
DEDTC 3 


assF 


+ I+ I+ I+ 
SIwWUWw 


-wbn 
onhun 
I+ I+ I+ I+ 
pre NwnN 


—nAn 
aoohre 
+ + + I 





* DEDTC (300 mg/kg) was given i.p. 45 min prior to the administration of EDB (10 mg/100 g). Corresponding control 
rats received appropriate volume of vehicle alone. All the rats were killed 4hr after the administration of EDB. Other 
details are described in Materials and Methods. The numbers in parentheses represent the molecular weight ranges. 


+ Mean + S. E. 


metabolism of carbon tetrachloride [30,33] and 
dimethylnitrosamine [32] (agents that are presumably 
metabolized by the microsomal cytochrome P-450 
systems [30, 34]), it had hardly any effect on the 
N-demethylation of ethylmorphine, cytochrome con- 
tent or NADPH-cytochrome P-450 reductase 
[33, 35]. The possibility of the existence of several dis- 
tinct cytochrome systems, each specific for the meta- 
bolism of a particular group of compounds, must 
therefore be recognized. 

While the nature of the chemical lesion in liver 
DNA caused by EDB is not known, the observed 
slow sedimentation of the DNA in alkaline sucrose 
gradients may be due to strand breaks. EDB can 
cause strand breaks in liver DNA either by alkylation 
or by free ra.‘ical production, and the former mechan- 
ism seems more probable. Like many other alkylating 
agents, EDB alkylates glutathione [36]. It is therefore 
likely that the radioactivity associated with DNA 
(Table 1) after ['*C]EDB administration represents 
alkylation of DNA base and/or the phosphodiester 
backbone either of which can cause DNA strand 
breaks [27, 37, 38]. Furthermore, EDB was found to 
be less effective than CCl, in inducing lipid peroxida- 
tion [2], an agent which produces free radicals [29], 
and DEDTC, a free radical scavenger effective in pre- 
venting lipid peroxidation, did not inhibit EDB- 
induced liver DNA damage. In addition, unlike CCl,, 
EDB induces slow sedimentation of liver DNA in 
alkaline sucrose gradients at non-necrogenic doses. 

Slow sedimentation of DNA in alkaline sucrose 
gradients has been observed under other experimental 
conditions. Low doses of ionizing radiation releases 
DNA from a “complex” presumably consisting of 
lipid and protein in addition to DNA [39]; higher 
doses cause fragmentation of such released DNA 
[39]. The former phenomenon may be noticed when 
the mammalian cells are lysed for shorter time 
periods in alkali containing no detergents. In our ex- 
periments since sodium dodecyl sulfate was used in 
the alkaline lysing solution, the slow sedimentation 
of liver DNA induced by EDB may not be due to 
the release of DNA from the DNA-lipoprotein “com- 
plex.” 

The results presented in this paper clearly suggest 
that EDB induces in vivo both chemical (as measured 
by DNA-associated radioactivity) and physical (as 


measured by sedimentation analysis in alkaline 
sucrose gradients) lesions in liver DNA. In addition, 
EDB interacts with RNA and proteins (see Table 1) 
and characterization of these lesions may help in un- 
derstanding the mutagenic and carcinogenic potential 
of this pesticide. 
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Abstract—Ribonucleotide derivatives of allopurinol and oxipurinol are potent inhibitors of human 
erythrocyte orotidylate decarboxylase. The inhibition constants are dependent upon the aggregation 
state of the enzyme, much tighter binding being observed with higher molecular weight forms. The 
trend was similar to that observed for K,, values for orotidine-5'-phosphate, the substrate of the enzyme. 
Of the compounds tested, 1-oxipurinol-5’-phosphate, with a K, value of 0.3nM for the 250,000 M.W. 
species, was the most effective inhibitor. This was some two orders of magnitude tighter than 7-oxipur- 
inol-5’-phosphate, which in turn was two orders of magnitude tighter than 1-allopurinol-5’-phosphate. 
A similar trend of K; estimates with molecular weight of the enzyme was observed with a number 
of other inhibitors, including 3-XMP, 9-XMP, 6-azaUMP, UMP and inorganic phosphate (HPO3-). 


Orotidylate decarboxylase (ODCase; EC 4.1.1.23) 
converts orotidine-5’-monophosphate (OMP) to 
UMP in de novo pyrimidine biosynthesis. It is inhi- 
bited by its product and also is known to be inhibited 
by metabolites of a number of purine and pyrimidine 
analogs, notably 6-azauridine [1,2] and the hypoxan- 
thine analog, allopurinol (4-hydroxypyrazolo-(3,4-D)- 
pyrimidine [3, 4]. 

Metabolites of allopurinol, and of its major in vivo 
product, oxipurinol (4,6-dihydroxypyrazolo-(3,4-p)- 
pyrimidine), were first implicated as inhibitors of 
ODCase when administration of allopurinol was 
shown to cause orotic aciduria and orotidinuria in 
man [3,4]. Work in this laboratory demonstrated 
potent inhibition of erythrocyte ODCase following 
preincubation of either allopurinol or oxipurinol with 
phosphoribosylpyrophosphate in the presence of hae- 
molysate [3,5] and Kelley and Beardmore [4] 
reported that 1-allopurinol ribonucleotide was a com- 
petitive inhibitor of this enzyme with a K; of 0.8 uM. 

The metabolic fate of allopurinol has been studied 
most extensively in the rat [6,7] where a number of 
derivatives were found, in liver, in the nanomole to 
micromole range, including 1-allopurinol-5’-phos- 
phate, 1-oxipurinol-5’-phosphate and 7-oxipurinol-5’- 
phosphate. In the red cell, the level of allopurinol 
ribonucleotide was ~10 per cent of that found in 
the liver and no oxipurinol ribonucleotides were 
detected. Synthesis of these ribonucleotides was 
achieved and inhibition of ODCase from yeast and 
liver demonstrated [8]. 

The current study was undertaken in order to 
determine accurate inhibition constants of the differ- 
ent molecular species of ODCase from human eryth- 
rocytes by the synthetic allopurinol metabolites. We 
have demonstrated that orotidylate decarboxylase 
from human erythrocytes usually copurifies as a 
complex with the preceding enzyme in the pathway, 
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orotate phosphoribosyl-transferase (EC 2.4.2.10) and 
that the complex can exist in three forms with mol- 
ecular weights corresponding approximately to 
62,000, 115,000 and 250,000 [9]. The three forms, cor- 
responding to monomer, dimer and tetramer, could 
be separated by chromatography on Sephadex G-200 
and maintained their integrity for 3-6 days. As the 
different oligomers were found to differ both in stabi- 
lity and kinetic properties, it was of interest to deter- 
mine whether this was reflected in the degree of inhi- 
bition by the various compounds. A number of other 
nucleotides were also tested as inhibitors and these 
results are included. 


MATERIALS AND METHODS 


Materials. [Carboxyl-'*C}]OMP was _ purchased 
from New England Nuclear Corp. OMP, UMP, 
XMP, XDP, XTP, UDP, TMP, CMP, CDP, GMP, 
GDP, GTP, AMP, ADP, ATP, ITP and 6-azaUMP 
were all obtained from either Sigma Chemical Co. 
or Calbiochem Pty. Ltd. 

1-Allopurinol ribonucleotide, 1-oxipurinol ribonuc- 
leotide, 7-oxipurinol ribonucleotide and 3-XMP were 
gifts from Dr. J. A. Fyfe, Burroughs Wellcome & Co. 
(U.S.A.) Inc., 3030 Cornwallis Road, Research Tri- 
angle Park, NC 27709, U.S.A. DEAE cellulose was 
obtained from Whatman Biochemicals Ltd. and 
Sephadex G-150 and G-200 from Pharmacia Fine 
Chemicals. 

Enzyme assay. Orotidylate decarboxylase was 
assayed by following the release of '*CO, from [car- 
boxyl-'*C]}OMP [5,9]. The usual reaction mixture 
contained [carboxyl-'*C]OMP, 0.08mM_ (7 nCi), 
Tris-HCl, pH 7.4, 50mM, and enzyme in a final 
volume of 1.0ml. Enzyme activity was expressed as 
nmoles CO; produced/mg protein/hr. Protein con- 
centration was determined using the method of 
Goodwin and Choi [10]. 

Enzyme. Orotidylate decarboxylase was partially 
purified from human erythrocytes as previously de- 
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scribed [9]. The resulting preparation consisted of a 
tightly bound complex of the decarboxylase and oro- 
tate phosphoribosyltransferase and was resolved into 
three molecular weight forms by chromatography on 
a 60 x 1.5cm column of Sephadex G-200 in 50mM 
potassium phosphate, pH 7.4. Fractions containing 
the three peaks of activity were separately pooled, 
concentrated by suction in collodion bags (Sartorium 
Membrane filter SM 13200), and stored in the elution 
buffer. 


RESULTS 


Allopurinol derivatives. Because of limited supplies 
of these compounds, studies with the allopurinol and 
oxipurinol derivatives were principally confined to the 
115,000 and 250,000 molecular weight forms of 
ODCase. In general, all were very good competitive 
inhibitors of the enzyme, tighter binding being 
observed with the higher molecular weight species as 
might have been anticipated from the lower K,, values 
reported [9]. The estimates are collected in Table | 
together with equivalent values obtained by Fyfe et 
al. [8] for ODCase from yeast and rat liver and with 
respective K,, values from this laboratory [9]. The 
compound, 1|-allopurinol-5’-phosphate, was available 
in greater quantity and could also be tested with the 
62,000 molecular weight form. 

Inhibition constants for a number of other competi- 
tive inhibitors of the enzyme are included in Table 
1. These included the synthetic analog, 3-XMP, 
9-XMP, 6-azaUMP and the product of the reaction, 
UMP. As found for plots of velocity with respect to 
substrate [9], apparent biphasic or triphasic plots 
could be observed for the inhibition studies with mix- 
tures of two or three molecular weight forms of the 
enzyme. In general, the inhibition constants are con- 
sistent with values obtained for ODCase by other 
workers and from other sources. However, even the 
K, values for the higher molecular weight form of 
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the enzyme are somewhat higher (by a factor of 2-3) 
for allopurinol-5’-phosphate and 9-XMP than the 
values of 0.8 uM and 0.7 uM respectively, reported 
by Kelley and Beardmore [4]. 

Other nucleotides. A number of other nucleotides 
were tested as inhibitors of two molecular weight 
forms, 250,000 and 62,000, of erythrocyte ODCase. 
The concentration of the substrate was 0.5 and 20 uM 
respectively, and of the potential inhibitors, 5 uM and 
0.5 uM respectively. These latter values corresponded 
to the concentration of 9-XMP required for 50 per 
cent inhibition at these substrate concentrations. 

With the 250,000 molecular weight form, a slight 
degree of inhibition was seen with UDP (12 per cent) 
and XDP (10 per cent). Less than 10 per cent inhibi- 
tion was seen with the other nucleotides tested, viz, 
AMP, ADP, ATP, GMP, GDP, GTP, XTP, ITP, 
CMP, CDP, TMP. Similarly, for the 62,090 molecular 
weight form, moderate inhibition was seen »ith XDP 
(25 per cent) and slight inhibition with UDP (15 per 
cent) and GMP (12 per cent). Less than 10 per cent 
inhibition was seen with the remainder of the same 
range of compounds as above. It is appreciated that 
more rigorous experiments could have found condi- 
tions in which many of the nucleotides did act as 
effective inhibitors but these experiments were not 
pursued. 

Effect of phosphate. In a previous study, inhibition 
of human erythrocyte ODCase by inorganic phos- 
phate was demonstrated, although the K; value was 
very high (~ 0.9 M) [9]. This effect of phosphate could 
influence some of the kinetic results as the enzyme 
was routinely stored in 50mM potassium phosphate, 
pH 7.4. Studies of phosphate inhibition of the isolated 
molecular weight forms demonstrated that the high 
K; value only applied to the 62,000 and 115,000 
forms. The 250,000 molecular weight form was con- 
siderably more sensitive to phosphate inhibition with 
a K,; of ~22mM. The concentration of phosphate 
in the usual assay mixture would therefore be suffi- 


Table |. Inhibition of orotidylate decarboxylase. Comparison of K; values for several allopurinol metabolites and other 
inhibitors of orotidylate decarboxylase compared to the relevant K,, values 





Erythrocyte 


250,000 115,000 


62,000 


Yeast* Rat liver* 
Low OMP High OMP Low OMP High OMP 





1-allopurinol- : 8.0 70 


5'-phosphate 
1-oxipurinol- 

5’-phosphate 
7-oxipurinol- 

5’-phosphate 
3-XMP 
9-XMP 
6-azaUMP 
UMP 


OMP§ 0.6+025 3340.6 


3.0 1.0 3.0 


0.02 0.0005 0.002 


0.7 


1.0 

10.0 
0.7t 
400} 


0.45 + 0.14 


0.1} 
150} 


2.4 + 0.7 1+0.3 4+1 





The K, values were determined separately for the 250,000, 115,000 and 62,000 molecular weight forms and were 
derived from Dixon plots[11]. Substrate concentrations for the 250,000 molecular weight form were 0.5 and 1.0 uM, 
for the 115,000 molecular weight form, 5 and 10 uM, and for the 62,000 molecular weight form, 20 uM. The results 
are compared with the values obtained in yeast and rat liver at low and high OMP concentration by Fyfe et al. [8]. 


Values are all in uM. 

* Fyfe et al. [8]. 

+t Handschumacher [12]. 

¢ Creasey and Handschumacher [13]. 
§ Relevant K,, values. 
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cient to effect a small but measurable alteration in 
the estimates of kinetic constants for this form of the 
enzyme. This effect has been taken into account in 
calculations of the constants described in Table 1. 


DISCUSSION 


The three ribonucleotide derivatives of allopurinol 
and oxipurinol tested were all very potent inhibitors 
of erythrocyte ODCase, with 1-oxipurinol-S’-phos- 
phate being the most effective. The inhibition con- 
stants followed the same trend (Table 1) with respect 
to the different molecular weight species of ODCase 
as was observed for the K,, values [9]. The results 
are similar to those obtained in studies of ODCase 
from yeast and rat liver. Presumably, 1-oxipurinol-5’- 
phosphate is formed in vivo by hypoxanthine-guanine 
phosphoribosyltransferase (HGPRTase) as oxipurinol 
is an analog of xanthine and thus of hypoxanthine. 
The extremely low K; value of 0.3 nm for the 250,000 
molecular weight species suggested that this com- 
pound may be of considerable importance in the inhi- 
bition of ODCase in vivo. 

Studies of cells from patients with HGPRTase defi- 
ciency has also demonstrated inhibition of ODCase 
in the presence of allopurinol [5,14], implying a 
further derivative of the drug, probably 7-oxipur- 
inol-5’-phosphate, synthesized by an alternative phos- 
phoribosyltransferase. This compound, which can be 
demonstrated in man following allopurinol adminis- 
tration [15], is probably formed by orotate phospho- 
ribosyltransferase and is also a potent inhibitor of 
ODCase in vitro. The degree of inhibition of ODCase 
in HGPRTase deficient cells is less than in normal 
cells suggesting that both compounds contribute to 
the in vivo effects. It is noteworthy that allopurinol 
ribonucleotide is significantly less potent as an 
ODCase inhibitor in vitro than the oxipurinol deriva- 
tives, presumably reflecting the greater structural 
similarity of oxipurinol to orotic acid. 

Inhibition of ODCase by 6-azaUMP is also a 
major in vivo effect of this drug. In a study of the 
yeast enzyme, the K; for 6-azaUMP was determined 
as 0.7-0.8 uM [12], similar to the results obtained 
with the human erythrocyte enzyme, although the 
250,000 molecular weight form is considerably more 
sensitive to inhibition by this compound, a K; of 
0.06 uM being observed. Inhibition of ODCase by 
6-azaUMP does occur in vivo following administra- 
tion of therapeutic doses. The inhibition is reflected 
in increased urinary excretion of orotic acid and oro- 
tidine and decreased release of '*CO, from [carbox- 
yl-'*C] orotic acid [1, 2, 16]. Inhibition constants for 
6-azaUMP have also been determined for the cow 
brain enzyme (K;, 0.4uM)[17] and the rat liver 
enzyme (K;, 0.1 uM) [13]. 

Of the naturally occurring nucleotides, UMP is the 
only one which has been consistently demonstrated 
as an inhibitor of the enzyme ODCase from various 
tissues [4, 13, 17, 18]. In all studies, the K; for UMP 
has been relatively high, viz, 0.25mM in cow 
brain[17], 04mM in yeast[{13], 0.15mM and 
6.9 mM in rat liver [11, 18] and ~0.5 mM in hemoly- 
sate [4]. In the present study, values of this order 
were only obtained with the 62,000 molecular weight 
form and the two higher molecular weight forms were 
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much more sensitive to UMP inhibition. 9-XMP was 
shown to be a potent inhibitor of the human erythro- 
cyte enzyme by Kelley and Beardmore [4]. This inhi- 
bition has been confirmed in the present study. How- 
ever, the K; value of 0.7 uM reported previously was 
found to correspond to the 250,000 molecular weight 
form only, with the other forms being less sensitive. 

Evidence for inhibition of ODCase by other natur- 
ally occurring nucleotides is not as clear. Inhibition 
of the cow brain enzyme [17] and yeast and rat liver 
enzymes [13] has been demonstrated with CMP, 
AMP and GMP but the K; values were high, in the 
range 0.1-10mM. The rat liver enzyme[12] 
appeared to be more specific. It was not inhibited 
by AMP or GMP and the K,; for CMP was much 
greater than that obtained for the yeast enzyme. Thus, 
the high K; values for the naturally occurring nucleo- 
tides compared to the K,, value for OMP suggest 
that, in general, inhibition of this enzyme is not a 
major factor in in vivo regulation. 

In conclusion, it is appreciated that studies of inhi- 
bition of human erythrocyte ODCase do not provide 
direct evidence for effects which occur in vivo as the 
pyrimidine biosynthetic pathway is incomplete in the 
mature red cell. However, the pattern of inhibition 
is very similar to that of the rat liver enzyme suggest- 
ing that the enzyme in erythrocytes does reflect 
properties of the enzyme in tissues which are active 
in pyrimidine biosynthesis. For this reason inhibition 
studies of the red cell enzyme provide indirect evi- 
dence for the mechanisms by which various drugs in- 
terfere with the de novo pyrimidine biosynthetic path- 
way. 
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SHORT COMMUNICATIONS 


Inhibition by bromsulphthalein of the biliary 
excretion of its glutathione conjugate 


(Received 17 December 1976; accepted 27 March 1977) 


About 75 per cent of intravenously administered brom- 
sulphthalein (BSP) appears in rat bile as a conjugated form 
[1, 2]. The biliary excretory system seems to have a greater 
affinity for the glutathione conjugate of BSP (BSP-GSH) 
than for BSP itself [3-5]. In addition, the findings of 
Whelan and Combes [6] suggest that the two compounds 
share a common transport mechanism and mutually 
depress the biliary excretion of each other. 

The present experiments were designed to investigate the 
importance of this competition in the overall hepatic trans- 
port of BSP. Such experiments can be performed when 
the conjugation of BSP with GSH is prevented. For this 
purpose rats were pretreated with diethyl maleate (DEM), 
which depletes the liver of GSH almost completely [7], 
without affecting the biliary anion transport system [4]. 


MATERIALS AND METHODS 


Materials. Sodium salt of BSP was purchased from 
Merck A. G., Darmstadt, and [*°S]BSP (10-16 mCi/m- 
mole) from Radiochemical Center, Amersham-Searle. 
Diethyl maleate was supplied by Eastman Organic Chemi- 
cals, Rochester, and glutathione by Reanal Company, 
Budapest. 

Preparation of BSP-GSH. [?°S]BSP (10-16 mCi/m-mole) 
was diluted with unlabelled BSP 20-fold and used for the 
synthesis of radiolabelled BSP-GSH. BSP-GSH was syn- 
thetized according to the method of Whelan et al. [3]. 
The reaction mixture was applied to a Sephadex G-10 
column, and the BSP-GSH was separated from the BSP 
and BSP-diglutathione conjugate as described previously 
[4]. The specific activity of the synthetized BSP-GSH 
varied between 500-800 yCi/m-mole. This preparation was 
further diluted with unlabelled BSP-GSH. BSP-GSH is 
stable at S° for at least 1 month. 

Determination of BSP and BSP-GSH tissue concentration. 
Liver samples were digested with Protosol and the bile 
samples were added without digestion to Kinard’s [8] 
liquid scintillation solution. Radioactivity was measured 
in a liquid scintillation spectrometer (Beckman Spec- 
trometer, Model LS-230) using an external standard. 

Animal experiments. Male CFY rats (a strain of Sprague- 
Dawley origin obtained from LATI, Gédollo, Hungary) 


of 170-220 g body weight were anaesthetized with urethane 
(1.2 g/kg i.p.). The common bile duct was cannulated with 
PE-10 tubing. Half an hour following the administration 
of DEM (0.7 ml/kg i.p.), BSP and/or BSP-GSH was in- 
jected into the femoral vein and the bile collected for 
45min. [°°S]BSP (20uCi/kg) and [*°S]BSP-GSH 
(20 wCi/kg) were diluted with unlabelled BSP and 
BSP-GSH, respectively. After administration of BSP-GSH 
to control or DEM-treated rats, 93 per cent of the total 
BSP-GSH appeared unchanged in the bile, and the major 
metabolite of BSP-GSH proved to be BSP-cysteinylglycine 
[2,4]. This metabolite of BSP-GSH was not separated 
from BSP-GSH. Thus, the data in the tables on liver con- 
centration and biliary excretion rate of BSP-GSH indicate 
the sum of BSP-GSH and its metabolite. When the BSP 
and the BSP-GSH were administered simultaneously, only 
one of them was radiolabelled, the one whose biliary excre- 
tion was to be investigated. Since the molecular weights 
of BSP (794) and BSP-GSH (1020) are different, their doses 
and tissue concentrations were expressed in nmoles or 
umoles. The body temperature of the rats was maintained 
at 36.5° by means of a heat pad. 

Statistical analysis. Student’s t-test was used for statisti- 
cal analysis. 


RESULTS AND DISCUSSION 


In order to exclude the variations in hepatic dye concen- 
tration, due to the different excretion rates of BSP and 
BSP-GSH, hepatic uptake studies were made on common 
bile duct-ligated rats. In accordance with earlier findings 
from this [4] and other laboratories [3, 6,9], the concen- 
tration of BSP in the liver was much higher than that 
of BSP-GSH (Tables 1 and 2). In bile duct-ligated rats 
BSP-GSH proved to be a very weak inhibitor of the hepa- 
tic uptake of BSP (Table 1). Similarly, BSP depressed the 
hepatic concentration of BSP-GSH significantly only at 
a dose of 120 umoles/kg (Table 2). However, 60 umoles/kg 
of BSP did not affect the hepatic uptake of BSP-GSH, 
although such a dose of BSP very markedly depressed the 
biliary excretion of BSP-GSH (Table 4). Therefore the 
competition for hepatic uptake described above may not 


Table 1. Effect of simultaneously administered BSP-GSH on the hepatic uptake (nmoles/g) of BSP 
in rats pretreated with diethyl maleate* 





Dose of BSP 


(umoles/kg i.v.) Controlt 


With BSP-GSH (umoles/kg i.v.)t 
60 120 





30 582 + 49 
60 1130 + 160 
120 2082 + 153 


556 + 48 
1059 + 141 
1985 + 181 


412 + 29t 
992 + 41 
1782 + 130 





* The determinations were performed in liver specimens 15 min after the i.v. administration of BSP 
control or BSP and BSP-GSH. The common bile duct was ligated prior to the injection of the dyes. 


+ Mean value + S.E. of 5 rats. 


t Significantly different (P < 0.05) from the control value. 
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Table 2. Effect of simultaneously administered BSP on the hepatic uptake (nmoles/g) of 
BSP-GSH in rats pretreated with diethyl maleate* 





Dose of BSP-GSH 


(umoles/kg i.v.) Controlt 


With BSP (umoles/kg i.v.)t 
60 120 





30 
60 
120 


333 + 28 
489 + 51 
643 + 42 


300 + 24 
549 + 27 
585 + 37 


173 + 14t 
231 + 14t 
421 + 64t 





* The determinations were performed in liver specimens 15 min after the i.v. administration 
of BSP-GSH control or BSP-GSH and BSP. The common bile duct was ligated prior to 


the injection of the dyes. 
+ Mean value + S.E. of 5-10 rats. 


t Significantly different (P < 0.01) from the control value. 


Table 3. Effect of simultaneously administered BSP-GSH on the biliary excretion rate (nmoles/min/kg) 
of BSP in rats pretreated with diethyl maleate* 





Dose of BSP 


(umoles/kg i.v.) Controlt 


With BSP-GSH (umoles/kg i.v.)t 
60 120 





30 
60 
120 


170 + 12 
289 + 23 
333 + 32 


192 + 19 
261 + 21 
391 + 28 


168 + 5 
288 + 17 
312 + 18 





*The determinations were performed in bile samples collected 0-45 min after the administration 


of BSP control or BSP and BSP-GSH. 
+ Mean value + S.E. of 5 rats. 


Table 4. Effect of simultaneously administered BSP on the biliary excretion rate (nmoles/min/kg) of BSP-GSH in 
rats pretreated with diethyl maleate* 





Dose of BSP-GSH 


(umoles/kg 1.v.) Controlt 7.5 


With BSP (umoles/kg i.v.)t 


15 30 60 





30 
60 
120 


677 + 24 
1138 + 101 
1872 + 87 


650 + 21 
1031 + 85 
1688 + 94 


587 + 41 
163 + 64t 
1265 + 87t 


197 + 14t 
316 + 56t 
437 + 30t 


113 + 18t 
141 + 30t 
244 + 38t 





* The determinations were performed in bile samples collected 0-45 min after the administration of BSP-GSH control 


or BSP-GSH and BSP. 
+ Mean value + S.E. of 5 rats. 


t Significantly different (P < 0.001) from the control value. 


be significant in the overall transport of BSP or BSP-GSH 
from blood to bile. 

BSP-GSH did not significantly depress the biliary excre- 
tion of BSP, even after the administration of a dose as 
high as 120 wmoles/kg (Table 3). However, the excretion 
rate of BSP-GSH was markedly depressed by a dose as 
small as 15 ymoles/kg of BSP (Table 4). Moreover, a sig- 
nificant inhibition of BSP-GSH excretion could be 
observed in the first 15min of bile collection with the 
simultaneous administration of 7.5 umoles/kg of BSP. But 
the excretion of BSP-GSH in the following 30 min of bile 
collection masked this inhibition. 

After following the injection of BSP in normal rats the 
total biliary excretion of BSP plus its main metabolite 
(BSP-GSH) is lower than that of an equimolar dose of 
BSP-GSH [3]. Based on this observation it was postulated 
that the rate limiting step in the overall transport of BSP 
was the rate of conjugation of BSP with GSH [3, 10]. Our 
results indicate that the inhibitory effect of free BSP on 
BSP-GSH excretion may also have an important role in 
the transport rate of total dye excretion. 
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Effect of Daunomycin, Adriamycin and its congener AD 32 on the activity of 
DNase I from bovine pancreas 


(Received 22 February 1977; accepted 14 March 1977) 


The anthracycline antibiotics Adriamycin (AM) and 
Daunomycin (DM) (Fig. 1) are clinically effective cancer 
chemotherapeutic agents [1]. Intercalation with DNA and 
subsequent inhibition of nucleic acid synthesis have been 
generally credited with a major role in their cytotoxic 
mode of action [2]. However, inhibited tumor cell prolifer- 
ation has been reported under conditions in which no 
effect on nucleic acid biosynthesis was observed [3]. There- 
fore other effects of these drugs, such as induction of DNA 
breaks or interference with membrane function, could also 
be important determinants of their biochemical mode of 
action [3-—7, 14]. 

Recently a new analogue of AM, N-trifluoroacetyladria- 
mycin-14-valerate (AD 32) (Fig. 1), was shown to have 
better antitumoral activity than the parent compound 
[8,9]. In this paper we present evidence that while AM 
and DM modify DNase I activity, probably after binding 
to DNA, AD 32 does not interfere at all with this enzyme 
activity. 

The three drugs used, AM, DM and AD 32, were kindly 
donated by Farmitalia, Milan. DNase I, DN-CS from 
bovine pancreas and DNA from calf thymus type V were 
purchased from Sigma. AM and DM were dissolved in 
distilled water at an initial concentration of 1 mg/ml. 
AD 32 was dissolved in saline containing 10% Tween 80, 
at an initial concentration of 6 mg/ml. 

The enzymatic reactions were carried out according to 
Kunitz [10]. 2.5 ml of 8.33 mM acetate buffer, pH 5.0 con- 
tained 83.4mM MgSO, and a final DNA concentration 
ranging from 5 x 10°'°M to 5x 10°°M, 0.5ml of 
DNase corresponding to 0.8 mg of protein were added. The 
formation of free nucleotides was followed at 260 nm with 
a model 25 Beckman spectrophotometer. In our experi- 
mental conditions, Tween 80 caused no interference with 
DNase activity. Inhibition was studied by adding to the 
cuvette one of the three compounds under study at final 
concentrations ranging from 0.6 x 10°'°M to 1.3 x 
10-° M; then 0.5ml of DNase solution was added. The 
ICs values, i.e. the concentration of inhibitors causing 50 
per cent inhibition, were obtained by plotting the percent- 
age of inhibition as a function of inhibitor concentration 


AM On 

OM 

a038 OCOG Hs 

Fig. 1. Structure of Adriamycin (AM), Daunomycin (DM) 
and N-trifluoro-acetyl-Adriamycin-14-valerate (AD 32). 
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Fig. 2. Effect of Adriamycin (4), Daunomycin (™) and AD 

32 (@) on DNAse I activity. Each point represents the 
mean + S.E. of four different determinations. 


on semilogarithmic paper. K,,, Va, and K; values were 
estimated according to the Woolf Plot, with a Hewlett 
Packard HP 69 computer. The type of inhibition and K; 
values were determined using a concentration of inhibitor 
corresponding to its ICso. 

Figure 2 shows the activation of DNase I by AM at 
concentrations ranging from 1.80 x 10°°M to 0.61 x 
10-7 M. Maximum activation occurs at 3.08 x 10°°M 
and corresponds to about 128 per cent of the original 
activity. DM and AD32 did not show any activation in 
the same range of concentrations. 

Figure 3 shows the inhibition of DNase caused by AM 
and DM. The ICs, for AM and DM were respectively 
43.2 x 107’ M and 6.03 x 10~’. AD32 did not inhibit the 
enzyme up to a concentration of 5 x 10-5 M. 


% 
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Fig. 3. Inhibitory effect of Adriamycin (4), Daunomycin 
(@) and AD 32 (@) on DNAse I activity. Each point rep- 
resents the mean + S.E. of four different determinations. 
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Fig. 4. Woolf Plot analysis of DNAse I inhibition by Adriamycin (AM) and Daunomycin (DM). 
B = kinetic curves in absence of inhibitor. The K; values are respectively 16.3 x 10-7 and 
5.4 x 10-7 M. All the experiments were replicated 4 times. 


REFERENCES 


. S. K. Carter, J. natn. Cancer Inst. 55, 1265 (1975). 
. A. Di Marco, Cancer Chemother. Rep. 6, 91 (1975). 
. S. A. Murphree, L. S. Cunningham, K. M. Hwang and 


Figure 4 shows the Woolf Plot for AM and DM. The 
inhibition is of a competitive nature for both drugs. K; 
values are respectively 16.3 x 10°’ M and 5.4 x 10°’ M. 

The free basic glycosidic amino group in the sugar 


moiety of the anthracycline molecule appears to be a pre- 
requisite for intercalation and subsequent inhibition of 
DNA polymerase [2, 11-14]. AD32, the N-trifluoroacetyl 
derivative of AM which does not bind to DNA [15], did 
not affect DNase activity. Thus it is tempting to speculate 
that intercalation may be necessary for inhibition of 
DNase. Lee and Byfield [7] recently reported that expo- 
sure of tumoral cells to AM resulted in DNA breaks and 
they suggested that activation of a nuclease might play 
a role in the induction of DNA fragmentation. In the 
present study slight though significant DNase activation 
was in fact observed at AM _ concentrations below 
0.6 x 1077 M, whereas neither DM nor AD32 had this 
effect. It remains to be clarified how relevant this effect 
is to the cytotoxic mode of action of AM. The biochemical 
mechanism of action of type I bovine pancreas DNase 
employed as a model for these studies resembles that of 
human serum nuclease, both enzymes yielding oligonucleo- 
tides with 5’-nucleotide terminals [16, 17]. AM-DNA com- 
plexes have been claimed to give better antineoplastic ac- 
tivity [18-21]. The interaction of AM with the enzyme 
systems which degrade the AM-DNA complex may con- 
ceivably be critical in determining bioavailability of the 
drug. 
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RECOVERY OF ACETYLCHOLINESTERASE IN CULTURED 
CHICK EMBRYO MUSCLE TREATED WITH PARAOXON 
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Abstract—Brief treatments with paraoxon (0,0-diethyl-p-nitrophenyl phosphate) irreversibly inhibited 
the acetylcholinesterase (AChE, acetylcholine hydrolase, EC 3.1.1.7) activity of cultured chick embryo 
muscle. Enzyme activity recovered as long as protein synthesis occurred, and was most rapid during 
the first 4hr after paraoxon treatment. The initial recovery rate was related to the extent of initial 
inhibition of AChE activity: the more activity inhibited the more rapid the recovery. Differences noted 
between paraoxon-treated and untreated cultures during recovery included a 192 per cent increase 
in net AChE activity and an increase of 200 per cent in cell protein levels. AChE activity first appeared 
around the nuclei after paraoxon treatment, spread through the rest of the cell, and was released 
into the medium. The results suggest the presence of feedback control of the rapid recovery of AChE 


activity after organophosphate poisoning. 


Previous reports from this laboratory[1] have 
demonstrated rapid recovery of acetylcholinesterase 
(AChE, acetylcholine hydrolase, EC 3.1.1.7) activity 
in cultured chick embryo muscle after brief treatments 
with di-isopropyl phosphofluoridate (DFP). The be- 
havior of the enzyme activity during recovery indi- 
cated that protein synthesis was required and that 
the enzyme was rapidly synthesized and degraded. In 
similar studies, Harris et al. [2] showed that cholin- 
esterase activity recovered rapidly in soman-treated 
rabbit bone marrow cells in culture and Lanks et al. 
[3] and Rieger et al.[4] demonstrated that AChE 
also recovered rapidly in cultured neuroblastoma cells 
treated with soman and DFP respectively. The 
research reported here examines the recovery of 
AChE in cultured chick embryo muscle inhibited with 
various doses of paraoxon (0,0-diethyl-p-nitrophenyl 
phosphate). In addition, the effects of paraoxon on 
total AChE activity and cell protein are also reported. 


MATERIALS AND METHODS 


Primary muscle cultures of chick pectoral! muscle 
cells were prepared from 11-day-old embryos from 
a commercial line (Donsing Hatcheries, Rio Linda, 
CA). The tissue was dissociated with 0.1% (w/v) tryp- 
sin. The single cells were inoculated into 35 mm petri 
dishes coated with collagen at a density of 5 x 10° 
cells/dish in a medium of 88% (v/v) Eagle’s Minimal 
Essential Medium with Earle’s salts, 10% (v/v) horse 
serum and 2% (v/v) embryo extract. Antibiotics were 
not used. The medium was changed 24 hr after inocu- 
lation and every 2 days thereafter. The cultures were 
grown at 37° and pH7.2 to 7.5 in an atmosphere 
of humidified air and CO,. Most experiments were 
performed on 10-day-old cultures. Cultures were rou- 
tinely observed in the living state with an inverted 
phase-contrast microscope. There was no evidence of 
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gross cytotoxicity from the organophosphate agents 
during the experiments. 

AChE activity was determined in cells with the 
spectrophotometric method of Ellman et al. [5] using 
acetylthiocholine iodide (ACTC) as the substrate. 
Enzyme activity was also determined in the medium 
because previous work has demonstrated that large 
amounts of AChE activity are released into the 
medium by cultured muscle cells [6]. Nonspecific 
cholinesterase (acylcholine acylhydrolase, EC 3.1.1.8) 
was selectively inhibited [7] with 0.1 mM iso-OMPA 
(tetraisopropyl pyrophosphoramide). AChE activity is 
expressed in terms of ymoles ACTC hydrolyzed/min/ 
dish or as a percentage of the activity of control cul- 
tures. Since fibroblasts continued to grow during the 
life of the cultures, it was unsuitable to express AChE 
activity, which is contained solely in the myotubes, 
in terms of the protein content of the cultures. If it 
were so expressed, the average AChE activity in the 
untreated cells in one experiment was 2.6 + 0.5 x 
10~? ymoles/min/yg of protein. 

The cytochemical localization of AChE was deter- 
mined using the staining technique of Karnovsky and 
Roots [8] as previously described [1]. Multiple mol- 
ecular forms of AChE were examined with 10% poly- 
acrylamide disc gels[9]. The bands were stained 
using a modification [10] of the staining technique 
of Koelle and Friedenwald [11]. 

Creatine kinase (CK, EC 2.7.3.2) activity of cells 
and medium was determined using the spectrophoto- 
metric technique of Hess et al. [12]. Cell protein was 
determined by the method of Lowry et al. [13] using 
bovine serum albumin as standard. 

The cells were scraped from their dishes, homogen- 
ized, and sonicated in buffered saline prior to assay. 
CK activity was determined on fresh tissue, AChE 
activity on tissue frozen for up to 1 week, and protein 
on tissue frozen for up to 2 weeks. 

Paraoxon and DFP were stored in acetone at 
— 20°. Cultures were rinsed three times with buffered 
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saline at 37°, and incubated for 10-15 min at room 
temperature in a saline solution with various concen- 
trations of paraoxon or DFP. The final concentration 
of acetone was 0.1% (v/v) or less. After treatment, 
cultures were rinsed four times with saline and incu- 
bated at 37° in medium in which the horse serum 
and embryo extract were treated at least 3 days in 
advance with 10°° and 10°’M DFP respectively. 
This DFP treatment reduced cholinesterase levels by 
95 per cent in horse serum and 100 per cent in 
embryo extract. Cycloheximide was added to cultures 
at a final concentration of 104M immediately after 
treatment with paraoxon. More than 85 per cent of 
the incorporation of [*H]leucine was inhibited in less 
than 20 min, and more than 95 per cent of the incor- 
poration was inhibited within 4 hr in previous studies 
of the cells under similar conditions [1, 6]. 

Paraoxon was a gift from American Cyanamid, 
Princeton, NJ. DFP was purchased from CalBio- 
chem, San Diego, CA. Minimal Essential Medium 
and horse serum was obtained from Gibco, Grand 
Island, NY. Horse serum was also obtained from KC 
Biological, Lenexa, KS. Acrylamide was obtained 
from Biorad ‘Laboratories, Richmond, CA. All other 
chemical agents were obtained from Sigma Chemical 
Co., St. Louis, MO. 

Statistically significant differences in AChE activity 
and cell protein were determined using appropriate 
applications of the Student’s t-test [14]. 


RESULTS 


Paraoxon, in concentrations ranging from 10~* to 
10-'?M, inhibited AChE activity in cultured chick 
embryo pectoral muscle. Figure 1 shows the log dose— 
effect relationship of paraoxon, and the relative 
potency of this compound compared to DFP, another 
organophosphate inhibitor of AChE activity. The 
Iso for paraoxon was 1.0 x 10°?M compared to 
5.0 x 10°’ M for DFP. Neither paraoxon nor DFP 
produced complete inhibition of AChE activity and 
the maximal response (95 per cent inhibition) of each 
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—LOG MOLAR CONCENTRATION 
Fig. 1. Log dose-response relationship of AChE inhibited 
by paraoxon and DFP. Cultures were treated for 10 min 
with paraoxon (@) or DFP (0). AChE activity is expressed 
as the percentage of inhibition of untreated control cul- 
tures activity. Each point is the average of two dishes. 


agent appeared to be the same in this range of doses. 
Treating cells with high concentrations of paraoxon 
(> 10~’ M) delayed recovery of AChE activity for up 
to 2 hr, and addition of homogenates from these para- 
oxon-treated cell cultures to homogenates of un- 
treated cell cultures resulted in detectable inhibition 
of enzyme activity, indicating a residual amount of 
the agent remained for some time within the cells. 

Cultures treated with 3x 10~*M_ paraoxon 
rapidly recovered their AChE activity (Fig. 2). For 
example, AChE was reduced by an average of 92.8 
per cent in two experiments, and 86.8 per cent of 
the activity recovered within 4hr. Release of AChE 
activity into the medium was not detectable until 
most of the enzyme activity had recovered in the cells 
(Table 1). Cultures treated with paraoxon and then 
incubated with 10 uM cycloheximide did not recover 
their AChE activity. For example, in one experiment, 
the activity of these cultures averaged 2.4+ 0.2 x 
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Fig. 2. Recovery of cellular AChE activity in paraoxon-treated muscle cultures in the absence or pres- 

ence of cycloheximide. Cells were incubated for 10min in 3 x 10~*M paraoxon, rinsed at time 0 hr, 

and sampled after incubation in DFP-treated medium (@) or DFP-treated medium with 10 uM cyclo- 

heximide (©). Activities are expressed as a percentage of the activity of initial control cells. Each 
point is the average of three dishes in one experiment. 
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Table 1. AChE activity of cultured muscle after paraoxon 
treatment* 





AChE activityt 
Hr after paraoxon 
treatment 





Cells A Mediumt 





0.24 
1.03 
1.47 
1.91 
1.62 


0.00 
0.00 
0.15 
0.74 
1.84 





* Paraoxon concentration = 3 x 107° M. 
+ Activity is expressed as x 1077 ymoles/min/dish. 
t Medium activity at time t minus activity at time 0 hr 


10-3 ymoles ACTC hydrolyzed/min/dish compared 
to control culture values of 2.40 + 0.42 x 107? ymoles 
(Fig. 2). 

AChE activity also recovered in cultures treated 
with concentrations of paraoxon that did not com- 
pletely inhibit the enzyme (Fig. 3). In four experi- 
ments, cultures treated with 4 x 10~'°M paraoxon 
averaged 61.5 per cent of the initial AChE activity, 
and cultures treated with 1.6 x 10°°M _ paraoxon 
averaged 38.6 per cent of the initial AChE activity. 
Under these conditions, the rate of recovery of 
enzyme activity was directly dependent on the level 
of inhibition, i.e. the greater the initial inhibition, the 
faster the recovery. AChE activity also appeared in 
the medium of cultures treated with 1.6 x 10°°M 
paraoxon before those treated with 4 x 10°'°M 
paraoxon. However, at higher concentrations of 
paraoxon, for example 3 x 10~* M, the rate of initial 
recovery of AChE activity was slower than the recov- 
ery of enzyme activity after treatment with 1.6 x 
10~° M paraoxon (Table 2). 

Total AChE production in paraoxon-treated cul- 
tures was greater than that of control cultures. In 
six experiments, AChE production in paraoxon- 
treated cultures was double that of control cultures 
Shr after treatment (Table 3). Total cell protein 





also increased an average of 205 per cent more than 
control cultures 8hr after paraoxon treatment in 
three experiments (Table 4). 

Neither CK activity of the cells nor the proportion 
of CK found in the medium was greatly affected by 
paraoxon treatment. For example, in one experiment, 
there was no inhibition of CK activity immediately 
following paraoxon treatment, and after 24hr of re- 
covery, CK activity in paraoxon-treated cells was 


Table 2. Rate of recovery of AChE activity in muscle 
cultures treated with paraoxon 





No. of 
experiments 


Con 
(x 10719 M) 


Recovery 
rate* 





4t 25.8 + 8.9 
8t 30.2 + 3.3 
16 $7.7 + 128 
300 49.0 + 5.3 





* AChE activity 2hr after treatment minus AChE ac- 
tivity immediately following treatment expressed as a per- 
centage of the initial activity of control cultures. Values 
are expressed as mean + standard error. 

+ Linear regression is r = 0.82; y = 2.73 x + 13.28. Stat- 
istically significant difference between r and 0: P < 0.01 


[14]. 
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Fig. 3. Recovery of cellular AChE activity from partial inhibition by paraoxon in cultured muscle. 
Cells were incubated for 10min in 4 x 10~'°M (©) or 1.6 x 1079 M (@) paraoxon, rinsed at time 
Ohr, and incubated in DFP-treated medium until sampled. Activities are expressed as a percentage 
of the activity of initial control cultures. Each point is the average of two dishes in one experiment. 
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Table 3. AChE production during recovery from paraoxon treatment, 0-8 hr 





AChE activity* 





Experiment A Cellst A Mediumt Total production % Control 





3.75 4.26 


3.24 


3.60 
4.92 


1.54 
3.01 
4.05 
2.79 
6.10 
7.35 


(1) Controlt 
3x 10°°M 1.84 


(2) Control ! 3.53 
3x 10°°M d 1.91 


(3) Control 1.47 
4x 10°'°M : 1.76 
16 x 10°'°M ‘ 3.31 


(4) Control 2.94 
4x 107'°M 5.29 
16 x 10°'°M 5.95 

Mean + standard error 
192.2 + 74.08 





* Activity is expressed as x 10°? ymoles/min/dish. 

+ AChE activity 8 hr after treatment minus activity immediately after treatment. 

t Values are averages of three dishes in Expts. 1 and 2 and are averages of two dishes 
in Expts. 3 and 4. 

§ Statistically significant difference between paraoxon-treated and untreated cultures, 
P < 0.02 [14]. 


6.69 + 2.86 uymoles NADPH, formed/min/dish com- 
pared to 6.83 + 2.46 in untreated cells. The amount 
of CK activity in the medium averaged 5.2 + 1.9 per 
cent the activity found in the cells, regardless of the 
treatment given the cultures. 

The changes in AChE localization and isozyme pat- 
terns after paraoxon treatment resembled those found 
previously for DFP [1]. However, using low concen- 
trations of paraoxon (107° to 107~!° M), AChE ac- 
tivity appeared around the nuclei 30 min after treat- 
ment and was generally spread throughout the fibers 
within 4hr. During the first 4hr of recovery, a low 
molecular weight form of AChE exhibited a transient 
increase in activity. By 8 hr, the activity of this iso- 
zyme had decreased, and the isozyme pattern of the 
treated cultures was the same as the untreated cul- 
tures. 


DISCUSSION 


Paraoxon is a potent organophosphate inhibitor of 
AChE and other cholinesterases in vitro and in vivo 


[15]. The Is9 value obtained for the inhibition of 
AChE activity of intact muscle cultures was compar- 
able to those that have been described for other sys- 
tems. For example, the I59 for paraoxon was 7.4 x 
10~° M for the AChE of rat cardiac muscle [16]. The 
reason for the small (less than 10 per cent) amount 
of AChE activity that remained in cells treated with 
higher concentrations (> 10~’ M) of paraoxon is un- 
clear. Rieger et al. [4] observed similar results in cul- 
tured neuroblastoma cells treated with DFP. 

The recovery of AChE activity from paraoxon in 
cultured chick muscle resembles previous observa- 
tions with DFP{[1], an irreversible inhibitor of 
cholinesterases [17]. Enzyme activity first appeared 
around the nuclei, moved through the cell, and was 
released into the medium when the cellular activity 
reached its maximal value about 4hr after paraoxon 
treatment. Ultrastructural localization of AChE after 
DFP treatment using electron microscopy confirms 
these light microscope observations [18]. The recov- 
ery of enzyme activity after paraoxon treatment was 
rapid and resembled similar observations in vivo. For 


Table 4. Cell protein of muscle cultures treated with paraoxon 





Cell protein (mg/dish) 





Condition t= Ohr Production* % Control 





Controlt 
4x 107'° Mt 
16 x 107-'° Mt 
Controlt 
3x 10°-° Mt 
Mean + standard error 
206.4 + 42.68 


1.30 
1.12 
1.44 


0.86 
0.88 


0.53 
LS7 
0.84 


0.15 
0.36 


220.8 
158.5 


240.0 





* Cell protein 8 hr after treatment minus cell protein immediately after treatment. 

+ Values are averages of two dishes. 

t Values are averages of three dishes. 

§ Statistically significant difference between paraoxon-treated and untreated cells, 
P < 0.05 [14]. 





AChE recovery from paraoxon in cultured muscle 


example, rats treated with paraoxon recover 49 per 
cent of the AChE activity in the gastrocnemius muscle 
within 12 hr [19]. 

The inhibition of recovery of AChE activity by 
cycloheximide suggests that protein synthesis was 
required for a return of AChE activity. Similar results 
have been observed with cultured muscle cells treated 
with DFP[1], cultured bone marrow cells treated 
with soman [2], cultured neuroblastoma treated with 
soman [3] and DFP [4], and rat retina treated with 
DFP in vivo [20]. Such results are consistent with the 
view that synthesis of new enzyme and not reacti- 
vation of pre-existing forms accounts for the rapid 
recovery of AChE in organophosphate-treated cells. 
However, RNA synthesis was required for the recov- 
ery of cholinesterase in cultured rabbit bone marrow 
cells [2], but not for the recovery of AChE in cultured 
neuroblastoma [4] or cultured muscle [21]. Whether 
there are differences in the turnover of messenger RNA 
molecules between these cultured cells is not known. 

The results show that there is a transient increase 
in the activity of the lowest molecular weight form 
of AChE during recovery from paraoxon treatment. 
However, the activity of this form begins to decrease 
4hr after paraoxon treatment, while the activity of 
the two higher molecular weight forms appears to be 
increasing. Similar observations in rat retina in vivo 
[20], cultured muscle[1], and cultured neuroblas- 
toma [4] treated with DFP suggest that the recovery 
of AChE activity is characterized by the rapid syn- 
thesis of lower molecular weight forms, which in turn 
are assembled into higher molecular weight forms. 

Several lines of evidence suggest that the lack of 
a total recovery of AChE activity to initial values 
during the 8-hr intervals of the experiments was not 
due to a gross cytotoxicity of the anticholinesterase 
agents. There was no indication of the development 
of cytotoxicity for up to 72hr after brief treatments 
with paraoxon. CK, an enzyme known to be released 
from diseased or injured muscle [22], did not increase 
in the medium, and there was no loss in cell protein. 

The data show that muscle cells subjected to acute 
poisoning with paraoxon have a net production of 
AChE activity in excess of untreated cells when the 
amount of AChE activity released into the medium 
is taken into account. Similar results have been 
observed in DFP-treated muscle cells (C. R. Walker 
and B. W. Wilson, unpublished data). It is as if more 
AChE were produced and less were retained by the 
cells after treatment with organophosphorus agents. 
Whether such cells have fewer binding sites for AChE 
is not known, nor has the fate of the phosphorylated 
enzyme been studied. Regardless, the data indicate 
that there has been an alteration in the balance of 
the synthesis and degradation of AChE after para- 
oxon treatment. Indeed, the results suggest that total 
protein production of the cells may have been 
enhanced. Previously, Welsch and Dettbarn [23] 
observed that pretreatment of isolated lobster nerve 
fibers with paraoxon increased protein synthesis. 
Other workers have reported similar findings in rat 
brain and rat liver treated with 217 AO and soman 
respectively [24, 25]. Such results suggest that para- 
oxon and other organophosphorus compounds may 
affect protein metabolism in target cells. However, 
since our data showed that cell CK activity was not 


1959 


affected by paraoxon treatment, it is possible that 
such an effect is selective rather than general. The 
bases for such effects of organophosphates on enzyme 
activity and protein levels are unknown. Paraoxon 
also inhibits chymotrypsin activity [26] and might, 
therefore, be suspected of inhibiting other proteolytic 
enzymes. Whether paraoxon significantly decreases 
protein degradation or increases protein synthesis by 
some other mechanism remains to be determined. 
Although rapid rates of recovery of AChE activity 
have been noted previously in cells that have been 
treated with organophosphates, this is the first report 
of rates of recovery of AChE activity that depended 
upon the extent of inhibition of the enzyme. Such 
results cannot be explained by retention of unreacted 
organophosphate at high dosages; if this were true, 
recovery should have been slower rather than faster 
at higher concentrations of inhibitor. The fact that 
recovery of AChE activity was inhibited in the pres- 
ence of cycloheximide indicates that hydrolytic reacti- 
vation of previously synthesized AChE (see Ref. 
27-29) did not play a role in the differences in the 
rates of recovery. It is possible, however, that changes 
in the rates of synthesis and/or degradation of pro- 
tein, such as those discussed above, could explain 
such a phenomenon. These changes could provide the 
basis for some type of feedback control mechanism, 
where the earliest recovery of AChE activity is the 
most rapid, due to an immediate increase in protein 
synthesis (see Ref. 23-25) and/or decrease in protein 
degradation due to the inhibition of other proteolytic 
enzymes (see Ref. 26 and 30). Such a feedback control 
mechanism may also explain the so-called “biphasic 
recovery” of AChE activity in DFP-treated rat brain 


that was observed by Chippendale er al. [31]. 
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Abstract—The effect of some anti-inflammatory steroids (prednisolone, and different derivatives of hyd- 
rocortisone, dexamethasone and betamethasone) on the synthesis and extra- and intracellular distribu- 
tion of collagen was studied using chick embryo tendon cells. The concentrations of steroids varied 
between 1 x 10~3M and 1 x 107’ M. All steroids having an effect decreased the synthesis of collagen 
and the amount of labeled collagen decreased more in the medium than in the cells. Great variations 
in the inhibitory activity between different derivatives of steroids were noticed. Hydrocortisone was 
as inhibitory as hydrocortisone butyrate but both decreased collagen synthesis more than succinate 
or phosphate derivatives of hydrocortisone. Betamethasone-17-valerate was the most potent inhibitor 
among the steroids tested, whereas its alcohol and phosphate forms were ineffective. Dexamethasone 
and its phosphate derivative did not affect collagen synthesis in this system. The inhibitory potency 
of prednisolone on collagen synthesis was about the same as that of hydrocortisone. No steroid caused 
an accumulation of labeled collagen into cells and the decrease in the amount of collagen followed 
the decrease in total amount of labeled proteins. The results suggest that the inhibition of collagen 
synthesis by anti-inflammatory steroids is a consequence of a general inhibition of protein synthesis. 


Synthetic corticosteroids have gained a widespread 
use in clinical medicine despite their many side effects 
e.g. the suppression of adrenal glands [1]. When these 
drugs are applied topically for extended periods 
various local symptoms appear in dermis as conse- 
quence of atrophy i.e. skin thinning, striae, bruising 
and delayed wound healing [2, 3]. 

Many theories have been presented in order to 
explain the genesis of skin atrophy. Steroids have 
been claimed to inhibit collagen synthesis [4-6] and 
to promote its degradation [7, 8]. Fibroblast prolifer- 
ation is also inhibited [9] and this property has been 
used in screening of new compounds [10, 11]. Inhibi- 
tion of glycosaminoglycan synthesis is also caused by 
anti-inflammatory steroids [12, 13]. 

The effect of anti-inflammatory steroids on collagen 
synthesis has been generally studied using complex 
and poorly characterized experimental systems 
(reviewed by Nacht and Garzon [14]). In the present 
work freshly isolated chick embryo tendon cells are 
used. This is a relatively simple system and has been 
extensively characterized by other authors [15-21]. 
These cells are well suited for this purpose because 
about 70 per cent of their protein synthesis is collagen 
[15]. The time between the addition of radioactive 
proline and the secretion of collagen chain with 
labeled hydroxyproline from these cells into the 
medium is about 20-21 min [16]. Thus the short incu- 
bation time (2 hr) used in this system is long enough 
to detect changes in collagen synthesis. A longer incu- 
bation time in vitro makes the cells ascorbate-deficient 
and as a result prolyl hydroxylation becomes the rate- 
controlling step [22]. Some of the most common 
steroids used topically (prednisolone and derivatives 
of hydrocortisone, dexamethasone and _ betametha- 
sone) were selected and their effects on collagen syn- 
thesis were tested. 


MATERIALS AND METHODS 


White Leghorn chick embryos were obtained from 
a local hatchery (Munkkila, Paimio, Turku). Tendon 
cells from 17-day-old embryos were isolated accord- 
ing to the method of Dehm and Prockop [15] as 
slightly modified by R6nnemaa et al. [23]. Cells were 
then suspended in modified Krebs-Ringer medium 
(141 mM NaCl, 5.6mM KCl, 3.0mM CaCl,, 1.4mM 
KH,POx,, 1.4mM MgSO,, 22mM glucose) buffered 
with 20mM_ N-2-hydroxy-ethyl-piperazine-N-2-eth- 
ansulphonic acid (HEPES, Sigma, St. Louis, U.S.A.), 
PH 7.4 and containing 0.015% bovine serum albumin 
(A 4503, Sigma) and 0.1 mM ascorbic acid. Nonra- 
dioactive L-proline (14.5 uM) was added to incubation 
medium to prevent the effects of changes in proline 
pool size to collagen synthesis. 

About 2 x 10°-3 x 10° cells in 3.0ml of the 
medium were incubated in 25 ml polypropylene tubes 
with air as the gaseous phase. After a 15 min preincu- 
bation at 37°, 5yCi of L[G-*H]proline (635 mCi/m- 
mole, Radiochemical Centre, Amersham, England) 
were added to the medium and the incubation was 
continued for 120 min. The incubation was stopped 
by cooling the tubes to 0° in an ice bath and by 
adding 0.27 mg of cycloheximide (Sigma) and 0.4 mg 
of alfa-alfa-bipyridyl (Merck, Darmstadt, Germany) in 
0.2 ml of medium. At the end of the incubation an 
aliquot of 200 ul was taken from each tube for the 
measurement of cell viability by Trypan Blue exclu- 
sion test. The remaining cells were separated from 
the medium by centrifugation at 350 g for 12 min. The 
cell pellet was washed once with the medium contain- 
ing 0.01% cycloheximide and 0.015% alfa-alfa-bipyri- 
dyl. This second supernatant was discarded. The cells 
were then suspended in distilled water and sonicated 
for 30 sec. The cell homogenates and media were dia- 


1961 





1962 


lyzed against running tap water overnight and the 
amount of radioactive hydroxyproline was measured 
by the method of Juva and Prockop [24]. 

The steroids used included: hydrocortisone 
(Merck), hydrocortisone monosodium phosphate 
(Laake Oy, Turku, Finland), hydrocortisone sodium 
succinate (Orion, Mankkaa, Finland), hydrocorti- 
sone-17-butyrate (Gist-Brocades, Delft, Holland), 
prednisolone (Merck), dexamethasone (Orion), dexa- 
methasone monosodium phosphate (Orion), beta- 
methasone (Glaxo, Greenford, Middx., England), 
betamethasone disodium phosphate (Glaxo) and beta- 
methasone-17-valerate (Glaxo). The phosphates and 
the succinate derivative were dissolved directly into 
the incubation media. The others were first dissolved 
in ethanol and amounts of steroids required per tube 
were added into tubes. Ethanol was then removed 
by evaporation in air stream before adding the 
medium and the cells. The steroids were added at 
the beginning of the preincubation. The controls were 
incubated without drug and their number was the 
same as the number of samples at each drug concen- 
tration [4-6]. The statistical significance of the results 
was calculated using analysis of variance and the 
Scheffe’s S-test. 


RESULTS 
The viability of the cells was good and no increase 


in cell membrane permeability to Trypan blue was 
detected in any concentration of steroids used after 
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Effect of steroids on total collagen synthesis. The 
two water-soluble derivatives of hydrocortisone, hyd- 
rocortisone sodium succinate and hydrocortisone 
monophosphate, differed in their inhibitory potency 
on collagen synthesis measured as proline incorpor- 
ation into hydroxyproline (Fig. 1). Hydrocortisone 
succinate inhibited the synthesis of collagen in this 
system by 90 per cent at the concentration of 
1 x 10°3M while the inhibition by hydrocortisone 
phosphate was 56 per cent. At concentrations lower 
than this, both steroids had no effect. The other 
watersoluble steroids studied, dexamethasone and 
betamethasone phosphate, did not affect collagen syn- 
thesis at the tested concentrations. 

Hydrocortisone inhibited collagen synthesis by 46 
per cent at 1x 10°*M and 20 per cent at 
1 x 10°°M concentrations (Fig. 2). Hydrocortisone 
butyrate and prednisolone at 1 x 10°*M concen- 
tration inhibited the synthesis of collagen by 24 and 
35 per cent, respectively. At concentrations lower than 
this they had no effect. Dexamethasone and beta- 
methasone had no effect on collagen synthesis while 
betamethasone-17-valerate decreased it by 90 per cent 
at 1 x 10°*M and by 20 per cent at 1 x 10°°M 
concentrations. Doses lower than these were without 
any inhibitory effect. 

Effect of steroids on the amounts of collagen in cells 
and media. The amount of radioactive collagen in the 
medium was 2 and 33 per cent of the control amounts 
at 1 x 10°*M concentrations of hydrocortisone 
sodium succinate and hydrocortisone monophosphate 
(Fig. 3). Radioactive collagen in the cells was 29 per 
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Fig. 1. Effect of some anti-inflammatory steroids on the incorporation of [*H]proline into collagen 
at steroid concentrations | x 10°?M to 1 x 10~°M. The data are given as per cent of the controls 
+S.E., n = 46. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 2. Effect of some anti-inflammatory steroids on the incorporation of [*H]proline into collagen 
at steroid concentrations 1 x 10°*M to 1 x 10~’ M. The data are given as per cent of the controls 
+S.E., n = 4-6. *P < 0.05, **P < 0.01, ***P < 0.001. 


cent and 83 per cent, respectively. At lower concen- 
trations these steroids did not alter the intra- or extra- 
cellular amounts of labeled collagen. Hydrocortisone 
in concentrations of 1 x 10°*M and 1 x 107°M in- 
hibited the labeling of media collagen by 49 per cent 
and 20 per cent and the intracellular collagen by 46 
per cent and 15 per cent, respectively (Fig. 4). Hydro- 
cortisone butyrate at 1 x 10~*M concentration de- 
creased the labeling of media collagen by about 33 
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per cent but had no effect on the amounts of intracel- 
lular collagen. Prednisolone at its only effective con- 
centration (1 x 10~*M) decreased the amount of 
extracellular collagen by 43 per cent and that of intra- 
cellular by 17 per cent. Betamethasone-17-valerate 
was the most potent steroid and suppressed the 
radioactivities of media and cellular collagens by 97 
per cent and 70 per cent, respectively, at a concen- 
tration of 1 x 107%. 
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Fig. 3. Effect of some steroids on the amount of radioactive collagen in media and cells at concen- 
trations 1 x 10°?M to 1 x 10~°M. The values are given in per cent of controls +S.E., n = 4-6. 
*P < 0.05, **P < 0.01, ***P < 0.001. —— = mediun,, ----- = cells. 
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Fig. 4. Effect of some steroids on the amount of radioactive collagen in media and cells at concen- 
trations | x 10-*M to | x 10°7M. The values are given in per cent of controls +S.E., n = 4-6. 
*P < 0.05, **P < 0.01, ***P < 0.001, —— = medium, ----- = cells. 


The ratié of labeled collagen in the medium vs cells 
in the different concentrations of steroids is shown 
in Table 1. This ratio was changed only at the highest 
or the two highest steroid concentrations. The ratio 
diminished from 1, calculated to controls to 0.05 by 
hydrocortisone succinate and to 0.41 by hydrocorti- 
sone phosphate at a concentration of 1 x 10~?M. 
Betamethasone-17-valerate and hydrocortisone 
caused a change in this ratio from 1 to 0.10 and 0.49 
at a concentration of 1 x 10°*M. With other con- 
centrations and other steroids the ratio diminished 
to 0.34 or less. 

The total incorporated radioactivity versus radioac- 
tivity in hydroxyproline in the cells. There was no in- 
crease in the incorporated radioactivity in the cells 


as compared with controls. The ratio between the 
total incorporated radioactivity and that in hydroxy- 
proline was calculated in order to detect whether un- 
hydroxylated collagen accumulated in the cells. The 
ratio remained the same in the presence of all the 
tested steroids. 


DISCUSSION 


The results indicate that derivatives of hydrocorti- 
sone have a different potency in decreasing the rate 
of collagen synthesis. Hydrocortisone as free alcohol 
was as potent an inhibitor as prednisolone and these 
both were more potent than hydrocortisone monoso- 
dium phosphate or sodium succinate. The active form 


Table |. Effect of steroids on the ratio of labeled collagen in the medium vs cells. The ratio in controls was calculated 
as 1.0 





Hydrocortisone 
phosphate 


Hydrocortisone 


Drug succinate 


Hydrocortisone 


Betamethasone 
valerate 


Hydrocortisone 


butyrate Prednisolone 





Control 1.00 1.00 1.00 
Concn. (M) 

10~” NT* 

’ 1.12 

1.02 

io 0.89 


“2 0.05 


0.94 
0.97 
0.85 
0.49 
NT 


NT 
0.95 
0.94 
0.88 
0.41 


1.00 1.00 1.00 
0.96 
0.99 
0.98 
0.10 
NT 


0.92 
0.93 
0.89 
0.68 
NT 


* 0.97 
1.10 
0.94 
0.66 
NT 





* NT = not tested. 
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of both of these water soluble steroids is believed to 
be hydrocortisone and the variation in potency may 
reflect the rate at which they are converted to this 
form. Hydrocortisone butyrate inhibited collagen syn- 
thesis slightly less than hydrocortisone. Betametha- 
sone-17-valerate was the most potent inhibitor of col- 
lagen synthesis among the steroids studied. 

The lack of inhibition of collagen synthesis by 
dexamethasone and betamethasone as well by their 
phosphate derivatives was unexpected. These steroids 
are soluble in water in the concentrations 
used [25, 26]. This suggests that they may have to be 
changed to some other form before being inhibitory. 
Problems of plasma membrane penetration, nuclear 
binding etc. may be involved. 

Many authors claim, that anti-inflammatory 
steroids decrease accumulation of collagen in the test 
systems used. Cutroneo et al. [27] reported that hyd- 
rocortisone, methylprednisolone and triamcinolone 
decreased the activity of prolyl hydroxylase in rat 
liver and granulation tissue in vivo. On the other hand 
prolyl hydroxylation is postulated to be one of the 
rate-limiting steps in collagen synthesis [28]. Triam- 
cinolone in rat skin in vivo decreased, however, prolyl 
hydroxylase only 35-40 per cent after three days 
treatment and this was not enough to account for 
the 77 per cent decrease in hydroxyproline formation 
[29]. In the present experimental system procollagen 
chains will accumulate in the cells if prolyl hydroxy- 
lase is inhibited by alfa-alfa-bipyridyl [15, 19,21]. In 
the present study no accumulation of unhydroxylated 
[*H]proline labeled protein in the cells was found 
due to exposure to steroids. Another possible reason 
for the decreased amount of extracellular collagen 
would be the inhibition of collagen secretion from 
cells. This has also been suggested to be one of the 
possible effects of anti-inflammatory drugs [6, 30]. 
The ratio of labeled hydroxyproline in medium vs 
cells was found to be decreased in the presence of 
anti-inflammatory steroids. It correlated to the de- 
crease in total collagen synthesis and was probably 
due to the slowered synthesis of cellular proteins. 
Thus, the present results do not suggest rate limiting 
inhibition of collagen hydroxylation or secretion by 
anti-inflammatory steroids. It is interesting to note 
that others have found inhibition of collagen secretion 
with colchicine and vinblastine which leads to an in- 
tracellular accumulation of collagen [15, 19]. 

The effect of steroids on catabolism of collagen has 
been studied by Houck et al. [7,8]. They showed, 
that hydrocortisone and prednisolone induce a detect- 
able collagenolytic enzyme activity in rat skin and 
human fibroblast culture after a 3-hr exposure which 
was suppressed by inhibitors of protein synthesis, 
namely actinomycin-D and cycloheximide. However, 
no increase in collagen degradation was reported by 
other authors in rat skin after hydrocortisone treat- 
ment [4, 31]. In the present 2-hour incubation, induc- 
tion of collagenolytic activity seems improbable. 

Chick embryo tendon cells synthesize only type I 
collagen while skin fibroblasts synthesize both type 
I and III collagen [32]. However, collagen synthesis 
by chick tendon cells responded to steroids in a simi- 
lar way to collagen synthesis by human skin fibro- 
blasts in culture in that inhibition was only seen at 
very high concentrations [33]. 
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The inhibitory action of steroids on collagen and 
other protein synthesis may reflect their potency to 
produce skin atrophy in topical use. Betametha- 
sone-17-valerate is known to produce more skin atro- 
phy than hydrocortisone or prednisolone. The skin 
atrophy obtained by hydrocortisone and hydrocorti- 
sone butyrate is reported to be of the same magnitude 
[34]. The relative anti-inflammatory potencies of hyd- 
rocortisone butyrate and betamethasone-17-valerate 
are claimed to be the same in clinical applications 
[35]. In this study the inhibition of collagen synthesis, 
however, had quite a different magnitude. This sug- 
gests that the relations of the anti-inflammatory effect 
and the inhibition of collagen and other protein syn- 
thesis are to be studied further. 

‘The concentrations of steroids which are required 
to inhibit collagen synthesis in this system are very 
high and can hardly be reached with systemic admin- 
istration. On the other hand, concentrations in skin 
during topical therapy have never been measured ac- 
curately and it is possible that concentrations high 
enough to inhibit collagen synthesis might occur. Fur- 
thermore, as shown by Uitto and Mustakallio [36] 
higher concentrations of corticosteroids are needed 
to inhibit collagen synthesis in vitro than in vivo. 
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Abstract—The specificity of the potent adenosine deaminase inhibitors deox ycoformycin (covidarabine), 
coformycin and erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA), has been assessed in Ehrlich ascites 
tumor cells in vitro and in cultured mouse lymphoma L5178Y cells. EHNA is both less potent an 
inhibitor of adenosine deaminase than deoxycoformycin, and is less specific. High concentrations of 
deoxycoformycin and EHNA inhibit all pathways of purine ribonucleotide synthesis, and inhibit the 
conversion of inosinate to adenine and guanine nucleotides. These drugs also inhibit purified adenylate 
deaminase, but inhibition of this enzyme in intact cells can only be detected at high rates of deamination 
of adenylate. Deoxycoformycin potentiates the toxicity of adenine against cultured cells. 


Several highly potent inhibitors of adenosine de- 
aminase (EC 3.5.4.4) have been identified in the past 
few years: coformycin [1-4], deoxycoformycin (also 
called covidarabine) [5], and erythro-9-(2-hydroxy-3- 
nonyl)adenine (EHNA) [6]. The structures of these 
compounds are shown in Fig. 1. 

As_ coformycin[7—14], deoxycoformycin [15-20] 
and EHNA [21-24] are coming into increasing use 
in studies of the metabolism of intact cells, and are 
being used in enzyme assays [25-27], it is important 
to determine if they are in fact specific inhibitors of 
adenosine deaminase, or if they also inhibit other 
aspects of purine metabolism as well. In this study 
we have determined the effects of deoxycoformycin 
and EHNA, and in some cases coformycin, on a 
number of aspects of purine metabolism in Ehrlich 
ascites tumor cells incubated in vitro and in cultured 
mouse lymphoma LS5178Y cells. 


MATERIALS AND METHODS 


Coformycin, deoxycoformycin and EHNA were 
gifts of Drs H. Umezawa and M. Hori (Institute of 
Microbiol Chemistry, Tokyo), G. A. LePage (Univer- 
sity of Alberta Cancer Research Unit), and G B. 
Elion (Burroughs Wellcome and Co., Research 
Triangle Park, NC), respectively. Each was dissolved 
in distilled water for use. 

Sources of most other materials [28,29], methods 
of preparation and incubation of Ehrlich ascites 
tumor cells[28]. and culture of lymphoma L5178Y 
cells [30], and procedures for the separation and 
measurement of radioactivity in purine bases, 
ribonucleosides and ribonucleotides [31,32] and for 
the incorporation of radioactive glycine into phos- 
phoribosyl formylglycineamide in the presence of aza- 
serine [33], have been reported previously. Rabbit 
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muscle adenylate deaminase (EC 3.5.4.6) was obtained 
from the Sigma Chemical Co. The AMP deaminase 
was assayed spectrophotometrically at 20° in 0.10M 
sodium citrate at pH 6.5. 


RESULTS 


The aim of this study was to determine whether 
deoxycoformycin, coformycin and EHNA affected 
aspects of purine metabolism in intact mammalian 
cells in addition to their inhibitory effects on adeno- 
sine deaminase. As a basis for assessing the signifi- 
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Fig. 1. Structures of coformycin, deoxycoformycin 
(covidarabine), and erythro-9-(2-hydroxy-3-nonyl)adenine 
(EHNA). 
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cance of such side effects, it was first necessary to 
determine the lowest concentration of each com- 
pound that would virtually completely inhibit adeno- 
sine deaminase activity in Ehrlich ascites tumor cells 
incubated in vitro under the particular conditions 
used in this investigation. Previous studies[7] had 
shown that the concentration of coformycin that was 
required for this purpose was 3.5 uM _ (1 pg/ml), 
although in slices of mouse liver, kidney, brain and 
heart, 35 uM was required [9]. 

Figure 2 shows the relationship between concen- 
tration of deoxycoformycin, coformycin and EHNA 
and the deamination of adenosine by intact tumor 
cells. Deoxycoformycin was slightly more potent than 
coformycin, and both were appreciably more effective 
than EHNA. Concentrations of between 1.8 and 
3.6 uM deoxycoformycin and coformycin gave 98-99 
per cent inhibition, while 3.6 uM EHNA gave 96 per 
cent inhibition. For purposes of the following experi- 
ments, 3.6 uM of each of the three inhibitors was con- 
sidered to be effective for inhibiting adenosine de- 
aminase activity. 

In order to assess the specificity of deoxycoformy- 
cin and EHNA in intact tumor cells, the effects of 
a range of concentrations of each compound on each 
of the following reactions or processes was deter- 
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Fig. 2. Inhibition of deamination of adenosine. Ehrlich 
ascites tumor cells (0.1 ml of a 2%, v/v suspension) in 
Fischer’s medium containing 25mM phosphate and no 
sodium bicarboxate were incubated at 37° with shaking, 
in an air atmosphere, with various concentrations of cofor- 
mycin (©), deoxycoformycin (@), or EHNA (A). After 
20 min, ['*C]adenosine (28 mCi/m-mole, final concen- 
tration, 200 uM) was added and the incubation was con- 
tinued for 30min. Deamination of adenosine was calcu- 
lated as radioactivity in inosine plus hypoxanthine. Results 
presented are averages of duplicate determinations, and are 
representative of data obtained in two separate 
experiments. 
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Fig. 3. Effects of adenosine deaminase inhibitors on con-— 
version of adenosine to nucleotides. Cells were incubated 
generally as described in Fig. 2, with either deoxycoformy- 
cin (A) or EHNA (B). Cells were either incubated with 
inhibitor for 20 min, followed by addition of ['*C]adeno- 
sine and further incubation for 30 min (@); or they were 
incubated for 20 min without inhibitor, followed by simul- 
taneous addition of inhibitor and ['*C]adenosine and 
further incubation for 30 min (©); or they were incubated 
with inhibitor for 20min, after which inhibitor was 
removed by centrifugation and resuspension twice in fresh 
medium, ['*C]adenosine was then added and incubation 
was continued for 30 min (A). Total radioactivity in acid- 
soluble nucleotides was determined. Results presented are 
averages of duplicate determinations, and are representa- 
tive of data obtained in two experiments. 





mined: (a) conversion of radioactive adenosine to nu- 
cleotides, (b) conversion of radioactive adenine, 
guanine and hypoxanthine to nucleotides, (c) conver- 
sion of radioactive glycine to phosphoribosyl formy]- 
glycineamide in the presence of azaserine (this is a 
measure of the first few reactions in the pathway of 
purine biosynthesis de novo), (d) conversion of in- 
osinate to adenine and guanine nucleotides, (e) break- 
down of adenine nucleotides (an indicator of effects 
on energy metabolism), and (f) the deamination of 
adenylate. Because of limited availability of coformy- 
cin, it was not used in all of the experiments de- 
scribed. Concentrations of deoxycoformycin used in 
these studies ranged from 3.6 to 185 uM, and the con- 
centrations of EHNA used ranged from 3.6 to 76 uM. 

Experiments were first conducted to determine if 
deoxycoformycin or EHNA inhibited the conversion 
of radioactive adenosine to nucleotides. As such inhi- 
bition could be produced either by inhibition of 
adenosine transport or by inhibition of the phos- 


‘phorylation of adenosine, or both, these experiments 


were conducted in three different ways. First, cells 
were incubated with drug (and glucose) for 20 min 
prior to addition of radioactive adenosine. Second, 
drugs and radioactive adenosine were added simul- 
taneously, following 20 min incubation with glucose 
alone. Third, cells were incubated with drug (and glu- 
cose) for 20min, and extracellular free drug was 
removed by centrifugation and resuspending the cells 
twice in fresh medium containing no drug. Radioac- 
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Fig. 4. Effects of adenosine deaminase inhibitors on nu- 
cleotide synthesis from purine bases and on purine biosyn- 
thesis de novo. Tumor cells were incubated as described 
in Fig. 2 with deoxycoformycin (@), coformycin (©), or 
EHNA (A). After 20 min, ['*C]adenine (A), ['*C]hypoxan- 
thine (B), or ['*C] guanine (C), were added to final concen- 
trations of 100 uM and incubations were continued for 
30 min. Total radioactivity in acid-soluble nucleotides was 
determined. Alternatively, cells were incubated for 20 min 
in calcium-free Krebs-Ringer medium containing 25 mM 
phosphate, 5.5mM _ glucose, adenosine deaminase inhibi- 
tors and 10 uM azaserine, after which 2 uM glutamine and 
1mM ['*]glycine were added and incubation was con- 
tinued for 30 min (D). Radioactivity in phosphoribosyl for- 
mylglycineomide was determined. Results presented are 
averages of duplicate determinations, and are representa- 
tive of results obtained in two to three experiments. 





tive adenosine was added at this point and nucleotide 
synthesis was measured as usual. , 

Figure 3 shows that both deoxycoformycin and 
EHNA inhibited conversion of adenosine to nucleo- 
tides when both drug and adenosine were present 
together in the medium. Greater inhibition was 
achieved when cells were incubated for 20 min with 
drug before addition of radioactive adenosine than 
if drug and adenosine were added together. In these 
experiments EHNA was somewhat more potent than 
deoxycoformycin, and its effects were more strongly 
dose dependent than were those of deoxycoformycin. 

However, when deoxycoformycin and EHNA were 
removed by changing the medium prior to addition 
of radioactive adenosine, no inhibition of nucleotide 
synthesis was observed. This would suggest that these 
drugs do not inhibit adenosine kinase, (EC 2.7.1.20) 
but instead are inhibitors of adenosine entry into the 
cells. 

Figure 4 shows the effects of a range of concen- 
trations of deoxycoformycin and EHNA on nucleo- 
tide synthesis from radioactive adenine (Fig. 4A), 
hypoxanthine (Fig. 4B), and guanine (Fig. 4C), and 
on the early steps of the pathway of purine biosyn- 
thesis de novo, as measured by the incorporation of 
radioactive glycine into phosphoribosyl formylgly- 
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cineamide in the presence of azaserine (Fig. 4D). 
Figure 4C also shows the effects of a smaller range 
of concentrations of coformycin on nucleotide syn- 
thesis from radioactive hypoxanthine. 

Figs 4A, 4C and 4D show that deoxycoformycin 
had little or no effect on nucleotide synthesis from 
adenine or guanine or on purine biosynthesis de novo. 
In each case, however, EHNA produced considerable 
inhibition at the higher concentrations. 

Figure 4B shows that EHNA produced greater in- 
hibition of nucleotide synthesis from radioactive 
hypoxanthine than it did when the other precursors 
were used. In addition, high concentrations of deoxy- 
coformycin also inhibited this process, in contrast to 
its lack of effect on other pathways of nucleotide for- 
mation. Coformycin appeared to affect nucleotide 
synthesis from hypoxanthine less than deox ycoformy- 
cin, but it was not tested at very high concentrations. 

One possible basis for a differential effect of deoxy- 
coformycin and EHNA on nucleotide synthesis from 
hypoxanthine would be inhibition of the conversion 
of inosinate to either adenine nucleotide or guanine 
nucleotides, or both. It has previously been estab- 
lished [8, 12, 31, 34] that inhibition of these processes 
does not lead to accumulation of nucleoside mono- 
phosphate, but instead that such nucleotides are 
dephosphorylated to nucleosides. In order to test this 
possibility, the ratio of radioactivity in adenine nu- 
cleotides to that in guanine nucleotides was calculated 
from data obtained in the experiment of Fig. 4C. As 
shown in Fig. 5, this ratio was moderately decreased 
in cells incubated with deoxycoformycin, whereas 
EHNA caused a very substantial decrease. These 
results suggest that both compounds inhibit the con- 
version of inosinate to adenylate. In fact, 76 uM 
EHNA inhibited incorporation of radioactive hypox- 
anthine into adenine nucleotides by 80 per cent, 
whereas that into guanine nucleotides was inhibited 
only 32 per cent. Similarly, 185 uM deoxycoformycin 
inhibited incorporation of radioactive hypoxanthine 
into adenine nucleotides by 47 per cent, whereas that 
into guanine nucleotides was inhibited only 19 per 
cent. 

One sensitive indicator of the effects of drugs on 
energy metabolism is increased formation of radioac- 
tive inosine and hypoxanthine in cells incubated with 
radioactive adenine, as well as a decrease in the ratio 
of radioactivity in ATP to that in ADP in the same 
experiment[12]. Neither deoxycoformycin nor 
EHNA affected these processes. 

Debatisse and Buttin have recently reported that 
in addition to inhibiting adenosine deaminase, cofor- 
mycin also inhibited AMP deaminase in cell-free 
extracts of Chinese hamster fibroblasts[14]. They 
also observed that coformycin appeared to potentiate 
the toxicity of adenine in these cells. These observa- 
tions prompted us to examine the inhibition of par- 
tially purified rabbit muscle adenylate deaminase by 
deoxycoformycin and EHNA. The partially purified 
adenylate deaminase was chosen rather than a crude 
cell-free extract to minimize the possibility that any 
inhibition observed may be caused by a phosphory- 
lated derivative. Plots of velocity against AMP con- 
centration gave the expected sigmoid curves with an 
apparent Michaelis constant of approximately 
0.10 mM. Similar plots in the presence of either in- 
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Fig. 5. Effects of adenosine deaminase inhibitors on con- 
version of inosinate to adenine nucleotides and guanine 
nucleotides. Cells were incubated as described in Fig. 2 
for 20 min with deoxycoformycin (@) or EHNA (A), after 
which ['*C]hypoxanthine was added to a final concen- 
tration of 100 uM, and incubation was continued for 
30 min. Radioactivity in radioactive adenylate, ADP, ATP, 
guanylate, GDP and GTP was determined. Results pres- 
ented are averages of duplicate determinations, and are 
representative of data obtained in two experiments. 


hibitor showed a decrease in reaction velocity. The 
studies were not extensive enough to determine 
whether the observed slight increase in the apparent 
Michaelis constant was significant. Figure 6 shows 
the relative velocity of the adenylate deaminase reac- 
tion at various inhibitor concentrations. These results 
are similar to the reported effects of coformycin on 
the unpurified adenylate deaminase from Chinese 
hamster fibroblasts. 

It is difficult to measure possible effects of drugs 
on adenylate deaminase activity in intact Ehrlich 
ascites tumor cells, as the rate of this process in cells 
incubated with radioactive adenine or adenosine is 
very low [19,28]. However, the rate of this process 
is greatly accelerated in cells treated with 2-deoxyglu- 
cose or 2,4-dinitrophenol, and the extent of deamina- 
tion of adenylate varies both with time and with con- 
centration of the inhibitor of energy metabo- 
lism [8, 12}. In a previous study [12] of ATP catabo- 
lism in cells incubated with deoxyglucose but in the 
absence of coformycin, the relationship between dea- 
mination of adenylate and formation of adenylate 
from ATP was shown to be linear over quite a wide 
range. Though not published at the time, similar 
studies had also been conducted in the presence of 
3.5 uM coformycin, and these data appear to be rele- 
vant to the question of inhibition of adenylate de- 
aminase in intact cells. 

Figure 7 shows plots of adenylate deamination as 
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Fig. 6. Inhibition of rabbit muscle adenylate deaminase 

by various concentrations of deoxycoformycin (@) and 

EHNA (0). Reactions were started by addition of the 
enzyme. 


a function of amount of adenylate formed by the 
breakdown of ATP under the influence of deoxyglu- 
cose, both in the presence and absence of coformycin. 
It can be seen that there is apparently less deamina- 
tion of AMP in the presence of coformycin than in 
its absence. In a smaller experiment using dinitro- 
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Fig. 7. Effect of coformycin on the relationship between 
['*C]AMP deamination and ['*C]AMP formation. Cells 
were incubated for 30 min in Fischer’s medium containing 
25mM phosphate and 100 uM ['*C]adenine. They were 
then centrifuged, washed, and resuspended in Fischer’s 
medium containing the following concentrations of glucose 
and deoxyglucose: M, 5.5 mM deoxyglucose; O,@, 4.81 mM 
deox yglucose + 0.69 mM glucose; A, A, 3.3 mM deoxyglu- 
cose + 2.2mM glucose; @, A, 400 uM aminoiodoribofur- 
anosylpyrrolo-pyrimidine (an inhibitor of adenosine phos- 
phorylation). A, without coformycin. B, with 3.5 uM cofor- 
mycin. Data for B are taken from ref. 12. 
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Fig. 8. Effects of deoxycoformycin on adenine metabolism 
in cultured mouse lymphoma LS178Y cells. L5178Y cells 
were subcultured 16hr prior to the addition of reagents 
to start these experiments at time zero. 

(A). The growth of a LS5178Y control culture (Q) is 
shown together with that of cultures containing | uM 
methotrexate and 20 uM dThd (@); with | uM methotrex- 
ate, 20 uM dThd and 20 uM Ade (0); and with | uM meth- 
otrexate, 20 uM dThd, 20 uM Ade and | uM 2’-deoxyco- 
formycin (@). 

(B). The growth of a LSi78Y control culture (QO) is 
shown together with that of cultures containing 20 uM 
2'-deoxycoformycin (A); with 20yuM Ade (A); with 
20 uM Ade and 5 uM 2’-deoxycoformycin (0); with 20 uM 
Ade and 10 4M 2’-deoxycoformycin (@); and with 20 uM 

Ade and 20 uM 2’-deoxycoformycin (@). 


phenol (data not shown), there was also less deamina- 
tion of adenylate in the presence of coformycin than 
in its absence. 

In a further attempt to assess the significance of 
possible inhibition of adenylate deaminase for the 
metabolism of intact cells, several experiments were 
conducted using cultured mouse lymphoma L5178Y 
cells. Figure 8A shows results of experiments in which 
cells were treated with methotrexate to inhibit purine 
biosynthesis de novo as well as the synthesis of thymi- 
dylate; under these conditions cell growth requires 
addition of thymidine and a purine to the medium. 
Hypoxanthine is usually used in such experiments as 
it is readily converted to the adenine and guanine 
nucleotides that are required for growth. In order for 
adenine to be converted to guanine nucleotides in 
L5178Y cells, adenylate must be deaminated to in- 
osinate by adenylate deaminase [19]. It can be seen 
that cells grow well in the presence of 20 uM adenine 
(plus 20 uM thymidine), though not quite as well as 
in the absence of methotrexate, or as in the presence 
of methotrexate plus hypoxanthine [30,35]. The 
further addition of 1 uM deoxycoformycin did not 
alter the growth rate, indicating that at least under 
these conditions the activity of adenylate deaminase 
either was not inhibited at all or that it was not inhi- 
bited sufficiently to curtail guanine nucleotide syn- 
thesis from adenine. 

That higher concentrations of deoxycoformycine do 
affect adenine metabolism, however, is shown in Fig. 
8B. In this case L5178Y cells were grown in the 
absence of methotrexate, and it is seen that neither 
20 uM adenine nor 20 uM deoxycoformycin affected 
cell growth. However, combinations of adenine and 
deoxycoformycin were toxic, and the growth inhibi- 
tory effects of such combinations increased with in- 
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creasing concentration of deoxycoformycin. The pre- 
cise basis of this toxicity is not yet defined. 


DISCUSSION 


These studies have shown that certain concen- 
trations of coformycin, deoxycoformycin and EHNA 
inhibit several aspects of purine metabolism in addi- 
tion to their “prime” target, adenosine deaminase. In 
general, EHNA seems to have more side effects, or 
be more potent in inhibiting other reactions, than 
deoxycoformycin. It is clear that the specificity of 
these adenosine deaminase inhibitors should be deter- 
mined in each experimental system in which they are 
used, and that their possible side effects should be 
taken into account in interpreting results of experi- 
ments in which they are used, particularly in experi- 
ments using intact cells. 

The extent to which results of the present work 
on the lack of specificity of deoxycoformycin, cofor- 
mycin and EHNA can be extrapolated to other ex- 
perimental systems remains to be determined. Two 
factors are important in this regard, the minimal con- 
centration of drug that is required to inhibit adeno- 
sine deaminase, and the relative sensitivity to inhibi- 
tion of other reactions of purine metabolism. Thus 
concentrations of deoxycoformycin required to poten- 
tiate the growth inhibitory activity of adenosine 


_analogs have ranged from ca. 0.024M[18] to 


3.7 uM [20] in different experimental systems, and 
concentrations of EHNA that have been used in dif- 
ferent systems have ranged from 0.3 uM [23] to 
7.9 uM [22]. The relationship between the two fore- 
mentioned factors may be particularly important in 
clinical oncology as it is very likely that these adeno- 
sine deaminase inhibitors will be tested in conjunction 
with such adenosine analogues as arabinosyladenine 
for effectiveness against human tumors. 

The observed variation in minimum effective con- 
centrations of deoxycoformycin and EHNA may be 
due to variation in rates of drug uptake, variation 
in the concentration of adenosine deaminase (i.e. 
amount of enzyme per cell and cell density), and 
length of time cells have been exposed to drug prior 
to assay. In addition, little is known about the meta- 
bolism of these drugs. 
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Abstract—Bikaverin, a growth-inhibitory fungal metabolite, inhibits the incorporation of radioactive 
purine bases into nucleic acids and also into acid-soluble nucleotides. It also inhibits energy metabolism 
and induces the breakdown of intracellular ATP. Evidence is presented that these effects may be 
due to inhibition of ATP synthesis by bikaverin, probably at the level of the tricarboxylic acid cycle 


or oxidative phosphorylation. 


Bikaverin (Fig. 1) is a fungal metabolite that has been 
isolated from Fusarium oxysporum and related species 
of Fusarium, Gibberella fujikuroi, and Mycogone jaapii. 
In early studies it was also known as lycopersin, pas- 
siflorin, mycogonin and “fungal vacuolation fac- 
tor” [1-9]. Bikaverin was reported to have specific 
antiprotozoal activity against Leishmania brasiliensis, 
but was not effective against other protozoa, or 
against certain fungi and bacteria[4]. Fuska et al. 
have found that it inhibits the growth of Ehrlich 
ascites carcinoma, lymphoma LS5178Y, sarcoma 37, 
lymphoadenoma NK/LY, and HeLa cells in cul- 
ture [10,11], and initial biochemical studies [10-12] 
showed that 25 yl/ml of bikaverin inhibited incorpor- 
ation of ['*C]adenine and ['*C]valine into acid-inso- 
luble material by ca. 50 per cent in cultured Ehrlich 
ascites tumor cells. We have investigated the effects 
of bikaverin on purine ribonucleotide synthesis and 
metabolism, and the results of these studies are pres- 
ented here. It appears that the main effect of bikaverin 
may be as an inhibitor of ATP synthesis. 


MATERIALS AND METHODS 


Sources of most materials [13], methods of prep- 
aration and incubation of Ehrlich ascites tumor 
cells [14, 15], and procedures for the separation and 
measurement of radioactivity in purine bases, 
ribonucleosides and _ ribonucleotides [14,16] have 


CH; O OH O 


H3,CO + O ee OCH3 


OH O 
Fig. 1. Structure of bikaverin. 
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been reported previously. Bikaverin is not readily sol- 
uble in water, but is soluble in dilute solutions of 
ethanol or dimethylsulfoxide; however, in the latter 
cases the solvents themselves produced appreciable 
inhibition of purine nucleotide synthesis. Hence a fine 
suspension of bikaverin in distilled water, prepared 
with the aid of sonication, was used in these experi- 
ments. 

Briefly, to measure the effects of bikaverin on pur- 
ine ribonucleotide synthesis and interconversion, Ehr- 
lich ascites tumor cells were incubated as 2.5 per cent 
suspensions in 100 yl of calcium-free Krebs-Ringer 
medium containing 25mM phosphate and 5.5mM 
glucose for 20min, with and without bikaverin; 
100 uM ['*C]adenine, ['*C]guanine or ['*C]hypox- 
anthine (the specific activity of each was ca. 50 mCi/ 
m-mole) was then added, and incubation was con- 
tinued for an additional 30 min. Radioactivity in per- 
chloric acid-soluble purine ribonucleotides (ATP, 
ADP, adenylate, GTP, GDP, guanylate, inosinate and 
xanthylate), purine ribonucleosides (adenosine, in- 
osine, xanthosine and guanosine), and purine bases 
(adenine, hypoxanthine, xanthine, guanine and uric 
acid) was measured. 

Perchloric acid-insoluble fractions from such cells 
were washed three times with cold 0.4M_ perchloric 
acid, dissolved in 0.1 N NaOH, and portions were 
taken for measurement of radioactivity. 

Studies of the effect of bikaverin on energy metabo- 
lism and purine nucleotide catabolism used cells con- 
taining radioactive ATP. Briefly, Ehrlich ascites 
tumor cells were first incubated as described above 
with ['*C]adenine. After 30 min, unused ['*C]adenine 
was removed by centrifugation and resuspension in 
fresh medium. Cells were then incubated under 
various conditions, with and without bikaverin, for 
an additional 30 min, and concentrations of radioac- 
tive metabolites were measured. Details are given 
elsewhere [17] and in the legend to Table 2. 

Concentrations of phosphoribosy! pyrophosphate 
(P-ribose-PP) in cells incubated aerobically in Krebs— 
Ringer medium containing 25mM phosphate and 
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Fig. 2. Effects of bikaverin on incorporation of 
[{'*C]adenine into nucleic acids. Ehrlich ascites tumor cells 
(2 per cent suspensions) were incubated in 100 ul of cal- 
cium-free Krebs-Ringer medium containing 25 mM _ phos- 
phate and 5.5mM glucose, with and without bikaverin, 
at 37° with shaking and in an air atmosphere. After 20 min, 
{'*C]Jadenine was added to a final concentration of 
100 uM, and incubation was continued for 30 min. 'Radio- 
activity in perchloric acid-insoluble material was deter- 
mined. Values reported are averages of duplicate measure- 
ments and are representative of results obtained in three 
experiments. Within each experiment, average deviation of 
individual analyses from the mean was less than 10 per 
cent. 


5.5mM glucose were determined as described pre- 
viously [18, 19]. 


RESULTS 


The aim of this study was to determine the mechan- 
ism by which bikaverin inhibited the incorporation 
of ['*C]Jadenine into nucleic acids. In order to be 
able to relate the present work with that previously 
reported [10-12], the relation between bikaverin con- 
centration and inhibition of ['*C]adenine incorpor- 
ation into acid-insoluble material was determined 
first. As shown in Fig. 2, bikaverin was a potent in- 
hibitor of this process under the conditions used here. 
In other experiments (data not shown), similar dose— 
response curves were obtained when the incorpor- 
ation of ('*C]guanine and ['*C]hypoxanthine into 
acid-insoluble material was measured in the presence 
of a range of bikaverin concentrations. These data 
suggested either that bikaverin affected nucleic acid 
synthesis itself or that it inhibited the synthesis of 
purine nucleoside triphosphates from radioactive pur- 
ine bases. 

Experiments were next conducted to determine if 
bikaverin inhibited the conversion of purine bases to 
nucleotides. Figure 3 shows that bikaverin inhibited 
total nucleotide synthesis from ['*C]adenine, 
['*C]guanine and ['*C]}hypoxanthine, and that the 
relations between degree of inhibition and bikaverin 


concentration were similar to that observed in Fig. 
2. Nucleotide synthesis from adenine and guanine was 
inhibited to about the same extent, whereas nucleo- 
tide synthesis from hypoxanthine was less effectively 
inhibited. 

The experiments of Fig. 3 also involved the 
measurement of radioactivity in individual purine 
ribonucleotides, as well as in adenosine, inosine and 
hypoxanthine (other purine bases and nucleosides had 
negligible radioactivity). Examination of the incorpor- 
ation of radioactivity into individual metabolites, par- 
ticularly when ['*C]adenine was used as precursor, 
indicated that bikaverin was interfering with the 
energy metabolism (ic. ATP synthesis) of the cells 
in some way. Thus, Table 1 shows that the ratio of 
radioactivity in ATP to that in ADP was reduced 
in cells treated with bikaverin, that this ratio was in- 
versely related to bikaverin concentration, and that 
the magnitude of this effect followed a dose-response 
relationship similar to those found in Figs. 2 and 3. 
An additional criterion of energy metabolism is the 
percentage of total nucleotide radioactivity found in 
adenylate plus inosinate. Normally this is ca. 1.5 per 
cent, but as shown in Table 1, it was considerably 
increased in cells treated with bikaverin. A further 
consequence of poor energy metabolism is accelerated 
dephosphorylation of purine nucleotides to form in- 
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Fig. 3. Effects of bikaverin on incorporation of radioactive 
purines into acid-insoluble nucleotides. Ehrlich ascites 
tumor cells were incubated as described in Fig. 2, with 
and without bikaverin. After 20min, ['*C]adenine (0), 
['*C]guanine (A) or ['*C]hypoxanthine (0) was added 
to a final concentration of 100 uM, and incubation was 
continued for 30min. Perchloric acid-soluble protein 
ribonucleotides were separated by thin-layer chroma- 
tography, the radioactivity in each was measured, and the 
sum of radioactivity in all acid-soluble purine nucleotides 
was calculated. Values reported are averages of duplicate 
measurements and are representative of results obtained 
in two experiments. Within each experiment, average devi- 
ation of individual analyses from the mean was less than 
7 per cent. 








Bikaverin 


Table 1. Effects of bikaverin on adenine nucleotide metabolism* 





Bikaverin 
(ug/ml) 


ATP 
ADP 


AMP + IMP 
(Per cent of total nucleotides) 


Hypoxanthine + inosine 
(Per cent of total nucleotides formed) 





0 9.09 1.55 
0.5 9.01 1.45 
1.0 8.46 1.39 
2.5 7.53 5.56 

5 4.99 5.83 
12.5 3.22 6.52 
25 2.76 6.80 
50 2.29 8.84 





* Ehrlich ascites tumor cells were incubated as described in Fig. 2, with and without 
bikaverin. After 20 min, ['*C]Jadenine was added to a final concentration of 100 4M, and 
incubation was continued for 30 min. Radioactivity in individual acid-soluble purine nucleo- 
tides and in adenosine, inosine and hypoxanthine was determined. Values reported are aver- 
ages of duplicate measurements and are representative of results obtained in two experiments. 
Within each experiment, average deviation of individual analyses from the mean was less 


than 7 per cent. 


osinate and hypoxanthine (adenosine is rapidly de- 
aminated and did not accumulate in any of these ex- 
periments.) Table 1 shows that bikaverin treatment 
led to up to almost a 10-fold increase in purine nu- 
cleotide dephosphorylation. 

Because both nucleotide synthesis and the catabo- 
lism of nucleotides that accompanies disturbances in 
energy metabolism[17] were proceeding simul- 
taneously in the preceding experiments, further ex- 
periments were carried out to study the effects of bik- 
averin on energy metabolism more directly. Thus 
tumor cells were first incubated with ['*C]adenine 
and glucose in order to label the intracellular pool 
of ATP, and unused adenine was then removed to 
prevent any further synthesis of radioactive nucleo- 
tides. The cells were then incubated with and without 
50 ug/ml of bikaverin, and the radioactivity in indivi- 
dual purine nucleotides was determined over the 
course of incubation for 60 min; data for both 30- 
and 60-min periods will be presented (except for cells 
incubated anaerobically without glucose, in which 
case ATP concentrations were almost completely de- 
pleted in 30min). In order to assess the effects of 
bikaverin on different aspects of energy metabolism, 
cells were incubated under four conditions: (a) aerobi- 
cally plus glucose, (b) aerobically without glucose, (c) 
anaerobically plus glucose and (d) anaerobically with- 
out glucose. It should be pointed out that, whereas 
in the experiments described previously cells were 
exposed to bikaverin for 20 min prior to addition of 
the radioactive precursor, in the following experi- 
ments bikaverin was added at the beginning of the 
period of measurement. Thus in terms of time of 
exposure of cells to drug, 30 min in the earlier experi- 
ments corresponds to 50min in the experiments 
about to be described. 

The results of these experiments are shown in Table 
2. In control cells incubated aerobically plus glucose 
for 30 to 60min, there was a 20 per cent decrease 
in radioactivity in total adenine nucleotides and in 
total purine nucleotides; this is believed to represent, 
at least in part, incorporation into nucleic acid. (It 
should be noted that in this particular case, data for 
30 and 60 min are from separate experiments; hence 
separate sets of zero time values are given. In the 
other experiments both sets of zero time values apply 
to both.) These decreases were also observed in cells 
incubated anaerobically with glucose or aerobically 


without glucose, although their magnitude was 
slightly less in these cases; the changes were also 
greater at 60min than at 30min. Under these three 
sets of conditions there were increases in the concen- 
trations of purine nucleoside monophosphates 
(adenylate, inosinate and xanthylate) in the control 
cells, but these three nucleotides did not account for 
a large percentage of the total radioactive purine nu- 
cleotides. Radioactivity in guanine nucleotides was 
relatively small and did not change appreciably in 
the course of these experiments. 

In tumor cells incubated aerobically plus glucose, 
bikaverin induced further reductions in ATP (19 per 
cent at 30min and 49 per cent at 60min), total 
adenine nucleotides (16 per cent at 30min and 38 
per cent at 60 min), and total radioactive purine nu- 
cleotides (14 per cent at 30 min and 35 per cent at 
60 min); the concentrations of adenylate, inosinate 
and xanthylate were increased. The loss of radioactive 
purine nucleotides could be almost completely 
accounted for by increases in radioactive inosine and 
hypoxanthine. Similar‘changes were produced by bik- 
averin in cells incubated anaerobically with glucose. 
In this case, however, concentrations of radioactive 
purine nucleoside monophosphates increased appre- 
ciably only after a 60-min incubation with bikaverin. 
In both of these situations, of course, glycolysis was 
the main mechanism of energy generation in these 
cells. 

Effects of bikaverin on energy metabolism were 
much more apparent in cells incubated aerobically 
without glucose, in which case oxidative phosphoryla- 
tion was the main source of ATP generation; fatty 
acids and other endogenous metabolites provide sub- 
strates for the tricarboxylic acid cycle. The data of 
Table 2 show that under these conditions, bikaverin 
produced large decreases in concentrations of radio- 
active ATP (85 per cent at 30min and 97 per cent 
at 60 min), total adenine nucleotides (55 per cent at 
30 min and 70 per cent at 60 min), and total radioac- 
tive purine nucleotides (34 per cent at 30min and 
44 per cent at 60 min). At the same time the concen- 
trations of radioactive adenylate, inosinate and xan- 
thylate increased very markedly (369, 1218 and 1483 
per cent at 30 min respectively). However, the concen- 
trations of radioactive adenylate and inosinate de- 
creased somewhat by 60 min, whereas that of xanthy- 
late continued to increase. Again, radioactivity in in- 
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Table 2. Effects of bikaverin on energy metabolism* 





Radioactive metabolites 
(nmoles/g cells) 


Total 
guanine 
nucleotides 


Total 
adenine 
nucleotides 


Incubation 
Incubation time 
Bikaverin (min) 


Total 


conditions nucleotides 





31 2364 
33 1920 
25 1654 
34 3343 
30 2622 

1700 

2350 


Aerobic + glucose 2 2325 
1872 
1589 
3291 
2576 
1561 
2307 
2184 2245 
1934 : 1995 
1998 2060 
1654 3 1780 
Aerobic — glucose = 2735 3035 35 3079 
2646 7 2729 

1196 1822 

2204 5 2339 

659 335 ‘ 1318 

2559 3 2604 

266 I 1024 2 L 1396 
212 744 335 7 1292 


ae 
CON SK NINN AY 


Anaerobic + glucose 


Anaerobic — glucose 





* Two ml of 2% (v/v) Ehrlich ascites tumor cell suspensions in calcium-free Krebs-Ringer medium containing 25 mM 
phosphate and 5.5 mM glucose was incubated in 10-ml Erlenmeyer flasks at 37° with shaking, with an air atmosphere. 
After 20 min, ['*C]adenine was added to a final concentration of 100 uM, and incubation was continued for 30 min 
to synthesize ['*C]ATP. Unutilized ['*C]adenine was then removed by centrifugation and resuspension of the cells 
twice in fresh, warmed medium. Cells were then incubated for 0, 30 and 60 min with and without 50 ug/ml of bikaverin 
in an atmosphere either of air or of 100% N,, and with and without 5.5mM _ glucose. For the experiments done 
aerobically plus glucose, data for 30 and 60 min are from separate experiments; hence separate zero time values are 
given. In the other experiments, both sets of data are from the same experiment and the single set of zero time 
values applies to both times. Values reported are averages of duplicate measurements and are representative of results 
obtained in at least two experiments. Within each experiment, average deviation of individual analyses from the mean 


was less than 7 per cent. 


osine and hypoxanthine increased as a result of 
dephosphorylation of purine nucleoside monophos- 
phates. 

Finally, experiments were also conducted using 
cells incubated anaerobically in the absence of glu- 
cose. Under these conditions, neither glycolysis nor 
oxidative phosphorylation can support energy gener- 
ation, and ATP concentrations declined considerably 
even in control cells as a result of its utilization for 
energy-requiring processes. As in all of the cases stud- 
ied here and previously [17], concentrations of radio- 
active ADP did not increase proportionally to the 
extent of ATP loss; instead, radioactive purine nuc- 
leoside monophosphates were formed, and these in 
turn could be dephosphorylated. Thus in control cells 
incubated under these conditions there was an 82 per 
cent decrease in ATP, a 60 per cent decrease in total 
adenine nucleotides, and a 46 per cent decrease in 
total radioactive purine nucleotides. Incubation with 
bikaverin led to a further 44 per cent loss in ATP 
and 28 per cent decrease in total adenine nucleotides, 
but to only an 8 per cent decrease in total radioactive 
purine nucleotides; concentrations of radioactive in- 
osinate and xanthylate increased considerably. 

In light of all of the effects of bikaverin described 
above, it seemed appropriate to measure its effect on 
the accumulation of PP-ribose-P in tumor cells incu- 
bated with glucose. Accumulation of PP-ribose-P was 
the same in control cells incubated aerobically for 
30 or 60 min as in cells incubated with 50 ug/ml of 
bikaverin. 


DISCUSSION 


These studies have shown that bikaverin inhibits 
ATP synthesis and hence energy metabolism in Ehr- 
lich ascites tumor cells incubated in vitro. Although 
the primary studies of the effects of bikaverin on 
energy metabolism used a relatively high concen- 
tration of this drug, the data of Table 1 show that 
it affected ATP synthesis at lower concentrations as 
well; in fact the dose-response relationship for these 
effects was similar to that regarding nucleotide syn- 
thesis and incorporation into nucleic acids. 

The fact that ATP synthesis was affected to a much 
greater extent in cells incubated aerobically without 
glucose than in those incubated with glucose, whether 
aerobically or anaerobically, suggests that bikaverin 
primarily inhibits mitochondiral metabolism rather 
than glycolysis or related reactions. In this respect 
bikaverin resembles 2,4-dinitrophenol more than it 
does 2-deoxyglucose. Bikaverin also resembles 
2,4-dinitrophenol in that purine nucleoside mono- 
phosphates tend to accumulate as major products of 
ATP catabolism, whereas the monophosphates are 
mainly dephosphorylated in cells treated with 2-deoxy- 
glucose [17]. Even though inhibition of mitochondrial 
energy metabolism might not be expected to cause 
ATP breakdown in cells incubated anaerobically with 
glucose, both bikaverin (see Table 2) and 2,4-dinitro- 
phenol (J. F. Henderson and M. L. Battell, unpub- 
lished results) produce a certain amount of ATP cata- 
bolism under these conditions also. 
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Chemically, bikaverin is a quinone, and inhibitory 
effects of quinones on electron transport, oxidative 
phosphorylation, respiration and glycolysis are well 
known [20]. In each system, there are several poten- 
tial sites of action, and individual quinones vary con- 
siderably in their relative potencies on the different 
biochemical reactions. Obviously, further studies, 
using isolated mitochondrial and perhaps also recon- 
stituted glycolytic systems, are required to elucidate 
the exact mechanism or mechanisms by which bika- 
verin inhibits ATP synthesis and energy metabolism. 

Although it might be expected that inhibition of 
energy metabolism could lead to inhibition of incor- 
poration of purine bases into acid-soluble nucleotides 
and into nucleic acids, this work has not definitely 
established that there is a cause-and-effect relation- 
ship betwen these different effects of bikaverin. 
Although bikaverin did not inhibit PP-ribose-P ac- 
cumulation in cells incubated aerobically with glu- 
cose, inhibition of purine nucleotide formation under 
similar conditions might be due to increased intracel- 
lular concentrations of purine ribonucleoside mono- 
phosphates; these compounds are potent inhibitors 
of the purine phosphoribosyltransferases [21, 22]. 
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Abstract—Both the apparent K,, of hepatic microsomal ethylmorphine N-demethylase and the respon- 
siveness of this enzyme to testosterone treatment in adult rats are imprinted neonatally by androgen. 
The maintenance of these imprinted male-specific characteristics of this enzyme activity depends on 
the presence of an intact pituitary: Hypophysectomy alters the apparent K,, of this enzyme activity 
from male into female type, whereas castration, thyroparathyroidectomy or adrenalectomy does not. 
Androgen or estrogen administration has opposite effects on the apparent K,,, but similar effects on 
plasma FSH and LH concentrations. These results tend to mitigate against mediator roles for ACTH, 
TSH, LH and FSH. 

The sensitive periods for androgen-induced imprinting of the apparent K,, of ethylmorphine 
N-demethylase differs from that of the responsiveness of this enzyme. With the former, imprinting 
occurs at days 2 and 4 of age, whereas the latter extended beyond days 2 and 4 to days 12 and 
14 of age. Unlike imprinting in the CNS, neonatally administered estradiol-17f is ineffective in inducing 
the male characteristics of this enzyme activity. 

Although hypophysectomy alters the imprinted male characteristics of the ethylmorphine N-demethyl- 
ase (apparent K,, and responsiveness) to the female type, it shifts the neonatal androgen-imprinted 
differences in the turnover of cytochrome P-450 from female toward that of the male type. These 
results suggest that different hypophyseal factors may be responsible for the regulation of these neonatal 


androgen-imprinted male characteristics in hepatic microsomal monooxygenases. 


Certain sex-dependent differences in the oxidative 
metabolism of amiriopyrine, ethylmorphine, hexobar- 
bital [1-3], and endogenous steroids [4-6] are known 
to occur in adult rats. Some aspects of these differ- 
ences are modulated by the plasma concentration of 
testosterone. Castration of a male or testosterone 
treatment of a female, therefore, results in respective 
decreases or enhancements of drug-metabolizing 
enzyme activities in these animals. Another aspect of 
the sex-dependent differences, however, appears to 
relate to the imprinting influence of androgen during 
the early postnatal life. For example, the development 
of certain sex-dependent differences in the metabolism 
of corticosteroid and testosterone by the hepatic 
microsomal systems [7-9], the apparent K,, as well 
as the responsiveness of hepatic microsomal ethyl- 
morphine N-demethylase [10], and the development 
of hepatic cytochrome P-450 of different turnover 
forms[11] have been documented as determined 
neonatally by testicular androgen. 

To learn more about the neonatal androgen- 
induced imprinting of the hepatic microsomal 
monooxygenases in adult male rats, we have 
measured the apparent K,, and responsiveness of 
ethylmorphine N-demethylase as the end point. An 
assessment was made to determine the critical period 
when these male-specific characters are being im- 





* A portion of this study has been published in abstract 
form in: Pharmacologist 17, 209 (1975) and Fedn Proc. 35, 
686 (1976). 


printed or programmed. Neonatal testicular andro- 
gen(s) has long been recognized as an inducer(s) for 
the differentiation of neural tissues which determine 
the gonadotropin release pattern and the behavior in 
the male [12]. Attempts were made in this study to 
compare the steroid specificity between the imprinting 
of neural as against the hepatic microsomal mono- 
oxygenases. Evidence is also presented to suggest that 
different hypophyseal factor(s) may be required to 
maintain the male-specific characteristics of hepatic 
monoox ygenases, e.g. the apparent K,,, the respon- 
siveness of ethylmorphine N-demethylase and the 
turnover of different forms of hepatic cytochrome 
P-450. 


MATERIALS AND METHODS 


Animals and surgical procedures. Albino rats of Wis- 
tar Strain were purchased from Canadian Breeding 
Farm (St. Constant, Quebec) and maintained on Pur- 
ina laboratory chow and water ad lib. Rats adrenalec- 
tomized, thyroparathyroidectomized or hypophysec- 
tomized as adult were supplied with NaCl (0.9% w/w), 
CaCl, (0.1%, w/w) or dextrose (5%, w/w) respectively 
in their drinking water, 2 weeks prior to sacrifice for 
experiments. 

Castration within 24hr after birth was performed 
under hypothermic conditions according to the pro- 
cedure of Pfeiffer [13], whereas castration or adrenal- 
ectomy of adult rats was performed as previously de- 
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scribed [14,15]. Thyroparathyroidectomy was _per- 
formed under ether anesthesia through the midline 
of anterior cervical location and hypophysectomy was 
performed via the auditory canal. The completeness 
of thyreparathyroidectomy was assessed by radioim- 
munoassay of plasma thyroxine concentration (T,) 
(<0.6 wg%). Hypophysectomy was monitored by di- 
rect examination of the pituitary stalk under the 
median eminence at the time of sacrifice. No signifi- 
cant weight gain was noted in these rats during ex- 
periments following thyroparathyroidectomy, whereas 
significant weight loss was noted in rats subjected to 
hypophysectomy. Unless otherwise specified, the time 
period between surgical operation and the actual 
analysis of enzyme activity ranged from 4 to 5 weeks. 

Isolation of hepatic microsomes and the determina- 
tion of the apparent K,, and the responsiveness of ethyl- 
morphine N-demethylase. Animals were killed by cer- 
vical dislocation. The fresh liver microsomes were 
prepared and used immediately as described pre- 
viously [10]. Ethylmorphine N-demethylase activity 
derived from 400 mg liver tissue was determined in 
a final 2 ml incubation medium containing | umole 
NADP, 40 umoles glucose-6-phosphate, | unit of glu- 
cose-6-phosphate dehydrogenase, 5 umoles of MgCl,, 
10 pymoles of nicotinamide, 20 umoles of semicarba- 
zide, 90 ymoles of sodium phosphate and various con- 
centrations of ethylmorphine-HClI (ranged from 0 to 
4mM). The apparent K,, and the responsiveness of 
ethylmorphine N-demethylase to androgen induction 
in adulthood were determined as previously de- 
scribed [10]. Incubation mixtures containing all of the 
assay ingredients except that of the microsomal 
enzymes were preincubated at 37° for 2 min. The reac- 
tion initiated by the addition of 0.2 ml microsomal 
enzyme suspension (3—5 mg protein) was allowed to 
proceed for 10 min. In order to minimize differences 
due to assay conditions, the kinetic analysis of this 
enzyme activity was performed with prior random ar- 
rangement of microsomes isolated from rats with 
various neonatal or pubertal pretreatment. Data 
obtained from each determination were computed for 
apparent K,, and V,,,, by a FORTRAN program as 
described by Cleveland [16]. Values were pooled from 
all experiments and subjected to statistical analysis 
and the Student t-test for the mean + standard error 
and the degree of significance. 

Determination of the turnover rates of the hepatic 
microsomal cytochrome P-450. The heme portion of 
cytochrome P-450 was labeled with 3,5-[°H]-é- 
aminolevulinic acid (6-ALA) in vivo according to the 
method described by Levin et al.[11] with slight 
modification. Male and female rats of intact or hypo- 
physectomized groups were used in these experiments. 
3,5-[7H]-6-ALA (505 mCi/m-mole) was dissolved in 
0.9% NaCl and administered to rats through the 
jugular vein under ether anesthesia, at a dose of 
1.87 umoles/kg. Animals were sacrificed at different 
times up to 120hr. For the cytochrome P-450 turn- 
over studies, hepatic 9000g supernatants were pre- 
pared as described previously [10] and immediately 
frozen under liquid nitrogen and stored at — 20°. This 
storage condition did not result in any significant 
changes of both of the ethylmorphine N-demethylase 
and aniline, hydroxylase activities during 2-weeks 
storage period. Immediately before use, the 9000g 


L. W. K. CHUNG 


supernatant was thawed and centrifuged at 105,000 g 
for | hr to obtain the microsomal pellet. The micro- 
somal pellet was washed once with 1.15% KCI-0.01 M 
sodium phosphate buffer (pH 7.4) and resuspended in 
the same buffer to give a final concentration of 
200 mg liver per ml. This microsomal suspension was 
then incubated with 0.2% steapsin at 37° for | hr to 
solubilize cytochrome b, fraction[17]. The micro- 
somal suspension was then resedimented at 160,000 g 
for lhr and the pellet was resuspended in 
1.15% KCI-0.01 M sodium phosphate buffer. An ali- 
quot of this microsomal suspension was then used 
for determining tritium radioactivity (Beckmann Scin- 
tillation Spectrophotometer LS-150) as previously 
described [14]. Another aliquot was used for the 
determination of protein concentration according to 
the Lowry’s method with bovine serum albumin as 
standard [18] and cytochrome P-450 concentration 
according to Omura and Sato [19]. 

Chemicals and enzymes. Testosterone propionate 
(TP), estradiol dipropionate, 6-ALA, steapsin and 
NADPH-generating system (NADP, glucose-6-phos- 
phate, and glucose-6-phosphate dehydrogenase) were 
purchased from Sigma Co. Ethylmorphine-HCl was 
provided by Merck & Co., Inc. Nicotinamide was 
obtained from Mann Research Laboratory. Semicar- 
bazide-HCl and sodium hydrosulfite was obtained 
from Fisher Scientific Company. 3,5-[°H]-6-ALA 
(5.05 Ci/m-mole) was purchased from New England 
Nuclear and the purity of this label was routinely 
determined on thin layer chromatography in the sol- 
vent systems of n-butanol—acetic acid—H,O (25:4:10) 
on a cellulose plate prior to use. The purity of 
3,5-[7H]-5-ALA is >98 per cent. 


RESULTS 


Two sex-dependent characteristics, the apparent K,,, 
of ethylmorphine N-demethylase and the responsive- 
ness of this enzyme to androgen stimulation (abbre- 
viated as K,, and Vax, respectively) in adult rat liver 
microsomes, have been reported previously by our 
laboratory as imprinted by neonatal androgen expo- 
sure [10]. Utilizing these two defined parameters as 
the end-points, we found that the critical period for 
imprinting K,, in the adult male rat is at days 2 and 
4 of age, whereas the ¥V,,,, is imprinted before days 
12 and 14 of age (Table 1). Estradiol-178 dipropionate 
(days 2 and 4), an effective agent for the central ner- 
vous system imprinting[12], failed to imprint the 
male characteristics of hepatic monooxygenase system 
with respect to both K,, and V,,,,. 

The maintenance of the imprinted K,, values in in- 
tact adult male rats was also studied. With the excep- 
tion of hypophysectomy, male rats castrated, adrenal- 
ectomized, or thyroparathyroidectomized in adult- 
hood maintain an imprinted male character of the 
K,,- Hypophysectomy of the male in adulthood, how- 
ever, results in a shift of the K,, from male toward 
that of the female value. Females hypophysectomized 
as adults did not change appreciably the K,, of this 
enzyme as compared to the non-operated controls 
(Table 2). Additional experiments indicate that differ- 


“ences between neonatal androgen-treated (imprinted) 


and non-androgen-treated (non-imprinted) rats with 
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Table 1. The timing and steroid specificity for the programming of the basal apparent Michaelis constant (K,,) and 
the androgen-induced responsiveness of ethylmorphine N-demethylase activity in adult rats 





Ethylmorphine N-demethylaset 





Adult Apparent K,, ., 
(nmoles HCHO/mg protein/10 min) 


Conditiont injections (mM) 





Male rats castrated at birth 
+ Corn oil (days 2 and 4) 


+ TP (days 2 and 4) 
+ TP (days 12 and 14) 
+ TP (days 22 and 24) 
+ EP (days 2 and 4) 


Intact adult male rats 


0.74 + 0.10* 
0.43 + 0.13 
0.31 + 0.04** 
0.41 + 0.03 
1.19 + 0.24 
0.50 + 0.04 
1.36 

0.65 

1.62 + 031 
0.74 + 0.18 
0.35 + 0.15 


20.4 + 1.5* 
40.3 + 68 
28.2 + 2.4%* 
69.1 + 8.1 
23.9+1.7 
76.7 + 7.3 
23.7 

43.6 

20.6 + 0.5 
38.5 + 3.9 
79.5 + 13.4 





+ Values represent the average or average + S.E. of 2 or 4 determinations with exceptions of * is from 10 determina- 


tions and ** is from 7 determinations. 


¢ TP: testosterone propionate, 500 yg/day for days 2, 4, 12 and 14 or 5000 yg/day for days 22 and 24. EP: 17f-estradiol 
dipropionate (20 yg/day) for days 2 and 4. Corn oil: 50 yl/day for days 2 and 4. 
§ In adulthood, either daily corn oil (0.2 ml) or TP (10 mg) was given to these rats for a period of 10 days. 


respect to K,, and V,,,, were also abolished by hypo- 
physectomy (Table 3). 

Levin et al.[{11] have recently reported sex-depen- 
dent and neonatal androgen-imprinted differences of 
the turnover of hepatic cytochrome P-450 in rats. We 
have confirmed their results on the differences of turn- 
over of hepatic cytochrome P-450 between male and 
female rats (Fig. 1A). A biphasic turnover of hepatic 
cytochrome P-450 with a fast phase t-1/2 of 6hr and 
a slow phase t-1/2 of 66-70hr was found in male 
and female rats. To learn if the sex-dependent differ- 
ences in the turnover of hepatic cytochrome P-450 
are also under the control of the hypothalamic-pitui- 
tary axis, male or female rats were hypophysecto- 
mized as adult and the turnover of cytochrome P-450 
was studied (Fig. 1B). No appreciable changes were 
found in both of the slow and fast t-1/2’s of the turn- 
over of cytochrome P-450 between hypophysecto- 
mized and intact control rats. A summary of the 
effects of hypophysectomy on the turnover of hepatic 
cytochrome P-450 is presented in Table 4. Hypophy- 
sectomy markedly reduced the body weights and liver 
weights of these animals. The total microsomal pro- 


Table 2. Effects of castration, adrenalectomy, thyropara- 
thyroidectomy or hypophysectomy on the basal apparent 
K,, of hepatic microsomal ethylmorphine N-demethylase 





Ethylmorphine N-demethylase 


Condition* 


Apparent K,, 
(mM) 





Adult Male 
Sham-operated (6) 
Castrated (2) 
Adrenalectomized (5) 


Thyroparathyroidectomized (5) 


Hypophysectomized (4) 
Adult Female 

Non-operated (3) 

Hypophysectomized (3) 


0.37 + 0.05 

0.35 

0.46 + 0.02 

0.36 + 0.04 

0.98 + 0.0St 


0.95 + 0.13t 
0.80 + 0.10F 





* Number in parentheses represents the total number of 
animals per group. All rats were operated in adulthood 
(60 days) and assessed | month later. 

+ Statistically significant at P < 0.01 as compared to 
sham-operated adult male rats. 


tein content, however, was not affected by this sur- 
gery. Intact control male and female rats differed in 
their cytochrome P-450 turnover, with a value of fast/ 


Table 3. Effects of hypophysectomy in adulthood on the neonatal androgen-induced imprinting of the apparent K,, 
and responsiveness of hepatic microsomal ethylmorphine N-demethylase activity 





Ethylmorphine N-demethylase 





Condition* Adult aa 
Male rats castrated at birth Injectiont (mM) 


Vinax 
(nmoles HCHO/mg prot./10 min) 





Control 
Neonatal non-androgen treated Oil (8) 
TP (4) 
Neonatal androgen-tjeated Oil (5) 
TP (5) 
H ypophysectomized 
Neonatal non-androgen treated Oil (6) 
TP (6) 
Neonatal androgen-treated Oil (6) 
TP (6) 


0.88 + 0.15 
0.43 + 0.10 
0.34 + 0.06t 
0.41 + 0.03 


1.15 +0.24 
1.19 + 0.24 
0.95 + 0.14 
0.99 + 0.11 


21.1+5.1 
299 + 6.0 
33.1 + 5.0 
50.7 + 5.28 


31.9 +54 
28.9 + 4.5 
21.6 + 26 
33.5+28 





* Rats were castrated at birth and treated neonatally with either androgen (TP) or corn oil at days 2 and 4 (see 


Methods). Hypophysectomy was performed in adulthood. 


+ At adulthood, rats were treated daily with corn oil (0.2 ml) or TP (2 mg) for 10 days. Enzyme activity was measured 


as described in the Methods. 


t Significantly different from the basal apparent K,, of neonatal non-androgen treated controls at P < 0.05. 
§ Significantly different from the responsiveness of the neonatal non-androgen treated controls at P < 0.1. 
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Fig. 1. (A) The turnover of cytochrome P-450 in hepatic microsomes of normal male and female 
rats: normal male: ¢ @——@; normal female: 2 O——o. (B) The turnover of cytochrome P-450 
in hepatic microsomes of normal male and hypophysectomized male and female rats: normal male: 


A 


$ @——; hypophysectomized male: SH A——-A; hypophysectomized female: 2H A——A; Each 


point appearing in Fig. 1 (A) and (B) represents the value obtained from one animal. 


slow ratio at 5.8 and 11.3, respectively. Hypophysec- 
tomy increases the proportion of the slow turnover 
form of cytochrome P-450 resulting in a decreased 
fast/slow ratio to 2.7 and 2.9 in the male and female 
rats, respectively. This increases the proportion of the 
slow turnover form of cytochrome P-450 in hepa- 
tic microsomes of hypophysectomized rats and is 
accompanied by a significant increase in the content 
of hepatic cytochrome P-450 per mg of microsomal 
protein. 


DISCUSSION 


Several aspects of the neonatal imprinting of hepa- 
tic microsomal enzyme systems to metabolize certain 
xenobiotics are characterized. Since the sensitive 
period for imprinting of the apparent K,, differs from 
that of the V,,,,, it is suggested that these two im- 
printed parameters are independent. The differences 
in the responsiveness to androgen treatment in adult- 
hood between neonatal androgen-treated and non- 
androgen-treated rats with respect to their hepatic 


microsomal ethylmorphine N-demethylase activity 
may represent a difference in net enzyme concen- 
tration since the apparent K,, of this enzyme becomes 
indistinguishable in these rats following repetitive 
androgen induction in adulthood. 

Studies on the steroid specificity of neonatal im- 
printing on the hepatic microsomal monooxygenase 
system reveal that the imprinting in the central ner- 
vous system differs from that of the liver. Neonatal 
exposure to estradiol dipropionate (20 yg/rat) failed 
to imprint the hepatic ethylmorphine N-demethylase 
with respect to both of its apparent K,, and respon- 
siveness. Although the dose of estradiol dipropionate 
used in this study is many-fold less than that of the 
testosterone propionate, this dose of estrogen is near 
the toxic level (unpublished observation) and has been 
demonstrated as effective in masculinizing the female 
brain[12]. This difference with steroid specificity 
between neonatal imprinting of the brain and that 
of several hepatic steroid-metabolizing enzyme activi- 
ties has recently been reported by Gustafsson and 
Stenberg [20]. 


Table 4. Effects of hypophysectomy on the turnover of hepatic microsomal cytochrome P-450 





T-1/2 


Microsomal 


protein 
content 
(mg/g liver) 


Condition*® (g.b. wt.) Liver wt 


Cytochrome 
P-450 content 
(nmoles/mg prot) 


Turnover of Fast Slow 
cytochrome P-450t phase _ phase 
(Fast/Slow Ratio) (hr) (hr) 





Male, control (9) (290 + 1) 

Male, hypophysectomized (7) (126 + 2) 
Female control (10) (182 + 2) 

Female, hypophysectomized (10) (117 + 2) 


123 + 0.6 
43+02 
8.2+04 
39+0.1 


0.49 + 0.04 5.8 70 
0.78 + 0.12 27 74 
0.41 + 0.05 11.3 66 
0.69 + 0.04 29 58 





* Both male and female rats were hypophysectomized at age 40 days. The experiments were done 1.5 months after 
surgery. Numbers appearing in parentheses represent the total number of rats in each group. 
+ Turnover of hepatic cytochrome P-450 was determined by the method described by Levin et al. [11] with slight 


modification (see Methods). 
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Maintenance of these imprinted male character- 
istics (K,,, Va, and the turnover of hepatic cyto- 
chrome P-450) requires the presence of a pituitary 
gland. The fact that castration, adrenalectomy or 
thyroparathyroidectomy in adulthood did not affect 
the K,, in male rats; and treatment in adulthood with 
androgen to the neonatal non-androgen-treated 
rats[10], or with estrogen in intact male rats [21] 
decreased or increased respectively the K,,’s, while 
both sex steroids are known to depress plasma con- 
centrations of FSH and LH. These results preclude 
the mediator roles of ACTH, TSH, LH and FSH. 
Kramer et al. [22] have also reported that the pres- 
ence of intact pituitary glands in adult male and 
female rats is essential for the androgen-induced re- 
sponsiveness of ethylmorphine metabolism by hepatic 
microsomes. Gustafsson et al.[23] have recently 
obtained evidence that a factor termed feminotropin 
which is derived from pituitary extract, is distinctively 
different from FSH, LH, TSH, growth hormone or 
prolactin, but possesses feminizing activity on the 
steroid-metabolizing enzyme activities in cultured 
hepatoma cells. 

The changes induced in the apparent K,, of ethyl- 
morphine N-demethylase by sex steroids in adult 
male rats, can be interpreted as secondary to the 
release of certain pituitary factor(s), because similar 
androgen or estrogen injections failed to modify the 
apparent K,, of this enzyme in normal male rats 
hypophysectomized as adult (apparent K,,’s are 0.85 
and 0.95, respectively). Moreover, the neonatal andro- 
gen-imprinted differences in the pituitary factor(s) 
may be of a quantitative rather than qualitative 
nature, since neonatal non-androgen-treated male rats 
are capable of responding to androgen treatment by 
lowering their apparent K,,s of ethylmorphine 
N-demethylase to that of the male value. 

Levin et al.[11] have recently reported a sex- 
dependent difference in the turnover (ratios of fast/ 
slow) of hepatic microsomal cytochrome P-450 and 
attributed this difference to neonatal imprinting. In 
a series of publications, Gustafsson and Stenberg 
[7, 23-25] have described several types of hepatic 
microsomal steroid hydroxylase and reductase ac- 
tivities in adult male rats that are irreversibly pro- 
grammed by gonadal hormones. They have further 
postulated the existence of pituitary feminizing fac- 
tor(s) [26] and masculinizing factor(s) [23] which may 
mediate the action of exogenous or endogenous gona- 
dal hormones on the hepatic microsomal steroid- 
metabolizing enzyme system. To analyze the relation- 
ship between the programming of the kinetic proper- 
ties of hepatic microsomal ethylmorphine N-demethyl- 
ase and that of the turnover of hepatic cytochrome 
P-450, we have studied the effects of hypophysectomy 
on the turnover of hepatic microsomal cytochrome 
P-450 in male and female rats. We have confirmed 
the finding of Levin et al. [11] that adult male and 
female rats differed in their hepatic cytochrome P-450 
turnover with a fast/slow ratio of 5.8 and 11.3, re- 
spectively. Our results differ somewhat on the abso- 
lute values of fast/slow ratio of cytochrome P-450 
turnover as that described by Levin and coworkers; 
this may result from differences of experimental con- 
ditions. Hypophysectomy, however, abolished the sex- 
dependent differences in the turnover of hepatic cyto- 
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chrome P-450. Although the maintenance of this im- 
printed male character also requires the presence of 
an intact pituitary gland, the biochemical properties 
of the pituitary factor(s) may be of different nature. 
The K,, and V,,,, of ethylmorphine N-demethylase 
being maintained by masculinizing factor(s) whereas 
the turnover of hepatic microsomal cytochrome P-450 
is being supported by feminizing factor(s). This differ- 
ence need not preclude the relationship between these 
two imprinted parameters since the methodology 
employed in the present study is not sufficiently sensi- 
tive to delineate the neonatal androgen-imprinted dif- 
ferences of male characteristics at a molecular level. 
The possible relationship between these neonatal 
androgen-imprinted biochemical characteristics and 
the presence of certain sex specific form(s) of cyto- 
chrome P-450 is presently under investigation. 


Acknowledgement—The excellent technical assistance pro- 
vided by Mrs. G. Raymond and Mr. G. Vergel is greatly 
appreciated. 


REFERENCES 


. G. P. Quinn, J. Axelrod and B. B. Brodie, Biochem. 
Pharmac. 1, 152 (1958). 

. R. Kato and J. R. Gillette, J. Pharmac. exp. Ther. 150, 
279 (1965). 

. J. B. Schenkman, I. Frey, H. Remmer and R. W. Esta- 
brook, Molec. Pharmac. 3, 516 (1967). 

. E. Forchielli and R. I. Dorfman, J. biol. Chem. 223, 
443 (1956). 

. F. E. Yates, A. L. Herbst and J. Urquhart, Endocrino- 
logy 63, 887 (1958). 

. A. H. Conney, K. Schneidman, M. Jacobson and R. 
Kuntzman, Ann. N.Y. Acad. Sci. 123, 98 (1965). 

. K. Einarsson, J. A. Gustafsson and A. Stenberg, J. biol. 
Chem. 248, 4987 (1973). 

. P. De Moor and C. Denef, Endocrinology 82, 480 
(1968). 

. L. Krautis and . B. Clayton, J. biol. Chem. 243, 3546 
(1968). 

. L. W. K. Chung, G. Raymond and S. Fox, J. Pharmac. 
exp. Ther. 193, 621 (1975). 

. W. Levin, D. Ryan, R. Kuntzman and A. H. Conney, 
Molec. Pharmac. 11, 190 (1975). 

. R. A. Gorski, in (Eds L. Martini and W. F. Ganong) 
Frontiers in Neuroendocrinology p. 237. O.U.P., N.Y. 
(1971). 

. C.A. Pfeiffer, Am. J. Anat. 58, 195 (1936). 

. L. W. K. Chung and D. S. Coffey. Biochim. biophys. 
Acta 247, 570 (1971). 

. L. W. K. Chung and J. D. Gabourel, Biochem. Phar- 
mac. 20, 1749 (1971). 

. W. W. Cleland, Adv. Enzymol. 29, 1 (1967). 

. T. Omura and R. Sato, J. biol. Chem. 239, 2379 (1964). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. T. Omura and R. Sato, J. biol. Chem. 239, 2370 (1964). 

. J. A. Gustafsson and A. Stenberg, Science, N. Y. 191, 
203 (1976). 

. S. El Defrawy El Masry and G. L. Mannering, Drig 
Metab. Dispos. 2, 279 (1974). 

. R. E. Kramer, J. W. Greiner, W. J. Canady and 4. 
D. Colby, Biochem. Pharmac. 24, 2097 (1975). 





1984 L. W. K. CHUNG 


23. J. A. Gustafsson and A. Stenberg, Endocrinology 95, 25. J. A. Gustafsson and A. Stenberg, J. biol. Chem. 249, 
891 (1974). 711 (1974). 

24. J. A. Gustafsson and A. Stenberg, J. biol. Chem. 249, 26. J. A. Gustafsson, A. L. Larsson, P. Skett and A. Sten- 
719 (1974). berg, Proc. natn. Acad. Sci. U.S.A. 72, 4986 (1975). 





Biochemical Pharmacology, Voi. 26, pp. 1985-1990. Pergamon Press, 1977. Printed in Great Britain. 


OCCURRENCE AND SOME PROPERTIES OF A 
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Abstract—Evidence of endogenous inhibitors of dopamine f-hydroxylase [3,4-dihydroxyphenylethyl- 
amine, ascorbate:O, oxidoreductase (hydroxylating), EC 1.14.2.1] (DBH) in rat liver was obtained. 
At least two kinds of endogenous inhibitors were present in the 105,000g supernatant of rat liver 
homogenate and their molecular weights were shown to be about 40,000 and 1200 by gel filtration. 

The higher molecular weight inhibitor was partially purified by ammonium sulfate fractionation, 
column chromatography of Sephadex G-100 or Sephadex G-200, and DEAE-Sephadex(A-25) treat- 
ment. The activity of this inhibitor was not diminished by boiling for 5 min, but was lost completely 
when the inhibitor was treated with trypsin, suggesting that it may be a protein. The inhibition of 
DBH by this protein-like inhibitor in the liver was completely protected by the addition of N-ethylma- 
leimide, indicating that it may contain functional sulfhydryl groups. The inhibition by this protein-like 
inhibitor was of the noncompetitive type with both the substrate and with ascorbic acid, one of the 


cofactors in this reaction. 


The existence of naturally occurring inhibitors of dop- 
amine f-hydroxylase[3,4-dihyroxyphenylethylamine, 
ascorbate:O, oxidoreductase (hydroxylating), EC 
1.14.2.1] (DBH) was first described by Levin et al. 
[1]. The occurrence of inhibitors of DBH has been 
reported in various tissues and organs and in various 
subcellular fractions of different species [2-5]; such 
an inhibitor was partially purified from bovine heart 
[6] and adrenal medulla [7]. It has also been shown 
that these endogenous inhibitors are heat-stable and 
dialyzable low molecular weight substances (less than 
5,000) which may contain sulfhydryl groups as the 
functional residue in the molecule [2—4, 6-7]. How- 
ever, the properties of these inhibitors differed slightly 
from one another in different tissues. 

Our serial experiments in search of inhibitors of 
DBH [4] showed that at least two kinds of endo- 
genous inhibitors of DBH were present in the soluble 
fraction of the liver and in some other organs of rats 
and other animals but the molecular weights of these 
inhibitors differed extremely from one another. The 
present paper describes a method for the isolation 
of inhibitors from rat liver and some of the character- 
istics of the higher molecular weight inhibitor. The 
low molecular weight inhibitor will not be referred 
to in this paper, since endogenous inhibitors of low 
molecular weight have been reported previously by 
many investigators [3-7]. 


MATERIALS AND METHODS 


Materials. Trypsin inhibitor, trypsin, ovalbumin, 
bovine serum albumin, cytochrome c, glucagon, vita- 
mine B,2, and catalase were purchased from Sigma 
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Sendai 980, Japan. 


Chemical Co., St. Louis, U.S.A. Tyramine hydrochlo- 
ride was the product of Daiichi Kagaku Yakuhin Co. 
Ltd., Tokyo. 

Preparation of native and boiled supernatants. All 
experiments were carried out at 04° unless described 
otherwise. Male rats of Sprague-Dawley strain 
[CLEA, Japan], weighing between 200-250 g, were 
used. The liver was quickly removed from rats sacri- 
ficed by decapitation, perfused with ice-cold 50mM 
Tris-HCl! buffer (pH 7.4) to remove blood and then 
homogenized in the same buffer as above by a Waring 
Blendor (20 sec, two times) and then by a Teflon hom- 
ogenizer. The homogenate was centrifuged at 10,000 g 
for 20 min to remove cell debris. The resulting super- 
natant was centrifuged at 105,000 g for 60 min to pre- 
pare a soluble fraction which was designated as the 
native supernatant. The native supernatant was 
heated in a boiling water bath for 5 min. The resulting 
precipitate was removed by centrifugation at 10,000 g 
for 20 min. The supernatant fraction obtained by heat 
treatment was designated as the boiled supernatant. 
Activity of the native and the boiled supernatant in 
reducing the activity of DBH was measured by 
adding each, separately, to the DBH assay system. 

Preparation of dopamine B-hydroxylase. DBH was 
prepared from bovine adrenal medulla according to 
the method of Foldes et al. [8]. The pure chromaffin 
granules were isolated from fresh bovine adrenal 
medulla using a sucrose density gradient. DBH was 
solubilized from purified chromaffin granules by using 
Triton X-100 and then the enzyme was purified using 
DEAE-cellulose column chromatography. The par- 
tially purified DBH preparation thus obtained was 
used throughout this work. 

Assay of dopamine B-hydroxylase. The enzyme ac- 
tivity was assayed by measuring the amount of octop- 
amine formed from tyramine according to the pro- 
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Fig. 1. Effect of boiled supernatant on DBH. Boiled super- 

natant was prepared by heating 105,000 g supernatant in 

a boiling water bath for 5 min. To the reaction mixture, 

this boiled supernatant was added as indicated in the 

figure. Other assay conditions for DBH were those de- 

scribed in Methods. Inhibition rate was expressed as per 
cent. 


cedure of Van der Schoot et al. [9], as previously de- 
scribed [10]. One ml of the reaction mixture con- 
tained potassium phosphate buffer (pH 5.5) 
(100 umoles), ascorbic acid (10 wmoles), fumaric acid 
(10 pmoles), tyramine hydrochloride (10 pmoles), cata- 
lase (200 Sigma units), and partially purified enzyme 
preparation. The reaction mixture was preincubated 
without tyramine for 5 min at 37°. The reaction was 
then initiated with the addition of tyramine, main- 
tained for 15 min at 37° in air and terminated with 
the addition of 4N ammonium hydroxide. The com- 
plete reaction mixture which terminated the reaction 
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Fig. 2. Gel filtration of the boiled rat liver supernatant 
on Sephadex G-25. Thirty mg of protein of the boiled 
supernatant from rat liver was applied on a Sephadex G-25 
column (1.5cm x 43cm) equilibrated with S5O0mM 
Tris-HCI buffer (pH 7.4). The column was eluted at 4° with 
50mM _ Tris-HCl buffer (pH 7.4), and fraction of 2.5 ml 
were collected. Assay conditions were those described in 
Methods. (-—-) Absorbance at 280 nm; (@) inhibitory ac- 
tivity on DBH. 
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Fig. 3. Gel filtration of the boiled supernatant from bovine 
adrenal medulla on Sephadex G-25. Gel filtration on a 
Sephadex G-25 column chromatography was performed in 
the same manner as in Fig. 2. (-——) Absorbance at 280 nm; 
(@) inhibitory activity on DBH. 


immediately after preincubation was used as the con- 
trol run. The amount of octopamine formed was 
determined after conversion of octopamine to p-hyd- 
roxybenzaldehyde which was measured at an absor- 
bancy of 330 nm. 

Protein determination. The protein content was 
determined by the methods of Lowry et al. [11], using 
crystalline bovine serum albumin as a standard. 


RESULTS 


Examination was made of the inhibitory effect of 
the boiled supernatant on DBH. As shown in Fig. 
1, DBH was inhibited in proportion to the amount 
of the boiled supernatant added to the reaction mix- 
ture. 

The boiled supernatant fraction, which was lyophi- 
lized and dissolved in 0.05M Tris-HCl buffer (pH 
7.4), was applied on Sephadex G-25 (1.5cm x 43 cm) 
equilibrated with 0.05M Tris-HCl buffer (pH 7.4) 
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Fig. 4. Gel filtration of DBH inhibitor from rat liver on 
Sephadex G-100. Twenty mg of protein from the 
ammonium sulfate fraction were applied on a Sephadex 
G-100 column (1.5cm x 43cm) equilibrated with 50 mM 
Tris-HCl! buffer (pH 7.4) and fractions of 2.5 ml were col- 
lected. Assay conditions were those described in Methods. 
An aliquot of each fraction (0.1 ml) was used for the assay 
of the inhibitory activity on DBH. (-—-) Absorbance at 
280 nm; (@) inhibitory activity. 





Occurrence and some properties of a protein-like inhibitor 


Table 1. Purification of the protein-like inhibitor of DBH from rat liver* 





Purification 
factor 


Specific 


Fraction Protein activity Recovery 





unit/mg 
105,000 g Super A 1.1 
105,000 g Boiled super 3,266 325 
Ammonium sulfate 640 74 
(0-80% saturation) 
Sephadex G-200 42.4 
DEAE-Sephadex 13 


23.0 
38.5 





* The purification procedure is described in the text. Ammonium sulfate frac- 
tion was fractionated with Sephadex G-200 instead of Sephadex G-100 column 
in this case. One unit of inhibitor is defined as the amount of inhibitor which 


is required to inhibit DBH activity by 50 per cent. 


prior to use and eluted with the same buffer. As illus- 
trated in Fig. 2, the boiled supernatant contained two 
kinds of inhibitors; activity of one was found at void 
volume of this column chromatography as a sym- 
metrical single peak, and activity of the other at the 
position in which low molecular weight substances 
(less than 1,500) were eluted. As can be seen in Fig. 
3, a similar inhibitory pattern was also obtained in 
the preparation of bovine adrenal medulla. 

~The boiled supernatant was fractionated by 
ammonium sulfate to purify the higher molecular 
weight inhibitor; solid ammonium sulfate was added 
to give 80% saturation. The precipitates were col- 
lected by centrifugation, dissolved in 0.05 M Tris-HCl 
(pH 7.4), and subjected to dialysis against the same 
buffer (ammonium sulfate fraction). After dialysis, this 
ammonium sulfate fraction was applied on Sephadex 
G-100 (1.5cm x 43cm) equilibrated with 0.05M 
Tris-HCI buffer (pH 7.4) and eluted with this same 
buffer; the elution profile is shown in Fig. 4. The 
active fractions (fractions 14-16) were combined and 
lyophilized (Sephadex G-100 fraction). The Sephadex 
G-100 fraction dissolved in 0.05 M Tris-HCl! buffer 
(pH 7.4) was passed through a DEAE-Sephadex 
(A-25) column (1.5cm x 43cm) equilibrated with 
0.05M Tris-HCl buffer (pH 7.4). This treatment 
helped to remove contaminants, since these were 
adsorbed on DEAE-Sephadex and the inhibitor was 
not. The inhibitor was not adsorbed on CM- 
Sephadex (C-25) or on P-cellulose equilibrated with 
0.01 M potassium phosphate buffer (pH 6.5). Similar 
results were obtained in the preparation of bovine 
medulla. 


Table 2. Stability of the protein-like inhibitor at 4°* 





Specific activity 
(unit/mg) 


Duration of storage at 4 
(hr) 





0 27.6 
24 21.3 
48 17.3 
72 14.3 





*The inhibitor fraction from the Sephadex G-100 
column was stored at 4° and 0.1 ml of the fraction was 
used for the determination of inhibitory activity at different 
time intervals. The assay conditions were the same as those 
described in Methods. 
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The results of a typical purification are summarized 
in Table 1. The ammonium sulfate fraction was frac- 
tionated with Sephadex G-200 instead of Sephadex 
G-100. As shown in this Table, the inhibitor was puri- 
fied about 35-fold and the yield was 3 per cent, as 
calculated from crude extracts. Since the yield of the 
inhibitor prepared by these procedures was low, its 
stability was tested at 4°. Fractions No. 14-16 from 
the Sephadex G-100 column, shown in Fig. 4, were 
combined and stored at 4°, and the inhibitory activity 
determined at different time intervals. As shown in 
Table 2, 72 hr of storage resulted in a 50 per cent 
decrease of the original inhibitory activity. These 
results may account for the failure to obtain the high 
inhibitory activity of the inhibitor after the purifica- 
tion procedure. 

The molecular weight of the endogenous inhibitor 
from the rat liver was determined according to the 
method of Andrews[12], using Sephadex G-100 
column chromatography. Cytochrome c (12,750), 
trypsin inhibitor (21,500) and ovalbumin (45,000) were 
used as reference standards. As shown in Fig. 5, the 
molecular weight of the inhibitor appears to be about 
40,000. 

When the boiled supernatant was lyophilized and 
fractionated with Sephadex G-100 column, the inhibi- 
tory activity was found in the fraction in which a 
substance of molecular weight of about 17,500 was 
eluted. Lyophilization seemed to have caused a de- 
crease of the molecular weight of the inhibitor from 


1.07 


Cytochrome C 
Trypsin Inhibitor 


Ovalbumir> 








0 
103 
Molecular Weight 
Fig. 5. Molecular weight determination by Sephadex 
G-100. A Sephadex G-100 column (1.5cm x 43 cm) equili- 
brated with 0.05 M Tris-HCl buffer (pH 7.4) was used to 
determine the molecular weight of the inhibitor. 
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Fig. 6. Time course of octopamine formation by DBH in 
the presence and absence of the inhibitor. Assay conditions 
were the same as those described in Methods. Five pg 
of the DBH preparation were used for an assay system. 
Thirty seven yg of the inhibitor fraction prepared by the 
column chromatography of Sephadex G-100 were added 
on use. (O) In the presence of the inhibitor; (@) in the 
absence of the inhibitor. 


40,000 to 17,500. Though causes of this decrease in 
molecular weight were not made clear with further 
analytical experiments, lyophilization might have 
caused dissociation of the inhibitor into subunits. 

As shown in Figs 6 and 7, octopamine was formed 
from tyramine in proportion to the duration of incu- 
bation and to the amount of DBH regardless of the 
presence or absence of the inhibitor. 

When the inhibitor was treated with trypsin, the 
activity of the inhibitor was completely lost (Table 
3). Thus the inhibitor seems to be a protein-like sub- 
stance or a substance which associates firmly with 
some protein. 

As DBH may be non-specifically inhibited by such 
proteins as trypsin inhibitor, ovalbumin, and bovine 
serum albumin, the molecular weights of which are 
around 40,000, effects of these proteins on DBH were 
examined. As shown in Table 4, those proteins did 


Octopamine Formed (umoles ) 


10 20 30 40 
Enzyme Amounts (wg protein) 





Fig. 7. Relationship between octopamine formation and 

DBH in various amounts in the reaction mixture. Other 

assay conditions were described in Methods. Thirty seven 

ug of the inhibitor fraction were added on use. (O) In the 

presence of the inhibitor; (@) in the absence of the 
inhibitor. 


Table 3. Effect of trypsin treatment on DBH inhibitor* 





Inhibitory activity 
(% inhibition) 


Trypsin 
(ug/0.5 ml) 





0 a 
10 6 
20 
40 
80 





* Forty ug of the inhibitor were incubated with various 
amounts of trypsin in an incubation mixture of 0.5 ml, con- 
taining 100 mM of Tris-HCI (pH 7.4), 0.1 mM MnCl), for 
60 min at 30°. Trypsin digestion was terminated by the 
addition of soybean trypsin-inhibitor (3 times the amount 
of trypsin used). The activity of the trypsin-treated inhibi- 
tor was assayed by the method described in Methods. 


not inhibit DBH at any concentrations tested. There- 
fore, the inhibition of DBH by the inhibitor seems 
to be due to a specific action. Since Nagatsu et 
al. [2, 13] found endogenous inhibitors in the adrenal 
gland and the brain of rats to be sulfhydryl com- 
pounds, we investigated whether the protein-like in- 
hibitor reported here also contains sulfhydryl groups 
as a functional group. As shown in Table 5, the in- 
hibitory activity was lost by the addition of N-ethyl- 
maleimide to the reaction mixture. This indicated that 
the protein-like inhibitor may contain a sulfhydryl 
group as an essential active residue. The possibility 
that the protein-like inhibitor produces such a proteo- 
lytic action on DBH as does catepsin may be ruled 
out, because the rate of inhibition did not increase 
by prolonging the time of preincubation of the inhibi- 
tor with DBH (Fig. 8). 

As shown in Figs 9 and 10, kinetic studies on the 
inhibition of DBH by the protein-like inhibitor 
revealed that the type of inhibition was noncompeti- 
tive both with tyramine (the substrate) and ascorbic 
acid (a cofactor in this enzyme reaction). 

The protein-like inhibitor reported in this paper 
could be found not only in rat liver (Fig. 2), but also 


Table 4. Effect of several proteins on DBH* 





Relative activity of DBH 
Additions (%) 





None 100 

Trypsin inhibitor . 107 
(mol. wt 21,500) 118.1 
103.? 

Ovalbumin s 108 
(mol. wt 45,000) 101.6 
109.6 
95.9 
105.2 
90.8 
23.7 


Bovine serum albumin 
(mol. wt 67,000) 


Protein inhibitor 
(mol. wt 40,000) 





*Trypsin inhibitor, ovalbumin, or bovine serum albu- 
min were added to the DBH assay system instead of the 
protein inhibitor. Other conditions for the assay of the 
inhibitory activity were the same as those described in 
Fig. |. 





Occurrence and some properties of a protein-like inhibitor 


Table 5. Effect of N-ethylmaleimide on the inhibition of DBH by the 
protein-like inhibitor* 





Addition 


Relative activity 





NEM (M) 


‘Protein inhibitor 





non 


37.5 ug 


non 


37.5 pg 


non 


37.5 ug 


non 


37.5 pg 





* The 


activity of the protein inhibitor prepared by Sephadex G-100 


column chromatography was assayed in the presence or absence of 
N-ethylmaleimide. Other assay conditions were the same as those de- 


scribed in Fig. 1. 


in bovine adrenal medulla (Fig. 3), rat brain, bovine 
brain, monkey brain, and monkey liver (data not 
shown). This fact suggests that the inhibitor may have 
some important role in controlling the synthesis of 
catecholamines in various mammalian tissues. 
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Fig. 8. Effect of pre-incubation time at 37° on DBH in 

the presence or absence of the inhibitor. DBH (4 yg as 

protein) was pre-incubated in the absence (@) or in the 
presence (O) of the inhibitor (37 yg as protein). 
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Fig. 9. Lineweaver—Burk plot of the tyramine concen- 
tration against the rate of hydroxylation in the presence 
or absence of the inhibitor. The assay was carried out in 
the same manner as that as described in Methods. The 
initial velocity of the reaction was determined as pmoles 
of octopamine formed for 15 min per 5 yg of the enzyme 
protein at 37°. (©); In the presence of the inhibitor; (@); 

in the absence of the inhibitor (37 yg as protein). 


DISCUSSION 


The experimental results presented in this paper 
show the occurrence of an endogenous protein-like 
inhibitor of DBH in rat liver. Although there have 
been several papers reporting low molecular weight 
endogenous inhibitors of DBH from various tissues 
[2—4, 6-7], there has been nothing published about 
a protein-like inhibitor of DBH. The present result 
is the first which confirms the presence of a protein- 
like inhibitor of DBH in several mammalian tissues. 

DBH is known to be present in blood, and it has 
been considered that DBH may be released from the 
adrenal medulla and sympathetic postganglionic 
nerve fibers and enter into the circulation [14-16]. If 
DBH in blood has any significance in the production 
of norepinephrine, it may be that the protein-like in- 
hibitor found by us has a physiological significance 
in the control of norepinephrine synthesis. 

The inhibition of DBH by the protein-like inhibitor 
was diminished by N-ethylmaleimide added to the in- 
cubation medium (Table 5). Hence, the protein-like 
inhibitor may contain a sulfhydryl group as does the 
low molecular weight inhibitor in the soluble fraction 
of the adrenal medulla reported by Nagatsu et al. [2] 
and Duch et al. [7]. However, the question is left un- 
solved as to whether the protein-like inhibitor is 
specific for DBH, because we have not tested the 
inhibitory effect of the protein-like inhibitor on other 
copper enzymes. 
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Fig. 10. Lineweaver—Burk plot of the ascorbic acid concen- 

tration against the rate of hydroxylation in the presence 

or absence of the inhibitor. The assay was carried out as 

described in the legend to Fig. 9. (O); in the presence of 

the inhibitor; (@) in the absence of the inhibitor (37 ug 
as protein). 
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As can be seen from Figs 9 and 10, kinetic analysis 
of the reaction shows that the inhibition of the pro- 
tein-like inhibitor is noncompetitive with substrate 
(tyramine) and co-substrate. This is consistent with 
the finding concerning the inhibition of DBH by cys- 
teine [2]. The K,, for tyramine did not change in the 
presence of the protein-like inhibitor; the inhibitor 
did not decrease the affinity of the enzyme for the 
substrate. Furthermore, the inhibition of DBH by the 
protein-like inhibitor was not time-dependent (Fig. 8). 
Therefore, the possibility may be excluded that a pro- 
teolytic process is involved in this inhibition. 

It has been reported that the partial purification 
of whole homogenates of animal tissues results in the 
appearance of DBH activity, though crude homo- 
genates show no or little enzyme activity [1,3]. Our 
present results make it reasonable to assume that the 
protein-like inhibitor may mask DBH in tissue homo- 
genates. Further investigation is needed to reveal a 
possible role of the protein-like inhibitor in the syn- 
thesis of catecholamines. 
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Abstract—The ability of a series of fB-carboline compounds to inhibit monoamine oxidase (MAO) 
was studied in homogenates of mouse brain and liver. The in vitro structure—activity study with trypt- 
amine as substrate showed the following to affect the degree of MAO inhibition: methyl group at 
carbon-1; methoxy or hydroxy group at carbon-6 or 7; ring saturation. In general, there was greater 
in vitro inhibition of brain MAO than of liver MAO. 6-Methoxy-1,2,3,4-tetrahydro-B-carboline produced 
greater MAO inhibition with serotonin as the substrate than with f-phenylethylamine both in vitro 
and in vivo, suggesting that it is a relatively selective inhibitor of MAO type A. 


In 1972, MclIsaac et al.[{1] reported that 6-meth- 
oxy-1,2,3,4-tetrahydro-f-carboline (6-MeO-THBC, 
6-MeO-tetrahydronorharman) elevated brain sero- 
tonin (5-hydroxytryptamine, 5-HT) without affecting 
brain 5-hydroxindoleacetic acid (5-HIAA) or brain 
norephinephrine (NE). We confirmed that 6-MeO- 
THBC elevated brain 5-HT but also found a decrease 
in 5-HIAA [2, 3] due, in part, to the monoamine oxi- 
dase (MAO) inhibiting properties of the com- 
pound [4]. Our data conflict with those of Ho et 
al.[5] who had shown that 6-MeO-THBC did not 
inhibit brain MAO in vivo and was a poor in vitro 
inhibitor of MAO in liver [6]. These differences 
remain to be explained. 

We[4] reported that, with respect to 6-MeO- 
THBC, norharman, and tetrahydronorharman, differ- 
ences in amount of MAO inhibition depended upon 
the compound being tested and the tissue (brain or 
liver) from which the enzyme was taken. Other f-car- 
bolines such as harmine, harmaline, and harman (Fig. 
1) have been shown to be reversible inhibitors of liver 
MAO acting on 5-HT [7]. MclIsaac and Estevez [8] 
reported that methoxylated compounds were equipo- 
tent with unsubstituted B-carbolines and that the un- 
saturated compounds were most active in inhibiting 
liver MAO with tyramine as substrate, whereas the 
tetrahydro compounds were least active. Ho et al. [6] 
showed that in liver, with tryptamine as substrate, 
the methoxy group at C-6 (Fig. 1) decreased inhibi- 
tory activity as did a methyl group at C-1. Because 
of these variations in data, assay, substrate, and tissue 
from laboratory to laboratory we examined more 
fully the structure-activity relationship among a 
greater number of B-carbolines (Fig. 1) and the nature 
of the difference in the ability of the B-carbolines to 
inhibit MAO from brain and liver. 

We also determined substrate specificity in the 
MAO inhibitory properties of selected f-carbolines, 
especially 6-MeO-THBC. Different forms of MAO, 
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referred to as types A and B, preferentially deaminate 
different substrates [9]. For example, 5-HT is a pre- 
ferred substrate for type A, B-phenylethylamine (PEA) 
for type B, and tyramine and tryptamine are sub- 
strates common in both types. In addition, MAO in- 
hibitors such as clorgyline and depreny] are relatively 
selective for types A and B respectively [9]. The 
studies mentioned above by Ho’s group used tyra- 
mine or tryptamine as substrate and we used trypt- 
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Fig. 1. Structures of B-carbolines. 
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amine. Since harmaline preferentially inhibits MAO 
type A [9] and since 5-HT is the preferential substrate 
for type A, we considered that the full inhibitory 
capability of 6-MeO-THBC might not have been 
manifest with tryptamine or tyramine as substrate. 


MATERIALS AND METHODS 


Subjects. Female CF1 mice (Carworth), 45-75 days 
oid, were used. 

Drugs and reagents. Drugs which were purchased 
and their sources are as follows: Sigma Chemical 
Company—harman HCl, 6-methoxy-harman, 6-meth- 
oxy-tetrahydroharman in norharman HCl, tetra- 
hydronorharman HCI (noreleagine HCl), serotonin 
creatine sulfate, tryptamine HCl; Regis Chemical 
Company—6-methoxy-harmalan, 6-hydroxy-tetra- 
hydroharman, harmine HCl, harmaline HCl dihyd- 
rate, tetrahydroharmine (leptaflorine), harmol HCl, 
harmalol HCl; ICN Pharmaceuticals—tetrahydrohar- 
man, tetrahydroharmol, f-phenylethylamine HCI. 
6-MeO-THBC HCI was synthesized according to the 
method of Ho et al.[6]. The following drugs were 
gifts from their respective sources: pargyline (Abbott 
Labs); clorgyline (May and Baker Ltd., Dagenham, 
England); deprenyl (Dr. J. Knoll, Semmelweiss Uni- 
versity, Budapest, Hungary). Radioactive substrates 
were purchased from New England Nuclear. They 
were tryptamine-bisuccinate [side chain-2-'*C] (53 
mC/m-mole, 0.52 mg/ml), 5-hydroxytryptamine 
binoxalate [2-'*C] (48.5 mC/m-mole, 0.54 mg/ml), 
and f-phenylethylamine [1-'*C]hydrochloride (9.86 
mC/m-mole). 

Preparation of mouse brain and liver homogenates. 
Mice were decapitated and whole brain or liver was 
homogenized with a Brinkman Polytron homogenizer 
in cold 0.15 M KCl. The homogenate was diluted 
with 0.15 M KCl to make 10 mg tissue/ml and 0.1 ml 
of diluted homogenate containing | mg tissue was 
used for each assay tube as the enzyme preparation. 

In vitro and in vivo procedures. For the in vitro 
assays, various concentrations of the drugs (molar) 
were used in the reaction mixture (see below). For 
the in vivo studies, drugs (doses calculated as salts; 
see Fig. 4 and Table 2) were injected i.p. and animals 
were killed at various times after drug administration. 

Monoamine oxidase assays. For the structure-acti- 
vity studies with ['*C]tryptamine as substrate, MAO 
was assayed by the method of Wurtman and Axelrod 
[10] as described by Nagatsu [11]. The incubation 
mixture contained 100 ul enzyme preparation, 50 pl 
phosphate buffer (10M, pH 7.4), SOyl water or 
various concentrations of drug, 50 ul tryptamine HCI 
(1.0 mM), and SOyl tryptamine-2-['*C]bisuccinate 
(diluted in 0.01 N HCl to contain 0.01 mg/ml). The 
final substrate concentration was 0.17 mM. Reaction 
mixtures were preincubated at 37° for 10 min with 
drug solution or water, 50 ul of cold and SOypl of 
radioactively labeled substrate were added, and incu- 
bation was continued for 20 min. The reaction was 
terminated by adding 0.2ml of 2 N HCl. Reaction 
blanks were produced by adding 0.2 ml of 2 N HCl 
to the reaction mixture before adding the isotope. De- 
aminated metabolites were extracted into 6ml of 
toluene by mixing on a Vortex for 30 sec, and the 
tube was then centrifuged. Three ml of the toluene 
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layer was added to 10 ml of the scintillation cocktail 
(40 ml Liquifluor (New England Nuclear) per 1 
L-toluene) and radioactivity was measured with a 
Beckman liquid scintillation counter. 

For the in vitro and in vivo studies on substrate 
specificity, MAO was determined using the method 
of Robinson et al. [12]. The incubation mixture con- 
tained 200 yl Na,HPO,-KH,PO, buffer (0.5 M, pH 
7.4), 100 ul water or various concentrations of drug, 
100 ul enzyme, 50 yl nonradioactive substrate and 
50 yl radioactively labeled substrate. The substrates 
used were 5-HT and PEA. The radioactive 5-HT 
binoxalate was diluted in 0.01 N HCl to contain 0.01 
mg/ml and the non-radioactive compound was 5-HT 
creatinine sulfate (1 mM). The radioactive PEA was 
dissolved in water to give 0.023 mg/ml and the non- 
radioactive PEA was | mM. The final substrate con- 
centration was 0.1 mM for both 5-HT and PEA. 
Reaction mixtures were preincubated at 37° for 5 min 
with drug solution or water in the in vitro experiments 
and with water in the in vivo experiments, 50 yl of 
cold and 50 yl of radioactive substrate were added, 
and incubation was continued for 20 min. For the 
blank, an aliquot of the homogenate was boiled for 
10 min and 100 yl! used as the enzyme source. At the 
end of the incubation, the reaction mixture was pipet- 
ted directly onto the Amberlite CG-50 column which 
was washed immediately with 2 ml deionized water. 
The effluent and wash containing the radioactive de- 
aminated products were collected in a scintillation 
vial. Ten ml of scintillation fluid (consisting of 500 ml 
Triton X-100, 1 L-toluene, 6g PPO, and 300mg 
POPOP) were added and the radioactivity was 
measured with a Beckman liquid scintillation counter. 

Data analysis. MAO activity was expressed as a 
percentage of the control tube containing water in 
place of inhibitor after counts from the blank were 
subtracted from tubes containing inhibitor and con- 
trol tubes. Control MAO activity was also calculated 
as nmoles '*C-metabolites/min/mg brain as described 
by Nagatsu [11]. EcSOs were determined graphically 
by plotting concentration vs per cent inhibition on 
semi-log paper and interpolating the concentration at 
which 50 per cent inhibition occurred. 


RESULTS 


Structure-activity studies. Plots of per cent MAO 
inhibition vs inhibitor concentrations in brain and 
liver are shown in Fig. 2, and eEcSOs for brain are 
shown in Table 1. In liver the most potent inhibitor 
among the f-carbolines tested was norharman fol- 
lowed by harman; thus, the presence of a methyl 
group at C-1 (Fig. 1) decreased inhibitory potency. 
For both norharman and harman, as the ring is satu- 
rated (compare tetrahydronorharman and tetrahydro- 
harman respectively), potency decreases. Finally, 
addition of a methoxy group at C-6 further decreases 
potency. In brain, the relationship is not the same. 
First, harman is a more potent inhibitor than norhar- 
man. Saturation of harman leading to tetrahydrohar- 
man reduces potency, and a further reduction is pro- 
duced by addition of a methoxy group at C-6 as in 
liver. However, with norharman, although saturation 
to tetrahydronorharman does reduce potency, addi- 
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Fig. 2. Effects of various drugs on MAO activity in mouse brain and liver. MAO activity was measured 

according to Nagatsu [11] with tryptamine as substrate as described in the text. Each point represents 

the mean of four determinations and bars represent + S.E. S.E.’s less than 1.0%, are not shown. 

The mean + S.E. control values for MAO activity were 0.0598 + 0.0027 nmoles '*C metabolites 
min/mg brain, and 0.0959 + 0.0073 nmoles '*C metabolites/min/mg liver. 


tion of a methoxy group at C-6 (6-MeO-THBC) pro- 
duces no further reduction. 

Harmine and harmaline were the most potent in- 
hibitors of brain MAO of all the f-carbolines tested 
and pargyline, a non B-carboline MAO inhibitor used 
for comparison, showed a degree of inhibition similar 
to that of harman. With respect to C-6 vs C-7 substi- 
tution, a methoxy group at C-7 led to greater MAO 
inhibition than a methoxy group at C-6, regardless 
of the degree of ring saturation (e.g. harmine vs 
6-MeO-harman, harmaline vs 6-MeO-harmalan, and 
tetrahydroharmine vs 6-MeO-tetrahydroharman). 


Table 1. In vitro inhibition by drugs of the deamination 
of tryptamine by mouse brain MAO 





Drug 





Harman 

6-MeO-Harman 

6-MeO-Harmalan 

Tetrahydroharman : 
6-MeO-Tetrahydroharman , 
6-OH-Tetrahydroharman 9.1 x 
Norharman 2.0 x 
Tetrahydronorharman 5.8 x 
6-MeO-THBC 5.8 x 
Harmine 8.0 x 
Harmaline 6.0 x 
Tetrahydroharmine 1.4 x 
Harmol 5.8 x 
Harmalol 1.0 x 
Tetrahydroharmol 1.0 x 
Pargyline 1.1 x 





Data (ECs9) are expressed as concentration of drug which 
inhibited MAO activity by 50 per cent as determined from 
semi-log plots of inhibitor concentration vs MAO inhibi- 
tion. Assays were performed according to Nagatsu [11] 
with tryptamine as substrate as described in the text. Each 
value represents the mean of four determinations. The 
mean + S.E. control value for MAO activity was 
0.0598 + 0.0027 nmoles '*C metabolites/min/mg brain. 


Substrate specificity. Plots of per cent brain MAO 
inhibition vs inhibitor concentrations with either 
5-HT or PEA as substrates are shown in Fig. 3. The 
degree of MAO inhibition depended on the substrate. 
Clorgyline, harmaline and 6-MeO-THBC were more 
potent inhibitors of MAO with 5-HT as substrate 
than with PEA. In addition, 6-MeO-THBC showed 
greater MAO inhibition with 5-HT than with trypt- 
amine (Fig. 2) as substrate. On the contrary, deprenyl 
and pargyline were more potent inhibitors with PEA 
than with 5-HT. 

In vivo studies. With 5-HT as substrate, the MAO 
inhibition produced by i.p. injection of 6-MeO-THBC 
(100 mg/kg) was significant by 15 min, approached 
a maximum of about 27 per cent by | hr, stayed at 
this level from 1 to 4 hr and declined by 24 hr. Clorgy- 
line, on the other hand, reached a 91 per cent level 
of inhibition by 15 min and was still at a very high 
level (80 per cent) at 24hr after injection (Fig. 4). A 
determination of substrate specificity with 5-HT and 
PEA as substrates after ip. drug administration 
showed that 6-MeO-THBC and harmaline produced 
greater inhibition with 5-HT, and deprenyl produced 
greater inhibition with PEA (Table 2). 


DISCUSSION 


Structure-activity studies. (1) Methyl group at C-1. 
We confirmed the data of Ho et al. [6] that placement 
of a methyl group on C-1 of tetrahydronorharman, 
6-MeO-THBC and norharman decreased the ability 
to inhibit MAO from liver. The same is true for brain 
except that harman was a more potent inhibitor than 
norharman. The reason for this reversal is not known. 

(2) Saturation. In general, the aromatic compounds 
are more potent inhibitors of brain MAO than are 
the tetrahydro compounds, with the dihydro com- 
pounds being intermediate (Fig. 2, Table 1). This 
trend has been reported previously for MAO from 
liver [6, 8]. There was some inconsistency in the order 
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Fig. 3. Effects of various drugs on MAO activity in mouse brain with serotonin or B-phenylethylamine 

as substrate. MAO activity was measured according to Robinson et al.[12] as described in the text. 

Each point represents the mean of four determinations and bars represent + S.E. S.E.’s less than 

1.0% are not shown. The mean + S.E. control values for MAO activity were 0.0708 + 0.0025 nmoles 

'*C metabolites/min/mg brain for serotonin and 0.0394 + 0.0018 nmoles '*C metabolites/min/mg brain 
for B-phenylethylamine. 


of MAO inhibitory potency in both brain and liver. 
For example, in brain harmine and harmaline were 
not very different in MAO inhibitory potency (Table 
1; [7,13]); harmol was more potent than harmalol 
which was not different from tetrahydroharmol (Table 
1), although Ozaki et al.[14] reported a difference 
between the latter two. Pletscher et al. [13] found no 


difference between harmo] and harmalol. 

(3) Substitution at C-6. MclIsaac and Estevez [8] 
reported that in liver introduction of a hydroxyl 
group at C-6 decreased potency. We found this same 
general relationship in brain (Table 1). Introduction 
of a methoxy group at C-6 of B-carbolines also de- 
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Fig. 4. Inhibition of mouse brain MAO at various times 
after i.p. injection of 6-MeO-THBC (100 mg/kg) or clorgy- 
line (5 mg/kg). MAO activity was measured according to 
Robinson et al.{12] with serotonin as substrate as de- 
scribed in the text. Values are means + S.E. from 3-6 
separate determinations (number of determinations given 
in parentheses). S.E.’s less than 2.0% are not shown. The 
mean + S.E. control value for MAO activity was 
0.0413 + 0.0014 nmoles '*C metabolites/min/mg brain. 


creased the ability of the compounds to inhibit liver 
MAO (Fig. 2; [6, 8]). In brain, however, the relation- 
ship was not so clear (Fig. 2, Table 1). For example, 
although 6-MeO-tetrahydroharman was less potent 
than tetrahydroharman, 6-MeO-THBC was equipo- 
tent with tetrahydronorharman and 6-MeO-harman 
was equipotent with harman. 

(4) Substitution at C-7. The present data from brain 
(Table 1) showed that methoxy substitution at C-7 
produced a more potent MAO inhibitor (harmine) 
than the unsubstituted compound (harman) or the 
compound with C-6 substitution (6-MeO-harman). 
Previous studies using liver have reported the 
same [7, 14] or opposite [8] results. 

Liver vs brain. With the exception of norharman, 
the B-carbolines produced greater inhibition of brain 
MAO than of liver MAO. Other investigators have 
shown the same pattern for harmine or harmaline, 
ie., greater inhibition of MAO in brain than in 
liver [15, 16]. These tissue differences in MAO-inhi- 
biting properties of drugs may be the result of (1). 
differences between brain and liver in the forms of 
MAO); (2). differences between brain and liver in the 
localization or proportions of MAO’s and/or differ- 
ences in the amount of drug reaching sites critical 
for MAO inhibition in the in vivo studies. Although 
there is as yet no definitive information for these 
speculations with respect to f-carbolines, Hartman 
and Udenfriend[17], using immunological tech- 
niques, have found a bovine brain mitochondrial 
MAO that is not present in liver mitochondria. 

Substrate specificity. Tryptamine is a common sub- 
strate for MAO types A and B and we considered 
that previous studies with tryptamine as the sub- 
strate [4] may not have have measured the full poten- 
tial of the MAO inhibiting property of 6-MeO- 
THBC. Thus, we determined the MAO inhibitor 
effects of 6-MeO-THBC in vitro with 5-HT and PEA 
as substrates. 6-MeO-THBC was compared to clorgy- 





B-Carboline inhibition of MAO 


Table 2. Apparent in vivo inhibition of the deamination of serotonin and f-phenyl- 
ethylamine by mouse brain MAO 





Dose 


Drug (mg/kg) 


Per cent MAO inhibition 
Substrate 





Serotonin B-Phenylethylamine 





6-MeO-THBC 100 
Deprenyl 5 
Harmaline 5 


22.5 + 3.0 
£72: 29 
54.7 + 1.2 





Mice were killed 2hr after the ip. injection of the drugs (doses given as salts). 
MAO activity was measured according to Robinson et al.[12] as described in the 
text. Numbers in the table are mean values + S.E. from 3-6 separate determinations. 
The mean + S.E. control values for MAO activity were 0.0413 + 0.0014 nmoles '*C 
metabolites/min/mg brain for serotonin and 0.0376 + 0.0017 nmoles '*C metabolites/ 


min/mg brain for B-phenylethylamine. 


line and harmaline (relatively selective inhibitors of 
MAO type A) and deprenyl and pargyline (relatively 
selective inhibitors of MAO type B) [9]. 6-MeO- 
THBC produced the same pattern of inhibition as 
clorgyline and harmaline and may be a relatively 
selective inhibitor of MAO type A. We found the 
same patterns of substrate specificity for clorgyline, 
deprenyl, harmaline, and pargyline as, have been 
reported previously in brain [16, 18-21]. The magni- 
tude of the MAO inhibition by clorgyline (Fig. 3) was 
quite large even at 10~® M concentration (i.e. about 
88 per cent). Some studies have reported inhibition 
to decline between 10~’ and 10~°M so that inhibi- 
tion is low at 10°* M (e.g. 20 per cent [19]; 10 per 
cent [20]), but other studies have reported higher 
values for MAO inhibition at 10~°M (e.g. 70 per 
cent [18]; 60 per cent [22]). Our results with deprenyl 
(ie., about 70 per cent inhibition at 10°°M with 
PEA) are comparable to those of Meyerson et al. [20] 
with benzylamine as substrate. 

In vivo studies. The fact that we measured greater 
MAO inhibition in vitro with 5-HT as substrate than 
with tryptamine led us to reevaluate our previous in 
vivo results [4] with only tryptamine as substrate. We 
did find (Fig. 4) greater inhibition at 2 hr with 5-HT 
as substrate (26 per cent) than we found previously 
[4] with tryptamine (8.5 per cent). In contrast to 
6-MeO-THBC, the inhibition produced by clorgyline 
rose faster and remained higher for a longer time. 
This type of rapid, sustained MAO inhibition with 
clorgyline has been reported previously [21,23]. We 
also examined the in vivo substrate specificity by com- 
paring 5-HT and PEA substrates using the inhibitors 
6-MeO-THBC, deprenyl, and harmaline (Table 2). 
The in vivo specificity paralleled that in vitro, with 
6-MeO-THBC and harmaline showing greater inhibi- 
tion with 5-HT and depreny! showing more inhibition 
with PEA. Fuentes and Neff [24] have reported simi- 
lar resuits after examining the in vivo inhibition of 
rat brain MAO produced by deprenyl, harmaline, and 
other compounds with 5-HT and PEA as substrates. 

General remarks. We demonstrated structure-acti- 
vity relationships in brain for the inhibition of MAO 
by f-carbolines which, with some exceptions, paral- 
leled those previously reported for liver. Our special 
interest in 6-MeO-THBC led us to investigate sub- 
strate-specific MAO inhibition produced by this com- 


pound, and we did find greater inhibition with 5-HT 
as substrate. Previous work by ourselves [4] and 
others [5, 6] with tryptamine, a substrate common to 
MAO types A and B, may have underestimated the 
MAO inhibitory potency of 6-MeO-THBC. This 
MAO inhibition in combination with inhibition of 
5-HT uptake in brain [4, 25], thereby interfering with 
access to MAO, could account for at least part of 
the increase in brain 5-HT concentration produced 
by 6-MeO-THBC [1] and might also be involved in 
the behavioral effects of 6-MeO-THBC [2,3]. It 
should be noted, however, that inhibition of 5-HT 
uptake occurs at lower concentrations (ECSO for 
5-HT uptake was 6.3 x 10~’ M [4]) than does inhibi- 
tion of MAO (even with 5-HT as substrate) and is 
thus more likely to have physiological significance. 

A great deal of recent interest in the tetrahydro-f- 
carbolines has been generated by reports that enzy- 
matic preparations from brain can convert indolea- 
mines to tetrahydro-f-carbolines in the presence of 
5-methyltetrahydrofolic acid [26-31]. The possibility 
exists that these compounds could be formed in vivo, 
and evidence for in vivo formation of 6-MeO-THBC 
in rat hypothalamus has recently been reported [32]. 
Perhaps 6-MeO-THBC as well as other f-carbolines 
could be neuroregulatory agents through their effects 
on uptake and MAO. 
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Abstract—Tri-n-butyltin derivatives are metabolized by a cytochrome P450-dependent rat liver micro- 
somal monooxygenase system and by mice to yield carbon-hydroxylated metabolites, ie. the 2-, B-. 
y- and .6-hydroxybutyl-dibutyltin derivatives, as well as the corresponding y-ketone. The latter three 
metabolites are sufficiently stable at physiological pH for comparisons with tributyltin chloride with 
regard to their action on mitochondriai functions and intraperitoneal toxicity to mice. The 6-hydroxy 
compound differs most greatly from the other metabolites in potency for altering mitochondrial func- 
tions possibly because of its greater polarity or its lower propensity for intramolecular coordination 
of the introduced oxygen with the tin atom. The y-hydroxy, 6-hydroxy and y-keto compounds are 
less toxic to mice than tributyltin derivatives and do not increase the water content of the brain 


under conditions where triethyltin bromide does. 


Tri-n-butyltin derivatives are important biocides [1] 
and biochemical probes in studies on mitochondrial 
functions [2]. The in vitro metabolism of tributyltin 
derivatives by the cytochrome P450-dependent 
monooxygenase system of rat liver microsomes yields 
carbon-hydroxylated metabolites identified as the «-, 
B-, y- and 6-hydroxybutyldibutyltin derivatives [3-7]. 
An additional metabolite is the y-keto compound 
from further oxidation of the y-hydroxy metabo- 
lite [3-7]. Structures of these metabolites are as fol- 
lows: 





Structure 


Designation (Bu = CH,;CH,CH,CH,-) : 





Parent 

compound 
a-Hydroxy 
B-Hydroxy 
y-Hydroxy 
6-Hydroxy 
y-Keto 


Bu,Sn(X)CH ,CH 2CH 7CH 3 
Bu,Sn(X)CH(OH)CH,CH,CH, 
Bu,Sn(X)CH »CH(OH)CH,CH 3 
Bu,Sn(X)CH,CH,CH(OH)CH, 
Bu,Sn(X)CH ,CH 2CH 2CH 2OH 
Bu,Sn(X)CH,CH,C(O)CH, 





Several of these metabolites are also detected in the 
liver and feces of orally-treated mice [7]. The a- and 
B-hydroxy organotin metabolites rapidly destannylate 
(carbon-tin cleavage) under physiological or mild 
acid conditions, respectively, but the y- and 6-hydroxy 
and y-keto metabolites are sufficiently stable for toxi- 
cological evaluations [3, 4, 6]. 

The various homologs of the trialkyltin series differ 
considerably in their physical properties such as water 
and lipid solubilities, in their toxicity and clinical 
manifestations [8, 9], and in their potency for disrupt- 
ing three aspects of mitochondrial function [2]. The 
following effects are seen upon increasing the concen- 
tration of triorganotin derivatives: (1) increased ATP 
hydrolysis due to energy consumption in maintaining 
the mitochondrial hydroxyl ion concentration while 


it is being continuously exchanged for chloride in the 
presence of the trialkyltin derivative [2, 10-12]; (2) de- 
creased ATP hydrolysis attributable to disruption of 
the energy conservation system, resembling the action 
of oligomycin in this respect [2, 11-14]; (3) increased 
ATP hydrolysis at the highest concentrations of trial- 
kyltin derivatives due to gross swelling [2, 15]. 

The hydroxy and keto metabolites of tributyltin de- 
rivatives differ from the parent compounds in solu- 
bility properties and in their ability to undergo intra- 
molecular coordination of the oxygen-containing sub- 
stituents with the tin atom [16]. It is therefore of in- 
terest to determine the action on mitochondria and 
the toxicity of metabolites of tributyltin derivatives. 


MATERIALS AND METHODS 


Chemicals. Tributyltin chloride, y-hydroxybutyldi- 
butyltin acetate, 6-hydroxybutyldibutyltin chloride, 
and y-ketobutyldibutyltin bromide were synthesized 
and purified as described by Fish et al. [3]. Di-n- 
butyltin dichloride and triethyltin bromide were 
obtained from commercial sources. 

Mitochondrial studies. The preparation of the mito- 
chondrial fraction from rat liver and the determina- 
tion of ATP synthesis, ATP hydrolysis, P; and protein 
were as previously described [17]. Swelling in sodium 
chloride solution was measured by a reported pro- 
cedure [18]. The chloride and isethionate (hydroxy- 
ethane sulphonate) media contained 0.1 M of the re- 
spective potassium salts. 

The organotin compounds were dissolved in 
dimethylformamide and stored at 5 in the dark. The 
final concentration of dimethylformamide in the mito- 
chondrial medium was 1%. The concentrations of 
triorganotin derivatives necessary for 50 per cent inhi- 
bition were determined from the straight lines relating 
log [inhibitor] against log (per cent activity/per cent 
inhibition). Each mitochondrial preparation was used 
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to compare three compounds. The results are pres- 
ented with both the concentrations of triorganotin de- 
rivatives to which the mitochondria were added and 
the concentration of mitochondrial protein to permit 
calculation of the amount of triorganotin derivative 
added per unit of protein. 

Toxicity studies. Male albino mice (20 + 05g, 
Swiss Webster strain, Simonsen Laboratories, Inc., 
Gilroy, CA) were treated by the intraperitoneal route 
on two consecutive days with a solution (25 yl) of 
the test compound dissolved in 10% (w/v) Tween 80 
in distilled water. On the third day (72 hr) the morta- 
lity was recorded and the surviving animals were sac- 
rificed for determination of water content of the brain 
by weighing the brain immediately after removal and 
after drying to constant weight (110° for 24 hr). 


RESULTS 


’ ATP hydrolysis in a chloride medium. The concen- 
trations of trialkyltin derivatives used in the present 
study do not cause an increase in ATP hydrolysis 
due to gross swelling. There are three ways of express- 
ing the stimulation of ATP hydrolysis in a chloride 
medium within the organotin derivative concen- 
tration range examined: (a) the lowest concentration 
of triorganotin derivative causing an increase in ATP 
hydrolysis; (b) the concentration causing maximum 
ATP hydrolysis; (c) the maximal rate of ATP hydroly- 
sis attained. 

It is difficult to achieve any precision for (a), but 
visual inspection of the experimental results (Fig. 1B 
and similar data for the other compounds) indicates 
that the order from the most to the least active is 
the d-hydroxy compound, the y-hydroxy compound, 
tributyltin chloride, and the y-keto compound. 
Measures (b) and (c) are given in Table 1. The maxi- 
mal rate of ATP hydrolysis achieved by a particular 
compound depends on the degree of separation of 
the concentrations bringing about the two actions 
leading to an increase and then a decrease in ATP 
hydrolysis (effects 1 and 2 discussed above in the in- 
troduction). The rate of ATP hydrolysis found with 

*0.5-1.8 uM of the 6-hydroxy compound approaches 
that found for trimethyl and triethyltin derivatives as 
well as the lower members of the trialkyllead 
series[19]; it is probable that this is the maximal 
chloride dependent rate which can be achieved. 

ATP synthesis linked to the oxidation of succinate. 
Inhibition of ATP synthesis linked to the oxidation 
of‘succinate in chloride or isethionate medium results 
from mechanisms | and 2 previously discussed. Mech- 
anism 1 is chloride dependent while mechanism 2 is 
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Medium 
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ATP synthesis in chloride 











ATP hydrolysis in chloride 
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-log [8-hydroxy compound] 





Fig. 1. Effect of 6-hydroxy-n-butyl dibutyltin chloride on 
ATP synthesis linked to the oxidation of succinate and 
ATP hydrolysis. ATP synthesis (a) was measured over 
2 min and the control rates were 277 and 327 in a chloride 
medium (@ = per cent inhibition) and 297 and 274 
nmoles/mg protein/min in an isethionate medium (O = per 
cent activity). ATP hydrolysis (b) was measured over 
10min. In the presence of 20M 2:4-dinitrophenol for 
2 min ATP hydrolysis was 319 nmoles/mg protein/min for 
each experiment. 


independent of the main anion and is due to an action 
on the system bringing about the synthesis of ATP 
from ADP and P;. The correspondence of the concen- 
trations bringing about changes in ATP hydrolysis 
and in ATP synthesis are shown in Figs I(a) and (b). 
The difference between the concentrations inhibiting 
ATP synthesis in isethionate and in chloride medium 
is greatest for the 6-hydroxy-organotin metabolite, 
less for the y-hydroxy metabolite and within experi- 
mental error nonexistent for tributyltin chloride and 
the y-keto compound (Table 2). 

Swelling in a sodium chloride medium. Since rat 
liver mitochondria are permeable to sodium ions, 
gross swelling will occur when trialkyltin derivatives 
facilitate the exchange of chloride for intramitochon- 
drial hydroxyl ion [18,20]. Thus swelling in 0.15M 
sodium chloride is a measure of the ability of the 
trialkyltin derivative to bring about this chloride- 
hydroxyl exchange. The decreasing order of activity 
is 6-hydroxy > y-hydroxy > parent compound > »- 
keto (Table 2). 


Table 1. ATP hydrolysis in a chloride medium stimulated by tri-n-butyltin chloride and 
various metabolites 





Mitochondrial 
protein, 


Compound mg/ml 


ATP hydrolysis 
(nmoles/mg protein/min) 
Control Exp. 


[R,SnX]* (A) (B) (B-A) 





Tri-n-butyltin chloride 1.20 
7-Keto compound 0.92 
y-Hydroxy compound 1.24 
56-Hydroxy compound 1.05 


35.0 
34.8 
36.0 
34.9 


43.3 8.3 
419 7A 
69.0 33.0 
82.8 479 


0.60 (6) 

0.31 (1) 

0.57 (6) 
0.56~1.8 (2) 





*[R,SnX] is the concentration of trialkyltin derivative causing maximal stimulation of 
ATP hydrolysis. Figures in parentheses are number of experiments. 





Action on mitochondria and toxicity of metabolites 


Table 2. Inhibition of ATP synthesis by tri-n-butyltin chloride and various metabolites 





ATP synthesis in 
a chloride medium 


Compound I5o(M)* 


ATP synthesis in Swelling in 0.15M 
an isethionate medium NaCl 
Iso(uM)* I5o(uM)* 





0.66-0.90 (4) 
0.66-0.79 (2) 
0.40--0.63 (3) 
0.45-0.63 (2) 


Tri-n-butyltin chloride 
y-Keto compound 

y-Hydroxy compound 
6-Hydroxy compound 


0.50-0.70 (4) 
0.89 (2) 
0.71-0.89 (3) 
4.5-5.0 (2) 


0.56-0.70 (2) 
0.80 (1) 
0.18-0.30 (2) 
0.10 (1) 





*I5. is the concentration of the trialkyltin derivative causing 50 per cent effect and the figures in parentheses 
are the number of experiments. The mean mitochondrial protein concentrations for each set of experiments varied 


only between 1.04 and 1.14 mg/ml. 


Table 3. Mortality and brain edema in mice following intraperitoneal administration of tri-n-butyltin 
chloride and various metabolites or comparison compounds for 2 consecutive days with determinations 
on the third day 





Effect at indicated daily dose. ymoles/kg 


Mortality (°,) 
Compound 12.5 25 50 


Water content of 
brain (°, + S.D.)* 
12.5 25 





Tri-n-butyltin chloride and metabolites 


Tri-n-butyltin chloride 10 (20)t 
y-Keto compound 

y-Hydroxy compound 

6-Hydroxy compound 


36 (25) 
10 (10) 
0(10) 
20 (20) 


53 (15) 
35 (20) 
47 (30) 


79.2 + 0.4(17) 79.0 + 0.3(16) 
79.2 + 0.2(9) 
79.3 + 0.2(10) 
79.1 + 0.2(16) 


79.0 + 0.4(7) 
79.1 + 0.3(12) 
79.0 + 0.3(16) 


Comparison compounds 


0 (20) 
0(10) 


45 (25) 
90 (30) 


Triethyltin bromide 
Di-n-butyltin dichloride 


79.4 + 0.2(18) 
79.1 + 0.2(10) 


79.9 + 0.6(23) 
78.9 + 0.1 (3) 





* Water content of brain in control mice was 79.1 + 0.4%. 
+ The number of animals examined is given in parenthesis. 


Toxicity and cerebral water content. Tributyltin 
chloride is about 2-foid more toxic than three of its 
metabolites (y-hydroxy, d-hydroxy and y-keto com- 
pounds) to mice treated intraperitoneally with two 
consecutive daily doses (Table 3). Another metabolite, 
the dibutyltin derivative, is more toxic than any of 
the previously-mentioned trialkyltin derivatives. 

Triethyltin bromide produces a significant increase 
in cerebral water content following two consecutive 
daily intraperitoneal doses (Table 3). Tributyltin de- 
rivatives and those metabolites of it tested are inactive 
under the same test conditions. However, it is known 
that after repeated dosing or after the animals are 
held for some time, it is possible to produce an in- 
crease in brain weight or the water content of brain 
and spinal cord on administering tributyltin deriva- 
tives orally to rats[9] and intraperitoneally to 
mice [21, 22]. 


DISCUSSION 


The 6-hydroxy and to a lesser extent the y-hydroxy 
metabolites of tributyltin derivatives differ from the 
parent compound and the »-keto metabolite in their 
actions on mitochondria as follows: increased 
potency for effects brought about by chloride-hydrox- 
ide exchange (mitochondrial swelling in chloride 
medium); decreased potency for chloride-independent 
binding to a component in the energy conservation 
system (inhibition of ATP synthesis in isethionate 
medium); the resulting potency differential for chlor- 
ide-dependent and -independent effects (inhibition of 
ATP synthesis in chloride versus isethionate media). 

In their actions on mitochondrial functions the 
more polar metabolites of tributyltin derivatives, the 
y- and 6-hydroxy metabolites, somewhat resemble the 
lower trialkyltin compounds [12,17] suggesting a 


possible relationship between potency and polarity. 
The action of the metabolites might also be influenced 
by the propensity of the hydroxyl or keto function 
to coordinate intramolecularly with the tin atom 
to form a trigonal bipyramidal inner coordination 
complex, which probably retards chloride-hydroxide 
exchange at the tin atom. Although intramolecular 
tin—oxygen coordination possibly contributes to the 
differences in action of the y- and 6-hydroxy com- 
pounds, the expected order for ease of coordination 
(y-keto > y-hydroxy > 6-hydroxy) does not parallel 
the overall findings when the parent compound is also 
considered since tributyltin derivatives and the )-keto 
metabolite have very similar actions on mitochondrial 
functions. The hydroxybutyldibutyltin derivatives and 
other hydroxyalkyldialkyltin compounds may be use- 
ful probes in further differentiating the various actions 
of triorganotin derivatives on mitochondrial func- 
tions. 
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Abstract—The effects of various pharmacologic agents on the capacity of guinea pig neutrophils to 
phagocytize serum-treated zymosan particles and release lysosomal enzymes were determined. Neutro- 
phils (10’) and zymosan were incubated in Krebs-Ringer phosphate (KRP) medium containing 7.5 mM 
glucose, pH 7.4, at 37° in the absence and presence of corticosteroids, cyclic nucleotides, and adrenomi- 
metic and cholinomimetic agents. Methylprednisolone hemisuccinate, triamcinolone acetonide, dexa- 
methasone acetate, paramethasone acetate and hydrocortisone hemisuccinate reduced particle uptake 
by and discharge of lysosomal enzymes from guinea pig neutrophils. Aldosterone hemisuccinate and 
deoxycorticosterone acetate were inactive. Adrenomimetic (e.g. epinephrine) agents inhibited particle 
uptake by and lysosomal enzyme secretion from neutrophils, and cholinomimetic (e.g. acetylcholine) 
agents accelerated lysosomal enzyme release but had no effect on phagocytosis. Cyclic 3’,5'-adenosine 
monophosphate (cyclic AMP) and one of its analogs inhibited particle ingestion by and lysosomal 
enzyme release from neutrophils; and this inhibition was potentiated by theophylline. Cyclic 3’,5’-guano- 
sine monophosphate (cyclic GMP), in contrast to the actions of corticosteroids, adrenomimetic agents 
and cyclic AMP, accelerated lysosomal enzyme secretion but had no effect on particle uptake. Cyclic 
GMP did not affect release of cytoplasmic lactate dehydrogenase, thus indicating maintenance of cell 
viability during release of lysosomal enzymes. Cytochalasin B, an agent which blocked phagocytic 
uptake of zymosan, did not interfere with inhibition of lysosomal enzyme secretion by corticosteroids, 
adrenomimetic agents and cyclic AMP or acceleration of this event by cholinomimetic agents or cyclic 
GMP. These studies indicate that guinea pig neutrophils are capable of releasing lysosomal enzymes 
during phagocytosis of zymosan and that certain agents can modulate lysosomal enzyme secretion 


and/or phagocytosis. 


The pathogenesis of many inflammatory reactions is 
characterized by the accumulation of polymor- 
phonuclear (PMN) leukocytes and the phagocytosis 
of immune complexes by these cells [1-5]. Certain 
phagocytic cells such as the PMN have the capacity 
to selectively discharge lysosome granule-associated 
enzymes during phagocytosis of particulate material 
[6-11]. Quite often, tissue injury occurs in regions 
where phagocytic leukocytes are secreting lysosomal 
hydrolases [12,13]. The role of lysosomal enzymes 
as mediators of acute [14-16] and chronic [17, 18] 
inflammation is well documented. Thomas [19] 
observed that local injection of granules obtained 
from rabbit PMN produced a Shwartzman-like reac- 
tion and enhanced the Arthus reaction. 
Corticosteroids have been employed for many years 
in the treatment of various inflammatory conditions. 
However, aside from their metabolic activities, there 
are many possible mechanisms by which these agents 
might exert their anti-inflammatory effects. Drugs 
such as hydrocortisone have been demonstrated to 
inhibit the release of hydrolases from isolated lyso- 
somes by stabilizing lysosomal membranes [20-23]. 
Quite recently Smith et al. [24] demonstrated the 





*A preliminary report was presented at the Spring 
Meeting of the Federation of American Societies for Ex- 
perimental Biology, April 11-16, 1976. 
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capacity of such anti-inflammatory corticosteroids as 
dexamethasone and paramethasone to inhibit directly 
the activity of the lysosome granule-associated 
enzyme, aryl sulfatase. 

Several models of inflammation have been 
employed to demonstrate the anti-inflammatory ac- 
tivity of certain adrenomimetic agents [25-28]. In 
addition, certain autonomic neurohormones have 
been reported to inhibit the immunological discharge 
of mediators of inflammation from various cells 
[29, 30]. The actions of these neurohormones are 
thought to be mediated by cyclic AMP. Furthermore, 
agents such as theophylline, cyclic AMP and epineph- 
rine have been reported to block the release of 
enzymes from isolated lysosomes [31, 32]. 

The objective of this study was to evaluate the 
effects of anti-inflammatory corticosteroids as well as 
adrenomimetic and cholinomimetic agents on phago- 
cytosis by and lysosomal enzyme secretion from 
guinea pig neutrophils. In addition, cyclic AMP and 
cyclic GMP, which are thought to mediate the cellu- 
lar responses to adrenomimetic and cholinomimetic 
agents [29, 30, 33-37], respectively, were investigated 
for their effects on phagocytosis by and release of 
lysosomal enzymes from neutrophils. 


METHODS 


Isolation of guinea pig neutrophils. Male Hartley 
albino guinea pigs (400-650 g) received one intraperi- 
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toneal injection (20 ml) of 12% (w/v) sodium caseinate 
in 0.9% NaCl. Eighteen hr later neutrophils were har- 
vested according to the method of Michell et al. [38]. 
This procedure consistently yielded cell suspensions 
containing a minimum of 95% neutrophils. Viability 
of the neutrophils was always greater than 98 per 
cent as determined by trypan blue exclusion. 

Preparation of zymosan particles. Zymosan par- 
ticles (Sigma Chemical Co.) measuring 0.5 to 3 um 
in diameter were opsonized with normal guinea pig 
serum according to the procedure of Ignarro et al. 
{39] Each ml of final serum-treated zymosan suspen- 
sion contained approximately 4 x 10°® particles. 

Incubation conditions. Neutrophils (10’) in 1.0 ml of 
Krebs-Ringer phosphate (KRP) medium containing 
7.5mM glucose were incubated at 37° in a Dubnoff 
metabolic shaker set at 120 excursions/min. Un- 
treated or serum-treated zymosan particle suspen- 
sions (0.1 ml) were added to the neutrophil suspen- 
sions. In those experiments involving drugs, cells and 
drug(s) were preincubated for 10 or 30 min (as indi- 
cated in the table legends) at 37° followed by the addi- 
tion of zymosan particles and then further incubated 
at 37° for 60 min. After incubation the samples were 
centrifuged at 150g for 10min and the supernatants 
were assayed for f-glucuronidase and lactate de- 
hydrogenase activities. 

Enzyme assays. B-Glucuronidase activity was deter- 
mined by a modification of the procedure of Gianetto 
and DeDuve [40]. Aliquots (0.5 ml) of supernatants, 
obtained as described above, were incubated in 2.5 ml 
of 0.1 M sodium citrate, pH 4.8, containing 5.0 mg of 
phenolphthalein glucuronic acid as substrate, at 37° 
for 18hr. Enzyme reactions were terminated by 
adding 0.4 ml alkaline glycine and absorbancy (540 E) 
was determined. Data are expressed as yg phenol- 
phthalein liberated/18 hr of incubation/10’ cells. 
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Lactate dehydrogenase activity was measured 
according to the method of Bergmeyer et al. [41]. 
Data were calculated as absorbancy units/min/10’ 
cells. 

Measurement of phagocytosis. Uptake of zymosan 
particles by neutrophils was quantitated by enumer- 
ation of ingested zymosan particles by oil immersion 
light microscopy. The data are expressed as the aver- 
age number of zymosan particles ingested/100 neutro- 
phils. 

Drug solutions and sources. Solutions of the cate- 
cholamines contained 0.01% (w/v) sodium metabisul- 
fite to prevent spontaneous oxidation and were util- 
ized within 10 min of preparation. All other solutions 
of test agents were prepared fresh and used within 
20 min. The following agents were purchased from 
Sigma Chemical Co: acetylcholine chloride, acetyl-f- 
methylcholine chloride, carbamycholine chloride, 
l-epinephrine bitartrate, adenosine-5'-monophos- 
phoric acid, adenosine-3’:5’-cyclic monophosphoric 
acid, N°,O?-dibutyryl adenosine-3':5’-cyclic mono- 
phosphoric acid, guanosine-5'-monophosphoric acid, 
guanosine-3’:5’-cyclic monophosphoric acid, N?,0?- 
dibutyryl guanosine-3’ : 5’-cyclic monophosphoric acid, 
sodium metabisulfite, d-aldosterone-21-hemisuccin- 
ate, deoxycorticosterone acetate, and atropine sul- 
fate. The |-isomer of isoproterenol was obtained from 
Pfaltz & Bauer, Inc.; theophylline (Schwarz/Mann); 
propranolol hydrochloride (Ayerst Laboratories, 
Inc.); methylprednisolone hemisuccinate and hydro- 
cortisone hemisuccinate were obtained from The 
UpJohn Co.; paramethasone acetate was obtained 
from Syntex Laboratories, Inc.; triamcinolone ace- 
tonide (E. R. Squibb & Sons, Inc.); and dexametha- 
sone acetate (Schering Corp.). Cytochalasin B was the 
generous gift of Dr. Philip Davies. 

All agents tested were dissolved in aqueous buffer 
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Fig. 1. Secretion of f-glucuronidase and lactate dehydrogenase from and particle uptake by guinea 

pig neutrophils in the presence of zymosan. Neutrophils (10’) were incubated in 1.0 ml KRP containing 

4 x 10° zymosan particles treated with normal serum. Values for total cell enzyme activities, determined 

after incubating cells in 0.2% Triton X-100—0.04 M Tris acetate, pH 7.4, for 15 min, were: 161.3 + 12.7 ug 

phenolphthalein/18 hr/10’ cells for B-glucuronidase and 195.3 + 13.7 absorbancy units/min/10’ cells 
for lactate dehydrogenase. Data represent the mean + S.E.M. of five separate experiments. 
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except the corticosteroids and cytochalasin B, which 
were dissolved in 0.1% dimethylsulfoxide (DMSO). 
All the drugs were soluble under the defined incuba- 
tion conditions and they produced no appreciable 
alteration of the pH of the incubation media. The 
small amounts of DMSO employed as a vehicle did 
not alter cell viability or enzyme release. 


RESULTS 


Release of enzymes from and particle uptake by 
guinea pig neutrophils in the presence of zymosan. In 
the presence of serum-treated zymosan, neutrophils 
demonstrated particle uptake after 5 min of incuba- 
tion, and phagocytosis increased linearly through the 
next 25 min, after which time particle ingestion began 
to reach a maximum (Fig. 1). The release of B-glucur- 
onidase from neutrophils started almost immediately 
and increased significantly during the following 
60 min of incubation. Enzyme release reached a maxi- 
mum by 60-90 min. Thus a strong temporal relation- 
ship exists between particle uptake by and f-glucur- 
onidase release from neutrophils. Therefore, release 
of f-glucuronidase occurs during, rather than sub- 
sequent to, phagocytosis. There was no significant 
release of cytoplasmic lactate dehydrogenase during 
90 min of incubation, which is indicative of selective 
lysosomal enzyme release during phagocytosis. Serum 
which was not treated with zymosan did not stimulate 
f-glucuronidase secretion from neutrophils in the 
absence of zymosan particles. 

Effect of methylprednisolone hemisuccinate on the 
time course of B-glucuronidase secretion from and pha- 
gocytosis by guinea pig neutrophils. The data in Table 
1 indicate that methylprednisolone hemisuccinate in- 
hibited significantly the secretion of f-glucuronidase 
from and phagocytosis by guinea pig neutrophils 
when the cells were in contact with the serum-treated 
zymosan particles for 30 min. The inhibitory influence 
of methylprednisolone increased through 30 and 
45 min of incubation and appeared to reach a maxi- 
mum between 45 and 60min. Methylprednisolone 
was inactive at the 90 min-time interval. 
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Effect of corticosteroids on particle uptake by and 
B-glucuronidase secretion from guinea pig neutrophils. 
Methylprednisolone hemisuccinate, triamcinolone 
acetonide, dexamethasone acetate, paramethasone 
acetate and hydrocortisone hemisuccinate inhibited 
the release of f-glucuronidase from and _ particle 
uptake by neutrophils in the presence of zymosan 
particles treated with normal serum (Table 2). 
The relative effects of the corticosteroids indicate 
that methylprednisolone > triamcinolone acetonide > 
dexamethasone > paramethasone > hydrocortisone. 
Aldosterone hemisuccinate and deoxycorticosterone 
acetate were inactive. 

Effect of adrenomimetic agents and cyclic AMP on 
particle uptake by and fB-glucuronidase secretion from 
guinea pig neutrophils. Epinephrine and isoproterenol 
inhibited the release of B-glucuronidase from and par- 
ticle uptake by guinea pig neutrophils in the presence 
of zymosan particles treated with normal serum 
(Table 3). Propranolol, a B-adrenergic receptor antag- 
onist, while having no effect by itself, blocked the in- 
hibitory action of epinephrine and isoproterenol on 
particle ingestion and enzyme secretion. Theophylline, 
a potent inhibitor of phosphodiesterase which 
degrades cyclic AMP, while having no effect by itself, 
did potentiate the effects of epinephrine and isopro- 
terenol on enzyme release and phagocytosis. It is im- 
portant to note that catecholamines were most effec- 
tive when preincubated with neutrophils for 10 min 
prior to exposure to zymosan. 

Cyclic AMP, at high concentrations, inhibited 
B-glucuronidase secretion and particle uptake (Table 
3). Theophylline, while having no effect itself, did 
potentiate the effects of cyclic AMP on enzyme 
release and particle uptake. The dibutyryl analog of 
cyclic AMP was more active than cyclic AMP 
whereas adenosine-5'-monophosphate was inactive. 

Effect of cholinomimetic agents and cyclic GMP on 
secretion of B-glucuronidase from and particle uptake 
by guinea pig neutrophils. Acetylcholine, acetyl-f- 
methylcholine and carbamylcholine stimulated f-glu- 
curonidase secretion from but not particle ingestion 
by guinea pig neutrophils in the presence of zymosan 


Table 1. Effect of methylprednisolone hemisuccinate (MPH) on the kinetics of phagocytosis by and 
B-glucuronidase secretion from guinea pig neutrophils 
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* Neutrophils (10’) were preincubated with methylprednisolone hemisuccinate (10~° M) in 1.0ml 
of Krebs-Ringer phosphate medium, pH 7.4, for 30min followed by incubation with serum-treated 
zymosan (4 x 10° particles) for the time periods indicated. 

+ Total cell B-glucuronidase activity was 142 + 9.6 wg phenolphthalein/18 hr/10” cells. 

t Data represent the mean + S. E. M. of three separate experiments. 

§ Significant at P < 0.05 vs control. 

Significant at P < 0.01 vs control. 
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Table 2. 
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Effect of corticosteroids on secretion of B-glucuronidase from and particle uptake by guinea pig neutrophils* 





Per cent inhibition of B-glucuronidase 


Steroid >M 


N 


secretion 


Particle uptake 
in 10°>M agent 


10°-°M 10°-7M (No. particles/100 cells) 





Control (no steroid) 
Methylprednisolone hemisuccinate 
Triamcinolone acetonide 
Dexamethasone acetate 
Paramethasone acetate 
Hydrocortisone hemisuccinate 
Deoxycorticosterone acetate 
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* Incubations of neutrophils (107) were conducted at 37° for 30min with the respective steroid and for an additional 
60 min in the presence of zymosan treated with normal serum. Control incubations yielded a value of 33.4 + 3.1 ug 
phenolphthalein/18 hr/10’ cells (21.6 per cent of total cell activity) for release of B-glucuronidase. Data represent the 


mean + S. E. M. of five separate experiments. 
+ Significant at P < 0.01 vs control. 
t Significant at P < 0.05 vs control. 


particles treated with normal serum (Table 4). The 
action of acetylcholine, acetyl-f-methylcholine and 
carbamylcholine was blocked by atropine, an antag- 
onist of muscarinic receptors. Atropine alone was in- 
active. As was the case with the catecholamines, maxi- 
mum effects with the cholinomimetic agents were 
observed after a 10-min preincubation period. 
Cyclic GMP and its dibutyryl analog accelerated 
the release of f-glucuronidase from, but not particle 
uptake by, neutrophils. Guanosine-5’-monophosphate 


Effect of cholinomimetic agents and cyclic GMP on 
viability of guinea pig neutrophils during particle 
uptake. Acetylcholine, acetyl-f-methylcholine, carba- 
mylcholine, cyclic GMP, and to a greater extent its di- 
butyryl analog, stimulated enzyme release from neutro- 
phils that were actively phagocytizing zymosan par- 
ticles. However, cell viability was maintained through- 
out the incubation period, as indicated by the failure 
of these agents to accelerate release of cytoplasmic 
lactate dehydrogenase from these cells and the con- 


was inactive (Table 4). tinual exclusion of trypan blue by these neutrophils. 


Table 3. Effect of adrenomimetic agents and cyclic AMP on secretion of f-glucuronidase from and particle uptake 
by guinea pig neutrophils 
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* Incubations of neutrophils (10’) were conducted at 37° for 10 min with the respective agent(s) and for an additional 
60 min in the presence of zymosan treated with normal serum. Control incubations yielded a value of 32.2 + 2.3 ug 
phenolphthalein/18 hr/10” cells (21.4 per cent of tota! cell activity) for release of f-glucuronidase. Data represent the 
mean + S. E. M. of three to four separate experiments. 

+ Significant at P < 0.01 vs control. 

t Significant at P < 0.05 vs control. 

§ Incubations of neutrophils (10’) were conducted at 37° for 30 min with the respective agent(s) and for an additional 
60 min in the presence of zymosan treated with normal serum. Control incubations yielded a value of 35.6 + 2.7 ug 
plienolphthalein/18 hr/10” cells (22.3 per cent of total cell activity) for release of f-glucuronidase. Data represent the 
mean + S. E. M. of three to four separate experiments. 
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Table 4. Effect of cholinomimetic agents and cyclic GMP on secretion of f-glucuronidase from and particle uptake 
by guinea pig neutrophils 





Particle 
uptake in 
10-*M agent 
(No. particles/ 
100 cells) 


Per cent increase of 
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secretion 
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* Incubations of neutrophils (10’) were conducted at 37° for 10 min with the respective agent(s) and for an additional 
60 min in the presence of zymosan treated with normal serum. Control incubations yielded a value of 29.4 + 2.1 ug 
phenolphthalein/18 hr/10’ cells (18.8 per cent of total activity) for release of f-glucuronidase. Data represent the 
mean + S. E. M. of four separate experiments. 

+ Significant at P < 0.01 vs control. 

t Significant at P < 0.05 vs control. 

§ Incubations of neutrophils (10’) were conducted at 37° for 30 min with the respective agent(s) and for an additional 
60 min in the presence of zymosan treated with normal serum. Control incubations yielded a value of 31.7 + 1.8 yg 
phenolphthalein/18 hr/10’ cells (19.3 per cent of total activity) for release of f-glucuronidase. Data represent the 
mean + S. E. M. of four separate experiments. 


Recovery of enzyme activities from guinea pig neutro- 
phils. Complete recovery of B-glucuronidase and lac- 
tate dehydrogenase activities (latent and nonlatent) 


was obtained from neutrophils and incubation media 
in the presence of pharmacologic agents. Therefore, 
the presence of serum-treated zymosan particles and 
test agents does not alter total enzyme activities sig- 
nificantly. 


Effect of corticosteroids on enzyme release from and 
particle uptake by cytochalasin B-treated guinea pig 
neutrophils. In the presence of cytochalasin B, an 
agent which inhibits particle uptake, methylpredniso- 
lone hemisuccinate, triamcinolone acetonide, dexa- 
methasone acetate, paramethasone acetate and hydro- 
cortisone hemisuccinate inhibited f-glucuronidase se- 
cretion from neutrophils in the presence of serum- 


Table 5. Effect of corticosteroids on enzyme secretion from and particle uptake by cytochalasin B-treated guinea pig 
neutrophils 





Experimental condition* 


Per cent of total 
enzyme activity 
releasedt Particle 
uptake 
(No. particles/ 
100 cells 





Lactate 


B-glucuronidase dehydrogenase 





No treatment 
Cytochalasin B (CB) 
Serum-treated zymosan (STZ) 
CB + STZ (control) 
Methylprednisolone 

hemisuccinate (10°> M) + CB + STZ 
Triamcinolone acetonide (107° M) + CB + STZ 
Dexamethasone acetate (10°° M) + CB + STZ 
Paramethasone acetate (10° > M) + CB + STZ 
Hydrocortisone hemisuccinate (10~° M) + CB + STZ 


3.4 + 0.4t 


Mo 
He H+ + 


N= OO nN 


H+ I+ I+ I+ 





* Neutrophils (10’) were preincubated with cytochalasin B (5 yg/ml) for 10 min at 37°. The cells were then incubated 
with the respective agent(s) for 30min followed by a 60-min incubation with zymosan treated with normal serum. 
+ Total cell enzyme activities were: B-glucuronidase, 172 + 9.6 wg phenolphthalein/18 hr/10’ cells; and lactate dehydro- 


genase, 199 + 11.4 absorbancy units/min/10’ cells. 


{ Data represent the mean + S. E. M. of four separate experiments. 


§ Significant at P < 0.05 vs STZ. 
Significant at P < 0.01 vs CB + STZ. 
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Table 6. Effect of adrenomimetic and cholinomimetic agents on enzyme secretion from and particle uptake by cytochala- 
sin B-treated guinea pig neutrophils 





Experimental condition* 


Per cent of total enzyme 
activity releasedt Particle 
uptake 

(No. particles 

100 cells) 





Lactate 


B-glucuronidase dehydrogenase 





No treatment 
Cytochalasin B (CB) 
Serum-treated zymosan (STZ) 
CB + STZ (control) 
Epinephrine (10°* M) 4 
Epinephrine (10° * M) + 
+ CB + STZ 
Isoproterenol (10°* M) +4 
Isoproterenol (10~* M) 4 
+ CB + STZ 
Theophylline (10°* M) + CB + STZ 
Acetylcholine (10°* M) + CB + STZ 
Acetyl-f-methylcholine (10°* M) + CB + STZ 
Carbamylcholine (10°* M) + CB + STZ 


CB + STZ 
theophylline (10~* M) 
CB + STZ 
theophylline (10~* M) 


oO 
=) 


o 
++ 


Ne 


Ie He HH + 
COD Nw wD 
SS. 


NRK WN wh 


DOowmonh 
Ie EE HEH 


HHH 


+ + 
+ = 


6 
5 
7 
9 


0.7 


I+ I+ I+ I+ 
He Fe EH I 





* Neutrophils (10’) were preincubated with cytochalasin B (5 pg/ml) for 10 min at 37°. The cells were then incubated 
with the respective agent(s) for 30 min followed by a 60-min incubation with zymosan treated with normal serum. 
+ Total cell enzyme activities were: B-glucuronidase, 158 + 10.7 wg phenolphthalein/18 hr/10’ cells; and lactate de- 


hydrogenase, 192 + 13.3 absorbancy units/min/10’ cells. 


{ Data represent the mean + S. E. M. of three separate experiments. 


§ Significant at P < 0.05 vs STZ. 
Significant at P < 0.01 vs CB + STZ. 


treated zymosan particles (Table 5). Although the 
cytochalasin B inhibited particle ingestion, and thus 
prevented any drug effect on this neutrophilic func- 
tion, the serum-opsonized particles did adhere to the 
surface of the plasma membrane of the neutrophils. 
Cytochalasin B alone did not induce lysosomal 
enzyme release from neutrophils. However, when cells 
were incubated with serum-treated zymosan after 
cytochalasin B, an enhancement of f-glucuronidase 
secretion was observed (Table 5). In the presence of 
cytochalasin B, no significant amount of lactate de- 
hydrogenase was released from neutrophils. The capa- 
city of cytochalasin B to augment lysosomal enzyme 
release from human and rabbit neutrophils in the 
presence of zymosan or various immune complexes 
has been reported previously [42, 43]. 

Effect of adrenomimetic and cholinomimetic agents 
on enzynie release from and particle uptake by cytocha- 
lasin B-treated guinea pig neutrophils. Epinephrine 
and isoproterenol inhibited the release of B-glucuroni- 
dase from cytochalasin B-treated guinea pig neutro- 
phils in the presence of serum-treated zymosan par- 
ticles but in the absence of particle uptake (Table 6). 
Cytochalasin B inhibition of phagocytosis disallowed 
any drug effect on particle uptake. Theophylline 
potentiated the actions of these agents in the absence 
of phagocytosis 

Acetylcholine, acetyl-f-methylcholine and carba- 
mylcholine accelerated lysosomal enzyme secretion 
from guinea pig neutrophils treated with cytochalasin 
B. 

Effect of cyclic nucleotides on enzyme release from 
and particle uptake by cytochalasin B-treated guinea 
pig neutrophils. Cyclic AMP and its dibutyryl analog 
inhibited #-glucuronidase secretion from cytochalasin 
B-treated neutrophils (Table 7). In addition, the effect 
of cyclic AMP on enzyme release was potentiated by 


theophylline in the absence of particle ingestion. Cyc- 
lic GMP and its dibutyryl analog stimulated /-glu- 
curonidase secretion from cytochalasin B-treated neu- 
trophils. There was no effect of these agents on par- 
ticle uptake due to the blockade of phagocytosis by 
cytochalasin B. Cytochalasin B, while enhancing the 
release of £-glucuronidase in the presence of serum- 
treated zymosan, had no effect on lactate dehydrogen- 
ase release from neutrophils. 

Complete recovery of enzyme activities (latent and 
nonlatent) was obtained from neutrophils and incuba- 
tion media in experiments where cytochalasin B was 
employed. 


DISCUSSION 


Guinea pig neutrophils actively phagocytized ser- 
um-treated zymosan particles and secreted lysosome 
granule-associated f-glucuronidase but not cytoplas- 
mic lactate dehydrogenase. This selective release of 
a lysosomal enzyme by phagocytic cells occurred 
without a loss of cell viability. Particle uptake by 
these cells occurred at approximately the same rate 
as discharge of f-glucuronidase under conditions 
where the incubation time was varied; and these 
results agree with data reported by other investigators 
employing human neutrophils [6, 39, 44]. 

The release of deleterious constituents (e.g. lysoso- 
mal enzymes) from neutrophils during phagocytosis 
of immune complexes may explain the tissue injury 
that accompanies the release of these inflammatory 
agents [12,13]. The inhibition of lysosomal enzyme 
release would most certainly alleviate the tissue de- 
struction that accompanies many inflammatory con- 
ditions. 

Methylprednisolone hemisuccinate, triamcinolone 
acetonide, paramethasone acetate, dexamethasone 
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Table 7. Effect of cyclic nucleotides on enzyme secretion from and particle uptake by cytochalasin B-treated guinea 
pig neutrophils 





Experimental condition* 


Per cent of total 
enzyme activity 
releasedt 





B-glucuronidase 


Particle uptake 
(No. particles 
100 cells) 


Lactate 
dehydrogenase 





No treatment 

Cytochalasin B (CB) 

Serum-treated zymosan (STZ) 

CB + STZ (control) 

Cyclic AMP (10~*M) + CB + STZ 

Theophylline (10~*M) + CB + STZ 

Cyclic AMP (10° *M) + theophylline 
(10-*M) + CB + STZ 

Dibutyryl cyclic AMP (10~*M) + CB + STZ 

Cyclic GMP (10~* M) + CB + STZ 

Dibutyryl GMP (10> * M) + CB + STZ 


++ 


NN wh 

DAS KRO= bw 

AwWwNenow hh 

I+ I+ 1+ + 1+ 4 I+ 

™mNNNEOSS 

Woe ODL 
mn 


— | 
= 


_ 


11.4 + 0.88 
58.8 + 4.94 
75.5 + 3.4 





* Neutrophils (10’) were preincubated with cytochalasin B (5 ug/ml) for 10 min at 37°. The cells were then incubated 
with the respective agent(s) for 30min followed by a 60-min incubation with zymosan treated with normal serum. 
+ Total cell enzyme activities were: B-glucuronidase 172 + 9.6 yg phenolphthalein/18 hr/10” cells; and lactate dehydro- 


genase, 199 + 11.4 absorbancy units/min/10’ cells. 


t Data represent the mean + S. E. M. of four separate experiments. 


§ Significant at P < 0.05 vs STZ. 
Significant at P < 0.05 vs CB + STZ. 
© Significant at P < 0.01 vs CB + STZ. 


acetate and hydrocortisone hemisuccinate inhibit 
both phagocytic uptake of serum-treated zymosan 
particles by and secretion of f-glucuronidase from 
guinea pig neutrophils. Extracellular release of lactate 
dehydrogenase is not affected by these steroids. These 
data are supported by reports showing corticosteroids 
to suppress the phagocytic release of lysosomal 
enzymes from human neutrophils [45]. Furthermore, 
the relative effectiveness of these corticosteroids 
(methylprednisolone > triamcinolone acetonide > 
dexamethasone > paramethasone > hydrocortisone) 
in inhibiting the phagocytic secretion of lysosomal 
enzymes from guinea pig neutrophils approximates 
the rank order of anti-inflammatory activity of these 
agents in human and laboratory animals. Therefore, 
the effects of these corticosteroids on an inflammatory 
cell such as the neutrophil may be related to the anti- 
inflammatory activity of these drugs. It is interesting 
to note that aldosterone hemisuccinate and deoxycor- 
ticosterone acetate, which are mineralocorticoids and 
do not possess anti-inflammatory activity, had no 
effect on the phagocytic discharge of f-glucuronidase 
from neutrophils. The observed actions of steroids on 
neutrophils appear to be specific for those corticoster- 
oids possessing anti-inflammatory activity. It is poss- 
ible that the demonstration of the inhibition of two 
important physiological functions of the neutrophil 
(phagocytosis and enzyme release) by certain antiarth- 
ritic corticosteroids may serve to elucidate the mech- 
anism(s) of actions of these agents in various patho- 
logical conditions. 

We have shown adrenomimetic agents such as 
epinephrine and isoproterenol to inhibit phagocytosis 
of zymosan particles by and secretion of f-glucuroni- 
dase from guinea pig neutrophils. Both of these agents 
are f-agonists and the observation that the f-receptor 
antagonist, propranolol, blocked the action of these 


agents on phagocytosis and enzyme release, is evi- 
dence for the presence of f-receptors on the surface 
of the guinea pig neutrophil. The finding that theo- 
phylline enhanced the action of epinephrine and iso- 
proterenol indicates that the effects of these adreno- 
mimetic agents on the phagocytic discharge of lysoso- 
mal enzymes from guinea pig neutrophils may be 
mediated by intracellular cyclic AMP. We report here 
that cyclic AMP and its dibutyryl analog inhibited 
both particle uptake by and enzyme release from 
guinea pig neutrophils. These effects are potentiated 
by theophylline. These results are in agreement with 
reports indicating that exogenous adrenomimetic 
agents and cyclic AMP inhibited these cellular activi- 
ties in vitro [32, 46,47] in human neutrophils. 

Whereas adrenomimetic agents have been demon- 
strated to exert an inhibitory effect on phagocytosis 
and enzyme release, the data in this report indicate 
that the cholinomimetic agents, acetylcholine, acetyl- 
B-methylcholine and carbamylcholine accelerate the 
secretion of f-glucuronidase from neutrophils but 
have no effect on particle uptake. The observation 
that atropine, a muscarinic receptor antagonist, 
blocked the action of these agents suggests that there 
are muscarinic receptors associated with the neutro- 
phil surface. 

The findings in this report indicate that cyclic 
GMP and its dibutyryl analog accelerate lysosomal 
enzyme secretion but have no effect on the ingestion 
of serum-treated zymosan particles. Because cholino- 
mimetic agents also accelerate lysosomal enzyme 
release from guinea pig neutrophils, it is possible that 
cyclic GMP may mediate the actions of these agents. 
In this regard, Smith and Ignarro [48] showed that 
an increase in cellular cyclic GMP and the sub- 
sequent secretion of lysosomal enzymes from human 
neutrophils required calcium in the extracellular 
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medium. Indeed, acetylcholine failed to stimulate 
enzyme release from neutrophils in the absence of cal- 
cium [48, 49]. Calcium has been reported to stimulate 
guanylate cyclase activity [S50] and it is reasonable 
to postulate that cholinomimetic agents, in the pres- 
ence of an immune reactant (e.g. serum-treated zymo- 
san), may facilitate calcium mobilization into neutro- 
phils. This event would be followed by calcium acti- 
vation of guanylate cyclase, elevation of cyclic GMP 
levels and secretion of lysosomal enzymes. Therefore, 
calcium, in a way not well understood, may serve 
as the link between the stimulus (immune reactant) 
and secretion in neutrophils by stimulating guanylate 
cyclase. At this time it is important to note that, un- 
like cyclic GMP levels in neutrophils which are ele- 
vated when the cells are in contact with immune reac- 
tants [39,48], neutrophil cyclic AMP levels do not 
vary during particle ingestion and lysosomal enzyme 
secretion in the absence of adrenomimetic agents 
[39, 51, 52]. 

Corticosteroids, adrenomimetic agents and cyclic 
AMP were demonstrated to inhibit both particle 
uptake and lysosomal enzyme secretion. In order to 
ascertain whether inhibition of enzyme discharge 
occurred independently of inhibition of phagocytosis, 
we employed the fungal metabolite, cytochalasin B, 
which inhibits particle uptake by phagocytic cells 
such as neutrophils [53]. Neutrophils treated with 
cytochalasin B, and thus rendered incapable of pha- 
gocytizing particulate material, are still capable of 
secreting lysosomal enzymes but not lactate dehydro- 
genase. This has been referred to as “reverse endocy- 
tosis” [54]. In the studies reported here, when serum- 
treated zymosan particles are incubated with cytocha- 
lasin B-treated neutrophils, the particles adhere to the 
plasma membrane but are not internalized. Methyl- 
prednisolone hemisuccinate, triamcinolone acetonide, 
dexamethasone acetate, paramethasone acetate and 
hydrocortisone hemisuccinate inhibited f-glucuroni- 
dase release from cytochalasin B-treated guinea pig 
neutrophils. Epinephrine and isoproterenol inhibited 
B-glucuronidase secretion from cytochalasin B-treated 
neutrophils. Cyclic AMP also inhibits the discharge 
of f-glucuronidase from neutrophils treated with 
cytochalasin B. Thus, it appears that these agents 
exert independent effects on particle ingestion and 
enzyme release. However, their effect on phagocytosis 
probably contributes to the inhibition of lysosomal 
enzyme release. These data confirm a preliminary 
report issued from this laboratory [55]. The metabo- 
lism of glucose by neutrophils is markedly increased 
during phagocytosis [56,57]; and corticosteroids 
have been reported to interfere with neutrophil meta- 
bolic enzymes [58] which could affect the phagocytic 
capabilities of these cells. Corticosteroids have been 
demonstrated to stabilize lysosomal membranes of 
isolated lysosomes from human neutrophils [59], an 
effect which may be responsible for the inhibition of 
enzyme release from neutrophils by these agents. Fur- 
thermore, adrenomimetic agents and cyclic AMP 
have been reported to inhibit and cholinomimetic 
agents and cyclic GMP to accelerate the release of 
hydrolases from lysosomes isolated from guinea pig 
neutrophils [32]. These findings might help to eluci- 
date the mechanism(s) by which autonomic neurohor- 
mones and cyclic nucleotides influence the phagocytic 
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release of lysosomal enzymes from guinea pig neutro- 
phils. It is interesting to note that cholinomimetic 
agents and cyclic GMP, while accelerating enzyme 
release from neutrophils, had no effect on particle 
uptake. These data seem to indicate that phagocytosis 
activates a series of intracellular events which leads 
to lysosomal enzyme secretion, and that cyclic GMP 
may be one of the mediators of this secretory process. 

The data presented in this report indicate that cer- 
tain corticosteroids inhibit the phagocytosis of serum- 
treated zymosan particles by and the selective se- 
cretion of lysosomal enzymes from guinea pig neutro- 
phils. Whereas adrenomimetic agents and cyclic AMP 
inhibit particle ingestion and enzyme release, cholino- 
mimetic agents and cyclic GMP accelerate enzyme 
release and have no effect on phagocytosis. In the 
presence of cytochalasin B, which inhibits phagocy- 
tosis, the corticosteroids, adrenomimetic agents and 
cyclic AMP continue to inhibit lysosomal enzyme dis- 
charge from neutrophils. Cholinomimetic agents and 
cyclic GMP accelerate the release of B-glucuronidase 
from cytochalasin B-treated guinea pig neutrophils. 

In conclusion, the data reported here show that 
certain antiarthritic corticosteroids may function to 
curtail the inflammatory process by modulating the 
release of lysosomal enzymes from neutrophils into 
the surrounding tissue where they have been reported 
to mediate cartilage damage and other forms of tissue 
injury. The fact that these agents inhibit the secretion 
of lysosomal enzymes in the absence of phagocytosis 
suggests that these mechanisms may be independent 
of one another and/or that certain corticosteroids 
may indeed exert separate effects on these cellular ac- 
tivities. Furthermore, the data show that autonomic 
neurohormones may function in inflammatory condi- 
tions to modulate the neutrophilic functions of pha- 
gocytosis and lysosomal enzyme release. In addition, 
it appears that cyclic AMP and cyclic GMP may play 
bioregulatory roles in mediating the actions of 
adrenomimetic and cholinomimetic agents on guinea 
pig neutrophils. 
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Abstract—Brain synaptic membranes, prepared according to DeRobertis and to Whittaker, were com- 
pared morphologically and biochemically. Electron microscopy revealed that DeRobertis preparations 
were heavily contaminated with synaptosomes, mitochondria, storage vesicles, and a variety of 
extraneous membrane structures; Whittaker preparations appeared to consist of synaptic membranes, 
with a relatively small number of presynaptic storage vesicles. Substantial dopamine f-hydroxylase, 
monoamine oxidase, and catecholamine-O-methy] transferase activities were present in DeRobertis prep- 
arations; Whittaker membrane preparations contained low-to-undetectable activities of these enzymes. 
Although dopamine bound to membranes derived from both brain cortex and corpus striatum, only 
membranes from the latter area contained dopamine-sensitive adenylate cyclase. Binding of dopamine 
to Whittaker striatal synaptic membrane preparations was relatively rapid, saturable, partially revers- 
ible, and did not chemically alter the ligand. A variety of dopamine acceptors appeared to be present 
in this preparation since the EDs (from Klotz plots) of dopamine binding was 25 times that for 
activation of adenylate cyclase; Scatchard plots revealed both high and low affinity binding sites for 
dopamine; and, binding and adenylate cyclase activation studies with dopamine, carried out in the 
presence of fluphenazine, cocaine, pargyline, and reserpine, reveal that even the more-pure Whittaker 
preparations of striatal synaptic membranes contain at least three major dopamine-binding components: 
postsynaptic (and perhaps presynaptic as well) membrane receptors linked to adenylate cyclase, a 


presynaptic synaptosomal reuptake receptor, and storage vesicle sequestration. 


It has been recognized for some time that crude 
homogenates and synaptosomal fractions, prepared 
according to DeRobertis et al.[1] and to Whittaker 
et al.[2], contain dopamine stimulatable adenylate 
cyclase activities (Krueger[3]; Karobeth and Lei- 
tich [4]; Kebabian et al.[5]; Mishra et al. [6]; Von 
Hungen and Roberts [7]). However, binding of dopa- 
mine to its specific receptors or acceptors in these 
preparations has not been characterized in detail; nor 
has binding of dopamine been correlated kinetically 
with activation of adenylate cyclase. Furthermore, 
since the aforementioned tissue preparations are 
crude, it is quite likely that dopamine also interacts 
with structures other than receptors linked to adeny- 
late cyclase; purified synaptic membranes have not 
been studied in this regard. 

In this report, we describe the biochemical charac- 
terization of the interaction of dopamine with several 
components present in preparations of brain corpus 
striatum synaptic membranes purified according to 
Whittaker et al.[2] as modified by Hoss and 
Abood [8]. Comparisons are made with results 
obtained using membranes prepared according to 
DeRobertis et al. [1]. 





*The data are taken from a Master of Science thesis 
submitted to Georgetown University. 

+ To whom correspondence should be addressed. The 
work was supported by grant AM-05475 END. from the 
National Institutes of Health. 


MATERIALS AND METHODS 


DeRobertis synaptic membrane preparation. In 
early studies, male Sprague-Dawley rats (Flow 
Laboratories, Dublin, VA) were rapidly decapitated, 
the cortex dissected out on ice, and the tissue hom- 
ogenized as a 20° (w/v) suspension in 0.32 M sucrose 
(adjusted to pH 7) using a loose-fitting Potter-Elveh- 
jem homogenizer. Synaptosomes (M, pellet as de- 
scribed by DeRobertis et al.[1]) were prepared from 
this suspension; these were quick frozen and stored 
overnight in liquid nitrogen. The following day the 
thawed synaptosomes were homogenized in ice-cold, 
glass-distilled water using a tight-fitting Dounce hom- 
ogenizer, followed by agitation of the suspension for 
20 min at 4°. The disrupted nerve terminals were col- 
lected by centrifugation, suspended in 0.32 M sucrose, 
layered on a discontinuous sucrose gradient (0.8, 0.9, 
1.0, 1.2 M) and centrifuged at 50,000g for 2hr at 4 
in a Beckman L2-65B centrifuge with a SW 27 rotor. 
Synaptic membranes were isolated by centrifugation 
from the 0.9-1.0M and 1.0-1.2M layers, suspended 
in 0.32M sucrose, and stored as 100 ul aliquots in 
liquid nitrogen. 

Whittaker synaptic membrane preparations. Cortex 
or striatum, dissected from male Sprague-Dawley 
rats, and corpus striatum dissected from calf brains, 
were immediately homogenized, and synaptosomes 
(0.8—1.2 M intergradient layer) were prepared and iso- 
lated as described by Whittaker et al.[2] and Hoss 
and Abood[8]. The collected synaptosomes were 
stored in liquid nitrogen overnight. The following day 


2011 





2012 


the frozen synaptosomes were homogenized in glass- 
distilled water at room temperature using a tight- 
fitting Dounce homogenizer. The homogenate was 
then layered on a discontinuous sucrose gradient 
(0.6, 0.8, 1.0, 1.2M) and centrifuged with a SW 27 
rotor. Synaptic membranes were isolated by centri- 
fugation from the 0.6-0.8M and the 0.8-10M 
layers interfaces; these were suspended in 0.32M 
sucrose and stored as 1001 aliquots in liquid 
nitrogen. 

Binding assays. For the standard binding assay, in- 
cubation mixtures prepared in duplicate in test tubes 
at 4° contained 0.1 uM [1-*H]dopamine (8.4 Ci/m- 
mole; New England Nuclear Co), 0.1 mM dithiothrei- 
tol, and 50mM Tris-HCl (pH 7.8) or 50mM glycyl- 
glycine buffer (pH 8.0) in a final volume of 150 ul. 
Fluphenazine hydrochloride (Schering Corp.), pargy- 
line hydrochloride (gift from Dr. John Tallman, NIH, 
Bethesda, MD), cocaine hydrochloride (gift from Dr. 
Donald Thompson, Georgetown University, Wash- 
ington, DC), and reserpine (free base, Nutritional 
Biochemicals) were further additions in studies utiliz- 
ing inhibitors of dopamine binding or metabolism. 
Reactions were started by the addition of synaptic 
membranes (5 to 60 yg protein). Incubations, which 
were performed for two hr at 37° in a shaker bath 
under steady-state conditions (cf., Fig. 3), were ended 
by the addition of 5 ml of ice-cold buffer (as above), 
immediately followed by the rapid isolation of 
synaptic membranes by filtration through Millipore 
filter discs (HAWP-25 mm dia., 0.45 um pores) under 
reduced pressure in a Millipore filtration manifold. 
Filters were prewashed with 0.25 M KCI solution to 
minimize non-specific adsorption of ligands. Filter 
discs were washed with cold buffer and then air- or 
oven-dried. Filters were dissolved in 10 ml of liquid 
scintillation solution 0.4% PPO-0.1% POPOP in 
toluene-Triton X-100 (9:8) for quantifiaction of 
radioactivity in a Nuclear-Chicago Mark II spec- 
trometer. Under these conditions, about 3 per cent 
of the added dopamine was specifically bound. Non- 
specific binding of [1-*H]dopamine was defined as 
the amount remaining bound to membranes in 
the presence of a large (1000-fold) excess of un- 
labeled dopamine (obtained as dopamine hydrochlo- 
ride from Nutritional Biochemicals). No degradation 
of receptors appeared to occur under the conditions 
of this binding assay, since purified (but not crude) 
synaptic membranes could be preincubated for as 
long as'4hr with no diminution in the capacity to 
bind dopamine specifically (G. Bers and M. Blecher, 
unpublished). 

Chromatography of [1-*H]dopamine. Descending 
’ chromatography, using n-butanol—acetic acid—water 
(25:4:10), a solvent system known to separate dopa- 
mine from its metabolic and oxidation products (Kar- 
obeth and Leitich[4]; Koretz and Marinetti [9]; 
Mattock [10]; McGeer and Clark [11]; Roberts and 
Broadley[12]), were utilized to identify any *H- 
ligand which was bound to synaptic membranes. 
Bound *H-ligand was removed from membranes by 
extraction with 1 N HCI for 30 min at 37°, and chro- 
matographed on Whatman No. | paper (in an atmos- 
phere of nitrogen) alongside catecholamine standards. 
After 16-20 hr, the developed chromatogram was air- 
dried; radioactive spots were detected and quantified 
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by a Brinkman—Berthold two-dimensional radioscan- 
ner. 

Adenylate cyclase assay. Adenylate cyclase activity 
of synaptic membrane preparations (5 to 60 ug pro- 
tein) was assayed under conditions of zero-order kin- 
etics by the Krishna method as modified by Rodbell 
et al.{13] and Birnbaumer and Yang [14]. Briefly, 
synaptic membranes were incubated ror 15 min at 37 
in a 50 pl incubation mixture containing [«-*?P]-ATP 
(35 wCi), 0.4mM ATP, 1.0mM cAMP, 20 mM crea- 
tine phosphate, 0.2 mg/ml creatine phosphokinase, 
10mM MgCl,, 1mM EDTA, in 30mM Tris-HCl 
buffer (pH 7.6). Reactions were ended by the addition 
of 100yul of a stopping reagent (12.5mM cAMP, 
40mM Na,ATP, 80nCi [7H]cAMP, and 10 mg/ml 
sodium lauryl sulfate) and placing tubes in a boiling 
water bath for 2.5min. ATP and cAMP were then 
separated by >99% on a short column (1 ml) of 
Dowex-50 (H*) (100-200 mesh) resin, followed by 
treatment of the eluate with equimolar amounts of 
Ba(OH), and ZnSO, to achieve complete separation 
of the two nucleotides [13,14]. The amounts of 
[°?P]cAMP produced are quantified by dual-label 
counting in a liquid scintillating spectrometer, with 
the amount of [*7H]cAMP present being used to cor- 
rect for losses of product during the work-up pro- 
cedure. 

Assays for enzymes metabolizing dopamine. Cate- 
chol-O-methyl transferase (COMT) was assayed as 
described by Axelrod [15]. The transfer of label from 
[methyl-'*C]-S-adenosyl methionine (44 mCi/m-mole; 
ICN Pharmaceuticals) to epinephrine forming 
['*C]metanephrine was quantified as a measure of 
COMT activity. 

Monoamide oxidase (MAO) was assayed as de- 
scribed by Axelrod[15]. The conversion of 
['*C]tryptamine (53mCi/m-mole; New England 
Nuclear, Co), to ['*C]indoleacetic acid was used as 
a measure of enzyme activity. 

Dopamine f-hydroxylase (DBH) activity was deter- 
mined by Dr. John Tallman (NIH) according to 
Molinoff et al.[16]. This activity was equal to the 
amount of label transferred from [methyl-7H]-S- 
adenosylmethionine to the 4-hydroxyphenethylamine 
formed from tryamine by the enzyme. 

Protein determination. Protein concentration in 
synaptic membrane particulates was determined by 
a modification of the Lowry method [17] of micro- 
protein analysis. 

Electron microscopy. Cell fractions were prepared 
for electron microscopy by first fixing a synaptic 
membrane suspension (500 yg) for 5 hr with Ito—Kar- 
novsky’s fixative, and then post-fixing with cold 1% 
OsO, in cacodylate buffer for 2 hr. Membranes were 
sequentially dehydrated with 30 to 100% ethanol, 
washed with propylene oxide and treated overnight 
with 100% Epon at room temperature. The pellet was 
placed in BEEM capsules containing 100% Epon, 
heated at 60° for 2 hr, and sectioned. Silver to grey 
sections were mounted on 200-mesh copper grids and 
stained with ethanolic uranyl acetate for 20 min and 
lead citrate for 2 min. Sectioning and electron micro- 
scopic examinations were performed by Dr. Penelope 
Fenner-Crisp, Dept. of Anatomy, Georgetown Uni- 
versity, and by Drs. Gunther Bahr and R. A. Shoe- 
maker, Armed Forces Institute of Pathology. 
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RESULTS 


Morphology of synaptic membrane preparations. The 
heterogeneity of both DeRobertis and Whittaker 
synaptic membrane suspension was clearly visible in 
electron micrographs (Figs 1A and 1B); however, the 
greater purity of the Whittaker preparation is evident. 
Synaptosomes, synaptic vesicles, myelin and axon 
fragments, mitochondria, and unidentified membrane 
fragments were all present in the DeRobertis mem- 
branes, in addition to the fused and unfused synaptic 
membranes. The Whittaker preparations appeared to 
consist almost entirely of sheets of membranes, the 
ends of which being “fused” to form empty vesicles, 
along with unfused membranes. Significant numbers 
of presynaptic storage vesicles were also observed, 
although far fewer than seen in the DeRobertis prep- 
arations. 

General properties of dopamine binding. Specific 
dopamine binding to calf corpus striatal synaptic 
membranes prepared by the Whittaker procedure was 
saturable as determined from concentration-depen- 
dent competition curves (Fig. 2). Half-maximal levels 
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of dopamine binding were attained at concentrations 
of about 5.5 uM, as derived from Klotz double reci- 
procal plots of the competition data (curves not 
shown). Specific dopamine binding was also linear up 
to 0.27 mg/ml synaptic membrane protein with Whit- 
taker preparations. Calf striatal synaptic membranes 
bound [1-2H]dopamine half-maximally within 15 to 
30 min of initiation of the binding reaction (Fig. 3). 
Temperature changes between 0° and 30° did not sig- 
nificantly influence the binding of dopamine to synap- 
tic membranes; however, binding increased sharply 
at physiological (37°) and higher temperatures. 
Specific dopamine binding to Whittaker calf striatal 
synaptic membranes was very low at pH7.0 but 
steadily increased to a maximum at pH 7.8, beyond 
which specific binding rapidly declined. Dithiothreitol 
(0.1 mM), an antioxidant, reduced specific dopamine 
binding to synaptic membranes by about 30 per cent, 
suggesting that air oxidation of dopamine to quinones 
may produce some artifactual binding if not con- 
trolled. Quinone products of catecholamine oxidation 
have been shown to bind rapidly, covalently, and 
non-specifically to plasma membrane proteins (Saner 
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Fig. 1(B). 


Fig. 1(A). Electron micrograph of DeRobertis rat brain cortical synaptic membrane fraction. Synaptic 
membrane fractions were prepared for electron microscopic examination by Dr. Penelope Fenner-Crisp, 
Georgetown University, as described in Methods. Examination of the DeRobertis rats brain cortical 
synaptic membrane sections ( x 62,500) revealed the following: shrunken nerve endings (NE); synapto- 
somes (S); fused synaptic membranes (FSM); unfused synaptic membranes (USM); mitochondria (MIT); 
storage vesicles (SV); and myelin figures (MF). (B) Electron micrograph of Whittaker calf brain striatal 
synaptic membrane fraction. Synaptic membrane fractions were prepared for electron microscopic exam- 
ination by Dr. Robert E. Shoemaker, Armed Forces Institute of Pathology as described in Methods. 
Examination of the Whittaker calf brain striatal synaptic membrane sections ( x 63,260) revealed the 
following: fused synaptic membranes (FSM); unfused synaptic membranes (USM); and storage vesicles 
(SV). No mitochondria were apparent. 


and Theonen [18]). It should be noted that the reduc- 
tion of binding due to DTT could also have resulted 
from the reduction of disulfide bonds by DTT, assum- 
ing that such bonds are involved with dopamine 
receptors. 

Metabolism of dopamine in synaptic membrane prep- 
arations. Low-to-undetectable activities of dopamine 
metabolizing enzymes were found in Whittaker 
synaptic membrane preparations; higher activities 
were found in DeRobertis preparations (Table 1). 
Monoamine oxidase, which is localized within outer 
mitochondrial membranes, could theoretically oxidize 
as much as 30 per cent of the [1-*H]dopamine 
present with 50 ug of DeRobertis rat cortical synaptic 
membrane protein during a 2hr binding period in 
the presence of ideal concentrations of cofactors; in 
contrast, no more than 5 per cent of the [1-*H]- 
dopamine would be theoretically metabolized by the 
MAO contained in 25 wg of Whittaker calf striatal 
synaptic membrane preparations. Dopamine f-hyd- 
roxylase, localized in storage vesicles of adrenergic 
nerve terminals, was not detectable in any Whittaker 
synaptic membrane preparation; however, up to 15 


per cent of the total [1-*H]dopamine added to 50 yg 
of DeRobertis rat cortical synaptic membrane protein 
could be theoretically converted to norepinephrine in 
a 2hr period in the presence of ideal concentrations 


of Cu** and other cofactors. Catechol-O-methyl 
transferase, localized in the cleft of synaptic junctions 
and in the cytosol of nerve terminals, was virtually 
undetectable in Whittaker calf preparations, but sig- 
nificant amounts could be detected in DeRobertis 
synaptic membranes in the presence of excess 
S-adenosyl methionine and other cofactors. 

These results suggest that, whereas significant 
amounts of dopamine could theoretically be metabo- 
lized by enzymes contained in DeRobertis prep- 
arations, very little, if any, metabolism of [1-3H]dop- 
amine would occur with Whittaker synaptic mem- 
branes. 

Reversibility and product characterization. Dopa- 
mine binding to Whittaker calf striatal synaptic mem- 
branes was partially reversible. “Chase” techniques, 
in which a large excess of unlabeled dopamine was 
added to membranes prelabeled with [1-*H]dopa- 
mine, displaced about 43 per cent of the bound counts 





Dopamine binding sites 


fo) ND 
pmoles cAMP/mg protein/|5 min 


pmoles/mg protein 
@ 


E Deg sy 


y Cyclase \ 
I 


Binding ® 


a 


Dopamine bound, 
b 








| 
10° © 
Dopamine, M 





N 
Adenylate cyclase activity above basal, 


Fig. 2. Dopamine-stimulatable adenylate cyclase activity and concentration-dependent binding of 

[1-*H]dopamine in Whittaker calf brain striatal synaptic membranes. Adenylate cyclase was assayed 

in 43 wg of synaptic membrane protein, as described in Methods; basal activity was 83 pmoles cAMP 

produced per mg protein in 15 min. Dopamine binding was assessed in 29 yg of synaptic membrane 
protein as described in Methods. 


(Fig. 3). In parallel experiments, 93 per cent of bound mine; no other radioactive materials were detected 
3H-ligand was extracted from membranes with HCI (Fig. 4). 
and chromatographed as described in Methods. All Pharmacological. Contamination of synaptic mem- 


extracted radioactivity was found in a single spot with brane preparations with storage vesicles, as suggested 
an R, (0.44) identical with that of authentic dopa- by electron microscopy, was confirmed by both bio- 
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Fig. 3. Time dependence of binding and dissociation of dopamine with Whittaker calf brain striatal 
synaptic membranes. Incubation mixtures for binding studies contained [1-*H]dopamine (0.1 M) and 
synaptic membranes (30 yg protein) in 50mM Tris-HCl buffer (pH 7.8), in a final volume of 150 yl. 
Incubations, conducted at 37°, were ended at the times shown in the figure. For dissociation experiments 
synaptic membranes (135 yg protein), 0.1 mM _ ascorbic acid, 50mM Tris-HCl buffer (pH 7.8), and 
[1-*H]dopamine 0.1 uM) were incubated for 2 hr at 37°, after which the membranes were reisolated 
by centrifugation (39,000 g for 30 min in the Sorval RC-2B). Fresh buffer and ascorbic acid were added 
to a final volume of 2.85 ml, and the membranes were resuspended. At this time, aliquots (150 yl) 
were taken to determine initial binding values, after which unlabeled dopamine (0.1 mM) was added 
to the remaining suspension to begin the chase of *H-ligand from receptors. These suspensions were 
further incubated, taking 150 yl aliquots at the times shown in the figure. 
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Table 1. Assays for dopamine metabolising enzymes* 





DeRobertis 
rat brain 
cortex 


Enzyme 
activity 
(pmoles/min/mg prot) 


Whittaker 
rat brain 
cortex 


Whittaker corpus striatum 





Rat brain Calf brain 





0.37 
0.13 
0.71 


Dopamine f-hydroxylase 
Catechol O-methy! transferase 
Monoamine oxidase 


ND 
0.02 
0.24 


ND 
0.10 
0.18 





* Synaptic membrane preparations were assayed for the activities of the major dopamine-metabolizing 
enzymes, as described in Methods. ND = not detectable. 


chemical and pharmacological criteria. “Chase” ex- 
periments, utilizing cations instead of unlabeled dopa- 
mine or simple dilution, were used to demonstrate 
storage vesicle sequestration of [1-*H]dopamine. Cal- 
cium ions, which are known to effect the release of 
catecholamines from storage vesicle sites (Willis and 
Grossman [19]), stimulated the release of 40 per cent 
of the pre-bound [1-*H]dopamine from relatively 
crude DeRobertis rat cortical synaptic membranes 
over a 90min chase period; 25 per cent of the pre- 
bound dopamine was lost from Whittaker calf striatal 
synaptic membranes in a parallel study. On the other 
hand, magnesium, which is known to inhibit Ca?*- 
stimulated catecholamine release from storage sites 
(Willis and Grossman [19]), slightly increased the 
amount of dopamine apparently bound to both De- 
Robertis and Whittaker synaptic membranes in chase 
experiments performed as above. 

The effects of reserpine on dopamine binding reac- 
tions using Whittaker calf striatal synaptic mem- 
branes also suggested contamination with storage 
vesicles. Reserpine is a known inhibitor of synaptic 
vesicle reuptake processes (Koelle [20]), and is sus- 
pected of interfering with receptor sites linked to 
adenylate cyclase (Zivkovic[21]). High concen- 
trations of this drug (0.1 mM) inhibited the binding 
of [1-3H]dopamine by 77 per cent, whereas low con- 
centrations (0.1 uM) decreased binding by only 22 per 
cent (Fig. 5). 


Pargyline, an MAO inhibitor (Koelle [20]), when 
present in dopamine binding reactions using Whit- 
taker calf striatal synaptic membranes, was without 
significant effect (Fig. 5), supporting earlier findings 
(Table 1) of negligible contamination with this 
enzyme. 

The effects of cocaine on dopamine binding to 
Whittaker calf striatal synaptic membranes were 
assessed in order to quantify binding to presynaptic 
membrane fragments or synaptosomal membranes as 
part of an active reuptake system (Koelle[20]). A 
maximum inhibition of about 34 per cent of total 
dopamine binding was observed, suggesting that 
about one-third of all specific dopamine binding 
occurs in association with some presynaptic binding 
systems (Fig. 5). 

Finally, the degree of dopamine binding to specific 
post-synaptic adenylate cyclase-linked receptors was 
determined utilizing the potent dopamine antagonist, 
fluphenazine. A maximum inhibition of 44 per cent 
of dopamine binding to Whittaker calf striatal synap- 
tic membranes occurred (Fig. 5), thus confirming the 
presence in these synaptic membrane preparations of 
substantial concentrations of postsynaptic adenylate 
cyclase-linked dopamine receptors. 

Relationship of dopamine binding to activation of 
adenylate cyclase. Very little dopamine-responsive 
adenylate cyclase activity was found in synaptic mem- 
branes prepared from rat brain cortex. When crude 
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Fig. 4. Chromatographic characterization of labeled material bound to Whittaker calf brain striatal 
synaptic membranes. [1-*H]Dopamine (0.1 uM) was incubated with 0.1 mM ascorbic acid and synaptic 
membranes (148 yg protein) in 50mM Tris-HCI! buffer (pH 7.8) in a final volume of 1.0 ml. Incubations 
were carried out for 2hr at 37°, and membrane-bound labeled material was extracted with HCI as 
described in Methods. This material was analyzed by paper chromatography as described in Methods. 
The single peak appearing (R, = 0.44) was identified as dopamine by reference to a standard. 
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Fig. 5. The effect of drugs which interfere with dopamine metabolism and binding on the specific 
binding of dopamine to Whittaker calf brain striatal synaptic membranes. Binding of [1-*H]dopamine 
(0.1 uM) to synaptic membranes (56 yg protein) was carried out for 1 hr in the presence of fluphenazine, 
pargyline, cocaine, or reserpine, at the concentrations shown in the figure, in glycylglycine buffer 
(50 mM, pH 8.0), final volume of 150 yl. Control tubes for fluphenazine, cocaine, and pargyline contained 
buffer in place of drugs, while the control tubes for reserpine contained its solvent, 1mM sodium 
acetate, pH 7, in place of drug. Mixtures were preincubated for 1hr prior to the addition of 
[7H]dopamine. 


homogenates of cortex were converted to synaptic 
membranes by either the DeRobertis or Whittaker 
methods, the slight sensitivity of adenylate cyclase ac- 
tivity to dopamine essentially disappeared; however, 
some cyclase response to dopamine could be elicited 
in such synaptic membranes by the addition of the 
nucleotides GTP or S’-guanylyl imidodiphosphate, 
which have been reported (Cuatrecasas et al. [22]) to 
facilitate the activation of adenylate cyclases by cat- 
echolamines. In contrast, rat and calf striatal synaptic 
membranes prepared by the Whittaker procedure 
contained an adenylate cyclase which was stimulat- 
able by dopamine; maximum stimulatability of the 
rat enzyme was about 140 per cent, but only about 
40 per cent in the case of the calf preparation. 

The EDs, values for dopamine binding to Whittaker 
rat and calf striatal synaptic membranes were 4.4 uM 
and 5.44M, respectively. These concentrations are 
over an order of magnitude greater than for dopa- 
mine activation of adenylate cyclase in these prep- 


arations (EDs, 0.12, Table 2, Fig. 4), which suggests 
that extraneous acceptors for dopamine may be 
present in these membrane preparations. Scatchard 
plots from competition binding experiments suggested 
the existence of two classes of binding sites, with the 
affinity of dopamine for the second class of sites being 
very low (Table 3). 

The concentration of dopamine which bound half- 
maximally in the presence of 104M _ fluphenazine 
(EDs9, 3.7 uM, Table 2) was essentially the same as 
in controls; however, this drug completely abolished 
dopamine activation of adenylate cyclase. Although 
fluphenazine did not change significantly the associ- 
ation constant of dopamine for the higher affinity 
sites (Table 3), it reduced the affinity of dopamine 
for the second class of sites to an unmeasurable value. 

Reserpine (100 uM) also abolished dopamine acti- 
vation of adenylate cyclase (Table 2), and it inhibited 
specific binding of dopamine to Whittaker calf striatal 
synaptic membranes to such a large extent that 


Table 2. Effects of psychoactive drugs on the EDs, for dopamine binding and acti- 
vation of adenylate cyclase in synaptic membrane preparations isolated from calf brain 
corpus striatum according to Whittaker* 





EDso 





Dopamine 
binding 


Additions 


Activation of 
adenylate cyclase 





Control 
Fluphenazine, 10 .M 
Pargyline, 10 uM 


uM 
5.4 0.12 
a7 no activation 
2.9 0.42 


Reserpine, 100 uM not measurable no activation 
Cocaine, 100 uM 4.2 0.66 





* Assays for dopamine-stimulated adenylate cyclase were performed as described 
in Fig. 2, in the absence and presence of the drugs shown above; EDs9 values are 
defined as the concentration of dopamine required to stimulate adenylate cyclase half- 
maximally. Binding curves were developed from competition experiments carried out 
as described in Fig. 2 in the absence and presence of the drugs listed above; EDs 
values are defined as the concentration of dopamine required for half-maximal binding. 
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Table 3. Effects of psychoactive drugs on the apparent 
affinity constants for dopamine binding to Whittaker calf 
brain corpus striatum synaptic membranes* 





Additions Ka, Ka, 





uM”! 
0.10 
0.15 
0.21 


Control 

Fluphenazine (10 uM) 
Pargyline (10 uM) 
Reserpine (10 4M) 


Cocaine (100 uM) 0.29 





*Scatchard plots were made from data provided by 
competition experiments performed as described in Fig. 
2. Apparent affinity constants (Ka, and Ka) were calcu- 
lated from the slopes of the curves obtained by plotting 
B/F ratios against B, for the binding of [1-7H]dopamine. 
B, pmoles dopamine bound, is the product of B/F and 
the total pmoles of dopamine added to the incubation mix- 
ture. 

+ Affinity too low to calculate association constant. 


neither an EDs, (Table 2) nor an association constant 
for either class of binding sites (Table 3) could be 
determined. 

The EDs, value of 4.2 4M for dopamine binding 
in the presence of cocaine was much the same as in 
controis (Table 2); however, the EDs, for the acti- 
vation of adenylate cyclase in the presence of cocaine 
(0.66 uM) was about five times that of controls. This 
may reflect a direct interference of cocaine with dopa- 
mine activation of the cyclase. Scatchard analysis of 
binding data obtained in the presence of cocaine 
revealed only a single class of binding sites with an 
association constant of 0.29 uM~' (Table 3). 

Pargyline was without significant influence on the 
EDs,y and K,, values for dopamine binding (Tables 
2 and 3) or on the activation constant for adenylate 
cyclase (Table 2), but it reduced the affinity of dopa- 
mine to the second class of binding sites to unmeasur- 
able values (Table 3). 

Maximal non-specific binding of dopamine to 
Whittaker calf striatal synaptic membranes as deter- 
mined from competition studies was 25 per cent in 
control studies (Table 4). Cocaine and reserpine essen- 
tially eliminated non-specific binding of dopamine, 


Table 4. Effects of psychoactive drugs on the nonspecific 
binding of dopamine by Whittaker preparations of calf 
brain striatal synaptic membranes* 





Non-specific 


Additions binding 





Control 

Fluphenazine (10 uM) 
Pargyline (100 nM) 
Reserpine (100 uM) 
Cocaine (100 uM) 





* Competition binding experiments between fixed con- 
centration of [1-*H]dopamine (0.1 »M) and varied concen- 
trations of unlabeled dopamine (0.1 »M-—0.1 mM) were car- 
ried out as described in Fig. 2 in the absence and presence 
of the drugs shown below. Nonspecific binding of dopa- 
mine is defined as the percent of [1-*H]dopamine which 
remained bound in the presence of 0.1 mM _ of unlabeled 
dopamine. 
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suggesting that they not only block active reuptake 
systems when utilized at high concentrations, but 
non-specifically block postsynaptic adenylate cyclase- 
linked receptors as well. On the other hand, fluphena- 
zine increased non-specific binding, supporting the 
existence of specific postsynaptic adenylate cyclase- 
linked dopamine receptors (Table 4). Pargyline appar- 
ently caused no significant change in non-specific 
binding (Table 4). 


DISCUSSION 


Morphological and biochemical assessments of two 
widely-used preparations of mammalian brain synap- 
tic membranes have clearly established the greater 
purity of the Whittaker preparation, compared to that 
of DeRobertis. Enzyme assays and electron micro- 
scopy revealed that the latter, but not the former, 
was heavily contaminated with dopamine metaboliz- 
ing enzymes, with synaptic storage vesicles, and with 
extraneous neuronal membranes. 

Rat cortical synaptic membranes prepared by either 
method contained dopamine binding sites and 
adenylate cyclase; however, the cyclase of neither cor- 
tical preparation was stimulated by dopamine. Rat 
and calf striatal membranes also contained dopamine 
acceptors and adenylate cyclase activity; in this case, 
however, the enzyme was stimulatable by dopamine. 

The binding of dopamine to membrane sites in 
Whittaker calf striatal preparations exhibited many 
of the characteristics of specific receptors; that is, it 
was relatively rapid, saturable, antagonized by com- 
pounds known to act similarly in vivo, unaffected by 
dopamine-metabolizing enzymes, and was, appar- 
ently, noncovalent under our incubation conditions. 
Binding of dopamine was, however, only partially 
reversible in chase experiments with high concen- 
trations of unlabeled ligand; this behavior, as well 
as the release of dopamine in the presence of Ca’*, 
suggested that a substantial portion of the membrane- 
associated [1-3H]dopamine may have been the result 
of unidirectional sequestration, perhaps involving 
storage granules. 

In our hands, concentrations of dopamine required 
for half-maximal binding to Whittaker striatal mem- 
brane preparations (EDs, 5.4 4M) were over an order 
of magnitude greater than those necessary for half- 
maximal activation of adenylate cyclase (EDso, 
0.2 uM). This is not surprising in view of our findings 
that about 55-60 per cent of total dopamine binding 
was to non-postsynaptic membrane sites. Our phar- 
macological and kinetic evidence suggests that there 
are at least two types of such additional sites in Whit- 
taker striatal membrane preparations: about one- 
third of total dopamine binding may be due to inter- 
action of dopamine with a presynaptic reuptake sys- 
tem, and about one-fourth of total dopamine binding 
may occur as a result of sequestration by presynaptic 
storage vesicles. 

Direct assessment of the activities of dopamine- 
metabolizing enzymes in Whittaker calf striatal 
synaptic membrane preparations suggests that these 
enzymes are not factors contributing to total dopa- 
mine binding. These measurements, coupled with the 
chromatographic evidence that [1-?H]dopamine is 
not chemically altered by contact with the binding 
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system and with our evidence for specific inhibition 
by fluphenazine of dopamine binding to postsynaptic 
anedylate-cyclase-linked receptors, refute the sugges- 
tions of Cuatrecases et al.[23] that catecholamine 
binding to various membrane preparations represents 
simple substrate interaction with catechol-O-methyl 
transferase or non-specific binding of quinones to 
membrane proteins, and the suggestion of Lindl and 
Cramer [24] that dopamine is converted to norepine- 
phrine which is the binding species. 

Burt et al. [25] and Seeman et al. [26], in reports 
which appeared during the present studies, described 
the binding of dopamine and psychoactive drugs to 
preparations derived from rat and calf corpus stria- 
tum. The former group used a 50,000g particulate 
fraction derived from a simple homogenate of stored 
(at —20°) tissue, in which specific binding of [*H]- 
dopamine to this preparation was only about 20 per 
cent of total binding, compared to 75 per cent in the 
present studies. Seeman et al. [26] used a preparation 
of synaptosomes. On the basis of a good correlation 
between the pharmacological and binding potencies 
of catecholamines and neuroleptic drugs and of an 
unchanged binding of dopamine between striatal 
preparations with and without lesions of the nigro- 
striatal dopamine pathways with 6-hydroxydopamine, 
Burt et al. [25] concluded that the binding of dopa- 
mine and psychoactive drugs was exclusively to the 
postsynaptic receptors in their particulate prep- 
arations. In addition, Burt et al.[25], reporting an 
ICs9 value of 0.38 4M for dopamine binding to rat 
brain particulates, used literature values to calculate 
ICs9 Values of 2-to-5 uM for dopamine activation of 
adenylate cyclase in their preparation; on this basis, 
the authors inferred that the affinity of dopamine for 
its binding site is greater than its potency in activating 
adenylate cyclase. We question these conclusions for 
several reasons, chief among which are: (i) they are 
based upon binding constants determined with a very 
crude brain preparation in which we find that dopa- 
mine can bind to at least three different neuronal 
membrane components, as well as to three dopamine- 
metabolizing enzymes; (ii) presynaptic dopamine 
receptors in the brain have been previously described 
(Roth et al.[27]; Iverson et al.[28]); and (iii) our 
reserpine/cocaine experiments demonstrate that even 
in the more-pure Whittaker striatal preparations sub- 
stantial contributions to total dopamine binding are 
made by presynaptic elements. Similarly, Seeman et 
al.[26], in studying the stereospecific binding of 
[*H]dopamine and [*H]haloperidol to rat brain 
striata, used the relatively crude synaptosomal prep- 
aration in attempts to establish that antipsycholtic 
drugs inhibit the specific binding of dopamine to 
extents which are correlatable with their clinical 
potency. In view of the structural heterogeneity of 
the tissue preparation employed and in the face of 
the very low extents of dopamine binding encoun- 
tered by these workers, we feel that no conclusions 
can be drawn from these studies as to the site of 
antipsychotic action of the drugs studied. 

We suggest that the satisfactory characterization of 
the binding of dopamine and psychoactive drugs to 
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striatal sites must await the development of better 
isolation techniques for pre- and post-synaptic mem- 
branes and synaptic junctional complexes. 
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Abstract—Experiments were conducted to determine whether the reduced pancreatic insulin content 
in rats treated with cyproheptadine is due to a drug-induced inhibition in insulin biosynthesis. Pancrea- 
tic islets were isolated six hours after the last of eight daily oral doses of cyproheptadine (45 mg/kg) 
or water (control). Islets from drug-treated animals were depleted of insulin and exhibited a significant 
hyperplasia. Addition of cyproheptadine in vitro to islets from drug-treated and control animals caused 
an inhibition of proinsulin synthesis, as measured by *H-leucine incorporation. The degree of inhibition 
was dependent on drug concentration and at 8 x 10°°M the incorporation of label into proinsulin 
was completely prevented. The inhibitory effects of cyproheptadine were less pronounced when incor- 
poration of label into total islet protein was measured. The drug was apparently less effective in 
altering the synthesis of other islet proteins and showed selectivity for inhibition of proinsulin synthesis. 
Measurement of proinsulin content in the whole pancreas of rats given cyproheptadine in vivo showed 
that a 77% reduction occurred by six hours after a single 45 mg/kg oral dose. The results indicate 
that an inhibition of proinsulin synthesis is responsible for the depletion of pancreatic insulin in rats 


given cyproheptadine. 


Daily oral administration of cyproheptadine to rats 
has been shown to produce unique alterations in pan- 
creatic beta cells [1]. Cyproheptadine treatment pro- 
duces a vesiculation of the rough endoplasmic reticu- 
lum and a loss of insulin secretory granules within 
two days [2]. There is a concurrent depletion of pan- 
creatic immunoreactive insulin and drug-treated ani- 
mals become hyperglycemic [3]. With continued 
cyproheptadine treatment, the cytoplasmic vesicles in 
beta cells coalesce to form large vacuoles which can 
be observed by light microscopy after six to eight 
daily doses. The mechanism by which the drug pro- 
duces these biochemical and morphologic alterations 
in the beta cell of the pancreas is not known but 
changes in insulin synthesis, storage, and secretion 
could be involved. 

The present report describes experiments under- 
taken to investigate whether drug-induced alterations 
in proinsulin synthesis could be responsible for the 
depletion of pancreatic insulin caused by cyprohepta- 
dine treatment. The rates of proinsulin and insulin 
synthesis, as measured by *H-leucine incorporation, 
were determined in pancreatic islets isolated from rats 
treated with water or cyproheptadine and in islets 
subjected to drug exposure in vitro. It is apparent 
from the results of this study that cyproheptadine has 
the ability to markedly influence the synthesis of pro- 
insulin. 


MATERIALS AND METHODS 


Animal treatment. Male Wistar rats (Simonsen, Gil- 
roy, CA) weighing 180-220g were given water, 
15 ml/kg, or an aqueous solution of cyproheptadine 
(Merck Institute for Theurapeutic Research, West 
Point, PA) by gastric intubation, using a dose of 
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45 mg/kg. The drug or its vehicle was administered 
between 8:30am and 9:30am daily for 8 days. All 
animals were housed in suspended stainless steel, wire 
bottom cages and allowed free access to food (Purina 
Laboratory Chow, Ralston Purina Co., St. Louis, 
MO) and tap water. The light cycle was controlled 
automatically with darkness from 6:00pm to 
6:00 am. 

Effects of cyproheptadine on synthesis of rat proinsu- 
lin, insulin, and total islet protein. The synthesis of 
proinsulin and insulin, as measured by *H-leucine in- 
corporation, was assessed in rat pancreatic islets iso- 
lated six hours after the eighth daily dose of cypro- 
heptadine or water. Eight daily oral doses of the drug 
were used because previous studies showed that mor- 
phological and biochemical changes in beta cells were 
maximal using that treatment schedule [1-3]. Islets 
were isolated at six hours after the last dose because 
drug and metabolites in the pancreas are known to 
be in high concentrations at that time [4]. The pro- 
cedure used for isolation of pancreatic islets was the 
collagenase method of Lacy and Kostianovsky [5]. 
Islets isolated from 3 to 4 rats receiving the same 
treatment (cyproheptadine or water) were pooled in 
a Kreb’s bicarbonate buffer, pH 7.4, containing 
3 mg/ml glucose, 0.2 mg/ml albumin and 13 essential 
amino acids as described by Eagle [6] including 
0.05mM of non-labeled leucine. This medium was 
equilibrated with 95% O,/5% CO, prior to the addi- 
tion of islets and maintained under this atmosphere 
during subsequent procedures. All glassware coming 
into contact with insulin or insulin producing tissue 
was coated with Siliclad (Clay-Adams, Parsippany, 
NJ). 

Thirty islets were randomly selected from those 
obtained from a particular treatment group and 
transferred in 0.1 ml to a 2 ml smooth glass homogen- 
izer tube. Another group of 30 islets was transferred 
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from the same pool to a second homogenizer tube. 
These tubes served as incubation vessels. After a 
10min preincubation 37°, 50uCi of *H-leucine 
(0.05 ml, Amersham/Searle, Arlington Heights, II; sp. 
act. 54-59 Ci/mmole) was added to each tube and the 
incubation was continued for 40 min. The incorpor- 
ation of *H-leucine in one of the tubes was stopped 
by the addition of 0.1 ml cycloheximide, 0.5 mg/ml 
(Sigma Chemical Co., St. Louis, MO). Incubation of 
the second tube was continued for another 120 min 
after the addition of 1000-fold excess of non-labeled 
leucine (0.1 ml). At the end of the 40 and 160 min 
incubation periods, samples were centrifuged, the 
media removed, and the islets washed 4 times with 
0.1 ml of buffer medium containing non-labeled leu- 
cine, 10 mg/ml. Islets were then homogenized with a 
teflon pestle in 0.25ml of acid—ethanol (2% conc. 
HCl). Bovine serum albumin and leucine (1 mg of 
each in 0.1 ml of distilled water) were added as car- 
riers, and the tissues extracted for insulin using the 
procedure of Davoren [7]. The resulting extract was 
dissolved in 0.4 ml of 3M acetic acid and the entire 
volume applied to Bio-Gel P30 columns, 
0.9cm x 50cm, 100-200 mesh, to separate proinsulin 
and insulin [8]. The proteins were eluted with 3M 
acetic acid at a rate of 0.06 to 0.08 ml/min. The elu- 
tion volumes of proinsulin and insulin were deter- 
mined in preliminary experiments using standard 
bovine proinsulin and rat insulin (Novo, Copenhagen, 
Denmark). One half milliliter of each eluate collected 
at 10min intervals was mixed with a scintillation 
solution previously described [9], and the radioac- 
tivity determined. Quench corrections were made 
using an internal standard. The total amount of 
labeled proinsulin and insulin eluting from the chro- 
matographic column was calculated. No corrections 
for the presence of *H-labeled C-peptide, which has 
the same elution volume as insulin, were made. Alli- 
* quots of the remaining 0.1 to 0.3 ml of each eluate 
from the column were used for detection of immuno- 
reactive insulin. 

In other experiments, the incorporation of *H-leu- 
cine into total islet protein was assessed. Islets from 
water and cyproheptadine-treated rats were isolated 
at 6hr after the eighth daily dose. Triplicate samples 
containing 30 islets were incubated with 1 wCi of 
3H-leucine in the incubation medium described 
above. After incubation, islets were transferred to 
paper discs and prepared for the measurement of 
amino acid incorporation by the procedure of Mans 
and Novelli [10]. 

To determine the direct effect of cyproheptadine 
on proinsulin and insulin synthesis, >H-leucine incor- 
poration was measured when cyproheptadine was 
added to islets obtained from cyproheptadine-treated 
and water-treated rats. The animals received cypro- 
‘heptadine (45 mg/kg) or water for 8 days and islets 
were isolated 6hr after the last dose, as previously 
described. Thirty islets in 0.1 ml of incubation 
medium were preincubated for 10 min with cyprohep- 
tadine. The drug was added to the islets in 0.01 ml 
of water to produce final concentrations of 
16x 10°°M, 16xNO-°M and 80x 10°°M. 
After addition of 100 wCi (0.05 ml) of *H-leucine, a 
40 min incorporation was performed. A duplicate 
sample was incubated for an identical period with 
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labeled leucine and then allowed a 120 min chase 
period as described above. Cycloheximide was used 
to terminate incorporation and islets were analyzed 
for radiolabeled proinsulin and insulin. Incorporation 
of *H-leucine into total protein was measured in islets 
from water and drug-treated rats in the presence of 
cyproheptadine at concentrations of 1.6 x 10°°M 
and 8.0 x 10°°M. The analysis for *H-labeled total 
protein was performed as previously described. 

Alterations in pancreatic proinsulin and insulin in 
vivo. To determine the effect of cyproheptadine treat- 
ment on the content of proinsulin and insulin in the 
rat pancreas, the following study was performed. Rats 
were administered water or cyproheptadine (45 mg/ 
kg/day) for 1 or 2 days and were sacrificed at 6 and 
24 hr after the last dose. The pancreata were removed, 
homogenized in water (2.8 ml/g tissue) and extracted 
by acid-ethanol according to the procedure of 
Davoren [7]. The resulting extract was fractionated 
on Bio-Gel P30 columns to separate proinsulin and 
insulin [8]. The eluates containing proinsulin were 
pooled and assayed for insulin immunoreactivity (see 
below). Insulin containing fractions were handled in 
an analogous manner. 

Plasma glucose, pancreatic islet insulin, protein and 
DNA assays. Blood was collected by cardiac puncture 
from water and cyproheptadine-treated rats at 6hr 
after the eighth daily dose, mixed with heparin and 
plasma obtained by centrifugation. Plasma glucose 
concentrations were measured using the glucose oxi- 
dase method of Thompson [11]. The insulin content 
of acid—ethanol extracts of 30 islets isolated from rats 
treated with water or cyproheptadine for 8 days was 
determined by radioimmunoassay. The assay 
employed a rat insulin (Novo Research Institute, 
Bagsvaerd, Denmark) standard and the alcohol preci- 
pitation method of Makulu et al. [12]. Guinea pig 
anti-insulin serum and '?°]-insulin were purchased 
from Dr. P. H. Wright (University of Indiana, In- 
dianapolis, IN) and New England Nuclear (Boston, 
MA; sp. act. ~ 100 wCi/mg), respectively. Serial dilu- 
tions of pancreatic extracts from water and cyprohep- 
tadine-treated rats gave identical curves to that of 
standard rat insulin. This indicated that the immuno- 
reactivity of insulin extracts from drug-treated and 
control animals was not altered. Pancreatic islet DNA 
and protein content were determined using 100 islets 
isolated from water or cyproheptadine-treated rats at 
6hr after the eighth dose. Isolated islets were dis- 
solved in 0.5 ml of 0.3 N NaOH (1 hr at 37°) and ali- 
quots were taken for DNA and protein determina- 
tions. The DNA and protein assays were those of 
Kissane and Robbins [13] and Lowry et al. [14], re- 
spectively. The assays employed bovine serum albu- 
min (Sigma Chemical Co., St. Louis, MO) and calf 
thymus DNA (Sigma Chemical Co., St. Louis, MO) 
as standards. 

The size of pancreatic islets was assessed by ran- 
domly selecting islets isolated from water and cypro- 
heptadine-treated rats and measuring their dimen- 
sions using a dissecting microscope equipped with a 
reticle scale. The method used to calculate the areas 
of isolated islets has been previously described [15]. 

Electron microscopy. Approx. 100 islets, isolated 
6 hr after the eighth dose of water or cyproheptadine, 
were obtained for electron microscopy. The islets 
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were transferred to BEEM capsules and collected as 
a pellet by centrifugation. Fixation, dehydration and 
embedding, as described previously [2] were per- 
formed in these capsules. Sections were examined, 
using electron microscopy, for drug-induced alter- 
ations in beta cell ultrastructure. 

Statistics. Data were analyzed by grouped student 
t-test or randomized complete block analysis of vari- 
ance [16]. In the latter analysis, means were com- 
pared by the procedure of Dunnet [16]. The confi- 
dence limit in all analyses was 95%. 


RESULTS 


Characterization of cyproheptadine-induced changes 
in isolated islets. The beta cells in islets isolated from 
cyproheptadine-treated rats were examined to deter- 
mine whether ultrastructural and biochemical 
changes, characteristic of cells in the intact pancreas 
of drug-treated animals, were present in the isolated 
cells. Fig. 1 shows a representative electron micro- 
graph of beta cells from islets isolated from water- 
treated rats. The rough endoplasmic reticulum, mito- 
chondria, and nuclei were normal in appearance and 
numerous insulin secretory granules were present. 
Islets isolated from cyproheptadine-treated rats exhi- 
bited marked degranulation, vesiculation of the rough 
endoplasmic reticulum and _ large cytoplasmic 
vacuoles (Fig. 1). Alpha cells were normal in appear- 
ance, exemplifying the cell specific changes produced 
by cyproheptadine treatment. 

The immunoreactive insulin content of isolated 
islets was measured to further characterize the drug- 
induced beta cell damage. The results in Table 1 show 
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that islets isolated from cyproheptadine-treated rats 
were almost completely depleted of insulin. The 93% 
decrease in insulin content in islets from drug- 
treated rats is consistent with the loss of secretory 
granules observed with the electron microscope (Fig. 
1). A moderate hyperglycemia was also observed in 
drug-treated rats from which islets were obtained for 
insulin measurements. Water and cyproheptadine- 
treated animals had plasma glucose concentrations of 
136 + 5mg/100ml (mean+S.E, N= 24) and 
349 + 30 mg/100 ml (mean + S.E., N = 25), respect- 
ively. 

Possible alterations in pancreatic islet size due to 
cyproheptadine treatment were investigated. Cypro- 
heptadine treatment produced a 50% increase in islet 
size (Table 1). A corresponding increase in islet pro- 
tein and DNA was observed following cyprohepta- 
dine treatment (Table 1). The magnitudes of the in- 
creases in islet DNA and islet protein were similar 
suggesting that the increase in islet size was due to 
hyperplasia. 

Proinsulin, insulin, and total protein synthesis in pan- 
creatic islets. The rates of incorporation of label from 
3H-leucine into proinsulin and insulin in islets iso- 
lated from drug-treated and water-treated rats were 
determined to detect possible changes in insulin syn- 
thesis due to cyproheptadine administration. Prelimi- 
nary experiments showed that incorporation of label 
into proinsulin was linear with time for 60 min. The 
formation of proinsulin was routinely examined in 
islets incubated for 40 min with *H-leucine while the 
conversion of proinsulin to insulin was studied using 
a 40 min incorporation with *H-leucine followed by 
a 120min chase with non-labeled leucine. Results 


Fig. 1. Electron micrographs of islets isolated from water-treated (left panel) and cyproheptadine-treated 
(right panel) rats. All cells are beta cells except for the indicated alpha cell. Animals received water, 
15 ml/kg, or cyproheptadine, 45 mg/kg, for 8 days and islets were obtained 6hr after the last oral 


CV =cytoplasmic vacuole; VE = vesicle; SG = secretion granule. 


Magnification = 11,400. 


dose. A=alpha cell; 
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Table 1. Effect of cyproheptadine treatment on pancreatic islet size and on content of insulin, DNA, and protein* 





Immunoreactive 
insulin 


Treatment (ng/islet) 


Area 
(reticle units?)t 


DNA 
(ng/islet) 


Protein 
(ng/islet) 





Water (control) 
Cyproheptadine 


496+ 1.9 
3.4+0.7f 
Cyproheptadine 
(% control) 7 


0.08 + 0.00 
0.12 + 0.01t 


150 


517 + 60 
866 + 69t 


200 





* Islets were isolated 6hr after the last of eight daily oral doses of cyproheptadine (45 mg/kg) or water. Values 
are mean + S.E. for 8 experiments (insulin values are from 4 experiments). 


+1 reticle = 0.6 mm. 


t Significantly different from water-treated control by student t-test, P < 0.05. 


from a representative experiment showing the separ- 
ation of insulin and proinsulin by exclusion chroma- 
tography are shown in Fig. 2. These data document 
that an adequate separation of the prohormone and 
insulin was achieved and show that the chase period 
results in conversion of proinsulin to insulin. 

The results in Fig. 3 show that islets isolated from 
cyproheptadine-treated rats incorporated 740 per cent 
more radioactivity into proinsulin when compared to 
islets from animals receiving water. Labeling of insu- 
lin during 40 min was also enchanced in islets isolated 
from drug-treated animals. Since the islets from rats 
receiving cyproheptadine were 50 per cent larger than 
those from water-treated animals, the data could also 
be expressed as fmoles of 7H-leucine incorporated per 
ug DNA using the previously determined (Table 1) 
appropriate values for islet DNA. After correction for 
the difference in islet size, the increases in incorpor- 
ation of radiolabel into proinsulin and insulin in islets 
from drug-treated animals were still 400-500 per cent. 
The conversion of *H-labeled proinsulin to insulin 
was apparent in islets from drug-treated and control 
animals when a 40 min incorporation period was fol- 
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Fig. 2. Representative separation of *H-labeled proinsulin 
and insulin on Bio-Gel P30 columns. Islets were obtained 
from cyproheptadine-treated rats and incubated with 
3H-leucine. Following the incubation, acid-ethanol ex- 
tractable proteins were separated by gel filtration and the 
radioactivity per fraction was determined. Results from a 
40 min incorporation with *H-leucine are shown (O——O) 
along with those obtained using a 40 min incorporation 
period followed by a 120 min chase with excess non-labeled 
leucine (@——®). The bar indicates the elution vol. of im- 
munoreactive insulin; proinsulin elutes in fractions 20—26. 


C) Water x 8 days 
C= Cypro x 8 days 


f moles of. %H-Leucine Incorporated Per Islet 
(Mean t+ SE) 











Proins Ins. 


40 min 
120 min 


40 min 
None 


Incorporation 
Chase 


Fig. 3. Synthesis of proinsulin and insulin (*H-leucine in- 
corporation) in pancreatic islets isolated from  water- 
treated and cyproheptadine-treated rats. Labeled proinsu- 
lin and insulin were measured following incubation of islets 
with *H-leucine using a 40 min incorporation period and 
after a similar incorporation period followed by a 120 min 
chase. The results represent 5-7 separate experiments. 
Asterisks indicate a significant difference from results in 
water-treated (control) animals. 


lowed by a 120min chase with non-labeled leucine 
(Fig. 3). More radiolabel was associated with insulin 
than proinsulin after a 120 min chase period indicat- 
ing that conversion from proinsulin was occurring in 
the isolated islets. The data in Fig. 3 also show that 
islets isolated from cyproheptadine-treated animals 
contained more labeled insulin after the chase period 
when compared to islets from water-treated animals. 

Experiments were conducted to determine whether 
the increase in proinsulin synthesis occurring in islets 
isolated from cyproheptadine-treated rats was accom- 
panied by a similar increase in the synthesis of total 
islet proteins. In these studies, islets were isolated 
from rats treated with water or cyproheptadine and 
the incorporation of *H-leucine into total islet protein 
was measured after 40 min. Islets from water-treated 
animals incorporated 1242 + 208 (mean + S.E., N = 
5) fmoles of labeled amino acid per islet while islets 
from drug-treated animals showed incorporation of 
2638 + 688 (mean + S.E., N = 5) fmoles per islet. 
The increase in synthesis of total islet proteins in islets 
from drug-treated animals was about 100% and there- 
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Fig. 4. Inhibition of proinsulin and insulin synthesis by 
addition of cyproheptadine to pancreatic islets isolated 
from water and drug-treated (CYPRO) rats. Labeled proin- 
sulin was determined using a 40 min incorporation with 
3H-leucine and labeled insulin was assessed after a 120 min 
chase period. Incorporation of label in the presence of 
various concentrations of cyproheptadine was compared 
to a control sample containing no added drug. Results 
are expressed as the percent of the incorporation observed 
in the control sample. Bars denote mean + S.E., “nd” indi- 
cates no detectable incorporation. 


fore, not as large as the 700 per cent increase observed 
in the synthesis of proinsulin. This suggested that pro- 
insulin synthesis was increased to a larger extent in 
islets from cyproheptadine-treated rats than the syn- 
thesis of other islet proteins. 

Direct effects of cyproheptadine on synthesis of proin- 
sulin, insulin and total islet proteins. The numerous 
washes of tissue associated with the collagenase isola- 
tion procedure may remove cyproheptadine from 
pancreatic islets obtained from drug-treated animals. 
The drug, therefore, was added to the incorporation 
medium and proinsulin and total protein synthesis 
was assessed in islets obtained from water and cypro- 
heptadine-treated animals. The results in Fig. 4 show 
that, at a cyproheptadine concentration § of 
8 x 10°°M, incorporation of radioactive amino acid 
into proinsulin and insulin was virtually non-existent 
in islets obtained from both water and cyprohepta- 
dine-treated animals. The incorporation of label into 
proinsulin and insulin was markedly depressed by the 
addition of 1.6 x 10~° M cyproheptadine to the islets 
from each source. In a single experiment using a 
lower concentration of 1.6 x 10~° M, cyproheptadine 
caused no apparent reduction of the labeling of proin- 
sulin and insulin. 

The effect of various concentrations of cyprohepta- 
dine on *H-leucine incorporation into total islet pro- 
tein was investigated to determine whether the drug 
possibly altered synthesis of other pancreatic islet 
proteins. Islets obtained from animals treated with 
cyproheptadine or water were also used in these ex- 
periments and the results are shown in Fig. 5. At 
a concentration of 1.6 x 10~° M, cyproheptadine had 
no significant effect on total protein synthesis in iso- 
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lated islets. At a 5-fold higher concentration the drug 
produced a 60 per cent decrease in the incorporation 
of *H-leucine-derived radioactivity into islet protein. 
Comparison of these results with the direct effects of 
cyproheptadine on proinsulin synthesis indicates the 
drug apparently has selective inhibitory effects on the 
synthesis of proinsulin. At the highest concentration 
used, 8 x 10° M, cyproheptadine produced a com- 
plete inhibition in the synthesis of proinsulin and had 
a much smaller effect on the synthesis of total islet 
proteins. Similarly, 1.6 x 10~° cyproheptadine was 
more inhibitory to proinsulin synthesis than to the 
synthesis of total islet protein. 

Pancreatic proinsulin and insulin content in cypro- 
heptadine-treated rats. To determine whether cypro- 
heptadine may inhibit proinsulin synthesis in vivo, the 
pancreatic content of the prohormone and insulin was 
assessed in animals given the drug. A 77% decrease 
in pancreatic proinsulin was observed 6hr after a 
single dose of cyproheptadine while insulin levels at 
that time remained unaltered (Fig. 6). At 24hr after 
a dose of cyproheptadine, proinsulin levels were still 
significantly depressed and the insulin content of the 
pancreas was decreased by 84 per cent. Six hr after 
2 doses of cyproheptadine both proinsulin and insulin 
were depressed and 18 hr later the reduction was still 
apparent. Thus, the administration of cyproheptadine 
to rats results initially in a decrease in pancreatic pro- 
insulin followed by a similar decrease in insulin. 


DISCUSSION 


Inhibition of proinsulin synthesis by cyproheptadine. 
Addition of cyproheptadine to incubation media con- 
taining islets isolated from drug-treated or water- 
treated (control) animals caused a marked decrease 
in proinsulin synthesis. The concentrations used here 
to inhibit proinsulin synthesis are similar to concen- 
trations of cyproheptadine and its metabolites in the 
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Fig. 5. Inhibition of total protein synthesis by addition 
of cyproheptadine to pancreatic islets isolated from water- 
treated and drug-treated (CYPRO) rats. A 40 min incor- 
poration with *H-leucine in the presence of added cypro- 
heptadine was utilized. A control sample contained no 
added drug, and incorporation results are expressed as per- 
cent of that occurring in the control. Bars denote the 
mean + S.E. An asterisk denotes a statistical difference 
(P < 0.05) from control. 
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Fig. 6. Reduction of pancreatic proinsulin and insulin con- 
tent by cyproheptadine in vivo. Rats were given cyprohep- 
tadine (CYPRO, |) 45 mg/kg, or water 15 ml/kg, daily for 
2 days, and pancreatic insulin and proinsulin were deter- 
mined at 6 and 24 hr after each dose. Results are expressed 
as percent of the proinsulin and insulin content in control 
animals receiving water (mean + S.E., N = 4). Asterisks 
denote a statistical significance from respective water- 
treated controls using a group t test. Mean control values 
(ng IRI/mg) for proinsulin and insulin at the 6hr time 
period of 2.1 + 0.1 and 40.3 + 7.2 were not significantly 
different from the respective control values at other time 
periods. 


rat pancreas after a dose of the drug [4]. The ability 
of cyproheptadine to block the biosynthesis of proin- 
sulin in vitro, as demonstrated here, could reasonably 
result in the depletion of insulin previously observed 
in rats treated with the drug [3]. 

In the present study, data were obtained to indicate 
that cyproheptadine treatment may indeed alter pro- 
insulin synthesis in vivo. The depression of pancreatic 
proinsulin levels after one or two doses of the drug 
is consistent with the inhibition of synthesis of this 
prohormone observed in vitro. Since the intracellular 
pool of proinsulin is small [17] and assuming cypro- 
heptadine has no effect on conversion of the prohor- 
mone to insulin, pancreatic proinsulin would be 
quickly depleted in the absence of its synthesis. With- 
out a precursor available, insulin stores would also 
be decreased but at a later time. Data reported here 
indicates that the depletion of proinsulin and insulin 
follow this sequence after administration of the drug. 
Indirect evidence that cyproheptadine can also inhibit 
insulin formation in islet cells undergoing tisse culture 
is available. Richardson et al. [18] observed a de- 
crease in basal insulin secretion and a loss of insulin 
secretion granules from beta cells when 5 x 10°*M 
cyproheptadine was added to culture medium con- 
taining rat pancreatic islets. According to our results, 
that concentration would completely block proinsulin 
synthesis. 

The inhibitory effect of cyproheptadine on islet-cell 
protein synthesis appeared to exhibit selectivity for 
proinsulin. Evidence for a selective inhibition of pro- 
insulin synthesis by drugs has appeared in only a few re- 
ports. Levy and Malaisse [19] showed that diazoxide 
(0.2 mg/ml) and some sulfonylureas including tolbut- 
amide (0.2 mg/ml) could produce a moderate inhibi- 
tion of *H-leucine incorporation into proinsulin while 
having little effect on synthesis of other islet pro- 
teins. This effect was more pronounced at low concen- 
trations (1.0 mg/ml) of glucose than at 3 mg/ml glu- 


cose. Cyproheptadine is apparently a more potent in- 
hibitor of proinsulin synthesis than tolbutamide since, 
under similar conditions, it produced a greater inhibi- 
tion at a concentration 1/SO0th that of the sulfonyl- 
urea. Comparison of our results with those obtained 
with cycloheximide indicates that cyproheptadine is 
as potent as the well known inhibitor of protein syn- 
thesis in its ability to reduce proinsulin formation in 
isolated islets [20]. Gunnarsson [21] reported a selec- 
tive decrease in insulin synthesis in mouse islets iso- 
lated 10 min after diabetogenic doses of alloxan and 
streptozotocin. However in that study synthesis of in- 
sulin and other islet proteins was inhibited 100 and 
75 per cent respectively, suggesting that the decrease 
in synthetic activity was not particularly specific for 
proinsulin. Recently Maldanato et al.[22] showed 
that streptozotocin inhibition of proinsulin synthesis 
was slightly greater than its inhibitory effects on syn- 
thesis of total islet protein. They concluded, however, 
that this probably did not represent a specific effect 
for proinsulin because of the unaffected synthesis of 
total proteins in islet cells other than beta cells. When 
a similar analysis is made using the data reported 
here, it can be concluded that cyproheptadine, unlike 
streptozotocin, exhibits specificity for inhibition of 
proinsulin synthesis. 

Proinsulin and insulin synthesis in pancreatic islets 
depleted of insulin. The greatly enhanced incorpor- 
ation of *H-leucine into proinsulin in islets isolated 
from cyproheptadine-treated rats is consistent with 
the known ability of beta cells to rapidly recover from 
the reduction in pancreatic insulin caused by cypro- 
heptadine administration. Regranulation of beta cells 
and the return of pancreatic insulin levels to above 
normal values has been shown to occur in vivo within 
48 hr of drug withdrawal [3]. Removal of the drug 
from the body due to metabolism [4] is apparently 
associated with a resumption in the in vivo synthesis 
of proinsulin. The islet isolation procedure used in 
the present study involves numerous washes to elim- 
inate proteolytic enzyme activity and it is possible 
that cyproheptadine, or an inhibitory metabolite was 
removed during the preparation of the islets. It seems 
unlikely that inhibitory concentrations of cyprohepta- 
dine remain in islets isolated from drug-treated ani- 
mals. If cyproheptadine or inhibitory metabolites 
remained in the islets, the addition of cyproheptadine 
in vitro would be expected to cause a greater degree 
of inhibition than that seen from addition of the drug 
to islets from water-treated animals. This was not 
observed. In addition, evidence exists from in vitro 
experiments which shows that '*C-cyproheptadine 
can be removed from islets by washing the tissue in 
albumin-containing buffer (unpublished results). 

Two explanations can be offered for the increased 
synthesis of proinsulin in pancreatic islets from which 
cyproheptadine has been removed. The first involves 
the ability of glucose to stimulate proinsulin synthesis 
at the transcriptional level [23]. Isolated islets from 
rats which have previously received infusions of glu- 
cose are known to synthesize proinsulin at a much 
higher rate than islets from normoglycemic animals 
[24]. Since hyperglycemia exists in cyproheptadine- 
treated rats [3], the synthesis of proinsulin in isolated 
islets from these animals could be increased by the 
mechanisms involved in glucose stimulation. Another 
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possible explanation for increased synthesis involves 
the fact that cyproheptadine treatment causes a de- 
pletion of insulin in the beta cells. An internal feed- 
back mechanism may exist in those cells which, upon 
detection of insulin loss, stimulates synthesis of the 
hormone. Such a feedback mechanism may not have 
been unmasked until now because agents which rever- 
sibly reduce pancreatic insulin content without di- 
rectly stimulating synthesis have not previously been 
studied in this way. 

Cyproheptadine-induced changes in pancreatic islets. 
Pancreatic islets isolated from cyproheptadine-treated 
rats exhibited morphologic and biochemical changes 
identical to those previously observed in the intact 
pancreas of treated animals [2,3]. Richardson [25], 
in assessing the histological changes produced by 
cyproheptadine in the rat pancreas, noted a 30% in- 
crease in the size of islets is animals receiving the 
drug. Data in the present study support those results 
and, in addition, show that the enlarged size is appar- 
ently due to hyperplasia of islet cells. 

The hyperplasia of islet cells in rats receiving cypro- 
heptadine could result from the hyperglycemic state 
of these animals. Mouse islets have been shown to 
respond to elevated glucose with an increase in DNA 
synthesis [26, 27]. Brotsky et al. induced hyperglyce- 
mia in rats by glucose infusion and observed a 14-fold 
increase in mitotic divisions of islet cells and a 2-fold 
increase in the volume of the islets [28]. In light of 
the beta cell alterations in rats administered cypro- 
heptadine, the increase in islet size could be a result 
of proliferation of beta cells as they attempt to in- 
crease their insulin secreting capabilities in response 
to a high glucose environment and possibly a loss 
of insulin stores. 

Some aspects of the mechanism by which cypro- 
heptadine produces alterations in rat pancreatic beta 
cells are elucidated by the present study. The data 
suggest that the depletion of pancreatic insulin caused 
by cyproheptadine is the result of a drug-induced in- 
hibition of proinsulin synthesis. Several possible 
mechanisms for this inhibitory effect of the drug are 
under investigation. The relationship between the 
drug-induced inhibition of proinsulin synthesis and 
the eventual formation of large cytoplasmic vacuoles 
in pancreatic beta cells of drug-treated animals is not 
known. Of particular importance, however, is a recent 
report which showed that addition of cyproheptadine 
to rat pancreatic islets in tissue culture caused ultra- 
structural changes in beta cells identical to those 
resulting from drug treatment in vivo [18]. The con- 
centration of cyproheptadine in the culture medium 
was ten times greater than that used here to produce 
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complete inhibition of proinsulin synthesis. This sug- 
gests that cyproheptadine inhibition of proinsulin 
synthesis leads not only to loss of insulin from beta 
cells but possibly to vesiculation of the rough endo- 
plasmic reticulum and the formation of large cyto- 
plasmic vacuoles. 
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Abstract—The effects of several neurotransmitters on mouse brain synaptosomal ATPase activities 
were determined in vitro. Both dopamine and norepinephrine activated Na*-K* and Mg?* ATPase 
activities in a dose-dependent manner. Na*-K* ATPase was more sensitive to the catecholamines 
than was Mg** ATPase activity. Acetylcholine, y-aminobutyric acid, L-glutamic acid and serotonin 
were without effect up to 10~3.M concentration. Chlorpromazine, an antipsychotic agent, which has 
been shown to block the dopamine-receptor site, totally inhibited the dopamine-stimulated Na*-K* 
and Mg?* ATPase activities in mouse brain synaptosomes. Further, catecholamine-sensitive ATPase 
activities from mouse brain synaptosomal preparation were determined in relation to the substrate, 
pH and ionic concentrations in the reaction medium. The results indicate that Na*-K* and Mg?* 
ATPases were activated by dopamine (DA) and norepinephrine (NE) at different concentrations of 
ATP. Lineweaver—Burk plots reveal that Na*-K* ATPase was activated non-competitively to ATP 
with a K,, value of 5.5 x 10°*M, whereas Mg?* ATPase exhibited a mixed type of activation in 
that K,, was decreased and V,,,, increased in the presence of DA or NE. A maximum stimulation 
occurred by catecholamines at the optimum pH of 7.5 for Na*-K* and 8.0 for Mg?* ATPase activities. 
Both catecholamines increased the Na*-K* ATPase activity in the presence of Na* and K”* in the 
reaction medium. However, in the absence of Na* ions the K*-ATPase activity was stimulated by 
DA and NE but in the absence of K* ions the Na* ATPase, was not activated by DA or NE, 
indicating that the ATPase activity was more sensitive to catecholamines in the presence of K* than 


Na*. 


Na*-K* ATPase (EC 3.6.1.3) is a component of the 
plasma membranes of animal cells[1,2]. It is well 
established that this enzyme has been implicated in 


the active ion transport across the cell mem- 
brane [1, 3-5] and the Na*-K* ATPase is considered 
synonymous with the sodium pump[4]. Na*-K* 
Activated ATPase is known to be concentrated in 
synaptic membranes of central nervous system [6]. 
Grenell [7] has pointed out that changes in the status 
of synaptic membranes would markedly modify infor- 
mation transmission and coding. The transducer 
property of synapse is critical to central nervous sys- 
tem functioning. Certain neurotransmitters are shown 
to influence the membrane bound Na*-K~* ATPase 
activity in rat brain microsomes [8-11], and more 
recently in rabbit brain synaptic membrane prep- 
arations [12]. In a previous study [13], we showed 
that dopamine and norepinephrine enhanced the 
ATPase activity in mouse brain crude nerve ending 
preparation but not in kidney and liver tissues. 
Recently, a dopamine-sensitive adenylate cyclase has 
been found in homogenates of rat caudate nucleus 
and olfactory tubercle and has been suggested as the 
dopamine receptor in mammalian brain [14-16]. The 
activation of adenylate cyclase was inhibited by anti- 
psychotic agents[17]. However, no attempts have 
been made so far to study the interaction between 
dopamine-stimulated ATPase and antipsychotic 
drugs. Since the process of neurotransmitter release 
or uptake occurs at synapse and Na*-K* activated 
and Mg’** ATPase may be involved in this pro- 
cess [6], the present studies were undertaken to exam- 


ine the effects of various neurotransmitters on 
ATPase activity and the kinetic properties and ion 
requirements of the catecholamine-sensitive Na*-K~* 
ATPase activity in mouse brain synaptosomes, and 
to study the interaction between dopamine-sensitive 
ATPase and chlorpromazine, an antipsychotic drug. 


MATERIALS AND METHODS 


Materials. Male ICR mice weighing 25-30g 
obtained from Charles River, Wilmington, MA, were 
used. Neurotransmitters and their suppliers were as 
follows: acetylcholine bromide (ACh) from Eastman 
Organic Chemical Co., Rochester, NY; dopamine 
(DA), y-aminobutyric acid (GABA), and L-glutamic 
acid (GLU) from Calbiochem. LaJolla, CA; norepine- 
phrine (NE) and serotonin (5-HT) from Sigma Chemi- 
cal Co., St. Louis, MO; and chlorpromazine from 
Elkins-Sinn, Inc., Cherry Hill, NJ. The rest of the 
chemicals used in this study were obtained from 
Sigma Chemical Co., St. Louis, MO. 

Preparation of synaptosomes. Synaptosomes were 
prepared from mouse brain using a slightly modified 
procedure of Cotman and Matthews [18]. Mice were 
decapitated, the whole brains were quickly removed 
and kept in ice cold sucrose solution (0.32 M sucrose, 
with |1mM EDTA and 10 mM imidazole, pH = 7.5) 
The tissue was homogenized in 9 volumes of sucrose 
solution using a ground glass homogenizer. The 
homogenate was centrifuged at 750g for 10min and 
the pellet was discarded. The supernatant was centri- 
fuged at 17,000 g for 10 min and the pellet was resus- 
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Fig. 1. Effect of various concentrations of different neuro- 
transmitters on Na*-K* ATPase activity in mouse brain 
synaptosomal fraction. Each point was the mean of three 
different preparations and each preparation was assayed 
2-3 times and the averages were taken. (O) control; (@) 
dopamine; (@) norepinephrine; (A) y-aminobutyric acid; 
(CQ) L-glutamic acid; (A) acetylcholine; (€%) serotonin. 


pended in sucrose solution and re-centrifuged at 
17,000 g for 10min. The pellet was resuspended in 
10 ml sucrose solution and layered on a two step dis- 
continuous ficoll-sucrose gradient, consisting of 13% 
(w/v) ficoll in 0.32 M sucrose and 7.5°, ficoll (w/v) 
in 0.32 M sucrose. After centrifugation in a Beckman 
L5-65 centrifuge with SW 27 rotor at 22,000 rpm for 
45 min, the synaptosomal fraction was obtained at the 
interface of 7.5—13°%, ficoll-sucrose layer. The synapto- 
some band was removed, diluted with 9 volumes of 
sucrose solution and centrifuged at 17,000g for 
10 min in a Sorval RCS centrifuge. The synaptosomal 
pellet was resuspended in sucrose solution, divided 
into small aliquots and quick frozen in liquid N). 
The frozen samples were stored at —85° until used 
for ATPase assay. 

Determination of ATPase activity. ATPase activity 
was measured essentially according to the method of 
Fritz and Hamrick[19] and as_ reported pre- 
viously [20]. A 3 ml reaction mixture (unless other- 
wise mentioned) contained: 45mM ATP, 5mM 
Mg?*, 100mM Na‘, 20mM K‘*, 135 mM imidazole- 
Cl buffer, pH 7.5, 0.2mM NADH, 0.5mM_ phos- 
phoenol pyruvate, 0.02°,, bovine serum albumin, ap- 
proximately 9 units of pyruvate kinase and 12 units 
of lactic acid dehydrogenase. A 25 yl synaptosomal 
preparation was used with a protein content of 
20-30 wg. Absorbance changes in reaction mixture 
were measured at 340 nm using a Beckman Acta III 
recording spectrophotometer with temperature con- 
trolled at 37°. The change in optical density at 340 nm 
over a period of 10min was used in calculating the 
specific activity. Enzyme activities were expressed as 
umoles P, mg protein’ hr~'. Protein was deter- 
mined by the method of Lowry er al.[21], using 
bovine serum albumin as standard. 

Total ATPase activity was measured with Mg?*, 
Na* and K* present in the reaction mixture. Mg?* 
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ATPase activity was measured in the presence of 
1mM _ ouabain, which is a specific inhibitor of 
Na*-K* ATPase[22]. Na*-K* ATPase activity 
(ouabain-sensitive) was obtained by the difference 
between total ATPase activity and Mg?* ATPase ac- 
tivity. 

Effects of catecholamines and other neurotransmitters 
on AT Pase activities. Fresh stock solutions of neuro- 
transmitters used were made daily in glass distilled 
water. Desired amounts of these stock solutions were 
added to the reaction. mixture to give the final con- 
centrations as shown in the figures. The ATPase ac- 
tivities were determined in the presence and absence 
of different neurotransmitters and percent effect was 
calculated. Standard errors were calculated where 
three or more enzyme preparations were used. In 
other experiments triplicate assays were made using 
two different enzyme preparations and the difference 
between the replicates was less than 5 percent of the 
average. All compounds at | mM concentrations did 
not show any effect on the reaction medium in the 
absence of synaptosomal preparation. 


RESULTS 


Several neurotransmitters were tested for their in- 
fluence on Na*-K* ATPase activity in mouse brain 
synaptosomal preparation in vitro and the results are 
presented in Fig. 1. Both DA and NE significantly 
enhanced the Na*-K* ATPase activity. The increase 
in ATPase activity by these two catecholamines was 
dose dependent reaching a maximum effect of 200 
per cent at 10°7M. A 100 per cent increase in 
Na*-K* ATPase activity was obtained at 10°°M 
concentration of DA and NE. GABA, GLU, ACh and 
5-HT were without appreciable effect on Na*-K~* 
ATPase activity in mouse brain synaptosomal prep- 
aration (Fig. 1). 

Mg’*-ATPase activity (ouabain-insensitive) in 
mouse brain synaptosomes was also activated by DA 
and NE (Fig. 2). A 50 per cent increase in enzyme 
activity was observed at 10~° M concentration of DA 
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Fig. 2. Effect of various concentrations of different neuro- 

transmitters on Mg?* ATPase (ouabain-insensitive) ac- 

tivity in mouse brain synaptosomal fraction. The other 
details as in the legend of Fig. 1. 
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Fig. 3. Effect of different concentrations of chlorpromazine 
on dopamine-stimulated ATPase activities in mouse brain 
synaptosomal fraction. Each point was the average of three 
different enzyme assays and the difference was less than 
2-5%. Solid line represents Na*-K* ATPase activity in 
the presence (@) and absence (©) of dopamine. Broken line 
represents the Mg** ATPase activity in the presence (@) 
and absence (O) of dopamine. 


and NE. Like Na*-K* ATPase activity, the Mg?* 
ATPase activity was not altered by the other neuro- 
transmitters tested, i.e. GABA, GLU, ACh and 5-HT 
(Fig. 2). 

Since DA and NE stimulated both Na*-K* and 
Mg’* ATPase activities at low concentrations, we 
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determined the interaction of chlorpromazine, an 
antipsychotic agent, and DA-stimulated ATPase ac- 
tivities in mouse brain synaptosomes. The results in 
Fig. 3 show that chlorpromazine blocked both 
Na*-K* and Mg?* ATPase activities stimulated by 
DA. A 50 per cent inhibition of DA-stimulated 
Na*-K* ATPase activity occurred with 40 uM chlor- 
promazine at which concentration the drug has no 
effect on basal Na*-K* ATPase activity. At higher 
concentrations, chlorpormazine inhibited _ basal 
Na*-K* ATPase activity. A similar effect was also 
observed with Mg** ATPase activity. However, it is 
interesting to note that basal Mg** ATPase activity 
was inhibited more than Na*-K* ATPase activity 
by chlorpromazine. 

Since the DA and NE activated Na*-K* ATPase 
activity in mouse brain synaptosomal preparation, we 
have studied the properties of the catecholamine- 
sensitive ATPase activities in relation to the substrate, 
pH and ionic requirements. 

The effect of ATP concentration on Na*-K* and 
Mg?* ATPase activities in the absence and presence 
of DA and NE. In the present investigation, kinetic 
studies were conducted to evaluate the nature of the 
activation of mouse brain synaptosomal Na‘*-K* 
ATPase activity by DA and NE at 10°*M concen- 
tration. The results in Fig. 4(a) show that the mouse 
brain synaptosomal Na-K ATPase activity was in- 
creased with the increase in concentration of the sub- 
strate, ATP. It is also evident that Na*-K* ATPase 
activity was activated by the addition of 10°°M 
dopamine or norepinephrine at different concen- 
trations of ATP. The data in Fig. 4(a) were replotted 
as double reciprocal plots (Lineweaver-Burk) and 
presented in Fig. 4(b). The results in Fig. 4(b) show 
that both catecholamines activated Na*-K* ATPase 
activity in a non-competitive manner; the K,, value 
for ATP was 5.5 x 10°*M both in the absence and 
presence of catecholamines. 

The data in Fig. 5(a) show that the mouse brain 
synaptosomal Mg** ATPase activity was increased 
with increase in ATP concentration and the data also 
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Fig. 4. (a) Mouse brain synaptosomal Na*-K* ATPase activity in relation to the concentration of 
ATP in the absence (O—O) and presence of 10°-°M dopamine (@—@) or norepinephrine (O—C)). 
(b) Lineweaver—Burk plots of mouse brain synaptosomal Na*-K* ATPase activity in the absence 


(O—O) and presence of 10°° M dopamine (@—@) and norepinephrine (0 
tration and V= specific activity expressed as ymoles P; mg protein™' hr '. 


CJ). ATP in mM concen- 
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20.8 and in the presence of DA or NE was 33.3 and K,, was 5.5 x 10 4M. 
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Fig. 5. (a) Mouse brain synaptosomal Mg’* ATPase activity in relation to the concentration of ATP 
in the absence (©) and presence of 10° *° M dopamine (@) or norepinephrine (0). (b) Lineweaver—Burk 


plots of mouse brain synaptosomal Mg? 
10-° M dopamine (@—@®) or norepinephrine (0 


trol = 11.6; dopamine = 13.6 and norepinephrine = 13.9 ymoles P, mg protein™' hr~ 


* ATPase activity in the absence (O—O) and presence of 
1). ATP in mM concentration. V,,,, values for con- 


'..K,, values 


were: control = 2.5 x 10°*M; dopamine = 1.5 x 10-*M and norepinephrine = 1.6 x 10°* M. 


show that both catecholamines stimulated Mg** 
ATPase activity. The data in Fig. 5(a) were replotted 
as double reciprocal plots and presented in Fig. 5(b). 
The activation was of a mixed type because the K,, 
was decreased and V,,,, was increased in the presence 
of DA or NE. 

The effect of pH on Na*-K* and Mg** ATPase 


activities in the absence and presence of DA and NE. 
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Fig. 6. Relation between Na*-K* ATPase activity (oua- 

bain-sensitive in mouse brain synaptosomes and pH. 

(O—0O) control; (@—@) dopamine (107 * M); (A—A) nor- 
epinephrine (10> * M). 


Na*-K* ATPase activity was determined in the 
absence and presence of DA and NE (107° M) over 
a wide range of pH. As shown in Fig. 6, the pH opti- 
mum was 7.5 for control activity. Both DA and NE 
did not stimulate the ATPase activity in acid pH but 
showed their effect at pH 7.5. However, NE enhanced 
the Na*-K* ATPase activity in alkaline pH whereas 
DA did not stimulate in this pH range (Fig. 6). 

Mouse brain synaptosomal Mg** ATPase activity 
was also measured in the absence and presence of 
DA and NE (10~°) over a wide range of pH. The 
results in Fig. 7 show that the optimum pH for this 
enzyme activity was 8.0. Both DA and NE were effec- 
tive in pH 7.5-8.0 and were without appreciable effect 
in acid and alkaline pH. 

The effect of K* concentration on Na*-K* ATPase 
activity in the absence and presence of DA and NE. 
ATPase activity was measured in the presence of 
100mM Na®* and with varying amounts of K* in 
the reaction medium. As shown in Fig. 8 without K* 
present, the ATPase activity was minimal but in- 
creased with the addition of K* ions. A maximum 
activity was observed with 5mM K* and a decrease 
in activity was seen with further increase in concen- 
tration of K* ions. Both DA and NE (10~5M) 
showed no effect on Na*-K* ATPase activity without 
adding K* ions but the stimulatory effect. of these 
catecholamines was evident with increase in concen- 
tration of K* ions. Although the control activity de- 
creased with high K* concentration the stimulatory 
effect of DA or NE was not decreased up to 20mM 
_ 

The effect of Na* concentration on Na*-K* 
ATPase activity in the absence and presence of DA 
and NE. Since maximum Na*-K* ATPase activity 
was obtained at 5mM K* and 100mM Na‘, we 
have determined the ATPase activity with constant 
K* concentration at 5mM and varying the amount 
of Na” in the reaction medium (Fig. 7). The ATPase 
activity at 0 Na* was minimal and gradually an in- 
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insensitive) in mouse brain synaptosomes and pH. (O—O) 
control; (@—@) dopamine (10~°M); (A—A) norepine- 
phrine (10~° M). 


creased ATPase activity was obtained attaining a 
maximum activity at 100mM Na*® in the reaction. 
When DA or NE (10~° M) was added into the reac- 
tion mixture the ATPase activity was increased con- 
siderably at 0 Na* and further increase in ATPase 
activity was seen with the addition of Na* ion up 
to 100mM. However, with further increase in Na* 
ion beyond 100mM the effect of DA and NE was 
decreased to zero Na* level as the Na* concentration 
reached 200 mM (Fig. 9). 

The effect of DA and NE on K*-ATPase activity. 
The ATPase activity of mouse brain synaptosomes 
was stimulated by either DA or NE in the presence 
of K* alone. As seen in Fig. 10 the control activity 
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Fig. 9. Na*-K* ATPase activity (umoles P, mg protein™' 

hr~') in relation to the various concentrations of Na* at 

constant 5mM concentration of K*. (O—O) control; 

(@—@) dopamine (10°°M); (A—A) norepinephrine 
(1075 M). 


was not changed although the ATPase activity was 
minimal. However, DA and NE considerably in- 
creased the ATPase activity up to 20mM K* concen- 
tration in the reaction. The stimulatory effect was de- 
creased as the K* ion concentration increased to 
40 mM. GABA (10~*M), on the other hand, appar- 
ently decreased the ATPase activity in the presence 
of K* alone and a greater decrease was evident at 
40 mM K* (Fig. 10). 


DISCUSSION 


From the present results it is clear that catechol- 
amines stimulate both Na*-K* and Mg** ATPase 
activities in mouse brain synaptosomal fraction. The 
activation of ATPase activities was dose dependent. 
These results are in good agreement with those 
reported earlier using rat brain microsomes [8, 9], 
whole homogenate [10] and mouse brain crude nerve 
ending preparation [13]. In the present experiments 
we demonstrated that ATPase activity in brain synap- 
tosomes is more sensitive to catecholamine stimu- 
lation. ACh, GLU, GABA and 5-HT affect neither 
Na*-K* nor Mg’* ATPase activities. This observa- 
tion is consistent with our earlier findings that GABA 
and 5-HT were without effect on ATPase activities 
in brain nerve ending preparation [13]. Further, the 
present results show that chlorpromazine was an 
effective inhibitor of dopamine-stimulated ATPase ac- 
tivities. The present results also show that the acti- 
vation of Na*-K* ATPase activity by DA and NE 
was a non-competitive in nature and Mg?* ATPase 
activity was a mixed type as evidenced by Line-" 
weaver—Burk plots of the data. The optimum pH for 
Na*-K* ATPase in synaptosomes was 7.5 and 8.0 
for Mg** ATPase activity. The enzyme activities are 
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Fig. 10. ATPase activity (umoles P, mg protein” ' ) 

in relation to the various concentrations of K* in the 

absence of Na* ions in the medium. (O—O) control; 

(@—@) dopamine (10°°M); (A—A)_ norepinephrine 
(10~°> M); (™@—) GABA (1074 M). 


more sensitive to DA and NE at the optimum pH 
and less sensitive in acidic and alkaline pH media. 

ATPase activity is known to be activated by Na* 
and K* ions[{1]. Similarly, in the present experi- 
ments, we observed the maximum activation of 
ATPase activity at 100 mM Na* and 5mM K°. In 
the absence of either Na* or K* the enzyme activity 
is very low. In the absence of K* and in the presence 
of 100mM Na‘, DA or NE (10> * M) did not stimu- 
late the ATPase activity. By the addition of K* ions 
the two catecholamines increased the Na*-K* 
ATPase activity. The increase in enzyme activity by 
DA and NE was dose dependent of K* ions up to 
20mM and a decrease was seen at 40mM K”*. On 
the other hand, in the absence of Na* and in the 
presence of 5mM K”, DA and NE enhance the 
enzyme activity and with inclusion of Na* ion in the 
reaction the stimulation is further increased. How- 
ever, at higher concentration of Na~ beyond 100 mM 
the stimulatory effect of DA and NE was decreased 
to zero level. These results suggest that the Na*-K* 
ATPase in the mouse brain synaptosomes was more 
sensitive to DA and NE in the presence of K* than 
in the presence of Na” ions in the medium. 

It is generally believed that the partial reactions 
of the Na*-K* ATPase involve a phosphorylation 
step yielding a phosphoenzyme (E,-P) in the presence 
of Na* and Mg?*, and a second intermediate (E -P) 
formed by conformational change of E,-P; the E,-P 
has a high affinity to K* and undergoes hydrolysis 
(2,4,23,24). Since DA and NE were more effective on 
Na*-K* ATPase in the presence of K* than Na* 
it may be possible that these catecholamines are act- 
ing on E;-P form of Na*-K* ATPase. The demon- 
stration that the Na*-K* ATPase in mouse brain 
synaptosomal preparation was more sensitive to DA 


and NE in the presence of K* than Na’, it may 
be possible that these catecholamines are acting di- 
rectly at or near the K” site. Further work is war- 
ranted in support of this hypothesis. The Lineweaver- 
Burk plots show that Na*-K* ATPase was activated 
by DA and NE non-competitively when assayed in 
the presence of 100 mM Na“, 20mM K”“, and 5mM 
Mg?* in the reaction mixture. However, our prelimi- 
nary results show that by reducing the K* concen- 
tration to 5mM in the reaction medium the acti- 
vation by DA and NE was neither competitive nor 
non-competitive suggesting a major role of K~ in the 
activation of Na*-K* ATPase by DA and NE. 

An alternative approach for explaining the 
observed effects of DA and NE on ATPase activity 
is by implicating adenyl cyclase system. It has been 
proposed that a possible relationship exists between 
adenyl cyclase and Na*-K* ATPase in the mem- 
brane [5]. They suggested that the c-AMP dependent 
protein kinase may be involved in the phosphoryla- 
tion of ATPase system. DA has been shown to stimu- 
late adenyl cyclase resulting in the elevated produc- 
tion of c-AMP and stimulated c-AMP dependent pro- 
tein kinase, which would increase the Na*-K* 
ATPase activity. However, our preliminary results did 
not show any effect of c-AMP (up to 10°*M) on 
ATPase activity in mouse brain synaptosomes sug- 
gesting a direct modulation of catecholamines on 
ATPase system rather than via c-AMP. However, our 
results demonstrate that chlorpromazine can block 
the dopamine stimulation of ATPase activity. These 
results would suggest a direct interaction of Na*-K* 
ATPase and catecholamines. The demonstration that 
the activation of Na*-K* and Mg?* ATPases by DA 
and NE in synaptosomes may indicate that these 
enzymes are serving as receptors or located at the 
receptor site of the catecholamines on the synaptic 
membrane. 
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Abstract—Guinea pigs were maintained on four diets which varied only in ascorbic acid (AA), contain- 
ing 0.3, 1.5, 3.5 and 7.0mg AA/g of diet. The lowest diet contained sufficient AA to prevent scurvy, 
while the two diets highest in AA content produced liver saturation of the vitamin after 8 weeks. 
Several hepatic enzymes were measured after 1, 2, 3,4 and 8 weeks. There were no significant differences 
among the four groups in the following parameters of microsomal mixed-function oxidation: cyto- 
chrome P-450 content, NADPH cytochrome c reductase and aminopyrine N-demethylase. Also, there 
were no differences in native and nucleotide-activated UDP-glucuronyl transferase activities. However, 
in the post-microsomal supernatant, overall glutathione S-aryl transferase activity was significantly 
lower in the group with the lowest supplementation of ascorbic acid, as compared to the three higher 
groups. Kinetic parameters of aminopyrine N-demethylation were studied in animals maintained for 
21 days on a diet deficient in ascorbic acid ( < 0.1 mg AA/g), an intermediate control diet (1.5 mg AA/g) 
and a high-dose AA diet (7.0 mg AA/g). Curvilinear Lineweaver—-Burk plots for N-demethylation were 
obtained in all three groups, and apparent K,, and V,,,, calculated separately for both low and high 
ranges of substrate concentrations. Apparent K,, values did not differ significantly among the three 
groups. Microsomes from AA-deficient animals had V,,,, values lower than the control and high-dose 
groups. There was no difference in kinetic parameters between microsomes from animals receiving 


control and high-dose AA diets. 


Most studies of the role of ascorbic acid (AA) in 
drug metabolism have dealt with the effects of defi- 
ciency of the vitamin in the guinea pig [1-13]. After 
12-14 days of deficiency, significant decreases in hepa- 
tic cytochrome P-450 content and overall micro- 
somal mixed-function oxidation (MFO) in vitro are 
observed, as well as prolonged plasma half-lives and 
actions of drugs in vivo. These effects of scurvy persist 
and become more marked until death occurs after 
28-32 days of AA deficiency, although recovery of 
health and drug-metabolizing activity occurs within 
3-7 days if ascorbic acid is readministered [12, 13]. 
Deficiency of AA also affects drug conjugation reac- 
tions, with decreases in glutathione S-aryl transferase 
and increases in UDP-glucuronyl transferase activi- 
ties [14]. Mechanisms for these effects of AA defi- 
ciency on drug-metabolizing enzymes are not known, 
although there is evidence that AA may be essential 
for normal synthesis of the heme component of cyto- 
chrome P-450 [8-11]. 

Because deficiency of AA reduces most parameters 
of drug metabolism, it has been proposed that in- 
creasing levels of ascorbic acid supplementation 
might increase drug metabolism in a dose-response 
fashion [15-17]. However, data supporting this 
suggestion were derived from experiments utilizing 
weanling guinea pigs in which various diets and 
routes of administration were employed, so that the 
amount of ascorbic acid intake was not the only vari- 
able present [15-17]. A recent study in humans 
demonstrated that high doses of ascorbic acid for 
10-14 days had no effect on plasma half-lives of anti- 
pyrine and on steady-state plasma levels of diphenyl- 
hydantoin [18]. 


The purpose of the present study was to determine 
whether maintenance of adult guinea pigs on four 
diets which differed only in their content of ascorbic 
acid would affect levels of hepatic drug metabolism. 
Sato and Zannoni report [15-17] increases in amino- 
pyrine N-demethylase activity with increasing intake 
of AA, but no changes in the V,,,, of this enzyme 
with increasing AA intake, an apparent contradiction. 
Also, there are suggestions in the literature that the 
apparent K,, for microsomal aminopyrine N-demeth- 
ylase may be altered in AA deficiency in the absence 
of changes in V,,,, [12,13], as well as reports of no 
effects on K,, [15-17]. Accordingly, we estimated 
these parameters in microsomes prepared from ani- 
mals receiving diets deficient in AA, intermediate con- 
trols, and supplemented with a large dose of AA for 
3 weeks. 


MATERIALS AND METHODS 


Animals. Young adult, male Hartley guinea pigs 
(Buckberg Laboratories, Tompkins Cove, NY) weigh- 
ing 400-450 g at the outset were maintained on diets 
and water ad lib. 

Diets. During the 8-week experimental period, ani- 
mals were maintained on one of four pelleted guinea 
pig diets which differed only in AA content. The diets 
were formulated by adding ascorbic acid to an AA- 
deficient diet (ICN Pharmaceuticals, Inc., Cleveland, 
OH;; Cat. No. 100778) before the pelleting process. 
Weekly ascorbic acid analysis (see below) of the diets 
revealed the following contents of AA which did not 
change during the course of the experiment: diet A, 
0.3 mg AA/g diet; B, 1.5 mg/g; C, 3.5 mg/g; and D, 
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7.0 mg/g. The dietary method of administration of AA 
was chosen because it would provide a more constant 
tissue level of AA and avoid the trauma and intermit- 
tency of injection or oral intubation. 

In the experiment measuring kinetic parameters of 
aminopyrine N-demethylation, guinea pigs were 
maintained for 21 days on diet B (intermediate con- 
trol), diet D (high-dose AA), or the basic AA-deficient 
diet which contained less than 0.05 mg AA/g. 

Tissue preparation. Six animals in each group were 
sacrificed by decapitation after 1, 2, 3, 4 and 8 weeks 
of maintenance on the four diets. Blood was collected 
for. measurement of plasma ascorbic acid content. 
Livers were excised and microsomes and post-micro- 
somal supernatant prepared as previously described 
(19). 

Ascorbic acid assay. AA content of plasma, tissues 
and diets was assayed by a modification of the 
method of Sullivan and Clarke [20], adapted by Zan- 
noni et al.[21]. Protein was precipitated by adding 
0.25 mi of 40% trichloroacetic acid (TCA) to 1.5 ml 
of plasma on ice. The samples were centrifuged at 
15,000 g for 15 min at 4°, and the following reactants 
then added to 0.5 ml of the supernatant: 0.05 ml of 
85% orthophosphoric acid, 0.05 ml of 8% «,a’-dipyri- 
dyl in ethanol, and 0.05 ml of 3% aqueous ferric chlor- 
ide. The ferrous-dipyridyl chromophore was allowed 
to develop for 60 min at room temperature and read 
in a Gilford 2400 spectrophotometer, at 525 nm, using 
microcuvettes. Standards were determined in tripli- 
cate for each set of samples, and experimental samples 
were determined in duplicate. 

Liver AA was determined using 10,000g tissue 
supernatant, since in prior experiments it was found 
that this was a valid reflection of whole organ con- 
tent, and that the AA content of the microsomal frac- 
tion was very low. Assay of liver AA was similar to 
the plasma assay except that protein precipitation was 
done by adding 2.0ml of 5% TCA to 0.5m! of 
10,000 g liver supernatant. 

AA content of the pelleted diets was monitored by 
homogenization of 5-10 g feed with 10 vol. of glass- 
distilled water in a Virtis blender, precipitation with 
4 vol. of 5% TCA, and analysis as above. 

Enzyme assays. Incubations were performed aerobi- 
cally at 37°, with saturating concentrations of cofac- 
tors and substrates (except in the kinetic experiments), 
and were linear with respect to incubation time of 
15 min and to the enzyme concentrations. Final pro- 
tein concentration for cytochrome P-450 determina- 
tions was 3.0 mg/ml and for the other assays ranged 
from 0.2 to 1.0 mg protein/ml of incubation mixture. 

Cytochrome P-450 was estimated by the dithionite 
difference spectrum according to Omura and 
Sato [22], using an Aminco—Chance dual wavelength/ 
split beam recording spectrophotometer. NADPH 
cytochrome c reductase activity was measured by the 
method of Williams and Kamin [23], as modified by 
Gigon et al. [24]. The Nash procedure for formalde- 
hyde [25] was used to determine N-demethylation 
of aminopyrine [26]. 

“Native” microsomal UDP-glucuronyl transferase 
was assayed using o-aminophenol as substrate, as pre- 
viously described [19,27], in the presence of 25 mM 
MgCl, and 5.0mM UDP-glucuronic acid. Micro- 
somes were also incubated with an optimal concen- 


B. I. Sikic, E. G. MIMNAUGH and T. E. Gram 


tration of the activator, UDP-N-acetylglucosamine 
(UDP-NAG), 2.0mM [28, 29], and these values are 
termed “activated” UDP- glucuronyl transferase. 

Glutathione (GSH) S-aryl transferase activity in 
post-microsomal supernatant was measured with 
1,2-dichloro-4-nitrobenzene as substrate, according to 
Grover and Sims [30], using a Gilford 2400 recording 
spectrophotometer. 

Protein concentrations were determined according 
to Lowry et.al. [31]. 

Aminopyrine N-demethylase kinetics. Incubations 
for the determination of kinetic parameters of amino- 
pyrine N-demethylation were performed with a 
microsomal protein concentration of 1.0 mg/ml, incu- 
bation time of 10min, and the following concen- 
trations of substrate: 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 
5.0 and 10.0mM. A weighted, least-squares fit com- 
puter program for statistical analysis of the kinetic 
data was used, as described by Cleland [32]. In pre- 
liminary experiments, it became evident that Line- 
weaver-Burk plots for aminopyrine N-demethylation 
were non-linear, and that they could be graphically 
represented by two intersecting straight lines gener- 
ated by applying the computer program to substrate 
concentrations of 0.25 to 1.0mM and 1.0 to 10.0mM 
respectively. Thus, separate apparent K,, and V,,,, 
values were calculated for the lower and higher ranges 
of substrate concentrations, resulting in a statistically 
better fit to the actual experimental points than when 
all substrate concentrations were used to generate 
only one K,, and V,,,,- 


RESULTS 


During 8 weeks of maintenance of guinea pigs on 
diets A, B, C and D, there were no differences among 
the groups in body weight, liver weight or microsomal 
protein content. 
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Fig. 1. Liver and plasma AA levels after 4 and 8 weeks 
of administration of four diets containing various amounts 
of ascorbic acid. Key: (*) diet A contained 0.3 mg AA/g 
diet; diet B, 1.5mg/g; diet C, 3.5mg/g; and diet D, 
7.0 mg/g. Values are expressed as mean + S. E. M.; N = 6 
at each time point. 
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Fig. 2. Parameters of hepatic mixed-function oxidation 

during 8 weeks of maintenance on four diets containing 

various amounts of AA. Key: (O---O) diet A, 0.3 mg 

AA/g; (@-----@) diet B, 1.5 mg/g; (A---A) diet C, 

3.5 mg/g; and (A——L) diet D, 7.0 mg/g. N = 6 at each 
time point. 


Figure | presents the liver and plasma AA values 
of the four groups after 4 and 8 weeks. There was 
apparent hepatic saturation with AA on diets C and 
D, as indicated by tissue AA content at 8 weeks. This 
saturation was not evident in plasma, which thus 
more closely reflected differences in AA content of 
the four diets. These adult guinea pigs ingested 
20-30 g of feed daily, so that their estimated daily 
AA intake per animal was as follows: diet A, 6-8 mg 
AA; diet B, 30-40 mg AA; diet C, 70-100 mg AA; 
and diet D, 150-200 mg AA. 

The effects of these varying intakes of AA on par- 
ameters of hepatic microsomal MFO are shown in 
Fig. 2. There were no statistically significant differ- 
ences among the four groups in cytochrome P-450 
content, NADPH cytochrome c reductase activity, or 
overall MFO activity as measured by N-demethyla- 
tion of aminopyrine. 

Furthermore, there were no significant differences 
among the four groups in either “native” or “acti- 
vated” UDP-glucuronyl transferase activity after 8 
weeks of maintenance on the diets (Table 1). 
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Fig. 3. Glutathione S-aryl transferase activities during 8 
weeks of maintenance on four diets containing various 
amounts of AA. Key: (O---O) diet A, 0.3mg AA/g; 
(@--—-—@) diet B, 1.5 mg/g; (A——-A) diet C, 3.5 mg/g; and 
(A——Q) diet D, 7.0 mg/g. N = 6 at each time point. 


The only enzyme activity in which differences 
occurred based on the level of AA intake was gluta- 
thione (GSH) S-aryl transferase (Fig. 3). Animals 
receiving diet A, which had the lowest content of 
ascorbic acid, exhibited consistently lower activities 
of GSH S-aryl transferase at 1, 3 and 4 weeks, 
amounting to about 25 per cent decreases when com- 
pared to the other diets. Except for the first weeks, 
there were no differences in GSH transferase activity 
between the intermediate (diet B) and high-dose AA 
diets, C and D. 

Apparent kinetic constants of aminopyrine 
N-demethylation were measured after 21 days of 
maintenance on diet D (high-dose AA), diet B (inter- 
mediate, control), and an AA-deficient diet. Line- 
weaver—Burk plots were non-linear for all three 
groups, as shown in Fig. 4. Analysis of these data 
with a computerized, iterative, least-squares method 
[32] revealed a closer fit when specific activities at 
substrate concentrations of 0.25 to 1.0mM were ana- 
lyzed separately from specific activities at 1.0 to 
10mM aminopyrine. Apparent Michaelis-Menten 
constants were derived for both lower and higher sets 
of substrate concentrations, possibly corresponding to 
a high affinity catalytic site and a lower affinity site. 
These values are presented in Table 2, along with 


Table 1. Native and activated UDP-glucuronyl transferase activities after 8 weeks 
of maintenance on diets with different AA contents* 





Diet A 





Native 
Activated 


1.48 + 0.24 1.52 
5.20 + 1.43 5.75 





* Specific activities are expressed as mean + S. D. in nmoles product formed/mg 
of protein/min; N = 6. The substrate used was o-aminophenol. All incubations con- 
tained 25 mM Mg?* and 5mM UDP-glucuronic acid. Activated liver microsomes 
contained 2.0mM UDP-N-acetylglucosamine, whereas native microsomal incubations 
contained no exogenous UDP-N-acetylglucosamine. 
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Fig. 4. Lineweaver—Burk plots of microsomal aminopyrine 
N-demethylation after 21 days of maintenance on deficient, 
intermediate and high-dose AA diets. 


plasma and liver ascorbic acid contents for animals 
in the three groups. There was no significant differ- 
ence in apparent K,, among the three groups, either 
at the low or the high substrate concentrations. V,,,,, 
at both sets of substrate concentration of the AA-defi- 
cient group was significantly lower than the control 
and high dose AA groups. However, there was no 
difference in V,,,, when the control was compared 
to high-dose AA. 


DISCUSSION 


Although Sato and Zannoni have suggested that 
there may be a dose-response relationship between 
ascorbic acid intake and liver MFO activity, particu- 


larly cytochrome P-450 content [15-17], we find no 
evidence for such an effect in these experiments. The 
only variable in the four diets used here was AA con- 
tent, which ranged from low levels which were more 
than adequate to prevent pathological signs of scurvy 
(diet A, 0.3 mg AA/g diet) to a tissue-saturating high- 
dose AA diet (diet D, 7.0mg AA/g diet). Thus, the 
decreases of hepatic cytochrome P-450 and overall 
MFO which accompany AA deficiency [1-13] occur 
below a fairly low threshold of AA intake, and above 
this threshold we find no effect of increasing AA in- 
take on hepatic MFO parameters. 

Similarly, there was no effect of high levels of AA 
intake on UDP-glucuronyl transferase activities. In 
a previous study [14], we found that “native” UDP- 
glucuronyl transferase was increased in scurvy, 
whereas UDP-NAG “activated” enzyme levels did 
not differ from controls, again indicating an effect of 
deficiency, but no effect of increasing AA above a 
low threshold level. 

The results with glutathione S-aryl transferase are 
different in that there was an approximately 25 per 
cent decrease in activity in the diet A group as com- 
pared to the other three groups. Deficiency of AA 
produces 30-50 per cent decreases in GSH transferase 
activity [14]. Optimal levels of GSH transferase ac- 
tivity appear to require higher levels of AA supple- 
mentation in the guinea pig than either MFO or glu- 
curonyl transferase. Experiments are currently under- 
way in our laboratory to investigate the relationship 
between GSH transferase, endogenous levels of the 
cofactor GSH, and dietary levels of AA, and the im- 
plications these might have on the toxicity of drugs 
which are excreted partly via glutathione conjugation. 

The discrepancies between our results and those 
of Zannoni’s group may be due to a number of 
reasons. We used pelleted diets varying only in AA 
content, while they compared animals undergoing de- 
pletion (8 and 15 days on a deficient diet) to animals 
on a chow plus greens diet, and others to which AA 
was administered via drinking water or by an oral 
bolus [15-17]. In addition, we worked with young 
adult guinea pigs rather than weanlings. 

Our kinetic data on microsomal aminopyrine 
N-demethylase are in contrast to previously published 
studies in guinea pigs [16,17] in that our Line- 
weaver—Burk plots are consistently non-linear in con- 
trol, deficient, and high-dose AA groups. However, 
kinetic studies with aminopyrine demethylation in 
other species, notably rats, rabbits, and goats, also 


Table 2. Effects of dietary ascorbic acid deficiency and high-dose supplementation on kinetic parameters of microsomal 


aminopyrine N-demethylation 





Plasma AA 
(ug/ml) 


Substrate concn* 
(0.25-1.0 mM) 


Substrate concn* 
(1.0-10.0 mM) 





Liver AA 


(ug/g) K,, (mM) Vent 


Vinaxt 





14+0.3 
3.4 + 1.6 
6.6 + 2.2 


Deficient 
Control 
High-dose AA 


27 +7 
246 + 60 
272 + 32 


0.28 + 0.10 
0.40 + 0.14 
0.31 + 0.09 


1.98 + 0.70 
3.66 + 0.73t 
3.28 + 1.12 


3.68 + 1.02 
4.56 + 0.878 
5.28 + 1.39t 





*N = 10 for aminopyrine concentrations 0.5, 1.0, 


0.25, 0.75 and 1.5 mM. 


+ Formaldehyde [nmoles formed/mg of protein/min (mean + S. D.)]. 
t P < 0.05, control or high-dose AA vs deficient. 


§ P = 0.05, control vs deficient. 


2.0, 3.0, 5.0 and 10.0mM. N = 4 for aminopyrine concentrations 
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demonstrated non-linear kinetics [33, 34]. The latter 
authors speculate that two enzymes may be involved 
in the reaction, or that product or substrate inhibition 
may occur at higher concentrations of substrate. The 
fact that the kinetics of 4-monomethyl-aminoantipyr- 
ine demethylation are also non-linear favors the in- 
volvement of two separate enzymes or catalytic sites 
on the same enzyme [34]. Thus, our kinetic data may 
indicate the presence of a high affinity binding site 
operational at lower substrate concentrations and a 
lower affinity binding site at higher substrate concen- 
trations. The presence of multiple forms or isozymes 
of cytochrome P-450 is now well-recognized [35-37], 
and these differ in substrate specificities, cyanide 
affinity and other physicochemical properties. It is 
conceivable that the non-linearity and our kinetic 
plots represents binding by two or more forms of 
cytochrome P-450. It is of interest that if one derives 
separate apparent V,,,, values for the set of lower 
substrate concentrations and the set of higher sub- 
strate concentrations, both of these V,,,, values are 
reduced in AA-deficient animals. Thus, the effects of 
deficiency of AA are not specific to one or the other 
of the hypothesized “binding sites” for aminopyrine. 
As in the 8-week diet experiment, our kinetic data 
showed that AA deficiency may produce changes 
compared to an intermediate level of AA intake, but 
there were no significant differences between animals 
receiving intermediate and high doses of AA. 
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Abstract—2,4,6,2',4',6'-Hexa,- 2,5,2',S’-tetra- and 2,2'-dichloro-biphenyl (HCB, TCB and DCB) caused 
a type-I-binding spectrum with liver microsomes of phenobarbital treated rabbits. They had a high 
affinity to cytochrome P-450, which increased with decreasing chlorine content of the compounds. 
In parallel, the O-demethylation of p-nitroanisole was most effectively inhibited by DCB, to a smaller 
extent by TCB and HCB. Inhibition was competitive. While DCB was rapidly metabolized, metabolism 
of TCB was slow. No metabolites have been detected of HCB. Although HCB was not metabolized 
it stimulated the microsomal NADPH- and oxygen-consumption and also the reduction of cytochrome 
P-450. The stoichiometry of the NADPH- and O,-consumption of 2:1 in the presence of HCB is 
compatible with the notion that NADPH is oxidized to H,O, ie. HCB may act as uncoupler of 


electron transport from monooxygenation. 


Polychlorinated biphenyls (PCBs) are potent inducers 
of the hepatic monooxygenase(s) in mammals and 
birds and their stimulatory effect on the metabolism 
of numerous drugs has been documented [1-3]. Some 
observations indicate that PCBs may inhibit drug 
metabolism as well[4-6]. Fuhremann and Lichten- 
stein [4] observed that the technical PCB-mixture 
Aroclor 1248 decreased the toxicity of parathion and 
increased the toxicity of paraoxon in house flies. The 
toxic effects of parathion on insects are primarily due 
to the formation of paraoxon in the insect body [7]. 
Therefore the Aroclor effects have been interpreted 
as an inhibition of the in vivo conversion of parathion 
to paraoxon and the detoxification of paraoxon itself. 
Schmoldt et al.{5] found the p-nitroanisole-O- 
demethylase to be competitively inhibited by Aroclor 
1248 in rat liver microsomes. They also observed that 
after administration to rats PCBs can reach levels in 
the liver which are inhibitory in microsomes in vitro. 
Aroclors of differing degrees of chlorination caused 
a biphasic effect on pentobarbital sleeping time in 
Japanese quail[6]. During the initial phase they 
exerted a prolongation of the pentobarbital anaes- 
thesia which the authors attributed to a depressed 
liver metabolizing enzyme activity. 

The investigations on the inhibitory effects of PCBs 
have been performed with technical mixtures of low 
and high chlorinated compounds and it has not been 
determined which component of the mixtures is the 
inhibitory agent. Since the lower chlorinated com- 
pounds are substrates of the monooxygenase [8-10] 
it is likely that they will compete with endogenous 
and exogenous substrates of this enzyme system. The 
inhibitory activity of the higher chlorinated biphenyls, 
which are poorly or not at all metabolized by the 





Abbreviations: PCB polychlorinated biphenyl; DCB 
2,2'-dichloro-biphenyl; TCB 2,5,2’,5’-tetrachloro-bipheny]; 
HCB 2,4,6,2',4’,6’-hex: chloro-biphenyl; ICDH_ isocitrate 
dehydrogenase (EC 1.1.1.42). 


monooxygenase [11], is more difficult to assess. They 
might be inert as inhibitors due to their virtual lack 
of metabolism. However it appears possible that they 
bind to the microsomal oxidase without being cataly- 
tically converted and function as inhibitors of the 
classical competitive type. 

Binding of substrates to the terminal oxidase, cyto- 
chrome P-450, may involve an increased rate of 
reduction of the cytochrome-substrate complex [12] 
and is followed by the consumption of NADPH and 
O, [13]. This may also occur with compounds that 
bind to the enzyme but are not subjected to catalytic 
conversion as shown by Ullrich and Diehl for per- 
fluorohexane [14]. The highly chlorinated biphenyls 
may belong to this type of compounds. 

In the present investigations 2,2’-di-, 2,5,2’,S’-tetra- 
and 2,4,6,2',4',6’-hexa-chlorobiphenyl served as model 
compounds to examine the relationships between 
chlorine content of the molecule, binding to cyto- 
chrome P-450, metabolism and inhibitory properties. 
Furthermore we studied the effects of the biphenyls 
on the reduction of cytochrome P-450 and on 
NADPH- and O,-consumption in liver microsomes 
of phenobarbital pretreated rabbits. 


MATERIALS AND METHODS 


Chemicals. p-Nitroanisole was purchased from 
Fluka, Buchs, Switzerland and recrystallized before 
use. Enzymes and coenzymes were obtained from 
Boehringer, Mannheim, Germany. We gratefully ac- 
knowledge the synthesis of the three pure chlorinated 
biphenyls: DCB, TCB, HCB, by the Institut fiir Oko- 
logische Chemie, Gesellschaft fiir Strahlen- und 
Umweltforschung, Miinchen, Germany. Benzpheta- 
mine was a gift of The Upjohn Comp., Kalamazoo, 
MI, USA. Metyrapone and SKF 525-A (2-diethyl- 
aminoethyl 2,2’-diphenylvalerate) were gifts of Dr. 
Hildebrandt, Freie Universitét Berlin, resp. Dr. 
Kampffmeyer, Universitat Miinchen, Germany. All 
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other chemicals were of analytical grade and were 
products of E. Merck, Darmstadt, Germany. 

Animals. Experiments were conducted with male 
rabbits of the “White Russian” strain (Fa. Gassner, 
Sulzfeld, Germany, or our own animal breeding 
station). All animals received water and a normal 
laboratory diet (Altromin®, Lage, Lippe, Germany) 
ad lib. The animals were pretreated with phenobarbi- 
tal (SO mg/kg per day i.p.) for 10 days. 

Microsomes. Rabbits were killed by a blow on the 
neck and exsanguination. After perfusion with ice- 
cold saline the livers were minced with scissors, 
further disrupted by a tissue press [15] and homogen- 
ized in a Potter-Elvehjem homogenizer in a 4-fold 
volume of 0.25M_ sucrose. Centrifugation was per- 
formed as described [16]. The pellets of the last cen- 
trifugation were resuspended and recentrifuged in 
0.15 M KCL. The final pellets were suspended in suffi- 
cient volumes of 0.05 M Tris-HCI buffer, pH 7.5, con- 
taining 0.25M sucrose to obtain a protein concen- 
tration of 10-20 mg/ml. The suspensions were frozen 
in liquid nitrogen and stored at —22° until use. Pro- 
tein concentration was determined by the modified 
biuret-method described by Szarkowska and Klingen- 
berg [17], with dried bovine serum albumin (Behring 
Werke, Marburg, Lahn) as standard. The turbidity 
arising from insoluble material in this method is elim- 


inated by subtracting the absorption after decolorisa- , 


tion with KCN from the initial reading at 546 nm. 

Solubilisation of the polychlorinated _ biphenyls. 
Ultrasonic suspensions of DCB, TCB and HCB were 
prepared, since organic solvents or detergents like 
Tween 80, which are frequently used for solubilisation 
may inhibit microsomal hydroxylase activity [18]. 

Approximately 20mg of PCBs were dissolved in 
50 ul of chleroform in a test tube and 5ml water 
added dropwise. The chloroform solution at the bot- 
tom was sonified for 10-20 sec by the microtip of a 
Branson sonifier at SOW output. After evaporating 
the chloroform and filtering, a suspension being stable 
for at least 15 min was obtained. The concentration 
was determined by the u.v. absorption in methanol. 

Microsomal assays. If not stated otherwise micro- 
somal incubations were carried out with | mg micro- 
somal protein per ml of 0.1 M potassium phosphate 
buffer, pH 7.5, containing 5SmM MgCl,, 10 mM isoci- 
trate and 0.4 units of ICDH. 

Assay of p-nitroanisole-O-demethylation. p-Nitro- 
anisole-O-demethylation was determined by the 
method of Netter and Seidel[19], with the excep- 
tion, that p-nitroanisole was omitted from the refer- 
ence cuvette, and the reaction was started by addition 
of 0.13 uymoles of NADP in 0.01 ml H,O to both 
cuvettes. When inhibitors were used, these were added 
to the microsomes before incubation. The absorption 
increase at 420nm due to the formation of p-nitro- 
phenol (E4g:onm = 12.7mM~'-cm~') was followed 
with a Hitachi Model 556 spectro-photometer. I5o 
values were determined at a p-nitroanisole concen- 
tration of 0.2 mM. I<. values were obtained by plot- 
ting the percentage of inhibition versus the logarithm 
of the inhibitor concentrations. Five to ten concen- 
trations of each inhibitor were used. 

Microsomal metabolism of DCB, TCB and HCB. 
Ultrasonic, suspensions of the PCBs were incubated 
with liver microsomes and the NADPH-regenerating 
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system in a shaking water bath at 33° for 10 min. 
In a total volume of 80ml the substrate concen- 
trations were 0.1mM DCB, 0.03mM TCB and 
0.05mM HCB. Extraction with ethyl-acetate ter- 
minated the reaction. The solvent was evaporated and 
after thin layer chromatography on Kieselgel G 
(Merck, Darmstadt) with chloroform as solvent, the 
phenolic metabolites were stained with FeCl;/K, 
Fe(CN), reagent. After elution, u.v.-spectra in meth- 
anol were recorded and the bathochromic shift of the 
maximal wavelength was observed after addition of 
NaOH. 

NADPH-oxidation. NADPH-oxidation was meas- 
ured determining spectrophotometrically the absorb- 
ance decrease at 340nm with a Zeiss PMQ II 
spectrophotometer. The reaction mixture contained 
0.2 or 0.4mg protein/ml and 0.245mM NADPH in- 
stead of the NADPH-regenerating system. After 
recording the NADPH-oxidation due to endogenous 
substrate for 3—5 min, 0.05 to 0.10 ml of an aqueous 
suspension of DCB, TCB or HCB were added to a 
final concentration of 0.1 mM. 

Oxygen consumption. The oxygen consumption was 
measured with an oxygen electrode (YSI model 53 
Biological Oxygen Monitor, Yellow Springs Instru- 
ment Co.). To 3.0ml of the microsomal incubation 
0.05 to 0.1 ml of an aqueous suspension of DCB, TCB 
or HCB were added to a final concentration of 
0.1 mM or an adequate volume of aqua dest. After 
temperature equilibration to 33° the reaction was 
started by 0.39 ymoles NADP in 0.03 ml H,O. 

Lipid peroxidation. Microsomes were incubated in 
the presence or absence of NADP (0.13mM) for 
various times up to 20min. Lipid peroxidation was 
estimated by measuring the formation of malondial- 
dehyde with the thiobarbituric acid reagent as de- 
scribed by Placer et al. [20]. 

Cytochrome P-450. Cytochrome P-450 content was 
calculated from the carbon monoxide difference spec- 
trum of reduced microsomes (E459 — Egoonm) using 
an extinction coefficient of 91 mM~' cm~'! [21]. The 
rate of cytochrome P-450 reduction was determined 
using a Gilford 240-spectrophotometer according to 
Gigon et al.[12] as modified by Diehl et al. [22]. 

Substrate-induced difference spectra. Difference 
spectra were recorded using a Hitachi Model 556 
spectrophotometer. The microsomal suspension con- 
tained 1.5 mg protein/ml. After a baseline had been 
recorded an aqueous suspension of the PCB com- 
pound (1-100 uM final concentrations) was added to 
the sample cell. Corresponding volumes of water were 
added to the reference cell. The difference spectra 
were recorded between 500 and 370 nm. 


RESULTS 


Interaction of polychlorinated biphenyls with the type 
I binding site of the microsomal cytochrome P-450. 
Addition of DCB, TCB and HCB to microsomes 
caused a characteristic type-I-spectrum with a maxi- 
mum at 385nm and a minimum at 423nm. With 
equimolar concentrations of HCB and DCB the dif- 
ference spectra were similar (Fig. 1). Figure 2 rep- 
resents the Lineweaver—Burk plot of DCB-, TCB- and 
HCB-binding to microsomes. The maximal spectral 
shift caused by the three PCBs was independent of 
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Wavelength, nm 


Fig. 1. Substrate binding spectra of rabbit liver micro- 
somes with 0.1 mM DCB and HCB. For assay conditions 
see Methods. 


the chlorine content as is indicated by the common 
intersection of the straight lines with the ordinate. 
For all three compounds a low spectral dissociation 
constant (Ks) was determined indicating a high 
affinity to cytochrome P-450. The Ks values increased 
with increasing number of chlorine atoms. DCB had 
the lowest Ks value of about 5uM. The Ks value 
of TCB (13 uM) was more than 2-fold higher while 
that of HCB (18 uM) was 3-4 times that of DCB. 

Inhibition kinetics of the p-nitroanisole-O-demeth yla- 
tion. The O-demethylation of p-nitroanisole was 
chosen to investigate PCB mediated inhibition of the 
metabolism of a type-I-substrate, because the initial 
velocities of the formation of p-nitrophenol can be 
determined [19]. With liver microsomes of phenobar- 
bital treated rabbits inhibition of p-nitroanisole-O- 
demethylase activity by TCB is competitive as shown 
by Lineweaver-Burk and Dixon plots (Fig. 3). The 
low K, of 74M for TCB compared to the Ky of 


Lineweaver - Burk - plot 


1/v (nmole /min x mg protein) 











02 
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Fig. 2. Determination of the spectral dissociation con- 
stants (Ks) of DCB, TCB and HCB by Lineweaver—Burk 
plots. 


40 uM for p-nitroanisole-O-demethylation indicates 
that TCB is an effective inhibitor. When DCB was 
used, Lineweaver—Burk plots also showed competitive 
inhibition, when initial velocities were determined 
during the first 24 min. 

The effect of DCB on the p-nitroanisole-O-demeth- 
ylation was stronger than that of TCB as shown by 
the I5, values in Table 1. Twelve uM of DCB were 
sufficient to cause a 50 per cent inhibition, whereas 
28 uM of TCB and 140 uM of HCB were necessary 
to cause the same effect. Thus inhibition was stronger 
with the lower chlorinated compounds DCB and 
TCB than with HCB. The inhibition of p-nitroanisole- 
O-demethylation was compared to the effect of two 
known inhibitors of monooxygenases, metyrapone 
and SKF 525-A. The I;9 value of metyrapone (3 uM) 
was lower than those of all three PCBs whereas SKF 
525-A with an I;9 value of 100 uM was in the range 
of HCB. 


Dixon - pict 
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Fig. 3. Inhibition of p-nitroanisole-O-demethylation by TCB in liver microsomes. Incubation mixtures 
contained | mg protein in a final volume of | ml 0.1 M potassium phosphate buffer, pH 7.85. 
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Table 1. In vitro inhibition of p-nitroanisole-O-demeth- 
ylase in rabbit liver microsomes 





Inhibitor Iso (uM)* 





DCB 
TCB 
HCB 
SKF 525 A 
Metyrapone 


i2* +6 





* mean + S.D. 
+ p-nitroanisole concentration = 0.2 mM. 


In vitro metabolism of DCB, TCB and HCB. Incu- 
bation of DCB with microsomes yielded two metabo- 
lites which could be distinguished by thin layer 
chromatography and exhibited R, values of 0.5 and 
0.25 with chloroform as developing agent. The batho- 
chromic shift of the maximal u.v.-absorption after 
addition of NaOH and the molecular peak of 238 
in the mass spectra established their identities as 
monohydrox y-derivatives of DCB. Data of others in- 
dicate [23] that the rate of DCB hydroxylation is 
about 2/3 of that of biphenyl, which under conditions 
comparable to ours is metabolized at a rate of 3 
nmoles: min~' - mg protein [24]. 

Using TCB as substrate again two phenolic meta- 
bolites with R, 0.6 and 0.25 were detected. Two 
monohydroxy products have also been isolated from 
rabbits fed TCB[9]. On the basis of the maximal 
u.v.-absorption of the DCB- and TCB-metabolites the 
hydroxylation rate of TCB appeared to be 10 per cent 
of that of DCB. 

No phenolic metabolites were detected with HCB 
as substrate. This agrees with the very slow metabo- 
lism in vivo of hexachlorobiphenyls [11, 25]. 

NADPH- and oxygen-consumption in the presence 
of PCBs. The endogenous rate of NADPH consump- 
tion was 8.7nmoles min~' mg protein. It was in- 
creased by 260 per cent in the presence of DCB and 
160 per cent by TCB and by HCB (Fig. 4). 


i 
































Endogen DCB TCB HCB 


Fig. 4. Stimulation of the microsomal NADPH- and oxy- 

gen-consumption by PCBs. The endogenous rate before 

addition of substrate was 8.7 + 2.0nmoles min~' mg pro- 

tein of NADPH (n = 10) and 12.3 + 3.1 nmoles min~' mg 

protein of O, (n = 13). Data represent mean values of at 

least 6 determinations + standard deviations. Hatched 
bars = NADPH, dotted bars = OQ . 
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Fig. 5. Effects of DCB, TCB and HCB on the NADPH- 
cytochrome P-450 reductase. The reaction mixture con- 
tained per ml: 1.2 mg protein, 0.9mM glucose, 60 U cata- 
lase in 0.05mM Tris-HCl buffer. In a special anaerobic 
mixing cuvette (Aminco, Silverspring, MD, USA) the solu- 
tion was gassed for 5 min with carbon monoxide. 100 yg 
of glucose oxidase and an aqueous suspension of the PCB 
compound were added equivalent to a final PCB-concent- 
ration of 0.1 mM. The cell was gassed again with carbon 
monoxide. After temperature equilibration to 30° the reac- 
tion was started with 0.1 ymoles of NADPH. The rate of 
cytochrome P-450 reduction was recorded by the absor- 
bance increase at 450nm with a Gilford 240 
spectrophotometer. 


The rate of oxygen consumption (endogenous rate: 
12.3 nmoles min~' mg protein) was increased in the 
presence of DCB by 270 per cent, of TCB by 120 
per cent and of HCB by 60 per cent above the endo- 
genous rate. Thus, the cofactor consumption due to 
HCB was 7nmolesmin~' mg protein of O, and 
14nmoles min~' mg protein of NADPH, resulting in 
a NADPH/O, ratio of 2:1. This additional NADPH- 
and O,-consumption was not a consequence of a 
stimulated lipid peroxidation. In agreement with 
other reports[26] lipid peroxidation was nearly 
absent in rabbit liver microsomes and was not stimu- 
lated by PCBs (data not shown). 

The reduction kinetics of cytochrome P-450 show 
that the first rapid phase is increased by all three 
PCBs (Fig. 5). This increase, which is dependent on 
the chlorine content, indicates, that in the presence 
of HCB as well as of the other PCBs, the electron 
flow to the cytochrome is enhanced. This corresponds 
to the higher NADPH- and oxygen utilization. 


DISCUSSION 


The three chlorinated biphenyls investigated inhi- 
bited the p-nitroanisole-O-demethylation of rabbit 
liver microsomes. This inhibition appeared to be in- 
versely correlated with the chlorine content of the 
molecules. Concentrations of 12 uM DCB and 28 uM 
TCB inhibited the p-nitroanisole-O-demethylation by 
50 per cent, while 140 uM of HCB were required for 
the same effect (Table 1). Comparison with the com- 
monly used inhibitors metyrapone and SKF 525-A 
shows a similar inhibitory potency of the PCBs. 

The inhibition was competitive (Fig. 3), suggesting 
that the PCBs combine reversibly at the active site 
of the enzyme. However, only DCB was rapidly meta- 
bolized and rather small amounts of phenolic 
products were detected of TCB, in agreement with 
results of others[9]. No phenolic metabolites were 
found with HCB. 





PCBs and monooxygenase 


The binding spectra (Figs. 1 and 2) indicate that 
the three PCBs form an_ enzyme-substrate 
complex [27]. At saturating concentrations the mag- 
nitude of the binding spectra with DCB, TCB and 
HCB were quantitatively and qualitatively similar. 
The affinity constants however were different depend- 
ing on the chlorine content. The highly chlorinated 
compounds had a lower affinity as indicated by 
higher Kg values and this was paralleled by lower 
inhibitory effects. The data suggest that the capability 
of the PCBs to inhibit metabolism of type-I-substrates 
is due to their high affinity to cytochrome P-450. 

Although in vitro the inhibitory potency decreases 
with increasing degree of chlorination, in vivo the in- 
terference with monooxygenase activity by higher 
chlorinated homologues might be of greater signifi- 
cance. As the highly chlorinated compounds are not 
or only very slowly metabolized by the oxi- 
dase [11,25] their inhibitory action may be quite per- 
sistent. 

Addition of DCB and TCB as well as of HCB 
caused an increase in oxygen- and NADPH-con- 
sumption, although HCB was not metabolized by the 
oxidase (Fig. 4). We do not know the fate of the 
oxygen and reducing equivalents in the presence of 
HCB in microsomes. The increased O,- and 
NADPH-consumption seems not to be due to an 
enhanced ratio of lipid peroxidation (Hesse, unpub- 
lished results). It is possible that HCB caused an un- 
coupling of the microsomal electron flow from the 
oxygenation of the substrate, which has been postu- 
lated for perfluorohexane by Ullrich and Diehl [14]. 
Substraction of the endogenous rate of O,- and 
NADPH-consumption from those in the presence of 
HCB yieldsa consumption of 14 nmoles: mg protein ~'- 
min of NADPH and 7nmoles-mg protein™'-min 
of O,, ie. a ratio of 2:1. This ratio is compatible 
with the formation of H,O as suggested to occur dur- 
ing the uncoupling reaction caused by other com- 
pounds [14]. However since the degree of involve- 
ment of cytochrome P-450 in the endogenous con- 
sumption of O, and NADPH is not known, this 
quantification has to be viewed with reservation. The 
interpretation of the data of TCB and DCB is further 
complicated by the observation that the ratio of 
NADPH:O, decreases below 1.0 with increasing 
degree of metabolism of the chlorinated biphenyls. 
The reason for this phenomenon is not clear. In view 
of the relatively low metabolism of TCB and DCB 
a partial uncoupling should lead to a ratio higher 
than one. It is possible that secondary oxidation of 
the PCB metabolites consumes additional O, thus 
lowering the NADPH:O, ratio. 

The involvement of cytochrome P-450 in the “un- 
coupled” consumption of NADPH (and O,) is sug- 
gested by the observation that the rate of cytochrome 
P-450 reduction is enhanced in the presence of the 
non-metabolized HCB (Fig. 5). 

It remains to be established whether the drain of 
reducing equivalents in the presence of highly chlor- 
inated PCBs observed in vitro plays a significant role 
in vivo and contributes to the toxicity of these com- 
pounds. 
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Abstract—Prostaglandin F,, (PG F,,) was administered into the pouch fluid of 7-day-old carrageenin 
granuloma in rats and the effects of PG F,, on vascular permeability and collagen and non-collagen 
protein synthesis of the granuloma were investigated. At a dose of 10 ug of PG F>,, vascular permeabi- 
lity as measured by the leakage of radioiodinated human serum albumin into the pouch fluid was 
not inhibited, but at doses of 50, 100 and 250 yg of PG F;,, vascular permeability was inhibited 
significantly. The incorporation of [*H]proline into collagen hydroxyproline and into non-collagen 
protein of carrageenin granuloma was also inhibited by local administration of PG F,,. The mechanism 


of the effects of PG F;, is discussed. 


A number of biologically active endogenous and exo- 
genous substances, possibly the chemical mediators 
of inflammatory and anti-inflammatory processes, 
have been investigated in relation to their roles upon 
inflammatory processes [1-8]. 

Concerning the relation of prostaglandin F,, (PG 
F,,) to inflammatory processes, some work has been 
done in relation to the acute, transient form of the 
inflammatory responses [9-15], but there are few 
reports which deal with preformed chronic granulo- 
matous inflammation. We have been investigating 
drug action on chronic inflammation in rats designing 
to disclose chemical mediators, if any, which control 
the process of chronic granulomatous inflamma- 
tion [1-5]. 

The present investigation was intended to clarify 
whether PG F,, would interfere with any aspects of 
preformed granulomatous chronic inflammation pro- 
voked by carrageenin in rats. It has been shown that 
vascular permeability, collagen synthesis and non-col- 
lagen protein synthesis in chronic granulomatous in- 
flammation tissue can be inhibited significantly by a 
single local administration of PG F3,. 


MATERIALS AND METHODS 


Carrageenin granuloma pouch. Carrageenin granu- 
loma pouches were made according to the procedure 
of Fukuhara and Tsurufuji [1]. Male rats of Donryu 
strain, weighing 110-140 g, 42-44 days old, were in- 
jected with 6 ml of air in the dorsum subcutaneously 
to make an air sac and 24hr later with 4ml of a 
2% solution of carrageenin (Seakem No. 202, Marine 
Colloid Inc., U.S.A.) in 0.9% NaCl into the preformed 
air sac. The carrageenin solution was sterilized by 
autoclaving at 120° for 15 min prior to the injection. 
Seven days after the carrageenin injection, a granu- 


loma pouch involving inflammatory exudate with a 
volume of 15-20 ml had developed and was used in 
the following experiment. 

Purification of radioiodinated human serum albumin. 
Commercially available radioiodinated human serum 
albumin were found to contain small amounts of free 
radioiodine or radioiodine bound small molecular 
weight substances in different degrees in each lot. The 
purification of radioiodinated human serum albumins 
was carried out by Sephadex G-100 column chroma- 
tography. ‘'7*I-labeled human serum albumin 
({'2°I)HSA, Iodinated ('7°I) Human Albumin Injec- 
tion, 2.5 wCi/mg albumin, Kaken Kagaku, Co. Ltd., 
Japan) and '*'I-labeled human serum albumin 
({'!1JHSA, Radioiodinated Serum Albumin (RISA), 
345 pCi/uM, Dainabot Co., Ltd., Japan) were used. 
One ml of ['?°IJHSA or ['?'IJHSA solution was 
loaded on a Sephadex G-100 column (column size; 
1.5 x 30cm) and eluted with 0.9% NaCl (elution 
speed: 60 ml/hr; fraction volume: 1.2 ml/tube). The 
radioactivity of '?°I or '3'I was counted in each tube. 
The fractions containing human serum albumin (frac- 
tion numbers: 13 to 17) were gathered and diluted 
appropriately with 0.9% NaCl into about 1 wCi of 
['25I]HSA or ['3!IJHSA per 0.2 ml. These diluted 
solutions were used in the following vascular permea- 
bility experiments. 

Vascular permeability measurements in the granu- 
loma pouch. Vascular permeability in the granuloma 
was measured according to the procedure of Tsurufuji 
et al.[5]. In brief, a 1 wCi aliquot of the purified 
[‘251]HSA in 0.2 ml of 0.9% NaCl was injected into 
the right femoral vein of the rats bearing the granu- 
ioma pouches. After 30 min, 1.0 ml of the inflammatory 
fluid in the granuloma pouch was withdrawn, through 
a syringe attached with a 1/3 mm needle, to measure 
the leakage of ['?°IJHSA into the pouch fluid 
through local vascular networks. Immediately after 
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the sampling of the pouch fluid, PG F,, (Prosta- 
glandin F,,, Fuji Yakuhin Kogyo Co. Ltd., Japan) 
solution or its vehicle in a volume of 0.2 ml was in- 
jected locally into the pouch fluid. Five min after the 
drug treatment, a 1yCi aliquot of the purified 
[*3*IJHSA in 0.2 ml of 0.9% NaCl was injected into 
the left femoral vein, and after 30 min, 1.0 ml of the 
pouch fluid was again taken out and served as a 
sample to measure the leakage of ['*'IJHSA. The 
animals were sacrificed just after the second sampling 
of the pouch fluid and all the fluid in the pouch was 
collected to measure its volume. 

The radioactivity of '*°I and '*'Il was measured 
in an automatic well type scintillation counter Aloka 
JDC-751 (Nihon Musen Co. Ltd., Japan). The radio- 
activity of '7°I was counted in the operation mode 
adjusted for counting the pulses upon photoelectric 
effect of 35 KeV gamma ray of '*°I. The radioactivity 
of '3'I was counted by selective counting of pulses 
which correspond to 360 KeV gamma ray of '3'I, 
separated from the radiation of coexisting '?°I. 

The radioactivity of ['?°IJHSA and ['?'I]JHSA in 
all the pouch fluid of each rat was calculated and 
expressed in terms of the percentage of the particular 
radioactivity injected into the rat. The percentage of 
['*°IJHSA radioactivity, and the percentage of 
['3'IJHSA radioactivity which leaked into the pouch 
fluid were used as indices of vascular permeability 
in the granuloma pouch before and after PG F;, 
treatment, respectively. The ratio of the control group 
was almost unity. Therefore, a ratio was determined 
in order to express the change in vascular permeabi- 
lity obtained under the influence of PG F,, treatment. 


Incorporation of [*H]proline into collagen hydroxy- 


proline. Rats were subcutaneously injected with 
[°H]proline (generally labeled L-[*H]proline, 63.0 Ci/ 
m-mole, Daiichi Pure Chemicals Co. Ltd., Japan), 10 
uCi per 0.1 ml per 100g body weight, at 5 min after 
PG F;, or its vehicle, into the pouch fluid. Thirty 
min later, the rats were sacrificed by cutting the caro- 
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tid artery and the granuloma tissue was carefully dis- 
sected free from surrounding fat, muscle and non- 
granulomatous subcutaneous tissues. The granuloma 
tissue was washed with ice-cold 0.9% NaCl and 
minced with scissors. A portion of it was autoclaved 
twice with distilled water at 120° for 1 hr to obtain 
the collagen fraction as gelatin, which was hydrolyzed 
with 6 N HCl in a sealed glass tube at 105° for 16 hr. 
The hydrolysate was evaporated to dryness and 
[*H]hydroxyproline was determined according to the 
procedure of Juva and Prockop [16]. The results were 
expressed as disintegrations per min per pg of col- 
lagen hydroxyproline. 

Incorporation of [?H]proline into non-collagen pro- 
tein. A portion of minced granuloma tissue was hom- 
ogenized by a Vir-Tis 45 homogenizer in ice-cold 
water for 5 min, mixed with an equal volume of 10% 
trichloroacetic acid (TCA) and centrifuged at 1000g 
for 5 min. The pellet was washed twice with 1ce-cold 
5% TCA containing 1% t-proline and then boiled for 
15 min at 90° to solubilize the collagen. The resultant 
insoluble fraction was washed twice with ice-cold 5% 
TCA and dissolved in 1 N NaOH. A portion of it 
was used for the determination of protein by the 
method of Lowry et al.[17]. Another portion of it 
was neutralized with AcOH and aliquot of it was 
mixed with 10 ml of triton-toluene scintillation cock- 
tail (PPO 7g, POPOP 0.1 g, in toluene 667 ml and 
triton X-100 333ml) and the radioactivity was 
measured in a Packard Tri-Carb model 3380 liquid 
scintillation spectrometer correcting for quenching by 
external standardization. The results were expressed 
as disintegrations per min per yg of protein. 


RESULTS 


Vascular permeability inhibition by PG F,,. Table 
1 shows the inhibition effect of PG F,, treatment on 
vascular permeability of the granuloma pouch. No 
change in vascular permeability was observed at a 


Table 1. Effect of PG F,, on vascular permeability of carrageenin granuloma 





Treatment No. of Rats 


Vascular Permeability Index Ratios 


% of Control 





Control 5 
PG F,, 

10 pg 8 

100 pg 6 


Control 
PG F;, 
50 yg 


Control 

PG F,, 
50 ug 4 
250 ug 4 


0.96 + 0.08 


0.97 + 0.08 
0.61 + 0.04t 


1.19 + O.11 


0.72 + 0.66t 
1.10 + 0.16 


60.9 
43.6 


0.67 + 0.08* 
0.48 + 0.04t 





Results are given as mean + S.E. Results marked (*, +, {) show statistically significant difference between PG F;, 


treated group and corresponding control group. 
*P < 0.025, t P < 0.01, ¢ P < 0.005. 


% of ['*'IJHSA radioactivity leaked into the pouch fluid (post-treatment) 





§ Vascular Permeability Index Ratio = — 


% of ['?°IJHSA radioactivity leaked into the pouch fluid (pre-treatment) 


Experiment I and III: PG F,, was dissolved in a mixture of 7.5% NaHCO,-0.9% NaCl (1:4, v/v) by sonication. 
Rats received 0.2 ml of PG F,, solution (10 yg, 100 yg per rat in Experiment I, 50 pg, 250 yg, 250 wg per rat in Experiment 
III) in the pouch fluid. Control rats received 0.2 ml of the vehicle. 

Experiment Il: PG F,, was dissolved in 0.9% NaCl containing 1% EtOH. Rats received 0.2 ml of PG F 2, solution 
(50 ug per rat) in the pouch fluid. Control rats received 0.2 ml of the vehicle. 
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Fig. 1. Inhibition of vascular permeability of carrageenin 
granuloma by various doses of PG F;,. Each point rep- 
resents the mean of percent inhibition of vascular permea- 
bility. Figures in parentheses and in brackets mean the 
number of PG F;, treated rats and the number of corre- 
sponding control rats used. The vertical lines represent 
standard errors of the means. @, PG F,, was dissolved 
in 7.5% NaHCO,-0.9% NaCl (1:4, v/v) by sonication; O, 
PG F;, was dissolved in 0.9% NaCl containing 1% EtOH. 


dose of 10 yug/0.2 ml, but at doses of 50 yg, 100 yg 
and 250 ug of PG F,,/0.2 ml, inhibitions were 39.1 + 
7.1 per cent (P < 0.025) (mean + S.E.), 36.5 + 4.2 per 
cent (P < 0.005) and 56.4 + 3.7 per cent (P < 0.005) 
respectively. When PG F,, was given at a dose of 
50 pg/0.2 ml, 39.5+5.4 per cent inhibition was 
obtained (P < 0.01) (Experiment II). There was no 
difference in the intibition of vascular permeability 
with the two solvents. The dose-response relationship 
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for the inhibition of vascular permeability is illus- 
trated in Fig. 1. 

Inhibition of [?H]proline incorporation into collagen 
hydroxyproline. Table 2 shows the inhibitory effect of 
PG F,, on [*H]proline incorporation into collagen 
hydroxyproline of granuloma tissue. The specific 
radioactivity of hydroxyproline were decreased 45 per 
cent (P < 0.005) and 43 per cent (P < 0.005) of the 
control level, at doses of 50yug/0.2 ml and 500 yg/ 
0.2 ml of PG F;,, respectively. 

Inhibition of (°H]proline incorporation into non- 
collagen protein. As shown in Table 3, at a dose of 
50 wg of PG F,,, incorporation of [*H]proline into 
non-collagen protein is decreased about 57 per cent 
of the control (P < 0.005), almost the same level 
observed in [*H]proline incorporation into collagen 
hydroxyproline (Table 2). An inhibitory effect on 
[*H]proline incorporation into non-collagen protein 
was also observed at a dose of 500yg of PG F;, 
(P < 0.005) but there was not the statistically signifi- 
cant difference between the doses of 50 wg and 500 ug 
of PG F3,. 


DISCUSSION 


The results of the present work show that PG F,j,, 
when administered locally into the granuloma pouch 
fluid, suppresses the vascular permeability (rate of in- 
flammatory fluid production) of carrageenin granu- 
loma as measured by the leakage of radioiodinated 
human serum albumin into the pouch fluid from local 
vascular beds. 

Several aspects of the carrageenin granuloma 
pouch as used in the present work were described 
elsewhere by Tsurufuji and others [18]. The volume 


Table 2. Effects of PGF,, on [*H]proline incorporation into collagen hydroxyproline 





Treatment No. of Rats 


Specific activity (dpm/yg of Hyp) 


% of Control 





Control 8 
PG F,, SOpg 7 
PG F;, 500 pg 8 


1.02 + 0.09 
0.56 + 0.07* 
0.44 + 0.04* 





Results are given as mean + S.E. Specific activity represents disintegrations per min per yg of hydroxyproline. 
Results marked with asterisk (*) show a statistically significant difference between PG F,, treated group and control 


group. 
*P < 0.005. 


PG F,, (50 ug or 500 yg per rat) was given locally into the pouch fluid, dissolved in 0.9% NaCl containing 1% 
EtOH in the volume of 0.2 ml. Control rats received 0.2 ml of the vehicle. Five min after the PG F,, treatment, 
10 wCi of [*H]proline per 100 g body weight was injected subcutaneously in the abdominal region, and the rats were 


killed 30 min later. 


Table 3. Effects of PG F,, on [*H]proline incorporation into non-collagen protein 





Treatment No. of Rats 


Specific activity (dpm/yg of protein) 


% of Control 





Control 
PG F,, 


8 
50 ug 7 
PG F,, 500 yg 8 


100 
PY foe 
SAF 


0.58 + 0.05 
0.33 + 0.04* 
0.30 + 0.02* 





Results are given as mean + S.E. Specific activity respresents disintegrations per min per yg of protein. Results 
marked with asterisk (*) show a statistically significant difference between PG F,, treated group and control group. 


*P < 0.005. 


PG F,, (50 ug or 500 yg per rat) was given locally into the pouch fluid, dissolved in 0.9% NaCl containing 1% 
EtOH in a volume of 0.2 ml. Control rats received 0.2 ml of the vehicle. Five min after the PG F,, treatment, 10 Ci 
of [*H]proline per 100g body weight was injected subcutaneously in the abdominal region, and the rats were killed 


30 min later. 
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of the pouch fluid increased markedly during days 
4-10 and then leveled off. Around day 7 after carra- 
geenin injection, the pouch fluid was in a stage of 
active accumulation. The mechanism of active ac- 
cumulation of the exudate in the granuloma pouch 
has not been clarified yet, but some chemical media- 
tors of inflammation such as histamine, serotonin, 
kinins, PG E, and E, and some others may partici- 
pate in the process of the exudat accumulation 
[19-21]. 

As to the effects of PG F,, on vascular permeabi- 
lity, Cruckhorn and Willis[11] have reported that 
PG F,, as well as PG E, and E, cause wheal and 
flare responses when injected intradermally into the 
human forearm, while in the rat skin it causes only 
a slight increase in vascular permeability. On the 
other hand, Willoughby [9] reported that PG F;, 
antagonized the increased vascular permeability in- 
duced by intradermal injection of histamine, serotonin, 
bradykinin and lymph-node permeability factor in the 
rat. However, Kaley and Weiner [12] and Arora et 
al. [10] observed that PG F,, failed to interfere with 
local vascular changes caused by PG E, in the rat 
skin. This agrees with the observation of Lewis et 
al.[13] who examined PG E, and E, in the bovine 
skin. According to their finding[10,12,13], our 
results suggest that active accumulation of the exu- 
date around day 7 after carrageenin injection may 
be caused by some chemical mediators if any, other 
than PG E, and E,, because PG F3, has been shown 
to suppress vascular permeability of the chronic 
granuloma. To confirm this suggestion, we have 
assayed the content of PG E in the pouch fluid of 
carrageenin granuloma in rats by the radioimmunoas- 
say method [22, 23] and found that the level of PG 
E on day 5 and 8 was 2.6 and 2.3 ng per ml of the 
pouch fluid, respectively. At this low level of PG E, 
it is rather doubtful that PG E participate in increas- 
ing vascular permeability in 7-day-old granuloma [4]. 

Collagen in granuloma tissue also continues to in- 
crease until at least 10 days after carrageenin injec- 
tion[{18]. Blumenkrantz and Sondergaard [24] 
demonstrated that collagen biosynthesis was in- 
creased by the addition of PG E, or PG F,, in the 
incubation medium of 10-day-old chick embryo 
tibiae. We have examined the effect of PG F,, on 
collagen and non-collagen protein biosynthesis in pre- 
formed chronic inflammatory tissue. As shown in 
Table 2, the incorporation of [°H] proline into col- 
lagen hydroxyproline was decreased. And the incor- 
poration of [*H]proline into non-collagen protein 
was also inhibited by the PG F,, treatment (Table 
3). The inhibitory effect on collagen biosynthesis by 
PG F,, treatment was not specific, but total protein 
biosynthesis in preformed chronic granuloma tissue 
was inhibited by the local administration of PG F3,. 
But the possibility remains that the degradation of 
newly synthesized protein has been occurred by PG 
F,, treatment as PG F,, was shown to labilize lyso- 
somal membrane [25]. 

From the results of this investigation, we suggest 
that PG F,, may play a part in anti-inflammatory 
activities. Anti-inflammatory activity of PG F,, has 
already been reported by several investigators, mainly 
focused on acute inflammation [9, 10,12]. The anti- 
inflammatory activity of PG F,, on the development 
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of chronic arthritis inflammation was also reported 
by Aspinal et al.[15]. We have found that PG F,, 
has anti-inflammatory activity on preformed chronic 
granuloma tissue. The relatively high pharmacologic 
doses of PG F;, required for these activities may 
cause the stimulation of the adrenal cortex. In heifers, 
Louis et al.[26] found that plasma glucocorticoid 
levels were increased and reached maximum at 30 min 
and leveled off at 2hr after the intramuscular injec- 
tion of PG F;,. In the preliminary experiment, the 
suppression of vascular permeability and [*H]proline 
incorporation into acid insoluble protein by hydro- 
cortisone administration (5 mg/kg) into the pouch 
fluid was not observed within 1 hr but 3hr after the 
injection [5]. This suggests that a certain time lag 
was needed for the expression of the effectiveness of 
hydrocortisone. The present investigation reveals that 
the effect of PG F;, is elicited during the 30 min after 
local administration of PG F,,. The supression of 
vascular permeability and the inhibition of [*H]pro- 
line incorporation into protein caused by PG F;, 
local administration might not be mediated by stimu- 
lation of the adrenal cortex. 

PG F,, has been reported to induce venoconstric- 
tion associated with increased vascular tissue levels 
of cyclic 3’:5’-guanosine monophosphate (cGMP) 
[27]. The suppression of vascular permeability in pre- 
formed chronic granuloma tissue caused by the local 
administration of PG F,, might be due to constric- 
tion of the vascular bed in chronic granuloma tissue. 
Constriction of the vascular bed of preformed chronic 
tissue caused by PG F;, local administration might 
result in a depression of blood flow and consequently 
the amount of [*H]proline which is carried from the 
abdominal region might be less than in control rats. 
Thus the apparent beneficial effect on the inhibition 
of collagen and noncollagen protein biosynthesis 
caused by local administration of PG F,, might be 
only a reflection of the amount of utilizable 
3H-labeled proline around chronic granuloma tissue. 
We are now investigating whether PG F,, and cGMP 
are able to inhibit the synthesis of collagen and non- 
collagen protein of preformed chronic granuloma tis- 
sue by experiment in vitro. 
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Abstract—The actions of acebutolol, practolol and propranolol on the rat heart sarcolemmal ATPase, 
adenylate cyclase and calcium binding activities were studied. None of these agents had any effect 
on the basal adenylate cyclase activity. Only propranolol at 2mM or higher concentrations depressed 
calcium binding; this inhibitory effect was less pronounced at high concentrations of calcium. Proprano- 
lol (1-5 mM), but not practolol, markedly depressed Na*-K* ATPase activity whereas acebutolol 
(3-5 mM) produced a slight but significant inhibition. Propranolol (1-S mM), but not acebutolol or 
practolol, also inhibited the Ca?* ATPase and Mg?* ATPase activities. These results indicate sarcolem- 
mal membrane as the site affected by propranolol and it is suggested that the cardiodepressant action 
of high doses of this agent may partly be due to changes in the sarcolemmal ATPase and calcium 


binding activities. 


A well-known f-adrenergic receptor blocking agent, 
propranolol, has been demonstrated by various inves- 
tigators to depress myocardial contractility and in- 
hibit calcium accumulation by the heart microsomal 
and mitochondrial fractions[1-5S]. On the other 
hand, acebutolol and practolol, which have been 
shown to exhibit greater cardioselectivity as 


B-adrenergic blocking agents in comparison to pro- 
pranolol [6-8], were found to produce no appreciable 
effects on contractile force as well as calcium uptake 
by heart mitochondrial and microsomal fractions [5]. 
Although heart sarcolemma has been demonstrated 
to bind a considerable amount of calcium [9, 10], no 


information concerning the actions of different 
B-adrenergic blocking agents on this aspect is avail- 
able in the literature. It should be mentioned here 
that propranolol has been reported to prevent the 
epinephrine-stimulated adenylate cyclase activity of 
heart sarcolemma[11,12]; however, nothing is 
known about the effects of f-adrenergic blocking 
agents on the activities of other sarcolemmal enzymes 
such as Na*-K* ATPase and Ca**/Mg?* ATPase, 
which are considered to play an important role in 
the movements of different cations across the heart 
cell membrane [11, 13, 14]. It was therefore decided 
to examine the actions of propranolol on the heart 
sarcolemmal calcium binding, Na*-K* ATPase and 
Ca?*/Mg?* ATPase activities. Both acebutolol and 
practolol were used for the purpose of comparison 
in this study. 


MATERIALS AND METHODS 


Male albino rats weighing 300-400 g were decapi- 
tated, the hearts quickly removed and the sarcolem- 
mal fraction was isolated by the hypotonic-LiBr 
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treatment method [13]. For this purpose, the ventri- 
cles were minced and homogenized in 20 vol. 50mM 
Tris-HCl containing |1mM EDTA, pH7.4. The 
homogenate was passed through four layers of gauze 
and centrifuged at 1000g for 10min. The sediment 
was suspended in 20 vol. 10mM Tris-HCl, pH 7.4, 
gently stirred for 30min and centrifuged for 10 min 
at 1000 g. This procedure was repeated twice and the 
sediment thus obtained was extracted for 45 min with 
0.4M _ LiBr solution containing 10mM Tris-HCl, 
pH 7.4. After centifugation at 1000g for 10min the 
pellet was washed and further extracted with 0.6 M 
KCI for 15 min. This suspension was centrifuged for 
10min at 1000g, the sediment washed thoroughly 
and suspended in 1 mM Tris-HCl, pH 7.0. This pro- 
cedure for isolating heart sarcolemmal membranes 
was carried out at 4°. Electron microscopic and 
marker enzyme examination of the rat heart fraction 
similar to that for the dog heart sarcolemma [13] 
revealed that these membrane vesicles contained 
minimal contamination due to major cytoplasmic 
constituents such as myofibrils, mitochondria and 
sarcoplasmic reticulum. 

The ATP hydrolyzing activity of heart sarcolemma 
was studied by suspending 100-150 ug of membrane 
protein in a medium containing 50mM _ Tris-HCl, 
pH 7.4, and 1mM EDTA with or without 4mM 
Mg?* or Ca?*. After incubating the membranes for 
3 min at 37°, the reaction was started by the addition 
of 4mM ATP and stopped 10 min later by the addi- 
tion of 12° cold trichloroacetic acid. The P, released 
in the clear supernatant was determined and the ac- 
tivities due to the presence of Ca?* and Mg?* were 
taken to be due to Ca?* ATPase and Mg?* ATPase 
activities respectively. The total ATP hydrolyzing ac- 
tivity of the heart membrane was determined in the 
same manner as described above except that the incu- 
bation medium contained 50mM Tris-HCl, pH 7.4, 
1mM EDTA, 4mM MgCl,, 120mM NaCl and 
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10mM KCl. The difference between the total ATPase 
and Mg** ATPase activities was taken to be due to 
the Na*-K* stimulated ATPase activity. The details 
of these methods for determining ATPase activities 
have been described elsewhere [11, 13]. The activities 
of Mg** ATPase and Na*-K* ATPase were also 
determined in the presence of various concentrations 
of Mg ATP so that the ratio of Mg?*: ATP was = 1. 
Likewise, the activity of Ca** ATPase was measured 
in the presence of various concentrations of Ca ATP 
by keeping the ratio of Ca**:ATP = 1. The results 
from such experiments were analyzed according to 
the method of Lineweaver and Burk [15]. 

In another set of experiments, mitochondrial and 
sarcoplasmic reticulum (microsomal) fractions were 
isolated by the procedures described previously [16] 
whereas myofibrillar fraction was isolated according 
to the method of Muir et al.[17]. The total ATPase 
activities of the mitochondrial and microsomal frac- 
tions (0.1-0.2 mg/ml) were determined in a medium 
containing 100mM KCl, 20mM Tris-HCl, pH 6.8, 
2mM MgCl,, 2mM ATP and 0.1mM CaCl, at 
37° [18]. On the other hand, the total ATPase activity 
of the myofibrillar fraction (0.5—1 mg protein/ml) was 
determined in a medium containing 10 mM histidine, 
pH 6.8, 5mM sodium azide, 60mM KCl, 3mM 
MgCl, and either 0.1mM CaCl, or 4mM 
EGTA [19]. The myofibrillar ATPase in the presence 
of EGTA was taken to be due to the basal ATPase 
whereas the difference between the total and basal 
activities was taken to be due to the Ca** stimulated 
ATPase activity. 

The P, in the protein-free supernatant from all the 
ATPase reactions described above was determined by 
the method of Taussky and Shorr [20]. It should be 
mentioned that the 12% trichloroacetic acid used for 
stopping the ATPase reactions contained 50mg of 
activated charcoal per ml because this treatment was 
necessary to remove the drug interference during 
colour development in the determination of P, [21]. 
The protein concentration of all fractions was deter- 
mined by the method of Lowry et al. [22]. The deter- 
mination of adenylate cyclase activity was carried out 
by incubating about 100 yg of the sarcolemmal pro- 
tein in a medium containing 50mM_ Tris—HCl, 
pH 8.5, 8mM caffeine, SmM KCl, 20mM _ phos- 
phoenolpyruvate, 2mM cyclic AMP, 15mM MgCl, 
130 pg/ml pyruvate kinase and 0.4mM ['4C]-ATP at 
37° according to the procedure described else- 
where [11]. On the other hand, calcium binding by 
heart sarcolemma was carried out by incubating 
0.2-0.3 mg membrane protein/ml in a medium con- 
taining 100 mM Tris-HCl, pH 7.4, and 1 mM *°CaCl, 
at 37° by a method described recently [10]. It should 
be mentioned here that all the fractions employed in 
this study were used within | hr of their isolation and 
any changes made in the incubation conditions for 
all reactions are described in the text. 

Drug solutions were made fresh by dissolving the 
agents in distilled water and their pH was adjusted 
to 7.0. The drug effects were studied by incubating 
the cellular fractions in the absence or presence of 
different concentrations of drugs for 3min before 
Starting the reaction. All the enzymatic reactions were 
linear with respect to the protein concentrations and 
times of incubation employed in this study whereas 
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Table 1. Effects of different concentrations of acebutolol, 
practolol and propranolol on the adenylate cyclase and 
calcium binding activities of rat heart sarcolemma* 





Calcium 
binding 
(nmoles/mg 
protein 


Adenylate cyclase 
activity 
(pmoles cyclic 
AMP/mg protein/min) 


Drugs 
(mM) 





Control 221 + 22- 
Acebutolol: 
1 242 + 20 
2 241 17 
4 232 + 18 
Practolol: 
l 245 + 17 
2 234 + 16 
230 + 16 


185 + 17 


Propranolol: 

156 + 15 
132 + 14+ 
103 + 11+ 


213 + 15 
211 + 14 
210 + 13 





* Each value is a mean + S.E.M. of 6 experiments. The 
concentration of calcium in the incubation medium for 
determining calcium binding was 1 mM and the incubation 
time was 10 min. 

+ Significantly different (P < 0.05) from the control 
value. 


results for calcium binding represent steady-state 
values. It should also be pointed out that the heart 
sarcolemmal preparations employed here do not pos- 
sess ATP-dependent calcium binding or Ca?* stimu- 
lated Mg?* dependent ATPase activities [10]. Fur- 
thermore, the control values for different ATPases, 
adenylate cyclase and calcium binding activities 
observed in this study are comparable to those 
reported by numerous workers [10-14]. The results 
were analyzed statistically by employing the paired 
“tf” test. 


RESULTS 


In one set of experiments, the effects of different 
concentrations of acebutolol, practolol and proprano- 
lol on the basal adenylate cyclase and calcium bind- 
ing activities of rat heart sarcolemma were examined 
and the results are given in Table 1. The adenylate 
cyclase activity was not affected by acebutolol, prac- 
tolol and propranolol significantly (P > 0.05) whereas 
the calcium binding activity was significantly 
(P < 0.05) depressed by 2-4 mM propranolol only. In 
another set of experiments, the effects of 3 mM acebu- 
tolol, practolol and propranolel on calcium binding 
activity were studied by incubating the sarcolemmal 
traction in the presence of different concentrations of 
calcium. The data in Table 2 indicate that unlike ace- 
butolo! and practolol, propranolol inhibited calcium 
binding at all concentrations of calcium. However, 
it should be noted that the inhibition produced by 
propranolol was about 50 and 20 per cent of the con- 
trol calcium binding values at 0.12 and 2.4mM cal- 
cium respectively. Thus it appears that the inhibitory 
effect of propranolol on calcium binding is anta- 
gonized by increasing the concentration of calcium 
in the medium. Since calcium binding with heart sar- 
colemma is almost a linear function of the calcium 





B-Blockers and heart sarcolemma 


Table 2. Effects of acebutolol, practolol and propranolol on calcium binding by rat heart sarcolemma 
in the presence of different concentrations of calcium* 





Calcium binding 
(nmoles/mg protein) 





Concentration of 
calcium 


(mM) Control 


Acebutolol 


Practolol 
(3 mM) 


Propranolol 
(3 mM) 





0.12 
0.60 
1.20 
1.80 
2.40 


27+4 
96+ 12 
197 + 20 
296 + 31 
439 + 38 


13 + 2F 
54+ TT 
is + 177 
197-4 2if 
351 + 29t 


He HE He H+ H+ 
wwe an 
Ne 

oow 
com CO © 
He He HH H+ 


ES 





* Each value is a mean + S.E.M. of 4 experiments. The incubation medium contained different con- 
centrations of calcium as indicated and the time of incubation was 10 min. 
+ Significantly different (P < 0.05) from the control values. 


concentrations employed in this study, the signifi- 
cance of such calcium binding is not clear at present 
except that a marked depressant effect of propranolol 
was seen at calcium concentrations (i.e. about 
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1.25 mM) which are normally present in the extracel- 
lular fluid. 

The actions of different concentrations of acebuto- 
lol, practolol and propranolol on the Na*-K* 
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Fig. 1. Effect of different B-adrenergic receptor blocking 
agents on rat heart sarcolemmal Na*-K* ATPase activity. 
(a) Dose-re-response for practolol (A), acebutolol (0) and 
propranolol (©). The results are expressed as per cent of 
the control activity (7.7 + 0.6umoles Pi/mg protein/hr) 
determined in the absence of drugs. Each value is a 
mean + S.E.M. of 6 experiments. (b) Lineweaver—Burk 
plot representing the Na*-K* ATPase activities of heart 
sarcolemma in the absence (M) and presence (0) of 2mM 
propranolol at different substrate (Mg ATP) concen- 
trations. This graph is typical of 3 experiments. 


[Mg-ATP] mm 


Fig. 2. Effects of different B-adrenergic receptor blocking 
agents on rat heart sarcolemmal Mg’** ATPase activity. 
(a) Dose-response for practolol (A), acebutolol (0) and 
propranolol (0). The results are expressed as per cent of 
the control activity (27.5 + 1.6umoles Pi/mg protein/hr) 
determined in the absence of drugs. Each value is a 
mean + S.E.M. of 6 experiments. (b) Lineweaver—Burk 
plot representing the Mg?* ATPase activities of heart sar- 
colemma in the absence (M) and presence (0) of 2mM 
propranolol at different substrate (Mg ATP) concen- 
trations. This graph is typical of 3 experiments. 
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ATPase activity of rat heart sarcolemma were investi- 
gated and the results are shown in Fig. la. Proprano- 
lol was found to produce a marked inhibitory effect 
on the Na*-K* ATPase activity whereas practolol 
had no significant (P > 0.05) action. On the other 
hand, acebutolol depressed the Na*-K* ATPase 
activity slightly but significantly at 3-5mM_ con- 
centrations. Propranolol (3 mM) was also found to 
inhibit the Na*-K* ATPase activity at different 
substrate (Mg ATP) concentrations. From the Line- 
weaver-Burk plot of these data (Fig. 1b) it can be 
seen that propranolol depressed the maximal velocity 
of reaction (V,,,,,) without changing the affinity of sub- 
strate (K,,) for this enzyme. 

The results in Fig. 2a show that propranolol in 
1-5 mM concentrations produced a dose dependent 
inhibitory effect on Mg** ATPase activity while ace- 
butolol and practolol had no significant (P > 0.05) 
action. Lineweaver—Burk plot of the data by employ- 
ing different substrate (MgATP) concentrations 
revealed that the inhibitory effect of propranolol 
(2mM) was associated with an increase in the K,, 
value without any alterations in the V,,,, value for 
the Mg’* ATPase (Fig. 2b). The Ca?* ATPase ac- 
tivity of heart sarcolemma was also depressed by 
1-S mM propranolol but not by acebutolol or practo- 
lol (Fig. 3a). The inhibitory effect of propranolol on 
Ca** ATPase was apparent at different concen- 
trations of substrate (Ca ATP) and was associated 
with an increase in the K,, value without any changes 
in the V,,,, value (Fig. 3b). 

The possibility that the inhibitory action of pro- 
pranolol on the ATPase activity is due to its complex- 
ation of added Ca?* in the assay medium was investi- 
gated using 504M murexide in conjunction with 
Aminco-Chance dual wavelength spectrophoto- 
metry [23]. No change in absorbance of the Ca’*- 
murexide or Ca ATP-murexide complex was noted 
on the addition of 1-SmM propranolol. Thus the 
observed effect of propranolol on the ATPase activity 
cannot be ascribed to a reduction in the amount of 
substrate. 

In order to demonstrate if the inhibitory effects of 
propranolol on the sarcolemmal ATPase activities are 
due to its B-adrenergic blocking activity, the effects 
of epinephrine, a well known f-adrenergic receptor 
agonist, were studied in the absence and presence of 
‘propranolol. The results in Table 3 indicate that 
epinephrine (0.15mM) neither influenced different 
ATPase activities nor antagonized the inhibitory 
effects of propranolol (2mM). Epinephrine in 
0.25-0.5mM _ concentrations was also ineffective in 
relieving the depressant action of 1 mM propranolol. 
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Fig. 3. Effects of different B-adrenergic receptor blocking 
agents on rat heart sarcolemmal Ca?* ATPase activity. 
(a) Dose-response for practolol (A), acebutolol (0) and 
propranolol (O). The results are expressed as per cent of 
the control activity (31.0 + 1.9 umoles Pi/mg protein/hr) 
determined in the absence of drugs. Each value is a 
mean + S.E.M. of 6 experiments. (b) Lineweaver-Burk 
plot representing the Ca?* ATPase activities of heart sar- 
colemma in the absence (@) and presence (0) of 2mM 
propranolol at different substrate (Ca ATP) concentrations. 

This graph is typical of 3 experiments. 


The specificity of the site of action of acebutolol, 
practolol and propranolol was examined by studying 
the effects of these agents on the ATP hydrolyzing 
activities of mitochondrial, microsomal and myofibril- 
lar fractions. It can be seen from Table 4 that acebu- 
tolol, practolol and _ propranolo! _ significantly 
(P < 0.05) depressed the mitochondrial and micro- 
somal ATPase activities while the myofibrillar 


Table 3. Interaction of epinephrine (0.15 mM) and propranolol (2 mM) on the rat heart sarcolemmal ATPase activities* 





ATPase activity 
(umoles P,/mg protein/hr) 





Na*-K* ATPase 


Mg?* ATPase Ca** ATPase 





7.8 + 0.5 
3.7404 
7.6 + 0.6 
35.05 


Control 

Propranolol 

Epinephrine 

Propranolol + epinephrine 


I+ I+ I+ [+ 
wonw 





* Each value is a mean + S.E.M. of 4 experiments. 
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Table 4. Effects of acebutolol, practolol and propranolol on the ATPase activities of rat heart mitochondria, heavy 
microsomes and myofibrils* 





ATPase activity 


(umoles P;/mg protein/hr) 





Drugs Mitochondria 


Microsomes 


Myofibrils 





Ca?*-stimulated 





58.4 + 5.8 
41.0 + 4.2t 


Control 
Acebutolol 
(3 mM) 
Practolol 
(3 mM) 
Propranolol 
(3 mM) 


40.4 + 4.07 


37.0 + 3.8 


89.4 + 7.2 
62.0 + 5.2t 


46.8 + 5.44 


35.4 + 


16.2 + 1. 
18.3 + 1. 


3 
7 
179+ £5 


1.87 15.6 + 1.5 





* Each value is a mean + S.E.M. of 4 experiments. 
+ Significantly different (P < 0.05) from the control value. 


ATPase activities were not affected by these agents 
significantly (P > 0.05). 


DISCUSSION 


In this study propranolol in 1-SmM_ concen- 
trations was found to decrease the heart sarcolemmal 
Na*-K* ATPase, Mg?* ATPase and Ca?* ATPase 
activities whereas significant depression in the cal- 
cium binding activity was seen at 2mM or higher 
concentrations. Since the basal adenylate cyclase ac- 
tivity of heart sarcolemma was not affected by pro- 
pranolol, it is unlikely that this agent exerts its depres- 
sant effect through some generalized mechanism. In 
this regard it should be noted that the inhibitory 
effects of propranolol on Mg** ATPase and Ca?* 
ATPase were associated with increments in the K,, 
values whereas that on Na*-K* ATPase was related 
to a decrease in the V,,,, value. Furthermore, depres- 
sion of calcium binding by propranolol was more 
pronounced when the membrane fraction was incu- 
bated at lower concentrations of calcium. In addition, 
the degree of inhibitory effect of propranolol for 
Mg’* ATPase was greater than that for Ca?* 
ATPase but less than that for Na*-K* ATPase (Figs 
1-3). Such complex effects of propranolol on heart 
sarcolemma may be due to some non-specific action 
of this agent on the physio-chemistry of the mem- 
brane [24, 25]. 

Since propranolol inhibited mitochondrial and 
microsomal ATPase activities without any action on 
the myofibrillar ATPase activities, it can be argued 
that propranolol may affect the sarcolemmal ATPase 
activities in a manner similar to those in other mem- 
brane systems. It should be pointed out here that pro- 
pranolol has been shown to inhibit the microsomal 
y-AT°?P_ reaction [26]. However, acebutolol and 
practolol, which significantly inhibited the micro- 
somal and mitochondrial ATPase activities like that 
of propranolol [5], did not influence the sarcolemmal 
Mg’* ATPase and Ca?* ATPase activities whereas 
acebutolol decreased the sarcolemmal Na*-K* 
ATPase activity slightly in high concentrations. Since 
acebutolol and practolol are more cardioselective 
than propranolol with respect to their f-adrenergic 
receptor blocking activity [6-8], the inhibitory effect 


of propranolol on sarcolemma cannot be attributed 
to its B-adrenergic blocking activity. This view is sub- 
stantiated by the inability of epinephrine to relieve 
the depressant action of propranolol on the sarcolem- 
mal ATPase activities. Furthermore, propranolol 
exerted its inhibitory effects on the sarcolemmal 
ATPase and calcium binding activities at 1 mM or 
higher concentrations whereas this agent in 
50-100 uM concentrations has been shown to anta- 
gonize the stimulatory effects of epinephrine on the 
heart sarcolemmal adenylate cyclase activity [11, 12]. 

Since both acebutolol and practolol had no appre- 
ciable effects on myocardial contractility [5], the car- 
diodepressant action of propranolol cannot be 
explained by the antagonism of the action of endo- 
genous catecholamines at f-adrenergic receptors. On 
the other hand. calcium has been reported to anta- 
gonize the interaction between propranolol and 
microsomal phospholipids [27] and it is well known 
that the cardiodepressant effect of propranolol is 
reversed by increasing the concentration of calcium 
in the perfusion medium. Our earlier suggestion that 
the negative inotropic effect of propranolol may 
partly be due to its action on sarcolemma [5] is con- 
sistent with the finding that propranolol decreased 
calcium binding by sarcolemma and this inhibitory 
effect was less pronounced at high concentrations of 
calcium in the medium. Since sarcolemmal Ca **/ 
Mg’* ATPase has been suggested to regulate the 
movement of calcium across the heart cell mem- 
brane [11, 14], the observed depression in this enzyme 
activity by propranolol would tend to reduce calcium 
influx. Although such a mechanism may be partly re- 
sponsible for the cardiodepressant effect of proprano- 
lol, it should be noted that some investigators have 
failed to detect any inhibitory action of this agent 
on calcium influx [28]. It is also difficult to attribute 
the cardiodepressant action of propranolol to an inhi- 
bition of the sarcolemmal Na*-K* ATPase because 
cardiac glycosides, which are its potent inhibitors, are 
associated with a positive inotropic action [29]. How- 
ever, depression in the sarcolemmal Na*-K* ATPase 
and Ca?*/Mg** ATPase activities has been reported 
in failing hearts [30,31] and it is possible that the 
observed effects of propranolol on sarcolemmal 
enzymes and contractile activity are of similar nature 
and significance. 
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Propranolol has been reported to decrease the con- 

tractile force of the isolated perfused rat heart prep- 
arations by 13, 68 and 99 per cent of the control 
value in 0.2, 0.5 and 1mM concentrations respect- 
ively [5]. On the other hand, the results of this study 
indicate depression of the rat heart sarcolemmal 
ATPase and calcium binding activities at 1mM _ or 
higher concentration of this agent. Propranolol in 0.5 
and | mM concentrations was found to decrease the 
rat heart microsomal calcium uptake by 40 and 63 
per cent and mitochondrial calcium uptake by 10 and 
28 per cent respectively [5]. Thus it appears difficult 
to readily explain the cardiodepressant effects of pro- 
pranolol on the basis of its actions on the sarcolem- 
mal, mitochondria and sarcotubular membranes un- 
less it is postulated that the sensitivity of these mem- 
brane systems to propranolol is decreased upon isola- 
tion as well as under the in vitro conditions. This 
is consistent with the observations that 100 to 150 
times more concentration of catecholamines is 
required to activate adenylate cyclase in heart sarco- 
lemmal and sarcotubular membranes under the in 
vitro conditions in comparison to that required for 
demonstrating the full positive inotropic effect 
{11, 12, 32, 33]. Alternatively, it is conceivable that the 
local concentration of propranolol in the vicinity 
of different membrane systems may become suffi- 
ciently high to inhibit various enzymatic activities 
when large doses of the drug are administered over 
a prolonged period for the treatment of certain car- 
diovascular dysfunctions. Whatever the exact subcel- 
lular mechanisms for the negative inotropic effect of 
propranolol may be, the results of this study indicate 
that this agent affects heart sarcolemma and suggest 
that this site of action may partly be of some signifi- 
cance in eliciting the cardiodepressant effect of pro- 
pranolol. 
Acknowledgements—Propranolol and_ practolpl were 
obtained from the Ayerst Laboratories, Montreal whereas 
acebutolol was a gift from the Poulenc Ltd., Montreal, 
Canada. We are grateful to Dr. Roger Fontaine, Medical 
Director of the Poulenc Ltd., Montreal for his interest and 
generous support during this study. 


REFERENCES 


. B. Scales and D. A. D. McIntosh, J. Pharmac. exp. 
Ther. 160, 261 (1968). 

. M. L. Hess, F. N. Briggs, E. Shinebourne and J. 
Hamer, Nature, Lond. 220, 79 (1968). 

3. A. M. Katz, D. I. Repke, M. Tada and S. Corkedale, 
Cardiovasc. Res. 8, 541 (1974). 

. E. Noack and K. Greeff, Naunyn-Schmiedeberg’s Arch. 
Pharmak. 266, 410 (1970). 


5. N. S. Dhalla and S. L. Lee, Br. J. Pharmac. 57, 215 


(1976). 


. B. Basil, R. Jordan, A. H. Loveless and D. R. Maxwell, 


Br. J. Pharmac. 48, 138 (1973). 


. B. Basil, R. Jordan, A. H. Loveless and D. R. Maxwell, 


Br. J. Pharmac. 50, 323 (1974). 


. A. J. Coleman and W. P. Leary, Curr. Therap. Res. 


14, 673 (1972). 


. J. R. Williamson, M. L. Woodrow and A. Scarpa, in 


Basic Functions of Cations in Myocardial Activity (Eds 
A. Fleckenstein and N. S. Dhalla), p. 61. University 
Park Press, Baltimore (1975). 


. N. S. Dhalla, M. B. Anand and J. A. C. Harrow, J. 


Biochem. 79, 2011 (1976). 


. D. B. McNamara, J. N. Singh and N. S. Dhalla, J. 


Biochem. 76, 603 (1974). 


. M. Tada, M. A. Kirchberger, J. M. Iorio and A. M. 


Katz, Circ. Res. 36, 8 (1975). 


. D. B. McNamara, P. V. Sulakhe, J. N. Singh and N. 


S. Dhalla, J. Biochem. 75, 795 (1974). 


. N. S. Dhalla, D. B. McNamara and M. B. Anand, in 


The Sarcolemma (Eds P. E. Roy and N. S. Dhalla), 
p. 1. University Park Press, Baltimore (1976). 


. M. Lineweaver and M. Burk, J. Am. chem. Soc. 56, 


658 (1934). 


. P. V. Sulakhe and N. S. Dhalla, J. clin. Invest. 50, 


1019 (1971). 


. J. R. Muir, A. Weber and R. E. Olson, Biochim. bio- 


phys. Acta. 234, 199 (1971). 


. J. A. C. Harrow and N. S. Dhalla, Biochem. Pharmac. 


25, 897 (1976). 


. J. A. C. Harrow and N. S. Dhalla, Can. J. Physiol. 


Pharmac. 53, 1058 (1975). 


. H. H. Taussky and E. Shorr, J. biol. Chem. 202, 675 


(1953). 


. F. Fuchs, E. W. Gertz and F. N. Briggs, J. gen. Physiol. 


52, 955 (1968). 


. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 


J. Randall, J. biol. Chem. 193, 265 (1951). 


. S. Harigaya and A. Schwartz, Circ. Res. 25, 781 (1969). 
. W. G. Nayler, J. Pharmac. exp. Ther. 153, 479 (1966). 
. W. Lameijer and P. A. Van Zwieten, Archs int. Phar- 


macodyn. Ther. 210, 306 (1974). 


. D.C. Pang and F. N. Briggs, Biochem. Pharmac. 22, 


1301 (1973). 


. R. L. Cross, B. A. Cross and J. H. Wang, Biochem. 


biophys. Res. Commun. 40, 1155 (1970). 


. A. Silva-Garca and P. A. Van Zwieten, J. Pharm. Phar- 


mac. 24, 367 (1972). 


. A. Schwartz, G. E. Lindenmayer and J. C. Allen, Phar- 


mac. Rev. 27, 3 (1975). 


. C. W. Tomlinson, S. L. Lee and N. S. Dhalla, Circ. 


Res. 39, 82 (1976). 


. N. S. Dhalla, J. N. Singh, E. Bajusz and G. Jasmin, 


Clin. Sci. Mol. Med. 51, 233 (1976). 


. N. S. Dhalla, P. V. Sulakhe and D. B. McNamara, 


Biochim. biophys. Acta 323, 276 (1973). 


. N. S. Dhalla, P. V. Sulakhe, R. L. Khandelwal and 


R. E. Olson, Cardiovasc. Res. 6, 344 (1972). 





Biochemical Pharmacology, Vol. 26, pp. 2061-2063. Pergamon Press, 1977. Printed in Great Britain. 


PREPARATION OF A HIGH-ACTIVE MICROSOMAL 
MONOOXYGENASE SYSTEM RECONSTITUTED BY 
MEANS OF SELF-ASSEMBLY 


ILYA B. TsyRLOV, VLADIMIR M. MIsHIN, OLGA A. GROMOVA, 
NATALIYA E. ZAKHAROVA and VYACHESLAV V. LYAKHOVICH 


Department of Biochemistry, Institute of Clinical and Experimental Medicine, Academy of Medical 
Sciences of the U.S.S.R., Siberian Branch, Novosibirsk 630091, U.S.S.R. 


(Received 21 October 1976; accepted 17 March 1977) 


Abstract—The present work is devoted to study of the role of glycerol in preservation of the lipoprotein 
nature of cytochrome P-450 during the stages of sodium cholate-caused solubilization of microsomal 
fraction and subsequent self-assembly of a monooxygenase system after prolonged dialysis. The system 
thus reconstituted is characterized by the highest catalytic activity of cytochrome P-450 compared 
to other reconstituted liver microsomal hydroxylating systems presently described in literature. 


Investigation of the mechanism of function and prin- 
ciples underlying the organization of multicomponent 
membrane-bound enzyme systems through solubiliza- 
tion, fractionation into individual components and 
subsequent reconstitution currently occupies a promi- 
nent place in the works devoted to the biochemistry 
of mitochondria [1] and microsomes [2,3]. Thus, it 
has been found that solubilized fractions of cyto- 
chrome P-450 and NADPH-cytochrome P-450 reduc- 
tase, and phosphatidylcholine are those components 
whose recombination ensures partial restoration of 
catalytic monooxygenase activity of the artificial sys- 
tem [2]. On the other hand, this approach is largely 
associated with the identification and more detailed 
study of the properties of components which are solu- 
bilized by sodium cholate and subsequently purified. 
In general, it helps to identify only enough com- 
ponents and conditions under which model monooxy- 
genase systems would function. 

In this sense, the approach of Archakov et al. [4] 
seems to be more promising. Here, sodium cholate 
is removed by prolonged dialysis from a solubilized 
fraction containing all the functional and structural 
components of the smooth endoplasmic membranes, 
thus creating the conditions for self-assembly of the 
microsomal monooxygenase system. This makes it 
possible in principle to evaluate not only the contri- 
bution of each component to the overall hydroxyl- 
ation activity of the reconstituted system but also the 
character of interactions between these components 
and with the units of the membranous structure, that 
is, to bring out all the essential factors in the organi- 
zation and function of the monooxygenase systems. 

However, the absence of any protecting agent 
(excluding dithiothreitol) during solubilization of the 
liver microsomal fraction with sodium cholate 
reduced this part of the work [4] to an attempt at 
reconversion of hemoprotein P-420 to P-450 by using 
dialysis against a solution not containing a detergent. 
This procedure confirmed the data described earlier 
by Ishikawa and Yamano [5] concerning the appear- 
ence of a negligible amount of cytochrome P-450 
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spectra in the ultraprecipitate of the solubilized frac- 
tion after dialysis, and the system as a whole was 
marked by weak functional activity [4]. 

The present work is devoted to a study of the role 
for glycerol during the stages of solubilization and 
dialysis in the process of reconstitution by means of 
self-assembly of microsomal monooxygenase system 
and to the assessment of the effectiveness of this 
method as compared to those described in literature 
[2-4, 6, 7]. 


MATERIAL AND METHODS 


Male Wistar rats (180-200 g) used in the experi- 
ments, were killed by decapitation. Livers were per- 
fused in situ with 1.15% KCI solution containing 
0.2mM dithiothreitol. Isolation of microsomal frac- 
tion (fraction I) was done as described previously [8] 
in a medium including 20 mM Tris-HCl buffer, 1.15% 
KCl and 0.2mM dithiothreitol, pH 7.4. Preparation 
of an agranular endoplasmic membrane (so called 
microsome “ghosts” fraction) was conducted as in the 
work [4] except that EDTA was not included in the 
medium containing 100mM Tris-HCl buffer and 
1.0mM dithiothreitol (TD buffer). The obtained 
“ghosts” fraction was diluted by a TD buffer contain- 
ing 20% glycerol (TDG buffer) until the protein con- 
tent reached 15 mg/ml. The “ghosts” fraction was 
treated with sodium cholate (final concentration 2.6%, 
w/v). Then the clear yellow solution was centrifuged 
at 150,000g for 120min at 4° on ultracentrifuge 
VAC-601. 

The supernatant obtained (fraction II) was divided 
into two equal parts. The solubilized fraction from 
the first part was dialyzed against a solution (1:70, 
v/v) containing 20 mM Tris-HCl buffer, 0.2 mM dith- 
iothreitol, 0.1% (w/v) sodium cholate, and 10% gly- 
cerol for 20hr at 4°; the other part was dialyzed 
against the same solution but without glycerol. Then 
the dialysis was continued against a solution (1:250, 
v/v) without detergent for 22 hr at 4°. The contents 
of the dialysis sacks (N 250-9, Sigma) were transferred 
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to centrifugal tubes and centrifuged at 150,000g for 
90 min. The pellets obtained were suspended in a TD 
buffer, pH 7.4. The precipitate obtained by ultracen- 
trifugation of the diffusate after dialysis against a 
solution with the omission of glycerol was designated 
as fraction III, and the precipitate after dialysis 
against a solution, including 10% glycerol as fraction 
IV. 

In all the fractions the microsomal protein content, 
the amount of cytochromes P-450 and P-420, the rate 
of NADPH-cytochrome P-450 reductase, and also the 
activity of aminopyrine N-demethylation and aniline 
p-hydroxylation were determined as described by us 
previously [8]. All the spectral assays were conducted 
in a Hitachi model 356 two-wavelength double-beam 
spectrophotometer. 

In addition, reconstitution by self-assembly of the 
microsomal hydroxylation system in the presence of 
EDTA and the absence of glycerol in the solubiliza- 
tion and dialysis steps had been obtained in accord- 
ance with the method of Archakov et al., [4]. 

The data presented are the average of 3-4 prep- 
arations; each of which included fractions isolated 
from liver microsomes of twenty rats. 


RESULTS AND DISCUSSION 


As can be seen from Table 1, the solubilized frac- 
tion II contained cytochrome P-450 in concentration 
of 0.64 nmoles/mg protein, which is 71 per cent of 
P-450 level in the intact microsomal fraction I; no 
contamination whatsoever by cytochrome P-420 had 
been observed in the preparation. The subsequent di- 
alysis was not accompanied by the appearance of any 
conversion of P-450 to P-420, whether or not the di- 
alysis solution contained glycerol (fractions III and 
IV). Thus the introduction of glycerol during solubili- 
zation step makes it possible to fully retain hemopro- 
tein P-450 in native form at subsequent self-assembly. 


I. B. TsyRLOv et al. 


In the experiments of Archakov et al. [4] solubiliza- 
tion of the microsome “ghosts” fraction in the absence 
of glycerol caused the conversion of more than half 
of cytochrome P-450 and the appearance of consider- 
able amounts of P-420 in the reconstituted vesicular 
microsome-like structures. 

The mechanism of preventing the conversion of 
P-450 to P-420, with the aid of polyols, during the 
treatment of microsomal fraction with high concen- 
trations of sodium cholate, has not been sufficiently 
elucidated as yet [5]. In this sense, it is possible to 
assume that polyols hinder either the extraction of 
the phospholipids [9] surrounding P-450 and 
coupling with this hemoprotein [10] or prevent the 
binding of cholate to the hydrophobic membrane pro- 
teins [11] and subsequential conformational changes 
in the cytochrome P-450 structure. Indeed, the treat- 
ment with sodium dodecyl sulfate, specifically binding 
to the hydrophobic proteins with subsequent forma- 
tion of dodecyl sulfate-protein complex [12] or with 
trypsin, causing hydrolysis of hydrophilic proteins 
both leads to pronounced conversion of P-450 to 
P-420, whether the incubation medium contains gly- 
cerol or not. 

The solubilized system (fraction II) in our work dis- 
plays some drug-hydroxylating activity with regard 
to aminopyrine and aniline (Table 1). This is con- 
firmed by the results of Lu et al. [13] demonstrating 
that in a reconstituted microsomal monooxygenase 
system, sodium cholate, at a concentration of 
1 mg/ml, stimulates N-demethylation activity to 48 
per cent of the control. In fraction II the amount 
of sodium cholate is 0.9mg/ml, which, evidently, 
explains the observed aniline and aminopyrine meta- 
bolism. 

It should be noted that this reconstituted system, 
electron-microscopically presented as closed vesicular 
structures (not shown), possessed pronounced 
NADPH-cytochrome P-450 reductase activity, mak- 


Table 1. Cytochrome P-450 content, activity of NADPH-cytochrome P-450 reductase and substrate metabolism in 
the microsomal fractions of presented work (fractions I-IV) and the same fractions (A—C) in the work of Archakov 
et al. [4] 





Activity of 


NADPH-dependent 
cytochrome P-450 


reductase 
(nmole acceptor 
reduced: min™! 
mg protein~ ') 


Cytochromes 





P-450 P-420 


Fractions (nmole- mg protein~') 


p-Hydrox ylation N-demethylation 
aniline 

(nmole p-amino- 

phenol formed: 


min~ '-mg protein~') 





Aminopyrine Dimethylaniline 
(nmole HCHO formed: 
min~ '- mg protein~ ') 





Fraction I 0.9 0 y 
(100%) 
Fraction II 

(%) 
Fraction III 
(%) 
Fraction IV 
(%) 
Fraction A 
(100%) 
Fraction B 
(%) 
Fraction C 
(%) 


0.64 0 
(71) 

0.59 0 
(66) 
0.69 
(77) 
0.57 
0.25 0.59 
(44) 
0.42 
(74) 


0.42 


0.58 1.46 n.d. 
0.04 0.13 n.d. 
(7) (9) 
0.19 0.43 n.d. 
(33) (30) 
0.18 0.19 n.d. 
(31) (13) 
0.64 n.d. 11.0 
0 n.d. 0 
0.07 n.d. 
(11) 


2.1 
(20) 





* Activity of the reductase was determined by us. Fractions A-C were isolated in full conformity with the method 


described by Archakov et al. [4]. n.d.—not detected. 





High-active microsomal monooxygenase system 


Table 2. Molecular activity of cytochrome P-450 in different reconstituted microsomal systems 





p-Hydroxylation 
aniline 


pg . 
\_ Type of reaction 
and substrates 


N-demethylation 





‘ (nmole p-amino- 
\ phenol formed: 
\ min~ '-nmole 
No fractions " 


P-450~') 


Aminopyrine 


Dimethylaniline Benzphetamine 
(nmole HCHO formed: min~'- 
nmole P-450~ ') 





0.64 
0.32 
(50) 
1.12 
0.17 
(15) 
0.62 
0.22 


1. Fraction I 

2. Fraction III 
2/1. (%) 

3. Fraction A 

4. Fraction C 
4./3. (%) 

5. Microsomes* 

6. Reconstituted 
systemt 


6./5. (%) (35.5) 


2.67 
0.78 


(29) 





* Most typical data from literature presented. 


+ Data on metabolism of aniline taken from work [6]; data on metabolism of benzphetamine 


taken from work [7]. 


ing it detectable by a commonly-used method [14]. 
This indicates the preservation of the hydrophobic 
character of the interactions between the protomers 
of the reconstituted microsomal electron-transport 
chain, namely, cytochrome P-450 and its reductase 
[10, 15]. 

In evaluating the drug-metabolizing activity of this 
reconstituted system, it may be concluded that the 
rate of p-hydroxylation reaction is 33 per cent and 
the rate of N-demethylation reaction is 30 per cent 
of the level of fraction I; these values exceed those 
obtained in a system where glycerol had not been 
used [4] by 3 and 1.5 times, respectively (Table 1). 

The data presented in Table 2 seem to be more 
comparable, since they sum up the results of several 
laboratories regarding the reactivation of such a 
specific characteristic as the molecular activity of the 
enzyme (cytochrome P-450) when using various sub- 
strates subjected to p-hydroxylation and N-demethy- 
lation. For convenience, a comparision is drawn 
between the molecular activity of cytochrome P-450 


from different reconstituted systems with the corre-- 


sponding molecular activity of P-450 from intact 
microsomal fractions from which these systems (or 
components of the systems) have been obtained. 

Table 2 shows that when using aniline as a sub- 
strate, cytochrome P-450 in the reconstituted micro- 
somal system of Archakov et al. [4] displayed the 
least molecular activity; then comes the reconstituted 
system of Lu et al. [6] and that of Fujita and Man- 
nering [3], whose results are similar to the former. 
Finally, the highest mooxygenase molecular activity, 
50 per cent of the level of intact microsomes, was 
obtained when using the method described in this 
work. The same was observed when comparing the 
molecular activity of N-demethylases of different 
reconstituted systems (Table 2). 

Thus, comparison of the methods used for recon- 
stituting microsomal monooxygenases from the solu- 
bilized structural and(or) functional components, 


offered by literature, shows that the most effective 
reactivation of catalytic properties of a reconstituted 
enzyme system is observed when the lipoprotein 
nature of cytochrome P-450 [16] is preserved at the 
stages of detergent-caused solubilization with the aid 
of glycerol and after subsequent removal of this 
polyol during dialysis and self-assembly. 
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Abstract—Subcutaneous injections of adrenaline in human subjects resulted in small but significant 
increases in platelet MAO activity 20min after administration. There were also significant increases 
in platelet counts 20, 40 and 60min after injection with counts returning to baseline values after 
80 min. It is suggested that the increase in platelet MAO activity produced by stress, at least in as 
far as it is mimicked by the effect of subcutaneous injections of adrenaline, is too small to have 
an important bearing on the controversy over the activity of the enzyme in schizophrenia. 


INTRODUCTION 


The activity of platelet monoamine oxidase (MAO, 
-monoamine -O, oxidoreductase (deaminating), E.C. 
1.4.3.4) has been reported to be significantly reduced 
in schizophrenic patients by some groups of workers 
[1-5] and to be normal by others [6-10]. 

A number of factors are known to affect the activity 
of platelet MAO, including sex[11], phase of the 
menstrual cycle [12] and iron deficiency [13]. Reduc- 
tions in platelet MAO activity have also been 
reported in migraine [14,15] and in Down’s Syn- 
drome [16]. However there is no satisfactory explana- 
tion for the conflicting reports of the activity of 
platelet MAO in schizophrenia. 

Recently, Gentil et al. [17, 18] reported that subcu- 
taneous injections of adrenaline produced rapid eleva- 
tions in platelet MAO activity, in human subjects, 
and suggested that ‘stress’ might be an important 
determinant of platelet MAO activity. In view of the 
relevance of these reports to the controversy over the 
activity of the enzyme in schizophrenia we attempted 
to verify the findings of Gentil and his colleagues. 


MATERIALS AND METHODS 


Chemicals. Adrenaline bi-tartrate in aqueous solu- 
tion (1:1000) was obtained in sealed ampoules from 
MacCarthy’s Ltd., Essex. Water, as placebo, was 
obtained in sealed ampoules from Antigen Ltd., Ire- 
land. Benzylamine (free base, Sigma, London) was 
converted to the hydrochloride and _ re-crystallized 
from ethanol. [methylene-'*C] Benzylamine HCl 
12.5 mCi/m-mole was obtained from ICN Pharma- 
ceuticals, CA, and diluted with non-radioactive 
benzylamine HCl to the required specific activity. All 
other chemicals were of the highest grade commer- 
cially obtainable. 

Experimental design. Twelve, male volunteers (mean 
age 28.5 years + 4.5) were randomly allocated to two 
groups of six subjects receiving apparently identical 
injections of adrenaline bi-tartrate (14.3 ug/kg) or pla- 
cebo (water). The injections were administered subcu- 


taneously over the left deltoid. Blood was drawn from 
an in-dwelling catheter in the ante-cubital vein im- 
mediately prior to the injection and at 20, 40, 60 and 
80 min after the injection. 20 ml of blood was mixed 
with 5ml ACD anticoagulant for subsequent deter- 
mination of platelet MAO activity and 5 ml of blood 
was collected into EDTA for determination of platelet 
counts. Until all estimations were completed only the 
physician administering the injections knew which 
subjects were receiving adrenaline or placebo. 

Determination of platelet MAO activity. Platelet 
MAO activity was determined by a radiometric tech- 
nique based on the method of Robinson et al. [19]. 
Briefly, platelets were separated by differential centri- 
fugation as described previously [9]. Platelet samples 
were frozen and thawed twice and 100 ul (100-250 yg 
protein) of the preparation was incubated in a reac- 
tion volume of 0.5 ml containing ['*C]benzylamine 
as substrate at 10°7M (specific activity 0.3 yu Ci/ 
umole) and at the much lower concentration of 
2.1 x 107° M (specific activity 44 Ci mole) as used 
by Gentil et al.[17] and phosphate buffer pH 7.2, 
0.04 M final concentration. Incubations were carried 
out at 37° for 30 min. Reactions were stopped by the 
addition of S50yul of 6N HCl and the products 
extracted into 2 ml of toluene. The amount of product 
formed was quantified by scintillation counting and 
platelet protein content determined by a phenol re- 
agent technique[20]. Results were expressed as 
nmoles of product formed/mg platelet protein/30 min. 
All assays were carried out in duplicate. 

Determination of platelet counts. Platelet counts 
were determined by an automated technique using 
a Coulter Counter (model S). 


RESULTS 


Figure 1 illustrates the effect of adrenaline or 
placebo injections on platelet MAO activity at both 
concentrations of benzylamine in the enzyme assay. 
At the lower substrate concentration (2.1 x 10~*M) 
there was a small but not significant increase in 
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Fig. 1. The effect of placebo and adrenaline on platelet 
MAO activity. 


platelet "1AO activity in both groups of subjects. At 
the 10°*M benzylamine concentration there was a 
significant increase in platelet MAO activity 
(P < 0.01, paired t test) only in the group receiving 
adrenaline and only in the 20min post-injection 
samples. 

The individual changes in platelet MAO activity 
20 min after the injection of adrenaline are presented 
in Table 1. 

Figure 2 shows the effect of adrenaline and placebo 
on platelet counts. In the group receiving adrenaline 
there was a marked and significant increase in platelet 
counts 20min (P < 0.001), 40min (P < 0.05) and 
60min (P < 0.05) after the injection with counts 
returning to baseline after 80 min. Placebo injections 
had no significant effect on platelet counts. 


DISCUSSION 


The increase in platelet MAO activity observed 
after adrenaline injections when benzylamine at 
10-3 M was used as substrate in enzyme assays was 
small (i.e. from 33.2 + 6.3 to 37.3+5.9 nmoles of 
product formed/mg protein/30 min) but this increase 
occurred systematically in every sample resulting in 
a paired ¢ test being statistically significant (P < 0.01). 
However, at the lower substrate concentration of 
2.1 x 10°° M used by Gentil et al. [17] there was no 
significant increase in platelet MAO activity after ad- 
ministration of adrenaline. 

The marked elevation in platelet counts in all sub- 
jects 20 min and to a lesser extent 40 and 60 min after 
the injection of adrenaline but not placebo differs 
from the findings of Gentil et al. [18]. Aster [21] 


reported that there was generally, but not systemati- 
cally, an increase in platelet counts after subcutaneous 
or intramuscular injections (0.5—1.0 mg) of adrenaline 
in man. Lower doses, given by slow infusion led to 
systematic increases (averaging 45 per cent) in platelet 
counts after 15 min with a return to baseline values 
10-15 min after cessation of the infusion. Bearing in 
mind the expected slower effect of a subcutaneous 
injection Aster’s findings are not dissimilar to those 
of the present study. Moreover, the dose of adrenaline 
administered by Aster (0.5—1.0 mg) was smaller than 
in this study (0.8-1.4mg) and may account for his 
failure to observe a systematic increase in platelet 
counts after subcutaneous injection. Using *°'Cr 
labelled platelets Aster demonstrated the release of 
stored platelets from the spleen after adrenaline ad- 
ministration and such an efflux would explain the in- 
crease in platelet counts observed in this investiga- 
tion. 

Gentil et al. [17] suggested that platelets stored in 
the spleen and released in response to adrenaline ad- 
ministration might contain a more active form of 
MAO and account for the observed increase in 
enzyme activity. We pooled platelets from those sub- 
jects who had received adrenaline and also from those 
who had received placebo for determination of 
Michaelis Constants. The K,, values of MAO for 
benzylamine obtained from double reciprocal plots 
were not significantly different for the two 
groups—2 x 10~* M for subjects receiving adrenaline 
and 1.6 x 10~*M for those on placebo. So although 
there does appear to be an increase in platelet MAO 
activity after subcutaneous administration of adrena- 
line it seems unlikely that there are significant 
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Fig. 2. The effect of placebo and adrenaline on platelet 
counts. 


Table 1. Human platelet MAO activity (nmole product/mg protein/30 min) before 
and after subcutaneous injection of adrenaline (14.3 ug/kg body weight) 





Subject Pre-injection 


+20 min % Change 





33.2 + 63 


47.1 
31.8 
32.6 
39.0 
40.0 
33.1 


37.3 & SS 


+9.3 
+43 
+12.4 
+ 16.8 
+6.7 
+ 28.3 


13.0 + 8.7 


(Paired t = 4.61, P < 0.01) 








Subcutaneous injections of adrenaline in human subjects 


changes in the characteristics of MAO after adrena- 
line administration, and a release by adrenaline of 
newly formed platelets containing MAO of a higher 
specific activity would fit our data. 

The investigations of platelet MAO activity in 
schizophrenia have been carried out at or near satu- 
rating substrate concentrations [1-10] and not at the 
very low concentrations used by Gentil and his co- 
workers. Tryptamine and tyramine have been the 
most commonly used substrates and Gentil et al. [18] 
did not observe a significant increase in platelet MAO 
activity after subcutaneous administration of adrena- 
line where tyramine cr tryptamine were used as sub- 
strates in the assay procedure. We suggest, therefore, 
that the elevation in platelet MAO activity observed 
with benzylamine as substrate, which may be attribu- 
table to ‘stress’ at least in as far as it is mimicked 
by subcutaneous injections of adrenaline, is unlikely 
to play an important part in resolving the current 
controversy over the activity of platelet MAO in 
schizophrenia. 
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SHORT COMMUNICATIONS 


Loss of kidney microsomal glucose-6-phosphatase activity 
following acute administration of p-aminophenol 


(Received 26 January 1977; accepted 31 March 1977) 


p-Aminophenol induced renal tubular necrosis is being 
studied as an experimental model for the acute effects of 
analgesics on the kidney. This compound produces acute 
proximal tubular necrosis in rats following a single intra- 
venous injection, but no histological changes are observed 
in other tissues [1]. Current work is designed to elucidate 
which biochemical changes at the subcellular level are 
responsible for the necrosis. 

We have reported ultrastructural and functional changes 
in mitochondria isolated from the kidneys of p-amino- 
phenol treated rats, which were detectable at | hr but 
became more severe at 4hr[2]. The results of this study 
indicated that p-aminophenol may initiate changes in the 
mitochondrial membranes with consequent loss of func- 
tion. It then became of interest to ascertain whether other 
intracellular membranes were similarly affected and if the 
time course of change paralleled that of the mitochondria. 
For this purpose the activity of microsomal glucose-6- 
phosphatase was determined. This enzyme is located in 
the endoplasmic reticulum of certain tissues [3], and loss 
of activity after toxic treatments is used as an index of 
damage to that cell compartment [4]. Damage to cellular 
membranes may be mediated by peroxidation of the lipid 
moieties of the membranes initiated by a reactive metabo- 
lite of the toxic agent [5]. In this communication we also 
report on the result of attempts to detect endogenous lipid 
peroxides as well as spontaneous in vitro peroxidation in 
preparations from kidneys of treated rats. Lipofuscin, an 
end product of lipid peroxidation [6], has been reported 
to accumulate in the tissues of chronic abusers of phenace- 
tin[7,8] and in dogs fed phenacetin for several 
months[7,9], and the structural relationship between 
p-aminophenol and phenacetin provides further justifica- 
tion for this investigation. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats (200-280g) were lightly 
anaesthetized with ether and injected in the tail vein with 
300 mg/kg p-aminophenol hydrochloride dissolved in dis- 
tilled water. Control animals were injected with distilled 
water. The animals were killed by bleeding under ether 
anaesthesia, the kidneys removed, decapsulated, and rinsed 
in ice-cold homogenizing medium. All subsequent oper- 
ations were carried out at 0-4°. For measurement of glu- 
cose-6-phosphatase activity, the kidneys were homogenized 
in 9 vol. of 0.25M _ sucrose-1.0mM Tris-0.1 mM EDTA, 
pH 7.4 in a glass Potter-Elvehjem homogenizer with a tef- 
lon pestle, using 4 up and down passages at 1150 rpm. 
Samples were centrifuged for 10 min at 7,500g,, (Sorvall 
RC2-B refrigerated centrifuge), the pellet washed once, and 
the combined supernatants centrifuged for 90min at 
100,000 g,, (Beckman model L2-65B ultracentrifuge). The 
resulting microsomal pellet was resuspended in 1.5 vol. of 
homogenizing medium, giving a protein content of 
10-12 mg/ml. Liver microsomes were prepared by the 
method used for kidney | hr after injection. For lipid per- 
oxidation studies the kidneys were homogenized in 9 vol. 


of 0.15 M KCI-0.01 M potassium phosphate, pH 7.4. For 
in vitro studies samples prepared from untreated animals 
were used and p-aminophenol was added to the incubation 
medium. 

Microsomal _ glucose-6-phosphatase activity was 
measured by a modification of the method of Swan- 
son [10]. 250 yl of 0.1 M sodium malate, pH 6.25 and 50 yl 
of 0.1 M glucose-6-phosphate (Sigma disodium salt) were 
preincubated at 37°. The reaction was started by the addi- 
tion of 10 ul of microsomal suspension and stopped after 
15 min with 0.5 ml of 10% trichloroacetic acid. The samples 
were diluted to 1 ml with distilled water and the amount 
of inorganic phosphate released determined on an aliquot 
of the protein free supernatant [11]. Malonaldehyde con- 
tent was measured by the thiobarbituric acid reaction de- 
scribed by Klaassen and Plaa[12], using 1,1,3,3-tetraeth- 
oxypropane (May & Baker) in 40% ethanol as standard. 
When the effect of p-aminophenol in vitro was studied, 
1-100 ul of a 0.025 M solution of p-aminophenol HC! in 
0.15 M KCI was added to the incubation flask. For estima- 
tion of malonaldehyde production in vitro the endogenous 
level of malonaldehyde (zero time) was subtracted from 
the level present after 45min. Diene conjugation was 
measured on chloroform-methanol extracts of homo- 
genates [12]. Protein was estimated by the Lowry method 
as described by Munro and Fleck [13]. Statistical signifi- 
cance was determined using a 2-tailed Student’s t-test on 
the difference between the means of the control and treated 
groups. 


RESULTS AND DISCUSSION 


Microsomal glucose-6-phosphatase activity was reduced 
at | and 4hr after injection of p-aminophenol to 50 per 
cent of control value (Table 1). However when added in 
vitro p-aminophenol had no effect on the activity of the 
enzyme in either microsomes or homogenates of kidney 
from untreated animals (Fig. 1). Liver microsomal glu- 
cose-6-phosphatase activity | hr after injection did not 
differ significantly from the control value, being 
51.8 + 5.8 yg Pi released/mg protein/15 min compared with 
55.9 + 9.6 for the corresponding control. Endogenous lipid 
peroxides in homogenates from treated animals were un- 
changed when measured by diene conjugation, but when 
measured in terms of malonaldehyde (thiobarbituric acid 
reaction) were significantly reduced at 10, 30 and 60 min. 
In kidney homogenates incubated at 37° for 45min the 
extent of malonaldehyde formation was reduced in samples 
from treated animals at all times (Table 1). The in vitro 
production of malonaldehyde in homogenates from un- 
treated animals was also reduced if p-aminophenol was 
included in the incubation mixture (Fig. 2). 

Previous studies with p-aminophenol have shown that 
mitochondrial respiration and oxidative phosphorylation 
are impaired | hr after treatment, and are further reduced 
at 4hr [2]. These results indicate that p-aminophenol may 
damage mitochondrial membranes, and so measurement 
of microsomal glucose-6-phosphatase activity was under- 
taken to see whether membrane damage was a general 
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Table 1. Effect of p-aminophenol treatment on glucose-6-phosphatase activity and on lipid peroxidation 





Time after 
injection 


Glucose-6-phosphatase 
(ug Pi/mg protein/15 min) 


Diene conjugation 
(OD at 243 nm/mg protein) 


Malonaldehyde 
(nmoles/mg protein) 
Zero time 45 min-—Zero time 





10 min C 96.9 + 5.4 
T 96.9 + 13.9 

30 min C 84.6 + 8.4 
T 76.9 + 5.2 

60 min C 53.7 + 7.6 
T 25.5 + 3.6* 

240 min C 51.4 + 3.5 
7 25.8 + 1.5* 


0.005 + 0.001 
0.004 + 0.001 
0.005 + 0.001 
0.005 + 0.001 
0.008 + 0.001 
0.008 + 0.001 
0.004 + 0.001 
0.006 + 0.004 


0.17 + 0.01 
0.12 + 0.01* 
0.21 + 0.03 
0.09 + 0.02* 
0.25 + 0.04 
0.11 + 0.01* 
0.15 + 0.01 
0.13 + 0.03 


0.72 + 0.01 
0.37 + 0.08* 
0.82 + 0.11 
0.17 + 0.04* 
0.98 + 0.15 
0.26 + 0.04* 
0.79 + 0.05 
0.15 + 0.07* 





Glucose-6-phosphate activity was measured on kidney microsomal preparations. Diene conjugation was measured 
on chloroform—methanol extracts of kidney homogenates. Malonaldehyde content of homogenates was determined by 
the thiobarbituric acid reaction at zero time and after 45 min aerobic incubation at 37°. Details of the assay procedures 
are given in Materials and Methods. All values are the means + S.E.M. of at least four animals. (C = control, T = p- 


aminophenol treated. * indicates P < 0.01). 


phenomenon of p-aminophenol induced renal injury. The 
significant decline in glucose-6-phosphatase activity after 
p-aminophenol treatment indicates that damage to the en- 
doplasmic reticulum membranes does occur. This, in con- 
junction with the mitochondrial studies [2], suggests that 
generalized membrane damage is a consequence of the 
treatment. In contrast with the changes in mitochondrial 
function, loss of microsomal glucose-6-phosphatase activity 
was maximal at | hr. Variation in levels of kidney glu- 
cose-6-phosphatase in control animals (Table 1) may be 
due to the ether anaethesia given for intravenous injection. 
Similar variations in liver microsomal enzymes, including 
glucose-6-phosphatase, have been noted after short periods 
of ether anaesthesia [4, 14]. 

The mechanism of the change in the microsomes 
remains obscure. Enhanced breakdown of lipid moieties 
of subcellular membranes sometimes occurs via lipoperoxi- 
dation [5]. Measurement of sample diene conjugation and 
malonaldehyde production are frequently used to monitor 
the extent of this process. In neither parameter did the 
level found after p-aminophenol administration exceed the 
control values. With diene conjugation levels there was 
no change whereas with malonaldehyde production the 
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Fig. 1. Effect of p-aminophenol in vitro on glucose-6-phos- 

phatase activity. Glucose-6-phosphatase activity was 

measured in kidney microsomes (@) and homogenates (0) 

as described in Materials and Methods. Results are given 

as the mean + S.E.M. of determinations on preparations 
from four animals. 


values in the treated samples were lower than controls. 
Addition of p-aminophenol in vitro also reduced malonal- 
dehyde production. It is possible that p-aminophenol acted 
as an antioxidant to inhibit lipoperoxidation. Another 
explanation would depend on the fact that some degree 
of lipoperoxidation involves an active microsomal enzyme 
complex [15]. Damage to the endeplasmic reticulum by 
p-aminophenol treatment could in fact interfere with this 
process and decrease the endogenous lipid peroxide levels. 
To clarify this point studies on the effect of p-aminophenol 
on various microsomal processes are in progress. 

The failure of p-aminophenol addition in vitro to alter 
glucose-6-phosphatase activity parallels the findings 
obtained with the in vitro studies on mitochondrial func- 
tion [2]. These results indicate that a direct attack on the 
membrane does not occur, but rather metabolic activation 
is first required. The site of activation is uncertain. It would 
be expected that major metabolic transformation would 
occur in the liver, and that the liver would then be a target 
for toxic damage. We have shown that glucose-6-phospha- 
tase activity in the liver is unaffected by p-aminophenol 
treatment. This supports the findings that no histological 
evidence of cell injury is found in the liver [1]. 


nmole malonaidehyde/mg protein 








p-aminopneno!, pmole/ ml 


Fig. 2. Effect of p-aminophenol in vitro on malonaldehyde 
production in rat kidney homogenates. Homogenates were 
incubated for 45 min at 37° as described in Materials and 
Methods. Results are given as the mean + S.E.M. of deter- 
minations on preparations from four animals. 
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A study of the nature of pilocarpine inhibition of hepatic 
drug-metabolizing enzymes 


(Received 12 January 1977; accepted 20 April 1977) 


Recently we have reported that pilocarpine possesses an 
inhibitory action on the hepatic microsomal drug metabo- 
lizing enzyme activities and the drug was a potent inhibitor 
of nicotine and dniline metabolism in comparison with 
DPEA (2,4-dichloro-6-phenylphenoxyethylamine hydro- 
bromide), imipramine and SKF 525-A (2-diethylamino- 
ethyl-2,2-diphenylvalerate hydrochloride), though a less 
potent inhibitor of hexobarbital metabolism [1], and that 
the inhibition of hepatic drug metabolism was involved 
in the mechanisms of the pilocarpine potentiation of nico- 
tine-induced convulsions [2] and of hexobarbital hypnosis 
[3]. 

It has been reported that pilocarpine inhibited the ac- 
tivity of glucose-6-phosphate (G-6-P) dehydrogenase in the 
calf eye [4] and pure yeast enzyme [5]. However, the 
G-6-P dehydrogenase of rabbit liver was not affected by 
pilocarpine [1]. The present experiment was undertaken 
to elucidate the nature of the inhibition of drug metaboliz- 
ing enzyme activities by pilocarpine. 

Rabbits were sacrificed by immediate exsanguination via 
the carotid artery. The liver was homogenized with 3 vol. 
of 1.15% KCI solution in a Potter-Elvehjem’s teflon—glass 
homogenizer. A liver supernatant fraction was prepared 
by centrifugation of the homogenate at 10,700 g for 40 min. 
This supernatant fraction was centrifuged at 105,000 g for 
1 hr and the firmly packed pellet of microsomes was re-sus- 
pended in 1.15% KCl solution and again centrifuged as 
above. Finally, the washed microsomal pellet was sus- 
pended to a concentration of 2 mg protein per ml in 1.15% 
KCI solution containing 50 mM Tris-HCl buffer, pH 7.4. 
The supernatant fraction, 2.5 ml, was mixed with a solution 
containing 1.5 ymoles NADP, 25 umoles G-6-P, 25 umoles 
MgCl, and 3 umoles substrates. The final volume made 
a total of 5.0 ml with 0.1 M sodium, potassium phosphate 
buffer, pH 7.4. Incubation was carried out at 37° for 10 min 
under air in a Dubnoff metabolic shaker. 

Metabolism of nicotine was determined by measuring 
the radioactivity of [*H]nicotine remaining, in a liquid 
scintillation spectrometer (Packard Model 3320) by the 
method reported by Hug [6] and described in detail by 
Tsujimoto et al. [7]. The rate of hydroxylation of hexobar- 
bital was determined by the method of Cooper and Brodie 
[8]. The changes in optical density were determined from 
the difference spectra caused by the addition of drugs to 
the microsomal suspension according to the method of 
Schemkman et al. [9]. The NADPH oxidase activity was 
determined by following the disappearance of NADPH at 
340 nm according to the method described by Peters and 


Fouts [10]. The NADPH-cytochrome c reductase activity 
was determined by measuring the appearance of reduced 
cytochrome c at 550 nm according to the method described 
by Peters and Fouts [10]. NADPH-cytochrome P-450 
reductase activity was determined in a Hitachi two-wave- 
length double beam spectrophotometer (Model 356) in the 
dual wavelength mode, by measuring the difference in 
absorption between 450 and 465nm according to the 
method described by Schenkman and Cinti [11]. 2.75 milli- 
liters of a microsomal suspension (2 mg protein per milli- 
liter in 5S0mM Tris-HCl! buffer, pH 7.4) was bubbled in 
a Thunburg-type cuvette for 5 min with oxygen-free carbon 
monoxide (prepared by passing through a solution of 0.5% 
sodium dithionite plus 0.05% sodium anthraquinone-2-sul- 
fonate in 0.1 N NaOH) and was equilibrated at 30°. After 
the sidearm was set, two polyethylene tubes with stopcocks 
were inserted into the cuvette through a rubber stopper 
fitted to the hole and one was put into the sample. Air 
in the cuvette was aspirated-off from one tube and then 
oxygen-free carbon monoxide was bubbled from the other 
tube until it filled the cuvette. This ventilation procedure 
was repeated 3 times and the tubes were sealed. From 
the gassing tube, 0.25 ml of NADPH-generating system 
(1.5 uymoles NADP, 30 yumoles isocitrate, isocitric dehydro- 
genase (0.3 mg/ml, Sigma Type I) and 10 umoles MgCl, 
in 50mM Tris-HCl buffer, pH 7.4) was injected into the 
sample. The rate of cytochrome P-450 reduction was deter- 
mined using the initial linear rate of increase in absor- 
bance. Protein concentrations of the liver supernatant frac- 
tion and the microsomal suspension were estimated by the 
method of Lowry et al. [12] using bovine serum albumin 
as the standard. 

Pilocarpine did not inhibit the G-6-P dehydrogenase ac- 
tivity of the rabbit liver [1]. Effects of pilocarpine on the 
activity of NADPH oxidase, NADPH-cytochrome c reduc- 
tase and NADPH-cytochrome P-450 reductase of rabbit 
liver microsomes were examined (Table 1). Pilocarpine did 
not affect the NADPH oxidase activity and the NADPH- 
cytochrome c reductase activity at the concentrations up 
to 5 x 10°3M. Pilocarpine reduced cytochrome P-450 
reduction with higher concentrations than those. causing 
50 per cent inhibition of the metabolism of nicotine 
(3.6 + 1.6 x 10-5M), aniline (1.1 + 0.1 x 10°*M) and 
hexobarbital (1.8 + 0.4 x 107~*M). 

Effect of pilocarpine on kinetics on nicotine and hexo- 
barbital metabolism was studied. Pilocarpine was added 
to the incubation systems at different concentrations. A 
double-reciprocal plots of nicotine and hexobarbital meta- 


Table 1. Effect of pilocarpine on NADPH-cytochrome c reductase, NADPH oxidase 
and NADPH-cytochrome P-450 reductase activities in hepatic microsomes from rabbit 





Pilocarpine 
(x 107~*M) 


Cytochrome c 
reductase % 


NADPH 
oxidase 


Cytochrome P-450 
reductase % 





— 226 + 15* 


l 
5 
0 
0 


215 + 18 


20.1 + 11° 


19.0 + 1.0 


62.5 + 6.9t 
48.0 + 5.8t 77 
40.5 + 5.9t 65 
369 + 4.2t 59 
26.9 + 4.8t 43 





Values represent mean +S.E. 
* nmoles/mg protein/min. 


+ AOD (x 10>) 450-465 nm/mg protein/min. 
t Significantly different from control; P < 0.05. 
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Fig. 1. A: Double-reciprocal plots of nicotine (a) and hexobarbital (b) metabolizing enzyme activities 

with varying concentrations of pilocarpine. B: Double-reciprocal plots of the spectral changes induced 

by the drugs. Spectral changes were obtained by the addition of various concentrations of the drugs 

to normal microsomal suspension (solid line). Nicotine (a) and hexobarbital (b) were added to pilocar- 

pine-containing microsomal suspension (dotted line). The concentrations of pilocarpine causing 50 per 

cent inhibition of nicotine metabolism (a: 3.6 x 10~°M) and hexobarbital metabolism (b: 1.8 x 
10-* M) were used respectively. 


bolizing enzyme activities revealed the inhibition by pilo- 
carpine (a type II substance) to be the competitive type 
for the both metabolism of nicotine, a type II substrate, 
and hexobarbital, a type I substrate (Fig. 1). 

The interaction of pilocarpine with cytochrome P-450 
is indicated by the appearance of an absorption peak at 
about 430 nm and a trough at about 395 nm in the differ- 
ence spectrum and the magnitude at the peak and the 
trough of spectral changes caused by pilocarpine was much 
greater than that by nicotine [1]. Double-reciprocal plots 
of the spectral changes induced by drugs against the drugs 
concentrations were shown in Fig. 1. The apparent dissoci- 
ation constant, K,, of nicotine and hexobarbital could be 
determined to be 0.32 and 0.41 mM respectively for rabbit 
liver microsomes. K, of pilocarpine could be determined 
to be 0.06 mM. K, of nicotine and of hexobarbital were 
increased to 0.59 and 6.7 mM respectively by the addition 
of pilocarpine. 

The mechanisms by which numerous substances inhibit 
the metabolism of drugs by liver microsomes are not well 
understood. It has been known that the mechanism of inhi- 
bition by type II substances varies with inhibitor, substrate 
and species [13]. This phenomenon is explained by the 
view that a type II inhibitor might act by interacting with 
more than one kind of cytochrome P-450 and by slowing 
the rate of cytochrome P-450 reduction and by interacting 
with various intermediate enzyme forms [14]. In accord- 
ance with this view, it seems from the present results that 
pilocapine may interact with the microsomal cytochrome 
P-450 with a greater affinity than nicotine and hexobarbi- 
tal and it might act by slowing the reduction of cyto- 
chrome P-450 by a competitive mechanism. 

Pilocarpine contains a tetrahydrofuran and imidazole 
ring in its structure. Muscarine, a quaternary ammonium 
compound containing a tetrahydrofuran ring. We exam- 
ined the effects of muscarine, tetrahydrofuran and imida- 
zole on the nicotine metabolsim in rabbit liver microsomes 
in comparison with pilocarpine. Pilocarpine produced a 


marked inhibition (57 per cent inhibition) at a concen- 
tration of 5 x 10°°M but the other compounds showed 
a slight inhibition (10-20 per cent inhibition) even at a 
higher concentration of 10~? M. 

It was reported that tetrahydrofuran inhibited specifi- 
cally the O-dealkylation activity for 7-ethoxycoumarin in 
microsomes from ethanol-pretreated rats [15]. The pres- 
ence of multiple forms of hepatic cytochrome P-450 have 
been reported [16-22] and several forms of cytochrome 
P-450 have recently been purified [23-28]. We obtained 
the data that the potency of the pilocarpine inhibition on 
drug metabolism varied greatly with species (unpublished 
data). It remains to examine the inhibitory action of pilo- 
carpine on the catalytic activities of different forms of cyto- 
chrome P-450 and the interaction with them. 
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PRELIMINARY COMMUNICATIONS 


INHIBITION OF HISTAMINE-N-METHYLTRANSFERASE AND HISTAMINASE (DIAMINE OXIDASE) BY A NEW 


HISTAMINE H,-RECEPTOR AGONIST, DIMAPRIT 


2 
Richard E. Shaff and Michael A. Beaven 
Pulmonary Branch, National Heart, Lung, and Blood Institute 


National Institutes of Health, Bethesda, Maryland 20014 U.S.A. 


(Received 13 June 1977; accepted 11 July 1977) 


Dimaprit, S-[3-(N,N-dimethylamino)propyl]Jisothiourea, was introduced recently as a 
selective agonist for histamine H, receptors (1). The compound was reported to possess less 


than 0.001% of the activity of histamine on H, receptors (guinea pig ileum) and to be highly 


1 
active toward tissues with Hy receptors (rat uterus, guinea pig right atrium and gastric 
mucosa). Dimaprit stimulated gastric secretion in several species and in cat was 4 to 5 


times more potent than histamine in stimulating secretion (1). Since the enzyme, histamine- 


N-methyltransferase (EC 2.1.1.8) (HNMT), is inhibited competitively by antagonists of both Hy 


(2) and Hy receptors (3), we have investigated the possible effect of Dimaprit on HNMT and 


on other enzymes involved in histamine metabolism. In this communication, we report that 
Dimaprit inhibits noncompetitively HNMT and, in higher concentrations, diamine oxidase (DAO) 
(EC 1.4.3.6). The possibility that Dimaprit acts on a second inhibitory site on these 
enzymes is discussed. 


Materials and Methods 





The sources of enzymes were as follows. For histidine decarboxylase, a soluble extract 
of rat gastric mucosa was used. A rat was given pentagastrin, 1 mg/kg s.c., to induce 
histidine decarboxylase activity (4). Two hours later, the glandular portion of the stomach 
was removed, washed carefully to remove bacteria (5), homogenized in 9 vol of 0.1 M, pH 6.8, 
sodium phosphate buffer. The homogenate was centrifuged at 18,000 g to remove particulate 
matter. A soluble extract was prepared likewise from rat ileum as the source of DAO (6). A 
partially purified preparation of HNMT was prepared from frozen guinea pig brain as described 
elsewhere (7). The concentration of these preparations in the final incubation mixtures was 


1 mg stomach/20 yl, 1 mg intestine/200 1 and 50 ug protein/40 yl respectively. 
Dimaprit was a gift from Dr. W. A. M. Duncan, Smith Kline and French Laboratories, 


B.P. 26/21—1 
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Welwyn Garden City, England. The dihydrochloride salts of histamine and 1-methyl-4-(8-amino- 
ethyl)imidazole (l-methylhistamine) were purchased from Sigma Chemical Co., St. Louis, Mo. 
and Calbiochem, San Diego, Ca., respectively. Radiochemicals were obtained from Amersham 
Searle Corp., Arlington Heights, I11., and New England Nuclear Corp., Boston, Mass. Side 
chain labeled e-7H-histamine was prepared from side chain labeled g-*H-L-histidine as previ- 
ously described (9). 

Histidine decarboxylase activity was assayed by measurement of the “cn, release from 
L-histidine-()“c-carboxyl carbon)", DAO activity by measurement of tritium release from g-7H- 
histamine (8) and HNMT by the formation of 14-_methylhistamine from histamine in the presence 
of S-adenosyl-L-methionine (4c-methy1) (9): unless otherwise stated, the final concentra- 
tion of substrate in these assays was L-histidine 2.5 x 10°, histamine 7.5 x 10°8, and hist- 
amine 5 x 107” M respectively. The concentration of substrate was varied by the addition of 
unlabeled substrate. All values reported are the average of duplicate experiments. 


Results and Comments 





In our initial survey, Dimaprit was found to inhibit HNMT and, in higher concentrations, 
DAO. The compound had no effect on histidine decarboxylase activity (Table 1). The inhibi- 
tion of both HNMT and DAO was noncompetitive (Fig. 1A and B). In these and 2 other experi- 


ments, the apparent K, values as determined by the Dixon plot (10) ranged from 7-9 x 107° M 


i 


for HNMT and 2.5-3.0 x 1074 M for DAO. In comparison with other published K, values, Dimaprit 


i 


was more effective an inhibitor of HNMT than the majority of the histamine H, antagonists 


1 

tested by Taylor and Snyder (2), more effective than the Hy antagonist burimamide (K; 2.8 x 
wh = 

10 M (3) but less effective than the antimalarial drug Quinacrine (K; i x 16 7) (2). 


Table 1. Percent inhibition of histamine-metabolizing enzymes by Dimaprit in vitro 





Dimaprit Histidine decarboxylase Diamine oxidase Histamine-N-methyltransferase 
conc. (M) (rat gastric mucosa) (rat ileum) (guinea pig brain) 





2.50 





Substrate concentrations are given in the text. 


HNMT is also inhibited by the reaction product l-methylhistamine (11). In our hands, 


the inhibition by methylhistamine (apparent Ky 2-4 x 104 M) appeared to be competitive (Fig. 


1C) but at higher substrate concentrations (5 x 10°° M) noncompetitive. At high substrate 





* 
M. A. Beaven, G. Wilcox and G. Terpstra, submitted for publication, Anal. Biochem. 
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10*M.H 
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DIMAPRIT 





~ xt0* 
1-METHYLHISTAMINE DIMAPRIT 


INHIBITOR CONCENTRATION (M) 


Fig. 1. Inhibition of DAO by Dimaprit (A), and HNMT by Dimaprit (B), l-methylhistamine (C) 
and by both inhibitors (D), as plotted according to the method of Dixon (10). The molar con- 
centration of histamine (H) and methylhistamine (MeH) was as indicated and that of histamine 


in D was 0.5 x 10~° M. The inhibition of DAO and HNMT by Dimaprit was noncompetitive (A and 


B) and the inhibition of HNMT by MeH competitive (see text) (C). The K, for HNMT by Dimaprit 


was unaltered by MeH (D). 





concentrations, the inhibition of HNMT by Diamprit and methylhistamine was enhanced. When 
Dimaprit and l-methylhistamine were tested in combination, the data indicated that the K, 
value for Dimaprit was unaltered by the presence of l-methylhistamine (Fig. 1D) and vice 
versa. Because of the crude nature of the HNMT preparation, more detailed analysis of the 
enzyme kinetics was not undertaken. 
Discussion 

The present data indicate that Dimaprit is a weak inhibitor of DAO and a stronger in- 
hibitor of HNMT. Since methylation is a major route of inactivation in most species and is 
the only route of inactivation in stomach of some species (12), there is a question as to the 
possible contribution of HNMT inhibition to the pharmacological activity of this drug. No 
information is available as to the metabolism or distribution of the drug in the body. It is 
a longer acting drug than histamine (W. A. M. Duncan, personal communication) and is presum- 


ably metabolized and excreted less rapidly than histamine. A maximum rate of gastric secre- 
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6 


tion was reported to be elicited when Dimaprit was infused at the rate of 1.25 x 10. moles/ 


kg/min in rat, 3 x 107° moles/kg/hr in dog and 4 x 10°° moles/kg/min in cat (1). It is con- 


ceivable that in rat the levels of Dimaprit may become sufficient to inhibit, at least par- 
tially, HNMT in stomach. It is clear, however, that gastric secretion is elicited in cat 
with levels of Dimaprit well below those required to inhibit HNMT and that the drug acts 
directly on Hy receptors in the gastric mucosa. This is apparent from the fact that the 
action of Dimaprit is blocked competitively by the H, antagonists (1). 

The noncompetitive inhibition of HNMT and DAO by Dimaprit could indicate that the drug 
acts at a site other than the active site on these enzymes. HNMT (2) and DAO (6,13), are 
inhibited by high concentrations of substrate. In the case of DAO, it has been proposed that 
histamine acts on a second inhibitory site which has an affinity for "delocalized m elec- 
trons" of the imidazole ring (14). Inhibition of the catalytic activity is readily studied 
with DAO, because other substrates of this enzyme, e.g. putrescine, are not inhibitory (6). 
Such studies are difficult with HNMT as histamine is the sole substrate and the enzyme has 
yet to be purified to a high degree. When purer preparations of HNMT become available, 
Dimaprit and related substances (15) may be useful compounds to test for the presence and 
characteristics of inhibitory site(s). 
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In 1966, Gessa and coworkers made the interesting observation that y-hydroxybutyrate 
(GHB) caused a dose dependent increase in the levels of brain dopamine (1). Some years 
later it was realized that the increase in endogenous striatal dopamine resulted due to the 
fact that GHB caused a reversible suppression of impulse flow in the nigro-neostriatal 
dopamine neurons (2,3). Dopamine neurons paradoxically increase synthesis in response to 
a cessation of impulse flow (3-7). This increase in dopamine synthesis coupled with an 
attenuated release explains the rapid increase in the steady state levels of dopamine found 
in the dopaminergic nerve terminals when impulse flow is blocked in these neurons. The 
observed increase in transmitter synthesis occurs as a result of an increase in tyrosine 
hydroxylase activity (3,5,7). This activation of tyrosine hydroxylase produced by a cessa- 


tion of impulse flow appears to be mediated by changes in the affinity of the enzyme for 


substrate, pterin cofactor and dopamine (8,9) and can be reversed in vitro by addition of 


calcium. However, the actual mechanism by which GHB blocks impulse flow in the nigro- 
neostriatal dopamine neurons is uncertain, although some studies suggest that the drug is 
acting directly on neurons within the substantia nigra. For example, direct injection of 
GHB into the striatum has little or no effect on tyrosine hydroxylase activity or dopamine 
levels while injection into the substantia nigra produces a dramatic increase in striatal 
dopamine levels and tyrosine hydroxylase activity (3,10). The injection of a local anes- 
thetic such as xylocaine or injection of Y-aminobutyric acid (GABA) into the substantia 
nigra also caused a rapid and marked increase in striatal dopamine. Since iontophoretic 
application of GABA onto dopamine cells in the zona compacta has been shown to inhibit spon- 
taneous activity of these cells (11) the above observations were not unexpected because both 
drug treatments in theory should effectively block impulse flow in the nigro-neostriatal 


neurons. These observations have, however, led to the speculation that GHB may block impulse 


flow in central dopaminergic neurons by acting as a GABA agonist at central synapses (10). 
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In view of the close structural similarity between GHB and GABA this seems like a likely 
possibility, although at present no direct evidence exists to support this contention. 
Therefore, in order to test this hypothesis more directly we examined the effects of picro- 
toxin, a known GABA antagonist (12), on the ability of GHB to increase tyrosine hydroxylase 
activity in the neostriatum and olfactory tubercles, two brain areas rich in dopaminergic 
nerve terminals (13). The following is an account of such a study and supports in part the 
contention that GHB may exert its effects on dopaminergic neurons by mimicking the action 
of GABA at central synapses. 

Male Sprague Dawley rats obtained from Charles River, Inc., were injected with drugs 


and killed by decapitation. y-Butyrolactone (GbL, Matheson, Coleman and Bell) was adminis- 


tered in preference to the sodium salt of GHB since it is more rapidly and uniformly 


absorbed following i.p. injection. Once in the blood stream GBL is rapialy converted 

to GHB by plasma and liver lactonase (14). The neostriatum and olfactory tubercles were 
dissected out as described previously and frozen on dry ice (15,16). In vivo tyrosine 
hydroxylase activity was determined by following the short term (30-45 min) accumulation 
of DUPA after inhibition of DUOPA decarboxylase by administration of RU-4-46U02 (seryl-trihy- 
droxybenzylhydrazine, 800 mg/kg, i.p.). DOPA was assayed fluorometrically after isolation 
from tissue extracts by ion exchange column chromatography (6,17). 

Administration of GBL in a dose (400 mg/kg) which causes a block of impulse flow in 
both the nigro-neostriatal and mesolimbic dopaminergic neurons (2,3, Walters and Roth, 
unpublished data) and a significant increase in endogenous dopamine, caused within 30 
iinutes a 90% and 40% increase in VDOPA accumulation in the neostriatum and olfactory tuber- 


eles respectively (Table I). 


Table I. Reversal of the Increase in Vopa Accumulation by Picrotoxin* 
DUPA Levels (ng/g) 


Striatun Olfactory Tubercle 





Controls 1271 + (6) 1049 + 60 (17) 
GBL (400 mg/kg) 2420 + (6) 1405 + 

Picrotoxin (3 mg/kg) 1640 + (7) 1411 + 

GBL (400 mg/kg) + Picrotoxin (3 mg/kg) 1582 + (6) 970 

GBL (400 mg/kg) + Picrotoxin (6 my/kg) 1770 (6) 1152 + 

*Results are expressed as the mean + S.E.M. Values in parentheses indicate the number of 


individual experiments. 
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The ability of GBL to increase LOPA accumulation was dramatically antagonized by pre- 
treatment with picrotoxin. Picrotoxin in a dosaye of 3 mg/kg produced a 73% blockade of the 
GBL induced increase in VOPA accumulation in the striatum and a complete blockade in the 
olfactory tubercle. It is worthy of note that picrotoxin itself causes a significant in- 
crease in DOPA accumulation. Since an increase in impulse flow is known to enhance dopamine 
syntnesis by activation or tyrosine hydroxylase, this effect of picrotoxin is most likely 
due to the ability of tnis agent to increase impulse rlow in the nigro-neostriatal and meso- 
linbic dopaminergic neurons by removal of the tonic inhibitory GABA-ergic influence on 
these dopaminergic systems. Recent electrophysiological studies have now demonstrated 
that picrotoxin does increase tie firing rate of both nigrostriatal and mesolimbic dopamine 
neurons (18; Nowycky and Koth, unpublished observations). 

These results are consistent with the hypothesis that GHB may cause an inhibition 
ot dopamine cell firing by acting as a GABA agonist at central synapses within the sub- 
stantia nigra. This action may be mediated by the ability of GHB to directly interact 
witit GABA receptors on the dopamine cell bodies or dendrites within the substantia nigra 
resulting in an inhibition of the spontaneous activity of these cells. However, these 
biochemical studies are not surricient to conclude at which central site GHB is exerting 
its GABA agonistic activity or if in fact GiB is indeed acting as a GABA agonist. Although 
unlikely, it is conceivable that the generalized seizure activity produced by picrotoxin 
is sufficient to cause sporadic depolarization of tie dopamine nerve terminal thus revers- 
ing the effects or GilB (19). lfore extensive studies comparing and contrasting the ability 
of other GABA antayonists and non-specific convulsive agents to block the biochemical 
errects elicited by GHB will help to answer this question. In addition iontophoretic and 
single unit recording studies will hopefully clarify the central site of action as well 


as the mecnanism by whicn GiB blocks impulse flow in central dopaminergic neurons. 
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It was first shown in amphibian gastric mucosa (frog /1/ and mud- 
puppy /2/ )that histamine, gastrin and pentagastrin increase adenylate cyclase 
activity. The effect of histamine stimulation of adenlyte cyclase activity was also 
proven in rodent gastric mucosa /3/, however, the stimulating effect of gastrin on 
the c-AMP levels of gastric mucosa was not demonstrated in vivo until recently. 
Lewin et. al. /4/ showed a parallel between gastrin binding and stimulation of ade- 
nylate cyclase in subcellular fractions of rat gastric mucosa. 

The stimulating action of gastrin on adenylate cyclase has been explained until 
now by Salganik and coworkers /5/ as an indirect effect acting through histamine 
induction of histidine decarboxylase. 

We succeeded in demonstrating in vitro a stimulating effect of low doses 


pentagastrins on adenylate cyclase activity. As it is not inhibited by metiamide, a 


known Ho receptor blocker, we suppose that pentagastrin receptors are directly 


connected with adenylate cyclase in rat stomach mucosa. 


Material and methods 





Preparation of particulate cell fractions 

Wistar female rats weighing 200-250 g-s were killed by decapitation in ether 
narcosis. Stomach was excised and washed with 0.05 M pH 7.4 Tris-HCl buffer. The 
mucosa was scraped off with a blunt knife. The scrape of the mucosa was homogenized 
in 10 vols of the above buffer at 4 °c in a Potter Elvehjem homogenizer. 
(2000 rev/min 3-4 strokes). The homogenate was centrifuged 20 mins at 15.000 rpm at 
o °c. The supernatant was discarded and the pellet was washed twice with the Tris 


buffer and the final pellet was suspended in 9 vols of buffer solution. 
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Adenylate cyclase assay 


The reaction mixture contained 50 mM Tris ph 7.4 buffer, 1 mM tetrahydropapave- 


14, ATP 1.04 mCi/mM), 


rine, 2 mM ATP (1 uCi 3H-aTP spec. act. 26 Ci/mM or 0.5 uCi 8- 


2 mM c-AMP, 2 mM MgCl., 6 mg/ml albumine, 1 mM phosphoenolpyruvate, O.1 mg pyruvate 
kinase and 100 ul particulate cell fraction containing 200 ug protein. Incubation 
was carried out in a final volume of 300 ul at 37 °c for 1,2,3 and 5 mins. The reac- 
tion was stopped by boiling the samples at 100 °c for 3 mins in the presence of a 
100 ul recovery mixture (10 mM ATP and 1 mM c-AMP) or by the addition of 200 ul of 
equal parts of 5 % ZnSO, and 5N Ba/OH/.. 50 ul of the supernatants was applied to 
Whatmann No. 3. MM for paper chromatography as described previously /8/. Protein was 
determined according to Lowry et al. /6/. Enzyme activity was linear within the in- 
vestigated protein concentration and incubation time. All fine chemicals were from 
Sigma St.Louis , labelled compounds were from New England Corp. Boston. Pentagastrin 
was a product of ICI, UK. Metiamide was a gift from Smith Kline and French La. Ltd, 


England. 


Results and discussion 





The basal adenylate cyclase activity of rat gastric mucosa particulate cell 
ractions was significantly enhanced by the in vitro addition of histamine or penta- 


gastrin. 


Table 1 





Dose response relationship of pentagastrin on the basal adenylate 


cyclase activity of rat gastric mucosa cell free preparations. 





pmoles c-AMP/mg protein/min 
Basal Activity 250 +29 
Pentagastrin 330 320 427 
Jee { 3635 *23 
6.6 nb 457 +21 
33 549 +46 





Table 1 shows that the dose curve relationship of pentagastrin revealed 
maximal effect at 33 nM but doses as low as 330 pM were already causing 
stimulation. Metiamide, a known H. receptor blocker, completely inhibited 
histamine activation of adenylate cyclase in equal amounts to the applied 
histamine concentration but displayed no effect on pentagastrin stimulation 


of enzyme activity (Table 2.). 
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Table 2 





In vitro activating effect of pentagastrin and histamine on the 
basal adenylate cyclase activity of rat gastric mucosa particu- 
late cell free preparations and the inhibitory effect of metiamide 


on the stimulation. 





c-AMP/mg prot/min 
21 
33 
46 
63 


ue} 
3 
fe) 
= 
@ 
n 


Basal Activity 
Histamine 10-4 


Pentagastrin 33 nM 


Metiamide 10~4m 


Pentagastrin 33 nM 


+ Metiamide 1074 M 
Histamine 107 4m 


+ Metiamide 107/M 17 


I+ I+ I+ I+ 


39 


1+ 





The amount of pentagastrin concentration correlated with the activating effect of 
adenylate cyclase. Maximal effects were achieved with 33 nM above that a decline 
observed. 

In conclusion pentagastrin acts directly by activating adenylate cyclase of 
gastric mucosa. In vivo experiments show metiamide inhibition of pentagastrin 
induced c-AMP elevation which might result in a more long-lasting effect through 
histidine decarboxylase induction /5,7/ but the immediate effect of pentagastrin 


Cwithin 5 minutes) is a direct non histamine mediated action. 
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The occurrence of dopamine and norepinephrine in discrete neural tracts 
in brain has been known for more than a decade, and roles for these catechol- 
amine neurotransmitters in various brain functions have been elucidated. A 
third catecholamine, epinephrine, is present in brain in much lower 
concentrations, and recent immunohistochemical fluorescence studies [1,2] 
have mapped neurons in rat brain containing the epinephrine-synthesizing 
enzyme, norepinephrine N-methyltransferase (EC 2.1.1.28). 

The physiological roles of these epinephrine-containing neurons are 


unknown, but some possibilities have been suggested based on the anatomic 


localization of the neuronal projections [2]. Inhibitors of norepinephrine 


N-methyltransferase should be valuable tools for studying epinephrine neurons, 
since they would not directly affect norepinephrine or dopamine neurons. In 
contrast, inhibitors of tyrosine hydroxylase, dopa decarboxylase, or dopamine 
8-hydroxylase would interrupt the synthesis of norepinephrine and/or dop- 
amine as well as epinephrine. We are reporting here that an inhibitor of 
norepinephrine N-methyltransferase, (+) -2,3-dichloro-a-methylbenzylamine 
hydrochloride (DCMB) [3,4], does lower epinephrine content of rat brain 
without lowering norepinephrine or dopamine content. 

For the assay in vitro of rat brain norepinephrine N-methyltransferase 
with L-norepinephrine as the methyl-accepting substrate, the methodology of 
Henry et al. [5] was used. The concentration of L-norepinephrine was 100 uM 
(kK, was 31 + 4 uM), and the concentration of S-adenosylmethionine was 50 uM 
(Ky was 13 + 2 uM). For the experiment in vivo, DCMB was injected i.p. at 
25 mg/kg into groups of five male Wistar rats weighing 130-150 g (from Harlan 
Industries, Cumberland, Ind.). The rats were killed by decapitation and the 


brains were rapidly excised. A section including the hypothalamus (defined 
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by the circle of Willis) was punched out with a metal cork borer, 5 mm inside 
diameter; the tissue sections weighed 60 + 1 mg (mean of 20 samples + 
standard error) and contained hypothalamus, thalamus and subthalamus. The 
tissue samples were frozen immediately on dry ice and stored frozen overnight 
prior to analysis. For the quantitative determination of brain catechol- 
amines, a high-pressure liquid chromatographic method using electrochemical 
detection was developed based on the procedure of Keller et al. [6]. Briefly 
the procedure involved protein precipitation with perchloric acid and NE 
adsorption of the catecholamines on alumina. Routinely the aliquot 
of alumina eluate applied to the column contained 2-3 picomoles of 
epinephrine. A Vydac TP cation exchange column (pre-packed, 10 um 
particle size, 3.2 mm x 25 cm) completely resolved norepinephrine, 
epinephrine and dopamine (inset shows typical recorder tracing); the 
catecholamines were eluted in that order by 0.1M NH,H,PO, (adjusted 
to pH 6.5 with 5 N NaOH) at a flow rate of 0.4 ml/min in a total time 
of 8 min. The pumping system consisted of a high-pressure mini Pump 


from Laboratory Data Control, stainless steel tubing and a 1000 psi 








pressure gauge. The electrochemical detector used a carbon paste 
electrode and was purchased from Bioanalytical Systems. Peak heights 


compared to internal catecholamine standards included in each experiment were 


used to calculate catecholamine content. 


DCMB inhibited norepinephrine N-methyltransferase from rat brain in 
vitro by 17, 32, 52 and 64 per cent when added at 0.3, 1, 3 and 10 uM con- 
centrations respectively. This degree of inhibition by DCMB is less than we 
had reported earlier for the adrenal enzyme [3] but is similar to that 
observed by Lew et al. [7], who used (+)-phenylethanolamine as substrate for 
the rat brain enzyme. 

Table 1 shows evidence that DCMB inhibited epinephrine synthesis in 
vivo in rat brain. The concentration of epinephrine was decreased at 2, 4 
and 6 hr after drug administration, the maximum decrease being 44 percent 
from the zero time value at 4 hr. In contrast, neither norepinephrine nor 
dopamine concentration was significantly influenced. The rate of decline 
in epinephrine concentration suggests that epinephrine in brain turns over 
relatively rapidly at a rate comparable to the turnover of dopamine and 


norepinephrine. In a separate experiment, we have found significant lowering 
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of brain epinephrine after a 12.5 mg/kg i.p. dose of DCMB but not after a 
6.25 mg/kg i.p. dose. Previously we had presented evidence that DCMB was 


effective in inhibiting epinephrine synthesis in rat adrenal glands [4]. 


Table 1. Catecholamine concentration in nat hypothalamus 
after treatment with DCMB (25 mg/kg, i.p.)* 





Hn after Brain catecholamines, pmoles/g 
Anjection 
Epinephrine Norepinephrine Dopamine 





7686 450 
(P<.05) 7284 
(P<.001) 7544 


(P<.005) 7077 





*Mean values + standard ennons for five nats per group are shown. 
Statistical comparisons to the zero time value were made by the 
Student's t-test. Significance of the difference from the zero 
time group 4& Shown for each value for which P was Less than .05. 

To our knowledge, these data represent the first published data showing 
a selective decrease in brain epinephrine concentration after the adminis- 
tration of an inhibitor of norepinephrine N-methyltransferase. Data on 
epinephrine concentration are crucial to the interpretation of any pharmaco- 
logic effects produced by norepinephrine N-methyltransferase inhibitors, 
since one must be sure that the inhibitor actually accomplishes in vivo the 
purpose for which it was given. For example, we have found that 5,6-di- 
chloro-2-aminotetralin, another inhibitor in vitro of norepinephrine N- 


methyltransferase [8], apparently does not act simply as an inhibitor of 


this enzyme in vivo. This compound inhibited the rat brain enzyme in vitro 


by 27, 35 and 61 per cent at 1, 3 and 10 uM concentrations, respectively, 
i.e. it was only slightly less potent than DCMB. However, it did not 
decrease brain epinephrine concentration when injected i.p. at 25 mg/kg (as 
the maleate salt) into rats. 5,6-Dichloro-2-aminotetralin actually increased 
epinephrine, norepinephrine and dopamine concentration slightly in brain 
(perhaps a result of monoamine oxidase inhibition). 

With reversible inhibitors, measurement of norepinephrine N-methyl- 


transferase activity in tissue homogenates after drug injection amounts to 


a bioassay of drug concentration in the homogenate and may not reflect 
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accurately the inhibition of epinephrine synthesis in vivo. Any pharma- 


cologic effects attributed to norepinephrine N-methyltransferase inhibition 


in vivo should parallel the duration and dose-dependence of epinephrine 


lowering. 

Currently we are studying in more detail the effects of DCMB and other 
norepinephrine N-methyltransferase inhibitors to establish their properties 
as inhibitors of epinephrine synthesis in brain. These inhibitors should be 
useful to determine the rate of turnover of brain epinephrine as a function 
of physiologic and pharmacologic variables. The inhibitors--if they are 
specific--may also represent an excellent means of probing the physiologic 


functions of epinephrine-containing neurons in brain. 
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The introduction of halothane (1,1,1-trifluoro-2-bro- 
mo, 2-chloroethane) into clinical practice in 1957 
represented a significant advance in anesthesia phar- 
macology since the drug possesses characteristics of 
rapid induction and emergence, potency, and non- 
flammability, with minimal nausea and vomiting. By 
1960 it was, and has remained, the most popular 
potent anesthetic employed in the Western world. 

After a brief period of widespread clinical use, anec- 
dotal case reports of unexplained post-anesthetic 
jaundice began to appear [1-5]. The essentials of this 
syndrome were rarity, pathologic and clinical features 
indistinguishable from viral hepatitis, unpredictabi- 
lity, and non-statistical inference that there was a 
higher incidence after a second administration. Simi- 
larly, there was belief that middle age and obesity 
were predisposing factors to the development of the 
complication. These reports triggered several indepen- 
dent clinical investigations of the problem [6-8] and 
a large nationwide retrospective survey [9]. No scien- 
tific conclusions could be drawn from these reports 
except that unexplained jaundice following halothane 
anesthesia was a rare occurrence (approximately 
1:30,000 administrations) and that the overall safety 
record of the anesthetic was excellent. Laboratory 
animal experiments during this era failed to reveal 
a direct hepatotoxic action of halothane at clinically 
inspired concentrations [10-15]. Primarily because of 
lack of an appropriate animal model of direct toxicity, 
hepatologists searched for other possible mechanisms 
of halothane hepatotoxicity and implicated an allergic 
or hypersensitivity reaction primarily by exclu- 
sion [16]. Documentation of this mechanism was 
attempted [17-19], but the concept that allergy arises 
from the parent anesthetic molecule is highly suspect 
in the light of recent human and animal experi- 
ments [20-24]. 

At the time halothane was introduced, and during 
the early part of the ‘halothane hepatotoxicity’ rancor, 
it was categorically believed and taught that inhala- 
tion anesthetics (except trichloroethylene [25]) were 
totally resistant to enzymatic breakdown. However, 
in the early 1960s it was conclusively determined that 
chloroform was  biotransformed [26,27]. Because 
chloroform was already obsolete as an anesthetic at 
the time, these experiments had more academic than 
clinical pharmacologic impact. In 1964, Van Dyke et 
al. [28] described halothane biotransformation in 
vitro. This group subsequently observed that this 
metabolism was NADPH-O, dependent, occurred 
primarily in the hepatic microsomal fraction and was 
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inducible by phenobarbital [29, 30]. Thus, it appeared 
that halothane biotransformation occurred via the 
classic mixed function oxygenase pathway. Confirma- 
tion of the biotransformation of halothane in man 
was rapidly forthcoming [31]. As much as 20 per cent 
of halothane absorbed by man could be accounted 
for as non-volatile urinary metabolites recovered over 
a 13-day period [32]. The primary urinary metabo- 
lites of halothane were initially identified by Stier [33] 
as trifluoroacetic acid and bromide ion, neither of 
which could be strongly implicated with hepatotoxi- 
city, although parenthetically the plasma bromide 
level frequently reached borderline soporific concen- 
trations (> 2.0 mEq/l) [34, 35]. Administration of tri- 
fluoroacetic acid, free or conjugated with albumin, 
failed to produce liver damage [36], although it did 
result in liver enlargement and alteration of glycolytic 
and gluconeogenic enzymes [37]. Production of the 
reactive trifluoroethanol was postulated but never 
proven [38]. 

It was determined that, for a given dose of an inha- 
lation anesthetic, biotransformation was more exten- 
sive in the obese subject [39]. In addition, studies 
in a small series of twins showed that non-volatile 
urinary metabolite difference was less in identical 
than in fraternal twins [40]. These findings suggest 
that genetic factors may significantly alter halothane 
biotransformation. 

By 1972, three mechanisms for halothane biotrans- 
formation were postulated: (1) oxidative dehalogena- 
tion (NADPH-O, dependent) of Br~ and Cl™ [29]; 
(2) abstractive dehydrogenation with production of 
the radical, CF ,CCIBr, followed by oxidation, dehalo- 
genation and hydrolysis to trifluoroacetic acid and 
Br~ [41]; and (3) oxidative dehalogenation to the 
intermediate trifluoroacetaldehyde with subsequent 
hydration and oxidation to trifluoroacetic acid [42]. 
It is of interest to note that enzymatic defluorination 
of the trifluoro bond of halothane was considered im- 
possible. 

Evidence that the biotransformation of halothane 
could be a vector in hepatic necrosis began to ac- 
cumulate from animal data. Cohen [43] demonstrated 
that fluorine-containing non-volatile metabolites of 
halothane were bound covalently to liver macromole- 
cules of the mouse and persisted for almost 2 weeks. 
Although halothane anesthesia in rats pretreated with 
phenobarbital for microsomal induction does not lead 
to centrolobular necrosis in the presence of an oxygen 
environment greater than 20 per cent [44,45], such 
covalent binding increases over 400 per cent in the in- 
duced animals [46]. However, in none of these studies 
did the covalent bonding correlate with necrosis, since 
no necrosis was produced. 
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Another postulate as to the mechanism of halo- 
thane-induced hepatotoxicity was that halothane, or 
more likely one of its metabolites, initiated lipoperox- 
idation similar to the hypothesis of Recknagel and 
Ghoshal [47] for carbon tetrachloride. Using this 
approach, Brown [48] found early rises in diene con- 
jugates in phenobarbital-pretreated, halothane (1% in 
99% O,)}anesthetized rats. However, no malondialde- 
hyde or lipofuscin pigments, late products of lipo- 
peroxidation usually associated with necrosis, were 
observed [49], strongly undermining a role of the 
lipoperoxidation hypothesis with halothane. After 
repeated administrations of ['*C]halothane in the rat, 
no enhanced metabolite excretion was observed, indi- 
cating that in this species the anesthetic is not an 
inducing agent [50]. The reason for this latter work 
was to study the implication that multiple administra- 
tions produced a higher incidence of hepatic necrosis 
in man. 

Halothane in an air environment produces a type 
I spectral difference binding to hepatic micro- 
somes [51] when examined by the method of Schenk- 
man et al. [52]. Uehleke et al. [53] were the first to 
point out that this spectral binding characteristic of 
reduced microsomes and halothane is enhanced and 
modified in an anaerobic environment. In the absence 
of oxygen, the combination of halothane and hepatic 
microsomes produces an absorption maximum at 
473 nm and a trough at 408 nm. In addition, these 
investigators found enhanced covalent binding after 
anaerobic incubation of ['*C]halothane with pheno- 
barbital-induced rabbit hepatic microsomal protein 
and NADPH. These experiments were felt to give 
some substantiation to the concept of Stier [41] that 
initiation of halothane biotransformation was de- 
hydrogenation with the formation of the CF,CCIBr- 
radical or anion. Actually the CF,;CCIBr- radical may 
be less reactive than the debrominated CF,CCIH- 
radical, which is a possible dehalogenated intermedi- 
ate postulated by Van Dyke and Chenoweth [29]. 
Synthesis of the unstable reduced and debrominated 
compound, CF,;CH,Cl, was performed and when 
injected (in anhydrous propylene glycol) into portal 
veins of rats produced extensive hepatic necrosis.* 

Van Dyke’s group has investigated several interest- 
ing points pivotal to biotransformation of halothane 
in the presence of reduced O, concentrations. An 
initial publication indicated that within the first 2 hr 
after administration the covalent binding of radio- 
active halothane to microsomes is greater in the 
phospholipid component than in protein [54]. It was 
found that this binding, when carried out in an 
hypoxic environment in vitro could be linearly corre- 
lated with lipid peroxidation products [55]. Using 
both *°Cl-halothane and ['*C]halothane, it was 
determined that the covalent binding of halothane 
metabolites to microsomal phospholipid retained the 
chlorine atom. However, neither the binding nor the 
lipid peroxidation was of sufficient intensity to des- 
troy cytochrome P-450. In summary, these studies, 
coupled with those of Uehleke’s group, strongly 
implied that halothane biotransformation in an 
anaerobic or hypoxic environment apparently pro- 





*B. R. Brown, Jr. and R. Baker, unpublished observa- 
tions. 
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duced some degree of reactive intermediates, particu- 
larly if metabolism were enhanced by phenobarbital 
induction. 

Cohen et al.[56] published a truly sophisticated 
investigation of human halothane biotransformation. 
They utilized heart transplant donors (iegally “dead’) 
and gave three donors | mCi and five donors 25 uwCi 
['*C]halothane intravenously. Urinary non-volatile 
metabolites were identified, after separation, by NMR 
and mass spectroscopy techniques. Three major 
organic metabolites were found: trifluoroacetic acid, 
N-trifluoroacetyl-2-aminoethanol, and N-acetyl-5-(2- 
bromo-2-chloro-1,1-difluroethyl}-L-cysteine. The abi- 
lity of human liver to defluorinate the extremely 
stable CF, bond was revealing and completely unex- 
pected. The presence of the cysteine and ethanolamine 
conjugates is of concern to human toxicology, since 
the finding of these substances implies the presence 
of reactive intermediates. In all likelihood these con- 
jugated. metabolites indicate urinary excretion of 
degraded hepatic lipid and protein macromolecules 
containing covalently bound halothane metabolites. 

Recently, two animal models mimicking the human 
lesion of ‘halothane hepatitis’ (centrolobular necrosis, 
elevated SGPT and SGOT, etc.) have been produced. 
In rats pretreated with polychlorobiphenyls, potent 
inducers of a wide variety of biotransformation path- 
ways which qualitatively and quantitatively alter 
cytochrome P-450 [57], a 2-hr exposure to 1% halo- 
thane in 99% oxygen causes classic centrolobular nec- 
rosis in rats [58]. No evidence of lipid peroxidation 
is seen with this model. The weakness of this model 
is that polychlorobiphenyls themselves produce 
modest liver morphologic changes (sudanophilic 
vacuole accumulation, although no centrolobular 
necrosis). Therefore, this phenomenon could be the 
net result of two additive liver-damaging substances 
rather than due to formation of a specific reactive 
metabolite of halothane. 

Widger et al. [59] found that rats anesthetized with 
halothane under hypoxic conditions (7% oxygen) 
demonstrated the following: (1) an elevated plasma 
fluoride (enhanced trifluoro bond cleavage in hypoxic 
conditions) producing reactive difluoro compounds; 
(2) a 3-fold increase in the binding of ['*C]Jhalothane 
metabolites as compared to halothane anesthesia with 
20% oxygen; and (3) a microsomal lipid/protein bind- 
ing ratio of 3.24 compared to 0.76 in halothane— 
oxygen anesthetized animals. They postulated that 
hypoxic atmospheres promote biotransformation of 
halothane by reductive pathways and that the meta- 
bolites produced are potentially more hepatotoxic 
than those produced by conventional oxidative path- 
ways. However, they did not elucidate this reductive 
pathway or its metabolites. Two other investigations 
hinging on this concept are important. Adler et 
al. [60] demonstrated that phenobarbital pretreat- 
ment may alter not only the quantitative biotransfor- 
mation of inhalation anesthetics but also change the 
qualitative nature of this metabolism. These findings 
at reduced oxygen tensions are extremely relevant to 
the clinical cases of ‘halothane hepatitis’ because halo- 
thane anesthesia in man significantly decreases hepa- 
tic blood flow and in many cases causes hepatic artery 
perfusion to drop to zero [61]. 

From the preceding discussion it is possible to 





Biotransformation and hepatotoxicity of halothane 


speculate a mechanism of halothane-induced liver 
damage. Key points in the model are that: (1) bioacti- 
vation of halothane occurs in the endoplasmic reticu- 
lum; (2) this bioactivation is inducible by pretreat- 
ment with phenobarbital; (3) bioactivation involves 
a reductive pathway; and (4) reactive intermediates 
are produced which interact with lipids and protein. 
In our laboratory, we can now consistently reproduce 
halothane-induced centrolobular liver necrosis in 
rats [62]. In this animal model, phenobarbital-pre- 
treated rats are anesthetized with clinical concen- 
trations of halothane (1%) in 14% oxygen for 2 hr. 
Within 24hr, extensive centrolobular necrosis and 
sharply elevated SGPT levels are observed. None of 
these changes are apparent in induced animals 
exposed to hypoxia alone (14% O,) or in non-pheno- 
barbital-pretreated halothane-anesthetized rats. Eluci- 
dation of the mechanism and identification of non- 
volatile halothane metabolites produced in this model 
are currently being pursued. 

In summary, the useful and safe halogenated inha- 
lation anesthetic, halothane, apparently possesses a 
rare, unpredictable complication of hepatic necrosis. 
Evidence is strong from animal experiments that this 
could possibly be due to qualitatively and/or quanti- 
tatively altered biotransformation to reactive inter- 
mediates, particularly via a reductive or oxygen- 
deficient pathway. Lipid peroxidation and extensive 
covalent binding of halothane metabolites may occur 
but may be effects, rather than causes. It is conceiv- 
able, but certainly not proven, that these new sub- 
stances could induce a hypersensitivity phenomenon 
accelerating hepatic cellular destruction. Although 
only the surface of this problem is scratched, future 
investigations into the precise mechanisms and vari- 
ation of halothane biotransformation should be per- 
formed. The widespread use of this otherwise safe 
anesthetic in clinical practice dictates such studies. 
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Abstract—Rats were given 45 mg/kg i.p. sodium pentobarbital 15 min prior to the intraventricular 
injection of 200 Ci [°?P]phosphoric acid and 50 wCi [*H]glycerol. The animals were sacrificed 1 hr 
later, subcellular fractions were prepared from four subcortical brain regions and phospholipids were 
extracted. Pentobarbital significantly increased the ratio of [°H]- and [°?P]-triphosphatidylinositol 
(TPI) to diphosphatidylinositol (DPI) in the microsomal but not synaptosomal fractions. The possible 
relationship of this change to nicotinic receptor activity is discussed. Pentobarbital specifically decreased 
32Pj but not [*H]glycerol incorporation into synaptosomal phosphatidylinositol (PI). Thus, pentobarbi- 
tal induced the opposite of the “neurotransmitter effect” on PI turnover. Pentobarbital either decreased 
or had no effect on the incorporation of 3?Pi and [*H]glycerol into phosphatidylserine (PS), phosphati- 


dylcholine (PC) and phosphatidylethanolamine (PE). 


An investigation of the effects of pentobarbital on 
phospholipid turnover in discrete regions and subcel- 
lular fractions of the rat brain seems warranted for 
several reasons. First, knowledge of the effects of pen- 
tobarbital on phosphatidylinositol (PI) synthesis and 
turnover should help to reinforce the developing 
theories concerning the relationship between this 
membrane component and nerve function. Larrabee 
et al. [1] have observed that stimulation of the sym- 
pathetic ganglia increases the incorporation of *?Pi 
into PI. Similarly, several groups have found that the 
incubation of brain tissue with acetylcholine (Ach), 
norepinephrine (NE) or dopamine (DA) increases the 
incorporation of 3?Pi into PI [2-10]. Since barbitu- 
rates are known to decrease neurotransmitter 
release [11], we predict that pentobarbital might have 
especially potent effects on PI synthesis and metabo- 
lism. 

Second, knowledge of the effects of pentobarbital 
on polyphosphoinositide synthesis and turnover 
should help clarify the relationship between these in- 
teresting membrane components and nervous activity. 
It has been suggested that the interconversion of tri- 
phosphatidylinositol (TPI) and diphosphatidylinositol 
(DPI) may regulate membrane bound Ca?* levels in 
nervous tissue [12-14]. In support of this hypothesis, 
Buckley and Hawthorne [15] found an increase in 
high affinity Ca?* binding to erythrocyte membranes 
when PI was converted to DPI and TPI. However, 
the relative contributions of DPI and TPI to the in- 
crease in high affinity binding was not determined. 
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It has been difficult to show a change in TPI and/or 
DPI turnover that could be specifically associated 
with a change in nervous activity [16,17]. White et 


al. [18] were able, under some special conditions, to 


demonstrate that stimulation of the vagus nerve 
caused increased incorporation of *7Pi into TPI and 
DPI. These data agreed with the earlier findings of 
Schacht and Agranoff [19] that pentylenemetrazol or 
electroconvulsive shocks increased TPE and DPI 
labeling by *?Pi in the goldfish brain. Recently, we 
reported [20] in a preliminary communication that 
morphine and pentobarbital, two drugs which de- 
crease ACh release, and mecamylamine, a nicotinic 
receptor blocker, increased the ratio of [**P]TPI to 
[°?P]DPI in midbrain microsomes. In contrast, eser- 
ine markedly decreased the [°*P]TPI to [°?P]DPI 
ratio. These data may suggest that the conversion of 
TPI to DPI is important in nicotinic receptor acti- 
vation [21]. In the present study, we have extended 
our preliminary observations on the effects of pento- 
barbital on the TPI-DPI interconversion by investi- 
gating the pentobarbital effects in four brain regions 
and two subcellular fractions. Based on the report of 
Salvaterra et al.[22] showing the highest density of 
brain nicotinic receptors in the microsomal fraction, 
we predict that pentobarbital will show a more sig- 
nificant effect on the TPI to DPI ratio in the micro- 
somal as compared to the synaptosomal fraction. 

Third, previously we observed [23] that chronic 
pentobarbital treatment had only minor effects on 
phospholipid synthesis in rat brain subcortical micro- 
somes and synaptic plasma membranes. The possibi- 
lity is now suggested that pentobarbital, like mor- 
phine [24, 25], may have marked acute effects on 
phospholipid synthesis and that tolerance develops to 
these acute effects. Thus, knowledge of the acute pen- 
tobarbital effects on phospholipid synthesis and turn- 
over may provide insight into the mechanisms of cen- 
tral pentobarbital tolerance and dependence. 
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METHODS AND MATERIALS 


Materials. Carrier free [**P]phosphoric acid (37Pi) 
and [2-*H]glycerol (sp. act. 10Ci/m-mole) were 
obtained from New England Nuclear Corp., Boston, 
MA. 

Experimental. Male Sprague-Dawley rats 
(Simonseu Laboratories, Gilroy, CA) weighing 
180-220 g were implanted with a cannulae guide over 
the lateral ventricle and then allowed 4-5 days to 
recover from surgery before beginning the experiment. 
At zero time the animals were given i.p. 45 mg/kg 
of sodium-pentobarbital or saline. Fifteen min later 
the animals were given intraventricularly 200 wCi *7Pi 
and 50 wCi [*H]glycerol dissolved in 20 yl of a modi- 
fied Krebs-Ringer bicarbonate buffer in which the 
sodium diphosphate was omitted. One hr later the 
animals were sacrificed, and the brains rapidly 
removed, dissected and immediately homogenized in 
9 vol. of 0.32 M sucrose plus 20mM Tris, pH 9.5, at 
4°. The alkaline-homogenizing medium decreases the 
hydrolysis of the polyphosphoinositides [26]. Micro- 
somes and nerve ending particles were prepared by 
standard centrifugation techniques [27, 28]. A portion 
of the total homogenate was mixed with 2 vol. of 10% 
trichloroacetic acid (TCA), centrifuged and an aliquot 
of the supernatant was counted for total non-precipi- 
table **P and 7H. 

Phospholipid analysis. Phospholipids were extracted 
from the microsomes as described by Eichberg and 
Dawson [29]. The chloroform—methanol (1:1) soluble 
phospholipids, namely, phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylserine 
(PS) and phosphatidylinositol (PI) were separated on 
Silica gel-G thin-layer chromatographic (TLC) plates 
using a solvent system of chloroform—methanol-— 
water—acetic acid (conc.) (25:15:2:4, v/v). The phos- 
pholipids were identified, eluted and specific activities 
determined as described elsewhere [27]. Diphosphati- 
dylinositol (DPI) and triphosphatidylinositol (TPI), 
the chloroform—methanol—HCl (conc.) (2:1:0.01, v/v) 
soluble phospholipids, were separated on Silica gel-H 
TLC plates using a solvent system of chloroform- 
methanol-4 N ammonium hydroxide (9:7: 2, v/v) [30]. 
The phospholipids were located by iodine vapor, the 
plates were scraped and the DPI and TPI were 
extracted from the Silica gel using the developing sol- 
vent. Lipid phosphorus levels were analyzed as de- 
scribed by Bartlett [31]. DPI and TPI data are pres- 
ented as cpm/yumole of total acidic lipid P applied 
to the plate. Statistical analysis of the data was per- 
formed using the Student’s t-test (two tailed). 


RESULTS 


Effect.of pentobarbital on microsomal and synaptoso- 
mal TPI and DPI synthesis. The data in Fig. 1 illus- 
trate that pentobarbital either decreased or had no 
effect on the incorporation of [*H]glycerol into DPI 
and TPI depending on the brain region considered. 
The decrease in [*H]glycerol incorporation into DPI 
in the brainstem and neostriatum was markedly 
greater than the decrease in incorporation into TPI. 
This differential effect of pentobarbital on [*H]TPI 
and [*H]DPI levels is further shown in Table 1. In 
all four brain regions, pentobarbital significantly in- 
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Fig. 1. Effect of pentobarbital on [*H]glycerol incorpor- 
ation into microsomal TPI and DPI. Rats were given ip. 
45 mg/kg of sodium-pentobarbital 15 min prior to the in- 
jection of 200uCi [°?P]phosphoric acid and 50 pCi 
[*H] glycerol. One hr later the animals were sacrificed and 
four subcortical regions, the pons-medulla or brainstem 
(BS), the midbrain (MB), the neostriatum (NS) and the 
diencephalon (DN), were dissected. Microsomes were pre- 
pared from these regions, phospholipids were extracted 
and their specific activities determined. N was 10-12 pairs 
of animals/brain region. In this figure, data are expressed 
as the mean + S.E. (cpm/ymole of lipid P applied to the 
TLC plate) x 10~%. Key: (O) control; (@) pentobarbital; 
and (*) significantly different from control, P < 0.05. 
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creased the ratio of [SH]TPI to [*H]DPI. The data 
in Fig. 2 illustrate that pentobarbital had no effect 
on **Pi incorporation into TPI in the brainstem, mid- 
brain and neostriatum but significantly increased in- 
corporation 170 per cent in the diencephalon. In con- 
trast, pentobarbital significantly decreased **Pi incor- 
poration into DPI in all brain regions but the dience- 
phalon. As with the [*H]polyphosphoinositides, the 
ratio of [°?P]TPI to [**P]DPI was significantly in- 
creased in all brain regions after pentobarbital treat- 
ment (Table 1). 

The effects of pentobarbital on the incorporation 
of **Pi and [*H]glycerol into the synaptosomal frac- 
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Fig. 2. Effect of pentobarbital on **Pi incorporation into 

microsomal TPI and DPI. Details are given in the legend 

to Fig. 1. Key: (CO) control; (G3) pentobarbital; and (*) sig- 
nificantly different from control, P < 0.05. 
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Table 1. Effect of pentobarbital on 
TPI to DPI* 


the ratio of labeled 





(?HJTPI 
[°H]DPI 


Group 





Brainstem 
Control 
Pentobarbital 

Midbrain 
Control 
Pentobarbital 

Neostriatum 
Control 
Pentobarbital 

Diencephalon 
Control 
Pentobarbital 





* Rats were given 45 mg/kg of sodium-pentobarbital i.p. 
15min prior to the intraventricular injection of 200 uCi 
32Pi and 50 uCi [*H]glycerol. One hr later the animals 
were sacrificed, brains dissected and microsomes were pre- 
pared. TPI and DPI were extracted from the microsomes 
and their specific activities determined. N = 10-12 pairs 
of animals/group. Data are expressed as the ratio of 
(°H]TPI to [7H]DPI and [*?P]TPI to [°?P]DPI. 

+ Significantly different from control, P < 0.05. 


tion were examined in both the neostriatum and the 
midbrain. The data in Table 2 show that the only 
significant pentobarbital effect was to inhibit the in- 
corporation of [*H]glycerol into both DPI and TPI 
in the neostriatum. No significant changes in the ratio 
of labeled TPI to DPI were observed in either brain 
region. 

Pentobarbital did not significantly affect the levels 
of non-precipitable >H or 3?P in any of the brain 
regions studied (data not shown). No attempt was 
made to measure actual precursor specific activity. 

Effect of pentobarbital on microsomal and synaptoso- 
mal PI synthesis. The data in Fig. 3 illustrate that 
pentobarbital depressed the incorporation of both 
32Pi and [*H]glycerol into microsomal PI in the 
neostriatum and diencephalon. In the midbrain, only 
the incorporation of *?Pi was affected. Pentobarbital 
had no effect on either >*Pi or [*H]glycerol incorpor- 
ation in the brainstem. Pentobarbital significantly in- 
hibited **Pi but not [*H]glycerol incorporation into 
synaptosomal PI in both the neostriatum and mid- 
brain (Table 3). It may be important to note that 
while the specific activities of microsomal [*H]PI and 
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Fig. 3. Effect of pentobarbital on **Pi and [*H]glycerol 
incorporation into microsomal PI. Details are given in the 
legend to Fig. 1. Data in this figure and Figs. 4-6 are 
now expressed as mean +S.E. (cpm/umole of lipid 


P) x 10-3. Key: (OQ) control; (@) pentobarbital; and (*) 
significantly different from control, P < 0.05. 
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Fig. 4. Effect of pentobarbital on **Pi and [*H]glycerol 

incorporation into microsomal PS. Details are given in 

the legends to Figs. 1 and 3. Key: (2) control; (&) pento- 

barbital; and (*) significantly different from control, 
P < 0.05. 
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Table 2. Effect of pentobarbital on the incorporation of **Pi and [*H]glycerol into synaptosomal TPI and DPI* 





(3H]DPI (7H]TPI 
(cpm/ymole lipid P) x 10~? 





Group 


(?H]TPI 
[-H]DPI 


[?2P]DPI (°2P]TPI 
(cpm/umole lipid P) x 1077 


32P)TPI 








Midbrain 
Control 5.1 
Pentobarbital 3.9 

Neostriatum 
Control 
Pentobarbital 


4.0 4 
1.8 .2T 


1.0 
1 


18.2 + 2.1 


6 ; 
| : 


0.1 
0.1 





* Experimental details are given in the legends to Table 1 and Fig. 1. Synaptosomes were prepared from the midbrain 
and neostriatum, TPI and DPI were extracted and their specific activities determined. N = 6-8 pairs of animals/group. 


+ Significantly different from control, P < 0.05. 
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Table 3. Effect of pentobarbital on the incorporation of *?Pi and [*H]glycerol 
into synaptosomal PI* 





(?H)PI 
(cpm/umole lipid P) x 1077 


Group 


[°?P]PI 2p PI 





[H]PI 





Midbrain 
Control 
Pentobarbital 

Neostriatum 
Control 
Pentobarbital 


8.0 + 0.9 
10.5 + 1.0 


70.4 + 6.2 
34.4 + 4.1t 





* Experimental details are given in the legends to Table 1 and Fig. 1. Synap- 
tosomes were prepared from the midbrain and neostriatum, PI was extracted 
and its specific activity determined. N = 6-8 pairs of animals/group. 

+ Significantly different from control, P < 0.05. 


[°2P]PI were approximately equal, the specific ac- 
tivity of synaptosomal [**P]PI was eight to twelve 
times that of [°H]PI. 

Effect of pentobarbital in microsomal PS synthesis. 
Pentobarbital significantly decreased *?Pi incorpor- 
ation into PS in all brain regions studied (Fig. 4). 
In contrast, pentobarbital decreased [*H]glycerol in- 
corporation only in the diencephalon and signifi- 
cantly increased the incorporation of this label in 
both the brainstem and midbrain. 

Effect of pentobarbital on microsomal PC and PE 
synthesis. Since PC and PE are synthesized via a simi- 
lar metabolic route, we have compared the effects of 
pentobarbital on the incorporation of **Pi and 
[*H]glycerol into these two phospholipids. While 
pentobarbital markedly decreased **Pi incorporation 
into PC in all brain regions studied, the incorporation 
of >*Pi into PE was significantly decreased only in 
the diencephalon (Figs. 5 and 6). The effect of pento- 
barbital on [*H]glycerol incorporation was similar 
for both phospholipids in that a significant decrease 
in [*7H]PC and [*H]PE specific activity was found 
in the neostriatum. 


DISCUSSION 


One attractive hypothesis concerning the function 
of neuronal polyphosphoinositides is that the inter- 
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Fig. 5. Effect of pentobarbital on *?Pi and [*H]glycerol 

incorporation into microsomal PC. Details are given in 

the legends to Figs. 1 and 3. Key: (QO) control; (€) pento- 

barbital; and (*) significantly different from control, 
P < 0.05. 
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Fig. 6. Effect of pentobarbital on °?P: and [*H]glycerol 

incorporation into microsomal PE. Details are given in 

the legends to Figs. 1 and 3. Key: (OQ) control; (3) pento- 

barbital; and (*) significantly different from control, 
P < 0.05. 


conversion between TPI and DPI regulates the 
amount of membrane bound Ca?*. Since Ca?* is less 
avidly bound to DPI than TPI [14], the conversion 
of TPI to DPI could result in the release of mem- 
brane bound Ca**, a phenomenon which is known 
to be associated with the development of the action 
potential [32]. In addition, some evidence suggests 
that the conversion of TPI to DPI is associated with 
nicotinic receptor activation [21]. We have observed 
in a preliminary study [20] that morphine and pento- 
barbital, two drugs which decrease ACh release, and 
mecamylamine, a nicotinic receptor blocking agent, 
increased the ratio of [?*P]TPI to [**P]DPI in rat 
midbrain microsomes under experimental conditions 
of drug and isotope administration similar to those 
described in this paper. In contrast, eserine markedly 
decreased the [°*P]TPI to [°?P]DPI ratio. Recently, 
we have found (unpublished observations) that atro- 
pine has no effect on the [*7P]TPI to [°?P]DPI ratio. 
The results of the present study show that the pento- 
barbital effect is not limited to the midbrain but 
occurs in three other subcortical brain regions as well. 
This widespread nature of the pentobarbital effect is 
consistent with the ubiquitous distribution of nico- 
tinic receptors in the rat brain [22]. Furthermore, our 
observation that the drug-induced change in the 
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labeled TPI to DPI ratio was limited to the micro- 
somal fraction is consistent with data indicating that 
the highest subcellular density of nicotinic receptors 
in the rat brain is found in the microsomal fraction 
[22]. Overall, the data from this and our previous 
study [20], as well as data in preparation, suggest that 
there is a relationship between the level of nicotinic 
receptor activity and the ratio of labeled TPI to DPI. 
At present it is not clear what is the physiological 
significance of this change. However, the data may 
indicate that changes in polyphosphoinositide meta- 
bolism are invclved in nicotinic receptor activation. 

The mechanism(s) by which nerve stimulation and 
cationic neurotransmitters stimulate the incorpor- 
ation of *?Pi into PI have been extensively examined. 
Michell [33] has concluded that the “neurotransmit- 
ter effect” is caused by the enhanced breakdown of 
PI to the p-1,2-diglyceride, which is then reutilized 
for synthesis to PI. As a consequence of this scheme, 
cationic neurotransmitters increase the incorporation 
of >*Pi but not [*H]glycerol into PI [33]. Thus, we 
predicted that pentobarbital, which is known to 
depress neurotransmitter release [11], would specifi- 
cally decrease the incorporation of 77Pi over [7H] gly- 
cerol into PI. Careful examination of the data pres- 
ented in Fig. 3 reveals that, in all brain regions except 
the neostriatum, the ratio of [°?P]PI to [7H]PI was 
decreased, but a significant (P < 0.01) change in this 
ratio was found only in the diencephalon. 

In both of the synaptosomal fractions examined, 
pentobarbital specifically decreased the incorporation 
of **Pi and not [*H]glycerol into PI. Furthermore, 
pentobarbital has also been found to specifically de- 
crease *?Pi over [*H]glycerol incorporation into 
synaptosomes prepared from the diencephalon and 
brainstem (unpublished observations). Thus, the pen- 
tobarbital effect on PI turnover shows some subcellu- 
lar specificity, with the most significant changes being 
observed in the synaptosomal fraction. These data are 
consistent with the proposed roles of PI in neurohu- 
moral transmission [33]. The data in the present 
study also suggest that the factors regulating PI turn- 
over in the microsomes are somewhat different from 
those regulating synaptosomal turnover. The ratio of 
[(°?P]PI to [°H]PI is markedly higher in the synapto- 
somal than in the microsomal fraction, probably indi- 
cating that the initial incorporation of *?Pi into 
synaptosomal PI occurs via a mechanism unrelated 
to microsomal PI synthesis. Overall, the pentobarbi- 
tal data on PI turnover demonstrate the usefulness 
of a pharmacological manipulation to study the rela- 
tionship between a membrane component, neuro- 
transmitters and nerve activity. 

In a previous report [23], it was observed that 
chronic pentobarbital treatment did not markedly 
affect the incorporation of *?Pi into PC and PE. The 
data in the present study clearly demonstrate that 
pentobarbital markedly depresses **Pi incorporation 
into PC with a less marked effect on incorporation 
into PE. Overall, the data from this and our previous 
study would suggest that, as tolerance develops, the 
inhibitory effect on PC synthesis disappears. Interest- 
ingly, some evidence suggests that tolerance may de- 
velop to some but not all the inhibitory effects of 
pentobarbital on synaptosomal PI turnover. When 
synaptic plasma membranes (SPM) were prepared 
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from two populations of subcortical synaptosomes, 
the incorporation of **Pi into PI of SPM isolated 
from light synaptosomes was still markedly depressed 
in the chronic pentobarbital animals, while the incor- 
poration of **Pi into PI of SPM derived from heavy 
synaptosomes was significantly increased [34]. In the 
context of this discussion, it may be of more than 
passing interest to note that the heavy synaptosomes 
are enriched in NE-containing nerve terminals, while 
the light synaptosomes are enriched in y-aminobu- 
tyric acid (GABA)-containing nerve terminals. 

In conclusion, the data in the present study indicate 
that pentobarbital affects brain phospholipid syn- 
thesis in a way that is consistent with the proposed 
roles of the phospholipids in nervous activity. The 
marked effects of pentobarbital on the incorporation 
of *?Pi and [*H]glycerol into the phosphoinositides 
further illustrate the probable importance of these in- 
teresting membrane components in nerve function. 
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Abstract—Representative potent anti-inflammatory drugs have been studied for their ability to affect 
energy metabolism in vitro in rat liver mitochondria. Like 2,4-dinitrophenol, flufenamic acid activated 
ATPase, inhibited the incorporation of **Pi into the ATP fraction, stimulated glutamate oxidation 
and coupled substrate-level phosphorylation, and promoted state-4 respiration. Aspirin and ibuprofen 
caused similar but lesser effects on these parameters. These three drugs are considered to be uncouplers 
of oxidative phosphorylation. Indomethacin and phenylbutazone inhibited both oxidative and substrate- 
level phosphorylations. Based on their abilities to inhibit glutamate oxidation rather directly and to 
block the electron transport chain, it was concluded that indomethacin and phenylbutazone could 
inhibit the generation of energy-rich phosphate compounds by suppressing respiration at multiple 
sites. Thus, these anti-inflammatory drugs could prevent mitochondrial energy metabolism in different 


manners. 


Although anti-inflammatory drugs form a very het- 
erogeneous group, it is well known that these drugs 
have many biochemical properties in common, one 
of which is the uncoupling of oxidative phosphoryla- 
tion. The uncoupling action of anti-inflammatory 
drugs was studied first by Adams and Cobb [1], and 
later in more detail by several investigators [2-6]. 
The present paper describes in vitro effects of several 
anti-inflammatory drugs having different structures 
on oxidative phosphorylation and related energy 
metabolism in isolated rat liver mitochondria. It is 
shown that these drugs affected oxidative phosphory- 
lation in somewhat different manners. 


MATERIALS AND METHODS 


Rat liver mitochondria were isolated by the method 
of Johnson and Lardy [7] in 0.33 M sucrose—0.1 mM 
EDTA solution. The standard reaction mixture con- 
tained 146 mM KCl, 20 mM Tris-HCl buffer (pH 7.4), 
1mM EDTA, 55mM < sucrose (derived from mito- 
chondrial suspension) and mitochondria from 25 mg 
rat liver (containing 0.6—-0.65 mg protein) in a final 
volume of 1.0 ml. This reaction mixture was incubated 
at 25°. When oxygen utilization was estimated with 
Clark oxygen electrode, the reaction mixture was 
scaled to 10-times this quantity with mitochondria 
from 500 mg rat liver. 

Determination of ATPase activity. Mitochondria 
were incubated in the standard reaction mixture 
added with 1mM ATP. The incubation was ter- 
minated by the addition of 0.2 ml of 7% HClO, and 
the deproteinized supernatant was assayed for inor- 
ganic phosphate (Pi) by the method of Fiske-Sub- 
barow [8]. Without further additions essentially no 
Pi was liberated during incubation. When 2,4-dinitro- 
phenol((DNP) was added at concentrations up to 
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0.1mM, Pi accumulation occurred linearly for the 
first 15 min as a result of breakdown of ATP. There- 
fore, a 15-min incubation was carried out to estimate 
the activity of ATPases stimulated by DNP and anti- 
inflammatory drugs. 

Incorporation of 3? Pi into mitochondrial adenine nu- 
cleotides. Mitochondria were incubated for 2.5 min in 
the standard reaction mixture added with 0.05mM 
32Pi. Separation of adenine nucleotides labelled with 
32P during incubation was carried out on the thin- 
layer plate of polyethyleneimine—cellulose [9] after 
treatment of the acidified (deproteinized) medium 
with charcoal according to the procedure described 
elsewhere in detail [10]. When mitochondna 
were incubated with tetramethyl-p-phenylenedia- 
mine(TMPD), ascorbate and rotenone, **Pi was in- 
corporated into ATP almost exclusively. In this case, 
therefore, **Pi was precipitated off by the method of 
Sugino and Miyoshi [11] and the supernatant was 
counted for *?P as a simple and tentative measure 
of AT*?P [12]. 

14CQ, liberation from [1-'*C]glutamate. Our pre- 
vious studies showed that the production of '*CO, 
from [1-'*C]glutamate reflects the oxidation rate of 
glutamate in the mitochondria rather than the pen- 
etration rate of glutamate into mitochondria if the 
concentration of glutamate in the medium was main- 
tained above 1mM [10]. Accordingly, a mitochon- 
drial suspension added with 1 mM [1-'*C]glutamate 
was incubated for 20 min in the rubber-stoppered vial 
equipped with a suspending plastic cup. The reaction 
was terminated by injecting 0.25ml of HClO, 
through the rubber stopper along the wall of the vial 
to make a final concentration of 0.5M. Following 
further addition of hyamine onto a roll of paper in 
the centre cup, the vial was stored at room tempera- 
ture for | to 2hr. Radioactivity trapped by hyamine 
was then measured. 
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Table 1. Kinetic parameters of ATPases stimulated by DNP and anti-inflam- 
matory drugs 





Drugs K,{M) 


Voonx 
(nmole Pi/mg protein/min) 





Lx? 
2x 107° 
8 x 1075 
4x 107-5 
6 x 10-* 


DNP 
Flufenamic acid 
Indomethacin 
Ibuprofen 
Phenylbutazone 





The data in this and the following tables are the means from two observa- 


tions. 


Oxygen consumption. Oxygen consumption was 
measured polarographically with a Clark oxygen elec- 
trode [13]. Some experiments were carried out with 
the damaged mitochondria prepared by exposing sus- 
pensions of intact mitochondria to one or two cycles 
of freezing and thawing. 

Chemicals. Representative anti-inflammatory drugs 
were used: flufenamic acid as one of anthranilic acid 
derivatives, indomethacin as an indoleacetic acid de- 
rivative, ibuprofen as a phenylacetic acid derivative, 
phenylbutazone and aminopyrine as pyrazoline de- 
rivatives and acetyl salicylate (aspirin) as a salicylate. 
These drugs are generous gifts from Dr. K. Matsuki, 
Lederle (Japan) Ltd. Other reagents were of the purest 
grade commercially available. Stock solutions of 
aspirin and aminopyrine were prepared by dissolving 
the drugs in Tris-HCl buffer (pH 7.4). Other anti- 
inflammatory drugs were dissolved in ethanol and 
added to the reaction mixture after dilution with 
buffer. As a result, the concentration of ethanol in 
the reaction mixture was 0.1 per cent for all drugs 
other than phenylbutazone which was added to the 
reaction mixture with ethanol at the final concen- 
tration of 0.5 per cent. The mitochondrial suspension 
added with 0.1 or 0.5 per cent ethanol alone was used 
as control, though ethanol in amounts smaller than 
0.5 per cent did not cause detectable effects on mito- 
chondrial reactions measured in the present study. 


RESULTS 


Activation of ATPase by anti-inflammatory drugs. 
Anti-imflammatory drugs activated ATPase when 


added to mitochondrial suspensions. V,,, of the 
ATPases thus activated, and the concentrations of 


these drugs required for inducing the half-maximal 
activity (K,), were estimated based on double recipro- 
cal plots of the initial velocities (not shown), and are 
summarized in Table 1 together with the kinetic par- 
ameters of DNP-stimulated ATPase obtained under 
the same conditions. DNP-stimulated ATPase was 
much more active than the enzymes stimulated by 
anti-inflammatory drugs. Among the anti-inflamma- 
tory drugs tested, flufenamic acid and indomethacin 
were the strongest ATPase activators, though a much 
higher concentration of the latter was required for 
the same activation than the former. Phenylbutazone, 
when added at one- or two-orders of magnitude 
higher concentrations than others, caused less active 
ATPase. Ibuprofen stimulated ATPase only slightly. 

ATPases activated by these anti-inflammatory 
drugs, like DNP-activated ATPase, were inhibited by 
1 uM oligomycin (Table 2), indicating that ATP 
decomposed in the presence of these drugs via the 
oligomycin-sensitive oxidative phosphorylation path- 
way. Oligomycin inhibited ATPase in an almost non- 
competitive manner. The K; for the oligomycin inhi- 
bition was calculated according to Dixon and Webb 
[14] and also presented in Table 2. The affinity of 
enzyme to oligomycin was essentially the same among 
ATPases activated by DNP, flufenamic acid and ibu- 
profen. In contrast, indomethacin-stimulated ATPase 
was inhibited more efficiently and phenylbutazone-sti- 
mulated ATPase was inhibited less efficiently by oli- 
gomycin. The results might suggest that these two 
drugs activate ATPase in a manner somewhat differ- 
ent from DNP-activated ATPase. 

Incorporation of **Pi into adenine nucleotides. As 
a measure of phosphorylation, the incorporation of 
32Pj into ATP and ADP was determined in the pres- 


Table 2. Inhibition by oligomycin of ATPases stimulated by DNP and anti-inflammatory 
drugs 





ATPase activity* 





Drugs 


Without 


With oligomycin 
(1 uM) 





(nmole Pi/mg protein/min) 


DNP (10 uM) 
Flufenamic acid (10 uM) 
Indomethacin (0.1 mM) 
Ibuprofen (0.1 mM) 
Phenylbutazone (0.5 mM) 


20 
14 
4 
6 
15 





* ATPase activity: “Pi released with drug” minus “Pi released without drug”. 
+ K, = Concentration of oligomycin x (v;/(v — v,)), where v is ATPase activity without oli- 
gomycin and v; is ATPase activity with oligomycin. 
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Table 3. Effects of DNP and anti-inflammatory drugs on the incorporation of *7Pi into adenine nucleotides under 
various conditions 





System 1 


System 2 System 3 System 4 





Drug ATP 


ATP 


ADP ATP ADP 





None 232 
DNP (10 uM) 129 

(50 uM) 3 
Flufenamic acid (10 uM) 58 
Indomethacin (0.1 mM) 6 
Ibuprofen (0.1 mM) 126 
Phenylbutazone (0.5 mM) 26 
Aspirin (1 mM) 230 
Aminopyrine (1 mM) 218 


(cpm x 107 3/mg protein) 
64 


98 
77 


396 
251 
227 
372 
5 100 
54 292 
8 99 
45 
44 


30 
11 
32 





System 1: added with 10mM< succinate and 1 mM ATP. 


System 2: added with 10mM glutamate. 


System 3: added with 10mM glutamate and 0.1% albumin. 
System 4: added with 0.14mM N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD), 3mM ascorbate and 0.2 uM 


rotenone. 


ence of DNP or anti-inflammatory drugs (Table 3). 
With succinate and ATP (system 1 in Table 3), >*Pi 
was incorporated into the ATP fraction almost ex- 
clusively (92% AT°?P and 8% AD*?P in the total 
32P-labeled nucleotides). The **Pi-ATP exchange 
reaction in the presence of succinate was inhibited 
by indomethacin and phenylbutazone as strongly as 
by 50 uM DNP. It was also inhibited by flufenamic 
acid significantly but less markedly. Ibuprofen was 
a weak inhibitor, and aspirin and aminopyrine were 
without effect, in this system. 

When a mitochondrial suspension was incubated 
with glutamate without addition of Pi acceptor, >*Pi 
was incorporated into ADP as well as ATP. Our pre- 
vious reports [10, 12, 15, 16] provided evidence that, 
under these conditions, AT*P is formed via oxidative 
phosphorylation while AD*?P is formed via the sub- 
strate-level phosphorylation coupled to oxidation of 
glutamate. Consequently, the addition of uncouplers 
of oxidative phosphorylation inhibited AT*?P forma- 
tion but did not inhibit AD*?P formation [10]. The 
data under the heading of ‘system 2’ in Table 3 show 
that AT°?P formation in the presence of glutamate 
was inhibited not only by DNP but also by most 
of anti-inflammatory drugs; their relative potency as 
inhibitors in system 2 was essentially the same as 
observed for the inhibition of **Pi-ATP exchange 
reaction in the presence of succinate (system 1). In 


contrast, the phosphorylation of AMP (AD*?P for- 
mation) was not significantly inhibited by DNP and 
uncouplers other than indomethacin and phenylbuta- 
zone. 

In system 3 in Table 3, bovine serum albumin was 
further added to the glutamate-containing medium. 
It was previously shown [10, 12] that, in this system, 
the uncoupling action of DNP was too weak to 
reduce AT*?P content markedly but was still effective 
in accelerating electron flow along the respiratory 
chain, resulting in increased AD**P formation due 
to oxidation of glutamate. It is shown in Table 3 that 
not only DNP but also flufenamic acid and aspirin 
increased AD??P content after incubation of mito- 
chondria in system 3. The addition of indomethacin 
or phenylbutazone, however, were still very inhibitory 
to AD*?P formation, strongly suggesting that these 
anti-inflammatory drugs act on mitochondrial phos- 
phorylation reactions by a mechanism distinct from 
uncouplers such as DNP. 

When a mitochondrial suspension was incubated 
with TMPD plus ascorbate as an electron donor in 
the presence of rotenone which blocks the oxidation 
of NAD-dependent endogenous substrate, AT**P was 
generated at the coupling site 3 without appreciable 
formation of AD**P. AT°?P formation under these 
conditions was almost totally inhibited by most of 
drugs tested; it was reduced significantly even by ibu- 


Table 4. Effects of DNP and anti-inflammatory drugs on '*CO, production from 
[1-'*C]glutamate 





14CO, production (% of control) 





Drugs Lowest dose 


Lowest dose x 10 x 100 





DNP 
Flufenamic acid 
Indomethacin 
Ibuprofen 
Phenylbutazone 
Aspirin 
Aminopyrine 


1 uM 
0.1 uM 
1 uM 
10 uM 
5 uM 
10 uM 
10 uM 


181 
220 
63 
167 
53 
240 
94 


281 
166 
127 
155 
112 
134 
100 


144 
117 
107 
105 

92 
108 

85 





The concentration of [1-'*C]glutamate: 1 mM. 
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Table 5. Effects of DNP and anti-inflammatory drugs on '*CO, production in the presence of electron 
acceptors 





14CO, production (cpm x 10~?/mg protein) 





Drug 


Without 


With K,Fe(CN), 





None (control) 

DNP (10 uM) 
Flufenamic acid (10 uM) 
Ibuprofen (0.1 mM) 
Aspirin (1 mM) 


102 

187(183) 
176(172) 
146(143) 
267(261) 


202 

226(112) 
270(134) 
246(122) 
295(146) 





Per cent of the respective control is shown in parentheses. The concentration of K,Fe(CN),: 10 mM. 


profen which was a very weak inhibitor of phosphory- 
lation in other systems. Exceptionally, aminopyrine 
was without effect on phosphorylation even in system 
4. 

Stimulation and inhibition of glutamate oxidation by 
anti-inflammatory drugs. Since the phosphorylation of 
endogenous AMP coupled to glutamate oxidation 
was significantly affected by most of the anti-inflam- 
matory drugs tested, the effect of these drugs on gluta- 
mate oxidation was next studied more directly by 
monitoring '*CO, liberation from [1-'*C]glutamate. 
Previous studies from our laboratory [10] have 
shown that '*CO, production from 1 mM [1-'*C]- 
glutamate is limited by the rate of supply (regener- 
ation) of NAD within the mitochondrion. As a result, 
the uncoupling of oxidative phosphorylation by DNP 
led to an increased '*CO, formation as shown in 
the top of Table 4; 10 uM DNP caused a 3-fold in- 
crease in '*CO, production as compared with the 
control incubation without DNP, but a further in- 
crease in DNP concentration up to 100 uM caused 
a less marked increase probably because an extreme 
lack of energy-rich phosphates would have prevented 
C-labelled glutamate from entering the mitochon- 
drion. 

As is shown in Table 4, flufenamic acid (10 uM) 
and aspirin (1 mM) were as effective as DNP in in- 
creasing glutamate oxidation. Ibuprofen also stimu- 
lated glutamate oxidation, though the degree of 
stimulation was less striking than DNP. In contrast, 
indomethacin and phenylbutazone inhibited '*CO, 
liberation at their concentrations that were inhibitory 


to phosphorylation reaction in Table 3. Aminopyrine 
was the only one drug that was without effect on 
glutamate oxidation. 

In support of the view that NAD regeneration is 
limiting the whole process of glutamate oxidation, the 
addition of an electron acceptor such as ferricyanate 
gave rise to a marked increase in '*CO, liberation 
from added [i-'*C]glutamate as recorded on the top 
of Table 5. In the presence of ferricyanate, there were 
no large increases in '*CO, production with DNP 
or anti-inflammatory drugs which were effective in 
increasing '*CO, production in the absence of the 
electron acceptor. These results in Table 5 strongly 
suggest that these anti-inflammatory drugs, like DNP, 
stimulate glutamate oxidation in the same manner as 
electron acceptors; i.e., by facilitating electron transfer 
through the respiratory chain. 

Table 6 shows that the addition of indomethacin 
or phenylbutazone to a mitochondrial suspension was 
very effective in inhibiting glutamate oxidation re- 
gardless of whether or not the regeneration of NAD 
was simultaneously accelerated by electron acceptors 
or Pi acceptor. Since phenazine methosulfate (PMS) 
accepts electrons directly from NADH, the results in 
Table 6 indicate that both drugs can inhibit glutamate 
oxidation by suppressing either glutamate dehydro- 
genase directly or the activity of enzymes involved 
in the metabolism of respiratory substrates such as 
the citric acid cycle. 

Effect of anti-inflammatory drugs on oxygen uptake 
by mitochondria. The utilization of oxygen by mito- 
chondria maintained in state 4 was accelerated by 


Table 6. Effects of indomethacin and phenylbutazone on '*CO, production from [1-!*C]glu- 
tamate in the presence of various electron acceptors 





'4CO, production (cpm x 10~?/mg protein) 





Electron 


acceptors (control) 


No addition 


Indomethacin 
(0.1 mM) 


Phenylbutazone 
(0.5 mM) 





Expt. | 
None 99 
PMS (1 mM) 273 
Methylene blue (2 uM) 165 
K,3Fe(CN), (10 mM) 200 
Expt. 2, witli ADP plus Pi (1 mM each) 
None 127 
PMS 320 
Methylene blue 188 
K3Fe(CN), 223 


79(80) 
98(36) 
91(55) 
87(43) 


53(54) 
13( 5) 
38(23) 
12( 6) 


86(68) 
130(41) 
103(55) 
106(47) 


68(53) 
18( 5) 
43(23) 
45(20) 





PMS: phenazine methosulfate. 





Effect of anti-inflammatory drugs on mitochondria 


Table 7. Effect of anti-inflammatory drugs on oxygen uptake by intact and damaged mitochondria 





With glutamate 


Drugs (state 4) 


Damaged mito- 
chondria* 


With succinate 
plus DNP 





(% of control) 


DNP (10 uM) 381 
Flufenamic acid (10 uM) 360 
Indomethacin (0.1 mM) 132 
Ibuprofen (0.1 mM) 280 
Phenylbutazone (0.5 mM) 123 
Aspirin (1 mM) 273 
Aminopyrine (1 mM) 100 
Antimycin A (1 uM) _ 





The concentration of glutamate and succinate: 10 mM. 


* Damaged mitochondria prepared by freezing and thawing were incubated with 10mM glutamate and 0.05mM 


menadione. 


an uncoupler such as DNP (Table 7). Likewise, flu- 
fenamic acid, aspirin and ibuprofen were effective in 
stimulating the state-4 respiration. Indomethacin, 
phenylbutazone and aminopyrine were without effect, 
showing that they do not uncouple oxidative phos- 
phorylation. When the transfer of electrons from suc- 
cinate to oxygen was uncoupled from phosphoryla- 
tion by DNP, the rapid utilization of oxygen was in- 
hibited by antimycin A totally, and by indomethacin 
and phenylbutazone very markedly. But, there was 
no change in oxygen utilization in the presence of 
flufenamic acid, ibuprofen, aspirin or aminopyrine. 
Mitochondria damaged by freezing and thawing 
exhibited a high rate of oxygen utilization when forti- 
fied with glutamate and menadione. This oxygen con- 
sumption by damaged mitochondria was also inhi- 


bited by indomethacin and phenylbutazone as well 
as by antimycin A. These results in Table 7 indicate 
that indomethacin and phenylbutazone directly in- 
hibit the electron transfer along the respiratory chain. 


DISCUSSION 


In the present study, six representative nonsteroidal 
anti-inflammatory drugs now widely employed for 
therapeutic purposes have been tested for their 
actions in vitro on energy-linked metabolisms in rat 
liver mitochondria. With the exception of aminopyr- 
ine which was without effect on any parameter of 
metabolism tested, they exerted significant influences 
on oxidation pathways and coupled phosphorylation, 
though the mechanism underlying their actions was 
not common but rather diverse, as will be discussed 
below. 

Flufenamic acid, aspirin and ibuprofen behaved 
just like DNP in inhibiting the incorporation of 3?Pi 
into the ATP fraction dependent on the coupling site 
3 (Table 3), in accelerating substrate-level phosphory- 
lation coupled to oxidation of glutamate (Table 3), 
in promoting glutamate oxidation due to enhanced 
NAD regeneration (Tables 4 and 5) and in stimulating 
the state-4 respiration (Table 7). Moreover, flufenamic 
acid and ibuprofen stimulated ATPase (Table 1) 
which was inhibited by oligomycin with the same K, 
as DNP.-activated ATPase (Table 2). The concen- 
tration of flufenamic acid that induced half the maxi- 
mal activity of ATPase (about half the ATPase ac- 
tivity activated by a saturating concentration of 


DNP) was one-order of magnitude lower than the 
concentration of DNP required for the half-maximal 
activation of ATPase. Ten uM of this drug caused 
changes in all the above-mentioned parameters of 
energy metabolism in a comparable degree with 
DNP-induced changes. Thus, flufenamic acid is con- 
sidered as a very strong uncoupler of oxidative phos- 
phorylation in accord with previous studies [17, 18]. 

On the other hand, DNP-like actions of ibuprofen 
and aspirin were detected more strikingly in the 
stimulation of glutamate oxidation than in the inhibi- 
tion of phosphorylation of ADP. In fact, they did 
not cause an appreciable reduction of *?Pi-ATP 
exchange reaction dependent on added succinate or 
glutamate (Table 3). In the incubation medium forti- 
fied with albumin which is known to attenuate the 
uncoupling action of DNP [10], DNP inhibited oxi- 
dative phosphorylation only slightly (Table 3) but it 
accelerated glutamate oxidation as markedly as in the 
medium not added with albumin [10]. It is likely that 
weak uncouplers such as ibuprofen and aspirin 
caused a-stimulation of glutamate oxidation in a 
greater degree than an inhibition of phosphorylation. 
Thus, it is concluded that phosphorylation is un- 
coupled from oxidation by flufenamic acid strikingly, 
and by ibuprofen and aspirin slightly, in the same 
manner as the uncoupling induced by DNP. The rela- 
tive potency of these uncouplers calculated on the 
basis of their concentrations required to cause the 
comparable degree of changes in various parameters 
tested is as follows in a rough approximation: aspirin 
1, ibuprofen 10, DNP 40-50, fiufenamic acid 200. 
Mehiman [19] and Miyahara and Karler [20] 
reported that aspirin acts in vitro as an uncoupler 
of oxidative phosphorylation in mitochondrial frag- 
ments and intact mitochondria from rat liver. 

The addition of indomethacin or phenylbutazone 
into a mitochondrial suspension caused marked inhi- 
bitions of both respiration-linked and substrate-level 
phosphorylations (Table 3). Since uncoupling of res- 
piration from phosphorylation inevitably leads to ac- 
celeration of the substrate-level phosphorylation due 
to rapid oxidation of NADH [10,12], the simul- 
taneous inhibition of oxidative and substrate-level 
phosphorylations could not be accounted for solely 
by an uncoupling effect. In accordance with the view 
that indomethacin and phenylbutazone exert in- 
fluences on energy metabolism by other means than 
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uncoupling, the affinity of oligomycin to the ATPases 
activated by these two drugs was somewhat different 
from its affinity to DNP-activated ATPase (Table 2). 

The oxidation of glutamate was markedly inhibited 
by indomethacin or phenylbutazone even when the 
endogenous NADH, generated in association with 
glutamate oxidation, was reoxidized more directly by 
PMS rather than by sequential transfer of electrons 
along the respiratory chanin to oxygen. It is unlikely 
that the observed inhibition of glutamate oxidation 
resulted from suppressed entry of glutamate through 
the mitochondrial membrane, since there was still an 
inhibition of glutamate oxidation even in the mito- 
chondrial preparation rendered permeable to added 
substrates by freezing and thawing (Table 7). Thus, 
it appears that enzymes directly or indirectly involved 
in the oxidation of glutamate by NAD is one of the 
sites of inhibition caused by these two anti-inflamma- 
tory drugs. 

Furthermore, the antimycin-sensitive transfer of 
electrons from succinate to oxygen, not linked to 
phosphorylation, was inhibited by either indometha- 
cin or phenylbutazone (Table 7). Both drugs inhibited 
phosphorylation at the coupling site 3 (Table 3). 
These results indicate that the respiratory chain is 
also inhibited by indomethacin and phenylbutazone. 
It is concluded, therefore, that indomethacin and 
phenylbutazone inhibited phosphorylation by sup- 
pressing respiration at multiple sites. 

“Drug-induced inhibition at higher concentrations” 
was observed with indomethacin-stimulated ATPase; 
i.e., ATPase stimulated by 0.5 mM indomethacin was 
only one-fourth the maximal activity stimulated by 
0.1 mM (data not shown). Moreover, DNP failed to 
stimulate ATPase in the presence of this high concen- 
tration of indomethacin. Phenylbutazone and other 
anti-inflammatory drugs were without effect in this 
regard. Thus, it appears that indomethacin, in addi- 
tion to the activity as an inhibitor of mitochondrial 
respiration possesses an oligomycin-like activity at its 
higher concentration. 

In summary, potent anti-inflammatory drugs tested 
in the present study could suppress the generation 
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of energy-rich phosphate bonds as a result of un- 
coupling of oxidative phosphorylation or by other 
mechanisms. Whether the modification of mitochon- 
drial energy metabolism plays an indispensable role 
in their ability to suppress inflammation still remains 
a subject for further investigation. 
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Abstract—Pargyline, a monoamine oxidase inhibitor, is an antihypertensive agent. We report on the 
ability of pargyline to inhibit the oxidative deamination of norepinephrine (NE) and 2-phenylethylamine 
(PEA) by rat heart and mesenteric artery. The cardiovascular tissues appear to contain amine oxidases 
that are quite different from those of brain. For example, pargyline, when tested in vitro or administered 
to rats, did not differentially block the deamination of NE and PEA as it does in brain. Moreover, 
there is a PEA oxidase activity that is blocked by pargyline and an activity that is resistant to pargyline 
but blocked by semicarbazide or cuprizone. PEA oxidase activity can be differentiated from NE oxidase 
activity by thermal stability. The pargyline-resistant PEA oxidase activity may be related to a connective 


tissue amine oxidase. 


Multiple forms of monoamine oxidase (monoamine: 
O, oxidoreductase (deaminating); EC 1.4.3.4.; MAO) 
exist in mammalian liver and brain which have been 
characterized by their sensitivity to inhibitor drugs 
and their specificity for substrates [1]. The MAO in- 
hibitor drugs are indicated for the treatment of some 
forms of mental depression as well as for some forms 
of hypertension [2]. The properties of the MAO’s of 
the cardiovascular system are not as well documented 
as those of brain and in this report we present some 
of the properties of the enzymes of rat heart and 
mesenteric artery. Pargyline, an inhibitor of MAO 
which is indicated for the treatment of moderate 
hypertension, was evaluated for its ability to block 
the deamination of 2-phenylethylamine (PEA), a sub- 
strate for type B MAO [3], and norepinephrine (NE), 
a substrate for type A MAO [4]. Pargyline is a prefer- 
ential inhibitor of type B MAO of brain [5,6]. We 
found that the enzymes of the cardiovascular system 
have different characteristics from the enzymes of 
brain. Moreover there is a PEA oxidase present in 
the cardiovascular system that cannot be inhibited 
by pargyline. Some of the properties of the pargyline- 
resistant enzyme activity were studied. 


MATERIALS AND METHODS 


Preparation of samples and enzyme assay. Male 
Sprague-Dawley rats, 200-250 g, obtained from Zivic- 
Miller Laboratories (Allison Park, PA) were decapi- 
tated and their hearts and anterior mesenteric arteries 
removed. Samples were cleared of adhering tissue and 
rinsed free of blood with saline. Arteries were hom- 
ogenized with 0.25 ml and hearts with 20 vol. 67 mM 
phosphate buffer, pH 7.2. The supernatant fraction 
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from a 750g, 10 min, centrifugation was used as the 
enzyme source. 

When NE was the substrate, three mesenteric 
arteries were pooled, homogenized with buffer and 
centrifuged. Supernate solutions, 0.1 ml, and radioac- 
tive NE (/-noradrenaline-methylene-'*C, Amersham/ 
Searle, Arlington, Heights, IL), 12 uM, were incubated 
at 37° for 90 min in a total volume of 0.25 ml buffer. 
Ascorbic acid (2.3 mM) was added to the buffer when 
NE was the substrate. 

When PEA was the substrate, one mesenteric artery 
was processed as described and incubated for 60 min 
with radioactive PEA (2-phenylethyiamine-1-'*C, 
New England Nuclear, Boston, MA), 0.2 mM. When 
the enzyme activity of heart was assayed 0.1 ml of 
homogenate was incubated with substrate as de- 
scribed for mesenteric artery. In one series of experi- 
ments radioactive tyramine (tyramine-1-'*C, New 
England Nuclear), 2.1 mM was used as substrate. A 
detailed description of the assay is described else- 
where [4]. In brief, the homogenates were incubated 
using the conditions already described and the reac- 
tions stopped by adding 25 yl each of Zn So, (0.25 
M) and Ba(OH), (0.2 M) when NE was the substrate 
or 50 yl of 60 per cent w/v perchloric acid when PEA 
or tyramine was the substrate. The radioactive de- 
aminated reaction products were separated from the 
substrates by cation exchange chromatography on 
Rexyn 101 (Fisher Scientific Co., Fair Lawn, NJ). 
Radioactivity was counted in a Beckman LS-250 
Liquid Scintillation System with automatic quench 
correction. The enzyme assay was linear with protein 
and time of incubation. Protein was determined by 
the method of Lowry et al. [7]. The specific radioac- 
tivity of the substrates were adjusted so that 
1-4 x 10° cpm of product was found during the incu- 
bation of untreated samples which represented less 
than 10 per cent conversion of the substrates. When 
studying the deamination of NE it was necessary to 
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use the radiolabelled NE as supplied by the manufac- 
turer (57 mCi/mmol) without dilution with stable 
NE because of low enzyme activity. The final concen- 
trations of tyramine and PEA used gave optimal 
enzyme activity with our reaction conditions. 

When the inhibitory properties of pargyline (gener- 
ously supplied by Abbott Labs., North Chicago, IL), 
clorgyline (generously supplied by May and Baker, 
Ltd., Dagenham, England), semicarbazide (Aldrich, 
Milwaukee, WI) or cuprizone (Aldrich) were studied 
in vitro, they were preincubated with an enzyme prep- 
aration at 22° for 15 min before adding substrate. 

In one series of studies, pargyline was injected i.v. 
and the rats were killed 2 hr later. Samples were pro- 
cessed as already described. 

Enzyme thermostability. A large volume of a 750g 
supernatant fraction from mesenteric artery or heart 
was placed in an incubator maintained at 50° and 
samples were withdrawn at various time intervals and 
cooled in an ice bath. The samples were then assayed 
at 37° for enzyme activity using NE or PEA as sub- 
strate. 

Identification of phenylacetic acid. To confirm that 
PEA was indeed deaminated in the presence of pargy- 
line (1 mM) by homogenates of mesenteric artery, 
aldehyde dehydrogenase [8] was added to convert the 
radiolabelled phenylacetaldehyde reaction product to 
phenylacetic acid which was then extracted and iden- 
tified by thin layer chromatography. It was necessary 
to convert the aldehyde to the acid because phenyl- 
acetaldehyde as well as phenylethanol are volatile and 
are lost when the homogenate extract is dried in prep- 
aration for thin layer chromatography. Four mesen- 
teric arteries were homogenized in 67 mM phosphate 


buffer, pH 7.2. The initial incubation mixture con- 
sisted of homogenate, 40 pl; aldehyde dehydrogenase, 
5-8 units; nicotinamide, 5 pmoles; NAD*, 0.12 
umoles; and pargyline, | mM, in a total volume of 


70 pl. After 15 min of preincubation at 22°, radio- 
labelled PEA, 0.1 ml, was added resulting in a final 
concentration of 0.2 mM. This mixture was incubated 
for 2hr at 37°. The reaction was stopped by adding 
1ml of 1N hydrochloric acid containing 0.1 mg 
phenylacetic acid as a carrier. The product of the 
reaction was extracted into | ml of diethyl ether. The 
organic phase, 0.5 ml, was evaporated under nitrogen 
and the residue was dissolved in 0.2 ml of ethanol 
which was then applied to a silica gel H thin layer 
chromatogram plate (Analtech, Inc., Newark, DE). 
Standards of phenylacetic acid were applied to the 
plate and the plate was developed with 1-butanol- 
acetic acid—water (60:15:25). Phenylacetic acid was 
located by exposing the plate to iodine vapor. Areas 
corresponding to phenylacetic acid were scraped from 
the plate into Aquasol (New England Nuclear) and 
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radioactivity was determined. The recovery of radio- 
labelled phenylacetic acid (Amersham/Searle, Arling- 
ton Heights, IL) carried through the incubation, 
extraction and chromatography procedures was 80 
per cent with a range between 76-87 per cent for 
5 samples. 


RESULTS 


Inhibition of NE and PEA deamination by pargyline 
or clorgyline. Preparations from rat heart and mesen- 
teric artery deaminated NE and PEA (Table 1). The 
activity towards NE appeared similar in both tissues, 
however, the PEA oxidase activity was about 10-fold 
greater in mesenteric artery than in heart. The ratio 
of PEA to NE activity is a measure of the relative 
abundance of the types of enzymes associated with 
the tissues. The control enzyme specific activities for 
Figs 1-5 were similar to the values shown in Table 
1. : 

In vitro, the deamination of NE could be almost 
completely blocked by 10 uM pargyline when studied 
in either mesenteric artery (Fig. 1) or heart (Fig. 2). 
Moreover, a dose of 10 mg/kg, i.v. pargyline almost 
completely blocked NE deamination in both tissues 
when evaluated 2hr after treatment. In contrast to 
NE deamination, PEA deamination could not be 
completely blocked in either tissue by the presence 
of | mM pargyline (Figs | and 2). Furthermore, simi- 
lar results were found when pargyline was adminis- 
tered intravenously. Approximately 80 and 20 per 
cent of the deaminating activity in mesenteric artery 
and heart, respectively, were resistant to inhibition 
by pargyline. The intravenous dose of pargyline could 
not be increased beyond 20 mg/kg because of its toxi- 
city. 

Johnston [9] and other investigators [5,10] have 
described a biphasic or double S-shaped curve for 
the inhibition of tyramine deamination by brain and 
liver using the drug clorgyline. The curve takes this 
form because of the presence of multiple forms of 
MAO in the tissues that have different sensitivities 
to inhibition by clorgyline. In heart, we could not 
demonstrate the presence of multiple forms of enzyme 
activity using tyramine together with clorgyline (Fig. 
3). Moreover, clorgyline, like pargyline (Figs 1 and 
2) was not capable of completely blocking the 
deamination of PEA when present at high concen- 
trations. About 30 per cent of the activity towards 
PEA was evident even in the presence of 1 mM clor- 
gyline. 

Formation of a deaminated metabolite of PEA by 
mesenteric artery in the presence of pargyline. To verify 
the formation of a deaminated product of PEA in 
the presence of | mM pargyline, homogenate of 
mesenteric artery was incubated together with alde- 


Table 1. Amine oxidase activity of rat heart and mesenteric artery 





nmol product/mg prot/hr 


Tissue 


mean + S.E.M. [6] 


Ratio 





NE 
Heart 
Mesenteric artery 


0.30 + 0.01 
0.30 + 0.01 


PEA PEA/NE 
3.5 + 0.5 12 
3448 113 





Tissues were incubated with substrate as described in Methods. The substrate con- 
centrations were NE, 0.012 mM and PEA, 0.2 mM. 
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Fig. 1. Inactivation of the amine oxidase activity of mesenteric artery by pargyline tested in vitro 
or following its administration to rats. For in vitro studies pargyline was preincubated for 15 min 
at 22° with homogenate before adding phenylethylamine or norepinephrine and the incubation was 
continued at 37° as described in Methods. Rats were killed 2 hr after pargyline was injected i.v. and 
a homogenate was prepared and assayed as described in Methods. Results are expressed as mean + 
S.E.M. for 3 or 4 samples. 
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Fig. 2. Inhibition of the amine oxidase activity of heart by pargyline tested in vitro or following its 
administration to rats. Experimental details are as for Fig. 1. Results are expressed as mean + S.E.M. 
for 3 or 4 samples. 
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Fig. 3. Inhibition of the cardiac deamination of tyramine, norepinephrine or phenylethylamine by 
clorgyline. Clorgyline was preincubated with homogenate of rat heart for 15 min at 22° before adding 


substrates and continuing the assay as described in Methods. Results are expressed as the mean + 
S.E.M. for 3 or 4 samples. 
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Table 2. Failure of pargyline to prevent the oxidative 
deamination of 2-phenylethylamine by the mesenteric 
artery 





Phenylacetic acid 
formed 


Treatment cpm/sample 





Boiled homogenate 
Homogenate 
Homogenate + 1 mM pargyline 





Homogenate of rat mesenteric artery was incubated for 
2 hr at 37° with radioactive PEA, 0.2 mM, in the presence 
of aldehyde dehydrogenase. Pargyline was preincubated 
with the enzyme source for 15 min at 20° before adding 
the substrate. The acid formed was extracted and isolated 
by thin-layer chromatography as described in Methods. 


hyde dehydrogenase to convert the phenylacetalde- 
hyde formed to phenylacetic acid. As shown in Table 
2, phenylacetic acid was apparently a product of the 
reaction. Similar results were obtained in another 
study when the developing solution was 1-butanol- 
pyridine—water (1 :1:1). 

Inhibition of the pargyline-resistant amine oxidase 
by semicarbazide or cuprizone. With the substrates NE 
and PEA and the inhibitor drugs pargyline, semicar- 
bazide and cuprizone at least three types of amine 
oxidase activity can be postulated to exist in the car- 
diovascular tissues (Table 3). Apparently there is an 
enzyme(s) present that deaminates NE which is inhi- 
bited by pargyline (0.1 mM) and only minimally inhi- 
bited by semicarbazide or cuprizone. PEA is appar- 
ently deaminated by at least two enzymes, an 
enzyme(s) that is blocked by pargyline (0.1 mM) and 
an enzyme(s) that is blocked by semicarbazide (1.0 
mM) or cuprizone (0.1 mM). By combining pargyline 
and semicarbazide almost all enzyme activity is inhi- 
bited. These enzyme activities are apparently present 
in both heart and mesenteric artery. The mesenteric 
artery contains about 90% of the pargyline-resistant 
PEA oxidase, the heart only 30%. 

Thermostability of the amine oxidase of heart and 
mesenteric artery. The thermostability of the amine 
oxidase activity towards NE and PEA apparently dif- 
fered in heart and mesenteric artery (Figs 4 and 5). 
In heart and mesenteric artery the activity towards 
NE declined exponentially with time at 50°, although 
the decline appeared somewhat faster in mesenteric 
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Fig. 4. Thermal inactivation of heart amine oxidase ac- 
tivity. Homogenate of heart was heated and portions 
removed, cooled and assayed for enzyme activity using 
norepinephrine and phenylethylamine as substrates as de- 
scribed in Methods. Results are expressed as the mean for 
duplicate determinations. 
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Fig. 5. Thermal inactivation of mesenteric artery. Homo- 

genate of mesenteric artery was heated and portions 

removed, cooled and assayed for enzyme activity using 

norepinephrine and phenylethylamine as substrates as de- 

scribed in Methods. Results are expressed as the mean for 
duplicate determinations. 





artery. The decline of PEA oxidase activity appeared 
to be biphasic in heart and linear in mesenteric artery. 
DISCUSSION 


The MAO inhibitor pargyline is indicated for the 
treatment of some forms of hypertension, however, 


Table 3. Inhibition of the oxidative deamination of norepinephrine (NE) and 2-phenylethylamine (PEA) 





Concentration 


% Inhibition + S.E.M. [4] 
Heart Mesenteric artery 





Inhibitor mM 





Semicarbazide 
Pargyline 
Semicarbazide 
Plus 
Pargyline 
Cuprizone 





Homogenates from heart or mesenteric artery were preincubated at 20° for 15 min with the inhibitor. 
After adding the substrate, incubation was continued at 37° for 90 min (NE) or 60 min (PEA). 





Cardiovascular amine oxidase 


its mechanism of action is unknown. Several hypoth- 
eses for its antihypertensive activity have been sug- 
gested all of which imply that its acts peripherally 
rather than centrally to lower blood pressure [1 1-14]. 
Our objective was to provide information about the 
types of enzymes associated with the cardiovascular 
system and the enzymes inhibited by pargyline. 

There is now evidence that the properties of the 
amine oxidases of the cardiovascular system are dif- 
ferent from those of the brain [15,16]. The enzymes 
of brain, which are the classical mitochondrial MAO’s 
can be differentiated into two types of activity by 
using inhibitor drugs and specific endogenous sub- 
strates. Clorgyline is a preferential inhibitor of type 
A MAO [9] while pargyline is a preferential inhibitor 
of type B MAO[S, 6], NE is a specific substrate for 
type A MAO [4] while PEA is a specific substrate 
for type B MAO{[3]. For example, pargyline when 
tested in vitro or administered to rats selectively 
blocks type B enzyme activity of brain at concen- 
trations that have minimal effects on type A enzyme 
activity [6]. The response to pargyline is not the same 
in cardiovascular tissues. Pargyline is more active 
toward inhibiting the deamination of NE than in inhi- 
biting the deamination of PEA. Moreover, PEA 
deamination is not completely inhibited by high con- 
centrations of pargyline as is the deamination of PEA 
by brain [6]. Thus the PEA oxidases of the cardiovas- 
cular systems are quite different in their response to 
pargyline when compared to the oxidases of brain. 
The pargyline-resistant enzyme is blocked by the car- 
bonyl reagent semicarbazide and the copper chelator 
cuprizone, properties which are similar to connective 
tissue amine oxidase [17, 18]. Furthermore, the pargy- 
line-resistant enzyme activity of mesenteric artery is 
not associated with mitochondria [15]. This amine 
oxidase may play a role in the cross-linking of col- 
lagen and elastin in blood vessels [17, 18]. 

In support of the view that different amine oxidases 
exist in the cardiovascular tissue, we observed a differ- 
ence in the thermostability of the enzyme activity 
toward PEA and NE. With a preparation from heart 
we found that PEA deamination was lost rapidly at 
first and then more slowly by heating at 50° which 
suggests that several enzymes are responsible for the 
deamination of PEA by heart. With a preparation 
from mesenteric artery we found that the loss of PEA 
deaminating activity was monophasic and slower 
than the loss of NE deaminating activity. The inacti- 
vation of PEA oxidase activity of mesenteric artery 
may appear to be monophasic because it consists pri- 
marily of pargyline-resistant PEA oxidase activity. 
The relatively slow inactivation phase of PEA oxidase 
activity of heart by heating at 50° and the relatively 
slow loss of PEA oxidase activity in mesenteric artery 
at 50° may be the consequence of destroying a similar 
enzyme in both tissues. 

Clorgyline could not be used to demonstrate the 
presence of multiple forms of MAO in heart as it 
has been used with brain [9]. In contrast to brain 
where a double sigmoidal curve is observed with clor- 
gyline and the substrate tyramine, only a simple inhi- 
bition curve was evident in our study with heart. 
Moreover, clorgyline inhibited the deamination of NE 
and PEA equally well except that PEA deamination 
could not be blocked by more than 70 per cent in 
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the presence of 1 mM clorgyline, a finding that is 
consistent with our studies with pargyline. 

Our results and reports by others [16] suggest that 
at least three types of amine oxidase activity are as- 
sociated with cardiovascular tissue. There is a mito- 
chondrial enzyme activity that deaminates NE and 
is blocked by the MAO inhibitors clorgyline and par- 
gyline [15]. In the mesenteric artery the enzyme that 
deaminates NE is associated primarily with sympath- 
etic nerves as treatment with 6-hydroxydopamine 
almost abolishes this activity [15]. There are at least 
two enzyme activities that deaminate PEA. One 
enzyme activity is inhibited by pargyline or clorgyline, 
but the drugs cannot be used to readily differentiate 
this activity from the activity that deaminates NE. 
The enzyme activities, however, can be differentiated 
by their thermostability. Finally, there is a PEA oxi- 
dase that is resistant to pargyline but can be inhibited 
by semicarbazide and cuprizone, a finding suggesting 
that this activity may be related to a connective tissue 
amine oxidase or to a plasma amine oxidase [19]. The 
mesenteric artery has a greater proportion of the par- 
gyline-resistant PEA oxidase than the heart. The rela- 
tionship between the pargyline-resistant enzyme ac- 
tivity and the hypertensive state of an animal, as well 
as correlating the inhibition of the various amine oxi- 
dases with reduction of blood pressure following 
treatment with pargyline may give insight into the 
etiology of hypertension. 
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Abstract—Numerous pentacyclic triterpenoids were shown to inhibit protein biosynthesis in the cells 
of rat marrow. The magnitude of the effect depends on the chemical structure of the triterpenoids. 
Hederagenin glycosides with one carbohydrate chain at 0-3 possess the highest activity. Additional 
presence of a second carbohydrate chain at C-28 or of a hydroxyl group at C-16 generally reduces 
glycoside activity. Rat marrow cells differ in degree of sensitivity from the action of triterpene glycosides. 
Cells of the erythroid series proved to be most sensitive. 


Pentacyclic triterpenoids are widespread in the plant 
kingdom [1-5]. Many of these compounds are 
physiologically active and possess a broad spectrum 
of medical and biological effects [1,2,6—10]. In the 
rat marrow cells, certain triterpenoids inhibit the in- 
corporation of ['*C]alanine in the acid-insoluble 
fraction [11]. This effect was used in the present work 
to study the relationship between the chemical struc- 
ture and biological activity of some pentacyclic triter- 
penoids. 


MATERIALS AND METHODS 


The rat marrow cell suspension was prepared from 
tibia and femur bones [12]. Incubation was per- 
formed in the medium consisting of saline (NaCl, 
95mM, KCl, 5mM, MgCl,-6H,0, 7,4mM, tris 
buffer (PH 7,6) 10 mM; NaHCO,, 2 mM) and 5,5 mM 
of glucose. The relationship between the chemical 
structure and physiological activity of triterpenoids 
was examined by incubating the marrow cells in test 
tubes for 3 hr at 37°, in a drum, at the rotation speed 
of 720 rev/min [13]. The incubation mixture consisted 
of a | ml cell suspension (about 40 x 10°), a 0.04 ml 
aqueous ['*C]alanine solution with a total activity 
of 0.4 wCi and a 0.1 ml water—alcohol solution of the 
substances studied. Ethanol concentration in the incu- 
bation medium did not exceed 0.5%. 

After incubation, the reaction was terminated by 
adding an equal volume of a 10% trichloracetic acid 
(TCA). The residue was smeared onto membrane fil- 
ters and washed with 100ml of 5% TCA. Radioac- 
tivity was determined in an end-type counter. 

In some tests, the marrow cells were incubated for 
60 min in a buffer solution previously suggested for 
cell isolation [12]. Following incubation, the cells 
were washed three times with a cold buffer, layered 
onto a saccharose gradient (1.4-2.0M) and centri- 
fuged at 4,000 rev/min for 30 min at 4° on a “K-23” 
centrifuge. Fractions (1 ml) were collected from the 
gradient to count. the number of cells. The cells of 
each fraction were diluted with the medium up to 





* Translated by Joseph C. Shapiro. 


10 ml and thoroughly mixed. Optical density of the 
Suspension was measured on a photoelectrocalori- 
meter. 4 = 540 nm. It was preliminarily established 
that | o.D. of the cell suspension was equal to 20 x 

10° cells estimated in Goryaev chamber. The protein 
content was determined by the method of Lowry et 
al. [14]. The ultra-violet and visible spectra were 
recorded on a “Specord” instrument after precipitat-— 
ing the cells. 

Compounds I-XVI and XVII-XXII were obtained 
from the roots of the relict Far-Eastern Caulophyllum 
robustum M. [15] and Platycodon grandiflorus 
[16, 17], respectively. 


RESULTS 


As is apparent from Table 1, caulosides A (VII), 
B (XIV) and C (VIII) inhibit by 50 per cent the incor- 
poration of ['*C]alanine in the acid-insoluble frac- 
tion of rat marrow cells maintained at concentrations 
of 5, 70, and 7 g/ml, respectively. Caulosides D (IX) 
and E (X) in concentrations of up to 100 ug/ml lack 
this effect. The progenin of cauloside E (XI) inhibits 
incorporation of ['*C]alanine by 50 per cent (conc. 
100 pg/ml). 

Compared with the effects of caulosides A (VII) and 
C (VIII), those of hederagenin (I) and its derivatives 
(II-VI) result in considerably less inhibition of 
['*C]alanine incorporation in the acid-insoluble frac- 
tion of rat marrow cells; in this case, complete inhibi- 
tion is not attained. The acetate of cauloside C (XII) 
also reveals less activity than cauloside C (VIII). 

A somewhat different picture (Table 1) is observed 
when examining the inhibiting effect of cauloside B 
(XIV), its genin (XIII) and derivatives (XV-XVI): the 
genin acetonide of cauloside B (XV) shows higher 
activity than cauloside B (XIV). 

Among the triterpenoids from Platycodon grandi- 
florus, platycodoside C (XVIII) in concentrations of 
25 ug/ml inhibits incorporation of ['*C]alanine in the 
acid-insoluble fraction of rat marrow cells by 93 per 
cent and possesses the highest activity (Fig. 1). As 
for other compounds from this plant, they possess 
considerably less activity (XVII, XIX—XXII). 
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Hederagenin diacetate 
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XyI Platicodigenin 
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With increased concentrations of cauloside B (XIV) 
in the incubation mixture, those substances that pos- 
sess maximum absorption at 272 and 414nm and are 
precipitated by a 10% perchloric acid pass from the 
cells to the mixture. With cauloside B (XIV) concen- 
trations of 30 and 50 yg/ml, 50 and 100 per cent of 
the substances, respectively, are observed in the mix- 
ture. In this case, ['*C]alanine incorporation in the 
cell acid-insoluble fraction is inhibited by 15 and 44 
per cent, respectively (Fig. 2). 

The results of our investigations showed that cen- 
trifugation of suspensions of rat marrow cells cause 
the formation of three cell zones in the linear gradient 
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of saccharose density. The cells in zone III (upper 
zone) decompose when cauloside B (XIV) acts on this 
suspension (Fig. 3). 


DISCUSSION 


One of the important problems in the study of tri- 
terpenoids is the investigation of the relationship 
between the chemical structure and physiological ac- 
tivity of these compounds. With respect to this, it 
should be noted that caulosides D (IX) and E (X) 
differ from caulosides A (VII) and C (VIII) in the 
presence of an additional carbohydrate chain at C-28; 
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Fig. 1. Effects of 1-platycodoside C (XVIII), 2-platycodi- 
genin (XVII), 3-platycodogenin acetonide (XX), 4-platyco- 
dogenin (XIX), 5-reduced platycodoside (XXI) and 6-pen- 
taol acetate (XXII) on incorporation of ['*C]alanine in 
acid-insoluble fraction of rat marrow cells (experimental 
conditions are described in Methods Radioactivity is 
expressed in counts/100 sec. Average values for three mem- 
brane filters. 


at the same time, these glycosides show no inhibiting 
effect for the concentrations tested (Table 1). A similar 
regularity is observed in the study of antimicrobial 
and cytotoxic activities of these compounds. [9, 18]. 
Triterpenoid glycosides containing hederagenin [15] 
or oleanolic acid [19] as aglycons and incorporating 
two carbohydrate chains at C-3 and C-27 or C-3 and 
C-28 generally show very low physiological activity 
[20, 21]. 

Like caulosides D (IX) and E (X), platicodoside C 
(XVIII) also has two carbohydrate chains C-3 and 
C-28. However, unlike caulosides, it shows high 
physiological activity (Fig. 1). This property of plati- 
codoside C (XVIII) is probably caused by the specific 
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Fig. 2. Effect of cauloside B (XIV) on incorporation of 

{'*C]alanine in acid-insoluble fraction of rat marrow cells 

(I) and hemoglobin content in culture medium (2). Radio- 

activity is expressed in counts/100 sec. Average values for 
3 membrane filters. 
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Fig. 3. Effect of cauloside B (XIV), conc. 50 pg/ml, on dis- 

tribution of suspension of rat marrow cells in saccharose 

gradient. Experimental conditions are described in 
Methods. 


structure of the aglycon, which differs from hedera- 
.genin with respect to the presence of additional func- 
tional groups [16, 17]. Besides, substitution of carbo- 
hydrate chains in platicodoside C (XVIII), in C-3 and 
C-28, for hydrogen (XVII) leads to a considerable 
lowering of activity (Fig. 1). 

Cauloside B (XIV) is almost ten times weaker in 
activity than cauloside A (VII), and it differs from 
cauloside A (VII) in the presence of hydroxyl group 
at C-16 (a). The results of these studies are in agree- 
ment with previously published data [9, 18]. Hence, 
the hydroxyl group at C-16 considerably reduces the 
physiological activity of the glycoside. 

In all the cases studied, the glycosides reveal higher 
activity than their aglycons and acetates. Most of the 
genin derivatives, with the exception of the genin ace- 
tonide of cauloside B (XV), show lower activity than 
the starting glycosides. The inhibiting effect of these 
derivatives attains a definite value and remains on 
the same level despite increased concentration of 
those substances. This is possibly associated with the 
fact that not all marrow cells, but only their indivi- 
dual populations, are sensitive to the action of genin 
derivatives. 

The literature shows that the rat marrow cell sus- 
pension consists of a heterogeneous cell population, 
which includes cells of the erythroid series [22]. 
Saponins, in turn, possess high haemolytic activity, 
i.e., they cause lysis of erythrocytes with subsequent 
release of hemoglobin [6]. Based upon this fact, we 
thought it would be interesting to separate the above 
suspension into several fractions in order to study 
cell sensitivities in individual fractions to the effect 
of cauloside B (XIV). We have shown that, as a result 
of centrifugation in a saccharose density gradient, rat 
marrow cells are distributed over three zones. Zone 
III is enriched by cells of the erythroid series, since 
they are destroyed by ammonium chloride [23]. Joint 
incubation of a cell suspension with cauloside B (XIV) 
for 60 min leads to cell decomposition in zone III 
(Fig. 3); as a result, the hemoglobin (Fig. 2) containing 
[{'*C]alanine appears in the culture medium. Hence, 
the inhibiting effect of cauloside B (XIV) is to some 
extent caused by the lysis of cells of the erythroid 
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series. With increased concentrations of the glycoside 
in the cells of the leucocytary series in zones I and 
II, protein biosynthesis is suppressed, though without 
noticeable cell decomposition. 
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Abstract—The K, values of several homologous series of barbiturates were determined. The relationship 
with the lipophilicity and the rate at which the barbiturates were eliminated by the isolated perfused 
rat liver, was investigated. The K, values decreased with larger substituents, indicating a higher affinity 
for cytochrome P-450. The bromoally! substituted and N-methylated barbiturates had lower K, values 
than their allyl and non-methylated homologues. This corresponded generally very well with the rate 
of the metabolism, which was expressed as heptabarbital clearance ratio. The relationship between 
the K, values and the lipophilicity: in the various series could be described by a parabolic function. 
However, it appeared that the length of the side chain rather than the lipophilicity is responsible 
for the decline in affinity for cytochrome P-450 as was found for the derivatives with long substituents. 
It is concluded that although an affinity for cytochrome P-450 is a primary requirement for metabolism, 
other factors as the reactivity of the substituent are involved in the quantification of the metabolism. 


For many drugs there seems to exist a relationship 
between the ability to produce a spectral change with 
liver microsomes and to undergo oxidative metabolic 
conversion [1]. This suggests that drug binding is an 
obligatory step in the mechanism of drug oxidation. 
The dissociation constant obtained by spectral differ- 
ence measurement, is regarded as a measure of the 
affinity of the substrate for cytochrome P-450. 

Although various studies have been undertaken to 
measure the K, values of barbiturates [2-4], system- 
atic studies involving large homologous series of bar- 
biturates, are still lacking. We have, therefore, deter- 
mined the K, values of a large number of barbiturates 
and have correlated these values with the lipophilicity 
and the hepatic clearance of the compounds. 


MATERIALS AND METHODS 


Drugs. Barbiturates not commercially available 
were prepared by condensing the appropriate malonic 
esters with urea according to Fischer et al. [5]. 
N-Methylated barbiturates were prepared by methy- 
lation according to Martin et al. [6]. All barbiturates 
were recrystallized from ethanol-water. The purity 
was better than 99 per cent as determined by G.C. 
All other reagents were of analytical grade. 

Preparation of microsomes. Livers of male Wistar 
rats were excised immediately after decapitation, 
weighed, transferred to 9 vol. ice-cold 0.25 M sucrose 
and homogenized in a Potter-Elvehjem homogenizer. 
Nuclei and cell debris were sedimentated by centrifug- 
ing at 600g for 5min. The supernatant was centri- 
fuged at 18,000 g for 15 min and the microsomal frac- 
tion was obtained by centrifuging the 18,000 g super- 
natant for 1 hr at 105,000g. The microsomal pellet 
was resuspended in 0.15 M KCl and centrifuged once 
more at 105,000 g for 30 min to remove haemoglobin 
and finally resuspended in 4 vol. 0.15 M KCI-0.05 M 
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Tris-HCI (pH 7.4) to a concentration of about 1 mg 
microsomal protein per ml. 

Recording of difference spectra. The barbiturates 
were dissolved in KCl-Tris-HCl buffer to concen- 
trations ranging from 0.02 to 2mM. Two cuvettes 
were filled with 1 ml microsomal suspension and 2 ml 
barbiturate solution was added to the suspension, 
while to the reference cuvet an equal volume of buffer 
was added. With varying substrate concentrations, 
spectra were recorded from 500-350 nm on a Carry 
118 C double beam spectrophotometer with a scat- 
tered transmission accessory. The extent of spectral 
change was determined as the difference in absorption 
at 420 and 390nm. K, values were obtained from 
double reciprocal plots with the help of a linear 
regression computer program. 

Partition coefficients. Octanol—water partition coef- 
ficients were measured by shaking 5 ml octanol [1] 
solution containing 20mg barbiturate per 100 ml, 
vigorously for 0.5 hr with an equal volume of phos- 
phate buffer (Sorensen 1/15 M). After equilibration 
and centrifuging the two layers were separated. The 
partition coefficient was calculated from the decrease 
of concentration in the octanol layer. Because of 
the large differences in partition of the members of 
the various series, measurements had to performed 
at different pH’s. From these apparent partition co- 
efficients (APC) the true partition coefficients (TPC) 
were calculated with the formula: TPC = APC 
(1 + 10°4~ Ks) pbk, values were taken from Doornbos 
et al. [7], Krahl [8], Sitsen [9] and Kakemi er al. 
[10]. 

Hepatic clearance of the compounds. In order to 
determine the hepatic metabolism of the barbiturates, 
independent of distribution processes and other 
routes of elimination as is the case in intact animals, 
the isolated perfused rat liver was selected. 

The perfusions were mainly performed according 
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Fig. 1. Type I spectral change caused by 5-ethyl-5-alkyl substituted barbiturates. Final concentration 
0.22 mM. 


to the methods of Miller et al. [11]. In order to cor- 
rect for variations in metabolic activity of the livers 
used, the metabolic clearance of heptabarbital was 
choosen as internal standard of each perfusion, since 
this barbiturate has been reported to be eliminated 
mainiy by metabolic conversion [12]. The metabolic 
clearance of the barbiturates has been expressed as 
the heptabarbital clearance ratio (i.e. clearance com- 


pound/clearance heptabarbital in the same perfusion). 
Detailed information on the perfusion system and 
analysis of the barbiturates is given by Yih [13]. 


RESULTS 


In the concentration ranges used, all barbiturates 
showed a type I spectral change with an absorption 


Table 1. K, values, partition coefficients and metabolic clearances of a number of barbiturates 





Compound R, 


Log TPC K 


. Heptabarbital 
oct- water (mM) 


clearance ratio 





Propy! 

Butyl 

Pentyl 

i-Pentyl 
s-Pentyl 
Dm-Buty! 

Hexyl 

Heptyl 

Octyl 

Nonyl 
Aprobarbital 
Talbutal 
Nealbarbital 
Secobarbital 
Brallobarbital 
Noctal* 
Pernocton* 
Rectidon* 
m-Brallobarbital 
Eunarcon* 
m-Pernocton 
Norhexobarbital 
Cyclopal* 
Cyclobarbital 
Heptabarbital 
Reposal* 
Hexobarbital 
m-Cyclopal 
m-Cyclobarbital 
m-Phenobarbital 
m-Heptabarbital 
m-Reposal 


ethyl 

ethyl 

ethyl 

ethyl 

ethyl 

ethyl 

ethyl 

ethyl 

ethyl 

ethyl 

allyl 

allyl 

allyl 

allyl 
bromoallyl 
bromoally! 
bromoallyl 
bromoallyl 
bromoallyl 
bromoally! 
bromoallyl 
methyl 
allyl 

ethyl 

ethyl 

ethyl 
methyl 
allyl 

ethyl 

ethyl 

ethyl 

ethyl 


propyl 

butyl 

pentyl 
3-methylbuty! 
1-methylbutyl 
2,3-dimethylbutyl 
hexyl 

heptyl 

octyl 

nony! 

isopropyl 
1-methylpropy! 
neopentyl 
1-methylbutyl 
allyl 

isopropyl 
1-methylpropyl 
1-methylbuty! 
allyl 

isopropyl 
1-methylpropy! 
1-cyclohexen-1-yl 
2-cylopenten-1-yl 
1-cyclohexen-1-yl 
1-cyclohepten-1-yl 
bicyclo-3,2,1-oct-2-en-2-yl 
1-cyclohexen-1-yl 
2-cyclopenten-1-yl 
1-cyclohexen-1-yl 
phenyl 
1-cyclohepten-1-yl 
bicyclo-3,2,1-oct-2-en-2-yl 
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0.87 
1.70 
2.23 
2.11 
2.13 
2.39 
3.08 


0.235 + 0.044 
0.089 + 0.009 
0.032 + 0.004 
0.038 + 0.017 
0.045 + 0.012 
0.025 + 0.002 
0.019 + 0.003 
0.020 + 0.004 
0.024 + 0.002 
0.056 + 0.011 
0.219 + 0.047 
0.098 + 0.008 
0.061 + 0.007 
0.028 + 0.002 
0.136 + 0.030 
0.105 + 0.015 
0.031 + 0.005 
0.013 + 0.001 
0.103 + 0.013 
0.034 + 0.001 
0.012 + 0.001 
0.099 + 0.003 
0.080 + 0.010 
0.041 + 0.003 
0.022 + 0.002 
0.026 + 0.004 
0.036 + 0.003 
0.025 + 0.001 
0.024 + 0.002 
0.023 + 0.003 
0.015 + 0.002 
0.017 + 0.001 


0.004 + 0.001 (2)* 
0.068 + 0.005 (5) 
0.289 + 0.056 (5) 
0.161 + 0.023 (4) 
0.310 + 0.062 (4) 
0.425 + 0.017 (4) 
0.809 + 0.065 (5) 
1.025 + 0.122 (6) 
1.110 + 0.272 (4) 
1.611 + 0.225 (4) 
0.015 + 0.005 (3)* 
0.066 + 0.006 (3) 
0.049 + 0.007 (3) 
0.303 + 0.064 (4) 
0.037 + 0.005 (5)t 
0.047 + 0.004 (3)t 
0.314 + 0.030 (3) 
0.965 + 0.175 (4) 
0.270 + 0.060 (3)t 
0.524 + 0.042 (3) 
0.594 + 0.036 (3) 
0.092 + 0.008 (3)* 
0.134 + 0.010(3) 
0.299 + 0.028 (3) 


\ 
0.757 + 0.063 (3) 
0.815 + 0.092 (3) 
1.252 + 0.054 (4) 
1.554 + 0.208 (4) 
0.076 + 0.009 (3) 
2.570 + 0.301 (3) 
2.428 + 0.414 (3) 





* Mean + S.D.; number of experiments in parentheses. 
+ Slowly metabolized in perfusion [16]. 
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Fig. 2. Reciprocal plots of changes in absorbance at 420 nm relative to 390 nm caused by consecutive 
additions of N-methylated ring substituted barbiturates to microsomal suspensions. 


minimum at 420nm and a peak at 390nm. Figure 
1 shows the spectral change of a number of 5-ethyl-5- 
alkyl substituted barbiturates added to a final non- 
saturating concentration of 0.22mM. There is an 
increase in spectral change from the propyl to the 
heptyl derivative, while a further lengthening of the 
alkyl side chain results in a smaller spectral change. 

In Table 1 the dissociation constants of the 5-ethyl- 
5-alkyl series, based on the induced spectral change, 
are listed. Our values for the butyl and s-pentyl de- 
rivative are consistent with those reported by Jansson 
et al. [14]. The value of the i-pentyl derivative is in 
agreement with that of Topham [4] and Sitar [15]. 
Table 1 presents the values of a series of allyl and 
2-bromoallyl substituted barbiturates together with 
some N-methylated homologues. In both groups 
there is an increase in affinity for cytochrome P-450 
with increasing alkyl side chain. The K, values of the 


bromoallyl substituted barbiturates are lower than 
those of their allyl substituted homologues. 

Figure 2 shows the reciprocal plots of a number 
of N-methylated barbiturates with a cyclic substituent 
at the 5-position. There is apparently an optimum 
in affinity for cytochrome P-450 for the cycloheptenyl 
substituted derivative. In Table 1 the K, values are 
listed for the cyclic substituted barbiturates. As in the 
previous series the N-methylated barbiturates have 
lower K, values than their non-methylated homo- 
logues. 

Attempts have been made to correlate the K, values 
of the various barbiturates with their octanol—water 
partition coefficients. In Fig. 3 a curve is shown, 
which presents the relationship between log P and 
the affinity for cytochrome P-450 of a number of 
5-ethyl-5-alkyl substituted barbiturates according to 
a parabolic function. The correlation coefficient and 





60 


50 5 


aS 
oO 
1 


1/Ks (mmol) 
Ww 
Oo 
it 











q 
4 
log (P-octano!) 


Fig. 3. Relationship between log P(octanol—water) and the affinity to cytochrome P-450 of a number 
of 5-ethyl-5-alkyl substituted barbiturates. 
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Table 2. K, values and partition coefficients of some 
N-methylated 5-ethyl-S-alkyl substituted barbiturates 





K Log TPC 


s 
Compound (mM) oct-water 





0.008 + 0.001 3.26 
0.009 + 0.002 4.16 
0.011 + 0.002 4.25 
0.020 + 0.003 4.34 


hexyl* 
heptyl 
octyl 
nonyl 





* Refers to alkyl substituent. 


the residual standard deviation were 0.935 and 0.105 
respectively. This is consistent with the reports of 
Hansch et al. [16] on the parabolic dependence of 
pharmacological activity upon the lipophilic charac- 
ter of the compounds. 

In the 5-ethyl-5-alkyl series, the lipophilicity of the 
compounds was increased by the introduction of 
larger substituents. It was interesting to investigate 
whether the high lipophilicity was responsible for the 
higher K, values of the octyl and the nonyl derivative. 
The lipophilicity of the last four members of the series 
was increased, therefore, in another way, namely by 
N-methylation. If the high lipophilicity is responsible 
for the decline in affinity for cytochrome P-450, these 
N-methylated derivatives should have higher K, 
values than their non-methylated homologues and 
should be situated on the descending part of the para- 
bola, presented in Fig. 3. The results, presented in 
Table 2, indicate that the length of the substituent, 
rather than the lipophilicity is responsible for the de- 
scending part of the curve. 


DISCUSSION 


The introduction of larger substituents either ali- 
phatic or cyclic at the 5-position of the barbituric 
acid nucleus results in a decrease in K, value. Further, 
the 2-bromoallyl substituted and N-methylated bar- 
biturates have lower K, values than the correspond- 
ing allyl and non-methylated derivatives. In the 
various homologous series this corresponds very well 
with the metabolic clearances of compounds with no 
more than 6 or 7 carbon atoms in the side chain. 
Generally, compounds with a low K, value are meta- 
bolized faster than those with higher K, values. 
Studying derivatives with no more than 6 or 7 carbon 
atoms in the side chain may lead to the conclusion 
that the K, values are only dependent on the lipophi- 
licity of the compounds [4]. Our results, however, 
indicate that with larger substituents the influence of 
a steric effect becomes visible resulting in a lower 
affinity for cytochrome P-450, despite the higher lipo- 
philicity of the compounds. This decrease in affinity 
for cytochrome P-450.may be responsible for the 
parabolic relationship found, when plotting the meta- 
bolic clearances against the partition coefficients of 
the compounds [13]. 
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Jansson et al. [14] did not find a good correlation 
between the lipophilicity and the rate of metabolism 
of barbiturates. One of the reasons may be that the 
barbiturates studied, were treated as belonging to one 
homologous series. They may indeed structurally. 
However, when looking at their routes of metabolism, 
they belong to different series [13]. 

Besides an affinity for the metabolic system, the 
rate of metabolism is also dependent on factors as 
the reactivity of the C—H bonds to be hydroxylated. 
For instance, nealbarbital and methylphenobarbital 
are slowly metabolized, despite the rather high affinity 
for cytochrome P-450. When going from the n-hexyl 
to the n-nonyl compound the number of reactive 
C—H bonds increases, explaining their greater clear- 
ances, despite a decrease in affinity for cytochrome 
P-450. 

In conclusion we can say that a certain affinity for 
cytochrome P-450 is a primary requirement for meta- 
bolism. However, other factors as the reactivity of 
the C—H bonds to be hydroxylated and the number 
of those bonds, obviously play a role in the quantifi- 
cation of the rate of metabolism of the barbiturates. 
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Abstract—Seven antirheumatic drugs were tested for their possible inhibition of collagenolytic activity 
of cathepsin B1. Arteparon, Antilysin, Sanocrysin and phenylbutazone were found to be potent inhibi- 
tors of collagenolytic activity of cathepsin B1. Indomethacin and flufenamic acid were weak inhibitors, 
flurbiprofen was ineffective. A possible mechanism of action is discussed. 


Lysosomal enzymes play an important role in the 
pathogenesis of rheumatic diseases and in the degra- 
dation of the connective tissue. One of the enzymes 
is cathepsin BI a thiol-dependent protease of lysoso- 
mal origin with a broad spectrum of specificity. It 
degrades the synthetic substrates Bz-Arg-NH,, Bz-DL- 
Arg-NHC,H,NO,, Bz-pit-Arg-NHC,,H,, Bz-Arg- 
OET at optimum pH 6.0 [1]. Proteoglycanes and col- 
lagen are important natural substrates of cathepsin 
Bi. Cathepsin B1 degrades the protein core of proteo- 
glycans in a similar way as does papain [2]. It 
degrades native collagen in solution in the presence 
of EDTA and cysteine the pH optimum being 4.5-—S.0. 
The initial action at 24° is cleavage of collagen mol- 
ecule in its non-helical region containing cross-links. 
The enzyme also attacks the helical region of collagen 
and low molecular weight peptides occur [3]. The 
mechanism of collagenolytic activity of cathepsin B1 
differs substantially from that of mammalian neutral 
collagenase which degrades the collagen molecule first 
in its helical part into two discrete fragments [4]. 
Cathepsin B1 degraded also insoluble collagen with 
a pH optimum below 4 and in vitro reconstituted col- 
lagen fibrils with a pH optimum about 5.6 [3]. 

It seems the cathepsin B1 together with collageno- 
lytic cathepsin are responsible for the collagenolytic 
activity of lysosomal extract at acidic pH [5]. They 
play an important role in intracellular degradation 
of collagen although their extracellular activity can- 
not be excluded. 

Kruze et al. [6] have studied the effects of antirheu- 
matic drugs with the synthetic substrate 
Bz-DL-Arg-NHC, 9H; on the activity of cathepsin BI. 
They found out that there are several antirheumatic 
drugs that inhibit the activity of cathepsin B1. Our 
work was aimed at the study of the effects of antirheu- 
matic drugs on the collagenolytic activity of cathepsin 
Bl. 





Abbreviations used: Bz-Arg-NH,, «-N-benzoyl-L- 
arginine-amide; Bz-pL-Arg-NHC,H,NO,, «-N-benzoyl- 
DL-arginine p-nitroanilide; Bz-DL-Arg- NHC, 9H, «-N-ben- 
zoyl-DL-arginine 2-naphthylamide; Bz-Arg-OET, «-N-ben- 
zoyl-L-arginine ethyl ester. 


MATERIALS AND METHODS 


Isolation and purification of cathepsin B1. Cathepsin 
BI was isolated from bovine spleen by the method 
Keilova and TomaSek [7]. The final purification of 
the enzyme was achieved by affinity chromatography 
on a mercurial Sepharose column. Enzyme from the 
inactive mercury form was released with dithioery- 
threitol and the free mercury was removed by ultra- 
filtration through an UM-10 Amicon membrane. 

The enzymatic activity of cathepsin Bl was deter- 
mined in terms of hydrolysis of Bz-pDL-Arg- 
NHC,H,NO,, as substrate using a procedure de- 
scribed by Keilova and TomaSek [7]. The quantity 
of the enzyme which cleaved | umole of a substrate 
in | min under the conditions described was taken 
for one unit (U). 

Substrate preparation. The acid-extracted radioac- 
tive collagen was prepared after injecting 40-day-old 
Wistar rats intraperitoneally with uniformly labelled 
['*C-]glycine (70mCi/mmole). Each rat received 
50 uC of isotope 72, 60, 48, 24 and 12 hr before sacri- 
fice [8]. The acid-extractable collagen was purified 
as described by Kang et al. [9]; it had radioactivity 
22.000 d.p.m./mg. 

The reconstituted '*C-labelled collagen fibrils were 
prepared by heating 2 mg/ml solutions of collagen 
containing 50 mM Tris-HCl buffer, pH 7.4 with 0.2 M 
NaCl at 35° overnight. The reconstituted fibrils were 
incubated with trypsin to check that the collagen had 
not been denatured during preparation and with clos- 
tridial collagenase to measure total fibril lysis [10]. 

Assay of collagenolytic activity of cathepsin B1. The 
collagen fibrils (approx. 0.75 mg collagen) were resus- 
pended in the 0.9 ml 0.1M phosphate buffer of pH 
6 containing | mM EDTA (disodium salt) with or 
without drugs by shaking. 12 mU of cathepsin B1 was 
preincubated in the 0.1 ml phosphate buffer contain- 
ing 6mM dithioerythreitol 20 min at the room tem- 
perature. After the enzyme was added to the substrate 
the reaction mixture was incubated at 35° for 
20hr. Controls with phosphate buffer containing 
dithioerythreitol in place of enzyme and blanks con- 
taining appropriate buffers without drugs were also 
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included and the pH of each reaction mixture was 
checked. 

At the end of the incubation period the unchanged 
collagen was removed by centrifugation 10,000g for 
20 min and the radioactivity released was measured 
as described by Werb and Burleigh [10]. Results are 
expressed as a percentage of total fibril lysis after sub- 
traction of the buffer control values. The fibril lysis 
in the presence and absence of drugs was compared. 

Drugs. The following drugs were were used in the 
experiments: indomethacin (Indren), phenylbutazone 
(Fenylbutazon), inhibitor of proteases from lung 
(Antilysin-polypeptide of molecular weight 6511) all 
manufactured by Spofa, Czechoslovakia; flurbiprofen 
(2-(fluorobiphenylyl)propionic acid) from Boots, Eng- 
land; sodium aurothiosulphate (Sanocrysine) pro- 
duced by Ferrosan, Denmark; flufenamic acid from 
Parke and Davis, England and Arteparon (glycos- 
aminoglycan polysulfate) from Luitpold Werk, West 
Germany. 

Drugs not soluble in 0.1 M phosphate buffer (indo- 
methacin, phenylbutazone, flurbiprofen and flufena- 
mic acid) were first dissolved in a small volume of 
dimethyl sulphoxide (1%). 


RESULTS AND DISCUSSION 


The effect of antirheumatic drugs on the collageno- 
lytic activity of cathepsin BI is presented in Table 
1. Phenylbutazone, Antilysin, Arteparon and Sanocry- 
sine were the most potent inhibitors. Indomethacin, 
flufenamic acid were weak inhibitors, flurbiprofen had 
no inhibitory effect. 


In the group of nonsteroidal antirheumatic drugs 
the most distinct inhibitory effect on the collagenoly- 
tic activity of cathepsin B1 showed phenylbutazone. 
This result is in agreement with the observation that 
phenylbutazone inhibits the collagenolytic activity of 
lysosomal extract at acid pH in vitro [11] and de- 
creases the collagenolytic activity in inflamed tissues 
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in vivo [12,13] as well. The inhibitory effect of 
phenylbutazone on the enzymatic activity of cathep- 
sin Bl with low-molecular substrate Bz-pL-Arg- 
NHC, oH, was described by Kruze, Fehr and Boni 
[6]. It is known that phenylbutazone as an acidic 
drug is able to interact with basic groups of proteins 
[14]. It is therefore quite possible that the inhibition 
of the collagenolytic activity of cathepsin BI with 
phenylbutazone results from its interaction both with 
collagen and cathepsin B1. 

Indomethacin inhibits the collagenolytic activity of 
cathepsin B1 about 50 per cent less than phenylbuta- 
zone. This drug also shows an inhibitory activity 
when Bz-DL-Arg-NHC, 9H; is used as substrate [6]. 
Other nonsteroidal antirheumatic drugs such as flu- 
fenamic acid and flurbiprofen showed only weak or 
no effects on the collagenolytic activity of cathepsin 
Bl. 

The tissue extracts in our group of tested antirheu- 
matic drugs were represented by Arteparon and Anti- 
lysin. Table | and Fig. 1 showed that Arteparon is 
a very potent inhibitor of collagenolytic activity of 
cathepsin Bl. A 60 per cent inhibition could be 
observed with phenylbutazone and Antilysin in 1 mM 
concentration whereas Arteparon had the same in- 
hibitory activity in a concentration 250 times lower 
(4 uM). 

Arteparon contains sulfonated glycosaminoglycan 
chains and it has favourable effects particularly in the 
case of degenerative joint diseases. Arteparon inhibits 
other lysosomal enzymes taking part in dissociation 
of mucopolysaccharides of cartilage, such as B-glucur- 
onidase, f-galactosidase, etc. [15]. 

Dettmer [16] described the binding of Arteparon 
on the surface of collagen fibrils and cumulation of 
this drug in the cartilage. The interaction between 
Arteparon and the collagen fibrils has been proved 
also by our finding that Arteparon prevents the col- 
lagen fibrils from dissolving at pH 6 (Fig. 1). It is 
known that the collagen fibrils dissolve spontaneously 


Table |. Effect of antirheumatic drugs on collagenolytic activity of cath- 
epsin B1 





Concentration 
(mM) 


Drugs 


Inhibition 





Phenylbutazone 
Indomethacin 
Flufenamic acid 
Flurbiprofen 
Antilysin 
Arteparon 


Sanocrysine* 


0.5 
1.0 
0.5 
1.0 





The assay system contained 0.9 ml of a suspension of reconstituted 
collagen fibrils (0.75 mg collagen) in a 0.1M phosphate buffer pH 6 
containing |!mM EDTA and drugs and 0.1 ml of enzyme solution 


(12 mU of enzyme). 


*The concentration of EDTA was 0.5mM when Sanocrysine was 


assayed. 





The effect of antirheumatic drugs 
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Fig. 1. Effect of different concentrations of Arteparon on 

the collagenolytic activity of cathepsin B1 ——, and on 

the solubilization of the collagen fibrils at pH 6 in the 
absence of enzyme —--. 


in an acidic medium. While in the case of controls 
as much as 23 per cent of the collagen fibrils dissolved 
at 35°, only 4 per cent of the collagen fibrils dissolved 
in the presence of Arteparon in 10 uM concentration 
(Fig. 1). It is therefore quite probable that the inhibi- 
tion of the collagenolytic activity of cathepsin B1 with 
Arteparon is due to its effects on both the substrate 
and the enzyme. 

Antilysin is a polypeptide inhibitor isolated from 
bovine lungs. It inhibits kallikrein and some serine 
proteases [17]. It was found to be a strong inhibitor 
of the collagenolytic activity of cathepsin B1 but with- 
out any affects on dissolving of the collagen fibrils. 

Sanocrysin was after Arteparon the most active in- 
hibitor of collagenolytic activity of cathepsin B1. 
There was an 81 per cent inhibition of the cathepsin 
BI in the presence of this gold containing drug in 
1 mM concentration (Table 1). It is probable that gold 
as a heavy metal could block the thiol group in the 
active centre of the enzyme. Gold is known to inhibit 
the activities of several lysosomal enzymes, such as 
human cathepsin BI [18], f-glucuronidase, acidic 
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Inhibition of collagenolytic activity 
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Fig. 2. Effect of different concentrations of Sanocrysine on 

the collagenolytic activity of cathepsin B1 ——, and on 

the solubilization of the collagen fibrils at pH 6 in the 
absence of enzyme —--. 
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phosphatase [19] as well as leucocyte collagenase 
[20]. 

The results of our experiment showed further that 
Sanocrysin also stabilises the collagen fibrils in vitro 
at pH 6 preventing their dissolution (Fig. 2). 

The inhibitory effects of some tested antirheumatic 
drugs on the collagenolytic activity of cathepsin Bi 
could be partially explained by the interaction of 
these drugs and the substrate. Considering the experi- 
ments carried out by Kruze et al. [6] who found the 
inhibition of the hydrolytic activity of cathepsin Bl 
with these drugs when using the synthetic substrate 
Bz-DL-Arg-NHC,.H,, one cannot exclude their dir- 
rect effect on the enzyme. It is therefore quite possible 
that in the course of the inhibition of the collagenoly- 
tic activity of cathepsin Bl both mechanisms are 
operating. 

It is difficult to discuss the results from the stand- 
point of clinical therapy. Although some of the used 
concentrations of tested drugs are higher than the 
therapeutic blood levels we must point out the differ- 
ence between the concentrations in blood and in the 
target tissue. It appears that especially acidic nonster- 
oidal antirheumatic drugs accumulate specifically in 
inflamed tissue [21] and therefore attained concen- 
trations of these drugs could be high enough to in- 
hibit cathepsin B1 in vivo. As some of the antirheuma- 
tic drugs accumulate significantly in lysosomes their 
intracellular inhibitory effect on cathepsin B1 could 
not be ruled out [22]. 
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Abstract—Our experiments were designed to localize the inhibitory influence of bencyclanet on the 
process of oxidative phosphorylation in isolated heart and liver mitochondria. The following results 
were obtained: (1) The state-3-respiration of rat liver and rabbit heart mitochondria was inhibited 
by bencyclane. This inhibition was dependent on the substrate used as energy donator, being much 
more pronounced with glutamate (EDs. = 3.17 x 10~® or 1.85 x 10~’ moles/mg of protein, respect- 
ively) than with succinate (EDs) = 3.4 x 10~” or 4.78 x 10~” moles/mg of protein, respectively). Since 
the 2,4-dinitrophenol stimulated respiration was equally inhibited, and glutamate transfer through the 
mitochondrial membrane not influenced, we assume the NADH-coenzyme-Q-reductase to be the site 
of interaction at the molecular level. (2) Bencyclane stimulates the state-4-respiration of isolated mito- 
chondria with concentrations =>10~°M. This effect depends on the molar bencyclane concentration 
of the incubation medium, and is not abolished by the addition of atractyloside, oligomycin or ruth- 
enium red. Therefore, it is suggested that uncoupling of oxidative phosphorylation is the reason for 
this bencyclane effect. Theoretically, both of the described effects result in a reduction of the amount 
of ATP in the living cell. Possible consequences on myocardial function and the cardiovascular system 


are discussed in terms of previously published data in this field. 


Bencyclane is a new vasodilator introduced for the 
treatment of disturbances in peripheral and central 
nervous system blood flow. In addition, Komlos and 
Petdcz [1] described a local anaesthetic action. In 
a previous publication [2] we demonstrated a cardio- 
depressive side effect with therapeutic doses of ben- 
cyclane, and an inhibition of the state-3-respiration 
and active calcium uptake of isolated mitochondria 
with concentrations >10~*°M. We therefore sug- 
gested that both drug effects had related properties. 
In the present paper we investigated its mechanism 
of action on the function of isolated rat liver and 
rabbit heart mitochondria. 


MATERIALS AND METHODS 


Rat liver mitochondria were isolated from Wistar 
albino rats. The liver was cut with scissors into small 
pieces in a refrigerated room and diluted (1 g/10 ml) 
with a solution (MST-solution) of the following com- 
position: mannitol 210mM, sucrose 80mM and 
Tris-HCl, pH 7.4, 10 mM. The suspension was hom- 
ogenized three times with an Ultra-Turrax, type 45 
(Janke and Kunkel, West Germany), applying an elec- 
trical impulse of 0.5 sec duration by means of a spe- 
cial timing device, resulting in a constant total run 
of the homogenizer of 3 sec. Between each homogeni- 
zation step an interval of 1 min was chosen. After 
differential centrifugation, the fraction obtained 





* This work has been supported by Deutsche Fors- 
chungsgemeinschaft, SFB 30 Kardiologie Diisseldorf. 

+ Bencyclane = N-3-(1-benzene-cycloheptyl-oxi)-propyl- 
N,N-dimethyl-ammonium hydrogen fumarate. 


between 600 and 10,000 g was resuspended in the de- 
scribed MST-solution and stored at 0-1°. The protein 
content was determined by the Biuret method. 

The mitochondrial preparations were found to be 
almost free from other cell contaminants by means 
of the electron microscope using the technique of 
negative staining. By checking the mitochondrial cal- 
cium uptake in the presence and absence of oligomy- 
cin according to Slater [3], it was shown that the 
preparation did not contain measurable amounts of 
Ca** accumulating particles different to mitochon- 
dria. 

The isolation of rabbit heart mitochondria (white 
Newfoundlands) was done by the same procedure 
with the exception that the timing of the Ultra-Turrax 
was extended to | sec. 

The estimation of the oxygen consumption was per- 
formed by incubating 4 mg of rat liver or 1.6 mg of 
rabbit heart mitochondria at 25° in 2.5 ml of a solu- 
tion with the following composition: Tris-glutamate 
10 mM, MgCl, 5 mM, Tris-phosphate 5 mM, manni- 
tol 184.8 mM, sucrose 70.4 mM, Tris-buffer, pH 7.4, 
8.8 mM. 

The oxygen consumption was determined accord- 
ing to Potter and Chance [4, 5] by means of a Clark 
oxygen electrode (for further details see Noack [6]). 
10 mM Tris-succinate was used instead of Tris-gluta- 
mate if indicated. 

The transfer of L-glutamate across the inner mito- 
chondrial membrane of rat liver mitochondria has 
been studied by swelling technique [7] and by direct 
measurement of L-['*C]glutamic acid penetration, 
taking the distribution space of tritiated water as a 
measure of total mitochondrial water [8]. The pro- 
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cedure was checked with 1-fluoro-2,4-dinitrobenzene 
which inhibited the glutamate penetration with a con- 
centration as low as 0.1 mM. 

Substances used. Bencyclane: N-3-(1-benzene-cyclo- 
heptyl-oxi)-propyl-N,N-dimethyl-ammonium _hydro- 
gen fumarate (Dr. Thiemann GmbH, Liinen, West 
Germany). Atractyloside, potassium salt (Calbio- 
chem., Los Angeles, U.S.A.). Oligomycin and 1- 
fluoro-2,4-dinitrobenzene (SERVA_ Feinbiochemica, 
Heidelberg, West Germany). Ruthenium red (Fluka 
AG, Switzerland). 2,4-dinitrophenol, L-glutamic acid, 
succinic acid, mannitol, sucrose and Tris-(hydroxy- 
methyl)-aminomethan (Merck Chem. Co., Darmstadt, 
West Germany). Adenosine 5’ diphosphate disodium 
salt (C. F. Boehringer, Mannheim, West Germany). 
L-[U-'*C]glutamic acid (specific activity 276 mCi/ 
m-mole) was bought from Amersham _ Buchler, 
Braunschweig, West Germany, and tritiated water 
(1 mCi/g) from NEN Chemicals GmbH, Dreieichen- 
hain, West Germany. 


RESULTS 


In our studies with isolated mitochondria using 
bencyclane, all experimental conditions displayed a 
decrease of the RC-factor, which amounts to about 
3.5 in control experiments. According to the definition 
of the RC-factor, the reason for the drug mediated 
inhibition of this parameter may be due to the alter- 
ation of the state-4- or state-3-respiration or even 
both. We studied the two factors separately in order 
to clarify this point of question. 

The influence of bencyclane on state-3-respiration. 
The effect of bencyclane on the state-3-respiration of 
isolated rat liver and rabbit heart mitochondria is 
shown in Fig. |. It is evident that in the presence 
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Fig. 1. Logit transformation of the percental inhibition of 
the rate of state-3-respiration. Rat liver mitochondria: 
A A glutamate as substrate; respiration in the 
absence of inhibitor: 224.2 nmoles O,/sec/g protein, EDso: 
5.07 x 10°°M_ bencyclane, y = 2.11 x — 1.49, r= 0.99; 
n=6.4 A succinate as substrate, control 227.6 nmoles 
O,/sec/g protein, EDs9: 5.44 x 10°*M _ bencyclane. 
y = 2.31 x — 4.01, r = 0.99; n = 3. Rabbit heart mitochon- 
dria: O © glutamate as substrate, respiration in the 
absence of inhibitor: 1251.2 nmoles O,/sec/g protein, EDso: 
1.18 x 10°*M_ bencyclane, y = 1.69, x — 1.81, r= 0.99, 
n=7.@ @ succinate as substrate; respiration in the 
absence of inhibitor 1237.5 nmoles O,/sec/g protein, EDso: 
3.06 x 10°*M_ bencyclane, y = 1.74 x — 2.58, r= 0.99, 
n = 6. For further details see method section. 
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Fig. 2. The influence of 6 x 10°°M_ bencyclane on the 

state-3- (x----x) and state-4-respiration (O-—--O) of 

isolated rat liver mitochondria in the presence of different 
mitochondrial protein concentrations. 


of glutamate as substrate the half-maximal inhibitory 
concentration in rat liver mitochondria is about ten 
times lower (EDs. = 5.07 x 10°°M) than in the 
presence of succinate (5.44 x 10°*M). This finding 
is the same in our experiments in rabbit heart mito- 
chondria, where the EDs, for glutamate as sub- 
strate is lower (1.18 x 10~*M) than with succinate 
(3.06 x 10~* M). The extent of the described inhibi- 
tion is dependent on the absolute amount of mito- 
chondrial protein used in the experiment as shown 
in Fig. 2 for rat liver mitochondria. The bencyclane 
concentration of Fig. 1 was recalculated according to 
this result and expressed in moles bencyclane/mg 
mitochondrial protein, as shown in Fig. 3. Thus, in 
the presence of succinate as substrate there is no 
longer any difference between the drug effect on liver 
and heart mitochondria. Instead with glutamate the 
sensitivity of liver mitochondria is about 5.8 times 
more pronounced than that of heart mitochondria. 
We obtained the following EDso-values, expressed as 
10~® moles of bencyclane/mg of protein: liver mito- 
chondria, glutamate: 3.17; succinate: 34.0. Heart 
mitochondria, glutamate: 18.5, succinate: 47.8. 

The ratio of ADP to extra oxygen consumption 
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Fig. 3. Logit transformation of the percental inhibition of 

the rate of state-3-respiration. In contrast to Fig. 1, the 

concentrations of bencyclane are expressed as moles/mg 
protein. For further details see Fig. 1. 
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Fig. 4. Semilogarithmic plot between the increase of the 
rate of state-4-respiration in percent of control values and 
the concentration of bencyclane. Rat liver mitochondria: 
x—--— x glutamate as substrate, control 61.2 nmoles 
O,/sec/g protein, @-—--—@ succinate as substrate, control 
69 nmoles O,/sec/g protein; rabbit heart mitochondria: 
O----O glutamate as substrate, control 219.5 nmoles 
O,/sec/g protein, A----A succinate as substrate, control 
348.3 nmoles O,/sec/g protein. For incubation conditions 
see method section. 


amounted to 2.76 and 1.87 in the presence of gluta- 
mate and succinate, respectively. It was not affected 
by bencyclane. If, however, the ratio of ADP added 
and the amount of oxygen consumption during the 
whole period of state-3-respiration is calculated 
according to Chance and Williams [9], we find a dis- 
tinct lowering of these values, which is due to the 
stimulation of state-4-respiration in the presence of 
bencyclane. 

The 2,4-dinitrophenol induced uncoupling of oxida- 
tive phosphorylation, which makes a stimulation of 
oxygen consumption comparable to the ADP-stimu- 
lated extra oxygen consumption, is inhibited by ben- 
cyclane to the same extent (EDs, in liver mitochon- 
dria, glutamate: 3.36 x 10~* moles/mg of protein, 
heart mitochondria, glutamate: 20.1 x 10~* mo- 
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les/mg of protein). The values for the median effective 
dose ( = EDs9) were calculated by means of the logit- 
transformation. According to Hafner et al. [10], the 
gradient of the logit-dose regression line directly indi- 
cates the number of drug molecules inter-acting with 
one receptor site. The mean value for the gradient 
was determined to be 1.95 + 0.10 with n = 6. 

Additional experiments showed that the glutamate 
transfer through the inner mitochondrial membrane 
was not influenced by bencyclane in concentrations 
up to 4 x 10°*M. 

The influence of bencyclane on state-4-respiration. 
A concentration as low as 10~° M of bencyclane in- 
duces an increase of state-4-respiration of isolated 
mitochondria under all experimental conditions 
tested (Fig. 4). It is remarkable to note that the in- 
crease of state-4-respiration by bencyclane always 
reaches a maximal effect, after the state-3-respiration 
is already inhibited by more than 50 per cent (see 
also Fig. 1). This finding explains why we did not 
get a maximal effect of the stimulated state-4-respir- 
ation with liver mitochondria and succinate as sub- 
strate in the concentration range tested. In contrast 
to the results which we presented for the state-3-res- 
piration, the stimulation of state-4-respiration was not 
correlated with the absolute amount of mitochondrial 
protein present. Figure 2 shows that the effect runs 
parallel with the concentration of bencyclane in the 
incubation medium. 

The observed increase of state-4-respiration in the 
presence of bencyclane may be due to an enlarged 
intra- or extra-mitochondrial splitting and rephos- 
phorylation of adenine nucleotides, or to an increased 
efflux of, e.g. calcium ions which are then transported 
by the mitochondria in an _ energy-dependent 
uptake process. The underlying mechanism was clari- 
fied by means of inhibitors of oxidative phosphoryla- 
tion or active calcium transport. We found that 
neither atractyloside (30 uM) nor oligomycin (7 uM), 
which in control experiments both blocked the ADP- 
stimulated respiration without influencing the active 
calcium uptake, did have any effect on the bencyc- 
lane-stimulated state-4-respiration. Furthermore, in 
the presence of 27 uM ruthenium red, which totally 
blocked the active calcium transport into mitochon- 
dria without affecting the ADP-stimulated state-3-res- 
piration, there was no change of the respiratory ac- 
tivity (see Table 1). 


Table 1. Increase of the state-4-respiration as caused by bencyclane in the presence of atractyloside, oligomycin or 
ruthenium red. 4 mg of rat liver mitochondria per experiment. The rates of respiration are given in nmoles O,/sec/g 
protein. The data represent the means x + sx of six replicate determinations. For further details see Method section. 
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124.1 + 3.0 
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+ Atractyloside 
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Fig. 5. Hypothetical scheme of the mitochondrial energy 

transfer system linked to the electron transport chain and 

the sites of bencyclane action. The sites of inhibitor interac- 

tion are indicated by the bars. The dotted arrows indicate 

the reaction step which is activated by bencyclane causing 
the uncoupling of oxidative phosphorylation. 


DISCUSSION 


In the present paper bencyclane was shown to exhi- 
bit two different effects on the respiratory function 
of isolated heart and liver mitochondria: on the one 
hand it causes an inhibition of the state-3-respiration, 
and on the other a stimulation of the state-4-respi- 
ration. The finding that the inhibition of the state-3- 
respiration by bencyclane is dependent on the amount 
of bencyclane per mg of mitochondrial protein and 
not only on the molar inhibitory concentration 
favours the idea that the drug interacts with a special 
receptor site. In addition, according to Hafner et al. 
[10] it is possible to demonstrate by means of the 
logit transformation that 2 bencyclane molecules in- 
teract with one receptor binding site. Since the state- 
3-respiratory activity is much more influenced by ben- 
cyclane in the presence of glutamate than by succinate 
as a respiratory substrate, and the glutamate transfer 
through the inner mitochondrial membrane is not in- 
hibited by bencyclane, we suppose that the main site 
of interaction of bencyclane is located at the NADH- 
coenzyme-Q-reductase. This conclusion is in agree- 
ment with the observation that the 2,4-dinitrophenol- 
stimulated respiration is inhibited to the same extent 
as the state-3-respiration (see Fig. 5). 

It is interesting to note that the described stimu- 
lation of the state-4-respiration is neither inhibited 
by atractyloside, oligomycin nor by ruthenium red. 
Therefore, an additional energy consuming calcium 
transport process or an additional exchange and syn- 
thesis of adenine nucleotides may be excluded as a 
reason for the observed effect. Thus the uncoupling 
of oxidative phosphorylation is supposed to be the 
mechanism of action for this effect (see also Fig. 5). 

The drug interaction described in this report may 
well be related to the in vivo effects of bencyclane, 
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since the concentrations used in our mitochondrial 
studies are comparable to those which produce a 
negative inotropic effect on isolated heart prep- 
arations or are obtained after therapeutic application. 
Kohler et al. [11] found a half-maximal inhibition 
of contraction force in isolated left guinea-pig atria 
at 2 x 10°° g/ml = 4.9 x 10°°M of bencyclane. In 
isolated mitochondria this drug concentration pro- 
duces an increase of 50 per cent over the state-4-res- 
piration (in liver mitochondria it already amounts to 
80 per cent) and a pronounced inhibition of the state- 
3-respiration (by 50 per cent in liver and by 20 per 
cent in heart mitochondria in the presence of gluta- 
mate as a substrate). In addition the oral bencyclane 
dosage of 600 mg/day (single dose 200mg) recom- 
mended by the manufacturer for therapeutic use, 
which is described to have a bio-availability of almost 
100 per cent [12] or the intra-arterial infusion of 
500 mg bencyclane during a 30 min period, theoreti- 
cally leads to a tissue concentration of more than 
10-°M of bencyclane. 

The effects of bencyclane, i.e. inhibition of state-3- 
respiration and uncoupling of state-4-respiration in 
isolated mitochondria, are supposed to cause a reduc- 
tion of high energy phosphate (ATP) stores of the 
cell. Therefore, the cardiodepressive side effect of ben- 
cyclane may be explained by an intramyocardial lack 
of energy. At the same time it may be expected that 
the vasodilation is due to a decreased rate of synthesis 
of adenine nucleotides leading to an increased pro- 
duction of free adenosine, which may then function 
as a potent vasodilator. 
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Abstract—Typical sclerotic lesions in the rabbit aorta can be induced by immunisation with x-elas- 
tin [15]. These lesions include fragmentation of the elastic fibers and diffuse calcium deposition, accom- 
panied by an increase of the SM-guanidinium Cl-soluble (structural glycoprotein-containing) fraction 
of the media, increase of the hexose and hydroxyproline (collagen) content of the 1M MgCl,-soluble 
aorta extract (soluble protein and glycoprotein fraction) and guanidinium-soluble hydroxyproline (poly- 
meric collagen). In animals treated simultaneously with calcitonin, the morphological and most of 
the biochemical modifications produced by x-elastin immunisation were not observed or lessened. 
There was much less fragmentation of the elastic lamellae and calcium deposition in the media. Calci- 
tonin administration abolished the increases of the guanidinium-soluble protein fraction, of the glyco- 
proteins in the MgCl,-extracts and of the hydroxyproline (collagen) content in the MgCl, and guani- 
dinium extracts. Calcitonin alone produced some modifications in the chemical composition of the 
aorta, such as a decrease in its elastin content, an increase in the hexose and hexosamine content 
of all extracts. The distribution of calcium salts in the aorta extracts was also modified by calcitonin 
administration: the calcium content of the MgCl, and guanidinium-extracts decreased and that of 
the final residue (elastin) increased. The results indicate that calcitonin influences the biosynthetic 
activity of the smooth muscle cells of the media and exerts a protective action against the biochemical 


and morphological modifications produced by immun-arteriosclerosis. 


Some demineralization of spine and arterial calcifica- 
tion are frequent findings on roentgenographic exam- 
inations of elderly people. The question arises as to 
whether these calcium movements are associated with 
one another and share a common pathogenesis. The 
main disturbances of calcium metabolism found in 
osteoporosis are a decreased rate of bone formation 
and of calcium absorption in the gut and a relative 
increase in bone resorption and urinary calcium out- 
put. These disturbances can be corrected by long term 
administration of “low” doses of calcitonin, i.e. by 
substitutive therapy. This finding leads to the con- 
sideration of post-menopausal and senile osteropor- 
osis as conditioned by a decrease of calcitonin pro- 
duction with age [1]. As very little is known with re- 
spect to the role of endocrine factors in the regulation 
of calcium metabolism in arterial wall (such as the 
effect of calcitonin on the development of the arterio- 
sclerotic process), it seemed of interest to study the 
effect of calcitonin administration on the deposition 
of calcium salts in cells and matrix macromolecules 
of the aorta, which is indeed one of the important 
biochemical alterations observed with aging and in 
arteriosclerosis [2]. Two types of calcium deposition 
can be distinguished in the large blood vessels: a dif- 
fuse one, concerning mainly elastic fibers and a loca- 
lised one, observable microscopically, involving the 
formation of crystalline or amorphous calcium salt 
accumulations in cells and in atherosclerotic pla- 
ques [3-5]. Diffuse calcium deposits in elastic fibers 
is a continuous process, increasing steadily during the 
whole life span [3, 6,7]. Recent results indicate that 


the elastin peptide chains can react with Ca?*-ions 
to form strong complexes [8,9]. Calcium and lipid 
(cholesterol) deposition is a mutually potentiated pro- 
cess [10] which exposes the elastic fibers to faster 
attack by elastases[11,12]. The factors influencing 
calcium salt depositions are unknown although the 
acidic (structural) glycoprotein components may play 
a role as nucleation centers [13, 14]. In experimental 
arteriosclerosis, the relative intensity of calcium salt 
and of lipid deposition varies widely according to the 
technique used for its induction. Immunisation of rab- 
bits with x-elastin in complete Freund’s adjuvant in- 
duces the formation of predominantly sclerotic calci- 
fied lesions [15]. This model therefore appeared par- 
ticularly suitable for investigating the effect of calci- 
tonin on the composition and reactivity of the arterial 
wall. 


MATERIALS AND METHODS 


White rabbits (Blancs Bouscat) 2 months old 
(2-3 kg) of both sexes were used. They were divided 
in four groups. Group I (4 animals) was used as con- 
trol and received only a normal commercial rabbit 
diet (U.A.R. No. 112). Group II (10 animals) received 
biweekly i.m. injections of 5 mg of x-elastin in com- 
plete Freund’s adjuvant, during 4 weeks. Group III 
(10 animals, 8 survived) received the same treatment 
as group II and in addition two daily i.m. injections 
of 0.16M.R.C. units of purified porcine calcitonin. 
Group IV (6 animals) received only the calcitonin in- 
jections with no elastin. x-elastin was prepared from 
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wash H.O, acetone 
weigh 
Fig. 1. Flow sheet of the extraction procedure used. For 
details see Methods. 


porcine aorta and from bovine ligamentum nuchae, 
as described [16]. Extractive porcine calcitonin was 
purified by Roussel-Uclaf Laboratories. 

At the end of the experimental period, the animals 
were sacrificed, the aortas excised and examined both 
macroscopically and microscopically with histochemi- 
cal techniques (Van Kossa stain for calcium, Veigert’s 
resorcinfuchsine and orcein for elastin and Masson’s 
Trichrom for collagen) and submitted to a sequential 
extraction procedure. 

Extraction of aortas. After washing in saline to free 
the aortas from blood, the aortas were cut in small 


(a few mm?) fragments, soaked in 1M MgCl, pH 7.4 
(about 10 ml per g wet weight), homogenized in the 
cold and shaken at +4° for 14hr. After centrifugation 
this MgCl,-extraction was repeated twice. The residue 
was washed in water, suspended in about 10 vol. 
of distilled water and autoclaved 5 times at 110° for 
1 hr. The autoclaved residue was suspended in 5M 


guanidinium chloride-O.1 M mercaptoethanol! and 


autoclaved again at 110° for 1 hr. The final residue 
was washed in water and acetone, dried at 37° and 
weighed. Figure 1 shows the flow sheet of this extrac- 
tion procedure. All the extracts (MgCl,, H,O-auto- 
clave and guanidine—-mercaptoethanol) were dialysed 
exhaustively against running tap water and distilled 
water. 

Chemical determinations. The determination of pro- 
teins, hexoses, hexosamines, uronic acid and hydroxy- 
proline were carried out as previously described 
[5,17]. Serum and tissue calcium were determined 
by atomic absorption spectrophotometry. Cross-link- 
amino-acids of elastin (desmosine, lysino-norleucine) 
were determined by high voltage electrophoresis [18]. 


RESULTS 


1. Action of calcitonin on the arteriosclerotic lesions. 
Table 1 gives the severity of the lesions produced by 
immunisation with x-elastin in the rabbit aortas. The 
unimmunised group (control group No. I) showed 
only scarce and light lesions known to be present 
in several rabbit strains and occurring “spon- 
taneously” [4]. These lesions did not exceed the fatty 
streak state and did not resemble the lesions pro- 
duced by immunisation with elastin. The aortas of 
rabbits from group II, immunised with x-elastin were 
covered with indurated, calcified plaques, similar to 
those described earlier in elastin-immunised rab- 
bits [15]. Aortas from rabbits in group III which 
received calcitonin during the immunisation period, 
also had similar lesions to those seen in group II 
aortas, but they were much less severe, much less fre- 
quent and covered a significantly smaller surface of 
the aorta than in group II animals. A distinct protec- 
tive effect was discernible by the macroscopic inspec- 
tion of the aortas and was confirmed by the histologi- 
cal findings. Aortas of group IV animals, treated with 
calcitonin alone were similar to those of the control 
group. 


Table 1. Macroscopically observable arteriosclerotic lesions in rabbit aortas in the four groups of rabbits (see Methods) 





Group I 
no. of rabbits 


Group II 


lesion no. of rabbits lesion 


Group III 
no. of rabbits 


Group IV 


lesion no. of rabbits lesion 





74 X 
57 
85 
33 


*Average degree 1.7 = 3.0 


of lesion 





* Average value of crosses per animal in groups. 
0 no alteration. 

X light fatty streaks. 

XX fatty plaques. 

XXX large calcified plaques. 

XXXX large calcified plaques with ulcerations. 
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Fig. 2. Histological section of the aortas of rabbits of group I (controls), II, (K-elastin treated), III 

(K-elastin and calcitonin treated) and IV (calcitonin treated). Cryostat sections, stained with orcein, 

x 250. Notice the disorganisation of the elastic lamellae in group II aorta and the good conservation 
of the elastic structures in group III aorta. 


2. Histological findings. Sections from the cross of 
the aorta from the four groups of animals were com- 
pared using specific elastin and calcium stains (see 
Methods and Fig. 2). In group II (x-elastin treatment), 
severe alterations were present in the elastic fibers 
(fragmentation and lysis especially in the inner third 
part of the media) giving a fenestrated appearance 
to the media. Collagen stains more intensely than in 
controls. Heavy calcium deposits could be detected 
by the Van Kossa stain, mainly where elastic fibers 


appeared severely altered (details of the morphologi- 
cal studies will be published separately [20]. In group 
III (x-elastin and calcitonin treatment) slight fragmen- 
tation of elastic fibers is present without an increase 
in collagen staining; calcium staining of the elastic 
fibers is slight (see Fig. 2). No alteration of elastic 
fibers and no calcium deposition could be detected 
in the control (group I) aortas. These results suggest 
a protective effect of calcitonin against the elastin in- 
duced aorta-alterations. 


Table 2. Chemical composition of the extracts of aortas obtained by method shown on Fig. | from the four groups 
of rabbits (see Methods) 





Group Treatment Extract 


Proteins 


Hydroxyproline Hexoses Hexosamines 





I Control MgCl, 
Autoclave 
Guanidine 
Residue 
MgCl, 
Autoclave 
Guanidine 
Residue 
MgCl, 
Guanidine 
Residue 
MgCl, 
Autoclave 
Guanidine 
Residue 


Dw 


eASSANN 
&rAAYAUNN~ 


sl 
HEE EE HEHE HH 


k-elastin 


Awwnm 


k-Elastin and 
calcitonin 


Calcitonin 


— 


fo 
n 
o 
a 
oO 


SOANSOSHHVNAKSChEN 
oO 
Sx 
_ 


oO 


0.45 + 0.15 
10.20 + 0.55 
1.20 + 0.87 


4.3 + 0.15 
1.4 + 0.34 
5.4 + 0.5 


H+ + + 


3. 0.6 
0.37 


13 


Ip * iS 
In alo 
o 


be i+ 


o 
~— 
an 


1.7 
4.00 


E 


I+ I+ I+ 1+ I+ 


I+ |+ 


i) 
me NY ON 
m NW © 


HHH! 
He H+ H+ 





Average values + S.E.M. are given in terms of mg/g fresh weight for proteins and mg%, proteins for the other com- 
ponents. Results significantly different from control group values (P < 0.001 to 0.05) are underlined. 
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3. Chemical composition of the aorta. Table 2, shows 
the protein, hexose, hexosamine and hydroxyproline 
content of the aorta extracts obtained by the above 
described procedure. The distribution of proteins 
between the sequential extracts is somewhat different 
from that obtained with previously used extraction 
procedures [5,17]. The MgCl, extract contains the 
salt soluble diffusible macromolecules (soluble col- 
lagen and soluble proteoglycan and glycoprotein 
components) [15,17]. The H,O-autoclaved fraction 
contains mainly polymeric collagen as shown by its 
high hydroxyproline content. The complete extraction 
of collagen from aorta by this procedure was de- 
scribed by Partridge[21]. The guanidine extract 
(obtained also by autoclaving) contains the structural 
glycoproteins of aorta. A detailed investigation of 
these components was previously reported [17, 22]. 
This extract contains also some collagen and/or elas- 
tin as suggested by its hydroxyproline content. The 
very strong interaction of structural glycoproteins 
with collagen[22] and elastin[23] was previously 
reported. 

The final residue contains a highly reticulated por- 
tion of insoluble elastin as indicated by its desmosine 
content (see Fig. 4). The hydroxyproline content of 
this residue (0.65 to 1.4%, see Table 2) is in agreement 
with that reported for purified elastin [21]. The hexo- 
samine and hexose contents reflect the glycoprotein 
and glycosaminoglycan contents of the extracts. As 
expected from previous work carried out with a some- 
what different extraction procedure [15, 17, 22, 24], 
most of the glycan-containing components are in the 
MgCl,-extract and in the guanidine extract. The 
hexose and hexosamine content of the autoclaved 
extracts reflect the glycosaminoglycans and glyco- 
proteins strongly associated with polymeric collagen 
and not extractable even at high ionic strengths. 
These glycoprotein-glycosaminoglycan-collagen com- 
plexes appear to result from non covalent interaction 
between these components [22]. The distributions of 
chemical components of the vessel wall in the success- 
ive extracts as shown in Table 2 are sufficiently repro- 
ducible to be used for the characterisation of modifi- 
cations produced by treatment with x-elastin and cal- 
citonin. 

Several differences can be noticed between the 
chemical composition of the aorta from the treated 
and untreated rabbits. Immunisation with x-elastin 
(group II) produced a strong increase in the hexose 


(a) 


| 





L. ROBERT et al. 


content of the MgCl, extract, an increase in the pro- 
tein and hexose contents of the guanidine extract 
(structural glycoprotein fraction) and a decrease in 
the final residue (highly cross-linked fraction of elas- 
tin). The hydroxyproline content increased in the 
MgCl,-extract (soluble collagen) and in the guanidine 
extract. The hexosamine content of the MgCl,-extract 
decreased slightly. 

These modifications were absent or much 
attenuated in the calcitonin treated group III. When 
the composition of group III aortas is compared to 
that of group II, the results turn out to be signifi- 
cantly different (close to normal levels) in the calci- 
tonin treated group III extracts. This can be seen on 
the glycoprotein (hexose, hexosamine) content of the 
MgCl,-extract and the protein content of the guani- 
dine extract, both being close to control values. The 
polymeric elastin content (protein content of residues, 
see Table 2) is however significantly lower than in 
the control group. 

Calcitonin treatment alone produced modifications 
in the hexose and hexosamine content of all extracts, 
without morphological alterations (see Fig. 2). The 
polymeric elastin content was especially low in this 
group and the hexose values higher than in the con- 
trols. It appears that calcitonin administration can 
influence the distribution of the glycosaminoglycans 
and glycoproteins in the aorta. 

Figure 3 shows that if the hydroxyproline content 
of the MgCl,-extracts is expressed as soluble collagen, 
the increase is strong in the immunised group II and 
only very moderate in the calcitonin treated group 
III animals. The results of uronic acid determinations 
are similar but less striking. It appears that calcitonin 
treatment prevented most of the modifications of dis- 
tribution of chemical components produced in the 
aortas by x-elastin immunisation. The desmosine con- 
tent of the final residue (polymeric elastin) confirmed 
the above findings (see Fig. 4). The desmosine content 
of elastin is severely reduced in the x-elastin group 
and only slightly in the calcitonin treated group. Cal- 
citonin treatment alone also elicited a slight loss of 
desmosine. 

Table 3 shows the distribution of calcium in the 
extracts of group II and III animals. The total cal- 
cium content recovered in the three fractions studied 
is remarkably constant. The distribution of calcium 
is however quite different in these two groups. Calci- 
tonin treatment decreased the calcium content of the 


(b) 











— 





Group 


Fig. 3. Histogram showing the soluble collagen content (a) and the uronic acid content (b) of the 
MgCl,-aorta extracts. Ordinates in mg/g fresh tissue. The roman numbers refer to the groups of rabbits 
(see Methods). The bars on top of the columns represent the standard error (a). 
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Fig. 4. High voltage electrophoretogram for desmosine-determinations in the final residues (crosslinked 

elastin) from the four groups of rabbits. 1: group II (K-elastin); 2: group I (controls); 3: group IV 

(calcitonin); 4: group III (K-elastin and calcitonin); 5: elastin hydrolysat. Electrophoresis carried out 

in pyridine-acetate buffer pH 3.8 as described [18]. The position of the different aminoacids is indicated 

in the right margin. The figures below the photo indicate relative desmosine content in lysine equivalents 

(res. pro 1000 res). No desmosine is detectable in group II aortas; desmosine is present in calcitonin 
treated aortas in somewhat lower amount than in untreated controls. 
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Table 3. Calcium content of the aorta extracts from group II (x-elastin treated) and group III (x-elastin 
and calcitonin treated rabbits). 





MgCl, 


Group extract 


Guanidine 
extract 


Total of three 
extracts 


Final residue 
(elastin) 





Ill 
k-Elastin + 
calcitonin 
II 

x-Elastin 


2.84 + 0.66 


3.33 + 0.38 


2.87 + 0.60 


3.83 + 0.52 


5.89 + 0.89 11.60 


3.96 + 0.62 11.12 





Results are given in mg/g fresh weight, average + S.E.M. The values for all three extracts are signifi- 
cantly different for the two groups (P between 0.001 and 0.05). 


MgCl, and guanidine extracts to a marginally signifi- 
cant level and significantly increased the calcium con- 
tent of the cross-linked elastin fraction. 


DISCUSSION 


The reported experiments suggest that calcitonin 
acts upon the aorta which becomes less susceptible 
to the alterations produced by the immunisation with 
k-elastin. The chemical and morphological changes 
produced by this immunisation are quite character- 
istic and not dissimilar from those seen in human 
arteriosclerosis [5,15]. The increases of soluble and 
insoluble (structural) glycoproteins, soluble collagen 
and the decrease of highly reticulated elastin [5, 25] 
were demonstrated in human arteriosclerotic aortas. 
Most of these disturbances were prevented by simul- 
taneous treatment with calcitonin. Calcitonin treat- 
ment alone produced some chemical modifications, 
such as an increase in the calcium content and a de- 
crease in the desmosine content of elastic fibers; this 
suggests that this protective action may reside in a 
modification of the metabolism or reactivity of 
smooth muscle cells. On the basis of available data 
it cannot be decided if the observed effect is a direct 
one due to the action of calcitonin on the smooth 
muscle cells of the aorta or to an indirect one 
mediated by a hormonal, nervous or other relay. 

There is a good agreement between the morpho- 
logical changes and biochemical findings within each 
experimental group. Histochemical studies (to be 
reported elsewhere [20]) show a considerable decrease 
of the van Kossa stainable calcium in the calcitonin 
treated aortas. This is in keeping with the observation 
(see Table 3) that MgCl, and guanidine extractable 
CaCl, decreased in the calcitonin treated group. The 
calcium diffusely fixed in elastin, which increases after 
calcitonin administration is not detected by this 
method [20]. The increased fixation of calcium within 
the elastic fibers is not dissimilar to the increased fixa- 
tion of calcium on the organic macromolecular 
matrix of bones observed after calcitonin administra- 
tion [1]. It can be concluded therefore that calcitonin 
administration at low doses (ca 0.1 M.R.C. unit/kg) 
is largely able to prevent the changes due to x-elastin 
immunisation. This observation suggests that calci- 
tonin secretion may be one of the factors influencing 
the alterations of the elastic fibers during arterioscler- 
osis and aging. Therefore, a decrease in calcitonin 
production may lead to osteoporosis and to the depo- 
sition of calcium salts in the cells and interfibrillar 
matrix of the arteria. In the present study calcitonin 


was administered during the immunisation procedure. 
This leaves the question open as to a possible thera- 
peutic role for calcitonin in the management of arter- 
iosclerosis. Further experiments are clearly required. 
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Abstract—The competitive « and f adrenoceptor antagonist labetalol, in concentrations up to 10°* M, 
produced a dose dependent increase in overflow of °H and [*H]noradrenaline in the isolated blood 
perfused cat spleen following stimulation of the splenic nerves at a frequency of 10 Hz. Labetalol 
had no effect on the pattern of overflow of label following stimulation. In experiments in which the 
metabolism of [*H]noradrenaline released on nerve stimulation was examined, jabetalol produced 
a concentration dependent increase in the percentage of [*H]noradrenaline and a decrease in the 
percentage of [7H]DOPEG in the venous blood following nerve stimulation. Production of [7H]COMT 
metabolites and [7H]DOMA was not affected. It is suggested that in the isolated blood perfused 
cat spleen labetalol produces the elevation of overflow and effects on noradrenaline metabolism by 
inhibition of neuronal uptake of noradrenaline. The drug has no detectable effects on the enzymes 


MAO or COMT or on extraneuronal uptake. 


Labetalol (AH 5158; 5-{1-hydroxy-2-[(1-methyl-3- 
phenyl propyl) amino] ethyl} salicylamide) com- 
petitively inhibits « adrenoceptors in a number of 
adrenergically innervated tissues, including guinea pig 
mesenteric vein, rat vas deferens [1] dog blood pres- 
sure [2] and isolated cat splenic capsular strips [3, 4]. 
In the isolated blood perfused cat spleen labetalol in- 
creases the overflow of noradrenaline following stimu- 
lation of the splenic nerves at 10 and 30Hz([4]. 
Although « blocking agents usually increase transmit- 
ter overflow by inhibiting the « feedback loop con- 
trolling transmitter release this mechanism is not the 
principal one utilised by labetalol since addition of 
a preferentially presynaptic « blocker piperoxan [5] 
produces a further large increase in overflow [4]. 
Thus in the cat spleen labetalol appears to act as 
a preferential post synaptic a blocking agent. 

The mechanism whereby labetalol increases over- 
flow probably involves inhibition of uptake since the 
drug inhibits a cocaine sensitive inactivation process 
in the dog[1,2] and increases the venous recovery 
of label in the cat spleen during arterial infusion of 
3H(—) noradrenaline [4]. 

Labetalol is also known to competitively block ~ 
receptors and to possess membrane stabilising 
properties[1]. Both actions might be expected to 
reduce transmitter overflow but do not do so in the 
cat spleen at concentrations of up to 10~* M [4]. 

The present experiments investigate the mechanism 
whereby labetalol elevates transmitter overflow by 
examining its effect on uptake processes and meta- 
bolic enzymes. A preliminary account of these results 
has been published [6]. 


MATERIALS AND METHODS 


Cat spleens were perfused with blood at constant 
rate in vitro (flow rate 6.0 + 0.3 ml/min) [7, 8]. 
Stimulation of the splenic nerves. The splenic nerves 


were stimulated with bipolar platinum hook elec- 
trodes. The parameters of stimulation were 200 pulses 
at 10 Hz, 0.5 ms duration, at a supramaximal voltage 
(20 V). Periods of stimulation were repeated at 10 min 
intervals. 

Infusion of ?H-labelled (—)-noradrenaline. For infu- 
sion of 7H(—}noradrenaline, a solution of the amine 
was placed in a 10 ml disposable syringe and deli- 
vered to the arterial cannula through 2 ft of fine nylon 
tubing (Portex gauge 00) by a motor driven pump 
(McLennan Digital syringe, type DS 201) at a rate 
of 0.18 ml/min. 

Labelling procedure. 0.5nmole/min *H(—)-norad- 
renaline (specific activity 10.3 Ci/mmole) was infused 
for 10 min. Solution containing *H(—)-noradrenaline 
was made up in 09% saline containing 
5.67 x 10°3M ascorbic acid and 2.23 x 10-3 M eth- 
ylenediamine tetra-acetic acid (EDTA) so that the 
(—}noradrenaline concentration was 2.97 x 10~°M. 
Following infusion, 1 ml Krebs-Henseleit was in- 
jected to wash in the *H(—}noradrenaline trapped 
in the fine polythene tubing. 

After labelling, the spleen was perfused with modi- 
fied Krebs-Henseleit solution (composition NaHCO, 
25mM; NaCl 120mM; KCl 45mM; NaH,PO, 
0.19mM; Na,HPO, 1.83mM; CaCl, 1.25mM; 
MgCl, 1.00 mM; Glucose 11.1 mM) at 37° for 30 min 
to remove the loosely bound label. Samples of the 
venous outflow were taken every 5mir to examine 
the pattern of efflux of 7H. The remaining label was 
collected and counted separately. The difference in 
amount of tritium infused and the total amount col- 
lected in the wash was taken as a measure of the 
capacity of the spleen to retain infused label. 

Experimental plan. After washing, the Krebs—Hen- 
seleit solution was replaced with oxygenated blood 
containing no label, and the spleen allowed to re- 
equilibrate for 30min before stimulation of the 
splenic nerves. During and after stimulation of the 
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splenic nerves the venous effluent was collected for 
4 min in 1’ fractions. Two such 4 min post stimulation 
samples of blood were collected before addition of 
drug, followed by one collection after each dose of 
labetalol. Each dose increment was separated by a 
period of 20 min to allow the drug to equilibrate with 
the blood and the spleen. 

In general only one or two concentrations of labe- 
talol were tested in each spleen. The limiting factor 
was the volume of blood that could be collected from 
a cat and the fact that large blood samples were taken 
after each period of stimulation. 

Blood samples were collected in chilled centrifuge 
tubes and spun at 3100g for 15min at 0°. Samples 
of plasma were removed from the red blood cells and 
buffy coat. 

Estimation of total tritium present. 0.5 ml of plasma 
was mixed with 0.5ml H,O and 10m! Triton 
X100/toluene scintillation mixture in a counting vial. 
Corrections were made for background, quenching 
and efficiency of counting. 

Retention and metabolism of >H(—)-noradrenaline in 
the spleen. At the end of each experiment, the spleen 
was blotted on filter paper, weighed and homogenised 
with a Polytron homogenizer in 10 vol. perchloric 
acid (0.4M) containing 3 x 10°7>M EDTA and 
5.3 x 10°7M_ sodium bisulphite. The homogenate 
was kept on ice for | hr to allow complete precipi- 
tation of proteins, and then centrifuged at 3100 g for 
15 min. The supernatant was removed for metabolite 
separation and total 7H estimation. For total tritium 
estimation, | ml supernatant was added to 10 ml Tri- 
ton X100 scintillation fluid in a counting vial. 

Metabolism studies. Aliquots of plasma _ were 
adjusted to pH 1-2 with 0.4M perchloric acid con- 
taining 3x10°*M EDTA and 5.3 x 10°7M 
sodium bisulphite, and the samples kept at 0° until 
assayed. In almost every case this entailed overnight 
storage. Control experiments showed that storage 
overnight did not affect the composition of the 
samples. 

Aliquots of spleen homogenate supernatant were 
kept on ice, and assayed with the plasma. A maxi- 
mum of eighteen samples, including one blank and 
one standard *H(—}noradrenaline sample were 
assayed in one day. The *H compounds overflowing 
in the venous blood were separated by column 
chromatography on alumina and Dowex SOW x 4 
columns into [*H]noradrenaline (NA), [°H]-3,4- 
dihydroxyphenyl glycol (DOPEG), [*H]-3,4-dihyd- 
roxymandelic acid (DOMA) and [*H]-O-methylated 
metabolites (COMT metabolites) by the method of 
Graefe et al.[9]. In some experiments the [°H]-O- 
methylated metabolites were further separated into 
two fractions, one containing [*H]normetanephrine 
(NMN) and the other containing the O-methylated 
deaminated metabolites (QMDA)-4-hydroxy-3-meth- 
oxymandelic acid (VMA) and 4-hydroxy-3-methoxy- 
phenylglycol (MOPEG). 

The following modifications were made to the 
method. Volumes of eluates were increased so that 
aliquots could be taken for counting before column 
separation which allowed corrections for recovery to 
be made in each sample. The volume of 0.2 M acetic 
acid used to elute the NA/DOPEG fraction from the 
alumina column was increased from 2 ml to 3.5 ml, 
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and the 0.2M HCI used for elution of [7H]DOMA 
was increased from 2.5 to 3ml. The concentration 
and volume of acid required to elute [7HJNA from 
the Dowex 50W x 4 column was increased from 2M 
to 3M and the volume from 2 to 3 ml. These alter- 
ations were made to ensure complete recovery of 
[7H]NA. | ml of each separated fraction was added, 
to 10 mls Triton X100/toluene scintillant. 

Calculation of metabolism results. The amount of 
radioactivity appearing in each of the metabolite 
samples compared to that in the sample before separ- 
ation gave an indication of the recovery and efficiency 
of each column. The recovery for the alumina 
columns was 94.8 + 0.9% (n = 42) and for the Dowex 
columns 95.8 + 0.9% and 98.7 + 1.2% respectively 
(n = 40). 

The amount of [°H]NA and *H-metabolites 
present in the pre-stimulation sample was subtracted 
from the amount in each sample obtained after nerve 
stimulation. 

After subtraction of the venous control the 
products of nerve stimulation were expressed either 
as a percentage of the total tritium present in that 
one minute aliquot, or, as a percentage of the total 
overflow collected in 4 min. A correction was applied 
for the small amount of [7H]NA and [7H]DOPEG 
(less than 5 per cent of the total *H overflowing) 
eluted in the 0.5M Acetic acid fraction. 

In spleen homogenates [7H]NA and metabolites 
were expressed as a percentage of the total tritium 
present in the spleen-homogenate supernatant. With 
every separation, the [*H]NA used for labelling the 
spleen was run as a control. This control sample 
allowed an estimation of the efficiency of the column 
separation to be made. Results are expressed as 
mean + standard error of mean. Significance was 
assessed by Student’s t-test. Where appropriate, lines 
of best fit were obtained by means of regression 
analysis. 

Drugs. 7-*H(—) noradrenaline (10.3 Ci/mmole), 
Radiochemical Centre, Amersham; (+)3,4-Dihy- 
droxyphenylglycol, (+ )4-hydroxy-3-methoxy mande- 
lic acid, (+)normetanephrinehydrochloride, (+)3,4- 
dihydroxymandelic acid, (+)4-hydroxy-3-methoxy 
phenyl glycol (piperazine salt), Sigma Chemical Co.; 
Heparin (mucous), Boots Pure Drug Co. Ltd., Nott- 
ingham; PGE,, Dr. J. E. Pike, Upjohn, Kalamazoo; 
labetalol (5{1-hydroxy-2[(1-methyl-3 phenyl propyl) 
amino] ethyl} salicylamide), Dr. G. P. Levy, Allen 
& Hanburys Research Ltd., Ware, Herts. Triton X100 
Scintillant was composed of 5% Scintol 2 (Koch-Light 
Laboratories Ltd.), 33.3% Triton X100 (Scintillation 
grade) and 61.7% Toluene (Analar). 


RESULTS 


Retention of *>H(—}-noradrenaline in the cat spleen. 
3H(—}noradrenaline (0.5 nmole/min) was infused 
close arterially from a motor driven syringe into the 
blood perfused cat spleen preparation. 55 + 4% 
(n = 12) of the infused [7H]NA was retained in the 
spleen after removal of the loosely bound label by 
washing. Analysis of the efflux rates of 7H in the wash 
revealed that over the initial 10 min there was a fast 
efflux of loosely bound label from the tissue with a 
rate constant of —5.88%/min (r = —0.985; df = 1) 
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Percentage of 3H-NA and >H-metabolites found in the spleen 


Fig. 1. Percentage of [7H]NA and °*H metabolites found 
in cat spleens (n = 3). 


and a second, slow efflux of °*H (rate constant 
—1.58%/min; r = —0.995; df = 2) probably related 
to spontaneous release of [7H]NA from nerve end- 
ings. 

At the end of each experiment the spleen was 
removed from the perfusion chamber and homogen- 
ised in ice-cold perchloric acid (0.4 M). Comparison 
of the amount of 3H present in the spleen with, that 
obtained by measuring the arteriovenous difference 
showed that the spleen contained 89.5 + 6% (n = 3) 
of the label estimated that it should contain by the 
method of collecting the venous outflow. 

Separation of the spleen homogenate in 3 experi- 
ments as shown in Fig. 1 by column chromatography 
revealed that 89.3 + 0.5% of the total >H present was 
3H(—}noradrenaline while the remainder consisted 
of [7H]DOMA (3.1 + 0.1%), [7H]COMT metabo- 
lites (3.4+01%) and [7H]DOPEG (03 + 0.1%). 
Further separation of the COMT metabolite fraction 
showed that 57.6 + 3% of the °H was [7HJOMDA 
while 42.3 + 3% was [7H]NMN. 3.8 + 2.7% of the 
metabolites were found in the wash. This fraction was 
discarded in order to minimise contamination of the 
[7H]DOMA fraction [9]. 

Release of 7H on stimulation of the splenic nerves. 
Between the first two periods of stimulation of the 
splenic nerves there was little difference in the over- 
flow of °H, the second overflow being 94 + 6% of 
the first. Control experiments showed that the *H 
released on stimulation of the splenic nerves de- 
creased slowly with succeeding periods of stimulation. 
Regression of the points produced by 3 consecutive 
periods of stimulation revealed no significant change 
in overflow (r = —0.179; df = 22) over the period of 
experiment. 

The second stimulation period was used as the con- 
trol in each experiment against which the effects of 
addition of drug could be measured. 

Effect of labetalol on the pattern of overflow of 7H 
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on stimulation of the splenic nerves. In the absence 
of drugs 64.3 + 4% of the total *H overflowing in 
4min came over during the first min of collection 
(n = 9). In the next 3 min the percentages of total 
label appearing were 13.4+ 2%, 112+ 1.4% and 
11.1 + 1.5% Drugs that inhibit uptake of noradrena- 
line, such as cocaine, tend to prolong the overflow 
of transmitter [10]. This effect was not seen after labe- 
talol. The percentage of total °H overflowing in each 
of the 4 min collection periods did not significantly 
alter with the concentration of labetalol (r < 0.475; 
df = 7) (Fig. 2). Also the mean *H overflowing in each 
collection period with labetalol was not significantly 
altered from the control. 

Labetalol produced a dose dependent increase 
(r = 0.92; df = 6) in the amount of tritium recovered 
in the 4 min collection period and in the amount of 
[?H]NA recovered in the first min of collection fol- 
lowing nerve stimulation with 200 impulses at 10 Hz 
(Fig. 3). The maximal increase was obtained with 
10-*M, and the dose required to increase the over- 
flow by 50 per cent was 1.4 x 10~°M. At concen- 
trations greater than 10~*M a decrease in the over- 
flow of 7H was observed. A local anaesthetic action 
of labetalol [1] may be responsible for this effect. 

Responses of the spleen to nerve stimulation. Stimu- 
lation of the splenic nerves produced an increase in 
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Fig. 2. The effect of labetalol on the pattern of overflow 

of label. Points marked (x ) represent the overflow of label 

in each minute in the absence of drug (n = 9) and those 

marked (@) the overflow of label in the presence of labeta- 
lol. The broken line shows the level of no change. 
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Fig. 3. The effect of labetalol on the overflow of *H in 
the 4min collection period (@) and on the overflow of 
[°H]NA (x) in the first min of collection, following stimu- 
lation of the splenic nerves with 200 impulses at 10 Hz. 
Overflow is expressed as the ratio of 7H or [7>H]NA over- 
flowing in the presence of labetalol compared to the over- 
flow obtained before addition of drug in the same 
experiment. 


perfusion pressure (vascular response) and a decrease 
in the spleen volume (capsular response). 

The capsular response varied greatly between prep- 
arations, and so changes in vascular pressure with 
nerve stimulation were taken as an index of the 
splenic response. 

Changes in perfusion pressure were measured from 
peak to peak. Stimulation of the splenic nerves with 
200 impulses at 10 Hz increased the base line pressure 
from 69 + 12mm Hg to 198 + 25mm Hg (n = 6). 
Concentrations of labetalol up to 10~*M did not 
alter the base line perfusion pressure, but did poten- 
tiate the height of the vascular response. Concen- 
trations above 10°*M depressed the vascular re- 
sponse, confirming results by Blakeley and Sum- 
mers [4]. 

Metabolism of >H(—)-noradrenaline released spon- 
taneously from the blood perfused cat spleen. In the 
prestimulation blood samples, [*H]DOPEG, 
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Fig. 4. Metabolism of [°H]NA released spontaneously 
from the blood perfused cat spleen. Results are expressed 
as a percentage of the total 7H present (n = 10). 


[7H]DOMA and [*H]COMT metabolites represent 
almost 90 per cent of the total *H present (Fig. 4). 
In 10 experiments [7H]DOPEG accounted for 
36.4+ 24%, [SH]DOMA 2.7+0.1% while the 
[7H]OMDA fraction represented 47.9 + 2.7% of the 
total label. The remaining label was found as un- 
changed [*H]NA (3.2 + 0.5%) and the O-methylated 
metabolite [7H]NMN (7.2 + 0.7%). 2.6 per cent of 
the metabolites appeared in the wash. 

Labetalol in the concentrations used in this study 
did not change the pattern of spontaneously released 
metabolites. However, the fact that the blood is recy- 
cled through the spleen every 15 to 30min means 
that any change in pattern would have to be large 
to be detected against a resting background of meta- 
bolites. 

Release of >H(—)-noradrenaline and *H-metabolites 
on nerve stimulation of the splenic nerves at 10 Hz. 
Stimulation of the splenic nerves produced a large 
increase in the overflow of 7H. Examination of the 
pattern of [7H]NA and °H metabolites overflowing 
in each of the 4 min (Fig. 5) revealed that in the first 
collection period, most of the total *H overflowing 
was [°H]NA and that most of the metabolites in the 
overflow appeared in the later collection periods. 
There was no significant change in metabolic pattern 
with successive periods of stimulation apart from a 
small change in the percentage of DOMA as shown 
in Table 1. 

To examine the effect of labetalol on the metabo- 
lic pattern of the [7H]NA released on nerve stimu- 
lation, the percentages of [7HJNA and [*H]NA- 
metabolites found in each collection period were 
expressed as a percentage of the total *H found in 
that fraction. 

The results shown in Table 2 demonstrate that 
most of the increase in total *H collected in the first 
collection period after stimulation is unchanged nor- 
adrenaline and the remainder released over the last 
3min is found as [7H]DOPEG and [*7H]COMT 
metabolites. The percentage of [7H]DOMA was 
small and remained a constant percentage in each 
collection period. 
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Fig. 5. [*H]noradrenaline and *H metabolites overflowing 
in each of the 1 min collection periods following stimu- 
lation of the splenic nerves with 200 impulses at 10 Hz. 
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Table 1. Comparison of the metabolite pattern in plasma collected in successive 4 min 
collection periods after 200 impulses at 10 Hz 





Ist stimulation 
n= 10 


P 
of difference 
Ist cf 2nd 


2nd stimulation 
n= 





NA 

DOPEG 

DOMA 

COMT metabolites 


60.4 + 4.3 
14.5 + 2.7 

2.6 + 0.4 
19.0 + 2.3 


>0.9 
>0.4 
<0.05 
>0.4 





Table 2. Percentage of [7H]NA and *H metabolites in each control 1’ collection period 

following stimulation of the splenic nerves with 200 impulses at 10 Hz expressed as a percent- 

age of the total *H overflowing in that period. The numbers in parentheses refer to the 
number of observations 





3H metabolite pattern in each collection period 


Ist min 


2nd min 3rd min 4th min 





NA 

DOPEG 
DOMA 
COMT metab 
Ist wash 

2nd wash 


32.6 + 5.6 (9) 
31.6 + 4.7 (9) 
3.1 + 0.2 (9) 
27.8 + 4.5 (9) 
0.3 + 0.1 (8) 
4.6 + 0.6 (8) 


4.0 + 0.8 (8) 
35.2 + 2.4 (8) 
2.2 + 0.3 (8) 
53.4 + 2.1 (8) 
0 (7) 

5.2 + 1.0 (7) 





Effect of labetalol on the metabolite pattern of ?H-nor- 
adrenaline and metabolites released by nerve stimu- 
lation 


(a) The effect of labetalol on *H(—)noradrenaline 
found in each collection period. Labetalol had no sig- 
nificant effect on percentage of [*H]NA present in 
the first min (r = 0.23; df = 7). as shown in Fig. 6. 
However the addition of labetalol to the blood perfus- 
ing the spleen produced a concentration dependent 
increase in the percentage of [*H]NA overflowing in 
the 2nd, 3rd and 4th min of collection. There was 
a significant correlation (r > 0.83; df > 4) between 
the elevation of [*H]NA in each min and the concen- 
tration of labetalol. This would indicate that although 
labetalol has no significant effect on the pattern of 
overflow of label, the drug does increase the propor- 
tion of label which overflows as [7H]NA. 

(b) The effect of labetalol on [}H]DOPEG formation. 
The percentage of [7H]DOPEG found in the first 
min after labetalol did not significantly differ from 
that found in the controls (2.6 + 1.4, n = 9) However 
in the following three collection periods, labetalol 
produced a significant (r > 0.83; df > 4) dose depen- 
dent decrease in the percentage of *H found as 
[7H]DOPEG (Fig. 7). Inhibitors of neuronal uptake 
such as cocaine are known to decrease DOPEG for- 
mation following splenic nerve stimulation [11, 12]. 
Since labetalol produces a similar effect these results 
provide more evidence that labetalol inhibits neur- 
onal uptake. 

(c) The effect of labetalol on the percentage of 
[7H]COMT metabolites found in each collection 
period. Labetalol had no significant effect on the pro- 
duction of O-methylated metabolites in any of the 
collection periods, as shown in Fig. 8. Separation of 
OMDA into VMA, MOPEG and NMN showed that 
labetalol had no significant effect on the formation 
of either the [*H]O-methylated deaminated metabo- 
lites (VMA and MOPEG) or on [7H]JNMN. 


Since these metabolites have been shown to be 
formed extraneuronally in the spleen[11] labetalol 
had no inhibitory effect on catechol-O-methyl trans- 
ferase or on extraneuronal uptake. 

(d) The effect of labetalol on the percentage of 
[?H]DOMA found in each collection period. Labetalol 
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Fig. 6. The effect of labetalol on the percentage of [>H]NA 

(expressed as a percentage of the total 9H overflowing in 

each min) in the venous blood following splenic nerve 

stimulation with 200 impulses at 10 Hz. Points marked (x ) 

[?H]JNA overflow in the absence of drugs (n = 9); (@) in 
the presence of labetalol. 





R. J. Summers and J. TILLMAN 











3H-DOPEG in eoch | min collection period 





Percentage of 








Molar concentration labetalol, -log 


Fig. 7. The effect of labetalol on the percentage of 

[°H]DOPEG (expressed as a percentage of the total 7H 

overflowing in each min) in the venous blood following 

splenic nerve stimulation with 200 impulses at 10 Hz. 

Points marked (x ), [>H]DOPEG overflow in the absence 
of drug (n = 9); (@) in the presence of labetalol. 


had no significant effect on the percentage of 
[*H]DOMA (the extraneuronally formed deaminated 
metabolite) present in any of the four fractions as 
shown in Fig. 9, showing that the drug has no direct 
inhibitory effect on monoamine oxidase. 


DISCUSSION 


The actions of the « and £ adrenoreceptor blocker 
labetalol on the release and metabolism of *H(—} 
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Fig. 8. The effect of labetalol on the percentage of 

[°H]COMT metabolites (expressed as a percentage of the 

total *H overflowing in each min) in the venous blood 

following splenic nerve stimulation with 200 impulses at 

10 Hz. Points marked (x) [7H]COMT metabolite over- 

flow in the absence of drug (n = 9) (@) in the presence 
of labetalol. 
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Fig. 9. The effect of labetalol on the percentage of 

[?H]DOMA (expressed as a percentage of the total °H 

overflowing in each min) in the venous blood following 

splenic nerve stimulation with 200 impulses at 10 Hz. 

Points marked (x) [7>H]DOMA overflow in the absence 
of drug (n = 9); (@) in the presence of labetalol. 


noradrenaline have been examined in the isolated 
blood perfused cat spleen. 

The endogenous stores of noradrenaline were 
labelled with *H(—}noradrenaline and the loosely 
bound label in the smooth muscle and surrounding 
tissue was removed by washing with Krebs—Henseleit 
saline. Measurement of retention of labelled norad- 
renaline in the spleen by collecting the amount of 
label overflowing and also by counting the spleen 
homogenate at the end of the experiment indicated 
that about 55 per cent of the label infused was 
retained, largely as [7H]NA. This labelled NA seems 
to be treated in the same way as endogenous NA, 
since the effects of labetalol on overflow of label were 
similar in characteristics to the effects on endu=enous 
transmitter overflow [3,4]. In order to make a fair 
comparison between the results of the present experi- 
ments and those in which the overflow of endogenous 
transmitter was measured, the ratio of the overflow 
of [7H]NA in the first min in the presence of labetalol 
was compared to that in the absence of the drug. 
The overflow of label, of [7H]NA, and of endogenous 
transmitter increased up to about 2-fold with concen- 
trations of labetalol in the range 5 x 107 °-10~*M. 
In each case concentrations of labetalol above 
10-* M depressed transmitter overflow. 

Examination of the pattern of overflow following 
nerve stimulation revealed that 64 per cent of the 
label comes over in the first min, and of this 80 per 
cent is found as [7H]NA. The adoption of a 4 min 
collection period allows the collection of almost all 
the noradrenaline overflowing. Metabolites overflow 
much later than [*H]noradrenaline but regression 
analysis of the amounts of metabolites in each frac- 
tion provided curves which suggest that collection 
over 4 min collects 79 per cent of the total [*H]DO- 
PEG and 77 per cent of the total [7H]COMT meta- 
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bolites overflowing. As labetalol had no effect on the 
pattern of overflow it was not necessary to increase 
the collection period. In this respect labetalol differs 
from cocaine which causes a considerable prolonga- 
tion of the overflow following nerve stimulation of 
endogenous noradrenaline [10, 11] and of [*H]norad- 
renaline and *H metabolites from spleens labelled 
with [7H]NA [11, 12]. This difference may be a flow 
effect related to the different actions of cocaine and 
labetalol on the vascular responses of the spleen. The 
potentiation and prolongation of the vascular re- 
sponse produced by cocaine is much greater than that 
produced by labetalol. The reason for this difference 
is probably attributable to the postsynaptic « block- 
ing effect of labetalol which has been reported in the 
rat vas deferens, rat aortic strip, rabbit aortic 
strip [13] and in cat spleen strips [4]. The affinity of 
labetalol for « receptors in the rat and rabbit tissues 
is greater (pA, values with noradrenaline as agonist 
7.42-7.45) than in the cat spleen (pA, using oxymeta- 
zoline as agonist 6.03—from [4]) and this may be part 
of the explanation for the potentiation of vascular 
responses seen at low dose levels in the spleen. 

After labelling the spleen with [*H]JNA the 
amounts of [*H]JNA and [°H]NA-metabolites 
formed following nerve stimulation can be used to 
investigate the activity of the degradative enzymes 
and uptake processes. The amount of [7H]DOPEG 
formed can be taken as an indicator of the activity 
of neuronal uptake [11] since inhibition of neuronal 
uptake leads to a selective decrease in [7H]DOPEG 
formation because access to the metabolising enzymes 
MAO and aldehyde reductase is blocked[14]. In 
addition any inhibitory effect of labetalol on COMT 
would result in a decrease in the formation of 
[7H]NMN and [°7HJOMDA. Similarly if labetalol 
had an inhibitory action on the deaminating enzyme, 
MAO, a decrease in formation of [7H]DOMA, 
[7H]DOPEG and [7HJOMDA would be expected. 
Also as most of the [7H]DOMA, [7H]NMN and 
[7H]OMDA is formed extraneuronally, blockade of 
Uptake, would result in a decrease in the formation 
of these metabolites. 

Labetalol produced a dose dependent increase in 
the percentage of [7H]NA in each fraction and a cor- 
responding decrease in the percentage formation of 
[?H]DOPEG. This effect was not marked in the first 
min, probably due to the large amount of [*7H]NA 
and small amounts of metabolites which are found 
in this fraction. However, when the percent change 
in [7H]NA from the control in the presence of labeta- 
lol is plotted against the per cent change in [°H]- 
DOPEG, there is significant correlation between 
the change in NA and DOPEG in each fraction 
(r > 0.77; df > 3). This increase in [7HJNA and de- 
crease in [7H]DOPEG is typical of drugs such as 
cocaine which inhibit neuronal uptake [11] and there- 
fore it is likely that the mechanism whereby labetalol 
decreases [7H]DOPEG formation is inhibition of 
uptake,. Other supporting evidence for this conclu- 
sion includes the observations that labetalol blocks 
a cocaine sensitive inactivation process in the anaes- 
thetised dog [1] and increases the recovery of 7H in 
the venous blood following close arterial infusion of 
3H(—)}-noradrenaline in the cat spleen [3,4]. How- 
ever, the potency of labetalol as an uptake inhibitor 
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is considerably less than cocaine. The concentration 
of labetalol required to prevent [7H]DOPEG forma- 
tion following nerve stimulation in the cat spleen was 
approximately 0.1 mM, whereas a similar effect can 
be produced by 3uM cocaine[12]. Labetalol is, 
therefore, about 30 times less potent than cocaine as 
an inhibitor of neuronal uptake. 

Since labetalol had no effect on the formation of 
[7H]DOMA or [°H]NMN, this would indicate that 
the drug does not directly inhibit the degradative 
enzymes MAO or COMT. 

The O-methylated deaminated metabolites 
(MOPEG and VMA) can be formed from 
[?7H]DOMA, [7H]DOPEG or [7H]NMN, so that a 
small decrease in the formation of [7>H]OMDA might 
be expected if [7H]DOPEG production is inhibited. 
A small decrease in [7H]OMDA was observed with 
higher concentrations of labetalol, similar to results 
reported with cocaine [11, 12]. Since the effect of labe- 
talol on metabolism is largely confined to [7H]DO- 
PEG metabolism, it would indicate that the drug has 
no effect on extraneuronal uptake. 

In conclusion, labetalol increased the overflow of 
{*H]following nerve stimulation from spleens pre- 
viously labelled with [7H]NA. The mechanism in- 
volved inhibition of neuronal uptake since labetalol 
selectively decreased the formation of the intraneur- 
onally formed deaminated metabolite, [7H]DOPEG. 
The drug had no detectable effect on either the degra- 
dative enzymes, MAO and COMT or on extraneur- 
onal uptake. 
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Abstract—Monocyclic compounds with an aliphatic chain containing at least 2 carbon atoms, interact 
with biomembranes producing solubilization of proteins. Plasma membrane seems to be more sensitive 
than mitochondrial-lysosomal membrane to the damaging effects of these compounds. Studies on the 
structure-activity relationship have shown that benzene derivatives were more active than other 
compounds having either a etherocyclic or a saturated hexacarbon ring. Among tert.-butylbenzene 
derivatives, 2,tert.-butyl,4 methoxyphenol (BHA) and 3,5,di-tert.-butyl, 4, hydroxytoluene (BHT) exerted 
the most remarkable effects. It is suggested that the electronic density on the aromatic nucleus plays 
an important role on the interaction of monocyclic compounds with membrane constituents. 


Since the reaction of oxidative deterioration of 
polyunsaturated lipids, is supposed to be the cause 
in vivo of some pathological modifications which 
occur in aging processes, in atherosclerosis, in ethanol 
liver injury, etc. [1], the administration of antioxi- 
dants-free radical scavengers has been encouraged as 
a rational tool in preventing or reducing damage in 
animals induced by poisons which stimulate peroxi- 
dation processes [2]. However, attempts to verify in 
vitro, on subcellular components, the protection 
exerted by antioxidants against membrane damage 
which accompanies lipid peroxidation, have been so 
far disappointing [3]. 

The effects of the antioxidant food additives BHA 
and BHT on living organisms have been extensively 
studied. When used at concentrations lower than 
10-3 M, BHT is a potent inactivator of lipid-contain- 
ing mammalian and bacterial viruses [4], BHA in- 
hibits growth of some Gram-positive bacteriat and 
BHT inhibits growth of monolayer cultures of mam- 
malian cells [5]. Our finding that BHA and BHT 
labilize rat liver lysosomal membrane [3] would indi- 
cate that membranes may be their main site of action. 
These effects have been suggested to be due to the 
lipid solubility of these compounds [6]. However, our 
observation [3], that BHA and not BHT, which has 
a higher lipid solubility [6], is able to release glutamic 





* Presented in part before the Societa Italiana di Biolo- 
gia Sperimentale at Florence, October 7th, 1975. 

+ Unpublished observation. 

¢ The compound used was free from detectable amounts 
of nitrogen and chlorates, according to qualitative analyses 
performed in our laboratory. 

§ According to the rat-food manufacturing company 
(Soc. S. Morini, S. Polo D’Enza, Italy) 1 kg of rat pellets 
contained: vitamin A, 15,000i.u.; vitamin D3, 1,5001.u.; 
vitamin K3, 2mg; vitamin E, 30mg; vitamin B,, 3 mg; 
vitamin B,, 5 mg; vitamin C, 40 mg; d-pantothenic acid, 
15 mg; vitamin B,, 3 mg; vitamin B, 2, 0.03 mg; folic acid, 
1 mg; vitamin PP, 30 mg; choline chloride, 400 mg; manga- 
nese, 60mg; iron, 150mg; copper, 5 mg; zinc, 30mg; 
iodine | mg; cobalt, 0.2 mg; BHT, 10 mg. 
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acid dehydrogenase activity from rat liver mitochon- 
dria, prompted us to undertake more detailed studies 
on the interactions between these compounds or their 
structural analogues and biomembranes. 


MATERIALS AND METHODS 


BHAT, BHT, tert.-butylacetate, thiobarbituric acid, 
tert.-butylcyclohexane, butylcyclopentane,  4-tert.- 
butylpyridine, N-butylimidazole, n-propylbenzene 
(“purum” reagents), tert.-butylalcohol, _ tert.-butyl- 
amine, ethylbenzene (“purissimum” reagents and 
octylbenzene (“practicum” reagent) were purchased 
from Fluka A.G. Buchs S.G.; 2,2,4-trimethylpentane 
(analytical grade) and methoxybenzene (95%) from 
BDH Chemical Ltd; n-butylbenzene, iso-butylben- 
zene, sec-butylbenzene and tert.-butylbenzene (ana- 
lytical grade) from Eastman Kodak Co.; pyridine, 
o-methoxyphenol, phenol, benzene, cyclohexane, eth- 
anol and dimethylsulfoxide (Uvasol® reagents) from 
E. Merk, Darmstadt; iso-butylphenylpropionic acid 
from the Boots Co., Nottingham. All the other com- 
pounds used were analytical grade reagents. 

Experiments with rat liver mitochondria—lysosomes 
suspensions. Sprague-Dawley rats of both sexes, 
200-250 g, were used throughout. They were given 
food§ and water ad lib. Mitochondria—lysosomes 
(M-L) suspensions were prepared from livers as pre- 
viously described [3]. Aliquots (corresponding to 
3-100 mg of protein suspension) were incubated at 
37° for 60 min in air atmosphere with continuous 
shaking in a medium containing 250mM sucrose, 
126mM dimethylsulphoxide (DMSO) plus studied 
compounds at the specified concentrations, adjusted 
to pH 6.8. Following incubation, a 2 ml aliquot of the 
mixture was deproteinized with 5% TCA and assayed 
for peroxide, while the remainder was centrifuged at 
20,000 g for 20min and the clear supernatant thus 
obtained was used for protein and enzyme activity 
assays. Protein and enzyme activities were also 
measured in the M-L suspensions added with 25 ml 
of 0.1% Triton-X-100 in order to obtain total con- 
tents. 
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Protein content was determined colorimetrically by 
the method of Lowry et al. [7], using bovine serum 
albumin as standard. The samples were previously 
extracted with chloroform to avoid any interference 
of the tested compounds on the assay. Protein assay 
in samples containing Triton-X-100 was performed by 
a modification of the Lowry method [8]. 

Acid phosphatase (EC 3.1.3.2} activity was 
measured as described by Linhardt and Walter [9], 
using p-nitrophenylphosphate as substrate. 

L-Glutamic acid dehydrogenase (EC 1.4.1.2) 
(GLDH) activity was measured by the method of 
Schmidt [10]. Lipid peroxides were determined by the 
thiobarbituric acid (TBA) test [11]. The incubation 
was performed at 80° instead of 100° in order to avoid 
any interference produced by sucrose [12]. Values 
were expressed as TBA index (extinction at 
535 nm.mg~' of protein). 

Experiments with erythrocytes. Erythrocytes were 
isolated from blood of different mammals and washed 
3 times with 154 mM NaCl. Each time the cells were 
pelleted by centrifugation at 1,400 g for 20 min. Red 
cells were freely sacrificed in all wash steps to ensure 
complete removal of buffy coat. The supernatant was 
clear and colorless after the final wash. The entire 
procedure was carried out at room temperature. Incu- 
bation of 3-5 x 10° cells (corresponding to 15-25 mg 
of protein) was performed at 37° in air atmosphere 
for different periods of time in a medium containing 
154mM NaCl, 126mM DMSO (medium A) and the 
tested compounds at the specified concentrations; in 
some experiments, the medium (medium B) contained 
in addition 15 mM Na-phosphate buffer, pH 7.0 and 
5mM glucose. After incubation the cell suspension 
was centrifuged at 1,400g for 10min. Readings at 
540 nm of the supernatant before and after the cell 
suspension had been lysed with 0.1% Triton-X-100, 
gave the amount of hemoglobin released by tested 
compounds expressed as percentage of the total con- 
tent. Methemoglobin, formed during the incubation, 
was assayed as described by Stolman[1i3] and 
expressed as percentage of total hemoglobin accord- 
ing to Vandenbilt et al. [14]. 


RESULTS 


Effects on rat liver mitochondria-lysosomes suspen- 
sions. The amounts of protein, acid phosphatase and 
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glutamate dehydrogenase activity released from M-—L 
preparations incubated with 10 wmoles of BHA or 
BHT are reported in Table 1. BHA released protein 
in amounts which were inversely related to the 
amount of protein present in the incubation medium. 

In the presence of a total amount of 100mg of 
protein BHA was ineffective, producing a protein 
leakage of 2.5 per cent as obtained under control con- 
ditions. In the presence of 26.8 mg of protein the effect 
produced by BHT was less extensive than that pro- 
voked by BHA. A partial explanation of this differen- 
tial effect is given by a study on the release of enzyme 
activities. BHA and BHT were equally active on 
releasing acid phosphatase activity. However, while 
BHA also released a significant amount of GLDH 
activity, the release of this enzyme activity was not 
affected by BHT. 

In order to gain some insight on this different be- 
haviour the effects exerted by compounds structurally 
related to BHA and BHT upon the release of pro- 
teins, acid phosphatase and GLDH activity from 
M-L suspensions were studied. All compounds were 
tested at | mM concentration. Results are summar- 
ized in Table 2. Compounds from group 3, but not 
toluene, were all able to produce the release of pro- 
tein. Benzene derivatives were more potent than other 
compounds possessing either an etherocyclic ring or 
a saturated hexacarbon ring. This is shown by the 
fact that while tert.-butylcyclohexane produced only 
a 250 per cent increase of protein and a 700 per cent 
increase of acid phosphatase release and had no effect 
upon the release of GLDH activity, tert.-butylbenzene 
produced a much higher effect on the release of pro- 
tein and acid phosphatase activity (400 and 1100 per 
cent respectively) and furthermore it also produced 
an extensive increase (500 per cent) of GLDH release. 
The observation that toluene was inactive while ethyl- 
benzene, n-butylbenzene and octylbenzene produced 
an increase in the release of proteins of 215, 335 and 
225 per cent respectively, would suggest that the 
length of the aliphatic chain also has a role in the 
observed effects. All studied compounds had no direct 
effect on the tested enzyme activities. These findings 
seem to indicate that the interaction of the aromatic 
nucleus with membrane constituents plays an impor- 
tant role on the observed effects Further support to 
this indication comes from experiments where the 


Table 1. Effects of BHA and BHT on the release into the medium of proteins, GLDH and acid phosphatase activities 
from rat liver M-L suspensions 





Added 
compound 


Protein (mg) 
Released 


Total 


GLDH (i.u.) 
Released 


Acid phosphatase (i.u.) 
Total Released 





26.8 + 0.8 
43.0 


100.0 


BHT 26.8 + 0.8 


2.8 + 0.3 


3.0 + 0.0 2.8 + 0.2 


(93.0) 


0.4 + 0.0 
(14.3) 





Figures represent mean values + S.E.M. derived from 15 experiments. Figures in brackets represent the released 
amounts expressed as percentage of total content. Under control conditions (0.126M DMSO alone) the amounts of 


GLDH and Acid phosphatase activity released accounted for 14 and 6 per cent respectively. 
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Tabie 2. Effects of monocyclic compounds on rat liver M-L suspensions: release of proteins, acid 
phosphatase and glutamate dehydrogenase and lipid peroxides content 





Protein 
Added compound (%) 


Acid Lipid 
phosphatase GLDH peroxides 
(%) (%) (%) 





None 100 
1 

Tert.-butylalcohol 95 
Tert.-butylamine 102 
Tert.-butylacetate 102 
Trimeth ylpentane 95 
2 


Pyridine 100 
Benzene 95 
Cyclohexane 100 
3 

Tert.-butylpiridine 230 
N-Butylimidazole 235 
n-Butylcyclopentane 180 
Toluene 105 
Ethylbenzene 215 
Propylbenzene 185 
n-Butylbenzene 335 
Sec.-butylbenzene 503 
Iso-butylbenzene 300 
Tert.-butylbenzene 370 
Tert.-butylcyclohexane 250 
Octylbenzene 200 
4 


Phenol 115 
Anisole 103 
o-Methoxyphenol 120 
Iso-butyl-p-phenylpropionic acid 100 


100 100 


100 


97 


85 154 
80 95 
85 128 





M-L suspensions (26.8 + 0.8 mg of proteins) were incubated in the presence of different compounds 
at 1 mM concentration. Figures represent mean values from 3 to 10 experiments, expressed as percentage 
of values found in control conditions (0.126 M DMSO alone). 


release of proteins induced by BHA was studied in 
the presence of solvents having different dipole 
moments. Results are summarized in Table 3. Under 
control conditions, about 5 per cent of the total pro- 
tein content was found in the supernatant, DMSO, 
ethanol and dioxane all seemed to protect the par- 
ticles from this spontaneous release. However, this 
protective effect was statistically significant only in 
the case of DMSO (P < 0.05). The release of protein 
produced by 1mm BHA was significantly higher 
when DMSO was the solvent used as compared to 
ethanol or dioxane. DMSO has been recently recog- 


nized as a membrane stabilizer [16]. In agreement 
with this finding DMSO reduced the spontaneous 
leakage of protein (see Table 3) and was able to pre- 
vent the spontaneous swelling of rat liver mitochon- 
dria suspended in 0.25 M sucrose (data not reported 
here). The stabilizing effect of DMSO has been inter- 
preted as evidence for decreased membrane fluidity 
[16] consequently, if any the effect of DMSO should 
be of reducing the perturbing action of BHA. Protein 
leakage promoted by BHA is higher in the presence 
of the solvent having a higher dipole moment in spite 
of its stabilizing property. This finding may suggest 


Table 3. Release of proteins from rat liver M-—L suspensions* induced by BHA in the presence of 
different solvents 





Protein released (mg) 





Solvent 


Dipole momentp Ref. 





None 
DMSO 
Ethanol 
Dioxane 


wWwhrmn 
—- 


He HE He 
oooo 
Nm BNN 


3.870 
1.441 
0.450 


§ 
[15] 
§ 





* 31.72 + 0.15 mg of proteins incubated as described under Methods in the presence of |! mM BHA 
and different solvents 126 mM. Figures represent mean values + S.E.M. derived from 5 to 15 experiments. 
The significance of the difference between treatments was tested by the analysis of variance. 

+ Significantly different from the appropriate control at P < 0.05. 

t Significantly different from the appropriate control at P < 0.01. 

§ Spectroquality solvents; Spectra, physical properties, specifications and typical uses, MC/B Manu- 


facturing Chemists, Norwood (1971). 
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Table 4. Effects of monocyclic compounds on erythro- 
cytes: release of hemoglobin 





Erythrocytes 





Added 
compound 


guinea 





None 


l 
BHA 
BHT 


5 


Benzene 
Pyridine 
3 


Tert.-butylpyridine 

N-Butylimidazole 

Toluene 

n-Butylcyclopentane 

Ethylbenzene 

Propylbenzene 

n-Butylbenzene 

Sec.-butylbenzene 

Iso-butylbenzene 

Tert.-butylbenzene 

Tert.-butylcyclohexane 

Octylbenzene 

4 

Phenol 

Anisole 

o-Methoxyphenol 

Iso-butyl-p-phenyl-propionic 

acid 

pH 4.3 20 — 
pH 6.4 18 ~ 





Erythrocytes were incubated in medium A as described 
under Methods. All compounds were added at | mM con- 
centration. The hemoglobin released is expressed as per- 
centage of the total hemoglobin content. Figures represent 
mean values derived from 6 to 10 experiments. 


that DMSO can influence the action of BHA by 
enhancing the electron density on the ring through 
an induction mechanism. 

Effects on erythrocytes. The effects exerted by 
monocyclic compounds on blood red cells from man, 
guinea pig and rat are summarized in Table 4. All 
compounds were tested at | mM concentration. BHT 
caused an almost complete lysis of cells from all 
species, while BHA caused release of 12, 70 and 35 
per cent of the total hemoglobin from human, guinea 
pig and rat erythrocytes respectively. Among group 
3 compounds ethylbenzene, propylbenzene and butyl- 
benzene isomers produced an almost complete hemo- 
lysis. It is interesting to observe that the effect of tert.- 
butylcyclohexane on human erythrocytes was negli- 
gible. Group 4 compounds, including iso-butyl-p- 
phenylpropionic acid were practically devoid of 
hemolytic activity. Incubation of BHA with human 
erythrocytes, while produced hemolysis to a small 
extent, induced methemoglobin formation. After 3 hr 
incubation of human red cells with BHA 98 per cent 
of the total hemoglobin was oxidized to methemoglo- 
bin. When glucose was present in the incubation 
medium (medium B) a longer time of incubation, i.e. 
6 hr, was needed to obtain the same extent of methe- 
moglobin formation. 
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DISCUSSION 


As shown in this report, monocyclic compounds 
like BHA and BHT, possessing an aliphatic chain 
with at least two carbon atoms, in spite of their 
antioxidant properties (see Table 2), exert a primary 
perturbing action on biomembranes which causes 
structural modifications resulting in a lysis of erythro- 
cytes, oxidation of human hemoglobin and release of 
proteins from rat liver mitochondria and lysosomes. 

In separate experiments the ratios (umoles of the 
compound.mg~' of protein of the preparation used) 
at which BHT exerted half maximal effects on red 
cell lysis and on protein release from M-L suspen- 
sions were found to be 0.015 and | respectively. This 
suggests that perturbation of cell membrane is the 
effect produced by the lowest concentration. 

In a study on the ability, shared by some phenol 
derivatives like BHA and BHT, to inhibit RNA syn- 
thesis on primary cultures of monkey kidney cells, 
it has been emphasized that this activity correlates 
to the lipid solubility of the tested compounds [5]. 
Our study on the structure—activity relationship has 
shown that benzene derivatives were more active than 
other compounds having either an etherocyclic or a 
saturated hexacarbon ring. According to these 
results it seems that the higher the electron density 
on the ring, the greater are the effects of monocyclic 
compounds on biomembranes. Thus, these effects 
cannot be reasonably restricted to the solvent pro- 
perty of these molecules. 

We suggest that most of the action sustained by 
monocyclic compounds depends upon their interac- 
tion with hydrophobic and electrophilic regions of the 
membrane. It is worth noting, in this respect. that 
iso-butyl-p-phenylpropionic acid, although having 
lipophilic properties, did not seem to affect mem- 
branes. 

Partial support to this hypothesis comes from a 
recent study carried out by Eletr et al.[17]. In this 
study BHT has been compared to adamantane as a 
perturbing agent of axial symmetry of packed chains 
on phospholipid vesicles. The solubilization of a mol- 
ecule such as adamantane, a saturated hydrocarbon 
of quasi-spherical shape, in lipid hydrophobic regions 
causes disruption of the symmetry of the solid state. 
The same happens with BHT; however, the resulting 
disruption reflected by the data shown on the Arr- 
henius plot is not as simple as that shown in the 
case of adamantane, presumably due to the dual 
nature of the hydrophobic and amphiphilic character 
of BHT. 

It is probable that the hydroxyl which is not so 
hindered in BHA as it is in BHT molecule may 
account also for the peculiar effects exerted by BHA 
on human erythrocytes. Prior to inquiring about the 
biochemical events that might support the hemo- 
globin oxidation, however, one must exclude any di- 
rect effect of BHA on hemoglobin. It is noticeable 
that p-methoxy-phenol and 3,5-di-tert.-butylsalicilic 
acid chelate Fe?* bound to non-heme proteins [18]. 
If this is the case with BHA, the oxidation of human 
hemoglobin could depend on the fact that methemo- 
globin, naturally formed in the cell, once bound to 
BHA, might be no longer accessible to specific reduc- 
ing systems. The low rate at which hemoglobin was 
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oxidised by BHA in our experiments suggests this 
mechanism. 
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Abstract—Male rats were given cumulative doses of 428 mg/kg (low dose) and 668 mg/kg (high dose) 
of acrylamide. Concentrations of oxidized pyridine nucleotides were determined in samples of cerebral 
cortex from treated and control rats. The concentration of NAD* was significantly increased (P < 0.01) 
in brains from the high dose animals. The function of pyridine nucleotides was evaluated by measuring 
substrates of pyridine nucleotide-dependent enzymes both in immediately frozen cerebral cortex and 
in cortices subjected to ischemia, by measuring total high-energy phosphate and the rate of its use 
during ischemia, and by determining the cytoplasmic redox state of pyridine nucleotides from enzyme 
equilibrium constants and measured substrate levels. «-Glycerophosphate was significantly elevated 
in the brains from the high dose animals (P < 0.05), while other measured substrates were unchanged. 
Changes in substrate concentrations during ischemia were similar in cerebral cortices from controls 
and treated rats and did not suggest interference by acrylamide with coenzyme function. Total high- 
energy phosphate sources were unchanged in treated animals and the rate of their use during ischemia 
was the same as that of controls. Calculation of the redox state of cytoplasmic pyridine nucleotides 
suggested that both NAD and NADP may be more in the reduced form in cerebral cortices of treated 
animals than in controls; however, these changes were small compared to redox changes under other 
conditions. While acrylamide increased the concentration of NAD* in cerebral cortices from treated 


rats, there was little suggestion of an interference with pyridine nucleotide function. 


Acrylamide causes both acute and chronic neurotoxi- 

city in humans and in experimental animals [1-8]. 

Fullerton and Barnes[9] identified the principal 

lesion in the chronic toxicity as a “dying back” type 

of peripheral neuropathy. Characteristically, the: 
longest and largest diameter myelinated axons are 

affected first in acrylamide intoxication, but Schaum- 

burg et al.[10] have reported that the earliest histo-* 
logical evidence of injury occurs in some of the 

shorter axons. The chronic form of intoxication is 

cumulative. Kuperman [11] showed that a cumulative 

dose of 102 mg/kg produced neurotoxic symptoms in 

the cat over a dosage range of 1-50 mg/kg/day. Simi- 

lar cumulative action has been reported in dogs, rats 

and monkeys [5, 9, 12, 13]. 

Histological and ultrastructural studies have 
revealed the morphological changes which accom- 
pany acrylamide intoxication [7,10], but little is 
known about the biochemical changes which accom- 
pany the intoxication or the mechanism by which the 
chemical causes axons to degenerate. 

Kaplan et al.[14] suggested that the biochemical 
lesion leading to acrylamide neuropathy might in- 
volve an interference with pyridine nucleotide meta- 
bolism or function. This hypothesis was based on two 





* Supported in part by Research Grant OH 00315 from 
the National Institute for Occupational Safety and Health 
and Training and Research Grants ES 00045 and ES 00002 
from the National Institute of Environmental Health 
Sciences, U.S. Department of Health, Education and 
Welfare. 


observations. First, the cat, the most susceptible 
species to the toxic action of acrylamide, is deficient 
in its ability to convert tryptophan to nicotina- 
mide [15] and might be expected to be more sensitive 
to an interference in the synthesis or function of pyri- 
dine nucleotides. Second, they suggested that a dimer 
of acrylamide might be produced by the nucleophilic 
attack of the B-carbon of one acrylamide monomer 
by the a-carbon of another. Such a dimer resembles 
the nicotinamide portion of the pyridine nucleotide 
molecule (Fig. 1) and might disrupt synthesis of nor- 
mal concentrations of coenzyme or form an analog 
which could interfere with the molecule’s normal 
coenzymatic functions. This second mechanism of 
toxicity is known to occur with two analogs of nico- 
tinamide which produce neurotoxic symptoms, 3-ace- 
tyl pyridine [16] and 6-aminonicotinamide [17]. This 
investigation was undertaken to test this hypothesis. 

Interference with pyridine nucleotide metabolism 
was tested by measuring concentrations of oxidized 
pyridine nucleotides in brain extracts from acrylamide- 


‘intoxicated rats. Impairment of nucleotide function 


was evaluated in three ways. First, substrates of pyri- 
dine nucleotide-dependent enzymes in both quick- 
frozen brains and brains subjected to periods of ische- 
mia were measured. During a period of ischemia, gly- 
colytic flux is nearly maximal [18] and an impairment 
of flow through a pyridine nucleotide-dependent 
enzymatic step should be apparent by the accumu- 
lation of substrate for that step. Second, concen- 
trations of potential high-energy phosphate sources 
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Fig. 1. Structural similarity between nicotinamide and two 
acrylamide molecules after Kaplan et al. [14]. 


and the rates of their use during ischemia were com- 
pared. Finally, the redox states of cytoplasmic NAD 
and NADP were determined using the equilibrium 
constants of lactate dehydrogenase (EC 1.1.1.28 D-lac- 
tate: NAD* oxidoreductase), malic enzyme (EC 
1.1.1.40 L-malate: NADP* oxidoreductase[ oxalace- 
tate-decarboxylating]), and measured levels of pyru- 
vate, lactate and malate. 


EXPERIMENTAL 


Animals and treatments. Male Holtzman rats 
(260-300 g) were used. The animals were housed in 
air-conditioned rooms and supplied with food (Ral- 
ston Purina Lab Chow) and water ad lib. Acrylamide 
(Eastman special grade for electrophoresis) was pur- 
chased from Eastman Organic Chemical Co., Roches- 
ter, NY. Initially, 4mg/kg/day was administered in 
aqueous solution by i.p. injections in a volume equiv- 
alent to 0.1 per cent of the body weight. As no neuro- 
logical symptoms were apparent after 1 week, the 
dosage was increased to 40 mg/kg/day and animals 
were sacrificed when the total cumulative doses were 
428 mg/kg (low dose) and 668 mg/kg (high dose). The 
low dose animals were beginning to show signs of 
intoxication while animals receiving the high dose 
were characterized as severely affected. Weight 
records were maintained during the course of treat- 
ment. Impairment of neurological function was tested 
by suspending the rats by their hind limbs from a 
wire rack held vertically. Acrylamide-treated rats were 
more likely to fall from the rack while controls 
usually swung their bodies forward and grasped the 
rack with their forepaws. This procedure was termed 
the vertical rack test and an animal was scored suc- 
cessful in this test if it remained attached to the rack 
on two of three trials. 

Tissue preparation. All assays were performed 
on extracts from cerebral cortical samples since 
studies on experimental animals[3,11,7,19] and 
humans [1, 4] indicated that the central as well as the 
peripheral nervous system is affected in acrylamide 
intoxication. Also, Hashimoto and Aldridge [20] 
have shown that label from administered ['*C]acryla- 
mide is found in the brain as well as the spinal cord 
and peripheral nerve. Another important consider- 
ation in selecting brain was the difficulty in freezing 
the spinal cord quickly enough to minimize postmor- 
tem changes in concentration of labile intermediates. 

Rats were sacrificed by decapitation and the heads 
frozen in liquid nitrogen either immediately or after 
time intervals of 10, 30 or 60sec at 37° for the ische- 
mia data. Tissue was stored at — 80° until dissection. 
Brains were dissected from the surrounding tissue 
while being maintained at —50° in a chest loaded 


with dry ice. Superficial areas of cortex were removed 
and weighed on a balance chilled to — 50°. Perchloric 
acid extracts were made from 100-mg tissue samples 
according to Lowry et al.[18] as modified by Kauff- 
man and Albuquerque [21]. 

Biochemical assays. All enzymes except lactate de- 
hydrogenase were purchased from Boehringer Mann- 
heim, Indianapolis, IN. Lactate dehydrogenase and 
all substrates and cofactors were purchased from 
Sigma Chemical Co., St. Louis, MO. All substrates 
and cofactors were measured fluorometrically using 
a Farrand fluorometer. ATP, dihydroxyacetone phos- 
phate, glucose, glucose 6-phosphate, glutamate, a-gly- 
cerophosphate, phosphocreatine and pyruvate were 
measured as described by Lowry and Passon- 
neau [22]. Lactate was measured according to Har- 
konen et al. [23]. Glyceraldehyde 3-phosphate was 
measured in the reagent for dihydroxyacetone phos- 
phate with added triose phosphate isomerase 
(20 ug/ml) after the reaction for dihydroxyacetone 
phosphate was complete. 6-Phosphogluconate was 
measured by enzymatic cycling as described by Kauff- 
man and Albuquerque [21]. Malate was measured 
according to Goldberg et al.[24]. Glycogen was 
measured by the method of Lowry ef al. [18]. Oxi- 


_dized NAD and NADP were determined in unneutral- 
_ized aliquots of the perchloric acid extracts. NAD* 


was measured in the same reagent as that used for 
lactate except that 0.2mM _ lactate was substituted 
for NAD*. NADP* was determined by enzymatic 
cycling according to Lowry et al. [25]. Before measur- 
ing glyceraldehyde 3-phosphate, dihydroxyacetone 
phosphate, «-glycerophosphate and 6-phosphoglu- 
conate, the extracts were filtered through acid-washed 
charcoal according to Lowry and Passonneau [22] to 
remove fluorescent impurities which increase the 
blank. In most cases, bovine serum albumin was 
added to the reagents to a concentration of 0.01% 
to improve enzyme stability. 

Statistics. The results of the vertical rack test were 
analyzed using the chi-square test. Dunnett’s modifi- 
cation of Student’s t-test was used for comparing the 
two acrylamide treatment dosages with the control 
groups. The dose dependency of the pyridine nucleo- 
tide changes in response to acrylamide treatment and 
the rates of change of substrate during ischemia were 
calculated by linear regression [26, 27]. 


RESULTS 


Characteristics of intoxicated animals. Rats given 
the lower cumulative dose (428 mg/kg) showed mild 
symptoms of intoxication characterized by decreased 
body tone and increased excitability. Animals receiv- 
ing the higher dose (668 mg/kg) were severely affected. 
They dragged their hind limbs with the plantar sur- 
face turned up, some had bladder incontinence and 
there was some wasting of the hind limbs. In the verti- 
cal rack test, 3/22 low dose animals were successful 
compared to 20/20 successes in controls (y?, 
P < 0.001). None of the high dose animals were suc- 
cessful (0/6, x7, P < 0.001). Over the course of the 
experiment, contro! animals gained an average of 
42.0 + 13.0g while low and high dose acrylamide- 
treated rats gained 5.9 + 14.9 and 0.11 + 0.07g re- 
spectively. 
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Table 1, Ox. .zed pyridine nucleotides in brains of normal 
and acrylamide-treated rats 





Acrylamide 





Control 428 mg/kg* 668 mg/kg* 





NAD* 
NADP* 


374 + 20t 
5.23 + 0.62 


9 455 + 12t§ 


31 
2 4.67 + 0.74 


+ 
4+ 0.48 


4 
4. 





* Cumulative dose of acrylamide. 

+ Values are expressed as mean + S.E.M. of concen- 
trations (nmoles/g of cerebral cortex) for four, four and 
six rats in control, low and high dose rat groups. 

¢ P < 0.01, compared to control values. 

§ P < 0.01 linear regression. 


Biochemical assays of pyridine nucleotides. Total 
oxidized pyridine nucleotides were measured in cere- 
bral cortical extracts from control and both treatment 
groups. The data are summarized in Table 1. While 
NADP* concentrations remained constant, NAD* 
concentrations showed a dose-related increase (slope 


2153 


of the regression line, P < 0.01) in the treated rats. 
NAD* concentrations were significantly higher than 
controls in the high dose animals (P < 0.01). Reduced 
pyridine nucleotides were not measured because of 
their instability at acid pH during extraction [28]. 
Substrates. Measured concentrations for nine sub- 
strates of pyridine nucleotide-dependent enzymes are 
shown in Table 2. Only the increase in a-glycerophos- 
phate in the high dose rats was statistically significant 
(P = 0.05). Concentrations of all measured substrates, 
except glutamate, were determined in the cerebral 
cortices from low dose rats and controls after various 
periods of ischemia, i.e. prior to freezing in liquid 
nitrogen. Differences in the pattern of substrate use 
during the ischemic intervals might reveal an interfer- 
ence in pyridine nucleotide coenzymatic function that 
would not be apparent by measuring substrate con- 
centrations in the immediately frozen tissues. How- 
ever, no significant differences were seen (Table 3). 
Potential high-energy phosphate. Sources of high- 
energy phosphate were calculated as the sum of the 
measured molar concentrations of phosphocreatine 


Table 2. Substrates of pyridine nucleotide-dependent enzymes in cerebral cortices of 
control and acrylamide-treated rats 





Substrate 


Control 


Acrylamide 


428 mg/kg 668 mg/kg 








a-Glycerophosphate 
Lactate 
Dihydroxyacetone 
phosphate 
Glyceraldehyde 
3-phosphate 
Glucose 6-phosphate 
Glutamate 
Malate 
6-Phosphogluconate 
Pyruvate 


biz +6 
3750 + 420 


278 + 30 
6.74 + 0.87 
204 + 22 


104 + 10 155 + 13+ 
3500 + 240 5190 + 450t 
51.1444 57.9 + 7.2 
30.7 +53 
30.2 + 2.6 
9180 + 300 

303 + 30 
7.19 + 0.41 

157 + 24 


39.1 + 5.0 
34.7 + 3.0 
9720 + 330 
349 + 26 

8.15 + 0.77 
204 + 29 





* Values are expressed as means + S.E.M. of concentrations (nmoles/g of cerebral 
cortex) for four, four and six rats in control, low and high dose rat groups. 


+ P = 0.05, compared to controls. 
$0.05 < P < 0.10, compared to controls. 


Table 3. Rates of change of substrates of pyridine nucleotide-dependent enzymes dur- 
ing ischemia 





Substrate 


Control Acrylamide* 





a-Glycerophosphate 
Lactate 
Dihydroxyacetone 
phosphate 
Glyceraldehyde 
3-phosphate 


84.0 + 20.2t 
2270 + 1207 


32.1 21.1 


10.9 + 15.3 


90.3 + 37.8 
2430 + 930 


58.7 + 15.8 


9.67 + 13.9 


23.3 + 15.1 
—91.1 + 56.4 
— 1.86 + 1.98 
—110 + 46 


Glucose 6-phosphate 
Malate 
6-Phosphogluconate 
Pyruvate 





* Cumulative dose, 428 mg/kg of acrylamide. 

+ Values are expressed as nmoles/g of cerebral cortex/min as determined from the 
slope and S.E.M. of the regression line computed from the measured substrate concen- 
trations in cerebral cortices from groups of four rats at 0, 10 and 30sec of ischemia. 
No significant differences were observed between control and acrylamide-treated 
groups. 
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Fig. 2. Calculated initial concentration of potential high-energy phosphate and its use during ischemia 

in control ( x ) and acrylamide-treated (V) rat cerebral cortices. Each point represents a mean + S.E.M. 

derived from four animals. The ordinate represents the calculated sum of high-energy phosphate which 

could be derived from ATP, phosphocreatine, glucose and glycogen. The circle (©) represents the 
mean value at Osec for six rats receiving a cumulative dose of 668 mg/kg of acrylamide. 


glycogen x 2.9, ATP x 2, and glucose x 2[18, 21]. © 
This sum gives the total high-energy phosphate which 
could be derived from these sources. The results of 
these calculations as well as the rate of use of high- 
energy phosphate in the low dose and control groups 
during the ischemic period are shown in Fig. 2. A 
comparison of the values at the zero time point shows 
that there was no difference in the original total of 
high-energy phosphate between the three groups. The 
sum of high-energy phosphate was 15.8 + 1.3, 
13.3 + 1.6, and 15.9 + 0.6 ymoles/g of cerebral cortex 
in control, low and high dose rats respectively. There 
was no apparent difference in the rates of high-energy 
phosphate use during ischemia between control and 
low dose rat cerebral cortices. Based on the slope 
of the regression line calculated using 0-, 10- and 
30-sec values, these rates of use were 12.9 + 3.3 and 
11.0 + 2.8 pmoles/g/min in the control and low dose 
cortices respectively. Concentrations in pmoles/g of 
the individual components of the total high-energy 
phosphate in the control, low and high dose rats were 
respectively: for ATP—1.4 + 0.18, 157+ 0.12, and 
1.60+ 0.10; for glucose—0.305 + 0.089, 0.182 + 
0.044, and 0.220 + 0.052; for glycogen—3.75 + 0.29, 
2.99 + 0.39, and 3.67 + 0.13; and for phosphocrea- 
tine—0.985 + 0.165, 1.040+ 0.159, and 0.965 + 
0.101. There were no significant differences between 
control and treated rats for any high-energy phos- 
phate source. 


The ratios of oxidized to reduced cytoplasmic pyri- 
dine nucleotides were calculated using the measured 
concentrations of pyruvate, lactate and malate and 
the equilibrium constants for lactate dehydrogenase 
(1.11 x 10~*) and malic enzyme (3.44 x 107 7)[29]. 
The results of these calculations are shown in Table 
4. While the mean ratios determined for treated ani- 
mals are lower than those for controls, there differ- 
ences were not significant (P > 0.05). 


DISCUSSION 


The effect of acrylamide intoxication on the con- 
centrations of pyridine nucleotides in brain was stud- 
ied by measuring oxidized pyridine nucleotides in cer- 
ebral extracts. The concentration of NAD* was in- 
creased 22% (P < 0.01) in rats given a cumulative 
dose of 668 mg/kg of acrylamide. This indicates that 
acrylamide, either directly or indirectly, affects the 
regulation of total (bound and free) NAD*. This in- 
crease could be the result of increased NAD synthesis 
or decreased degradation or it could reflect an in- 
crease in the ratio of total oxidized to total reduced 
NAD. 

The effect of acrylamide on pyridine nucleotide 
function was studied first by comparing the concen- 
trations of substrates of pyridine nucleotide-depen- 
dent enzymes in cerebral cortices and their pattern 
of change during ischemia. In other studies this 


Table 4. Calculated cytoplasmic pyridine nucleotide ratios in cerebral cortices of control and acryl- 
amide-treated rats* 





Acrylamide 





Control 


428 mg/kg 668 mg/kg 





NAD*/NADH 
NADP*/NADPH 


460 + 48+ 
0.0250 + 0.0018 


405 + 41 
0.0177 + 0.0026 


363 + 45 
0.0203 + 0.0029 





* Ratios are calculated from measured values for pyruvate, lactate, malate and the equilibrium con- 
stants of lactate dehydrogenase (1.11 x 10~*) and malic enzyme (3.44 x 107?) [29]. : 
+ Expressed as mean + S.E.M. of calculated values for four, four and six rats in controi, low and 


high dose rat groups. 
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approach proved to be a sensitive method for deter- 
mining the antimetabolite action of 6-aminonicotina- 
mide [30]. While the concentration of «-glycerophos- 
phate in cortices of rats given 668 mg/kg of acryl- 
amide was increased (P = 0.05), no significant differ- 
ences in concentrations of the other substrates 
measured were observed. Cerebral cortical a-glycero- 
phosphate concentrations in control rats and rats 
given 428 mg/kg (cumulative dose) of acrylamide in- 
creased at the same rate during ischemia, indicating 
that there was no change in the activity of «-glycero- 
phosphate dehydrogenase (EC 1.1.1.8 L-glycerol-3- 
phosphate: NAD oxidoreductase). 

Impairment of pyridine nucleotide function at enzy- 
matic steps other than those specifically studied might 
be revealed by a failure to maintain high-energy phos- 
phate concentrations or an impairment of their use 
during ischemia. However, calculated potential cere- 
bral cortical high-energy phosphate at sacrifice and 
the rate of its use during ischemia did not differ 
between control and acrylamide-treated rats. A poss- 
ible source of error in interpreting these data was 
the fact that the treated animals weighed less at the 
time of sacrifice than did controls. If heads from the 
treated rats froze faster than controls, then higher 
concentrations of high-energy phosphate would be 
expected in the treated animals at the onset of ische- 
mia. This was not observed (see Fig. 2). 

Pyridine nucleotide function was further evaluated 
by calculating the ratios of the oxidized to reduced 
forms of pyridine nucleotides in the cytoplasm. This 
was done using the equilibrium constants for lactate 
dehydrogenase and malic enzyme and the measured 
concentrations of their substrates and products, as 
these are thought to be in equilibrium in the 
brain [31]. These ratios are informative because a 
large percentage of total pyridine nucleotides are pro- 
tein bound and do not affect thermodynamic charac- 
teristics of enzymes such as the direction of reversible 
reactions or the effectiveness of NADPH as a reduc- 
ing agent for fatty acid synthesis [29]. Furthermore, 
this approach may reveal compartmental differences 
in the redox state not apparent from measurements 
of total pyridine nucleotide concentrations in tissue 
extracts. Calculated ratios of free cytoplasmic pyri- 
dine nucleotides were not significantly different from 
controls, although the mean values were slightly 
lower in treated rats. The observation that total 
NAD* was increased while the cytoplasmic ratio of 
free NAD*/free NADH decreased slightly suggests 
that total NADH may also be increased or that the 
relationship between bound and free forms is 
changed. 

In conclusion, this study suggests that while there 
was little evidence of a significant effect of acrylamide 
on pyridine nucleotide functions, there was an in- 
crease in the brain concentrations of NAD* and 
a-glycerophosphate. These increases appear to be 
relatively specific since the survey of metabolites and 
energy use showed no other differences between the 
experimental and control groups. NAD* has been 
shown to be a stimulator of phospholipid synthesis 
in vitro[32], and a-glycerophosphate provides the 
glycerol backbone for phospholipids. These observa- 
tions suggest that lipid metabolism may be affected 
in acrylamide intoxication. 


B.P. 26/22—£ 
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Abstract—The effect of a free fatty acid (oleic acid) on the binding of a benzodiazepine derivative 
(diazepam) to human serum albumin (HSA)* has been studied using the technique of circular dichroism. 
Both qualitative and quantitative results suggest that oleic acid significantly affects the binding of 
diazepam, even at low molar ratios to albumin (below 1:1). It is suggested that the displacement 
of bound diazepam occurs primarily through an allosteric mechanism. 


Human serum albumin (HSA) is known to bind a 
great number of compounds of endogenous and exo- 
genous origin [1]. Since the association is reversible, 
the bound compounds will be in equilibrium with 
their unbound molecules. HSA can therefore be con- 
sidered as a buffer medium preventing great fluctua- 
tions in the free concentrations of these molecules. 
This is an important role of the protein, since only 
the free molecules can exert any physiological effect 
in the body. 

HSA binds many types of agents and it is possible 
that one agent may influence the binding of another 
[2]. Free fatty acids (FFA) have been reported to in- 
teract with a number of compounds bound to HSA. 


It has been found that FFA within their physiological — 


concentration range (0.5—2 moles per mole HSA) will 
displace tryptophan from HSA, resulting in an in- 


crease of the free tryptophan plasma level [3]. Rud- : 
man et al. [4] showed that FFA inhibited the normal , 


binding of a number of drugs to HSA and BSA with 
a 3.5-7 molar excess of FFA over albumin being 
necessary to obtain the displacements. Tsutsumi et 
al. [5] studied the binding of a benzo-diazepine de- 
rivative to HSA in the presence of rather high molar 
concentrations of laurate over HSA (4.7:1) and found 
a significant inhibitory effect on the binding which 
they suggested was competitive. 

It is known that diazepam is bound primarily to 
only one binding site on HSA [6,7], probably the 
same one as the primary site for tryptophan [8]. If 
this is true, the displacement of diazepam may occur 
over the physiological concentration range of the 
FFA. The present paper was instigated to determine 
if this was the case and to study the interaction mech- 
anism between these ligands when bound to HSA. 





* Abbreviations used in this paper: HSA, human serum 
albumin; BSA, bovine serum albumin; CD, circular di- 
chroism; FFA, free fatty acids; CPIB, chlorophenoxy- 
isobutyrate. 

§ This sample of albumin with 0.6 moles FFA/mole HSA 
is in the following denoted as HSA. The FFA content is 
included in the molar ratio values given for the oleic acid- 
HSA complexes. 


MATERIALS AND METHODS 


Monomeric human serum albumin (HSA) was pre- 
pared as described previously [9] from outdated 
blood. The protein was defatted according to Chen 
[10]. The remaining fatty acid content was measured 
by gas chromatography [11] and found to be 0.6 
moles/mole HSA.§ The same preparation was used 
throughout the experiment. The concentration of the 
protein, dissolved in 0.1M KCl, 0.005M_ sodium 
phosphate buffer, pH 7.40, was determined on a 
Schimadzu MPS-5000 spectrophotometer at 280 nm, 
using Ai%, = 5.80[12]. The molecular weight was 
estimated to be 66,300 from the primary structure 
presented by Behrens et al. [13] and Meloun et al. 
[14]. 

Diazepam was a gift from F. Hoffman-La Roche 
& Co. AG., Switzerland. It was used without further 
purification. 

Oleic acid, gas chromatographic grade, was 
obtained from Carlo Erba, Italy, and stored in sealed 
ampoules at 4° until use. 

Diazepam and oleic acid were dissolved in ethanol 
prior to their addition to HSA. The ethanol concen- 
tration was kept constant at 1.3% in all test-solutions 
of HSA, even when diazepam or fatty acid was absent. 

Circular dichroism (CD). Spectra were obtained at 
room temperature with a Jasco J-41 A spectropolari- 
meter. The instrument was calibrated with D-10-cam- 
phorsulphonic acid. The results are expressed as 
molar ellipticity (degrees cm? dmole~'), {O}, calcu- 
lated with reference to the HSA concentration, or as 
difference molar ellipticity, A{ 0}. 

Determination of the binding constant of diazepam 
to HSA was performed using the CD continuous 
titration technique [15]. An albumin solution (A) was 
circulated from a thermostatted (25°) mixing vessel 
to a cuvette in the spectropolarimeter via a pump 
system. The ellipticity of the solution was measured 
at constant wavelength (262 nm). After obtaining an 
initial base-line, a solution (B) of albumin and diaze- 
pam (molar ratio 1:14.6) was continuously added to 
the mixing vessel. The protein concentrations in A 
and B were identical. As the HSA-diazepam complex 
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has a different ellipticity at 262 nm than that of HSA 
alone, a successively increasing deviation from the 
base-line will be obtained until a maximum is 
reached. The above titration was performed until a 
4-5 molar excess of diazepam over HSA was obtained 
in the mixing vessel. 

When this technique [15] was used for the calcula- 
tion of the binding constants of diazepam in the pres- 
ence of oleic acid, the A and B solutions contained, 
in addition, equal amounts of the fatty acid. 

CD titrations with oleic acid were performed in the 
same manner as above with the exception that to the 
solution of albumin, or albumin and diazepam (molar 
ratio 1:1), the same solution containing a 14.6 times 
molar excess of oleic acid was continuously added. 


RESULTS 


The human serum albumin used contained 0.6 
moles of free fatty acids per mole protein. This is 
a high content compared to the values published by 
Chen [10]. It is difficult, however, to prevent contami- 
nation by fatty acids, which may be present in test 
tubes, vessels etc. Extremely small amounts of these 
acids (about 2 ug per mg HSA) will give the molar 
ratio obtained here. In the present paper, the FFA 
content in the HSA solution was controlled before 
and after the experimental procedure in order to 
determine whether any changes had occurred. The 
molar ratio between FFA and HSA was found to 
be the same in both cases. 

Figure la shows the CD spectra of HSA in the 
presence and absence of oleic acid. As can be seen, 
the spectrum of the complex between HSA and oleic 
acid (1:2.2) almost completely coincides with the pure 
protein spectrum. At 14.6 times molar excess of oleic 
acid, a more negative CD spectrum is produced 
between 250 and 300nm, and the sharp deviation 
around 288 nm is less pronounced. 

Addition of diazepam to a solution of HSA changes 
the CD-spectrum (Figs 1b and 2). Extrinsic Cotton 
effects are produced, which arise from the chromo- 
phore of the drug bound in an asymmetric environ- 
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ment on HSA [16]. Unbound diazepam does not 
show any ellipticity, and the CD spectrum of HSA 
is probably not affected by the binding of diazepam 
[7]. Thus the changes of the Cotton effects will be 
proportional to the concentration of the HSA- 
diazepam complex, as long as the rotational strength 
of the complex is constant, and not affected, e.g., by 
local conformational changes in the protein binding 
site. 

The CD spectrum of the HSA-diazepam complex 
is very sensitive to the presence of oleic acid (Figs 
1b and 2). At a 2.2 molar excess of the fatty acid 
over HSA, a strong reduction can be seen of the 
extrinsic Cotton effects described above, and a high 
molar excess of the fatty acid will completely inhibit 
their formation. It should be noted that the difference 
CD spectra in Fig. 2 are obtained by subtracting the 
spectra in Fig. la from the corresponding ones in 
Fig. 1b, in order to compensate for the effect of oleic 
acid on the intrinsic Cotton effects of HSA. 

A CD-titration was carried out to determine at 
what molar ratio the fatty acid begins to affect the 
CD-spectrum of the diazepam—HSA complex. In Fig. 
3, line A gives the results obtained when HSA was 
titrated with a HSA-oleic acid solution (molar ratio 
1:14.6) at 262nm. As expected from the qualitative 
spectra (Fig. la), there was only a minor difference 
at this wavelength between the final solution, with 
a molar ratio between HSA and the oleic acid of 
about 1:4, and the starting, pure HSA solution. When 
the experiment was repeated, however, with the only 
difference being that diazepam was added in equimo- 
lar amounts to HSA in both the starting and the 
titrating solutions, a significant change was seen (line 
B). As there is virtually no difference in the HSA 
spectrum under these conditions (line A), the reduc- 
tion seen of line B must depend on a reduction of 
the extrinsic Cotton effects of the HSA-diazepam 
complex, which starts as soon as the oleic acid is 
mixed with the drug-albumin complex. 

In order to determine whether this reduction 
depends on a change of the rotational strength of 
the HSA-diazepam complex, or on a diminished 
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Fig. |. (a) Circular dichroic spectra of human serum albumin (——), and of human serum albumin 
and oleic acid in 1 :2.2 (--—-), and 1:14.6 molar ratios (@-@-@) respectively§. The protein concentration 
was 1.5 x 10°°M in 0.1M KCl, 0.005M sodium phosphate, pH 7.4. (b) Circular dichroic spectra 


of equimolar amounts of human serum albumin and diazepam in the absence ( 


), and presence 


of oleic acid in 2.2 (-——-) and 14.6 (@@-@) molar excess§. Inserted in the figure is the chemical 
structure of diazepam. The protein concentration was 1.5 x 10~°M in 0.1M KCl, 0.005M sodium 
phosphate, pH 7.4. 
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Fig. 2. Calculated difference CD spectra of the complex of 
human serum albumin and diazepam (molar ratio 1:1) in 
the absence (——), and presence of oleic acid in 2.2 (——-) 
and 14.6 (@@-@) molar excess§. These spectra were ob- 
tained from the corresponding spectra in Figs la and b. 





binding to the protein, a number of quantitative 
studies were performed in the presence of different 
amounts of oleic acid. The results are shown in Fig. 
4, where the apparent association constants of the 
HSA-diazepam complex have been plotted against 
the molar ratio of oleic acid and HSA. The quantita- 
tive determinations show that even small amounts of 
oleic acid will reduce the association constant of the 
drug to HSA. It can be noted in this context that 
extrapolation to the y-axis will give a value close to 
that found, when an essentially fatty acid free sample 
of HSA was used [7]. 

The 14.6 times molar excess of oleic acid over HSA 
used in the titrating solutions does not irreversibly 
affect the drug-binding properties of the protein, since 
a dilution of a mixture of oleate, HSA and diazepam 
(molar ratios 14.6:1:1) with a HSA-diazepam solu- 
tion (molar ratio 1:1) to give a 2.2:1:1 molar ratio, 
produces the same qualitative CD-spectrum as a 
directly mixed solution with the same proportions 
between these molecules. 


DISCUSSION 


The effect of a long-chain fatty acid on the binding 
of a benzodiazepine derivative to HSA has been stud- 
ied with one analogue from each class, oleic acid and 
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diazepam. Most probably, the results obtained with 
these substances could be transferred to interactions 
between long-chain fatty acids and benzodiazepines 
in general since benzodiazepines are bound to HSA 
primarily through one common binding site [6,7], 
and oleic acid, one of the major free fatty acids occur- 
ring in blood plasma, is bound with high affinity to 
HSA in the same way as other long-chain fatty acids 
[17]. 

The effect of oleic acid on albumin conformation. Be- 
tween 250 and 300 nm native HSA produces a nega- 
tive CD-spectrum. Two negative maxima are 
obtained around 261 and 267 nm. These probably ori- 
ginate from phenylalanine residues in the protein 
[18,19]. When oleic acid is added in a 2.2 molar 
excess over HSA, only minor effects can be seen on 
the CD-spectrum (Fig. 1a). 

However, according to Soeteway et al. [20] small 
conformational changes occur in BSA when it binds 
long-chain fatty acids over the physiological range 
(0.5—2 moles fatty acids per mole albumin). The bind- 
ing increases the volume of BSA but decreases its 
axial ratio and dipole moment. This is probably also 
true for HSA, and might be due to configurational 
adaptability as suggested by Karush, who studied the 
binding of small ligands to BSA and HSA [21, 22]. 
According to his ideas and to the induced fit theory 
of Koshland [23], the ligands modify the structure 
of the protein and create their binding sites, which 
are not fully preexisting. 

At the higher concentration of oleic acid used, the 
changes in the CD-spectrum are most significant 
around 280-290nm (Fig. la). In this wavelength 
region the main contributions arise from tyrosine and 
tryptophan residues in the protein [18]. Steinhardt 
et al. [24] have with spectroscopic techniques found 
that the first 2 moles of fatty acid (dodecanoic and 
oleic acid were studied) perturb the tyrosine absor- 
bance spectrum of HSA. The tryptophan spectrum, 
however, was not affected until more than 2-3 moles 
of the fatty acid was bound to HSA. It is thus possible 
that the increased negative Cotton effects at 
280-290 nm arising upon the complexation of higher 
amounts of oleic acid to HSA may be due to pertur- 
bations of the single tryptophan in the protein. 
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Fig. 3. The ellipticity change at 262nm when Sml of a human serum albumin-oleic acid solution 

(molar ratio 1:14.6) was continuously added to 10.5 ml of a solution of human serum albumin (A). 

and a human serum albumin-diazepam solution (molar ratio |:1) B, respectively.§ The protein concen- 

tration in all samples was 1.5 x 10~°M in 0.1 M KCI with 0.005 M sodium phosphate, pH 7.4. The 
arrows indicate the starting points of the titrations. 
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Fig. 4. Binding constants of the human serum albumin-— 
diazepam complex in the presence of varying amounts of 
oleic acid§. In the absence of oleic acid the binding con- 
stant has a value of 18 x 10*M~! (ref. 7). 





The effect of oleic acid on the diazepam-albumin 
complex. Most benzodiazepine derivatives give strong 
extrinsic Cotton effects when bound to HSA [7, 16]. 
Thus the CD-spectrum of the complex of diazepam 
and HSA differs from that of HSA alone (Fig. 1b). 
The difference spectrum (Fig. 2) can roughly be char- 
acterized as biphasic with a positive and a negative 
extrinsic Cotton effect below and above 300 nm, re- 
spectively. The positive effects have been attributed 
to n+ n* transitions of the aromatic A-ring in diaze- 
pam [7,25], and the broad negative effect with a 
maximum around 315-320nm is typical for those 
benzodiazepines, having an oxygen on their second 
carbon atom [7]. When oleic acid is added, the 
extrinsic Cotton effects are diminished. Their qualitat- 
ive characteristics remain, however, until they disap- 
pear at high molar excess of oleic acid (Fig. 2). 

As judged from the titration experiment (Fig. 3), 
the fatty acid appears to affect the CD spectrum of 
HSA and diazepam already at very low concen- 
trations. This is also verified in the quantitative 
studies (Fig. 4), showing that oleic acid and HSA at 
molar ratios below 1:1 will reduce the apparent as- 
sociation constant for the HSA-—diazepam complex. 

Comparison with earlier reports. Other investigators 
have not observed that the presence of less than 1-2 
moles of the fatty acids will displace ligands bound 
to albumin. However, Spector et al. [17] have sug- 
gested that the presence of 1-2 moles of palmitate 
per mole HSA is able to qualitatively affect the bind- 
ing of chlorophenoxy-isobutyrate (CPIB) through an 
allosteric mechanism. CPIB shares at least one of its 
binding sites on the protein surface not only with 
a number of drugs but also with free tryptophan 
[26, 27]. The binding of this amino acid is competi- 
tively inhibited by diazepam [8]. It is therefore 
reasonable to conclude that CPIB and diazepam have 
one binding site in common, in addition their binding 
constants are of approximately equal strength. The 
HSA-diazepam complex, however, is both qualitat- 
ively and quantitatively affected by the presence of 
a long-chain fatty acid at molar ratios below 1:1. This 


difference may be due to the sensitivity of the tech- 
niques used, but it may also be possible that the 
absence of strong secondary binding sites for diaze- 
pam [6, 7] makes this substance more sensitive to dis- 
placement. 

Interaction mechanisms. The displacement of diaze- 
pam from HSA proceeds linearly with increasing 
amounts of oleic acid until a 3 molar excess of the 
fatty acid over HSA is obtained (Fig. 3). This is con- 
firmed by the measurements of the binding constants, 
which also seem to decrease proportionally to the 
oleic acid concentration (Fig. 4). As a linearity is 
found, it is probable that diazepam is displaced by 
oleic acid bound to a certain site on HSA. Since the 
displacement starts as soon as oleic acid is added to 
the diazepam—HSA complex, it must be the strongest 
bound oleic acid molecules(s) that exert(s) this effect. 
The association constant for the diazepam-HSA 
complex is 10° to 10* times lower than the corre- 
sponding constants for the four strongest bound oleic 
acid molecules [7,28]. Therefore, the interaction 
between diazepam and oleic acid for their binding 
to HSA is probably not competitive, since this would 
give a more pronounced effect on the HSAtdiazepam 
complex, resulting in considerably steeper slopes of 
the lines in Figs 3 and 4. An allosteric type of interac- 
tion seems more reasonable, and the findings of Spec- 
tor et al. [17], Soeteway et al. [20] and Karush 
[21, 22], discussed above, support this. 

The configurational changes produced in HSA 
when it binds ligands, however, probably only affect 
limited regions of the protein molecule. For example, 
no quantitative differences can be seen in the binding 
of bilirubin to its primary site on HSA until about 
4 moles of oleate or palmitate per mole HSA are 
present [29]. It has also been shown that bilirubin, 
which has a primary binding constant approximately 
equal to that of oleic acid, neither qualitatively nor 
quantitatively interferes with the binding of benzodia- 
zepines (e.g., diazepam) to HSA. The binding of these 
drugs is independent of the bilirubin binding at low 
molar ratios to HSA [30]. 

As the tertiary structure of HSA is still unknown, 
it is impossible to make any definite conclusions 
about the relative positions of the binding sites for 
oleic acid, diazepam and bilirubin. It is obvious, how- 
ever, that the presence of small amounts of oleic acid 
influence the binding of diazepam to HSA, but the 
connections between the primary binding sites of 
these ligands and that of bilirubin are very weak. 
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Abstract—Sheep brain aryl acylamidase (aryl-acylamide amidohydrolase, EC 3.5.1.13) was partially 
purified. Of a number of amines tested at 1 mM the enzyme was maximally inhibited by 5-hydroxytryp- 
tamine (5-HT) and to a lesser extent by tryptamine and practically unaffected by tyramine, histamine, 
noradrenaline, dopamine and benzylamine and a number of amino acids including tryptophan. Choline 
derivatives at 1 mM were inhibitory to the enzyme in the order of butyrylcholine > succinylcholine 
> benzoylcholine > choline > acetylcholine > acetylthiocholine > acetyl-f-methylcholine > pro- 
pionylcholine. The inhibition by 5-HT and acetylcholine was further studied. Both inhibit the enzyme 
in a noncompetitive manner. The inhibition could be reversed by removal of the inhibitors from 
the enzyme by gel filteration. A number of metal ions, EDTA, high concentrations of sodium chloride, 
the thiol reagents p-chloromercuribenzoate, N-ethyl-maleimide and iodoacetamide were found to have 
no effect on the inhibition. Dithiothereitol as well as neuraminidase treatment did not alter the extent 
of inhibition of the enzyme by 5-HT or acetylcholine. Nitration of the enzyme with tetranitromethane 
led to approximately a 50 per cent drop in enzyme activity as well as a significant decrease in the 
extent of inhibition by 5-HT and acetylcholine. This suggested the possibility of the involvement of 
tyrosine residues both at the catalytic site as well as at the site(s) of inhibition by 5-HT and acetyl- 
choline. Mixed inhibitor studies favoured a common inhibition site for both 5-HT and acetylcholine 
on the brain enzyme. The sheep liver enzyme was not inhibited by either S-HT or acetylcholine. 


The enzyme aryl acylamidase (aryl-acylamide amido- 
hydrolase, EC 3.5.1.13) is known to be present in 
plant [1], bacterial [2,3] and mammalian [4-6] sys- 
tems. The role of this enzyme in plants in the detoxifi- 
cation of herbicides [1] is well documented. In the 
mammalian species Fujimoto [6] has suggested that 
the enzyme may serve to hydrolyze some anti-pyretic 
and analgesic drugs which are aryl acylamides. 
Recently Fujimoto [6] demonstrated the 5-hydroxy- 
tryptamine (5-HT) sensitivity of this enzyme from rat 
brain but not from rat liver and suggested that the 
brain aryl acylamidase could serve as a model for 
the study of the mechanism of action of 5-HT in the 
mammalian central nervous system. In the present 
work it is demonstrated that not only 5-HT but also 
acetylcholine and several of its analogues inhibit the 
partially purified aryl acylamidase from sheep brain. 
The insensitivity of the sheep liver acylamidase to 
these inhibitors is also noted. Factors which influence 
the inhibition and attempts at modifications of the 
brain enzyme to locate the 5-HT and acetylcholine 
sensitive sites are also presented. 


MATERIALS AND METHODS 


5-Hydroxytryptamine creatinine sulphate, trypt- 
amine hydrochloride, histamine dihydrochloride, tyr- 
amine hydrochloride, dopamine hydrochloride, 
benzylamine, benzoylcholine chloride, succinylcholine 
chloride, butyrylcholine chloride, acetylthiocholine 
iodide, propionylcholine chloride, p-chloromercuri- 
benzoate (pCMB), tetranitromethane, Tris (hydroxy- 
methyl) aminomethane, glycine, tryptophan and neur- 
aminidase (Cl. perfringens) and bovine serum albumin 
were from Sigma Chemical Co. Acetyl-f-methylcho- 
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line bromide and acetylcholine iodide were from Cal 
Biochem.; choline chloride from E. Merck Ag. Darm- 
stadt; L-glutamine, L-histidine, iodoacetamide and 
gamma amino butyric acid from Nutritional Bio- 
chemicals Corporation; L-tyrosine from BDH, Eng- 
land; N-ethylmaleimide from Schwarz Bioresearch 
Inc.; dithiothreitol from Seikagaku Fine Biochemi- 
cals; Sephadex from Pharmacia Fine Chemicals and 
Triton X-100 from Rohm and Hass. All other chemi- 
cals used were of the highest purity available. 

Sheep brain and liver were obtained fresh immedi- 
ately after killing the animal from the slaughter house 
and stored frozen at — 18° until required. 

Preparation of o-nitroacetanilide. o-Nitroaniline, 
1 gm, was refluxed with 5.0ml of acetic acid and 
5.0 ml of acetic anhydride for 30min. The resulting 
solution was then poured while hot and while stirring 
into approximately 25 ml of ice-cold water. After leav- 
ing aside for | hr, the product was filtered under suc- 
tion, washed with a minimum amount of water and 
recrystallized thrice from hot water. The o-nitroace- 
tanilide so prepared had a m.p. of 93-94°. 

Partial purification of aryl acylamidase from sheep 
brain. All operations were performed at 04° unless 
otherwise mentioned. Frozen sheep brain, 40g, was 
homogenized in a Potter-Elvehjem homogenizer with 
80 ml of 0.05™M potassium phosphate buffer pH 7.0 
containing 0.5% (v/v) Triton X-100. The homogenate 
was kept at 0° for 60min and then centrifuged at 
12,000 g for 30 min. The supernatant was brought to 
30°,, ammonium sulphate saturation by the addition 
of 12g of ammonium sulphate and centrifuged for 
30 min at 12,000 g. The precipitate was discarded and 
the supernatant was raised to 65°, ammonium sul- 
phate saturation by the addition of 124g of 
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ammonium sulphate, centrifuged for 30min at 
12,000 g and the precipitate was dissolved in 5.0 ml 
of 0.05M potassium phosphate buffer pH 7.0. Ali- 
quots of 2.0ml were applied to a Sephadex G-200 
column (39 x 2.3 cm) equilibrated with 0.05 M potas- 
sium phosphate buffer pH 7.0 containing 0.1 M NaCl 
and eluted with the same buffer. Fractions of 5.0 ml 
were collected. The active fractions appearing in the 
void volume were pooled and centrifuged at 12,000 g 
for 30min. The resultant supernatant was dialyzed 
against 10 vol. of 0.05 M potassium phosphate buffer 
PH 7.0, for 14 hr with 2 changes of buffer. The enzyme 
was concentrated about 5.5-fold by lyophilization fol- 
lowed by dialysis against 50 vol. of 0.05 M potassium 
phosphate buffer pH 7.0 for 14hr with 2 changes of 
buffer. The final dialyzed fraction was centrifuged at 
12,000 g for 30 min and the supernatant was used as 
the enzyme source from sheep brain. The enzyme 
thus prepared could release 0.34 umoles of o-nitro- 
aniline/mg protein/hr under the standard assay condi- 
tions. Sheep liver was subjected to similar treatment 
when used as the source of enzyme. The liver enzyme 
liberated 0.25 ymoles of o-nitroaniline/mg protein/hr 
under the standard assay conditions. 

Neuraminidase treatment. Sheep brain enzyme 
0.43 ml (2.9 mg protein) was incubated with 0.2 ml 
(0.28 units) ‘of Cl. perfringens neuraminidase and 
70 upmoles of sodium acetate buffer pH 5.0 in a total 
vol. of 0.7 ml at 37° for 60 min and chilled in ice for 
5min before use. Controls without neuraminidase 
were incubated under the same conditions. 

Tetranitromethane treatment. Sheep brain enzyme, 
0.45ml (3mg protein) was mixed with 0.05ml 
0.084 M tetranitromethane (a solution in 95% eth- 
anol). The mixture was shaken for 60min at room 
temperature and chilled in ice for 5 min. To separate 
the excess tetranitromethane from the enzyme, 0.2 ml 
of the mixture was applied to a Sephadex G-50 
(20 x lcm) column equilibrated with 0.05M 
Tris-HCI buffer pH 8.0 containing 0.1 M NaCl and 
1.0 ml fractions were collected. The active fractions 
were pooled and used as the source of tetranitrometh- 
ane treated enzyme [7]. 

Assay of aryl acylamidase. The assay mixture con- 
sisted of SOpumoles potassium phosphate buffer 
pH 7.0, 4.5 umoles o-nitroacetanilide and 0.05 to 
0.1 ml enzyme in a total vol. of 0.5 ml. After incuba- 
tion for 2hr at 37° the reaction was stopped by the 
addition of 2.5 ml of 0.19N perchloric acid and the 
liberated o-nitroaniline was measured at 430nm 
within 10 min of addition of perchloric acid. 

The reaction rate was linear with respect to time 
and enzyme concentrations in all the assays. The vel- 
ocity was linear for a minimum of 2.5hr up to a 
maximum protein concentration of 0.45 mg (0.15 ml 
enzyme). 

Protein estimation. Protein was estimated according 
to the method of Lowry et al. [8] using crystalline 
bovine serum albumin as standard. 


RESULTS 


Triton X-100 was essential for maximal extraction 
of the enzyme which suggested that the aryl acylami- 
dase of the brain was a membrane-bound enzyme. 
Solubilization with Triton X-100 followed by 
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Fig. 1. The inhibition of brain aryl acylamidase by various 

amines. (@) 5-HT (©) Tryptamine (4) Dopamine. Tyra- 

mine, histamine and benzylamine (not shown in the figure) 

were non-inhibitory up to concentrations of 10mM. 

Results are the average of values from duplicate experi- 

ments which did not differ from each other by more than 
5 per cent. 


ammonium sulphate fractionation and gel filtration 
gave an enzyme from sheep brain that was 6-fold 
purified with a recovery of 23 per cent. 

Inhibition by amines. The enzyme was inhibited to 
about 75 per cent by 5-HT and to a lesser degree 
(45 per cent inhibition) by tryptamine at 1 mM con- 
centrations, but practically unaffected by tyramine, 
histamine, noradrenaline, dopamine and benzylamine 
at the same concentrations (Fig. 1). Dopamine at con- 
centrations above 1mM _ was slightly inhibitory but 
none of the other amines was inhibitory up to 10 mM 
concentrations. The enzyme was also unaffected by 
a number of amino acids such as tryptophan, histi- 
dine, glycine, glutamine and gamma aminobutyric 
acid at concentrations up to 10mM. 

Inhibition by acetylcholine and other choline deriva- 
tives. The brain enzyme was also inhibited by acetyl- 
choline and a number of its analogues and homolo- 
gues (Fig. 2). Butyrylcholine was the most potent in- 
hibitor while succinylcholine, benzoylcholine and 
choline, acetylcholine, acetylthiocholine, acetyl-f- 
methylcholine and propionylcholine inhibited to a 
lesser extent. 

Nature of the inhibition. Figures 3 and 4 indicate 
the non-competitive nature of the inhibition by 5-HT 
and acetylcholine respectively as determined by the 
Lineweaver—Burke plots. K; values for 5S-HT and ace- 
tylcholine were 0.55mM and 2.5mM respectively as 
determined by the method of Dixon [9]. 5-HT and 
acetylcholine inhibition was also found to be rever- 
sible because the enzyme preincubated with either of 
these inhibitors upon gel filtration on Sephadex G-50 
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Fig. 2. The effect of various cholines on brain aryl acylami- 
dase. (O) butyrylcholine (V) benzoylcholine (A) acetylthio- 
choline (@) choline (0) acetylcholine (A) propionylcholine 
(x) succinylcholine, (@) acetyl-f-methylcholine. Results 
are the average of values from duplicate experiments which 
did not differ from each other by more than 5 per cent. 


to remove the small molecular weight inhibitors 
regained almost its full original activity. 

Other studies on the inhibition of the sheep brain 
enzyme. Except Hg?* which almost completely inhi- 
bited the enzyme, the metal ions Cu?*, Zn?*, Ca?*, 
Mg?*, Mn?* and Fe?* and EDTA at 2mM had no 
significant effect on the enzyme. The presence of 
EDTA, Ca?* and Fe** did not influence the inhibi- 
tion of the enzyme by either 5-HT or acetylcholine. 
The sheep brain aryl acylamidase exhibited a broad 
pH optimum ranging from pH 6.5 to pH 8.0. A study 
of 5-HT and acetylcholine inhibition at various pH 
indicated that these substances were inhibitory at all 
the pH tested and that the extent of inhibition in- 
creased from the acid to the alkaline range (Fig. 5). 
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Fig. 3. Lineweaver—Burke plots of the velocity of aryl acy- 

lamidase as a function of the concentration of o-nitroace- 

tanilide measured in the absence of 5-HT (@), in the pres- 

ence of 5 x 10-5 M 5-HT (A), 1 x 10~* M 5-HT (0) and 
4 x 10°-* M 5-HT (A). 
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Fig. 4. Lineweaver-Burke plots of the velocity of aryl acy- 

lamidase as a function of the concentration of o-nitroace- 

tanilide measured in the absence of acetylcholine (@) in 

the presence of 2x 10~3M acetylcholine (©) and 
6 x 10-3M acetylcholine (A). 


NaCl up to concentrations of 0.3M did not affect 
aryl acylamidase activity significantly nor its inhibi- 
tion by either 5-HT or acetylcholine. Inhibition of 
the enzyme by both 5-HT and acetylcholine was 
found to decrease by 20 and 30 per cent respectively 
when the temperature of incubation was increased 
from 4° to 38°. Preincubation of the enzyme with the 
thiol reagents pCMB, N-ethyl-maleimide and iodo- 
acetamide at 10 mM concentrations for 10 min. at 37° 
resulted in neither loss of activity nor alteration in 
the extent of inhibition by 5-HT or acetylcholine. 
Treatment with 10mM dithiothreitol for 20 min at 
37° although reduced enzyme activity by about 20 
per cent was not found to affect either 5-HT or acetyl- 
choline inhibition. 

Neuraminidase treatment affected neither enzyme 
activity nor the inhibition by either 5-HT or acetyl- 
choline. Tetranitromethane treatment of the enzyme 
resulted in about 50 per cent decrease in the enzyme 
activity. The extent of inhibition of this nitrated 
enzyme was tested in the presence of 5-HT at concen- 
trations ranging from 0.2 mM to 0.4mM and by ace- 
tylcholine at 2mM to 10mM. The inhibitions were 
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Fig. 5. pH optima profiles of brain aryl acylamidase in 
the absence of inhibitor (@), in the presence of 0.2mM 
5-HT (©) and in the presence of 4mM acetylcholine (A). 
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Table 1. Mixed inhibitor studies 





Acetylcholine 


mM mM 


Butyrylcholine 


% Inhibition of aryl acylamidase 
Observed Expected* 





4.0 
4.0 — 


56 


100 





Results are the average of values from duplicate experiments which did not differ from each other 


by more than 5 per cent. 


*Sum of the percentage inhibition caused by each of the inhibitors at the concentrations used. 
It is the inhibition that would be expected if the inhibitors were to act at independent sites on the 


enzyme without mutual competition. 


found to be reduced by about 50 and 20 per cent 
respectively by 5-HT and acetylcholine as compared 
to the untreated enzyme. 

Mixed inhibitor studies. Inhibition studies were car- 
ried out in the presence of both 5-HT and acetylcho- 
line or 5S-HT and butyrylcholine at different concen- 
trations. The observed inhibitions were less than the 
sum of the individual inhibitions (Table 1). 

Sheep liver aryl acylamidase. Studies on the aryl 
acylamidase prepared from sheep liver showed that 
the enzyme was not affected by any of the amines 
or acetylcholine analogues and homologues which 
were inhibitory to the brain enzyme and which are 
described under Figs | and 2. 


DISCUSSION 


_ The observation that aryl acylamidase from sheep 
brain similar to the enzyme from rat brain [6] was 
strongly inhibited by 5-HT prompted us to study the 
effect of other neurotransmitters on the enzyme. 
Amongst the amines tested only 5S-HT and tryptamine 
showed significant inhibition at low concentrations. 
A number of other amines and amino acids did not 
inhibit the enzyme while acetylcholine, butyrylcholine 
and other choline derivatives were found to be potent 
inhibitors of this enzyme. The observation that 5-HT 
and tryptamine are the only two potent inhibitors 
of the enzyme among the amines tested suggested that 
the basic 2-(3-indolyl) ethylamine structure was essen- 
tial for inhibition. Substitution in the side chain of 
the above structure with a carboxyl group as in tryp- 
tophan appeared to make the compound non-inhibi- 
tory. The inhibition by acetylcholine, its various ana- 
logues, homologues and choline chloride indicated 
that the choline moiety was required for the observed 
inhibition. Further studies were then concentrated on 
the inhibition of the brain enzyme by both 5-HT and 
acetylcholine. Lineweaver—Burke plots indicated the 
non-competitive nature of these inhibitions and gel 
filtration experiments showed that the inhibition was 
reversible. The increase in inhibition found with a pH 


change from pH 5.5 to pH 8.0 may be suggestive of 
basic groups involved at the site of inhibition. The 
lack of significant alterations in the level of inhibition 
in the presence of NaCl up to concentrations of 0.3 M 
rules out the, possibility of an ionic interaction 
between either 5-HT or acetylcholine and the enzyme. 
Again the lack of any effect on either enzymatic ac- 
tivity or on the inhibition by a number of metal ions 
apart from Hg?~* as well as EDTA seems to suggest 
that these metal ions are not involved in either the 
enzyme activity or the inhibition. The strong inhibi- 
tion of enzymatic activity by Hg?* could be sugges- 
tive of -SH group(s) at the active site, though the 
total lack of any effect of the three thiol reagents, 
pCMB, N-ethyl-maleimide and iodoacetamide on 
enzyme activity rules out this possibility. In this 
aspect, the sheep brain enzyme differs from the 
enzyme from bacterial [10] and plant[11} sources, 
both of which are reported to be sensitive to thiol 
reagents. The absence of active -SH groups at the 
site of inhibition by either 5-HT or acetylcholine is 
indicated by the insensitivity of these inhibitions to 
the above mentioned thiol reagents. Although treat- 
ment with dithiothereitol slightly reduced the enzyme 
activity it did not affect either 5-HT or acetylcholine 
inhibition of the enzyme, presumably because no dis- 
ulfide bonds are operative at the inhibition site(s). The 
failure of neuraminidase to alter either enzyme ac- 
tivity or the extent of inhibition by either 5-HT or 
acetylcholine points to the non-involvement of sialic 
acid residues in either process. Inhibition of enzyma- 
tic activity by tetranitromethane could suggest in- 
volvement of tyrosine residues for maximal activity. 
The definite drop in inhibition by both 5-HT and 
acetylcholine of the tetranitromethane treated sheep 
brain enzyme could also be attributed to a require- 
ment of tyrosine residues at the inhibition site(s). 
The numerous similarities in the inhibition of the 
aryl acylamidase from sheep brain by 5-HT and ace- 
tylcholine suggest that both these inhibitors act on 
either the same or similar sites on the enzyme. The 
probability that both inhibitors act at the same site 
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was strengthened after mixed inhibitor studies. The 
observed inhibition in the presence of both 5-HT and 
acetylcholine should be the sum of the individual in- 
hibitions if independent inhibition sites are envisaged, 
while if only one inhibition site is operative the 
observed inhibition will be less than the sum of the 
individual inhibitions due to competition between the 
inhibitors. The data in Table 1 support the latter pos- 
sibility. 

In accordance with the observation of Fujimoto [6] 
that the rat liver enzyme vulike the rat brain enzyme 
was totally unaffected by 5-HT or tryptamine, the 
present studies on the sheep liver enzyme also indi- 
cated that it was unaffected by not only 5-HT and 
tryptamine but also by acetylcholine and its ana- 
logues and homologues. 

The marked inhibition of aryl acylamidase by 5-HT 
and acetylcholine may prove useful in determining 
this enzyme activity as an indirect index of 5S-HT and 
acetylcholine concentrations in the brain tissue. 
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Abstract—The antitumor agent, ellipticine (5,1 1-dimethyl-6H-pyrido[4-3,b]carbazole) is mainly hydrox- 
ylated in position 9 by liver microsomes of differently pretreated rats, this result being in agreement 
with that obtained previously in vivo. A quick and reliable fluorometric assay, based on the differential 
fluorescent properties of ellipticine and 9-hydroxyellipticine, is described for the measurement of the 
9-hydroxylase activity of different microsomes. This activity exhibits the usual features of the cyto- 
chrome-P450-dependent monooxygenases. Control rat liver microsomes exhibit a good affinity for ellip- 
ticine (K,, = 3 x 1075 M) but a low specific activity (0.1 nmole min~' mg protein ~'), perhaps related 
with an excess substrate inhibition. Pretreatment of rats with benzo[a]pyrene or ellipticine enhances 
the rate of 9-hydroxylation: pretreatment with phenobarbital does not. Metyrapone and 7,8 benzofla- 
vone are poor inhibitors of ellipticine hydroxylation particularly in microsomes from benzo[a]pyrene- 


or ellipticine-pretreated rats. 


Ellipticine and a number of its derivatives exert some 
interesting therapeutic actions. Among them, 9-hyd- 
roxyellipticine proved very active against L1210 mur- 
ine leukaemia[1]. The anti-inflammatory [2], try- 
panocidal [3] bacteriostatic and _bacteriocidal [4] 
properties of this compound as well as its toxicity [5] 
have also been studied. The physiological distribution 
of ellipticine in tissues, and its excretion have been 
studied in mice [6], dogs and rats [7]. It appears that 
the drug is rapidly cleared from blood, then widely 
distributed in tissues and finally excreted, principally 
in the feces through biliary secretion. A fraction of 
ellipticine was excreted after metabolic transforma- 
tion into 9-hydroxyellipticine and eliminated as a glu- 
curonic acid conjugate [8]. 

The studies on antitumor activity of ellipticine de- 
rivatives revealed that the use of 9-hydroxyellipticine 
instead of ellipticine enhanced the antileukaemic effi- 
ciency [9]. Moreover, it seems that some antican- 
cerous agents such as aniline mustard [10], cyclo- 
phosphamide [11], prednisone, prednisolone and pro- 
carbazide [12] must be activated by the enzymes loca- 
lized in the endoplasmic reticulum to exert their anti- 
tumor action. Consequently, it was interesting to 
study the metabolization of ellipticine by the micro- 
somal cytochrome P450-dependent hydroxylation 





Abbreviations used are: 9-OH-E, 9 hydroxyellipticine; 
TLC, thin layer chromatography; NMR _ spectroscopy, 
nuclear magnetic resonance spectroscopy; MP, metyra- 
pone; 7,8-BF, 7,8-Benzoflavone; PB, phenobarbital; BP, 
benzo[a]pyrene; TMS, buffer pH 7.5, 50mM_ Tris-HCl, 
3mM MgCl,, 200mM sucrose; DMF, dimethylforma- 
mide. 


system, to compare the in vitro results with those 
obtained in vivo and to test the importance of the 
metabolism of this drug for its anticancer activity. 
It was important also to estimate the effect of certain 
drugs currently used in therapeutics, such as barbi- 
turic acid derivatives, or widespread in the environ- 
ment, like polycyclic hydrocarbons, on ellipticine 
metabolism. 

Very recently we have shown that ellipticines 
strongly bind to the iron of oxidized and reduced 
P450-cytochromes and particularly to cytochrome 
P448, acting consequently as good inhibitors of ben- 
zo[a]pyrene hydroxylase [13]. 

In this paper, we describe the hydroxylation of 
ellipticine by liver microsomes of control and differ- 
ently pretreated rats. For the quantitative determina- 
tions, a fluorometric assay has been devised, based 
on the differential fluorescent properties of ellipticine 
and 9-hydroxyellipticine which appeared as the major 
metabolite. The influence, on the 9-hydroxylation of 
ellipticine, of known inhibitors of cytochromes P450 
or P448 and of the pretreatment of rats by ellipticine 
itself or known inducers of cytochrome P450 or P448, 
is reported. 


MATERIALS AND METHODS 


Chemicals. Ellipticine and its 9-methoxy derivative 
were prepared according to the method of Dal- 


ton[14]. The synthesis of 9-hydroxyellipticine 
(9-OH-E) has been already described [15]. The purity 
of these compounds was checked by TLC and NMR 
spectroscopy and found to be better than 95 per cent. 
Metyrapone (MP) was obtained from Ciba-Geigy, 
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7,8-Benzoflavone (7,8-BF) was purchased from Pro- 
labo. 

Microsomal preparations. They were obtained from 
male Wistar A.G. rats weighing about 150g. When 
the animals were induced, they received intraperi- 
toneally 80 mg/kg phenobarbital (PB) (one dose/day 
for 3 days) or 20 mg/kg benzo[a]pyrene (BP) or ellip- 
ticine dissolved in olive oil (one dose/day for 2 days). 
The animals were killed the day after the last injec- 
tion. 

Livers were removed immediately after perfusion 
of animals with a 0.9% sodium chloride solution, then 
washed and homogenized in three vol. 50mM 
Tris-HCl, 3mM MgCl, and 200 mM sucrose (TMS), 
pH 7.5. Preparation was carried out at 4°. The homo- 
genate was centrifuged at 9,000g for 20 min and the 
supernatant at 100,000 g for 60 min. The pellet (micro- 
somes) was taken up in the same volume of TMS 
buffer, washed and recentrifuged at 100,000g for 
30 min. Microsomes were suspended in a small 
volume of TMS so that the protein concentration, 
determined by the method of Lowry et al. [16] was 
approximately 40 mg/ml. The microsomal cyto- 
chrome P450 content was determined according.to 
Omura and Sato [17]. 

Fluorometric determination of 9-hydroxyellipticine 
formation. The hydroxylation of ellipticine was deter- 
mined fluorometrically as follows: ellipticine (up to 
188 nmoles) in 5 yl DMF was added to the reaction 
mixture (final volume:1.1 ml) containing in TMS 
buffer pH 7.5, 1 mg NADPH and microsomal suspen- 
sion (2 mg protein/ml). After a 20 min incubation at 
37° the reaction was stopped by shaking the mixture 
for 1 min, with 2ml ethyl acetate and 0.05ml IN 
NaOH which causes 30 per cent increase of fluor- 
escence intensity. After centrifugation the concen- 
tration of 9-hydroxyellipticine in organic solution was 
determined spectrofluorometrically with excitation at 
436 nm and fluorescence emission at 475 nm with the 
use of a Zeiss PMQII spectrophotofluorometer: 
under these conditions, the extracted ellipticine exhi- 
bited a very weak fluorescence. The results were com- 
- pared with those of a standard curve given by pure 
9-hydroxyellipticine solution extracted under the 
same conditions (see below). We verified that in the 
used extraction conditions 9-hydroxyellipticine is 
completely recovered. 

Isolation of ellipticine metabolites. Ellipticine meta- 
bolites were separated by TLC on silica-gel. The solu- 
tion of metabolites was concentrated under vacuum 
then taken up in the minimum volume of ethyl acet- 
ate and chromatographed, for 30 min with a mixture 
benzene-chloroform-ethanol (9:6:3, v/v/v). 


RESULTS 


Nature of the metabolites. The main metabolite of 
ellipticine, obtained by incubation with hepatic 
microsomes of phenobarbital pretreated rat in pres- 
ence of NADPH and O,, is 9-hydroxyellipticine (Fig. 
1). This result is in agreement with previous results 
obtained in vivo [8, 18]. Several characteristics of this 
metabolite: its R, in thin layer chromatography (the 
corresponding spot being intensively red-colored 





* To be published. 
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Fig. 1. Chemical structure of ellipticine and its main in 
vitro metabolite. 


when exposed to iodine), its u.v. spectrum 
(Amax = 273 and 288 nm in ethyl acetate), its fluor- 
escence spectra (Fig. 2a), its proton NMR and mass 
spectra* are identical to those of an authentic sample 
of 9-hydroxyellipticine. So, in vitro, the main micro- 
somal oxidation of ellipticine is a hydroxylation of 
the aromatic nucleus in a position that is para to 
the indole nitrogen. A second metabolite appears in 
smaller quantities during microsomal NADPH 
dependent mixed function oxidation of ellipticine. In 
TLC, a second spot appears with a Ry, higher than 
that of 9 OH-E. This other metabolite, the structure 
of which is under study,* was also found in vivo [18]. 
Similar results are obtained with liver microsomes 
from control or phenobarbital-, benzo[a]pyrene- and 
ellipticine-treated rats. 
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Fig. 2. Fluorometric data concerning the measurement of 
microsomal ellipticine hydroxylation. (a) Fluorescence 
emission spectra of ellipticine and 9-hydroxyellipticine 
solutions (Syg/ml in 2ml ethyl acetate + 0.05 ml 
NaOH IN). ——-, excitation at 405 nm; ——, excitation at 
436nm. Slitwidth: 0.5mm. (b) Standard curve for the 
determination of 9-hydroxyellipticine concentration in the 
fluorometric test conditions (see Materials and Methods). 





The hydroxylation of the antitumor agent 


Table 1. Effects of various incubation conditions on the 
9-hydroxylation of ellipticine by control rat microsomes 





Incubation system % Activity 





Complete system* 

— NADPH 

—O,, +N), 

— NADPH + NADH (1073 M) 
+ NADH (1073 M) 

+ CO (10~3 M) 

+ Deoxycholate (5 x 10~3 M) 
Boiled microsomes 





* The complete system contained in 1.1 ml TMS buffer 
pH 7.5: 2mg of microsomal protein, 4 x 10~* M ellipti- 
cine and 10°? M NADPH. Each value represents the mean 
of 2-5 determinations. 


Quantitative detection of 9-hydroxyellipticine. In 
order to compare the activities of microsomal hy- 
droxylases under different conditions towards ellipti- 
cine, we first devised a sensitive assay for detecting 
ellipticine 9-hydroxylase activity, utilizing the 
observed differences in fluorescence between ellipti- 
cine and 9-hydroxyellipticine. The fluorescence spec- 
tra of 9-OH-E and ellipticine itself with excitation 
at 405 or 436nm are compared in Fig. 2a. With a 
436 nm excitation, the spectra of the two compounds 
are sufficiently different to permit a quantitative 
measurement of 9-OH-E even in the presence of ellip- 
ticine in excess. The determination of the amount of 
9-OH-E formed after microsomal hydroxylation of 
ellipticine can then be made after extraction of the 
incubation mixture by ethyl acetate and NaOH 
(9-OH-E is extracted by ethyl acetate even from alka- 
line water), centrifugation of the organic phase, 
measurement of its fluorescence intensity at 475 nm 
and extrapolation from the standard curve of Fig. 2b. 
One then can detect 0.05-0.1 ug/ml of 9-OH-E 
(200-400 pmoles/ml). 


Factors affecting the microsomal 9-hydroxylation of 
ellipticine in vitro 

Cofactor requirements. Like other microsomal mix- 
ed-function oxidations the 9-hydroxylation of ellipti- 
cine requires NADPH and molecular oxygen (Table 
1). NADH is far less effective as an electron donor, 
but used together with NADPH, it produces a slight 
stimulation. Heat denatured microsomes are totally 
inactive. Deoxycholate completely inhibits the reac- 
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Fig. 3. Effect of microsomal protein concentrations on 
ellipticine hydroxylation. The amount of 9-hydroxyellipti- 
cine formed in | min is plotted against substrate concen- 
tration. The microsomal preparation from a control rat 
was used: the protein concentrations were 1.5 mg @——®, 
l1mg O——O, 055mg A——A per ml respectively. All 
other conditions are described in Materials and Methods. 


tion because of its denaturing effect on the enzyme 
organization in the microsomal membrane. 

Kinetic experiments. The reaction is linear with 
time during the first 20 min at 37°. A 10>? M NADPH 
concentration is necessary to reach the maximum hy- 
droxylation rate. Figure 3 shows the dependence of 
the hydroxylation reaction rate on substrate concen- 
tration, at different microsomal protein concen- 
trations. Especially at low protein concentrations, one 
observed a decrease of the reaction rate for ellipticine 
concentrations above 10~* M instead of the classical 
saturation effect. This may be due to an inhibitory 
effect of ellipticine on its own hydroxylation, as we 
showed that this compound has a very high affinity 
for cytochrome P450-Fe(III) or Fe(II)[13], or to a 
non specific effect of denaturation of the microsomal 
proteins by ellipticine which is highly hydrophobic. 
The dependence of ellipticine hydroxylation on 
microsomal protein concentrations is then linear up 
to 3mg of protein/ml. The K,, value (~2.10~° M) 
(Fig. 4) indicates a good affinity of the ellipticine for 
the hydroxylation system. This result is in good agree- 
ment with the very high affinity found from the spec- 
tral interactions: ellipticine is a type II substrate for 
cytochrome P450, exhibiting a K, of 7 x 10°7M 


Table 2. Kinetic analysis of ellipticine 9-hydroxylase activity in microsomes from variously pretreated rats 





Position of the Total 
Soret peak 
after CO 


titration (nm) 


content 
Treatment 


cytochromes-P450 


nmoles/mg protein 


V, 
max 
nmoles/min/mg 
protein 





None 


0.55 
Phenobarbital 2 
Benzo[a ]pyrene 1 
Ellipticine 1 


0.09 + 0.005 
0.08 + 0.005 
0.14 + 0.003 
0.22 + 0.004 


He HH H+ 
NNNN 
m= Mh 





The kinetic experiments were carried out with sufficiently high microsomal protein concentration (~2mg per ml) 
to avoid the inhibition by an excess of substrate. Ellipticine concentration varies from 1 x 10°*M to 1.7 x 10°*M. 
The K,, and V,,,, were mean values from 2 to 5 experiments and were determined by the Lineweaver—Burke plot. 
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Fig. 4. Dependence of ellipticine 9-hydroxylase activity on 

substrate concentration (Lineweaver—Burke plot). Micro- 

somes from a control rat were used (1.5 mg protein/ml). 

All other conditions are described in Materials and 
Methods. 


[13]. The K,, for its hydroxylation is however differ- 
ent from the spectral K, for its binding to cytochrome 
P450; this feature has been often reported for type 
II substrates of cytochrome P450 [19]. 

Effects of pretreatment. Table 2 compares the kin- 
etic data of the 9-hydroxylation of ellipticine by 
microsomes of differently pretreated rats. PB induc- 
tion does not increase the hydroxylating activity of 
microsomes towards ellipticine: the specific activity 
remains roughly unchanged (in fact, the rate of eilipti- 
cine hydroxylation expressed in nmoles/min/nmole 
cytochrome P450 even decreases from 0.16 to 0.04) 
and the affinity for the substrate slightly decreases. 
However, induction by polyaromatic compounds, BP 
and ellipticine itself, leads to an increase of the 
specific activity. It is noteworthy that ellipticine 
9-hydroxylase activity is more increased after pre- 
treatment by ellipticine itself than by BP, at least 
when an equal dose of both compounds which is that 
generally used for BP induction, is given to the rats. 

Effect of inhibitors. Carbon monoxide which is able 
to compete for oxygen [20] for the reduced form of 


the heme iron inhibits the 9-hydroxylation of ellipti- 
cine (Table 1). The data shown in Table 3 indicate 
that metyrapone and 7,8 benzoflavone, which are 
known inhibitors of cytochrome P450 and cyto- 
chrome P448 dependent monooxygenases, appear as 
rather poor inhibitors of ellipticine hydroxylation. 
Cyclohexane, even up to 10~?M was totally ineffec- 
tive in all cases. Ellipticine [18] and BP, like the other 
polycyclic aromatic hydrocarbons [21] specifically in- 
duce the formation of cytochrome P448 and lead to 
the highest ellipticine hydroxylation activities (Table 
2). On the other hand, 7,8 benzoflavone, a known 
inhibitor of the cytochrome P448 dependent micro- 
somal hydroxylation of polycyclic aromatic hydro- 
carbons [22] does not affect ellipticine 9-hydroxylase 
activity in microsomes from BP- or ellipticine-pre- 
treated rats. In Table 3, are included, for comparison, 
the results concerning the inhibitory effects of 7,8-BF 
and metyrapone on BP hydroxylase activity of the 
microsomes from PB- and BP-pretreated rats that 
were used previously for the study of ellipticine hy- 
droxylation. One thus observes expected important 
inhibitions of this activity by 7,8-BF after BP induc- 
tion and by metyrapone after PB induction. Metyra- 
pone almost exclusively inhibits the hydroxylation of 
ellipticine by PB induced microsomes. This is easily 
understandable as metyrapone exhibits a particular 
affinity for that cytochrome P450 form which is in- 
duced by PB [23] and is a particularly good inhibitor 
for the hydroxylating activities dependent of that 
cytochrome P450 form [24, 25]. 


DISCUSSION 


Rat liver microsomes, in the presence of NADPH, 
are able to hydroxylate ellipticine principally in a pos- 
ition that is para to the indole nitrogen. This transfor- 
mation is catalyzed by cytochromes-P450 dependent 
monoox ygenases as indicated by its cofactor require- 
ment and its sensitivity to carbon monoxide and in- 
ducers of these monooxygenases. Phenobarbital induc- 
tion generally enhances the microsomal mixed-func- 
tion oxidations of exogenous compounds [26]. Ellipti- 
cine is an exception of this general rule as its micro- 
somal hydroxylation rate decreases after PB treat- 
ment but increases significantly after benzo[a]pyrene 


Table 3. Inhibitory effects of metyrapone and 7,8 benzoflavone on ellipticine hydroxylation by microsomes 
of control and pretreated rats 





Microsomes 





Compound added 


Control PB BP 


Ellipticine 





to incubation Concentration 


mixture 


Inhibition of ellipticine* hydroxylation (%) 





Metyrapone 


7.8 benzoflavone 


63 0 17 
28 (80)t 0 (2) 0(0) 
16 0 0 
45 0 0 
32 (24) 0 (78) 0 (55) 
27 0 0 





* Substrate concentration: 8.4 x 107° M. 


Each value represents the mean of three determinations. 
+ Inhibition of the BP hydroxylase activities (%) of the same microsomal preparations are indicated 


in parenthesis for comparison (from ref. 13). 





The hydroxylation of the antitumor agent 


pretreatment. In that respect, 9-hydroxylation of ellip- 
ticine resembles the 10-hydroxylation of nortriptyline 
and the 2-hydroxylation of desmethylimipra- 
mine [27]. Accordingly, PB induction causes a de- 
crease of three microsomal nortriptyline, desmethy- 
limipramine and ellipticine hydroxylase activities (re- 
spective decrease: 13, 19 and 11 per cent) though BP 
induction stimulates them (33, 19 and 56 per cent 
increase). 

Compared to other substrates of the microsomal 
monooxygenation system [25], the affinity of ellipti- 
cine for P450-cytochromes is rather high 
(K, =~ 5.10~’-10~° M) [13]. There is nevertheless an 
apparent discrepancy between this affinity for cyto- 
chromes P450 and the weak specific activities exhi- 
bited by all microsomal preparations compared with 
those reported in the literature for numerous other 
drugs. The complete lack of inhibition by 7,8-BF of 
ellipticine 9-hydroxylase activity which is increased 
after BP pretreatment, is also surprising. A possible 
explanation of these data is based on the high affinity 
of ellipticine, as a pyridinic ligand of cytochromes 
P450-Fe(II), as shown by spectral interactions 
studies [13]. For this reason, ellipticine should be able 
to inhibit oxygen fixation and activation. Accordingly, 
we have shown that it is a good inhibitor of BP hy- 
droxylase, much better than 7,8 BF (the I<, of ellipti- 
cine being about 10-fold smaller) [13]. For the same 
reason, ellipticine should inhibit its own hydroxyl- 
ation, explaining the weak specific activities herein 
reported and the shape of the curves of Fig. 3. So 
it is likely that 7,8 BF, which is a weaker inhibitor 
of BP hydroxylase than ellipticine, is also a weaker 
inhibitor of ellipticine hydroxylation than ellipticine 
itself. This may explain the weak effect of 7,8 BF on 
ellipticine hydroxylation, particularly for microsomes 
from BP pretreated rats, the affinity of ellipticine for 
cytochrome P448 being especially high [13]. All these 
results indicate that the pyridinic compound, ellipti- 
cine, because of its polyaromatic structure, plays for 
cytochrome P448, the same role as metyrapone, and’ 
other pyridinic compound, for the cytochrome P450 
form induced by phenobarbital. Accordingly, we 
showed that ellipticine inhibits strongly the cyto- 
chrome P448 dependent benzo[a]pyrene hydroxyl- 
ation and its covalent binding to DNA [13]. 

The fluorometric test described allows a quick and 
reliable measurement of a microsomal activity which 
is stimulated by induction by polyaromatic com- 
pounds. However, its sensitivity (minimum metabolite 
amount detected: 200-400 pmoles of 9-OH ellipticine 
per ml) is not as good as those of the 7-ethoxy-cou- 
marine dealkylation (10-20 pmoles/ml) [28] or ben- 
zo[a]pyrene hydroxylation (1 pmole/ml) [29] tests. 

The observed 9-hydroxylation of ellipticine in vitro 
is in agreement with previous results obtained in 
vivo [8, 18]. The effects of inducing agents on ellipti- 
cine hydroxylation should permit to interpret the 
variability in therapeutic efficacy and toxicity of this 
drug. As 9-hydroxy-ellipticine is a better antitumor 
agent than ellipticine itself on L1210 mouse leukae- 
mia [9], it seems that a part, if not the whole antitu- 
mor effect of ellipticine could be due to its 9-hydroxy- 
lation. 
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Abstract—Thymidine concentrations were determined in the serum and urine of different animal species 
and man with a sensitive microbiological method, using Lactobacillus arabinosus ATCC 8014. In 
contrast to man, dog and other higher animals, where little or no thymidine could be found, consider- 
able amounts (0.1—1 ug/ml) were present in serum and urine from rat and mouse. In mice thymidine 
concentrations were seen to be enhanced by infections. Some tissue values of rats were determined 
and the influence of the sample preparation on the amount of thymidine found was investigated. 


During the microbiological determination of sulfona- 
mides, trimethoprim or related compounds in serum 
and urine, we had previously found (unpublished 
results) that unlike with man, difficulties arose with 
samples from several animal species. Using Bacillus 
subtilis or Bacillus pumilus as test organisms in a 
microbiological large agar plate assay, hazy zones of 
inhibition or even largely regrown inhibition zones 
around the cylinders were observed. 

Thymidine (TdR), which is known to antagonize 
both the antibacterial activity of these drugs [1] and 
their bactericidal effect [2] was found to be respon- 
sible in this case as well. As only few data are avail- 
able on TdR concentrations in animals and man, the 
serum, urine and some tissues of several animal 
species were assayed for TdR, using a microbiological 
method with Lactobacillus arabinosus ATCC 8014 as 
the test organism. 


MATERIALS AND METHODS 


Chemicals. Thymidine and thymine were obtained 
from Merck (Darmstadt). Microanalysis and NMR- 
spectroscopy showed that these compounds have a 
purity of >99 per cent. All other chemicals were of 
analytical grade. DNA from Herring, alkaline phos- 
phatase from calf intestine and Deoxyribonuclease II 
from bovine spleen were obtained from Fluka (Buchs, 
SG). 

Microbiological assay. The method originally de- 
scribed by Landsford et al. [3] was used with some 
modifications [4]. The assay was based on the rever- 
sal by TdR of the growth inhibition by trimethoprim 
(final concentration 0.5 ug/ml). This assay was also 
adapted to an agar diffusion assay, carried out on 
large plates (23 x 23 cm, NUNC-BIO assay plate No. 
1015). 

100ml of the single strength modified synthetic 
medium described [4], plus 1.5g agar (Difco) are 
autoclaved for 15 min at 120°, cooled down to 45° 
and inoculated with L. arabinosus ATCC 8014. The 
inoculum is prepared from an overnight culture in 
10 ml Lactobacilli AOAC Broth (Difco). The suspen- 
sion is centrifuged once, washed with 0.9% saline and 


diluted 1:10. One ml of this suspension is used as 
inoculum (gives about 10° cells/ml). The inoculated 
agar is poured onto the plates, which are refrigerated 
for between 30 min and 2 hr after the agar has solidi- 
fied. The trimethoprim concentration in this assay is 
0.5 pg/ml. 

Another variation of this assay was used as well. 
Bacto niacin medium (Difco) also proved to be suit- 
able for determination of TdR after addition of 
L-asparagine: 200 mg/l, meso-inosit: 2 mg/l, nicotinic 
acid: 300 yg/l, arginine: 100 mg/l, sodium formate: 
20 mg/l, thymine: 100 mg/l, folic acid: 20 mg/l, agar: 
1.5 g/l. 

Trimethoprim was added to a final concentration 
of 0.263 wg/ml. After autoclaving, 100ml of this 
medium was inoculated with 0.8 ml of the 10-fold 
diluted and washed preculture. This modification 
proved to be somewhat more sensitive, probably due 
to the lower concentration of the inhibitor. 

Standard solutions of TdR are prepared in either 
water, phosphate buffer pH 7.0 or in 2.5 or 5% 
trichloroacetate (TCA). Each cylinder is filled with 
0.2 ml applying a random scheme, using either three 
or six cylinders for the same concentration. 

After incubation for 16 hr at 37° distinct growth 
zones around the cylinders are observed and 
measured (Fig. 1). Plotting the growth zone diameter 
against the logarithm of the TdR concentration gives 
straight lines over a wide range, the lowest concen- 
tration determined being 12 ng/ml (Fig. 2). For the 
determination of unknown concentrations of TdR, a 
random scheme and a computer program, based on 
determination with four points, was used [5]. 

Sample preparation. Samples of many complex 
fluids and microbiological testing media could be 
assayed without any difficulty either in tubes or on 
agar plates. Difficulties, however, arose with protein- 
containing samples, such as sera or tissue homo- 
genates. Heat treatment of sera (30' at 56°), to destroy 
complement, which inhibits growth of the test 
organism, proved not to be sufficient as greatly vary- 
ing results were obtained. On agar plates. these 
samples formed precipitates around the cylinders, in- 
terfering with correct reading of the growth zones, 
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Fig. 1. Determination of thymidine on large plates with L. arabinosus ATCC 8014. 





| 


J 


Growth zone diameter (mm) 








a oe re eee ee 
0.037 on 03 1 3 
Thymidine concentration (ug/ml) 
Fig. 2. Calibration curves for the determination of thymi- 
dine with L. arabinosus ATCC 8014 on modified niacin- 
assay medium. Experiments run at 2 different days. 
Thymidine standard in phosphate buffer pH 7.0 upper 
curve: Y= 28.784 + 4.648-Inx; lower curve: Y = 27.976 + 
4.652: Inx. 


especially at low TdR concentrations. Protein remo- 
val by precipitation with TCA resulted in a 2-3-fold 


dilution of the sample after neutralization. Small 
samples were difficult to handle. TCA in the applied 
concentration of 2.5 or 5%, after neutralization with 
NaOH, did not, however, interfere with the assay. 
Growth zones were slightly larger and corresponding 
standard solutions had to be used. TCA precipitation 
was therefore only used during homogenization of 
tissues. 

Blood, serum and urine were ultrafiltered through 
‘Centriflow’ filter cones (Amicon), which retain pro- 
teins with molecular weights >50,000. The clear 
ultrafiltrate could be used either in the tube or agar 
plate assay without any problems. In order to obtain 
an estimate of the percentage of free or protein bound 
TdR, known amounts of TdR were added to sera of 
mice, rats, rabbits, dogs, monkey and man _ before 
ultrafiltration, and also to the ultrafiltrate. Identical 
regression lines were obtained, indicating that vir- 
tually all TdR is unbound and passes freely into the 
filtrate. The same result was acquired adding TdR 
to 10% bovine serum albumin before and after ultra- 
filtration. Recovery of known amounts of added TdR 
is shown in Table | for two cases. 

Urine from cats and dogs was collected by catheter- 
ization, whereas urine from other animals was col- 
lected in “metabolic cages”. 


RESULTS 


Thymidine content in the serum and urine of different 
animal species. Samples (serum and urine) were ultra- 
filtered and assayed for TdR in the agar plate assays. 
In some instances contro! experiments were run in 





Thymidine concentrations in serum and urine 


Table 1. Recovery of thymidine with the L. arabinosus- 

agar plate assay on modified niacin-assay medium. Com- 

puterized four-point assay with a standard deviation within 
3 per cent 





TdR recovered 
TdR added 
ug/ml 


Medium ug/ml yA 





1.439 96 
0.376 100 
0.175 93 
0.079 84 
0.054 115 
0.023 98 
1.508 100 
0.672 90 
0.373 100 
0.185 99 
0.098 104 
0.051 


Human serum 
ultrafiltered 


Dog urine 
ultrafiltered 
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tubes and good accordance was found between values 
determined either on agar plates or in test tubes. 
Besides samples from healthy animals commercially 
available desiccated samples or blood conserves were 
assayed. Samples from animals with different experi- 
mental infections, used as a routine in our labora- 
tories, were also investigated. These samples were 
obtained from animals in the moribund state. Control 
experiments showed that no TdR has been transferred 
with the bacterial suspension used for infection. 
Results are summarized in Tables 2 and 3. 
Particularly high concentrations were found for 
mouse and rat, whereas TdR concentrations of most 
other species are at the fringe of the method’s sensi- 
tivity. Infection seems to increase these values. 
Thymidine contents in tissues. In early experiments 
tissues were homogenized in the ‘Brown MSK-Homo- 
genisator’ in 09% saline and were processed immedi- 
ately. The homogenate was centrifuged, ultrafiltered 
and analyzed. By this method extraordinary high TdR 


Table 2. Thymidine contents in ultrafiltered serum and urine from different species. Standard deviation 
within 5 per cent 





Species (source) 


Urine 
ug/ml 


Serum 
ug/ml 





Mouse, pool of 40 animals 
pool of 17 animals 
Rat, pool of 40 animals 
pool of 9 animals 
mean of 10 animals 
Rabbit, mean of 7 animals 
Rhesus monkey 
Dog, mean of 6 animals 
Man, (desiccated serum, Difco) 
(blood conserve) 
volunteer 
Calf 
Beef (blood, Oxoid) 
Sheep (blood, Oxoid) 
Cat (desiccated serum, Difco) 


Deer (desic. serum, Difco) 

Goat (desic. serum, Difco) 
Chicken (desic. serum, Difco) 
Horse (laked horse blood, Difco) 


0.728 
0.410 
0.741 
ND* 

1.163 (0.077-3.888) 
0.234 (0.161-0.263) 
ND* 

0.031 (0.016-0.059) 


0.166 
0.163 
0.266 
0.146 
0.207 (0.142-0.318) 
0.042 (0.014-0.078) 
0.056 
0.023 (0.012-0.054) 
0.017 
0.021 — 
~ 0.010 <0.010 
0.117 — 
0.064 _ 
0.077 — 
<0.020 — 
— <0.020 
<0.020 — 
<0.020 — 
0.029 — 
<0.028 — 





* ND = not determined 


Table 3. Thymidine contents in the serum and urine of infected mice. Mean of 4 animals 
(S.D. 5 per cent) 





TdR-concentration 


Infective organism 


TdR-concentration 
urine 


ug/ml 


serum 
ug/ml 





E. coli 1346 
Salmonella typhimurium 
Pneumococcus 

Pr. mirabilis 

Pr. vulgaris 

Trachoma Virus 
Sendai Virus 

Herpes Virus 

Influenza Virus (Asia) 
Columbia-SK-Virus 


Uninfected animals 


1.421 
1.870 
2.564 
3.354 
3.727 
0.891 
0.776 
1.271 
0.521 
1.342 


0.455 


0.249 
0.329 
0.152 
0.432 
0.743 
0.078 
0.063 
0.907 
0.449 
1.021 


0.164 
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Table 4. Thymidine content in some tissues and influence of sampie preparation. The tissues 
were homogenized and ultrafiltered 





Organ 


Sample preparation 


TdR content 
ug/g tissue 





Rat liver 
lung 
kidney 

Rat liver 
lung 
kidney 

Dog feces 

phosphate buffer 


suspended and diluted in 


THe SA 


homogenized in 0.9% NaCl 
homogenized in 0.9% NaCl 
homogenized in 0.9% NaCl 

homog. in the presence of 5% TCA 
homog. in the presence of 5% TCA 
homog. in the presence of 5% TCA 
suspended and diluted in 


2.625/2.790 


0.138/0.084 





1 


liberated 


Thymidine 


~— 


Time (minutes) 


Fig. 3. Liberation of thymidine from DNA by alkaline 

phosphatase. DNA (1 mg/ml) in Tris-HCl-buffer pH 8.0 

treated with 0.1 unit/ml alkaline phosphatase (0.1 mg/ml 
protein). 


values were obtained. These high TdR contents in 
tissue homogenates interfered greatly with the micro- 
biological determination of trimethoprim or related 
compounds. 

It was, however, assumed that these high TdR 
levels do not represent actual values, but are due to 
liberation of TdR from DNA-material during homo- 
genization. Homogenization was therefore carried out 
in the presence of 5% TCA. Under these conditions 
low levels of TdR in various tissues were found. 5% 
TCA was seen not to change the TdR content deter- 
mined in the same sample which was incubated with 
TCA for up to Shr. The TdR concentrations deter- 
mined in some rat tissues, and the influence of the 
sample preparation, are shown in Table 4. 

That it is TdR, liberated from DNA by DNAses 

-and phosphatases, which is responsible for high TdR 
levels found in tissues (unless TCA-protection is 
applied), was demonstrated in the following experi- 
ment: A DNA solution (1 mg/ml in Tris-HCl-buffer 
PH 8.0) was treated with alkaline phosphatase. Incu- 
bation at 37° for varying periods showed an increase 
in TdR with time (Fig. 3). DNA alone and phospha- 
tase, which were run as controls, did not permit 
growth of the test organism. Whether the cleavage 
of DNA was due to a phosphodiesterase activity of 


the phosphatase preparation used or due to a DNAse 
impurity was not investigated. A similar experiment 
using DNAse gave the same result. 


DISCUSSION 


The microbiological methods described have 
allowed the reliable and reproducible determination 
of TdR concentrations down to 12 ng/ml in the plate 
assay or to a few ng in the tube assay. The sensitivity 
is therefore sufficient to estimate those low concen- 
trations which begin to inhibit the activity of antifo- 
late drugs. Ultrafiltration proved to be the simplest 
method for removal of protein in blood, serum, or 
plasma, which interferes with the assay. 

Surprisingly great differences were found in the 
TdR content in the serum and urine of various animal 
species. The concentration in human serum and urine 
was found to be very low and at the fringe of the 
method's sensitivity. The figures given in Table 2 for 
man may represent the upper limits, since recovery 
experiments (Table 1) did not reveal any TdR in 
serum. Considerable amounts are, however, present 
in mice and rats. The figures given for urine of rats 
and rabbits may be influenced to some extent by fecal 
contamination, which is difficult to avoid, though care 
was taken and special metabolic cages were used. In 
the feces of dogs considerable amounts of TdR may 
be found though most of it does not represent free 
TGR. 

It seems interesting that in mice with experimental 
infections the TdR values in serum and urine were 
generally found to be considerably increased. This 
may be explained by destructive processes resulting 
in the generation of purulent material and especially 
the liberation of TdR from nucleic acids. It has been 
shown in rats that other destructive processes—like 
those provoked by x-irradiation—resulted in in- 
creased levels of pyrimidines, especially TdR, in the 
urine [6]. 

For rat blood 0.85 yg/ml TdR were reported by 
Gross and Rabinowitz [7]. This value is higher than 
that reported here, probably due to the method of 
determination. There are few reports in literature on 
TdR levels to permit a comparison, however, the 
values determined for mouse serum are in accordance 
with values recently reported by Hughes et al. [8], 
who used a radioimmunoassay for the determination. 
As it is assumed that the values obtained represent 
steady state values, high turnover rates are required 





Thymidine concentrations in serum and urine 


to maintain a constant level in spite of very short 
halflifes, demonstrated with exogenously administered 
TdR in many animals [9-12] and especially in man 
[13,14]. The present investigation of the few rat 
organs make it likely that TdR levels in different 
organs are different, though it is not clear whether 
the TdR found is localized intra- or extra-cellularly. 
Concerning the microbiological determination of 
antifolate drugs it proved mandatory to prevent the 
liberation of TdR from DNA during the process of 
homogenization and sample preparation. As in some 
animals the TdR content in serum and urine may 
interfere with the assay of antifolates it may be advis- 
able to use an assay medium containing horse blood, 
which may split TdR to thymine by the action of 
TdR phosphorylase [15]. 

It was recently shown that minute amounts of TdR 
prevent a bactericidal action of antifolates in E. coli 
[2], preventing cell destruction as long as TdR is 
present [16]. In the light of the TdR concentrations 
determined here, it can hardly be assumed that antifo- 
late drugs act bactericidally in mice and rats. This 
is in accordance with results (unpublished) which 
failed to show a bactericidal effect of TMP or Co-tri- 
moxazole in rat or mouse blood. 

Unlike these two rodent species, the TdR concen- 
trations found in man seem to be sufficiently low to 
permit the assumption that these drugs have a 
bactericidal effect which was recently shown to occur 
in human blood and urine [2, 17]. 
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Abstract—The conformation of membrane-bound proteins was monitored by the reaction of sulfhydryl 
(SH) groups with N-ethyl maleimide (NEM) and 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB). Brain 
microsomes isolated from rats chronically imbibing a 10% (v/v) ethanol solution were found to contain 
12-16 per cent more DTNB-reactive SH groups than similarly isolated controls. [7H]NEM reacted 
with 32 per cent more SH groups in the microsomes obtained from ethanol-treated rats than controls. 
Since no change in the protein composition was evident from disc electrophoresis, and no significant 
differences in the total number of SH groups was present between the two samples, these findings 
suggest a conformational change in the microsomal membrane. Microsomes isolated from ethanol-naive 
animals, when treated with ethanol in vitro, showed a dose-dependent decrease in DTNB-reactive 
SH groups. The results indicate that the neural membrane may exist in different morphological states 


during acute and chronic exposure to ethanol. 


Neural membranes are generally acknowledged to be 
ethanol’s primary site of action on the brain [1-3], 
but considering the close association of membrane 
structure and function [4], it is surprising that little 
research has been devoted to ethanol-induced modifi- 
cation of neural membrane structure. The reports that 
have appeared in the literature have consisted of in 
vitro studies [5,6] whereas the present work deals 
with changes in neural membrane structure in rats 
due to chronic ethanol consumption and therefore 
represents in vivo effects of ethanol. 

A membrane in its normal state may be character- 
ized by a unique optimal arrangement and conforma- 
tion of its proteins, lipids and other constituents. As- 
sociated with this configuration of optimal function 
are a certain number of sulfhydryl (SH) groups that 
are available or “exposed” to reaction with SH-speci- 
fic reagents. In the present study, we have chosen to 
use alterations in SH “exposure” as an index of con- 
formational changes in the membrane proteins. Sulf- 
hydryl groups were chosen because of their involve- 
ment in membrane processes from oxidative phos- 
phorylation [7,8] to the propagation of nerve im- 
pulses [9, 10] and because they can be readily moni- 
tored. We have examined the reactions of 5,5’-dith- 
iobis (2-nitrobenzoic acid) (DTNB) and N-ethyl 
maleimide (NEM) with the SH groups present in rat 
brain microsomes in an effort to gain some under- 
standing of ethanol’s effect on neural membranes. 
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MATERIALS AND METHODS 


Care and treatment of animals. Male, Sprague-Daw- 
ley rats 19 days old were purchased from Simonsen 
Laboratories (Gilroy, CA) and housed in a 12hr 
light/12 hr dark environment and given rat chow ad 
lib. Following a short period of acclimatization, half 
of the rats were administered a 10% ethanol solution 
in water (v/v) for 6-8 weeks, while the other half 
received water ad lib. Twenty-four hr prior to sacri- 
fice, the ethanol solution was replaced by water. 
These animals exhibited no withdrawal reaction. 

Isolation of microsomal fractions. Brains were 
removed within 30 sec of decapitation, pooled accord- 
ing to group, and placed in ice-cold Buffer A (0.32 M 
sucrose, 0.01 M MgCl,, 0.01M sodium phosphate 
buffer, pH 7.0). The pooled brains were then rinsed 
three times and homogenized (1,000rpm, 10-15 
strokes) in 5 vol. of Buffer A using a size “C” Thomas 
glass homogenizer with a Teflon pestle. Fractionation 
of the brain homogenate followed the centrifugation 
scheme of Tewari and Baxter{11]. All procedures 
were performed at 4°. The microsomal pellet derived 
from 5 brains was suspended in 2-3 ml of Buffer B 
(0.001 M MgCl,, 0.01M solium phosphate buffer, 
pH 7.0) to yield a protein concentration of approxi- 
mately 20 mg/ml. Samples were stored in glass vials 
at 4° for no more than 24hr, with the exception of 
electrophoresis samples which were frozen at —70° 
until used. 

Determination of SH groups using 5,5'-Dithiobis 
(2-Nitro-benzoic acid). The procedure for using 
DTNB as a quantitative SH reagent was based upon 
the method of Acharya and Moore [12]. A 100 ul ali- 
quot of the microsomal suspension (approximately 
1.5-2.0 mg protein) was added to 1.8 ml of Buffer B 
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in a quartz cuvette adjusted to read zero absorbance. 
The baseline for the DTNB reaction was determined 
by the “absorbance” due to the optical dispersion of 
the microsomal suspension. No significant change in 
the turbidity of the solution occurred during the reac- 
tion time. A 100 pl aliquot of 0.025 M DTNB (East- 
man) was added to the diluted microsomal suspension 
and mixed by inverting the cuvette. The absorbance 
was followed for approximately 10min. The linear 
region of the absorbance vs time graph was extended 
back to the point of DTNB addition, and the vertical 
displacement from the baseline was taken to be the 
absorbance due to the thiol-DTNB reaction plus the 
absorbance of DTNB’s dissociation into the thio- 
nitrobenzoate anion. Controls for DTNB dissociation 
consisted of 100 ul of the DTNB solution in 1.9 ml 
of Buffer B, and this absorbance was subtracted from 
all results yielding the net absorbance due to the 
“fast-reacting” SH groups. Total SH groups were esti- 
mated by DTNB reaction after denaturation of the 
microsomal sample in either 1% sodium dodecyl sul- 
fate (SDS) or 8 M urea[12]. All absorbance measure- 
ments were made at 25° (room temperature) using 
a Gilford recording spectrophotometer, Model 2400, 
at a wavelength of 412 nm. All assays were done in 
quadruplicate. 

Incubation of microsomal samples with ethanol in 
vitro. A 100 yl aliquot of the microsomal suspension 
(150-200 pg protein) was added to tubes containing 
1.8 ml of 0, 25, 100, 200, 500, 1000 mg per dl-ethanol 
in Buffer B (final concentration in 2.0 ml) and incu- 
bated at 25° for 30min. The contents of each tube 
were then transferred to a quartz photometric cuvette 
and reacted with DTNB (100 yl) as described above. 
Similar experiments were done using 2-mercaptoeth- 
anol (7 x 10°*M) in place of the microsomes. 

Protein estimation. The protein concentration of the 
microsomal samples was determined by the pro- 
cedures of Lowry et al. [13]. Crystalline bovine serum 
albumin was used as a standard. 

Treatment of data. From the DTNB absorbance 
data, we calculated the following: (1) the moles of 
fast-reacting SH groups/mg protein, (2) the total SH 
content, and (3) the percentage of the total SH groups 
that were exposed to DTNB reaction. The number 
of exposed SH groups was calculated using Beer’s 
Law, using an_ extinction coefficient of 
1.36 x 10*M~' cm™' [14]. 

Determination of sulfhydryls using N-ethyl malei- 
mide. Sulfhydryl groups were also determined by 
reacting microsomes with NEM using a modification 
of Acharya and Moore’s procedure [12]. A 3.0 ml vol. 
of the microsomal suspension was added to an equal 
vol. of 0.17mM NEM (ethyl-2-[°H], specific activity 
250 mCi/m-mole, New England Nuclear) in sodium 
phosphate buffer, pH 6.5, and reacted for 45 min at 
25°. Controls were run by reacting the microsomes 
with an excess of non-radioactive NEM prior to the 
addition of [7H]NEM. Labeled microsomes were 
purified by extraction on membrane filters (Schleicher 
and Schuell, No. B-6, 25mm diameter, 0.45» pore 
size) washed once with 10ml of 1mM NEM (non- 
radioactive), 3 times with 10ml of 0.1% 2-mercap- 
toethanol and twice with deionized water. The filters 
were then dissolved in 20 ml of Bray’s solution and 
radioactivity was determined in a Beckman Liquid 
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Scintillation Counter. The number of moles of 
exposed SH groups was calculated from the specific 
activity of the [7H]NEM. 

Electrophoresis. Polyacrylamide disc gel electro- 
phoresis was performed using the technique of Lim 
and Tadayyon [15] with the exception that a 5 per 
cent cross-link was used in place of the recommended 
7 per cent to facilitate the protein entering the gel. 
Approximately 100 ug of protein was placed on the 
gel. Gels were stained with 1% napthol blue black 
(Eastman) and destained by soaking in a 7.5% acetic 
acid. 


RESULTS 


Figure | compares the amount of DTNB fast react- 
ing SH groups and total SH content of microsomes 
isolated from the brains of ethanol and water drink- 
ing rats. The average number of DTNB-reactive thiols 
(per mg protein) was 2.00 + 0.02 x 10~* moles for 
the ethanol naive and 2.32 + 0.02 x 10~® moles for 
the ethanol-imbibing rats (P < 0.001). This corre- 
sponds to an increase of 16.2 + 1.4 per cent in fast 
reacting SH groups in the ethanol group as compared 
to controls. Total SH groups gf microsomes were 
determined following either 1% SDS or 8M urea 
treatment (Fig. 1). Brain microsomes of ethanol drink- 
ing animals contained essentially the same amount 
of total SH groups as the control fraction following 
both SDS and urea denaturation treatment. 

In the undenatured microsomes (Fig. 2) 31.5 + 0.5 ‘ 
per cent and 35.8 + 0.5 per cent of the total SH con- 
tent as determined by SDS treatment reacted with 
DTNB, for the control and ethanol-treated groups, 
respectively; an increase of 12.66+2.2 per cent 
(P < 0.01). Also seen in Fig. 2, as determined by urea 
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Fig. 1. Fast-reacting (“exposed”) and total sulfhydryl 

groups of rat brain microsomes. Ethanol-treated animals 

imbibed a 10% ethanol—water solution for 6-8 weeks, while 

controls received water. SH groups were measured by reac- 

tion with DTNB as described in Methods. Mean + stan- 

dard error was determined from quadruplicate determina- 
tions from at least three separate experiments. 
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Fig. 2. In vivo effect of ethanol on the exposure of SH 

groups in rat brain microsomes. Results are expressed as 

the percentage of total SH groups as determined by dena- 

turation in either sodium dodecyl sulfate or 8 M urea, and 

demonstrate an increase in sulfhydryl exposure in the eth- 
anol-treated group. 
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Fig. 3. Reaction of [7H]N-ethyl maleimide with exposed 
sulfhydryl groups of brain microsomes isolated from con- 
trol and ethanol-imbibing rats. Mean + standard error. 
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denaturation, 28.9 + 0.6 per cent and 32.3 + 0.7 per 
cent of the total SH groups were “exposed” in the 
control and ethanol microsomes, respectively. This 
corresponds to ethanol-induced increase of 11.8 + 3.2 
per cent (P < 0.025). Even after adjusting for a very 
slight increase (not significant) in total SH content, 
a significant increase in the number of fast reacting 
SH groups was still evident. Although different pro- 
cedures were used to estimate total SH groups, the 
increase in the ethanol-treated group was essentially 
the same. 

The increase in SH exposure was substantiated by 
the results obtained from reaction with [*H]NEM 
(Fig. 3). Here, also, a significant increase in SH expo- 
sure was found in the microsomes from ethanol- 
treated rats. Per mg protein, ethanol microsomes 
contained 6.17 + 0.41 x 10~'° moles of reactive SH, 
whereas control microsomes contained 4.67 + 0.29 x 
10~'° moles, a difference significant at P < 0.01. The 
greater ethanol-induced increase of available SH 
groups using NEM (32 per cent), compared to the 
increase obtained with DTNB (16.2 per cent), and the 
fact that NEM reacted with only 3 per cent as many 
SH groups as did DTNB, may be explained by differ- 
ent chemical and electrical properties, molecular size 
and reacting concentrations of the two reagents. The 
same groups that were exposed to DTNB attack were 
not necessarily exposed to NEM. Nevertheless, an in- 
crease in the ethanol-treated fraction still prevailed. 

Several explanations are possible for this increase 
in microsomal fast-reacting SH groups after chronic 
ethanol administration. One explanation would be 
that ethanol induces changes in the protein composi- 
tion of the microsomes and that the increase in SH 
groups reflects this change in protein composition. 
To test this hypothesis, polyacrylamide gel electro- 
phoresis was performed on control and ethanol 
microsomes using 8 M urea and Triton X-100 to solu- 
bilize membrane proteins (see Methods). No differ- 
ences were observed in the protein banding patterns 
of the two samples. Furthermore, the data on the 
total SH groups per mg protein after urea or SDS 
denaturation (Fig. 1) show no significant difference 
between the control and ethanol microsomes. We 
believe that these data do not support a change in 
protein composition as the explanation for the 
observed increase in SH groups and argue in favor 
of conformational changes. Whether these conforma- 
tional changes are directly or indirectly induced by 
ethanol remains to be determined. 

To study the direct actions of ethanol on fast-react- 
ing SH groups, in vitro studies were conducted on 
microsomes isolated from brains of ethanol-naive 
rats. In contrast to chronic administration of the 
drug, where an increase in reactive SH groups was 
found, microsomes subjected to the acute effects of 
ethanol (30min) revealed instead a dose-dependent 
decrease in fast-reacting SH groups as determined by 
the DTNB reaction. The results for a typical experi- 
ment are shown in Fig. 4. It is important to note 
that the decrease in SH exposure observed in vitro 
occurred at ethanol concentrations which are physio- 
logically obtainable. To check the possibility of eth- 
anol interfering with the kinetics of the thiol- DTNB 
reactions, 2-mercaptoethanol was reacted with DINB 
following the same incubation procedure. No signifi- 
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Fig. 4. Effect of in vitro addition of ethanol on the reaction of DTNB with sulfhydryl groups of 
brain microsomes isolated from ethanol-naive rats. Samples were incubated at the designated ethanol 
concentration for 30 min at room temperature prior to DTNB reaction. Ethanol exhibited no significant 
effect on the reaction of DTNB with 2-mercaptoethanol. Values shown are mean + standard error. 


cant change in the reaction due to the presence of 
ethanol was observed (Fig. 4). 


DISCUSSION 


Most of the research to date concerning ethanol 
and neural membranes has dealt with active transport 
phenomena and ion permeability [16-18]. Although 
changes in neural function have been confirmed, a 
molecular or membrane model to explain such aber- 
rations has yet to be established. The work presented 
in this paper is among the first to show that chronic 
ethanol consumption results in a structural change 
in membranes isolated from the CNS. 

While we observed that chronic ethanol consump- 
tion results in an increase in SH exposure, acute in 
vitro treatment caused a decrease in the exposure of 
these groups. This evidence suggests that the neura’ 
membrane may exist in different morphological states 
during these two phases of ethanol administration. 
The results presented in the present study suggest the 
following model as a possible explanation of ethanol’s 
effect on the structure and function of neural mem- 
branes. 

In its normal state, the neural membrane exists in 
some optimum configuration consisting of a particu- 
lar arrangement of proteins and lipids. This arrange- 
ment of proteins corresponds to the availability of 
a certain number of SH groups to reaction with 
DTNB or NEM. Under acute conditions when eth- 
anol is first introduced to the system, this optimum 
arrangement is disturbed by the presence of the drug, 
resulting in a rearrangement or change in conforma- 
tion of the membrane proteins. Incidental to this 
change is a decrease in SH exposure. Smith [10] and 
Komalahiranya and Volle[9] have reported that 
reacting exposed nerve fibers with NEM causes 
changes in nerve function such as depolarization, in- 
excitability and altered response to stimulation by 
acetylcholine. Ethanol, like NEM, may disturb the 


functional state of the membrane through a “block- 
age” of SH groups. 

Upon chronic exposure to ethanol and continued 
depression of function, the homeostatic mechanisms 
of the animals induce other changes in the membrane 
in an effort to bring the system back to a functional 
norm. This arrangement of membrane proteins is 
characterized by an increase in DTNB and NEM 
reactive SH groups. 

Although our results suggest conformational 
changes as the mechanism of these membrane alter- 
ations, it is possible that subtle changes in the lipid 
composition of the membrane may be responsible. It 
has been reported that chronic exposure to ethanol 
decreases the oxidation of palmitic acid [19] and that 
the incorporation of palmitate-1['*C] into the lipids 
of mouse liver microsomes and mitochoncria is also 
reduced [20]. Virtanen and Wallgren[21] have 
demonstrated an increase in the incorporation of 
['*C]serine into brain microsomes in rats chronically 
treated with ethanol. That ethanol alters the nature 
of the lipid composition of the microsomal membrane 
with an indirect effect on protein conformation may 
therefore be an alternative explanation for the 
changes in SH exposure following chronic ethanol ad- 
ministration. 

In a recent study [22] utilizing neural cells grown 
in culture, however, a conformational change in the 
cell membrane in the absence of a change in composi- 
tion was reported. Noble et al. [22] have shown that 
the long-term presence of ethanol resulted in an 
enhanced “exposure” of surface sialic acid, without 
any change in the total amount of this component 
in the membranes of NN astroblasts. 

That a change in SH exposure was observed after 
in vitro ethanol treatment further supports our con- 
tention that conformational .changes are responsible 
for alterations in the number of reactive SH groups. 
The in vitro system used and the short time of incuba- 
tion were probably not sufficient to result in a change 
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in the composition of the microsomal membrane. In 
addition, at the concentration of ethanol in the sys- 
tem, extraction of lipid membrane components into 
the ethanol-water phase is unlikely. It is probable that 
the presence of the ethanol molecule itself affected 
the membrane structure. Due to the molecule’s simple 
chemical structure, its effect is most likely a non- 
specific one, affecting the membrane through steric 
restriction in the lipid phase or through free energy 
changes resulting from disturbed hydrogen bonding. 

The study presented here has shown that ethanol 
affects the physical state of the membrane after both 
acute and chronic treatment. It is possible that the 
effects of other psychoactive drugs may be due to 
similar mechanisms, in addition to metabolic inhibi- 
tion or receptor interference. Additional research 
must be done to determine the relative importance 
of these mechanisms in order to gain a further under- 
standing of how drugs affect the central nervous sys- 
tem. 
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Abstract—The abilities of seven m-substituted phenyl methylcarbamates to inhibit acetylcholinesterases 
from honey bee and cotton leafworm (Spodoptera littoralis, Boisd.) were explored. The extra inhibition 
bestowed by m-substituted phenyl methylcarbamate as compared with the unsubstituted (A log k; = log 
k,(X)/k,(H)) was well correlated with the calculated contribution of each substituent through its hydro- 
phobic and electron donating properties (0.69 2 — 0.95 o + 1.19). The correlation coefficient r = 0.95 
for cotton leafworm acetylcholinesterase and 0.92 for that of honey bee. Analysis of these data, in 
addition to those of the housefly from the literature, resulted in a direct linear relationship in spite 
of enzyme source, with r = 0.91. It was therefore postulated that hydrophobic interaction and electron 
donating properties of the substituent were involved in inhibition through complex formation with 
the enzyme acetylcholinesterase prior to the carbamylation step. 


Anticholinesterase activity of phenyl methylcarba- 
mates appears to be much less responsive to elec- 
tronic effects [1,2] or shows a marked negative 
dependence of potency upon o [3-5], a parameter 
that provides an estimate of the electron-withdrawing 
or electron-donating properties of the substituents. 
Therefore, substituents possessing large positive o 
values should produce substituted phenyl methyl- 
carbamates with low anticholinesterase activity, 
which is quite the opposite of what one finds in analo- 
gous organophosphates. Linear combination of elec- 
tronic and hydrophobic effects as estimated by o and 
m gave a reasonable correlation for a rather complex 
set of carbamates [6] on housefly head acetylcholines- 
terase. 

In the present paper we have extended these find- 
ings [6] to include the action of these compounds 
on cholinesterases from honey bee (Apis mellifera) and 
cotton leafworm (Spodoptera littoralis Boisd.). 


MATERIALS AND METHODS 


Inhibitors. Seven methylcarbamates were prepared 
from commercially available appropriate phenols and 
methylisocyanate in ether solution using triethyla- 
mine as a catalyst. The compounds were isolated as 
crystalline solids and purified by repeated crystalliza- 
tion from a mixture of ether and n-hexane. These 
compounds were characterized by their melting 
points according to the literature. Stock solutions 
(0.1 M) were prepared in acetone and stored at — 20°. 
Further dilutions from these stock solutions were 
made in acetone immediately before use. 

Enzyme preparation. Adult bee workers were frozen 
at —20° and heads were ground in a cold solution 
of 0.1M_ sodium phosphate buffer, pH 7.0 
(25 heads/ml). The slurry was centrifuged at 6,400 rpm 
for 15 min and the supernatant was withdrawn from 
beneath this with a syringe. Similarly cotton leafworm 
cholinesterase was from heads of the 6th instar larvae 
by the same technique (40 heads/ml). 


B.P. 26/22—G 


Enzyme activity. The enzyme assays were performed 
at 30° by the colorimetric method of Ellman et al. 
[7]. A mixture was prepared consisting of 4.5 ml of 
buffer (0.1 M sodium phosphate, pH 7.6), 0.1 ml of 
0.01 M solution of DTNB [5,5’ dithiobis-(-2-nitroben- 
zoic acid)] plus 0.018 M sodium bicarbonate in 0.1 M 
sodium phosphate buffer (pH 7.0). This mixture was 
placed into the cuvette and 0.05 ml of the enzyme 
preparation was added followed by 0.1 ml acetone or 
acetone-inhibitor solutions. At suitable time intervals 
(0.25—4 min), 0.1 ml of a 0.1M of acetylthiocholine 
iodide (in freshly distilled water) was added. After 
rapid mixing, the extinction at 412 nm was measured 
at 30sec intervals for 4 min, the first reading being 
taken 15 sec after the substrate had been added. The 
final concentration of DTNB was 0.206 mM, and of 
acetylthiocholine 2.06 mM. The increase in extinction 
was linear with time for both inhibited and uninhi- 
bited enzyme samples. No correction for spontaneous 
hydrolysis of the substrate was necessary. Activity was 
estimated from the initial slope of the plot of absor- 
bance against time. The inhibitor concentrations 
ranged between 4.8 x 10~* to 2.0 x 10~°M depend- 
ing on solubility and potency. 

Inhibition constants. For the study of inhibition 
reaction of these compounds with cholinesterases, 
pseudofirst order plots of log per cent residual 
activity (log V) against preincubation time (t) were 
plotted. These plots were sensibly linear of slope = 
— K,i)/2.303 enabling K,; for the reaction to be 
evaluated [8], since the slope equals the change in 
log V per unit time. Detailed kinetic treatments [9] 
was developed for bee head acetylcholinesterase to 
allow the separation of K,, the overall bimolecular 
inhibition constant into a carbamylation rate con- 
stant (K,) and a dissociation constant (K,). The slope 
of pseudofirst order plots (A log V/At) were trans- 
formed into the form (i) At/2.303 A log V and the 
latter was plotted vs the inhibitor concentration (i). 
The plots fit a straight line rather well according to 
the equation (i) At/2.303 A log V= (i)/K, + 1/K; [9]. 
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The slope will be 1/K,, the intercept on the (i) axis 
will be — K,, and the intercept on the [(i) At/2.303 A 
log V] axis will be (I/K;). 


RESULTS AND DISCUSSION 


Linear combination of x and o in eq. (1) gave a 
reasonable correlation for 53 mostly monofunctional 
phenyl methylcarbamates [6]. 


log 1/C = 0.69 x — 0.956 + 1.19 X + 3.5 (1) 


where C is the concentration of the inhibitor for 50 
per cent inhibition of housefly head acetylcholinester- 
ase [4]. 

In thé above equation, X indicates whether we have 
meta or para derivatives. The value of 1.00 was 
assigned to all meta isomers, and the value of 0.0 
was assigned to all para isomers [6]. This suggests 
that a steric factor is involved. 

As pointed out [10], I, values can be converted 
to k; values by the relationship 


where t is the incubation time of enzyme and inhibi- 
tor. 

The introduction of eq. (2) into eq. (1) gives eq. 
(3) which is better formulated than eq. (1) since the 
k; value is relatively independent of preincubation 
time. 


log k; = log 1/C + log (0.695/t) 


= 0.692 — 0.950 + 1.19 X + 3.5 + log (0.695/t). (3) 

The enzyme source doubtless contributes in selec- 
tive inhibition by these compounds. In this study this 
factor was minimized by calculation of the contribu- 
tion of m-substituent to the inhibitory potency of the 
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parent phenyl methylcarbamate, eqs. (4) and (5). 


Alog k; = log k;(X) — log k; (H) (4) 


Alog k; = 0.69 x — 0.956 + 1.19 (5) 


where k; (X) is the k; value of a m-substituted com- 
pound whereas k; (H) is that of the unsubstituted 
compound. 

If most of the inhibitory potency of phenyl methyl- 
carbamates is due to binding potency, an extra bind- 
ing. bestowed of a given substituent will give equal 
factorial increase in spite of the acetylcholinesterase 
source. Table 1 shows Alogk; calculated from 
Hansch’s x constant [11] and o values according to 
eq. (5) vs the observed A log k; for housefly [4], honey 
bee, and cotton leafworm. Closer examination of the 
data reveals an approximate but direct relationship 
between the observed and calculated Alogk; with a 
correlation coefficient of 0.89, 0.92, and 0.95 for the 
three enzymes respectively. The higher correlation as- 
sociated with honey bee and cotton leafworm acetyl- 
cholinesterases as compared with that of housefly for 
which the basic eq. (1) has been formulated [6] means 
that the contribution of m-substituent on inhibitory 
potency was readily accounted for by its electronic 
and hydrophobic effects as estimated by o and z re- 
spectively. 

The predicted vs observed values, of A log k; are 
shown graphically in Fig. 1. The plot indicates a good 
approximation to a straight-line relationship. in spite 
of the acetylcholinesterase source, with a correlation 
coefficient of 0.91. Therefore substituents possessing 
large positive 2 and large negative o values should 
produce m-substituted phenyl methylcarbamates with 
high anticholinesterase activity. A noteworthy point 
in the above equations is the negative value for the 


Table 1. Structure-activity relationship 


OC (0) NHCH3 





X 


A log k; observed 





Cotton 
leafworm 


Honey 
bee 





3-Cl 
3-MeO 
3-Me 
3,5-Me, 
3-Et 
3-C(Me); 
3-CH(Me), 


0.25 
0.08 
1.21 
1.21 
1.86 
2.95 
2.25 


0.61 
0.91 
0.82 


1.79 
2.81 
2.75 





6 i 








0.888** 0.923** 0.948** 





0.909** 





“ Calculated from eq. (5). 


**r values are highly significant at the 0.01 level of probability. 





Role of hydrophobic and electron donor properties 
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Fig. 1. Correlation between observed A log k; and A log 
k; calculated from o and z values according to eq. (5) for 
m-substituted phenyl methylcarbamates. 


coefficient of o. In view of the fact that these com- 
pounds are relatively ineffectual as carbamylators as 
compared with analogous organophosphates, their in- 
hibitory effect is thus almost exclusively determined 
by their excellence as complex formers. This is the 
fact, as Table 2 indicates, that the inhibitory power 
is not dependent on variation in carbamylation rate 
constants as it is on initial binding—i.e. the contribu- 
tion of m-tert. butyl group in anticholinesterase ac- 
tivity, which is 641-fold, lies mainly in affinity 
(423-fold) rather than carbamylation (1.5-fold). These 
findings are in agreement with that of O’Brien et al. 
[1]. It was suggested [12,13] that the aromatic ring 
in aryl carbamates is the donor in charge transfer 
complexes (CTCs) and that inhibitory activity of aro- 
matic carbamates is related to their ability to donate 
electrons to form a complex with the enzyme, and 
is therefore improved by electron-donating substi- 
tuents. 

Presumably the contribution of m-substituent in 
anti-cholinesterase activity is exclusively accounted 
for by its ability to form enzyme-inhibitor complex. 

Equation (5) shows that hydrophobic effects (x) and 
electron donating effects (¢) are about equally 
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weighted, suggesting that steric interaction between 
the m-substituent and hydrophobic patch on the 
enzyme surface (positive 2), and electron donating 
ability (negative o) to the benzene ring and sub- 
sequent donating to the enzyme surface to form CTC 
play about equally important roles in the overall inhi- 
bition process. This suggestion is in agreement with 
the findings of Hetnarski and O’Brien [14] who 
observed that affinity for acetylcholinesterase corre- 
lated well with that calculated from hydrophobicity 
(x) and ability to donate electrons to form CTCs as 
measured with a model acceptor (tetracyanoethylene). 
In addition, the same factor which improves donor 
ability in aryl methylcarbamates may also improve 
the intrinsic carbamylating activity perhaps because 
of improved electronic polarizability [13]. A parallel 
situation is described in Table 2 as m-tert butyl group 
(a = —0.12) increases the carbamylation constant 1.5 
times that of the parent phenyl methylcarbamate 
(o = 0). Electron withdrawing substituents (3-CH,O; 
3-Cl) either have no effect or even reduce k, value. 
Also it was suggested [14] that a close fit improves 
the effectiveness of the carbamylation step. This 
suggestion gives another explanation to the increase 
in carbamylation rate constant caused by electron 
donating substituents. 
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Table 2. Anticholinesterase activity and kinetic properties of: 
X-C;H,OC(0)NHCH; on honey bee head acetylcholinesterase 





KM) 


k, (min~') 


k; (M~' min~') 





2.96 x 107* 
8.60 x 1075 
2.50 x 1075 
5.60 x 107° 
4.30 x 107-° 
7.00 x 1077 
4.68 x 1077 


9.17 x 10° 
3.70 x 104 
7.40 x 10* 
6.06 x 104 
5.56 x 10° 
5.88 x 10° 
5.15 x 10° 


2:15 
2.80 
2.00 
3.50 
2.50 
4.17 
2.40 
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SHORT COMMUNICATION 


Cadmium and mercury binding to metallothionein 
as influenced by selenium* 


(Received 18 January 1977; accepted 14 April 1977) 


It has been reported in numerous papers that selenium last administration. The kidneys and the liver were with- 
plays a protective role in cadmium poisoning, abolishing drawn for analysis. The organs were ground in 0.9% (w/v) 
toxic effects in the testes, preventing haemorrhagic necrosis NaCl, the homogenate was spun for 10 min at 3,500 rpm, 
of nonovulating ovaries, placental necrosis, teratogenic and the resultant supernatant was subjected to a Sephadex 
effects, lethal effects in non-pregnant rat and mouse females G-75 chromatography. The column was calibrated with: 
and elevation of blood pressure in rats [1,2]. It is well dextran blue, cytochrome c, albumin and insulin; 0.1 M 
known that in rats multiple administration of cadmium formate buffer, pH 8.0 was used the eluent. Activities of 
results in its deposition mainly in the liver and in an effi- both the isotopes were determined by the scintillation 
cient binding to metallothionein therein. The high effi- method using a Tesla SPF-35 plastic crystal for ''*"Cd 
ciency of this binding seems to be due to the inductive measurements, and a NaJ/TI crystal for 7*Se measure- 
effect of cadmium on the biosynthesis of this protein [3-8]. ments. In the doubly labelled samples activities were cor- 
The data of Chen [9] from a single dose of both cadmium __ rected for the presence of the second isotope. 
and selenium indicate more distinct changes in the type Metallothionein was determined in full homogenates 
of cadmium binding in the testis and in the kidneys than according to the radiochemical method [11,12] based on 
in the liver. estimation of this protein with a ?°°Hg radiotracer follow- 
The aim of this paper was to establish if such changes ing the TCA-precipitation of high-molecular weight pro- 
could be found following a multiple exposure to cadmium teins and a selective precipitation of metallothionein-like 
and selenium, especially if selenium affects the induction proteins with tannin. Horse kidney metallothionein (molec. 
of biosynthesis of cadmium metallothionein. For compari- wt = 10,500, 3 umoles SH groups per mg), binding about 
son, a pilot experiment was performed under analogous 210g Hg/mg under the applied conditions was used as 
conditions with selenium and mercury since serious a standard [13]. 
changes in the mechanism of the organ binding were found Administration of ''°"Cd in the absence of selenium 
for the latter metal [10]. resulted in deposition of 7.4 per cent of the total dose 
Female rats of the Wistar strain weighing 150-200 g, fed __in the liver, while in the presence of selenium this value 
with a standard LSM diet were used in the experiments. decreased down to 4.9 per cent. On the other hand, 7°Se 
The animals were administered subcutaneously with cad- _ retention amounted to 2.9 per cent of the cumulative dose 
mium chloride labelled with '!°"Cd (activity of about in the absence of cadmium, increasing up to 7.6 per cent 
4-2 uCi per dose) 0.5 mg Cd/kg body weight every other in the presence of cadmium. The chromatographic pattern 
day for a fortnight. Selenium was administered orally as _ of binding of both the elements in the postnuclear fraction 
sodium selenite (7°Se activity of about 12uCi per dose) of the liver after independent and combine administration 
every day for a fortnight, 0.5 mg Se/kg daily. The control _ is presented in Fig. 1. It is evident that selenium did not 
group received subcutaneously physiological saline. The change the binding of cadmium by proteins significantly 
animals were sacrificed in ether narcosis 24hr after the except for a slight tendency for cadmium localization in 
high-molecular weight protein fractions. Cadmium admin- 
* This work was supported in part by the Polish-Ameri- istration did not affect selenium binding either. 
can research agreement 05-009-2 with National Institute It is noteworthy that in the case of selenium—mercury 
for Occupational Safety and Health, USA. interaction an evident shift of mercury from the metallo- 
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Fig. 1. Chromatograms of liver postnuclear supernatants; rats exposed to: A) ''°*™CdCl,, B) 
Na,7*SeO3, C) ''*™CdCl, and Na,’°SeO;. Conditions: Sephadex G-75, 2.8 x 75cm column, 
ammonium formate buffer, pH = 8.0, flow rate of about 1.2 cm?/min, 5 cm? fractions collected. 
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Table 1. Metallothionein levels in the kidney and in the liver of rats 
administered with the metals and with the metals plus selenium. Means 
and range values. For details see text 





Number of 


Metal animals 


Kidney 


Metallothionein 
mg/g tissue 
Liver 





Control 12 


Cd 8 


Hg 


Hg + Se 


(0.15—0.28) 
(0.30-0.52) 
(0.26-0.49) 
(0.51-0.61) 


(0.15-0.18) 


0.20 0.11 
(0.08-0.15) 
0.39 0.77 
(0.64-0.91) 
0.42 0.89 
(0.87-0.90) 
0.55 0.09 
(0.07-0.10) 
0.17 0.07 
(0.06-0.09) 





thionein fraction into the high-molecular weight protein 
fraction was found, especially in the kidney [10]. 

Table 1 shows the levels of metallothionein in the liver 
and in the kidneys of rats administered with cadmium, 
selenium and both these metals together. For comparison, 
results of the pilot experiment with mercury are also pres- 
ented. It results from the Table that multiple cadmium 
administration resulted in an increase of the metallo- 
thionein level in the liver and in the kidneys by factors 
of seven and two, respectively, and that selenium adminis- 
tration did not affect this phenomenon. On the other hand, 
the effect of selenium is evident in animals administered 
with mercury. In the latter case selenium abolished the 
stimulative effect of mercury on metallothionein in the kid- 
ney. This observation is in line with the previous report 
indicating the abolition of mercury binding to metallo- 
thionein in the presence of selenium [10]. 

Chen etal. [9] found | hr following administration of cad- 
mium that pretreatment with selenium resulted in almost 
complete abolition of cadmium binding to metallothionein 
in the kidneys and testis in favour of proteins of higher 
molecular weight. This was not the case, however with 
the liver, where metallothionein still played a dominant 
role. 

Our studies indicate that in the course of repeated expo- 
sure, where multiple doses of both cadmium and selenium 
are introduced over a longer time period, the influence 
of selenium on binding cadmium by metallothionein is 
much less pronounced, and the stimulatory effect of cad- 
mium on the biosynthesis of metallothionein of both liver 
and kidney is not affected. 
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BIOLOGIC ACTIVITY OF 9-B-p-ARABINOFURANOSYL-2-FLUOROADENINE , 


A METABOLICALLY STABLE ANALOG OF 9-f-p-ARABINOFURANOSYLADENINE 


R. W. Brockman, F. M. Schabel, Jr. and J. A. Montgomery 
Biochemistry, Chemotherapy, and Organic Chemistry Departments of 


Southern Research Institute, Birmingham, AL 35205 


(Received 25 July 1977; accepted 28 July 1977) 


The antitumor activity of 9-f-D-arabinofuranosyladenine (AraA) is enhanced by inhibi-~- 


tion of adenosine deaminase.'~* Inhibition of DNA synthesis in tumor cells by AraA also is 


fetes Chemotherapeutic activity 


enhanced by concurrent inhibition of adenosine deaminase. 


and inhibition of DNA synthesis can be correlated with increased levels of AraATP in leukemia 
ceils in mice treated with adenosine deaminase inhibitors in combination with AraA.°’’’® 

An equally valid and simpler approach is the design of adenosine analogs that are not 
substrates for adenosine deaminase. The observation that 2-fluoroadenosine”® was not a sub- 
strate for adenosine deaminase’ led to the synthesis of 9-8-D-arabinofuranosyl-2-fluoro- 
adenine (2-F-AraA).!! We have now observed that 2-F-AraA also is not a substrate for this 
catabolic enzyme (EC 3.5.4.4.) from calf intestinal mucosa or from P388 and L1210 mouse 
leukemia cells. An examination of the phosphorylation of 2-F-AraA in L1210 cells in vivo 
(Figure 1) revealed that the intracellular pools of 2-F-AraATP attained in L1210 cells from 
BDFl mice treated with 2-F-AraA alone were comparable to levels of AraATP found in L1210 


8 The intra- 


cells treated with AraA in combination with an adenosine deaminase inhibitor. 
cellular concentration of 2-F-AraATP in L1210 cells was 45, 156 and 220 nanomoles per 10° 
cells three hours after intraperitoneal treatment with 80, 150 and 400 mg/kg of 2-F-AraA 
(Figure 2). 2-F-AraATP was not found in L1210 cells 9 and 18 hours after treatment of 
leukemic mice with a single dose of 80 and 150 mg/kg of 2-F-AraA but significant levels were 
present 18 hours after treatment with a dose of 400 mg/kg of 2-F-AraA. 


2-F-AraA inhibited DNA synthesis in L1210 cells in culture (Table 1). Protein synthesis 


was less affected and RNA synthesis was not inhibited under the same experimental conditions. 
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Figure 1. HPLC analysis of cold perchloric acid extracts of L1210 ascites tumor cells 3 hours 
after treatment of mice with 150 mg/kg of 2-F-AraA. A Waters ALC 202 high-pressure liquid 
chromatograph equipped with a Partisil-l10 SAX column (Whatman) was used to separate nucleo- 
tides at ambient temperature using a linear gradient (40 min.) from 5 mM (pH 2.8) to 750 mM 
ammonium dihydrogen phosphate (pH 3.7) at a flow rate of 2 ml/min (1200 p.s.i.).° 
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Figure 2, 2-F-AraATP levels in L1210 cells in vivo after treatment of mice with 80, 150 
and 400 mg/kg of 2-F-AraA. 
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Table 1. Effects of 2-F-AraA (NSC-118218) on Macromolecular Synthesis in L1210 Cells in 
Culture 


Treated as % of Cont rol* 
Conc. DNAD RNAS = Protein®@ 
(ug/ml) TdR-°H UR-?H UR-3H ~~ Leu-3H 











1.0 102 84 135 119 
3.0 49 36 163 86 


10.0 18 11 137 66 





“Inhibitor was added to L1210 cells growing in culture; radioactive substrate was added 
30 min later. These data are based on samples taken 4 hrs after addition of radioactive 
substrate to culture .medium. ‘? 

PL acorporation of [C°H3]-thymidine or [5-*H]-uridine into DNA. 


CIncorporation of [5-*H]-uridine into RNA. 


dIncorporation of [4 ,5-°H] 1-leucine into protein. 





Table 2. Therapeutic Activity of 2-F-AraA Against Leukemia L1210° 


Median Estimated No. 
2-F-AraA Treatment Day of Death L1210 Cells 
Schedule; (Dying Mice Only) Median 60-Day Surviving 

Route Treated/Control % ILS4 Survivors Therapy® 





Expt. mg/kg/dose? 





100 19/8.5 123 2/6 4x10" (1.1) 
‘>. * 23/9 155 1/6 5x10? (1.8) 


100 16.5/9 83 0/6 3x10° 
400 ql2hx2, days 22/9 1/6 2x10? 
1,5,9; i.p. 


150 q3hx8, days 15/9 2x10’ 
1,5,9; oral 





#105 L1210 ascites cells implanted i.p. on day 0. 

btTreatments reported were selected from a range of dose levels from lethally toxic to 
apparently nontoxic. Those included here resulted in no more than 16% (1/6 treated mice) 
dying without gross evidence of progressive leukemia (splenomegaly) , except those treated 
orally, in which the dose range tested contained no toxic levels. 

Ci.p. = intraperitoneal; oral = drug administered directly into stomach by catheter. 


dy ILS = % increase in life span, compared to untreated control; excluding 60-day survivors. 


©Based on median day of death in dying animals only. Figures in parentheses based on % 
survivors. 





DNA synthesis in L1210 cells in vivo was markedly inhibited (10 to 20% of controls): 
for a period of 6 hours after treatment with 2-F-AraA (80 mg/kg). 
AraA, in the absence of adenosine deaminase inhibitors, has no significant 


therapeutic activity against L1210 leukemia.?-* 


Since 2-F-AraA is not deaminated it was 
tested alone in BDFl mice implanted i.p. with 10° L1210 cells. 2-F-AraA was given i.p. or 


orally on the basis of average mouse body weight. Therapeutic activity based on observed 
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increase in median life span of treated animals over untreated controls and on estimates of 
the number of viable L1210 cells present at the end of treatment!’ is summarized in Table 2. 
The data presented allow the conclusion that 2-F-AraA has reproducible therapeutic activity 
against L1210 and suggest, in agreement with the observed maintenance of 2-F-AraATP levels 
in L1210 cells following a single dose of 400 mg/kg of 2-F-AraA (Figure 2), that repeated 
doses of the drug at short intervals may not be required for optimal therapeutic activity. 
2-F-AraA appears to have some therapeutic activity against L1210 following oral administra- 
tion. Studies to determine the optimal doses and schedule for both parenteral and oral 
treatment are planned and will be conducted as 2-F-AraA becomes available. 


Our findings show (a) that 2-F-AraA is not a substrate for adenosine deaminase; 


(b) that it is phosphorylated to 2-F-AraATP; (c) that it inhibits DNA synthesis in L1210 


cells in culture and in vivo; and (d) that 2-F-AraA alone is therapeutically effective 


against L1210 leukemia. 
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Departments of Psychiatry and Pharmacology, Yale University School of Medicine, 


iWew Haven, CT 06510, U.S.A. 


(Received 13 July 1977; accepted 20 July 1977) 


The concentrations of 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid 
(11VA) in regions of rat brain have been shown to vary according to the functional state of 
dopaminergic neurons. Experimental conditions which lead to increased rates of impulse 
flow through the nigro-neostriatal pathway result in increased concentrations of DOPAC and 
HVA in the striatum, and conditions which inhibit impulse flow lead to decrements in DOPAC 
and HVA [1-4]. 

Previous studies in this laboratory have shown that, during electrical stimulation of 
the nigrostriatal pathway at 15 Hz, DOPAC levels in the striatum are increased by 200 per 
cent within 20 min. Further electrical stimulation does not cause a progressive accumula- 
tion of DOPAC [5], suggesting that this metabolite is rapidly cleared from brain. ‘This 
view is further supported by the finding that DOPAC in the striatum declines to undetect- 
able levels 30 min after inhibition of monoamine oxidase [5,0]. These findings suggested 
that DOPAC produced upon activation of central dopaminergic neurons may enter the circu- 
lation and that this route may constitute a major’ mechanism of removal of this metabolite 
from brain. If this were the case, measurements of plasma concentrations of DOPAC could 
provide an index of activity of dopaminergic neurons in the brain. 

To investigate this possibility, we measured DOPAC in the plasma of rats (Sprague- 
Dawley males, 200-250 g) after unilateral stimulation of the nigrostriatal pathway for 
60 min at 15 Hz [5]. Ina series of experiments tropolone was used to block the conversion 
of DOPAC to HVA. Blood was collected by cardiac puncture and centrifuged at 10,000 g 
for 20 min. Fifty ng of 3,4-dihydroxyphenyl-d3z acetic-dz acid (Merck, Sharp & Dohme, 
Canada) was added to 1 ml saiples of plasma acidified with 1 ml of 0.5 N HCl, or to 1 ml 
of 10,000 g supernatants of striatal tissue homogenized in 0.1 M formic acid. DOPAC was 


extracted into 5 ml ethyl acetate which was then evaporated to dryness under N5. The 


pentafluoropropionyl derivative of DOPAC was formed by reaction with pentafluoropropionic 
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acid anhydride and pentafluoropropanol. Quantitation was performed by the technique of 
selected ion monitoring using a Finnigan model 3200 quadrupole electron impact mass spec- 
+rometer. Ions at m/e 387 and 392, originating from endogenous and deuterated DOPAC, re- 
spectively, were monitored. Experimental values were determined by extrapolation from 
appropriate standard curves. The identity of the endogenous compound was confirmed by com- 
paring the ratios of two ions (m/e 387 and 415) derived from endogenous DOPAC with the ratio 
of those same two ions derived from authentic DOPAC. 

The results presented in Table 1 indicate that a measurable and significant (P < 0.05) 
increase in plasma DOPAC concentration occurred after electrical stimulation of the nigro- 
striatal pathway on one side of the brain. A large increase in the concentration of DOPAC 


was also observed in the striatum ipsilateral to stimulation (Table 2). 


Table 1. Effects of nigrostriatal pathway stimulation and tropolone treatment on plasma 


DOPAC concentration* 


Treatment N DOPAC (ng/ml plasma) 





Controls 7 2.0 + 
l-hr Stimulation 7 


Tropolone (50 mg/kg) 8 


Tropolone + l-hr stimulation 6 De + 0.535 


*All animals were anesthetized with chloral hydrate (400 mg/kg, i.p.) 60 min prior to 
sacrifice. Tropolone (50 mg/kg, i.p.) was injected 15 min before chloral hydrate. 


Results are expressed as mean + S.E.M. 


*p < 0.05 from controls. +P < 0.001 from controls. §P < 0.05 from tropolone-treated controls. 


Table 2. Effects of nigrostriatal stimulation and tropolone treatment on DOPAC concentra- 


tion in the striatum* 


Treatment Tissue DOPAC (ug/g striatum) 





l-hr Stimulation Striatum ipsilateral to stimulation 3.05 
ted L 
Striatum contralateral to stimulation 0.91 


l-hr Stimulation + Striatum ipsilateral to stimulation 2.03 


tropolone 
(N = 6) Striatum contralateral to stimulation 1.06 + 0.12 


*Animals were treated as described in Table 1. Kesults are expressed as mean + S.E.M. 


*P < 0.01 from striatuna contralateral to stimulation. +#P < 0.05 from striatum contralateral 


to stimulation, 
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The difference in magnitude between the stimulation-induced increase of DOPAC in 
the striatum and that in the plasma is probably due to the dilution of the metabolite in 
a relatively large volume of blood, and its rapid conversion to other compounds by con- 
jugation or O-methylation by liver catechol-O-methyltransferase (COMT). 

The administration of tropolone (50 mg/kg, i.p.), a COMT inhibitor, 15 min prior 
to stimulation induced significant alterations in the pattern of DOPAC accumulation both 
in the brain and in plasma. 

The concentration of DOPAC in the plasma of tropolone-treated animals was increased 
to 2¢) per cent of control levels (Table 1), suggesting that O-methylation is a major 
route of metabolism of free DOPAC in the plasma. Stimulation of the left nigrostriatal 
pathway for 60 min led to a further inzrease in plasma DOPAC which was significantly higher 
than that induced by tropolone alone. 

Administration of tropolone did not cause a significant increase in the accumulation 
of DOPAC in the striatum (Table 2). This finding suggests that DOPAC can be removed from 
the brain by means other than O-methylation, such as conjugation [7] or by entering the 
circulation. The latter view is supported by the observations that a significant increase 
in the accumulation of DOPAC occurs in the plasma after stimulation of the nigrostriatal 
pathway or after inhibition of COMT (Table 1). 

The results presented in this communication suggest that changes in the concentration 
of DOPAC in the plasma reflect changes in the functional activity of dopaminergic neurons 
in the brain. These findings raise the possibility that some aspects of central nervous 
system function can be studied by monitoring neurotransmitter metabolites in the plasma. 
We are currently investigating the effécts of pharmacologic treatments which increase im- 


pulse flow in central dopamine neurons on the plasma concentrations of dopamine metabolites. 
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ANNOUNCEMENT 


Radiopharmacology Symposium to be held in Innsbruck 


The “First International Symposium on Radiopharmacology” will be held in Innsbruck, Austria, on 21-24 
May, 1978. The purpose of this symposium is to provide a forum for the exchange of information related 
to the biological transport, mechanisms of localization and metabolic pathways of radiotracers used in medi- 
cine and biology. The need for the discussion of basic radiotracer chemistry and pharmacology has been 
widely recognized and it is hoped that this symposium will serve to satisfy this need. 

Sessions will include both invited and contributed communications in the areas mentioned above. The 
submission of abstracts will be called for later. 

Those interested in attending or actively participating should contact Dr. Lelio G. Colombetti, Pharma- 
cology Department, Loyola University Stritch School of Medicine, Maywood, Ill. 60153, U.S.A. 
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ERRATA 


(a) THoMas M. GUENTHNER and GILBERT J. MANNERING: Induction of hepatic monooxygenase systems in 
fetal and neonatal rats with phenobarbital, polycyclic hydrocarbons and other xenobiotics. Biochemical Phar- 
macology, 26, No. 7, 567-575. 

Page 572, Table 3—Under the heading “Treatment”, the entry in the second rank should read: “PB (80).” 
The corresponding legend should read: “... phenobarbital (PB) or PB + 3-methylcholanthrene (3-MC) daily 
for 4 days...”. 


(b) THoMas M. GUENTHNER and GILBERT J. MANNERING: Induction of hepatic monooxygenase systems of 
pregnant rats. with phenobarbital and 3-methylcholanthrene. Biochemical Pharmacology, 26, No. 7, 577-584. 

Page 582, Table 1—Under the heading, “Treatment”, the entries in the third and sixth ranks should read: 
“PB (40) + 3-MC (16).” The corresponding legend should read: “.... phenobarbital (PB) or PB + 3-methylcho- 
lanthrene (3-MC) for 4 days...”. 
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MECHANISM OF ACTION OF f-LACTAM 
ANTIBIOTICS AT THE MOLECULAR LEVEL 


JEAN-MARIE FRERE 


Service de Microbiologie, Faculté de Médecine, Institut de Botanique, Université de Liége, 
4000 Sart Tilman par Liége 1, Belgium 


Half a century after the discovery of penicillin, the 
elucidation of the mechanism of action of B-lactam 
antibiotics has reached the stage where the reaction 
between antibiotics and purified, sensitive enzymes 
can be studied as a simple, bimolecular reaction. The 
main object of this paper is to discuss the recent 
results obtained in this respect. 

These investigations were initiated and carried out 
in the frame of a program whose final goal is the 
complete characterization of the bacterial enzyme 
target to which penicillin binding causes cessation of 
cell growth. More complete reviews on this topic can 
be found in [1] and [2]. It should be emphasized 
that important questions remain unanswered at the 
physiological level and that the exact relationship 
between several sensitive enzymes and the killing 
target(s) of B-lactams in bacteria has not yet been 
clearly established. 

Antibiotics of the B-lactam family (penicillins and 
cephalosporins) interfere with the final steps of the 
biosynthesis of the peptidoglycan, a major component 
of the bacterial cell wall. This net-like polymer com- 
pletely surrounds the cell and constitutes the only 
protection of the Gram-positive bacteria against their 
internal osmotic pressure, allowing them to survive 
in a hypotonic environment. In Gram-negative bac- 
teria, the strength and shape of the cell wall probably 
depend upon a more subtle interrelationship between 
the peptidoglycan and the components of the outer, 
membrane-like layer which is absent in Gram-positive 
species. The chemical structure of peptidoglycan has 
been discussed in detail [3] as has the three-dimen- 
sional arrangement of the polymer [4, 5]. 

Linear glycan chains, consisting of alternating resi- 
dues of N-acetylglucosamine (GIcNAc) and N-acetyl- 
muramic acid (MurNAc), are crosslinked by short 
peptides (see legend of Fig. 1 for more information). 
These peptides, and the formation of the interpeptide 
linkages are directly relevant to the antibacterial 
action of penicillins. The biosynthesis of the polymer 
(for recent reviews, see Refs. [6-8] can be divided 
into three main stages: (1) The first stage involves 
the intracellular synthesis of activated precursors 
UDP-GIlcNAc and UDP-MurNaAc-pentapeptide*; (2) 
In a second stage, these precursors are transferred 
to a membrane-bound C-,,-isoprenoid alcohol 
phosphate. A lipid soluble intermediate [isoprenoyl- 
pyrophosphate-MurNAc(pentapeptide)-GlcNAc] is 
formed and, if present in the final structure, the cross- 





* The sequence of the pentapeptide is generally: -L- 
Ala— D-Glus> @— D-Ala — D-Ala. 


bridging amino acids are added to this intermediate 
at the w-amino end of the third residue of the peptide; 
(3) The third and final stage consists in the polymeri- 
zation of the net-like polymer outside the cytoplasmic 
membrane by enzymes that are themselves attached 
to the plasma membrane. The energy of the phospho- 
diester bond between pyrophosphate and muramic 
acid is utilized for glycan chain elongation whereas 
peptide crosslinks are closed by a transpeptidation 
reaction. During this latter reaction, the carboxyl 
group of the penultimate D-Ala residue of one penta- 


/ 
Fig. 1. General structure of peptidoglycan of chemotypes 
I, II and III. G: N-acetylglucosamine, M: N-acetylmuranic 
acid. The circles represent amino acid residues: @ is 
L-alanine, @ D-glutamic acid, which is bound to residue 
@ via its y-carboxyl group. The «-carboxyl is either free 
or amidated (X). The third residue is either a diamino acid, 
such as lysine or a diamino diacid such as diaminopimelic 
acid (A,pm). The fourth residue is D-alanine. Z represents 
the amino acid residue(s) which may be present in the 
crossbridge between two tetrapeptides. In chemotype I, Z 
is absent and a direct linkage is formed between the car- 
boxyl group of the D-Ala of one peptide and the w-amino 
group of the third residue of another peptide (Gram-nega- 
tive bacteria, Bacilli, Gaffkya homari and Actinomadura 
have a peptidoglycan of chemotype I). In chemotype II, 
Z is one amino acid residue (e.g. glycine in Streptomyces 
spp. and L-asparagine in Streptococcus faecalis ATCC 
9790) or a short peptide (pentaglycine in Staphylococcus 
aureus). In chemotype III, Z is one or several tetrapeptides 
having a structure identical to that of the basic tetrapep- 
tide. Chemotype IV peptidoglycans are not represented on 
the figure. In these cases, the Z-bridge is a diamino acid 
or a diamino acid-containing peptide which extends 
between the a-carboxyl group of glutamic acid and the 
carboxyl group of p-alanine. The figure also shows some 
peptide units which have retained either a free amino or 
a free carboxyl group. 
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peptide unit is transferred onto the free amino group 
of another peptide unit (either on the crossbridge in 
chemotypes II, III, IV or on the third residue itself 
in chemotype I). Formation of the peptide bond is 
accompanied by the release of the ultimate D-Ala resi- 
due and can be represented by the simplified reaction: 
R-p-Ala-D-Ala + R’-NH, — R-p-Ala-NH-R’ + D-Ala 
where R-D-Ala-D-Ala is the donor peptide and 
R’-NH, the acceptor peptide. In the presence of peni- 
cillin, the transpeptidation reaction is inhibited, which 
causes a profound disorganization of the cell envelope 
of the growing cells. The delicate balance between 
synthesis of cross-linked peptidoglycan and its degra- 
dation by autolysins is disrupted and bacteria grow- 
ing in a hypotonic environment undergo lysis (pepti- 
doglycan hydrolysing enzymes, which constitute the 
cellular autolytic system are normally present in all 
bacteria where they probably play important func- 
tions by creating new growth sites in the polymer). 

In Gram-negative bacteria, the phenomenon is 
more complex: lysis is only obtained at high concen- 
trations of penicillin; low concentrations of antibiotic 
induce morphological abnormalities (round cells, non 
dividing chains, formation of bulges, etc.). 

In vitro assays for penicillin-sensitive transpeptida- 
tion reactions were first devised by Araki et al. [9] 
and Izaki et al. [10], independently. They showed that 
membrane fragments of E. coli, when incubated with 
the precursors UDP-GlcNAc and UDP-MurNAc- 
pentapeptide, catalysed a series of reactions which 
culminated in the synthesis of crosslinked peptidogly- 
can. In the presence of penicillin, the reactions did 
not proceed further than the stage of linear, uncross- 
linked peptidoglycan. These membrane preparations 
also contained a penicillin-sensitive D-Ala-D-Ala car- 
boxypeptidase (DD-Cbase), which caused the release 
of the C-terminal D-Ala from the UDP-MurNAc-pen- 
tapeptide. The D-alanine released by this carboxypep- 
tidase could be distinguished from the D-alanine 
released by the transpeptidase by omitting UDP-Glc- 
NAc from the incubation mixture. A DD-carboxypep- 
tidase penicillin-sensitive activity has been shown to 
occur in many bacterial species [11-23]. Its exact role 
has not yet been clearly elucidated but this enzyme 
is thought to be concerned with the control of the 
extent of peptidoglycan crosslinking. In some bacilli, 
the specific inhibition of the pD-carboxypeptidase ac- 
tivity does not cause detectable damages to the cell 
but in other bacteria, such as Gaffkya homari, the role 
of the DD-carboxypeptidase is essential. In this latter 
bacterium, a peptide unit is utilized as an acceptor 
only after release of the C-terminal D-Ala residue by 
DD-carboxypeptidase action; in consequence, poly- 
merization cannot proceed further than the formation 
of peptide dimers and a maximum degree of 50 per 
cent of crosslinking should then be expected. The ex- 
perimental! data confirm these predictions. Moreover, 
the Db-carboxypeptidase, and not the transpeptidase, 
appears to be the lethal target of penicillin [24]. Simi- 
larly, in a thermosensitive mutant of E. coli, the 
amount of nascent peptidoglycan which is incorpor- 
ated in the wall by transpeptidation to the preexisting 
peptidoglycan is controlled by DD-carboxypeptidase 
action. Furthermore, an exact balance between trans- 
peptidase activity and DD-carboxypeptidase activity 
may be an important feature of the mechanism con- 
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cerned with cell septation [25 and D. Mirelman, per- 
sonal communication]. 

However interesting they are for the unravelling of 
the reactions leading to peptidoglycan biosynthesis, 
the membrane + wall systems are of little value in 
studying the interaction between penicillin and the 
sensitive enzymes at the molecular level. Indeed, these 
systems are, per se, extremely complex and transpepti- 
dation can only be observed as the last step of a 
series of reactions with the result that it cannot be 
studied directly and independently. 

In order to overcome these difficulties, two 
approaches were used, which were (1) the isolation 
and purification of the penicillin binding components 
(PBCs) present in the plasma membranes of the bac- 
teria and their characterization by gel electrophoresis 
and (2) the use of simple peptide donor and acceptor 
systems as direct substrates for isolated transpepti- 
dases. In this respect Streptomyces R61 and Actino- 
madura R39 were interesting organisms because of 
their ability to excrete during growth soluble trans- 
peptidases-pD-carboxypeptidases which could be puri- 
fied to protein homogeneity by conventional tech- 
niques [26, 27]. 


A. The penicillin binding components (PBCs) 


The main result of these studies has been to demon- 
strate that bacterial cytoplasmic membranes possess 
several proteins which form relatively stable com- 
plexes with penicillins. In some cases, enzymic activi- 
ties or physiological roles could be attributed to some 
of these PBCs (see Table 1 for a summary of the 
properties of the PBCs). Transpeptidase activity has 
been demonstrated for at least 3 of the PBCs of Sal- 
monella typhimurium [33]: these proteins utilize the 
pentapeptide L-Ala— D-Gluy> (L)-meso-A,pm-(L) > 
p-Ala— p-Ala to form crosslinked dimers. The im- 
portance of these results should be emphasized, since, 
in all other cases, DD-carboxypeptidase was the only 
enzymic activity which could be attributed to one or 
several PBCs. The interactions between penicillin and 
these DD-carboxypeptidases have been studied with 
some detail. The results are discussed below. 


B. Interaction of penicillins with transpeptidases and 
DD-carbox ypeptidases 


1. Soluble DD-carboxypeptidases-transpeptidases 
from Actinomycetes. The DD-carboxypeptidases-trans- 
peptidases excreted by both Streptomyces R61 and 
Actinomadura R39 have been purified to protein hom- 
ogeneity [26,27]. They catalyse transfer reactions 
between donor and acceptor peptides identical or 
very similar to the peptidoglycan peptide units in the 
corresponding strains [37,38]. Simultaneously with 
the transpeptidation reaction, these enzymes also 
catalyse the hydrolysis of the donor peptide. The 
transpeptidase/carboxypeptidase ratio can be _ in- 
creased by raising either the pH or the acceptor con- 
centration or by decreasing the water content of the 
incubation mixture. With the R61 enzyme, up to 80 
per cent of the water can be replaced by a mixture 
of ethyleneglycol and glycerol, which decreases the 
rate of hydrolysis to a greater extent than the rate 
of transpeptidation, resulting in q 7-fold increase of 
the transpeptidase/carbox ypeptidase ratio value [39]. 
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Table 1. Properties of the penicillin binding components 





Enzymic 
activities 


Physiological 
function 





Bacillus subtilis 


Bacillus megaterium 


Bacillus cereus 


Bacillus stearothermophilus 


Staphyloccocus aureus 


Streptococcus faecalis ATCC 9790 


Salmonella typhimurium 


Escherichia coli 


Nos 1, 2, 4: possible 
killing targets of 
pencillin 


(28, 29, 30, 31] 


No. 1: possible killing 
target of penicillin 


Nos 1, 2, 3: possible 
killing targets of 
penicillin 


on 


Nos 1, 4, 5 = pp-Cbases 
and Tpases 


No. 4: possible killing 
target of penicillin 


No. 1: cell elongation 
No. 2: shape 
No. 3: cell division 


Nos. 5 and 6 = pp-Cbases [23, 34, 35, 36] 





* PBCs are numbered in order of decreasing mol. wt. 


+ [a]: H. A. Chase and P. E. Reynolds, personal communication; [b]: R. Fontana and J. Coyette, personal communica- 


tion. 


DD-Cbase = DD-carboxypeptidase; Tpase = transpeptidase. 


(a) Kinetic analysis. The interaction between enzyme 
and f-lactam inhibitors has been studied by various 
kinetic methods; the following simple model best 
explains all the observed data: 


E+1 & EI — El* “4 E+X4+Y 
Model A 


The free enzyme E reversibly binds the antibiotic I 
to form a first stoichiometric complex EI. This 


complex then undergoes an irreversible transforma- 
tion into a second stoichiometric complex EI* which 
finally breaks down, regenerating the active enzyme 
and releasing a fragmented antibiotic molecule. The 
dissociation constant K and the first-order rate con- 
stants k, and k,, which characterize such a system 
have been measured [40,41] for the interaction 
between both R61 and R39 enzymes and several peni- 
cillins and cephalosporins (see Table 2). At low con- 
centrations of antibiotic (ie. for I < K), the rate of 


Table 2. Values of the constants according io model A and effect of the antibiotic on the germination of conidia 





Streptomyces R61 
Exocellular enzyme [40] 


Actinomadura R39 
1/LDso Exocellular enzyme [41] 


x 107! 


1/LDso 
x 107! 








K ks 
mM "ig 


k3/K ks 


Antibiotic M~' sec”! sec 


(M~') 
(30°) 


(M~') 
(30°) 


k3/K 


ks 
ihe M-*eec"* 


sec 





Penicillin G 13 (25°) 
Carbenicillin 0.11 
Ampicillin 7.2 
Penicillin V >1 
Methicillin — — 
Cephalo- 

sporin C >I 4 1 
Cephalo- 

glycine 0.4 
Cephalexine ~ — 
Cephalo- 

sporin 87/312 


179 (25°) 
0.09 


13,700 (25°) 


>0.2(10°) >0.1(10°) 460 (10°) 


1.4 x 107* 
1.4 x 107¢ 
1.4 x 107* 
2.8 x 1074 
19° 


3a wre 


3x 107* _ — — 


300,000 
5,750 
74,000 (20°) 


140,000 
12,000 
41,000 


18,000 

3,000 
18,000 
20,000 es — 
1,150 (20°) 14.000 
67.000 (20°) 


0.8 x 107° 
2.4 x 107° 


74,000 (20°) 
3,000 (20°) 


2.6 x 10°(10°) iS:« 16°° 





The LDs, values represent the concentrations of antibiotic allowing 50 per cent of cell survival [50]. On the table, 
the reciprocal of this value is given and the units have been chosen to allow direct comparison with the k3/K value. 

All the results were obtained at 37°, unless otherwise indicated. 

For technical reasons, the individual values of K and k, could only be obtained for cephalosporin C in the case 


of the R39 enzyme [see 41]. 
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formation of EI* is dependent on the ratio k3/K. The 
steady-state concentration of free enzyme is a function 
of the concentration of inhibitor ({1]) and of the 
values of k, and k3/K. A good inhibitor should have 
a high k3/K value and a low k, value. For the soluble 
enzymes, however, a relationship could not be 
obtained between these values and the sensitivity of 
the organisms to various penicillins (see Table 2). 
Obviously, the exocellular enzymes are not the killing 
targets of the f-lactams. However as, until recently, 
these enzymes were the only transpeptidases which 
had been purified to protein homogeneity, they con- 
stituted models of choice for the study of the interac- 
tion between penicillins and sensitive enzymes. 

The proposed model explains the fact that inhibi- 
tion may appear to be irreversible in some cases and 
reversible in others: if k4 is low, an inhibited complex 
is easily isolated; if k, is high, regeneration of the 
active enzyme is observed after elimination of the 
excess of penicillin. The isolation of a stable complex 
at low temperature, and complete recovery of activity 
upon incubation of this isolated complex at 37° may 
be observed with the same enzyme [42,43]. More- 
over, this model allows a good interpretation of 
earlier, puzzling observations that cells which have 
been saturated with penicillin can start to grow and 
to synthesize peptidoglycan after reincubation in a 
fresh penicillin-free medium [44, 45]. 

When donor substrate is added to the enzyme 
together with the antibiotic, the ternary interaction 
may follow either a competitive or a non-competitive 
pathway. The non-competitive model shown below 
is the most general. 


E EI —EI*+E+X+Y 
+S {f 1}+s 
ES ESI 


| 

E+P Model B 
In the competitive model, the ternary complex ESI 
cannot be formed as binding of inhibitor and sub- 
strate are mutually exclusive. In several cases, appar- 
ently competitive kinetics have been obtained for the 
interaction between the three reagents [11-—13, 19, 20]. 
According to Blumberg and Strominger [8], these 
results suggest that substrate and inhibitor compete 
for the same site on the enzyme. However, a careful 
analysis [46] shows that, in systems involving the for- 
mation of a rather stable intermediate, such as EI*, 
the concentrations of EI and ESI might be equally 
negligible with the result that perfectly competitive 
Lineweaver—Burk plots are obtained even if the inter- 
action is non-competitive. This conclusion strictly 


C,H=-CH;-CONH 
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applies to the exocefialar R61 enzyme, but most likely 
it is also true for the DD-carboxypeptidases from B. 
subtilis and B. stearothermophilus, for which both 
‘competitive inhibition’ and formation of rather stable 
complexes with f-lactams have been observed 
(12, 13]. 


(b) Fragmentation of the antibiotics. The fragments 
produced by the action of the R61 enzyme on benzyl- 
penicillin (penicillin G) are phenylacetylglycine and 
N-formyl-p-penicillamine [47,48]. The dashed line 
indicates that, with respect to its biosynthesis, penicil- 
lin can be regarded as the condensation product of 
L-cysteine and D-valine. Hence, fragmentation by the 
R61 enzyme follows a very different pathway. Recov- 
ery of enzyme activity and release of phenylacetyl- 
glycine are simultaneous events; consequently, if an 
intermediate such as phenylacetylglycyl-enzyme, is 
formed, its half-life is very short compared to the half- 
life of the original enzyme-penicillin complex. 
Phenoxymethylpenicillin (penicillin V) is degraded in 
a similar manner into phenoxyacetylglycine and 
N-formyl-D-penicillamine. The R39 enzyme also pro- 
duces phenylacetylglycine from benzylpenicillin, but 
much more slowly (compare the values of k, on Table 
2). For this reason, the fate of the thiazolidine ring 
during the interaction of benzylpenicillin with this lat- 
ter enzyme has not yet been elucidated. 


(c) Presence of serine at the penicillin binding site. Pro- 
nase or thermolysin digestion of the denatured R61 
enzyme-['*C]benzylpenicillin complex released a 
['*C]labelled Val-Gly-Ser tripeptide. Further action 
of pronase or treatment with leucine aminopeptidase 
yielded valine and a radioactive Gly-Ser dipeptide. 
Hence, the only group to which penicillin could have 
been bound was the hydroxyl group of the serine resi- 
due [49]. 

2. The membrane-bound transpeptidases. Isolated 
membranes of various Streptomyces species [50] cata- 
lyse transpeptidation reactions with donor and accep- 
tor peptides which are very similar to the natural pep- 
tides occurring in the Streptomyces wall peptidogly- 
can. In Streptomyces R61, a parallelism exists between 
the effects of several penicillins and cephalosporins 
on the membrane-bound transpeptidase and on the 
germination of conidia suggesting that this enzyme 
is the killing site of B-lactam antibiotics. Model A 
applies to the interaction between the enzyme and 
various penicillins, although, for technical reasons, it 
has not been possible to demonstrate that formation 
of complex EI* is also a two-step process. The impor- 
tant point, however, is that, with all £-lactams tested, 
EI* complexes spontaneously break down to release 
active enzyme. The half-lives of these complexes at 


Cols-Cly- CONH—CH, 


aN 


OH 


0 
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37° vary from 3 min to several hours depending upon 
the antibiotic. The structure of the degradation 
product(s) of penicillin is still under current investiga- 
tion. The enzyme can be solubilized with a cationic 
detergent N-acetyl-N,N,N-trimethylammonium bro- 
mide and partially purified by chromatography on 
Sephadex G-100. Model A remains valid for the par- 
tially purified enzyme; in this case, phenylacetylgly- 
cine is released upon breakdown of the EI* complex 
previously formed with benzylpenicillin. In other 
Streptomyces species (K15, rimosus), a spontaneous 
degradation of the EI* complexes was found in all 
cases, either with membrane-bound or. solubilized 
transpeptidases (Dusart, J. and Leyh-Bouille, M., per- 
sonal communication). Recently, two of the mem- 
brane-bound pDbpD-carboxypeptidases-transpeptidases 
(PBCs 4 and 5) from Salmonella typhimurium have 
been isolated and purified. The complexes formed 
between these enzymes and benzylpenicillin decay 
with half-lives of 90min (PBC 4) and 5min (PBC 
5) at 37° [33]. 


C. The carboxypeptidases 


Streptomyces albus G secretes a soluble DD-carboxy- 
peptidase, which is only inhibited by extremely high 
(10-20 mM) concentrations of benzylpenicillin [51]. 
This enzyme appears to be more resistant to penicil- 
lin, by at least two order of magnitude, than all the 
other DD-carboxypeptidases or transpeptidases which 
have been described so far. The understanding of the 
reasons for this relative absence of sensitivity should 
supply new insights into the phenomenon of resist- 
ance. 

With the exception of this latter enzyme, all the 
DD-carboxypeptidases described below originate from 
cytoplasmic membranes. Some of them were solubi- 
lized with detergents and partially purified in the 
presence of the solubilizing agent. In some instances 
[ 12, 23, 30], homogeneity was claimed on the basis of 
the presence of one single protein band after gel elec- 
trophoresis in the presence of sodium dodecylsulfate. 
However, such a test is insufficient; indeed, penicillin 
titration of the DD-carboxypeptidases thus ‘purified’ 
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from B. subtilis and B. stearothermophilus indicated 
that only 0.28 and 0.04 moles of penicillin were bound 
per mole of enzyme, respectively [43]. 

Some of the enzymes listed as carboxypeptidases 
in this paragraph also catalyse simple transpeptida- 
tion reactions, using amino acids (glycine, D-alanine), 
a simple dipeptide (glycyl-glycine) or hydroxylamine 
as acceptors (carboxypeptidases from B. stearothermo- 
philus, B. megaterium, S. faecalis and E. coli). The data 
which are presently available do not justify the classi- 
fication of these enzymes as transpeptidases, since 
none of them is able to utilize more complex accep- 
tors, which would be similar to the natural cell wall 
acceptors, nor to catalyse the formation of dimers 
from donor-acceptor substrates [12, 17, 23, 54]. How- 
ever, with these enzymes as well as with other pp-car- 
boxypeptidases, suitable experimental conditions 
might still be found in which they would catalyse 
transpeptidations similar to the physiological reac- 
tions. 

Table 3 summarizes the properties of some DD-car- 
boxypeptidases. In general, the interactions between 
these enzymes and f-lactams appear to proceed 
according to model A, although results never allow 
a clear distinction between a direct or a two-step for- 
mation of complexes EI*. Nevertheless, in all case, 
complexes EI* break down, releasing the active 
enzyme and an inactive, degraded antibiotic. Carbox- 
ypeptidase IB from E. coli might be the only excep- 
tion [23]: although this enzyme is strongly inhibited 
by penicillin, a stable complex could not be isolated. 
This result implies that the complex is extremely un- 
stable or, alternatively, that the inhibition is a truly 
reversible phenomenon (E + I= El). 

In some cases, the structure of the released com- 
pound(s) is far from being firmly established: (1) With 
carboxypeptidase IA from E. coli [23], the possible 
contamination of the preparation by a small amount 
of f-lactamase cannot be excluded since the EI* 
complex was not isolated prior to the release of the 
inactivated antibiotic; (2) N-formyl-pD-penicillamine 
was found by Chase and Reynolds (personal com- 
munication) while the intact thiazoline (D-5,5-dimeth- 


Table 3. Properties of some DD-carboxypeptidases 





Bacterial 


species Physical state 


Half-life of complex 
formed with benzylpenicillin 


Released compound(s) 
upon decay of complex 





M.B. 
solubilized 
(Triton X-100) 
M.B. 
solubilized 
(Triton X-100) 


Bacillus 
subtilis 


Bacillus 
stearothermophilus 


Bacillus M.B. 


megaterium 
M.B. or 

solubilized 

(Genapol) 


Streptococcus 
faecalis 
ATCC 9790 


Escherichia 

coli H2143 
IA solubilized 
1B solubilized 


solubilized 
(Genapol) 


Proteus 
mirabilis 
unstable 
L-form 


200 min (37°) 


10 min (55°) 
10 min (55°) 


260 min (37 ) 


5 min (37) 
no stable complex isolated 


5.5 min (30°) 
3.5 min (37°) 


Probably phenyl- 
acetylglycine 


Phenylacetylglycine + 
N-formyl-p-penicillamine 
or phenylacetylglycine 
+5,5 Dimethyl-A? 
thiazoline-4-carboxylate 


180 min (25) 


Phenylacetylglycine + 
N-formyl-bD-penicillamine 


Penicilloic acid’ 
Penicilloic acid” 


Penicilloic acid 
and other. minor 
compounds 





*[a] H. A. Chase and P. E. Reynolds, personal communication; [b] J. Coyette, personal communication. 


M.B. = membrane-bound. 
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yl-A?-thiazoline-4-carboxylate) was reported by Ham- 
marstrém and Strominger [53] as the reaction 
products arising from the thiazolidine moiety of ben- 
zylpenicillin after interaction with the Bacillus stear- 
othermophilus membranes. However, the identification 
of the intact thiazoline appears rather dubious, since 
this compound spontaneously decays (half-life: 
130 sec; J. M. Frére, unpublished results) under the 
conditions in which it was supposedly isolated 
(50 min at 55°). 

Finally, steady state studies of the hydrolysis of the 
substrate in the presence of penicillin by the DD-car- 
boxypeptidase from the Proteus unstable L-form indi- 
cated a non-competitive inhibition [55,56]. These 
results demonstrate a non-competitive model might 
be necessary for a general description of the interac- 
tion between penicillin and sensitive enzymes. 


GENERAL COMMENTS 


The most striking and novel feature of the interac- 
tion between f-lactams and sensitive enzymes has 
been the instability of the inhibited EI* complexes. 
Degradation of these complexes and enzyme reacti- 
vation appear to be general phenomena. Depending 
upon the enayme, the antibiotic and physical factors, 
such as pH and temperature, the half-lives of the inhi- 
bited EI* complexes vary from 3 min to more than 
10 days (which corresponds to first-order rate con- 
stants ranging from 10~° to less than 10° ° sec~'). 
In general, EI* complexes are more stable with cepha- 
losporins than with penicillins. The discovery of this 
degradation step suggests a new mode of bacterial 
resistance to f-lactams which is the degradation of 
the antibiotic by the target enzyme itself. Indeed, 
assuming all other factors to be identical, the faster 
the decay of the EI* complex, the higher the concen- 
tration of antibiotic which is needed to cause the 
same enzyme inhibition. In these studies, the purified 
DD-carboxypeptidases-transpeptidases from actino- 
mycetes were extremely useful tools. 

(1) A model has been proposed for the interaction 
between penicillins and sensitive enzymes (modei A). 
From an integration of the data obtained with 
numerous enzymes, the model appears to be general. 
In particular, it explains how reversibility or irreversi- 
bility of the inactivation can be observed, sometimes 
with the same enzyme, depending upon the experi- 
mental method used. Moreover, a careful analysis of 
this type of situation provides an explanation for. the 
apparent paradox in which some enzymes, while exhi- 
biting apparently reversible, competitive kinetics of 
inhibition by penicillin, nevertheless form stable com- 
plexes with the inhibitor. Once the enzyme, the sub- 
strate and the inhibitor have been mixed together, 
a non steady-state situation prevails during the major 
part of the incubation time. A theoretical estimation 
of the amount of product formed at any given time 
indicates that, in such cases, Lineweaver—Burk plots 
would yield curves which, within the limits of experi- 
mental errors, may be easily mistaken for straight 
lines and would converge on the ordinate, as in a 
classical competitive system ([46] and J. M. Frére, 
unpublished results). 

(2) The structure of the degradation products of 
penicillin has been established. Although it is by no 
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means certain that the degradation of all penicillin- 
enzyme complexes yields N-acyl-glycine and N-for- 
myl-D-penicillamine (directly or via the intact thiazo- 
line), this fragmentation represents a new and unex- 
pected enzymatic reaction. Although slow, the reac- 
tion is genuinely enzymatic since no fragmentation 
of penicillin is observed after denaturation of the 
complexes [43, 49, 57]. In fact, this type of degrada- 
tion might well occur in some resistant bacterial 
strains but would have escaped detection for the 
simple reason that degradation of penicillin to penicil- 
loic acid by classical penicillinases is the mechanism 
to which resistance is usually attributed. 

(3) The original hypothesis of Tipper and Strom- 
inger [58] has been examined under a new light: 
firstly, the suggestion by Rando [59] that penicillins 
might be ‘k,,, inhibitors’ is supported by the fact that 
the main cause of inhibition is more likely to be rapid 
irreversible inactivation step (high (k3) rather than an 
especially good recognition of the antibiotics by the 
binding site.(low K‘; secondly, competitive kinetics 
of inhibition on which the structural analogy hypoth- 
esis was initially proposed, are compatible with the 
general, non-competitive model B. Furthermore, the 
DD-carboxypeptidase from the unstable L-form of P. 
mirabilis is non-competitively inhibited by penicillins, 
an observation which can only be explained by this 
latter model; thirdly, the proposed formation of a 
thioester bond between an active -SH group on the 
enzyme and the carboxyl group of the f-lactam ring 
is at variance with the finding that penicillin is bound 
to a serine residue in the exocellular enzyme from 
Streptomyces R61. However, this situation may not 
be general. 

Important information concerning the mechanism 
of action of penicillins has also been obtained by the 
detailed studies of the penicillin binding components. 
Firstly, they indicate that multiple PBCs are present 
in the cytoplasmic membrane of all the bacterial 
strains examined. Secondly, they demonstrate that 
some of these PBCs fulfil physiological functions con- 
cerned with cell septation or cell elongation. Surpris- 
ingly, the major penicillin binding component is often 
a DD-carboxypeptidase, an enzyme to which no 
physiological role could be attributed in several 
organisms. 

It should be understood, however, that penicillin- 
sensitive, physiologically important components may 
escape detection, if they form truly reversible com- 
plexes with penicillins or if denaturation of the 
complex formed does not prevent the release of a 
degraded f-lactam. 

Finally, it should be emphasized that the detailed 
pathway of the enzymatic catalysis of the transpepti- 
dation reactions remains rather mysterious. The ping- 
pong mechanism proposed by Tipper and Strominger 
[58] never received any serious experimental support. 
In fact, our data obtained with the exocellular trans- | 
peptidase-DD-carboxypeptidase from Streptomyces 
R61 indicate that the acceptor binds first to the 
enzyme in the transpeptidation pathway, a conclusion 
which is not in agreement with the proposed ping- 
pong mechanism [39]. 

The exocellular enzymes of Streptomyces are not 
the killing targets of penicillins; yet, until recently, 
they were the only enzymes purified to protein hom- 
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ogeneity which were able to catalyse in vitro reactions 
similar, sometimes identical to the physiological 
transpeptidations and with which the interaction with 
B-lactam antibiotics could be directly studied as 
simple cases of bimolecular reactions. They still 
remain the models of choice for the study of the mode 
of action of this class of inhibitors at the molecular 
level. It is hoped that other transpeptidases of mem- 
brane origin, such as the newly purified PBCs from 
Salmonella typhimurium will soon extend and confirm 
our present concept of a multistep interaction 


between target enzymes and penicillins, resulting in 
a steady-state system, in which the level of active 
enzyme is a function of the velocities of formation 
and degradation of the EI* complex. 
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Abstract—Intraventricular injections of 6-hydroxydopamine (6-OHDA, 25 yg) on days | and 2 after 
birth produced a marked change in tyrosine hydroxylase activity in only one rat brain region, the 
corpus striatum, whereas the ability of brain tissue to synthesise catecholamines, as measured by the 
rate of tyrosine hydroxylation in brain homogenates, was significantly reduced in amygdala, cortex, 
hippocampus, hypothalamus, septum and thalamus, and greatly increased in both dorsal and ventral 
pons. Both increases and decreases in the rate of tyrosine hydroxylation in all brain regions with 
the exception of the corpus striatum and septum were blocked by pretreatment of the newborn rats 
with desmethylimipramine (DMI) 45 min before the 6-OHDA. Similarly, norepinephrine (NE) levels 
were reduced in amygdala, cortex, hippocampus, hypothalamus, septum and thalamus, and increased 
in cerebellum, medulla, midbrain and pons. These 6-OHDA-induced changes in NE were also blocked 
by DMI pretreatment. The NE and dopamine (DA) levels and the rate of tyrosine hydroxylation 
were markedly reduced in striatum, and DMI again blocked the depletion of NE but potentiated 
both the decrease in DA and the decreased rate of tyrosine hydroxylation. It is suggested that the 
pattern of decreased NE levels in forebrain regions and increased NE levels in hindbrain after neonatal 
6-OHDA treatment does not depend on degeneration of forebrain terminals, since at suitably low 
6-OHDA levels the NE changes can be shown to occur in the absence of changes in the tyrosine 


hydroxylase activity. 


Systemic administration of 6-hydroxydopamine 
(6-OHDA) to newborn rats profoundly affects brain 
catecholamine levels and tyrosine hydroxylase activity 
in several regions of rat brain at maturity [1-11]. 
Whereas the depletion of norepinephrine (NE) is 
severe in most forebrain regions and cerebellum 
[3—7,9, 11], the NE level tends to be markedly in- 
creased in midbrain and pontine regions [3-—6, 9, 11]. 
A similar pattern of decreases and increases in tyro- 
sine hydroxylase activity has also been reported after 
neonatal peripheral administration of 6-OHDA [4, 5]. 
These effects of peripheral injections of 6-OHDA have 
been attributed to degeneration of forebrain NE ter- 
minals arising from the locus coeruleus and partial 
damage to the latter nucleus followed by regenerative 
sprouting from it or collateral sprouting from adja- 
cent neurons [12]. 

Several reports suggest a somewhat different effect 
of intracerebral 6-OHDA injections in the neonate. 
Although the same profound reduction in catechol- 
amine levels and tyrosine hydroxylase activity occurs 
in forebrain [10, 13,14], the NE level was reported 
to be unchanged in brain stem [10,13,14] and 
reduced in midbrain [13]. However, Sachs and 
Jonsson [12] have suggested that regeneration in 
brain stem NE neurons also occurs after intracerebral 
6-OHDA injections provided that low doses of the 
drug are used (10-50 yg/rat). We now report the effect 
of small intraventricular injections of 6-OHDA 





* M. Saari and B. A. Pappas, manuscript in preparation. 
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(2 x 25 pg/rat) on both catecholamine levels and 
tyrosine hydroxylase activity in discrete regions of rat 
brain. 


MATERIALS AND METHODS 


Offspring of Wistar rats were given two intraventri- 
cular injections of 6~-OHDA (25 yg/rat, Regis Chemi- 
cal Co.), the first within 24hr after birth and the 
second 24hr later, as previously reported [15]. The 
injections were administered free-hand into alternate 
ventricles to pups anesthetized by ether. Control ani- 
mals received the vehicle alone (2.5 ul saline and 
ascorbic acid, | mg/ml). Desmethylimipramine (DMI, 
25 mg/kg) was administered subcutaneously 45 min 
prior to the intraventricular injections in some ani- 
mals. ‘ 

The rats were killed by decapitation at approxi- 
mately 70 days of age, and the brains rapidly removed 
and dissected into 13 discrete brain regions by the 
method of Saari and Pappas.* The brain parts were 
used for the assay of either NE and DA or tyrosine 
and tyrosine hydroxylase. Tyrosine hydroxylase was 
assayed by two different procedures both involving 
the conversion of L-['*C]tyrosine to L-['*C]dopa. In 
the first method, brain tissue samples were solubilized 
by homogenation in a hypotonic buffer containing 
detergent. The solubilized tyrosine hydroxylase was 
then assayed in the presence of added synthetic cofac- 
tor as previously described [16]. Briefly, the brain 
tissues were homogenized in 0.02M _ Tris~acetate 
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buffer, pH 6.0, containing 0.2% Triton X-100, and ali- 
quots were incubated for 30 min at 37° in the presence 
of a pteridine cofactor (6,7-dimethyl-5,6,7,8-tetrahy- 
dropterin stabilized with 2-mercaptoethanol), a dopa 
decarboxylase inhibitor (NSD 1034) and L-['*C]tyro- 
sine. The L-['*C]dopa produced was isolated on an 
alumina column [17] and the radioactivity measured 
in a Nuclear Chicage Mark | liquid scintillation sys- 
tem. For the brain regions studied, the radioactivity 
measured was always at least four times and normally 
greater than ten times the blank values. 

The second method was that reported by McGeer 
et al. [17] and was identical to the first method except 
that the enzyme was assayed in sucrose homogenates 
without solubilization or addition of exogenous cofac- 
tor. This method involves a more complex system in 
that the enzyme is located within the intact nerve 
terminals. In this case, the conversion of L-['*C]tyro- 
sine to L-['*C]dopa is limited not only by the enzyme 
activity but also by the uptake of substrate into the 
synaptosomes and by the available endogenous cofac- 
tor within the synaptosomes. Since 6-OHDA-induced 
damage to the nerve terminals might involve the 
uptake mechanism or the endogenous cofactor sys- 
tem, the assay of McGeer et al. [17] was thought 
to be possibly a better indicator of damage than a 
measure which involved enzyme activity only. In 
order to distinguish between the two assays, the term 
tyrosine hydroxylase is restricted to the solubilized 
and cofactor supplemented preparation. The data 
from the McGeer et al. [17] assay are referred to 
as the rate of tyrosine hydroxylation. As for the tyro- 
sine hydroxylase assay, the measured radioactivity 
from tissue samples was always greater than four 
times the blank value. After dissection, the brain parts 
were either immediately homogenized in ice-cold 
0.28 M sucrose for the tyrosine hydroxylation assay 
of McGeer et al. [17] or frozen in liquid nitrogen 
until convenient for the assay of either tyrosine hy- 
droxylase or the catecholamines. Tyrosine levels in 
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the homogenates used for the tyrosine hydroxylase 
assays were determined by the method of Waalkes 
and Udenfriend [18]. The NE and DA were assayed 
spectrofiuorometrically by the method of Laverty and 
Taylor [19] after extraction from an acidified butanol 
homogenate [20]. The fluorescence readings were at 
least four times the blank values for all tissues with 
the exception of the septum for which a tissue to 
blank ratio of 2-3 was obtained. 


RESULTS 


Table 1 shows the tyrosine hydroxylase activity in 
various brain regions of rats receiving two intraventri- 
cular injections of 6-OHDA (25 yg) or its vehicle on 
days 1 and 2 after birth. One group of rats also 
received a subcutaneous 25 mg/kg DMI injection. The 
only marked alteration in tyrosine hydroxylase ac- 
tivity was a 66 per cent decrease in corpus striatum. 
In this experiment, the ability of sucrose homogenates 
of brain tissue to hydroxylate L-['*C]tyrosine to 
L-['*C]dopa in the absence of exogenous cofactors 
(tyrosine-hydroxylating ability) was also studied. 
Figure | shows that the tyrosine-hydroxylating ability 
was markedly reduced by neonatal 6-OHDA treat- 
ment in amygdala, cortex, hippocampus, hypothala- 
mus, septum and thalamus. In contrast, there was a 
marked increase in activity in both regions of the 
pons. DMI pretreatment partially or completely 
blocked both the increase in the rate of tyrosine hy- 
droxylation in pons and the decrease in activity in 
amygdala, cortex, hippocampus and hypothalamus. 
Figure 2 shows marked decreases in NE level in 
cortex, hippocampus, hypothalamus and septum with 
increases in cerebellum, medulla, midbrain and pons. 
Both increases and decreases in NE content were 
blocked by DMI pretreatment. In the same experi- 
ment, neonatal 6-OHDA treatment significantly 
reduced both NE and DA levels as well as the rate 
of tyrosine hydroxylation in corpus striatum (Fig. 3). 


Table 1. Effect of neonatal 6-OHDA and DMI treatment on the tyrosine hydroxylase activity in rat brain regions* 





Tyrosine hydroxylase (nmoles/g/hr) 





Brain region Vehicle 


DMI 


6-OHDA 6-OHDA + DMI 





Amygdala 
Cerebellum 
Cortex-temporal 
Cortex-remainder 
Hippocampus 
Hypothalamus 
Medulla 
Midbrain 
Pons-dorsal 
Pons-ventral 
Septum 
Striatum 
Thalamus 
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*6-OHDA (25 ug) was given intraventricularly on days | and 2 after birth in alternate lateral ventricles. DMI 
(25 mg/kg) was given subcutaneously 45 min before each 6-OHDA treatment. The rats were killed at approximately 
70 days of age and the total tyrosine hydroxylase activity was assayed in the various brain regions. Results are the 
mean + S. E. M. for groups of five rats. 

+ P < 0.05, when compared with the vehicle group. 

t P < 0.05, when compared with the 6-OHDA group. 

§ P < 0.05, when compared with the DMI group. 
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Fig. 1. Effect of 6-OHDA injections to neonatal rats on 
the rate of tyrosine hydroxylation in brain regions at 
maturity. Rats were given intraventricular injections of 
6-OHDA (25 yg) on days | and 2 after birth and were 
killed at approximately 70 days of age. DMI (25 mg/kg, 
ip.) was given to some rats 45 min before the 6-OHDA. 
The rate of conversion of L-['*C]tyrosine to L-['*C]dopa 
(tyrosine hydroxylation) was measured in brain homo- 
genates and calculated as a percentage of the control 
values. Results are the mean + S.E.M. for goups of five 
animals. 


DMI pretreatment completely blocked the 6-OHDA- 
induced decrease in NE but significantly potentiated 
both the decrease in DA and the reduction in the 
rate of tyrosine hydroxylation in sucrose homo- 
genates. 


DISCUSSION 


Administration of 6-OHDA to newborn rats 
appears to produce a permanent destruction of a cer- 
tain number of central NE nerve terminals without 
affecting the development of the remaining terminals 
[21]. The damage to the NE terminals is accom- 
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panied by a massive reduction in catecholamine 
levels, catecholamine uptake and tyrosine hydroxylase 
activity [3-7, 9, 11, 13, 14]. A single 100 yg intracister- 
nal injection of 6-OHDA to immature rats has been 
reported to produce an 80 per cent or more reduction 
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Fig. 2. Effect of 6-OHDA injections to neonatal rats on 
NE levels in brain regions at maturity. Rats were given 
intraventricular injections of 6-OHDA (25 yg) on days | 
and 2 after birth and were killed at approximately 70 days 
of age. DMI (25 mg/kg, i.p.) was given to some rats 45 min 
before the 6-OHDA. Results are the mean + S.E.M. for 
groups of five animals and are expressed as a percentage 
of control values. 
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Fig. 3. Effect of 6-OHDA injections to neonatal rats on 
NE and DA levels and the rate of tyrosine hydroxylation 
in corpus striatum at maturity. Rats were given intraventri- 
cular injections of 6-OHDA (25 yg) on days | and 2 after 
birth and were killed at approximately 70 days of age. 
DMI (25 mg/kg, i.p.) was given to some rats 45 min before 
the 6-OHDA. The NE and DA levels and the rate of con- 
version of L-['*C]tyrosine to t-['*C]dopa in brain homo- 
genates (tyrosine hydroxylation) are given as a percentage 
of control values. Results are the mean + S.E.M. for 
groups of five animals. 


in NE and DA levels and tyrosine hydroxylase ac- 
tivity in whole brain [2], whereas smaller doses of 
6-OHDA (2 x 25 ug) produced only a moderate de- 
pletion of NE and a small decrease in whole brain 
tyrosine hydroxylase activity without significant 
change in the DA level [14]. 

In the present experiments, in which intraventricu- 
lar rather than intracisternal injections of 6-OHDA 
were given, the tyrosine hydroxylase activity was 
markedly lowered in only one brain region, the 
corpus striatum. In contrast, NE and/or DA levels 
were greatly reduced in cortex, hippocampus, hypo- 
thalamus, septum and corpus striatum. The lack of 
significant enzyme depletion in all but one region sug- 
gests that intraventricular injection of small amounts 
of 6-OHDA in the neonate does not cause marked 
destruction of terminals, and therefore the depletion 
of catecholamines cannot be explained simply on the 
basis of fewer terminals. The reduction in tyrosine 
hydroxylase activity in striatum may be due to the 
close proximity of this region to the site of the injec- 
tion where it would be expected to be most heavily 
damaged by 6-OHDA. 

In the second experiment, the ability of sucrose 
homogenates of brain tissue to hydroxylate L-['*C]- 
tyrosine to L-['*C]dopa in the absence of exogenous 
cofactor was examined. As discussed in Methods, 
we considered that it might be a better measure 
of an altered ability of nerve terminals to synthe- 
size catecholamines than does the tyrosine hydroxy- 
lase activity. There was in fact a fairly close cor- 
relation between changes in the tyrosine-hydroxylat- 
ing ability of the sucrose homogenates and alterations 
in tissue catecholamine levels in marked contrast to 
the lack of correlation between tyrosine hydroxylase 
activity and catecholamine levels. The finding of a 
reduced tyrosine-hydroxylating ability in vitro and de- 
creased catecholamine levels in vivo suggests that 


some damage to the nerve terminals has occurred. 
However, the damage does not seem to be sufficient 
to cause degeneration of a significant number of pro- 
cesses, since if this were so the tyrosine hydroxylase 
activity would be expected to be also markedly 
reduced. 

It is now well established that after neonatal 
6-OHDA treatment brain stem NE levels and tyro- 
sine hydroxylase activity are increased [3-6, 9, 11, 15]. 
We now report similar increases in both NE levels 
and the tyrosine-hydroxylating ability in several brain 
stem regions without significant changes in tyrosine 
hydroxylase activity after two 25-yg intraventricular 
injections of 6-OHDA to neonatal rats. It is of inter- 
est that Peterson and Laverty [22] have recently 
reported a lack of effect of subcutaneous 6-OHDA 
injections on tyrosine hydroxylase activity in hind- 
brain regions even though NE levels were markedly 
altered. The theory has been advanced that destruc- 
tion of forebrain nerve terminals in the neonatal rats 
results in anomalous sprouting in the region contain- 
ing the cell bodies [8,12] with resulting increases in 
NE levels and enzyme activity presumably attribu- 
table to the increased number of synaptic sites. An 
alternative theory is that after destruction of forebrain 
terminals of axons arising from the locus coeruleus 
both enzyme and storage granules accumulate in the 
cell bodies [8]. Sachs and Jonsson [23] have reported 
strong evidence in support of the view that regenera- 
tive and/or collateral sprouting occurs after subcu- 
taneous injections of large amounts of 6-OHDA to 
newborn rats. However, the theory does not seem 
appropriate to explain our results after intraventricu- 
lar injections of small amounts of 6-OHDA, since the 
enzyme activity is not increased in the brain stem 
regions. Even if sprouting does occur after large doses 
of 6-OHDA, it does not exclude the possibility that 
other mechanisms may also be operating. It is con- 
ceivable, for example, that damage to certain catecho- 
lamine-containing terminals may result in a reduced 
feedback inhibition at the level of the cell bodies, 
leading to an enhanced firing rate and compensatory 
increase in synthesis of noradrenaline in regions con- 
taining the cell bodies. The existence of such a feed- 
back inhibition system acting on the locus coeruleus 
has been proposed to explain the effects of certain 
a-adrenergic agonistis and antagonists and drugs such 
as amphetamine and the tricyclic antidepressants on 
the firing of the locus coeruleus neurons [24]. For 
example, a-adrenergic receptor antagonists have been 
shown to increase the firing rate of locus coeruleus 
neurons whereas a-adrenergic receptor agonists have 
the reverse effect [24]. 

DMI has been used to block uptake of 6-OHDA 
into NE neurons and thereby produce a fairly selec- 
tive action on DA neurons [25]. In our experiments, 
DMI reduced or completely blocked both increases 
and decreases in the NE level produced by 6-OHDA 
without affecting or even slightly enhancing the DA 
depletion. Similarly DMI pretreatment blocked or 
reduced the extent of the 6-OHDA-induced decreases 
in the tyrosine hydroxylation rates in all brain regions 
with the exception of striatum and septum. Thus, in 
those rats receiving both 6-OHDA and DMI the 
damage was largely confined to the DA-containing 
neurons, notably in corpus striatum, whereas in rats 
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treated with 6-OHDA alone both NE- and DA-con- 
taining neurons were markedly affected. 
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Abstract—Studies were carried out of the metabolism of a variety of hydroxy-, mercapto- and amino- 
pteridines following i.p. injection (150 mg/kg) into mice. Urinary oxidation products were isolated and 
identified by a combination of thin-layer chromatographic and spectrophotometric techniques. Pteridine 
and its 2- and 4-hydroxy derivatives as well as 2,4-dihydroxypteridine (lumazine) were converted exten- 
sively to 2,4,7-trihydroxypteridine. When mice were treated with the xanthine oxidase inhibitor allopur- 
inol (20 mg/kg), formation of 2,4,7-trihydroxypteridine was sharply reduced (to about 25 per cent of 
its control value). Lumazine was detected in the urine of allopurinol-treated mice which received pteri- 
dine, 2-hydroxypteridine and 4-hydroxypteridine. Observations of hydroxypteridine oxidation in the 
absence and presence of allopurinol suggest that both xanthine oxidase and aldehyde oxidase can 
play a role in pteridine oxidation, in vivo. The administration of 2-aminopteridine to mice caused 
severe kidney toxicity, apparently attributable to the crystallization of highly insoluble oxidation 
products of this pteridine within the lumen of renal tubules. 4-Aminopteridine did not show such 
a nephrotoxic effect, but was extensively oxidized in vivo to 4-amino-2,7-dihydroxypteridine. Lumazine 
was found to be a major metabolic product when both 4-aminopteridine and allopurinol were adminis- 
tered. The formation of lumazine from 4-aminopteridine may involve the intermediate formation of 
4-hydroxypteridine catalyzed by adenosine deaminase. 2-Mercapto and 4-mercaptopteridines were oxi- 
dized in vivo to compounds tentatively identified as the 4,7- and 2,7-dihydroxy derivatives, respectively. 
An additional compound, possibly resulting from cleavage of the pteridine ring, was detected in the 
urine of mice treated with 4-mercaptopteridine and allopurinol. A crude xanthine oxidase preparation 
from mouse liver was able to catalyze the oxidation of a number of pteridines previously found to 
be substrates for milk or rat liver xanthine oxidase. Catalytic constants (K,, and V,,,,) using this 
mouse liver xanthine oxidase preparation were estimated for a number of pteridines. The patterns 
of substrate oxidation in such studies in vitro are consistent generally with those obtained following 
the i.p. administration of a number of pteridines to mice. 


studies of the metabolic alterations of pteridine de- 


A number of investigations have been carried out to 
rivatives might serve to identify precursor compounds 


assess the susceptibility of pteridine derivatives to oxi- 


dation in vitro but little work has been done in vivo. 
We have been interested in the oxidation of various 
pteridines by the metalloflavoenzymes, xanthine oxi- 
dase and aldehyde oxidase. Early work in this area 
by Bergmann and Kwietny [1,2] showed that hy- 
droxysubstituted pteridines are substrates for milk 
xanthine oxidase. These observations were extended 
in this laboratory to include aminopteridines [3], and 
further extended when Hodnett, also in this labora- 
tory, demonstrated that various amino- and hydroxy- 
pteridines are substrates for rat liver xanthine oxidase, 
as well as for rabbit liver aldehyde oxidase [4]. The 
susceptibility to oxidation (i.e. hydroxylation of the 
ring system) of certain pteridines by aldehyde oxidase 
has also been investigated by Krenitsky and his col- 
leagues [5]. 

Previous studies have been performed on the meta- 
bolism in vivo of triamterene [6], methotrexate [7], 
2,4-diamino-6,7-dimethylpteridine [8], and various 
6-alkyl substituted pteridines [9, 10], but a systematic 
study using a variety of substituted pteridines has not 
been performed. We therefore wished to observe 
whether the oxidation of pteridines, in vivo, follows 
pathways analogous to those previously observed 
using isolated enzymes. A recent report [11] that 
isoxanthopterin (2-amino-4,7-dihydroxypteridine) 
may possess antitumor activity, suggested that our 


(e.g. 2-aminopteridine) which may be transformed 
into metabolically active agents (e.g. isoxanthopterin). 


MATERIALS AND METHODS 


Materials. Pteridines used in this study were syn- 
thesized by established procedures described in refer- 
ences contained in the appropriate tables. Both cata- 
lase (Worthington Biochemical Corp., Freehold, NJ) 
and milk xanthine oxidase (Nutritional Biochemicals, 
Cleveland, OH) were obtained commercially and used 
without further purification. Aldehyde oxidase was 
prepared from frozen rabbit livers (Pel-Freez, Inc., 
Rogers, AR) according to the procedure of Wolpert, 
et al. [12]. Xanthine oxidase from mouse tissues was 
prepared by the following procedure. Animals were 
killed by a blow to the head, and tissues were rapidly 
excised and placed in ice-cold Tris buffer (0.05 M; 
pH 7.8, containing 0.005% EDTA), then blotted dry, 
weighed, and homogenized in 5 volumes of the same 
buffer, using a Potter-Elvehjem hand homogenizer 
with a teflon pestle. The crude homogenate was cen- 
trifuged at 2000 rpm for 10 min, and the supernatant 
solution from this centrifugation was then centrifuged 
at 75,000rpm for 40min in a Beckman M. del L 
ultracentrifuge at 4°. The supernatant solution from 
this centrifugation was dialysed 12hr against 100 
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volumes of Tris/EDTA buffer in the cold. Ammonium 
sulfate fractionation (30% and 55% saturation) was 
performed on the dialysate. The protein which preci- 
pitated from the 55% ammonium sulfate fraction was 
dissolved in Tris buffer and used as the xanthine oxi- 
dase source. Xanthine oxidase activity was followed 
throughout this purification procedure by using 
4-hydroxypteridine as a substrate (1 x 10~* M) and 
measuring the absorbance change at 328nm. Alde- 
hyde oxidase activity (as a contaminant in the xan- 
thine oxidase preparations) was monitored at 300 nm 
using N-methylnicotinamide (3 x 10~* M) as a sub- 
strate. Aldehyde oxidase activity in these preparations 
could be completely inhibited by the addition of 
menadione (1 x 10~*° M) to the system. The amount 
of aldehyde oxidase present in the preparation varied 
from nil (none detectable) to about 5 per cent of 
“pteridine oxidizing activity”; for example, in the lat- 
ter case only 5 per cent of the oxidation of 4-hydroxy- 
pteridine could be attributed to aldehyde oxidase. 

Methods. The following procedure was used for 
assaying the susceptibility to oxidation of pteridine 
derivatives by either milk or mouse liver xanthine oxi- 
dase. Substrate solution (0.1 ml; prepared by dissolv- 
ing 1.0 mg of the desired compound in 10.0 ml H,O) 
was added to 0.9ml of phosphate buffer (0.1 M, 
pH 7.0) in a 1 ml quartz cuvette. Catalase (151 units/ 
ml) was added to minimize any enzyme inactivation 
due to H,O, liberation during the course of the enzy- 
matic reaction. Following addition of catalase, 10 yl 
of an ethanolic menadione solution (final concen- 
tration 1 x 10~° M), was added to inhibit any alde- 
hyde oxidase activity which might have been present 
in the xanthine oxidase preparation. Finally a quan- 
tity of xanthine oxidase (usually 20-50 ul of a stock 
solution), sufficient to give an absorbance change of 
0.5/10 min, at 290 nm, evaluated using hypoxanthine 
(1 x 10~*M) as substrate, was added. A reference 
cuvette, containing all of the above components 
except substrate, was used as a blank. All spectral 
analyses of enzymatic reactions were performed at 37° 
using a Perkin-Elmer Model 202 double-beam spec- 
-trophotometer. A reaction was considered complete 
when no detectable absorbance changes could be 
observed on further incubation of the reaction mix- 
ture. For inhibition studies, the xanthine oxidase in- 
hibitor allopurinol was employed at a concentration 
(10-* M) which has been shown to effectively inhibit 
pteridine oxidation, in vitro [3]. ; 

The initial rates of oxidation of a variety of pteri- 
dines, mediated by mouse liver xanthine oxidase, were 
estimated using a Beckman Model 25 double-beam 
kinetic spectrophotometric system. For those ex- 
periments the enzymatic system contained substrate 
(10 ug/ml), catalase (151 units/ml) and menadione 
(1 x 10~°M) in phosphate buffer (pH 7.0). Xanthine 
oxidase was added to start the reaction and the absor- 
bance increase at a fixed wavelength was followed 
for 20min, during which time the initial rate was 
linear for all substrates. The final rates were calcu- 
lated as wmoles oxidized/1/hr. Kinetic constants (K,, 
and V,,,,) for some pteridines were estimated graphi- 
cally according to the method of Lineweaver and 
Burk [13]. For these estimations substrate concen- 
trations of 2, 4, 6 and 8 wg/ml were employed. The 
K,, - value (4x 10~°M) and relative V,,,, for 
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2,4-dihydroxypteridine, which is not a substrate for 
aldehyde oxidase, were not affected by the presence 
of menadione in the mouse liver system. 

For in vivo experiments female CD-1 mice (Cana- 
dian Breeding Laboratories) were divided into 3 
groups of 5 each. One group received an i.p. injection 
of 0.5 ml of a pteridine suspension (in 0.9% sodium 
chloride solution; total dose 150mg/kg), while 
another group received an injection of a pteridine, 
as above, but followed immediately by 0.25 ml of an 
allopurinol solution (in 0.9% sodium chloride; total 
dose 20 mg/kg). This dose of allopurinol has been 
shown to effectively inhibit the oxidation of 6-mercap- 
topurine, a xanthine oxidase substrate, in vivo [14]. 
A third group of animals received i.p. injections of 
saline solutions and served as the control group. In 
two instances (i.e., those of the highly insoluble pteri- 
dines, 2-amino-4-hydroxypteridine and 2-amino-4,7- 
dihydroxypteridine) it was necessary to administer the 
compounds orally, because i.p. injection of a suspen- 
sion of either of these pteridines in saline was fol- 
lowed by a deposition of the pteridine in the peri- 
toneal cavity. Following injections, mice were placed 
in metabolism cages and the urine was collected at 
various intervals thereafter, up to 24 hr. The collected 
urine was centrifuged to remove particulate matter 
and aliquots of the supernatant were chromato- 
graphed on thin-layer chromatography plates (Anal- 
tech, Newark, DE). The fluorescent spots on the TLC 
plates were visualized under u.v. light, scraped from 
the plates and eluted using a small volume of Tris 
buffer. The eluted material was then subjected to u.v.- 
visible spectral analysis, using as a reference the elu- 
tion from a comparable area of a chromatogram of 
urine from control mice. 

Identification of a tentative oxidation product in 
the urine of mice following administration of a par- 
ticular pteridine was made by comparing the chroma- 
tographic and spectral characteristics (spectra taken 
at pH 7.8, and 13) of the suspected compound with 
those of an authentic sample. The concentration of 
a pteridine in the urine was estimated by comparing 
the extinction of a solution of the material following 
its elution from the t.l.c. plate with that of a solution 
of authentic compound of known concentration. In 
those cases where pure reference compounds were not 
available, such compounds were prepared enzymati- 
cally by incubating a pteridine with milk xanthine 
oxidase or rabbit liver aldehyde oxidase. The chroma- 
tographic and spectral properties of the enzymatically 
prepared compound were then used to identify and 
quantitate urinary pteridines. In some cases a further 
characterization of substances eluted from t.l.c. plates 
was carried out by adding either milk xanthine oxi- 
dase or rabbit liver aldehyde oxidase to the solution 
of the material eluted from the t.l.c. plate and deter- 
mining the nature of the products obtained on enzy- 
matic oxidation. 

In some instances, after the administration of 
aminopteridines, mice were sacrificed and pteridines 
were extracted from their kidneys. Kidneys were hom- 
ogenized with 5 volumes of cold Tris/EDTA buffer 
using a hand-held homogenizer. Centrifugation at 
2000 rpm for 10min yielded a supernatant from 
which protein was precipitated using a combination 
of 0.3 N Ba(OH), and 5% Al,(SO,)3 according to the 
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procedure of Gyure [15]. The protein-free extracts 
so obtained were subjected to chromatographic and 
spectral analysis. Microscope slides (stained with 
hematoxylin and eosin) were also prepared from sec- 
tions of kidneys of some mice, which had received 
certain aminopteridines. 


RESULTS 


The results of chromatographic and spectral ana- 
lyses of the urine of mice which received pteridine 
and various hydroxypteridines are given in Table 1. 
They indicate that pteridine when administered to 
mice, is converted exclusively to 2,4,7-trihydroxypteri- 
dine. The administration of allopurinol, along with 
pteridine, decreased the amount of this metabolite in 
the urine to about 1/3 of its control value (no allopur- 
inol administration). The major product in the urine 
of allopurinol-treated mice was 2,4-dihydroxypteri- 
dine (lumazine). A small amount of a third product, 
identified as 4-hydroxypteridine, was also found in 
the urine of these allopurinol-treated animals. The 
identification of this product was based on its R, 
value, spectral properties, and the fact that it is con- 
verted to 2,4,7-trihydroxypteridine when incubated 
with milk xanthine oxidase (a reaction characterized 
by a great increase in extinction at 330nm [2]). We 
noted, during the experiments with pteridine, that this 
compound is able to induce convulsions in mice; 
similar convulsant activity has previously been 
observed when high doses of 6-chloropurine are ad- 
ministered to experimental animals [16]. 

Following administration of 4-hydroxypteridine to 
mice, a small amount of unchanged material was 
detected in the urine, as well as a much greater 
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amount of 2,4,7-trihydroxypteridine. The unmetabo- 
lized 4-hydroxypteridine, after elution from the t.l.c. 
plate, was converted to lumazine by incubation with 
rabbit liver aldehyde oxidase, an observation which 
confirmed its identity. When allopurinol was adminis- 
tered together with 4-hydroxypteridine to mice, 3 
compounds were detected in the urine. The major 
product in this case was lumazine; 4-hydroxypteridine 
and 2,4,7-trihydroxypteridine were present at lower 
levels. 

When lumazine was administered to mice a large 
amount of 2,4,7-trihydroxypteridine was excreted, 
along with a lesser amount of unchanged lumazine. 
Allopurinol administration resulted in a considerable 
alteration of the proportion of these compounds 
present in urine; for example, the urinary level of 
2,4,7-trihydroxypteridine fell by about 75 per cent, 
while the amount of lumazine increased 20-fold. 

Two principal products were found in the urine 
following administration of 2-hydroxypteridine to 
mice, a relatively large amount of 2,4,7-trihydroxy- 
pteridine and a smaller amount of a second com- 
pound. The nature of the latter substance is unclear, 
but it appears to be related to 3,4-dihydro-2-hydroxy- 
pteridine on the basis of the similarity of its spectral 
properties to those of this compound [19]. A third 
fluorescent product was detected in urine of 2-hy- 
droxypteridine-treated mice, but at a concentration 
too low to be amenable to ultraviolet spectral analy- 
sis. Four compounds were present in the urine of 
mice treated with 2-hydroxypteridine and allopurinol. 
2,4,7-Trihydroxypteridine was present at about 1/3 
the concentration of that found in urine of animals 
not treated with allopurinol. A small amount of un- 
changed 2-hydroxypteridine, as well as lumazine 


Table 1. Analysis of urine from mice which received pteridine and various hydroxy-substituted pteridines 





R, of spots 
located 


Compounds 


administered pH 7.8 


Spectral maxima (nm) 


Percent of 
administered dose 


Amount 
recovered (mg) 


Proposed 


pH 13.0 identity 





Pteridine [17] ’ _ 

328, 340 (s)* 

270, 330 
330 

328, 340 (s) 

245, 326 


Pteridine and allopurinol 


4-OH Pteridine [18] 


4-OH Pteridine and allopurinol 


2,4-OH Pteridine 
2.4-OH Prteridine and allopurinol 
2-OH Pteridine [17] 


2-OH Pteridine and allopurinol 


328, 340 (s) 


2,4,7-OH Pt 
2,4-OH Pt 
~ 4-OH Pt 
276, 334 2,4,7-OH Pt 

335 4-OH Pt 
275, 336 2,4,7-OH P. 
255, 370 2,4-OH Pt 

335 4-OH Pt 
275, 336 2,4,7-OH Pt 
255, 370 2,4-OH Pt 
276, 336 2,4,7-OH Pt 
255, 370 2,4-OH Pt 
2,4,7-OH Pt 
2-OH,3,4-dihydro Pt 
2,4,7-OH Pt 

2-OH Pt 
2,4-OH Pt 
2-OH-3,4-dihydro Pt 
2,4,7-OH Pt 


273, 335 
255, 370 


278, 345 
275, 335 





*(s) Denotes a shoulder in the absorption spectrum. 


+ Insufficient amount of material present in urine to permit analysis. 

t Material eluted from the t.l.c. plat. forms 2,4,7-trihydroxypteridine when incubated with milk xanthine oxidase. 
The material is not a substrate for rabbit liver aldehyde oxidase. 

§ Material eluted from the t.l.c. plate is a substrate for both rabbit liver aldehyde oxidase (optical density change 
suggestive of formation of 2,4-dihydroxypteridine) and milk xanthine oxidase (optical density change suggestive of forma- 


tion of 2,4,7-trihydroxypteridine formation). 
© Material not a substrate for milk xanthine oxidase. 
|| Obtained commercially (Aldrich Chemical Company). 
Abbreviations: —OH; hydroxy: Pt; pteridine. 


Chromatographic System for hydroxypteridines: Avicel (Analtech) thin-layer plates Butanol/DMF/H,O (65:25:10) as 


solvent system. 


B.P. 26/23—B 
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Table 2. Analysis 


of urine from mice which received 2-aminopteridine or its hydroxylated derivatives 





Spectral maxima (nm) 
pH 7.8 pH 13.0 


Compounds 
administered 


R, of spots 
located 


Percent of administered dose 
Urine Kidneys Feces 


Amount 
recovered (mg) 


Tentative 
identity 





2-NH, Pteridine 0.33 268. 


[17] 


2-NH, Pteridine 


and allopurinol 


0.06 


2-NH,-4-OHts 
Pteridine 


2-NH,-4-OH 
Pteridine and 
allopurinol 


267,345 


335 


2-NH),-4,7-OH 
Pteridineys 


2-NH,-4-OH 0.1 


or 


2-NH,-7-OH 


pteridine 


2-NH,-4,7-OH 


pteridine 


2-NH,-4-OH 


or 


2-NH,-7-OH 


pteridine 


2-NH,-4,7-OH 


pteridine 


2-NH,-4-OH 


pteridine 


2-NH,-4,7-OH 


pteridine 


2-NH,-4-OH 


pteridine 


2-NH,-4,7-OH 


pteridine 


2-NH,-4.7-OH J 13 


pteridine 





* This material could not be positively identified; eluted material was converted to 2-NH,-4,7-OH pteridine upon 
incubation with milk xanthine oxidase; the amount recovered was estimated by comparing the extinction of the unknown 
with that of a solution of known concentration of 2-NH,-4-OH pteridine. 

+ 15.0 mg of this pteridine were administered as an aqueous suspension orally to a group of 5 mice. 

t9 mg of this pteridine were administered as an aqueous suspension orally to a group of 5 mice (Aldrich Chem. 


Co.). 
§ Obtained commercially. 


Chromatographic System for Aminopteridines: Cellulose thin-layer plates (Analtech) EtOH/NH;/H,O (80:10:10) as 


solvent system. 


(identified by its Ry value, spectral properties, ability 
to form 2,4,7-trihydroxypteridine when incubated 


with milk xanthine oxidase, and inertness to rabbit 
liver aldehyde oxidase) were also detected in the urine 
of these animals. In addition to these compounds, the 
two unidentified compounds, observed in the urine 
of mice receiving only 2-hydroxypteridine were also 
found in the allopurinol-treated mice. 

The results of the chromatographic and spectral 
analyses of urine, as well as kidney and fecal extracts, 
from mice which received 2-aminopteridine and its 
hydroxylated derivatives are shown in Table 2. Fol- 
lowing the administration of 2-aminopteridine 
(150 mg/kg) to mice all animals died within 12-24 hr. 
A striking reduction in urine output was observed 
in these animals prior to death, thus suggesting that 
this pteridine may be affecting the kidneys. The urine 
output was not reduced as sharply in those animals 
which also were treated with allopurinol, nor did 
those animals die. As shown in Table 2, the kidneys 
of both groups of animals contained hydroxylated de- 
rivatives of 2-aminopteridine. In 2-aminopteridine- 
treated mice the only compound detectable in the kid- 
neys was 2-amino-4,7-dihydroxypteridine (isoxan- 
thanopterin), while in allopurinol-treated mice both 
this compound and a monohydroxy-2-aminopteridine 
were found (due to similarities in R,’s of 4-hydroxy- 
and 7-hydroxy-2-aminopteridine in the chromato- 
graphic system used, these isomers could not be 
clearly separated in the kidney extracts). Histologic 
examination of kidney sections from mice which 
received 2-aminopteridine revealed widespread de- 
generation and necrosis of cortical tubules. Cellular 
debris and other material (apparently hyaline casts) 
was found in the lumen of cortical and medullary 


tubules. The presence of a foreign granular material 
was noted throughout the sections. There appeared 
to be no damage to the glomeruli or renal vascula- 
ture. By contrast, no significant pathology was evi- 
dent upon examination of kidney sections from mice 
which had been treated with both 2-aminopteridine 
and allopurinol. Foreign granular material was 
present, however, in the collecting ducts and/or the 
ascending limb of Henle’s loop, primarily in cortico- 
medullary tubules, of mice treated with 2-aminopteri- 
dine and allopurinol. The foreign material present in 
the kidneys of 2-aminopteridine treated mice appears 
to be the isoxanthopterin which was readily detected 
in kidney extracts. As both isoxanthopterin and either 
2-amino-4- or 7-hydroxypteridine were detected in the 
kidneys of allopurinol-treated mice, the foreign mater- 
ial present in kidney sections from these animals is 
presumably a mixture of these compounds. As noted 
in Table 2, much less of the administered dose of 
either 2-amino-4-hydroxypteridine or isoxanthopterin 
could be detected in the kidneys than could be found 
in these organs after a dose of 2-aminopteridine, 
probably due to lack of absorption of these poorly 
soluble pteridines after oral administration. 

Table 3 presents the results of chromatographic 
and spectral analyses of urine from mice which 
received either 4-aminopteridine or 2,4-diaminopteri- 
dine, with or without allopurinol. It should be noted 
that, in neither case, could pteridines be detected in 
kidney extracts from mice which received these pteri- 
dines. Following the administration of 4-aminopteri- 
dine, a small amount of the injected material, as well 
as a large amount of 4-amino-2,7-dihydroxypteridine, 
could be detected in urine. When allopurinol was also 
administered, 4-aminopteridine, 4-amino-2,7-dihyd- 
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Table 3. Analysis of urine from mice which received either 4-aminopteridine or 2,4-diaminopteridine 





Compounds 
administered 


R, of spots 


located pH 7.8 


Spectral maxima (nm) 
pH 13.0 


Percent of 
administered dose 


Amount 
recovered (mg) 


Tentative 
identity 





0.44 244, 335 


0.09 


274 (s).* 336 
335, 348 (s) 


4-NH, Pteridine 
(17] 


4-NH, Pteridine 
and allopurinol 


244, 335 
255, 370 


0.41 
0.30 
0.17 


274 (s), 337 
270, 330 
333, 344 (s) 


0.07 336, 347 (s) 


0.27 257, 365 
0.12 353 


2,4-NH, Pteridine 
[20] 


2,4-NH, Pteridine 
and allopurinol 


0.25 256, 365 
0.11 353 


335, 346 (s) 


322, 330, 344 (s) 


335, 346 (s) 


4-NH, Pt 1.2 
4-NH,-2,7-OH 6.4 
pteridine 
4-NH, Pt 
2,4-OH Pt 
4-NH,-7-OH 
pteridine 
4-NH,-2,7-OH 
pteridine 


2,4-NH, Pt 
2,4-NH,-7-OH 
pteridine 
2,4-NH, Pt 
2,4-NH2-7-OH 
pteridine 





*(s) Denotes a shoulder in the absorption spectrum. 


+ Substrate for milk xanthine oxidase, forming 4-amino-2,7-dihydroxypteridine upon incubation. 
t Substrate for milk xanthine oxidase, forming 2,4,7-trihydroxypteridine upon incubation. 
§ Substrate for rabbit liver aldehyde oxidase, forming 2,4-diamino-7-hydroxypteridine upon incubation. 


|| Not a substrate for rabbit liver aldehyde oxidase. 


Chromatographic System for Aminopteridines: Cellulose thin-layer plates (Analtech) EtOH/NH;/H,O (80:10:10) as 


solvent system. 


roxypteridine, and an intermediate oxidation product, 
4-amino-7-hydroxypteridine, could all be detected in 
urine. Lumazine was also demonstrated to be present 
in the urine of allopurinol-treated mice. Following ad- 
ministration of 2,4-diaminopteridine, with or without 
allopurinol, only 2 substances were detected in the 
urine; these substances were identified as 2,4-dia- 
mino-7-hydroxypteridine and 2,4-diaminopteridine. 
The amount of 2,4-diamino-7-hydroxypteridine found 
was low relative to that of unoxidized 2,4-diaminop- 
teridine in both cases. Although we noted no gross 
alteration of kidney function in mice receiving a single 
injection of 2,4-diaminopteridine, it should be stressed 
that this pteridine administered to rats daily for a 
period of 10 days did produce pathological changes 
in kidney, associated with deposition of an unknown 
fluorescent substance in kidney tissue [21]. 

Table 4 summarizes the spectral changes seen upon 
incubation of three mercaptopteridines with either 
milk xanthine oxidase or rabbit liver aldehyde oxi- 
dase. No spectral changes were seen when any of 
these compounds were incubated with aldehyde oxi- 
dase, but all three compounds were altered when 
incubated with xanthine oxidase. Such xanthine 
oxidase-induced spectral changes were inhibited (>95 
per cent) by allopurinol (10~* M). 

The analysis of urine from mice which received 
each of these mercaptopteridines is shown in Table 


5. Of the three compounds 2-mercaptopteridine 
appeared to be oxidized least rapidly, in vivo. When 
4-mercaptopteridine and allopurinol were adminis- 
tered to mice, a third compound, which appeared to 
represent the major product, was detected in the 
urine. The nature of this material was not established, 
although it may represent a compound formed by 
degradation of the pteridine ring system, by a process 
similar to that observed in chemical systems by Tay- 
lor et al. [24]. 

Table 6 summarizes the initial rates of oxidation 
of a number of pteridines which were found to be 
substrates for mouse liver xanthine oxidase. All of 
these pteridines were also shown to be capable of 
being oxidized in vivo. Table 7 summarizes the kinetic 
constants (K,, and V,,,,) estimated for a number of 
pteridines. 


DISCUSSION 


Pteridine, 2- and 4-hydroxypteridines and 2,4- 
dihydroxypteridine (lumazine) are each converted to 
2,4,7-trihydroxypteridine by milk xanthine oxidase 
[2] and xanthine oxidase isolated from rat liver [4]. 
Rabbit liver oxidizes pteridine to lumazine (appar- 
ently via 4-hydroxypteridine as an intermediate), 
4-hydroxypteridine to lumazine, and both lumazine 


Table 4. The action of milk xanthine oxidase and rabbit liver aldehyde oxidase on 
mercaptopteridines 


at 





Compound Conc. ( x 107 * M) 


u.v. Maxima 


Enzyme Start After 24 hr 





2-Mercaptopteridine 6.1 


2-Mercapto-4-hydroxypteridine 5.6 


4-Mercaptopteridine 6.1 


272, 325 
271, 314 


306, 360 
306, 363 
262, 400 
272, 411 


260, 338, 353 
271, 313 


260, 338, 353 
305, 362 


280, 370, 382 
273, 410 


x.0. 
A.O. 


x.O. 
A.O. 


x.0. 
A.O. 





Xanthine oxidase (X.O.) reactions run in phosphate buffer, pH 7.0 at 37°. 
Aldehyde oxidase (A.O.) reactions run in Tris/EDTA buffer, pH 7.8 at 37°, in the presence 


of 1 x 10~*M allopurinol. 
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Table 5. Analysis of urine from mice which received either 2-, or 4-mercaptopteridine or 2-mercapto-4-hydroxypteridine 





Spectral maxima (nm) 
pH 7.8 


R, of spots 
located 


Compounds 
administered 


pH 13.0 


Percent of 
administered dose 


Amount 
recovered (mg) 


Tentative 
identity 





0.77 
0.54 


274, 322 
340, 353 


291, 
306, 


2-SH Pteridine [22] 


0.75 
0.66 
0.52 


321 
360 
353 


290, 
286, 
305, 


276, 
307, 
340, 


2-SH Pteridine 
and allopurinol 


360 
353 
360 
353 


286, 
305, 
287, 
305, 


0.68 
0.53 
0.67 
0.54 


307, 
340, 
307, 
340, 


2-SH-4-OH* 
Pteridine 
2-SH-4-OH 
Pteridine 
and allopurinol 

4-SH Pteridine [23] 265, 
283, 
264, 
283, 


272, 406 
283, 370, 382 
408 
370, 382 


0.56 
0.09 
0.54 
0.08 


4-SH Piteridine 
and allopurinol 


2-SH Pt 
2-SH-4,7-OH 
pteridine 
2-SH Pt 
2-SH-4-OH Pt 
2-SH-4,7-OH 
pteridine 
2-SH-4-OH Pt 
2-SH-4,7-OH Pt 
2-SH-4-OH Pt 
2-SH-4,7-OH Pt 


21+ 
34 


3.2 
5.1 


344 
347 


4it 
3t 


12 


344 
376 
348 


6.1 
0.5 
1.8 


6t 
34 
55t 
10 


376 
347 
376 
347 


4-SH Pt 
4-SH.2,7-OH Pt 
4-SH Pt 
4-SH-2,7-OH Pt 


408 
374 
410 
375 


Rs 
58 
14t 
13 





* Obtained commercially (Aldrich Chem. Co.). 


+ Substrate for milk xanthine oxidase, forming 2-mercapto-4,7-dihydroxypteridine upon incubation. 
t Substrate for milk xanthine oxidase, forming 4-mercapto-2,7-dihydroxypteridine upon incubation. 
Chromatographic System for mercaptoperidines: silica gel G-plates with fluorescent indicator (Analtech) Butanol/ 


HOAc/H,0 (66:10:24) as solvent system. 


Table 6. Rates of oxidation of hypoxanthine and various pteridines with a xanthine 


oxidase preparation 


from mouse liver*t 





Analytical 


Compound wavelength 


% Rate relative 
to hypoxanthine 


Oxidation rate 
(umoles oxidized/1/hr) 





Hypoxanthine 290 (12 x 10°)t 
(pteridines) 
Unsubstituted 
2-hydroxy- 
4-hydroxy- 
2,4-dihydroxy- 
2-amino- 
2-amino-4-hydroxy- 
4-amino- 
2-mercapto- 
2-mercapto-4-hydroxy- 
4-mercapto- 


328 (12.6 x 104) 
328 (11.8 x 10°) 
328 (8.3 x 10%) 
328 (5.3 x 10°) 
335 (8.5 x 10°) 
335 (7.6 x 10°) 
335 (9.3 x 10°) 
338 (11 x 10°) 
338 (9.1 x 105) 
370 (13 x 10°) 


x 
x 
a 
x 


112.8 


32.9 
16.0 
50.9 
108.8 
40.1 
115.7 
26.9 
16.4 
46.1 
33.1 





* All reactions carried out in the presence of menadione (1 x 107° M). 
+ All substrates evaluated at a concentration of 10 pg/ml. 
t Numbers in parentheses represent the change in extinction coefficient which 


characterizes the enzymatic reaction. 


Table 7. Apparent kinetic constants obtained using mouse 
liver xanthine oxidase 





K,, Vanes 
Compound (x 1075 M) (umoles oxidized/l/hr) 





4-OH Pteridine 

4-SH Pteridine 

2-NH, Pteridine 
2-NH,-4-OH-Pteridine 
4-NH), Pteridine 


7.2 
2.8 
8.3 
14 
17.5 





and 2-hydroxypteridine are refractory to oxidation by 
this enzyme [4, 5]. 

Pteridine and its hydroxylated derivatives are ex- 
tensively oxidized, in vivo. The finding of 2,4,7-trihyd- 
roxypteridine as the major product in the urine of 
mice which received these compounds, as well as the 
decrease in the urinary levels of this pteridine when 
allopurinol was also administéred, support a role for 
xanthine oxidase in pteridine oxidation, in vivo. 
Although mouse liver xanthine oxidase oxidizes a var- 
iety of pteridines, in vitro (Table 6), the possibility 
that extra-hepatic xanthine oxidase also mediates 


pteridine oxidation cannot be ruled out by this work. 
The finding of lumazine in the urine of mice which 
_Treceived either pteridine and allopurinol or 4-hy- 
droxypteridine and allopurinol indicates that alde- 
‘hyde oxidase may also play a role in oxidation of 
pteridines in vivo. The detection of a small amount 
‘of 4-hydroxypteridine in the urine of mice treated 
with pteridine and allopurinol, is consistent with the 
observation, that this compound is an intermediate 
in the oxidation of pteridine by aldehyde oxidase [4]. 
The absence of pteridine in the urine of mice treated 
with pteridine and allopurinol suggests that pteridine 
is oxidized rapidly by aldehyde oxidase, in vivo. This 
finding is consistent with the observation made by 
Krenitsky et al. [5], that pteridine is oxidized more 
rapidly than 4-hydroxypteridine by rabbit liver alde- 
hyde oxidase, in vitro. 

The presence of lumazine in the urine of mice 
treated with 2-hydroxypteridine and allopurinol may 
be due to oxidation of 2-hydroxypteridine mediated 
by aldehyde oxidase; it should be emphasized, in this 
regard, however, that 2-hydroxypteridine is not an 
effective substrate for rabbit liver aldehyde oxidase. 





Oxidation of pteridine derivatives in mice 


The observation of lumazine formation from 2-hyd- 
roxypteridine in vivo might reflect a difference in sub- 
strate specificity between mouse and rabbit liver alde- 
hyde oxidase; such a difference in the abilities of these 
mammalian aldehyde oxidases to oxidize another 
pteridine substrate, methotrexate, has previously been 
established [7, 25]. 

Results generally consistent with previous observa- 
tions in vitro [3, 4] were obtained in the present study 
following the administration of 2-aminopteridine to 
animals (Table 2). The amount of recovered isoxan- 
thopterin from kidney extracts and urine was 1/3 
lower in mice which received 2-aminopteridine and 
allopurinol, compared to the amount observed in ani- 
mals which received 2-aminopteridine only. This find- 
ing indicates that xanthine oxidase can mediate the 
oxidation of 2-aminopteridine, in vivo. The potential 
for renal toxicity associated with 2-aminopteridine 
administration, alluded to earlier, should again be 
stressed, especially in light of recent interest in isoxan- 
thopterin as a potential antineoplastic agent [11]. The 
recovery of isoxanthopterin from kidneys of mice 
treated with 2-aminopteridine suggests that the depo- 
sition of this highly insoluble pteridine within the kid- 
ney is associated with the renal toxicity. The lack of 
kidney pathology observed in kidneys from mice 
treated with 2-aminopteridine and allopurinol is pre- 
sumably associated with the lesser amount of isoxan- 
thopterin present in the kidney under these condi- 
tions. It should be pointed out that other pteridine 
derivatives such as folic acid and xanthopterin 
(2-amino-4,6-dihydroxypteridine) are known to pro- 
duce physical damage to the kidney and this damage 
results in hypertrophic changes associated with in- 
creased DNA synthesis [26]. 

4-Aminopteridine is converted to 4-amino-2,7- 
dihydroxypteridine by milk xanthine oxidase [3] and 
rat liver xanthine oxidase. 4-Aminopteridine is con- 
verted to 4-amino-7-hydroxypteridine by rabbit liver 
aldehyde oxidase [4]. Neither 4-amino-7-hydroxy- 
pteridine nor its 2-hydroxy isomer are substrates for 
aldehyde oxidase, but both are oxidized to 4- 
amino-2,7-dihydroxypteridine by milk and rat liver 
xanthine oxidase [3,4]. The fairly extensive conver- 
sion of 4-aminopteridine to 4-amino-2,7-dihydroxy- 
pteridine in mice (Table 3), along with the decreased 
formation of the latter compound in allopurinol- 
treated animals, suggest a role for xanthine oxidase 
in the oxidation of 4-aminopteridine, in vivo. The ad- 
ministration of allopurinol results in the accumu- 
lation of the compound formed by the action of alde- 
hyde oxidase on 4-aminopteridine (i.e... 4-amino-7- 
hydroxypteridine) in the urine. The lumazine detected 
in the urine of mice treated with 4-aminopteridine 
and allopurinol probably arises through a deamina- 
tion reaction. 4-Aminopteridine has been shown to 
be a substrate for adenosine deaminase (from Asper- 
gillus oryzae and calf intestine), forming 4-hydroxy- 
pteridine [27]. The 4-hydroxypteridine so formed can 
be converted to lumazine by aldehyde oxidase, in vivo. 
With the exception of this proposed adenosine dea- 
minase-catalyzed reaction, 4-aminopteridine appears 
to be oxidized in vivo via reaction pathways similar 
to those observed using isolated enzymes, in vitro. 

2,4-Diaminopteridine is not a substrate for milk 
xanthine oxidase [28] while this compound, as well 
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as its 6-methyl and 6-hydroxymethyl derivatives, is 
oxidized to the corresponding 7-hydroxy derivatives 
by rabbit liver aldehyde oxidase. That oxidation of 
a 2,4-diaminopteridine can be mediated by aldehyde 
oxidase was established first by Johns and his col- 
leagues [7], who demonstrated that this enzyme oxi- 
dizes methotrexate to 7-hydroxy methotrexate [29]. 

In the present study, both 2,4-diaminopteridine and 
its 7-hydroxy derivative were found in the urine from 
animals which had received the former pteridine 
(Table 3). That allopurinol administration did not 
alter the relative proportions of these compounds is 
consistent with the observation that 2,4-diaminopteri- 
dine is not a xanthine oxidase substrate, in vitro. That 
the amount of 2,4-diamino-7-hydroxypteridine found 
in the urine is small relative to that of 2,4-diamino- 
pteridine, is not surprising in light of previous studies 
{7,25] which demonstrated a low rate of hydroxyl- 
ation of methotrexate in the mouse relative to the 
rabbit. The behavior of 2,4-diaminopteridine, in vivo, 
therefore, closely resembles the oxidation process 
observed in vitro. It should be noted in this connec- 
tion that 7-hydroxylation of the diaminopteridine de- 
rivative methotrexate appears to be of clinical signifi- 
cance in patients who are undergoing “high-dose” 
methotrexate therapy [30]. 

Since mercaptopteridines have not been previously 
examined as possible substrates for xanthine or alde- 
hyde oxidases, we decided to investigate the actions 
of these enzymes on selected mercaptopteridines in 
vitro (Table 4) and the pattern of oxidation of these 
mercaptopteridines in vivo (Table 5). 2-Mercaptopteri- 
dine appeared to be a substrate for both mouse liver 
and milk xanthine oxidase, but not for rabbit liver 
aldehyde oxidase. The product of the reaction of 
2-mercaptopteridine and xanthine oxidase is identical 
both spectrophotometrically and chromatographi- 
cally with that formed from 2-mercapto-4-hydroxy- 
pteridine and xanthine oxidase and it is inferred, 
therefore, that the product is 2-mercapto-4,7-dihy- 
droxypteridine. The rather large amount of un- 
changed 2-mercaptopteridine detected in the urine of 
mice which received this pteridine parallels the obser- 
vation that this pteridine reacts at a fairly slow rate 
with mouse liver xanthine oxidase, in vitro (as judged 
by initial rate studies; Table 6). The small amount 
of 2-mercapto-4-hydroxypteridine found in the urine 
of mice treated with 2-mercaptopteridine and allopur- 
inol may arise from the action of mouse aldehyde 
oxidase on 2-mercaptopteridine. Since rabbit liver 
aldehyde oxidase was used for in vitro studies, the 
occurrence of an “aldehyde oxidase product” in mice 
could represent a species difference in this enzyme 
in rabbits and mice. We conclude that 2-mercapto- 
pteridine is oxidized chiefly by xanthine oxidase, in 
vivo, by processes similar to those observed in vitro. 


4-Mercaptopteridine is a substrate for xanthine oxi- 
dase but not for rabbit liver aldehyde oxidase. As 
mentioned earlier, the nature of the apparent major 
product detected in the urine of mice which received 
4-mercaptopteridine and allopurinol remains un- 
known. If S-methylation could occur (such a methyla- 
tion has been shown to occur for 6-mercaptopurine 
in vivo [31, 32]), a degradation pathway, similar to 
that observed in chemical systems [24], leading to 
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a pyrazine derivative, could be postulated to occur, 
in vivo. 

The results of initial velocity studies (Table 6) and 
kinetic constant estimations (Table 7) show that 
various pteridines are capable of serving as substrates 
for mouse liver xanthine oxidase and strengthen the 
contention that this enzyme plays a role in pteridine 
oxidation, in vivo. The relative rates of oxidation of 
the 3 aminopteridines shown in Table 6 are similar 
to those estimated previously using milk xanthine oxi- 
dase [3], with the exception that 4-aminopteridine 
appears to be oxidized faster by the liver than by 
the milk enzyme. As can be seen from Table 6, the 
rates of oxidation of 2-hydroxypteridine and 2-mer- 
captopteridine are appreciably slower than their 
4-hydroxy derivatives. 4-Mercaptopteridine is oxi- 
dized at a rate intermediate to that of 4-aminopteri- 
dine and 4-hydroxypteridine. The finding (Table 7) 
that the K,, for 4-hydroxypteridine is greater than 
that of 2-amino-4-hydroxypteridine agrees with obser- 
vations made by Krenitsky et al. [5] using milk 
enzyme. 

It should be emphasized that in our studies of uri- 
nary metabolites of pteridine derivatives complete re- 
covery of the administered pteridine (either un- 
changed or as metabolites) was not achieved. In this 
regard it is worth noting that extensive excretion of 
a pteridine derivative (triamterene) and its metabolites 
via biliary excretion has been reported [33] and loss 
of pteridines by this route could account for the rela- 
tively low recovery of pteridines in urine observed 
in some of our studies. 
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Abstract—Normal and thyroidectomized male rats were fed powdered Rockland Mouse/Rat Diet (com- 
plete) with and without 0.3% clofibrate, ab lib., for 7 days. At the end of the feeding period the 
rats were killed by decapitation, livers were removed, and liver mitochondria were isolated and studied. 
In normal rats, clofibrate increased liver weight, mitochondrial yield per g of liver, and mitochondrial 
oxidations, in state 3, of a-glycerophosphate, octanoate, palmitate, octanoylcarnitine and palmitoylcami- 
tine; however, the oxidation of succinate in states 3 and 4 was not altered. Thyroidectomy resulted 
in decreased liver weight and decreased mitochondrial oxidation of a-glycerophosphate, succinate, 
octanoate, and palmitate. Administration of clofibrate to thyroidectomized rats increased mitochondrial 
oxidations of octanoate and palmitate but did not affect liver weight or oxidations of succinate and 


a-glycerophosphate. 


Clofibrate (ethyl-chlorophenoxyisobutyrate) lowers 
the serum of triglyceride in both humans and animals 
[1,2] but the mechanism is unknown. Many potential 
modes of action have been suggested including de- 
creased fatty acid release from adipose tissue [3]; 
increased clearance of serum triglyceride by adipose 
tissue [4]; inhibition of hepatic triglyceride release 
[5-7]; and reduction in the rate of hepatic fatty acid 
synthesis [8]. It it possible that accelerated hepatic 
fatty acid oxidation could also contribute to the 
hypotriglyceridemic action of clofibrate by competing 
with triglyceride biosynthesis for available substrate. 
In man, chronic administration of clofibrate has been 
reported to increase the oxidation of palmitate to 
acetoacetate and CO, [9]. 

However, the literature concerning the effects of 
clofibrate or CPIB (chlorophenoxyisobutyrate) on 
hepatic fatty acid oxidation is contradictory. Hassinen 
and Kéh6énen [10] reported that the rate of oxygen 
consumption linked to octanoate oxidation was in- 
creased in perfused liver and in isolated hepatic mito- 
chondria from rats which had received 500 mg/kg 
subcutaneously of clofibrate daily for 7 days. In 
apparent accord with these findings, Solberg et al. 
[11,12] and Daae and Aas [13] have reported that 
the activities of acyltransferase enzymes in rat liver 
mitochondria are increased by feeding 0.3% clofibrate 
in the stock diet for 1-6 weeks. However, Cederbaum 
et al. [14] have recently reported that liver mitochon- 
dria from rats that were administered 300 mg/kg of 
clofibrate subcutaneously for 14 or 18 days showed 
decreased rates of fatty acid oxidation. 

An accurate assessment of the relationship between 
clofibrate administration and the rate of fatty acid 
oxidation in liver might contribute toward elucidating 
the hypotriglyceridemic action of this drug. In this 
regard, the present series of experiments were 
designed to measure the effect of subacute oral ad- 
ministration of clofibrate, to normal and thyroidecto- 
mized male rats, on fatty acid oxidation by isolated 
rat liver mitochondria. 
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MATERIALS AND METHODS 


Animals and treatment. Normal and _ thyroidecto- 
mized male rats of the CR-CD strain were obtained 
form the supplier and allowed to stabilize for 1 and 
6 weeks, respectively, prior to the beginning of the 
study. During this period of time the rats were fed 
pellets of Rockland Mouse/Rat Diet (complete), ad 
lib.; normal rats received tap water and thyroidecto- 
mized rats received Hank’s Solution [15]. After the 
stabilization period, 2 normal and 2 thyroidectomized 
rats were entered into a feeding study (each day) in 
which the pelleted diet was replaced with powdered 
diet or powdered diet containing 0.3% clofibrate 
(w/w). Rat weight was determined daily and food con- 
sumption every other day, After 7 days of feeding, 
and without prior fasting, | rat from each group was 
killed by decapitation in the morning and | in the 
afternoon. Blood was collected from the wound for 
analysis of T,, livers were quickly removed, and liver 
mitochondria were isolated by differential centrifuga- 
tion and finally suspended in 0.25M sucrose [16]. 
Mitochondrial protein was determined by a modifica- 
tion of the biuret method of Gornal et al.[17] in 
which turbidity corrections were made by removing 
the blue color with a small amount of powdered 
KCN. 

The normal control arid clofibrate treated rats had 
mean T, levels of 6.1 and 4.3 yg/ml, respectively, 
whereas serum from thyroidectomized rats always 
contained less than | yg T,/ml. 

Oxygen consumption. Oxygen consumption of intact 
liver mitochondria was determined polarographically 
at 30° as previously described [18]. The incubation 
media (1.8 ml, pH 7.4) contained the following con- 
stituents at the indicated concentrations: Tris buffer, 
65mM; KCl, 75mM; MgCl,, 5mM; phosphate 
buffer, 12 mM; EDTA, | mM; and 18-20 mg of fatty 
acid free albumin [19, 20]. ADP, succinate, «-glycero- 
phosphate, acetate, octanoate, palmitate, octanoylcar- 
nitine, palmitoylcarnitine, carnitine, sucrose, and 
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Table 1. Effects of clofibrate treatment on rat growth, liver weight and yield of liver mitochondria* 





Rat weight (g) 


Mitochondrial yield 





Treatment 


liver weight (g)/ 


100 g body weight (mg protein/g liver) 





Normal] 
Control (7) 
+ Clofibrate (7) 


Thyroidectomized 
Control (10) 
+ Clofibrate (11) 


4.13 + 0.12 
6.22 + 0.22 


49.5 + 0.20 
57.9 + 0.25 
P < 0.05 


55.8 + 0.28 
56.5 + 0.20 
N.S. 





* Values represent means + S.E.M. Statistical evaluations were performed by Student's t-test for unpaired data; N.S. 
means not significant (P > 0.05). The number of animals for which data was obtained is given in parentheses. 


mitochondria were added at various concentrations 
and combinations during each run bringing the final 
volume to approximately 2.0 ml. Further experimen- 
tal details are given below. In all cases when anions 
were added potassium was the counterion. Tris and 
phosphate buffers (pH 7.4) were prepared by mixing 
aliquots of stock solutions containing Tris and 
Tris-HCl, and KH,PO, and K,HPO,, respectively. 
The concentration of O, in the medium equilibrated 
with air at 30° was experimentally determined. 
Frozen-thawed mitochondria, added to the medium 
at I mg protein/ml, were used to oxidize known 
amounts of NADH, to completion. The O, concen- 
tration was then calculated from the equation, 
2NADH, + O,—2H,0 + 2NAD*, and found to be 
0.21 mM. 

Materials. Rats were purchased from Charles River 
Breeding Laboratories, Wilmington, MA. Total serum 
. Tg (test no. 1597) was determined by Mason-Barron 
Laboratories, Inc., Chicago, IL. Acetic acid, succinic 
acid, and inorganic salts were purchased from Mal- 
linckrodt Chemical Co., St. Louis, MO; ADP, «-gly- 
cero phosphate, Tris, and Tris-HCl from Sigma 
Chemical Co., St. Louis, MO; palmitic acid from 
Fisher Scientific Co., Fairlawn, NJ; DL-carnitine- HC] 
from General Biochemicals, Chagrin Falls, Ohio; 
octanoic acid from Aldrich Chemical Co., Inc., Mil- 
waukee, WI; sucrose from Schwarz/Mann, Orange- 
burg, NY; NADH, from P-L Biochemicals, Inc., Mil- 
waukee, WI; and bovine serum albumin (Pentex, 
Fraction V) from Miles Laboratories, Inc., Kankakee, 
IL. Palmitoyl-L-carnitine and octanoyl-L-carnitine 


were gilts from the Otsuka Pharmaceutical Co., 
Tokoshima, Japan. 


RESULTS 


Thyroxine is involved in mediating caloriginesis as 
well as rat organ and body growth. Among many 
other changes, thyroidectomy produces reduced 
growth rate [21-23], decreased liver: body weight 
ratio [23], and decreased metabolic rate [24]. Mito- 
chondrial «a-glycerophosphate dehydrogenase [25] 
and succinate dehydrogenase [26] are 2 enzymes in- 
volved in the cellular process of calorigenesis with 
activities that reflect the thyroxine level and the corre- 
sponding level of energy metabolism. 

As expected, the thyroidectomized rats used in the 
present studies showed reduced growth ‘rate, de- 
creased liver weight:body weight ratio (Table 1), and 
decreased rates of a-glycerophosphate and succinate 
oxidation by liver mitochondria (Table 2). Also, mito- 
chondrial yield per g of liver was not altered. The 
effects of clofibrate on most of these parameters in 
both normal and thyroidectomized rats have been 
reported previously and the present work confirms 
these earlier findings as indicated. For normal rats, 
clofibrate administration increased the liver weight: 
body weight ratio [27] (Table 1), mitochondrial yield 
per g of liver [28] (Table 1) and mitochondrial oxi- 
dation of «-glycerophosphate [23] (Table 2). How- 
ever, these effects were not seen in thyroidectomized 
rats [23] (Tables 1 and 2). Clofibrate treatment did 
not affect the oxidation of succinate by mitochondria 


Table 2. Effects of clofibrate on oxidation of «-glycero phosphate and succinate by rat liver mitochondria* 





a-Glycero phosphate 


Succinate 





state 3 (/ng at. state 3 


Treatment 0/min/mg P) 


(ng at. 0/min/mg P) 


state 4 
RCR 





161 + 6(7) 
159 + 5(7) 
N.S. 


Normal 
+ Clofibrate 


5.59 + 0.20 (6) 
17.28 + 1.74(6) 
P < 0.001 


6.16 + 0.14(7) 
5.80 + 0.13 (7) 
N.S. 


25.7 + 0.73 (7) 
28.4 + 1.45 (7) 
NS. 


21.4 + 3.45 (6) 
23.3 + 4.22 (7) 


6.50 + 0.73 (6) 
6.67 + 0.60 


0.68 + 0.13 (7) 
0.99 + 0.12 (6) 


129 + 13(6) 
143 + 12(7) 


Thyroidectomized 
+ Clofibrate 





* Reaction mixtures contained the basic constituents described in Methods as well as 2.0 mg of mitochondrial protein, 
25 mM sucrose and 0.4mM ADP. Substrates were 20 mM D,L-a-glycerophosphate or 10 mM succinate. Values represent 
means + S.E.M. Statistical evaluations were performed by Student's t-test for unpaired data; N.S. means not significant 
(P > 0.95). The number of animals for which data was obtained is given in parentheses. 
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Table 3. Effects of clofibrate administration on oxygen uptake linked to the oxidation of fatty acids by liver mitochondria 
from normal rats* 





Additions 


Rate of oxygen uptake (ng at 0/min/mg protein) 


Control 


Level of 


Clofibrate treated significance 





None 

ADP 

ADP + acetate 

ADP + acetate + carnitine 

ADP + acetate + 
carnitine + malate 

ADP + octanoate 

ADP + octanoate + carnitine 

ADP + octanoate + 
carnitine + malate 

ADP. + palmitate 

ADP + palmitate + carnitine 

ADP + palmitate + 
carnitine + malate 


4.70 + 0.47 (7) 
9.24 + 0.64(7) 
9.24 + 0.85 (7) 
12.4 + 1.2(7) 


27.0 + 1.3(7) 
25.3 + 1.65 (7) 
26.5 + 1.89 (7) 


59.7 + 2.66 (7) 
12.8 + 0.65 (7) 
22.0 + 1.08 (7) 


49.2 + 2.71 (7) 


4.89 + 0.36 (7) N.S. 
12.8 + 0.81 (7) P < 0.005 
13.5 1507) P < 0.01 
19.0 + 1.3(7) P < 0.001 


P < 0.05 
P < 0.05 
P < 0.005 


32.7 + 2.2(7) 
36.5 + 4.57 (5) 
53.8 + 6.99 (5) 


P < 0.05 
P < 0.901 
P < 0.001 


P < 0.025 





* Reaction mixtures contained the basic constituents described in Methods as well as 2.0 mg of mitochondrial protein 
and 25 mM sucrose. Other additions were as follows: 1.1 mM ADP, !0mM malate, 10mM< acetate, 2mM octanoate, 
1mM palmitate, and 2mM carnitine. Values represent means + S.E.M. Statistical evaluations were performed by 
Student’s t-test for unpaired data; N.S. means not significant (P > 0.05). 

The number of animals for which data was obtained is given in parentheses. 


of either normal [29] (Table 2) or thyroidectomized 
rats (Table 2). It is important to note that these 
various effects were produced at a clofibrate dose 
(0.3%, w/w) that did not affect rat weight gain (Table 
1) since fasting can affect the parameters measured 
in this study. 

The results reported above indicate that the mito- 
chondria were characteristically altered by clofibrate 
and were, therefore, suitable for evaluating the effects 
of clofibrate on other mitochondrial processes such 
as fatty acid oxidation. In the present investigation, 
acetic, octanoic, and palmitic acids representing short 
chain, medium chain, and long chain groups, respect- 
ively, were chosen for study of their rates of oxidation 
by mitochondria from normal and thyroidectomized 
rats treated with clofibrate. Rates of mitochondrial 
oxygen uptake were studied under the following con- 
ditions: (1) unstimulated, endogenous rates or rates 


in the presence of fatty acid; (2) stimulated, state 3 
rates obtained in the presence of fatty acid and ADP 
(3) carnitine augmented, state 3 rates obtained in the 
presence of fatty acid, ADP, and carnitine; and (4) 
maximal, state 3 rates obtained in the presence of 
fatty acid, ADP, carnitine, and malate. The rates of 
oxygen uptake in each experimental condition dif- 
fered with the fatty acid chosen; uptake was highest 
with octanoate as substrate, slightly lower with palmi- 
tate, and the lowest with acetate. In normal rats, clofi- 
brate treatment did not enhance the endogenous rate 
of oxygen uptake but markedly increased uptake in 
all of the other conditions (Table 3) and similar, 
although less dramatic, effects were obtained with 
liver mitochondria from thyroidectomized rats (Table 
4). In agreement with the work of Hassinen and 
K&h6nen [10] the clofibrate stimulation of f-oxida- 
tion revealed a carnitine requirement for octanoate 


Table 4. Effects of clofibrate administration on oxygen uptake linked to the oxidation of fatty acids by liver mitochondria 
from thyroidectomized rats* 





Rate of oxygen uptake (ng at 0/min/mg protein) 


Level of 





Additions Control 


Clofibrate treated significancet 





None 

ADP 

ADP + acetate 

ADP + acetate + carnitine 
ADP + acetate + malate 
ADP + octanoate 

ADP + octanoate + carnitine 
ADP + palmitate 

ADP + palmitate + carnitine 


3.80 + 0.37 (7) 
7.45 + 0.97(7) 
7.16 + 0.88 (6) 
8.73 + 1.22(6) 
18.0 + 3.4(6) 
22.5 + 3.7(9) 
19.6 + 2.9(9) 
14.4 + 3.0(8) 
15.4 + 2.2(8) 


4.00 + 0.29 (7) 
9.4 + 1.03(7) 
9.82 + 1.11 (6) 
12.2 + 1.6 (6) 
25.3 + 3.4 (6) 
29.7 + 4.6(9) 
28.3 + 43(9) 
19.9 + 2.6(8) 
24.7 + 4.0(8) 


N.S. 
P < 0.01 
P < 0.01 
P < 0.025 
P < 0.001 
P < 0.05 
P < 0.01 
P < 0.025 
P < 0.05 


ADP + palmitate + carnitine + 
malate 32.8 + 6.6 (6) 


43.0 + 7.6 (6) P < 0.05 





* Experimental design as in Table 3. 


+ Because of large day to day variations seen with mitochondria from thyroidectomized rats statistical evaluations 


were performed by Student’s t-test for paired data. 
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Fig. 1. The stimulatory effect of clofibrate treatment on the oxidations of octanoate (O), octanoylcarni- 
tine (Oc), palmitate (P), and palmitoylcarnitine (Pc) by rat liver mitochondria. Mitochondria from 
3 control (a,c,e,g) and 3 clofibrate treated rats (b,d,f,h) were pooled and adjusted to 22 mg protein/ml 
with 0.25 M sucrose. The 2 ml reaction mixture always contained 55 mM Tris buffer (pH 7.4), 63 mM 
KCl, 4.2mM Mg Cl,, 10mM phosphate buffer (pH 7.4), 1mM EDTA, 18mg of albumin, 25mM 
sucrose, 1.1mM ADP, and 4.4 mg of mitochondrial protein (M). Other additions included 0.5 mM 
palmitoylcarnitine (g,h), 1.0mM _ octanoylcarnitine (c,d), 2mM _ octanoate (a,b), 1 mM palmitate (e,f), 
and 10 mM carnitine (a,b,e,f). Values represent oxygen uptake expressed as ng. atoms oxygen/min/mg 
protein. 


oxidation (Table 3) that was masked at the lower 
rates of oxidation seen in liver mitochondria from 
normal control and thyroidectomized rats. 

In a separate experiment, oxygen uptake linked to 
the oxidation of the activated fatty acids octanoylcar- 
nitine and palmitoylcarnitine was studied in mito- 
chondria from normal rats and from normal rats 
treated with clofibrate in order to determine if fatty 
acid oxidation was enhanced by clofibrate at sites 
beyond the latent CoA-carnitine acyltransferase as- 
sociated with the inner mitochondrial membrane. 
Acylcarnitine appears to readily enter the mitochon- 
drial matrix bypassing the activation and carnitine 
transferase steps [30]. Non-latent CoA-carnitine acyl- 
transferase is believed to be rate limiting for long 
chain fatty acid oxidation that begins with activation 
in the intra-cristal space [31]. As shown in Fig. 1, 
liver mitochondria from clofibrate treated rats oxi- 
dized the free fatty acids and the corresponding carni- 
tine derivatives at considerably faster rates than did 
mitochondria from control rats. However, the fatty 
acids were oxidized at about one-half the rates of the 
acylcarnitines. Malonate, a succinate dehydrogenase 
inhibitor, was added in one series of experiments to 
determine if inhibition of the TCA cycle would alter 
the stimulatory effects of clofibrate treatment. 
Malonate slightly reduced all of the rates of oxygen 
consumption but the results were essentially the same 
as those presented in Fig. 1. 

When fatty acids are used as substrates it is poss- 
ible to convert the rates of oxygen consumption into 
carbon flux through the f-oxidation pathway when 
the end products are known [31-34]. With coupled 
mitochondria oxidizing octanoate, palmitate, and 
their carnitine derivatives in state 3, in the absence 


of other citric acid cycle intermediates, almost all of 
the acetyl-CoA derived from f-oxidation is converted 
to acetoacetate [31,32,34]. Under these conditions, 
fatty acid or fatty acylcarnitine consumption can be 
determined from the following equations: 

palmitate (or palmitoylcarnitine) 

+ 70,—4 acetoacetate 

octanoate (or octanoylcarnitine) 

+ 30,—+2 acetoacetate 
The addition of malate to the reaction mixture results 
in decreased acetoacetate syntheis and enhanced 
citrate synthesis and oxygen uptake. At initial malate 
concentrations of at least 4mM almost all of the 
acetyl-CoA enters the citric acid cycle through citrate 
and almost no acetoacetate is formed [34]. Under 
these conditions a maximal value for fatty acid or 
fatty acylcarnitine consumption can be estimated 
from the following equations: 

palmitate (or palmitoyl-carnitine) 

+ 110, + 8-8 citrate 
octanoate (octanoylcarnitine) 
+ 50, + 4 malate — 4 citrate 
However, in the presence of malate the rate of B-oxi- 
dation is overestimated because no correction is made 
for oxygen uptake associated with further oxidation 
of citrate. 

Table 5 shows the results of our experiments with 
the data expressed in terms of fatty acid consumption. 
Similar calculations could not be applied to the acet- 
ate values because acetate does not undergo f-oxida- 
tion but is activated and either converted to acetoace- 
tate or condensed with oxaloacetate to form citrate 
[31]. Presumably, oxygen uptake in state 3, in the 
presence of acetate, actually represented the oxidation 
of endogenous substrates and stimulation by malate 
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Table 5. Effects of clofibrate on octanoate and palmitate comsumption by liver mitochondria from normal and thyroidec- 
tomized rats 





Rate of fatty acid consumption (nmoles/min/mg protein) 





Normal rats 


Thyroidectomized rats 





Additions Control 


Clofibrate treated 


Control Clofibrate treated 





ADP + octanoate + carnitine* 

ADP + octanoate + carnitine + 
malate* 

ADP + palmitate + carnitine* 

ADP + palmitate + carnitine + 
malate* 

ADP + octanoate + carnitinet 

ADP + octanoylcarnitinet 

ADP + palmitate + carnitinet 

ADP + palmitoylcarnitinet 


9.0 + 1.2 3.3 + 0.5 
8.1 + 08 
2.8 + 0.2 £1 02 
3.0 + 0.2 
9.0 
13.0 
3.6 
5.6 


1.5 + 0.3 





* Values derived from data of Tables 3 and 4. 
+ Values derived from data of Fig. 1. 


resulted in the synthesis of citrate which was further 
oxidized via the TCA cycle. In this regard, the clofi- 
brate stimulated increase of oxygen uptake seen in 
the presence of acetate (Tables 3 and 4) may represent 
only the stimulation of endogenous respiration that 
occurred when ADP alone was added to mitochon- 
dria from clofibrate treated rats. 


DISCUSSION 


It is believed that the rate limiting step in the oxi- 
dation of long chain and perhaps medium chain 
length fatty acids is the synthesis of acylcarnitine via 
non latent Co-A carnitine acyltransferase [31]. In 
accord with this concept both octanoate and palmi- 
tate were oxidized at considerably slower rates than 
were the corresponding carnitine derivatives by mito- 
chondria from both control and thyroidectomized 
rats (Fig. 1). The stimulation of B-oxidation after clofi- 
brate treatment (Table 5) probably involved both in- 
creased activity of nonlatent CoA-carnitine acyltrans- 
ferase and increased activity of enzymes within the 
B-oxidation pathway itself. Effects of clofibrate on the 
carnitine acyltransferase enzymes have been well 
documented. The activity of total liver acylcarnitine 
transferases [11—13, 35, 36] and of liver mitochondrial 
acylcarnitine transferases of the inner and outer com- 
partments [12] are increased after clofibrate treat- 
ment. Increased activity of enzymes within the f-oxi- 
dation pathway after clofibrate treatment is indicated 
by the faster rates of oxidation seen with the carnitine 
derivatives of octanoate and palmitate (Fig. 1); these 
acylcarnitines penetrate the inner membrane readily 
and maximal oxidation rates are obtained. The 
marked stimulation of both octanoate and palmitate 
oxidations (Fig. 1) by clofibrate could not have 
resulted from increased activity of nonlatent carnitine 
acyltransferase alone since the rates of octanoate and 
palmitate oxidations by mitochondria from the clofi- 
brate treated rats exceeded the rates of octanoyl and 
palmitoylcarnitine oxidations by mitochondria from 
the untreated control rats. 

Thyroidectomy did not prevent the clofibrate in- 
duced enhancement of fatty acid oxidation. The rates 


of palmitate and octanoate oxidations by mitochon- 
dria from both control and clofibrate treated rats 
were lower than in the corresponding normal animals 
but the stimulatory effect of clofibrate was still clearly 
evident (Table 5) indicating that this effect in isolated 
mitochondria was not thyroxine dependent. However, 
the effect of clofibrate on the total liver capacity for 
fatty acid oxidation was reduced by thyroidectomy 
because in the normal rat the effects on the mitochon- 
dria were further amplified by an increased number 
of mitochondria/g of liver (Table 1) and by an in- 
creased liver size (Table 1). 

It is important to consider that although the results 
of this study show that the maximum capacity for 
liver oxidation of fatty acids is enhanced by clofibrate 
treatment, whether this increased capacity is actually 
utilized is dependent upon the blood level of fatty 
acids, competition between fatty acid oxidation and 
other energy yielding reactions, and the turnover of 
ATP within the liver cell. 


Acknowledgement—The author thanks Scott Bremner and 
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Abstract—The relative contribution of gluconeogenesis to the catecholamine-induced hyperglycemic 
response in rats remains controversial. In the present study, fasted rats were treated acutely with 
either ethanol or 3-mercaptopicolinic acid and then challenged later with saline, epinephrine or isopro- 
terenol. Pretreatment with either agent suppressed the hyperglycemic response to isoproterenol more 
than the response to epinephrine. Isoproterenol-induced changes in blood lactate were augmented 
by ethanol pretreatment in normal fasted rats. In alloxan-diabetic rats, the augmented hyperglycemic 
response to isoproterenol was partially suppressed by pretreatment with ethanol or 3-mercaptopicolinic 
acid. Interestingly, pretreatment of normal, fed rats with ethanol unmasked a hyperglycemic response 
to isoproterenol which appeared to be the result of inhibition of insulin release. These data suggest 
that the hyperglycemic response to catecholamines in normal, fasted and alloxan-diabetic rats is due, 
in part, to stimulation of gluconeogenesis and that the response to isoproterenol in fasted rats is 


more dependent upon gluconeogenesis than is the response to epinephrine. 


Catecholamine-induced changes in glucose homeo- 
stasis are the product of several effects including the 
promotion of hepatic glycogenolysis [1], the enhance- 
ment of gluconeogenesis [2], and the inhibition of 
peripheral glucose utilization directly [3] or indirectly 
via alterations in pancreatic hormone secretion [4]. 
However, the relative contribution of each of these 
mechanisms to the total hyperglycemic effect elicited 
by individual catecholamines is a controversial issue. 

Several recent studies have suggested that the 
hyperglycemia produced by subcutaneously injected 
epinephrine originates primarily from hepatic glu- 
coneogenesis rather than from hepatic glycogenolysis 
[5-7]. To investigate this hypothesis further, two in- 
hibitors of gluconeogenesis, ethanol and 3-mercapto- 
picolinic acid, were tested for activity against epineph- 
rine- and isoproterenol-induced changes in blood glu- 
cose, lactate and insulin in normal rats and in allox- 
an-diabetic rats controlled with protamine zinc insu- 
lin. 


MATERIALS AND METHODS 


Male rats of the Holtzman strain, weighing between 
200-300 g, were used in these experiments. Rats were 
allowed free access to Purina laboratory chow and 
water except in those experiments utilizing fasting rats 
where food was withheld for 24 hr. One group of rats 
was made “diabetic” by i.v. injection of alloxan mono- 
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hydrate, 50 mg/kg; the care and maintenance of these 
animals have been described in detail in a previous 
communication [8]. 

Fed or fasted, normal rats or fed, diabetic rats were 
divided into 5 groups and treated as follows: Group 
1 and 2 received an injection of saline (0.1 ml/100 g), 
1hr before an injection of either /-isoproterenol 
(0.1 mg/100 g, base) or /-epinephrine (0.03 mg/100 g, 
base). Groups 3, 4 and 5 received an injection of eth- 
anol (119mg/100g) or 3-mercaptopicolinic acid 
(2.5 mg/100 g), 1 hr before an injection of saline, /-iso- 
proterenol, or /-epinephrine in the concentration indi- 
cated above. All drugs were administered by the intra- 
peritoneal route. In those experiments where only 
blood glucose was determined, sampling of blood was 
carried out by cutting the tip of the tail. 

Sampling of blood by cardiac puncture was used 
in those experiments involving the determination of 
blood lactate, insulin and glucose levels after /-isopro- 
terenol; this required light anesthesia with pentobar- 
bital (30 mg/kg i.v.). Blood samples for lactate deter- 
mination were taken from fasted rats at 2hr after 
injection of |-isoproterenol since this time coincided 
with the peak hyperglycemic response. Blood samples 
for insulin determination were taken at 3 or 4 hr after 
the injection of /-isoproterenol. 

Blood or plasma glucose levels were determined by 
the Hoffman method [9] as adapted to the Technicon 
AutoAnalyzer. Lactate levels were determined enzy- 
matically on blood previously deproteinized with 
0.6M perchloric acid [10]. The amount of NADH 
formed was measured at 340nm using a Beckman 
spectrophotometer, and lactate levels calculated 
according to the formula: maximum A349 x 65.5 = 
mg/dl lacatate. Plasma levels of immunoreactive insu- 
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lin were determined in duplicate using a single anti- 
body radioimmunoassay technique with separation of 
free and bound tracer by adsorption of free tracer 
onto dextran-coated charcoal [11]. After centrifuga- 
tion, aliquots of supernatant were counted by the mic- 
rofuge technique [12] using a Nuclear-Chicago liquid 
scintillation system. 

Stock solutions (1 mg/ml) of /-isoproterenol hydro- 
chloride and /-epinephrine bitartrate were prepared 
daily in acidified saline (pH 4.5) and then diluted to 
the desired concentration. Ethyl alcohol was made 
up daily as a 15% v/v solution. Mercaptopicolinic 
acid, kindly supplied by Smith, Kline and French 
Laboratories, was prepared each day at a concen- 
tration of 25 mg/ml. All drug concentrations are 
expressed in terms of the mg of active drug per ml 
of solution. Protamine zinc insulin, generously sup- 
plied by Eli Lilly Laboratories, was used to maintain 
the colony of alloxan-diabetic rats. 


Statistical comparisons were made using the Stu- 
dent’s t-test. 


RESULTS 


Effect of pretreatment with ethanol or 3-mercaptopi- 
colinic acid on catecholamine-induced changes in blood 
glucose in fasted rats. As reported previously, pretreat- 
ment with ethanol at a dose that did not produce 
overt hypoglycemia, suppressed the hyperglycemic re- 
sponse to isoproterenol more than the response to 
epinephrine [13]. A _ similar experiment using 
2.5 mg/100 g of 3-mercaptopicolinic acid (MPA) pro- 
duced results similar to those produced by ethanol. 
As shown in Fig. 1, the hyperglycemic response to 
isoproterenol in fasted rats was inhibited more by 
pretreatment with mercaptopicolinic acid than was 
the response to epinephrine. Mercaptopicolinic acid 
(25 mg/kg) produced no effect on blood glucose levels 
in a group of rats treated with saline. 
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Fig. 1. Effect of 3-mercaptopicolinic acid (MPA) on epinephrine (EPI) and isoproterenol (ISO) -induced 
hyperglycemia in fasted normal rats. The number of animals in each group are shown in parentheses. 
Each point and the linit on each are the mean and the S.E., respectively. 
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Fig. 2. Effect of ethanol (ETOH) isoproterenol-induced changes in plasma lactate and glucose levels 
in fasted normal rats. The mean and S.E. for each column were determined from the’ number of 
animals shown in parentheses. 





Effects of ethanol and 3-mercaptopicolinic acid 


Effect of ethanol on isoproterenol-induced changes in 
plasma lactate and glucose levels in fasted rats. Since 
the conversion of lactate to glucose is presumed to 
be important in the production of hyperglycemia by 
isoproterenol, fasted rats were pretreated with ethanol 
(119 mg/100 g) 1 hr before an injection of isoproter- 
enol to determine if ethanol was inhibiting hypergly- 
cemia by preventing the re-cycling of lactate to glu- 
cose. Plasma lactate levels were determined enzymati- 
cally at the time that coincided with the peak hyper- 
glycemic effect (2 hr after injection of isoproterenol). 
As shown in the upper left panel of Fig. 2, lactate 
levels were significantly higher (P < 0.05) in the 
groups of rats pretreated with ethanol compared to 
the groups pretreated with saline. Although there was 
no difference in lactate levels between the group 
treated with ethanol plus saline and the group treated 
with saline plus isoproterenol, lactate levels were ele- 
vated significantly (P < 0.001) in the group of fasted 
rats pretreated with ethanol and then challenged with 
isoproterenol. The lower left panel of Fig. 2 illustrates 
the concurrent changes in plasma glucose levels in 
the four groups of rats. Whereas there was no signifi- 
cant change in plasma glucose levels in the saline plus 
saline-treated group and the ethanol plus saline- 
treated group, a significant difference (P < 0.05) in 
glucose levels was observed between the groups 
receiving saline or ethanol 1 hr prior to the injection 
of isoproterenol. The lactate/glucose ratio depicts 
these differences more clearly as shown in the right 
panel of Fig. 2. Pretreatment with ethanol produced 
a significant elevation in the lactate/glucose ratio in 
fasted rats treated with saline or isoproterenol, and 
these increases are also markedly elevated when com- 
pared to the appropriate saline-pretreatment groups. 

Effect of ethanol and 3-mercaptopicolinic acid on iso- 
proterenol-induced blood glucose changes in alloxan- 
diabetic, insulin-controlled rats. In experimentally- 
induced diabetic states, enhanced gluconeogenesis is 
considered an important contributor to the hypergly- 
cemia characteristic of this disorder. In the fed, allox- 
an-diabetic, insulin-controlled rat, isoproterenol pro- 
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duced an exaggerated hyperglycemic response [8]. As 
shown in Fig. 3, pretreatment with ethanol (left panel) 
or 3-mercaptopicolinic acid (right panel) suppressed 
the hyperglycemic response to isoproterenol. A very 
modest hyperglycemic response to ethanol was 
observed in a group of saline-treated rats whereas 
3-mercaptopicolinic produced very little change in 
resting blood glucose levels. The saline plus saline 
group (left panel) demonstrates the degree of control 
of blood glucose levels achieved by the schedule of 
treatment with protamine zinc insulin. 

Effect of ethanol in isoproterenol-induced changes in 
plasma insulin and glucose in fed or fasted normal rats. 
Figure 4 shows the effect of pretreatment with ethanol 
on isoproterenol-induced insulin release in fasted rats. 
Ethanol treatment followed by saline resulted in a 
lowering of plasma glucose (lower left panel) that was 
accompanied by a decline in plasma immunoreactive 
insulin levels (upper left panel). Pretreatment with 
saline followed by isoproterenol resulted in a 
2.5—3-fold increase in plasma insulin levels and 
modest elevation of blood glucose. Ethanol pretreat- 
ment followed by isoproterenol resulted in an increase 
in plasma insulin levels that was not different from 
saline plus isoproterenol, however, the modest in- 
crease in plasma glucose at 45 min after the injection 
of isoproterenol was suppressed completely by eth- 
anol pretreatment. The expression of these values in 
the form of a ratio (right panel) emphasizes the 
changes in plasma insulin levels relative to changes 
in plasma glucose. Ethanol plus saline produced a 
fall in the insulin/glucose ratio indicative of a decline 
in insulin that was greater than the fall in glucose. 
Since the plasma insulin rose and the plasma glucose 
level did not change in the ethanol plus isoproterenol 
group, the insulin/glucose ratio was significantly 
higher in this group (P < 0.05) compared to the saline 
plus isoproterenol group. 

Pretreatment of fed rats with ethanol resulted in 
a modest reduction of the hyperglycemic response to 
epinephrine at 30min after injection, but there was 
no appreciable change in the peak response at 60 min 
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(Fig. 5). In fed rats, isoproterenol is virtually inactive 
as a hyperglycemic agent [8] but as shown in Fig. 
5 isoproterenol produced a_ highly significant 
(P < 0.001) increase in plasma glucose levels in fed 
rats following pretreatment with ethanol. 

Figure 6 (upper left panel) shows that ethanol pre- 
treatment suppressed isoproterenol-induced insulin 
release in normal fed rats. Furthermore, as shown in 
the right panel the insulin/glucose ration was reduced 
significantly (P < 0.05) in the ethanol plus isoproter- 
enol group as compared to the saline plus ethanol 
group. In contrast ethanol plus saline has no signifi- 
cant effect on basal (non-stimulated) insulin levels in 
fed rats. 


DISCUSSION 


In the present study, ethanol and 3-mercaptopico- 


linic acid suppressed the hyperglycemic response to 
isoproterenol more than the response to epinephrine 
in fasted rats. Moreover, lactate levels were signifi- 
cantly higher in ethanol-treated rats suggesting that 
ethanol was inhibiting the hyperglycemic response in 
part by reventing the re-cycling of lactate to glucose. 
These results are in general agreement with those of 
Yajima and Ui [7], who demonstrated inhibition of 
epinephrine-induced hyperglycemia by a series of glu- 
coneogenic inhibitors. 

Furthermore, pretreatment of alloxan-diabetic rats 
with ethanol or 3-mercaptopicolinic acid suppressed 
the augmented hyperglycemic response to isoproter- 
enol. In diabetic rats, the exaggerated hyperglycemic 
response to isoproterenol is presumed to be the con- 
sequence of markedly reduced insulin release by iso- 
proterenol [8] which allows stimulation of glucose 
production by the catecholamine. A portion of the 
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increased glucose production is presumed to be the 
product augmentation of gluconeogenic processes. 

Interestingly, pretreatment of fed rats with ethanol 
resulted in a hyperglycemic response to isoproterenol. 
Previous studies from this laboratory have demon- 
strated that the failure of isoproterenol to produce 
hyperglycemia in fed rats is the consequence of the 
potent insulin releasing effect of this f-adrenergic 
receptor agonist [8]. These observations led to the 
examination of the effects of ethanol on isoproterenol- 
induced insulin release in fasted and fed rats. 

Ethanol inhibited isoproterenol-induced insulin 
release more in fed rats than in fasted rats. Moreover, 
the insulin—glucose ratio was lower in the isoproter- 
enol-treated fed rats pretreated with ethanol than in 
the fasted group treated similarly. Inhibition of cyclic 
AMP-induced insulin release by ethanol has been 
demonstrated recently by Colwell et al. [14], and this 
may explain the inhibitory effects of ethanol on insu- 
lin release by isoproterenol in fed rats. Inhibition of 
isoproterenol-induced insulin release by ethanol 
would allow expression of the stimulatory effects of 
this catecholamine on hepatic production of glucose 
and thus hyperglycemia results. 

In summary, ethanol and 3-mercaptopicolinic acid 
suppressed isoproterenol-induced hyperglycemia in 
fasted rats more than they suppressed epinephrine- 
induced hyperglycemia. As the result of inhibition of 
lactate utilization, ethanol pretreatment elevated lac- 
tate levels more than did saline pretreatment in iso- 
proterenol-treated, fasting normal rats. Moreover, 
these inhibitors of gluconeogenesis tended to suppress 
the augmented hyperglycemic response to isoproter- 
enol in alloxan-diabetic rats. In fed rats, pretreatment 
with ethanol suppressed isoproterenol-induced insulin 
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release and thus isoproterenol produced significant 
hyperglycemia. The present study suggests that inhibi- 
tion of catecholamine-induced hyperglycemia by eth- 
anol and 3-mercaptopicolinic acid is the result of inhi- 
bition of gluconeogenesis and that the unmasking of 
isoproterenol-induced hyperglycemia in fed rats by 
ethanol pretreatment is the consequence of suppres- 
sion of insulin release. 
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Abstract—Pseudorenin and cathepsin D activity from bovine spleen were found to behave identically 
on DEAE-cellulose, Sephadex G-100, and concanavalin A-agarose chromatography. The molecular 
weight of pseudorenin and of cathepsin D was estimated to be 50,000. The binding of the enzymatic 
activity to concanavalin A-agarose and elution with «-methyl-D-mannoside indicates that pseudorenin 
(cathepsin D) is a glycoprotein. It is suggested that pseudorenin activity in the spleen is due to cathepsin 


Pseudorenin is an enzyme which, like renin, is capable 
of producing angiotensin I from tetradecapeptide 
renin substrate and purified hog renin substrate. 
Pseudorenin also resembles renin in that it is inhi- 
bited by the pentapeptide, pepstatin [1]. Pseudorenin 
differs from renin in that it is chromatographically 
distinct from renin, has its optimum enzymatic ac- 
‘ tivity at a lower pH value, and is unable to produce 
angiotensin I from substrate occurring naturally in 
plasma [2]. 

Pseudorenin activity has been shown by Skeggs et 
al. [2] to be widely distributed in rat tissues, with 
the kidney containing relatively low amounts of ac- 
tivity in comparison to the spleen and thymus. In 
addition, pseudorenin activity has been found in our 
laboratory in bovine spleen, kidney, thymus, adrenal 
medulla, and adrenal cortex [3, 4]. 

During the course of our studies of this enzyme, 
we found that partially purified extracts of bovine 
spleen which contained pseudorenin activity also pos- 
sessed cathepsin D activity. Since cathepsin D from 
bovine anterior pituitary had previously been shown 
capable of hydrolyzing an artificial octapeptide sub- 
strate cf renin [5], it appeared possible that bovine 
spleen pseudorenin and cathepsin D were the same 
enzyme. To test this possibility, the simultaneous pur- 
ification of pseudorenin and cathepsin D was under- 
taken. 


MATERIALS AND METHODS 


Materials. Tetradecapeptide renin substrate (TDP) 
and ('?°I)angiotensin I were obtained from Schwarz/ 
Mann, Orangeburg, New York, and New England 
Nuclear, Boston, MA, respectively. Angiotensin I fer 
the radioimmunoassay was obtained from the 
National Institute for Biological Standards, Holly 
Hill, London. Hemoglobin (Type II), blue dextran, 
cytochrome c, ribonuclease, chymotrypsinogen A, 
ovalbumin, bovine albumin (Fraction IV), and 
a-methyl-D-mannoside were all obtained from Sigma 
Chemical Company, St Louis, MO. Glycosylex 
A was obtained from Miles Laboratories, Elkhart, 
IN. 


Purification of bovine spleen pseudorenin and cathep- 
sin D activity. Ten grams of frozen bovine spleen were 
thawed at 4° overnight and then homogenized with 
50 ml of 5mM EDTA, pH 7.0. The homogenate was 
centrifuged for 15 min at 10,000 rpm, the supernatant 
decanted, and the residue rehomogenized with 
another 50 ml of 5mM EDTA, pH 7.0. This second 
homogenate was centrifuged for 15 min at 10,000 rpm. 
The residue was discarded and the supernatant com- 
bined with the supernatant obtained from the first 
homogenization. Ammonium sulfate was added to the 
combined supernatants until the resulting mixture 
was 1.3M. This mixture was centrifuged for 15 min 
at 10,000 rpm. Ammonium sulfate was added to the 
resulting supernatant until a concentration of 2.5M 
was obtained. The precipitate obtained from centrifu- 
gation for 15 min at 10,000 rpm was reconstituted in 
12ml of H,O and dialyzed for 20hr against 5mM 
sodium phosphate buffer, pH 7.5. The insoluble resi- 
due was removed by centrifugation at 12,000 rpm for 
30 min to provide 14 ml of a solution containing both 
pseudorenin and cathepsin D activity. 

This cruce enzyme solution was applied to a 
DEAE-cellulose column (1.5 x 28cm) which had 
been equilibrated with 5mM_ sodium phosphate 
buffer, pH 7.5. The column was washed with 5mM 
sodium phosphate buffer, pH 7.5, until 180ml of 
eluant had been collected, at which time elution with 
0.2 M NaCl in starting buffer was begun. The elution 
of protein from the column was followed by measur- 
ing the absorbance of the collected fractions at 
280 nm. Fractions of 5 ml were collected and assayed 
for pseudorenin and cathepsin D activity, as described 
below. The fractions containing the enzymatic activity 
which eluted between 25 and 55ml were combined 
and concentrated using a Millipore immersible mol- 
ecular separator. 

The concentrated enzyme solution obtained from 
the DEAE-cellulose column was next applied to a 
Sephadex G-100 column (1.5 x 58cm) equilibrated 
with 5mM sodium phosphate buffer, pH 7.5. Frac- 
tions of 5 ml were collected and assayed for enzymatic 
activity. The active fractions eluting between 25 and 
45 ml were pooled, concentrated, and dialyzed against 
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10mM sodium phosphate buffer, pH 7.0, 0.15M 
NaCl. 

The above dialyzed material was then applied to 
a Glycosylex A column (agarose-concanavalin A, 
1.0 x 16cm), equilibrated with 10mM sodium phos- 
phate buffer, pH 7.0, 0.15 M NaCl. The column was 
washed with this same buffer until the elution of pro- 
tein was no longer detectable. After 60 ml of eluant 
had been collected, elution was begun with 0.3M 
a-methyl-D-mannoside in starting buffer. Five ml frac- 
tions were collected and assayed as before for pseu- 
dorenin and cathepsin D activity. 

Molecular weight determination. Proteins of known 
molecular weight were chromatographed on the same 
Sephadex G-100 column used in the gel filtration step 
described above. Proteins used included: cytochrome 
c (12,900), ribonuclease (13,899), chymotrypsinogen A 
(25,000), ovalbumin (45,000), and bovine albumin 
(69,000). Blue dextran was used to calculate the void 
volume (V,) of the column. The elution volume (V,) 
of each protein was determined and this value, along 
with the value of the void volume (V,) and total bed 
volume (V,), were substituted into the following for- 
mula to generate each protein’s K,, value. 


K,, = V. — V/V, — V, 


A semilogarithmic plot of K,, versus the molecular 
weight gave a standard curve from which the molecu- 
lar weight of pseudorenin (cathepsin D) was calcu- 
lated. 

Assay of pseudorenin activity. The fractions 
obtained from the above chromatographic columns 
were assayed for pseudorenin activity in the following 
manner. Fifty pl of a 60-fold dilution of each fraction 
were incubated at 37° in a final volume of 100 pl con- 
taining 50mM sodium citrate buffer, pH 5.0 and 
1000 pmoles/ml of TDP. After 30 min the enzymatic 
reaction was stopped by placing the incubation mix- 
tures on ice and diluting them with 0.8 ml of 0.1M 
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Tris-acetate buffer, pH 7.4. The angiotensin I pro- 
duced was assayed by radioimmunoassay as de- 
scribed below. Each fraction was assayed in duplicate. 
The enzymatic activity was expressed as pg antioten- 
sin I generated/hr/ml. Pseudorenin activity of the 
pooled, concentrated fractions was measured by these 
same procedures except that 500—-1000-fold dilutions 
of the enzyme were used. Specific activities of the con- 
centrated fractions were expressed as yg angiotensin 
I generated/hr/mg of protein and were derived from 
protein concentration measurements obtained by the 
method of Lowry et al. [6]. 

Radioimmunoassay of angiotensin I. A modification 
of the method described by Haber et al. [7] was used 
in this study. Samples (50 yl) of the incubation mix- 
tures to be assayed were mixed with 50 ul of ['?*T]an- 
giotensin I (4500 cpm) in Tris—acetate buffer, pH 7.4, 
containing bovine serum albumin (5.0 mg/ml). Rabbit 
antiserum, 100 yl of a 1:10,000 dilution in 0.1 M Tris— 
acetate buffer, pH 7.4, was added and the mixture 
allowed to equilibrate at 4° for 24hr. The antiserum 
was prepared as described by Haber et al. [7]. A char- 
coal suspension (0.8 ml) containing 3.9 g/1 charcoal 
and 0.39 g/l dextran in 0.1 M Tris—acetate buffer, pH 
7.4, was then added. The mixtures were thoroughly 
mixed and then centrifuged at 7000 rpm for 10 min. 
The supernatant was decanted, mixed with 4.5 ml of 
scintillation fluid (Aquasol) and counted in a Packard 
Tri-Carb liquid scintillation counter. Known amounts 
of angiotensin I varying from 25 to 1600pg were 
treated in a similar manner to produce a standard 
curve. 

Assay of cathepsin D activity. A modification of the 
method of Anson [8] was used. Aliquots (0.1 ml) of 
each fraction were mixed with 0.1 ml H,O, 0.1 ml of 
a freshly prepared solution of 2% hemoglobin in 
H,O, and 0.2 ml of 0.2M sodium citrate buffer, pH 
3.5. The samples were incubated at 37° for 30 min, 
after which time they were placed on ice and treated 
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Fig. 1. DEAE-cellulose column chromatography of 2.5M ammonium sulfate fraction from bovine 
spleen extract. Elution was with 5mM sodium phosphate buffer, pH 7.5. At an elution volume of 
180 ml, NaCl (0.2 M) was added to the elucing buffer. Optical density at 280 nm @——®, )seudorenin 


activity O-—-—O, and cathepsin D activity @-——-®. 
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Fig. 2. Sephadex G-100 column chromatography of 
DEAE-cellulose purified pseudorenin (cathepsin D) ac- 
tivity. Elution was carried out in 5mM sodium phosphate 
buffer, pH 7.5. Optical density at 2830 nm @——®, pseudo- 
renin activity O-—~-O, and cathepsin D activity B-——~@. 


with 0.1 ml of 25% trichloroacetic acid. The samples 
were centrifuged for 10 min at 7000 rpm and the opti- 
cal density of the supernatants determined at 280 nm. 
Controls were treated the same as the samples except 
that the enzyme was added after the incubation 
period. Cathepsin D activity was expressed as the dif- 
ference in absorbance at 280 nM (AA) between sample 
and control/hr/ml. 

Cathepsin D activity of the concentrated fractions 
was measured in a manner similar to that described 
above except that 0.01 ml of enzyme and 0.19 ml of 
H,O were used instead. Specific activity of these frac- 
tions was expressed as AA/hr/mg protein. 
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Fig. 3. Molecular weight estimation of pseudorenin (cath- 
epsin D) by chromatography on a Sephadex G-100 column 
equilibrated with 5mM sodium phosphate buffer, pH 7.5. 


RESULTS 


The chromatographic pattern of the 2.5 M ammon- 
ium sulfate fraction on DEAE-cellulose is shown in 
Fig. 1. Approximately 80 per cent of the pseudo- 
renin and cathepsin D activity appeared in the non- 
retained fractions. The remainder of the enzymatic 
activity was eluted from the column with 0.2 M NaCl. 
This type of behavior on DEAE-cellulose has been 
observed previously during the purification of cathep- 
sin D from porcine spleen [9]. The specific activity 
of the non-retained pseudorenin and cathepsin D ac- 
tivity was increased 10-fold in both cases. This mater- 
ial was subsequently placed on a Sephadex G-100 
column. As depicted in Fig. 2, both pseudorenin and 
cathepsin D were eluted together with an elution 
volume of 35 ml. When compared to the elution pos- 
ition of proteins of known molecular weight, this elu- 
tion volume corresponds to a molecular weight of 
50,000 (Fig. 3). Previous studies have found the mol- 
ecular weight of cathepsin D to range from 42,000 
[10] to 58,000 [11, 12]. Thus our results would appear 
to be in agreement with these values. After gel 
chromatography on Sephadex G-100 the enzymati- 
cally active fractions were concentrated and placed 
on a concanavalin A-agarose affinity column. As 
shown in Fig. 4, both pseudorenin and cathepsin D 
activity were retained on the column and subse- 
quently eluted when the column was washed with 
0.3M a-methyl-p-mannoside. The binding of glyco- 
proteins with a-D-mannopyranosyl or «-D-glucopyr- 
anosyl end residues to concanavalin A-agarose 
columns is well known [13]. Thus it would appear 
that pseudorenin and cathepsin D are glycoprotein 
in nature. The binding of pseudorenin to concanava- 
lin A does not appear to involve the active site since 
concanavalin A does not inhibit the ability of pseu- 
dorenin to produce angiotensin I from TDP (unpub- 
lished results). 

The results from the copurification of pseudorenin 
and cathepsin D activity are summarized in Table 
1. The purification procedures resulted in a 42-fold 
increase in the specific activity of pseudorenin while 
an 84-fold increase in specific activity of cathepsin 
D was obtained. The overall recovery of pseudorenin 
and cathepsin D activity was 5 per cent and 10 per 
cent respectively. 

The difference in recovery and specific activity 
observed in the concanavalin A-agarose chromato- 
graphic step is probably due to the difference in time 
at which the assays were carried out since subsequent 
purifications where the two assays were performed 
simultaneously did not show a difference. It is clear 
that the two enzymatic activities elute in parallel on 
concanavalin A-agarose as shown in Fig. 4. 


DISCUSSION 


Since the initial description of pseudorenin [2], 
very little additional work has been carried out to 
determine what physiological significance, if any, this 
enzyme has. Studies in our laboratory have shown 
pseudorenin to be similar to such acid proteases as 
pepsin, cathepsin D, and renin since the enzyme is 
inhibited by the pentapeptide, pepstatin [1]. In addi- 
tion, we have found that purified bovine spleen pseu- 
dorenin can act on homologous serum substrate at 
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Fig. 4. Glycosylex A column chromatography of Sephadex fraction of pseudorenin-cathepsin D activity. 
The initial elution was carried out with 10mM sodium phosphate in 0.15M NaCl, pH 8.0. At an 
elution volume of 60 mi the eluting solvent was changed to 0.3 M a-methyl-p-mannoside. Optical density 
at 280nm @——-@, pseudorenin activity O----O, cathepsin D activity @---—@. 


Table 1. Purification of bovine spleen pseudorenin and cathepsin D activity 





Pseudorenin activity 


Total 
protein 
(mg) 


Specific 
activity 


Fraction (ug/mg/hr) 


(%) 


Recovery 


Cathepsin A activity 
Specific 
activity 
(AA/mg/hr) 


Purifi- 
cation 


Purifi- 
cation 


Recovery 


(%) 





Extract 
Ammonium sulfate 
precipitation 
DEAE-cellulose 
Sephadex G-100 
Glycosylex A 





pH 5.5 to produce angiotensin I [4]. Rat plasma 
pseudorenin, however, is not regulated in the same 
way as plasma renin [14]. 

Recent studies on the renin activity present in dog 
brain have shown it to be due to cathepsin D [15]. 
The present study shows that pseudorenin and cath- 


epsin D behave identically on DEAE-cellulose, 
Sephadex G-100, and concanavalin A-agarose 
chromatography. Since the separations which we 
employed utilize differences in chemical and/or physi- 
cal properties (anionic charge, molecular weight, and 
affinity for a lectin, respectively), it would appear that 
the pseudorenin activity found in bovine spleen is also 
due to cathepsin D. Thus the present study is another 
indication that studies on extrarenal “renin” must be 
interpreted with caution in order to eliminate the 
possible influence of cathepsin D. 
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Abstract—Red cell NaK- and Ca-ATPase activities are irreversibly inactivated when membranes are 
exposed to tetracaine under appropriate conditions. NaK-ATPase was inactivated upon exposure of 
membranes to tetracaine at 20° in the absence of ligands. Ca-ATPase was stable at this temperature, 
but inactivation could be demonstrated at 47°. The rate of inactivation of both enzymes increased 
with tetracaine concentration over a similar range. Inactivation also increased with pH, suggesting 
a correlation between the non-ionized form of the local anesthetic and inactivation of both enzymes. 
All ligands of NaK-ATPase with the exception of ATP afforded marked protection against inactivation 
by tetracaine. The degree of protection was a hyperbolic function of ligand concentration in the expo- 
sure medium. The concentration of each ligand required for half-maximal protection (Ko ;) was approxi- 
mately 1 mM. These results demonstrate that the binding of some ligands to NaK-ATPase stabilizes 
that enzyme in conformational states which are resistant to attack by tetracaine. Ca-ATPase was 
more resistant to inactivation by tetracaines, and ligand effects were not evident. 


The local anesthetic, tetracaine, reversibly inhibits 
NaK-ATPase and Ca-ATPase in human red cell 
membranes under standard assay conditions, i.e. in 
the presence of MgATP and the required cations [1]. 
This report describes a second, related effect of tetra- 
caine; that is, both enzymes can be irreversibly inacti- 
vated when membranes are exposed to tetracaine 
under appropriate conditions. There are a number of 
similarities between the kinetics of inhibition and in- 
activation, suggesting that the two events are related 
with regard to mechanism. 

Each ligand of NaK-ATPase, with the exception 
of ATP, affords marked protection against inactiva- 
tion of this enzyme by tetracaine. Ca-ATPase is more 
resistant to inactivation and protective effects of 
ligands are not evident. 

A number of agents, or treatments, can irreversibly 
inactivate these enzymes, and individual ligands or 
combinations of ligands frequently alter the rate of 
inactivation. In the case of NaK-ATPase, Robin- 
son [2-5] has accumulated evidence which supports 
the view that ligands modify inactivation by binding 
to their respective sites on the enzyme to yield confor- 
mational states with altered susceptibilities to inacti- 
vation. 

This study was undertaken in order to define the 
conditions which modulate drug-enzyme interactions 
to produce these two distinctly different functional 
alterations, i.e. inhibition and inactivation. The study 
of inactivation offers the advantage over inhibition 
studies in that drug-enzyme interactions can be 
detected without the restriction that all ligands 
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EGTA—ethyleneglycol-bis (f-aminoethyl ether)}-N,N’- 
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necessary for activity need be present, and the in- 
fluence of individual ligands can be tested separately. 


EXPERIMENTAL 


Preparation of membranes. Membranes were pre- 
pared from freshly outdated human blood as de- 
scribed previously [6]. Protein was measured by the 
method of Lowry et al. [7]. 

AT Pase assay. The following conditions were com- 
mon for the assay of all activities: 63 mM _ Tris-HCl 
(pH 7.2), 2mM Mg?* and 2mM Na, ATP. The reac- 
tion vol. was 2 ml and the temperature was 38°. For 
assay of Mg-ATPase the medium also contained 
60 mM Na*, 0.25 mM Tris-EGTA and 0.25 mM oua- 
bain. For NaK-ATPase: 120mM Na’*, 10mM K* 
and 0.25mM Tris-EGTA. For Ca-ATPase: 60 mM 
Na*, 0.25mM ouabain and 0.2mM Ca?*. In all ex- 
periments, NaK- and Ca-ATPase activities were cal- 
culated as the difference between the total ATPase 
activity measured under the respective assay condi- 
tions, and the Mg-ATPase measured concurrently. 

ATPase activity was measured in terms of inor- 
ganic phosphate (Pi) production according to a modi- 
fication of the method Of Fiske and SubbaRow [8]. 
Other details have been described previously [6]. 
When tetracaine was present, 300mg of Dowex-50 
cation exchange resin was added to each tube after 
stopping the reaction with 1.2 M perchloric acid. This 
step removed tetracaine, which interferes with Pi 
measurement. 

Inactivation experiments. Both enzymes were in- 
activated by exposing membranes to tetracaine in a 
medium containing 50mM Tris-HCl (pH 7.8) and 
0.25mM EGTA. For inactivation of NaK-ATPase 
the temperature was 20° and for Ca-ATPase it was 
47°. At 47° there was a significant inactivation of Ca- 
ATPase even without tetracaine. This was minimized 
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by EGTA, which chelates traces of contaminant 
Ca**, which in turn increases the rate of thermal in- 
activation of this enzyme [9]. 

In most experiments, membranes were added to the 
medium containing 2.5mM tetracaine and 1 ml ali- 
quots were removed immediately and after 40 min of 
exposure for measurement of ATPase activity remain- 
ing under the standard assay conditions described 
above. This gave a tetracaine concentration during 
assay of 1.25mM, which inhibited ATPase slightly 
(<15 per cent). Nevertheless, subtracting the activity 
of the 40 min sample from the activity of the zero- 
time sample gave an absolute measure of the amount 
of inactivation during exposure. 

To study the influence of ligands on inactivation, 
these were included in the exposure medium at 
various concentrations. To facilitate comparisons 
between experiments, the protection against inactiva- 
tion afforded by a ligand was normalized in the fol- 
lowing way, and is expressed as relative protection: 


Relative protection = 
' Activity lost (ligand present) 
Activity lost (ligand absent) | 





In this way the protection afforded by a ligand is 
expressed on a scale of zero to one. A value of zero 
represents no effect, and a value of one represents 
full protection. 


RESULTS 


In preliminary experiments we established that 
NaK-ATPase and Ca-ATPase activities were stable 
for up to one hour when membranes were exposed 
at 20° to the pre-incubation medium described in Ex- 
perimental. Addition of tetracaine to this medium, at 
20°, caused a progressive, dose-dependent inactivation 
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of NaK-ATPase (Fig. 1 A). The activity which disap- 
peared during exposure under these conditions could 
not be restored by washing the membranes free of 
tetracaine before assay. The enzyme was thus irrevers- 
ibly inactivated during exposure to tetracaine. In 
addition, the activity which remained was linear with 
time during assay, showing that the enzyme had not 
become unstable following exposure to tetracaine. 

Ca-ATPase was unaffected by exposure at 20° to 
2.5mM tetracaine, the highest concentration tested 
with either enzyme. When the temperature was in- 
creased to 47° during exposure, however, a progress- 
ive, dose-dependent inactivation of Ca-ATPase was 
also evident (Fig. 1 B). If these data are corrected 
for the thermal inactivation in the absence of tetra- 
caine, the activity lost at 40min due to 1.25mM, 
2.0mM and 2.5 mM tetracaine was 13, 28 and 44 per 
cent, respectively. 

We examined inactivation of NaK-ATPase by 
2.5mM tetracaine at pH 7.0, 7.4 and 7.8 in order 
to alter the proportions of ionized and non-ionized 
tetracaine during exposure. At these three pH’s the 
percentages of tetracaine (pK, = 8.24) in the non- 
ionized form are 6, 13 and 27 per cent, respectively. 
The activity remaining after 40 min of exposure to 
tetracaine was 91, 63 and 27 per cent, respectively 
(n = 3 at each pH). On the basis of this limited series 
of experiments there appears to be a correlation 
between the amount of inactivation and the concen- 
tration of non-ionized tetracaine. In other experi- 
ments a similar pH-dependence for inactivation of 
Ca-ATPase was found. 

Tetracaine reversibly inhibits NaK-ATPase under 
assay conditions, but does not inactivate the 
enzyme [1]. It is clear, therefore, that one or more 
ligands of the enzyme must prevent inactivation dur- 
ing assay. We first tested activating monovalent 
cations, and found that addition of either Na*, K* 
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Fig. 1. Time course and concentration-dependence of ATPase inactivation during exposure of mem- 

branes to tetracaine. Panel A: NaK-ATPase activity remaining after exposure to tetracaine at 20°. 

Panel B: Ca-ATPase activity remaining after exposure to tetracaine at 47°. At timed intervals, aliquots 

of the exposure media were removed for assay of residual ATPase activity as described in Experimental. 

In both panels, activity is expressed relative to the activity at zero time. Each curve represents the 
average of 2-7 experiments run in duplicate. 
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Fig. 2. Relative protection afforded by monovalent cations against inactivation of NaK-ATPase during 

exposure to 2.5 mM tetracaine for 40 min. Relative protection was calculated as described in Experimen- 

tal. Panel A: monovalent cations were added to the exposure medium at the indicated concentrations. 

Panel B: Na* or K* were added to the exposure medium along with 2mM Tris—ATP. Curves represent 
the average of 2-8 experiments run in duplicate. 


or Rb* to the exposure medium, in low concen- 
trations, effectively protected against inactivation 
(Fig. 2 A). An estimate of the concentration of each 
ligand giving half maximal protection (Kos) was 
made by linear regression analysis of Woolf plots of 
the same data. The Ko; values obtained for Na‘, 
K* and Rb* were 1.5mM, 1.2mM and 1.4m, re- 
spectively. In all cases, complete protection from inac- 
tivation was afforded by each cation at saturating 
concentrations (maximum relative protection = 1.0). 
Only slight protection was afforded by Li* over the 
same concentration range (Fig. 2 A). 

Mg?* and MgATP also protected NaK-ATPase 
from inactivation (Fig. 3). The Ko.; for Mg?* was 
1.0mM and for MgATP it was 1.4 mM. In both cases, 
complete protection was afforded by saturating con- 
centrations of these ligands. The concentration of 
MgATP present during exposure to tetracaine was 
slightly lower than indicated because of dissociation 
of MgATP to yield free Mg?* and ATP. However, 
free Mg?* at any concentration of MgATP can 
account for only a small fraction of the protection 
afforded by MgATP. Taking a dissociation constant 
for MgATP of 32um[10], the free Mg?* concen- 
tration in the presence of 2mM MgATP would be 
0.24 mM. 

In contrast to other ligands, ATP protected 
poorly. The relative protection by 1.0mM ATP was 
only 0.1 + 0.02 (mean + S.E., n= 10) Thus ATP 
appeared to bind to the enzyme, but the resulting 
complex was nearly as susceptible as the free enzyme 
to inactivation. The interaction between ATP and the 
enzyme was more evident when protection by either 
Na* of K* was studied in the presence of 2mM ATP 
(Fig. 2 B). The Ko.s for protection by Na* was un- 
affected by ATP, but that for K* was increased from 
1.2mM to 3.6mM. Thus the binding of ATP to the 
enzyme apparently reduced the affinity for K*. 

Since inactivation of Ca-ATPase by tetracaine 


could be demonstrated only at temperatures well 
above 38°, there was no reason to conclude that one 
or more ligands of the enzyme would necessarily pre- 
vent inactivation. We nevertheless tested this possibi- 
lity, and examined various ligands separately, but 
found no evidence of protection in any case. Among 
the ligands studied were Na* and K*, either of which 
can activate the enzyme up to 1.6-fold [6, 11]. Ca?* 
increases the rate of thermal inactivation in the 
absence of tetracaine [9]. When tetracaine and Ca?** 
were both present, their effects appeared additive. 
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Fig. 3. Relative protection afforded by Mg?* alone and 
equimolar Mg?* and Trix-ATP against inactivation of 
NaK-ATPase during exposure to 2.5mM tetracaine for 
40 min. Inset shows a Woolf plot of the same data. Curves 
represent the average of 2-4 experiments run in duplicate. 
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Fig. 4. Ca-ATPase activity at 47° in the absence (O) and 

presence (A) of 2.5mM tetracaine. Aliquots of the com- 

plete standard assay medium were removed at timed inter- 
vals for P; determinations. 


Figure 4 shows an experiment in which P, release 
was measured as a function of time at 47° with and 
without tetracaine. In the control curve P; release was 
linear with time for up to one hour, indicating that 
the enzyme was stable at this temperature in the pres- 
ence of all ligands required for activity. In the pres- 
ence of tetracaine, however, P; release declined pro- 


gressively with time and essentially ceased after about 
one hour. Thus inactivation by tetracaine was evident 
even when the enzyme was actively hydrolyzing ATP. 


DISCUSSION 


The inactivation of NaK- and Ca-ATPase by tetra- 
caine is similar in several respects to the inhibiton 
of these enzymes described previously[1]. For 
example: (1) the pH-dependence of inactivation and 
inhibition was similar. (2) Ca-ATPase was less sensi- 
tive than NaK-ATPase to inactivation and inhibition. 
(3) Inactivation and inhibition of both enzymes 
occurred over a similar range of tetracaine concen- 
trations. (4) Inactivation of NaK-ATPase was pre- 
vented by low concentrations of either Na* or K*, 
and inhibition could be partially overcome by in- 
creasing the concentration of either cation at a fixed 
concentration of the other. (5) Ca?* did not protect 
Ca-ATPase from either inactivation or inhibition by 
tetracaine. On the basis of these similarities it appears 
that inactivation and inhibition represent extreme 
consequences of a common mechanism. 

A number of agents irreversibly inactivate NaK- 
ATPase, and the rate of inactivation is altered by 
ligands of the enzyme. For example: Na* protects 
against inactivation by dicyclohexylcarbodiimide 
[12]; ATP protects against inactivation by N-ethyl- 
maleimide [13] or by photooxidation in the presence 
of methylene blue [2]; and both Mg?* and K* are 
required for inactivation by Be?* [14] or F~ [15]. 
Thus specific enzyme-ligand complexes have discrete 


susceptibilities to inactivation by particular agents in 
comparison to the free enzyme. Furthermore, the sites 
which ligands occupy to alter inactivation appear to 
be the sites which they occupy to elicit NaK-ATPase 
activity. 

Robinson [2-5] has applied this principle to 
measure dissociation constants for Na*, K*, Mg?* 
and MgATP (or ATP). The values which we obtained 
for cation concentrations giving half-maximal protec- 
tion against inactivation by tetracaine are close to 
the dissociation constants which Robinson reported. 
It thus appears that protection against inactivation 
by tetracaine, as by other agents, results from the for- 
mation of specific complexes involving active sites of 
NaK-ATPase. This conclusion is strengthened by the 
relative failure of Li* to protect against inactivation 
by tetracaine. Li* has a low affinity for the K *-site 
on the enzyme, as demonstrated both kinetically and 
in studies dealing with inactivation [4]. 

The protection afforded by MgATP and the rela- 
tive ineffectiveness of ATP requires comment. The K,, 
for phosphorylation of NaK-ATPase by MgATP in 
the presence of Na* is about 0.5 uM [16], and ATP 
is also bound at this site with a similar dissociation 
constant [17]. In our experiments, the Ko, for pro- 
tection by MgATP was about 1.4mM, and this is 
at least an order of magnitude too high to reflect 
binding at the substrate site. There is convincing evi- 
dence, however, for a second low affinity site for 
MgATP or ATP. The dissociation constant of this 
site is 0.5mM for both ligands, as determined both 
kinetically and from the protection afforded by either 
ligand against inactivation by photooxidation in the 
presence of methylene blue [2, 5]. It seems likely that 
MgATP protected against inactivation by tetracaine 
by forming a complex with this low affinity site. 
Apparently ATP also bound at this site because ATP 
was able to influence the ability of K* to protect 
the enzyme. This result is consistent with the finding 
of Post et al.[18] that ATP binding at this site in- 
creases activity by displacing K* from a stable inac- 
tive complex with the dephosphoenzyme. The inabi- 
lity of ATP to protect can best be explained if we 
assume that ATP and MgATP yield different enzyme 
conformations with different susceptabilities to inacti- 
vation. 

Among the agents which inactivate NaK-ATPase, 
tetracaine is unusual in that most ligands, indivi- 
dually, afford protection. With other inactivating 
agents, ligand effects are highly selective, suggesting 
that different ligands yield distinctly different confor- 
mational states which apparently differ in the extent 
to which sensitive groups are exposed to attack. Judg- 
ing from our results with tetracaine, on the other 
hand, it is necessary to conclude that various ligand- 
induced conformations also have a common feature, 
not evident in the free enzyme, which confers resist- 
ance to inactivation. Inactivation of Ca-ATPase by 
tetracaine could be demonstrated only at tempera- 
tures at the limit of thermal stability of the enzyme. 
Although ligand-dependent conformational changes 
can be demonstrated with this enzyme [9], they do 
not prevent attack by tetracaine. 

In a limited series of experiments we found that 
the local anesthetic dibucaine was more potent than 
tetracaine as an inhibitor of NaK-ATPase. Dibucaine 
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also inactivated the enzyme and ligand protection 
could be demonstrated, although the effects of ligands 
were not tested individually. Etidocaine did not sig- 
nificantly inhibit NaK-ATPase at concentrations as 
high as 5mM, nor did it cause inactivation. There 
is, therefore, a positive correlation between inhibition 
and inactivation, and the results described in this 
paper are not unique to tetracaine. 
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Abstract—Under our experimental conditions sulfide was a more potent inhibitor of a particulate 
preparation of cytochrome oxidase than was cyanide; azide proved to be a relatively weak inhibitor, 
all of which is in agreement with the observations of others. The undissociated species (HS) appeared 
to be more inhibitory than the anionic species (HS~) in accord with the conclusions of others about 
HCN and HN. Addition of methemoglobin to the oxidase inhibited by cyanide or sulfide restored 
the activity of the enzyme system, but the addition of methemoglobin to the azide-inhibited oxidase 
under the same conditions had little or no effect. Our results suggest that sulfide produces death 
in animals by inhibition of cytochrome oxidase, but such a mechanism seems unlikely in the case 


of azide. 


In vitro experiments have shown that isolated prep- 
arations of cytochrome c oxidase (cytochrome a-a;) 
are susceptible to inhibition by cyanide and azide; 
the inhibitory species in each case appeared to be 
the undissociated acid [1]. The exact mechanism of 
inhibition by these agents is not known. Studies of 
the EPR spectra of the complexes of these inhibitors 
with a purified preparation of the enzyme showed 
that azide, cyanide and sulfide can compete for 
binding site on the oxidase. The affinities of cyanide 
and sulfide for the binding site were similar and 
greater than that of azide[2]. Nicholls[3] calcu- 
lated the K; values for the undissociated acids at 
pH 7.4 and found the value for HN, to be much 
higher than that for either HCN or HS. A slow and 
complex pattern of reaction with the oxidase was 
exhibited by HCN; H,S also bound slowly and with 
a high affinity [4-6]. Cyanide and sulfide produced 
similar shifts in absorption spectra when they were 
added to a purified preparation of the oxidase, but 
the addition of azide at least in concentrations of less 
than 1 mM resulted in shifts in the absorption spec- 
trum in the opposite direction [7,8]. 

Inhibition of cytochrome c oxidase is widely 
accepted as the mechanism for the lethal effects of 
cyanide in man and other species [9], but it has not 
been established that the same is true for sulfide or 
azide. Indeed, it may not be technically feasible to 
obtain direct evidence for such a mechanism. Indirect 
evidence for the inhibition of cytochrome c oxidase 
as a lethal mechanism common to cyanide, sulfide 
and azide is ambiguous. Similarities in toxic signs are 
recognized, e.g., all produce hyperpnea secondary to 
stimulation of the carotid body chemoreceptors [9]. 
The acute LD. ’s in mice differ over only a 5-fold 
range. Azide, however, is unique in that it is a potent, 
directly acting vasodilator. Animals that survive the 
acute (asphyxial?) effects may die later in a state of 
collapse. Oxygen appeared to increase the proportion 
of animals dying in the early convulsive stage 
although it had no influence on the overall mortality 
[10]. Oxygen alone does not affect the course of acute 
sulfide or cyanide poisoning [11]. The clinical experi- 


ence with azide poisoning suggests that circulatory 
collapse rather than acute respiratory failure may be 
the proximal cause of death whereas the opposite is 
true for cyanide and sulfide [12]. 

Cyanide, sulfide and azide ions all form complexes 
with the ferric heme groups of methemoglobin, and 
their binding to the iron is mutually competitive [13]. 
Chemically-induced methemoglobinemia in animals 
protects them against otherwise lethal doses of all 
three poisons [13], but a common protective mechan- 
ism does not prove the existence of a common lethal 
mechanism. 

The magnitude of the protection afforded to mice 
by methemoglobinemia correlates with estimates of 
the respective dissociation constants of the individual 
complexes. Cyanmethemoglobin is the most stable 
complex, and methemoglobinemia is most effective in 
protecting against cyanide poisoning. The azide- 
methemoglobin complex is the least stable, and 
methemoglobinemia affords only marginal protection 
against azide poisoning [13]. The limited clinical ex- 
perience is consistent with these findings. Methemo- 
globinemia is well established in the treatment of 
cyanide poisoning [9]; it has been usea successfully 
in one case of sulfide poisoning [14]; and, it had no 
effect when it was induced late in the course of one 
case of azide poisoning [12]. 

To obtain more insight into the biological effects 
of these inhibitors we have examined their influence 
in a purified preparation of cytochrome c oxidase, 
and at the same time we have observed the effects 
of added methemoglobin. 


MATERIALS AND METHODS 


Glass redistilled water was used throughout. Stock 
solutions of M/1 KCN were prepared with AR grade 
material in N/1 NaOH and refrigerated. The cyanide 
content was checked periodically by the method of 
Bruce et al. [15]. Stock solutions approximately M/10 
in Na,S were filtered, refrigerated and standardized 
weekly by potentiometric titration; an Orion sulfide 
electrode was used as the indicator [16]. Stock solu- 
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Fig. 1. The change in absorbance of cytochrome c at 550 nm with time in the presence of various con- 
centrations of inhibitors. Cytochrome c was present in a concentration of 4.3 4M and cytochrome c 
oxidase was present in a concentration of about 10nM. The arrows indicate the addition of cytochrome 
c oxidase. Panel A. The inhibitor is cyanide in the following concentrations: —— control (no cyanide), 
—-—5 uM cyanide, -—-— 10M cyanide, —— 50 uM cyanide. Panel B. The inhibitor is sulfide in the 
following concentrations: ——— control (no sulfide), —-—3.4uM_ sulfide, ---6.8uM_ sulfide, 
—— 13.6 uM sulfide. Panel C. The inhibitor is azide in the following concentrations: —— control 


(no azide), 


tions of AR grade NaN, were prepared just prior 
to use. 

Stock preparations of methemoglobin were pre- 
pared by incubating washed human red cells with a 
2-fold molar excess of NaNO, relative to total heme 
for 1 hr at 37°. The cells were then washed three times 
in isotonic saline and resuspended to a concentration 
of about 5mM heme in Krebs-Ringer phosphate 
buffer, pH 7.4. A minimal amount of saponin was 
then added to effect hemolysis. Spectrophotometric 
methods were used to estimate total hemoglobin [17] 
and per cent methemoglobin [18]. 

Submitochondrial particles were prepared from 
beef heart [19] and treated with deoxycholate (DOC) 
by adding 1 mg DOC/mg protein [20] to maximally 
expose the oxidase for reaction with cytochrome c. 
Cytochrome c was also prepared from beef heart [21] 
and purified by isoelectric focusing*. 

Cytochrome oxidase activity in the presence and 
in the absence of inhibitors was assayed with a Cary 
14 spectrophotometer by following the decrease in 
absorbance at 550nm due to the oxidation of pure 
ferrocytochrome c by the enzyme[22]. Reactions 
were carried out in M/15 phosphate buffer at a pH 
of either 6 or 7 and at a temperature of 25°. Because 
the activity of cytochrome c oxidase is less at pH 
7 than at pH 6, enzyme concentrations were diluted 
until their activities were equivalent at the two pH’s. 

In experiments in which methemoglobin was 
present at the start of the reaction (eg., Fig. 2) its 
ferric heme groups were necessarily in a state of equi- 
librium with respect to the inhibitor before the 
enzyme was added to initiate the reaction. Thus, the 
change in absorbance is a true estimate of the extent 
of the oxidation of reduced cytochrome c. Experi- 
ments in which methemoglobin was added after the 
effect of the inhibitor was manifested (Fig. 4) must 
be regarded as only semi-quantitative. Methemo- 
globin was always added to the reference cuvette, 
but an unknown fraction of methemoglobin in the ex- 
perimental cuvette must have been complexed with 





* Unpublished method of G. S. McLain and L. Smith. 


30 uM azide, —-— 500 uM azide, ----— 1000 uM azide, —— 2000 uM azide. 


inhibitor. Complex formation with any of the three 
inhibitors results in an increase in absorbance at the 
critical wavelength. Since the assay system involves 
a decrease in absorbance at 550nm, a systematic 
error is introduced which leads to an underestimation 
of the effect of methemoglobin in relieving the inhibi- 
tion. 
RESULTS 


In the absence of inhibitors the reaction of cyto- 
chrome c oxidase with ferrocytochrome c obeys first 
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Fig. 2. The per cent cytochrome c oxidized as a function 
of the total concentration of cyanide or sulfide added. Zero 
per cent oxidation of cytochrome c represents a completely 
inhibited reaction. The effects of cyanide are shown with- 
out 0 and with @ added methemoglabin to 12 uM heme. 
The effects of sulfide are shown without © and with added 
methemoglobin to 64M heme ® and 12yM heme @. 
Curved lines connect points with equal methemoglobin 

concentrations. 
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order kinetics [22]. In the presence of cyanide and 
sulfide, however, the reaction did not conform to first 
order kinetics. As previously observed [4,23], the in- 
hibitory effects took time to appear. Characteristi- 
cally, in the presence of inhibitors the reactions 
started rapidly, but eventually cyanide and sulfide 
in concentrations over the range from 3-50 uM 
brought reactions to a complete halt at some point 
short of completion (Fig. 1). The extent of the oxi- 
dation of ferrocytochrome c was therefore dependent 
upon the concentration of cyanide or sulfide. This 
pattern of inhibition was the same whether the reac- 
tion was initiated by the addition of cytochrome oxi- 
dase or by the addition of ferrocytochrome c. Our 
results are expressed as the per cent of cytochrome 
c oxidized when the reaction comes to a stop in the 
presence of cyanide or sulfide. A complete reaction 
is represented by the change in absorbance from its 
initial value to the value when all of the cytochrome 
c has been oxidized whether the reaction proceeds 
spontaneously or is brought to immediate completion 
by the addition of ferricyanide. Estimation of the 
amount of cytochrome c oxidized in the presence of 
sulfide was complicated by a slow reduction of oxi- 
dized cytochrome c which proceeded non-enzymati- 
cally. We corrected for this phenomenon by noting 
the increase in absorbance on addition of sulfide to 
control reaction mixtures in which the cytochrome 
c had been completely oxidized by cytochrome oxi- 
dase. This value was subtracted from the absorbance 
in the reaction mixtures where cytochrome c oxidase 
was the oxidant. 

The pattern of inhibition obtained with similar con- 
centrations of azide was different from that observed 
with cyanide or sulfide (Fig. 1). There was no initial 
lag before the inhibition was manifested, and the inhi- 
bited reaction approximated first order kinetics. Even 
concentrations as high as 2 mM in azide did not halt 
the reaction completely. Thus, in the case of azide 
it was possible to calculate first order rate constants 
in the presence of inhibitor and to express these as 
a per cent of the first order rate constant of the un- 
inhibited reaction. 

In Fig. 2 the per cent oxidation of ferrocytochrome 
c at the time of complete inhibition of cytochrome 
c oxidase by cyanide or sulfide has been plotted as 
a function of the total concentration of inhibitor in- 
itially added irrespective of whether or not methe- 
moglobin was also present. A totally inhibited reac- 
tion is represented by zero per cent oxidation of cyto- 
chrome c. In each case the presence of methemoglo- 
bin resulted in an increased oxidation of cytochrome 
c, i.e., reversal of the inhibition, except in cases where 
the inhibitor concentration was very much in excess 
of the methemoglobin heme concentration. The 
curved lines in Fig. 2 connect experimental points 
obtained with equal concentrations of methemoglo- 
bin. Increasing amounts of methemoglobin result in 
parallel shifts of these curves to the right by an incre- 
ment approximately equal to the heme concentration. 
We were unable to produce significant reversal of an 
azide-inhibited system by similarly adding methemo- 
globin. 

Figure 3 shows the inhibitory effects of cyanide, 
sulfide and azide on cytochrome c oxidation by cyto- 
chrome c oxidase at pH 6 and at pH 7. Both sulfide 
and azide are more effective inhibitors of cytochrome 
oxidase at pH 6 than at pH 7. No difference related 
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Fig. 3. The per cent cytochrome c oxidized as a function 

of the total concentration of inhibitor added: © sulfide, 

pH 7; @ sulfide, pH 6; 0 cyanide, pH 7; @ cyanide, pH 

6; A azide, pH 7; A and azide, pH 6. See text for explana- 

tion of the abscissas. 


to pH was apparent in the case of cyanide presumably 
because of the much higher pK, of HCN. These 
results suggest that the undissociated acids, H,S and 
HN;, are more effective inhibitors of cytochrome c 
oxidase than are their respective anionic moieties. 
Others have already reached this conclusion in the 
cases of HCN and HN, [1,6]. At the same time it 
is clear from the work of others that methemoglobin 
complexes with the anionic forms: CN~, N; and 
HS~ [1,13]. The following pK, values are relevant 
to the data of Fig. 3: H,S = 7.1 [24], HCN = 9.2 
[25] and HN, = 4.7 [26]. 

The effect of the addition of 11 uM methemoglobin 
heme to a reaction mixture inhibited by 14 uM sulfide 
is shown in Fig. 4. It can be seen that methemoglobin 


013) \. 
0.12 


0.11 
0.10 
0.09 
5 008 
z 
< 007 
& a0e+ 
a 
® 005 
0.04 
0.03} 








2 3 
MINUTES 


Fig. 4. The changes in absorbance at 550nm with time 
for a reaction between cytochrome c (4.3 uM) and cyto- 
chrome oxidase (about 10nM) in the presence of 14 uM 
sulfide. The asterisk indicates the addition of methemoglo- 
bin to 11 uM in heme to both blank and experimental 
cuvettes. The arrow indicates the addition of excess ferri- 
cyanide to the experimental reaction mixture. 
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re-initiated the oxidation of ferrocytochrome c. The 
addition of ferricyanide then oxidized the remaining 
ferrocytochrome c. Although these results can be 
regarded as only semi-quantitative for reasons 
explained above, a comparison of the results of Fig. 
4 with those of Fig. | are consistent with the hypo- 
thesis that methemoglobin lowered the effective sul- 
fide concentration of the system from 14-3 uM. 
The reaction end point reached after the addition of 
methemoglobin is approximately that which would 
have been predicted if the lower concentration of sul- 
fide had been initially added to the reaction mixture 
in the absence of methemoglobin. Similar results were 
obtained with methemoglobin for cyanide-inhibited 
reactions, but the addition of methemoglobin to the 
azide-inhibited enzyme resulted in only a slight in- 
crease in the rate of the reaction (data not shown). 


DISCUSSION 


In confirmation of the results of others [3] we have 
found that sulfide is a more potent inhibitor of cyto- 
chrome oxidase than is cyanide. We have also con- 
firmed [23] the relatively weak inhibitory effects of 
azide on purified preparations of the enzyme. 
Whereas concentrations of cyanide and sulfide in the 
uM range eventually bring to a complete halt the 
oxidation of cytochrome c by cytochrome oxidase, 
mM concentrations of azide merely slow the rate of 
the reaction. 

Our results suggest that the undissociated acid, 
HS, is a more potent inhibitor of cytochrome oxi- 
dase than is its anionic moiety, HS~. This conclusion 
is in accord with that of others for HCN and HN, 
[1,6]. No pH related difference was apparent in Fig. 
3 in the case of cyanide; however, the pH’s employed 
were 2-3 orders of magnitude below the pK, for 
HCN whereas they were 1-2 orders of magnitude 
above the pK, for HN3. At physiological pH cyanide 
exists almost exclusively as the undissociated acid, 
sulfide is about half ionized and azide exists almost 
entirely in the ionized form. 

Perhaps by coincidence the three inhibitors have 
similar acute toxicities in mice. The intraperitoneal 
LDs9's in m-moles/kg of the respective sodium salts 
are,0.1 for cyanide, 0.3 for sulfide and 0.6 for azide 
[13]. Even if one assumes that all three indissociated 
acids are equi-effective as inhibitors of cytochrome 
oxidase, a difference in LDso’s between cyanide and 
azide of about 2 orders of magnitude would be 
predicted simply on the basis of the relative concen- 
trations of the respective unionized forms at pH 7.4. 
Although distribution and metabolic detoxication 
may play unknown roles, these facts argue against 
the hypothesis that inhibition of cytochrome oxidase 
accounts for the high lethality of azide in vivo. In 
the case of sulfide poisoning, however, our findings 
are consistent with an inhibition of cytochrome oxi- 
dase as the acute lethal mechanism. 

The effects of methemoglobin in relieving cyto- 
chrome oxidase inhibition by the three agents as 
observed here correlates well with the protective 
effects of methemoglobinemia against the three inhibi- 
tors as observed in mice [13]. Methemoglobinemia 
was highly efficacious in the case of sulfide and 
cyanide, but it was only marginally protective against 
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azide. Perhaps the inferior results against azide in vivo 
may be ascribed to the relative instability of the azide- 
methemoglobin complex as compared to the cyanide- 
or sulfide-complexes. As evaluated in vitro a constant 
concentration of methemoglobin was less effective in 
the case of azide-inhibition than in the case of sulfide 
or cyanide simply because of the higher total concen- 
tration of azide required to effect a comparable degree 
of inhibition. 
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Abstract—At least two types of developmental anomalies are induced in chicken embryos by certain 
organophosphorus (OP) and methylcarbamate (MC) insecticides. One of them (Type I) leads to micro- 
melia and abnormal feathering and another (Type II) involves arthrogryposis, wry neck and rumpless- 
ness. Type I but not type II teratogenesis is associated with a lowered embryo NAD level and is 
alleviated on restoring the NAD level by administration of intermediates in the tryptophan to NAD 
biosynthetic pathway. These and other observations with chicken embryos suggest but do not in them- 
selves establish that impairment in the conversion of tryptophan to NAD, possibly by inhibition of 
kynurenine formamidase, leads to type I teratogenesis. This hypothesis is supported by finding that 
mouse liver kynurenine formamidase is extremely sensitive to in vivo inhibition by those OP and 
MC compounds which are the most potent NAD lowering agents and teratogens in the chicken embryo, 
i.e. crotonamide phosphates and pyrimidyl phosphorothionates such as dicrotophos and diazinon and 
MC compounds such as carbaryl. Teratological or other toxicological manifestations of kynurenine 
formamidase inhibition are probably restricted to species and developmental stages where reduced 
enzyme activity significantly impairs maintenance of normal levels of NAD or other essential biochemi- 


cals derived from kynurenine. 


A variety of organophosphorus (OP) and methylcar- 
bamate (MC) insecticides and related compounds in- 
duce pronounced teratogenic effects in chicken 
embryos, many of which are alleviated by coinjection 
of tryptophan, nicotinamide (NAm) and a variety of 
other NAD precursors [1-6]. One biochemical lesion 
correlated with teratogenesis involves lowered 
chicken embryo NAD levels possibly due to impaired 
synthesis from endogenous precursors on selective in- 
hibition of a critical hydrolase [5,6]. Several hydro- 
lases are important in liberation of tryptophan from 
yolk stores and in its ultimate conversion to NAD 
[7]. Kynurenine formamidase (EC 3.5.1.9; arylformyl- 
amine amidohydrolase), a critical enzyme in this path- 
way, is known from studies with chicken and guinea 
pig liver to be sensitive to in vitro inhibition by O,0- 
diethyl O-(p-nitrophenyl) phosphate (paraoxon) [8, 9]. 

This report considers the hypothesis that one type 
of OP- and MC-induced teratogenesis involves inhibi- 
tion of kynurenine formamidase thereby reducing the 
efficiency of NAD biosynthesis in chicken embryos 
(Fig. 1). The inability to adequately assay the inhibi- 
tion of kynurenine formamidase in chicken embryos 
during the teratogen-sensitive period of organogenesis 
(up to day 8 of incubation) by the method used led 
to the indirect approach of examining in vivo inhibi- 
tion of this enzyme in mouse liver by a variety of 
OP and MC insecticides for structure-activity correla- 
tions with their potency in lowering chicken embryo 
NAD levels and producing teratogenesis. This 
approach is based on the possibility that there is a 


similar inhibitor specificity for chicken embryo and 
mouse liver enzymes. The relevance of kynurenine 
formamidase inhibition to other toxicological effects 
of OP and MC insecticides is also evaluated. 


MATERIALS AND METHODS 


Chemicals. Structures for the 4 teratogens studied 
in greatest detail are given in Fig. 2. The sources and 
purities of most of the chemicals were as previously 
described [6]. Additional chemicals used and their 
sources are as follows [10]: N-demethyl monocroto- 
phos (Shell Development Co., Modesto, CA); 0,0- 
dimethyl O-(2-ethyl-6-ethox y-4-pyrimidyl) phosphoro- 
thioate (SAN I 197) (Sandoz-Warner, Inc., Han- 
over, NJ); O,0-diethyl and O,O-dimethy! O-[2-(di- 


_methylamino}-6-methyl-4-pyrimidyl] phosphorothio- 


ates (pirimiphos-ethyl and pirimiphos-methyl, re- 
spectively) (ICI America Inc., Goldsboro, NC); 1- 
methylethyl 2-[[ethoxy(1-methylethyl)amino ]phos- 
phinothioyl]oxy benzoate (BAY 92114), O-methyl 
O-(4-methyl-2-nitrophenyl) (1-methylethyl)phosphor- 
amidothioate (BAY NTN 6867) and O-ethyl S,S- 
diphenyl phosphorodithioate (BAY Hinosan) (Che- 
magro Corp., Kansas City, MO); 2-phenoxy-4H-1,3,2- 
benzodioxaphosphoran-2-one (phenyl saligenin cyclic 
phosphate) (M. Eto, Kyushu University, Fukuoka, 
Japan); tri-o-cresyl phosphate (TOCP) (Eastman 
Organic Chemicals, Rochester, NY); 2-(dimethyl- 
amino)-5,6-dimethyl-4-pyrimidyl dimethylcarbamate 
(pirimicarb) (ICI America Inc.); S,S'-[2-(dimethyl- 
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Fig. 1. Kynurenine formamidase inhibition as a possible mechanism for lowered NAD levels in chicken 
embryos treated with teratogenic organophosphorus and methylcarbamate insecticides. 


amino)trimethylene ]bis{thiocarbamate) hydrochloride 
(cartap) (Takada Chemical Industries, Ltd. Kyoto, 
Japan); N’-(4-chloro-o-tolyl} N,N-dimethylformami- 
dine (chlordimeform) (CIBA-Geigy Corp., Greens- 
boro, NC); 2-pyridinealdoxime methyl methanesul- 
fonate (P2S) (Aldrich Chemical Co., Milwaukee, WI); 
N-formyl-L-kynurenine (Calbiochem, LaJolla, CA); 
other tryptophan derivatives and metabolites (Sigma 
Chemi¢al Co., St. Louis, MO and Aldrich Chemical 
Co.); 6-aminonicotinamide (6-AN), 3-acetylpyridine 
(3-AP), insulin and sulfanilamide (Sigma Chemical 
Co.); Di-[7a-'*C]tryptophan (ICN Pharmaceuticals, 
Irvine, CA). 

Treatment of eggs and rating of teratogenic signs. 
Fertile white leghorn eggs (Western Scientific, West 
Sacramento, CA) treated by injecting the candidate 
teratogens, dissolved in methoxytriglycol (40 yl), di- 
rectly into the yolk sac were incubated as previously 
described [4,6]. Teratogenic signs were rated at day 
19 of incubation from no effect (—) to very severe 
manifestations (+ + ++) based primarily on micro- 
melia and abnormal! feathering. Embryos designated 
(*) displayed joint fusion anomalies such as wry neck, 
arthrogryposis (inflexibility of the tarso-metatarsal 
joint) and sometimes rumplessness as the only terato- 
genic signs or in addition to micromelia and abnor- 
mal feathering [6]. Although the chemicals are rated 
in this report only as (—) or (*) to (++++*%), the 
detailed teratogenic signs based on observations with 
10 embryos in each case are given by Moscioni [10]. 

Treatment of mice and chicks. Male Swiss—Webster 
mice (22-24g, Simonsen Laboratories, Inc., Gilroy, 
CA) were treated intraperitoneally (i.p.) with various 
OP and MC compounds (usually | mg/kg) dissolved 
in methoxytriglycol (20 yl) and sacrificed 1 hr to 8 
days later by cervical dislocation prior to removal 
of the liver and brain. Two-week-old leghorn chicks 
were treated similarly with selected OP compounds 
and sacrificed 24hr later by decapitation prior. to 
removal of the liver. These tissues were rinsed in cold 
0.14M KCl then blotted dry and weighed. 
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Fig. 2. Structures for organophosphorus and methylcarba- 
mate teratogens in chicken embryos. N-Demethyl mono- 
crotophos is the crotonamide analog of dicrotophos. 


Analyses for NAD, NADH and products of in 
vivo ['*C]tryptophan metabolism. NAD was ana- 
lyzed using appropriate numbers of chicken em- 
bryos or weights of tissues from the embryos or 
other organisms by the yeast alcohol dehydrogenase 
(EC 1.1.1.1; alcohol: NAD oxidoreductase) method 
[6, 10-12]. Four to six chicken embryos were pooled 
for assays at days 6-9 of incubation whereas in- 
dividual embryos were analyzed at later times. Prior 
to homogenization, all feathers were plucked from 
14-day embryos and the yolk sac and its contents 
were removed from 19-day embryos. NADH levels 
were analyzed for 12-day chicken embryos homogen- 
ized in hot 0.3 N KOH containing 0.42 mM trypto- 
phan [10] by absorbance difference after oxidation 
with yeast alcohol dehydrogenase and acetalde- 
hyde [11]. The data are given as mean values + stan- 
dard error (S.E.) based on 6 replicates. The normal 
pyridine nucleotide levels for 12-day chicken embryos 
(nmoles/g fresh weight) were 185 + 4 for NAD (unless 
otherwise specified) and 55 + 2 for NADH. 

The '*C content of the NAD fraction was analyzed 
for chicken embryos at day 13 of incubation follow- 
ing treatments with diazinon (1 mg/egg) at. day 4 
and DL-[7a-'*C]tryptophan (117 yg or 2 Ci) at day 
9 of incubation, using methoxytriglycol for the ad- 
ministrations. Protein was precipitated with HClO, 
[6], the supernatant neutralized with 6 N KOH and 
the insoluble KCIO, removed. A 0.3-ml aliquot 
(~ 1000 dpm) of the final supernatant, fortified with 
unlabeled NAD (1.5 mg), was subjected to thin-layer 
chromatography on silica gel chromatoplates (2 mm 
layer thickness), detecting the NAD region by viewing 
the chromatoplates under ultraviolet light. Develop- 
ments were with n-butanol-acetic acid—water (3:1:1) 
(for quantitation) or n-propanol—water (16:9) (for ten- 
tative characterization), solvent systems which give R, 
values for NAD of 0.00 and 0.46, respectively, and 
which separate the pyridine nucleotides from possible 
['*C]intermediates in their biosynthesis, i.e. kynur- 
enine, 3-hydroxyanthranilic acid, nicotinic acid (NAc) 
and NAm which give higher R, values. The '*C con- 
tent of the NAD fraction was averaged for 3 control 
embryos and 3 diazinon-treated embryos. 

Assay of kynurenine formamidase and tryptophan 
pyrrolase activities. Kynurenine formamidase was 
assayed at 25° by the increase in absorbance at 
365 my due to liberation of kynurenine from N-for- 
myl-L-kynurenine [13]. Tissues were homogenized in 
0.14M KCl-2.5mM NaOH using a cold glass hom- 
ogenizer with a teflon pestle. The supernatant from 
centrifugation (11,000 g for 20 min) of the homogenate 
was filtered through glass wool (to remove floating 
lipid material) and diluted with 0.14 M KCl as appro- 
priate for assay (eg., 1.25% fresh weight equivalent 
with mouse liver). The reaction medium in a l-cm 
silica cuvette consisted of the following components 
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added in sequence: 0.2 ml 0.01 M N-formyl-L-kynur- 
enine; 0.8 ml distilled H,O; 1.0ml 0.2M sodium 
phosphate buffer, pH 7.5; 1 ml enzyme preparation. 
The absorbance change was compared with that for 
a blank containing all components except substrate, 
and was linear over a period of 34min (unless 
otherwise specified). The data reported are based on 
duplicate determinations of enzymes from 2 different 
animals. The kynurenine formamidase activity of nor- 
mal mouse liver was 46 + 2 umoles kynurenine liber- 
ated/mg protein/min. The activity resides entirely in 
the soluble (105,000 g supernatant) fraction. 

In in vitro kynurenine formamidase inhibition 
studies, the OP or MC compound in ethanol (7 pl) 
was preincubated with the enzyme preparation 
(1.0ml, 11,000g supernatant fraction) at 25° for 
various times prior to assay as above. The sensitivity 
to in vitro OP and MC inhibition was identical for 
the 11,000 g and 105,000 g supernatant fractions. 

Tryptophan pyrrolase (EC 1.13.1.12; L-tryptophan: 
oxygen oxidoreductase) was assayed at 25° by the ac- 
cumulation of N-formyl-L-kynurenine and L-kynur- 
enine (measured at 321 and 365 my, respectively) on 
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incubation of tryptophan with mouse liver homo- 
genate [10, 13]. 


RESULTS 


Teratogens that block NAD synthesis in chicken 
embryos. The remarkably good correlation between 
embryo NAD levels at day 12 of incubation and the 
severity of micromelia and abnormal feathering at 
day 19 of incubation following administration of 26 
OP and MC compounds at | mg/egg on day 4 of 
incubation (Table 1) establishes that micromelia and 
abnormal feathering are associated with severe lower- 
ing of embryo NAD levels. Other teratogenic signs 
(*) (e.g. arthrogryposis, wry neck and rumplessness) 
lack association with lowered NAD levels and may 
appear together with or independently of the micro- 
melia and abnormal feathering. Five OP compounds 
(1-4 and 6) and eserine administered at 1 mg/egg on 
day 4 of incubation give the complete set of NAD- 
associated and non-associated teratogenic effects. 
With dicrotophos at | mg/egg, the severest manifes- 
tations of micromelia and abnormal feathering occur 


Table 1. Effects of various organophosphorus compounds and methylcarbamates administered to eggs at 1 mg/egg 

on day 4 of incubation on the chicken embryo NAD levels at day 12 and the teratogenic signs at day 19 of incubation 

compared with their effect following intraperitoneal administration to mice at 1 mg/kg on the mouse liver kynurenine 
formamidase activity at 1 and 24hr after treatment 
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_ * Additional studies establish that the OP compounds BAY Hinosan and BAY NTN 6867 and the MC compound 
pirimicarb do not lower embryo NAD levels and are not teratogenic (—). 
+ Data from this study (compounds 5-7, 11 and 20), from Proctor et al. [6] (compounds 2, 8, 10, 13-19 and 21-24) 


or from both of these studies (compounds 3, 4, 9 and 12). 


t Data from this study (compounds 5-7, 11 and 20), from Proctor et al. [6] (compounds 2, 13-19 and 21-24), from 
both of these studies (compounds 3, 4, 8-10 and 12) or from Upshall et al. [2] (compound 1, administered at 0.3 mg/egg). 
§ The cis-crotonamide was used. Other crotonamides (3 and 9) were cis/trans isomer mixtures. : 


{ Not determined. 
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Fig. 3. Effect of dicrotophos (1 mg/egg) administered at 

day 5-11 of incubation on the chicken embryo NAD 

levels at day 12 and the teratogenic signs at day 19 of 
incubation. 


when administration is at day 5 or 6 of incubation 
while administration at day 7-11 produces primarily 
arthrogryposis and wry neck and gives less extreme 
lowering in embryo NAD levels (Fig. 3). Two O,0- 
dimethyl OP compounds (5 and 7) administered at 
| mg/egg and carbaryl even at 3 mg/egg yield only 
the NAD-associated developmental anomalies. In 
contrast, BAY 92114 and parathion are selective in 
producing primarily joint fusion anomalies. 

The NAD level of control embryos increases from 
day 6-13 of incubation and decreases thereafter 
when expressed as nmoles/g (Fig. 4). If expressed as 


nmoles/embryo, the NAD level would continue to in- 
crease throughout development. In eggs treated with 
30 or 60 wg diazinon at the 4th day, embryo NAD 
levels (nmoles/g) are progressively lowered until day 
10-13 of incubation then they rise to near control 
values by day 18 (Fig. 4). Measurements of tissue 
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Fig. 4. Effect of diazinon (0, 30 or 60 ug/egg) administered 
at day 4 of incubation on the chicken embryo NAD levels 
at day 6-18 of incubation. 


NAD levels at day 19 for embryos from eggs adminis- 
tered either diazinon (30 yg) or carbaryl (3 mg) at day 
4 of incubation demonstrate the persistence of the 
lowered NAD levels especially in brain and muscle 
(Table 2). The embryo NADH level at day 12 is low- 
ered as drastically as the NAD level following treat- 
ment with 30 yg diazinon at day 4 of incubation [10] 
and the ratio between oxidized and reduced pyridine 
nucleotides is not greatly altered. 

A teratogenic dose (0.3 umole) of 6-AN adminis- 
tered at day 6, 8, 10 or 11 of incubation causes micro- 
melia and abnormal feathering, the former anomaly 
decreasing in severity when treatment is at later days 
of development, but in no case is there a lowering 
in NAD level per unit of embryo fresh weight at day 
12 [10]. Teratogenic doses of sulfanilamide (2 mg/egg) 
and insulin (82 yg or 2 units/egg) administered at day 
4 do not lower the NAD level at day 12 and non- 
teratogenic doses of chlordimeform (1 mg/egg) and 
cartap (0.1 mg/egg) under the same conditions also 
yield normal NAD levels. Cartap, however, at 
1 mg/egg is lethal to all embryos before day 12 of 
incubation [10]. 

Compounds that alleviate teratogenic signs in chicken 
embryos. NAm (0.8 ymole/egg) coadministered with 
the teratogen (1 mg/egg) at day 4 of incubation com- 
pletely alleviates the lowered NAD levels and the mic- 
romelia and abnormal feathering due to diazinon, dic- 
rotophos, carbaryl, eserine and Meobal (3,4-dimethyl- 
phenyl methylcarbamate) but it is not effective under 
the same conditions in relieving arthrogryposis, wry 
neck and rumplessness caused by diazinon, dicroto- 
phos, eserine or parathion[10]. NAm sometimes 
appears to accentuate joint fusion anamolies, possibly 
because on relieving the other teratogenic signs these 
become more apparent. The lowered NAD level is 
quickly restored by NAm administration since, fol- 
lowing a | mg/egg dose of dicrotophos at day 4 of 
incubation, NAm at 0.8 pmole/egg even at day 8-11 
elevates the NAD to near normal levels by day 12 
[10]. NAm alleviates the lowered NADH level as well 
as the NAD level at day 12 following administration 
of diazinon at 30 yg/egg at day 4 of incubation [10]. 


Table 2. Effects of diazinon and carbaryl administered to 

eggs on day 4 of incubation with or without simultaneous 

administration of nicotinamide at 0.8 umoles/egg on the 

chicken embryo brain, liver and leg muscle NAD levels 
at day 19 of incubation 





NAD level rel. to control (% + S.E.)* 





OP or MC 


Tissue OP or MC + NAm NAm 





Diazinon (30 pg/egg) 
60+7 95+ 14 
87 +6 95+5 
65+9 98 +6 


Carbaryl (3 mg/egg) 


Brain 
Liver 
Muscle 


97+4 
88 +4 
96 +6 


Brain 
Liver 
Muscle 





* Control NAD levels for brain, liver and muscle, re- 
spectively, were 365 + 11, 292 + 22 and 206 + 13 nmoles/g 
in the diazinon experiment and 331)+ 6, 398 + 26 and 
236 + 10 nmoles/g in the carbaryl experiment. 
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Fig. 5. In vitro inhibition of mouse liver kynurenine forma- 
midase activity by N-demethyl monocrotophos and car- 
baryl with 60 and 15 min preincubation, respectively, of 
inhibitor and enzyme prior to substrate addition. pI59 is 
the negative logarithm of the molar concentration for 50 
per cent inhibition. N-Demethyl monocrotophos is a major 
teratogenic metabolite of dicrotophos and probably of 
monocrotophos in chicken embryos [3]. 


It also alleviates the lowered NAD levels in brain, 
liver and leg muscle at day 19 of incubation following 
treatment with diazinon or carbaryl at day 4 of incu- 
bation (Table 2). 

The relative effectiveness of various compounds in 
the NAD biosynthetic pathway as alleviating agents 
for lowered NAD levels and the associated microme- 
lia and abnormal feathering was examined with dia- 
zinon administered at day 4 of incubation using a 
dose which yields about 30 per cent of the normal 
12-day embryo NAD level. L-Tryptophan derivatives 
with C-terminal substituents (L-tryptophanamide and 
L-tryptophylglycine) or a N-terminal substitutent (gly- 
cyl-L-tryptophan) are as effective as L-tryptophan at 
30 umoles/egg in alleviating the lowered NAD level 
and teratogenic signs. L-Tryptophan at 3 umoles/egg 
is more effective than D-tryptophan at 30 umoles/egg 
in alleviating the lowered NAD level and. abnormal 
feathering so the epimer that is presumably not nutri- 
tionally effective is also without alleviating action, 
except perhaps in ameliorating the micromelic condi- 
tion. The dose (given in parenthesis as umole/egg) of 
compounds in the NAD biosynthetic pathway 
required to elevate the NAD level to 50 per cent of 
normal decreases in the following order: tryptophan 
(8), quinolinic acid (4, a high level attributed to its 
insolubility), N-formyl-L-kynurenine (2.5), L-kynur- 
enine (1.2), 3-hydroxyanthranilic acid (1.1) and NAm 
(0.3) [10]. 

The reactivator for phosphorylated acetylcholines- 
terase, P2S, administered at 1 mg/egg on day 4 does 
not alleviate the lowered NAD level, micromelia or 
abnormal feathering resulting from parathion, dicro- 
tophos or eserine administered at 1 mg/egg on day 
4 of incubation. However, P2S may decrease the inci- 
dence of arthrogryposis, wry neck and rumplessness 
induced by parathion and eserine but this is not 
apparent with dicrotophos [10]. 

Micromelia and abnormal feathering induced by 
6-AN (0.3 umole/egg), which does not lower the 
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embryo NAD level, are not alleviated by NAm 
(0.8 umole/egg) or tryptophan (5 ymoles/egg). 

Effect of teratogens on chicken embryo ['*C]trypto- 
phan metabolism and kynurenine formamidase activity. 
In comparing metabolism of a non-alleviating dose 
of [7a-'*C]tryptophan, administered at day 9 of incu- 
bation to control eggs and to diazinon-treated eggs 
(1 mg/egg, day 4), the embryo NAD level was lowered 
by diazinon to a similar extent based either on '*C 
content (34 per cent) reflecting NAD formed from 
exogenous ['*C]tryptophan or on enzymatic assay 
(22 per cent) which determines NAD formed from 
endogenous precursors [10]. This apparent teratogen- 
induced inhibition of tryptophan conversion to NAD 
must be considered as preliminary because of the low 
numbers of embryos and non-optimal chromato- 
graphic conditions involved. 

Attempts were made to determine the in vivo sensi- 
tivity to selected OP compounds of the kynurenine 
formamidase from chicken embryo liver and chick 
liver. The assay method used was not adequate to 
detect formamidase activity in the combined embryo 
and extra-embryonic tissues from eggs on the Sth day 
of incubation even with a reaction time of | hr. The 
chicken embryo liver at days 12, 16 and 20 of incuba- 
tion displays kynurenine formamidase-like activity 
which is 1.3 per cent of that in mouse liver. The liver 
enzyme from 16-day embryos is inhibited 65 per cent 
in vitro by 10-3 M paraoxon with a 10 min preincu- 
bation of the enzyme and OP compound prior to 
substrate addition. With diazinon administered at day 
4 of incubation, a 60 ug/egg dose (with or without 
NAm at 0.8 pmoles/egg) reduces the chicken embryo 
liver formamidase activity by 40 per cent at day 12 
of incubation, while a | mg/egg dose gives 20 per cent 
reduction in enzyme activity at day 20 of incuba- 
tion [10]. Diazinon administered at 60 ug/egg on day 
9 gives little if any reduction in formamidase activity 
at day 12 of incubation. The liver kynurenine forma- 
midase from 2-week-old chicks is more active (58 per 
cent of that in mouse liver) and it undergoes definite 
inhibition by diazinon, monocrotophos, pirimiphos- 
methyl and dicrotophos, i.e. 61, 36, 32 and 26 per 
cent, respectively, 24hr after i.p. administration at 
doses of 1 mg/kg [10]. 
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Fig. 6. In vivo inhibition of liver kynurenine formamidase 

activity | hr after intraperitoneal administration to mice 

of diazinon and carbaryl. EDs, is the effective dose for 50 
per cent inhibition. 
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Fig. 7. Correlation of potency of various organophos- 
phorus compounds and carbaryl for producing lowered 
NAD levels and teratogenesis in chicken embryos and for 
inhibiting mouse liver kynurenine formamidase activity. 
For original data and conditions, see Table 1. 


Effect of certain OP and MC compounds on mouse 
liver kynurenine formamidase activity. Mouse liver 
kynurenine formamidase is very sensitive to in vitro 
inhibition by N-demethyl monocrotophos and car- 
baryl (Fig. 5). Other inhibition values with a 10 min 
preincubation of 10°*M compound and enzyme 
prior to substrate addition are: paraoxon—96% ; eser- 
ine—48%; 6-AN and 3-AP—0O%. A separate study 
[10] established that eserine at 10~?M inhibits the 
conversion of tryptophan to kynurenine resulting in 
accumulation of N-formyl-L-kynurenine; accordingly, 
the second step in tryptophan breakdown mediated 
by kynurenine formamidase is selectively inhibited 
relative to the first tryptophan pyrrolase-catalyzed 
reaction. 

The most extensive studies were made in vivo with 
i.p.-treated mice to evaluate inhibition from the ad- 
ministered compounds and/or their bioactivation 
products. Mouse liver kynurenine formamidase is in- 
hibited by very low doses of diazinon and carbaryl 
(Fig. 6). Diazinon inhibition is relatively persistent 
with a | mg/kg dose, i.e. 77, 66, 22 and 9 per cent 
inhibition at | hr and 1, 4 and 8 days, respectively, 
following treatment [10]. 

The potency of various OP and MC compounds 
as in vivo kynurenine formamidase inhibitors’ 1 and 
24hr after administration at | mg/kg is shown in 
Table 1. The most potent inhibitors are crotonamide 
phosphates (compounds 2 and 3), pyrimidyl phos- 
phorothionates (compounds 4-7) and carbaryl. The 
compounds vary greatly in their persistence of kynur- 
enine formamidase inhibition. Diazinon and phospha- 
midon, two O,0-diethyl phosphorus compounds, give 
similar inhibition values at 1 and 24hr. A number 
of 0,0-dimethyl phosphorus compounds (i.e. 1-3 and 
7) and particularly the O,S-dimethyl phosphorus com- 
pound methamidophos give somewhat to markedly 
greater inhibition at | hr than at 24hr. In consider- 
ations given below, the values of inhibition at | and 
24 hr are arbitrarily averaged since it was not feasible 
with the large number of compounds to determine 


the times after treatment for maximum inhibition in 
each case. 

Structure-activity correlation of potency for inhibit- 
ing mouse liver kynurenine formamidase activity and 
for producing lowered NAD levels and teratogenesis 
in chicken embryos. There is a reasonably good corre- 
lation between the potency of 22 OP compounds and 
carbaryl for inhibiting mouse liver kynurenine forma- 
midase activity and for producing lowered NAD 
levels and micromelia and abnormal feathering in de- 
veloping chicken embryos (Table | and Fig. 7). The 
crotonamide phosphates (compounds 2 and 3), pyri- 
midyl phosphorothionates (compounds 4~7) and car- 
baryl are the most potent teratogens in eggs and they 
are also the most effective inhibitors of mouse liver 
kynurenine formamidase. OP compounds that are 
highly teratogenic in chicken embryos either lower 
mouse liver formamidase activity by more than 75 
per cent | hr after administration or sustain an inhibi- 
tion of at least 40 per cent until 24 hr after treatment. 
Eleven other OP compounds (14-24) do not inhibit 
formamidase activity by more than 32 per cent and 
are not teratogenic at | mg/egg. As pointed out 
earlier, BAY 92114 and parathion yield teratogenic 
signs that differ from those produced by the other 
teratogens. 

Effect of OP compounds and carbaryl on NAD levels 
and kynurenine formamidase activity in mouse liver, 
brain and blood, in adult hen liver and brain, and in 
rat fetuses. In studies reported in thesis form [10] but 
not detailed here, the possible relevance was exam- 
ined of lowered NAD levels and kynurenine formami- 
dase inhibition to other aspects of OP toxicology. In 
mice fasted for 24hr, treated i.p. with diazinon (1, 
4 and 10 mg/kg) and held for an additional 24 hr with 
only water available ad lib., the liver kynurenine for- 
mamidase activity is strongly inhibited (64, 76 and 
86 per cent, respectively) without alteration in the 
liver NAD level (283 + 10 nmoles/g fresh weight). The 
blood NAD level (206 + 11 nmoles/g blood) is un- 
affected in mice maintained for 1 week on diets con- 
taining 300-1000 ppm diazinon. The liver kynurenine 
formamidase activity is essentially identical for male 
white mice and adult hens. Both the mouse and hen 
liver enzymes are inhibited by 56-91 per cent at 1 
and 3 days following oral administration of TOCP 
(1 ml/kg) and by 8-44 per cent at | and 3 days after 
ip administration of phenyl saligenin cyclic phosphate 
(2 mg/kg). With this ataxic dose of TOCP the liver 
enzyme is still inhibited by 68 per cent at 8 days 
after treatment. However, the liver enzyme in the cyc- 
lic phosphate-treated hens returns to normal values 
by 8 days, weil before the ataxic signs of the delayed 
neurotoxicity are evident. Tryptophan (4 m-moles/kg) 
administered orally in an aqueous suspension to hens 
| day prior to and for 14 days following administra- 
tion of TOCP does not alleviate the TOCP-induced 
delayed neurotoxicity. Mouse brain preparations 
slowly hydrolyze N-formyl-L-kynurenine (activity 0.8 
per cent of that in mouse liver) but the responsible 
component although sensitive to heat is insensitive 
to in vitro OP inhibition. Brains from mature hens 
contain a similar enzyme component but the activity 
is 0.3 per cent of that in mouse liver. These brain 
enzymes are not inhibited in vivo by TOCP or phenyl 
saligenin cyclic phosphate as above at 1-8 days 
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after treatment. Fetuses from rats treated by intra- 
amniotic injection[14] with either diazinon 
(0.45-3.6 ug/embryo) or carbaryl (2.3-18 yg/embryo) 
on day 14 or 15 of gestation appear essentially normal 
at day 19 of gestation and they display unaltered 
NAD levels (265 + 5 nmoles/g fetal fresh weight). No 
kynurenine formamidase activity was apparent in rat 
placental tissues on day 20 of gestation. 


DISCUSSION 


OP and MC compounds produce at least two dis- 
tinct types of teratogenesis in the developing chicken 
embryo. One type (referred to here as Type I) 
expressed as micromelia and abnormal feathering in- 
volves a lowering in embryo NAD levels and is alle- 
viated by NAm and other NAD precursors [5, 6]. 
Tests with 44 OP and 13 MC compounds [5, 6 and 
this study] establish that Type I teratogenesis is pro- 
duced when the NAD level is lowered to less than 
50 per cent of normal at day 12 of incubation. Highly 
teratogenic doses of Type I compounds lower the 
embryo NAD level to about 20 per cent of normal 
which may be the lower limit that still permits 
maintenance of vital functions of the embryo. Com- 
pounds producing only Type I teratogenesis, even 
at high doses, are carbaryl, SAN I 197 and pirimi- 
phos-methyl. The most potent teratogens of this type 
are crotonamide phosphates, pyrimidyl phosphoro- 
thionates and eserine. Another teratogenic pattern 
‘(Type Il) involving wry neck, arthrogryposis and rum- 
plessness is not related to NAD levels and is not alle- 
viated by NAm. These deformities are considered to 
be associated with disruption of the cholinergic sys- 
tem [15,16]. Two OP insecticides, parathion [3, 16] 
and BAY 92114, give only Type II teratogenesis. 
Many OP and MC compounds give a combination 
of Type I and Type II teratogenesis, i.e. dicrotophos 
[16 and this study] and eserine at all teratogenic 
doses and diazinon and pirimiphos-ethyl at high 
doses. In comparisons of dicrotophos versus its O,0- 
diethyl analog [3] and pirimiphos-methyl versus piri- 
miphos-ethyl, it appears that both types of terato- 
genesis are more severe with the O,0-diethyl com- 
pounds. 

Only the first 7 days of embryogenesis and particu- 
larly the period between days 2 and 6 are sensitive 
to prominent Type I OP and MC teratogenesis. NAm 
administered at any time:up until about day 11 of 
incubation alleviates the lowered NAD levels and the 
associated teratogenic signs. The lowered NAD level 
starts to recover after day 12-13 of incubation even 
without NAm administration. Joint fusion anomalies 
predominate when teratogens which give a combina- 
tion of Type I and Type II effects are administered 
at day 7 of incubation or later. The developmental 
pattern for the vertebral column is probably com- 
pleted within the first 8 days of incubation since rum- 
plessness is not evident with teratogens administered 
at later times. 

The present investigation considers three possible 
mechanisms for the lowered NAD level involved in 
Type I OP and MC teratogenesis. It rules out an 





*N.H. Proctor and J. E. Casida, unpublished results 
(1975). 
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alteration in the ratio of oxidized and reduced pyri- 
dine nucleotides thereby favoring a block in NAD 
biosynthesis. Tryptophan, presumably from enzyma- 
tic hydrolysis of yolk protein, serves as the precursor 
for embryo NAD [17, 18] at the developmental stages 
sensitive to teratogenic effects. A decreased rate of 
tryptophan release from yolk stores is probably not 
involved since dipeptides with N- and C-terminal 
tryptophan residues are similar to tryptophan itself 
in alleviating the teratogenic effects [see also ref. 6]. 
Radiotracer experiments indicate that the teratogen 
interferes with in vivo conversion of tryptophan to 
NAD [this study] but not of NAc or NAm to 
NAD [3] nor of NAc to desamido NAD*. These find- 
ings, supplemented by the relative potency of pathway 
intermediates as alleviating agents, suggest that the 
teratogen-induced metabolic block occurs early in the 
tryptophan to NAD biosynthetic pathway. Attention 
was therefore focused on kynurenine formamidase in 
the yolk sac membrane or embryonic liver as a poss- 
ible site of teratogen inhibition but unfortunately this 
enzyme in the teratogen-sensitive stage of develop- 
ment (e.g. 5 days of incubation) is of very low activity 
[9, 19,20] and is not conveniently assayed by the 
method used. Liver kynurenine formamidase activity 
increases dramaticaily shortly after hatching, however 
the formamidase in both the newly hatched chick and 
the mature hen is immunologically unrelated to that 
in the liver of the embryo [9]. The formamidase ac- 
tivity of embryonic liver is moderately lowered at 
days 12 and 20 of development following OP tera- 
togen administration at day 4 while the kynurenine 
formamidase activity of newly hatched chicks and 
mature hens is very sensitive to inhibition. The avail- 
able information is not adequate to define if the low- 


‘ering of embryonic liver kynurenine formamidase ac- 


tivity following teratogen administration is due to 
enzyme inhibition or to alteration in enzyme expres- 
sion during development. 

The most important observation supporting kynur- 
enine formamidase inhibition as the Type I terato- 
genesis mechanism is the similar OP structure—acti- 
vity relationship for mouse liver kynurenine formami- 
dase inhibition and the lowering of chicken embryo 
NAD levels and production of teratogenesis. Liver 
kynurenine formamidase appears to be more sensitive 
in mice than nerve acetylcholinesterase to inhibition 
by most Type I teratogenic OP and MC compounds. 
The high inhibitor specificity for kynurenine formami- 
dase inhibition suggests that, as with acetylcholines- 
terase, there are one or more binding sites near the 
critical serine hydroxyl group of the esteratic site that 
assist in orienting the inhibitors for phosphorylation 
or carbamoylation. O,0-Diethyl phosphorus com- 
pounds are expected to give more prolonged kynur- 
enine formamidase inhibition than O,0- or O,S- 
dimethyl phosphorus compouunds due to less rapid 
detoxification or to formation of a more stable phos- 
phorylated form of kynurenine formamidase with 
diethyl as compared with dimethyl OP com- 
pounds [21]. 

Other chemicals (i.e., 6-AN, sulfanilamide and insu- 
lin) which produce micromelia and abnormal feather- 
ing similar to Type I OP and MC compounds and 
which are alleviated in these actions by NAm admin- 
istered at appropriate levels do not lower the embryo 
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NAD level. A previous report [22] that 6-AN lowers 
embryo NAD levels involves expressing the NAD 
content per embryo, which is drastically reduced in 
size, rather than per unit of embryo weight. It is clear 
that the mechanisms of teratogenesis with 6-AN, sul- 
fanilamide and insulin are completely different than 
that with OP and MC compounds. 

Toxicological manifestations of kynurenine forma- 
midase inhibition should appear only in those deve- 
lopmental stages or species where the reduced enzyme 
activity impairs maintenance of normal levels of NAD 
or other essential biochemicals derived from kynur- 
enine. This block in NAD biosynthesis will be circum- 
vented when there are adequate amounts of alterna- 
tive NAD precursors, such as NAm or NAc from 
the mother or the diet, which may be the case with 
the rat fetus and the mouse and hen systems exam- 
ined. The only syndrome attributable at present to 
kynurenine formamidase inhibition is the Type I OP 
and MC teratogenesis in avian embryos. 
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Abstract—Butylated hydroxytoluene (BHT) is a small lipophilic molecule that is widely used as a 
food preservative. The interaction of this chemical with phospholipid bilayer membranes was monitored 
by measuring changes in 7*Na transport and hydrocarbon chain motion. Vesicles composed of saturated 
phospholipids display a marked increase in 7*Na permeability in the temperature region of the phase 
transition temperature of the component phospholipid. BHT greatly reduces this permeability increase. 
When a series of structural analogues was examined, there was found to be a poor correlation between 
lipid solubility and the capacity to decrease ??Na transport. However, the presence of a hydroxyl 
group appeared to be an important structural requirement for the permeability change. In a parallel 
set of experiments, a spin labelled fatty acid ester was incorporated into similar vesicles and the mobility 
of the label used as a measure of lipid hydrocarbon chain motion. The phase transition temperature 
of a phospholipid is associated with a marked increase in fatty acyl chain motion. BHT lowers the 
temperature at which the lipid chains display significant motional freedom (i.e. melt). Since this change 
in membrane fluidity cannot account for the capacity of BHT to reduce 7*Na permeability some 
additional perturbation must be occurring. It is proposed that this additional perturbation involves 


an alteration at the interface. 


The chemical butylated hydroxytoluene (BHT) enjoys 
widespread use as a food preservative presumably 
because of its antioxidant properties. The average 
daily intake of BHT per person in U.S.A. has 
been estimated at 2 mg and since this molecule is 
not readily excreted it tends to accumulate in the 
body [1]. Despite its presumed non-toxicity, BHT has 
significant ‘biological effects’. Snipes et al. [1] exam- 
ined the effect of this agent on the infectivity of 
various viruses. BHT readily inactivated viruses con- 
taining lipids whereas those containing no lipids were 
comparatively insensitive. Metcalfe[2] noted that 
BHT reversibly inhibited the growth rate of cultured 
monkey kidney cells. A comparison of the effects of 
analogues of BHT, indicated that the degree of inhibi- 
tion was related to the lipid solubility of the test mol- 
ecule. Metcalfe concluded that BHT and its analogues 
act via a non specific mechanism which depends pri- 
marily on the concentration of the perturbing agent 
within a hydrophobic environment. She further pro- 
posed that the most likely site of action is the cell 
membrane and that the perturbation induced by these 
molecules involves a decrease in permeability of the 
membrane to essential metabolites. In addition, Met- 
calfe drew certain comnarisons between the ‘mem- 
brane stabilizing’ effects uf anesthetics and the action 
of BHT. Further evidence that BHT can significantly 
perturb a ‘hydrophobic environment’ is the observa- 
tion of Eletr et al.[3] that this molecule lowers the 
transition temperature of asolectin vesicles by about 
10° as measured by the spin label technique. 





* Address reprint requests to M. Singer, Department of 
Medicine. 


The above observations suggest that BHT can sig- 
nificantly alter membrane function probably as a 
result of a perturbation of the hydrocarbon core. In 
this paper, the interaction between BHT and a model 
phospholipid membrane is examined in detail and the 
properties of BHT in this system are compared to 
those of a local anesthetic in view of Metcalfe’s 
suggestion of a similar mode of action. 


MATERIALS AND METHODS 


Materials. Dimyristoyl and dipalmitoyl phosphati- 
dylcholine (PC) were purchased from Calbiochem, 
California. Each of these phospholipids showed a 
single spot on thin-layer chromatography and was 
used without further purification. Both of these lipids 
were stored as stock chloroform solutions under N, 
at —20°. Dicetylphosphate (DCP) was obtained from 
Sigma Chemical Co., St. Louis, MS and ??Na 
as the chloride salt from Amersham/Searle. Dibucaine 
was purchased from K & K laboratories, while the 
following chemicals were obtained from Aldrich 
Chemical Co.; 2,6,-di-t-butyl-4-methylphenol (buty- 
lated hydroxytoluene, BHT), 2-t-butyl-4-methyl- 
phenol, 2,6-di-t-butylphenol, 2,4,6,-tri-t-butylphenol, 
2-t-butylphenol, t-butylbenzene. All other chemicals 
were of reagent grade wherever possible. Twice dis- 
tilled water was used for all experiments. 

Preparation of lipid vesicles (liposomes). Lipid vesi- 
cles were prepared by previously described 
methods [4]. Briefly, appropriate aliquots of stock 
chloroform solutions of dimyristoyl or dipalmitoyl 
PC and DCP to give a mole ratio of 95% PC, 
5% DCP were dried under vacuum in a glass tube. 
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The required salt solution in a volume of 1 ml/ 
15 moles lipid and containing tracer amounts of 
22NaCl if efflux measurements were to be made, was 
then pipetted into the tube and the mixture mechani- 
cally shaken on a rotamixer. Since these saturated 
phospholipids form characteristic liposomes only 
when the temperature exceeds their phase transition 
temperature (23° for dimyristoyl PC, 41° for dipalmi- 
toyl PC), the salt solution, in which the lipid was 
dispersed, was preheated to 50° and the tube, when 
net applied to the rotamixer, was immersed in a water 
bath also at 50°. The final suspensions were left over- 
night under N, at either room temperature for dipal- 
mitoyl PC-DCP vesicles or at 5° for dimyristoyl 
PC-DCP vesicles. 

Measurement of ??Na efflux. After overnight equi- 
libration, a given lipid dispersion was passed down 
a column of Sephadex G-50 coarse (Pharmacia, Mon- 
treal) to remove excess tracer not trapped within the 
liposomes. Dimyristoy! PC-DCP vesicles are very 
leaky in the temperature region of their phase transi- 
tion, which is close to room temperature. Therefore, 
these liposomes were eluted from ‘chilled’ Sephadex 
using a salt solution previously cooled to 5°. This 
was done to reduce the loss of trapped isotope while 
this particular lipid was still on the column. One ml 
portions (about 1 umole) of eluted lipid were pipetted 
into dialysis bags, which were then sealed and 
dropped into stoppered glass tubes containing 10 ml 
of aqueous solution. All tubes were placed in a shak- 
ing water bath maintained at the desired temperature. 
The efflux rate was measured over a three hour 
period. At the termination of each experiment, the 
22Na content of the various tubes and bags was 
counted on a Nuclear-Chicago gamma scintillation 
counter. Effluxes are expressed as the percentage of 
initial trapped radioactivity lost over the 180 min. 
This three hour flux period was chosen primarily to 
allow sufficient counts to collect in the bulk aqueous 
phase in those experiments performed at low tem- 
peratures and hence involving small leakage rates. 

Electrophoretic measurements. The electrophoretic 
mobility of different liposome populations was 
measured at various temperatures in a cylindrical 
microelectrophoresis chamber[5]. Under the in- 
fluence of an electric field, the vesicles will migrate 
toward the electrode of opposite polarity. For a given 
lipid particle, the mobility is expressed as the velocity 
(um sec ')/unit potential gradient (V cm~'). For each 
sample, the mobility of at least ten to fifteen lipo- 
somes was measured and the results were averaged. 
The range of values was never greater than +10 per 
cent of the mean. 

Electron spin resonance (esr) spectroscopy. The spin 
label probe 12-doxyl stearate methyl ester hereafter 


CH3(CH), —C —( CH), — COOCH, 


O N—O’ 


Lage 


* An equimolar mixture of dimyristoyl and dipalmitoyl 
PC possesses a single transition temperature intermediate 
between that of the two individual phospholipids [6]. 

+The hexane to water partition coefficient of BHT 
measured in this laboratory exceeded 2,000 to one. 
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referred to as I (5,10) was obtained from Syva Corpor- 
ation, Palo Alto, CA. 

The label in a stock chloroform solution was added 
to the lipid prior to drying at a concentration of 
1 mole per 100 moles total lipid. Hence, the composi- 
tion of the liposomes by mole ratio was PC 94%, 
DCP 5%, probe 1%. Electron spin resonance spectra 
were recorded on a Varian E 3 X-band spectrometer 
with a 100 KHZ modulation frequency using a special 
quartz flat cell placed in a custom-designed quartz 
temperature control probe [4]. The temperature of 
the sample was maintained at better than +1° during 
the measurement. 

Stock solutions of BHT and its analogues in meth- 
anol were prepared freshly each week. In the permea- 
bility and electrophoretic experiments an appropriate 
aliquot of these stock solutions was added to the 
aqueous phase bathing the liposomes to give the 
required concentration. Equal volumes of methanol 
alone, added to the aqueous phase, had no effect on 
22Na efflux or electrophoretic mobility. Since these 
agents have a high oil solubility, they will partition 
strongly into the lipid phase. In order to allow com- 
parison between experiments, the test molecule was 
always added to the same amount of lipid. In the 
spin label experiments, BHT or one of its analogues 
in methanol was added to the lipid prior to drying. 
The amount of test molecule added in relation to the 
quantity of lipid was kept as close as possible to the 
conditions used in the permeability and electro- 
phoretic experiments. Since the methanol is subse- 
quently removed when the mixture is dried, any 
changes in the esr spectra can be attributed to the 
test molecule alone. 


RESULTS 


Permeability experiments. Figures 1 and 2 (upper 
half) illustrate the temperature dependence of 77Na 
permeability in liposomes composed of dimyristoyl 
PC-DCP, dipalmitoyl] PC-DCP, or an equimolar 
mixture of these two lipids. In all cases ??Na efflux 
displays a maximum in the region of the phase transi- 
tion temperature of the constituent phospholipid or 
phospholipid mixture.* As previously described [4], 
the local anesthetic dibucaine lowers the temperature 
at which the permeability maximum occurs consistent 
with its ability to decrease the phospholipid transition 
temperature. In contrast, BHT reduces ?*Na‘' efflux 
in these same liposomes and in the case of dimyristoyl 
PC-DCP and dimyristoyl-dipalmitoyl PC-DCP vesi- 
cles completely eliminates the permeability maximum. 

Figure 2 (lower half) summarizes the effect of differ- 
ent concentrations of BHT on 7?Na efflux from 
dimyristoyl! PC-DCP liposomes. The maximum 
reduction in 77Na permeability occurs at an aqueous 
BHT concentration of approximately 0.22mM. 
Higher concentrations do not depress ?*Na transport 
any further. By comparison, Metcalfe [2] found that 
BHT at a concentration of 0.136mM caused an 80 
per cent inhibition of cell growth and a 58 per cent 
inhibition of RNA synthesis. However, these aqueous 
phase concentrations must be viewed as nominal 
only. Due to its high oil solubilityt most of the BHT 
will partition into the lipid pi:ase resulting in true 
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Fig. 1. Effect of BHT and dibucaine on ?*Na efflux. Liposomes composed (by mole ratio) of dimyristoy! 
PC 95%, DCP 5% (upper half) or dipalmitoyl] PC 95%, DCP 5% (lower half) were dispersed in 50 mM 
NaCl, ??NaCl, and 6 mM Tris-HCl, pH 7.5. Each liposome preparation was divided into three portions 
to measure **Na efflux, at a specific temperature, in the absence (control), and in the presence of 
dibucaine (1 mM) and BHT (0.22 mM). The ordinate refers to the percentage of initial trapped isotope 
lost over 3hr. Experimental points, for each temperature, represent two separate experiments 
each performed in quadruplicate. The results illustrated are the means with error bars indicating the 
range of values obtained. To simplify the figure error bars have been given for only some of the 
points. 


bulk aqueous concentrations less than that noted in 
Fig. 2. 

A series of experiments were performed comparing 
the capacity of structural analogues of BHT to de- 
crease the ?Na permeability of dimyristoyl! PC-DCP 
liposomes (Fig. 3). The analogues used in these experi- 


HSHOOO0. 


BB BP DBP 


ments are illustrated below. A comparison of the 
properties of the two compounds t-butylbenzene (BB) 
and 2-t-butylphenol (BP) establishes the role of the 
hydroxyl group while a comparison between BP and 
the other analogues defines the effects of adding extra 
butyl and methyl groups onto the BP molecule. 


OH 
BHT TBP 


OH 
BMP 
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Fig. 2. (upper half). Effect of BHT and dibucaine on ?*Na efflux. Liposomes composed (by mole 
ratio) of dimyristoyl PC 47.5%, dipalmitoyl PC 47.5% and DCP 5% were dispersed in 50mM NaCl, 
?2NaCl, and 6mM Tris-HCl, pH 7.5. Each liposome preparation was divided into three portions to 
measure **Na efflux, at a specific temperature, in the absence (control) and in the presence of dibucaine 
(1 mM) and BHT (0.22 mM). The ordinate refers to the percentage of initial trapped isotope lost over 
3hr. Experimental points, for each temperature, represent two separate experiments each per- 
formed in quadruplicate. The results illustrated are means with the range of values indicated by error 
bars. (lower half). Effect of different concentrations of BHT. Liposomes composed (by mole ratio) 
of dimyristoyl PC 95%, DCP 5% were dispersed in 50 mM NaCl, ?*NaCl, and 6 mM Tris-HCl, pH 7.5. 
Each liposome preparation was divided into four portions to measure ?*Na efflux, at a specific tempera- 
ture, in the absence (control) and presence of BHT (0.11 mM, 0.22mM and 0.33 mM). Experimental 
points for each temperature represent a separate experiment performed in quadruplicate. Results are 
expressed as means plus range of values obtained. 


Both BP and BB are less effective than BHT at a somewhere in between depending upon the tempera- 
nominal test concentration of 0.22 mM. However, BP ture. 

is more effective in decreasing 7*Na movement than It is of interest to compare these permeability 
BB, especially at 25°, at which temperature the latter _ effects with the relative lipid solubilities of these mol- 
compound is without effect. Figure 3 also illustrates ecules. The substituted phenols display the sequence 
the comparative effects of BHT, 2,6-di-t-butylphenol TBP > BHT > DBP > BMP > BP in terms of their 
(DBP), 2-t-butyl-4-methylphenol (BMP), and 2,4,6-tri- partition coefficients between liquid paraffin and 
t-butylphenol (TBP) at this same test concentration. 0.005M Tris-HCl buffer [7]. At 25°, for example, 
Among these compounds BHT appears the most these same compounds rank in the order BHT = 
poteni and BMP the least, with DBP and TBP falling DBP > TBP = BMP > BP in terms of their capacity 
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Fig. 3. Effect of different analogues of BHT. Liposomes composed (by mole ratio) of dimyristoyl 
PC 95%, DCP 5% were dispersed in 50 mM NaCl, ??NaCl, and 6 mM Tris-HCl, pH 7.5. Each liposome © 
preparation was divided into three or four portions to measure ?7Na efflux, at a specific temperature, 
in the absence (control) and presence of BHT and one or two of its analogues. The abbreviations 
BMP, TBP, BB, BP, DBP are defined in the text. Test molecules were present at a concentration 
of 0.22mM. The ordinate refers to the percentage of initial trapped isotope lost over 3 hr. 
Experimental points for each temperature represent a separate experiment performed in quadruplicate. 
The results illustrated are the means plus range of values obtained. 


to decrease 7*Na efflux. BB has a higher octanol to 
water partition coefficient than BP* yet is much less 
effective in reducing 77Na movement. These observa- 
tions suggest that there is not a strict correlation 
between the permeability effects of these compounds 
and their lipid solubility. This statement requires qua- 
lification however, in that a certain degree of lipid 
solubility (eg. BMP or DBP vs BP) appears necessary 
for maximum reduction of ?*Na efflux. Furthermore, 
the fact that BP has a greater ‘permeability effect’ 
than BB indicates that the hydroxyl group is an im- 





* The octanol—water partition coefficients for butylben- 
zene and butylphenol were calculated from the data given 
in Ref. 8. 


portant structural requirement for the reduction in 
22Na efflux. 

In view of the contrasting effects of BHT and dibu- 
caine on ?7Na efflux the interaction between these 
two molecules was examined. When both agents are 
added to the aqueous phase, dimyristoyl PC-DCP 
and dipalmitoyl] PC-DCP liposomes fail to display 
a temperature dependent increase in *?Na efflux (Fig. 
4, lower half). In fact both types of liposomes behave 
as if BHT alone was present. The capacity of BHT 
to block the effect of dibucaine could be due to failure 
of the local anesthetic to adsorb onto BHT treated 
liposomes. This possibility was examined by means 
of the following type of experiment. Liposomes of 
identical composition to those used in the permeabi- 
lity experiments were electrophoresed at different 
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Fig. 4. (lower half). Interaction of dibucaine and BHT. Liposomes composed (by mole ratio) of either 
dipalmitoyl PC 95%, DCP 5% or dimyristoyl PC 95%, DCP 5% were dispersed in 50 mM NaCl, ??NaCl, 
and 6mM Tris-HCl, pH 7.5. Each liposome preparation was divided into three portions to measure 
22Na efflux, at a specific temperature, in the absence (control) and presence of dibucaine (1 mM) and 
dibucaine (1 mM) plus BHT (0.22 mM). The ordinate refers to the percentage of initial trapped isotope 
lost over 3hr. Experimental points for each temperature represent a separate experiment per- 
formed in quadruplicate with results expressed as the meaus and range of values. (upper half). Lipo- 
somes of identical composition to those used in the permeability experiments were dispersed in 50 mM 
NaCl, 6mM Tris-HCl, pH 7.5. The .electrophoretic mobility of the lipid vesicles was measured, at 
different temperatures, both in the absence (control) and presence of dibucaine (1 mM) and dibucaine 
(1mM) plus BHT (0.22mM). The electrophoretic mobility of liposomes exposed to BHT alone is 
indicated by the crosses and was the same as that of control vesicles. Each point represents the mean 
of at least ten to fifteen measurements with the range of values being within +10 per cent of the 
mean. The ordinate has the units ym sec™' V~' cm. 


temperatures both in the presence and absence of 
dibucaine and BHT (Fig. 4, upper half). Both dimyris- 
toyl and dipalmitoyl PC-DCP ‘control’ liposomes 
become slightly more negatively charged as the tem- 
perature is increased. However, no significant discon- 
tinuities occur over the temperature ranges examined. 
In the presence of dibucaine alone, dimyristoyl 
PC-DCP and dipalmitoy! PC-DCP vesicles develop 
a significant positive surface charge at 18° and 36° 
respectively due to an abrupt increase in surface con- 


centration of dibucaine molecules. In the presence of 
both BHT and dibucaine, no such abrupt change in 
electrophoretic mobility occurs, but rather dimyris- 
toyl and dipalmitoyl PC-DCP vesicles display a sig- 
nificant and increasing positive surface charge over 
the whole temperature range studied. Since BHT itself 
has no effect on liposome electrophoretic mobility 
this positive charge must reflect surface adsorption 
of anesthetic molecules. In other words, although 
BHT blocks anesthetic induced permeability changes 
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Fig. 5. Effect of BHT on spin labelled vesicles. Control liposomes were composed (by mole ratio) 
of dimyristoyl PC 94%, DCP 5%, spin label I (5,10) 1% and dispersed in 50 mM NaCl, 6 mM Tris-HCl, 
pH 7.5. As described in the text, BHT treated liposomes were prepared by adding the BHT (in methanol) 
to the lipid mixture prior to drying. Electron spin resonance spectra were recorded at the indicated 
temperatures. 
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Fig. 6. Effect of BHT on the ‘motion parameters’ 2T, and R. Control liposomes were composed 
(by mole ratio) of either dimyristoyl 94%, DCP 5%, spin label I (5,10) 1% or dipalmitoyl PC 94%, 
DCP 5%, spin label I (5,10) 1% and dispersed in 50 mM NaCl, 6mM Tris-HCl, pH 7.5. BHT treated 
liposomes were prepared by adding the BHT (in methanol) to the lipid mixture prior to drying. The 
parameters 2T, and R are described in the text. Each point is the mean obtained from ten to fifteen 
separate spectra. Error bars denote the range of values obtained. 
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it actually facilitates the surface adsorption of this 
molecule. 

Spin probe experiments. The main information 
sought from the esr spectra was the effect of BHT 
on probe, and hence fatty acyl chain motion. Since 
only relative changes in mobility were examined, two 
empirical parameters were used to semi-quantitate 
spin label motion. For esr spectra performed at low 
temperatures the separation between the low and high 
field extrema (2T ,) was measured. Increasing molecu- 
lar motion is characterized by a narrowing of this 
separation [9]. With sufficient probe motion, how- 
ever, the high field deflection disappears making it 
impossible to measure 2T,,. For these spectra an em- 
pirical motion parameter R was calculated according 
to the following formula [3]. 


Where Wo, ho, h — 1 are all defined in Fig. 5. In- 
creasing probe motion is associated with a smaller 
value for R. 

Figure 5 illustrates some representative spectra 
obtained with spin labelled dimyristoyl PC-DCP 
vesicles and measured in the presence and absence 
of BHT. The ‘motion parameters’ 2T, and R for all 
the spectra are summarized in Fig. 6. 

In the case of dimyristoyl PC-DCP liposomes, 
probe motion increases modestly between 0° and 15°. 
Above this temperature the upper field deflection dis- 
appears and R displays a significant decrease between 
20° and 25°. This large increase in probe motion 
between 20° and 25° corresponds closely to the phase 
transition temperature of this phospholipid (23°). In 
the presence of BHT, spin label mobility, as measured 


by the separation 2T ,, is enhanced compared to ‘con- 
trol’ liposomes, over the temperature range 0°-10°. 


Above 10°, 2T, is no longer measurable, but the 
motion parameter R shows a large decrease between 
13° and 20°. By 25°, control and BHT treated lipo- 
somes display no difference in the motional freedom 
of the incorporated spin probe. 

Dipalmitoyl PC-DCP vesicles display qualitatively 
similar results. The motion of the spin label in control 
liposomes increases moderately over the temperature 
span 10°-30°. Above this temperature, the upper 
field deflection disappears and R demonstrates a sig- 
nificant decrease between 35° and 42°. This marked 
change in spin probe mobility between 35° and 42° 
corresponds reasonably well with the phospholipid 
transition temperature (41°). Dipalmitoyl PC-DCP 
spin labelled vesicles, treated with BHT, display a 
large reduction in 2T, between 6° and 10°. Above 
10°, 2T,, can no longer be measured. The parameter 
R however demonstrates a_ significant decrease 
between 15° and approximately 32°. By 45° spin 
probe motion appears equivalent in both untreated 
and BHT treated liposomes. 

Finally, as illustrated in Fig. 7, BHT and BP have 
comparable effects on spin probe motion in labelled 
dimyristoy! PC-DCP liposomes whereas BB is less 
effective than these two substituted phenols. 


DISCUSSION 


The model system used in these experiments con- 
sists of an aqueous suspension of lipid vesicles or lipo- 
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Fig. 7. Effect of different analogues on the ‘motion par- 
ameters’ 2T, and R. Control liposomes were composed 
(by mole ratio) of dimyristoyl PC 94%, DCP 5%, spin label 
I (5,10) 1% and dispersed in 50 mM NaCl, 6mM Tris-HCl, 
pH 7.5. BHT, BP, and BB, in methanol, were added to 
the lipid prior to drying. Each point is the mean obtained 
from ten to fifteen separate spectra. Error bars denote the 
range of values obtained. 


somes. The physical characteristics and properties of 
this system have recently been reviewed by Bangham 
et al. [10]. Each of these vesicles consists of a series 
of concentric unbroken bimolecular phospholipid 
membranes separated by discrete and isolated inter- 
nal aqueous compartments. 

Liposomes composed of the saturated phospho- 
lipids dimyristoyl PC, dipalmitoyl PC, or an equimo- 
lar mixture of these two, display a large increase in 
?2Na efflux in the vicinity of the phase transition tem- 
perature (Tc) of the component lipids. Although the 
molecular mechanism of this permeability increase is 
not completely clear, it has been postulated that 
enhanced diffusion occurs across discontinuities 
between co-existing liquid crystal and solid lipid 
domains [11]. The local anesthetic dibucaine lowers 
the temperature of onset of the permeability increase. 
As previously described [4], the permeability effects 
of dibucaine are in good agreement with the effects 
of this agent on the physical state of the phospho- 
lipids, since dibucaine also lowers the temperature at 
which the lipid chains melt. In contrast, BHT causes 
a reduction in 7?Na efflux and in dimyristoyl 
PC-DCP and dimyristoyl—dipalmitoy! PC-DCP 
vesicles actually eliminates the permeability maxi- 
mum. 

The effect of BHT on the molecular motion of lipid 
hydrocarbon chains was measured by the technique 
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of electron spin resonance spectroscopy. The underly- 
ing assumptions of this technique are that the label 
is distributed randomly throughout the membrane 
and that the mobility of the spin label is a valid 
measure of the molecular motion of the surrounding 
phospholipid fatty acyl chains. In the case of dimyris- 
toy! PC-DCP liposomes, hydrocarbon chain motion 
increases significantly between 20° and 25°, in good 
agreement with the Tc of this phospholipid of 23°. 
In these vesicles BHT causes the lipid fatty acyl 
chains to ‘melt’ at a temperature significantly below 
the Tc. In addition the melting process appears to 
occur over a broader temperature range than that 
observed in control vesicles. By 25° however hydro- 
carbon chain motion becomes identical in both 
treated and untreated liposomes. Dipalmitoyl 
PC-DCP vesicles display qualitatively similar results. 
In control liposomes the lipid chains show a large 
increase in motion between 35° and 42°, the Tc of 
this lipid being 41°. In the presence of BHT, fatty 
acyl chain mobility begins to increase significantly 
above 15° and again the melting process appears to 
extend over a wider temperature span. By 45°, how- 
ever, both control and treated vesicles possess the 
same degree of hydrocarbon chain motion. Thus BHT 
induces qualitatively similar changes in lipid chain 
mobility to dibucaine, despite their marked difference 
in terms of effects on ?*Na permeability. It is unlikely, 
then, that the reduction in *?Na efflux caused by BHT 
is due to its effect on fatty acyl chain mobility. 

The experiments involving the interaction of lipo- 
somes with both BHT and dibucaine support the 
observation that BHT increases hydrocarbon chain 
motion. Since adsorption of anesthetic molecules 
leads to the development of a positive membrane sur- 
face charge, this adsorption process can be monitored 
by measuring changes in liposome electrophorectic 
mobility. In essence, the charged end of the dibucaine 
molecule is used in these experiments as a ‘marker’ 
for the whole molecule. As previously described, the 
surface concentration of dibucaine is a function of 
the physical state of the phospholipid [4]. Liposomes 
exposed to this anesthetic, develop an abrupt and 
large positive charge at a characteristic temperature, 
as noted in Fig. 4. This enhancement in the adsorp- 
tion process is due to a melting of the lipid bilayer 
which would permit more hydrophobic interactions 
between the non-polar part of the anesthetic molecule 
and the membrane interior. In the presence of BHT 
and dibucaine, both dimyristoy! PC-DCP and dipal- 
mitoyl PC-DCP vesicles develop a significant positive 
surface charge at temperatures below that which 
occurs in the absence of BHT. In other words, BHT 
increases the surface concentration of dibucaine mol- 
ecules most probably as a result of its capacity to 
fluidize the bilayer interior at these lower tempera- 
tures. Despite the fact that BHT facilitates the adsorp- 
tion of dibucaine, itself a ‘fluidizing’ agent, the 7*Na 
permeability of these liposomes remains low. This 
observation supports the contention that the permea- 
bility properties and the fluidity of the BHT treated 
membrane display a poor correlation. 

It is obvious that the interaction of these substi- 
tuted phenols with phospholipid bilayer membranes 
is quite complex and the following model is proposed 
as a working hypothesis only. As a result of its high 
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oil solubility, BHT will partition strongly into the 
lipid phase. However, rather than being ‘buried’ deep 
within the bilayer BHT, by virtue of its hydroxyl 
group, would probably be localized close to the inter- 
face. 

Presumably, this molecule would be intercalated 
between phospholipid molecules with its hydroxyl 
group anchored to the membrane—water interface by 
polar interactions. In this position, BHT could easily 
disrupt phospholipid packing resulting in the alter- 
ations in fatty acyl chain motion observed in the spin 
label experiments. The other substituted phenols such 
as BP would have a similar orientation within the 
bilayer. On the other hand, BB does not possess a 
hydrophilic group and would probably be found 
deeper within the membrane interior. If this model 
is correct, then the observation that BP causes a 
greater fluidizing effect than BB suggests that a mol- 
ecule localized close to the interface will cause a 
larger disruption in lipid packing than a similar sized 
molecule ‘floating freely’ within the membrane inter- 
ior. Since the permeability effects of BHT correlate 
poorly with its capacity to increase lipid chain 
motion, some additional. perturbation must be in- 
voked to account for the reduction in ?7Na efflux. 
As noted above, the hydroxyl group appears to play 
a pivotal role in bringing about this reduction. Most 
likely this additional perturbation involves some 
change at the interface. The presence of a number 
of BHT derived hydroxyl groups could alter the sur- 
face dipole potential or possibly the organization of 
interfacial water itself. These two possibilities are not 
necessarily mutually exclusive nor are they conceiv- 
ably the only ones. It is of interest that one of the 
mechanisms by which cholesterol reduces cation per- 
meability is by making the membrane interior more 
electropositive with respect to the bulk aqueous phase 
most likely through an alteration in the surface dipole 
potential by the sterol hydroxyl group [12, 13]. On 
the basis of this model, BP should be less potent than 
BHT since it is less lipid soluble and therefore would 
have a smaller membrane concentration and conse- 
quently present a smaller number of hydroxyl groups 
at the interface. 
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Abstract—Two forms of monoamine oxidase (MAO) defined as MAO A and B by others differ in 
their specificities to substrates and their sensitivities to the irreversible inhibitor clorgyline. From studies 
using the substrates 5-HT, tyramine and benzylamine, the presence of both MAO forms in rat liver 
mitochondria has been confirmed and some characteristics of their inhibition by varying concentrations 
of clorgyline investigated. Although both MAO forms showed time-dependent inhibition, this process 
occurred, in general, at a qualitatively slower rate for MAO B, despite the fact that this enzyme 
form requires higher concentrations of clorgyline than MAO A for inhibition of its activity. However, 
factors such as the concentration of enzyme, the concentration of clorgyline and the enzyme: drug 
ratio employed in the assay all influence the resultant time-course and the final degree of the inhibition 
observed. The possible importance of the lipid environment of the outer mitochondrial membrane 
in generating multiple MAO forms and in regulating the inhibition kinetics of these forms is discussed. 
The results indicate that the effects of pre-incubation time and the enzyme: drug ratio on inhibition 
of MAO by clorgyline should be fully recognized when using the drug to indicate multiple forms 


in animal tissues. 


Evidence has accumulated in recent years indicating 
that the enzyme monoamine oxidase (MAO) exists 
in multiple forms. These forms are reported to vary 
with respect to heat and inhibitor sensitivity, sub- 
strate specificity, and mobility on polyacrilamide 
gels [1]. 

Studies using the irreversible inhibitor, clorgyline, 
have been particularly useful in suggesting the pres- 
ence of multiple forms of MAO, even within the same 
animal tissue. Early investigations with this drug sug- 
gested the existence of two forms of the enzyme 
(MAO A and B) in mitochondria from rat brain and 
liver [2,3]. These forms differed in their sensitivity 
towards clorgyline, and also in their ability to meta- 
bolize various afhine substrates. For instance, data 
suggested that 5-hydroxytryptamine (5-HT) was a 
substrate solely for MAO A, benzylamine was a sub- 
strate solely for MAO B, whereas tyramine was meta- 
bolized by both enzyme forms. Similar results con- 
firming these substrate specificities for the two 
enzyme forms have been obtained in studies using 
a number of animal sources. However, it appears 
from recent findings that there are some exceptions 
to generally accepted substrate preferences of MAO 
A and B{[4, 5]. 

The mechanism of inhibition of MAO by clorgyline 
has not been characterized. However, by analogy with 
pargyline and other related propargylamine deriva- 
tives which are irreversible inhibitors of MAO, clor- 
gyline may combine covalently and in a stoichio- 
metric fashion with the flavin cofactor moiety near 
the active site of the enzyme [6, 7]. The degree of inhi- 
bition of MAO by clorgyline has been reported to 
be unchanged after 10 min pre-incubation [8]. but 
more recent studies have indicated time-dependent 
inhibition during short (up to 5 min) pre-incubation 
periods [9] and also during much longer pre-incuba- 
tion conditions [10]. Most investigations into the sen- 
sitivity of MAO towards clorgyline are performed 


after fixed pre-incubation times which vary from 
author to author. Thus, if a mechanism of inhibition 
were time-dependent, this fact could alter the appar- 
ent sensitivity of the enzyme activity being studied 
and could accordingly affect the inhibition curves 
obtained over a range of drug concentrations. 

The present results describe the effects of varying 
both pre-incubation time and quantity of enzyme in 
the assay on inhibition of rat liver mitochondrial 
MAO by clorgyline. Three substrates, 5-HT, tyramine 
and benzylamine were used to investigate the possibi- 
lity of selective effects on MAO A or B. 


MATERIALS AND METHODS 


Radioactive substrates used to assay MAO activity 
were [methylene-'*C] benzylamine hydrochloride 
(ICN Pharmaceuticals, Inc. Irvine, California), [gener- 
ally labelled-*H] 5-hydroxytryptamine creatinine sul- 
phate (Amersham-Searle, Arlington Heights, Illinois) 
and [generally labelled-?H] tyramine hydrochloride 
(New England Nuclear, Boston, MA). 

Clorgyline hydrochloride [N-methyl-N-propar- 
gyl-3-(2,4-dichlorophenoxy) propylamine, M+B 
9302] was a generous gift from May and Baker Ltd., 
Dagenham, Essex, U.K. 

Mitochondria were prepared from adult, male, 
Charles River rats by a _ previously described 
method[11] in an isolation medium containing 
sucrose (70 mM), D-mannitol (220 mM), bovine serum 
albumin (0.5 mg/ml), HEPES (N-2-hydroxyethyl 
piperazine-N’-2-ethanesulphonic acid) buffer (2.0 mM, 
pH 7.4). The mitochondrial preparation, which had 
a protein content of 40 mg/ml was stored at —20° 
and thawed before use. In order to vary protein con- 
tents of MAO assays, aliquots of this preparation 
were diluted with appropriate volumes of isolation 
medium. Actual quantities of assay protein studied 
were 1.6, 8.0 and 40.0 yg i.e. a 25-fold range. Metabo- 
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lite production remained linear with respect to both 
protein content and assay time in these experiments. 
Results described in this paper were obtained with 
a single mitochondrial preparation, but are represen- 
tative of similar results obtained with other prep- 
arations. 

MAO assay. The assay of MAO activity was based 
on the radiochemical method described by Calling- 
ham and Laverty[12]. The three substrates, benzyl- 
amine, tyramine, and 5-HT, were used at final specific 
activities of 0.5, 1.0 and 2.0 pCi/ymole, respectively, 
and at final assay concentrations of | mM. This con- 
centration was chosen as a result of K,, determina- 
tions for the three substrates, with rat liver mitochon- 
drial MAO. The Lineweaver-Burk plots obtained 
(not shown) were completely linear over a range of 
substrate concentrations from 5 uM to 2.5 mM, with 
no evidence of substrate inhibition at the higher con- 
centrations. Estimated K,, values were 1.1 x 10°*M 
(5-HT), 0.9 x 10-*M (tyramine) and 1.3 x 10°*M 
(benzylamine) and thus subsequent experimental 
assays at | mM represented approximately 10 x K,, 
concentrations. 

It has been suggested from ‘curved’ Lineweaver- 
Burk plots for tyramine metabolism by MAO in rat 
superior cervical ganglion, that the affinities of MAO 
A and B for this substrate are different [13]. However, 
the complete linearity of our plots for tyramine with 
rat liver MAO is in agreement with others who have 
concluded that affinities of MAO A and B for this 
substrate are similar in this particular tissue [14, 15]. 
Thus, only a single assay concentration for tyramine 
has been adopted in the following inhibition studies. 

Briefly, appropriate concentrations of clorgyline in 
distilled water were pre-incubated in air at 37° with 
10 ul mitochondrial samnles for times indicated 
within the text, in a total pre-incubation volume of 
50 pl. (Pre-incubation in closed, oxygen-filled assay 
tubes had no significant effect on the magnitude or 
rate of the subsequent inhibition.) All clorgyline con- 
centrations reported within the text represent those 
concentrations present within the pre-incubation 
period. After pre-incubation, all assay tubes were 
cooled rapidly by immersing in an ice bath. Remain- 
ing MAO activity was measured in stdéppered, oxy- 
gen-filled tubes after addition of 50 yl radioactive sub- 
strate (2 mM in 0.2 M potassium phosphate, pH 7.8), 
by incubating all samples for 5 min at 37°. The assay 
reaction was terminated by cooling in ice, followed 
by the rapid addition of 10 ul 3 N HCl. Deaminated 
metabolites were extracted into 0.5 ml water-saturated 
ethyl acetate—benzene (1:1 v/v). After the two phases 
were separated by mixing and centrifugation, 0.4 ml 
of the upper, organic layer was counted for radioac- 
tivity in 12 ml 0.4% butyl PBD in toluene (w/v) in 
a Beckman LS-230 liquid scintillation spectrometer. 
All counts were corrected for quench and converted 
to dpm for calculation of results. 

Blank values for this enzyme assay are due almost 
exclusively to the extraction of small amounts of 
amine substrate along with metabolites into the 
organic phase. It was determined that ‘denatured- 
enzyme’ blanks were essentially identical to ‘no- 
enzyme’ blanks containing water (50 yl) and substrate 
(50 yl) alone. This latter method of blank assessment 
was used in the present studies. 
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RESULTS 


The effects (1) of altering enzyme-inhibitor pre- 
incubation times and (2) of altering the enzyme con- 
centration (by using mitochondrial suspensions of dif- 
fering protein content) in the assay on the inhibition 
of rat liver MAO by clorgyline, were investigated. The 
three substrates, tyramine, 5-HT and benzylamine 
were used. 

Tyramine. The inhibition by clorgyline of rat liver 
MAO activity towards tyramine as substrate was 
measured under conditions of varying clorgyline con- 
centrations (2 x 10~'°M to 2 x 10~°M), pre-incu- 
bation times (5 to 45 min) and different mitochondrial 
protein contents (1.6, 8.0 and 40 yg) within the assay. 
All inhibition values have been expressed as percent- 
ages of identical, uninhibited control samples 
measured after the appropriate pre-incubation 
periods. It was found, incidentally, that these control 
activities remained essentially unchanged during the 
pre-incubation periods studied, whether activity was 
measured with tyramine, 5-HT or benzylamine as 
substrates. 

The following conclusions were drawn from the 
results obtained, which are shown in Fig. |. The 
degree of MAO inhibition attained after each pre- 
incubation period varied with the concentration of 
clorgyline employed. At concentrations of 


2 x 10°7M and lower, inhibition was essentially 
unchanged beyond 10 min preincubation. With higher 
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Fig. 1. Effect of pre-incubation time on inhibition of 
MAO in isolated rat liver mitochondria by different clorgy- 
line concentrations. Mitochondrial protein in the assay 
was 1.6yg (upper panel), 8 yg (middle panel), 40 yg 
(lower panel). Tyramine was used as substrate. Clorgyline 
concentrations were O——O, 2 x 10°'°M; @—®, 
2 x 10°? M; A——A, 2 x 10-*M; 0, 2 x 10°7M;; 
, 2x 10°°M; @——@, 2 x 10°°M. Each 
point is the mean of three determinations. Standard errors 
(+) were calculated for all points but are indicated only 
when they exceed the size of symbol used. 
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Fig. 2. Effect of pre-incubation time on inhibition curves 

for the inactivation of rat liver MAO by clorgyline. Mito- 

chondrial protein used was 1.6 yg (upper panel), 8 yg (mid- 

dle panel), 40 yg (lower panel). Pre-incubation times were 

O——©O, 5 min; @——@, 10 min; A——A, 45 min. Data 
is replotted from Fig. 1. 


clorgyline concentrations (2x 10°°M _— and 
2 x 10~°M), the degree of inhibition became pro- 
gressively greater throughout the time-course of the 
experiment. These results were obtained with each of 
the three protein contents studied. However, it is 
apparent that the degree of MAO inhibition produced 
by a given drug concentration was decreased to some 
extent at all preincubation times, as the protein con- 
centration was increased. 

In Fig. 2, these inhibition results have been plotted 
against clorgyline concentrations (on a logarithmic 
scale). The binary nature of inhibition curves such 
as these has been taken as evidence that tyramine 
is metabolized by two forms of MAO in rat liver, 
one of which (MAO A) is relatively more sensitive 
to clorgyline than the other form (MAO B). The 
present results are thus in agreement with inhibition 
curves previously reported by other workers, describ- 
ing the inhibition of tyramine metabolism by clorgy- 
line in this tissue [3]. 

It is clear from these curves that the apparent sensi- 
tivity of these forms towards clorgyline can vary, 
depending upon differing conditions of pre-incubation 
time and protein content. Under the conditions used 
to investigate these effects in the present experiments, 
an increase in pre-incubation time beyond 10 min 
resulted in no further increase in the apparent sensi- 
tivity of MAO A towards the drug. However, the 
apparent sensitivity of MAO B did increase with 
longer pre-incubation times. Along with these obser- 
vations, it is clear that the effect of increasing the 
protein content within the assay was to cause a de- 
crease in the apparent sensitivities of either MAO 
forms towards clorgyline. 

5-HT. Similar studies were performed using 5-HT 
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as substrate for MAO A in rat liver. Clorgyline con- 
centrations ranging from 2 x 107'? to 2 x 10°7M 
were used. Figure 3 shows the results obtained. 

Clearly, the degree of inhibition of activity after 
each pre-incubation time depended upon the concen- 
tration of clorgyline used. With 8 or 40 yg protein 
within the assay, the inhibition caused by a given 
clorgyline concentration changed very little after a 
pre-incubation period of 10 min. In contrast, we did 
observe a time-dependent inhibition of MAO A 
beyond 10 min pre-incubation at certain clorgyline 
concentrations when only 1.6 wg protein was present 
in the assay. 

In Fig. 4, these results are plotted to show the cor- 
responding log dose inhibition curves obtained. When 
8 or 40 pg protein were used, the resultant single sig- 
moid curves were typical of those previously reported 
describing the inhibition of MAO A by clorgyline in 
rat liver [3]. Furthermore, under these particular con- 
ditions of protein concentration, it was evident that 
the apparent sensitivity of MAO A towards clorgyline 
(i) was unaltered upon pre-incubation for longer than 
10 min, and (ii) was decreased with increasing protein 
within the assay. When a smaller quantity of protein 
(1.6 ug) was used the apparent enzyme sensitivity 
changed upon pre-incubation up to 45 min. Also, the 
resulting curves were slightly anomalous in shape. 
Although no _ inhibition was obtained with 


2 x 10~'? Mclorgyline after 10 or 45 min preincuba- 
tion, there was a significant inhibition of enzyme ac- 
tivity with 2 x 10~'' M clorgyline after these times. 
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Fig. 3. Effect of pre-incubation time on inhibition of 
rat liver MAO by different clorgyline concentrations. 
Mitochondrial protein in the assay was 1.6 yg (upper 
panel), 8 ug (middle panel), 40 yg (lower panel). 5-HT was 
used as substrate. Clorgyline concentrations were O——O, 
2 x 107'? M; @—@, 2 x 107'' M; A——-A, 2 x 107'° 
M; O—1O, 2x 10°°M; O —Q, 2x 10-°M; 
m—, 2 x 10°’M. Each point is the mean of three 
determinations + standard errors (indicated when exceed- 
ing symbol size). 
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Fig. 4. Effect of pre-incubation time on inhibition curves 

for the inactivation of rat liver MAO by clorgyline. Mito- 

chondrial protein used was 1.6 yg (upper panel), 8 ug (mid- 

dle panel), 40 yg (lower panel). Pre-incubation times were 

O——O, 5 min; @——-@, 10 min; A——-A, 45 min. Data 
is replotted from Fig. 3. 


Inhibition with clorgyline at 2 x 10~'°M appeared 
slightly decreased or unchanged. We have observed 
qualitatively similar effects at these clorgyline concen- 
trations on a number of occasions with other rat liver 
mitochondrial preparations, when very small amounts 
of protein were used in the assay. 

Benzylamine. The effects of pre-incubation time 
upon inhibition of MAO at a single mitochondrial 
protein content of 8 yg was investigated with benzyl- 
amine as substrate. Clorgyline concentrations of 
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Fig. 5. Inhibition curves for inactivation of rat liver MAO 
by clorgyline using a mitochondrial protein content of 
8 yg. Benzylamine was used as substrate. Clorgyline con- 
centrations were O——O, 2 x 10°7M; @——@, 2 x 107° 
M; A A, 2 x 10°-°M; O——O, 2 x 10°*M. Each 
point is the mean of three determinations + standard 


errors (indicated when exceeding symbol size). 
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Fig. 6. Effect of pre-incubation time on inhibition curves 

for the inactivation of rat liver MAO by clorgyline. Pre- 

incubation times O——O, 5 min; @——@®, 10 min; 

O——Q, 25 min, A——A, 45 min: Data is replotted from 
Fig. 5. 


2 x 10°7M to 2 x 10°*M were used. The results 
obtained are shown in Fig. 5. 

Inhibition of MAO activity was clearly time-depen- 
dent throughout the entire time course of the experi- 
ment, although the decrease with time was only slight 
using 2 x 10~’M clorgyline. 

The corresponding log dose inhibition curves plot- 
ted from this data are shown in Fig. 6. In agreement 
with previous workers, these curves confirmed the 
metabolism of benzylamine by MAO B in normal 
rat liver mitochondria. However, it can be seen that 
the apparent sensitivity of MAO B towards clorgyline 
increases quite markedly as pre-incubation time is in- 
creased. 


DISCUSSION 


The irreversible MAO inhibitor, clorgyline, is being 
used increasingly to investigate the possibility of mul- 
tiple forms of the enzyme within animal tissues. Many 
workers have described the existence of two forms 
of MAO, called MAO A and B, which differ in sub- 
strate specificities and also with respect to sensitivity 
towards clorgyline [2-5]. The particular ranges of 
clorgyline concentrations over which the inactivation 
of these two forms were originally found to occur 
are often used as criteria to indicate the types of 
MAO present within various tissues. However, rela- 
tively little attention has been paid to factors and/or 
assay conditions which may affect the apparent sensi- 
tivity of these enzyme forms to clorgyline. 

Early studies with rat liver MAO, using tyramine 
as substrate, indicated that inhibiiion by a single con- 
centration of clorgyline (10~’ M) was rapid, with the 
maximal inhibition for that particular dose being 
attained after 10 min pre-incubation [8]. Tipton [9] 
studied the inhibitory effects of a high clorgyline con- 
centration (2.5 mM). Under these conditions, a 
pseudo first-order inhibition of MAO activity was 
observed, which was more rapid for 5-HT as substrate 
(complete inhibition by 1-2 min pre-incubation), than 
with benzylamine (complete inhibition required 5—10 
min pre-incubation). The inhibition of enzyme activity 





Observations on the inhibition of rat liver MAO 


towards tyramine occurred in two phases, corre- 
sponding to the fast and slow inhibition components 
shown with 5-HT and benzylamine, respectively. 
More recently, it has been reported that MAO from 
porcine brain is inhibited by clorgyline (10~° M) in 
a time-dependent manner during a pre-incubation 
period of 45 min[10]. Observations of time-depen- 
dent inhibition with clorgyline are similar to results 
obtained with pargyline, another irreversible MAO 
inhibitor, on human liver MAO [16]. These observa- 
tions have led to the suggestion that drugs of this 
kind are substrate analogues and that they behave 
as active site-directed inhibitors by combining reversi- 
bly with the enzyme, followed by an irreversible cova- 
lent interaction with the flavin cofactor at the active 
site[17]. These previous studies investigating the 
time-dependent nature of inhibition by clorgyline 
were limited by the range of drug concentrations 
studied and also by the pre-incubation periods. The 
present results thus represent a more detailed investi- 
gation into the effects of varying these parameters 
upon the subsequent rate and magnitude of MAO 
inhibition by clorgyline in rat liver mitochondria. 
Special attention was paid to the possibility of selec- 
tive effects upon MAO A and B by using substrates 
specific for these enzyme forms in the experiments 
described. 

It is clear from the present results that inhibition 
of enzyme activity by clorgyline can be affected by 
both pre-incubation time and by the quantity of pro- 
tein in the assay. Both MAO A and B were less sensi- 
tive towards clorgyline as mitochondrial protein (and 
hence amount of enzyme) was increased in the assay 
system. This finding is consistent with the mechanism 
of irreversible inhibition previously proposed for the 
action of the drug. 

The present studies also indicate that, in general, 
inhibition of MAO B occurs at a slower rate despite 
requiring higher concentrations of clorgyline than in- 
hibition of MAO A. These conclusions are qualitative 
at present. Clearly, the ranges of clorgyline concen- 
trations used here to obtain log dose inhibition curves 
for MAO A and B include those concentrations which 
inhibit only a proportion of the total activity of a 
given enzyme form. These particular conditions prob- 
ably involve the complete titration of available ‘free’ 
inhibitor molecules with excess enzyme. Thus, it is 
unlikely that pseudo first-order kinetics (when inhibi- 
tor concentration is > enzyme concentration) for the 
inhibition will occur with all clorgyline concen- 
trations. The resultant rates of enzyme inhibition and 
the kinetics observed are probably dependent upon 
a combination of factors—the concentrations of in- 
hibitor and enzyme, and also their relative values. 
Under most conditions studied here, further time- 
dependent inhibition of MAO A (assayed with 5-HT 
as substrate) after 10 min pre-incubation was not 
observed. However, a time-dependent mechanism for 
MAO A did become apparent when protein content 
in the assay was reduced to very low levels (1.6 yg). 
Taken as a whole, our results suggest that previous 
conflicting reports by other workers concerning a 
prolonged time-dependent inhibition of MAO are due 
to the use of different single concentrations of clorgy- 
line and to the different substrates used by 
them [8-10]. 
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It still has not been determined if the activities 
defined as MAO A and B represent different molecu- 
lar forms of the enzyme, or if they represent a single 
enzyme with multiple catalytic sites, perhaps, being 
regulated by the surrounding lipid environment in the 
outer mitochondrial membrane[18]. Each of these 
factors could account for the differences in the sensi- 
tivities of MAO A and B towards clorgyline. It has 
been shown recently that the potencies of a number 
of propargyl MAO inhibitors correlate well with their 
lipophilic nature [19], and thus, the ease of pen- 
etration into lipid around the membrane-bound 
enzyme may be a factor in determining the inhibition 
characteristics of these compounds. 

It is difficult at this stage to explain the slightly 
anomalous shapes of log dose inhibition curves for 
MAO A obtained with 5-HT as substrate when a pro- 
tein content of 1.6 wg is used in the assay. We have 
observed similar effects with other mitochondrial 
preparations when using small quantities of assay 
protein. The appearance of a plateau region in these 
particular curves may indicate the inhibition of more 
than one enzyme form which metabolizes 5-HT in 
the preparation. However, the absence of similar 
curves with higher protein concentrations render this 
explanation unlikely. 

Alternatively, it is possible that clorgyline, by virtue 
of its lipophilic nature may partition into biological 
membranes and alter catalytic activity of MAO by 
causing some perturbation of lipid structure around 
the enzyme. A similar mechanism has been proposed 
previously for the stimulatory effects of reserpine 
upon guinea pig heart MAO([20]. Although direct 
irreversible inhibition of MAO appears to be the 
major action of clorgyline, it is not clear whether 
the drug could, to a lesser extent, cause effects similar 
to those of reserpine upon MAO activity. If so, the 
resultant enzyme activity in the presence of a given 
clorgyline concentration would be dependent upon 
the relative magnitude of these opposing effects. An 
indication that both effects occur may only become 
apparent under particular experimental conditions 
e.g. extremely low, relatively non-inhibitory clorgyline 
concentrations and at particular drug: protein ratios 
in the assay. Clearly, such an explanation for our un- 
usual results with MAO A is speculative at present. 
Very little is known about the possible interaction 
of clorgyline with other cellular components. In this 
respect, Williams and Lawson[19] reported that 
radioactive clorgyline or pargyline bind specifically 
only to purified MAO and not several other purified 
proteins. However, in contrast, it is interesting that 
McCauley has recently feported the association of 
['*C]-pargyline with rat liver outer mitochondrial 
membrane lipids [21]. 

In conclusion, our experiments indicate some of the 
in vitro characteristics of MAO inhibition by clorgy- 
line which should be recognized by those who use 
the drug. Although these studies do not detract from 
the usefulness of clorgyline in evaluating the presence 
of multiple MAO forms in animal tissues, it is clear 
that direct comparison of inhibition studies from dif- 
ferent workers requires considerable caution, particu- 
larly when such factors as protein content, pre-incuba- 
tion time and assay time may vary considerably. Also, 
the source of the enzyme. the sensitivity of the assay 
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and the conditions required for linearity in the assay 
are factors which must be considered. During the final 
stages of revision of this paper, similar conclusions 
with regard to some of these factors have been 
reported by Egashira et al. [22]. 
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Abstract—Characteristics of carbon tetrachloride-induced lipid peroxidation of rat liver microsomes 
and effect on microsomal enzymes were studies in vitro. Microsomes isolated from well-perfused livers 
and washed with EDTA-containing medium exhibited low endogenous lipid peroxidation when incu- 
bated in a phosphate buffer (> 0.1 M) in the presence of NADPH, whereas carbon tetrachloride stimu- 
lated to a great extent the peroxidation under these conditions. The stimulation was dependent on 
the concentration of NADPH, neither NADH nor ascorbic acid being replaced. The stimulatory action 
by bromotrichloromethane was more marked than that by carbon tetrachloride, however chloroform 
had no stimulatory action. N,N-Diphenyl-p-phenylene diamine, diethyldithiocarbamate and disulfiram 
inhibited carbon tetrachloride-induced lipid peroxidation in low concentrations. Inhibitions by thiol 
compounds and EDTA were weaker. Ferricyanide, cytochrome c and vitamine K, inhibited the stimu- 
lation by carbon tetrachloride while no inhibition was seen with carbon monoxide. An increase in 
the degree of carbon tetrachloride-induced lipid peroxidation resulted in a coincidental decrease in 
microsomal cytochrome P-450 content accompanying a parallel loss in aminopyrine demethylase ac- 
tivity, while NADH-ferricyanide dehydrogenase and NAD(P)H-cytochrome c reductase activities, and 
cytochrome b, content remained unaffected. Similar results were obtained when microsomes were perox- 
idized with NADPH in combination with ferric chloride and pyrophosphate. Regarding the mechanism 
of hepatotoxic action of carbon tetrachloride, these results support the hypothesis of lipid peroxidation. 


Lipid peroxidative damage of endoplasmic reticulum 
membranes has been postulated to play an important 
role in the onset and development of the liver injury 
produced by CCl, [1-3]. 

Experimental evidence supporting this hypothesis 
has accumulated: first, peroxidative breakdown of 
microsomal membranes in vitro produces not only 
chemical alterations in a lipid component [4] but also 
enzymic, physical and structural changes in micro- 
somes [5, 6]; second, CCl, enhances microsomal lipid 
peroxidation both in vitro[7,8] and in vivo [9-11]; 
and third, activities of microsomal membrane-bound 
enzymes such as glucose-6-phosphatase and drug oxi- 
dizing enzymes decrease early after administration of 
CCl, [11-15]. Details of the mechanisms involved in 
the process have not however been reported. 

In vitro studies are particularly useful for this pur- 
pose. In earlier experiments, Comporti et al. [16] and 
Ghoshal and Recknagel[17] showed an increased 
malonic dialdehyde (MDA) production by CCl, with 
liver homogenates and microsome-supernatant frac- 
tions, respectively. Later, Glende and Recknagel [7] 
demonstrated the requirement of NADPH for the 
stimulation by CCl, using microsomes or microsome- 
supernatant fractions. Slater and Sawyer [8, 18, 19] 
also extensively studied characteristics of the stimula- 
tory action of CCl,, using similar fractions. In these 
experiments, however, endogenous MDA production, 
i.e., with NADPH but without CCl,, was fairly high 
and the stimulatory effect of CCl, was not so marked. 
Moreover, the presence of a supernatant fraction may 
complicate the explanation of the results obtained. 

We have developed a simple experimental method, 
in which microsomes are the only cellular fraction 


and endogenous MDA production is quite low as 
compared to the stimulation by CCl,. Under these 
conditions, some characteristics of CCl,-induced lipid 
peroxidation and the effects on microsomal enzymes 
were examined. 


MATERIALS AND METHODS 


Chemicals. Sources of the reagents are as follows: 
NADPH, NADH, isocitric dehydrogenase, P-L Bio- 
chemicals, Inc.; 2-thiobarbituric acid, ascorbic acid, 
E. Merck AG.; CCly, CBrCl,, CHCl;,, CH.2Cl, 
malonaldehyde Bis (diethylacetal), Tokyo Kasei 
Kogyo Co. Ltd.; cytochrome c, Sankyo Co. Ltd. 
2-Diethylaminoeth yl-2,2-diphenylvalerate HCl (SK F- 
525A) was kindly provided by Smith Kleine & 
French Laboratories. Other reagents were of analyti- 
cal grade. 

Animals and isolation of microsomes. Healthy female 
rats of Sprague-Dawley strain, 7-8 weeks in age, were 
used throughout the experiments. After the animals 
had been decapitated, the livers were perfused thor- 
oughly in situ through a portal vein with ice-cold 
0.15 M KCI solution using a perfusion pump, and a 
20% liver homogenate in 0.15 M KCl was prepared. 
Mitochondrial supernatant was obtained by centri- 
fuging the homogenate at 15,000g for 15min. The 
supernatant containing no fluffy layer was centrifuged 
at 125,000 g for 30 min in order to precipitate micro- 
somes, which were then floated off from the glycogen 
fraction at the bottom by shaking gently in a small 
amount of the fresh suspending medium. The micro- 
somal fraction thus obtained was washed with 
0.15MKCI-1mM EDTA (pH7.5) and then with 
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0.15M KCl-20mM potassium phosphate (pH 7.5). 
The liver perfusion and the EDTA-washing were car- 
ried out in order to minimize contamination with iron 
compounds as they are known to enhance microsom- 
al lipid peroxidation [20, 21]. Final microsomal pre- 
cipitates were suspended in the latter medium at a 
concentration of 20-30 mg protein/ml, kept in an ice- 
cold Thunberg tube under nitrogen and used within 
24 hr. All the media were cooled with ice and bubbled 
with nitrogen. 

Lipid peroxidation. The degree of lipid peroxidation 
was estimated by measuring MDA formed in the in- 
cubation media. The regular procedure was as fol- 
lows. The incubation mixtures containing 1 mg pro- 
tein/ml of microsomes, 200 .M NADPH and 0.1 or 
0.2 M potassium phosphate buffer (pH 7.5) in a final 
vol. of 2.0ml, with or without CCl,, were prepared 
in duplicate in the usual small test tubes 
(15 x 90mm). CCl, was added directly or as a diluted 
solution (1 pl of CCl, per 10 ml of the above buffer). 
All the solutions or suspensions were handled in an 
ice bath. The tubes were capped with silicon rubber 
stoppers as soon as CCl, was added, mixed vigor- 
ously using a mixer, and then incubated at 37° for 
20 min. The reaction was stopped by addition of 
2:0 ml of 30% TCA and 0.2 ml of 5M HCl. MDA was 
determined by the thiobarbituric acid method [22] 
using a molar extinction coefficient 
1.56 x 10°M~'cm™~! (at 535my) for the colored 
product. Malonaldehyde bis (diethylacetal) was used 
as a routine standard. Under these conditions, micro- 
somes alone or with CCl, produced only a negligible 
amount of MDA. MDA production due to NADPH 
and the stimulation of MDA production due to CCl, 
in the presence of NADPH are referred to as ‘endo- 
genous’ and ‘CC],-induced’, respectively. Endogenous 
MDA production had a tendency to increase gradu- 
ally with, high concentrations of NADPH and also 
with longer incubation periods. Any changes of the 
procedure are noted in the results section. 

Other assays. NAD(P)H-cytochrome c reductase 
and NADH-ferricyanide dehydrogenase activities 
were measured spectrophotometrically by recording 
the optical density change at 550 my for cytochrome 
c and at 420 my for ferricyanide as described else- 
where [23]. Aminopyrine demethylase activity was 
measured virtually according to the method described 
by Orrenius [24] except that potassium phosphate 
buffer. (pH 7.5) was used. Formaldehyde was deter- 
mined by the method of Nash [25]. Contents of cyto- 
chrome b, and P-450 were determined by the method 
of Omura and Sato [26] using a Hitachi 124 spectro- 
photometer attached with integrating spheres. Protein 
was determined by the method of Lowry et al. [27]. 


RESULTS 


Effects of various suspending media on endogenous 
and CCl,-induced lipid peroxidation of liver micro- 
somes. Several investigators [7—9,16-19] have 
reported enhancement of MDA production by CCl, 
in liver microsomal suspensions in vitro. However, 
endogenous MDA production is fairly high as com- 
pared with the stimulation by CCl,. Therefore, we 
firstly examined whether or not the suspending media 
might affect endogenous MDA production as well as 
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the stimulation by CCl,, and if so to make attempts 
to reduce the former and increase the latter. 

As shown in Fig. 1, both endogenous and CCl,- 
induced lipid peroxidation were greatly influenced by 
using different suspending media. A high endogenous 
MDA production was observed with Tris-HCI or gly- 
cylglycine buffer as compared with 0.15 M KCl-con- 
taining media, while the stimulation by CCl, was not 
greatly changed. On the other hand, in potassium or 
sodium phosphate buffer endogenous peroxidation 
was kept quite low, although the stimulation also 
being depressed somewhat. Microsomes isolated from 
nonperfused livers and not washed with the EDTA- 
containing medium, however, showed a high endo- 
genous MDA production even in the phosphate 
buffer. It appears roughly that the ratio of CCl,- 
induced MDA production to the endogenous one de- 
creases as the latter increases. 

Effects of pH and concentration of phosphate 
buffer on MDA production are shown in Figs 2 and 
3. Optimum pH for CCl,-induced MDA production 
was about 7.0, whereas the endogenous was not much 
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Fig. 1. Effect of suspending media on endogenous and 
CCl,-induced malonic dialdehyde (MDA) production in 
liver microsomes. Microsomes (1 mg protein/ml) suspended 
in various buffers (pH 7.5) were incubated with or without 
CCl, (0.5 ul/ml) in the presence of 200 uM NADPH. Ex- 
perimental details are given in the methods section. CCl,- 
induced MDA production: MDA production in the 
absence of CCl, (endogenous) was subtracted from the 
MDA production in the presence of CCl,. Each column 
represents the mean + S.E.M. (bar) of 4 experiments. (*): 
Liver perfusion and EDTA-washing were omitted from the 
isolation procedure (2 experiments). 
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Fig. 2. Effect of pH on endogenous and CCl,-induced 

malonic dialdehyde (MDA) production in microsomes. 

Microsomes were suspended in 0.15M potassium phos- 

phate buffer of different pH. Other conditions are as de- 

scribed for Fig. 1. Each column represents the mean 
+ S.E.M. (bar) of 4 experiments. 


altered by changing pH. Concentration of the buffer 
greatly affected both endogenous and CCl,-induced 
MDA production: both increased in low buffer con- 
centrations and then decreased in higher concen- 
trations, in which the former was much suppressed, 
and optimum concentration for the former (S50 mM) 
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was always lower than that for the latter (75 mM). 
These different sensitivities to the changes of pH and 
concentration of phosphate buffer indicate that mech- 
anisms involved in both peroxidation are different. 
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Fig. 3. Effect of the concentration of potassium phosphate 
buffer (pH 7.5) on endogenous and CCl,-induced malonic 
dialdehyde (MDA) production in microsomes. Experimen- 
tal conditions are as described for Fig. 1. Each column 
represents the mean + S.E.M. (bar) of 4 experiments. 





0.1 M K-phosphate 
= (pH 7.5) 








Incubation time, min 


Fig. 4. Effect of NADPH concentration on the time-course of endogenous and CCl,-induced malonic 


dialdehyde (MDA) production 


in microsomes. Microsomes (1 mg protein/ml) suspended in 


0.15 M KCI-25 mM Tris-HCI (pH 7.5) or 0.1 M potassium phosphate buffer (pH 7.5) were incubated 

with or without CCl, (0.5 yl/ml) in the presence of a different amount of NADPH. CCl,-induced 

MDA production does not include the endogenous. NADPH-generating system contained 2.5mM 

nicotinamide, 5mM MgCl,, 10 mM isocitrate and 0.1 mg/ml of isocitrate dehydrogenase. Each point 
represents the mean + S.E.M. (bar) of 3 experiments. 
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Fig. 5. Comparison of the effects of some halogenated 

methanes on malonic dialdehyde (MDA) production in 

microsomes. Experimental details are given in the Methods 

section. 0.1 M potassium phosphate buffer was used. Endo- 

genous values are not subtracted. Each point represents 
the mean + S.E.M. (bar) of 3 to 4 experiments. 


NADPH requirement for the stimulation of lipid per- 
oxidation by CCl,. Figure 4 shows a time-course of 
endogenous and CCl,-induced MDA production in 


different media with various concentrations of 
NADPH. Consistent with the above data, endo- 
genous MDA production increased remarkably in 
0.15 M KCI-25 mM Tris—HCl buffer (pH 7.5) with in- 
creasing NADPH concentration and prolonged incu- 
bation time, whereas it remained quite low in 0.1 M 
potassium phosphate buffer (pH 7.5). The stimulation 
by CCl, was dependent on the concentration of 
NADPH: the dependency was more distinct with 
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0.1M potassium phosphate buffer. A decreased rate 
of MDA production with time may be due to con- 
sumption of NADPH as (1) MDA production in- 
creased almost linearly in the presence of NADPH- 
generating system, (2) additional NADPH restored 
the initial rate, and (3) the oxidation of NADPH, 
measured spectrophotometrically by recording the 
optical density change at 340 my, was nearly com- 
pleted at 20min with 200uM NADPH (hardly 
affected by the presence or absence of CCl,) (not 
shown). 

The stimulation by CCl, required NADPH as 
reported by other workers (7,8); neither NADH nor 
ascorbic acid could be replaced. In the following ex- 
periments, 0.1 or 0.2M potassium phosphate buffer 
(pH 7.5) was used in order to keep the endogenous 
as low as possible. 

Comparison of the stimulatory effects of some halo- 
genated methanes. CCl4, CHCl; and CBrCl,, all of 
which produce hepatic dysfunction in vivo [1, 11, 28], 
were compared for their ability to stimulate micro- 
somal lipid peroxidation in vitro (Fig. 5). The stimu- 
lation of MDA production by CCl, was obvious at 
a concentration as low as 0.01 ul CCl,/mg microsom- 
al protein, increased linearly with increasing logarith- 
mic concentrations, and reached a maximum at 1.0 yl 
CCl,/mg protein, approximately 10 times the endo- 
genous MDA production. Thus, the stimulation by 
CCl, was quite apparent as compared with that 
reported by Slater and Sawyer [8]. CBrCl,, whose 
hepatotoxic action is stronger than that of CCl, (28), 
had a more powerful stimulatory effect than CCl, 
which is in accordance with their report [8]. How- 
ever, no stimulatory effect was observed with CHCl. 
The stimulation may not be simply due to the solvent 
action, as CH,Cl, and CHC1, as well as ethanol and 
acetone (not shown) were ineffective. 

Inhibition of CCl4-induced lipid peroxidation by 
some antioxidants and radioprotectors. Compounds 
that have an antioxidative, radioprotective or chelat- 
ing action have been reported to ameliorate or pro- 
tect against the liver damage produced by 
CCl, [1, 29-31] and also to inhibit lipid peroxidation 
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Fig. 6. Comparison of the effects of various inhibitors on CCl,-induced malonic dialdehyde (MDA) 

production in microsomes. Experimental details are given in the Methods section. 0.2 M potassium 

phosphate buffer was used. Inhibitors: (A) N,N-diphenyl-p-phenylenediamine, (B) diethyldithiocarba- 

mate, (C) disulfiram, (D) EDTA, (E) glutathione, (F) dithiothreitol, (G) cysteamine, (H) penicillamine. 
Each point represents the mean of 2 experiments with the range (bar). 
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Table 1. Effect of various substances interacting with NADPH-dependent electron transport system on CCl,-induced 
malonic dialdehyde (MDA) production in microsomes* 





Inhibition of 
CCl,-induced 
MDA production 
Substances 


Inhibition of 
CCl,-induced 
Conc MDA production 


Substances (M) (% 





p-Chloromercuric 
benzoate 
Ferricyanide 


Cytochrome c 


Vitamin K; 


43- 47 
14- 16 

100 
61- 70 
88-100 
96-100 
—20-0 
96-100 


Aminopyrine 


SKF-525A 


Co 
CO + amino- 
pyrine 





* Experimental procedures are given in the Methods section. Potassium phosphate buffer (0.2 M) was used. Carbon 
monoxide was directly bubbled into the microsomal suspension for 30sec through a fine capillary. Results are given 


as the ranges of 2 to 3 experiments. 


in vitro [19, 22, 32, 33]. Some were tested to determine 
if they inhibit CCl,-induced lipid peroxidation (Fig. 
6). N,N-Diphenyl-p-phenylenediamine, a powerful 
free radical scavenger, inhibited it at extremely low 
concentrations. Diethyldithiocarbamate, a radiopro- 
tector, and interestingly its dimer disulfiram, which 
have a strong protective effect in vivo [31], were also 
strong inhibitors in vitro. The former had no effect 
on microsomal aminopyrine demethylase activity at 
the concentrations that inhibited the lipid peroxida- 
tion. Their strong iron-chelating as well as radiopro- 
tective action may contribute to the inhibition. Inhibi- 
tions by thiol compounds such as gluthathione, dith- 
iothreitol, cysteamine and penicillamine were rather 
weak. Inhibition by EDTA was apparent at low con- 
centrations but not complete even at 10~? M. 
Effects of some substances that interact with 
NADPH-dependent microsomal electron transfer chain 
on CCl,-induced lipid peroxidation. CCl, is considered 
to be converted to more toxic free radicals on the 
NADPH-dependent electron transport _sys- 
tem [7, 8,18] in which flavoprotein and cytochrome 
P-450 are involved. The exact site of activation, how- 
ever, is still not clear. Slater and Sawyer [18] carried 
out extensive work on this point by using microsoma! 
suspensions although in their experiment the stimu- 
lation of MDA production by CCl, is quite low as 
compared with the endogenous. We attempted a simi- 
lar type of experiment. Table 1 (left) shows the inhibi- 
tion at a flavoprotein step. p-Chloromercuric benzo- 
ate—a SH-inhibitor of the flavoprotein enzyme—, 
cytochrome c and ferricyanide—artificial electron 
acceptors at the flavoprotein level—, and Vitamin 
K,—a stimulator of microsomal NADPH oxidation 
by the flavoprotein [34]—were all inhibitory. 
Inhibitions at cytochrome P-450 level are also 
shown in Table 1 (right). Aminopyrine—its oxidative 
N-demethylation is coupled with this heme-protein— 
and SKF-525A—a competitive i~hibitor for the bind- 
ing of drug to heme-protein—were inhibitory at 
rather high concentrations. On the contrary, carbon 
monoxide treatment, which inhibited aminopyrine de- 
methylase activity by 91 per cent (our own data), was 
not at all inhibitory. Furthermore, the inhibition by 
aminopyrine was observed even after the treatment 
of microsomes with carbon monoxide, suggesting that 


it may not be coupled with the demethylation process 
or rather may be a non-specific inhibition of lipid 
peroxidation. 

Effects of CCl4-induced. lipid peroxidation on micro- 
somal enzyme activities and heme-protein contents. 
Some liver microsomal enzymes have been reported 
to be most susceptible to the administration of CCl, 
in rats and the enzymic changes of microsomes are 
considered to be due to a lipid peroxidative break- 
down of microsomal membranes produced by 


CCl, [1-3, 11-15]. Therefore, this point was checked 
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Fig. 7. Effect of CCl, on the enzyme activities of electron 
transport systems and heme-protein contents in liver 
microsomes. Microsomes (20 mg protein) were incubated 
with various amounts of CCl, in 10 ml of 0.2 M potassium 
phosphate buffer (pH 7.5) for 20min at 37°. One ml of 
the suspension was then assayed for malonic dialdehyde 
(MDA). No appreciable amount of MDA was formed 
under these conditions. The remainder was cooled and cen- 
trifuged at 127,000 g for 1 hr and the sediment suspended 
in 0.1M potassium phosphate buffer (pH 7.5) for the 
enzyme assays. Neither enzyme activities nor heme-pro- 
teins were detectable in the supernatant. 
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Fig. 8. Effect of CCl4-induced lipid peroxidation on the 
enzyme activities of electron transport systems and heme- 
protein contents in liver microsomes. Microsomes (20 mg 
protein) were incubated with various concentrations of 
NADPH in the presence or absence of CCl, (3 yl) in 10 ml 
of 0.2M potassium phosphate buffer (pH 7.5). After incu- 
bation for 20min at 37°, I1ml of the suspension was 
assayed for malonic dialdehyde (MDA). CCl,-induced 
MDA production (the endogenous was subtracted) was 0, 
4.3, 7.6, 11.1 and 15.5 (nmoles MDA/mg microsomal pro- 
tein) for 0, 50, 100, 200 and 400 nM NADPH, respectively. 
The remainder was cooled and centrifuged at 127,000g 
for 1 hr. The resulting sediment was suspended in 0.1 M 
potassium phosphate buffer (pH 7.5) and assayed for 
enzyme activities and heme-protein contents. Neither 
enzyme activities nor heme-proteins could be recovered in 
the supernatant. 


in the in vitro experimental system in which endo- 
genous lipid peroxidation is so low that its effect on 
microsomes may be almost neglected. Typical experi- 
mental data are presented in Figs. 7, 8 and 9. 

Figure 7 shows a direct effect of CCl, on micro- 
somal enzymes. Aminopyrine demethylase activity 
and cytochrome P-450 content decreased markedly 
as the amount of CCl, increased, whereas NADPH- 
cytochrome c reductase activity was less susceptible. 
The decrease in cytochrome P-450 content was 
accompanied by an increase in P-420. NADH-cyto- 
chrome c reductase activity also decreased consider- 
ably, however, cytochrome b, content showed no 
change when calculated from dithionite-reduced dif- 
ference spectra. NADH-ferricyanide dehydrogenase 
was fairly resistant to CCl,. 

Effects of CCl4-induced lipid peroxidation on 
microsomal enzymes were examined in the presence 
of 3 ul of CCl,/20 mg protein which has a minimum 
direct effect as shown in Fig. 7. In Fig. 8, the enzyme 
activities or heme-protein contents were plotted 
against the different levels of lipid peroxidation pro- 
duced by changing NADPH concentration. Cyto- 
chrome P-450 content together with aminopyrine de- 
methylase activity decreased specifically as a degree 


of lipid peroxidation progressed. In this case, how- 
ever, a conversion of cytochrome P-450 to P-420 did 
not occur. The other enzymes tested were rather re- 
sistant to lipid peroxidation. Similar results were 
obtained when the CCl,-independent lipid peroxida- 
tion system was used (Fig. 9). 

These in vitro data suggest that a decrease in cyto- 
chrome P-450 content and drug metabolizing activity 
in vivo may be partly due to the lipid peroxidative 
action of CCl,. 


DISCUSSION 


Microsomes, isolated from well-perfused rat livers 
and washed with a medium containing EDTA, exhi- 
bited low lipid peroxidative activities when incubated 
in a phosphate buffer in the presence of NADPH, 
while CCl, markedly stimulated the lipid peroxida- 
tion under these conditions. Compared with other in- 
vestigators’ methods in which a supernatant fraction 
was required [7-9,17] or CCl, was diffused into a 
microsomal suspension [8, 18, 19], the present method 
is simple and the stimulation by CCl, is quite appar- 
ent even at very low concentrations. 

It is interesting that in the present studies, endo- 
genous lipid peroxidation was enhanced in lower con- 
centrations (25-75 mM) of phosphate buffer and then 
became suppressed in higher concentrations (more 
than 0.1 M). Wills [32] also observed increment of 
peroxidation with phosphate ion and suggested that 
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Fig. 9. Effect of NADPH-dependent lipid peroxidation on 
the enzyme activities of electron transport systems and 
heme-protein contents in liver microsomes. Microsomes 
(20 mg protein) were incubated with various concentrations 
of NADPH in the presence of 20 uM ferric chloride and 
0.2mM pyrophosphate in 10ml of 0.15 MKCI-25mM 
Tris-HCI buffer (pH 7.5). After incubation at 37° for 
10 min, the same procedure as that described for Fig. 8 
was applied. MDA production due to NADPH was 4.4, 
9.8, 13.6 and 17.4 (nmoles MDA/mg microsomal protein) 
for 4, 10, 20 and 30 uM NADPH, respectively. 





CCl,-induced microsomal lipid peroxidation 


active compounds formed from iron compounds and 
phosphate ion might be responsible for the increased 
lipid peroxidation [21,32]. As, in our microsomal 
preparations, contamination or absorption of iron 
compounds originated from blood components and 
other cellular fractions is considered to be negligible, 
membrane-bound intrinsic iron could be activated in 
low phosphate ion concentration or even masked 
with excess phosphate ion, thus resulting in the 
enhanced or suppressed peroxidation, respectively. 
CCl,-induced peroxidation also had a optimum phos- 
phate ion concentration, which was higher than that 
of the endogenous. The difference in optimum con- 
centration and pH of phosphate buffer between endo- 
genous and CCl,-induced peroxidation may indicate 
that each peroxidation process is different. 

It is also noteworthy that an increase in endo- 
genous lipid peroxidation did not always accompany 
a parallel increase in CCl,-induced peroxidation or 
rather a ratio of CCl4-induced to endogenous peroxi- 
dation decreased as the endogenous increased when 
compared in various suspending media. A similar 
tendency has been reported in different microsomal 
preparations by Slater and Sawyer [8]. By way of 
explanation, in normal microsomes, it is considered 
that lipid peroxidation and drug hydroxylating 
process compete with each other for NADPH- 
cytochrome P-450 reductase, a flavoprotein, in the 
NADPH-dependent electron _ transport sys- 
tem [35, 36]. Therefore, an increase in the former ac- 
tivity may reduce an electron flow to the latter pro- 
cess involving cytochrome P-450. Accordingly, as will 
be discussed later, if metabolic conversion of CCl, 
to free radicals is coupled with this heme-protein and 
free radical products are essentially responsible for 
the stimulation of lipid peroxidation [1-3], then the 
reduced electron flow to cytochrome P-450 would 
consequently decrease CCl,-induced lipid peroxida- 
tion. 

The following discussions concern the activation of 
CCl, to free radicals, the site of the activation and 
the functional alterations of microsomes due to lipid 
peroxidation. 


Firstly, it is generally considered that hepatotoxic. 
action of CCl, is initiated by its free radical metab-. 


olites [1-3], although there is no direct evidence 
showing that the free radicals are detectable either 
in vivo or in vitro. Indirect evidence supporting the 
hypothesis includes (1) free radical scavengers or 
antioxidants suppress or protect against the liver 
damage in vivo [1, 29-31] as well as microsomal lipid 
peroxidation in vitro [19, 22, 32, 33], (2) the potency 
of halogenated hydrocarbons to produce hepatic 
lesion or stimulate lipid peroxidation can be corre- 
lated to their chemical susceptibility to homolytic 
cleavage [3, 28, 37], i.e., the lower the bond dissoci- 
ation energy of carbon—halogen bonds, the greater the 
toxic action, and (3) free radical products of 
CCl,—-CCl, and -Cl—are incornorated into the fatty 
acid portion of microsomal phospholipids [38-41]. 
Our results with inhibitors and some halogenated 
methanes are in favour of the view above cited. It 
is strange, however, that CHCl, did not stimulate 
lipid peroxidation though it can produce liver damage 
similar to that induced by CCl,. Hepatotoxic action 
of CHCl, might be different not only quantitatively 
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but also qualitatively from that of CCl, as suggested 
by Klaassen and Plaa [11]. 

Secondly, microsomal NADPH-dependent electron 
transport system appears to be responsible for the 
activation of CCl, to free radicals, because hepato- 
toxic action of CCi, in vivo is fairly dependent on 
the drug metabolizing enzyme activity in micro- 
somes [3,42] and the in vitro stimulation of micro- 
somal lipid peroxidation requires the presence of 
NADPH [7], not replaced by NADH [8]. We also 
confirmed the latter point. There is no definite evi- 
dence, however, which step of the election transfer 
chain is concerned with a conversion of CCl, to free 
radicals. Slater and Sawyer [8] suggested NADPH- 
cytochrome c reductase, a flavoprotein, as an acti- 
vation step, Glende and Recknagel [7, 43,44] sug- 
gested it might be after flavoprotein component and 
involve cytochrome P-450. In our experiments, inhibi- 
tion of CCl,4-induced lipid peroxidation by electron 
acceptors at the flavoprotein step such as ferricyanide, 
cytochrome c and vitamin K; may not always indi- 
cate that an activation step is after flavoprotein 
because these compounds might competitively inhibit 
the activation of CCl, at the flavoprotein step. Inhibi- 
tion by aminopyrine and SKF-525A suggests involve- 
ment of cytochrome P-450. But, if so, it is incompre- 
hensive that carbon monoxide is not at all inhibitory 
despite its strong inhibition of aminopyrine demethy- 
lation, Further studies with a reconstituted electron 
transport system are being conducted by our team 
to clarify the activation step. 

The third point concerns the functional alterations 
of endoplasmic reticulum caused by administration 
of CCl,. CCl4, in an early stage of the liver damage, 
produces a marked increase in the level of conjugated 
dienes in microsomal lipids resulting from their per- 
oxidative breakdown [9-11] on the one hand, and a 
decrease in microsomal enzyme activities such as glu- 
cose-6-phosphate and drug metabolizing enzyme 
together with a loss of cytochrome P-450 [11-15], on 
the other. There has been no definite evidence, how- 
ever, indicating that the former event is directly con- 
cerned with the latter in the toxigenicity of CCl,. 

Activities of membrane-bound microsomal enzymes 
are highly dependent on lipids [45], and microsomal 
lipid peroxidation in the in vitro system by NADPH 
or ascorbic acid in combination with an activator, 
results in a coincidental loss of these enzymes [5, 6]. 
These facts are, though indirectly, in favour of the 
above view. 

We attumpted more direct experiments concerning 
the enzymes of microsomal electron transport sys- 
tems, and confirmed that due to its lipid peroxidative 
action, a small amount of CCl, which would produce 
a minimal direct effect, could result in a decrease in 
drug metabolizing enzyme activity in parallel with the 
loss of cytochrome P-450 content. These findings 
strongly suggest that the depression of drug metabo- 
lizing enzyme activity py CCl, administration may 
be due to a loss of cytochrome P-450 caused by the 
lipid peroxidative damage of endoplasmic reticulum 
membranes. 

On the other hand, a direct effect of CCl, on these 
enzymes, which was observed in vitro with increasing 
CCl, concentrations, may be minimal in vivo in con- 
sideration of the in vivo data on the concentration 
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of CCl, in liver following CCl, administration [46]. 
Another possiblility that this heme-protein is 
attacked by free radical products of CCl, should also 
be considered [47,48]. On this point, however, 
Glende et al. [49] have recently reported that the loss 
of cytochrome P-450, aminopyrine demethylase as 
well as glucose-6-phosphatase is not caused by direct 
attack on these enzymes by free radical products of 
CCl,, but is mediated by lipid peroxidation. 

In view of the finding that among the components 
of microsomal electron transport systems cytochrome 
P-450 is particularly sensitive to CCl,-induced lipid 
peroxidation and the possibility that this heme-pro- 
tein may be concerned with the activation of CCl, 
to more toxic free radicals [3, 7,43, 44], cytochrome 
P-450 appears to play an important role in ‘mem- 
brane suicide’ due to CCl,. 

Finally, although it is difficult to apply the results 
obtained from in vitro experiments to the explanation 
of a sequence of events in vivo, our experimental sys- 
tem may be useful for the elucidation of the mechan- 
isms involved in the CCl,-linked lipid peroxidation. 
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Abstract—The isolation and characterization of a plasma membrane preparation from rat heart is 
described. Enzymatic, chemical, and electron microscopic analysis revealed a relative lack of contami- 
nation with nuclear, mitochondrial, ribosomal, and sarcoplasmic reticulum membrane. One calcium 
binding site (Kz = 265 uM, B,,,, = 65 nmoles/mg protein) was detected by equilibrium dialysis. Mono- 
valent metal ions exhibited 10—100-fold less inhibition potency than divalent metal ions when analyzed 
by competitive inhibition of calcium binding. The range of K; values found for divalent metal ions 
was similar to the K, value for calcium. La** produced a potent non-competitive inhibition. A large 
variety of structural analogues of d,/-propranolol, many of which have been shown to lack f-adrenergic 
blocking activity, were competitive inhibitors of the calcium binding activity, with K; values ranging 
from 40-900 uM. Electrophilic, hydrophobic, and diamino substituents greatly increased the inhibitory 
activity. There was no significant difference between related tertiary and quaternary amines. The experi- 
mental antiarrhythmic agent UM 272 had the least ability to inhibit calcium binding to the cardiac 
plasma membrane preparation (K; = 795 uM). However, UM 424, another experimental antiarrhythmic 
agent, had an inhibitory activity similar to dl-propranolol (K; = 1154M and 108 4M, respectively). 


There has been a considerable amount of speculation 
about the identity and location of the intracellular 
membrane storage sites which serve to release large 
amounts of calcium into the cytoplasm immediately 
after the depolarization of the cardiac plasma mem- 
brane (sarcolemma). G. A. Langer [1,2] has postu- 
lated that subsarcolemma stores of calcium serve as 
the rapid release sites which contribute to the pool 
of “contractile dependent” calcium. This intermediate 
region of calcium binding sites, which may include 
the external lamina and T tubule membrane systems, 
would be in rapid equilibrium with the pool of extra- 
cellular calcium. Calcium release could be triggered 
by the increased influx of extracellular sodium or cal- 
cium ions which occurs during and immediately after 
the membrane depolarization event. Calcium would 
be transferred into the cytoplasm, to activate myofi- 
bril contraction, by a proposed electroneutral calcium 
exchange process. 

The proposed role of the cardiac plasma membrane 
as an ion exchange region of the cell has received 
additional attention in pharmacological research 
designed to determine the mechanism of action of 
membrane active drugs, including local anesthetics, 
B-adrenergic antagonists and antiarrhythmic agents 
[3]. Local anesthetic agents interfere with membrane 
depolarization by displacement of calcium from 
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anionic binding sites on the cell membrane [4]. 
B-Adrenergic antagonists, such as dl-propranolol, 
have been found to significantly decrease calcium ac- 
cumulation into sarcoplasmic reticulum [5]. The abi- 
lity of antiarrhythmic agents to prolong the atrioven- 
tricular electrical conduction time and prolong the 
effective refractory period may be related to decreases 
in sodium and potassium conductance across the 
plasma membrane [6-8]. The effects of these com- 
pounds on calcium conductance are unknown. 
Madeira et al. [9] have previously demonstrated the 
ability of selected local anesthetic agents to competi- 
tively inhibit calcium binding to rabbit skeletal 
muscle plasma membrane. However, a critical evalu- 
ation and comparison of the ability of the various 
types of membrane-active organic amines, to inhibit 
calcium binding to purified preparations of cardiac 
plasma membrane, has not been previously presented. 
Furthermore, the recent development of a new cate- 
gory of antiarrhythmic agents by Lucchesi and co- 
workers [6-8], which do not exhibit local anesthetic 
or f-adrenergic antagonist activity, provide a unique 
opportunity to determine if the action of these com- 
pounds includes a direct effect on calcium ion meta- 
bolism in cardiac plasma membrane. 

This communication will describe the isolation of 
a preparation of rat heart plasma membrane, using 
relatively mild, low ionic strength buffer conditions. 
A comparison of the ability of a wide variety of struc- 
tural analogues of di-propranolol to inhibit the cal- 
cium binding activity of the plasma membrane prep- 
aration will be presented. 
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MATERIALS AND METHODS 


Female rats (180-250 g) were obtained from Holtz- 
man Co., Madison, WI. [*°Ca]calcium chloride was 
purchased from New England Nuclear Corp. (400 Ci/ 
mole). The experimental antiarrhythmic and anesthe- 
tic drugs were synthesized in the laboratory of Dr. 
R. E. Counsell, Department of Medicinal Chemistry, 
University of Michigan. Each compound was pre- 
pared as the iodide or chloride salt, in a racemic mix- 
ture of the dl isomers. The chemical structures were 
verified by nuclear magnetic resonance and infrared 
analysis (R. E. Counsell, personal communication). 
Quinidine HCl, procaine HCl, tetracaine HCl, dl-pro- 
pranolol, ouabain, and carbamylcholine were pur- 
chased from Sigma Chemical Co. Dibucaine HCI] was 
obtained from K & K Laboratories, Plainview, NY. 
Lanthanum chloride was obtained from Apache 
Chemicals, Rockford, IL. All other biochemicals were 
purchased from Sigma Chemical Co. 

Isolation of plasma membranes. The method for iso- 
lation of rat heart plasma membranes were based on 
procedures described by Carvalho et al. [10], Rosen- 
thal et al. [11] and Zacks et al. [12,13]. Freshly 
excised rat (female) hearts were rinsed and minced 
in homogenization buffer containing 50mM CaCl), 
10 mM histidine-Tris-HCI at pH 7.6. The tissue was 
homogenized for 45sec in a Brinkmann Polytron 
(PCV-2) set at speed 4.5. The homogenate was filtered 
through a stainless steel screen (406 micron mesh), 
and the filtrate was allowed to stand for lhr 
at 4°. The mixture was centrifuged for 1 min at 272g. 
The pellet was resuspended in 10 mM histidine-Tris— 
HC! pH 7.6 with a motor driven teflon homogenizer 
and centrifuged as before. This process was repeated 
until the supernatant solution was colorless and free 
from protein. The membranes were resuspended in 
ice cold deionized water that was neutralized to pH 
7.8 with a few grains of Tris. After 30min at 4° the 
membranes were collected by centrifugation for 5 min 
at 272 g. The water treatment was repeated once. In 
some cases, the preparation was exposed to 10mM 
histidine-Tris-HCl pH 7.6 containing 1.2M KCl for 
10 min at 4°. The membranes were collected by centri- 
fugation at 10,000g for 30min and resuspended in 
10 mM histidine-Tris-HCI pH 7.6 containing 0.25 M 
sucrose. The membrane suspension was layered on 
top of a discontinuous sucrose gradient containing 
equal volumes of 0.3 M/1.32 M/1.75 M sucrose. After 
centrifugation for 2hr at 76,400g (Beckman SW 41 
rotor), the plasma membrane fraction was collected 
at the 1.32 M/1.75M interface. The membranes were 
washed once and resuspended in 10mM histidine- 
Tris-HCI pH 7.6 containing 0.25M sucrose. Indivi- 
dual ('5-1.0ml aliquots (5-10 mg protein/ml) were 
stored at —40° for periods up to 2 months. 

General methods. Protein concentration was deter- 
mined by the method of Lowry et al. [14] with bovine 
serum albumin as the reference standard. DNA was 
determined by the method of Richards [15] with sal- 
mon sperm DNA as the reference standard. Choles- 
terol was determined by the method of Kirkpatrick 
et al. [16]. Total membrane lipids were extracted 
according to the method of Folch et al. [17]. Lipid 
phosphorous was determined as described previously 
[18]. Succinate Dehydrogenase activity was measured 


_chamber 


according to Slater and Planterose [19]. 5’-AMP 
Nucleotidase activity was measured by the method 
of Heppel and Hilmore [20]. Mg-ATPase activity was 
measured in the presence of 5.0mM MgCl,, 5.0mM 
ATP, 0.1mM EGTA, 0.05% sodium azide, and 
25 mM Tris—maleate buffer pH 6.7. After incubation 
at 37°, the inorganic phosphate released was deter- 
mined by the method of Sanui [21]. The calcium 
stimulated Mg-ATPase was determined by adding 
0.1 mM CaCl, to the Mg-ATPase incubation mixture. 
Ca-ATPase activity was measured in the presence of 
5.0mM CaCl,, 50mM ATP, 0.05% sodium azide, 
and 25mM Tris—maleate buffer pH 6.7. 

Calcium binding and calcium uptake analysis by 
Millipore filtration. Calcium binding was measured by 
incubating plasma membranes for 5 min at 37° in the 
presence of 0.1 mM *°CaCl, (sp. act. = 10,000-15,000 


_cpm/nmole), 5mM ATP, 5mM MgCl,, 0.05% sodium 


azide, and 25mM Tris—maleate buffer pH 6.5. After 
the incubation, a 200 yl aliquot was withdrawn and 
applied to a 25mm diameter Millipore filter (Type 
GS, 0.22 um pore size). The filter was washed with 
5.0 ml ice-cold 25mM Tris—maleate buffer (pH 6.7). 
The amount of *°Ca retained by the membrane 
sample was measured by liquid scintillation in 10 ml 
Aquasol (New England Nuclear). The amount of *°Ca 
retained by filters without added membrane sample 
was equivalent to the instrumental background 
counting rate. Calcium uptake was measured by 
adding 5mM potassium oxalate to the calcium 
binding incubation mixture. 

Calcium binding analysis by equilibrium dialysis. 
Calcium binding to plasma membranes in the absence 
of MgATP~? was measured by equilibrium dialysis, 
using an 8 chamber dialysis block (Bel-Art Model 
375), with 0.5 ml volume per half chamber. One side 
of each chamber was filled with 0.3m! of 50mM 
Tris-HCl pH 7.0 containing 0.2-0.4mg of plasma 
membrane protein. The opposite side of each dialysis 
contained 0.3ml *°CaCl, (sp. act. = 
10,000—-15,000 cpm/nmole) dissolved in deionized 
H,O at a concentration of 16.4416uM. In 


experiments designed to measure the ability of an 


inhibitor to prevent calcium binding, the agent was 
added to the CaCl, side of the dialysis chamber at 
a final concentration of 0.1-1.0mM. In all cases, the 
final volume of each dialysis chamber was 0.6 ml. The 
two halves of the dialysis block were separated by 
a single sheet of cellulose dialysis membrane 
(5 x 5cm; Bel Art No. 299), previously soaked 
overnight in deionized water. Dialysis was performed 
by vertical rotation for 24 hr at 4° at a constant speed 
of 10 RPM (Scientific Industries Rotator, Model 150). 
Duplicate aliquots of 100 yl were removed from each 
half chamber with a 100 ul Eppendorf pipet and the 
amount of radioactivity was measured by liquid 
scintillation. Control experiments revealed that 
calcium equilibrium was established after 20 hr at 4°. 
Equivalent binding results could be obtained if *°Ca 
was initially added to either half of a dialysis 
chamber. The average variance from true equilibrium 
was 4.8 per cent. In order to minimize the effect of 
this variability, the total concentration of protein and 
calcium were arranged so that the amount of calcium 
bound was > 25 per cent of she total calcium 
concentration. 





Calcium binding to rat heart plasma membrane 


Calcium binding constants were determined 
according to Klotz et al. [22]. In this method the 
inverse amount of calcium bound to | mg of plasma 
membrane protein was plotted versus the inverse 
concentration of unbound calcium in the equilibrated 
sample. Normally, 4-6 individual data points were 
used to construct a single plotted line. Each 
experimental plot of data points was considered 
acceptable if the linear correlation coefficient was 
greater than 0.95, as calculated by the least squares 
method of linear analysis. 

Calcium binding inhibition analysis was performed 
according to the slope-intercept method described by 
Dixon and Webb [23]. A competitive type of 
inhibition of calcium binding produces an apparent 
increase in the calcium dissociation constant. The 
inhibition constant (K;, competitive) can be calculated 
from the interception point of the plotted lines on 
the calcium concentration axis, according to the 
equation K; = [i]/[(K,,, + K,) — 1]. In this case, the 
point of interception of the two lines (with and 
without added inhibitor) on the 1/B axis must be 
identical. For the experiments described in this 
communication, the maximum acceptable deviation 
from a true interception of the least squares linear 
plots was + 10 per cent. A noncompetitive type of 
inhibition produces an apparent decrease in the 
maximum amount of calcium bound. The inhibition 
constant (K;, noncompetitive) can be calculated from 
the interception point of the plotted lines on the 1/B 
_axis, according to the equation K;, = [i]/((Bmax + 
B,») — 1]. In this case, the maximum acceptable 
deviation from a true interception of the least squares 
linear plots on the calcium axis, was +10 per cent. 


Electron microscopy. Electron microscopy was 
performed by Dr. Sun-Kee Kim at the Veterans 
Administration Hospital, Ann Arbor, Michigan. 

Plasma membrane was pelleted by centrifugation 
at 10,000g for 30min and fixed in 0.1M sodium 


phosphate buffer (pH 7.4) containing 1% 
paraformaldehyde and 1.4% glutaraldehyde. After 
several rinses with phosphate buffer and overnight 
storage in buffer containing 0.2 M sucrose, the pellets 
were post-fixed in phosphate buffer containing 1% 
Osmium tetroxide for 1 hr and then stained with 0.5% 
uranyl acetate according to Karnovsky [24]. The 
stained pellets were dehydrated and embedded in 
Epon as described by Luft [25]. Sections of 700A 
thickness were cut on a Porter-Blum (MT IIB) 
microtome and stained with uranyl acetate according 
to Venable and Coggeshall [26]. The sections were 
examined in a Hitachi IIC electron microscope 
operated at 75 KV. 


RESULTS 
Properties of plasma membrane preparations 


Chemical and enzyme analysis. Approximately 20 
per cent of the initial amount of protein in the 
homogenate was recovered in the plasma membrane 
preparation. Approximately 37 per cent of the initial 
amount of cholesterol was recovered with a 
cholesterol/phospholipid ratio of 0.33, compared to 
a ratio of 0.25 in the homogenate. Less than 10 per 
cent of the initial activity of succinate dehydrogenase 
was recovered in the membrane preparation. 
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MINUTES 
Fig. 1. Analysis of calcium binding and calcium transport 
in purified rat heart plasma membrane by Millipore filtra- 
tion. Calcium binding and calcium transport activities were 
measured as described in Methods. Each incubation mix- 
ture contained 0.1mM *°CaCl, (sp. act. = 10,000-15,000 
cpm/nmole), 0.64 mg plasma membrane protein per ml of 
assay mixture, 25 mM Tris—maleate buffer pH 6.7, 0.05% 
sodium azide, and the following specific additions: 
Mg-ATP, 5mM and oxalate, 5mM —@®—@—-: oxalate, 
5mM —a—@—; Mg-ATP, 5mM —O—O—-; no addi- 

tion, —A—A—. 


However, 30 per cent of the initial 5S’-AMP 
nucleotidase activity was recovered in the final 
preparation. 

Calcium binding and transport activities of the 
plasma membrane preparation were not stimulated 
by MgATP~? (Fig. 1). Furthermore, MgATP~? 
caused a slight inhibition of calcium binding. 
Measurements of calcium transport in cardiac 
sarcoplasmic reticulum are typically performed only 
in the presence of MgATP~? [27, 28], as the rate of 
transport in the presence of oxalate, without 
MgATP~? is minimal. This result has also been 
verified in our laboratory. Using a preparation of 
sarcoplasmic reticulum from dog heart [28], 
MgATP~? produced a 7-fold stimulation of calcium 
binding (oxalate absent) and a 500-fold stimulation 
of calcium transport (oxalate present). These 
MgATP ~? stimulated activities are well documented 
indicators of sarcoplasmic reticulum function [27, 28]. 

Measurements of the various plasma membrane 
ATPase activities are presented in Fig. 2. The 
addition of low concentrations of calcium produced 
a maximum 1.5-fold increase of the Mg-ATPase 
activity, an effect similar to that observed in 
preparations of sarcoplasmic reticulum [27]. This 
calcium stimulated, Mg-ATPase is thought to be 
specifically located in sarcoplasmic reticulum [29] 
and the enzyme activity reported by Sulakhe et al. 
[27] is 20 times greater than that observed with the 
plasma membrane preparation. The Ca-ATPase 
activity was 8 times more active than the Mg-ATPase 
activity; whereas, in sarcoplasmic reticulum 
membrane, the Ca-ATPase was less active than the 
Mg-ATPase [27]. The Ca-ATPase activity in plasma 
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Fig. 2. Analysis of ATPase activities in rat heart plasma 
membranes. The ATPase activities were measured as de- 
scribed in Methods. Each incubation mixture contained 
0.13 mg/ml plasma membrane protein, 25mM_ Tris- 
maleate buffer pH 6.7, 0.05% sodium azide, 100 uM ethyl- 
eneglycol-bis-(B-aminoethyl ether) N,N’-tetraacetic acid 
(EGTA), and the following additions: 0-300 4M CaCl), 
1mM MgCl,, and 1mM ATP (Calcium activated Mg- 
ATPase) —™i—@—; 0-5 mM MgCl, and 5mM ATP (Mg- 
ATPase) —@—@—. 0-5 mM CaCl, and 5mM ATP (Ca- 
ATPase) —O—O—. The concentration of calcium not 
complexed with EGTA ([Ca**]free) was calculated 
according to Owen [41]. 


membrane is thought to be involved in promoting 
calcium transport across the cell membrane [30, 31]. 

The results obtained from measurements of ATPase 
activities and calcium binding and uptake activities 
indicate that the plasma membrane preparation is 
relatively uncontaminated by sarcoplasmic reticulum 
membrane. 

Electron microscopy. A careful analysis of a large 
series of individual photographs from an electron 
microscopic examination of the preparation indicated 
a relative absence of nuclei, mitochondria and rough 
endoplasmic reticulum. The presence of sarcoplasmic 
reticulum vesicles cannot be distinguished from 
plasma membrane vesicles by this technique. A 
significant amount of adsorbed contractile myofibrils 
was observed at lower magnification. A large number 
of cell junctions, or intercalated disks, were also 
observed in the preparation. Hui et al. [30] have 
recently described a procedure for isolating plasma 
membranes from guinea pig heart which includes 
extraction with KCl. This treatment caused the 
disruption and removal of the adsorbed contractile 
proteins. When our plasma membrane preparation 
was extracted with 1.25M KCl as described by Hui 
et al. [30], a significant amount of the adsorbed 
myofibrils were removed, as determined by electron 
microscopy. Zacks et-al. [12] and Vandenburg et al. 
[13] have recommended against extraction with 
highly concentrated salt solutions, in order to avoid 
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Fig. 3. Klotz plot analysis of calcium binding to rat heart 

plasma membranes measured by equilibrium dialysis. Cal- 

cium binding activity was measured by equilibrium dialy- 

sis, as described in Methods. The final plasma membrane 

protein concentration was 1.91 mg/ml on the sample side 
of the dialysis membrane. 


removing the external lamina layer and loosely bound 
extrinsic proteins. In fact, Hui et al. [30] reported 
significant losses of Na*K*-ATPase activity (78 per 
cent), 5-Nucleotidase activity (76 per cent), and 
Adenylate Cyclase activity (45 per cent) after 
extraction with 1.2M KCl. For these reasons, we 
chose to omit the extraction process from our 
isolation procedure. 


Measurement of calcium binding 


Equilibrium dialysis was used to determine the 
extent of calcium binding to the plasma membrane 
preparation. In the calcium concentration range 
normally employed in these studies (16-416 uM), only 
one type of calcium binding site could be detected 
(Fig. 3). From a series of 4 independent membrane 
preparations, the average calcium dissociation 
constant (K,) was 265+61uM, and the average 
maximum calcium binding capacity (B,,,,) was 
65 + 1.4nmoles/mg protein. As plotted according to 
Klotz et al. [22], this result indicates that this class 
of calcium binding sites would be one-half saturated 
at a free calcium concentration of 0.26mM. 
Therefore, this class of binding sites would be greater 
than 80 per cent saturated when exposed to 1.0mM 
Ca*?, the concentration normally found in 
extracellular fluids [32]. 

An analysis of calcium binding to a plasma 
membrane preparation treated with 1.25M KCl, 
according to Hui et al. [30] indicated that the binding 
capacity for calcium was 2.4 times greater than the 
binding capacity of plasma membrane prepared in the 
absence of KCl. However, the K, values were similar 
in both preparations. Thus, the KCl treatment 
apparently removes protein material which does not 
significantly contribute to the calcium binding of the 
plasma membrane. 


Inhibition of calcium binding by other metal ions 


All of the divalent metal ions produced a 
competitive inhibition within a concentration range 
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Table |. Inhibition of calcium binding to rat approximately equivalent to the dissociation constant 

heart plasma membranes* of calcium (Table 1). Monovalent metal ions were 
considerably less active competitive inhibitors of 
Metal K{mM) calcium binding. Whereas Ke. Li*, and Rb* 
NaCl 33.5 possessed approximately the same inhibitory activity, 
KCl 7.56 Na* was significantly less potent (K; = 33.5). The 
LiCl 2.19 trivalent metal ion, La**, caused a _ potent 
RbCl 5.08 noncompetitive inhibition of calcium binding. Langer 
MgCl, 0.38 [2] found that La*? is an impermeable ion, yet it 
ZnCl, 0.12 can specifically uncouple the cardiac membrane 
SrCl, 0.31 action potential from muscle contraction by 
BaCl, 0.26 displacing Ca*? from cell surface binding sites. Thus, 
CoC, 0.23 the noncompetitive inhibition of Ca*? binding 
ing os observed in our studies may reflect a unique 

“ : membrane interaction of this trivalent cation. 











* Calcium binding activity was measured 
as described in Methods. All inhibitors were 
competitive except LaCl,, which was non- 
competitive. The dissociation constant (K,4) The results of experiments designed to measure the 
for CaCl, was 0.26 + 0.06 mM (4 determina- ability of a series of structural analogues of 
tions). DL-propranolol to inhibit the calcium binding activity 


Inhibition of calcium binding by _ potential 
antiarrhythmic and anesthetic agents 


Table 2. Inhibition of calcium binding to rat heart plasma membrane by antiarrhyth- 
mic and anesthetic agents* 





Series I Series I Series II 


oY ie Ri. 


ee | I OH 
. — 


K; (uM) 








Series I 

Propanolol NH CH(CH;), 

UM 272 *N(CH;),CH(CH;), 
UM 282 *N(CH;),CH,(C,H;) 
Series II 

UM 424 ortho (C.H;) 

UM 425 meta (C,H;) 

UM 426 para (C,H;) 

UM 468 X = ortho CH, 

UM 473 X = ortho C(CH;), 

UM 357 X = (H) 

UM 301 X = ortho (I) 

UM 290 X = meta (I) 

UM 308 X — para (I) 

Series III 

UM 312 Y = NH, 

UM 284 Y = NH CH(CH;), 

UM 329 Y = N CH;(CH(CH;),) 


neg oo” AAoO 


= 
fo) 


AA 


UM 436 Y=N 


Commercial Anesthetics + Metabolites 
Dibucaine 

Procaine 

Quinidine 

Ouabain 

Choline 

Carbamylcholine 








* Calcium binding activity was measured as described in Methods. Inhibition was 
competitive (C) or non-competitive (N-C) 
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of the plasma membrane preparation are presented 
in Table 2. The results are organized in an attempt 
to facilitate comparisons of the effects of a related 
group of drug structures, differing by substitutions at 
a single position. The quaternary nitrogen derivative 
of propranolol, UM 272, is much less inhibitory than 
propranolol. However, UM 282, which differs from 
UM 272 by a phenyl group substitution, is more 
inhibitory than propranolol. The results of studies 
with compounds listed in Series II, demonstrate that 
a potent competitive inhibition of calcium binding 
can be achieved with a quaternary amine when the 
phenoxy! group is substituted with a phenyl group 
or iodine. Relatively less inhibition was produced by 
the methyl! or hydrogen substituted analogues. The 
results of compounds listed in series III demonstrate 
that a tertiary substituted nitrogen atom (UM 329) 
is equivalent to a quaternary substituted nitrogen 
atom (UM 301) when calcium inhibition activities are 
compared. A nitrogen atom with a lower degree of 
substitution will produce less inhibition. 

The local anesthetic dibucaine and _ the 
antiarrhythmic agent quinidine behaved similar to the 
majority of the experimental drug structures. 
Carbamylcholine, an analog of acetylcholine, 
exhibited almost 10 times more inhibitory activity 
than choline. Ouabain, a cardiac glycoside inhibitor 
of the Na*K* ATPase, was relatively ineffective. 


DISCUSSION 


Equilibrium dialysis was used to determine the 
parameters of calcium binding to the rat heart plasma 


membrane preparation. Only one calcium binding site 
was detected (K, = 265uM, B,,,, = 65 nmoles/mg 
protein). A survey of the scientific literature reveals 
a broad diversity of calcium binding activities among 
plasma membrane preparations from a wide variety 
of animal tissues. The presence of only one calcium 
binding site was detected by Madeira and Carvalho 


[8] with rabbit skeletal muscle (K, = 40 uM, 
Buax = 40 nmoles/mg) and by Schlatz and Marinetti 
[33] with rat liver (K, = 200 uM). The presence of 
two calcium binding sites was detected by Madeira 
and Antunes-Madeira [34] with sheep brain 
(K, = 0.87 uM, 744M), by Shami et al. [35] with 
guinea pig placenta (K, = 31 uM, 1.1mM), and by 
Hemminki [36] with rat brain (Ky, = 360 uM, 
27mM). It must be assumed that the measurement 
of these unique calcium binding activities is 
dependent upon the particular method of plasma 
membrane isolation and the range of calcium ion 
concentration that is selected. 

A simple comparison of calcium binding affinities 
and binding capacities does not provide a sufficient 
basis for an assessment of the expected biological 
properties of plasma membrane preparations. 
Therefore, an extensive series of inhibition 
measurements, using metal ions and experimental 
membrane active agents, were performed to more 
fully characterize the calcium binding properties of 
the rat heart plasma membrane preparation. A wide 
variety of monovalent metal ions exhibited 
10-100-fold less inhibition potency than divalent 
metal ions as determined by a comparison of 
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competitive inhibition K,; values. Furthermore, the 
range of K; values found for the divalent metal ions 
was very similar to the calcium K, value. These 
results suggest the absence of a large number of 
specific metal ion binding sites which can select a 
divalent cation by its characteristic ionic radius and 
electron charge density. Instead, the plasma 
membrane apparently contains a large region of 
anionic sites which can discriminate the net ionic 
charge of a cation, in this case exhibiting a greater 
preference for divalent cations than for sodium or 
potassium ions. This property may be important in 
the cardiac plasma membrane since this membrane 
is directly involved in regulating the flux of metal 
ions in the cardiac conduction-contraction cycle 
[1, 2]. 

Seeman [3] and Papahadjopoulos [37] have 
recently presented extensive reviews of scientific 
literature which support the concept that plasma 
membrane phospholipids serve as the site of metal 
ion and local anesthetic agent binding. Furthermore, 
the displacement of metal ions bound to acidic 
phospholipids is believed to be the primary 
mechanism of anesthetic action. The studies described 
in this communication demonstrate that a variety of 
structural analogues of DL-propranolol can displace 
calcium from binding sites on rat cardiac plasma 
membranes. The inhibitory potencies of the 
compounds tested were estimated by determining 
inhibition constants (K;). Specifically, a 50 per cent 
inhibition would be expected to occur if these agents 
were present at a concentration equal to twice the 
competitive K,; value when the calcium concentration 
is equal to the dissociation constant (Ky). 
Electrophilic and (or) hydrophobic substituents on 
the phenoxy ring system or on the isopropylamine 
group generally increased the inhibitory activity of 
the compound. Diamino substituted agents were 
more potent inhibitors than related monoamino 
structures. This may explain the ability of 
carbamylcholine to displace calcium at one-tenth the 
concentration required for choline. Tertiary amines 
(UM 329) were slightly more potent inhibitors of 
calcium binding than the related primary and 
secondary amines (UM 312, UM 284). However, there 
was no significant difference between the effects of 
related tertiary and quaternary amines (UM 329, UM 
301). Sheetz and Singer [38] have speculated that 
quaternary amines cannot readily permeate through 
a cell mambrane to reach the cytoplasmic side. Thus, 
the quaternary amine agents, and possibly the other 
less substituted isomers, may be acting to 
competitively inhibit the binding of calcium to 
external sites on the plasma membrane. The potent 
inhibition of calcium binding caused by UM 282 may 
be due to its unique amphipathic structure. This agent 
possesses two aromatic groups separated by a 
quaternary substituted nitrogen atom. Sheetz and 
Singer [38] have proposed that the hydrophobic end 
of a local anesthetic agent penetrates into the 
nonpolar lipid bilayer region of the membrane. Thus, 
UM 282 would possess two hydrophobic groups for 
an enhanced interaction with the lipid bilayer of the 
membrane. This association would permit the 
cationic amino group to interact with anionic sites 
at hydrophilic regions of the membrane. This 
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compound provides an interesting prototype for the 
design of future membrane active agents. 

The concentrations required to produce a 
significant inhibition of calcium binding to the plasma 
membrane preparation fall within the approximate 
range of 100-400 uM. These concentrations may be 
higher than would be required to achieve inhibition 
in vivo especially since the local concentration of a 
drug at membrane binding sites may be much higher 
than that in free circulation [8, 39,40]. In fact, 
Kniffen et al. [8] have observed that there is a poor 
correlation between the plasma concentration and the 
therapeutic effectiveness of quaternary ammonium 
antiarrhythmic agents, because myocardial tissue 
appears to concentrate these compounds. Thus, while 
the concentrations required to achieve inhibition of 
calcium binding as determined in these studies may 
serve as a relative indication of the inhibition potency, 
the results do not indicate the therapeutic dose which 
would be required to elicit this effect in vivo. 

We have shown that DL-propranolol, UM 272, and 
UM 424 have widely differing abilities to 
competitively inhibit the calcium binding activity of 
the plasma membrane preparation. B. R. Lucchesi 
and coworkers have presented a_ series of 
communications [6-8] which describe the 
antiarrhythmic properties of these compounds. When 
DL-propranolol, UM 272, and UM 424 were used to 
reverse ouabain-induced arrhythmia in live dogs, an 
average dose of 6.1, 3.0, and 4.6mg drug/kg body 
weight (respectively) was required to restore and 
maintain a normal sinus rhythm for a period of at 
least 30min. In comparison, the corresponding K; 
values for inhibition of calcium binding, as 
determined in the present study, are 108, 795, and 
115 4M. Thus, the most potent antiarrhythmic agent 
(UM 272) has the least ability to inhibit calcium 
binding to cardiac plasma membrane. This low 
activity for competitive inhibition may be another 
desirable characteristic of this agent, in addition to 
the previously described [7] lack of anesthetic and 
B-adrenergic blocking activities. The relative inability 
of an antiarrhythmic agent to inhibit calcium binding 
would avoid the undesirable side-effects (depression 
of myocardial contractility) encountered with some 
antiarrhythmic agents [39]. 
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Abstract—Orotate phosphoribosyltransferase and orotidine-5’-phosphate decarboxylase, the last two 
enzymes in the pathway for de novo pyrimidine biosynthesis, exist as a multi-enzyme complex in 
mammalian cells. Because the two enzymes are not separable, assays for the phosphoribosyltransferase 
are normally dependent on the decarboxylase, and this has in the past produced misinterpretations 
in evaluating the effects of inhibitors of either enzyme activity. We have developed a procedure for 
calculating each enzyme activity independently of the other activity in the complex. Instead of 2 separate 
assays, one reaction vessel is used, (starting with orotate and phosphoribosyl pyrophosphate). The 
two products (i.e. orotidylate (OMP), the product of the transferase, and UMP, the product of the 
decarboxylase) are recovered separately, and the amounts recovered were used to calculate both enzyme 
activities. Purine or pyrimidine bases did not inhibit the decarboxylase activity, but the transferase 
activity is inhibited by uracil and uracil analogs, barbiturate, and most effectively by 5-F orotate. 
Both purine and pyrimidine nucleotides inhibit the decarboxylase activity, although di- and tri-phos- 
phonucleosides were much less effective than monophosphonucleosides. XMP, UMP, and AMP were 
the most effective natural inhibitors of the decarboxylase, but the most potent inhibitors were 
6-AzaUMP and 1-ribosylallopurinol-5’-phosphate. High concentrations of nucleotides inhibit both 


enzyme activities. 


The two enzyme activities of Complex U, orotate 
phosphoribosyltransferase (EC 2.4.2.10) and oroti- 
dine-S’-phosphate decarboxylase (EC 4.1.1.23), cata- 
lyze the last two steps, reaction (1) and (2) respect- 
ively, of the de novo pyrimidine biosynthesis pathway: 


OPRTase,Mg?* 
, A 


OMP + PP, 
(1) 
omP -2°*5 UMP + CO, (2) 


The inhibition of the enzyme activities of Complex 
U is of interest because purine or pyrimidine base 
analogs used in the chemotherapy of cancer are con- 
verted by the transferase of this complex to a nucleo- 
tide that inhibits the decarboxylase of Complex 
U [1-3], and similar compounds used in the treat- 
ment of gout are converted to nucleotides that are 
potent inhibitors of the decarboxylase [4, 5]. 
Although these two activities are found in separable 
enzymes in yeast [6], there is now considerable sup- 
port for the hypothesis advanced by Jones[7] that 


orotate + P-Rib-PPt 
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the transferase and the decarboxylase exist as a 
complex in mammalian cells [1, 8-14]. The fact that 
the two enzyme activities are inseparable can compli- 
cate the kinetic investigations of these two enzymes, 
and especially those concerned with orotate phos- 
phoribosyltransferase. This is because OMP does not 
normally accumulate, due to the efficiency of the 
decarboxylase in converting OMP to UMP plus CO,, 
and the fact that the decarboxylation is essentially 
irreversible (see reaction (2) above). However, if the 
decarboxylase is fully inhibited, the transferase reac- 
tion may appear to be inhibited since it is a reversible 
reaction whose equilibrium lies toward the substrates 
orotate and P-Rib-PPt [16]. 

In this paper we report a procedure for measuring 
both enzyme activities simultaneously, which we used 
to examine the specific site of action for inhibitors 
of these two enzyme activities that were found among 
purine and pyrimidine bases and their nucleotides, 
as well as some purine and pyrimidine analogs. 


MATERIALS AND METHODS 


Materials. Tetrasodium P-Rib-PP, dithiothreitol, 
and Tris were obtained from Sigma Chemical Co., 
St. Louis, MO. Carboxyl-labeled [7-'*C]orotate and 
[7-'*C]OMP were purchased from New England 
Nuclear, Boston, MA, while [6-'*C]orotate was sup- 
plied by Calatomic, Los Angeles, CA. PEI-Cellulose 
plates were obtained from Brinkman Instruments, 
Los Angeles, CA. Most of the bases, nucleosides, and 
nucleotides were purchased from Sigma Chemical Co. 
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or from Calbiochem, La Jolla, CA. 5-oxo proline and 
2-imidazolo-4-carboxylate were the gift of Dr. Alton 
Meister, Cornell University. Allopurinol, oxipurinol, 
and allopurinol-5’-phosphate were the gifts of Dr. 
Gertrude B. Elion, Burroughs-Wellcome Co., 
Research Triangle Park, NC. 


Enzyme preparation 

The two enzymes of Complex U were prepared 
from mouse Ehrlich ascites cells. Previous papers 
from this laboratory have reported the method of 
propagating these cells [11, 15], and the procedure for 
purifying these two enzymes[14]. In the present 
work, the protein fraction precipitating between 40 
per cent and 65 per cent of saturation with 
ammonium sulfate was used as the source of enzymes; 
this corresponds to Fraction 4 of [14]. Protein con- 
tent was determined by the method of Ross and 
Schatz [17] as described in [14]. 


Enzyme assays 

Because the native enzyme complex catalyzes the 
conversion of OMP to UMP + CO, more rapidly 
than the synthesis of OMP from orotate and 
P-Rib-PP, assays of the orotate phosphoribosyltrans- 
ferase activity normally follow a radioactive label 
from orotate to one of the two final products: UMP 
or CO,. The enzyme activities can be measured by 
either of the two following assays: 

Assay 1('*CO, assay). The decarboxylase activity 
was determined by measuring the release of '*CO, 
from carboxy-labeled OMP [15]. Assays were done 
at 37° and, following a 5 min preincubation with all 
components of the reaction mixture except substrate, 
the incubation time was 3 min. The standard reaction 
mixture contained in a final volume of 1ml: 
Tris-HCl, 20mM, pH 7.4, at 37°; dithiothreitol, 
2mM; and 30-40 yg enzyme protein (specific activi- 
ty = 6-8 nmoles/hr/mg). The reaction mixture was 
started with [7-'*C]OMP (0.125 Ci/mole), 0.1 uM; 
reactions were stopped with HClO, and processed 
for scintillation counting as described [15]. 

Assay 2 (TLC assay). In this assay both enzyme 
activities were measured simultaneously by using thin 
layer chromatography to separate orotate, OMP and 
UMP on PElI-cellulose plates as described by Reyes 
and Guganig[13]. The standard reaction mixture 
contained in a final volume of 50yl: Tris-HCl, 
20mM; dithiothreitol 2mM; MgCl, 5mM; 
P-Rib-PP, 300uM; and 2-Syg enzyme protein 
(specific activity = 20-27 nmoles/hr/mg for OPRTase, 
35-45 nmoles/hr/mg for ODCase). The reactions, 
which were run for 20min, were started with 
[6-'*C]orotate (42.2 Ci/mole), 54M. The reaction 
was stopped by directly spotting 5 yl of the reaction 
mixture onto a 20cm x 20cm PElI-cellulose plate 
and drying the sample spot with hot air; total time 
for spotting and drying was 15—20s. Up to 15 samples 
can easily be spotted at 1.3 cm intervals along a line 
near one end of the plate. Plates were developed by 





* We attribute this, in part, to the presence of an inor- 
ganic pyrophosphatase activity in our partially purified 
enzyme fraction. By hydrolyzing one of the products of 
the OPRTase reaction, PP,, it helps to pull the reaction 
in the direction of OMP synthesis. 
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ascending chromatography for about 2hr in 0.2M 
LiCl, pH 5.5. To facilitate the detection of developed 
spots, every sample spot received Syl of a carrier 
solution containing orotate, OMP, and UMP, each 
at 5mM. The developed spots were detected under 
a u.v. lamp, cut out of the plastic-backed PEI-cellu- 
lose plate, and counted directly in a toluene scintilla- 
tion cocktail as described in [15]. 


Calculations of enzyme activities 


Orotate phosphoribosyltransferase activity. This is 
the sum of OMP + UMP produced from orotate, 
and is expressed as a percentage of the uninhibited 
control enzyme activity. 

Orotidine-5'-phosphate decarboxylase activity. This 
activity was always measured at “normal” OMP con- 
centrations, i.e., the OMP formed from orotate via 
the transferase. Orotate was not depleted significantly 
during the assay (i.e, the OPRTase rate remains 
linear until 50 per cent of the initial orotate is con- 
verted to OMP*), but OMP levels could change con- 
siderably as a consequence of inhibiton of either one 
of the two enzyme activities, especially inhibiton of 
the decarboxylase. It was therefore necessary to calcu- 
late the average OMP concentration for the duration 
of the assay. In the absence of an inhibitor, the OMP 
concentration is established almost immediately, and 
maintained unchanged for the duration of the enzyme 
assay (see Fig. 2). In the presence of an inhibitor of 
decarboxylase activity, OMP formed by the transfer- 
ase will accumulate and the potency of the inhibitor 
can only be assessed by comparing the inhibited 
decarboxylase activity to the expected activity of the 
normal enzyme at the elevated OMP concentration 
produced by an inhibitor of the decarboxylase. Thus, 
whenever [OMP ].ampie WaS less than or equal to 
[OMP }.ontrois that concentration of OMP was used 
directly to calculate the expected decarboxylase ac- 
tivity. When [OMP ampie > LOMP J contro: aN average 
[OMP ].ampie Was calculated as 1/2 (LOMP)ampic 
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Fig. 1. Enzyme velocity curve for orotidine-5’-phosphate 
decarboxylase. The velocity of the decarboxylase activity 
was measured with Assay 1, and K,,= 1.1 uM, V,,,, = 
5.8 nmoles/hr, for the partially purified enzyme preparation 
used here, at 0.15 mg protein/ml. This curve was used to 
calculate the expected decarboxylase activity under condi- 
tions where inhibitors of decarboxylase activity caused in- 
creases in the OMP concentration during the enzyme 
assay. 





Inhibitors of pyrimidine biosynthesis 


Table 1. Comparison of 2 methods for assaying the inhibi- 
tion of orotidine-5’-phosphate decarboxylase activity 





Decarboxylase activity 
(% of control) 





Inhibitor (mM) Assay 1 Assay 2 





10.0 4 1 
1.0 
10.0 
1.0 
0.1 
10.0 
1.0 
0.1 


Ribose-5-phosphate 


UDP 


UTP 





Assay 1 ('*CO, Assay) and Assay 2 (TLC Assay) have 
been described in “Methods”. Assay 2 was used for the 
inhibition studies in Tables 2-4. 


By LOMP J controi) + LOMP J control: This average 
[OMP).ampie Was used to determine the expected 
decarboxylase activity from a graph of v/V,,,, VS 
[OMP] (Fig. 1), and the degree of inhibition was then 
calculated by comparing the observed activity (the 
actual amount of UMP formed) to the expected 
activity: 


[UM P hate 
LUMP} controt 


( ) ( , ) 
ini expected / Fons control 


To check the validity of this method for calculating 
activity, we measured the inhibition of the decarboxy- 
lase under similar conditions by means of the two 
assays described above. As shown in Table 1, our 
procedure for determining the decarboxylase activity 
(or its inhibition) is equal to the direct assay of ac- 
tivity as measured with Assay 1.* 


x 100 





% Activity = 


RESULTS 


Complex U is very efficient at converting orotate 
— OMP — UMP. As shown in Fig. 2, under normal 
conditions OMP does not accumulate; it quickly 
reaches a steady-state concentration which does not 





* Two simple versions of the above formula may be used 
where speed of calculation is more desirable: 


First approximation: 

[UMP .ampic/LOMP Jeampie 

[UMP <ontrot /LOMP contrat 

Second approximation: 

[UMP ,ampie/Laverage OMP).ampie 
CUMP) <ontcot /[OMP Jeontrot 





% Activity = x 100 


% Activity = x 100 





The first approximation simplifies calculations consider- 
ably, but this method is least exact, and will overestimate 
the degree of ODCase inhibition when OMP concen- 
trations become more than 3 times greater than control 
levels (i.e. when OMP > 0.2 K,,). The second approxima- 
tion is quite good for most cases, but will overestimate 
the extent of ODCase inhibition when OMP concen- 
trations approach K,,,. 
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Fig. 2. Synthesis of OMP and UMP by complex U 

enzymes. Under standard assay conditions (Assay 2 in 

Methods), with initial orotate at 54M, OMP synthesis 

remains constant, and the concentration of OMP does not 

change throughout the duration of the assay, while UMP 

increases in a linear fashion. The OMP concentration is 
about 0.05 uM. 


exceed 0.07 uM (when initial orotate is at 1-50 uM). 
This low OMP concentration becomes an important 
factor in interpreting the results of inhibition studies 
with the transferase activity of Complex U when 
Assay 1 is used. 

By using the TLC assay it was possible to measure 
the effect of an inhibitor on both enzyme activities 
simultaneously. Further, because OMP is measured, 
the assay of the transferase is not dependent on the 
decarboxylase activity with this procedure, and it was 
possible to obtain unambiguous results about the 
exact site of action for a variety of inhibitors. 

Table 2 shows the inhibition produced by analogs 
of the pyrimidine base, orotate. Those compounds 
that show inhibition affect the transferase activity of 
Complex U. Of the natural analogs tested, only uracil 
and adenine were mild inhibitors; all uracil deriva- 
tives had a lower, but fairly similar, degree of inhibi- 
tion. The two most effective inhibitors of the transfer- 
ase were 5-F orotate and barbiturate. 

Nucleotides and their analogs were the most effec- 
tive inhibitors of the decarboxylase, as shown in 
Table 3 (at concentrations where they produced ap- 
proximately 50 per cent inhibition). However, one nu- 
cleotide, GMP, inhibited both enzymes equally. We 
were able to repeat this Observation with GMP from 
two different manufacturers, and at several concen- 
trations. Every nucleoside monophosphate tested 
showed some inhibition of orotidine-5’-phosphate 
decarboxylase. The nucleosides diphosphate were ap- 
proximately 10-fold less potent as inhibitors, and tri- 
phosphates had very little effect. Of the natural nu- 
cleotides, the most effective inhibitors were XMP, and 
the product of the decarboxylase, UMP. It is an inter- 
esting distinction between the two enzymes of 
Complex U, that while the first enzyme is fairly 
specific in its affinity for pyrimidine inhibitors, the 
second enzyme is readily inhibited by both purine 
and pyrimidine nucleotides. Also, the transferase has 
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Table 2. Inhibitors of orotate phosphoribosyltransferase activity 





Enzyme activity 
(% of control) 





Inhibitor (mM) Transferase Decarboxylase 





Natural pyrimidines 
Uracil 1.0 71 
Cytosine 10.0 
Dihydro orotate 

Uracil analogs 
5-Fluoro uracil 
5-Chloro uracil 
5-Bromo uracil 
6-AzaUracil 

Other pyrimidine analogs 
Barbituric acid 
5-Fluoro orotate 

Natural purines 
Adenine 
Guanine 
Xanthine 
Uric Acid 

Purine analogs 
Allopurinol 
Oxipurinol 

5 Carbon ring analogs 
5-Oxo proline 
2-Imidazolo-4 

Carboxylate 

Nucleosides 
Adenosine 
Orotidine 
Uridine 

Nucleoside analogs 
6-AzaUridine 
6-AzaUridine 

Triacetate 





* These values are attributed to the effect of the nucleotides which are formed 
from the bases during the enzyme assay. 


Table 3. Inhibitors of orotidine-5’-phosphate decarboxylase activity 





Enzyme activity 
(% of control) 





Inhibitor Transferase Decarvoxylase 





Nucleotides 


Nucleotide analogs 
6-AzaUMP 
Allopurinol-5’-P 
5-BromoUMP 
Ribose-5-P 
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a greater affinity for orotate, the normal substrate, 
than for any other compound. The decarboxylase has 
a greater affinity for AzaUMP than for the substrate, 
OMP, and it binds to XMP and allopurinol-5’-phos- 
phate about as effectively as to OMP. 

The pattern of inhibition that appears in Tables 
2 and 3 in general confirms earlier reports that some 
pyrimidine bases and their analogs are inhibitors of 
the transferase [1-—3, 13, 18,19], while some nucleo- 
tides and their analogs are inhibitors of the decarbox- 
ylase [8, 9, 13, 19, 20]. Exceptions to this pattern have 
been reported by Pausch et al.[21] who found that 
UMP had no inhibitory effect, and by Krooth et 
al.[22] who reported that CMP augmented the 
decarboxylase activity. In the former study [21], we 
feel that the ratio of inhibitor, UMP (1 mM), to sub- 
strate, OMP (0.34mM), was too low for inhibition 
of decarboxylase activity to be detected. In the latter 
study [22] it was shown that CMP partially stabilizes 
this enzyme against loss of activity on dilution; it 
may be that the stabilizing effect of CMP under the 
conditions used in that study was greater than, and 
therefore able to mask, the inhibitory effect of CMP 
on the decarboxylase activity. 

A recent paper by Tax et al. [23] reports the results 
of some inhibition studies with the enzymes of 
Complex U (from erythrocytes) that are completely 
opposite to our data: 8 natural purine and pyrimidine 
nucleotides were found to have no effect on the decar- 
boxylase activity, while being inhibitors of the trans- 
ferase activity. Their results were obtained with the 
'4CO, assay and illustrate how the TLC assay can 
be superior for multi-enzyme systems. Tax et al. first 
measured the effect of the various nucleotides (each 
at 5mM) on decarboxylase activity, but since they 
used a high substrate concentration ('*CO,-OMP at 
0.3mM), no inhibition of this enzyme could be 
detected. They then repeated the assay to measure 
inhibition of transferase activity by starting the assay 
with '*CO,-orotate at 0.3mM. However, when the 
assay starts with orotate, the OMP levels formed by 
the first enzyme are low (see Fig. 2), and now the 
ratio of inhibitor to OMP concentration is initially 
increased by at least 100-fold, and the inhibitors 
tested will markedly decrease the decarboxylase ac- 
tivity as shown by our data, Table 3. Unfortunately, 
since the '*CO, assay for transferase activity is 
dependent on the decarboxylase activity, then under 
the conditions used by Tax et al. (and by many inves- 
tigators [4, 8, 10-12, 14-16, 21]), the inhibition of 
decarboxylase activity would be mistakenly inter- 
preted as inhibiton of the transferase. 

When we did similar inhibiton studies as reported 
in Table 3, the use of the TLC assay made interpre- 
tation of the results unambiguous, for labeled OMP 
was found to accumulate in the presence of the inhibi- 
tors, indicating inhibition of the decarboxylase, while 
the sum of the labeled OMP plus the very small 
amount of labeled UMP was equal to that of the 
control, indicating normal activity of the transferase! 

Two compounds, orthophosphate and pyrophos- 
phate, produced equal inhibition of each enzyme ac- 
tivity. Orthophosphate at 10 mM reduces the transfer- 
ase activity to 53 per cent of the uninhibited control, 
and the decarboxylase to 30 per cent. Pyrophosphate 
at 0.5mM reduces the transferase activity to 23 per 
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Table 4. Inhibitors of orotidine-5’-phosphate decarboxy- 
lase, that, at higher concentrations, can also inhibit orotate 
phosphoribosyltransferase 





Enzyme activity 
(% of control) 





Inhibitor (mM) _ Transferase Decarboxylase 





UMP 1.0 94 
10.0 34 


AMP 1.0 74 
10.0 0 


IMP 10.0 34 


dUMP 5.0 
10.0 


UDP 5.0 
10.0 


— Nw Ww 
ae 


ooouwno OCF OS woo 


ADP 
UTP 


ATP 
TTP 
6-AzaUMP 





cent and the decarboxylase to 47 per cent. In addi- 
tion, certain nucleotides do have weak inhibitory 
effects on the first enzyme activity (Table 4), but this 
does not become apparent until very high ratios of 
inhibitor to substrate are used. Nonetheless, this 
secondary inhibition effect is worth noting, since it 
is often desirable to completely inhibit the decarboxy- 
lase in order to study the transferase, and the use 
of an inhibitor of the decarboxylase at too high a 
concentration could then have adverse effects on the 
orotate phosphoribosyltransferase [13, 24]. 


DISCUSSION 


The inhibition studies illustrate the advantage of 
the TLC assay, an assay which measures the product 
of each enzyme activity in a multi-enzyme reaction. 
We also wish to emphasize the importance of the 
ratio of inhibitor to substrate in designing inhibition 
experiments for enzyme complexes. Although we have 
no exact values for orotate concentrations in vivo, we 
attempted to approximate physiological levels by set- 
ting our orotate concentation at 5 uM, which is quite 
low compared to other studies on the inhibition of 
Complex U; but this concentration may still be much 
greater than the true in vivo orotate concentration. 
One of the results of the inhibition studies was that 
a few natural nucleotides are effective inhibitors at 
approximate physiological concentrations. We have 
averaged values for nucleotide pools determined in 
liver [25], erythrocytes [26], and cultured fibro- 
blasts [27] as being representative of the range of 
values that might include ascites cells. Therefore, we 
feel that both AMP (average cellular concentration 
of 0.06mM) and UMP (average cellular concen- 
tration of 0.08 mM) are likely to play a role in regu- 
lating pyrimidine biosynthesis, since they are effective 
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inhibitors of the decarboxylase at these concen- 
trations. Since most of the adenine and uridine nu- 
cleotides are present as the di- and tri-phosphates 
(ADP, 0.4mM; ATP, 1.8mM; UDP, 0.03 mM; UTP, 
0.2 mM), cells are still able to maintain normal overall 
nucleotide pools because the di-phosphates and tri- 
phosphates of adenine and uridine are very poor in- 
hibitors of Complex U. 

The observed inhibition of orotidine-S’-phosphate 
decarboxylase by AMP may also help to explain the 
inhibition of cell growth as a consequence of the addi- 
tion of adenosine to cell cultures [28-30]. Such added 
adenosine is readily phosphorylated and raises the 
levels of adenine nucleotides, while inhibiting the syn- 
thesis of pyrimidine nucleotides. Ishii and Green [30] 
have shown that orotidine and/or orotic acid accumu- 
late in cells grown in the presence of adenosine. The 
orotidine would probably be derived from OMP, and 
it is not really clear which compound accumulates 
since both orotidine and orotate co-migrate on the 
thin layer chromatography system used by these 
authors. Thus, while Ishii and Green favor the 
explanation that orotate accumulates and that this 
represents the inhibition of orotate phosphoribosyl- 
transferase, their data would also support the conclu- 
sion that seems likely from the results shown here, 
namely that OMP initially accumulates due to an in- 
hibiton of orotidine-S’-phosphate decarboxylase by 
the AMP, which was made in excess in the cultured 
cells grown with adenosine. Obviously the purine nu- 
cleotides XMP and AMP are rather potent inhibitors 
of the decarboxylase, and are as likely to inhibit 
UMP formation from OMP (and therefore from oro- 
tate) as is UMP. 


Acknowledgement—The authors are grateful for the expert 
technical assistance of Mr. Shing F. Kwan. 
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Abstract—Perfusion of hearts with disophenol caused significant alterations in spontaneous heart rate, 
coronary flow, isometric systolic tension, metabolite levels and electrical activity. Phosphorylase a 
levels were normal at 10 and 100 ng/ml but decreased significantly at 1000 ng/ml. Disophenol markedly 
depressed spontaneous heart rate at 1000 ng/ml and similar decreases were noted in coronary flow 
and isometric systolic tension. Diastolic tension, however, increased greater than threefold after 60 min 
of perfusion at a level of 1000 ng/ml. At this concentration, serious disturbances in electrical activity 
were also evident. Disophenol depleted tissue glycogen, adenosine-5'-triphosphate, total adenine nucleo- 
tides and creatine phosphate levels while it elevated lactate levels. No disophenol-induced lesions, 


gross or microscopic, were found. 


Disophenol (2,6-diiodo-4-nitrophenol, DNP) is a drug 
used in veterinary medicine recommended for use in 
the treatment of dogs infested with hook worms 
(Ancylostoma caninum, A. braziliense and Uncinaria 
stenocephala). While the pharmacology of this agent 
in dogs is considered similar to that of 2,4-dinitro- 
phenol in that both drugs increase respiration, body 
temperature, and heart rate in this species, and both 
drugs accelerate the onset of rigor mortis [1,2], the 
effects of disophenol on cardiac metabolism have not 
been previously reported. Our interest in disophenol 
was further stimulated by the work of several investi- 
gators who have demonstrated the ability of 2,4-dini- 
trophenol and related compounds to markedly alter 
ion transport and metabolic activity in various tis- 
sues, including the heart, obtained from different 
species [3-8]. The isolated, perfused rat heart was 
selected for our studies with disophenol because of 
its potential as an in vitro model with which to assess 
the cardiotoxic properties of drugs [9, 10]. 


METHODS AND MATERIALS 


Animals, surgical preparation and perfusion methods. 
Wistar male albino rats (220-250 g) given Purina Lab 
Chow and water ad libitum were sacrificed by decapi- 
tation and perfused by the Langendorff technique 
with Krebs-Ringer bicarbonate buffer (K—R buffer) 
as previously described [10]. 

Freezing and preparation of tissue for histochemical 
evaluation. Hearts selected for biochemical analysis 
were frozen in position on the perfusion apparatus 
by clamping the tissue with Wollenberger tongs [11] 
which had been precooled in liquid nitrogen while 
hearts that were to be subjected to histochemical 
evaluation were quickly placed i. 10 per cent buffered 
formalin solution at the conclusion of the experiment. 


Frozen and fixed tissue was stored and prepared as | 


previously described [10]. 
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Analytical methods. Thé analytical methods used in 
these studies to determine tissue metabolite and 
enzyme levels have been presented in detail in a pre- 
vious paper [10]. 

Electrocardiographic recording techniques. Wick 
type electrodes were placed close to the surface of 
the heart so K-R buffer flowing over the surface 
bridged the small gap between the electrode and the 
myocardium, thereby providing a pathway for con- 
duction of electrical impulses. The electrodes were 
positioned to record from the right atrium and the 
apex of the right ventricle. A 22 gauge needle inserted 
into the flow of perfusion fluid just above the glass 
cannula was connected to complete the circuit to 
ground. The Hewlett-Packard bioelectric amplifier 
(Model 881 1—A) was set with a lower cut off frequency 
of 0.5 Hz and an upper cut off frequency of 300 Hz. 
Recordings were made at a sensitivity of 2mv/cm 
with the electrode input selector switch in the Lead 
I position. The Hewlett-Packard recording oscillo- 
graph (Model 7782-A) was operated at a paper speed 
of 50 mm/second. 

The durations of the PR, QTa (a measurement 
taken from the Q to the apex of the T wave) and 
QT intervals were calculated from the tracing using 
established guidelines [12-15], and corrected for 
variability in heart rate [16]. 

Statistical methods. The standard error of the mean 
for each experimental group wes computed, and the 
data were examined by either the paired variate or 
independent ¢ test [17]. Significance was established 
at the 5 per cent level (P < 0.05). 

Drugs. The disophenol (DNP) used in these studies 
was a gift from the American Cyanamid Company, 
Princeton, New Jersey. 


RESULTS 


Mechanical measurements. Disophenol had little 
effect on spontaneous heart rate except at the highest 
concentration, 1000 ng/ml, which reduced it to ap- 
proximately 17 per cent of control (Table 1) after 
60 min of perfusion with the disophenol-containing 
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Table 1. Effect of disophenol on heart rate, coronary flow, isometric systolic tension and diastolic tension in the isolated 
perfused rat heart* 





Heart rate 
(beats/min) 


Perfusion timet 
(min) 


Drug and 


Group _ concentration 


Coronary flow Isometric systolic tension Diastolic tensions 
(ml/min) (g) (g) 





1 None 286 + 6.2 
7.5 
49 
7.3 
8.5 
12.9 
78 
6.1 
6.1 
8.9 
12.1 
17.8 
144 
12.9 
12.6 
8.6 
41.3 
38.1 
19.3 
21.9 


Disophenol 
(10 ng/ml) 


Disophenol 
(100 ng/ml) 


Disophenol 
(1000 ng/ml) 


tO OH Oo OH OE Oo > + + + + + I+ + oH + + 


10.1 + 0.7 16.1 +09 49 + 0.10 
96+07 46+0.13 
97+0.7 : 46 + 0.14 
95+08 . 4.6 + 0.18 
88 +08 2 J 49 +035 
7.3+02 5. . 5.0 + 0.04 
71+05 ‘ : 43+0.11 
714+04 t ' 4.1 + 0.08 
72+05 ‘ 7 41+ 

75 +06 2 . 42+ 
8.1411 5.2 + 
83413 5.5 

83+ 11 5.6 + 
8.6413 58+ 
80+ 14 6.1 

8.5 +0.7 5.0 
71.7+16 3 16.1 

6.3 + 16 8 +1. 15.5 

38 +04 +0. 16.8 + 
3.0+05 16.5 + 0.67 


waano 


a 
> 





* Hearts obtained from untreated normal male animals (220-250 g). 
+ Duration of perfusion time after initial 15 min equilibration period. 


¢ Number of hearts in each group. 


§ An initial diastolic tension of 5g was imposed upon the heart at the start of the 15min equilibration period. 
Significant compared to 0 perfusion time within each group by paired variate t-test (P < 0.05). 


medium. While a spontaneous change in heart rate 
(10 per cent) occurred in the control group, this mag- 
nitude of change is consistent with previous findings 
[10] and the drug-induced effect is clearly of greater 
magnitude (83 per cent). 

Disophenol, 1000 ng/ml, reduced coronary flow 
(Table 1) to approx. 35 per cent of control at the 
end of 60 min perfusion, whereas it was without effect 
at lesser concentrations. 

Isometric systolic tension decreased to 67 per cent 
of control in hearts perfused for 60min with 
100 ng/ml; tension was reduced to 4 per cent of pre- 
drug initial values in hearts perfused for 60 min with 


medium containing 1000 ng/ml of disophenol. Spon- 
taneous changes in isometric systolic tension which 
occurred in the control group are similar to pre- 
viously reported values for this preparation [10]. 
Disophenol produced contracture of the cardiac 
muscle at concentrations of 100 and 1000 ng/ml and 
at the latter dose, diastolic tension after 60 min per- 
fusion was approximately 300 per cent of its initial 
value (Table 1). While not shown in Table 1, the 
above mentioned increase in diastolic tension 
occurred within 3-5 min after the start of perfusion 
with disophenol-containing medium. No change 
occurred in the control group and a slight, but signifi- 


Table 2. Effect of disophenol on the electrical activity of the isolated perfused rat heart* 





Perfusion 
timet 
(min) 


Drug and 


Group _ concentration (milliseconds) 


PR interval PR 
Vheart rate 


QT, interval ‘QT, 
(milliseconds) Vheart rate 


QT interval or 
(milliseconds) v heart rate 





1 None 0 41+08 
15 41 + 06 

30 41+07 

45 42+ 1.0 

60 41 + 06 

Disophenol 0 40 + 09 
(10 ng/ml) 15 41+15 
30 42+ 20 

45 43 + 2.0 

60 43 + 2.0 

Disophenol 0 39 + 06 
(100 ng/ml) 15 41+09 
30 41 +16 

45 40 + 1.2 


Disophenol 0 
(1000 ng/ml) 15 


60 4.22¢ 


2.45 + 0.03 

2.49 + 0.04 

2.53 + 0.04 

2.63 + 0.07 

2.57 + 0.05 

2.39 + 0.07 

2.66 + 0.148 
2.65 + 0.14 

2.70 + 0.15§ 
2.72 + 0.15§ 
2.30 + 0.04 

2.52 + 0.07§ 
2.60 + 0.12§ 
2.50 + 0.045 
60 2.65 + 0.128 
2.35 + 0.03 

2.92 + 0.34§ 
30 3.11 + 0.34) 
45 be 


20 + 1.1 
20 +09 
21408 
20 + 09 
19 +07 
21 +06 
22 + 1.2 
23+1.4 
24 + 1.18 
24 + 1.16 
21409 
24 + 1.08 
23 + 0.7§ 
23 + 1.2 
24 + 1.6§ 
21+07 - 
20 + 0} 
20 + 0} 


1.18 + 0.06 
1.24 + 0.06 

1.26 + 0.05 

1.26 + 0.06 

1.21 + 0.04 

1.23 + 0.04 

1.43 + 0.088 
1.44 + 0.09§ 
1.49 + 0.07§ 
1.52 + 0.08§ 
1.21 + 0.02 

1.46 + 0.065 
1.43 + 0.05§ 
1.48 + 0.08§ 
1.52 + 0.108 
1.22 + 0.05 

1.46 + 0.17) 
1.38 +0 


34¢ 3.58* 


N 


4.28 + 0.15 
4.33 + 0.09 
4.42 + 0.09 
4.55 + 0.15 
4.58 + 0.14 
4.13 + 0.12 
4.69 + 0.16§ 
4.71 + 0.218 
4.68 + 0.19§ 
4.63 + 0.198 
4.14 + 0.04 
4.71 + 0.13§ 
4.90 + 0.245 
5.05 + 0.278 
5.11 + 0.27§ 
4.11 + 0.06 
5.12 + 0.60) 
5.87 + 0.34 


NNWNPF EES 
Pr 


Pr-O wMPaAwWrEeN— 


aa 


He He HEHE + He HH HE + + 
BBL 


USeoe SCOHA—-WAUYUW OO 
YwoOunn=-- 


- i i i i 


o= 


8.43¢ 


oo 
R 





* Hearts obtained from untreated normal male animals (220-250 g). 
t Duration of perfusion time after initial 15 min equilibration period. 
t Number of hearts in each group. 
§ Significant compared to 0 perfusion time within each group by paired variate t-test (P < 0.05). 
le N = 2. ‘ 
{N= 1. 





Cardiac effects of disophenol 


cant relaxation was present in those hearts perfused 
with 10 ng/ml of disophenol. 

Electrical measurements. The effects of disophenol 
perfusion on the electrical activity of the heart are 
shown in Table 2. In the control group (number 1), 
no alteration in depolarization, conduction or repo- 
larization was evident during the 60min perfusion 
period with drug-free Krebs-Ringer bicarbonate 
medium. Disophenol-induced effects, however, were 
seen at 10 ng/ml (group 2). At this concentration, 
there was prolongation of the QT, and QT intervals 
as well as an increase in the corrected PR, QT, and 
QT values. Similar effects occurred when the dose 
was increased to 100 ng/ml (group 3). 

Severe conduction disturbances, decreased spon- 
taneous rate and cardiac arrest occurred in a number 
of hearts perfused with 1000ng/ml (group 4) for 
60 min. Since these effects usually took place within 
5 min or less after the switch to disophenol-containing 
medium (Fig. 2), It was often impossible to obtain 
meaningful measurements of electrical activity by 
15min and at subsequent time intervals, hence the 
data for group 4 appears incomplete even though 7 
hearts were perfused. The marked alterations pro- 
duced by disophenol (1000 ng/ml) on the electrical ac- 
tivity of hearts in group 4 (Table 2) are seen in Figs. 
1 and 2. While there was no evidence of any abnor- 
mality in the predrug control tracing (Fig. 1), ectopic 
ventricular beats were present in the 15 min tracing. 
A sinus rhythm was seen at 30 min followed by ventri- 
cular tachycardia at 42 min, a series of very small 
ectopic ventricular beats at 45 min, and an occasional 
ectopic ventricular beat at 60 min (not shown). 

In tracings from a second heart (Fig. 2), also per- 
fused with 1000 ng/ml, the control pattern appears 
normal with a sinus rhythm, but a few non-conducted 
ventricular beats were detected. After 6 min of per- 
fusion with disophenol, there was a sinus rhythm with. 
bradycardia and ventricular ectopic beats. At 14 min, 
a very slow sinus rhythm was evident with coupled , 
ectopic ventricular beats, while at 15 min, ventricular : 
standstill occurred with evidence of a few ectopic ven- 
tricular beats. Ectopic ventricular beats, with sinus 
beats following at a constant interval, were seen at 
18 min. Some of these sinus beats appeared to be con- 
ducted while others were blocked. Ventricular tachy- 
cardia occurred at 30min with some aberrations. 
Ectopic ventricular beats were seen at 45min, and 
at 60 min, there was a sinus rhythm with ectopic ven- 
tricular beats. 

Biochemical measurements. In hearts perfused with 
10 ng/ml of disophenol, metabolite levels did not 
differ significantly from control values with the excep- 
tion of pyruvate which was elevated (Table 3). The 
100 ng/ml dose reduced glycogen levels to about 65 
per cent of control while 1000 ng/ml lowered it to 
12 per cent. Glucose-6-phosphate (G6P) levels in- 
creased in the 1000 ng/ml group, whereas lower doses 
of disophenol showed no increase. Fructose- | ,6-diphos- 
phate (F-1, 6-DP) levels were elevated in the 100 and 
1000 ng/ml groups, but D-glyceraldehyde-3-phosphate 
(GAP) levels were below normal. Total triose phos- 
phate levels were reduced in the 100 ng/ml group. The 
concentration of L-(—)-glycerol-1-phosphate in hearts 
perfused with 1000 ng/ml of disophenol was signifi- 
cantly higher than that in control hearts. At this dose, 
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there was also a two-fold increase in the tissue con- 
tent of lactate in the same heart (Table 3). 
Adenosine-5'-triphosphate (ATP) was significantly 
lower in hearts perfused with 1000ng/ml of diso- 
phenol for 60 min than in control hearts, while the 
tissue level of adenosine-5’-monophosphate (AMP) 
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Fig. 1(B) 
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was elevated. The total adenine nucleotide content 
was also significantly lower in 1000 ng/ml hearts than 
in controls. The amount of creatine phosphate present 
in the 1000 ng/ml group was less than that in controls, 
whereas no effect occurred with 10 ng/ml or 100 ng/ml 
of ‘disophenol. 
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Lactate levels were stable in effluent samples 
obtained from control hearts throughout the 60 min 
perfusion period (group 1, Table 4) and no significant 
departures from normal were found in samples from 
those perfused with 10 ng/ml of disophenol. In hearts 
perfused with 100 ng/ml (group 3), there was an eleva- 
tion in the amount of lactate measured in the coron- 
ary effluent at 45min and it was further increased 
by 60 min. There was a significant decrease in lactate 
present in 60 min samples from 1000 mg/ml-perfused 
hearts. 

Disophenol had no effect on cardiac phosphorylase 
a following 60 min of perfusion at 10 and 100 ng/ml 
(groups 2 and 3, Table 5) and phosphorylase a activity 
was significantly below control levels following a 
60 min perfusion with medium containing 1000 ng/ml 
of disophenol. 

Histochemical evaluation. Disophenol-containing 
K-R buffer (10, 100, 1000 ng/ml) produced no signifi- 
cant alterations in the histology of rat hearts exposed 
to these solutions for a period of 60 min. 

The degree of fuchsinorrhagia [18], a measure of 
myocardial ischemia, found in disophenol-perfused 
hearts was not appreciably different from that in con- 
trol hearts. 














T 
























































péeecer 

























































































































































































































































































































































































































































































































































































Tht?! Stes y set ese: oe 








>See Soe 
+ 
































t 


— yep S 4 
— fie Hae 




















63009 S9eee Sees 



















































































. 
sone seses ese: 





























































































































































































































































































































Fig. 1(D) 























































































































































































































































































































Fig. 1(E) 


Fig. 1. This series of recordings was made from a heart 
perfused with Krebs-Ringer bicarbonate buffer contain- 
ing discphenol (1000 ng/ml). Isometric systolic tension 
(1 g/mm) is shown in the upper part of each tracing, while 
electrical activity (2mV/cm) is shown below. Paper speed 
was 50mm/s. The first, or O time, recording (A) was 
made at the end of the 15min equilibration period with 
drug-free buffer after which the heart was switched to 
medium containing disophenol. Subsequent recordings 
were made at the following time intervals) B—15 min, 
C—30 min, D—42 min, E—45 min. Abnormalities are de- 
scribed in the Results section. 
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Fig. 2(F) 
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Fig. 2(G) Fig. 2(H) 


Fig. 2. This series of recordings was made from a heart perfused with Krebs-Ringer bicarbonate buffer 

containing disophenol (1000 ng/ml). Isometric systolic tension (1 gm/mm) is shown in the upper part 

of each tracing, while electrical activity (2mV/cm) is shown below. Paper speed was 50 mm/s. The 

first, or O time, recording (A) was made at the end of the 15 min equilibration period with drug-free 

buffer after which the heart was switched to medium containing disophenol. Subsequent recordings 

were made at the following time intervals: B—6 min, C—14 min, D—15 min, E—18 min,' F—30 min, 
G—45 min, H—60 min. Abnormalities are described in the Results section. 





Cardiac effects of disophenol 


Table 3. Effect of disophenol on metabolite levels in the isolated perfused rat heart* 





Concentration of Disophenol in Perfusion Medium 


Metabolite 





Nt 


0 


uM/gram + SEM¢ 


Nt 


10 ng/ml 


uM/gram + SEMt¢ 


Nt 


100 ng/ml 
uM/gram + SEM¢ 


z 
= 


1000 ng/ml 
uM/gram + SEM} 





Glycogen 
D-Glucose-!-phosphate 
D-Glucose-6-phosphate 
D-Fructose-6-phosphate 
D-Fructose- | ,6-diphosphate 
Dihydroxyacetone phosphate 
p-Glyceraldeh yde-3-phosphate 
Total triose phosphate 
L-(—}Glycerol-1-phosphate 
Pyruvate 
L++)}Lactate 
Adenosine-5'-triphosphate 
Adenosine-5’-diphosphate 
ine-S' 4 


Ad hat 





Total adenine nucleotides 
Creatine phosphate 


wovovvwvovwwonowvwvwvoeco 


12.06 + 0.99 
0+0 
0.0497 + 0.0033 
0+0 
0.0114 + 0.0013 
0.0354 + 0.0066 
0.0362 + 0.0057 
0.0878 + 0.0066 
0.1662 + 0.0485 
0.0177 + 0.0094 
0.4294 + 0.0643 
2.0650 + 0.1429 
0.2131 + 0.0331 
0.0782 + 0.0100 
2.3563 + 0.1657 
1.8450 + 0.0892 


5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 


12.03 + 1.04 
0+0 
0.0432 + 0.0049 
0+0 

0.0140 + 0 

0.0330 + 0.0054 
0.0362 + 0.0074 
0.0712 + 0.0118 
0.0564 + 0.0167 
0.0556 + 0.0146§ 
0.2430 + 0.0569 
2.3898 + 0.1507 
0.1326 + 0.0264 
0.1068 + 0.0295 
2.6292 + 0.1284 
1.6768 + 0.1585 


AAAA AANA WMNUNUAUYUUUw 


7.91 + 0.648 
0+0 
0.0422 + 0.0032 
0+0 
0.0244 + 0,0058§ 
0.0330 + 0.0136 
0.0194 + 0.0077§ 
0.0524 + 0.0143§ 
0.1112 + 0.0188 
0.0480 + 0.0094 
0.5148 + 0.1068 
1.9532 + 0.1359 
0.1434 + 0.0141 
0.0770 + 0.0191 
2.1736 + 0.1245 
1.8704 + 0.2014 


AAAA AYA YMYUNUAYUYUUUYNwY 


1.48 + 0.21§ 
0+0 
0.0724 + 0.0072§ 


0.0284 + 0.0075§ 
0.0490 + 0.0189 
0.0248 + 0.0095§ 
0.0738 + 0.0148 
0.3522 + 0.0418§ 
0.0338 + 0.0112 
0.9336 + 0.1546§ 
0.6814 + 0.1223§ 
0.1114 + 0.0282 
0.2580 + 0.0296§ 
1.0508 + 0.1050§ 
1.1708 + 0.1106§ 





* Hearts obtained from untreated normal male animals (220-250 g). 
+ Number of hearts in each group. 


t Expressed per gram of tissue (wet weight). 
§ Significant compared to control (0 drug level) by an independent t-test (P < 0.05). 


Table 4. Effect of disophenol on lactate levels in coronary effluent* 





Lactate level§ 
(umole/g/min) 


Perfusion timet 


Group Drug and concentration (min) Nt 





None 


Disophenol 
(10 ng/ml) 


Disophenol 
(100 ng/ml) 


Disophenol 
(1000 ng/ml) 


SESASSESBO 


ao 


SReSES 


vos 
vw 


3 


0.584 + 0.239 
0.500 + 0.217 
0.644 + 0.296 
0.619 + 0.229 
0.617 + 0.170 
0.332 + 0.033 
0.410 + 0.074 
0.325 + 0.082 
0.295 + 0.081 
0.411 + 0.113 
0.515 + 0.133 
0.594 + 0.156 
0.498 + 0.103 
0.634 + 0.123} 
0.708 + 0.127) 
0.442 + 0.061 
0.481 + 0.069 
0.463 + 0.103 
0.338 + 0.039 
0.283 + 0.030) 





* Hearts obtained from untreated normal male animals (220-250 g). 

+ Duration of perfusion time after initial 15 min equilibration period. 

¢ Number of hearts in each group. 

§ Calculated on the basis of tissue wet weight. 

|| Significant compared to 0 perfusion time within each group by paired vari- 
ate t-test (P < 0.05). 


Table 5. Effect of disophenol on cardiac phosphorylase a activity* 





Drug 


Drug concentration 


(ng/ml) 


% Phosphorylase at 





None 
Disophenol 
Disophenol 
Disophenol 


13.7 +08 
14.5 + 0.2 
15.0 + 0.7 
8.0 + 0.5§ 





* Hearts obtained from normal male animals (220-250 g) were perfused with 
control Krebs-Ringer bicarbonate solution for 15 min before being perfused 
with perfusion medium containing disophenol for 60 min. 

+ Number of hearts in each group. 

~% phosphorylase a = Cori Units of phosphorylase a/Total cori units of 
phosphorylase (a + b) x 100. 

§ Significant compared to control hearts (group 1, perfused with control 
medium for a total of one hour and 15 min) by an independent t-test (P < 0.05). 
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DISCUSSION 


When Chang et al. [19] perfused isolated guinea 
pig hearts with 2,4-dinitrophenol at concentrations 
ranging from 8 x 107’ to 4 x 10~° M, they observed 
an increase in the force of coniraction without any 
apparent toxic effect on the heart. At 8 x 10°°M, 
2,4-dinitrophenol caused a large positive inotropic re- 
sponse in their preparation which lasted approxi- 
mately 4-5 min and was followed by a smaller sus- 
tained response which persisted for the balance of the 
30 min perfusion. They attributed this positive inotro- 
pic action to a 2,4-dinitrophenol-induced release of 
endogenous catecholamines within the heart. In our 
experiments with the isolated, perfused rat heart, di- 
sophenol (1000 ng/ml, 2.56 x 10~° M) depressed iso- 
metric systolic tension, spontaneous heart rate and 
coronary flow (Table 1). Perfusion of our prepara- 
tion with 10ng/ml disophenol-containing medium 
(2.56 x 107% M) caused a small elevation of isometric 
systolic tension which was significant at the 15 and 
30 min time intervals, however, it returned to control 
levels before 60 min when the hearts were frozen for 
subsequent biochemical analysis. 

Force of contraction was markedly reduced while 
mechanical alternation was increased in an electri- 
cally driven cat papillary muscle preparation bathed 
in a 10 pg/ml solution of 2,4-dinitrophenol-containing 
medium [20]. Jose and Stitt [21] found that 2,4-dini- 
trophenol (0.2 mg/kg/min) caused a progressive slow 
decline in contractile force, which was terminated by 
spontaneous cardiac arrest, and at 1 x 10~* M, it had 
a similar effect in isolated rat embryo hearts [22]. 
The beating of cultured rat heart cells was also inhi- 
bited and tissue levels of ATP in these cells were 
reduced by 5 x 10°* M 2,4-dinitrophenol [23]. Our_ 
results/ with disophenol, are quite similar to the 
studies listed above utilizing 2.4-dinitrophenol. The 
positive inotropic effects of 2,4-dinitrophenol in the 
heart reported by Chang et al. [19] may be due, in 
part, to the fact that these investigators used a per- 
fusion medium containing a lower concentration of 
Ca?* (1.8mM) than our Krebs-Ringer bicarbonate 
solution (2.5 mM Ca?*). It is quite possible, however, 
that greater control isometric systolic tension associ- 
ated with 2.5mM Ca?* partially or completely 
masked the effect of any endogenously released cate- 
cholamines in our preparation. Bianchi* has observed 
that certain drugs which release endogenous catechol- 
amines from adrenergic nerve terminals are less effec- 
tive in producing a positive inotropic response in iso- 
lated hearts perfused with medium containing a high 
Ca?* concentration than in those perfused with 
medium containing a lower Ca?* concentration. 

The increase in diastolic tension produced by dis- 
ophenol perfusion at 100 and 1000ng/ml (Table 1) 
was probably caused by drug-induced changes in ion 
movements across cardiac muscle cell membranes. 
While our experiments did not include measurement 
of Na*, K* and Ca?* levels in the heart, McDonald 
and MacLeod [3] reported that 2,4-dinitrophenol 
(0.1 mM) produced a large dose-dependent loss of K * 
from guinea pig ventricular muscle and this loss of 
K* was not related to a Na* gain. The effect of 





*C. P. Bianchi, personal communication. 


2,4-dinitrophenol on K* efflux was attributed to a 
direct effect on the cell membrane. The reduction in 
the duration of the action potential which accom- 
panied it was believed due to an increase in K* efflux 
and a reduction in the inward current due to Na* 
and Ca?* that was previously assumed to be almost. 
entirely dependent on ATP produced through glyco- 
lysis. The authors [3] concluded that electrogenic 
Na* pumping may play a role in maintaining the 
resting potential in K*-depleted, 2,4-dinitrophenol- 
treated cardiac muscle. The disophenol-induced eleva- 
tion in diastolic tension that occurred in the isolated, 
perfused rat heart (Table 1) may be related to a com- 
bination of excessive K* loss and a build up of free 
Ca?* within the tissue as ATP levels diminished. Ad- 
ditional studies, however, would be required to con- 
firm this possibility. 

The data in Table 2, as well as Figs. 1 and 2, illus- 
trate the ability of disophenol to produce severe dis- 
turbances in the electrical activity of the isolated, per- 
fused heart. Kaiser [2] reported that, in dogs, 
2,4-dinitrophenol and disophenol produced diphasic 
T waves, T wave reversal, S~T segment elevation or 
depression and a reduction in the amplitude of the 
R wave. 2,4-Dinitrophenol also caused a high inci- 
dence of ectopic beats in dogs [21]. It was also 
reported that while 25 or 125 mg/kg of 2,4-dinitro- 
phenol in dogs produced bizarre ECG tracings devoid 
of characteristic wave patterns, disophenol had no 
such effect [2]. Our studies, however, indicate that 
disophenol can cause bizarre recordings in rat hearts 
perfused with 1000 ng/ml of the drug, a concentration 
a hundred times smaller than the plasma level of diso- 
phenol reported to cause death in dogs [2]. Diso- 
phenol-induced electrical disturbances were not un- 
expected in light of the severe ionic changes produced 
by 2,4-dinitrophenol, a similar compound. Our find- 
ing that the isolated perfused rat heart preparation 
is considerably more sensitive than intact animals to 
the cardiotoxic properties of disophenol strongly sug- 
gests that protein binding of disophenol may be a 
protective factor in vivo. If this assumption is correct, 
hearts would actually be exposed to a lower level of 
free (active) drug than in vivo plasma level studies 
would seem to indicate. Since Kaiser [2] did not dis- 
tinguish between free and bound forms, one can only 
assume that his method measured total (free plus 
bound) plasma disophenol. His data indicates that 
some binding of disophenol probably takes place, 
since little disophenol was excreted in the urine by 
dogs during the first 24 hr following ingestion of the 
drug. 

The enzymes and metabolites measured in these 
studies (Tables 3-5) were selected because they related 
to important energy producing pathways in the heart, 
and 2,4-dinitrophenol, a drug very similar to diso- 
phenol, has been shown to markedly alter the func- 
tion of one or more of these pathways [3-8, 24-28]. 

The most striking disophenol-induced changes in 
metabolic activity (Table 3) were seen at the 
1000 ng/ml level. At this concentration, glycogen con- 
tent was reduced to 12 per cent of the control value. 
The elevated level of p-glucose-6-phosphate suggests 
possible phosphoglucomutase stimulation, while 
phosphofructokinase stimulation may account for the 
accumulation of p-fructose-1,6-diphosphate. 





Cardiac effects of disophenol 


Several drugs, including 2,4-dinitrophenol and 
related agents, uncouple oxidative phosphorylation 
presumably by hydrolyzing a high energy inter- 
mediate interposed between the electron transport 
chain and ATP [24]. 2,4-Dinitrophenol also markedly 
stimulates glycolysis and reduces ATP concentrations 
[4, 25]. While Lardy and Wellman [26] have demon- 
strated the ability of 2,4-dinitrophenol to stimulate 
mitochondrial ATPase, Klahr et al. [27] proposed 
that 2,4-dinitrophenol-induced hydrolysis of an high 
energy intermediate involved in ion transport serves 
to stimulate glycolysis and divert ATP to this path- 
way from others, including ATP otherwise destined 
to support electrical and mechanical activity. Diso- 
phenol probably reduced myocardial ATP in our 
‘preparation by one or more of these mechanisms. 
Creatine phosphate levels were also substantially 
reduced when hearts were perfused with 1000 ng/ml 
of disophenol. 

Depression of oxidative-type reactions by 2,4-dini- 
trophenol-like drugs leads to build up of NADH 
which favors stimulation of L-(—)-glycerol-1-phos- 
phate and lactate production as shown in Table 3. 
The decrease in effluent lactate production seen at 
60 min in Table 4 (group 4) may be a function of 
lower than normal glycogen breakdown, and maximal 
lactate production probably occurred within minutes 
after the drug entered the heart. Additional time 
course studies with more frequent sampling intervals 
would be necessary to firmly establish this point. 

in our experiments, disophenol did not elevate 
phosphorylase a activity in the perfused rat heart, but 
caused a significant decrease in the conversion of 
phosphorylase b to a (137 + 0.8% to 8.0.+ 0.5%) at 
the highest level studied (1000 ng/ml) (Table 5). Our 
results are similar to those of Simoes et al. [5] who 
reported that 1,2,4-dinitrophenol, a compound similar 
in structure to disophenol, anomalously was a strong 
inhibitor of glycogen phosphorolysis, yet a glycogeno- 
lytic agent in skeletal muscle from rabbits. They 
demonstrated that this drug inhibited phosphorylase 
b by competition with its coenzyme AMP, but not 
phosphorylase a in their system. Their data also 
showed that when lactic acid levels were high in 
rabbit skeletal muscle following treatment with 
1,2,4-dinitrophenol, glycogen phosphorolysis was in- 
hibited in muscle. In our experiments, disophenol, at 
100 ng/ml (Table 3), significantly elevated tissue lactic 
acid levels in the heart, while reducing the conversion 
of phosphorylase b to a (Table 5), but tissue glycogen 
levels were also reduced to 12 per cent of the control 
value (Table 3) by 60min. In a subsequent paper, 
Focesi et al. [28] reported the ability of 2,4-dinitro- 
phenol to stimulate phosphorylase b kinase activity 
and subsequent conversion of phosphorylase b to a 
in hearts from rats pretreated with 2,4-dinitrophenol. 
More recently, Vercesi and Focesi [6] demonstrated 
a 3-fold elevation of phosphorylase a and a 4 
fold increase in tissue lactic acid levels in isolated 
rat hearts perfused with 10~° M 2,4-dinitrophenol. It 
should be pointed out, however, that their hearts were 
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frozen after a 10min perfusion with 2,4-dinitro- 
phenol-containing medium, whereas, in our experi- 
ments, hearts were perfused with disophenol for 
60 min. Differences between the actions of disophenol 
and 2,4-dinitrophenol, sampling time sequences, freez- 
ing techniques, depletion of available glycogen stores, 
and assay methods are all factors which may account 
for the differences in results observed by various in- 
vestigative groups. 
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SHORT COMMUNICATIONS 


Perfusion of the isolated rat brain with ['*C]-A!-tetrahydrocannabinol 


(Received 12 November 1976; accepted 4 March 1977) 


Considerable interest has focused on the biotransformation 
of A!-tetrahydrocannabinol (A'-THC), especially the meta- 
bolic pathway involving 7-hydroxylation [1]. It has been 
demonstrated that the 7-hydroxylated metabolite is as 
active as or more active than the parent compound [2-4] 
which has prompted suggestions that pharmacological 
effects arise only after A'-THC has been metabolically acti- 
vated [5-8]. It has been difficult testing this postulate, 
since A'-THC is rapidly 7-hydroxylated in most animals 
species [2,9,10], a conversion that is not blocked by meta- 
bolic inhibitors such as SKF-525A [2]. However, recent 
evidence has shown that synthetic cannabinoids lacking 
the 7 position exhibit behavioral and cardiovascular effects 
typical of A'- and A°-THC which does not support the 
7-hydroxy group as being a structural requirement for bio- 
logical activity [11]. Several investigators have reported 
rather large ratios of A'-THC to 7-OH-A'-THC in brain 
at the time corresponding to peak behavioral activity 
[2,12,13], an additional fact which does not strengthen the 
metabolite theory. It would appear that psychoactivity 
could be attributed to both A'-THC and its metabolites, 
because A'-THC satisfies all the structural requirements 
for central nervous system (CNS) activity [14]. Further- 
more, there is no direct evidence showing A'-THC to be 
inactive. Since it has been shown that the isolated perfused 
rat brain is a suitable model for studying the effects of 
drugs on the CNS [15,16], direct evidence for effects of 
A!-THC on the CNS could be obtained by using this tech- 
nique. In order to obtain meaningful results, there must 
be no conversion of A!-THC to 7-OH-A'-THC. Therefore, 
the purpose of the first set of experiments was to determine 
whether rat brain could metabolize A'-THC. A second set 
of experiments was designed to evaluate the effects of can- 
nabinoids on the electroencephalograms (EEG) of the iso- 
lated rat brain. 

Male Sprague-Dawley rats weighing 200-300g were 
anesthetized with urethane (1.2 g/kg, intraperitoneally), and 
the isolated brain preparation described by Andjus et al. 
[17] was carried out without an interruption in the circula- 
tion to the brain. A closed circuit perfusion was done using 
apparatus I, as detailed by Fleck et al.[18]. The com- 
plete circuit consisted of a reservoir for the medium, piston 
pump, sintered glass filter, thermometer, manometer for 
controlling perfusion pressure, overflow with manometer, 
rat brain, and oxygenator. The medium was constantly 
oxygenated with 95% O, + 5% CO:, and the temperature 
of the medium in the reservoir was kept at 37°. The per- 
fusion pressure was maintained between 110 and 120mm 
Hg, and the perfusion rate was between 2 and 4 ml/min. 
Each brain was perfused with 100 ml of freshly prepared 
medium which was composed of 30% well-washed bovine 
red blood cells (RBC), 4% (w/v) bovine serum albumin, 
and 22mM glucose in Krebs-Henseleit solution [19]. In 
all experiments, 10 ul of an ethanolic solution of drug was 
added to the perfusion medium which made a final drug 
concentration of 10~° M. The medium was oxygenated for 
approximately 20 min prior to perfusion of the brain. Bi- 
polar electrodes were placed in the parietal region of the 
skull and EEGs were recorded at each 5 min interval 
throughout the perfusion period. 


Radiolabeled A'-THC was used for the investigation of 
metabolism in situ. ['*C]-A'-THC (1 mCi/m-mole was 
purified by thin-layer chromatography (T.L.C.) using Silica 
gel F plates which were developed three times with petro- 
leum ether—diethyl ether (19:1). The purification was 
repeated in order to achieve a radiopurity greater than 
95 per cent. In duplicate experiments, isolated rat brains 
were perfused for 1 hr with medium containing ['*C]- 
A'-THC (107° M). The spontaneous electrical activity indi- 
cated that the metabolic and functional condition of the 
brain was normal throughout the perfusion period [16]. 
There were alterations in the EEG which were apparently 
drug induced (discussed later). Control experiments were 
also carried out to determine whether or not the drug was 
altered by the experimental conditions. In duplicate experi- 
ments, ['*C]-A'-THC was added to the medium and 
allowed to circulate for 1 hr and 20 min without the pres- 
ence of a brain. 

At the end of perfusion, brains were homogenized in 
saline using a Teflon pestle tissue grinder. The perfusion 
medium was centrifuged at 1000g for 20min to obtain 
“plasma” and red blood cells. NCS solubilizer (Amersham/ 
Searle) was used to digest whole brain homogenate (0.5 ml), 
plasma (0.1 ml), and red blood cells (0.1 ml) for liquid scin- 
tillation spectrometry. Radioactivity was extracted from 
plasma, red blood cells and whole brain homogenates by 
shaking with equal volumes of petroleum ether (three 
times) followed by equal volumes of diethyl ether (three 
times). All extracts (an amount containing 2000 dis./min) 
were co-chromatographed on T.L.C. plates with A'-THC 
and 7-OH-A!-THC standards, using two systems compar- 
able to those previously described [20]. A'-THC was 
quantitated on Silica gel F plates (impregnated with 
dimethylformamide) by developing twice with petroleum 
ether—-diethyl ether (9:1). 7-OH-A'-THC was quantitated 
on Silica gel F plates by developing once with petroleum 
ether—diethyl ether (1:1). The areas containing the stan- 
dards were localized by spraying the plates with Fast Blue 
B (0.1% in 2N sodium hydroxide). 1-cm sections of the 
Silica gel were scraped into vials containing 10 ml of scin- 
tillation mixture (0.4% diphenyloxazole and 0.01% 1,4-bis 
[2-(4-methyl-5-phenyl-oxazoly)] benzene) in toluene. The 
samples were counted utilizing external standardization for 
quench correction. 

In the brain perfusion experiments, the radioactivity was 
distributed as follows: 10 per cent in brain, 46 per cent 
in plasma, and 44 per cent in red blood cells. In the control 
experiments 48 per cent of the radioactivity was in plasma 
and 52 per cent in red blood cells. The extraction removed 
80 per cent of the radioactivity from brain, 96 per cent 
from plasma and only 20 per cent from red blood cells. 
Comparable amounts of radioactivity were extracted from 
the control plasma as well as the control red blood cells. 
The major portion of the plasma radioactivity was con- 
tained in the petroleum ether extract, whereas the radio- 
activity extracted from brain and RBCs was equally 
divided between the petroleum ether and diethyl ether frac- 
tions. Extraction with both petroleum ether and diethyl 
ether has been reported to effectively remove A'-THC, 
7-OH-A'-THC, and other metabolites from brain homo- 
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Fig. 1. Electroencephalograms of the isolated rat brain recorded after a perfusion of 20min. Since 

tracings from bipolar leads (parietal region) are usually symmetrical and synchronous, only one EEG 

channel for each drug is shown. In the control experiment, no drug was added to the perfusion medium. 

N = the number of experiments carried out per group, and only the recording most representative 

of the group is presented. The results were consistent for each group with one exception. One EEG 
recording in the A'-THC group was similar to control. 


genates and plasma [13,21]. The radioactivity remaining 
in both control and experimental RBCs was probably due 
to a protein-cannabinoid complex, since blood apparently 
lacks the ability to metabolize A'-THC to polar metabo- 
lites. 

The T.L.C. data showed no evidence for brain metabo- 
lism since the plasma and RBC extracts from the brain 
experiments were identical to those from the control ex- 
periments. Greater than 90 per cent of the radioactivity 
on ‘each T.L.C. plate corresponded to the A'-THC region, 
while the remaining areas contained approximately 1 per 
cent each. Thin-layer chromatography of the brain extracts 
did not indicate the presence of metabolites. Approxi- 
mately 90 per cent of the radioactivity in both petroleum 
ether and diethyl ether extracts corresponded to the 
A'-THC region which showed that not all of the A'-THC 
was removed by the petroleum ether extraction. The 
remainder of the radioactivity on the T.L.C. plates was 
not confined to a particular area but appeared to be due 
to retention of ['*C]-A'-THC by other material. To 
further insure that trace amounts of 7-OH-A'-THC were 
not present in the brain extracts, the petroleum ether and 
diethyl ether extracts from both brains were pooled and 
chromatographed on Sephadex LH-20 columns [22]. 
Ninety-five per cent of the radioactivity applied to the 
column was eluted in the A'-THC region (40-50 ml) and 
no radioactivity appeared in the region (60-150 ml) of 
monohydroxylated metabolites [22]. 


There was no evidence for metabolism of A'-THC by 
rat brain in situ, which agrees with that previously reported 
for preparations in vitro [7,23]. However, our data disagree 
with that reported for the intact monkey brain [24]. These 
investigators reported that A'-THC could be 7-hydroxy- 
lated in the intact monkey brain on the basis that, follow- 
ing an intraventricular injection of radiolabeled A'-THC, 
the ratio of 7-OHA'-THC to A!-THC was higher in blood 
samples taken from the left internal jugular vein than in 
samples from the right common carotid artery. Lack of 
agreement between the isolated rat brain and the intact 
monkey brain could be due to a species difference or to 
methodology. 

In a second set of experiments, isolated rat brains were 
perfused with simplified blood that contained either A’- 
THC, 7-OH-A!-THC, cannabinol (CBN) or ethanol (10 pl), 
whereas control experiments were performed without the 
addition of a drug to the medium. The EEGs were evalu- 
ated visually and without knowledge of the treatment. 
Electroencephalograms recorded after 20 min of perfusion 
are presented in Fig. 1. The control, ethanol and CBN 
groups were similar in that they exhibited predominantly 
beta activity and were generally devoid of particular wave 
forms. The ineffectiveness of ethanol was probably due to 
its initial low concentration which was probably reduced 
further by evaporation during the oxygenation period pre- 
ceding perfusion. Clear EEG changes were found through- 
out the perfusion period when A'-THC and 7-OH- 
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A'-THC had been added to the perfusion medium. These 
changes were characterized by high amplitude bursts and 
a decrease in frequency which agreed with the EEG 
activity of intact animals treated with A'-THC [25]. The 
EEG pattern produced by A'-THC and 7-OH-A'-THC 
may be associated with psychoactivity since CBN, a 
psychotomimetically inactive cannabinoid[26], failed to 
produce these distinct alterations. However, an extensive 
series of experiments with a quantitative automatic evalu- 
ation of the EEGs would be necessary in order to deter- 
mine the potency ratios of these cannabinoids. 

In conclusion, we have shown that, even in the absence 
of metabolism, A'-THC is capable of altering the EEG 
of rat brain which supports the hypothesis that both 
A'-THC and its metabolites contribute to the psycho- 
activity of cannabis. Furthermore, a disproportionate 
amount of CNS activity in the rat cannot be attributed 
to 7-OH-A'-THC on the basis that it is formed at or near 
its locus of action. 
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Accumulation of methotrexate diglutamate in human liver 
during methotrexate therapy 


(Received 1 June 1976; accepted 4 March 1977) 


The antitumor agent methotrexate (MTX; 4amino-4-de- 
oxy-N'°-methylpteroylglutamate) is converted in rat liver 
to its y-glutamyl conjugate, 4-amino-4-deoxy-N '°-methyl- 
pteroylglutamyl-y-glutamate [MTX(G,)] [1-4]. We have 
recently shown that the latter compound is a “titrating” 
or “stoichiometric” inhibitor of murine L1210 leukemia 
cell dihydrofolate reductase, being slightly more potent at 
physiological pH than the parent drug, MTX, in this re- 
spect [3]. We now report the presence of this biologically 
active conjugate in human liver obtained from patients 
receiving MTX aS a therapeutic agent. A preliminary 
account of some of these studies has appeared in abstract 
form [5]. 

MTX(G,) and [3',5’-°7HJMTX(G,) (sp. act. 2.6 mCi/ 
umole), for use as standard reference compounds in the 
biological studies, were synthesized by the method of Nair 
and Baugh [6]. The reference compounds [3’,5’-2H]folic 
acid (sp. act. 15 mCi/umole) and [3’,5’-7H]MTX (sp. act. 
5 mCi/umole) were purchased from Amersham/Searle. 
Liver samples, 15-30 g, were obtained within 2hr post- 
mortem from nine patients with neoplastic disease, who 
had received courses of MTX therapy within 6 months 
prior to death. Patients ranged in age from 21 to 69 years; 
the total dose of MTX received, the interval between the 
last dose and death, the level of MTX equivalents [MTX 
and MTX(G;,)] present in the liver and the percentage of 
the total present as the MTX(G,) metabolite are shown 
in Table |. In four patients, total MTX-equivalents were 
determined in the supernatant fraction from heat-treated 
liver homogenates by dihydrofolate reductase inhibition 
titration prior to separation of MTX and MTX(G;) on 
precalibrated Sephadex G-15 columns, as_ previously 
described [3]. 

The identities of the MTX and MTX(G,) peaks in the 
liver supernatant fraction were established by the following 


criteria. First, co-chromatography with the authentic refer- 
ence compounds [3’,5’-7H]MTX and [3’,5’,-7H]MTX(G,) 
on Sephadex G-15. Second, inactivation of the dihydrofo- 
late reductase-inhibitory activity attributable to the MTX 
and MTX(G,) peaks, by incubation of the liver superna- 
tant samples with rabbit liver aldehyde oxidase prior to 
Sephadex G-15 chromatography (Fig. 1). This experiment 
establishes that the activity attributed to MTX(G,) could 
not be due to an endogenous folate derivative accumulat- 
ing as a consequence of MTX therapy, since previous stu- 
dies [7-9] have shown that 2-amino-4-hydroxypteridines, 
unlike 2,4-diaminopteridines, are not substrates for alde- 
hyde oxidase. Third, co-chromatography of MTX(G,) ac- 
tivity with authentic [7HJMTX(G,) on DEAE-Sephadex 
A-25 (Fig. 2). [3’,5’-*H]Folic acid, 0.27 wCi, was used as 
an additional marker compound. This experiment estab- 
lishes that the activity attributable to MTX(G,) could not 
be due to the endogenous folate antagonist N'°-formylfo- 
late, since the latter compound elutes prior to folate on 
DEAE-Sephadex A-25[10], while the MTX(G,) activity 
eluted after folate. . 

To determine whether MTX(G,) retains its biological 
activity in man, dihydrofolate reductase from human lym- 
phocytic leukemia cells was subjected to partial (640-fold) 
purification [11], and the ability of synthetic MTX(G;) to 
inhibit this enzyme compared with that of the parent com- 
pound, MTX. By inhibition titration (Table 2), MTX(G,) 
was found to be slightly more active than MTX as an 
inhibitor of human dihydrofolate reductase at pH 7.5. 

With respect to the closely related enzyme thymidylate 
synthetase, Kisliuk et al. [12] have shown the pteroylpoly- 
glutamates to have inhibitory activity, with pteroylgluta- 
myl-y-glutamyl-y-glutamate being some 200-fold more 
effective as an inhibitor than pteroylglutamate. Since MTX 
is also known to be an inhibitor of this enzyme[13] it 


Table 1. MTX(G,) content of livers obtained post-mortem from nine patients receiving MTX therapy for neoplastic 
disease 





Cumulative 
dose of MTX 
(mg) 


~ 
oO 
= 


Days from last 
dose of MTX to 


Per cent of MTX 
equivalents 
present 
as MTX(G,) 


Total 
MTX-equivalents* 
[MTX + MTX(G;)] 
(ng/g liver) 





70 


AAD nZun 
~weROMNP SA 
7I7NSNSSE7E 


44 
28 
60 


46 


180 





* Determined for livers from patients J. R., N. M., S. A. and J. G. only. 


+ MTX was given by a single high-dose infusion. 
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FRACTION NO. 


Fig. 1. Effect of rabbit hepatic aldehyde oxidase on Sephadex G-15 elution pattern of dihydrofolate 
reductase-inhibitory activity in liver sample from human subject treated with MTX. The liver superna- 
tant fraction was prepared by homogenizing the liver sample in 3 vol. of 100 mM sodium phosphate 
buffer, pH 7.0, boiling for 5 min, centrifuging at 60,000 g for 30 min, lyophilizing the supernatant fraction 
and reconstituting in 6 ml sodium bicarbonate, 1%. A 0.8-ml aliquot was diluted to 1.0 ml with sodium 
phosphate buffer, 25mM, pH 7.0, and subjected to gel filtration on a column of Sephadex G-15 
(2 x 26cm) with a void volume of 36ml. Elution was carried out with sodium phosphate buffer, 
25 mM, pH 7.0; 3-ml fractions were collected and assayed for dihydrofolate reductase-inhibitory activity 
(@) as previously described [3]. An identical 0.8-ml aliquot of liver supernatant was added to sodium 
phosphate buffer, 100 pmoles, pH 7.0; Versene Fe-3, 15 ug; and partially (28-fold) purified rabbit liver 
aldehyde oxidase [8], 0.7 mg, in a final volume of 1.0 ml. After incubation for 3 hr at 37°, the sample 
was applied to an identical column of Sephadex G-15, fractions were collected as above and assayed 
for dihydrofolate reductase-inhibitory activity (©). 
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Fig. 2. DEAE-Sephadex co-chromatography of tritium-labeled reference compounds [3',5’-?H folic acid 
and [3’,5’--H]MTX(G,), with liver supernatant fraction from human subject treated with MTX. A 
3-ml aliquot of liver supernatant prepared as described in Fig. | was mixed with 2 marker com- 
pounds, [*H]folic acid, 0.27 wCi, and [7H]MTX(G,), 0.09 wCi, and diluted to a final volume of 10 ml 
which was applied to a column (1.5 x 16cm) of DEAE-Sephadex A-25. Elution was carried out over 
a linear gradient from 0.1 M NaCl to 0.7M NaCl in 0.01 M K,HPO,-KH,PO,, pH 7.0; 6.0-ml frac- 
tions were collected and assayed for dihydrofolate reductase inhibitory activity (@-—@) [3] and for 
3H-radioactivity (O---O). 
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Table 2. Inhibition of dihydrofolate reductase from human 
acute lymphocytic leukemia cells by MTX and its »-gluta- 
myl conjugate, MTX(G,)* 





Inhibitor 
concn 
(nM) 


Rate (A absorbance 340 nm/min) 





I: MTX I: MTX(G,) 





0.024 
0.017 
0.013 
0.007 


0 0.024 
0.9 0.017 
1.6 0.014 
3.3 0.010 





*Human dihydrofolate reductase was purified 640-fold 
from human acute leukemia cell lysate by affinity chro- 
matography on a methotrexate-agarose gel column [8]. 
Assay cuvettes contained Tris-HCl buffer, pH 7.5, 100 
umoles; potassium chloride, 50 uymoles; 2-mercaptoeth- 
anol, 15 ymoles; NADPH, 0.06 umole; inhibitor [MTX or 
MTX(G, )] as indicated; and sufficient dihydrofolate reduc- 
tase to give an uninhibited control rate of 0.024 absorbance 
units/min at 340 nm, 25°. Total volume of the reaction mix- 
ture was | ml. The reaction was initiated by the addition 
of dihydrofolate, 0.03 umole, and reaction rates were deter- 
mined by means of a Gilford 2400 multiple sample absor- 
bance recorder. Egch value is the mean of two determina- 
tions. 


was felt to be of interest to determine the thymidylate syn- 
thetase inhibitory activity of its y-glutamyl conjugate, 
MTX(G,). MTX(G,) was found to be several-fold more 
effective than MTX as an inhibitor of Lactobacillus casei 
thymidylate synthetase (Table 3). However, the pharmaco- 
logical significance of the ability of MTX(G,) to inhibit 
thymidylate synthetase is difficult to assess, since the ex- 
periments were not extended to human thymidylate syn- 
thetase, nor do the studies in post-mortem liver samples 
permit us to estimate the availability of intracellular 
MTX(G,) [ie. the ratio of unbound to dihydrofolate 
reductase-bound MTX(G, )]. 

Since we were not able to obtain liver tissue from 
patients who received MTX at a lesser interval than 3 days 
prior to death, tissue levels of the conjugate during the 
period of maximal therapeutic activity of the drug are un- 
known; in the rat, however, MTX(G;) is present in liver 
at a significant level (33% of total drug) within 4hr after 
administration of MTX [4]. There appears to be a marked 
species difference in the persistence of the conjugate; the 
presence of MTX(G,) for extremely long time periods in 
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human liver (Table 1) is in contrast to the observation 
of Whitehead er al. [4] that, in the rat, MTX(G,) disap- 
pears from kidney and liver relatively rapidly so that the 
conjugate is no longer detectable 26 days after administra- 
tion of MTX. In man, MTX is detectable in human liver 
for several months after administration [15, 16] and since, 
as shown here, the y-glutamyl conjugate of MTX has 
affinity of the same order of magnitude as the parent com- 
pound for human dihydrofolate reductase, the similar per- 
sistence of the conjugate in the form of MTX(G,):dihydro- 
folate reductase: NADPH complex is not unexpected. The 
more rapid disappearance of MTX(G,) in the rat may be 
attributable to higher liver peptidase activity or to faster 
rates of liver cell turnover in the latter species. 

It is of interest that at the time periods studied here 
there appeared to be no relationship between total MTX 
dose and the amount of MTX retained in the conjugate 
form, i.e. an increase in MTX dose did not result in an 
increase in MTX(G,) level (Table 1). Liver from the 
patients who received “high-dose” MTX therapy (J. R. and 
S. A.) did not show a greater percentage of the retained 
drug in the MTX(G,) form than did liver samples from 
patients receiving conventional dose MTX therapy. In the 
rat{4], MTX polyglutamate formation appeared to be 
greater when the drug was given in frequent, divided doses, 
rather than in a single large dose. From this evidence, it 
would appear that the clinical regimen which would favor 
MTX polyglutamate formation would be continuous low- 
dose MTX treatment over long time periods. Although any 
association between MTX(G,) accumulation and liver toxi- 
city is purely speculative, it is noteworthy that studies on 
MTxX-related liver disease in patients with psoriasis indi- 
cate that MTX when administered by a continuous low- 
dosage regimen has more serious sequelae than when given 
by an intermittent high-dosage regimen [17, 18]. 
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Table 3. Inhibition of thymidylate synthetase from L. casei by MTX and its y-glutamyl conjugate, MTX(G,)* 





5,10-Methylenetetrahydrofolate 
MTX 
(10 uM) 


Control 
{no MTX or MTX(G;)] 


MTX(G,) 
(10 uM) 





0.026 
0.024 
0.015 
0.010 


0.010 
0.014 
0.008 
0.003 


0.011 
0.003 
0.000 
0.000 





* Thymidylate synthetase, prepared from Lactobacillus casei, was provided by Dr. Charles Myers, National Cancer 
Institute. The standard assay mixture, described by Myers et al.[14], contained buffer, 37.5 umoles Tris-HCl with 
7.5 umoles 2-mercaptoethanol, and 0.75 umole EDTA, pH 7.4; undiluted cofactor solution composed of 0.22 umole tetra- 
hydrofolate, 15 uymoles formaldehyde, 25 ymoles MgCl, and 100 umoles 2-mercaptoethanol, pH 7.4; inhibitor [MTX 
or MTX(G,)] as indicated; and sufficient thymidylate synthetase to give an uninhibited control rate of 0.026 absorbance 
units/min at 340 nm, 37°, at a 5,10-methylenetetrahydrofolate concentration of 56 uM. The reaction was initiated by 
the addition of 0.05 umole deoxyuridine monophosphate. The total volume of the reaction mixture was i ml, and 
the reaction rates were determined by means of a Gilford 2400 multiple sample absorbance recorder. 
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INHIBITION OF A MIXED FUNCTION OXIDASE SYSTEM 
AND CONSEQUENT INCREASE IN POTENCY OF CARBARYL 


BY BUTYLATED HYDROXYANISOLE IN THE: HOUSEFLY 


Edward I. Ciaccio and Timothy J. Boyek 
Department of Pharmacology, Hahnemann Medical College and Hospital, 


Philadelphia, PA 19102, U.S.A. 
(Received 11 July 1977; accepted 16 August 1977) 
The potency of many insecticides may be enhanced by simultaneous ad- 


ministration of synergists which act by inhibiting the’ mixed function 
oxidases (MFO) of insects and hence the metabolism and inactivation of these 
insecticides (1). Many of the commercial synergists have been found to also 
interfere with the detoxification of xenobiotics in mammals, such as the 
insecticides themselves as well as industrial pollutants and drugs (1-6). 
The rising demand for insecticides, non-persistent in and less harmful 

to mammals, and the increasing resistance of insects to these insecticides 
have produced a need for new synergists (2-4,7,8). Butylated hydroxyanisole 
(BHA) appears to be of low toxicity in mammals (1,8,9) and inhibits rodent 
(10-12) but induces primate (13) MFO. In this communication, we present 


data to indicate that this common food additive is an inhibitor of an 





O-demethylase of the common housefly (Musca domestica) and synergizes in 
this insect with the insecticide, carbaryl (l-napthyl-N-methylcarbamate) . 
All studies were performed on a non-resistant strain of a 4- to 
8-day-old female housefly obtained from and reared by methods and supplies 
donated by J. Roger Ramsay of Rohm & Haas Co., Springhouse, PA 19477. 
The adult flies were supplied ad lib. with water, a 50-50% by weight 


mixture of Instant Carnation Dried Milk mix and 10 X Jack Frost Sugar. 


The room temperature was kept at 26 + 3° and a photoperiod of 16 hr light 


and 8 hr dark was used. A standard bait-toxicant test (14) was used to 


ascertain the toxicity in vivo of BHA and its synergism with carbaryl, 
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a suitable insecticide for testing synergists. All tests in vitro were 


performed by standard procedures in the cold (14,15). 

The results in Table 1 are illustrative of a number of experiments 
whereby BHH inhibited fly p-nitroanisole demethylase both in vitro and 
in vivo. When 0.3% BHA is added to the incubation media, it approximates a 
50 percent inhibition level, while 4.8% BHA in the sucrose-bait decreased 
the activity of the enzyme 50 per cent in mobile flies. Usually older flies 
are more susceptible to toxic agents. More immobility was observed in 
7- than in 4-day flies, but as our first priority was in BHA as a synergist 
rather than as an insecticide, we assayed mobile flies. The p-nitroanisole 
0-demethy lase in the insect has been shown previously to be a MFO system 
(15) and, as in our hands, to be also dependent on NADP; thus, it was likely 
that BHA would act as a synergist in vivo of insecticides metabolized by 
the MFO (2,4,14), such as carbaryl. This insecticide is one of the standard 
insecticides used in the sucrose-bait toxicant test for synergists and, 


as it is metabolized by a demethylase, its use here corresponds well with 


the MFO system in vitro, p-nitroanisole (pNA) demethylase. 


Table 1. Inhibition of fly p-nitroanisole demethylase by addition of BHA 


in vitro or by dosing BHA in vivo 





p-Nitroanisole demethylase activity* 
Treatment Control Treated % of Control 





In vitro - 0.3% BHA 36 16 45 
in incubation of media 


In vivo - 4.8% BHA in . 30 16 | 53 
sucrose offered for 4 hr 


In vivo - 4.8% BHA in 39 21 54 


sucrose offered for 2 hrf 





*Activity was expressed as nmoles p-nitrophenol formed by 20 female fly abdomens/ 
30-min incubation at 37°. The abdomens were placed immediately after sacrifice in a 
cold 1.0 M, pH 7.4, NaHKPO, solution (20/ml), hamogenized in a glass homogenizer with 
a Teflon pestle and centrifuged at 9000 g. The incubation mixture contained 1.0 ml 
enzyme, 0.1 mM MgCl>, 1 mM NAD, 1 mM NADP, 4.6 mM glucose 6-phosphate, 3 mM pNA and 
buffer to 3.0 ml. The reaction was stopped and protein precipitated with a basic 
acetone-water solution, centrifuged and the extinction was determined at 412 nm on 

a Beckman DU-2. 


+No deaths, but 60 per cent immobilization of flies. Only mobile flies were used for 
the enzyme activity assay. 


No deaths; no immobilization occurred. 
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The data in Table 2 indicate that BHA does indeed increase the lethality 


of carbaryl in the housefly even at very low lethal levels of BHA. 


Table 2. Toxicity of Carbaryl and BHA alone and in combination 


in the 5-day-old female housefly* 





% Concentration (w/w) in sucrose % Mortality within 
BHA Carbaryl 24 hr 








0.00 
23.0 
3.3 


100.0 





*Percentage mortality was obtained from three to nine containers of 20 flies each. The 
toxicants were dissolved in acetone and mixed with sucrose. After-evaporation of the 
acetone for 24 hr, the bait-sucrose was pulverized. The bait-toxicant media was then 
offered to the flies along with water. After a period of 24 hr, the total mortality 
was recorded. 


Although acute and subacute mammalian toxicity of synergists 
registered for commerical use in insecticides appears to be low (2), reports 
that at high concentrations some of these compounds have been shown to 
possess tumorigenic properties in mice and rats are disturbing. As the 
route of administration by which humans are most frequently exposed appears 
to be by inhalation of aerosol formulations, the rapidly rising incidence 
of lung cancer should be taken into consideration. Also possible toxic 


effects of plant residues should also be considered. 


This extremely low toxicity of BHA (9) and the apparent induction of 


primate MFO (13) but inhibition of insect MFO (9) point to the possible 
utilization of BHA analogues and other antioxidants such as ethoxyquin (16) 
as synergists in insecticide preparations, especially in those which come 
in contact with man. 
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COMMENTARY 


CHARACTERIZATION OF DRUG-MEMBRANE 
INTERACTIONS USING THE LIPOSOME SYSTEM* 


THOMAS R. TRITTON, SANDRA A. MURPHREE and ALAN C. SARTORELLI 


Department of Pharmacology and Section of Developmental Therapeutics, 
Yale University School of Medicine, New Haven, CT 06510, U.S.A. 


Most drugs encounter biological membranes at some 
point in their interaction with organisms, prior to 
reaching the ultimate metabolic target. This 
encounter may be nonproductive if any membrane, 
particularly that enclosing the target receptor, repels 
the drug and hence does not allow its entry into the 
space bounded by the membrane. Alternatively, the 
drug may pass through the membrane if solubility 
properties are favorable or if an appropriate transport 
mechanism exists. Thus, pharmacologists have been 
concerned with the importance of cell membranes in 
the action of medicinal agents at this level for many 
years. The enormous increase in our understanding 
of the composition and function of cellular mem- 
branes has, however, stimulated a variety of investiga- 
tions which have suggested that a number of drugs 
may exert at least a portion of their pharmacological 
effects through alteration of membrane function(s) by 
either interaction with the membrane or interference 
with its biogenesis. Consequently, an understanding 
of the physicochemical basis by which drug-mem- 
brane interactions occur is of great importance to a 
definition of the mechanism of action of certain drugs. 

A large number of studies exist which are con- 
cerned with the effect of drugs on the properties of 
membranes or membrane-supported activities. By and 
large these studies are of a descriptive nature with 
relatively little information on the molecular mechan- 
isms of interaction. This situation is largely the result 
of the enormous complexity of cellular membranes. 
Thus, it is exceedingly difficult to define in detailed 
molecular terms the interaction of a pharmacological 
agent with a three-dimensional array of phospholipids 
and proteins probably organized into specific neigh- 
borhoods and underpinned by a complex cytoskele- 
ton of microtubules and microfilaments. 

Fortunately, a good model system for the phospho- 
lipid bilayer of membranes exists, namely phospho- 
lipid vesicles or liposomes. Liposomes are easily pre- 
pared by simply suspending phospholipids in aqueous 
solutions; the resulting liposomes consist of large 
multilamellar cell-like structures which, upon being 
subjected to high intensity ultrasound, form single 
walled (unilamellar) vesicles (see Ref. 1 for a review 
of techniques). Liposomes prepared so as to contain 
drugs are being widely investigated as tools for the 
delivery of these agents to cellular sites [2]. Relatively 
less effort has been applied to the employment of the 





* The work done in the authors’ laboratories was sup- 
ported by U.S. Public Health Service Grants CA 10748, 
CA 02817 and CA 16359 from the National Cancer Insti- 
tute. 


liposome as a model membrane for which to study 
drug interactions with phospholipid bilayers. This 
Commentary directs itself to a discussion of some of 
the methodology which either has been or could be 
utilized to provide structural and/or dynamic infor- 
mation on drug-membrane interactions using lipo- 
some vesicles. Many of the techniques and studies 
described involve equipment which is generally avail- 
able in biological laboratories and could be utilized 
by pharmacologists to investigate the particular drug 
class in which they are interested. 

The liposome system has several advantages over 
natural cell membranes for defining the physico- 
chemistry of drug action. Liposomes are exceedingly 
simple; sonicated dispersions of phospholipids pro- 
duce small vesicles of fairly uniform size (on the order 
of 300A) consisting of a single bilayer surrounding 
an aqueous space [3]. The membrane composition 
both in terms of the polar head group and the fatty 
acid side chains is accurately known, since pure phos- 
pholipids can be employed as starting materials. In 
this way, both the surface charge density and interior 
fluidity can be controlled. Furthermore, membranes 
of practically any lipid composition can be prepared 
and purified proteins or other molecules can be incor- 
porated into either the aqueous or hydrocarbon 
phases. Such vesicles can be prepared on the large 
scale necessary for certain types of physical measure- 
ments without the complex manipulations required 
to purify cellular membranes. Most importantly, lipo- 
somes would appear to be relevant models of biologi- 
cal membranes, as they have the basic phospholipid 
bilayer structural element of the membrane. 

As indicated previously, most drugs must interact 
with membranes in some manner to exert their bio- 
logical action. This interaction can be either a tran- 
sient phenomenon while the drug passes through the 
membrane, or the pharmacologically important act 
itself. That is, the drug may alter some property of 
the membrare to produce its characteristic pharma- 
cological response. 

Several distinct membrane properties are potential 
targets for a drug molecule. One of the most widely 
discussed of these properties is fluidity. Fluidity in 
this sense is a measure of the resistance to lateral 
diffusion of molecules in the membrane plane. A 
membrane in the solid (or gel) phase possesses hydro- 
carbon chains with a high energy barrier to bond 
rotation. These hydrocarbons, therefore, form an all 
trans geometry about the carbon-carbon bonds and 
pack into an ordered hexagonal array. In contrast, 
in the fluid (or liquid crystalline) phase the barrier 
to bond rotation is much lower and the hydrocarbon 
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chains possess liquid-like disorder, thus disrupting the 
ordered array. The transition from one phase to the 
other occurs, at least for pure phospholipids, at a 
characteristic temperature called the T,, (sometimes 
referred to as the T,). This critical temperature is a 
function of membrane composition and solution con- 
ditions and can be studied by a variety of physical 
techniques. In principle, drugs could affect the fluidity 
characteristics of a membrane in either direction, i.e. 
by making it more fluid or more solid and thus either 
enhancing or inhibiting membrane functions which 
require translation of molecules within the bilayer. 
Examples of both cases are known and will be dis- 
cussed. 

Drugs can also alter the permeability of a mem- 
brane. Indeed, one of the chief functions of a mem- 
brane is to act as a permeability barrier to restrain 
movement of desirable or undesirable molecules. Any 
alteration in membrane permeability characteristics 
produced by a drug could have profound effects on 
cellular activity. Polyene antibiotics are examples of 
agents which make certain kinds of membranes leaky, 
whose molecular action at this level has been probed 
using liposomes [4]. 

Spatial organization is another important feature 
of membrane design that is a possible target for drug 
action. Several kinds of experimental evidence exist 
which suggest that most biological membranes are 
not simply a homogeneous sea of molecules randomly 
drifting about (for a relevant review see Ref. 5). 
Rather, certain proteins, which include receptors and 
antigens as well as more complex assemblies, are 
ordered into specific environments. Lipids too prob- 
ably exist in defined local environments and, in fact, 
show an asymmetrical distribution on the two sides 
of the bilayer [6]. Relatively little is known of the 
structural details of such organization, but pharmaco- 
logic disruption is certainly a possible mode of drug 
action. Detergents are perhaps the most drastic 
example of agents which alter membrane spatial 
organization [7]. 

The fusion of one membrane with another is an 
additional physiological function of membranes 
which could be altered by chemical agents. Since 
fusion is an important component of biological events 
ranging from secretion to virus infection, alteration 
of this mechanism could profoundly influence living 
cells. The liposome system would appear to have con- 
siderable usefulness in studies of membrane fusion. 
Gent and Prestegard [8], for example, have shown 
that free fatty acids promote vesicle fusion, with the 
maximum rate occurring at the transition tempera- 
ture. Interestingly, prostaglandins, which are complex 
derivatives of fatty acids, do not stimulate vesicle 
fusion (T. R. Tritton and C. A. Briggs, unpublished 
results); however, other kinds of molecules promote 
liposome fusion (e.g. antidepressants[9] and 
Ca?* [10]), but apparently no compound has been 
described which inhibits the effects of such fusogens. 

Charge distribution and density are increasingly 
being recognized as yet another important character- 
istic of membrane surfaces [11]. This property is in- 
terrelated with fluidity, permeability, fusion and struc- 
tural organization and most certainly is important in 
drug interactions with membranes, particularly as a 
determinant of binding specificity. All of these proper- 
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ties of biological membranes can be studied in the 
relatively simple liposome system. To demonstrate the 
utility of these vesicles, selected examples of appro- 
priate physicochemical approaches using liposomes, 
which have assisted in the definition of the mechan- 
isms of chemical interactions with membranes, will 
be described. 


ANAESTHETICS 


Anaesthetics, as a class, have been extensively stud- 
ied in liposome systems. Unlike many other drugs, 
anaesthetics appear to be quite nonspecific, acting on 
a variety of cell types and cell functions. In addition, 
different anaesthetic drugs possess structures with no 
obvious chemical similarities. Instead, the unifying 
feature of these agents is that anaesthetic action 
appears to occur at the membrane, although the 
actual molecular details of this interaction are contro- 
versial. 

High resolution nuclear magnetic resonance has 
been usefully employed in the study of anaesthetic— 
membrane interactions by several workers. Modern 
Fourier transform multinuclear instruments are cer- 
tainly capable of giving a large amount of detailed 
information, but are expensive and complex and are 
not readily available to many research workers. On 
the other hand, the low field continuous wave proton 
machines available in most laboratories can yield 
useful information, as exemplified by the studies of 
Hauser et al.{12] and Cerbon[13] on liposome— 
anaesthetic interactions. The basic principle in this 
kind of experiment is that a macromolecular assembly 
has much slower molecular motions in solution than 
a small molecule. When a small molecule binds to 
a large one, however, it takes on the motional correla- 
tion time of the macromolecule. The result is a shor- 
tening of the magnetic relaxation times (i.e. the so- 
called T1 and T2) of the small molecule and a resul- 
tant line broadening. Thus, an increase in an NMR 
line width is an indication of a molecular interaction. 
Fischer and Jardetzky [14] were the first to apply this 
approach, and Jardetzky and others have subse- 
quently developed the technique, expanding its range 
of application over the last 10 yrs. A recent book 
gives appropriate details and pertinent refer- 
ences [15]. 

As an example of this technique, Hauser er al. [12] 
showed that interaction of procaine and tetracaine 
with liposomes occurred only with those composed 
of acidic phospholipids, but not with zwitterionic 
neutral ones, indicating that the interaction was 
dominated by electrostatic and Van der Waals forces. 
Consistent with this idea, they also observed a differ- 
ential effect on the line broadening of various regions 
of the anaesthetic molecule. Cerbon[13] further 
showed that the presence of a hydrophobic tail on 
the anaesthetic, as in butacaine or pantocaine, 
resulted in interaction with membranes, even in the 
absence of a net negative charge, presumably by inser- 
tion of the hydrophobic portion of the drug into the 
hydrocarbon region of the membrane. 

Various kinds of approaches have been employed 
to examine the effects of anaesthetics on the fluidity 
of membranes. For example, Trudell et al. [16] have 
used electron spin resonance (ESR) to show that vola- 
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tile anaesthetics produce disorder in a lipid bilayer. 
This kind of information is readily obtainable from 
these (ESR) kinds of studies because the conforma- 
tional mobility of nitroxide spin labeled fatty acids 
(commercially available from Syva Corp., Palo Alto, 
CA.) can be deduced from the splittings in the ESR 
spectrum. The practical details of such an analysis 
can be found in the review of Griffith and Jost [17]. 
Trudell et al.[16] were able to show the probable 
pharmacological relevance of their studies by demon- 
strating a dose-response relationship between anaes- 
thetic concentration and liposome membrane dis- 
order over concentrations similar to those required 
for clinical anaesthesia. 

Likewise, Papahadjopoulos et al. [18] showed that 
local anaesthetics also increase the fluidity of mem- 
branes and that this fluidizing effect was even more 
pronounced in the presence of Ca**. These conclu- 
sions were derived from differential scanning calori- 
metric (DSC) and fluorescence polarization measure- 
ments. In the former type of experiment, the sample 
under study is heated at a programmed rate and the 
amount of heat absorbed or released in a thermally 
induced transition is measured. Fluorescence polari- 
zation measurements, on the other hand, require a 
probe molecule embedded in the membrane and, like 
ESR experiments, sense the mobility of the probe and 
hence indirectly the degree of fluidity or disorder in 
the membrane. Using both techniques, Papahadjo- 
poulos et al. [18] found that the critical temperature 
(T,,) of the gel-liquid crystal transition of the lipo- 
somes decreased in the presence of dibucaine, indicat- 
ing that this agent caused the membrane to become 
more fluid. 


CHOLESTEROL 


The widespread occurrence of cholesterol in bio- 
logical membranes suggests that this relatively small 
molecule plays an important role in modulating mem- 
brane structure and function. Although not techni- 
cally a drug, cholesterol is included in this discussion 
because it exemplifies several principles of small mole- 
cule-liposome interaction. A variety of techniques 
have been employed to determine the effects of 
cholesterol on phospholipid liposomes; these studies 
have yielded a fairly detailed picture of their inter- 
action. The dominant concept is that cholesterol 
modulates the packing of the hydrocarbon chains 
such that in the fluid phase chain flexing is inhibited, 
while in the solid phase chain packing into a rigid 
array is prevented. Relatively little information is 
available on the interaction of other steroids, such 
as the steroid hormones, with liposomes and this 
would appear to be a fruitful area for future research. 

To study the effects of cholesterol on the lipid 
phase transition, a variety of techniques including dif- 
ferential scanning calorimetry have been employed. 
Ladbrooke et al.[19] and Hinz and Sturtevant [20] 
showed that addition of cholesterol to lecithin lipo- 
somes lowered the transition temperature and de- 
creased the specific heat absorbed in direct propor- 
tion to the mole per cent of cholesterol incorporated. 
When membranes contain between 33-50 per cent 
cholesterol, the solid—-fluid transition is completely 
eliminated. NMR spectroscopic study of the protons 
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on the lecithin molecules in liposomes shows a reduc- 
tion in signal for the methylene protons, suggesting 
that cholesterol makes the membrane less fluid above 
the T,, [21,22]. In this type of experiment, the only 
observable resonance signals are those from protons 
on the lecithin itself, ie. the resonance signals from 
cholesterol are obscured by the high lipid back- 
ground. To overcome this problem, Kroon et al. [23] 
have synthesized > 99 per cent deuterated lecithin; 
use of vesicles consisting of this material allows the 
observation of some of the resonances of the choles- 
terol present in the liposomes. From these studies, 
it was concluded that the cholesterol molecule has 
a differential mobility in the bilayer. The motion of 
the aliphatic tail is essentially unrestricted, while the 
steroid nucleus is more immobilized. These results, 
however, are in conflict with some previous models 
of cholesterol-membrane interactions, which postu- 
late a specific stoichiometric association [23]. Never- 
theless, the success of these studies makes it likely 
that the use of deuterated phospholipids will be an 
increasingly important tool for NMR spectroscopic 
studies of other small molecules which interact with 
membranes. 

ESR, too, has been used effectively to probe the 
interactions of cholesterol with liposomes. For 
example, using a spin labeled cholesterol derivative, 
Schreier-Muccillo et al. [24] demonstrated that (a) the 
steroid orients itself with its long axis perpendicular 
to the plane of the bilayer, and (b) the molecule 
rotates rapidly about this axis. When a nitroxide spin 
label was placed at different positions along the hy- 
drocarbon chains, Hubbell and McConnell [25] were 
able to discern a “fluidity gradient” corresponding to 
increasing motion toward the center of the bilayer. 
Addition of cholesterol to the fluid bilayer (i.e. above 
the T,,) decreased the flexibility of the chains until 
at equimolar stoichiometry the hydrocarbons were 
almost completely rigid [24]. Conversely, introduc- 
tion of cholesterol into solid membranes (i.e. below 
the T,,) actually increases chain flexibility. Other 
physical techniques, such as X-ray diffraction [26] 
and fluorescence polarization [27], support these con- 
clusions. 

Finally, cholesterol also affects the permeability of 
liposomal membranes. Papahadjopoulos et al. [27] 
showed that the presence of cholesterol produces a 
decrease in the rate of self-diffusion of Na” ions 
across liposome membranes at all temperatures. 
Moreover, at equimolar levels of cholesterol and 
lecithin the increase in permeability with increasing 
temperature showed no discontinuity and gave linear 
Arrhenius plots in direct contrast to the pure phos- 
pholipid alone. This result demonstrates that choles- 
terol inhibits the phase transition associated changes 
in Na* permeability. 


ADRIAMYCIN 


In our own laboratories, we have been interested 
in the interaction between the antineoplastic agent 
adriamycin and membranes. Although DNA has 
usually been considered to be the prime target for 
the action of this drug, recent evidence suggests that 
membrane effects are important as well [28]. These 
studies demonstrated that the rate of agglutination 
of Sarcoma 180 cells by concanavalin A was enhanced 





9399 


by levels of adriamycin which inhibit cell growth and 
that this effect occurred in the absence of a change 
in the rate and extent of binding of labeled concana- 
valin A to these. cells. In an attempt to understand 
the details of the action of adriamycin at the level 
of the membrane, we are employing a variety of phy- 
sicochemical approaches using the liposome system. 

Although of great utility in studying the fluidity 
characteristics of membranes, scanning calorimeters 
and electron spin resonance instrumentation are not 
routinely available to many investigators; therefore, 
we have successfully used a common spectrophot- 
ometer to measure phase transitions (fluidity) in lipo- 
somes by monitoring changes in turbidity as a func- 
tion of temperature. Turbidity is a measure of light 
scattered in the forward direction. When a dispersion 
of phospholipid vesicles undergoes a solid—fluid phase 
transition, the scattered light intensity is altered [29] 
and measurement of this phenomenon provides a 
convenient monitor of this transition. Using this tech- 
nique, we have obtained evidence that adriamycin 
fluidizes pure lecithin membranes; however, when 
small amounts of cardiolipin are incorporated into 
these membranes, the drug causes them to become 
less fluid (i.e. to have a higher T,,). This is apparently 
not a nonspecific effect of acidic phospholipids, since 
phosphatidyl serine containing liposomes are ren- 
dered more fluid by adriamycin [30]. 

We have also used 60 MHz continuous wave pro- 
ton NMR to ascertain whether adriamycin alters the 
permeability and fusion characteristics of liposomes. 
The N*(CH;),4 proton resonance of lecithin is a well- 
resolved single peak in the NMR spectrum. In the 
presence of the paramagnetic ion Pr?*, the resonance 
position of the choline protons is shifted down- 
field [31]. Since the liposomes are normally imper- 
meable to Pr** only those protons on the outside 
of the bilayer are accessible to the shift reagent, and 
hence the N*(CH3)4 resonance is split into an inside- 
outside doublet. If a drug molecule makes the mem- 
brane leaky and thereby permeable to Pr**, then the 
doublet structure will collapse due to contact of the 
paramagnetic ion with choline protons on both the 
inside and outside of the vesicles. Addition of adria- 
mycin to such a Pr**-liposome system causes no 
apparent NMR signal change, and thus we conclude 
that the drug does not make the membrane per- 
meable to ions like Pr**. 

Membrane fusion is also easily monitored in lipo- 
some suspensions using proton NMR [8]. The basic 
concept in this approach is that fusion of small vesi- 
cles to form larger ones slows down the molecular 
motions of the lipids. This, in turn, causes the proton 
resonances to broaden such that, as larger liposomes 
are formed, the motion becomes slower, and finally 
no. resonance is observed. That is, the signal intensity 
will decrease with time as fusion proceeds. In pure 
lecithin liposomes, fusion occurs very slowly, if at all, 
and addition of adriamycin does not cause any 
change. In cardiolipin containing lecithin liposomes, 
however, adriamycin markedly enhances the rate of 
vesicle—vesicle fusion, as determined by the loss in 
signal intensity of the choline proton resonance. 
These results suggest that adriamycin interacts in a 
specific manner with cardiolipin containing vesicles 
to alter fluidity and fusion characteristics. 
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OTHER DRUGS 

Several other investigations of drug—liposome inter- 
actions exist in the literature. Much of this work is 
concerned with the effects of drugs on membrane 
fluidity. For example, using DSC and ESR, Cater et 
al. [32] reported that morphine-like compounds and 
tricyclic antidepressants altered the tilt of the hydro- 
carbon chains at low concentrations and then flui- 
dized the membrane at higher drug concentrations. 
Likewise, Jain et al. [33] showed by DSC that a series 
of aliphatic alcohols, uncouplers of oxidative phos- 
phorylation, and tranquilizers broadened the transi- 
tion profile and decreased the T,, of dipalmitoyl phos- 
phatidyl choline liposomes. Not all drugs fluidize 
membranes, however. For example, Lyman et al. [34] 
showed, again by DSC, that agents like dimethyl 
sulfoxide, dimethyl formamide, pyridine N-oxide and 
tetramethylurea, which induce differentiation in 
Friend erythroleukemia cells, cause an increase in the 
transition temperature of dimyristoyl phosphatidyl 
glycerol liposomes, indicating a tendency to promote 
less fluid or more ordered membranes. 

It appears that practically any drug or other small 
molecule can produce fluidity changes in membrane 
phospholipids, although concentrations which are 
much higher than clinically relevant ones are often 
necessary to cause changes in physical properties of 
the membrane. Consequently, membrane fluidization 
by itself may not be the pharmacologically important 
event in the action of a drug on a cell, especially 
if high concentrations of the agent are required to 
produce the effect. Nonetheless, local membrane 
effects due to specificity of a drug for a particular 
membrane component or a differential effect on sep- 
arate components of the membrane could be an im- 
portant determinant of drug action. Thus, it appears 
reasonable to predict that future fruitful efforts in 
drug development may be attained by achieving such 
specificity in membrane active drugs. There are two 
general means by which such specificity might be 
obtained. The first is the conventional approach of 
compound design and synthesis followed by evalu- 
ation in a proper test system. A second possibility, 
however, is to use liposomes of defined composition 
to increase specific components of surface membranes 
of target cells through fusion and hence change the 
inherent binding specificity of that membrane toward 
selected small molecules. Thus, if a given drug has 
a high affinity for a certain membrane component 
or is particularly effective against cells whose mem- 
branes contain that component, then fusion of cells 
with appropriate liposomes could be used to intro- 
duce this material into cell membranes. The thera- 
peutic potential of this approach has not been over- 
looked and much effort has been devoted to defining 
the mechanisms of liposome uptake by cells (reviewed 
in Refs. 1 and 35). 


PROGNOSIS 


Physicochemical studies have had a significant im- 
pact on our understanding of the structure and func- 
tion of biological membranes. In this Commentary, 
we have outlined how such approaches can also yield 
information about membrane interactions with drugs 
that is not readily available by other kinds of tech- 
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niques. At least some of these approaches can be sys- 
tematically exploited by nearly all pharmacologists. 
A major goal of these studies is a definition of the 
molecular details that govern the ways in which small 
molecules interact with membranes. Since interaction 
of chemical agents with membranes is so common 
and important in biological systems, it is likely that 
much future effort will be applied in this area. A 
second, more practical, goal of studies of drug- 
membrane interaction is to employ the findings 
obtained to suggest new ways in which optimal 
chemotherapeutic use can be attained. It seems 
reasonable to assume that a description of the mech- 
anisms of drug-membrane interaction will assist in 
the rational design of new agents capable of achieving 
desired phenomena. 

A limitation in most physical studies on liposomes, 
including all of the methodologies described in this 
report, is that only the bulk or average property of 
an entire system is observed in the experiment. Conse- 
quently, localized effects, which may be of critical im- 
portance in an organized membrane system, are not 
readily discernible. This is an inherent limitation of 
our methodology at present and represents a major 
challenge for developing new techniques in the future. 

Some progress has been made in examining mem- 
brane properties of single cells, such as (a) the use 
of fluorescence polarization using microscope-optics 
[36], and (b) the application of intense highly focused 
laser beams to measure fluorescence photobleaching 
recovery as a means of detecting lateral motion of 
fluorescent cell surface components [37]. The value 
of the liposome system, however, lies in its simplicity 
and, therefore, it is highly useful for design and inter- 


pretation of physical studies on membranes. Such 
studies, however, should be viewed only as a starting 
point from which to proceed to biological mem- 
branes. 
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Abstract—Phosphodiesterase was found in homogenates of the liver fluke, Fasciola hepatica, and was 
distributed between a supernatant and particulate fraction after centrifugation at 2000g. Mg** was 
necessary for enzyme activity; Ca?* in the presence of Mg** did not affect enzyme activity. Enzyme 
kinetics followed the Michaelis-Menten model with a K,, of 8 uM for cAMP and 300 uM for cGMP 
as the substrate. The most potent inhibitor tested was 1-ethyl-4-(isopropylidenehydrazino)-1 H-pyrazo- 
lo-(3,4-b)-pyridine-5-carboxylic acid, ethyl ester, HC] (SQ 20009) which had a K; of 26uM. The K; 
for isobutyl methyl xanthine (IBMX) was 45 uM; for 6,7 dimethyl-4 ethylquinazoline (Quazodine) 
75 uM; papaverine, 100 uM; theophylline, 550 uM; and for caffeine or D-lysergic acid diethylamide 
(LSD), 800 uM. The effects on fluke motility of these phosphodiesterase inhibitors were tested. All 
phosphodiesterase inhibitors except caffeine stimulated the rhythmical movement of the flukes. None 
of the inhibitors tested significantly increased the endogenous cAMP concentrations of fluke heads. 
IBMxX potentiated the rise in endogenous cAMP caused by 5-hydroxytryptamine (5-HT) but SQ 20009, 
LSD, and papaverine prevented it. The latter results could not be explained on the basis of phosphodies- 
terase inhibition, but might be attributed to interference with the stimulation of adenylate cyclase 


by 5-HT. 


Cyclic 3’,5’-nucleotide phosphodiesterase (EC 3.1.4.17) 
is the only enzyme known to hydrolyze the cyclic 
nucleotides to the 5’-nucleotide monophosphates. 
Adenylate cyclase and phosphodiesterase regulate the 
concentration of cyclic nucleotides in the cell and in 
extracellular fluids. 

For many years this laboratory has been studying 
the biochemistry of the liver fluke, Fasciola hepatica, 
frequently using it as a model for the effects of 5-hyd- 
roxytryptamine (5-HT)* and related psychoactive 
agents. 5-HT appears to be one of the regulators of 
carbohydrate metabolism and neuromuscular activity 
in the liver fluke. 5-HT stimulates glycolysis and gly- 
cogenolysis [1,2], activates glycogen phosphorylase 
and phosphofructokinase [3-5] and stimulates the 
motility of this organism [6]. It increases the endo- 
genous concentration of cAMP by activating adeny- 
late cyclase[7] and it activates protein kinase [8]. 
LSD antagonizes these last two effects of 5-HT, but 
stimulates motility [7, 8]. Indolamine analogs of 5-HT 
stimulate fluke motility and activate adenylate cyclase 
in direct relation to their structural similarity to 
5-HT [7]. Externally added 5-HT has the same effects 
as that synthesized internally from its metabolic pre- 
cursor, 5-hydroxytryptophan [9]. For these reasons 
we postulated that 5-HT or a related indolamine may 
have a hormonal function in the flukes similar to that 
of epinephrine in higher organisms, and that cAMP 
acts as a second messenger for 5-HT. 





* Abbreviations used: cAMP (cyclic 3’,5’-adenosine 
monophosphate), cGMP (cyclic 3’,5’-guanosine monophos- 
phate), 5-HT (5-hydroxytryptamine), Lsp(D-lysergic acid 
diethylamide), IBMX (iso-butyl-methyl xanthine), Quazo- 
dine (6,7  dimethyl-4  ethylquinazoline), $Q20009 
(1-ethyl-4-(isopropylidenehydrazino)-1H-pyrazolo-(3,4-b)- 
pyridine-5-carboxylic acid, ethyl ester, hydrochloride). 


Since we have reported the presence of phospho- 
diesterase in the liver fluke [3] the present investiga- 
tion was undertaken to study the properties of the 
enzyme and to test the effects of compounds which 
were known to inhibit phosphodiesterases from other 
sources. Specifically, we wanted to know whether 
these inhibitors would affect the levels of endogenous 
cAMP and whether they could potentiate the action 
of 5-HT in raising the endogenous levels of cAMP 
in the flukes. We also Wanted to compare the motility 
of flukes treated with 5-HT or phosphodiesterase in- 
hibitors. 


MATERIALS AND METHODS 


Crotalus atrox venom, cAMP, cGMP and 5-HT 
were purchased from Sigma; LSD from Sandoz; 
[8-'*C] cAMP and [8-'*C] cGMP from ICN; and 
IBMX from Aldrich. Quazodine was a gift of Mead- 
Johnson (Dr. G. R. McKinney) and SQ 20009 was 
given by E. R. Squibb and Sons, Inc. by the courtesy 
of Dr. S. M. Hess. Instagel was purchased from Pack- 
ard and anion exchange resin, AG 1-X8, 200-400 
mesh from Bio-Rad and prepared according to the 
directions of R. Ho (personal communication). It was 
washed with water until pH of effluent was 5-6, 
washed with 0.2 M NaOH until Cl-free (AgNO; test), 
washed with water until pH was 6~7, washed with 
0.2 N formic acid until pH was 2.5 and washed with 
water until pH of effluent was approximately 4. The 
resin was then suspended in 2 vol. of 0.1M 
ammonium formate and stored at 4°. Before use the 
resin was shaken thoroughly and 1 ml was pipeted 
into each 0.7 x 4cm polypropylene column and 
washed with 3ml of 20mM ammonium formate 
(pH 7.4). 

Assay procedure. The reaction sequence for phos- 
phodiesterase assay was similar to the one originally 
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described by Butcher and Sutherland [10] except that 
a '*C-labeled substrate was used. 

['*C] nucleoside-3’,5’-phosphate Phosphodiester- 
ase + ['*C] nucleoside 5’-phosphate Crotalus atrox 
venom — ['*C]nucleoside + P.. 

The unreacted nucleoside 3',5’-phosphate was 
separated from the nucleoside by anion exchange 
chromatography which was essentially that of Wells 
et al. [11]. = 

The reaction medium contained 6mM magnesium 
acetate, 25mM _ Tris-HCl (pH 7.5), 25 mM _ imidazole 
(pH 7.5), enough ['*C] cAMP to give 10,000 to 
12,500 cpm, non-radioactive cAMP which varied 
from 14M to 0.5mM and water to make a total 
volume of 0.45 ml. The reaction was started by adding 
0.05 ml enzyme diluted with 0.25M _ sucrose so that 
5—30°% of the substrate was hydrolyzed in 10 min in 
a shaking water bath at 37°. The reaction was stopped 
by adding 0.05ml of 0.1M EDTA. Immediately 
0.1 ml! Crotalus atrox venom (5 mg/ml) was added and 
the tube returned to the shaking bath for an ad- 
ditional 10min. Blanks were obtained by adding 
enzyme preparations after EDTA and snake venom. 
After the incubation with snake venom 0.35 ml of 
0.1 mM adenosine was added to each tube and an 
aliquot (0.8 ml) was removed and placed on an anion 
exchange column. (See Materials) Scintillation vials 
were placed under the columns and after the aliquot 
had run through the adenosine was eluted with 4 ml 
of 20mM ammonium formate (pH 7.4). 5 ml Instagel 
was added to each vial and they were counted for 
10 min in a liquid scintillation spectrometer. When 
cGMP was the substrate the procedure was varied 
by diluting the reaction mixture with guanosine after 
the incubation with snake venom. Six ml of 20mM 
ammonium formate was used to elute guanosine from 
the columns and 7 ml Instagel was added to the scin- 
tillation vials. Results were calculated as nmoles of 
cyclic nucleotide hydrolysed/min/0.1 ml extract or per 
mg protein. Protein was determined by the method 
of Lowry et al. [12]. 

Preparation of phosphodiesterase. Whole flukes, 
heads or tails were homogenized in 0.33 M sucrose 
(6 ml/g wet weight) in a motor-driven glass homogen- 
izer. Supernate and particulate fractions were pre- 
pared from homogenate by centrifuging for 20 min 
at 2000g. For kinetic experiments particulate frac- 
tions were suspended in the original volume with 
0.25M_ sucrose, centrifuged again, and resuspended 
in the same volume of 0.25 M sucrose. Before assay 
supernate was usually diluted 1:10 and particulate 
enzyme 1:5 in 0.25 M sucrose. Fluke heads were pre- 
pared by cutting off the anterior end of the fluke just 
behind the suckers. The posterior 80 per cent of the 
fluke is referred to as the tail. All operations except 
cutting off heads were carried out at 4°. 

Determination of endogenous cAMP. cAMP was 
determined by the Gilman binding assay [13]. Flukes 
were prepared for the assay as described pre- 
viously [7]. Test compounds were added to the saline 
medium to a final concentration of 1mM (except 
LSD—1i uM). Fluke heads were immersed in the 
medium for 10min at 37° before 5-HT was added. 
Motility was estimated as reported previously [7] and 
aliquots of fluke heads were frozen on Wollenberger 
clamps after various time intervals. 
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Table 1. Distribution of phosphodiesterase activity 

between supernate and unwashed particles prepared from 

whole-fluke homogenates by centrifugation at 2000g for 
20 min 





nmoles/g wet weight*/min 
Homo- %, of 
genate Supernate Hom. Particles 


o 


6 of 


Expt. No. Hom. 





25 
21 
22 


34 


Mean 





* One gram wet weight is 10-12 flukes. 
RESULTS 


Properties of phosphodiesterase in flukes. Table 1 
shows how activity (after centrifugation at 2000 g) was 
distributed between the supernatant and the particu- 
late fractions. These results are expressed in terms 
of g wet weight so that the actual distribution of 
enzyme activity within the flukes can be understood 
and also so phosphodiesterase activity could be 
measured in the same fractions that had previously 
been used to measure adenylate cyclase activity [7]. 
It is interesting to note that 21-34 per cent of phos- 
phodiesterase activity was present in the particulate 
fraction that was reported to contain the major 
adenylate cyclase activity [3]. 

The specific activity (at 10 uM cAMP) of homo- 
genates of whole flukes was 0.3 nmoles cAMP/mg 
protein/min at 37°. In addition to whole-fluke homo- 
genates we determined the specific activity of super- 
nates from whole flukes, heads, and tails. The specific 
activity of supernate prepared from fluke heads was 
1.7 nmoles/mg protein/min, almost twice as high as 
that of supernate from tails (1.1) or from whole flukes 
(0.95). 

Phosphodiesterase activity in freshly prepared frac- 
tions was stable at 4° for 8hr. The activity was 
reduced 10-50 per cent by freezing either at —20° 
or in liquid nitrogen, but subsequently remained 
stable for several months. Consequently, fractions 
were frozen routinely whenever there was an excess 
of fresh flukes. Although frozen fractions were used 
for many experiments the results were always checked 
using freshly prepared material. No significant differ- 
ences were noted between fresh or frozen extracts. 

A buffer system composed of 25 mM Tris-HCI and 
25mM imidazole at pH 7.5 was used routinely 
because enzyme activity was maximal in the presence 
of this buffer. Activity was only 38 per cent of the 
maximum at pH 8.6 and only 75 per cent of the maxi- 
mum at pH 6.6. Imidazole was essential for maximal 
activity. Mg** was necessary for phosphodiesterase 
activity. Elimination of Mg** by using EDTA in the 
reaction mixture resulted in complete loss of enzyme 
activity. The presence of 6mM Magnesium acetate 
in the reaction mixture was optimal. If Mn** was 
substituted for Mg?* the activity was not significantly 
affected. 

Ca** has frequently been reported to be either an 
activator or an inhibitor of phosphodiesterase. Addi- 
tion of EGTA to the phosphodiesterase reaction mix- 
ture to eliminate Ca?* caused no change in phospho- 
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Fig. 1. Lineweaver-Burke plot of cAMP hydrolysis by 
supernate © and particulate @ fractions from F. hepatica. 
The concentration of cAMP varied from 1.1 to 500 uM 
for the supernate and from 1.0 to 20.4 uM for the particu- 
late enzyme. The protein concentration of the supernate 
in the assay was 0.8 mg/ml, and for the particulate it was 
1.6 mg/ml. All lines in Lineweaver—Burke plots were drawn 
by linear regression. 


diesterase activity. Enzyme activity also remained un- 
changed whether or not 25 or 50uM CaCl, was 
added to the reaction. Therefore, we concluded that 
Ca?* neither stimulates nor inhibits the phosphodies- 
terase from F. hepatica. 

Enzyme kinetics. Experiments were done to deter- 
mine the kinetics of the enzyme. Figure 1 shows a 
Lineweaver—Burke plot for supernatant and particu- 
late fractions using cAMP as substrate. The K,, for 
the enzyme in the supernate was 8 uM and for the 
particulate enzyme was 12M. The kinetics appear 
to follow the Michaelis-Menten model. When cGMP 
was the substrate for supernate the kinetics appeared 
similar to those when cAMP was used, but the K,, 
was 300 uM. 

Several of the more commonly used phosphodies- 
terase inhibitors were tested to determine their rela- 
tive inhibition of the fluke enzyme and whether the 
inhibition was competitive or non-competitive. Figure 
2 shows a Lineweaver—Burke plot of the inhibition 
of enzyme activity in the supernate by IBMX. Figure 
3 is a comparable plot for the particulate enzyme. 
Both figures illustrate an apparent competitive inhibi- 
tion. The K; for supernate of 55 uM and the K; for 


v~\(nM/ min)“ 








ol 
[cAMP] (uM) 


Fig. 2. Lineweaver-Burke plot of cAMP hydrolysis by 

supernate © and inhibition by 100u4M O and 400 uM 

 IBMX. cAMP concentration varied from 3.4 to 
30.4 uM. 
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Fig. 3. Lineweaver—Burke plot of cAMP hydrolysis by par- 

ticulate phosphodiesterase @ and inhibition by 100 uM @ 

and 400 uM @ IBMX. cAMP concentration varied from 
3.4 to 20.4 uM. 


particulate enzyme of 454M were calculated from 
multiple experiments using either Dixon or Hunter- 
Downs plots as described in Dixon and Webb [14]. 
Figure 4 is the plot for SQ 20009 inhibition of the 
supernatant enzyme. The inhibition appears to be 
competitive and the K; is calculated to be 26 uM. 

Since it was previously reported that LSD anta- 
gonizes the 5-HT elevation of endogenous cAMP 
levels in the liver fluke [7] it was thought desirable 
to test its effect on phosphodiesterase. Figure 5 is the 
plot for inhibition of supernate phosphodiesterase by 
LSD. The inhibition is apparently competitive. 

Other compounds which inhibited fluke phospho- 
diesterase were caffeine, theophylline, papaverine and 
Quazodine. K;’s were determined for compounds by 
Dixon plots or Hunter-Downs plots (not shown) [14] 
and are listed in Table 2. Neither 5-HT nor guanosine 
inhibited phosphodiesterase from the liver fluke. 

The effect of phosphodiesterase inhibitors on motility 
and endogenous cAMP concentrations in fluke heads. 
Whole flukes or fluke heads in saline medium undu- 


v7'(nM/min)*! 


04 05 o€ 
(cAMP) (pM) 
Fig. 4. Lineweaver-Burke plot of cAMP hydrolysis by 
supernate © and inhibition by 204M OD and 100uM © 
SQ 20009. cAMP concentration varied from 1 to 20.4 uM. 
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[cAMP] uM)" 
Fig. 5. Lineweaver-Burke plot of cAMP hydrolysis of 
supernate O and inhibition by 0.8 mM LSD 0. cAMP con- 
centration varied from 0.7 to 20.4 uM. 


late slowly. When 5-HT (1 mM) is added the undula- 
tions increase in frequency and amplitude [6]. The 
resting state is rated 0 and the exitation caused by 
1mM 5-HT is rated +4. The effect on motility can 
be observed less than 1 min after adding the test com- 
pound to the flukes in saline medium. Of the com- 
pounds reported in this paper, all except SQ 20009 
caused the same kind of undulation that 5-HT pro- 
duced. The movements caused by SQ 20009 were not 
undulations, but resembled spastic contractions with 
a thickening body and decreased perimeter of the 
whole fluke or fluke head. Among the compounds 
tested (with the exception of LSD) the stimulation 
of motility was inversely related to the K; for phos- 
phodiesterase inhibition. (Table 2). 

It has previously been reported that 5-HT and 
related indolamines cause a marked increase in endo- 
genous cAMP[7]. This effect is more apparent in 
fluke heads probably because they are relatively 


Table 2. The structures and K;,’s of phosphodiesterase inhibitors and their effects on mobility, 
concentration of endogenous cAMP, and 5-HT mediated elevation of endogenous cAMP 





* 
Compound Structure 


Motility m3 pmoles cAMP per mgprotien 





No additions 


o 
Arwen 


a 
HOT 


Quazodine 


Papaverine 


Theophylline 


Caffeine 


‘CH, CH, NH, 


13.74 7.7 


0) - a2) 432+ 120 


432+ I20 
(12) 


16.4¢5.8 
(3) 


134+ 32 
(3) 


22.7+ 9.8 
(9) 


Not tested 


4.5 27.5 
14 97.6 
mean=9.2 mean=62.6 


399 


Not tested (1) 





Numbers in parentheses indicate the number of experiments done. * All concentrations 
are | mM except LSD which was 1 uM. ¢ Data from Abrahams et al. [7]. {See Results. 
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Min. 

Fig. 6. Time course for formation of endogenous cAMP 
in heads of flukes. Fluke heads were incubated for 10 min 
in saline medium @, containing 1mM IBMX A or |1mM 
SQ 20009 @. At 0 time 1 mM 5-HT was added to fluke 
heads in saline medium OC, and to fluke heads in medium 
containing 1 mM IBMxX A, or 1 mM SQ 20009 o. Aliquots 
of 20 heads were removed at the indicated times and im- 
mediately frozen on Wollenberger tongs. cAMP was deter- 

mined as described in Methods. 


richer in ganglionic and neuromuscular structures. 
Experiments were done to determine if phosphodies- 
terase inhibitors would raise the concentration of 
endogenous cAMP in fluke heads, and whether phos- 
phodiesterase inhibitors would potentiate the 5-HT 
mediated rise in endogenous cAMP. The two most 
potent inhibitors, SQ 20009 and IBMX, were tested 
first. Representative results using 20 heads per experi- 
mental conditign are shown in Fig 6. IBMX amplified 
and slightly prolonged the increase in cAMP caused 
by 5-HT, but had no significant effect on the endo- 
genous cAMP concentration by itself. SQ 20009, how- 
ever, antagonized the increase in cAMP caused by 
5-HT, although it, too, had no significant effect on 
the control cAMP concentration. 

Other phosphodiesterase inhibitors were also tested 
for effects on motility and on endogenous cAMP con- 
centrations in fluke heads with and without 5-HT. 
Results summarized in Table 2 show that none of the 
phosphodiesterase inhibitors tested caused a signifi- 
cant rise in the concentration of endogenous cAMP 
in fluke heads. IBMX was the only inhibitor which 
had the expected effect of increasing the elevation of 
endogenous cAMP caused by 5-HT. LSD, SQ20009, 
and papaverine effectively prevented the rise in endo- 
genous cAMP mediated by 5-HT and incubation with 
Quazodine, theophylline, or caffeine had little effect 
on the elevation of cAMP by 5-HT. 


DISCUSSION 


Phosphodiesterases have been known to be present 
in multiple forms. Based on their affinities to the sub- 
strate, CAMP, low (about 107° M) and high (10~* M) 
affinity phosphodiesterases were ~-characterized [15]. 
From the results reported above it is apparent that 
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the liver fluke phosphodiesterase is a low K,, enzyme. 
This was shown both for the enzyme from the soluble 
fraction of the organism as well as for the enzyme 
from the particulate fraction. The results do not rule 
out the possibility that there may be more than one 
enzyme present. However the kinetic data do not sup- 
port the existence of a phosphodiesterase with a K,, 
in the millimolar range. Kinetic analysis of the 
enzyme shows no evidence of cooperative kinetics 
similar to what has been reported with a variety of 
tissues [16]. The enzyme was shown to hydrolyse 
cGMP with a K,, 30 times higher than that for 
cAMP. Therefore, it appears that the enzyme is more 
specific for the degradation of cAMP. The specific 
activity of phosphodiesterase in the supernate from 
fluke heads is comparable to that reported for a simi- 
lar supernate from rat brain [17]. However, a prep- 
aration from beef heart had a specific activity 50 times 
higher [10] and from dog heart 100 times higher [18]. 
As is the case with many other phosphodiester- 
ases [11,18] the fluke enzyme requires Mg?*, a 
cation that can be replaced by Mn?*. 

The inhibitors that were tested in this investigation 
can be considered as structural analogs of the phos- 
phodiesterase substrate, cAMP. This includes LSD 
which can, by comparing space filling molecular 
models, be seen to be a structural analog of cAMP. 
It is, therefore, not surprising that all these analogs 
show typical competitive inhibition of phosphodies- 
terase. Of the inhibitors tested, SQ 20009 was the 
most potent. 

In order to better understand the role of phospho- 
diesterase in the regulation of levels of cAMP in the 
fluke we investigated the effect of these inhibitors on 
steady-state levels of the cyclic nucleotide. The results 
with two of the most potent inhibitors, SQ 20009 and 
IBMX, at concentrations whch should be adequate 
to inhibit the enzyme, revealed no significant change 
in the levels of cAMP in the fluke heads. This is par- 
ticularly evident when compared with the marked in- 
crease in the levels induced following incubation with 
5-HT, an agent which increases the synthesis of 
cAMP through activation of adenylate cyclase. This 
is consistent with similar experiments carried out with 
several tissues treated with similar phosphodiesterase 
inhibitors [19]. One expected effect of the phospho- 
diesterase inhibitors is to potentiate the elevation of 
endogenous cAMP caused by 5-HT. This was only 
observed following treatment with IBMX. Such an 
effect of IBMX can easily be interpreted as inhibition 
of the degradation of cAMP synthesized. The effect 
of SQ 20009 and papaverine in preventing the rise 
in endogenous cAMP mediated by 5-HT was con- 
trary to our expectations. Our results, therefore, sug- 
gest the interesting possibility that these agents anta- 
gonized a component of the stimulation of adenylate 
cyclase by 5-HT. This may be similar to the effect 
of LSD on adenylate cyclase stimulation by 
5-HT [7, 20]. It has been suggested by Rodbell [21] 
that GTP or one of its analogs may be involved in 
hormone activation of liver adenylate cyclase. Unpub- 
lished observations from our laboratory (Northup 
and Mansour) indicate that GTP also activates fluke 
adenylate cyclase. It remains to be seen whether these 
phosphodiesterase inhibitors antagonize the 5-HT 
stimulated increase in cAMP levels through competi- 
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tion with GTP or a related activator at the same 
sites. 

Although the liver fluke is phylogenetically distant 
from mammals it is interesting to note that many 
of the phosphodiesterase inhibitors demonstrate 
neuromuscular stimulatory effects which may be in- 
terpreted as analogous to some of their effects in 
mammals. The data reported above shows that the 
higher the phosphodiesterase inhibitory potency the 
greater the neuromuscular stimulatory effect. The 
only exception to this finding is LSD which was one 
of the poorest phosphodiesterase inhibitors, but 
caused neuromuscular stimulation at very low con- 
centrations. LSD was shown previously to act as an 
activator of adenylate cyclase at low  concen- 
trations [3, 7]. The stimulatory effect on neuromuscu- 
lar activity by SQ 20009 appears to be distinctly dif- 
ferent from that of the other phosphodiesterase in- 
hibitors. The physiological characteristics of this effect 
is beyond the purpose of this phase of our investiga- 
tion. The relationship between physiological effects 
and endogenous cAMP concentration is not seen in 
these results since these compounds did not, by them- 
selves, raise the steady-state levels of cAMP in intact 
organisms or in fluke heads. The possibility still exists 
that the effect of the phosphodiesterase inhibitors on 
cAMP levels is restricted to a specific set of synpases 
that represent only a minor part of the cAMP pool 
in the fluke. A more localized determination of cAMP 
in the synapses is necessary to ascertain such a possi- 
bility. 
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Abstract—Properties of the six isomeric N-(2-chloroethyl-N’-(hydroxycyclohexyl-N-nitrosoureas, which 
have been identified by other investigators as metabolites of N-(2-chloroethyl-N’-cyclohex yl-N-nitro- 
sourea (CCNU), have been compared with those of CCNU and 2-[[[(2-chloroethyl)nitrosoamino ]-car- 
bonyl]amino]-2-deoxy-D-glucose (chlorozotocin). There are significant differences in the physicochemi- 
cal, chemical, and biological properties of these metabolites, and the properties of some of them are 
significantly different from those of CCNU and chlorozotocin. The position of the hydroxy group 
and the steric configuration of the compound markedly affect the alkylating and carbamoylating activi- 
ties of the compounds. The metabolites having the higher alkylating activities and the lower carbamoy- 
lating activities produce lethal toxicity to mice at lower molar doses but have somewhat better thera- 
peutic indexes. The data are consistent with the hypothesis that the biological effects observed following 
the administration of CCNU are due to a large extent to the major metabolites with lesser effects 
contributed by the minor metabolites. Some of the metabolites have slightly better therapeutic indexes 
against murine leukemia L1210 than CCNU and chlorozotocin, and they are more soluble in water 
than CCNU but are active against both intraperitoneally implanted and intracerebrally implanted 
L1210 leukemia. There might be some therapeutic advantage to administering one of the minor metabo- 


lites instead of CCNU or chlorozotocin to cancer-bearing animals. 


May, Boose and Reed [1] and Hill, Kirk and Struck 
[2] presented evidence that hydroxylation of the cy- 
clohexyl ring occurs very rapidly when CCNU ¢ is in- 
cubated with a liver microsomal preparation in the 
presence of oxygen and NADPH. Reed and May 
[3,4] identified five metabolites (of the six possible 
metabolites) which they obtained in in vivo experi- 
ments with rats and in in vitro experiments with rat 
liver microsomes. They did not specify the configur- 
ation of the 2-hydroxy derivative, but in a personal 
communication Dr. Reed stated that it is the cis 
isomer. Hilton and Walker [5] independently identi- 
fied the two pairs of 3- and 4-isomers and the trans-2- 
isomer as products of in vitro incubation and also 
found them in the plasma of rats. Only the cis-4- 
isomer and the trans-4-isomer were found in human 
plasma following the intravenous administration of 
CCNU; these isomers were present in approximately 
equal quantities [6]. The data of all of these groups 
of investigators indicate that the rate of metabolic 
hydroxylation exceeds the rate of chemical break- 
down of CCNU, and therefore, it is likely that the 
hydroxylated metabolites are major contributors of 
the therapeutically active moieties. There is also evi- 
dence [1,2] that hydroxylation of MeCCNU occurs. 
Because of these facts the various hydroxylated com- 
‘pounds have been synthesized [7,8 and this report] 
and compared with each other and with CCNU and 
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+CCNU, N-(2-chloroethyl-N’-cyclohexy!-N-nitrosourea 
(NSC-79037); MeCCNU, N-(2-chloroethyl)-N'-(trans-4- 
mettylcyclohexyl)-N-nitrosourea (NSC-95441). 


chlorozotocin with respect to several physicochemi- 
cal, chemical, biological, and chemotherapeutic 
properties. 


MATERIALS AND METHODS 


CCNU (NSC-79037) and chlorozotocin (NSC- 
178248) were obtained from the Drug Development 
Branch, Drug Research and Development, Division 
of Cancer Treatment, National Cancer Institute. N-(2- 
Chloroethyl)- N’-(cis-4- hydrox ycyclohexyl)- N - nitro- 
sourea (NSC-239724) and its trans isomer (NSC- 
239717) were available from previous synthesis in this 
laboratory [7]; 3- and 2-hydroxy and 2-acetoxy de- 
rivatives of CCNU were prepared as described below 
with nitrosations that gave the hydroxy derivatives 
being performed essentially as described for the 4- 
hydroxy derivatives. The synthetic scale was such that 
2-5 g samples were available for biological testing. 
Characterizing data for new compounds (and three 
others) in this series are given in Table 1. 

N-(2-Chloroethyl)-N’-(cis-3-hydrox yc yclohex yl)-N - 
nitrosourea (NSC-253945) and its trans isomer (NSC- 
260599). Low-pressure catalytic hydrogenation (5% 
Rh-Al,0;, 50 psi) of N-(3-hydroxyphenyl)acetamide 
in ethanol (cf. Ref. [8]) and alkaline hydrolysis of the 
N-(3-hydroxycyclohexyl)acetamide resulting in theor- 
etical yield gave 3-aminocyclohexanol as a cis-trans 
mixture, which was resolved as the hydrogen oxa- 
lates [9]. The trans salt, m.p. 200—201° (lit. [8,9] mp. 
193-194°), crystallized from methanol in 36 per cent 
yield and the methanol-soluble cis salt, m.p. 142-143° 
(lit. [8] 141-143°), from ethanol in 18 per cent yield. 
The cis hydrochloride [m.p. 175-177°, IR (KBr) 
2045cm~! (NHj)] derived from the oxalate was 
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Table 1. Characterization of some hydroxy and acetoxy derivatives of CCNU and some of the corresponding 
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( )— NH, “HCL CLICH,), NCONH{ \) 
| 
z 


intermediates 


A. Amine hydrochlorides 


Z 


H: Ureas 
N 


O: Nitrosoureas 





NSC 
No. 


Compound 
type 


Substituent 
bj Z 


Configuration 


Infrared absorption*, cm™ 


1 





NH 


NH} 


Ester Urea 


C=O C=O CNH N=0O 





253945 
260599 
253946 
253947 
204817 
204818 


3-OH 
2-OAc 
2-OAc 
3-OH 
3-OH 
2-OH 
2-OAc 
2-OAc 


2,6-diOH 


3-OH 
3-OH 
2-OH 
2-OH 
2-OAc 
2-OAc 


trans 
cis 
trans 
cis 
trans 
trans 
cis 
trans 
trans, trans 
cis 
trans 
cis 
trans 
cis 
trans 


196-198 
215-217} 
241-242 
99-100 
84-86 
91-92 
165-166 
112-113 
119-1208 
(yellow oil) 
(yellow oil) 
55-57 
94-95 
51-52 
65-66 


3500 
3445 


3395 
3330 
3365 
3345 


2060 
2030 
2040 


1745 

1730 
1615 
16208 
1625 
1610 
1620 
1630 
1715 
1710 
1695 
1685 
1695 
1710 


1560 
1575 
1570 
1560 
1575 
1580 
1520 
1520 
1520 
1535 
1525 
1525 


QANANNABPBSSSTTOrr>y> 


264395 2,6-diOH trans, trans 


127-128 dec** 


3285 1700, 1540 


3490, : 
1685tt 


3410 





* Spectra of solids measured in KBr disks and spectra of liquids, as capillary films between KBr windows. 
+ Melting points determined in capillary tubes with a Mel-Temp. apparatus and are uncorrected. 
t Cf. product, m.p. 213-213.5°, of attempted recrystallization of cis-3a,3,4,5,6,7,7a-hexahydro-2-methylbenzoxazole hy- 


drochloride [25]. 


§ Presence of the cyclized urea, 2-[(trans-3-hydroxycyclohexyl)amino ]-2-oxazoline hydrochloride, indicated by medium 


absorption (shoulder) at 1690cm~' (C = N). 
Also a shoulder at 3300cm~' (NH). 
€ Lit. m.p. 125-127° [20]. 
** Lit. m.p. 125-126° dec [20]. 
++ Double carbonyl absorption due to solid state effect. 


Note: Elemental analyses (C, H, and N) were performed on each compound, and the experimental values agreed 


with the theoretical values within commonly accepted limits. 


identical with the hydrochloride derived in five steps 
from 3-hydroxybenzoic acid via 2-oxa-4-azabicyclo- 
[3.3.1 Jnonan-3-one [10], a cyclic carbamate of fixed 
cis configuration (the aminocyclohexanol was freed 
from the oxalate with strong aqueous sodium hydrox- 
ide solution and extracted into chloroform, and the 
chloroform solution was treated with ethanolic 
hydrogen chloride and evaporated to dryness under 
reduced pressure). cis-3-Aminocyclohexanol, m.p. 75° 
(lit. m.p. 68-70° [9], 70° [10]), was freed from the 
oxalate and converted to the urea in 52 per cent yield 
by treatment with 2-chloroethyl isocyanate in acetoni- 
trile with subsequent dilution with ether. Nitrosation 
of 3.3 g (15 m-moles) of the urea gave 3.5 g (94 per 
cent yield) of the nitrosourea, a yellow oil, after treat- 
ment with methanol (for destruction of nitrous acid 
ester); analysis by reversed-phase high-pressure liquid 
chromatography (HPLC) [11] indicated ~ 1.2 per 
cent of a UV-absorbing impurity, presumably the 
N’-nitroso isomer, which was also detected by NMR 
spectroscopy (see Ref. [12]). 
trans-3-Aminocyclohexanol, m.p. 95° (lit. [9,10] 
m.p. 94-95°), freed from the oxalate and further puri- 
fied as the hydrochloride, was converted to the urea 
in chloroform containing triethylamine (~4 ml/g of 


aminocyclohexanol); removal of the solvent left a 
semisolid residue from which the nitrosourea, a yel- 
low oil whose purification involved recovery from a 
filtered hot carbon tetrachloride solution and treat- 
ment with methanol, was derived in 43 per cent yield 
(from the aminocyclohexanol). The product was 
somewhat contaminated with the_N’-nitroso isomer 
as indicated by NMR spectroscopy [12] and as quan- 
titated (~ 7.8%) by HPLC [11]. Easy cyclization to 
the corresponding oxazoline hydrochloride appeared 
to complicate the isolation of a characterizable 
sample of the urea; a sample for analysis (but not 
entirely free of the oxazoline) was prepared in ether 
and triturated several times, with much loss, in ace- 
tonitrile. trans-3-Aminocyclohexanol hydrochloride 
was recrystallized for analysis by dilution of a solu- 
tion of 350 mg in 4.0 ml of ethanol with 20 ml of ace- 
tonitrile. 

N-(2-Chloroethyl)-N’ -(cis-2-hydroxycyclohexyl)-N - 
nitrosourea (NSC-253946) and its trans isomer (NSC- 
253947). Reported procedures were used for the prep- 
aration of trans-2-aminocyclohexanol hydrochloride 
[13] and its three-step inversion to cis-2-aminocyclo- 
hexanol hydrochloride [14]. The trans hydrochloride 
was converted to the corresponding (2-chloroethyl)- 
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urea in cold chloroform by first adding triethylamine 
(1.6 ml/g) and then the isocyanate; the residue after 
evaporation of the solvent was washed with ether, 
triturated in cold water, and recrystallized from ace- 
tonitrile, giving a 42 per cent yield. The cis-2-hydroxy 
urea was described previously [12]. 

The cis-2-hydroxy nitrosourea was obtained in 83 
per cent yield after treatment with methanol and tri- 
turation in petroleum ether and was essentially free 
of UV-absorbing impurities as indicated by HPLC 
[11]. The trans-2-hydroxy nitrosourea was recrystal- 
lized twice from acetonitrile (yield 25 per cent), and 
the product that was recovered by evaporation of the 
filtrates was recrystallized from acetonitrile by the 
addition of water (2 vol.); the total yield was 61 per 
cent. This product contained ~15% of the 
N’-nitroso isomer as shown by HPLC [11]. 

N-(2-Chloroethyl)-N-[cis-2-(acetyloxy)cyclohexyl]- 
N-nitrosourea NSC-204817 and its trans isomer 
NSC-204818. The acetic esters of cis- and trans-2- 
aminocyclohexanol hydrochloride were prepared as 
previously described [15] for a 4-isomer, which has 
since been shown to be identical with the acetate de- 
rived from trans-4-amino-cyclohexanol hydrochloride 
[16]. The cis acetate hydrochloride precipitated from 
the chilled reaction mixture and was washed with a 
little acetonitrile; yield 33 per cent. The less soluble 
trans acetate hydrochloride precipitated from the hot 
reaction mixture, but was collected cold and washed 
with a little acetonitrile; yield 81 per cent. (2-Chloro- 
ethyljureas were prepared from the above acetoxy 
amine hydrochlorides in chloroform after liberation 
of the free amine with triethylamine (2 ml/g); after 
1 hr the solvent was removed in vacuo and the residue 
washed well with hexane and with cold water; yields 
96 (cis) and 85% (trans). The acetoxy ureas were nitro- 
sated in cold concentrated hydrochloric acid with 
dinitrogen trioxide (cf. the preparation of chlorozoto- 
cin [17]) during ~ 60 min; the products were isolated 
by extraction of the reaction mixtures with chloro- 
form and purified by precipitation from ethanol with 
cold water; yields ~75 per cent. The extracted cis 
nitrosourea was a yellow oil before precipitation from 
ethanol. 

N-(2-Chloroethyl)-N’ - [(1«,28,6B)-2,6-dihydroxycy- 
clohexyl]-N-nitrosourea (NSC-264395). Preparation of 
the intermediate (1«,28,3x)-2-amino-1,3-cyclohexane- 
diol involved the condensation of glutaraldehyde with 
nitromethane [18] and reduction of the resulting 
(1a,28,3a)-2-nitro-1,3-cyclohexanediol [19]. The (2- 
chloroethyl)urea was formed from a suspension of the 
aminocyclohexanediol in N,N-dimethylformamide 
(addition of the isocyanate at 5°, subsequent stirring 
at ~25°) and precipitated by addition of ether (23 
vol.); recrystallization from acetonitrile gave a 68 per 
cent yield. A suspension of the urea in 0.5 N hydro- 
chloric acid was nitrosated at 0° with dinitrogen 
trioxide (1.5 hr); the resulting nitrosourea was purified 
by dissolving in hot ethanol, filtering, and diluting 
with hexane (5 vol.), giving a 73 per cent yield in 
two crops. The preparation of this nitrosourea was 
recently reported by Machinami et al. [20]. 

Determination of chemical and _ physicochemical 
properties. The methods for determining half-lives, 
alkylating activities, and carbamoylating activities 
were those that have been described previously [21], 
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except that Tris buffer, pH 7.4, was used in the test 
for alkylating activity. The half-lives were determined 
by measuring the decrease in optical density accom- 
panying the decomposition of the nitrosourea, and 
the determination of alkylating activity was based 
upon the alkylation of 4-(p-nitrobenzyl)pyridine at 
approximately physiological conditions. The car- 
bamoylating activity was measured by determining the 
extent of carbamoylation of '*C-lysine upon incubat- 
ing mixtures of the nitrosoureas and '*C-lysine. The 
distribution coefficients (P) for the 1-octanol—water 
system [22] were determined experimentally for the 
cis-4- and trans-4-isomers by W. J. Haggerty, Jr., Mid- 
west Research Institute, Kansas City, Missouri, and 
were estimated from elution data from reversed-phase 
HPLC for the other isomers [11]. 

Determination of biological effects. The single-dose 
LD, 9's and the single-dose EDs,’s (doses causing at 
least 45-day survival of 50 per cent of the mice after 
i.p. implantation of 10° L1210 cells or after ic. im- 
plantation of 10* L1210 cells) were determined by 
standard procedures by the Chemotherapy Depart- 
ment of this Institute. In the chemotherapy experi- 
ments the agents were injected i.p. 1 day after the 
implantation of the L1210 cells. 

Microsomal hydroxylation of CCNU. The micro- 
somal oxidation was accomplished with washed 
microsomes from livers of female DBA/2 mice, as de- 
scribed previously [2]. The reaction mixture con- 
tained the following: CCNU, 440 nmoles; NADPH, 
10 pmoles; microsomes equivalent to 300 mg of liver; 
Tris chloride buffer (pH 7.5 at 37°), 280 umoles; and 
water in a total vol. of 3.4 ml. Incubation of the prep- 
aration was for 10min at 37°. Controls lacked 
NADPH. The reactions were stopped by placing the 
preparations in an ice bath, and unchanged CCNU 
was removed by extraction with six 6-ml portions of 
hexane. Metabolites were extracted with three 6-ml 
portions of ether [8]. The combined ether extracts 
were dried over anhydrous sodium sulfate, and the 
ether solution was decanted. The metabolites were 
stored overnight in the ether solution at —80°. For 
analysis by reversed-phase HPLC [11], a methanolic 
solution of the metabolites was prepared as follows. 
The ether was evaporated in a gentle stream of 
nitrogen and the residue dissolved in an appropriately 
small vol. of methanol (<1 ml). Aliquots of up to 
75 ul were chromatographed, and no interfering peak 
was Observed with the control solution. The metabo- 
lites were identified by chromatographing with syn- 
thetic standards; estimation of peak areas gave an 
apparent isomeric ratio (Table 2). 


RESULTS AND DISCUSSION 


Table 2 shows the relative quantities of metabolites 
that were found in various in vitro and in vivo systems 
including the mouse liver microsomal system of the 
present study. The apparent lack of agreement of the 
data for the three microsomal systems is not surpris- 
ing in view of the use of different buffers and different 
periods of incubation and in view of the fact that 
the quantity of each metabolite present at any time 
is dependent upon both the rate of formation and 
the rate of decomposition of that particular metabo- 
lite. Data for four of the five systems indicated that 
the cis-4-isomer was a major metabolite, and data 
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Table 2. Metabolites of CCNU 





Distribution (%) 





Rat 


Mouse Human 





Microsomes 





Trist 
40 min 


Phosphate* 


Isomer 5-10 min 


Microsomes 


Tris 
10 min 


Plasmat 
after i.v. 
CCNU 


in Vivot 
20 min 





cis-2-OH trace 
trans-2-OH — 
cis-3-OH 30 
trans-3-OH 39 
cis-4-OH 21 
trans-4-OH 9 





* Data of May, et al. [1]. 
+ Data of Hilton and Walker [5]. 
t Data of Hilton and Walker [6]. 


for all of the systems show that only small quantities 
of the 2-isomers were formed. 

Table 3 contains data that summarize the experi- 
menial results obtained to date with the metabolites 
and with the synthetic compounds, trans, trans-2,6- 
dihydroxy CCNU, cis-2-acetoxy CCNU, and trans-2- 
acetoxy CCNU. 

As would be expected, the distribution coefficients 
of the monohydroxycyclohexyl compounds are 
between those for CCNU and for chlorozotocin. 
Although the log P values of the six isomers fall 
within a relatively narrow range, the lipoid solubilities 
of the isomers differ sufficiently to permit separation 
of them by reversed-phase HPLC [11]. All of the 


isomers are effective against intracerebrally implanted 


L1210 leukemia, in contrast to chlorozotocin, which 
does not cross the ‘blood-brain barrier’. 

The half-lives of all of the metabolites are between 
those of CCNU and chlorozotocin. The cis-4- and 
trans-4-isomers have © vut the same carbamoylating 
activity as CCNU, while the cis-2- and trans-2- 
isomers are like chlorozotocin in having very low car- 
bamoylating activities; the carbamoylating activities 
of the cis-3- and trans-3- isomers are intermediate 
between those of CCNU and chlorozotocin. 

On a molar basis chlorozotocin and the trans-2- 
isomer have more than a two-fold greater lethal toxi- 
city than CCNU, while the cis-2-, cis-3-, and cis-4- 
isomers are about as toxic as CCNU, and the trans-3- 
and trans-4-isomers have intermediate toxicities. Also, 


Table 3. Properties of metabolites of CCNU 





Per cent of value for CCNU 





NSC 
No. 


Alkylatingt 


Compound st activity 


Carbamoy- 
lating§ 
activity 


EDso* EDs0/LD;0 





LD; || i.p. ip. i.c. 





79037 - 
178248 
253946 
204817 
253947 
204818 
264395 
253945 
260599 
239724 
239717 


CCNU 
Chlorozotocin 
cis-2-OH CCNU 
cis-2-OAc CCNU 
trans-2-OH CCNU 
trans-2-OAc CCNU 
trans,trans-2,6-diOH 
cis-3-OH-CCNU 
trans-3-OH CCNU 
cis-4¢-OH CCNU 
trans-4-OH CCNU 


100 100 100 


30 


0.77 
0.62 
0.44 
0.55 
0.29 
0.39 
0.24 
0.37 
0.42 
0.47 
0.33 


33 
72 
53 
51 
48 


0.54 
0.53 
0.41 
0.43 





* Logarithm of the distribution coefficient in the octanol-water system, as determined experimentally, calculated, 
or estimated with the aid of high-pressure liquid chromatography. 

+ Half-life in phosphate buffer, pH 7.4, 37°. The half-life of CCNU under these conditions is 53 min. 

t Alkylating activity measured by the absorbance of the solution containing the product obtained upon reaction 


with NBP. Equimolar quantities were used in the tests. 


§ Carbamoylating activity measured by the quantity of radioactivity present as reaction products after incubation 
of the compound with '*C-L-lysine. Equimolar quantities were used in the tests. 
| LD;9’s for BDF, mice were calculated on a molar basis, and those molar doses were compared with the molar 


LD; for CCNU. 


“ Dosage (single dose i.p. day | only) giving 50 per cent long term (45 days or more) survivors when 10° leukemia 
L121C cells were implanted i.p. or 10* leukemia L1210 cells were implanted i.c. Dosages were expressed on a molar 


basis for comparisons. 
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on a molar basis chlorozotocin and all of the metabo- 
lites have lower EDs,9’s than CCNU, and they have 
better therapeutic indexes (EDs9/LD;9) than CCNU for 
both the intraperitoneal disease and the intracerebral 
disease. 

Chlorozotocin and the trans-2-isomer, which have 
greater lethal toxicity than the other metabolites, have 
the highest alkylating activities and low carbamoylat- 
ing activities. These results would seem to be in con- 
tradiction to the conclusion based upon previous 
studies [21] that the major effect of carbamoylation 
might be contributory to the whole-animal toxicity 
and to the observation that chlorozotocin causes less 
marrow toxicity than CCNU [23]. It is realized, how- 
ever, that high alkylating activity can in itself be a 
major contributory factor toward whole-animal toxi- 
city. For example, nitrogen mustard and other well- 
known alkylating agents are quite toxic. Among the 
isomers that have approximately similar alkylating 
activities (cis-2, cis-3, cis-4, and trans-4) those having 
the greater carbamoylating activities (cis-4 and 
trans-4) are somewhat more toxic. 

For use in chemotherapy the absolute whole-ani- 
mal toxicities are of less importance than the thera- 
peutic indexes, such aS EDs9/LD;9. The values for this 
ratio show that all of the metabolites have slightly 
better therapeutic indexes than CCNU and chlorozo- 
tocin. 

Since there is at present no evidence indicative of 
polyhydrox ylation of the cyclohexyl group of CCNU 
as a result of metabolism, one might speculate that 
if one administers a monohydroxy CCNU, further hy- 
droxylation does not occur and the observed effects 
will be those of the administered compound. Upon 
this basis, or even if polyhydroxylation should occur, 
one might accomplish therapeutic benefit by adminis- 
tering the monohydroxy CCNU’s that have the better 
biologic effects instead of CCNU. In view of the 
slightly better therapeutic index of the trans-2-isomer, 
the trans,trans-2,6-dihydroxy compound was synthe- 
sized and tested. This compound had properties and 
therapeutic efficacy similar to those of the trans-2- 
isomer, except the i.c. EDs9/LD;9 was about the same 
as that for CCNU. 

It was of interest to compare the properties of cis-2- 
acetoxy CCNU and trans-2-acetoxy CCNU to those 
of the corresponding hydroxy compounds to deter- 
mine whether there might be some advantage to ad- 
ministering the acetoxy compounds. As might be 
expected, esterification resulted in greater lipid solu- 
bility of the compounds, and the log P values for 
the esters were similar to those for CCNU. The half 
lives in phosphate buffer were increased and were 
only slightly less than that of CCNU. The alkylating 
activities of the two acetoxy isomers were approxi- 
mately the same, were intermediate between the 
values for the two hydroxy compounds, and were ap- 
proximately two times as great as that of CCNU. 
The greater carbamoylating activities of the acetoxy 
compounds in comparison with the hydroxy com- 
pounds is consistent with the possibility that intramo- 
lecular carbamoylation might occur for the hydroxy- 
cyclohexyl isocyanates that would be generated from 
the hydroxy CCNU’s, while such intramolecular car- 
bamoylation would not occur for the acetoxycyci< 
hexyl isocyanates generated from the acetoxy 
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CCNU’s. Intramolecular carbamoylation would de- 
crease the amount of carbamoylation of lysine that 
could occur in the present tests and hence would give 
less carbamoylation in the present test. The two-fold 
difference in the carbamoylating activities of the cis-2- 
acetoxy CCNU and the trans-2-acetoxy CCNU is sur- 
prising, and the difference might be at least partially 
due to steric factors. The observed qualitative similar- 
ities of the in vivo biological effects of chlorozotocin 
[23] and of chlorozotocin tetracetate [24] suggest 
that deacetylation might occur in the animal, and 
similar deacetylation of the 2-acetoxy CCNU’s might 
be anticipated. The data in Table 2 do not clearly 
indicate whether deacetylation did or did not occur, 
but it is evident that the values for the LD,9’s, the 
EDs, and the EDs./LD;,’s are nearer those for the 
hydroxy compounds than those for CCNU. It 
appears that there would be no advantage in adminis- 
tering the acetoxy compounds instead of the corre- 
sponding hydroxy compounds. 

The data presented here lead to the following con- 
clusions: 


(a) There are significant differences in the properties 
of the various metabolites, with some of them having 
much higher alkylating activities and much lower car- 
bamoylating activities than the others and than 
CCNU. There are also differences in the biological 
effects. 

(b) It appears likely that the biological effects 
observed following the administration of CCNU are 
due primarily to the major metabolites, but the minor 
metabolites probably contribute to some extent to 
those effects. 

(c) The metabolites that have high alkylating activi- 
ties and low carbamoylating activities are the most 
toxic on a molar basis, but they have therapeutic in- 
dexes against the intraperitoneal disease that are as 
good as, or slightly better than, those of the other 
metabolites. All of the metabolites are more toxic 
than CCNU on a molar basis but have better thera- 
peutic indexes. 

(d) The trans-2-isomer has alkylating activity, car- 
bamoylating activity, and whole animal toxicity simi- 
lar to those of chlorozotocin, but the trans-2-isomer 
has a better therapeutic index and is effective against 
the ic. leukemia, whereas chlorozotocin is ineffective 
against the i.c. disease. 

(e) The data indicate that administration of some 
of the metabolites, particularly the trans-2 isomer, 
would be advantageous over the administration of 
CCNU, since these metabolites have somewhat better 
therapeutic indexes and because their greater water- 
solubility might facilitate handling. These same meta- 
bolites have advantages over chlorozotocin in having 
better therapeutic indexes and in being effective 
against the i.c. leukemia. 
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Abstract—The subcellular localization of the A and B forms of MAO in rat brain was examined. 
Although both enzymatic forms were found to be present in synaptosomal fractions, the B:A ratio 
in the synaptosomal fraction was one-half that in the extrasynaptosomal mitochondrial fraction 
obtained from whole brain. The synaptic mitochondria, isolated foilowing lysis of the synaptosomes, 
had the same B:A ratio as the nonlysed synaptosomes, suggesting that (1) MAO-B activity is, indeed, 
associated with synaptosomes and (2) that this activity is located in the mitochondria. The relative 
activities of the A and B enzymes in synaptosomal fractions were found to be greatly different among 
discrete brain regions, even though only small variations are evident in the whole homogenates. We 
conclude from these data that the activity of MAO-B may be nonuniformly located among different 


populations of synaptic endings. 


Monoamine oxidase (MAO: E.C. 1.4.3.4.) is a mito- 
chondrial enzyme responsible for the oxidative dea- 
mination of a variety of biogenic amines [1]. Recent 
evidence points to the existence of multiple forms of 
MAO having different substrate specificities. Studies 
originally reported by Johnston [2] demonstrated 
that two forms of MAO could be differentiated on 
the basis of their sensitivity to inhibition by clorgy- 
line. The form which was inhibited by low concen- 
trations of clorgyline was designated as type A MAO, 
and the form which was relatively insensitive to inhi- 
bition by low concentrations of clorgyline was desig- 
nated as type B MAO. It was subsequently found 
that type B MAO was selectively inhibited by low 
concentrations of deprenyl [3]. The putative neuro- 
transmitters, serotonin (SHT) [2] and norepinephrine 
[4], are preferred substrates for MAO-A. On the 
other hand, benzylamine (Bz) [5] and phenylethyl- 
amine (PE) [6] are preferred substrates for MAO-B, 
whereas dopamine, tryptamine (Trypt) and tyramine 
serve as substrates for both forms of MAO [7]. The 
two forms of MAO could also be demonstrated in 
vivo following intravenous injection of low doses of 
clorgyline or depreny! [8]. 

There is evidence to suggest that types A and B 
MAO are associated with specific cell types. Goridis 
and Neff [4] reported that denervation of the rat 
pineal gland by superior cervical ganglionectomy 
resulted in a marked decrease in type A but not type 
B MAO activity. The relative content of types A and 
B MAO activity in the same cell type may also vary 
among species. Human blood platelets contain only 
type B MAO activity, whereas rabbit platelets contain 
both types A and B MAO [9]. These data suggest 
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that the presence or absence of a particular type of 
MAO in a certain type of cells may be importantly 
related to the physiological function of that cell and 
its disposition of particular biogenic amines. 

Little is known, however, concerning the cellular 
localization of multiple forms of MAO in brain. In 
both rat and human brain homogenates, very little 
variation in the relative activities of types A and B 
MAO have been detected [10, 11]. Nevertheless, the 
ratio of MAO-B:MAO-A was slightly, but signifi- 
cantly, higher in the cerebellum and olfactory bulb 
than in other regions of the rat brain [12]. Hirano 
et al. [13] have reported that the ratio of MAO activi- 
ties measured with the substrates serotonin and tyra- 
mine varied 4.4-fold among several hypothalamic nu- 
clei, but, unfortunately, no B-specific substrate was 
used. Yang and Neff [6] found that brain mitochon- 
dria sedimenting at different buoyant densities on a 
continuous sucrose gradient displayed different 
MAO-B:MAO-A enzymatic activities, but, since 
whole brain homogenates had been used, it was not 
possible to determine the cellular origin of either the 
MAO-A or MAO-B-rich mitochondria. Bourne et al. 
[14] have reported that two populations of mitochon- 
dria derived from rat brain synaptosomes are dis- 
tinguished from free mitochondria on the basis of 
their MAO-A:MAO-B ratio. In the present studies, 
we have found that the ratio of MAO-B:MAO-A in 
the synaptosomal fraction is one-half that in the free 
mitochondria isolated from whole rat brain, and that 
this ratio varies among discrete brain regions. From 
these studies, it is apparent that the relative activities 
of MAO-A and MAO-B in brain homogenates do 
not necessarily reflect these activities at specific sub- 
cellular locations. 


MATERIALS AND METHODS 


Subcellular fractionation. Male Sprague-Dawley 
rats (Zivic-Miller Labs, Pittsburgh, PA), 39-45 days 
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old, weighing 150-200 g were used. From six to twelve 
animals were decapitated and the brains were 
removed and placed on ice within 30 sec. The brains 
were homogenized in 9 vol cold 0.32 M sucrose, using 
10 vertical strokes in a teflon-glass tissue grinder 
(0.025 cm clearance) at a speed of 600 rpm. 

When experiments were performed on the brain 
regions, cerebellum, striatum and cerebral cortex were 
removed according to the method of Glowinski and 
Iversen [15]. 

The methodology used for subcellular fractionation 
and subsynaptosomal fractionation was adapted from 
Autilio et al. [16], Morgan et al [17], and Cotman 
and Matthews [18]. A crude nuclear fraction (P,) was 
obtained by centrifugation at 1000g for 10min. The 
resulting supernatant (S,) was centrifuged at 14,000 g 
for 15 min to yield the crude mitochondrial pellet (P2) 
and the supernatant, S,. Centrifugation of S, at 
70,000 g for 1 hr gave a microsomal fraction (P;) and 
a cell soluble fraction (S3). 

The crude mitochondrial pellet (P,) was washed 3 
times (14,000g 15 min) by resuspending in 0.32 M 
sucrose, and, after centrifugation, the final pellet (P) 
was resuspended in isoosmotic sucrose, 3 ml/g of ori- 
ginal tissue. Volumes of 2-4 ml were then layered on 
Ficoll-sucrose discontinuous gradients. (These were 
previously prepared by layering 7 ml each of solutions 
containing 5, 7.5, 10 and 13% Ficoll in 0.32 M sucrosc 
and then allowing them to equilibrate 1-2 hr at room 
temperature and finally at 4° for another 1-2 hr.) The 
gradients were centrifuged in a Spinco SW 25.1 rotor 
at 13,000 rev/min (for R = R,,:19,000g) for 75 min. 
The two layers containing myelin (My) (on top of 
the 5%, layer and at the 5—7.5°, interface) were col- 
lected and pooled, by pipetting off all material from 
the top of the gradient through half of the 7.5% 
Ficoll-sucrose layer. The synaptosomal (S) fractions 
were collected and pooled by pipetting off all material 
from the middle of the 7.5%, layer to the middle of 
the 13°, layer. The mitochondrial pellet (M) was sus- 
pended in the remaining 13°, Ficoll-sucrose solution. 
Since Ficoll was found to interfere with the Lowry 
protein determinations, the myelin, synaptosomal, 
and mitochondrial fractions were diluted with 0.32 M 
sucrose and centrifuged at 29,000 rpm for 45 min. The 
resulting pellets were then suspended in 0.32M 
sucrose. 

Subsynaptosomal fractionation. The synaptosomal 
fraction which was obtained as described above was 
suspended in 20-25 ml of 0.32 M sucrose and pelleted 
in a Spinco No. 30 rotor at 25,000rpm (for 
R = R,, :54,450 g) for 30 min. The washed synapto- 
somes (S’) were subjected to osmotic shock in 6mM 
Tris-HCl, pH 8.4, for 60-90 min at 4°, according to 
the procedure of Cotman and Matthews [18]. 

The lysed synaptosomes were then centrifuged at 
14,000 g for 15min. Only material not sedimenting 
under these conditions was considered synaptic 
plasma membranes (PM), in order to avoid contami- 
nation by subcellular particles whose sedimentation 
properties were not changed by the shocking pro- 
cedure [17]. The pellet was resuspended in 0.32 M 
sucrose to a final volume of 2ml, of which 1.8 ml 
was layered on a discontinuous sucrose gradient, 
which was composed of 14 ml each of 35% and 38% 
sucrose and which had been equilibrated as described 
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above. The gradient was centrifuged 90 min 22,500 
rpm (for R = R,,:44,100 g). 

The pellet obtained from this centrifugation con- 
tained synaptic mitochondria (SM) -which were 
separated from synaptic plasma membranes and from 
unbroken synaptosomes. After pipetting off the 
sucrose solutions, the synaptic mitochondrial fraction 
was resuspended in 20-25 ml of 0.32 M sucrose. 

Finally, the synaptic mitochondrial suspension, and 
the suspension of the synaptic plasma membrane frac- 
tion (PM) were centrifuged 12 hr at 25,000g and the 
resulting pellets were resuspended in 0.32 M sucrose. 

All samples were stored at —20° and assays were 
carried out within 4 days. 

Assays. MAO was assayed by a modification of the 
radiochemical procedure of Wurtman and Axelrod 
[19], according to Edwards and Burns [20], using 
the substrates '*C tryptamine (6.17 x 10~° M), 
14C PE (4.88 x 10°°M), and ‘*C_ benzylamine 
‘219 x 10°*M). For the substrate '*C SHT 
(i0~* M), MAO was assayed by a modification of the 
procedure of McCaman et al. [21]. All reactions were 
carried out in a volume of 2 ml for 1 hr at 37°, during 
which time the assay was linear as long as not more 
than 10°% of the substrate was converted to product. 
After stopping the reactions by the addition of 0.2 ml 
of 2N HCl, the deaminated products were separated 
from the remaining substrate by solvent extraction 
and determined by liquid-scintillation counting. 

Rotenone-insensitive NADH: cytochrome c reduc- 
tase was assayed spectrophotometrically at 30° in a 
Gilford model No. 240 spectrophotometer, by follow- 
ing the reduction of added cytochrome c at 550 nm 
[22]. 

Protein was estimated by the method of Lowry et 
al. [23], which was automated using a Technicon 
Auto Analyzer. 

Drug inhibition studies. In order to characterize 
further the MAO activity in the subcellular fractions, 
studies were carried out with clorgyline and deprenyl. 
For in vitro studies, clorgyline was added to the assay 
mixture to a final concentration of 10~'°-10~° M. 
The assay was carried out with either PE or 5HT 
as substrate and was initiated by the addition of 
enzyme. For in vivo studies, animals were given an 
i.v. injection of either clorgyline (1 mg/kg) or deprenyl 
(1 mg/kg) 2hr before they were killed. Subcellular 
fractions of the brains were then obtained as de- 
scribed above and assayed for MAO activity. 

Electron microscopy. Pellets were fixed in 1% 
osmium tetroxide in phosphate buffer, pH 7.2. The 
fractions were dehydrated in ethanol and embedded 
in Epon and Araldite. Sections from various locations 
in the pellet were cut using a Porter-Blum Microtome 
MT-1 and stained with uranyl acetate and post- 
stained with lead citrate-Reynolds. Several representa- 
tive sections of each pellet were examined with a Phil- 
lips 300 electron microscope. 

Materials. Density gradient grade sucrose (Sch- 
warz—Mann) was used throughout. Ficoll (Pharmacia) 
was dialyzed for 12 hr against two changes of glass- 
distilled water and stored 12hr at 4° until use. 
NADH, NADPH, cytochrome c and serotonin crea- 
tinine sulfate were obtained from Sigma Chemical Co. 
Phenylethylamine-HCI and benzylamine-HCl were 
purchased from K and K Laboratories. Tryptamine- 
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HCI was obtained from Aldrich Chemical Co. The 
substrates [side chain-2-'*C]tryptamine, [ethyl- 
1-'*C]phenylethylamine and [side chain-2-'*C]sero- 
tonin were purchased from New England Nuclear. 
[7-'*C]Benzylamine was obtained from Mallinck- 
rodt. 

Clorgyline (N-methyl-N-propargyl-3(2,4-dichloro- 
phenoxy)propylamine hydrochloride) was a gift from 
May and Baker, Ltd. England. Deprenyl was kindly 
provided by Dr. Knoll, Budapest. 


RESULTS 


Electron microscopy. Electron micrographs of the 
synaptosomal and mitochondrial fractions were de- 
rived from a gradient layered with an unwashed crude 
mitochondrial fraction. In both cases, there was a 
large number of the intact representative particles. 
The electron micrographs of the synaptic mitochon- 
dria show a dense population of particles which look 
very different from the extrasynaptosomal mitochon- 
dria (i.e., they are smaller and have a larger number 
of cristae-like structures). This difference may be due 
to alterations occurring after exposure to 6mM 
Tris-HCl at pH 8.4. 

Subcellular fractionation of whole rat brain. Table 
1 includes data combined from two experiments. The 
large amcunt of protein (69 per cent) and MAO ac- 
tivity (55-57 per cent) that sedimented in the first cen- 
trifugation step (P,) was a result of the mild hont- 
ogenizing conditions used in order to isolate intact 
synaptosomes. The pellet P,; presumably contains 
many unbroken cells, reducing the apparent recovery 
of enzymatic activity in other subcellular fractions. 

The crude mitochondrial fraction (P,) contained 
16.5 and 14 per cent of the total activities of MAO-A 
and MAO-B, respectively, in the whole homogenate 
(Table 1). Although 14 per cent of the total brain 
protein appeared in the P, fraction, it should be 
noted that the amount of MAO activity which could 
be accounted for through this step of the procedure 
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(1e., YP; + %P2 + %S2) was 74.5 and 71.1 per cent 
for the A and B forms, respectively, whereas 99.4 per 
cent of the total protein could be accounted for. The 
lower recovery of MAO activity than of total protein 
may be due to a partial denaturation of active enzyme 
or to a selective loss of enzymic protein. However, 
the activities of the A and B enzymes show similar 
losses of activity. The specific enzymatic activities for 
MAO in the crude mitochondrial fraction were only 
slightly or not at all higher than that for the whole 
homogenate. This is probably due to the combination 
of a loss of recovered activity during the preparation 
of P, in addition to a large degree of contamination 
of this fraction by other cellular components. 

When the crude mitochondrial pellet (P,) was frac- 
tionated on a Ficoll-sucrose gradient, 21-26 per cent 
of the total MAO activity, determined with either A- 
or B-specific substrates, was recovered in the myelin 
fraction of the gradient. This would appear to be due 
to a contaminant rather than to any intrinsic MAO 
activity associated with myelin. First, when the crude 
mitochondrial pellet was washed three times (to 
obtain P’,) before being fractionated on a Ficoll-suc- 
rose gradient, only 5~9 per cent of the MAO activity 
was recovered in the myelin fraction (Table 1). 
Secondly, based on the activity of rotenone-insensitive 
NADH: cytochrome c_ reductase, an enzymatic 
marker for outer mitochondrial membranes, we esti- 
mate that about 7 per cent of the protein in the mye- 
lin fraction is contained in outer mitochondrial mem- 
branes, assuming that the outer mitochondrial mem- 
brane contains 10 per cent of the total mitochondrial 
protein [17]. These results suggest, therefore, that the 
MAO activity in the myelin fraction could be 
accounted for by contamination by sheared off outer 
mitochondrial membranes [17]. 

The distributions of the A and B forms of MAO 
in the synaptosomal and mitochondrial fractions were 
found to be significantly different (Table 1). For 
MAO.-A, 37 per cent of the total activity recovered 
from the gradient was in the synaptosomal fraction 


Table 1. Subcellular fractionation of whole rat brain* 





Per cent recovered 


Specific enzymatic 
activity 
(nmoles/hr/mg protein) 





Fraction Protein MAO-A 


= 


MAO-B MAO-A MAO-B MAO-B/MAO-A 





100 
69.1 
38.3 
16.3 

3.7 
9.6 
14.0 
11.7 
0.932 
1.85 
2.20 
1.59 
0.7 


Homogenate 


Myelin 

Synaptosomes (S) 

Mitochondria (M) 

Washed synaptosomes (S’) 

Synaptic mitochondria 
(SM) 

Synaptic plasma membranes 
(PM) 


MwWAAAwWAAAAGAA w 


N 


0.5 


32.2 + 1.2 
24.8 
19.2 
&4 
25.4 
19 
32.2 
33.9 $ 
11.0 +15 
27.7 + 

63.1 + 


0.238 + 0.010 
0.4 0.230 + 0.031 
11 0.214 + 0.004 
18 0.278 + 0.012 
0.266 + 0.008 
0.413 + 0.046 
0.204 + 0.013 
0.193 + 0.041 
0.120 + 0.006 
0.148 + 0.021 
0.274 + 0.029 
0.105 + 0.010 
0.102 


I+ |+ I+ I+ 1+ I+ I+ | 


0.238 





* Data are combined from two experiments. In each experiment, 6 animals were used and two whole brains were 
pooled for each tissue sample carried separately through the fractionation procedure. Values are the means + S.E.M. 
for the total number of tissue samples indicated. Recovery of total protein and enzymatic activity is given relative 
to the whole homogenate. The specific enzymatic activities are expressed as nmoles product formed/hr/mg protein. 
MAO-A and MAO-B were assayed with the substrates SHT and phenylethylamine, respectively. Each SM and PM 


was obtained by pooling 3 S’ fractions. 
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Table 2. Ratios of the specific activities of monoamine oxidase with four substrates 
in subcellular fractions of rat brain regions* 





MAO-PE 


Brain region MAO-SHT 


MAO-PE 


MAO-Trypt 
MAO-Bz MAO-SHT 





0.323 + 0.030 
0.205 + 0.031 
0.243 + 0.037 


Cerebellum 
Striatum 
Cortex 


0.271 + 0.070 
0.119 + 0.020 
0.0678 + 0.0070 


Cerebellum 
Striatum 
Cortex 


Cerebellum 
Striatum 
Cortex 


0.350 + 0.068 
0.182 + 0.033 
0.144 + 0.014 


Homogenate 
0.687 + 0.082 
0.640 + 0.050 
0.767 + 0.077 


0.716 + 0.067 
0.625 + 0.054 
0.793 + 0.099 


Synaptosomes 
0.533 + 0.114 
0.587 + 0.084 
0.410 + 0.041 


0.785 + 0.127 
0.657 + 0.074 
0.614 + 0.093 


Mitochondria 
0.565 + 0.078 
0.556 + 0.058 
0.474 + 0.054 


0.796 + 0.106 
0.674 + 0.079 
0.712 + 0.153 





* Mean + S.E. of data pooled from five experiments. 
Substrates used were PE, SHT, benzylamine (Bz) and tryptamine (Trypt). 


and 54 per cent was in the mitochondrial fraction. 
On the other hand, only 25 per cent of the MAO-B 
activity was found in the synaptosomal fraction and 
71 per cent in the mitochondrial fraction. The ratio 
of MAO-B activity to the MAO-A activity was 
1.9-fold higher in the mitochondrial (0.274) than in 
synaptosomal (0.148) fractions (P < 0.005). 

As can be seen from Table 1, the relative specific 
enzymatic activities compared to the homogenate for 
MAO-A and MAO-B were 1.72 and 1.96, respectively, 
in the mitochondrial fraction and 1.38 and 0.86, re- 
spectively, in the synaptosomal fraction. These results 
are comparable to results observed by other investiga- 
tors using similar techniques for subcellular fraction- 
ation of brain tissue. For example, Jones et al. [24] 
found that the specific activities of MAO (substrate 
not specified) were 2.8- and 1.4-fold higher in mito- 
chondrial and synaptosomal fractions, respectively, 
than in the whole homogenate. 

After the synaptosomal fractions were lysed by 
osmotic shock, the isolated synaptic mitochondria 
contained 58 and 55 per cent of the activities 
of MAO-A and MAO-B, respectively, and 44 per cent 
of the protein (as compared with the washed synapto- 
somal fraction, S’). The ratio of MAO-B: MAO-A ac- 
tivity of this fraction (0.102) was similar to that 
observed for the intact synaptosomes (S’) (0.105). The 
synaptic plgsma membrane fractions, on the other 
hand, contained 6 per cent and 14 per cent of the 
MAO-A and MAO-B activities, respectively, and 29 
per cent of the protein. Thus, there appears to be 
no selective localization of either type of MAO in 
synaptic plasma membranes to account for the rela- 
tively low MAO-B:MAO-A ratio in synaptosomal 
fractions. 

The specific activity of rotenone-insensitive 
NADH: cytochrome c reductase was actually higher 
in the synaptic plasma membrane fraction 
(34.7 + 7.8 umoles/hr/g protein) than in either the 
nonsynaptosomal mitochondrial (M) (17.6 + 2.3 
umoles/hr/g protein) or the synaptic mitochondrial 
fractions (SM (23.0 + 11.0 umoles/hr/g protein)). This 
suggests that the small amount of MAO activity 
present in the synaptic plasma membrane fraction 
may be due to contamination by outer mitochondrial 
membrane fragments. 

Subcellular distribution of MAO activity in three 


brain regions. Table 2 demonstrates that the ratio 
MAO-B:MAO-A varies as much as 4-fold in synapto- 
somal fractions obtained from different brain regions. 
Of the three brain regions examined, the cerebellar 
synaptosome fraction was found to have the highest 
MAO-B:MAO-A (0.271), whereas the synaptosomal 
fraction of the cerebral cortex was found to have the 
lowest ratio (0.068). In striking contrast, relatively 
small variations in this ratio were observed for the 
whole homogenates of these brain regions. For com- 
parison, Table 2 also shows that the ratios, MAO- 
PE:MAO-Bz and MAO-Trypt:MAO-S5HT, ie. the 
ratio of MAO activities determined with the sub- 
strates PE and benzylamine (both specific substrates 


e: 


-log [clorgyline] 


Fig. 1. Per cent inhibition of monoamine oxidase activity 
in the synaptosomal fraction of rat brain vs the clorgyline 
concentration with SHT, @, or phenylethylamine, O, as 
substrate. Data presented are the means of duplicate deter- 
minations on the same synaptosomal fraction. 
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for MAO-B) or with tryptamine (which is primarily 
deaminated by MAO-A) and SHT (a specific substrate 
for MAO-A) have little variation among different 
brain regions, for either whole homogenates or for 
subcellular fractions. 

Sensitivity to MAO _ inhibitors. Synaptosomal 
MAO-A activity was inhibited in vitro 84 per cent 
by 10~® M clorgyline, while the MAO-B activity was 
inhibited less than 8 per cent (Fig. 1). 

When clorgyline was administered in vivo (1 mg/kg), 
only 2 per cent of the MAO-A activity was retained 
in the isolated synaptosomal fraction, while 81 per 
cent of the MAO-B activity remained (Table 3). On 
the other hand, deprenyl injected in vivo (1 mg/kg) 
resulted in retention of 75 per cent of the MAO-A 
activity and only 7 per cent of the MAO-B activity 
in the synaptosomal fraction. 


DISCUSSION 


Our results indicate that MAO activities which 
have the substrate preferences characteristic of the A 
and B forms may be distinguished by their subcellular 
distribution in rat brain. We have found approxi- 
mately 2-fold differences between synaptosomal and 
mitochondrial fractions in the ratio of MAO activity 
determined with the A- and B-specific substrates, SHT 
and PE, respectively (Table 1). This difference is con- 
sistent with previous reports that MAO in distinct 
populations of rat brain mitochondria differ in their 
relative activity towards multiple substrates. For 
example, the pattern of MAO activity of rat brain 
mitochondria centrifuged on a continuous sucrose 
density gradient varied depending on the substrate 
used [25]. Yang and Neff [6] in using the preferred 
substrates for MAO-A and B, reported that the 
enzyme in mitochondria having a higher buoyant 
density had a greater ratio of PE to SHT deamina- 
tion. However, in most previous studies, the condi- 
tions used for homogenization of the tissue did not 
permit the isolation of intact synaptosomes, so that 
it was not possible to directly relate differences in 
substrate preferences of the enzyme to a particular 
anatomical site (e.g. synaptosomal vs. extrasynapto- 
somal mitochondria) and hence to a possible func- 
tional significance. Although one recent report did in- 
dicate that. in cat brain, MAO in synaptosomes vs 
free mitochondria had different substrate preferences, 
no specific substrate for MAO-B was used [26]. 

In addition, although synaptosomes have a lower 
ratio of MAO-B: MAO-A than do free mitochondria, 
they, nevertheless, have a significant amount of the 
B enzyme. However, since the synaptosomal MAO 
activity measured with the substrate PE was only 1.5 
per cent of the total activity in the original homo- 
genate (Table 1), it was necessary to confirm that this 
activity was representative of MAO-B in the whole 
homogenate. Indeed, this enzymatic activity showed 
the expected insensitivity to inhibition by clorgyline 
in vitro (Fig. 1) and in vivo (Table 3). 

Although the procedure for subcellular fraction- 
ation was designed to obtain synaptosomes free of 
contamination by other cellular particles, it is difficult 
to quantitate the purity of a synaptosomal prep- 
aration. Marker enzymes are of little value for esti- 
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Table 3. In vivo effects of clorgyline and depreny] (1 mg/kg, 
iv.) on MAO activity in subcellular fractions of rat brain 





MAO activity 
Per cent of control 
+Clorgyline + Deprenyl 
MAO-A MAO-B MAO-A MAO-B 





Myelin 
Synaptosomes 
Mitochondria 





MAO-A and MAO-B were assayed with the substrates 
SHT and PE, respectively. All activities are expressed as 
per cent of activity in the corresponding subcellular frac- 
tion obtained from the control animals. 


mating contamination of the synaptosomal prep- 
aration by extrasynaptosomal mitochondria as there 
are no known enzymes unique to extrasynaptosomal 
mitochondria. In spite of the difficulties involved in 
isolating synaptosomes free from contamination by 
other cellular componants, such contamination would 
not appear to account for the MAO-B activity in our 
synaptosomal fraction. The specific activity of 
MAO-B in the washed synaptosomal fraction (S’) was 
23.3 nmoles/hr/mg, while the specific activity in the 
extrasynaptosomal mitochondria (M) was 63.1 nmoles/ 
hr/mg. If the MAO-B activity in the synaptosomal 
fraction is due to contamination by extrasynaptoso- 
mal mitochondria, then 37 per cent of the synaptoso- 
mal fraction would be extrasynaptosomal mitochon- 
dria. This number of free mitochondria are not evi- 
dent in electron micrographs of the synaptosomal 
fraction. Moreover, some of the free mitochondria in 
the synaptosomal fraction are likely a result of synap- 
tosomal lysis and are, therefore, synaptosomal in ori- 
gin. 

The data also suggest that the MAO-B activity in 
the synaptosomal fraction is not due to contaminat- 
ing outer mitochondrial membranes derived from 
extrasynaptosomal mitochondria. Contaminating 
outer mitochondrial membranes in the synaptosomal 
fraction would not be expected to pellet through the 
35 and 38 per cent sucrose gradient designed to separ- 
ate synaptic plasma membranes from synaptic mito- 
chondria. One would expect a disappearance or a 
large decrease in specific activity of MAO-B in the 
isolated synaptosomal mitochondria as compared 
with the intact synaptosomes, if this activity were due 
entirely to contaminating outer mitochondrial mem- 
branes. Instead, the values in Table 1 for the specific 
activity of MAO-B increases from washed synapto- 
somes (23.3 nmoles/hr/mg) to synaptic mitochondria 
(31.2 nmoles/hr/mg). 

Thus, while one cannot eliminate entirely the possi- 
bility that the MAO-B activity in the synaptosomal 
fraction is due to contamination by other cellular 
fractions, the data suggest that at least a large propor- 
tion of the MAO-B activity is, indeed, contained by 
synaptosomes. 

Our results would appear to rule out any selective 
extramitochondrial localization of either MAO-A or 
MAO-B. Although we observed the microsomal frac- 
tion (P;) to contain a small amount of MAO activity, 
about 2 per cent of the total homogenate activity, 
the ratio of MAO-B to MAO-A activity was similar 
to that found for the free mitochondrial fraction 
(Table 1). We believe that based on the marker 
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enzymes that this activity is due to contamination 
by shearing of outer mitochondrial membranes, as 
suggested by Jarrott and Iversen [27]. Lowe et al. 
[28] reached a similar conclusion that, based on his- 
tochemical localization, the apparent activity of MAO 
in rat heart microsomes [29] may also be due to a 
shearing of outer mitochondrial membranes during 
homogenization. 

The small amount of MAO activity in the synaptic 
plasma membrane fraction also appeared to be due 
to contamination by outer mitochondrial membrane 
fragments, based on the specific activity of the outer 
mitochondrial membrane marker, rotenone-insensit- 
ive NADH: cytochrome c reductase. Although Mor- 
gan et al. [17] and Tabakoff et al. [30] previously 
observed MAO activity in their synaptic plasma mem- 
brane fractions, Tabakoff et al. [30] could also 
account for this activity by contaminating outer mito- 
chondrial membranes. 

The more than 2-fold lower ratio of MAO-B to 
MAO.-A in synaptosomes (0.105) and synaptic mito- 
chondria (0.102) as compared with free mitochondria 
(0.274) could be accounted for by assuming that all 
synaptic mitochondria have this low B/A ratio and 
thus are enzymatically distinct from other brain cell 
mitochondria. Alternatively, this low ratio of MAO- 
B/MAO-A could also be due to synaptic mitochon- 
dria in certain populations of nerve endings having 
either a lack or relatively low amounts of MAO-B, 
such that the resulting overall MAO-B to MAO-A 
ratio in the synaptic mitochondrial fraction is rela- 
tively low. Since it has been reported that there is 
a complete absence of MAO in rat brain cholinergic 
nerve endings [31], it is conceivable that synapto- 
somes from other nerve ending populations may lack 
only the type B enzyme. 

The latter notion that the ratio of MAO-B/MAO-A 
varies among different synaptic endings is supported 
by our results obtained for discrete brain regions. 
Although the ratio of MAO activity determined with 
the substrates PE and SHT is slightly but significantly 
higher in the cerebellum than in either the striatum 
or cortex, in confirmation of our previous findings 
[12], the differences in this ratio among different 
brain regions become even more dramatic when sub- 
cellular fractions are examined. For example, the B/A 
ratio was only 1.3-fold higher in the whole hom- 
ogenates of cerebellum as compared to cerebral cortex, 
but this ratio was 4.0-fold higher in the cerebellum 
than in the cerebral cortex when the synaptosomal 
fractions were compared (Table 2). Intermediate dif- 
ferences which were found in the B:A ratios in these 
brain regions for the free mitochondrial fractions (e.g., 
2.4-fold for cerebellum vs cerebral cortex) may be a 
result of some of the free mitochondria in the frac- 
tions originating from broken synaptosomes. 

Clearly, these results demonstrate that the activity 
of MAO in homogenates of brain tissue may give 
a poor reflection of the enzymatic activity in synaptic 
endings or in particular types of synaptic endings. 
Thus, ‘a substantial reduction of activity at one par- 
ticular cellular location (e.g. in the synaptic endings) 
or in specific cell types may be obscured by measure- 
ment of the activity in tissue homogenates. 
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Abstract—Previous studies have suggested that in the rat, small intestine is the source for rise in 
plasma histaminase levels seen after heparin administration. The cellular location of histaminase in 
intestine and the mechanism of heparin release have not been previously investigated. The present 
study identifies intestinal villus cells rather than crypt cells as the location of intestinal histaminase; 
at this site, the enzyme is not associated with brush border. Heparin added to incubations containing 
isolated intestinal cells did not release histaminase into the medium. Perfusion of intestinal vasculature 
with heparin caused a prompt release of this enzyme into venous effluent. The present investigation, 
therefore, suggests that heparin releases histaminase from vascular binding sites rather than directly 
from parenchymal cells. The use of isolated intestine with perfusion of the vasculature could serve 
as a useful tool for further defining the relationship between the sites of synthesis and the binding 
sites involved with heparin releasable enzymes such as histaminase. ; 


In humans and many other animal species heparin 
administration releases a variety of enzymes into the 
plasma. These include lipases, such as lipoprotein 
lipase [1,2] (glycerol-ester hydrolase EC 3.1.1.3), 
monoglyceride hydrolase [2] and phospholipase A 
(EC 3.1.1.4) [3,4]. Although the mechanisms for 
heparin release of these enzymes are not precisely 
known, the suggestion that heparin displaces lipopro- 
tein lipase from blood vessels [5] was strengthened 
by a recent study which demonstrated a binding site 
for lipoprotein lipase at the capillary wall [6]. 
Heparin also induces a rise in plasma activity of 
a non-lipid metabolizing enzyme, histaminase (dia- 
mine oxidase EC 1.4.3.6) in humans, guinea pig, 
rats, rabbit and other vertebrate species [7-11]. In 
humans, kidney and intestine contain appreciable his- 
taminase activity [12] and are likely sources of the 
enzyme. The major site for the heparin release of this 
enzyme is probably the liver in guinea pig [13] and 
the intestine in rats and rabbits [14, 15]. Extirpation 
of the intestine or occlusion of mesenteric arteries 
drastically reduces the histaminase response to 
heparin in rats and rabbits [14-16] and the intestinal 
histaminase activity in these animals falls consider- 
ably after large doses of heparin [14, 15]. 
Histaminase readily diffuses from everted rat intes- 
tinal sacs into the incubating medium; but heparin 
does not enhance this process [17]. Although some 
limited data suggest that heparin releases histaminase 
from vascular binding sites [13, 18] rather than from 
parenchymal cells there is no direct evidence to con- 
firm this hypothesis. Moreover, prior studies have not 
defined the precise cellular location of histaminase in 
the rat intestine or the exact source of the histaminase 
released by heparin from the intestinal tract. The 
present report describes the cellular location of 
histaminase in rat intestinal mucosa; the effect of 
heparin on release of histaminase directly from muco- 


sal cells and from the i:testinal vasculature is investi- 
gated. 


MATERIALS A:-D METHODS 


The lithium salt of hey-arin, p-nitrophenol, p-nitro- 
phenyl phosphate, sucrose-grade 1, glucose oxidase, 
dianisidine, and dithiothreitol were purchased from 
Sigma; horseradish peroxidase, grade D, from Worth- 
ington Chemicals; and the tetrasodium salt of ethyl- 
ene diamine tetracetic acid (EDTA) from J. T. Baker 
Chemicals. B-[*H]histamine (1.4 Ci per mmole), a gift 
from Dr. Michael Beaven (National Heart and Lung 
Institute, Bethesda, Maryland) was prepared as pre- 
viously described [19]. Dowex, AG-50 W-X2, 200- 
400 mesh, was purchased from BioRad and Instabray 
scintillation fluid from Yorktown Research. 

Male Sprague-Dawley albino rats, 200-300 g, 
were used for all experiments; the animals were anes- 
thetized by intraperitoneal injection of pentobarbital 
sodium. 

Intestinal cell isolation. Isolated intestinal epithelial 
cells were prepared from rat intestine according to 
the method of Stern [20] as modified by Weiser [21]. 
After the entire small intestine was removed and thor- 
oughly rinsed with normal saline containing 1mM 
dithiothreitol, the intestinal lumen was filled for 
15 min with buffer containing NaCl, 96mM; KCl, 
1.5mM; sodium citrate, 27 mM; Na,HPO,, 5.6mM 
and KH,PO,, 8mM, pH 7.3. This solution was dis- 
carded and the intestine was filled with phosphate 
buffered saline (NaCl, 154mM; KCl, 2.168mM; 
Na,HPO,, 8.1mM; KH,PO,, 1.47mM; 1.5mM 
EDTA; and 0.5 mM dithiothreitol, pH 7.3) for various 
periods of time to allow the sequential isolation of 
nine fractions of intestinal cells. During the entire 
procedure the intestine was kept at 37° with saline 
soaked compresses and over manipulation of the gut 
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was carefully avoided. Isolated cell fractions were 
washed twice with the phosphate buffered saline and 
then resuspended in this buffer. The cells were 
counted in a hemocytometer. 

Cell incubation. The upper villus, middle villus and 
crypt cells were incubated separately in phosphate 
buffered saline with and without heparin. After 30 min 
of incubation the medium was separated from the 
cells by centrifugation and assayed for histaminase 
activity. In other experiments each cell type (2.8 to 
3.3 x 10° cells per flask) was incubated separately in 
2 ml of phosphate buffered saline at 4°. After 24 hr 
the medium was separated from the cells and assayed 
for histaminase activity as described previously. 

Enzyme assay methods. Histaminase (diamine oxi- 
dase) activity was measured by the method of Beaven 
and Jacobsen [19] as later modified [22]. The pro- 
cedures were performed exactly as we previously 
reported [23] and results were expressed as units of 
histaminase activity per ml, where 1 unit equals 
1 pmole of B-[°H]histamine deaminated per hr. (The 
term histaminase is used in this paper since histamine 
was always used as the substrate.) 

Sucrase was determined by method of Dahlqvist 
[24]. Alkaline phosphatase was measured as de- 
scribed by Weiser [21] with p-nitrophenyl phosphate 
as a substrate. 

Perfusion experiments. In anesthetized rats the 
abdomen was opened by a midline incision. A 3 to 
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5 mm incision was made in the abdominal aorta after 
placing two 3/0 silk ligatures immediately above and 
below the origin of the superior mesenteric artery. 
Through the aortic incision, a 12cm length of 
polyethylene tubing (internal diameter 3.75 mm) was 
introduced into the superior mesenteric artery for 
about 1cm, and was held in place with a silk tie. 
The superior mesenteric vein was similarly cannulated 
with polyethylene tubing and was tied off above the 
site of cannulation. The duodenal vein and artery, 
and the inferior mesenteric artery and vein were also 
tied off. The superior mesenteric artery was perfused 
using a flexible Volutrole bag (100ml capacity) and 
a plastic tubing with an adjustable clamp, with phos- 
phate buffered saline at a pressure of 80cm water 
at a rate of 0.3 ml/min/200 g wt of the rat. The 
effects of heparin were assessed in paired experiments 
using litter mates, one of which served as a control. 
Control animals were infused with phosphate buffered 
saline for 37.5 min, while the litter mate was perfused 
with phosphate buffered saline for the first 7.5 min 
and then for 30min with phosphate buffered saline 
containing heparin, 2000 U/ml. The effluent from the 
superior mesenteric vein was collected in ice cooled 
test tubes at timed intervals. Thé samples were kept 
at 4° and analyzed within 24hr for histaminase ac- 
tivity. During the entire experiment the intestine was 
kept at 37° with saline-soaked cotton gauze com- 
presses. 
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Fig. 1. Distribution of histaminase activity in rat small intestinal epithelial cells. The intestinal cells, 
prepared as described in Methods, were disrupted with a Sonifier Cell Disruptor (Model W 185D 
Heat Systems, Ultrasonics, Inc., Plain View, NY) for 0.5 min at an output control of 3. Completeness 
of cell disruption was evaluated by microscopic examination of the suspension. The disrupted cell 
suspension was centrifuged at 1500g for 10min at 4° in an International Clinical Centrifuge. The 
clear supernatant was used to assay the activities of sucrase, alkaline phosphatase and histaminase; 
protein concentration was determined by the Lowry method [26]. Each point represents the mean 
of 3 experiments done in duplicate. The values for S.E.M. for sucrase in upper villus cell fractions 
(Fraction 1) were +11.9, middle villus (Fraction 5) + 4.08 and crypt cells (Fraction 9) +0.9; for alkaline 
phosphatase the S.E.M. in Fraction | was +0.27, in Fraction 5, +0.14 and in Fraction,9 +0.05. 
Histaminase activity is expressed in the Figure as the mean +S.E.M. 
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Table 1. Histaminase purified intestinal brush border* 





Alkaline phosphatase 


Histaminase 





Meant 
units/mg 
protein 


Preparation Range 


purification cell protein 


Meant 
units/mg Fold 


purification 


Fold 
Range 





0.20-0.29 
1.27-1.92 
1.63-3.81 


0.24 
1.52 
2.45 


Homogenate 
Crude brush border 
Purified brush border 


71.7-97.9 1 
59.2-82.3 0.8 
40.0-46.0 0.5 


1 82.4 
6.3 64.2 
10.2 44.0 





* Rat intestinal brush ‘border was prepared as described by Forstner et al. [25]. Intestinal mucosa was homogenized 
at slow speed in a Waring Blender for 25sec (Homogenate). Crude brush border was prepared by centrifugation 
of the homogenate followed by three washes with cold EDTA buffer. Crude brush border was further purified by 
saline sedimentation and filtration through glass wool (Purified brush border). Protein determinations [26] and enzyme 
assays were done in duplicate after disrupting each preparation for 0.5 min in a Sonifier Cell Disruptor at an output 
control of 3 (Model W 185D, Ultrasonics Inc. Plain View, NY). 

+ The values represent the mean of 3 separate experiments done in duplicate. 


RESULTS 


Histaminase activity in the small intestinal mucosa 
showed a distinct gradient from the upper villus to 
the crypt region (Fig. 1); crypt cells contained only 
7.3 per cent of the histaminase found in upper villus 
cells. This distribution for histaminase paralleled that 
for sucrase and alkaline phosphatase although there 
was a steeper fall in histaminase activity between the 
upper and middle villus. cells. The low histaminase 
activity in the crypt cells did not result from leakage 
of this enzyme into the buffers and cell washes during 
the cell isolation procedure; only 4 per cent of the 
total activity in all the cells appeared in the pooled 
wash prior to sonication of the cells. Histaminase was 
found to be stable for 24hr when kept at 4° and 
at the end of 24hr there was only 3—4 per cent loss 
in the activity of this enzyme in each cell fraction. 
When the isolated intestinal cells were incubated at 
4° in buffer the enzyme leakage was only 19.5 per 
cent for upper villus cells and 9.4 per cent and 10.5 
per cent for middle villus and crypt cells respectively. 

The similarity in cell distribution between histami- 
nase and alkaline phosphatase and sucrase, two upper 
villus enzymes localized to the brush border [25] 
raised the possibility that histaminase might also be 
a brush border enzyme. However, the specific activity 
of histaminase in purified brush borders (Table 1) fell 
to 51.3 per cent of the value for the initial whole 
cell homogenates, while the specific activity of alka- 


line phosphatase was 10-fold higher in the brush 
borders than in the initial homogenates. 

We investigated whether heparin added into the in- 
cubation medium can directly release histaminase 
from the intestinal epithelial cells (Table 2); no differ- 
ences were seen in the release of histaminase into the 
media with and without heparin. 

The effects ‘of heparin infusion on histaminase 
release in the rat intestinal vascular system is shown 
in Fig. 2. In control animals, during infusion of buffer 
into the superior mesenteric artery the venous effluent 
contained 0.6 + 0.1 units/ml (mean + S.E.M.) over 
the entire 37.5 min perfusion period. A similar level 
was seen in test animals during the first 7.5 min of 
perfusion with buffer alone, (0.5 + 0.2 units/ml); after 
heparin infusion was begun there was a rapid rise 
in histaminase activity in the venous effluent, which 
could be easily detected within 2.5 to 5 min of starting 
the heparin. Mean histaminase activity remained ele- 
vated throughout heparin infusion as compared with 
controls (10.6 + 1.9 units/ml—P > 0.005). As_ seen 
from the values for the S.E.M. in Fig. 2 there was 
considerable variation in the maximum increase in 
histaminase levels achieved with heparin in the 3 ex- 
periments; also, there was considerable variation in 
the pattern of histaminase release between experi- 
ments. In one experiment histaminase levels increased 
steadily over the 30 min of infusion. In the other 2 
experiments peak histaminase levels were reached 
after 2.5 to 7.5 min of heparin infusion; histaminase 


Table 2. Effect of heparin on histaminase release from isolated intestinal epithelial cells* 





Histaminase releaset 





Without heparin 
Cell type 


units/ml 


Histaminase content 
of cellst 


With heparin 





Upper villus : 0. 
Middle villus . 0. 
Crypt ; 0. 


131.0 + 24.7 
440+ 83 
105+ 4.0 





* Upper villus, middle villus or crypt cells (2.8 to 3.3 x 10° cells in 2ml of phosphate buffered 
saline) were incubated separately with or without heparin (2000 units/ml) in stoppered plastic flasks 
at 37° in a water bath shaker at 125 oscillations/min. After 30 min the samples were transferred to 
ice-cooled plastic centrifuge tubes and were centrifuged at 900g for 10 min at 4°. The supernatant 
fluid, carefully removed with a Pasteur pipette, was used for histaminase assay. Histaminase activity 
was also determined after disrupting the intestinal cells. Each value represents the mean + S.E.M. 


of 3 separate experiments done in duplicate. 


+ Histaminase release and cellular content of histaminase are calculated for 3 x 10° cells. 
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Fig. 2. Effect of heparin infusion on histaminase release into the rat intestinal vascular system. Phos- 

phate buffered saline with or without heparin was infused as described in Methods. A total of 6 

experiments was done, 3 controls and 3 with heparin infusion. The post-heparin histaminase levels 

(mean + S.E.M.) are expressed as percentage of control at each time period and the control histaminase 

levels (mean + S.E.M.) between 7.5 and 37.5 min are calculated as percentage of the mean histaminase 
levels during the first 7.5 min control period. 


levels then declined gradually over the next 7.5 to 
25 min. In all studies, the histaminase levels were still 
2-3-fold higher than the control at the end of the 
infusion period. 


DISCUSSION 


Although the presence of high amounts of histami- 
nase in the rat small intestine has long been recog- 
nized, to our knowledge the cellular location of this 
enzyme has not been studied. The present investiga- 
tion shows that histaminase is located in the mature, 
well differentiated cells of the villus region, rather 
than with the proliferating cells of the crypt area. This 
observation is of considerable interest for two 
reasons. Firstly, the synthesis of putrescine, a poly- 
amine which is an excellent substrate for histaminase, 
has been associated with rapidly growing cells [27] 
such as those found in the crypt region. Investigations 
of the sites of polyamine synthesis in rat intestinal 
mucosa and comparison to the present data could 
perhaps provide information regarding the role of his- 
taminase in polyamine metabolism and of polyamines 
in cell growth and differentiation. Secondly, unlike 
the other enzymes located in the villus tip region of 
intestinal mucosa [25], histaminase activity does not 
appear to be confined to the brush border. This find- 
ing suggests that histaminase may play a role other 
than that of providing a barrier against absorption 
of bacterial amines from the gut lumen as has been 
previously suggested [28]. 


In most species studied, including rat, the release 
of histaminase by heparin is thought to occur from 
the intestine. The present study shows that this release 
is probably not due to a direct action of heparin on 
the intestinal cells. The small fraction of histaminase 
activity which leaked from isolated cells into the incu- 
bating medium was not increased when heparin was 
added to the incubates. With heparin infusion into 
the superior mesenteric artery there was a marked 
increase in the histaminase activity in the superior 
mesenteric venous effluent. In these experiments the 
histaminase levels in the venous effluent from the 
superior mesenteric vein was found to be considerably 
lower than the plasma levels of histaminase seen after 
heparin administration in rats [17]. The use of iso- 
lated intestinal vascular system perfused with phos- 
phate buffered saline rather than whole blood as 
occurs in vivo, could explain these observed differ- 
ences. The present data are consistent with earlier 
observations by Schmutzler er al. [18] who demon- 
strated that addition of heparin to guinea pig liver 
tissue slices did not promote histaminase release into 
the incubation medium. However, perfusion of the 
liver with heparin solution produced a considerable 
release of histaminase activity into the venous effluent 
[13]. Shaff and Beaven showed that the addition of 
heparin to incubates of everted rat intestinal sacs did 
not enhance release of histaminase into the incuba- 
tion medium [17]. These earlier findings coupled with 
the present observations, strongly suggest that 
heparin releases histaminase from binding sites in the 
rat intestinal vasculature. The location of intestinal 
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mucosal histaminase activity intracellularly rather 
than in the brush border, is consistent with the move- 
ment of the enzyme from the mucosal cell to vascular 
binding sites. 

Although the present data suggest that histaminase 
is released from the intestinal vasculature rather than 
directly from the synthetic sites within the intestinal 
cells, the mechanism of transport of this enzyme from 
the epithelial cells to the vascular binding sites 
remains to be investigated. Our present findings sug- 
gest that future investigations of rat intestinal muco- 
sal cells and intestinal vasculature could provide a 
useful model for defining the nature of such a trans- 
port system and of the binding sites involved with 
heparin releasable enzymes. 
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Abstract—Much evidence supports the proposal that a soluble protease from liver and muscle is a 
major agent for insulin destruction in those organs. In the present study a considerable number of 
low molecular weight compounds have been examined for their ability to inhibit the destruction of 
the hormone by the enzyme from rat liver. These include amino acid derivatives, small polypeptides, 
indole and quinoline derivatives, and a diverse group of dyes and dye derivatives. In addition a com- 
parative study was made of the potency of a number of the compounds to inhibit both the insulin 
protease and chymotrypsin. A partially purified preparation of the insulin protease was analyzed by 
electrophoretic separation on polyacrylamide gels and the activity shown to be due to essentially 
a single enzyme. This preparation appeared to destroy insulin at initial rates which were linear by 
either of two methods. The first, which measured the rate of loss of immunoassayable insulin, was 
twice as fast as the second, which measured the rate of appearance of radioactive trichloroacetic-acid- 
soluble peptides from '7°I labelled insulin. The latter method was chosen to investigate the mode 
of inhibition using enzyme kinetic methods of three of the most potent of the inhibitory compounds. 
The nonapeptide, bradykinin, demonstrated a mixed competitive-noncompetitive pattern of inhibition 
as also possibly did another inhibitor quinoline-2-thiol. The compound 2,6-dichloroindophenol had 


a pattern of uncompetitive inhibition. 


A number of investigators have shown that the integ- 
rity of the insulin molecule is rapidly destroyed by 
enzymes present in a variety of tissues from the 
rat [1-4]. From evidence obtained using the rat dia- 
phragm it has been proposed that this inactivation 
of the hormone by proteolysis is carried out by a 
soluble enzyme after its entry into the cytoplasm of 
the cell [5]. Recent reports using isolated liver cells 
have provided evidence which may support this pos- 
tulate [6, 7]. The soluble enzyme responsible for this 
cleavage has been partially purified from both muscle 
[8] and liver [9] and shown to be a protease which 
degrades insulin much more rapidly than proinsulin. 
Both liver perfusion [10] and in vivo studies [11] have 
demonstrated that insulin disappears from the circu- 
lation much faster than proinsulin. These latter obser- 
vations further support the above postulate and argue 
for the importance of the enzyme in the removal of 
insulin from the circulation. 

Another enzyme of somewhat similar properties 
has been described in liver plasma membranes [12]. 
It is probable from quantitative measurements of the 
degradation of physiological concentrations of insu- 
lin [9], however, that the latter activity is of negligible 
importance. 

Polypeptide inhibitors of the soluble enzyme have 
been described in human plasma [13]. Their presence 
suggests physiological control of the insulin protease 
which may enter the blood in small amounts nor- 
mally from cells that are being replaced and whose 





* Abbreviations: DCIP (2,6 Dichlorophenol indophenol), 
t-BOC (t-butyloxy carbonyl-radical), CBZ (carbobenzoxy- 
radical), DTT (dithiothreitol). 
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action is blocked by the inhibitors. If the activity of 
the enzyme within the intact cell could be inhibited 
by low molecular weight compounds (if permeable 
to the cell membrane) then the possibility exists that 
circulating insulin levels could thereby be controlled. 
In the present study a number of such compounds 
have been investigated together with the enzyme kin- 
etic pattern of inhibition produced by those which 
are active at the lowest concentrations. In addition 
certain other properties of the enzyme have been in- 
vestigated shedding some further light upon its mode 
of action. 


MATERIALS AND METHODS 


('?°I) Iodoinsulin, containing 1 mole of iodine or 
less per mole of insulin, was obtained from Cam- 
bridge Nuclear Corporation, Billerica, MA. 

Insulin (24-25 U/mg), the amino acid and dipeptide 
derivatives, quinine, chloroquine, DCIP*, indole and 
its derivatives, diphenyl amine-4-sulfonate, bovine 
serum albumin (fraction V), dithiothreitol and crystal- 
line chymotrypsin were obtained from the Sigma 
Chemical Co., St. Louis, MO, U.S.A. Quinoline-2- 
thiol and 4-hydroxyquinoline-2-carboxylic acid were 
obtained from the Aldrich Chemical Co., Milwaukee, 
WI, U.S.A. 

Immunoassay of insulin was carried out by the 
method of Morgan and Lazarow[14], as modi- 
fied [15]. 

Enzyme assay method. The assay was carried out 
in a similar fashion to the method previously de- 
scribed [8,9] as follows: The incubation mixture con- 
tained the enzyme, 0.1 M Tris-HCI or other specified 
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buffer (whose pH is 7.5 at 37’), 5 mM EDTA (pH 
7.5) 0.3°% bovine serum albumin, approximately 0.1 
nM ('?51) iodoinsulin together with, where noted, the 
compounds used as inhibitors in a total volume of 
I ml. After an appropriate period of incubation, 
usually 1.0 min, the reaction was stopped by the addi- 
tion of 1.5 ml of 10° trichloroacetic acid. After centri- 
fugation the supernatant was decanted into another 
test tube and counted separately from the precipitate 
as previously described [8,9] in a Packard Auto- 
gamma spectrometer. In the enzyme kinetic studies 
the quantities of enzyme used were adjusted after a 
preliminary experiment to give amounts of degrada- 
tion less than 10 per cent of the total substrate 
present. 

Enzyme preparation. The enzyme used for qualitat- 
ive assay of inhibition was the cride, dialyzed 
100,000 g supernatant from liver homogenate [9]. For 
the study of the mode of inhibition of the most inhibi- 
tory compounds, the enzyme was further purified 
7-fold by adsorption and elution from calcium phos- 
phate gel as previously described [9]. 

Polyacrylamide gel electrophoresis of the enzyme 
preparation. Polyacrylamide gel electrophoresis at pH 
8.9 was carried out according to the method outlined 
in the brochure “Research Disc Electrophoresis In- 
structions”, 1969 (Canalco Co., Rockville, MD) except 
for the following: electrophoresis was performed at 
4° for 4hr after a pre-run of 4hr in the presence 
of 1 mM dithiothreitol while the system was con- 
stantly purged with nitrogen to prevent dithiothreitol 
oxidation. No sample or stacking gel was used as 
0.2 ml of calcium phosphate gel purified enzyme in 
20% sucrose was carefully layered directly on top of 

_the running gel. After completion of a run the gels 
were extruded from each of the tubes and placed in 
capped tubes overnight at 4°. In the morning one 
gel from the run was frozen on a block of dry ice 
or with liquid nitrogen. The gel was sliced with an 
array of razor blades with a uniform spacing between 
blades of 0.9mm. Each slice was placed in 0.9 ml of 
solution containing 3mg bovine serum albumin, 5 
umoles EDTA and 100 pmoles of Tris-buffer, pH 7.8 
(at 23°). The reaction was initiated by the addition 
of 0.1 ml of approximately 1 nM '?°I (iodoinsulin) 
and terminated 45 min later by the addition of 1.5 ml 
of 10%, trichloroacetic acid. Processing of the samples 
thereafter was the same as in the assay method de- 
scribed above. Solutions containing dithiothreitol 


J. S. BRUSH 


were analyzed for SH content using the method of 
Stadtman [16], except that it was necessary to ex- 
trapolate a plot of the logarithm of the A oo readings 
to zero time because p-hydroxymercuribenzoate 


apparently catalyzes the oxidation of the compound. 


RESULTS 


Survey of inhibitors. A number of amino acid and 
dipeptide derivatives (all of the L-configuration), 
tested for their ability to inhibit insulin degradation, 
were without effect upon enzyme activity at a concen- 
tration of 1 mM. Included were alanyllysine, alanyl- 
glutamate, alanyltryptophan, N-benzoylarginine, N-t- 
BOC-aspartic acid benzyl ester, N-acetylphenyl- 
alanine ethyl ester, N-CBZ_ phenylalanine-p-nitro- 
phenyl ester, N-CBZ-glycylphenylalanine amide and 
N-acetyltryptophan. Though the data are not shown 
the compounds N-acetyltryptophanamide and alanine 
benzyl ester were slightly inhibitory at the same con- 
centration, 10 and 5 per cent respectively, whereas the 
naturally occurring nonapeptide, bradykinin, mark- 
edly inhibited enzyme activity even at low concen- 
tration (73.5 per cent inhibition at a concentration 
of 0.16 mM). 

It was reported much earlier [1] that tryptophan 
and several other indole derivatives inhibited the 
degradation of insulin in crude liver homogenates. 
Those observations have now been extended using 
the dialyzed 100,000 g supernatant solution from liver 
homogenates. Compounds tested were tryptophan, 
N-acetyltryptophan, tryptophol, indole-3-acetamide, 
indole-3-acetate, indole-2-carboxylate and indole. Of 
these only indole, tryptophol and indole-3-acetamide 
were inhibitory at a concentration of 1 mM (30, 12 
and 10 per cent inhibition respectively). The latter 
compounds were more inhibitory at a concentration 
of 10 mM (38, 14 and 30 per cent inhibition, respect- 
ively) with indole-2-carboxylate being the next most 
important inhibitor at this concentration (19 per cent 
inhibition). 

The results obtained with indole and its derivatives 
suggested the testing of quinoline and several of its 
derivatives. As shown in Table | quinoline, itself, was 
not significantly inhibitory, but a number of its de- 
rivatives were. Quinine, chloroquine, and 4-hydroxy- 
quinoline-2-carboxylate were of about equal effective- 
ness. Quinoline-2-thiol produced the maximum inhi- 


Table 1. Quinoline, quinoline derivatives and various dyes as inhibitors of insulin 
proteolysis 





Compound 


Percent 
inhibition 


Concentration 
(mM) 





. Quinoline 

. Quinoline-2-thiol 

. Quinine 

. Chloroquine 

. 5-Hydroxyquinoline-2-carboxylate 
. Methyl orange 
. Ethyl orange 

. Methyl red 

. Methylene blue 

, DCIP 

. Diphenylamine-4-sulfonate 
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Table 2. Effect of various inhibitors on the proteolysis of insulin by chymotrypsin and insulin 
protease 





Compound Concentration 


Percent inhibition 





Chymotrypsin Insulin protease 





1 mM 
20 mM 
I1mM 
2.5mM 
10 mM 
1 mM 
2.5mM 
1 mM 
1 mM 
1mM 


Tryptophan 


Indole 


Quinine 


Methyl orange 
Methyl red 
DCIP 


0 
30 
30 





bition of protease activity since it reduced this activity 
by 36 per cent. 

The effectiveness of the indole and quinoline de- 
rivatives suggested enzymic sensitivity to aromatic 
compounds containing nitrogen. This possibility 
prompted the investigation of DCIP and several azo 
dyes as potential inhibitors as shown in Table 1. All 
of the dyes tested were partially effective, but DCIP 
possessed the highest degree of potency. The com- 
pound diphenylamine-4-sulfonate, which is related in 
structure to the latter dye, was of borderline effective- 
ness as an inhibitor even at a concentration five times 
that of the indophenol dye. 

Effect of inhibitors upon chymotrypsin. The possibi- 
lity exists that the inhibition by the compounds tested 


might not be specific for the insulin protease from 
the liver. Therefore, the effect of a number of the com- 
pounds upon chymotrypsin was also tested. The 
results of these experiments are shown in Table 2. 
The corresponding inhibition of insulin protease 
taken partially from the text and Table 1 are pres- 
ented for comparison. Tryptophan and indole pos- 
sessed greater inhibitory capacity against chymotryp- 
sin than against the insulin protease, whereas in the 
case of DCIP this effectiveness was very much 
reversed. 

Polyacrylamide gel electrophoretic analysis of degra- 
dative activity in the enzyme preparation. The mode 
of inhibition by selected inhibitors was next examined 
using an enzyme preparation from rat liver partially 
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Fig. 1. Electrophoretic separation of enzymic activity on polyacrylamide gel. Calcium phosphate gel 

purified enzyme was utilized in the study. Ordinate values have had subtracted from them the average 

value of the blank (5.13°4) obtained from control gel slices run under identical conditions, but to 

which no enzyme had been added. The lines just above and below the ordinate origin represent a 

measure of the error in the determination of the base line and are two standard deviation units 

on each side of it. The apparent activity on gel slice 9 is not reproducible and being present on 
only one slice is considered artifactual. 
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purified on calcium phosphate gel [9]. First, however, 
it was necessary to determine if insulin degradation 
by the preparation was due to a single enzyme 
species. This question was examined using polyacryl- 
amide gel electrophoresis with analysis of the separ- 
ated activity on thin sections of the gel. The results 
of a representative experiment are shown in Fig. 1. 
The largest peak of activity contained 83 per cent 
of the total activity with the second peak near the 
lower end of the gel possessing 17 per cent of the 
total. The small peak may be an isozyme rather than 
a contaminating non-specific protease since there is 
a five million-fold excess of other protein (bovine 
serum albumin) in the assay media whose digestion 
would most probably prevent attack by non-specific 
proteases. In addition the isozyme probably does not 
possess substantially different kinetics from that of 
the major peak, or else the kinetic data plotted in 
double reciprocal form and shown in Figs 3-5 would 
depart from linearity. 

Enzymatic degradation of insulin by immunoassay 
and by solubilization in trichloroacetic acid. In Fig. 


2 is presented a further study to determine the validity. 


of initial rate measurements in enzyme kinetic studies 
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Fig. 2. Rate of proteolysis of insulin as measured ‘by tri- 
chloroacetic acid precipitation and by insulin immuno- 
assay. The incubation mixture contained Tris-HCl buffer, 
EDTA, bovine serum albumin and ('?°I) iodoinsulin as 
described in Methods. In addition it contained 10°°M 
insulin and 3ml of calcium phosphate gel purified 
enzyme [7] in a total volume of 10 ml. At the indicated 
times 1.0 ml of the mixture was transferred to 1.5 ml cold 
10°, trichloroacetic acid and centrifuged at 4°. The super- 
natant was decanted and counted as described. The pre- 
cipitates in each case were counted while still cold. Each 
of the precipitates was then dissolved in 1.0 ml of 0.1 M 
Tris, diluted 1600 times in the borate-bovine serum albu- 
min mixture and immuno-assay performed as described 


[17]. 
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= x10® 
Fig. 3. Effect of bradykinin upon enzyme activity. (@) No 
bradykinin; (A) + bradykinin, 52.5 uM; (CO) + brady- 
kinin, 105 ywM. Units of S are moles/] and of v are 
moles/l/10 min/ml enzyme. See Methods for assay. 


of inhibitor action. In that study the relative rate of 
the degradation of insulin is measured by immuno- 
assay and by the trichloroacetic acid precipitation 
method. As can be seen the rate is linear by both 
methods for at least 6 min during which time approxi- 
mately 24 per cent has become trichloroacetic acid 
soluble and 48 per cent has been converted to non- 
immunoassayable products. Therefore, the latter rate 
is twice that of the former. The trichloroacetic acid 
method is, however, less complex. In addition it 
measures the initial rate of product formation instead 
of the inherently less accurate rate of substrate disap- 
pearance. 

Mode of enzyme inhibition. Of the compounds 
which were found to be inhibitory, three of the most 
potent were selected for the study of their mode of 
inhibition, namely bradykinin, DCIP, and quino- 
line-2-thiol. 

In Fig. 3 are presented Lineweaver—Burk plots of 
the data obtained for bradykinin as inhibitor with 
the slope and intercept determined by least squares 
regression fit of the data in double reciprocal form. 
The inhibition constant determined from comparison 
of the slopes of the two curves in the presence of 
the inhibitor to that in its absence yields an average 
value and standard error for the two determinations 
of 0.082 + 0.004 mM. The corresponding constant 
obtained from the two intercept values is 
0.153 + 0.003 mM. Thus, these two constants are sig- 
nificantly different from each other. 

In Fig. 4 are presented the results of the kinetic 
study obtained in the presence of DCIP. A series of 
lines parallel to the line obtained in the absence of 
inhibitor is evident. The slopes of lines were obtained 
by a least squares fit of the data in double reciprocal 
form as in Fig. 3. The slopes were then averaged and 
this value then used to provide a least squares fit 
to the data with the assumed average slope. In a simi- 
lar manner to that described above this yielded inter- 
cept values from which a dissociation constant and 
standard error of 0.19 + 0.02 mM was obtained. 

In Fig. 5 are presented kinetic results obtained with 
the inhibitor, quinoline-2-thiol. The lines drawn 
according to the method of fitting the data described 
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Fig. 4. Effect of DCIP upon enzyme activity. (@) No 

DCIP; (A) + 0.17 mM DCIP; (GO) + 0.35 mM DCIP. 

Units of S and v are the same as in Fig. 3. See Methods 
for assay. 


above indicate a pattern similar to that obtained for 
bradykinin. The K; from the slopes of the two inhi- 
bited lines yields a value of 0.88 + 0.07 mM. Deter- 
mination of this constant from the intercept values 
is 1.16 + 0.10 mM. The two values are not signifi- 
cantly different from each other, and therefore, the 
mechanism can equally well be interpreted in terms 
of non-competitive inhibition. 

The K,,, for insulin as measured by the data of Figs 
3-5 is 0.12 + 0.02 uM. 


DISCUSSION 


In a previous study [9] it was shown that the two 
compounds, 1-butyl-3 (p-tolylsulfonylurea (tolbuta- 
mide) and 1-phenylethylbiguanide (phenformin) were 
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Fig. 5. Effect of Quinoline-2-thiol upon enzyme activity. 

(@) No quinoline-2-thiol; (4) + 0.2 mM quinolinethiol; 

(A) + 0.4 mM quinolinethiol. Units of S and v are the 
same as in Fig. 3. See Methods for assay. 


2353 


inhibitors of the insulin protease of rat liver. In the 
present study a much larger group of compounds 
have been tested in a search for ones which are effec- 
tive at lower concentrations. Of the amino acid and 
dipeptide derivatives none were inhibitory except 
those containing tryptophan, the latter effect having 
been reported much earlier[1]. The nonapeptide 
bradykinin, however, was quite potent even though 
there is no tryptophan in the molecule. Other deriva- 
tives of indole related to tryptophan but possessing 
no charge were effective at concentrations of 1 mM 
where tryptophan is not inhibitory. This may suggest 
an interaction with hydrophobic regions of the mol- 
ecule. Addition of one more carbon atom to the in- 
dole ring containing nitrogen to form quinoline, how- 
ever, nearly abolishes activity whereas addition of 
other functional groups to the quinoline nucleus 
enhances inhibitory potency especially in the case of 
quinoline-2-thiol. The azo dyes tested also were some- 
what effective but a stronger inhibitor is the redox 
dye DCIP. 

Recent studies with proteinase inhibitors from the 
snail, Helix pomatia [17] have suggested the insulin 
protease possesses a strength of interaction with in- 
hibitors more similar to chymotrypsin than tryp- 
sin [18]. The comparison of a number of inhibitors 
tested herein against both enzymes also indicates 
some similarity to chymotrypsin. The two enzymes 
are distinctly different, however, with respect to DCIP 
which inhibits only the insulin protease and benzyl- 
sulfonylfluoride which inhibits only chymotryp- 
sin [8, 19]. A third essential difference is of course that 
the insulin protease is inactivated by the sulfhydryl 
reagents, N-ethylmaleimide and p-hydroxy-mercuri- 
benzoate [8,9], whereas chymotrypsin is not. 

‘the data of Fig. 1 indicate that the hydrolytic reac- 
tion is probably carried out by a single enzyme. The 
results presented in Fig. 2 demonstrating a difference 
in the rate of the enzymic reaction by the two differ- 
ent methods of assay are difficult to interpret 
mechanistically. Recent results[20] have demon- 
strated dispersion, recovery losses and diminution of 
specific activity in individual fractions upon ion 
exchange chromatographic separation of the enzyme. 
Restoration of the total and specific activity occurred 
upon recombining the active fractions strongly sug- 
gesting the presence of dissociable subunits in the 
enzyme. The latter aspect of enzyme structure may 
be related in some manner to the observed rate differ- 
ences presented in Fig. 1. 

The results of Fig. 3 utilizing the nonapeptide, 
bradykinin, as an inhibitor gave an unusual pattern 
of inhibition similar to that obtained earlier with 
phenylethylbiguanide [9]. This pattern ‘has been 
termed mixed competitive and noncompetitive inhibi- 
tion [21]. A similar interpretation may also be applic- 
able to the data of Fig. 5 for quinoline-2-thiol but 
the data is not conclusive. 

Using DCIP a pattern of inhibition characteristic 
of uncompetitive inhibition was obtained. In deriving 
the equation for this mechanism it must be assumed 
that the inhibitor can combine only with the enzyme- 
substrate complex or perhaps with an enzyme-pro- 
duct complex derived from it [22]. Its meaning on 
a molecular level in the present case is, however, un- 
clear. 
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Thus, the studies presented offer some newer results 
shedding additional light upon the enzyme’s mode of 
action and suggesting possible inhibitory compounds 
of potential usefulness in controlling the enzyme’s ac- 
tivity in vivo. 
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THE EFFECTS OF ACUTE AND CHRONIC ADMINISTRATION 
OF MORPHINE ON NOREPINEPHRINE 
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Abstract—The effects of acute and chronic administration of morphine on norepinephrine turnover 
in rat brain regions were assessed by measuring changes in the levels of 3-methoxy-4-hydrox yphenyl- 
glycol sulfate (MHPG-SO,), the major metabolite of norepinephrine (NE) in rat brain. Acute adminis- 
tration of morphine sulfate (25 mg/kg, i.p.) significantly increased levels of MHPG-SO, in hypothala- 
mus, cerebellum, brainstem and “rest of brain” but not in cortex or corpus striatum. After chronic 
administration of increasing doses of morphine, tolerance developed to this effect of morphine on 
MHPG-SO, levels in cerebellum, brainstem and “rest of brain”, but tolerance to the morphine-induced 
increase in MHPG-SO, levels was not observed in hypothalamus. Sixteen hr after the cessation of 
chronic morphine administration, levels of MHPG-SO, were significantly reduced in hypothalamus, 
cerebellum and “rest of brain”. These findings are discussed in relation to the regional specificity 
of the action of morphine on NE turnover, and the possible role of noradrenergic neurons in the 


reinforcing properties of morphine. 


In recent years, a number of investigators have exam- 
ined the effects of acute and chronic administration 
of morphine on the turnover of catecholamines either 
in whole brain or in brain regions. In contrast to 
the relatively consistent findings indicating that mor- 
phine increases dopamine turnover [1-6], studies of 
the effects of morphine on norepinephrine (NE) turn- 
over in brain have been contradictory. 

Using the rate of formation of radioactively 
labelled NE from labelled tyrosine as an estimate of 
NE turnover, some studies have reported that the 
acute administration of morphine increases NE turn- 
over in whole mouse brain and in mouse cortex, cere- 
bellum, brainstem and diencephalon [1,2], as well as 
in rat hypothalamus and cortex [4], while others have 
reported no such increases in either whole rat brain 
or in several brain regions [3,7]. However, when NE 
turnover was estimated by determining the rate of 
NE depletion after synthesis inhibition by alpha- 
methyl-paratyrosine, increases in NE turnover have 
been reported in the pons-medulla but not in other 
brain regions or in whole rat brain [6, 8,9]. 

The effects of chronic administration of morphine 
on NE turnover in whole brain or brain regions are 
also contradictory. Whereas one group of investiga- 
tors have observed tolerance to the morphine-induced 
increase of NE turnover in whole mouse brain [2, 10], 
other investigators have observed an increase in NE 
turnover in whole rat brain or in those brain regions 
that were examined after chronic morphine adminis- 
tration [4, 7]. 
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Using the endogenous levels of the sulfate conju- 
gate of 3-methoxy-4-hydroxyphenylglycol (MHPG- 
SO,) the major metabolite of NE in rat brain [11] 
as an index of NE turnover, we have found that, in 
rats, acute administration of morphine produces a 
dose-related increase in the levels of MHPG-SO, in 
whole brain, and that tolerance develops to this effect 
of morphine after prolonged treatment [12]. We now 
report the differential effects of acute and chronic 
administration of morphine on MHPG-SO, levels in 
several regions of rat brain. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats weighing 200-220 
g were used throughout these experiments. In the 
acute experiments, rats were injected intraperitoneally 
with morphine sulfate (25 mg/kg) or isotonic saline 
(1 ml/kg) 2 hr prior to sacrifice. In the chronic experi- 
ments, animals received two injections of morphine 
sulfate per day commencing with a dose of 15 mg/kg 
each injection on the first day and increasing each 
injection by 15 mg/kg/day until a dose of 75 mg/kg 
each injection was attained on the fifth day. This dose 
was maintained for one additional day such that each 
rat received a total of 12 injections. Isotonic saline 
was administered to a control group following the 
same schedule of drug administration. 

In one set of chronic experiments, animals were 
sacrificed 16hr after the last maintenance dose of 
morphine or saline. In another set of experiments, 
animals chronically treated with morphine received 
a challenge dose of morphine sulfate (25 mg/kg) 16 hr 
after the last maintenance dose of morphine, and con- 
trols that had been chronically injected with isotonic 
saline were challenged with saline (1 ml/kg). Animals 
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Table 1. Effects of acute administration of morphine on the levels of 
MHPG-SO, in rat brain regions 





MHPG-SO, (pmoles/g brain tissue) 


Control 


Morphine 





383 + 14 
351 + 29 
620 + 46 
136 + 14 
494 + 30 
570 + 24 


Cortex 

Corpus striatum 
Hypothalamus 
Cerebellum 
Brainstem 

“Rest of brain” 


405 + 
368 + 3 
1008 + 
200 + 
625 + 2 
703 + 61 





The experimental group was injected intraperitoneally with morphine sul- 
fate (25 mg/kg) and the control group received isotonic saline (1 ml/kg). Animals 
were sacrificed by decapitation 2 hr after injections. Results are expressed as 
means + standard errors of the means of 5-16 determinations. 


were sacrificed by decapitation 2hr after challenge 
injections. 

Whole brains were removed, rinsed with cold saline 
and placed on iced-glass for dissection into hypo- 
thalamus, corpus striatum, cortex, cerebellum, brain- 
stem (pons-medulla) and the remainder of the brain 
(“rest of brain”) using a modification of the method 
of Glowinski and Iversen [13]. These tissues were 
weighed, frozen in dry ice-methanol and stored at 
— 80° until assayed. 

MHPG-SO, was estimated by the method of Meek 
and Neff [14] with minor modifications [12]. The 
tissues from 3 animals were pooled for assays of 
MHPG-SO, in each brain region. For technical pur- 
poses of the assay, only the right cortex was used 
in these experiments. Data from preliminary studies 
showed that there were no differences in MHPG-SO, 
levels between left and right cortices of saline or mor- 
phine-treated animals. Student’s t-test was used to 
determine the statistical significance of differences 
between experimental and control groups. 


RESULTS 


The effects of a single injection of morphine (25 
mg/kg) on MHPG-SO, levels in several brain regions 
are presented in Table |. Acute administration of 
morphine significantly increased levels of MHPG- 
SO, in hypothalamus, cerebellum, brainstem and 
“rest of brain”, but not in cortex or corpus striatum. 

After chronic administration of morphine, follow- 
ing the schedule described in Methods, MHPG-SO, 


levels were examined 16 hr after the last dose of mor- 
phine. As shown in Table 2, the levels of MHPG-SO, 
were significantly decreased in the hypothalamus, 
cerebellum and “rest of brain”. In the cortex and 
brainstem, the levels of MHPG-SO, were not signifi- 
cantly reduced (Table 2). 

With chronic administration of morphine, tolerance 
appears to develop to the effects of morphine on NE 
turnover in cerebellum, brainstem and “rest of brain”, 
since the challenge dose of morphine (25 mg/kg) did 
not produce significant changes in MHPG-SO, levels 
in these brain regions (Table 3). However, after 
chronic treatment the challenge dose of morphine did 
produce a significant increase in the levels of MHPG- 
SO, in the hypothalamus, suggesting that tolerance 
did not develop to the effects of morphine on NE 
turnover in hypothalamus under the conditions of 
these experiments (Table 3). Morphine (25 mg/kg) did 
not produce changes in MHPG-SO, levels in cortex 
of animals treated chronically with morphine (Table 
3), just as this dose of morphine failed to alter 
MHPG-SO,, levels in the cortex of naive animals 
(Table. 1). 


DISCUSSION 


The results of this study indicate that acute admin- 
istration of morphine does not effect NE turnover 
uniformly in all regions of rat brain. An acute injec- 
tion of morphine increased MHPG-SO, levels in the 
hypothalamus, cerebellum, brainstem and “rest of 
brain”, but not in cortex or corpus striatum. After 


Table 2. MHPG-SO, Levels in rat brain regions following cessation of chronic 
morphine treatment 





MHPG-SO, (pmoles/g brain tissue) 


Control 


Morphine 





320 + 10 
606 + 49 
117 + 10 
544 +17 
570 + 26 


Cortex 
Hypothalamus 
Cerebellum 
Brainstem 
“Rest of brain” 


308 + 8 
398 + 
89 + 6 
508 + 
464 + 





The experimental group was injected intraperitoneally twice daily for six 
days with increasing doses of morphine sulfate as described in Methods. Con- 
trol animals received saline (1 ml/kg) following the same schedule. Animals 
were sacrificed 16hr after the last injection. Results are expressed as means 
+ standard errors of the means of 6 determinations. 





Effects of acute and chronic administration of morphine 


Table 3. Effects of a challenge dose of morphine (25 mg/kg) on the levels of 
MHPG-SO, in rat brain regions after chronic treatment with morphine 





MHPG-SO, (pmoles/g brain tissue) 


Control 


Morphine P 





355 + 34 
580 + 49 
it3:+ 13 
558 + 26 
544 + 59 


Cortex 
Hypothalamus 
Cerebellum 
Brainstem 
“Rest of brain” 


NS. 
<0.01 
N.S. 
N.S. 
N.S. 


313 21 
747 + Sl 
90 +7 
542 + 14 
431 + 60 





The experimental group was injected intraperitoneally twice daily for six 
days with increasing doses of morphine sulfate, as described in Methods. The 
control group received chronic injections of saline (1 ml/kg) according to the 
same schedule. Sixteen hr after the last of the chronic injections, experimental 
animals were administered a challenge dose of morphine (25 mg/kg), and con- 
trol animals received a challenge dose of saline (1 ml/kg). Animals were sacri- 
ficed 2 hr after the challenge injections. Results are expressed as means + stan- 
dard errors of the means of 6-12 determinations. 


the acute administration of morphine, Smith et al. 
[2] observed an increase in the synthesis of radio- 
actively labelled NE from labelled tyrosine in various 
regions of mouse brain including hypothalamus, cor- 
tex, cerebellum, diencephalon and pons-medulla, but 
not in corpus striatum. It is possible that the discre- 
pancy between our results and those of Smith with 
regard to cortex, may be related to species differences 
or to the doses of morphine employed. Using a pro- 
cedure similar to that of Smith and colleagues [2], 
Johnson et al. [4] did observe an increase in NE turn- 
over in rat cortex using a larger dose of morphine 
(60 mg/kg) than was employed in the present study. 

Our studies using levels of endogenously-formed 
MHPG-SO, as an index of NE turnover, and studies 
of some other investigators who examined the syn- 
thesis of radioactively labelled NE from labelled tyro- 
sine [2,4], showed that morphine increased NE turn- 
over in regions containing noradrenergic terminals 
(e.g., hypothalamus, cerebellum) as well as in regions 
containing noradrenergic cell bodies (e.g., brainstem). 
In contrast, several studies which utilized the rate of 
decline of endogenous NE after synthesis inhibition 
by alpha-methyl-paratyrosine as an index of NE turn- 
over found morphine-induced changes only in pons- 
medulla, a region containing noradrenergic cell 
bodies [6,9]. Thus, methodological differences may 
help to account for differences in the results of various 
studies of the effects of morphine on NE turnover 
in rat brain regions. 

Following cessation of chronic treatment with mor- 
phine, the levels of MHPG-SO, were significantly 
reduced in the hypothalamus, cerebellum and “rest 
of brain” when animals were sacrificed 16 hr after the 
last dose. These data are consistent with the results 
of previous studies that reported a reduction in NE 
turnover in the whole brains of rats [12] and mice 
[2] after the cessation of chronic administration of 
morphine. 

Under the experimental conditions of this study, 
after long-term administration of morphine, tolerance 
appeared to develop to its effects on NE turnover 
in cerebellum, brainstem and “rest of brain”, but not 
in the hypothalamus where the challenge dose of mor- 
phine significantly increased MHPG-SO, levels in 
rats chronically-treated with the drug (Table 3). That 


the hypothalamus did not show tolerance to the 
effects of morphine cannot be ascribed to higher 
“baseline” levels of MHPG-SO, in the hypothalamus 
after chronic morphine, since the “baseline” levels of 
MHPG-SO, in the hypothalamus were significantly 
decreased prior to the challenge dose of morphine 
(Table 2). 

Recent studies have shown that tolerance does not 
appear to develop to the effects of morphine on the 
threshold and rates of responding for self-stimulation 
in the lateral hypothalamus [15,16], and in the 
present study, tolerance did not develop to the effects 
of morphine on NE turnover in the hypothalamus. 
Although other neuronal systems clearly may be in- 
volved in the effects of morphine on self-stimulation 
[17], the present findings are compatible with the hy- 
pothesis that the effects of morphine on hypothalamic 
self-stimulation may be mediated, at least in part, by 
noradrenergic neuronal systems. 
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Abstract—Because the glutathione S-transferases perform a detoxification function in liver and kidney, 
evidence for them was sought in the intestine, another major site of contact with xenobiotics. The 
range of activity with several different substrates was similar to that of liver; highest activity was 
observed with 1-chloro-2,4-dinitrobenzene. Antibodies prepared against homogeneous rat liver transfer- 
ases A, B, and E gave lines of identity with cytosol obtained from intestinal epithelial cells. With 
1-chloro-2,4-dinitrobenzene as substrate a shallow gradient of increasing activity was observed from 
crypt to tip cells of jejunal epithelium. In cells at all stages of maturation, activity was increased 
in response to phenobarbital whereas alkaline phosphatase, thymidine kinase and y-glutamyltranspepti- 
dase were not induced. Activity was greatest in the duodenum and jejunum, and lowest in the colon 
and stomach. The data are consistent with a detoxification role for the glutathione S-transferases 


in intestine. 


The glutathione S-transferases (EC 2.5.1.18) are a 
family of enzymatically active binding proteins that 
catalyze the initial step in mercapturic acid formation 
[1], among other reactions [2,3], and may play a 
significant role in the transport [4] and detoxification 
[3] function of vertebrates. At least seven distinct 
glutathione S-transferases, characterized by the letters 
AA, A, B, C, D, E, and M, have been isolated from 
rat liver [2] of which all but transferases D and M 
have been purified to homogeneity [5-8]. These 
enzymes catalyze the conjugation of glutathione 
(GSH) with an enormous variety of compounds that 
bear a sufficiently electrophilic carbon and have a 
hydrophobic topography [2, 3]. Substrates of this sort 
include benzo[a]pyrene 4,5-oxide, bromosulfophtha- 
lein, ethacrynic acid and numerous halo-and nitro- 
benzene derivatives [2,9]; the product in each case, 
is the corresponding thioether with GSH. The same 
enzymes catalyze the glutathione-dependent forma- 
tion of cyanide from thiocyanates [10]; the formation 
of nitrite from such organic nitrate esters as trinitro- 
glycerol [10]; the isomerization of A* to A*-3-keto- 
steroids [11]; and a number of disulfide interchange 
reactions [12]. Thus, this group of enzymes is active 
in the detoxification of a wide range of compounds 
that have in common only a reactive group subject 
to nucleophilic attack by GSH and the ability to bind 
to the protein. 

Glutathione S-transferase activity of the rat has 
been observed in all tissues examined and has been 
calculated to comprise approximately 10 per cent of 
the soluble protein of rat liver [2]. Transferase B 





* Present address: Department of Gastroenterology, 
Nassau County, Medical Center, East Meadow, NY, 
11554, U.S.A. 

+ Present address: Gerontology Research Center, 
National Institute of Aging, Baltimore, MD, 21224, U.S.A. 


alone constitutes about 5 per cent of rat liver extracts 
[13] and about 3 per cent of kidney extracts [13, 14]; 
it has also been observed in the intestine by immuno- 
fluorescence techniques [14]. Glutathione S-transfer- 
ase activity with bromosulfophthalein has been 
reported in the gastrointestinal tract of several verte- 
brate species [15]. 

It is possible that those organs which have primary 
contact with the large number of xenobiotics to which 
animals are exposed, would contain the glutathione 
S-transferases as one system of detoxification. We 
have therefore investigated the gastrointestinal tract 
of the rat with a view to gathering qualitative data 
for the possible function of the transferases in this 
tissue. The data indicate that the intestinal transfer- 
ases from rat are present in villus and crypt cells of 
intestinal epithelium, are immunologically related to 
the liver transferases, and are increased in concen- 
tration by treatment of the animals with phenobarbi- 
tal. 


MATERIALS AND METHODS 


Adult, male Osborn—Mendel rats (200-300 g), fed 
NIH 07 open-formula stock ration, were used in all 
studies. 

Tissue preparations. To obtain mucosa from the rat 
gastro-intestinal tract, particulate matter was freed by 
rinsing with phosphate buffered saline at pH 7.4. The 
adhering mesentery was trimmed, segments were 
opened, and additional mucus was removed by blot- 
ting with moist tissue paper. Mucosa was freed from 
the underlying muscular layer by scraping with a 
glass slide on an ice-cold surface. Enzyme extracts 
were obtained from mucosal scrapings by disruption 
in a Waring blender at between 0° and 6° for 45 sec 
in ten volumes of a solution containing 75 mM potas- 
sium phosphate at pH 7.6, 330 mM sucrose and 2mM 
dithiothreitol. The presence of a mercaptan disrupts 
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mucus ‘which can interfere with subsequent centrifu- 
gation and pipetting procedures [16]. Extracts were 
centrifuged for 20 min at 15,000g and the resulting 
supernatant liquid was used for determination of 
enzyme activity. 

Epithelial cell fractions were obtained by the 
Weiser procedure [17] from intestine excised between 
the ligament of Trietz and the cecum. The lumen was 
rinsed with phosphate buffered saline at 37°, clamped 
at one end, filled with approximately 18 ml of Weiser 
buffer A, clamped at the other end, and incubated 
at 370° with gentle shaking in a beaker containing 
phosphate buffered saline supplemented with | mM 
dithiothreitol. After 15 min, the lumen was drained, 
refilled with Weiser buffer B at 37°, and the incuba- 
tion continued. This procedure was repeated at inter- 
vals of between 2 and 15 min for a total of 45 min, 
i.e. until few additional cells were released into the 
buffer. Cells were collected separately at each step, 
chilled in an ice bath, centrifuged at 500g for 3 min 
and washed twice with cold phosphate buffered saline. 

Cells were homogenized with 30 strokes of a 
Dounce B homogenizer in 8 volumes of 125mM 
potassium phosphate at pH 7.6 containing 330mM 
sucrose. After centrifugation for 20 min at 15,000g, 
the resulting supernatant fractions were used for 
determination of enzyme activity. 


Enzyme assays. Glutathione S-transferase activity 


was determined spectrophotometrically with |-chloro- 
“ 2,4-dinitrobenzene and GSH as substrates. The pro- 
cedures for this assay as well as those for each of 
the other transferase substrates used, have been de- 
scribed [6]; fresh, unfrozen extracts were necessary 


for reproducible determination of enzyme activity. 
Thymidine kinase was assayed in a solution contain- 
ing 50 mM Tris-HCl, pH 8.0 [18], 5mM ATP, 5mM 
MgCl,, and 4 uM [*H]thymidine at 37°; final volume 
was 0.1 ml. Aliquots were withdrawn at intervals for 
15min and the phosphorylated products were col- 
lected on Whatman DE-81 filters as described. by 


Breitman [19]. y-Glutamyl-transpeptidase was 
assayed with L-y-glutamyl-p-nitroanilide as described 
by Orlowski and Meister [20] with the addition of 
glycylglycine as acceptor [21]. Alkaline phosphatase 
was assayed with p-nitrophenyl phosphate as de- 
scribed by Weister [17]. Protein was determined 
colorimetrically [22]. 

Immunodiffusion studies. Antibody to transferases B 
and E were raised in separate sheep; antibody was 
specific for the respective glutathione S-transferase 
[3]. Antibody to transferase A was raised in New 
Zealand rabbits; this antibody was equally active with 
either transferase A or C but not with any of the 
other transferases [6]. Immunoglobulin was prepared 
from each serum by standard methods [23] and used 
for double diffusion studies by the procedure of 
Ouchterlony [24]. 

RESULTS 


Glutathione S-transferases in mucosal epithelium. 
Preliminary determination of glutathione S-transfer- 
ase activity was carried out with a spectrum of sub- 
strates using extracts derived from scrapings of jejunal 
mucosa. The highest activity was found with 1-chloro- 
2,4-dinitrobenzene (Table 1). Indeed, the activity with 
the other substrates was sufficiently low that, in the 
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Table 1. Glutathione S-transferase activity of extracts of 
jejunal epithelium as determined with GSH and each of 
a number of substrates by standard [9] assay procedures 





Substrate Specific activity* 





1--Chloro-2,4-dinitrobenzene 
1,2-Dichloro-4-nitrobenzene 
Ethacrynic acid 

1 ,2-Epox y-3-(p-nitrophenoxy)propane 
p-Nitrobenzyl chloride 





* Specific activity is defined as the number of pmoles 
of product formed per min per mg of protein. 


interest of accuracy, subsequent determinations of 
enzyme activity were limited to the standard assay 
with GSH and |-chloro-2,4-dinitrobenzene. The range 
of activity with the several different substrates was 
similar to that observed in extracts of rat liver [2, 6]. 

More than 96 per cent of the total activity present 
in mucosal homogenates was recovered in the super- 
natant fluid following centrifugation at 100,000g for 
| hr. No activity was detected in purified [25] brush 
border membranes. 

Localization of activity. When transferase activity 
was measured in different regions of the gastrointes- 
tinal tract (Table 2) the highest activity appeared in 
the duodenal and jejunal mucosa. Over 90 per cent 
of the total activity in scrapings was found in the 
small intestine whereas lower specific activity and 
total activity were observed in the stomach, cecum, 
and colon. 

The intestinal muscularis remaining after scraping 
of mucosa contained 19 per cent of the total activity, 
probably the result of residual mucosal cells conta- 
minating the preparation. The muscularis remaining 
after selective elution of epithelial cells (see below) 
and subsequent scraping, was virtually devoid of ac- 
tivity. 

Distribution among villus and crypt cells. Mucosal 
epithelial cells are produced in the crypts of Lieber- 
kuhn and undergo enzyme and morphological 
changes as they migrate up the villi and mature into 


Table 2. Distribution of glutathione S-transferases activity, 

in mucosal scrapings of sections of the gastrointestinal 

tract with GSH and _ 1-chloro-2,4-dinitrobenzene as 
substrates* 





% of 
Total units 


Specific 


Tissue activityt 





Stomach 2 
Duodenum . 20 
Jejunum (proximal) . 23 
Jejunum (distal) “ 15 
Ileum (proximal) ! 10 
Ileum (distal) \ 

Cecum 

Colon 





*The intestine was divided into four equal segments 
between the ligament of Trietz and the ileocecal valve. Dif- 
ficulty in completely separating epithelium and muscularis 
accounts for recovery of only 81 per cent of the total 
activity of the scrapings (see text). 

+ Specific activity is defined as the number of pmoles 
of product formed per min per mg of protein. 





The Glutathione S-Transferases 


Villus Crypt 
I - - 





Alkaline \@ 
phosphatase 


pemoles/min per mg protein 
pmoles/min per mg protein 


Thymidine 
kinase 














60 80 
% Totalcell volume 
1. Distribution of glutathione S-transferase activity with glutathione and 1|-chloro-2,4-dinitrobenzene 
as substrates in villus and crypt cells of rat intestinal mucosa obtained by the general method of 
Weiser [17] described in the text. The total packed volume of cells obtained was considered as 100 
per cent of the cell volume. 


Fig. 2. Ouchterlony double-diffusion study of the glutathione S-transferases present in rat intestinal 
epithelium. A soluble extract (6 mg/ml) from epithelial scrapings was placed in the center well and 
the IgG against transferases A, B and E were placed in the surrounding wells. 
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Fig. 3. Response of glutathione S-transferase activity and that of several other enzymes to phenobarbital. 
Villus and crypt cells were derived from jejunal segments of intestine from male rats treated with 
80 mg per kg of phenobarbital per day for 3 days. Rats were sacrificed 24hr after the third intra- 
peritoneal injection of phenobarbital. With phenobarbital (O---O); without phenobarbital (@-——@). 


the primary absorptive cells [26-28]. Cells at different 


stages of maturation were obtained from a whole rat , 
intestine by the method of Weiser [17]. Villus: cells 


were identified by their alkaline phosphatase activity 
whereas crypt cells were identified by their high thy- 
midine kinase activity (Fig. 1). The gradient in activity 
of the marker enzymes attests to the success of the 
separation. Thus, a shallow gradient of decreasing 
transferase activity was observed from villus to crypt 
cells (Fig. 1). The results indicate that significant 
transferase activity is present in the crypt cells but 
that activity increases by a factor of about two as 
the epithelial cells mature. A similar gradient with 
a two-fold increase in specific activity in all fractions 
was obtained with segments of jejunum; lower specific 
activities were observed with fractions derived from 
ileum. These observations are consistent with the data 
on the differential distribution of transferase activity 
in intestinal mucosa (Table 2). 

Immunological comparison of rat liver and intestinal 
transferases. Upon examination by Ouchterlony 
double-diffusion an extract of rat intestinal mucosa, 
placed in the center well, reacted with the immuno- 
globulin prepared against homogeneous preparations 
of rat liver transferases A, B, and E (Fig. 2). The pat- 
tern shows that several transferase species are present 
in gut epithelium. This observation is consistent with 
the spectrum of catalytic activity found in Table 1, 
a spectrum which requires the presence of more than 
one transferase [2]. 

Response to phenobarbital. Phenobarbital is known 


to induce microsomal drug metabolizing systems in 
rat liver [29] and intestine [30]. Glutathione S-trans- 
ferase activity in liver is also increased to between 
130 per cent and 180 per cent of normal over a period 
of several days [4,31]; the kidney transferases are 
not affected by phenobarbital [4]. To ascertain if the 
activity of the intestinal transferases is affected by 
phenobarbital, the inducer was administered intraper- 
itoneally for 3 days (80 mg/kg daily), a period suffi- 
cient to increase activity in liver [4]. Treatment for 
this period seemed sufficient since intestinal epithelial 
cells of the rat turn over every 2 to 3 days [28]. The 
results, shown in Fig. 3, indicate that transferase ac- 
tivity with 1-chloro-2,3-dinitrobenzene increases in 
both villus and crypt cells after exposure to the in- 
ducer. An approximately 2-fold increase was 
measured whereas alkaline phosphatase, thymidine 
kinase, and y-glutamyl transpeptidase remained the 
same. Specific activity of the transferases in extracts 
of the livers from the same rats was 1.2 pmoles min ' 
mg ' and 2.3 ymoles min™' mg” ', respectively, for 
control and phenobarbital treated animals. 

The time course of the increase in activity due to 
phenobarbital was also followed in jejunal mucosal 
scrapings. Virtually no increase was observed after 
1 day (110 per cent). However, activity increased to 
132, 160 and 155 per cent of control at days 2, 3, 
and 4, respectively. In two other cell-separation ex- 
periments, transferase activity in villus cells was in- 
creased to 155 and 190 per cent of the control value 
after injection of phenobarbital. 
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DISCUSSION 


The intestinal and colonic epithelium is repeatedly 
exposed to metabolites and xenobiotics derived from 
dietary constituents and bacterial metabolism. 
Products of digestion or drugs taken orally can be 
removed from the lumen by the intestinal villus cells 
and both villus and crypt cells are potential sites for 
absorption of metabolites present in arterial blood. 
Several detoxication systems have been detected in 
the gut including the enzymes of glucuronide forma- 
tion [32], sulfate transferases [33] and the mixed func- 
tion oxidases [33-35]. For the latter, highest activity 
was observed in the villus cells of the duodenum and 
jejunum [36] with specific activities similar to that 
of the glutathione S-transferases. 

The data indicate that significant amounts of the 
transferase activity are located in the cytosol of intes- 
tinal villus and crypt cells. These enzyme species from 
intestinal epithelium cross-react with antibody to 
glutathione S-transferases A, B and E that had been 
isolated previously from rat liver. As with liver, the 
highest specific activity is observed with 1-chloro-2,4- 
dinitrobenzene and this value is increased in both tis- 
sues by treatment of the animals with phenobarbital. 
Based on the assumption that the maximum specific 
activity of intestinal and liver transferases is the same, 
it may be calculated that the transferases comprise 
3 per cent of the extractable protein from duodenal 
and jejunal mucosa. Immunofluorescence studies with 
an antibody directed specifically to transferase’ B, led 
to an estimate of transferase B concentration in this 
tissue as 2 per cent [14]. 

Although the potential of the intestinal transferases 
in detoxification has not been evaluated in vivo, there 
are several factors that are in accord with this role. 
Glutathione S-transferase activity is greatest in those 
cells at which considerable absorption of dietary 
metabolites and xenobiotics occurs, i.e. the villus cells 
of duodenum and jejunum. Additionally, the concen- 
tration of one of the substrates, GSH, is sufficiently 
high to be compatible with this function. Thus, the 
K,, for GSH of liver transferases AA, A, B, and C 
is 0.2mM [2] whereas the concentration of GSH is 
about 4 mM in crypt and 0.3 mM in villus cells [37]. 
Products generated by transferase action may be 
metabolized further in the intestine or liver. y-Gluta- 
myl-transpeptidase, the enzyme believed to catalyze 
the second step in mercapturic acid formation, is 
present in intestinal epithelium where its activity 
approaches 0.1 wmoles/mg/min in the villus cells 
[37, 38]. 

On a more speculative level, the low glutathione 
transferase activity found in colonic epithelium may 
be significant if a correlation can be established 
between this tissue’s sensitivity to chemical induction 
of neoplastic growth [39, 40] and a diminished ability 
to detoxify absorbed substances. 
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Abstract—The relationship between the inhibitory effect of chlorhexidine (CHX) on the anaerobic fer- 
mentation of baker’s yeast and the release of protein from the cells has been studied. The experiments 
were based on the ability of Ca?* to protect the cells against the effect of CHX. Maximal depression 
of the anaerobic fermentation was produced by a concentration of 21 nmoles per mg of wet cells 
(29 uM) without the addition of Ca**. This amount of CHX had no effect when 41mM Ca?* was 
added prior to or concomitantly with CHX. The inhibitory effect of CHX increased proportionally 
to the time of incubation up to about 75sec. Fifty per cent inhibition of the CO, production was 
achieved after 41 sec of incubation without Ca?*, while maximal inhibition (90 per cent) was obtained 
after 100 sec of incubation. The yeast could lose up to 5 yg of protein per mg of cells corresponding 
to 4 per cent of their total content without any impairment of CO, production. The release of protein 
at the maximal inhibition of the CO, production amounted to 14 yg per mg of cells corresponding 
to 11 per cent of the total content. CHX exerted a concentration dependent protein releasing effect 
on the yeast in total concentrations up to 836 nmoles per mg of cells (1153 uM). The maximal release 
of protein was 50 yg per mg of cells corresponding to 38 per cent of the total content. Higher concen- 


trations of CHX exerted a precipitating effect on the released proteins. 


In a previous study it was shown that chlorhexidine 
(Hibitane®),  1,1’-hexamethylene _ bis(5-(4-chloro- 
phenyl))biguanide exerts a concentration dependent 
inhibitory effect on the glycolysis of yeast[1]. The 
depressive effect was among other things ascribed to 
an increase of the permeability of the cytoplasmic 
membrane. Experiments with yeast and various bac- 
teria have shown that treatment with chlorhexidine 
is followed by extensive leakage of intracellular 
material and loss of viability [2-12]. As the antimic- 
robial effect of chlorhexidine is suggested to be due 
to the loss of intracellular material it was found of 
interest to study the relationship between the inhibi- 
tion of the glycolysis and the release of proteins from 
yeast cells. The effect of chlorhexidine can be counter- 
acted by cations added before or concomitantly with 
the antimicrobial [1]. As no information about the 
effect of cations added later than the chlorhexidine 
is available, the significance of the addition-time of 
cations was studied. Finally the present paper de- 
scribes a precipitating effect of chlorhexidine on the 
proteins released. 


MATERIALS AND METHODS 


Yeast. All experiments were performed on non- 
growing suspensions of a strain of baker’s yeast type 
RN 102 (De Danske Spritfabrikker, Copenhagen). 
The yeast cells were washed two times in distilled 
water and finally centrifuged at 35,000g for 30 min. 
The pellet was subsequently suspended in deaerated 
distilled water 0.Shr prior to the experiments. The 
weight of yeast used in the experiments is given as 
wet weight. 


B.P. 26/24—pD 


Determination of protein. The content of protein of 
whole cells was determined according to Stick- 
land [13]. The protein released from the cells was 
determined by the method described by Lowry et 
al. [14]. 

Determination of CO, production. The production 
of CO, was determined by Warburg constant volume 
respirometers by the conventional technique [15]. 
The deaerated incubation medium consisted of 
3.3 mM KH,PO,, 95.8 mM glucose, 29 uM chlorhexi- 
dine, 41mM CaCl, and 17.2mM sodium acetate 
buffer pH 5.0. The amount of yeast used was 8.0 mg 
in 5.8 ml medium. The respirometers were flushed for 
10 min and filled with oxygen-free nitrogen. The ex- 
periments were performed at 30°. The reaction was 
initiated by the addition of the glucose. Chlorhexidine 
was added concomitantly with the glucose, while the 
CaCl, was added from 0 to 240 sec after the addition 
of chlorhexidine. All experiments were performed in 
duplicate. 

Determination of the release of protein. The release 
of protein in relation to the concentration of chlor- 
hexidine was determined by incubating 8 mg of cells 
in 5.8 ml calcium-free medium containing 0-9.6 mM 
chlorhexidine. The mixtures were incubated at 30° for 
15 min and then centrifuged at 1,500 g for 10 min. The 
supernatants were removed and their content of 
released proteins was determined. 

The release of protein as a function of the time 
of incubation was determined by incubating 8 mg of 
cells in 5.8 ml medium containing selected amounts 
of chlorhexidine. Samples were taken and centrifuged 
at 1,500g for 10 min followed by a determination of 
the protein content of the supernatants. 
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Fig. |. The interference of Ca?* with the inhibitory effect of chlorhexidine on fermentation. (a) CO, 

production related to the difference between the time of addition of chlorhexidine and Ca**. O: control 

and Ca** added after 0 sec; @: Ca?* added after 30sec; @: Ca?* added after 60sec; 0: Ca?* 

added after 120 sec. (b) Relationship between fermentation activity and the time interval between chlor- 

hexidine and Ca** addition. The vertical bars show the standard deviation. The CO, production 
of the controls amounted to 4.5 + 0.2 (mean + S.E.M.) (n = 4) nmoles per mg of yeast. 


Chemicals. Chlorhexidine digluconate was obtained 
from LCL, Macclesfield, England. Other chemicals 
were of analytical grade. 


RESULTS 


The influence of the time of addition of Ca?* on 
the effect of chlorhexidine. The addition of chlorhexi- 
dine to a final concentration of 21 nmoles per mg 
of yeast (29 uM) had no inhibitory effect on the anaer- 
obic fermentation of yeast in the presence of 41 mM 
Ca**, when the Ca?* was added concomitantly with 


the chlorhexidine. Without Ca** this amount of 
chlorhexidine depressed the CO, production to a 
basic level of 5-10 per cent of that of the controls. 
From Fig. 1a it is evident that the later the Ca?* 
is added the greater is the inhibitory effect of chlor- 
hexidine. The graphs show furthermore, that the CO, 
production preserved remains at a constant level after 
_addition of Ca?*. From Fig. 1b it is seen that the 
activity of the fermentation decreases proportionally 
to the difference of time between the addition of 
chlorhexidine and Ca’* up to about 75 sec. At a dif- 
ference of time greater than 100 sec was the Ca?* 
without any protective effect on the cells as the CO, 
production proceeded at the basic level corresponding 
to maximal depression. 

The protein releasing effect of chlorhexidine. Chlor- 
hexidine exerts a concentration dependent protein 
releasing effect on yeast at concentrations up to about 
836nmoles per mg of cells (1153 uM) as seen from 
Fig. 2. The maximal release of pfotein at this concen- 
tration amounts to 50 wg per mg of yeast correspond- 
ing to 38 per cent of the total cell content. Higher 
concentrations of chlorhexidine provok: a concen- 
tration dependent decrease of the protein content of 
the supernatants. A minimal protein content of about 
33 pg per mg of yeast (25 per cent of the total content) 


is obtained with 2 umoles chlorhexidine per mg of 
cells (2880 uM). Incubation with more than 2880 uM 
chlorhexidine causes a concentration dependent in- 
crease of the protein content of the supernatants to 
a maximal level of about 45 yg protein per mg of 
yeast at 7 umoles per mg of cells (9600 uM). 

The effect of the time of addition of Ca** on the 
release of protein. The addition of Ca?* inhibits the 
ability of chlorhexidine to release proteins from the 
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Fig. 2. The release of protein from yeast related to the 
total concentration of chlorhexidine. The insert shows the 
same relationship at low concentrations of chlorhexidine. 
Each point on the curves represents the mean of four deter- 
minations. The vertical bars show the standard deviation. 
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Fig. 3. The release of protein from yeast cells by chlorhexi- 

dine. The abscissa gives the time of addition of Ca?*. The 

experimental points represent the means of four determina- 

tions. The vertical bars show the standard deviation. Con- 

trols with Ca** and without chlorhexidine showed no 
release of protein. 


yeast cells as shown in Fig. 3. The controls without 
chlorhexidine showed no release of protein. Addition 
of 29 uM chlorhexidine and 41 mM Ca?* at the same 
time caused a release of about 5 yg protein per mg 
of cells corresponding to 4 per cent of the total con- 
tent of cell-protein. Addition of Ca* subsequent to 
the addition of chlorhexidine showed a time-depen- 
dent increase of the release of protein. The maximal 
release of protein was obtained after about 120 sec 
of incubation without Ca?*. Addition of Ca?* later 
than 120 sec subsequent to the addition of chlorhexi- 
dine gave a constant release of protein about 14 yg 
per mg yeast equivalent to 11 per cent of the total 
cell content. 

The precipitating effect of chlorhexidine on the 
released proteins. The precipitating effect of chlorhexi- 
dine on the released proteins was investigated by in- 
cubating 8mg of cells in 5.8ml medium without 
CaCl, in the presence of 836 nmoles chlorhexidine per 
mg of cells (1153 uM). After incubation at 30° for 
15min the samples were centrifuged at 1,500g for 
10 min. To the supernatants were added increasing 
amounts of chlorhexidine and they were again incu- 
bated at 30° for 15 min. Finally the mixtures were 
centrifuged at 1,500g for 10min and the content of 
protein in these supernatants was determined. 

From Fig. 4 it is evident that an increase of the 
total amounts of chlorhexidine from 836 nmoles per 
mg of cells to 1,000 causes a decrease of the concen- 
tration of released protein from 50 yg per mg of cells 
to 35 yg. The addition of more chlorhexidine up to 
a total amount of 2.5 umoles per mg of cells does 
not provoke any further precipitation of protein. At 
total concentrations of chlorhexidine above 
2.5 uymoles per mg of cells the precipitating ability of 
chlorhexidine decreases as the protein concentration 
increases up to a final level of 51 wg per mg of cells 
at 6.2 uymoles per mg of yeast. 

The kinetics of the release of protein. The release 
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of protein from yeast provoked by low concentrations 
of chlorhexidine exhibits a biphasic pattern character- 
ized by an initial phase of rapid release followed by 
a secondary phase of slow release. From Fig. Sa it 
is seen that about 40 yg of protein per mg of yeast 
is released after 90 min of incubation with 279 nmoles 
of chlorhexidine per mg of cells (384 uM) and that 
70 per cent of this amount of protein is released dur- 
ing the first Smin of incubation. Incubation with 
836 nmoles of chlorhexidine per mg of cells (1153 uM) 
caused a maximal release of about 50 yg protein per 
mg of cells after 15 min of incubation as seen from 
Fig. 5b. Prolongation of the incubation beyond 
30min caused a progressive precipitation of the 
released proteins. After 90 min of incubation a final 
level of solubilized protein of about 35 yg per mg of 
cells was obtained. 


DISCUSSION 


The present study shows that the protective effect 
of Ca?* on the anaerobic fermentation of yeast cells 
decreases parallel to the difference of time between 
the addition of chlorhexidine and cation. It is note- 
worthy that if Ca?* is added before total inhibition 
of the fermentation is achieved, then the residual ac- 
tivity remains constant during the following hour. 
This protective effect of Ca?* has been ascribed to 
the ability of Ca** to interfere with the binding of 
chlorhexidine to the cells [1]. 

The release of protein was not directly proportional 
to the depression of the fermentation, as the cells 
could lose up to 4 per cent of the total content of 
protein without any detectable decrease of the CO, 
production. The proteins released initially are thus 
without significance to the fermentation and must be 
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Fig. 4. The precipitating effect of chlorhexidine on the pro- 
teins released by 836 nmoles chlorhexidine per mg of yeast 
after 15 min of incubation. The abscissa gives the total con- 
centration of chlorhexidine i.e. the 836nmoles per mg of 
cells added to the whole cells suspension plus the amount 
added to the supernatants. The points on the curve rep- 
resent the means of 6 determinations. The vertical bars 
show the standard deviation. 
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Fig. 5. The release of protein from yeast related to the incubation time. Each point on the curves 

represent the mean of 6 determinations. The vertical bars give the standard deviation. (a) The release 

of protein caused by 279 nmoles chlorhexidine per mg of cells (384 uM). (b) The release of protein 
caused by 836nmoles chlorhexidine per mg of cells (1153 uM). 


different from rate limiting glycoiytic enzymes as a 
loss of some of the rate limiting glycolytic enzymes 
would lead to a decrease of the fermentation. The 
proteins released initially are presumably elements 
with a loose binding to structures external to the cell 
membrane i.e. the cell wall and the membrane surface. 
It cannot be ruled out, however, that some cytoplas- 
mic proteins are released as it has been shown that 
treatment of yeast with basic proteins cause a release 
of ultraviolet-absorbing components while the glyco- 
lytic enzymes remain inside the leaky cells [16, 17]. 
The release of protein above the initial loss of 4 per 
cent of the total content is nearly proportional to 
the depression of the fermentation with a release of 
about 11 per cent of the total content at total inhibi- 
tion. Half maximal inhibition of the fermentation and 
release of half part of their protein (between 4 per 
cent and 11 per cent ie. 7.5 per cent of the total 
content) is thus obtained concomitantly after 40 sec 
of incubation. This parallelism between a certain part 
of the protein release and the depression of the fer- 
mentation is different from the relationship between 
cell death and the release of phosphorus-32 from 
labelled cells of E. coli as it was found that the per- 
centage of phosphorus-32 released was significantly 
higher than the percentage of cells killed [9]. 

The ability of chlorhexidine to release intracellular 
constituents from a variety of cells is widely recog- 
nized [2-12]. In general, low concentrations of chlor- 
hexidine induce a concentration dependent release of 
such material whereas higher concentrations lead to 
a decrease. This decrease has been explained by a 
sealing of the cytoplasmic membrane and a precipi- 
tation in situ[3—6,12]. The release of protein from 
yeast as a function of the chlorhexidine concentration 
follows the classical course as shown in the present 
study. The detected decrease of the amounts of pro- 
tein released at higher concentrations of chlorhexidine 
may be false, however. Thus a decrease of the concen- 
tration of released protein into the supernatants from 


the samples with whole cells can be provoked by the 
addition of small amounts of chlorhexidine. When 
such small amounts of chlorhexidine were added to 
the amounts already added to the whole cells the new 
graph was nearly an exact reproduction of the graph 
concerning the whole cells (cf. Figs 4 and 5). These 
experiments, however, give no information about the 
site of precipitation of protein i.e. inside or outside 
the cells. To get further insight into this problem, the 
release of protein as a function of the time of incuba- 
tion was studied. It was found that higher concen- 
trations of chlorhexidine caused a progressive precipi- 
tation of the initially released protein whereas low 
concentrations of chlorhexidine caused a secondary 
slow release. The reduced concentration of released 
protein obtained with higher concentrations of chlor- 
hexidine must therefore be ascribed to a precipitation 
outside the cells with a subsequent removal during 
the centrifugation. As a consequence the theory of 
the membrane sealing should be modified. 

In conclusion the inhibitory effect of chlorhexidine 
on the anaerobic fermentation of yeast proceeds pro- 
portionally to the incubation time. The provoked in- 
hibition is irreversible but may within a certain time 
be blocked by Ca?*. The effect of chlorhexidine on 
the fermentation is directly proportional to certain 
parts of the release of protein. The seeming decrease 
of the release of protein at higher concentrations of 
chlorhexidine is due to a precipitation outside the 
cells. 
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Abstract—The toxic effect of adenosine on the metabolism of malignant lymphoid cells has been studied 
in relation to the activity of intracellular adenosine deaminase. Exposure in vitro of L1210 and L5178Y 
cells for 48 hr to adenosine demonstrated that concentrations above 10~*5M inhibited cell division, 
the toxic effect being inversely proportional to intracellular adenosine deaminase levels. Measurement 
of the deoxyribonucleoside triphosphate pools in cells exposed to adenosine resulted in a 22 per cent 
reduction in the pyrimidine deoxyribonucleoside triphosphates. Adenosine-mediated growth inhibition 
was markedly enhanced by coformycin, a potent inhibitor of adenosine deaminase. 


The recent identification of an inborn error of meta- 
bolism characterized by severe combined immuno- 
deficiency and an absence of adenosine deaminase 
(adenosine aminohydrolase, EC 3.5.4.4) (ADA) ac- 
tivity [1-3] has focussed attention on the toxicity of 
adenosine to lymphocytes, and the protective role 
that ADA may serve in preventing potential toxicity 
from this nucleoside or its phosphorylated derivatives. 
The specific association of ADA activity with lympho- 
cyte metabolism is further supported by studies indi- 
cating that ADA levels are particularly high in tissues 
of the reticulo endothelial system [4-7]. Hall [8] 
demonstrated an increase in sheep lymphocyte ADA 
activity after antigenic stimulation in vivo, while 
changes in enzyme activity have also been reported 
after stimulation of human lymphocytes in vitro by 
lectin mitogens [9-11]. The role of ADA in lympho- 
cyte metabolism remains unproven, but a protective 
function is supported by studies showing that adeno- 
sine, the substrate for ADA, inhibits DNA and pro- 
tein synthesis in human peripheral blood lymphocytes 
stimulated in vitro by phytohaem-agglutinin [10, 12]. 
With regard to malignant lymphocytes, although 
ADA activity was found to be subnormal in lympho- 
cytes from patients with chronic lymphatic leukaemia 
[13], we have recently demonstrated a mean 35-fold 
increase in ADA activity in the lymphoblasts of 
patients with acute lymphocytic leukaemia [14]. 
The study of lymphoid cell lines in continuous 
suspension tissue culture provides a useful model for 
examining the biochemical events associated with 
exposure of malignant lymphocytes to adenosine. In 
the present paper, we have measured pools of deoxy- 
ribonucleoside triphosphates resulting from exposure 
of L5178Y cells to adenosine, shown that adenosine 
toxicity is related inversely to the cellular ADA, and 
demonstrated that adenosine toxicity is potentiated 
by coformycin, a potent inhibitor of ADA [15-17]. 


MATERIALS AND METHODS 


Reagent chemicals were obtained from Hopkin & 
Williams Ltd., Chadwell Heath, Essex, or from BDH, 
Poole, analytical reagent grades being used where 
available. Purine and pyrimidine nucleosides were 


obtained from the Boehringer Corp. Ltd. (London), 
and isotopically labeled materials from the Radio- 
chemical Centre, Amersham. Coformycin was a 
generous gift from Professor Umezawa (Institute of 
Microbial Chemistry, Tokyo). 

L5178Y cells were grown in Fischer’s medium, and 
L1210 cells in RPMI-1640 medium, supplemented 
with 10% horse serum (Wellcome). All cultures con- 
tained, in addition, benzyl penicillin (100 units/ml) 
and streptomycin (0.1 mg/ml). Cultures were initiated 
at a concentration of 5 x 10* cells/ml and frequent 
sampling for cell counting confirmed that control cul- 
tures remained in logarithmic growth for a period 
exceeding 48 hr. Cell counts were performed in dupli- 
cate in either a Neubauer or Fuchs—Rosenthal haema- 
cytometer. Adenosine, coformycin, uridine or inosine 
solutions were prepared immediately prior to use and 
sterilized by filtration through a Millipore filter 
(0.22 um). 

ADA was assayed spectrophotometrically using a 
double beam Cary 16 spectrophotometer [14]. The 
sample cuvette (lcm path length) contained 1.0 ml 
adenosine (0.2 mM aqueous), (2 — x) ml 0.15 M phos- 
phate buffer, pH 7.1, equilibrated at 30°, and the reac- 
tion started by the addition of xml (in the range 
0.01 to 0.2 ml) extract, making a total volume of 
3.0 ml. The reference cuvette (1 cm) contained 1.0 ml 
of 0.1 mM adenosine and 2.0 ml of 0.15 M phosphate 
buffer, pH 7.1. The reaction was followed at 265 nm 
and was linear for at least 5 min. One unit of adeno- 
sine deaminase activity is defined as the amount of 
enzyme in 10’ cells which produces a decrease in 
optical density of 0.010/min under the conditions 
described. 

Deoxynucleoside triphosphates were measured 
according to the method of Solter and Handschu- 
macher [18], as modified by Tattersall and Harrap 
[19]. 


RESULTS 


Two separate strains each of L5178Y and L1210 
cell lines were cultured, characterized by differences 
in ADA content; we have adopted suffixes “H” and 
“L” to designate these inter-strain differences in 
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Table 1. ADA activities of L5178Y and L1210 cell lines growing logarith- 
mically in suspension culture, and the reduction in growth rate after 
a 48-hr exposure to adenosine (AR) 





% Reduction in growth rate 
relative to controlst 
(extracellular AR 10~* M) 


ADA activity* 


Cell type Mean Range 





20.7—22.0 
35.0-36.1 
7.7-8.4 


L1210 () °2t3 
(H) 35.5 
LS178Y (L) 8.0 


(H) 45.0 


43.8-46.0 





* Units/10’ cells: these figures are the means of duplicate assays from 
three separate experiments on each cell type. 

+ These figures are the means of triplicate cultures in two separate 
experiments. Overall scatter, + +5 per cent. 
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Fig. 1. Effects of extracellular adenosine on the growth 
and ADA activity of two strains of L1210 cells [L1210 
(L) and L1210 (H)] which differ in ADA content. Cells 
in logarithmic growth were exposed for 48 hr to adenosine 
at the concentrations shown. Triplicate cultures were 
incubated for each adenosine concentration and duplicate 
ADA assays performed on each culture. The results are 
the means from two separate experiments. Overall scatter: 
ADA activity, + +5 per cent; cell number, + +7 per 
cent. Key: (@——@) cell number L1210 (H); (@#——18) cell 
number L1210 (L); (O——©) ADA activity L1210 (H); and 
(O——O) ADA activity L1210 (L). 


enzyme levels, which are compared in Table 1. The 
growth rates of high (H) and low (L) ADA strains 
of each line were identical. Table 1 also lists the per 
cent reduction in cell number for each cell type at 
an initial extracellular adenosine concentration of 
10-*M. 


The effects of extracellular adenosine on growth 
rate and ADA activity are further compared in Figs. 
1 (L1210 cells) and 2 (L5178Y cells). It can be seen 
that adenosine toxicity is inversely proportional to 
the cellular ADA activity, being less toxic to lines 
possessing relatively high levels of ADA activity 
{L1210 (H), L5178Y (H)] and more toxic to those 
possessing lower levels [L1210 (L), L5178Y (L)]. 
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Fig. 2. Effects of extracellular adenosine on the growth 
and ADA activity of two strains of L5178Y cells [L5178Y 
(L) and L5178Y (H)] which differ in ADA content. Cells 
in logarithmic growth were exposed for 48 hr to adenosine 
at the concentrations shown. Triplicate cultures were incu- 
bated for each adenosine concentration and duplicate 
ADA assays performed on each culture. The results are 
the means from two separate experiments. Overall scatter: 
ADA activity, + +5 per cent; cell number, + +7 per 
cent. Key: (@——®) cell number L5178Y (H); (@——18) 
cell number L5178Y (L); (O——0) ADA activity L5178Y 
(H); and (Q——) ADA activity L5178Y (L). 
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Fig. 3. Deoxyribonucleoside triphosphate pools of L5178Y 
(H) cells exposed for 48hr to 10°*M adenosine. The 
values represent the means of duplicate assays from three 
separate experiments. Overall scatter, + +5 per cent. 
Open columns: control; hatched columns: + adenosine. 


Exposure to adenosine seemed to be without signifi- 
cant effect on the activity of ADA in any of the four 
cell types investigated. Other experiments were 
carried out in which each cell type was exposed to 
inosine, the product of the ADA-catalyzed reaction. 
This nucleoside, at all concentrations up to and in- 
cluding 10~* M, was without effect on cell growth 
rate. 

Green and Chan [20] demonstrated pyrimidine 
deficiency in lymphoid cells subjected to adenosine 
toxicity. They measured ribonucleotide pools, and we 
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Fig. 4. Effects of binary combinations of adenosine (AR) 

and coformycin (Cf) on the growth of L5178Y (H) cells. 

Logarithmically growing cells were exposed for 48 hr to 

either the single agents or the combinations at the concen- 

trations shown. The results are the means of four experi- 
ments. Overall scatter, + + 8 per cent. 
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Fig. 5. Effect of a binary combination of adenosine (AR) 

and coformycin (Cf) on the growth of L1210 (H) cells. 

Logarithmically growing cells were exposed for 48 hr to 

either single agents or the combination at the concen- 

trations shown. The results are the means of three experi- 
ments. Overall scatter, + + 5 per cent. 


have explored further their hypothesis, that adenosine 
toxicity is mediated by pyrimidine deprivation, by 
measuring the deoxyribonucleoside triphosphate 
(dNTP) pools in L5178Y (H) cells after their exposure 
to adenosine. This cell strain compares closely, in 
terms of ADA activity, with lymphoblasts of patients 
with acute lymphocytic leukaemia [14]. The results 
are shown in Fig. 3. The purine dNTP pools were 
scarcely changed; dTTP and dCTP levels were sup- 
pressed by 24 and 19 per cent, respectively, though 
not sufficiently to restrict DNA synthesis. In agree- 
ment with the studies of Green and Chan [20], we 
have been able to protect both L5178Y strains from 
adenosine toxicity with uridine. 

Results of experiments designed to enhance the 
growth-inhibitory effects of adenosine by simul- 
taneous inhibition of adenosine catabolism are sum- 
marized in Figs. 4 and 5. It can be seen that the 
growth-retarding effects of binary combinations of 
coformycin and adenosine are greater than those eli- 
cited by either component alone [both in L1210 (H) 
and L5178Y (H) cells]. 


DISCUSSION 


The work described in this paper confirms that 
adenosine is toxic to cultured lymphoid cells. The hy- 
pothesis that ADA fulfills a protective role in relation 
to adenosine toxicity is supported by the finding that 
the effects of the nucleoside are inversely proportional 
to intracellular ADA activity. Hirschhorn et al. [12] 
reported a 50 per cent inhibition of PHA-induced 
thymidine incorporation into human lymphocytes by 
concentrations of adenosine greater than 1 x 10~* M, 
but ADA levels were not reported. Likewise, ADA 
activity was not measured in the studies of Green 
and Chan [20] who found that exposure of L5178Y 
cells to 2 x 107° M adenosine resulted in virtual de- 
pletion of pyrimidine ribose di- and triphosphates. 
However, our measurements of deoxyribonucleoside 
triphosphate pools in L5178Y (H) cells exposed to 
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10°*M_ adenosine clearly show that adenosine- 
induced pyrimidine deficiency does not extend to the 
level of the deoxyribonucleoside triphosphates. 
Accordingly, tiie metabolic consequences of exposing 
these cells to adenosine must lie elsewhere than at 
the level of DNA synthesis. 

Inhibition of ADA activity is of more than theoreti- 
cal interest, since the genetic deletion of this enzyme 
in man results in severe combined immunodeficiency 
disease [1-3], and inhibition of lymphocyte ADA 
activity may induce a specific antilymphocytic effect 
of therapeutic use for immunosuppression and the 
treatment of lymphoid malignancies [10]. The avail- 
ability of coformycin, a recently characterized inhibi- 
tor.of ADA [15-17], permitted us to explore the 
effects of ADA inhibition and the possibility of 
enhancing the effects of adenosine. The particular 
advantage of this compound is that it is a tight-bind- 
ing inhibitor of ADA, with a K; of 1.2 x 107'°M 
[15]. Coformycin clearly enhanced the growth-retard- 
ing effects of adenosine in both L1210 (H) and 
L5178Y (H) cells. 
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Abstract—Anhydro-araC, a precursor of araC, exhibits an unusual tissue distribution and unexpected 
toxicities which require an interpretation. In order to provide an explanation of these phenomena, 
we studied the nature of binding of anhydro-araC to some proteins and acid mucopolysaccharides 
in vitro using equilibrium dialysis and potentiometric titration. The results indicate significant electro- 
static binding of the cationic anhydro-araC to all polyanionic compounds. The physiological significance 
of these findings was established in mice with the help of '*C-labeled drug. A portion of the radioactivity 
(15-30 per cent) could not be extracted with water but with CaCl,. An analysis of this fraction showed 
predominantly unchanged anhydro-araC and ionic metabolites. Both storage and toxicity of anhydro- 
araC seem to be a result of interference with the different cation exchanger biopolymers found in 


the mast cells and the “ground substance.” 


An increasing volume of literature deals with the de- 
velopment of the araC+ analog, anhydro-araC, as a 
chemotherapeutic agent [1]. Although anhydro-araC 
is merely a chemical precursor of araC, it exhibits a 
broader spectrum of anti-tumor activity [2] and has 
the advantage of a more convenient dose regimen [3]. 
Biochemical studies have established that anhydro- 
araC is not taken up by the cells [4], and that it is 
not a substrate of deaminase [5] and kinase enzymes 
[6]. These findings are not surprising in view of the 
chemical structure of anhydro-araC as it was revealed 
by X-ray crystallography [7], but the implications of 
structure have escaped the attention of pharmacolo- 
gists [2,5,6,8]. The two most important structural 
features are the presence of an immonium group (in 
place of a neutral amino group in araC) and the fixa- 
tion of the primary hydroxyl group in a chemically 
unreactive configuration. Such a structure obviously 
cannot be deaminated or phosphorylated. In order 
to avoid the pitfalls associated with the use of cations, 
previous research in our laboratory has centered on 
the properties of anhydro-araC 3’-phosphate [9], but 
this compound, like most administered nucleoside 
monophosphates [10], is rapidly dephosphorylated in 
vivo [11]. Thus the conclusions made about the excre- 
tion and metabolism of the '*C-labeled nucleotide 
[12] were indicative of the behavior of anhydro-araC 
itself. We noted, as did subsequently other authors 
[8, 13,14] who worked directly with the nucleoside, 
that anhydro-araC is retained in the body for a pro- 
longed period of time and it is accumulated selectively 
in some tissues. New toxicities observed during the 
phase I clinical trial [15] of anhydro-araC point to 
some hitherto unrecognized mechanisms and conse- 
quences of storage. 





* Abbreviations used in the text are: araC, 1-f-D-ara- 
binofuranosylcytosine; and anhydro-araC, O*:2'-anhydro- 
1-B-D-arabinofuranosylcytosine. 

' + Portions of this research were taken from the Ph.D. 
Dissertation of the late Dr. R. H. Hayashikawa, Texas A 
& M University, 1973. 


In this paper, we address ourselves to an unex- 
plored aspect of anhydro-araC storage, i.e. the ionic 
binding of the cationic drug to polyanionic matrices. 


METHODS 


Chondroitin sulfate (Nutritional Biochemical Co.) 
was dialyzed against Na-EDTA, pH 7, and distilled 
water. Sodium heparinate, choline chloride and 
sucrose were grade I preparations of Sigma Biochemi- 
cals, Inc. Anhydro-araC formate was prepared in our 
laboratory [12] by dephosphorylation of the nucleo- 
tide, followed by ion exchange chromatography on 
Dowex 50 resin; sp. act. was 0.5 wCi/mg. Analytical 
techniques were those described by Focke et al. [12]. 
Bovine serum albumin, f-lactoglobulin A and calf 
thymus histone H2a were gifts from Dr. C. N. Pace. 

Binding studies in vitro. The measurement of 
anhydro-araC binding to chondroitin sulfate and 
heparin followed the procedures of Simard and Fried- 
man [16]. Ten-ml portions of a 0.002M solution of 
the polyaminoglycan were titrated with 0.2M 
anhydro-araC chloride, choline chloride, and sucrose. 
The free Na* was measured using a Radiometer 
G502Na sodium electrode-K401 calomel electrode 
system connected to a Radiometer pH meter 26. 

Equilibrium dialysis was carried out in 1-ml Plexi- 
glas cells in SmM Na-phosphate buffer, pH 7.0, for 
48 hr at 4°. The following solute concentrations were 
used: 0.227 mM bovine f-lactoglobulin A, 0.390 mM 
bovine serum albumin, 0.106 and 0.227mM histone 
H2a, and 3.1 mM anhydro-araC. Concentrations were 
determined by a Cary 15 spectrometer using the 
values, in the above order, E}4, = 9.1, Ebgo = 5.8, 
E}%, = 3.21 and €263 = 10,400. 

Storage of anhydro-araC in vivo. Three male Swiss 
albino mice (20g) were given intraperitoneal injec- 
tions of 1.0, 1.5 and 2.5 wCi of anhydro-araC formate, 
respectively, dissolved in 0.2 ml of distilled water. 
Three hr later the mice were sacrificed and seven 
selected organs were removed. The entire tissue 
sample was homogenized in distilled water with an 
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Table 1. Binding of anhydro-araC to various proteins 





Net effective 
charge at pH 7.0 v 


Protein concn 


Proteins (mM) 





0.229 
0.390 
0.108 


0.227 


Bovine f-lactoglobulin A* 
Bovine serum albumint 

Calf thymus histone H2at 
Calf thymus histone H2a 





* Ref. £7. 
+ Ref. 18. 
t Ref. 19. 


Inframo tissue homogenizer model No. RZR64, final 
volume being 2 ml, except for the liver. The entire 
liver was homogenized in distilled water to a total 
volume of 4 ml. The homogenates were placed in di- 
alysis tubings and dialyzed against two 20-ml changes 
of water at 5° for 24hr, followed by two 20-ml 
changes of 0.01M CaCl, for 24 hr. The dialysates 
were freeze-dried and dissolved in | ml of deionized 
water. Aliquots of 0.2 ml were mixed with | ml of 
NCS tissue solubilizer for 4hr at 50°, followed by 
10 ml of Bray’s mixture and | ml of glacial acetic acid. 
The samples were prepared in triplicate and counted 
on a Beckman LS250 scintillation counter. 


RESULTS 


The nature of binding of anhydro-araC to extracel- 
lular macromolecules was studied in vitro using equi- 
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Fig. |. Binding of anhydro-araC to acid mucopolysacchar- 
ides. The Na-salts of heparin and chondroitin sulfate were 
titrated with anhydro-araC (—C1—CJ—), choline chloride 
(—O—O—) and sucrose (—A—A—) using a Radiometer 
apparatus with G502Na and K401 calomel electrodes. 
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librium dialysis and potentiometric titration. The 
ratios of total bound anhydro-araC to the protein 
(v¥, Table 1) [17-19] were determined by calculation 
of the amount of free anhydro-araC and subtracting 
this value from the total amount added initially and 
dividing this difference by the total amount of protein 
added. Contrary to he hypothesis of Focke et al. [12], 
the linkage to three selected proteins was\ of ionic 
nature, showing no evidence of covalent linkage. The 
greatest extent of binding was observed with the most 
anionic protein, B-lactoglobulin A, while the cationic 
histone H2a [20] exhibited no binding at all. 

If the storage of anhydro-araC is due to electro- 
static forces, the more strongly polyanionic extracellu- 
lar macromolecules, heparin and chondroitin sulfates, 
should be directly involved and provide a good model 
in vitro. These polyanions exhibit a large Donnan 
effect and could be best studied with an ion-specific 
electrode. The electrostatic binding of a cation was 
accompanied by the release of free Na* which was 
measured. Choline chloride served as a standard 
which was used in similar experiments by Simard and 
Friedman [16]. We found comparable binding of the 
two organic cations (Fig. 1), which is indicative of 
primarily coulombic interactions with only a minor 
contribution resulting from the molecular structure. 
These results obtained in vitro do not necessarily 
imply that similar lack of specificity exists in vivo. 

We designed a qualitative study for demonstrating 
the contribution of coulombic interactions in the stor- 
age of anhydro-araC in several tissues. In this 
approach, homogenates of seven tissues were first dia- 
lyzed against distilled water to remove all non-bound 
drug and its metabolites after the injection of ['*C]- 
anhydro-arac formate. Subsequent dialysis against 
0.01 M CaCl, released a substantial amount of radio- 
activity in all tissues tested (Table 2), and only traces 
remained in the suspension. The percentage of total 
radioactivity found in the CaCl, dialysates showed 
some variations according to tissue and dosage, but 
it remained mainly in the range of 15-30 per cent 
(Table 3). The absolute values of these electrostati- 
cally bound compounds per g of tissue were the high- 
est in the submaxillary gland and sternum. The most 
important components of both dialysates were identi- 
fied with suitable carriers using a Savant Instruments, 
Inc., high voltage paper electrophoresis (Table 4). The 
main component was anhydro-araC, with araC and 
its phosphate also present. Calcium is known to be 
efficient in displacing monovalent cations [6, 21], and 
the CaCl, fraction had indeed a high proportion of 
charged molecules relative to araC. The presence of 
araC in this fraction may be a result of a continuous 
hydrolysis [22] ef the precursor anhydro-araC. 
Accordingly, the actual extent of ionic binding may 
exceed the one suggested by the data in Tables 2 and 
3. It has not been the purpose of this preliminary 
study to provide quantitative data on cation— 
polyanion interactions which are notoriously difficult 
to quantitate under conditions in vivo [23,24]. 


DISCUSSION 


In our previous paper [12], we remarked on the 
difficulty of extracting anhydro-araC from certain tis- 
sues, and we felt that this observation could provide 
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Table 2. Distribution of free and bound ['*C]anhydro-araC in various tissue 





('*CJanhydro-araC formate administered 
(1.0 pCi) 


('*C]anhydro-araC formate administered 


('*C]Janhydro-araC formate administered 


(1.5 pCi) (2.5 pCi) 





Total 
cpm 
€s** 


Total 
cpm 
(H,O) 


cpm/g 
Tissue 


cpm/g 


Tissue Tissue 


cpm/g 
Tissue 


Total 
cpm 
ca?” 


Total 
cpm/g cpm 
Tissue H,O 


Total 
cpm 
Ca* 


cpm/g 
Tissue 


cpm/g 
Tissue 





Submaxillary 
gland 
Sternum 
Liver 
Pancreas 
Spleen 
Lungs 
Reproductive 
organs 


121.289 
38.362 
7,201 
14.615 
15,283 
11,320 


43.690 
6.360 
16.170 
2.500 
11,705 
5.785 
72.310 


74.677 138.475 


216,073 
120,000 
7.340 
12,327 
25,490 
34,997 


124.148 


79.845 

4.535 
65,215 
12,105 
22.760 
22.365 


482.845 16,330 
59.671 540 
45,386 12,595 

111.401 2.520 
91.885 4.000 

110,608 3.705 


104,345 
7.105 
8.765 

23,077 
16.149 
18.373 

210.885 527.608 


48.830 122.167 





* Testes. 


Table 3. Percentage of total radioactivity in the H2O and 
Ca’* dialysates* 





('*CJanhydro-araC formate administered (uCi) 
0 2. 


Tissue Dialysates 1.6 1.5 2.5 





Submaxillary 2 85.0 81.3 83.2 
P 15.0 18.7 17.8 

Sternum 2 70.1 71.1 89.8 
a 29.9 28.9 10.2 

Liver 2 83.2 84.2 98.7 
3 16.8 15.8 10.3 

Pancreas 2 80.8 64.8 83.1 
‘ 19.2 35.2 16.9 

Spleen 2 78.6 72.3 85.0 
a 214 27.7 15.0 

Lungs 2 79.4 82.3 87.2 
20.6 17.7 12.8 

Reproductive 2 84.4 87.6 84.6 
organs e* 15.6 12.4 15.4 





* Most of the left-over suspensions were checked for resi- 
dual radioactivity. They were found to contain a maximum 
of 3 per cent of the total. 


a clue to the mode of storage as well. We proposed 
that anhydro-araC could react with the amino groups 
of proteins in a reversible fashion. However, the data 
presented here make it unlikély that the binding of 
anhydro-araC to proteins would be the major contri- 
buting factor in the retention of this drug. If a cova- 
lent linkage had indeed existed, anhydro-araC bind- 
ing would have been highest in the most basic pro- 
tein, histone H2a. However, it gave negative results. 

Our study has focused on the neglected aspect of 
anhydro-araC research, i.e. the consideration of the 
ionic nature of this nucleoside analog. Since the 
human body contains several kilograms of acid muco- 
polysaccharides in its “ground substance” and mast 
cells [25], one can expect a substantial contribution 
of ion-exchanger type binding to the observed reten- 


tion of anhydro-araC. It is likely that the anhydro-— 


araC cation successfully competes with other mono- 
valent ions for the available binding sites along the 
sulfate and carboxylate groups, and this binding 
could be reinforced by hydrogen bonding. The equi- 


Table 4. Percentage of labeled anhydro-araC and its 
metabolites after fractionation by high voltage paper 
electrophoresis 





Dialysis 


fraction Anhydro-araC Nucleosides Nucleotides 





H,O 75.9 13 
Ca?* 70.8 5 23.4 





librium to the free, unbound anhydro-araC should 
be determined by the respective concentrations but 
there is a great deviation from equilibrium due to 
fast excretion and slow kinetics of ion diffusion in 
the colloidal systems. This is expected to yield a 
biphasic excretion which was observed first by Focke 
et al.[{12], and refined by Ho et al.[14], Liss and 
Neil [18], and Hoshi et al. [13]. Our results and inter- 
pretation are also in accord with the peculiar tissue 
distribution of anhydro-araC as best evidenced by 
autoradiography [8,26]. The distribution seems to 
follow the tissue level of mucopolysaccharides [27] 
as it is particularly high in the submaxillary gland, 
reproductive organs and connective tissue. Unfortu- 
nately, the methods suitable to isolate chondroitin 
sulfate and heparin from the tissues [27] would dis- 
sociate the putative anhydro-araC complex. 

Precedents are abundant in the literature which 
suggest that other, perhaps all, organic bases and bio- 
logical amines bind to polyaminoglycans. The 
examples of histamine [23] and tubocurarine [24] are 
the most relevant. The injection of a massive concen- 
tration of cations as is the case with anhydro-araC 
may cause the release of several endogenous amines. 
The toxicity observed in the course of phase I trials 
[15] in humans but not in rodents may lie in the 
difference in the amount of mast cells between the 
two species. Schneyer and Galbraith [28] suggested 
that the toxicity is due to the release of catechol- 
amines and can be blocked by propranolol. 

It follows from our findings that the administration 
of anhydro-araC as its heparinate salts could have 
some advantage in reducing Toxicity. Further studies 
of zwitter-ionic derivatives of anhydro-araC, as 
originally proposed [29,30], seem to be warranted. 
Also, caution must be exercised in studies on the 
metabolism of anhydro-araC in blood to avoid the 
use of heparin and anion precipitates. 
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Abstract—Ornithine decarboxylase activity was elevated from 5- to 80-fold in rat liver by the adminis- 
tration of various methylxanthine derivatives, i.e. theophylline, aminophylline, and 3-isobutyl,1-methyl- 
xanthine. The increased activity of ornithine decarboxylase in all instances was closely followed (within 
0.5 hr) by an increase in the activity of RNA polymerase I. The increment in ornithine decarboxylase 
activity and the increase in RNA polymerase I activity after all three drugs showed a parallel relation- 
ship. That is, theophylline administration resulted in the least stimulation of both ornithine decarboxy- 
lase and RNA polymerase I activities, and 3-isobutyl,i-methylxanthine administration produced the 
greatest stimulation of both enzymes. The enhanced RNA polymerase I activity resulted in a significant 
increase in the total RNA content of the liver within 24hr. Administration of inhibitors of protein 
synthesis and RNA synthesis indicated that attenuation of the increase in ornithine decarboxylase 
activity was closely paralleled by attenuation of the increase in RNA polymerase I activity. RNA 
polymerase I activity was not stimulated by putrescine concentrations which were physiological and 
above. We suggest, therefore, that ornithine decarboxylase may be involved in the regulation of RNA 


polymerase I activity. 


Polyamines are organic cations which are found ubi- 
quitously in living systems [1,2]. Studies of both 
mammalian and bacterial cells suggest that the 
physiological roles of polyamines might be those of 
growth factors, possibly through their ability to regu- 
late RNA synthesis [3-8]. Several studies indicate a 
direct correlation between the spermidine concen- 
tration in cells and the amount of rRNA that can 
be accumulated [8-10]. However, significant changes 
in the accumulation of spermidine and rRNA occur 
much later than increases in both ornithine decar- 
boxylase (EC 4.1.1.17), the initial enzyme in the poly- 
amine biosynthetic pathway, and RNA polymerase I, 
a nucleoside triphosphate-RNA_ nucleotidyltransfer- 
ase (EC 2.7.7.6), the enzyme responsible for rRNA 
synthesis. For example, both enzymes are markedly 
increased in rat liver within 4-6hr after the ad- 
ministration of 3-isobutyl,l-methylxanthine [11] or 
Aroclor-1254, a polychlorinated biphenyl [12]. The in- 
crease in ornithine decarboxylase consistently occurs 
prior to the increase in RNA polymerase I activity. 
This temporal sequence is evident even in a second 
increment of ornithine decarboxylase activity and 
RNA polymerase I activity which was detectable 
12-16hr after the administration of Aroclor-1254 
[12]. 

Studies of RNA synthesis in Ehrlich ascites cells 
and in rat liver have indicated that a short-lived pro- 
tein is required for a normal level of transcription 
of the nucleolar genes [13,14] and thus must be 





* This work was supported by USPHS grants CA-14783 
and CA-17094 from the National Cancer Institute. Dr. 
Manen is the recipient of USPHS Research Fellowship 
HD-00871 from the National Institute of Child Health and 
Development. Dr. Russell is the recipient of Research 
Career Development Award CA-00072 from the National 
Cancer Institute. 


required for the regulation of the activity of RNA 
polymerase I. Further, in Ehrlich ascites cells, amino 
acids stimulated the synthesis, or possibly decreased 
the degradation rate, of this protein(s) [14]. Ornithine 
decarboxylase is a very labile enzyme with a half-life 
of 10-20min [11,15], is sensitive to amino acids 
[16,17] and has been reported to affect the rate of 
initiation of RNA polymerase I on an endogenous 
template [18]. 

In this paper, we report studies of ornithine de- 
carboxylase and RNA polymerase I in rat liver after 
the administration of various methylxanthine deriva- 
tives, compounds which markedly stimulate ornithine 
decarboxylase activity [19,20]. Further, using 3-iso- 
butyl,1-methylxanthine as a model inducer of ornith- 
ine decarboxylase, we have measured ornithine decar- 
boxylase activity, RNA polymerase I, II, and III ac- 
tivities, polyamine concentrations, and the effects of 
putrescine itself on RNA polymerase I activity in rat 
liver at various times after the administration of this 
phosphodiesterase inhibitor. Moreover, we studied 
the effects of inhibitors of RNA synthesis and of pro- 
tein synthesis on these enzyme activities to determine 
the temporal sequence of expression as well as the 
possible interrelationships between ornithine decar- 
boxylase activity and RNA polymerase I activity. 


EXPERIMENTAL PROCEDURE 


Male Sprague-Dawley rats (100-125 g) were in- 
jected intraperitoneally with either theophylline 
(800 umoles/kg in 0.9% NaCl), aminophylline 
(200 umoles/kg in 0.9% NaCl), or 3-isobutyl,1-methyl- 
xanthine (40 pmoles/kg in 0.9% NaCl-ethanol, 5:1, 
v:v). Controls received only the appropriate solvent. 
For the inhibitor studies, animals were given either 
cycloheximide (50 mg/kg), cordycepin (30 mg/kg), 
actinomycin D (50yg/ml), or actinomycin D 
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(2 mg/kg), all in 0.9% NaCl. All animals were sacri- 
ficed by cervical dislocation at the indicated intervals, 
and samples from each liver were assayed for ornith- 
ine decarboxylase activity, RNA polymerase activity 
and polyamine concentrations. 

Ornithine decarboxylase assay. Ornithine decarbox- 
ylase activity was determined by measuring the 
release of '*CO, from ['*C]ornithine [5] with minor 
modifications [21]. Freshly obtained tissue was hom- 
ogenized in 5 vol. of 0.05 M sodium potassium phos- 
phate buffer, pH 7.2, 0.1 mM EDTA and 1.0mM dith- 
iothreitol. Fifty yl of this 50,000g supernatant was 
added to the standard ornithine decarboxylase assay 
which contained 6.5yumoles sodium phosphate, 
pH 7.2, 4nmoles pyridoxal phosphate and 0.1 umole 
D,L-[1-'*C]ornithine (5.3 mCi/m-mole, New England 
Nuclear). One unit of enzyme activity is defined as 
the amount of enzyme necessary to generate one 
micromole of '*CO, per min, under the prescribed 
conditions. Purified cyclic AMP-dependent protein 
kinase from beef heart activated by 10~°M cyclic 
AMP, incubated with ornithine decarboxylase, had 
no effect on its activity, suggesting that cyclic AMP 
does not regulate ornithine decarboxylase through 
direct phosphorylation. 

RNA polymerase assay. Nuclei were isolated by a 
modification of the procedures described by Blobel 
and Potter [22] and Busch ef al. [23]. The nuclei 
were checked visually for contamination and adjusted 
to approximately equal amounts of protein 


(200 ug/50 pl) before use as the enzyme source in the 
RNA polymerase assay. 

In those experiments utilizing disrupted nuclei, an 
aliquot of the nuclear preparation was sonicated for 


30sec at 0-2° with an ultrasonic cell disrupter 
equipped with a 4.5-in. probe (Electro-Mechanics 
Instrument Corp. Perkasie, PA). The resulting homo- 
genates were checked microscropically for whole 
nuclei before use in the assay. 

The standard RNA polymerase assay mixture con- 
tained in a volume of 125 yl: 2.5 ug pyruvate kinase; 
7umoles Tris-HCl (pH7.9); 0.2umole MnCl,; 
1.0 umole KCI; 0.75 umole NaF; 0.5 umole phos- 
phoenol pyruvate; 0.2 umole 2-mercaptoethanol; 
0.075 umole each of GTP, CTP and ATP; 
0.125 umole of unlabeled UTP; 0.0005 pmole [°H]- 
UTP (19Ci/m-mole, Schwarz/Mann); 7.25 umoles 
(NH,),SO,; and 50 yl of the nuclear enzyme prep- 
aration [24]. One unit of enzyme activity is defined 
as the micromoles of [7H]UTP per min, incorporated 
into RNA under the prescribed conditions. 

Either 1.8 or 600 pg/ml (final conc) of a-amanitin 
was added to the standard assay in order to deter- 
mine the activities of RNA polymerase II and III 
(25, 26]. 

RNA polymerase I activity also is not altered by 
cyclic AMP-dependent protein kinase and cyclic 
AMP, suggesting that direct phosphorylation is not 
involved in the regulation of its activity in rat liver 
after stimulation with phosphodiesterase inhibitors. 

Determination of polyamine pool sizes. Polyamine 
concentrations were determined by means of a Dur- 
rum D-500 amino acid analyzer (Durrum Instrument 
Corp., Sunnyvale, CA) equipped with a 5-mm-path- 
length flow cell. A PDP8/M computer, made by Digi- 
tal Equipment Corp. but standard on the Durrum 
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D-500, controlled the entire assay procedure includ- 
ing sample injection, time of buffer changes, and cal- 
culation of the peak areas of the polyamines. The 
liver samples were homogenized in 4 vol. of cold 5% 
tricholoroacetic acid, and an aliquot of the superna- 
tant (1-5 mg of tissue) was applied to the column. 
Sample size and relative peak area of putrescine, sper- 
midine and spermine over the range of 0.05 to 
20 nmoles showed a linear relationship. This method- 
ology has been described previously [27, 28]. 

RNA was determined spectrophotometrically by a 
modified Schmidt-Thannhauser procedure [29] and 
protein was measured by the method of Lowry et 
al. [30] using bovine serum albumin as the standard. 


RESULTS 
Effect of methylxanthine derivatives on ornithine 
decarboxylase activity and RNA polymerase activities. 





Ornithine Decarboxylase Activity 
(uUnits of Enzyme Activity) 





RNA Polymerase I Activity 
(nUnits of Enzyme Activity) 


Time After Administration 
of Methylxanthine Derivative (hr) 


Fig. |. Changes in ornithine decarboxylase activity (A) and 
RNA polymerase I activity (B) in the liver after administra- 
tion of methylxanthine derivatives. Either theophylline 

) (800 pmoles/kg, i.p. in 0.9% saline), aminophyl- 
line ( ) (200 umoles/kg, i.p. in 0.9% saline), or 3-iso- 
butyl,l-methylxanthine (——) (40 wmoles/kg, i.p. in 0.9% 
saline-ethanol, 5:1, v:v) were given to rats and the animals 
killed at the stated intervals. Ornithine decarboxylase 
activity was determined by measuring the release of '*CO, 
from D,L-[1-'*C]ornithine. Using a purified nuclear prep- 
aration as the enzyme source, RNA polymerase I activity 
was determined by measuring the incorporation of [°H]- 
UTP into RNA in the presence and absence of 1.8 yg/ml 
of «-amanitin. Each point represents the mean + S. E. M. 

of duplicate determinations on at least ten rats. 





Regulation of RNA polymerase I activity 


Administration of various methylxanthine derivatives 
resulted in increases in both ornithine decarboxylase 
activity (Fig. 1A) and RNA polymerase I activity (Fig. 
1B). The administration of theophylline produced the 
smallest increase in ornithine decarboxylase activity 
(5- to 6-fold) and also the smallest increase in RNA 
polymerase I activity (10-15 per cent). After the ad- 
ministration of 3-isobutyl,1-methylxanthine, ornithine 
decarboxylase activity increased to approximately 
80-fold of control, and RNA polymerase I activity 
doubled. Aminophylline administration also resulted 
in increased ornithine decarboxylase activity (30-fold), 
and RNA polymerase I activity increased signifi- 
cantly. In all cases, the rise in ornithine decarboxylase 
activity preceded that of RNA polymerase I activity. 

Alpha-amanitin-sensitive activity (RNA polymerase 
Il) doubled within 4.5hr of the administration of 
3-isobutyl,1-methylxanthine and remained elevated at 
5 hr (Table 1). RNA polymerase I activity continued 
to increase through 5 hr when it was double the con- 
trol value (Table 1). Both enzymes returned to control 
levels (82.3 + 2.1 nUnits/mg of protein for RNA poly- 
merase I and 80.9 + 3.5nUnits/mg of protein for 
RNA polymerase II) within 6 hr after the administra- 
tion of 3-isobutyl,1-methylxanthine. 

Increasing the concentration cf a-amanitin to 
600 zg/ml, a concentration which inhibits forms II 
and III of RNA polymerase [26], indicated that there 
was a slight decrease in RNA polymerase III activity 
Shr after the administration of 3-isobutyl,1-methyl- 
xanthine as compared to the control (9.0 nUnits/ 
mg of protein after 3-isobutyl,l-methylxanthine). We 
concluded, therefore, that the rise in «-amanitin- 
insensitive RNA polymerase activity described herein 
is due almost totally to a change in RNA polymerase 
I activity. 

Effects of various inhibitors of RNA and protein syn- 
thesis on ornithine decarboxylase activity and activities 
of RNA polymerases. To assess the effects of cyclohex- 
imide on ornithine decarboxylase activity and on 
RNA polymerase activities, cycloheximide was given 
to rats which had received 3-isobutyl,1-methylxan- 
thine 4 or 4.5 hr previously (Table 1). A similar inhibi- 
tory pattern was observed.for ornithine decarboxylase 
activity and RNA polymerase I activity. Cyclohexi- 
mide for 30 min resulted in an inhibition of ornithine 
decarboxylase activity of 78 per cent and an inhibi- 
tion in RNA polymerase I activity of 45 per cent 
(Table 1). RNA polymerase II activity was not inhi- 
bited by cycloheximide administration. 

When cordycepin was given simultaneously with 
3-isobutyl,l-methylxanthine and both ornithine 
decarboxylase and RNA polymerase I activities were 
assayed 5.5 hr later, both enzymes were inhibited by 
about 14 per cent (Table 1). RNA polymerase II ac- 
tivity, however, was inhibited 47 per cent. This inhibi- 
tion pattern would be consistent with the reported 
specific inhibition of RNA polymerase II activity by 
cordycepin and a subsequent effect on the amount 
of messenger RNA available for ornithine decarboxy- 
lase synthesis. 

Actinomycin D (2mg/kg) given simultaneously 
with 3-isobutyl,1-methylxanthine totally inhibited the 
increased activity usually demonstrated by ornithine 
decarboxylase and RNA polymerases I and II (Table 
1). A lower concentration of actinomycin D 
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(50 g/kg), a concentration reported to selectively in- 
hibit rRNA synthesis by forming a complex with 
rDNA [31], resulted in a slight inhibition of ornithine 
decarboxylase activity (16 per cent), an inhibition of 
RNA polymerase I activity of 83 per cent, and an 
inhibition of RNA polymerase II of 36 per cent (Table 
1), data compatible with decreased template activity. 

Increase in total RNA in response to administration 
of 3-isobutyl,1-methylxanthine. The increased RNA 
polymerase I and II activities resulted in an increased 
amount of RNA in the liver within 24hr (Table 2). 
After a single injection of 3-isobutyl,1-methylxanthine, 
total RNA in the livers of treated rats increased 12 


_ per cent compared to controls. 


Concentration of polyamines in the liver after admin- 
istration of 3-isobutyl,1-methylxanthine. Examination 
of the concentrations of the polyamines in the liver 
after the administration of 3-isobutyl,l-methylxan- 
thine showed that the putrescine concentration in- 
creased 10-fold within 3 hr of stimulation (Table 3). 
This increase followed closely the elevation of ornith- 
ine decarboxylase activity and preceded the increase 
in RNA polymerase I activity. The concentration of 
putrescine continued to increase to a level 20- to 
25-fold that of the control within 5 hr, and remained 
elevated at 6 hr, whereas ornithine decarboxylase and 
RNA polymerase I activities had returned to control 
levels by then. The concentration of spermidine was 
relatively constant until 6hr post-stimulation, at 
which time it dropped to 40 per cent of the control 
value (Table 3). The spermine concentration was con- 
stant throughout the time period studied. 

Effect of various concentrations of putrescine on RNA 
polymerase I activity. In an effort to assess whether 
ornithine decarboxylase itself or its product, putres- 
cine, might affect RNA polymerase I activity, the nu- 
clei were incubated in various concentrations of 
putrescine, including physiological concentrations, for 
10 min before the assay was started. There was no 
increase in RNA polymerase I activity in response 
to pre-incubation with putrescine in intact or soni- 
cated nuclear preparations (Table 4). Also, isolating 
the nuclei with concentrations of putrescine from 0.01 
to 20 mM had no effect on RNA polymerase I activity 
in either intact or sonicated preparations. 


DISCUSSION 


There appears to be a direct correlation between 
increased rRNA synthesis and increased RNA poly- 
merase I activity [32-35]. Therefore, the mechan- 
ism(s) involved in the regulation of RNA polymerase 
I activity are of extreme interest in the control of 
hypertrophy. Amino acid deprivation or cyclohexi- 
mide treatment rapidly decreases RNA polymerase I 
activity in vivo and in cells in culture [13, 14, 36-38]. 
Reciprocally, enzyme activity increases in vivo within 
a few hours after partial hepatectomy [39] or the ad- 
ministration of a variety of drugs and/or hormones 
[11, 12, 31, 34,40] and in cells in culture within min- 
utes after supplementation of the media with amino 
acids [14]. Theoretically, the activity of RNA poly- 
merase I could be altered either by changing the 
amount or the activity of the enzyme, or by alter- 
ations in the availability of the DNA template. 
Studies assaying RNA polymerase I activity after hor- 





i) 
| 
= 
3 
2 
x 
oe 
Z 
< 
Q 
a] 
S 
a 
Zz 
_ 
Z 
< 
= 
Zz 
Z 
+ 
= 
© 
2 
O 





‘S}B1 DAY SRI] 1B JO SUONRUIWIO}ap a}eodNp jo "Wy ’S F uRoW 94) sjuasoidos yuIod yoRy ‘uNntuRUIe-» Jo [WI/S7 g*] JO dUNSqe PUP ddUaSoId 9Y} UI BUIAeSse Aq 
PIYSINSUNSIP dM SONIANOB J] pue | ssesowAjod YNY ‘WNW OU! dLA[H,] JO uoNesodsoour ay) SuLINseaw Aq pocesse sem A}ANOR aselowAjOd WNYy ‘201Nos aUIAZUD OY} SB 
uonesedsid ivajonu poytind e 3uls~) ‘ouryywio[D, ,-[]-Ta Woy *OD,, JO aseofo1 9Y) SulINseou Aq PoUTWJa}ap sem AYIANOV asB|AXOQIBOOP IUIYWIO ‘AVIANOB JUIAZUD JOJ 
pokesse PUR PIAOUIOI SIOAI] 9Y} PUL Pa}LOIPUl SOW dy) Ie PaT[ry JOM s[eUIUe BY] ‘payvoIpUl sow oY) ye UDAIZ s1OM SUTTeS %GoQ ul (‘dt ‘3y/3u 7 10 3y/3 ES) G 
ulskwounose Jo (‘dt ‘3y/3w Q¢) uldsdX{pso09 “('d'1 ‘B¥/Bw Qs) opruIxdyoJOAD {(A:A ‘]:¢ ‘JouRYyIo—-ouTTes %6'9 ul ‘dt ‘By¥/sojouur! Ec) suryyURX[A YJoUT-]‘[AINGOSI-¢ PIAIIIOI S}VY 





66 86 86 10 + 60 (34/3w Z) 14 p t 
Le f , €8 91 Lt + cee (34/31 0S) 14 p 7 
q updkwounsy 
rl cs IU Sp cv 
> uidao{ps0+y 
J UIW O¢ S 
UI O¢ Si 
prmwixsyoroha 
aUuON S 
dUON Sr 
QUON t 
ouON A[uo joueyjo 
/ouyes %6'0 


+ 


+1 


9L 
8L 


+ +1 


LeLl 
eer 
LSol 
€78 


HHHH 
+H HH +H 


ct 





uoniqryut (urajoid Bw UOT IqIYyUl (urajoid 3w uoniqiyul (uiajo1d Sw uonoofur (44) XIW jo 
}U39 Jdg /Ayanoe swAzus syupu) }U99 13g /Ayanoe swAzua sj1upu) }U99 19g /AyaAnoe owAzua syiup) Jaye own uonsoful 
AVANOR J] asesowAjod yNY AyANoR | aseiowAjod yNYy AVIANOB BSP[AXOQIBOOP SUIWJIUIQG puP JOVIQIYU,  JO,je OWT] 





+(XIW) 
aulyyueX|Ayjour-|‘JAINQoOsI-¢ Jo UONeYsIUTUpe 94} Aq UONENUINS Jaye AyIANOR oseloWAJOd WNYy pue APIANOe oseIAXOQIBOOP UIYUIO UO SIOJIQIYUT JO JOYA “| IQeL 


Regulation of RNA polymerase I activity 


Tabie 2. Increase in total RNA in rat liver after the admin- 
istration of 3-isobutyl,1-methylxanthine* 





RNA 
(mg/g wet wt) 


Per cent 
increase 





7.70 + 0.17 
8.72 + 0.30t 12 


Control 
Experimental 





* Rats received 3-isobutyl,1-methylxanthine (50 umoles/ 
kg, ip. in 0.9% saline-ethanol, 5:1, v:v); controls were 
given an equivalent amount of solvent. After 24hr, the 
animals were sacrificed, the RNA was isolated, and the 
amount determined by the procedure of Munro and Fleck 
(29]. The data represent the mean + S. E. M. of triplicate 
determinations of the livers of six separate rats for each 
group. 

+ Data differ from control value (P < 0.005). 


mone treatment on an exogenous template indicate 
that the regulation of enzyme activity is independent 
of template availability [38-40]. Moreover, if an un- 
specific poly d (A-T) template is used to assay RNA 
polymerase I activity after cycloheximide treatment 
[33], or amino acid deprivation [41], it is seen that 
neither the amount nor the activity of the enzyme 
has been changed. 

On the basis of the experiments utilizing the artifi- 
cial poly d (A-T) template, it has been postulated that 
RNA polymerase I exists in two functional states, one 
of which is attached to and actively transcribes the 
template (engaged enzyme) while the other is not (free 
enzyme) [41,42]. The difference between these two 
forms seems to be a labile protein that interacts with 
the free enzyme and allows it to initiate transcription 
[33, 39,41]. We propose that this labile enzyme is 
ornithine decarboxylase. Not only does ornithine 
decarboxylase have the characteristics described for 
this labile protein (sensitivity to amino acids [16, 17] 
and rapid turnover [15]) but also when the half-lives 
of both ornithine decarboxylase and RNA polymerase 
I were estimated in methylxanthine-stimulated rat 
liver after cycloheximide treatment, both enzymes de- 
clined with a half-life of 15 min. In the first 15 min 
after treatment, the amount of ornithine decarboxy- 
lase decreased by half and there was no change in 
RNA polymerase I activity. Thereafter, they declined 
in parallel [11]. Utilizing immunochemical tech- 
niques, it has been demonstrated that changes in 
ornithine decarboxylase activity in certain instances 
are a direct result of changes in the amount of ornith- 
ine decarboxylase protein [43]. If it is assumed that 
ornithine decarboxylase has a direct effect on RNA 
polymerase I activity, the decrease in the amount of 
ornithine decarboxylase protein would explain the 
similar half-lives of the two enzymes. That is, ornith- 
ine decarboxylase activity declines first and has to 
decrease to a certain level before it affects RNA poly- 
merase I activity; once this point is reached, the ac- 
tivities of the two enzymes decline together. A physi- 
cal interaction between ornithine decarboxylase and 
RNA polymerase I was demonstrated by the use of 
RNA polymerase I coupled to activated Sepharose 
to purify ornithine decarboxylase over 2000-fold [18]. 
The addition of this purified ornithine decarboxylase 
preparation to nuclei increased the initiation rate of 
RNA polymerase I as determined by the incorpor- 
ation of >?P/!*C-labeled ATP [18]. 
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Table 3. Polyamine concentrations in rat liver at various 
times after the administration of 3-isobutyl,1-methyl- 
xanthine* 





Spermidine 
Putrescine (nmoles/mg wet wt) 


Time 


(hr) Spermine 





0.03 + 0.003 
0.02 + 0.003 
0.25 + 0.028t 
0.39 + 0.050t 
0.55 + 0.050t 
0.52 + 0.036t 


2.84 + 0.04 
2.20 + 0.16 
2.74 + 0.26 
2.89 + 0.53 
2.73 + 0.05 
1.68 + 0.06t 


1.53 + 0.29 
1.42 + 0.04 
1.84 + 0.30 
2.12 + 0.23 
1.62 + 0.44 
1.33 + 0.29 





* Rats received 3-isobutyl,l-methylxanthine (40 pmoles/ 
kg, i.p. in 0.5 ml of 0.9% saline-ethanol, 5:1, v:v); controls 
received 0.5 ml saline-ethanol. The animals were sacrificed 
at the times indicated and each liver was assayed for poly- 
amine concentrations by analysis on a Durrum D-500 
amino acid analyzer. Each point represents the mean + 
S. E. M. of duplicate determinations of at least five separ- 
ate livers. 

+ Data differ from control (P < 0.005). 

t Data differ from control (P < 0.025). 


For ornithine decarboxylase to be involved in the 
regulation of RNA polymerase I activity, there would 
have to be a consistent relationship between increased 
ornithine decarboxylase activity and increased RNA 
polymerase I activity. There is now considerable evi- 
dence derived from studies in vivo using such diverse 
stimuli as the industrial chemical Aroclor-1254 [12], 
a polychlorinated biphenyl, the methylxanthine de- 
rivatives [11], and phenobarbital (unpublished data, 
Manen, Sipes and Russell), to indicate that this is 
so. In all cases, the increase in ornithine decarboxy- 
lase activity precedes the increase in RNA polymerase 
I activity. Moreover, the administration of 3-iso- 
butyl,1-methylxanthine not only resulted in consider- 
able increases in the activities of ornithine decarboxy- 
lase and RNA polymerase I but also a significant in- 
crease in the total RNA within 24 hr, indicating that 
the increased activity of RNA polymerase I is trans- 
lated into the synthesis of RNA. The magnitude of 
the increases in both ornithine decarboxylase and 
RNA polymerase I activities after the administration 
of 3-isobutyl,l-methylxanthine makes this an ideal 
system to study the relationship between ornithine 
decarboxylase and RNA polymerase I. 

Table 4. Effect of putrescine concentration on RNA poly- 


merase I activity of intact and sonicated nuclear prep- 
arations* 





RNA polymerase I activity 
(nUnits enzyme activity/mg protein) 





Putrescine 


conc Intact Sonicated 





0 82.3 + 4.0 
0.1 uM 84.2 + 4.0 
1 uM 83.0 + 6.7 
10 uM 73.4 +58 
100 uM 80.1 + 4.0 
1 mM 80.6 + 5.9 
10 mM 73.4 +5.5 





*RNA polymerase I activity was assayed as described 
Experimental Procedure. The nuclei were preincubated for 
10min with the indicated concentration of putrescine. 
Each point represents the mean + S. E. M. for five deter- 
minations. 
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The studies reported herein utilizing inhibitors of 
RNA synthesis and protein synthesis in methylxan- 
thine-stimulated rat liver corroborated a tight rela- 
tionship between the induction of ornithine decarbox- 
ylase and the modulation of RNA polymerase I ac- 
tivity. Cycloheximide attenuation of the increase in 
ornithine decarboxylase resulted in a similar attenua- 
tion of RNA polymerase I activity. The activity of 
RNA polymerase II was not affected by cyclohexi- 
mide. Cordycepin interferes with the synthesis of 
poly(A) chains needed for functional mRNA [44]. The 
administration of this antibiotic, therefore, should 
cause a decrease in the putative ornithine decarboxy- 
lase message, and the resulting decrease in ornithine 
decarboxylase should appear as an attenuation of 
RNA polymerase I activity; and indeed, when cordy- 
cepin was given simultaneously with 3-isobutyl,1- 
methylxanthine, this is what occurred (see Table 1). 
A low dose of actinomycin D, which selectively in- 
hibits rRNA synthesis [31], almost totally inhibited 
RNA polymerase I activity, as determined on the 
endogenous template, with only a slight inhibition of 
ornithine decarboxylase activity and of RNA poly- 
merase II activity. 

Because the putrescine concentration rises rapidly 
in response to increased activity of ornithine decar- 
boxylase, we felt it was possible putrescine might be 
involved in the regulation of RNA polymerase I ac- 
tivity. Incubation of nuclear preparations with a wide 
range of putrescine concentrations, including those 
concentrations that are physiological, did not affect 
RNA polymerase I activity. Further, the putrescine 
concentration remained elevated in the liver 6 hr after 
the administration of 3-isobutyl,l-methylxanthine at 
a time when RNA polymerase I activity had returned 
to control value. The half-life of putrescine in rat liver 
is about 2hr [45]; therefore, it seems unlikely that 
putrescine is involved directly in the regulation of 
RNA polymerase I activity. 

On the basis of the close temporal relationship 
between increased ornithine decarboxylase activity 
and increased RNA polymerase I activity, inhibitor 
studies indicating that de novo ornithine decarboxy- 
lase synthesis is required for increased RNA polymer- 
ase I activity, the similar short half-lives of the two 
enzymes, and the ability of ornithine decarboxylase 
to increase the initiation rate of RNA polymerase I, 
we propose that ornithine decarboxylase may modu- 
late RNA polymerase I activity. 


REFERENCES 


. H. Tabor and C. W. Tabor, Pharmac. Rev. 16, 245 
(1964). 

. S. S. Cohen, in Introduction to the Polyamines, p. 1. 
Prentice-Hall, Englewood Cliffs, N.J. (1971). 

. E. J. Herbst and E. E. Snell, J. biol. Chem. 181, 47 
(1949). 

. R. G. Ham, Biochem. biophys. Res. Commun. 14,, 34 
(1964). 

. D. H. Russell and S. H. Snyder, Proc. natn. Acad. Sci. 
U.S.A. 60, 1420 (1968). 

. W. K. Maas, A. Leifer and J. Poindexter, Ann. N.Y. 
Acad. Sci. 171, 957 (1970). 

. D. H. Russell, Proc. natn. Acad. Sci. U.S.A. 68, 523 
(1971). 


. D. H. Russell and T. A. McVicker, Biochim. biophys. 


Acta 259, 247 (1973). 


9. N. Seiler, G. Werner, H. A. Fischer, B. Knétgen and 
H. Hinz, Hoppe-Seyler’s Z. physiol. Chem. 350, 676 
(1969). 

. N. Seiler, in Polyamines in Normal and Neoplastic 
Growth (Ed. D. H. Russell), p. 137. Raven Press, New 
York (1973). 

. C. A. Manen and D. H. Russell, Life Sci. 17, 1769 
(1975). 

. M. Costa, E. R. Costa, C. A. Manen, I. G. Sipes and 
D. H. Russell, Molec. Pharmac. 12, 871 (1976). 

. M. Muramatsu, N. Shimada and T. Higashinahagawa, 
J. molec. Biol. 53, 91 (1970). 

. M. T..Franze-Fernandez and A. V. Fontanive-Sen- 
giiesa, Biochim. biophys. Acta 331, 71 (1973). 

. D. H. Russell and S. H. Snyder, Molec. Pharmac. 5, 
253 (1969). 

. B. L. M. Hogan, S. Murden and A. Blackledge, in 
Polyamines in Normal and Neoplastic Growth (Ed. D. 
H. Russell), p. 239. Raven Press, New York (1973). 

. B. L. M. Hogan, A. Mcllhenny and S. Murden, J. Cell” 
Physiol. 83, 353 (1974). 

. C. A. Manen and D. H. Russell, Science, N.Y. 195, 
505 .(1977). 

. C. V. Byus and D. H. Russell, Life Sci. 15, 1991 (1974). 

. C. V. Byus and D. H. Russell, Science, N.Y. 187, 650 
(1975). 

. C. A. Manen, R. L. Blake and D. H. Russell, Biochem. 
J. 158, 529 (1976). 

. G. Blobel and V. R. Potter, Science, N.Y. 154, 1662 
(1966). 

. H. Busch, K. S. Narayan and J. Hamilton, Expl. Cell. 
Res. 47, 329 (1967). 

. R. G. Roeder and W. J. Rutter, Nature, Lond. 224, 
234 (1969). 


25. T. J. Lindell, F. Weinberg, P. W. Morris, R. G. Roeder 


and W. J. Rutter, Science, N.Y. 170, 447 (1970). 

. L. B. Schwartz, V. E. F. Sklar, J. A. Jaehning, R. Wein- 
mann and R. G. Roeder, J. biol. Chem. 249, 5889 
(1974). 

. L. J. Marton, O. Heby and C. B. Wilson, Fedn Eur. 
Biochem. Soc. Lett. 41, 99 (1974). 

. D. H. Russell and S. D. Russell, Clin. Chem. 21, 860 
(1975). 

. H. M. Munro and A. Fleck, Meth. biochem. Analysis 
14, 113 (1966). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. R. P. Perry, Expl. Cell Res. 29, 400 (1963). 

. E. A. Smuckler and J. R. Tata, Nature, Lond. 234, 37 
(1971). 

. E. M. Sajdel and S. T. Jacob, Biochem. biophys. Res. 
Commun. 45, 707 (1971). 

. R. A. Jungmann and J. S. Schweppe, J. biol. Chem. 
247, 5543 (1972). 


5. A. Cooke and M. Brown, Biochem. biophys. Res. Com- 


mun. 51, 1042 (1973). 

. F.-L. Yu and P. Feigelson, Proc. natn. Acad. Sci. U.S.A. 
69, 2833 (1972). 

. A. Lampert and P. Feigelson, Biochem. Biophys. Res. 
Commun. 58, 1030 (1974). 

. K. J. Gross and A. O. Pogo, J. biol. Chem. 249, 568 
(1974). 

. W. Schmid and C. E. Sekeris, Biochim. biophys. Acta 
402, 244 (1975). . 

. S. A. Fuhrman and G. N. Gill, Endocrinology 94, 691 
(1974). 

. IL. Grummt, V. A. Smith and F. Grummt, Cell 7, 429 
(1976). 

. F. L. Yee, Nature, Lond. 251, 344 (1974). 

. E. Héltta, Biochim. biophys. Acta 398, 420 (1975). 

. H. T. Abelsen and S. Penman, Biochim. biophys. Acta 
277, 239 (1972). 

. D.H. Russell, V. J. Medina and S. H. Snyder, J. biol. 
Chem. 245, 6732 (1970). 





Biochemical Pharmacology. Vol. 26. pp. 2385-2391. Pergamon Press. 1977. Printed in Great Britain 


IN VITRO STUDIES WITH HEXAMETHYLMELAMINE 


C. J. Rutty and T. A. ConNors* 


Chester Beatty Research Institute, Institute of Cancer Research: Royal Cancer Hospital, 
London SW3 6JB, England 


(Received 11 February 1977; accepted 6 May 1977) 


Abstract—Hexamethylmelamine (HMM) is effective against a number of human cancers. Studies using 
mouse lymphoma cells in vitro have shown that HMM is quite non-toxic but is converted by liver 
microsomes to cytotoxic products. A correlation was found between the ability of analogues of HMM 
to be demethylated and their antitumour activity. Experiments to test whether the cytotoxicity occurring 
after microsomal metabolism of HMM was due to formation of either a methylol or fomaldehyde 
were equivocal. Some water soluble derivatives of HMM were also shown to have antitumour activity. 


Hexamethylmelamine (HMM) a cytotoxic S-triazine 
has been evaluated in extensive clinical trials [1-3] 
and has proved to be an effective antitumour 
agent [4-8]. Despite its effectiveness against human 
cancer, HMM is inactive against most commonly 
used animal tumour systems making difficult a study 
of its mechanism of action. It has, for example, no 
activity against L1210 leukaemia, marginal activity 
against Sarcoma 180 [9] and slight but significant ac- 
tivity against the Walker carcinoma 256[10]. How- 
ever, it has recently been shown to be active against 
a mouse plasma cell tumour (PC6)[11]. This tumour 
undergoes complete regression when treated with 
HMM, even when established, and hence may be used 
as an animal model for further investigation of this 
drug. 

The metabolism of HMM has been studied in 
several species [12, 13, 15, 16] and N-demethylation to 
lower methylmelamines appears to be the major path- 
way for metabolism in vivo [18]. Worzalla has shown 
that HMM can be N-demethylated by hepatic micro- 
somes [17] and that measurement of formaldehyde 
release may be used as an index of metabolism in 
vitro, while De Milo and Borkovec report that oxida- 
tive demethylation of HMM involves elimination of 
formaldehyde from methylol intermediates [15]. 


CH,0H 
[oJ a 
CH, CH, 


It is not known whether HMM is itself the tumour 
active agent, or whether it requires conversion to an 
active metabolite. However, since melamine and 
various methylmelamines are the only major metabo- 
lites, Worzalla [18] has concluded that either HMM 
itself, an N-demethylated metabolite, or an unidenti- 
fied intermediate, such as a methylol must represent 
the active form of the drug. Since all methylmela- 
mines undergo metabolism similar to HMM, then 
further testing of these analogues against a sensitive 
animal tumour might uncover agents which have 
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more favourable anti-tumour properties than HMM, 
for example, increased selectivity of action or greater 
water solubility. 

The mechanism of action of HMM is unknown. 
Although it has no alkylating activity per se, it has 
a spectrum of therapeutic activity and toxicity resem- 
bling that of the alkylating agents. It has been pro- 
posed [14] that HMM may act by release of formal- 
dehyde and that the role of the methyl group in 
HMM is to act as sources of formaldehyde, a known 
weak alkylating agent. Alternatively, the proposed 
reactive intermediates, the methylols, might act by a 
mechanism analogous to alkylation. It is of interest 
that Heere and Donnelly [19] have found, using Ehr- 
lich ascites cells, that HMM exhibited greater inhibi- 
tion of uptake of DNA and RNA precursors than 
of protein precursors since many alkylating agents 
have greater effects on nucleic acid synthesis than on 
protein synthesis. Borkovec and De Milo[14] have 
suggested that HMM may alternatively function as 
a pyrimidine anti-metabolite. 

The present paper reports a study of the structural 
activity relationship of a series of substituted mela- 
mines, including a number of water soluble deriva- 
tives. Studies have been carried out in vitro in order 
to determine how these compounds are metabolised, 
and to try to identify the active metabolite of HMM. 
The relative importance of methyols and formalde- 
hyde as cytotoxic agents has been examined in some 
detail. 


MATERIALS AND METHODS 


Chemicals. Unlabelled HMM was provided by the 
National Cancer Institute, Bethesda. 

Other methylmelamines were synthesized either by 
Dr. D. E. V. Wilman or Professor W. C. J. Ross of 
the Chester Beatty Research Institute. 

HMM-ring-'*C was synthesized by Dr. Nguyen- 
Hoang-Nam of the Service des Molécules Marquees, 
C.E.N.-Saclay,B.P. No. 2, Gif-sur-Yvette 91, France. 

(i) Antitumour testing. The ADJ/PC6 plasma cell 
tumour was transplanted in female BALB/c mice by 
subcutaneous implantation of tumour fragments 
(approx. | mm cube) under sterile conditions. Drug 
effectiveness was measured by comparison of tumour 


2385 





C. J. Rutty and T. A. CONNORS 


Table 1. Structure activity relationships 








CH; 
COOH 
R=SCH,CH 
NH 


x F AC ~<, -th, ~CH, 
~{ tH, -Ci, ~Cil, 
~CH,CH,OH ~CH,CH,OH -—, <Cil, 
~CH,CH,OH <i; i, —~CH, 
~CH,COOH i, CH, -—CH, 
~CHCH,00C -CH, -CH; ~CH, 


CH, 


Bie 


CH, 


[ 
COOH 
-—CD, —CD, -—CD, —CD, 
~CH,OH -CH, -CH; —CH, 
~CH,OH -CH, -CH,OH -CH, 
wt) -C., -CE, «Se 


CHCOOH 


(H,C),N N(CH3)2 
(H,C),N—P—P—N(CH,)2 
0 0 
N(CH). 
o=P — NICHy)2 

~ N(CH3)2 





* + Nicotinamide. 
+ Expressed as °%% demethylation of one methyl group. 





In vitro studies with hexamethylmelamine 


of the methylmelamines 





Relative degree 
demethylation LDs0 IDgo0 TI. 
mg/kg PC6 


+Degree of 


demethylation (HMM = 1) mg/kg 





—Nicot* = 20.3% 
+Nicot = 70.9% 
—Nicot = 15.1% 
+Nicot = 38.4% 
—Nicot = 5.0% 
+Nicot = 10.9% 
—Nicot = 4.5% 
+Nicot = 15.2% 
—Nicot = 0.57% 
+Nicot = 1.83% 
—Nicot = 0.58% 
+Nicot = 0.96% 
—Nicot = 0.0% 
+Nicot = 0.77% 


+Nicot = 21.5% 


+Nicot = 


+Nicot = 74.7% 
+Nicot = 8.87% 
—Nicot = 10.6% 
+Nicot = 22.7% 
+Nicot = 14.5% 
+Nicot = 0.38% 
+Nicot = 8.8% 


+Nicot = 51.2% 


> 100% 

> 100% 
%De-ethylation 
+Nicot = 17.4% 


+Nicot = 80% 


+Nicot = 10% 


+ Nicot = 0% 


113 


95 


155 


112 


11 
41 
86 


29 


10.3 
z3 
1.8 
3.9 

Jnactive 
Inactive 
Inactive 


Inactive 


Inactive 


Inactive 


2.5 
Inactive 
Inactive 

57 


Inactive 
22 


5.9 


2.9 
2.9 
Inactive 


Inactive 


Inactive 


2.3 


Inactive 
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weights of treated with control groups. The drugs 
were given as sonicated suspensions either in oil, 10% 
DMA/oil or acetone/oil, as five daily intraperitoneal 
(i.p.) injections. Treatment was started 24 days after 
transplant when tumours were well established, and 
the animals were sacrificed and tumours weighed 10 
days after the first injection. Several dose levels of 
the drugs were used ranging from tumour non-effec- 
tive to lethal, thus enabling the calculation of a thera- 
peutic index [20]. 

(ii) N-Demethylation by liver microsomes. This in- 
volved the use of ‘washed’ liver microsomes prepared 
by differential centrifugation of rat liver homogenate. 
Microsomes were prepared from the livers of rats 
given water containing sodium phenobarbitone 
(S00 mg/l) for 7 days. 

Livers were removed and, after rinsing in ice-cold 
isotonic KCl, homogenized in KCI (1 g/4 ml KC\) at 
0° in a Teflon-glass homogenizer. The resultant 
homogenate was then centrifuged at 10,000g and 0° 
for 20 min and the supernatant decanted. Microsomes 
were prepared from this supernatant by centrifugation 
at 100,000 g for 1 hr at 4°. The microsomal pellet was 
then resuspended in KCl and recentrifuged at 
100,000 g to give a ‘washed’ preparation. 

To measure de-alkylation, the microsomes were 
suspended in 0.1 M KPO, buffer pH 7.4 to produce 
a suspension containing | g liver wet weight in each 
4 ml. The reaction mixture consisted of 3 ml micro- 
somal suspension together with the following cofac- 
tors in | ml phosphate buffer. 

1.5 um NADP, 100 um Nicotinamide, 35 um G6P, 
25 um MgCl, and | ul G6P dehydrogenase (Boehrin- 
ger). Iml of a solution of semicarbazide HCl 
(1.11 mg/ml) in KPO, buffer was added to the reac- 
tion mixture to trap the aldehyde release during meta- 
bolism. 

The substrate concentration was 5 yum (0.1 ml) dis- 
solved in dimethylsulphoxide (DMSO) and _ the 
volume of incubation mixture was made up to 8.0 ml 
with buffer. Incubation was carried out at 37° for | hr 
with shaking to ensure maximum metabolism. A 
blank reaction mixture without substrate is employed 
in each experiment to correct for endogenous alde- 
hyde formation. The reaction was terminated by the 
addition of 2ml 5% ZnSO,+2ml1 saturated 
Ba(OH),, and the precipitate thus produced was 
removed by centrifugation. 

To measure demethylation, 5 ml aliquots of super- 
natant were reacted with 2 ml Nash reagent, and the 
coloured complex assayed for formaldehyde by the 
method of Cochin and Axelrod [21]. 

To measure de-ethylation of hexaethylmelamine 
(HEM), the supernatant was first distilled; 1 ml distil- 
late was treated with p-hydroxybiphenyl reagent, and 
acetaldehyde estimated colorimetrically according to 
the method of Stotz [22]. 

(iii) Isolation and identification of metabolites. Fol- 
lowing incubation of drug (0.1 ml) with microsomes 
(10 ml) and cofactors (1 ml), as described above, pro- 
tein was precipitated with three volumes of ethanol 
and the latter removed by evaporation. The aqueous 
suspension of metabolites remaining was extracted 
three times with 10 ml aliquots of chloroform, the 
extract evaporated to dryness, and the remaining 
solid redissolved in 0.5ml chloroform. Thirty pl of 
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this solution was applied to a thin-layer plate contain- 
ing silica gel (3 mm thickness) and chromatographed 
using either ethyl acetate or ether/H,O as solvent. 
The chromatogram was finally examined under u.v. 
light. The identity of the metabolites was elucidated 
by comparison with suitable standards which were 
chromatographed alongside the microsomal extract. 

Where '*C-ring labelled HMM was used, the chro- 
matogram was scanned for radioactive areas using 
a Panax Radiochromatogram Scanner. 

(iv) Bioassay. The sensitivity of tumour cells to 
HMM and its derivatives was determined using the 
bioassay procedure of Connors et al. [23]. In these 
experiments a bioassay system involving the TLX/5 
lymphoma was used. 

TLX/5 ascites cells were obtained from tumour- 
bearing CBA/LAC mice, washed in sterile isotonic 
saline, and suspended in TC 199/horse serum (60:40) 
to give a final cell concentration of 1.3 x 10° cells/ml. 
Cells were treated with various concentrations of the 
drug under test in DMSO for 2hr at 37°, a non- 
treated control being included. The resulting mixture 
was then injected i.p. (0.1 ml per animal) into groups 
of 5 mice. The subsequent tumour-induced deaths 
were recorded and the results expressed as a percent- 
age increase in survival time (I.S.T.). 

For those drugs requiring liver activation, this was 
reproduced in vitro by the addition of microsomes 
and cofactors (as before) to the incubate of drug and 
tumour cells. 

In ‘protection’ experiments where the aim was to 
protect against formaldehyde toxicity semicarbazide 
(1000 ug/ml) was added 30 min prior to the addition 
of the drug to minimize its cytotoxic effects. 


RESULTS 


(i) Structure activity relationships. The results 
obtained from a study of the structure—activity rela- 
tionships of the melamine derivatives are summarized 
in Table 1. There appears to be a definite correlation 
between the degree of demethylation in vitro and their 
antitumour activity. The ability of the methylmela- 
mines to undergo demethylation is seen to decrease 
with the number of methyl groups in the molecule, 
and there is a parallel decrease in therapeutic index. 

Hexaethylmelamine (HEM) undergoes de-ethyla- 
tion to a much smaller extent (17.4%) than the corre- 
sponding hexamethyl compound is demethylated 
(65%). 

In general, the water soluble derivatives do not 
readily demethylate and are correspondingly poor 
antitumour agents. One exception is the chloro com- 
pound (Structure 9), which is a good demethylator 
but is totally inactive in the test system employed. 
The hemisuccinate of carboxy HMM (Structure 16) 
does demethylate to some extent, comparable to 
TMM, and has slight but significant antitumour ac- 
tivity. DHE TMM (Structure 13) also shows fairly 
good demethylating ability, but this compound is 
quite inactive. It is also, however, very toxic to mice 
(LDs_ 56.5 mg/kg). The corresponding monohydroxy 
derivative (Structure 14) is of interest since it is very 
much iess toxic (LDDs, = 450mg/kg), is a good 
demethylator, and has good antitumour activity. 

The two methylols, pentamethylmonomethylolme- 





In vitro studies with hexamethylmelamine 


Table 2. Activation of HMM at various dose levels and 
effect of semicarbazide on cytotoxicity’ 





Survival time 
(days) 


Concentration of drug 


(ug/ml) Mean 





10.8 
11.0 


Control 10, 11, 11, 11, 
1000 Semicarbazide ane ae, 
(control) 
1000 HMM , FE EL; 
1000 HMM + micro. : es. th 
500 HMM + micro. , 13, 14, 
250 HMM + micro. , 13, 14, 
1000 HMM + micro. | oe 
+ semicarbazide 


10.8 
15.6 
13.8 
14.0 
11.0 





lamine (Structure 18) and trimethyltrimethylol mela- 
mine (Structure 19) have only shown a small degree 
of activity against the PC6 tumour, compared with 
HMM, and their therapeutic indices are the same. 
These compounds break down spontaneously under 
the demethylation assay conditions employed (heat 
at 60° for 30min for Nash reaction) with release of 
formaldehyde. Trimethylol melamine, however, is 
approx. 100 times more water soluble than HMM. 

The demethylation of related compounds has also 
been looked at, eg. hexamethylphosphoramide 
(HMP) (Structure 23). This compound undergoes 
demethylation to approximately the same extent as 
tetramethylmelamine (TMM), and has a similar thera- 
peutic index. Schradan (octamethylpyrophosphora- 
mide) (Structure 22) shows little or no ability to 
demethylate and is inactive in the PC6 test system. 
Thioproline (Structure 21), a known formaldehyde 
releaser, has also proved to be completely inactive. 

Demethylation studies in the presence and absence 
of nicotinamide have further shown that the presence 
of this cofactor considerably enhances the metabolism 
of HMM and its analogues. With the parent com- 
pound, e.g. the metabolism increases three-fold when 
nicotinamide is present in the metabolism mixture, 
and with PMM and TMM derivatives, at least a two- 
fold increase is observed. 

(ii) Thin-layer chromatographic analysis. Thin-layer 
chromatographic analysis of the microsomal metabo- 
lism extract revealed the presence of two metabolites 
of HMM. These have been identified by comparison 
with appropriate reference compounds as pentameth- 
ylmelamine (PMM) nd _ tetramethylmelamine 
(TMM), and the identity of the major metabolite, i.e. 
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PMM, has been verified by mass spectrometry. Simi- 
larly, when PMM was demethylated, a single spot 
was observed, corresponding to N’, N?, N%, 
N°®-TMM, but no further metabolism of either of the 
two isomeric TMMs was apparent. 

When HEM was looked at in this system, no meta- 
bolites were detected. Using ['*C]HMM, three peaks 
of radioactivity were detected corresponding to the 
two metabolites and HMM itself. When nicotinamide 
was present the HMM peak was greatly reduced and 
two large peaks appeared corresponding to PMM 
and TMM, the second larger than the first. In the 
absence of nicotinamide, however, the HMM peak 
is much larger while that of PMM is slightly lower 
and the TMM peak is small. 

(iii) Bioassay. Using optimum conditions for meta- 
bolism it has been possible to activate HMM in the 
bioassay system which uses TLX/5 lymphoma cells 
(Table 2). From the table it can be seen that a concen- 
tration of 1000 vg/ml of HMM has no effect on the 
lymphoma cells as judged by their ability to grow 
after injection to mice. However, in the presence of 
microsomes, a concentration of 1000 ug/ml gave an 
LS.T. of 44 per cent implying a large cell kill (Table 
2). However, since this could be due not only to the 
activation of HMM to a reactive metabolite, but also 
to the generation of formaldehyde, an experiment was 
carried out in which HMM was activated in vitro, 
but in the presence of semicarbazide which should 
react with any formaldehyde produced and prevent 
cytotoxicity. Table 2 shows that when semicarbazide 
is added the activation of HMM by microsomes is 
more or less completely prevented. It has been shown 
that formaldehyde is cytotoxic at a concentration of 
about 12.5 yg/ml (Table 3) and that this effect can 
be abolished by semicarbazide, since even at the 
supralethal concentration of 100 ug/ml formaldehyde 
if semicarbazide is present there is no detectable cyto- 
toxicity (Table 3). However, pentamethylmonomethy- 
lol melamine (Structure 18) not only showed good 
activity in the bioassay without the need for micro- 
somal activation (Table 3), but also the cytotoxicity 
could not be reduced by semicarbazide. Thioproline 
also showed some activity when tested in the bioassay 
but its effects were reduced by semicarbazide (Table 
3). 

Neither pentamethylmelamine nor the two tetra- 
methylmelamines had any activity when bioassayed 
in the absence of microsomes. 


Table 3. 





Non-toxic 
concentration 


Treatment (ug/ml) 


Concentration to 
kill Ca 90% cells 
(ug/ml) 


Supralethal 
concentration 





Formaldehyde 6.25 
Formaldehyde 100 

+ semicarbazide 
CB 10-369 
CB 10-369 

+ semicarbazide 
Thioproline 
Thioproline 

+ semicarbazide 


23.4 


250 
1000 


21.5 


93.7 
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DISCUSSION 


From the in vitro studies there appears to be a 
relationship in the methylmelamine series between 
amount of demethylation and activity against the 
PC6 plasma cell tumour in vivo. The suggestion is 
that activation by demethylation is an important pre- 
requisite for antitumour activity since hexamethylme- 
lamine for example, which has a good therapeutic in- 
dex on the plasma cell tumour, is readily demethy- 
lated while dimethylmelamine, which is not demethy- 
lated, is devoid of anti-tumour activity. The active 
intermediate could conceivably be a methylol which 
could condense with the amino groups of proteins 
and nucleic acids, or formaldehyde which is muta- 
genic probably as a result of interaction with 
DNA [24]. The bioassay results however are equivo- 
cal in this respect. While hexamethylmelamine clearly 
requires microsomal activation before it causes cyto- 
toxicity, this effect can be greatly reduced by the pres- 
ence of semicarbazide in the medium. Since it has 
also been shown that the cytotoxicity of formaldehyde 
can be prevented by semicarbazide the implication 
is that the effects of hexamethylmelamine are 
mediated by release of formaldehyde. The postulated 
primary metabolite of hexamethylmelamine, namely 
monomethylolpentamethyl melamine (Structure 18, 
Table 3) is, as expected, cytotoxic to cells in culture 
without the need for microsomal activation. However, 
in this case the cytotoxicity cannot be prevented by 
semicarbazide implying that under the conditions of 
the bioassay there is no cytotoxic level of formalde- 
hyde produce”. Either hexamethylmelamine does not 
produce formaldehyde via a monomethylol, which is 
unlikely, or there must be some pharmacokinetic 
explanation of these findings. The pentamethyl 
monomethylol for instance, when added to cells in 
a high concentration (as in the bioassay), may readily 
be taken up by lymphoma cells. However, where the 
same compound is being generated by activation of 
hexamethylmelamine, the concentration may never be 
high and break down to formaldehyde may take place 
to a large extent extracellularly. It has in fact been 
recently shown that it is possible to obtain some pro- 
tection against the cytotoxicity of these methylols 
with semicarbazide, if the trapping agent and drug 
are added simultaneously, that is without the normal 
preincubation period. 

.It has also been found that if sufficiently large 
amounts of liver microsomes are used in an attempt 
to increase metabolism of HMM, the DMSO used 
as solvent is itself demethylated, and the formalde- 
hyde thus produced can cause cytotoxicity. This is 
indicative of a high degree of sensitivity of TLX/5 
cells in vitro to the cytotoxic agent formaldehyde. 

The low activity of the methylol in vivo may again 
be a feature of its half life and rate of breakdown 
to formaldehyde compared to hexamethylmelamine. 
However, even if the active metabolite of hexamethyl- 
melamine is the monomethylol, it is difficult to see 
how the latter has anti-tumour selectivity if it merely 
acts as a releaser of formaldehyde, especially as other 
known formaldehyde releasers have no activity 
against the PC6 tumour (Table 1). It could be that 
in vivo hexamethylmelamine gives rise to a low but 
prolonged serum concentration of formaldehyde com- 


pared with other formaldehyde releasers. Alterna- 
tively, the methylol might act as a membrane trans- 
port form of formaldehyde and break down to a 
greater extent in the more acid environment of 
tumour cells. It is also of interest that certain types 
of tumour cells have been shown to have low levels 
of the enzyme N°-methyltetrahydrofolate homocys- 
teine methyl transferase [25], and unlike normal cells 
are unable to convert 5-methyltetrahydrofolate to 
tetrahydrofolic acid. It is a possibility that formalde- 
hyde may be reacting with tetrahydofolate to cause 
a cellular deficiency of this essential cofactor which 
may be replaced in normal cells by conversion of 
5-methyltetrahydrofolate but not in tumour cells. 
Hexamethylmelamine is of particular interest 
because it has only recently been shown to be active 
against human tumours of the lung and kidney grow- 
ing in mice deprived of T lymphocytes. The finding 
that certain water soluble derivatives of hexamethyl- 
melamine have anti-tumour activity is of interest since 
hexamethylmelamine itself is very insoluble and can- 
not be administered clinically in parenteral form. 
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Groups of normal rabbits were injected intravenously with phosphatidyl cholines from soya (EPL) 
and egg yolk (EYL) as hydrosols or as solutions in sodium deoxycholate. Lipolytic enzymes in serum, 
aorta and liver, were examined after 15 min. The hydrosols stimulated phospholipase and lipase in 
the liver, and decreased aortic lipase activities. The effect of solution in deoxycholate was to magnify 
the changes. EPL solution was more active in increasing liver lipase than EYL solution. The increase 
in lipase activity of the liver occurred even in the presence of M NaCl, suggesting that the phospholipids 
could stimulate “liver lipase” activity. These results are consistent with the view that “liver lipase” 


is both a triglyceride lipase and phospholipase. 


The original observation of Schrade, Boéhle and 
Biegler [1] that soya lecithin, when injected intra- 
venously in man, had a rapid clearing effect against 
triglycerides has stimulated much interest in the use 
of this preparation as a therapeutic agent [2]. Polyun- 
saturated phosphatidyl choline from soya (EPL) 
forms an opaque suspension with saline or buffer but 
the addition of sodium deoxycholate in high concen- 
tration has a potent solubilizing effect and it is poss- 
ible to obtain a clear solution of EPL. It is this prep- 
aration which is commercially available as Lipostabil, 
(Nattermann, Cologne). 

Since bile acid salts are known to have an effect 
on enzyme activity in vitro [3], it is important to deter- 
mine whether the clearing effect of Lipostabil can, 
in part, be attributed to the bile salts. The role of 
the polyunsaturated fatty acid component of EPL is 
uncertain, since other sources of phosphatidyl choline 
have not so far been investigated. 

The object of the present experiments was to com- 
pare EPL with and without bile salts, and also to 
investigate egg yolk phosphatidyl choline, by means 
of acute experiments in normal rabbits. 


MATERIALS AND METHODS 


Experimental design. Preparations containing soya 
lecithin (EPL) and egg yolk lecithin (EYL) were 
obtained from Nattermann, Cologne. 

Adult rabbits of New Zealand White breed (weigh- 
ing approx. 3 kg) were used in the fed (non-fasted) 
state. A sample of blood was taken from the ear vein 
and then the foilowing solutions injected, each in a 
volume of 2 ml; 

(I) saline; 

(II) EPL solution (Nattermann, Cologne, contain- 
ing 200mg EPL and 80mg sodium deoxycholate); 





* Phospholipase A—phosphatide acyl-hydrolase (EC 
3.1.1.4), lipase-glycerol-ester hydrolase (EC 3.1.1.3), choles- 
terol esterase-sterol-ester hydrolase (EC 3.1.1.13). 


(III) EPL suspension (equiv. 200 mg EPL without 
sodium deoxycholate). This suspension was made as 
follows :— An ice cold mixture of 10 g EPL plus 20 ml 
H,O was sonicated for 3 min at low energy to avoid 
heating. 30ml H,O were added and the sonication 
procedure was repeated for 3-5 min. The suspension 
was filled up with ice cold H,O to give 100 ml and 
again sonicated for 3-5 min at low energy to give 
a milky suspension; 

(IV) EYL suspension (equiv. to 200 mg EYL with- 
out sodium deoxycholate), made in a similar manner 
to that described above; 

(V) EYL solution (equiv. to 200 mg EYL and 80 mg 
sodium deoxycholate); 

(VI) sodium deoxycholate (80 mg in saline). 

After 15 min, a further specimen of blood was taken 
from the ear and the animal killed by i.v. nembutal. 
Liver and aorta were removed and kept at —20° 
before treatment. 

Acetone butanol powders. These were obtained as 
described previously by Waligora et al. [4] (1975). 

Assay of enzyme activities. Phospholipase, lipase 
and cholesterol esterase* were measured as described 
by Waligora et al. [4] (1975). For groups (V) and (VI), 
only liver lipase was estimated. 


RESULTS 


Serum. As shown in Table 1, EPL solution but not 
EPL suspension or EYL suspension decreased phos- 
pholipase and increased lipase activity. There was no 
effect on cholesterol esterase activity. 

Aorta. As shown in Table 2, EPL solution, EPL 
suspension and EYL suspension had no effect on 
phospholipase but decreased lipase activity. EPL 
solution and suspension but not EYL suspension de- 
creased cholesterol esterase activity. 

Liver. As shown in Table 3, EPL solution and sus- 
pension, and EYL suspension increased phospho- 
lipase and lipase activities. Cholesterol esterase was 
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Table 1. Effect of EPL solution, EPL suspension, and EYL suspension on serum lipolytic enzymes in normal rabbits 
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Injection 


Lipase 
neq/mg/hr 


No. Phospholipase 


Cholesterol 
esterase 





Saline 


EPL soln. 
EPL susp. 
EYL susp. 


Statistical Analysis 
IvIl 
Iv Ill 
IvIV 





24.4 + 3.9 
7.7443 

22.7 + 6.8 

31.7 + 12.5 


18.0 + 4.5 
ore 14 
24.4 + 11.7 
24.9 + 11.9 


eK ae 


NS NS 
NS NS 


11.1 + 3.8 
8.9 + 2.3 
10.2 + 2.9 
14.5 + 2.8 


NS 
NS 
NS 





"P<056 “RP<00i “P< OG. 


Table 2. Effect of EPL solution, EPL suspension, EYL suspension on lipolytic enzymes in aorta 





Cholesterol 
Lipase esterase 


neq/mg/hr 


Injection No. Phospholipase 





96.4 + 18.0 
55.2 + 9.6 
74.1 + 20.8 
93.0 + 24.5 


156 + 32.5 
203 + 59.8 
155 + 25.6 
214 + 57.1 


151 + 41.8 
52.4 + 20.1 
87.8 + 31.4 
97.4 + 10.5 


Saline 
EPL soln. 
EPL susp. 
EYL susp. 


Aorta 


Statistical Analysis 
Ivil NS 
Iv Ill NS 
IvIV NS 





"P< “P<00) "PP =< Oe: 


Table 3. Effect of EPL solution, EPL suspension, EYL solution and EYL suspension on lipolytic enzymes in liver 





Cholesterol 
Lipase esterase 


neq/mg/hr 


26.5 + 5.1 
50.4 + 22.4 
33.9 + 3.8 
33.2 + 10.6 
3a = 12 


Injection No. Phospholipase 





20.8 + 3.4 
22.8 + 4.6 
17.6 + 2.9 
25.7 + 8.3 


26.0 + 4.5 
58.2 + 11.7 
38.8 + 7.7 
35.9 + 2.4 


Saline 
EPL soln. 
EPL susp. 
EYL susp. 
EYL soln. 
Sodium 
Deoxycholate 
Statistical Analysis 
IvIl 
IvIll 
IvIV 
IvV 
Iv VI 
II v Ill 
IIvIV 
IIvV 
II v VI 
III vIV 
IVvV 


27.6 + 3.8 








“P<005 *P<001 P< 0001. 
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Table 4. Effect of M NaCl on lipase activity in rabbit liver 





Lipase activity (neq/mg/hr) 


Injection without M NaCl with M NaCl 





22.1 
23.0 
43.0 
36.0 
46.3 
35.9 


52.0 
25.4 
35.0 
56.7 
79.5 
47.6 


Saline 
EPL solution 


. EPL hydrosol 





unchanged. In addition, EYL solution but not sodium 
deoxycholate increased lipase activity. 

The order of activation of lipase being EPL 
soln. > EYL soln. > EPL suspension > EYL suspen- 
sion. When the incubation was carried out in the 
presence of M NaCl, there was either no change or 
enhancement of lipase activity (Table 4). 


DISCUSSION 


In normal animals, EPL solution increases lipase 
activity in serum and liver but decreases activity in 
the aorta [4]. It has now been shown that these effects 
are due to the EPL itself, and not deoxycholate used 
as a detergent for solubilising EPL. However, the ac- 
tivity of EPL is enhanced by solution in deoxycholate 
although the latter is inactive alone. Any explanation 
for this enhancement can only be speculative, but is 
probably due to the greater availability of EPL in 
the miscellar dispersion produced by deoxycholate. 

The lipolytic properties of EPL are not unique for 
this particular phosphatidyl choline since egg yolk 
lecithin also shows activity, albeit somewhat less. Pre- 
sumably all phosphatidyl cholines will enhance lipoly- 
tic activity, the magnitude of which, will depend on 
its structure, especially the degree of unsaturation of 
the fatty acid components. 

The effect of lipase activity in serum is similar to 
that observed with heparin [5]. The latter enhances 
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lipolytic activities against a variety of substrates in- 
cluding triglycerides, and phospholipids. Heparin 
stimulates the release of two lipases [6, 7], “lipropro- 
tein lipase” which is inhibited by M NaCl and “liver 
lipase” which is not suppressed. Our results favour 
the view that the chief lipase enhanced is “liver lipase” 
since lipase activity was not inhibited by M NaCl. 
Recent work from Ehnholm et al. [8] indicates that 
purified “liver lipase” also has phospholipase activity. 
This is consistent with the properties of EPL which 
increases phospholipase in liver and serum. 

With these above facts established it is now poss- 
ible to suggest a possible mode of action of EPL as 
a “clearing” agent. Presumably EPL increases phos- 
pholipase activity because it is a substrate for such 
enzymes. This includes “Liver lipase” which is a phos- 
pholipase. This latter enzyme is also a triglyceride 
lipase, and substrates such as chylomicrons or very 
low density lipoproteins which contain chiefly trigly- 
cerides will also be lipolysed. 
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Abstract—The acute effect of hyperammonemia (NH blood level 0.2 mM) was evaluated in the isolated 
dog brain in situ. The interference of the transmethylating system of S-adenosyl-L-methionine was 
also studied by means of infusion with S-adenosyl-L-methionine or adenosine (blood level 0.4m™M). 

The changes induced by hyperammonemia on the cerebral glutamate-ammonia system (pyruvate, 
a-oxoglutarate, oxaloacetate, L-alanine, L-glutamate, L-aspartate, L-glutamine, NH{) were evaluated. 
Cerebral detoxication of ammonia is connected with the formation of glutamine and, to a lesser extent, 
of alanine, and is balanced by a decrease in aspartate; glutamate, oxaloacetate, pyruvate and x-oxoglu- 
tarate are unmodified or slightly modified. 

Cerebral intermediate metabolism of glucides was largely activated by acute hyperammonemia, a 
marked increase in Gibbs free energy being observed. A fraction of this energy not exceeding 10 
per cent can be ascribed to the synthesis of glutamine. Hyperammonemia induced a variation of 
the resting transmembrane potential (as indirectly obtained by applying the Nernst equation), which 


becomes less negative. 


The glutamate-ammonia system is the most: directly 
involved in the detoxication of NH; during hyperam- 
monemia syndromes. In fact, the basic event of this 
process consists in the conversion of a carboxyl acid 
into an amino acid, with ammonia uptake. The 
balance of the cerebral ammonia-detoxicating power 
must be evaluated by taking into account the changes 
occurring in the various components, as a function 
of the amount of ammonia reaching the cerebral tis- 
sue. 

Some participants in the glutamate-ammonia sys- 
tem are intrinsically connected with the intermediate 
metabolism of glucides. The relationships between 
glycolysis or Krebs’ cycle intermediates and the gluta- 
mate—ammonia system require that the investigations 
be extended to the study of hyperammonemia effects 
also at the level of cerebral energy metabolism. 

The function of cerebral cells requires a specific and 
uneven distribution of ions across the membranes. 
When present extracellularly NHjz (like K*) de- 
creases the resting transmembrane potential, therefore 
bringing the potential closer to the threshold for firing 
and causing a general increase in nerve-cell excit- 
ability [1-3]. Consequently, it is also important to 
evaluate the effect induced by hyperammonemia on 
the resting transmembrane potential. 

The glutamate-ammonia system interferes with 
other biological systems of the brain, e.g. the S-adeno- 
syl-L-methionine transmethylating system. Indeed, 
S-adenosyl-L-methionine: is found under an activated 
form; it releases adenosine as a metabolic product; 
during its metabolic transformation it yields L-cys- 
teine (which, by condensating with «-oxoglutarate, 
yields mercaptopyruvate and glutamate); it is in- 
volved in the transmethylation processes affecting 
also catecholamines. 

In the present study in vivo, acute hyperammone- 
mia was induced by artificially raising the blood NHZ 
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concentration by infusion of ammonium acetate to 
the regional cerebral circulation. In order to eliminate 
response variations due to the different blood levels 
of the various components, the cerebral blood flow 
was kept constant during each trial. The technique 
of in situ isolated brain perfusion was used since it 
allows the proper composition of perfusing blood, 
blood flow rate, blood oxygenation to be selected at 
will [4~14]. 

By the technique of the dog brain isolated in situ, 
in this work we have investigated the effect at cerebral 
level of the acute hyperammonemia syndrome: (1) on 
the ammonia-detoxicating power; (2) on fuels, end- 
products and intermediates of the glycolytic pathway 
and citric acid cycle; (3) on the resting transmem- 
brane potential. Moreover, we have studied the inter- 
ference at cerebral level of the perfusion of S-adeno- 
syl-L-methionine or adenosine on the effect of the 
hyperammonemia syndrome, evaluated by the three 
groups of parameters indicated above. 


MATERIALS AND METHODS 


The experiments were carried out on female beagle 
dogs (aged 240-360 days and weighing from 12.5 to 
15.6 kg) all kept under the same environmental condi- 
tions (22 + 1°, relative humidity = 60 + 5 per cent) 
and fed only a standard diet (Altromin Rieper) with 
water ad lib. The animals were pre-anaesthetized with 
urethane (0.4 g/kg i.p.), and the anaesthesia was in- 
duced and maintained only during the surgical pro- 
cedure by chloralose (20 40 mg/kg i.v.). The ani- 
mals were immobilized by intravenous injection of 
gallamine triethiodide (2—3 mg/kg), and artificially 
ventilated. Because anaesthetics affect cerebral energy 
charge, EEG pattern was used to determine the remo- 
val of anaesthetic activity before the start of the ex- 
periment on cerebral metabolism. 
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The operative procedure consisted mainly 
[4, 6, 11,12] in the isolation of the external jugular 
vein and the common carotid arteries, with ligature 
of all their branches (except the internal carotid 
arteries) and of the vertebral vessels. Both of the iso- 
lated jugular veins were ligated, cannulated, and con- 
nected to the venous reservoir of the pump—oxygena- 
tor system (through the gravitational flow). Both of 
the isolated carotid arteries were also cannulated and 
connected to the pump-—oxygenator system. The elec- 
troencephalogram as well as both systemic pressure 
and cerebral perfusion pressure were recorded on 
a 12-channel polygraph (Physioscript EE12— 
Schwarzer). A 2.5cm diameter hole was made in the 
frontoparietal area; a plastic funnel was fitted into 
ihe hole and the skin was tightly sutured around the 
funnel; subsequently, the plastic funnel was sealed 
with a rubber stopper and thermally insulated. 

The brain perfusion apparatus employed consisted 
of a verious reservoir, an oxygenator with a gasmeter, 
a roller-type pump with a flowmeter, two blood filters 
(polyester staple 1622 Montefibre), a perfusion pres- 
sure regulator with a manometer, a blood exchanger 
with a telethermometer, and an apparatus to elimin- 
ate blood foam [4, 6,12]. Prior to the extracorporeal 
perfusion, the pump-—oxygenator system was’ filled 
with 500 ml of heparinized compatible blood, filtered 
through polyester staple and adjusted to pH 7.35 
using !1M_ sodium bicarbonate. A flow of a 
O, + CO, mixture (95:5), maintained at the rate of 
51 min~', was passed into the oxygenator during the 
extracorporeal brain perfusion. The blood flow rate 
-was kept between 41 and 43 ml min~', the pressure 
being equal to the initial systemic pressure of the ani- 
mal. 

Induction of acute hyperammonemia. At the end of 
the preparative procedure and after an equilibration 
period, the hyperammonemia syndrome was induced 
in the dogs by infusion of ammonium acetate into 
the extracorporeal circuit at the initial concentration 
of 2 x 10°*M. The level of NH{ into the perfusion 
arterial blood was kept constant by the continuous 
infusion of 6.5 umoles min~ ', during the 20 min of the 
syndrome. 

To study the interference of S-adenosyl-L-meth- 
ionine transmethylating system on acute hyperam- 
monemia, 20 min before inducing the hyperammone- 
mia an infusjon of S-adenosyl-L-methionine or adeno- 
sine was started. S-adenosyl-L-methionine or adeno- 
sine were present in the perfusion circuit at the initial 
concentration of 4 x 10°*M:; during the 40 min of 
the experiment, they were continuously infused 
(1 pmole min“ '). 

Our investigation was focused on three series of 
biological events taking place in brain tissue: 

(1) the NHj-detoxicating power of the glutamate— 
ammonia system; 

(2) the brain energy balance related to the inter- 
mediate metabolism of glucides; 

(3) the resting transmembrane potential, indirectly 
obtained by applying the Nernst equation. 

In order to define the effect induced by the hyper- 
ammonemia syndrome, control values were taken as 
base values, changes (A’) in the parameters examined 
being calculated by difference. For statistical analysis, 
the Student t-test was used in all instances (P < 0.05). 
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Analytical methods. For the evaluation of the arter- 
ovenous differences of metabolites across the brain, 
glucose, glutamate, glutamine, alanine, O, and NHj 
uptake, and lactic acid formation were evaluated from 
simultaneously drawn arterial and venous blood 
samples. By continuous. infusion of glucose 
(25 umoles min ~') to the venous reservoir, the glucose 
concentration in the blood was kept at a constant 
level. For the evaluation of metabolites in brain, at 
the set time the motor area of the cortex was frozen 
in situ by pouring liquid nitrogen into the plastic fun- 
nel fitted into the cranial vault. The cortical portion 
of the frozen brain was cut and removed using a 
rotating cold hollow tube during continuous irriga- 
tion with liquid nitrogen. The frozen cerebral tissue 
was then immersed into liquid nitrogen for 10-15 min 
and quickly (3-4 sec) powdered by a precooled auto- 
matic apparatus (Microdismembrator Braun) using 
frozen 1:23 M perchloric acid. The subsequent steps of 
the analytical procedure were carried out in a cooled 
box at 0-S5° until a perchlorate-free extract was 
obtained [15]. Metabolites were determined by enzy- 
matic techniques: alanine [16]; NH{ [17]; aspartate 
[18]; citrate [19]; glycogen [20]; glucose [21]; gluta- 
mate [22]; glutamine [23]; lactate [24]; malate [25]; 
«-oxoglutarate [26]; O, [27]; pyruvate [28]; ATP 
[29];, ADP [30]; AMP [30], phosphocreatine [31]. 
The oxaloacetate concentration was calculated from 
the formula: 


[pyruvate] x [malate] 


[oxaloacetate] = < 
[lactate] 


* (Kypn/Kipn) 


where K,py and Kypy are the equilibrium constants 
of lactate dehydrogenase and malate dehydrogenase, 
respectively [32]. 

Evaluation of the NHj-detoxicating power of the 
glutamate-ammonia_ system. This evaluation was 
obtained from the balance of variations in the artero- 
venous levels and/or in the cerebral concentrations 
of NHj, carboxyl acid («-oxoglutarate, pyruvate, ox- 
aloacetate) and amino acids (L-glutamate, L-alanine, 
L-aspartate, L-glutamine). 

The calculated changes (A’) induced by ammonium 
acetate were: (i) A(;CU = change in Cerebral Uptake 
(nmoles g~' min~') 
where: 

A’CU = CBF x AAV; CBF = Cerebral Blood Flow 
(ml min~' g~'); AAV = ArteroVenous differences 
(nmoles ml~') of metabolites across the brain; 


(ii) A'CTC = change in Cerebral Tissular Concen- 
tration (nmoles g~' min~') A’CTC = (CTCyam — 
CTC,.,n,). t” ' where: CTC, nm = cerebral tissular con- 
centrations (nmoles g~') of metabolites after 
ammonium acetate perfusion; CTC,,,, = cerebral tis- 
sular concentrations (nmoles g~') of metabolites in 
control conditions; t = time (min); (ili) A’;CMR = 
change in Cerebral Metabolic Rate (nmoles g™' 
min” ') A';CMR = A'CU — ACTC; (iv) AXCMZRyy; = 
change in Cerebral Metabolizing Rate for NHj 
(nmoles g~' min>*) A';CMZRyy; = A’CTCyiutamare + 
A’CTC, conse + A’'CT Cyanine + ZA'CTC i usamine’ (v) 
MPIyy; = Metabolizing Power Index for NHj 
MPI = (A’;CMZRyy;)/(A’CMRyu;). 





Metabolism and cerebral energy state 


Computation of cerebral energy change by NH. 
This evaluation was obtained from the balance of 
variations in the arterovenous levels and/or in the 
cerebral concentrations of fuels (e.g. glucose, gly- 
cogen), of intermediates (e.g. pyruvate) and end-pro- 
ducts (e.g. lactate, oxaloacetate) related to the cerebral 
metabolism of glucides. 

The calculated changes (A’) induced by ammonium 
acetate were: 

(i) A‘'CU = change in Cerebral Uptake (nmoles g™ 
min™-') ACU=CBF (ml min™' g™')x AAV 
(nmoles ml~ '); (ii) A;CTC = change in Cerebral Tis- 
sular Concentration (nmoles g~' min~') A'CTC = 
[CTC.mmnmoles g ')—CTC.,,,(nmoles g™')]. 
t~'(min); (iii) A(CMR = change in Cerebral Meta- 
bolic Rate (nmoles g~' min~') A‘’CMR = ACU — 
A'CTC; (iv) A’CANMR,),.ose = change in Cerebral 


1 


Anaerobic Metabolic Rate for the glucose units 
a | 
min‘) 


(nmoles g™' 


A’'CAnMR = —0,5 A’'CMRigcrare 


glucose 


where: 


A'CMR, crate = Change in Cerebral Metabolic Rate for 
lactate. In fact each mole of glucose (or of glucosyl 
unit derived from glycogen) anaerobically yields 2 
moles of lactate; (v) A’CAeMR,,,..,. = change 
in Cerebral Aerobic Metabolic Rate for glucose 
(nmoles g~' min~') A’CAeMRgiycose = A’ CMR giucose + 
A'CMRgiycogen — A'CANMRyjucoses (Vi) A'TAG*] = 
change in the Cerebral free energy (mcal g~' min~'). 

In fact, for the measurement of the energy change 
induced by NHj in the brain system, we used the 
function AG or Gibbs free energy. To further simplify 
actual numerical computations, we used the standard 
free energy change (AG°’), assuming the value of 
—47kcal mol~' for the reduction of glucose to lac- 
tate, and the value of —686 kcal mol™' for the oxi- 
dation of glucose to H,O and CO,. The computated 
values of free energy change should be regarded as 
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relative and utilized only for the evaluation of the 
changes (A’) occurring between the control condition 
and the NHj-induced condition: A(AG*’). 
Computation of the resting transmembrane potential. 
For the indirect calculation of the resting transmem- 
brane potential (E,) we used the Nernst equation: 


RT (CK Jin + #DNH¢ Jin 
— In ) mv 


[K* Joa + #DNHe Jeu 
where: R = gas law constant (1.987 cal mol” ' deg~'); 
T = absolute temperature; F = Faraday constant 
(23,061 cal: vol~' equiv™'); x = 0.2. 

The subscripts int and ext refer to intracellular and 
extracellular concentrations, respectively; « is the per- 
meability of NHj relative to K* (2). The blood 
[NHj] and [K*] were used as an approximation 
of those existing in brain extracellular fluid [33]. In 
this case, the NHj-induced variations in the resting 
transmembrane potential as calculated by the Nernst 
equation [33] agree with actual direct measurements 
made on cat motor neurons and squid giant axons 
(2, 3]. 


E, = - 


RESULTS 


Ammonium acetate (0.2 mM in the cerebral perfus- 
ing blood) causes a derangement in the components 
of the cerebral glutamate-ammonia system (Table 1), 
i.e. a significant increase in glutamine and alanine, 
and a significant decrease of both aspartate and ox- 
aloacetate, while glutamate, pyruvate and «-oxoglu- 
tarate remain unchanged. As shown in Table 2, 
ammonia detoxication is brought about by glutamine 
and, to a lesser degree, by alanine. Concurrently, the 
detoxicating role of glutamate and aspartate becomes 
less important, probably due to the amidation of glu- 
tamate to glutamine. 

Table 2 shows that adenosine perfusion (0.4mM) 
does not remarkably modify the ammonium-detoxi- 


Table 1. Action of ammonium acetate (added to the cerebral perfusing blood: 2 x 10°~*M) on some components 
of the glutamate-ammonia system evaluated in cerebral tissue and by arterovenous differences across the brain 





Control 
conditions 
(a) 


Unit of 


Parameters measurement 


Perfusion with ammonium acetate after and 
during the infusion with 





S-Adenosyl-L- 
methionine 
(4 x 10°*M) 
(c) 


Adenosine 
(4 x 10°*M) 


(b) (d) 





Cerebral blood flow ml min! g~ 


1 0.494 + 0.011 


0.492 + 0.010 0.477 + 0.012 0.485 + 0.015 





NHj uptake 


Glutamate uptake . 


nmoles min~' g™! 


2+1 


<i 


94+ 3@A 81+ 3@ 


<i 


78+ 2@ 
<i 


From arterovenous 
differences across 
the brain 


Glutamine uptake 
Alanine uptake 


1.2 + 0.3 
1.1 + 0.6 


<i! 
<i! 


16+04 
<i 





NH 
Glutamate 
Glutamine 
Alanine 


0.23 + 0.04 
10.20 + 0.41 
5.43 + 0.08 
0.435 + 0.011 


0.39 + 0.03@ 
10.06 + 0.06 
6.39 + 0.07@ 
0.635 + 0.0IL7@a 


0.42 + 0.0le 
10.09 + 0.32 

6.29 + 0.026 
0.585 + 0.011l@® 


0.44 + 0.02@ 
10.12 + 0.11 

6.51 + 0.12@ 
0.595 + 0.007@ 


Concentration in brain 


a-Oxoglutarate umoles g™ 
Aspartate 
Pyruvate 


Oxaloacetate nmoles g™ 


. 0.199 + 0.013 
2.44 + 0.10 
0.100 + 0.008 
F 3.3 + 0.2 


0.202 + 0.003 
1.80 + 0.060 

0.102 + 0.003 
25+ 010 


0.195 + 0.002 
1.80 + 0.100 
0.103 + 0.002 

28+ 010 


0.192 + 0.006 
1.93 + 0.04@ 
0.104 + 0.004 
2.7+ 0.1@ 





* The values are means (+ standard errors) of six preparations of beagle dog. The symbol (@) indicates the statistical 
significance as compared with control condition: (b), (c) and (d) versus (a). The symbol (A) in the hyperammonemic 
animals indicates the statistical significance as compared with dogs not infused by S-adenosyl-L-methionine or adenosine: 
(c) and (d) versus (b). Level of statistical significance: P < 0.05. 
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Table 2. Changes (A’) induced by ammonium acetate (added to cerebral perfusing blood: 2 x 10~*M) 
on the glutamate-ammonia system of the brain as compared with control condition 





ACU A'CTC A'CMR ACMZRyu: Metabolizing 


Power Index 
for NH 


Cerebral 


infusion with Metabolite nmoles g 





NH; +9.5 
Glutamate —5.5 
Glutamine +43.0 
Alanine +75 
Aspartate —25.5 
Pyruvate <05 
a-Oxoglutarate <0.5 
Oxaloacetate <0.5 





Total 





NH, 
Glutamate 
Glutamine 
Alanine 
Aspartate 
Pyruvate 
a-Oxoglutarate 
Oxaloacetate 


S-Adenosyl- 
L-methionine 





Total 





NH, 
Glutamate 
Glutamine 
Alanine 
Aspartate 
Pyruvate 
a-Oxoglutarate 
Oxaloacetate 


Adenosine 





(c) Total +67 0.94 





* The calculated parameters are: A‘'CU = change on Cerebral Uptake; A’CTC = change on Cerebral 
Tissular Concentration; A’CMR = A’CU — A’‘CTC =change on Cerebral Metabolic Rate; 
A’'CMZRwu; = change on Cerebral Metabolizing Rate for NHj° 

The symbol (@) indicates the statistical significance (P < 0.05) as compared with perfusion without 
S-adenosyl-L-methionine or adenosine: (b) and (c) versus (a) 


Table 3. Actionof ammonium acetate (added to the cerebral perfusing blood: 2 x 10~*M) on some parameters related 
to the glucidic metabolism and evaluated in cerebral tissue and by arterovenous differences across the brain* 





Perfusion with ammonium acetate after and 
during the infusion with 





S-Adenosyl-L- 
Control methionine Adenosine 
Unit of condition _ (4 x 10°*M) (4 x 10°*M) 


Parameters measurement (a) (b) (c) (a) 





Cerebral blood flow ml min~' g™' 0.494 + 0.011 + 0.010 0.477 + 0.012 0.485 + 0.015 





Glucose uptake 
Lactate release 
Oxygen uptake 


0.285 + 0.008 
umoles g~' min”! 0.038 + 0.002 
1.64 + 0.07 


+ 0.006@ 
+ 0.005@ 
+ 0.04 


0.319 + 0.01l4@ 
0.074 + 0.00S5S@ 
1.76 + 0.02 


0.325 + 0.007@ 
0.081 + 0.005@ 
1.75 + 0.03 


differences 
across the brain 


arterovenous 





Glycogen 
Glucose 
Pyruvate 
Lactate 


3.48 + 0.16 234 + 0.060 
2.48 + 0.060 
0.103 + 0.002 


2.06 + 0.04@ 


+ 0.030 2.44 + 0.0704 
? 


66 + 0.078 
umoles g~' +0. 0.104 + 0.004 
2.23 + 0.07@ 


28 + 0.0604 
0.102 + 0.003 
1.96 + 0.0404 





ATP : 2.26 + 0.05 


ADP 
AMP 


umoles g™' 


0.45 + 0.01 
0.09 + 0.003 


2.16 + 0.07 
0.52 + 0.03 
0.05 + 0.003 


2.20 + 0.07 
0.43 + 0.02 
0.08 + 0.002 


Concentration in brain 


Creatine phosphate 4.82 + 0.12 4.40 + 0.36 4.76 + 0.20 4.59 + 0.23 





* The values are means (+ standard errors) of six preparations. The symbol (@) indicates the statistical significance 
as compared with control condition: (b), (c) and (d) versus (a). The symbol (A) in the hyperammonetmic animals 
indicates the statistical significance as compared with dogs not infused by S-adenosyl-L-methionine or adenosine: (c) and 
(d) versus (b). Level of statistical significance: P < 0.05. 
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Table 4. Changes (A’) induced by ammonium acetate (added to the cerebral perfusing blood: 2 x 10~*M) on some 
parameters related to the glucidic metabolism of the brain as compared with control condition* 





ACU ACTC A'CMR 


A’'CAnMR 


Blucoss 


A'CAeMR,,,. A(AG*) 





Cerebral 
infusion with ; 


Metabolite nmoles g~ 


min 





Glucose —24 
Glycogen +68 
Lactate 3 — 66 





(a) Total 





Glucose 
Glycogen 
Lactate 


S-Adenosyl-L- 
methionine 
(4 x 10°*M) 





(b) Total 





Glucose 
Glycogen 
Lactate 


Adenosine 
(4 x 107>*M) 





(c) Total 





* The calculated parameters (see also Materials and Methods) are: 
A’'CU = change on Cerebral Uptake; A’CTC = change on Cerebral Tissular Concentration; A‘’CMR = A’CU — 
A'CTC = change on Cerebral Metabolic Rate; A';CANMRyjycose = —9.5 (A’CMRiaciate) = Change on Cerebral Anaerobic 
Metabolic Rate for glucose; A’CAeCMRyjycose = A’CMRejucose + A'CMRyiycogen — A’ CANMRyiycose = Change on Cerebral 
Aerobic Metabolic Rate for glucose; A(AG°) = change on Gibbs free energy. 

The symbol (@) indicates the statistical significance as compared with perfusion without S-adenosyl-L-methionine 
or adenosine: (b) and (c) versus (a). Level of statistical significance: P < 0.05. 


cating power of brain tissue, whereas the perfusion 
with S-adenosyl-L-methionine (0.4 mM) increases the 
metabolization of NH. This is caused by a higher 
ammonium-detoxicating power of glutamine matched 
by a decrease in that of aspartate. The ratio between 
ammonium-detoxicating power and ammonia meta- 
bolic rate (the Metabolizing Power Index for NHj) 


is always very close to 1. This index, in fact, has a 
value of 0.94 in hyperammonemia, and values of 0.98 
or 0.94 in the hyperammonemia developing during 
perfusion with S-adenosyl-L-methionine or adenosine, 
respectively. 

Ammonium acetate induces a significant increase 
both in glucose uptake and in the formation of lac- 


tate, while O, uptake is not significantly increased 
(Table 3). At cerebral level, an increase in the concen- 
trations of glucose and lactate can be observed, while 
a glycogen depletion occurs and tissular levels of pyr- 
uvate remain unchanged. There were no NHj- 
induced modifications in the concentrations of ATP, 
ADP, AMP and creatine phosphate, indicating no 
change in the phosphorylation state of the adenine 
nucleotides in the brain. Computations quoted in 
Table 4 show that hyperammonemia induces a 
remarkable increase in the Gibbs free energy. The in- 
tervention of S-adenosyl-L-methionine increases the 
Gibbs free energy change by displacing the increased 
metabolism of glucides towards aerobic degradation. 


Table 5. Action of ammonium acetate (added to cerebral perfusing blood: 2 x 10~*M) on some parameters related 
to the resting transmembrane potential and evaluated both in arterial blood and in cerebral tissue.* 





Perfusion with ammonium acetate after and 
during the infusion with 





S-Adenosyl-L- 


methionine Adenosine 


Unit of 


Parameters measurement 


Control 
conditions 


— (4 x 10-*M) 


(a) 


(6) 


(4 x 10°*M) 
(c) 





K* arterial 
K* cerebral 
NH arterial 
NH cerebral 


umoles g™' 


4.12 + 0.16 
120.1 + 1.5 
0.022 + 0.003 

0.23 + 0.04 


4.71 +000 
116.5 +05 
0.214 + 0.007@ 

0.42 + 0.0le 


4.88 + 0.04@ 
114.2+04 
0.226 + 0.004@ 

0.44 + 0.02@ 


4.77 +0.0¢@ 
1164+04 
0.221 + 0.004@ 

0.39 + 0.03@ 





Calculated resting 





ial mV 


—90.88 + 1.26 


—86.20 + 0.63@ 


—84.63 + 0.28@ 


—85.79 + 0.17@ 


™ 
tr rane p 





The resting transmembrane potential was calculated as: 





— —lIn 
F 


RT bet + | 
[K “Jeu + 40NH¢ Jeu] 


where the subscripts int and ext refer to intracellular (cerebral) and extracellular (arterial) concentration respectively, 


and « is the permeability of NHj relative to K*. 


* The values are means (+ standard errors) of six preparations of beagle dog. The symbol (@) indicates the statistical 
significance as compared with control condition. The symbol (A) in hyperammonemic dogs indicates the statistical 
significance as compared with animal not infused by S-adenosyl-L-methionine or adenosine: (c) and (a) versus (b). 


Level of statistical significance: P < 0.05. 
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Table 6. Energy required for glutamine production 





Glutamine@ 
production 
Pretreatment and 


Gibbs free@e 
energy 


Excess of 
free energy 


Energy 
required 





= 


treatment with nmoles g~' min 


mcal g~' min~' 





S-Adenosyl-L- 43 
methionine 54 
Adenosine 48 


9.10 
13.57 
10.42 





@ Data from Table 2. 
@@ Data from Table 4. 


Hyperammonemia makes the resting transmem- 
brane potential, indirectly obtained by applying the 
Nernst equation, less negative (Table 5). The extent 
of this event is slightly increased by the cerebral per- 
fusion with S-adenosyl-L-methionine and, to a lesser 
degree, with adenosine. 


DISCUSSION 


As proposed also on the basis of previous studies, 
the increase in glutamine synthesis represents the 
major mechanism in ammonia detoxication. In fact, 
in cat brain '°N from ['*N]Jammonium acetate was 
found to be preferentially incorporated into the 
amino group of glutamine, as compared with the 
amino group of glutamate [34]. Furthermore, in the 
presence of an increased level of ammonia, in the 
brain cortex of the cat the specific activity of tissue 
'4CO, for glutamine increased without a correspond- 
ing decrease in specific activities for glutamate or 
aspartate [35]. In agreement with the results obtained 
in rat brain [33] frozen within 1 sec by the brain- 
freezer [36], in the present study the NHj -induced 
alteration in the glutamate-ammonia system of the 
motor area of dog brain cortex suggests (Table 2) 
that : (1) the cerebral metabolizing rate for NH; was 
increased; (2) much NHj was incorporated into glu- 
tamine and a lesser amount into alanine; (3) the NHZ 
-induced change in the cerebral metabolic rate of glu- 
tamate, oxaloacetate, pyruvate and «a-oxoglutarate 
was negligible; (4) the cerebral metabolic rate of 
aspartate was decreased; (5) pretreatment with 
S-adenosyl-L-methionine produced an increase in the 
NH, -induced synthesis of extra glutamine. Such a 
result confirms in vivo that the glutamate-ammonia 
system forms an integral whole [37] in which fluctua- 
tions in the value of one component, such as 
ammonia, are compensated by corresponding fluctua- 
tions in the values of other components. At any rate, 
the glutamate-ammonia system plays a regulatory 
role in the cerebral process of NH detoxication. In- 
deed, the metabolizing power index for NHj respect- 
ively showed a value of 0.94 during the hyperam- 
monemia syndrome, and values of 0.98 or 0.94 during 
the hyperammonemia syndrome elicited in the course 
of the brain perfusion with S-adenosyl-L-methionine 
or adenosine. a 

The interference of S-adenosyl-L-methionine on 
NHj detoxication is probably related to the forma- 
tion of L-cysteine and its subsequent condensation 
with «-oxoglutarate to form mercaptopyruvate and 
glutamate, which may then be further converted to 
glutamine. In fact S-adenosyl-L-methionine provides 
the methyl groups to the acceptors (38) with the for- 


mation of S-adenosyl-i-homocysteine which is 
cleaved to L-homocysteine and adenosine; L-homo- 
cysteine may then undergo remethylation to L-meth- 
ionine or enter the transsulfuration pathway with the 
formation of L-cysteine [39,40]. Although in the 
present research no attention was directed to the 
problem of the blood-brain barrier penetration of the 
substance, it should be noted that the 100 mg/kg i.v. 
injection of S-adenosyl-L-methionine in rats induces 
the 100 per cent increase of the substance in the brain 
within 5 min. S-adenosyl-L-methionine i.v. injected to 
the rat, rabbit and man exhibits a ts9., of about 
40 min for rats and rabbits, and of 80 min for man 
[42,43]. We suggest that the interference of S-adeno- 
syl-L-methionine on cerebral NHj detoxication is 
probably related to its increased cerebral concen- 
tration, which in our experimental model was induced 
by the direct infusion of the substance into cerebral 
circulation. 

As for the problem of the change induced by NH 
on cerebral energetics, the view that NHj interferes 
with “high-energy bond” phosphate seems unlikely. 
In fact, in agreement with the results obtained in rat 
brain [33, 41], in the present research adenine nucleo- 
tides concentration was unchanged, indicating no de- 
crease in the phosphorylation state of the brain dur- 
ing acute hyperammonemia. On the contrary, we 
observed a significant increase of Gibbs free energy 
(Table 4) that can be utilized by a process which 
occurred as a consequence of increased [NHj ], such 
as: incorporation of NHj into glutamine, increase 
of amino acids transport to the brain, or ionic effects 
of ammonia. 

As for NH{ incorporation into glutamine, in the 
amidation reaction catalyzed by glutamine synthase 
the free standard energy expenditure is 7 kcal mol™', 
depending on the transformation of ATP to ADP. 
However, during glucose degradation, energy is trans- 
duced into ATP with a yield of 36 per cent. Therefore, 
in order to perform the amidation reaction a gross 
energy expenditure of approximately 19.5 kcal 
moles~' should be computed. By taking into account 
the values of glutamine production, the gross energy 
required for this production, under the various experi- 
mental conditions, can be calculated. The data sum- 
marized in Table 6 clearly show that the amount of 
energy required for the amidation of glutamate to glu- 
tamine is much lower than the change of Gibbs free 
energy caused by the hyperammonemia syndrome. 

As for the increase in the amino acid transport to 
the cerebral tissue, it should be noted that the NHj- 
induced changes in the uptake of glutamate, gluta- 
mine and alanine (Table 2) across the brain are negli- 
gible. This observation can not lead to any conclusive 
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data, because other amino acids may be carried to 
the brain and converted by the cerebral tissue. In fact 
in the blood-brain barrier there is one carrier for neu- 
tral amino acids and one for basic amino acids that 
can, for their transported substances, compete suc- 
cessfully against even strong hydrogen bonding to 
plasma water [44]. 

An ammonia-induced decrease in the resting trans- 
membrane potential of about 4.5 to 6.0 mV was calcu- 
lated from the Nernst equation in our various experi- 
mental conditions at an NHj blood level of 0.2 mM. 
In brain of ammonium acetate injected rats, with an 
NH arterial blood of 1.7 mM (33), a decrease in the 
resting transmembrane potential of about 15 mV was 
indirectly calculated. This agrees with actual direct 
measurements made in cat motor neurons and squid 
giant axons, indicating that NH{ decreases the rest- 
ing transmembrane potential, therefore bringing the 
potential closer to the threshold for firing [1-3]; 
‘ S-adenosyl-L-methionine seems to magnify this de- 
crease. In cerebral tissue, NH{ may exchange with 
K* [45], a K* efflux from brain being induced. In 
fact, after 20 min period of constant 0.2mM 
ammonium acetate infusion, plasma [K*] rose from 
4.1 to 4.7 umoles g~', while cerebral [K*] decreased 
from 120.1 to 116.5umoles g~'. According to the 
result obtained in rat brain (33), it may be suggested 
that the increased [NHj] and the resulting rise in 
[K*] may account, at least in part, for the changed 
metabolic rate. This action could be brought about 
by the activation of Na*-, K*-stimulated adenosine 
triphosphatase activity [46]. The stimulation of brain 
oxidative metabolic rate is proportionately related to 
plasma [NH]. In fact, in rat with 1.74mM plasma 
[NHj], the brain oxygen uptake increased by 27.2 
per cent [33], while in the present experiment in 
beagle dog with 0.2mM plasma [NHj], the brain 
oxygen uptake increased only by 5.5 per cent. Glu- 
cose, glycogen and lactate cerebra! utilization or pro- 
duction increased quite proportionately in the two 
quoted experimental conditions, indicating the impor- 
tant role of NHj on the cerebral metabolic and 
detoxicating processes, involving also the ionic dyna- 
mic state. 


REFERENCES 


. R. Lorente de No, F. Vidal and L. M. H. Larramendi, 
Nature, Lond. 179, 737 (1957). 

. L. Binstock and H. Lecar, J. gen. Physiol. 53, 342 
(1969). 

. H. D. Lux, C. Loracher and E. Neher, Exp. Brain Res. 
11, 431 (1970). 

. A. Geiger and J. Magnes, Am. J. Physiol. 149, 517 
(1947). 

. A. Geiger, Physiol. Rev. 38, 1 (1958). 

. D. D. Gilboe, W. W. Cotanch and M. B. Glover, 
Nature, Lond. 206, 94 (1965). 

. D. D. Gilboe, W. W. Cotanch, M. B. Glover and V. 
A. Levin, Am. J. Physiol. 212, 589 (1967). 

. D. D. Gilboe, R. L. Andrews and G. Dardenne, Am. 
J. Physiol. 219, 767 (1970). 

. D. D. Gilboe and A. L. Betz, Am. J. Physiol. 224, 588 
(1973). 

. D. D. Gilboe, A. L. Betz and D. A. Langebartel, J. 
appl. Physiol. 34, 534 (1973). 

. R. J. White, M. S. Albin and J. Verdura, Science, N.Y. 
141, 1060 (1963). 


2403 


12. G. Benzi, F. Berte’, A. Crema and G. M. Frigo, J. 
pharm. Sci. 5, 1349 (1967). 

. G. Benzi, F. Berte’ E. Arrigoni and L. Manzo, J. pharm. 
Sci. 58, 885 (1969). 

. G. Benzi, M. De Bernardi, L. Manzo, A. Ferrara, P. 
Panceri, E. Arrigoni and F. Berte’, J. pharm. Sci. 61, 
348 (1972). 

. B. K. Siesj6 and L. Nilsson Scand. J. clin. Lab. Invest. 
27, 83 (1971). 

. M. Grassl, in Methods of Enzymatic Analysis. (Ed. H. 
U. Bergmeyer), pp. 1682-1685. Academic Press Inc., 
New York (1974). 

.E. Kun and E. B. Kearney, Methods of Enzymatic 
Analysis. (Ed. H. U. Bergmeyer), pp. 1802-1806. Aca- 
demic Press Inc., New York (1974). 

. H. U. Bergmeyer, E. Bernt, H. MGllering and G. Pflei- 
derer, in Methods of Enzymatic Analysis. (Ed. H. U. 
Bergmeyer), pp. 1696-1700. Academic Press Inc., New 
York (1974). 

. H. MOllering and W. Gruber, Analyt. Biochem. 17, 369 
(1966). 

. O. H. Lowry and J. V. Passonneau, A. Flexible System 
of Enzymatic Analysis. pp. 189-193. Academic Press 
Inc., New York (1972). 

. H. U. Bergmeyer, E. Bernt, F. Schmidt and H. Stork, 
Methods of Enzymatic Analysis. (Ed. H. U. Bergmeyer), 
pp. 1196-1201. Academic Press Inc., New York (1974). 

. H. O. Beutler and G. Michal, in Methods of Enzymatic 
Analysis. (Ed. H. U. Bergmeyer), pp. 1708-1713. Aca- 
demic Press Inc., New York (1974). 

. P. Lund, in Methods of Enzymatic Analysis. (Ed. H. 
U. Bergmeyer), pp. 1719-1722. Academic Press Inc., 
New York (1974). 

. I. Gutmann and A. W. Wahlefeld, in Methods of Enzy- 
matic Analysis. (Ed. H. U. Bergmeyer), pp. 1464-1468. 
Academic Press Inc., New York and London (1974). 

. H. MOllering, Methods of Enzymatic Analysis. (Ed. H. 
U. Bergmeyer), pp. 1589-1593. Academic Press Inc., 
New York (1974). 

. H. U. Bergmeyer and E Bernt, in Methods of Enzymatic 
Analysis. (Ed. H. U. Bergmeyer), pp. 1577-1580. Aca- 
demic Press Inc., New York (1974). 

. D. D. Van Slyke and J. M. Neil, J. biol. Chem. 61, 
523 (1924). 

. R. Czok and W. Lamprecht, in Methods of Enzymatic 
Analysis. (Ed. H. U. Bergmeyer), pp. 1446-1451. Aca- 
demic Press Inc., New York (1974). 

. W. Lamprecht and I. Trautschold in Methods of Enzy- 
matic Analysis. (Ed. H. U. Bergmeyer), pp. 2101-2110. 
Academic Press Inc., New York (1974). 

. D. Jaworek, W. Gruber and H. U. Bergmeyer, in 
Methods of Enzymatic Analysis. (Ed. H. U. Bergmeyer), 
pp. 2127-2131. Academic Press Inc., New York (1974). 

. W. Lamprecht, P. Stein, F. Heinz and N. Weisser in 
Methods of Enzymatic Analysis. (Ed. H. U. Bergmeyer), 
pp. 1777-1781. Academic Press Inc., New York (1974), 
London (1974). 

. D. H. Williamson, P. Lund and H. A. Krebs, Biochem. 
J. 103, 514 (1967). 

. R. A. Hawkins, A. L. Miller, R. C. Nielsen and R. 
L. Veech Biochem. J. 134, 1001 (1973). 

. S. Berl, G. Takagaki, D. D. Clarke and H. Waelsch, 
J. biol. Chem. 237, 2570 (1962). 

. H. Waelsch, S. Berl, C. A. Rossi, D. D. Clarke and 
D. P. Purpura, J. Neurochem. 11, 717 (1964). 

. R. L. Veech, R. L. Harris, D. Veloso and E. H. Veech 
J. Neurochem. 20, 183 (1973). 

. A. M. Benjamin and J. H. Quastel, J. Neurochem. 25, 
197 (1975). 

. G. L. Cantoni, J. biol. Chem. 204, 403 (1953). 

. J. B. Lombardini and P. Talalay, Adv. Enzyme Reg. 
9, 349 (1971). 

. D. M. Greenberg, Adv. Enzymol. 25, 395 (1963). 





2404 G. BENZ! et al. 

44. W. H. Oldendorf, Ann. Rev. Pharm. 14, 239 (1974). 

45. D. B. Tower, J. R. Wherrett and G. M. McKhann, 
in Regional Neurochemistry. (Eds S. S. Kety and J. 
Elkes), pp. 65-88. Pergamon Press, Oxford (1961). 

. Stramentinoli, E. Catto and S. Algeri Commun. Psy- 46. M. Dixon and E. C. Weeb, Enzymes, p. 84. Longmans 

Green, London (1964). 


. B. Heindfelt and B. K. Siesj6, Scand. J. clin. Lab. In- 
vest. 28, 365 (1971). 

. G. Stramentinoli and E. Catto, Pharm. Res. Commun. 
8, 211 (1976). 

LG 
copharm. 1, 89 (1977). 





Biochemical Pharmacology. Vol. 26. pp. 2405-2409. Pergamon Press. 1977. Printed in Great Britain 


INHIBITORY ACTION OF SILYMARIN OF LIPID 
PEROXIDE FORMATION IN RAT LIVER 
MITOCHONDRIA AND MICROSOMES 


A. BINDOLI, L. CAVALLINI and N. SILIPRANDI 


“Centro per lo Studio della Fisiologia Mitocondriale” CNR, Padova and Institute of Biological 
Chemistry of the University of Padova 35100 Padova, Italy 


(Received 3 March 1977; accepted 3 May 1977) 


Abstract—Silymarin, a 3-oxyflavone present in Silybum Marianum, protected both liver mitochondria 
and microsomes from lipid peroxide formation induced by various agents. The antiperoxidative action 
exhibited by Silymarin was 10-fold higher than that of x-tocopherol, and was present when the drug 
was added as well as after the peroxidant agents. Data obtained rule out the possibility that the 
antiperoxidative action of Silymarin was due to an interaction of this drug with Fe**. The reported 
results are compatible with an interaction of Silymarin with free radical species responsible for lipid 


peroxidation. 


It has been reported that Silymarin, a 3-oxyflavone 
occurring in the thistle Silybum Marianum [1], pro- 
tects the liver of experimental animals against several 
hepatotoxic substances, such as amanitin, phalloidin, 
galactosamine, thioacetamide, and CCl,[2-6]. This 
protective action, which has been challenged, at least 
in part, by Leber and Knauff[7], has been described 
as a “membrane stabilizing action” [8,9]. The under- 
lying mechanism of this protection are, however, still 
undetermined. 

On the other hand, it appeared that hepatotoxic 
substances, such as CCl,. become effective following 
their “activation” into a free radical form [10]. More- 
over, CCl, toxicity is lowered by substances which 
scavenge free radicals [10, 11]. 

On the basis of these considerations, it appears 
possible that Silymarin might act by preventing, or 
inhibiting, lipid peroxide formation which is induced 
by various agents through a radical mechanism. In- 
deed the results reported in the present paper show 
that Silymarin strongly inhibits peroxide formation 
induced by peroxidative agents both in liver mito- 
chondria and microsomes. 


MATERIALS AND METHODS 


Rat liver mitochondria were isolated in 0.25M 
sucrose ‘buffered with 3mM Tris-HCl at pH 7.4, as 
indicated by Myers and Slater [12]. Rat liver micro- 
somes were prepared as described by Ernster [13]. 
Protein content was estimated by the biuret 
method [14]. Oxygen uptake was followed at 25° with 
a platinum electrode assembly of the Clark type [15]. 
Mitochondria swelling was determined by following 
the change in optical density at 520 nm [16]. Malon- 
dialdehyde (MDA), was determined by the thiobarbi- 
turic acid method of Wilbur[17] as described by 
Ottolenghi[i8], and malondialdehyde content was 
calculated by using € = 1.56-10° litre mole~' cm™' 
at 532nm[19]. Silymarin was a gift of the Istituto 
Biochimico Italiano, Milan, Italy. 


RESULTS 


Figure | shows the traces regarding oxygen uptake 
by rat liver mitochondria, induced by the peroxidative 
system Fe? *-ascorbate [20]. When Silymarin is added 
to the mitochondrial suspensions prior to Fe? *-ascor- 
bate, a dual, dose dependent, effect is seen: the time 
lag is lengthened, and oxygen uptake is decreased 
(Fig. la). At 20 uM concentration, Silymarin fully pre- 
vented oxygen uptake. Fig. 1b shows that Silymarin 
not only prevented, but also inhibited peroxide for- 
mation sparked by Fe?*-ascorbate, but in this case, 
however, higher concentrations of Silymarin were 
required. MDA production was also prevented, or in- 
hibited, by the same concentrations of Silymarin (Fig. 
2). It is known that MDA formation reflects, as does 
oxygen uptake, the extent of peroxide formation, and 
the parallelism between these two parameters clearly 
emerges from data reported in Fig. 2. The same 
Fig. also shows the effect of x-tocopherol on MDA 
formation. It can be observed that the antiperoxida- 
tive action of x-tocopherol was 10-fold lower than 
that of equimolar concentrations of Silymarin. After 
a time lag of 4 min, rat liver mitochondria suspended 
in isoosmotic medium showed rapid swelling follow- 
ing the addition of Fe?*-ascorbate (Fig. 3), and this 
can be related to peroxidative membrane _alter- 
ations [20]. Preincubation of mitochondria in the 
presence of Silymarin completely inhibited swelling 
at 10 uM concentration (Fig. 3). In this experiment 
also, the protective action of Silymarin was 10-fold 
higher than that exhibited by x-tocopherol. 

All the above reported results (inhibition of oxygen 
uptake, MDA formation and mitochondrial swelling 
induced by Fe**-ascorbate) concordantly demon- 
strate that Silymarin explicates a strong antiperoxida- 
tive action. The reasonable possibility that the anti- 
peroxidative action of Silymarin was due simply to 
an interaction of the drug with added, or exogenous, 
Fe** seems untenable in the light of the results 
reported in Fig. 4, which shows that Fe?* exhibited 
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Fig. |. Effect of Silymarin on Fe**-ascorbate induced oxygen uptake by rat liver mitochondria. The 

assay system, consisting of 125mM KCl and 25 mM Tris—buffer, pH 7.4, contained 0.65 mg/ml of mito- 

chondrial protein in a final volume of 2 ml. When indicated, 10 uM FeSO, and 200 uM ascorbate 
were added. Silymarin was added at the concentrations indicated for each trace. 


its maximum peroxidative effect when added to rat 
liver mitochondria at 20 uM concentration. At higher 
- concentrations, induced peroxide formation rapidly 
slowed down, probably due to the antiperoxidative 
effect of excess Fe** [21]. Preincubation of rat liver 
mitochondria in the presence of 100 4M _ Silymarin, 
followed by repeated washings in order to eliminate 
excess drug, showed an almost complete inhibition 
of MDA formation at all Fe** concentrations. 
Silymarin also prevented peroxide formation in 
niicrosomes (Fig. 5), where peroxide formation was 
induced by the NADPH-Fe**-ADP system [13]. It 
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can be observed that the concentration of Silymarin 
required for preventing peroxide formation in micro- 
somes was approximately the same as in mitochon- 
dria, despite the different system used for inducing 
peroxidation. ; 

The results reported in Table 1, which compares 
the two peroxidative systems, show that Fe? *-ascor- 
bate was very active with mitochondria and poorly 
active with microsomes, while the NADPH-Fe**- 
ADP system was very active in microsomes and 
poorly active in mitochondria. In spite of this differ- 
ence, Silymarin was effective in inhibiting lipoperox- 
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Fig. 2. Effect of Silymarin and a-tocopherol on Fe**-ascorbate induced peroxidation of rat liver mito- 
chondria. Experimental conditions as in Fig. 1. In all experiments Silymarin or a-tocopherol were 
added at the indicated concentrations 2 min before addition of 10 uM FeSO, and 200 uM ascorbate. 
MDA formation and O, uptake (nmoles/min/mg protein) are reported as per cent of the control. 
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Fig. 3. Inhibitory effect of Silymarin and a-tocopherol on 
Fe? *-ascorbate-induced swelling of rat liver mitochondria. 
Assay system as in Fig. | except mitochondrial protein 
was 0.4mg/ml. Silymarin or a-tocopherol were added 
2 min before addition of 10 uM FeSO, and 200 uM ascor- 
bate at the concentrations indicated for each trace. 
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Fig. 4. Lipoperoxidation induced by increasing amounts 
of ferrous ions on rat liver mitochondria pretreated with 
Silymarin. Preincubation of rat liver mitochondria with 
0.1 mM Silymarin (absent in the control) was carried out 
in 125mM KCl buffered with 25 mM Tris pH 7.4 at 25° 
with 5 mg protein per ml; after 20 min mitochondria were 
rapidly centrifuged, washed twice, resuspended and diluted 
to a concentration of | mg protein per ml in the same 
medium. The indicated concentrations of ferrous ions 
sparked the lipoperoxidative reaction in aliquots of this 
suspension; MDA was determined after 30 min. 
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Fig. 5. Effect of Silymarin on NADPH-Fe?*-ADP induced 
oxygen uptake by rat liver microsomes. The assay system, 
consisting of 125mM KCl and 25 mM Tris-buffer pH 7.4, 
contained 1.7mg/ml of microsomal protein, 0.18mM 
NADPH, 12 uM FeCl;, and | mM ADP in a final volume 
of 2ml. Silymarin was added at the indicated concen- 
trations 2 min before the addition of the lipoperoxidizing 
system NADPH-Fe?*-ADP. 
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ide formation in all cases. This observation provides 
further evidence against a possible interaction of Sily- 


marin with the lipoperoxide generating system. 
As shown in Fig. 6, Silymarin also inhibited lipid 
peroxidation induced in microsomes by 0.1 mM 


nMOLES MDA / mg PROTEIN / 30 MINUTES 








T T 
50 100 
SILYMARIN (uM) 


Fig. 6. Effect of Silymarin on cumene hydroperoxide in- 

duced lipid peroxidation in rat liver microsomes. The assay 

system, consisting of 125 mM KCI and 25 mM Tris-buffer 

pH 7.4, contained 1.2 mg/ml of microsomal protein and 

0.1 mM cumene hydroperoxide in a final volume of 2 ml. 

Silymarin was added at the indicated concentrations 2 min 
before cumene peroxide. 
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Table |. Silymarin inhibition of mitochondrial and microsomal lipo-peroxidation induced by different 
systems* 





FeSO, -ascorbate 
Mitochondria Microsomes 


NADPH-FeCl,-ADP 
Mitochondria Microsomes 





7.93 
1.29 


42.79 
0.95 


39.63 
0.32 


3.11 
0.30 


None 
Silymarin 





* The reaction mixture contained a basic medium composed of 125mM KCl, 25 mM Tris pH 7.4, 
and | mg protein per ml of mitochondria or microsomes. Other reagents were 10 uM FeSQO,, 200 uM 
ascorbate, 200 uM NADPH, 10 uM FeCl, and |1mM ADP. Silymarin was added at a final concen- 
tration of 50 uM, 2 min before the addition of the peroxidizing system. Reaction was carried out 
for 30 min at 25° with constant shaking and the values are expressed as nmoles of MDA per mg 


protein. 


cumene hydroperoxide. It should be underlined that 
at all the concentrations employed this reagent failed 
to promote any lipid peroxidation in mitochondria 
(resuits not reported). 


DISCUSSION 


Based mostly on in vitro experiments carried out 
on red blood cells[8] and on isolated hepato- 
cytes[9], the protective pharmacological action of 
Silymarin on liver has been attributed to its “stabiliz- 
ing” action of the structure of biological membranes. 
However, the mechanism of this stabilizing action has 
not been determined. 

The results reported in the present paper provide 
unequivocal evidence that Silymarin exerts a remark- 
able antioxidant action both on liver mitochondria 
and microsomes when these are exposed to a peroxi- 
dative system. 

In liver mitochondria, the antioxidant action of 
Silymarin is demonstrated by the concomitant inhibi- 
tion of Fe**-ascorbate-induced swelling, oxygen 
uptake, and MDA formation, and all these par- 
ameters are an expression of lipid peroxide formation. 
Silymarin was able to prevent peroxide formation 
(Fig. 1a) as well as inhibit it when added to the system 
after the process had started (Fig. 1b). As known, 
mitochondrial swelling induced by peroxidants [21] 
reflects irreversible alterations in membrane structure 
caused by lipid peroxidation. Since Silymarin inhibits 
lipid peroxidation (oxygen uptake and MDA forma- 
tion) to exactly the same degree as it inhibits mito- 
chondria swelling (compare Figs 2 and 3) it seems 
reasonable to assume that the “stabilizing” action of 
Silymarin is a consequence of its antioxidant effect. 
Moreover; the antioxidant action of Silymarin is 
about 10-fold higher than that of equimolar concen- 
trations of a-tocopherol (see Fig. 2). 

An antioxidant action for other flavonoids has 
already been described[22], as a possible conse- 
quence of their capacity to chelate metal ions, and 
in particilar, Fe or Cu. Although chelation of added 
or endogenous Fe cannot be excluded in absolute also 
for Silymarin, the results reported in Fig. 4 indicate 
that this possibility is improbable. In fact, the antiper- 
oxidative action of Silymarin persisted even after the 
pre-treated mitochondria were repeatedly washed, 
and then placed in contact with amounts of Fe?* 
far in excess of the original Silymarin concentration. 
It appears very improbable that the residual Sily- 


marin could chelate all the Fe?* ions added to the 
system successively. 

A further indication that there is no interaction 
between Silymarin and added Fe?* is provided by 
the results obtained with cumene hydroperoxide (Fig. 
6). The peroxidation induced by this reagent, which 
has been observed only with microsomes and seems 
to be dependent on cytochrome P-450 [23], does not 
require any added Fe?*. The possible involvement 
of cytochrome P-450 in Silymarin action which could 
be reasonably inferred from this experiment, is in line 
with the previous assumption that Silybin, a com- 
ponent of Silymarin, could inhibit the formation of 
drug-cytochrome P-450 complex [24]. 

The results reported in Fig. 4 suggest, as previously 
reported by Ramellini and Meldolesi for isolated liver 
hepatocytes [9], that Silymarin binds to the mito- 
chondrial membranes so that these become less sus- 
ceptible to the deleterious action of oxygen radicals. 
In other words, our results are compatible with the 
assumption that the protective action of Silymarin in- 
volves an interaction of the drug with radical species 
critical for lipid peroxidation. If this is the case, Sily- 
marin may be included in the class of free radical 
scavengers. 

Whether Silymarin acts as radical scavenger and, 
or by protecting membrane lipids from the deleterious 
effect of free radicals is currently under investigation. 

It appears improbable that the described antiperox- 
idative action of Silymarin could be the only explana- 
tion for the in vivo protective effect of this drug 
against the hepatotoxicity of different drugs [2-6]. 
For instance as far as galactosamine is concerned, 
this monosaccharide induces on rat liver microsomes 
a slight and scarcely significant lipid peroxidation 
only at concentrations (5 mM: results not reported) 
much higher than those presumably active in vivo. 

Therefore the unravelling of the mechanism in- 
volved in the in vivo antagonism of Silymarin on 
galactosamine effects, will probably depend on the 
clarification of the very complex and not yet fully 
understood nature of galactosamine hepatotoxi- 
city [25]. 
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Abstract—The binding of chlorpromazine and its quaternary analogue chlorpromazine methoiodide 
to open and resealed human erythrocyte ghost membranes was studied. The results were compared 
with binding to liposomes of phosphatidylcholine or phosphatidylcholine with phosphatidylserine. The 
results indicate that the quaternary compound is confined to the outside face of the membrane. For 
both compounds two classes of binding sites are available. The strongest binding sites are mainly 
located on the inner surface of the membrane. The binding data suggest an asymmetric distribution 


of chlorpromazine in the membrane. 


There is increasing evidence that the erythrocyte 
membrane is asymmetric with regard to proteins as 
well as to phospholipids. In the erythrocyte mem- 
brane the neutral phospholipids phosphatidylcholine 
and sphingomyelin appear to be concentrated in the 
outer half of the lipid bilayer, whereas phosphatidyl- 
ethanolamine and phosphatidylserine are mainly 
present in the inner half [1-4]. 

The asymmetric structure of the membrane may 
play an important role in the mechanism of action 
of several membrane-active drugs. Sheetz and Singer 
[5] have recently proposed that the two halves of 
an asymmetric membrane can respond differently to 
a perturbation and thus act as bilayer couples. They 
attributed the different effects of amphipatic drugs on 
erythrocyte morphology to a differential distribution 
of the drugs in the erythrocyte membrane as a conse- 
quence of the presence of phosphatidylserine in the 
inner half of the membrane. 

The hypothesis may be applicable in other cases. 
In the present investigation some quantitative aspects 
of drug binding in connection with membrane asym- 
metry will be considered. The binding of a tertiary 
amine (chlorpromazine HCl) and the corresponding 
quaternary ammonium compound (chlorpromazine 
methoiodide) to open and resealed human erythrocyte 
ghost membranes were compared. The tertiary amine 
and the quaternary ammonium compound show only 
small differences in molecular geometry but their abi- 
lity to diffuse across the membrane is very different. 
The tertiary amine can be discharged and diffuses 
easily across the membrane; the quaternary com- 
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pound cannot be discharged. Apart from experiments 
with ghost membranes model experiments with lipo- 
somes were undertaken. To evaluate the role of phos- 
phatidylserine the binding of chlorpromazine and 
chlorpromazine methoiodide to liposomes consisting 
of phosphatidylcholine, with and without phosphati- 
dylserine, were compared. 


MATERIALS AND METHODS 


Ghosts. Resealed ghosts were prepared from human 
erythrocytes according to the method of Schwoch and 
Passow [6, 7]. Before resealing a concentrated NaCl 
solution was added to the final hemolysate in order 
to establish an intracellular concentration of 320m 
Osm. Open ghosts were prepared from resealed 
ghosts by lysis in 20m Osm phosphate buffer and 
washing four times with this buffer. The cell suspen- 
sions were diluted in order to obtain a stock suspen- 
sion of 2 x 10° cells ml~'. Experiments with ghosts 
were carried out in phosphate-buffered saline (PBS). 

Reagents. Chlorpromazine-HCl was obtained from 
SPECIA. Chlorpromazine methoiodide was a gift 
from Smith, Kline and French Laboratories. Com- 
mercial egg phosphatidylcholine was purified by 
column chromatography; phosphatidylserine was 
obtained from K and K Laboratories and was used 
without further purification. Other chemicals were of 
the highest purity commercially available. 

Liposomes. Liposomes were prepared from phos- 
phatidylcholine or a mixture of phosphatidylcholine 
and phosphatidylserine (4:1 by weight). The lipids 


CH,—C ees H, 
1? 


CH, 


Chlorpromazine methoiodide 





2412 


were dissolved in chloroform—methanol and evapor- 
ated to dryness under nitrogen, forming a lipid fim 
on the wall of the glass vessel. Then PBS was added 
and the mixture incubated at 40° for 30 min. The sus- 
pension was agitated with a Vortex mixer for 2 min 
and then sonicated (30min for phosphatidylcholine 
liposomes, 15min for phosphatidylcholine + phos- 
phatidylserine liposomes) under a nitrogen atmos- 
phere while cooling with ice. This procedure leads 
to the formation of unilamellar liposomes [8]. 

Binding experiments. Binding of drugs to ghosts was 
determined by adding the drug to a ghost suspension 
in PBS. Equilibrium was reached rapidly and after 
10min the suspension was centrifuged and in the 
supernatant the drug concentration was determined 
by measuring the absorbance at 260nm. This value 
was corrected for leakage of material from ghosts, 
which also gave an absorbance at 260 nm. The value 
obtained was compared with that of a reference drug 
solution. Drug binding to liposomes was determined 
by. equilibrium dialysis with a Dianorm apparatus. 
Liposomes in PBS, with or without drug, were dia- 
lyzed against PBS. After 3 hr the drug concentration 
in the outer compartment was measured. The values 
obtained were compared with those of reference drug 
solutions, dialyzed in the same way. This was necess- 
ary because there is considerable adsorption of the 
drug to the dialysis cell. All binding experiments were 
carried out at 22°. 

The bound quantity was expressed as a function 
of total concentration. The resulting curve was used 
to construct a Scatchard plot, from which K,,, and 
n were derived [9, 10]. 

Measurement of protection against hypotonic lysis. 
The protective action of the drugs with regard to 
hypotonic lysis of human erythrocytes was measured 
by adding 0.5 ml of a washed erythrocyte suspension 
to 4.5ml of phosphate-buffered saline solution. in 
which the drug was present. The final erythrocyte 
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concentration was 2 x 10° cells ml~'. The tonicity 
of the mixture was such that about 50 per cent of 
the erythrocytes were lysed after 10 min at room tem- 
perature in the absence of the drug (148m Osm). 
After a fixed time—10 min or 2 hr—the mixture was 
centrifuged and the absorbance of the supernatant 
was measured at 540 nm and expressed as a percent- 
age of complete hemolysis. 

Determination of partition coefficients. Two ml of 
n-octanol was vigorously shaken with drug containing 
buffer (2 ml 2 x 10~°M chlorpromazine methoiodide 
or 10m! 10~?M chlorpromazine). The buffer con- 
sisted of 280 m Osm NaCl and 40m Osm phosphate 
pH 7.4. After centrifugation the absorbance of’ the 
drug in the aqueous phase was measured and cor- 
rected for the blanco (octanol with buffer without 
drug). The partition coefficient was calculated as 
P = Co/c,,, where Co is the concentration of the drug 
in the organic phase and c,, is the concentration of 
the drug in the aqueous phase. The reported value 
is the mean value of six determinations. 


RESULTS 


Some preliminary experiments were carried out to 
compare a few relevant properties of chlorpromazine 
and chlorpromazine methoiodide, especially with 
regard to their ability to diffuse across the membrane. 
The octanol-buffer partition coefficient was deter- 
mined; this value was 1400 + 200 for chlorpromazine 
and 6+2 for chlorpromazine methoiodide. The 
action of the drugs with respect to hypotonic lysis 
of intact erythrocytes was determined for different in- 
cubation times to find out whether the action of the 
quaternary compound—as compared to chlorproma- 
zine—is time dependent as a consequence of a slow 
penetration of the drug through the membrane. As 
can be seen in Fig. 1, the lytic action of chlorproma- 
zine methoiodide as a function of incubation time is 
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Fig. 1. Effect of chlorpromazine and chlorpromazine methoiodide on the hypotonic lysis of human 
erythrocytes, for different incubation times with drug before centrifugation. —O— chlorpromazine, 


after 10 min; —® 


chlorpromazine, 2 hr; —C\— chlorpromazine methoiodide, 10 min; —™— chlor- 


promazine methoiodide, 2 hr. 
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Fig. 2. Scatchard plots for the binding of the drugs to open and resealed ghosts. —O— chlorpromazine, 

open ghosts; —@— chlorpromazine, resealed ghosts; —A— chlorpromazine methoiodide, open ghosts; 

—A— chlorpromazine methoiodide, resealed ghosts. r = C)/Cce1s, Where c, = concentration of bound 
drug and c,,,,, = the number of ghosts per liter; c; = concentration of free drug. 


not different from that of chlorpromazine. This was 
consistent with the finding that for a given drug con- 
centration (2 x 10~°M, for both drugs) no increase 
of drug uptake by ghosts can be observed after 2 hr 
of incubation as compared to 10 min of incubation. 

From Fig. | it also appears that for the same pro- 
tective effect a different amount of quaternary drug 
bound is required as compared to chlorpromazine in 
the curve for 10min: the protective action of a 
2.5 x 10°°M chlorpromazine solution corresponds 
with that of a 6.3 x 10~° chlorpromazine metho- 
iodide solution. The binding percentage at these con- 
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centrations for resealed ghosts—as determined from 
a plot of total drug concentration versus binding per- 
centage—are 33.5 per cent and 3.7 per cent respect- 
ively. 

The binding experiments with ghosts gave data 
which were used to construct Scatchard plots (Figs. 
2, 3). These plots are nearly equal for chlorpromazine 
bound to open and resealed ghosts. The quaternary 
compound behaves very differently with the two types 
of ghosts. The binding to ghosts (2 x 10° cells per 
ml) at 2 x 10°°M may be used as an illustration: 
the binding percentage bound vs total is 34 per cent 
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Fig. 3. Scatchard plot for the binding of chlorpromazine methoiodide to resealed ghosts. 
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Tabie 1. Association 
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constants (K) and number of binding sites per cell (n) for the binding of chlorpromazine and 


chlorpromazine methoiodide to open and resealed ghosts* 





K, x 10-4(M~!) 


n, x 107’ K, x 10°*(M~') n, x 107’ 





Open ghosts 
Resealed ghosts 
Open ghosts 
Resealed ghosts 


Chlorpromazine 


Chlorpromazine 
methoiodide 


4.0 + O.St 





* For every combination of drugs and ghosts three separate series of binding data were determined. The binding 


data were converted into Scatchard plots from which the 
given in the table, are thus the mean of three values. 


K and the n were determined. The binding parameters, 


+ The K value for chlorpromazine binding to open ghosts has been determined before. There is considerable difference 
between the K-values, reported in literature for chlorpromazine binding to ghosts as well as for the values for chlorpro- 
mazine binding to albumin [11-16]. It is probable, as suggested by Sharpless [16], that the determination of the 
K-value is strongly affected by small variations in experimental conditions, e.g. temperature. 


for chlorpromazine to both types of ghosts whereas 
for chlorpromazine methoiodide this is 15 per cent 
to open ghosts and 4 per cent to resealed ghosts. 

The Scatchard plots show two classes of binding 
sites. The difference between these classes is more pro- 
nounced for the quaternary compound than for chlor- 
promazine. Binding parameters from the Scatchard 
plots are represented in Table 1. For chlorpromazine 
the association constants and number of binding sites 
are about the same for open and resealed ghosts. For * 
the quaternary compound the K, is equal to the K, 
of chlorpromazine, for both types of ghosts; n, is very 
low for resealed ghosts and much higher for open 
ghosts, though still lower than for chlorpromazine. 
K, is lower for chlorpromazine methoiodide than for 
chlorpromazine. The smallest association constant is 
in all cases paralleled by a high binding capacity. 

It proved to be difficult to derive reliable binding 
parameters from the Scatchard plots, constructed on 
the base of binding data of the drugs to liposomes. 
The first part of the plot showed comparative binding, 
in all cases. However, as a whole the plots were not 
suited for deriving binding parameters. In Fig. 4 the 
binding of the drugs to liposomes has been repre- 
sented. Assuming impermeability for charged sub- 
stances the concentration of liposomes for chlorpro- 
mazine methoiodide binding was made twice as high 
as for chlorpromazine, to compare the drug binding 
to a comparable amount of liposome surface. As can 
be seen in Fig. 4, binding was significantly lower for 
the quaternary compound as compared to chlorpro- 
mazine, for a comparable amount of liposome surface. 
As compared to resealed ghosts, there is a consider- 
able binding of drugs to phosphatidylcholine lipo- 
somes. The introduction of the negatively charged 
phosphatidylserine into liposomes causes an increase 
.in drug binding; this applies to both drugs. 


DISCUSSION 


The biological actions of tertiary amines like chlor- 
promazine differ from those of quaternary com- 
pounds like chlorpromazine methoiodide [17-20]. 
The hypothesis has been presented that this may be 
ascribed to the fact that amines in the discharged 
form can pass the membrane easily. Therefore they 
can be bound to both faces of the membrane, con- 
trary to the quaternary analogues which are pre- 
sumed to be bound only to the outer layer of the 


membrane [21,22]. However, besides a permanent 
positive charge chlorpromazine methoiodide also pos- 
sesses an extensive hydrophobic part in its molecule 
as is evident from a rather high octanol-buffer parti- 
tion coefficient. This causes a degree of uncertainty 
with regard to the statement that charged compounds 
like chlorpromazine methoiodide cannot pass the 
membrane. The experiments in this investigation were 
intended to evaluate this hypothesis and to study the 
influence of membrane asymmetry on the location of 
these types of drugs in the membrane. 

Erythrocyte ghost membranes, under specific con- 
ditions, are able to reseal themselves, forming resealed 
ghosts with properties which resemble those of intact 
erythrocytes [6, 7]. Therefore these structures are very 
suited for this investigation because it might be 
expected that a difference in drug permeability will 
be reflected as a difference in drug binding to the 
membrane. The binding experiments show that the 
quaternary compound is bound to a much larger 
extent to open ghosts than to resealed ghosts. With 
chlorpromazine the difference between open and 
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Fig. 4. Binding of the drugs to liposomes of phosphatidyl- 
choline or phosphatidylcholine with phosphatidylserine. 
Lipid concentration in liposomes: 500 yg lipid/S ml for 
chlorpromazine and 1000 yg lipid/S ml for the quaternary 
compound. (10° human erythrocyte ghosts contain about 
500 yg lipid [26,27]. —O— chlorpromazine, liposomes of 
phosphatidylcholine; —@— chlorpromazine, liposomes of 
phosphatidylcholine with phosphatidylserine; —O— 
chlorpromazine methoiodide, liposomes of phosphatidyl- 
choline; —— chlorpromazine methoiodide, liposomes of 
phosphatidylcholine with phosphatidylserine. 
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resealed ghosts is negligible. Obviously in open ghosts 
a larger quantity of binding sites is accessible than 
in resealed ghosts. On this basis we may tentatively 
conclude that the quaternary compound does not 
pass the membrane despite the presence of a hydro- 
phobic moiety in the molecule. The results, repre- 
sented in Fig. 1, are consistent with this view. 

Both drugs have two classes of binding sites. The 
affinity for the strongest binding sites is equal for both 
drugs in open and resealed ghosts (Table 1). The 
number of sites for chlorpromazine methoiodide in 
resealed ghosts is very low. The number of sites for 
this compound in open ghosts is much larger. Evi- 
dently many sites are located on the inner face of 
the membrane. 

With regard to the second class of binding sites 
there is a considerable difference between the associ- 
ation constants: K, being smaller for chlorpromazine 
methoiodide than for chlorpromazine. This suggests 
a difference in either the binding site or the nature 
of the interaction. Studies concerning the interaction 
of quaternary ammonium compounds and lipid 
bilayers have shown, that the geometry of the cationic 
group has an important influence on the way of bind- 
ing [23]. It may be that in erythrocyte membranes 
too the geometry of the ammonium group is of 
crucial importance for the interaction with the bind- 
ing sites corresponding with K,. A change of the qua- 
ternary compound in the polar headgroup, though 
of little importance for the geometry of the whole 
molecule, may result in a different interaction with 
the binding sites. The same phenomenon may play 
a role in the interaction of drugs with liposomes. As 
can be seen in Fig. 4, the binding of chlorpromazine 
to liposomes is more than that of chlorpromazine 
methoiodide. Unfortunately it was not possible to 
find out, whether this was due to a change in K or 
in number of binding sites. However, it is quite well 
possible that the difference in binding to liposomes 
has the same cause as the difference in K, for ghost 
membranes. 

Sheetz and Singer [5] have stressed the importance 
of the negatively charged phospholipid phosphatidyl- 
serine in drug action. They suggested that phosphati- 
dylserine in the cytoplasmic half of the membrane 
could provide a negative field, attracting cationic 
amphipatic drugs into the cytoplasmic half. The ex- 
periments with liposomes indeed show, that the pres- 
ence of phosphatidylserine enhances drug binding. In 
the asymmetric erythrocyte membrane this phospho- 
lipid may contribute to a preferential binding of 
chlorpromazine to the inside face. However, the mem- 
brane is asymmetric both with regard to the lipid 
and the protein phase, most protein being located in 
the inner half of the membrane. In a previous study 
we have shown that chlorpromazine is bound to the 
protein as well as to lipid of the membrane [24]. 
Studying the interaction of spin-labeled anesthetics 
with the erythrocyte membrane Koblin and Wang 
[25] similarly reached the conclusion that these drugs 
were strongly bound to proteins located at the cyto- 
plasmic surface. Therefore it seems likely that the pro- 
teins too may contribute to an asymmetric distribu- 
tion of drugs over the two halves of the membrane. 

From the preceding considerations it is obvious 
that the different effects of chlorpromazine and chlor- 
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promazine methoiodide on intact erythrocytes and 
perhaps other systems may be due to: 

(a) A difference in the total number of molecules 
bound at a given drug concentration. This is mainly 
due to a great number of binding sites which are 
attainable for chlorpromazine but not for the qua- 
ternary compound. 

(b) An asymmetric distribution of the drug over 
the both halves of the membrane. Chlorpromazine 
methoiodide is confined to the outside face of the 
membrane. The results of the binding experiments for 
chlorpromazine and chlorpromazine methoiodide 
suggest that chlorpromazine is preferentially bound 
to the inside face of the membrane. The greater 
number of binding sites on the inside face is associ- 
ated with the presence of phosphatidylserine in that 
side of the membrane and possibly with the presence 
of more protein binding sites on the inner half as 
compared to the outer half of the membrane. The 
asymmetric distribution is probably the cause of the 
difference in action between permanently charged 
compounds on one side, and tertiary amines and 
organic acids on the other, with regard to erythrocyte 
morphology [5, 12]. 

(c) A different binding to one of the both classes 
of binding sites. This supposition is based on the dif- 
ference in K, for the two drugs, and the difference 
in binding to liposomes. 

From the preceding reasoning it is obvious that 
a certain quantity chlorpromazine or chlorpromazine 
methoiodide, bound to the membrane, may result in 
a different biological effect for the two compounds. 
The findings, represented in Fig. 1, are in accordance 
with this condition, because here for the same protec- 
tive effect less chlorpromazine methoiodide bound is 
required, as compared to chlorpromazine. 
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Abstract— Using the techniques of differential centrifugation, sucrose sedimentation-gradient and isopyc- 
nic-gradient centrifugation and gel chromatography through Sephadex G 75 and G 200, the uptake 
and subcellular distribution of gold in rat liver has been studied over a period of | hr to 36 days 
after intraperitoneal administration of 0.7 mg kg~' to 80 mgkg~' sodium aurothiomalate (“Myocrisin”). 
After 1 hr, gold concentrated in the lysosomes of liver cells and, under certain conditions, it was 
estimated that probably more than 90 per cent of the cytoplasmic gold was associated with these 
organelles. After longer time intervals partial redistribution of the gold took place, possibly due to 
sequestration into telolysosomes. The majority of the lysosomal gold appeared to be membrane-bound 
and increased with increasing aurothiomalate dose and time after injection. 

The distribution of gold among the proteins of the cytosol and the lysed granule-fraction supernatant 
has been investigated and compared with that in the plasma. Whereas in the latter more than 87 
per cent of the gold was bound to albumin, the gold in the lysosomal supernatant was bound to 
molecules over a wide range of molecular weights, and that in the cytosol appeared to be bound 
to at least three macromolecules, one ~ 300,000, one ~ 40,000 (possibly ligandin) and one ~ 10,000. 
In addition 10-15 per cent of the cytosol gold appeared to be a much lower molecular weight species 


(less than 3,000), which was not found in the lysosomal supernatant or the plasma. 


Although gold drugs, especially sodium aurothioma- 
late (“Myocrysin”), have been used with success in 


the treatment of rheumatoid arthritis for many 
years [1,2], little is known about the mechanisms in- 
volved in the production of their therapeutic and 
toxic effects. 

In patients undergoing chrysotherapy[3] and in 
rats administered sodium aurothiomalate [4], the 
gold was found to accumulate especially in organs 
containing components of the reticulo—endothelial 
system, such as the liver. Various qualitative investi- 
gations into the subcellular distribution of gold have 
been made using electron-microscopic and electron- 
microprobe techniques. After the administration of 
sodium aurothiomalate, gold was found to accumu- 
late into the lysosomes or lysosome-like organelles 
of human synovial macrophages [5], rabbit synovial 
intimal cells, subsynovial macrophages and some- 
times articular cartilage chondrocytes [6,7], rat and 
rabbit macrophages, hepatocytes and renal epithelial 
cells [8], rat renal glomerular capillary wall [9] and 
possibly human dermis [10]. On the other hand when 
sodium aurothiopropanol sulphonate was injected 
into rats, the gold in the renal proximal tubule cells 
appeared to be concentrated in the mitochon- 
dria [11]. Very few quantitative investigations into 
the subcellular distribution of gold have been per- 
formed. The preliminary communication of the 
present work [12] showed that gold accumulated in 
the lysosomes of rat cells after administration of 
sodium aurothiomalate. Some of the results in that 
paper have been recently confirmed [13]. 





*To whom all correspondence should be addressed. 


The present studies extend the work of the prelimi- 
nary communication [12] and investigate in detail the 
quantitative subcellular distribution of gold in rat 
liver after intraperitoneal administration of sodium 
aurothiomalate. 


MATERIALS AND METHODS 


Materials. Sodium aurothiomalate was obtained 
from May & Baker Ltd., Dagenham, Essex, U.K. and 
sodium ['?8Au or '?°Au] aurothiomalate from 
Radiochemical Centre Ltd., Amersham, Bucks, U.K. 
Triton WR-1339 was purchased from Winthrop 
Laboratories, Newcastle, Northumberland, U.K. 
Sephadex G200 and G75 were brought from Pharma- 
cia (G.B.) Ltd., London, U.K. All the enzyme sub- 
strates were obtained from Sigma London Chemical 
Co. Ltd., Kingston, Surrey, U.K. All other chemicals 
were bought from BDH Chemicals Ltd., Poole, Dor- 
set, U.K. and were of “Analar” grade except for Tri- 
ton X-100. 

Animal experiments. Male Sprague-Dawley rats 
were injected intraperitoneally with sodium auro- 
thiomalate containing sodium ['°*Au or '*>Au] 
aurothiomalate at doses of between 0.7 mg kg~' and’ 
80mg kg~' ('°°Au = 10°°Ci to 10°° Ci, '°8Au = 
10-* Ci to 1073 Ci). The rats were allowed food and 
water ad lib. and for a few of the experiments involv- 
ing excretion studies were kept periodically in meta- 
bolic cages. When plasma was required the blood was 
obtained by cardiac puncture. The rats were killed 
after various time intervals between | hr and 36 days 
by dislocation of the cervical vertebrae under light 
ether anaesthesia. The livers were perfused with 
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0.15 M NaCl, excised and washed in ice-cold 0.25M 
sucrose. All subsequent fractionation procedures were 
performed at 4°. 

The washed livers were minced, weighed and hom- 
ogenised in a Potter-Elvehjem apparatus using three 
up and down strokes of the Teflon pestle. The result- 
ing homogenate was diluted with 0.25M _ sucrose to 
give a concentration of 10% relative to the liver wet 
weight. 

Differential centrifugation. The homogenate was 
successively centrifuged at 600 g for 10 min to provide 
a cell debris fraction mainly containing nuclei and 
unbroken cells, 3,000g for 12 min to give a fraction 
containing mitochondria and heavy lysosomes, 
8,000 g for 20 min to provide light lysosomes, a few 
mitochondria and a small amount of endoplasmic 
reticulum, 30,000g for 30min to yield endoplasmic 
reticulum and very light lysosomes, and 105,000 g for 
120 min to give a fraction containing endoplasmic 
reticulum and a supernatant essentially free of subcel- 
lular organelles. 

In addition a mixed granule fraction was obtained 
by centrifuging the 600g supernatant at 30,000g for 
30 min. 

Sedimentation gradient centrifugation. Five ml of the 
cytoplasmic fraction (post cell-debris supernatant) 
were layered onto a continuous sucrose gradient 
(0.25 M to 1.17 M) with a 2.40M sucrose layer at the 
bottom of the centrifuge tube, to give a total volume 
of 45 mi. The gradient was centrifuged at 1350g for 
2hr in a swing-out rotor at 4°. Approximately 
15 x 3 ml fractions were collected from the bottom 
of the tube. 

Isopycnic gradient centrifugation. A mixed granule 
fraction obtained from rats, with or without intraperi- 
toneal adminisiration of 0.85 gkg~' Triton WR-1339 
4 days previously, was washed in 0.78 M sucrose, 
resuspended in about 10 ml 0.78 M sucrose and 3 ml 
or 5 ml layered onto a continuous sucrose gradient 
(0.78 M to 1.97M) to give a total volume of 19.5 ml 
or 60 ml respectively. These isopycnic gradients were 
centrifuged at 75,000g for 4hr in swing-out rotors 
at 4°. 13 x 1.5 ml or 20 x 3 ml fractions, respectively, 
were collected from the bottom of the tubes. 

Nuclear purification. Nuclei were purified by centri- 
fugation of the cell-debris fraction (CD) in 2.4M 
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sucrose at 41,000g for | hr. The pellet was washed 
once (NP1) or twice (NP2) with 2.4M sucrose [14]. 
The specific activities of DNA, relative to those in 
the homogenates, were 15.8+5.6 (NPI) and 
24.6 + 4.9 (NP2), whereas the relative specific activi- 
ties for cytochrome oxidase, arylsulphatase, glucose-6- 
phosphatase and lactate dehydrogenase were all less 
than |. 

Lysosomal lysis. Mixed granule fractions in 0.78 M 
sucrose were lysed either by freezing and thawing five 
times or by incubation for 1 hr at 37° with 0.1% or 
1.0% Triton X-100. The membranes (MF) were separ- 
ated from the lumenal contents (SF) by centrifugation 
at 105,000 g for 60 min. 

Gel chromatography. Occasionally 1 mi samples of 
plasma, high-speed supernatant (S) and lysed-granule- 
fraction supernatant (SF) were layered onto columns 
(1.5cm x 80cm) of Sephadex G200 or G75 and 
eluted with 0.01 M Tris-HCI buffer pH 7.4, containing 
0.15M NaCl and 0.005% NaN, and sometimes 
0.002 M sodium citrate (for plasma samples only). The 
absorbance of the elute at 280 nm was continuously | 
monitored using a Uvicord II (LKB Instruments Ltd., 
Croydon, Surrey, U.K.). 

Assays. The fractions obtained above were vari- 
ously assayed for gold, enzymes, protein and DNA 
activity. 

Gold was measured by counting the gamma emis- 
sion from '**Au or '?°Au using a Wallac G.T.L. 
300-1000 scintillation spectrometer. 

Protein was measured according to Lowry et 
al. [15], with bovine serum albumin as standard. 

Inorganic phosphate was determined using a modi- 
fication [16] of the method of Fiske and Subbarow 
[17]. 

Prior to the assay of the subcellular markers, the 
samples were frozen and thawed once, except for the 
lysosomal enzymes which were frozen and thawed five 
times, and the assay methods are set out below:— 

Mitochondria. Cytochrome oxidase (EC 1.9.3.1) was 
estimated using 3.3 x 10~°M reduced cytochrome c 
(from horse heart) in 0.63 M phosphate buffer pH 7.4. 
The rate of oxidation was monitored by measuring 
the change in absorbance at 550nm on fractions 
diluted 10-100 times, so that a linear oxidation rate 
was observed [18]. 


Table 1. The gold content of plasma and plasma fractions after various doses of sodium aurothiomalate 
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Total plasma gold 
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Fig. 1. Plasma clearance of gold after administration of 
various doses of sodium aurothiomalate. 


Lysosomes. Arysulphatase (EC 3.1.6.1) was esti- 
mated using 0.02 M p-nitrocatechol sulphate as sub- 
strate in 0.5M acetate buffer pH 6.0. The reaction 
was stopped with 1 M NaOH after an incubation of 
1 hr at 37°. The absorbance of the liberated 4-nitro- 
catechol was measured at 515nm[19]. f-glucuroni- 
dase (EC 3.2.1.31) was estimated using 9 x 10°7M 
phenolphthalein f-glucuronide as substrate in 0.1 M 
acetate buffer pH 5.0. The reaction was stopped with 
0.4M glycine/sodium hydroxide buffer pH 10.0 after 
an incubation of | hr at 37°. The absorbance of the 
liberated phenolphthalein was measured at 545 nm 
[20]. Acid phosphatase (EC 3.1.3.2) was estimated 
using 0.5M disodium f-glycerophosphate as sub- 
strate in 0.1 M acetate buffer pH 5.0. The reaction was 
stopped with 8% trichloroacetic acid (TCA) after an 
incubation of 1 hr at 37°[21]. The liberated phos- 
phate was then estimated [17]. 

Endoplasmic reticulum. Glucose-6-phosphatase (EC 
3.1.3.9) was estimated using 4.3 x 10°?M sodium 
glucose-6-phosphate as substrate in 0.033 M cacody- 
late buffer pH 6.5 containing 0.001 M EDTA. The 
reaction was stopped with 8% TCA after an incuba- 
tion of 30min at 37°[22]. The released inorganic 
phosphate was then estimated [17]. 

Cytosol. Lactate dehydrogenase (EC 1.1.2.3) was 
estimated using 10°-*M NADH and 7 x 10°*M 
sodium pyruvate as substrates in 0.05M Tris-HCl 
buffer pH 7.4. The rate of reaction was measured at 
340 nm on fractions diluted 100-1000 times [23]. 

Nuclei. DNA content was estimated using an adap- 
tation [24] of Burton’s [25] method. 


RESULTS 


Plasma. The plasma clearance of gold, after the in- 
traperitoneal administration of various doses of 
sodium aurothiomalate, is shown in Table |. Up to 
1 week, the plasma clearance corresponded ap- 
proximately to an exponential with a half time of 
about 36 hr (Fig. 1). 

The distribution of gold in the plasma fractions, 
as separated by chromatography through Sephadex 
G200, is shown in Table 1. Over the aurothiomalate 
dose range 0.7 mg kg~' to 80mgkg~' and the time 
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interval 1 hr to 36 days, the overwhelming majority 
of the gold (more than 87.7 per cent) in the plasma 
co-eluted with the albumin fractions. The gold in the 
globulin fractions varied from 1.7 to 12.3 per cent 
and showed a distinct inverse relationship with the 
total plasma gold concentration. At all time intervals 
and aurothiomalate doses studied, the concentration 
of “free” gold was virtually undetectable (less than 
1.2%). 

Liver. Although a large proportion of the gold was 
cleared rapidly by renal excretion (10-30 per cent 
after a dose of 0.7 mgkg™' or 50-70 per cent after 
80 mg kg~' in the first 24 hr), some was taken up by 
the tissues, which still contained about 15 per cent 
of the injected dose after 36 days (after a dose of 
80 mg kg~'). 

The liver took up gold to a level of 2.5-4.5 per 
cent of the injected dose within 24 hr. This remained 
fairly constant over the subsequent 36 days, even 
though the whole body retention had dropped to 15 
per cent. Therefore the proportion of gold in the body 
that was located in the liver rose from about 5.4 per 
cent after 24 hr to 21 per cent after 36 days. Although 
the initial uptake of gold by the liver varied by a 
factor of two, no clear relationship was observed 
between liver uptake and injected dose or liver size. 

Intracellular distribution. The intracellular distribu- 
tion of gold in rat liver was studied | hr to 36 days 
after 0.7 mgkg~' to 80mgkg~' of sodium aurothio- 
malate by differential centrifugation, sedimentation- 
gradient centrifugation, isopycnic-gradient centrifuga- 
tion with and without prior administration of Triton 
WR-1339, and Sephadex G200 and G75 chroma- 
tography of selected fractions. 

Differential centrifugation. The results obtained by 
differential centrifugation of rat liver homogenates, 
obtained | hr, 24hr and 7 days after administration 
of 14mgkg™' to 17mgkg™' of sodium aurothio- 
malate are shown in Fig. 2, together with the pro- 
file obtained when sodium aurothiomalate was added 
to a liver homogenate in vitro. The results obtained 
after a variety of doses between 0.7mgkg™' and 
80 mg kg~' were similar. 

One hr after injection, 50.4-65.9 per cent of the 
cytoplasmic gold (i.e. not including the cell-debris 
fraction) was located in the high-speed supernatant 
fraction (S). This had decreased to 7.9-12.3 per cent 
after 24hr and remained at about 2-3 per cent 
between 7 days and 36 days. The decrease of gold 
in this fraction was paralleled by an increase in gold 
associated with the granule fractions (Figs 2 and 3). 
At all time intervals and aurothiomalate doses stud- 
ied, the highest specific activity of gold (activity/mg 
protein) was found in the fraction containing the 
highest specific activity of the lysosomal marker 
enzyme arylsulphatase, and from 24hr onwards the 
highest percentage of gold activity was found in the 
fraction containing the highest percentage of arylsul- 
phatase. 

The cell-debris fraction contained significant but 
variable amounts of gold (18-54 per cent of the total 
liver homogenate). As the time interval from auro- 
thiomalate administration or the dose administered 
increased, the proportion of gold in the liver that sedi- 
mented with the cell debris fraction also increased 
(Fig. 3). Although the cell debris fraction contained 
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Fig. 2. Differential centrifugation of rat liver homogenates 1 hr (1), 1 day (2) and 7 days (3) after 
injection of sodium aurothiomalate (14-17 mg/kg). (4) = in vitro incubation. a = gold, b = cytochrome 
oxidase, c = arysulphatase, d = glucose-6-phosphatase, e = lactate dehydrogenase. Fractions CD and 
S = Cell debris and high-speed supernatant. Fractions in between, from left to right, were obtained by 
successive centrifugations at 3,000g x 12 min., 8,000g x 20 min., 30,000g x 30 min., and 105,000g x 


cytoplasmic marker enzymes (Fig. 2), no consistent 
alteration in cytoplasmic contamination with changes 
in doses or time intervals were observed. 

Addition of aurothiomalate to a liver homogenate 
prior to differential centrifugation resulted in most 
of the gold (71.5 per cent) being located in the high- 
speed supernatant (S) fraction (Fig. 2). When pre- 
viously incubated with an homogenate for | hr at 37°, 
the gold was more evenly spread acro§s the fractions, 
but still 50.8 per cent was localised in the high-speed 
supernatant (S) fraction. With or without prior incu- 
bation, the highest specific activity of gold was also 
in this fraction. This clearly indicates that the in vivo 
distribution of gold was not due to adventitious redis- 
tribution during homogenisation. 

High-speed supernatant fraction (S). The distribution 
of gold within the high-speed supernatant fraction (S) 
was further investigated by gel-permeation chroma- 
tography through Sephadex G200 and G75. Figures 
4 and 5 show the elution profiles obtained from 
Sephadex G75 and G200 respectively 7 days after 
80 mg aurothiomalate kg~'. 

The data obtained from G200 and G75 chroma- 
tography show that, when aurothiomalate was admin- 
istered in vivo, the gold in the liver high-speed super- 
natant (S) could be divided into at least four compart- 
ments: a high molecular weight compartment that 
eluted in the void volume of Sephadex G200, one 
that co-eluted with ligandin (Y-protein) (as shown by 
bromosuphthalein binding) [26], one that eluted after 


60 min. 


Z-protein on Sephadex G75 and a low molecular 
weight fraction that eluted in the total column volume 
of Sephadex G75. When aurothiomalate was incu- 
bated with rat iiver high-speed supernatant (S) in 
vitro, a similar profile was obtained except that the 
post-Z-protein peak was absent and the missing gold 
was redistributed evenly among the other three com- 
partments (Fig. 4). 

Granule fractions. The separation between the 
subcellular organelles was improved by subjecting 
cytoplasmic fractions and mixed-granule fractions 
to sucrose sedimentation-gradient and isopycnic- 
gradient centrifugation, respectively. 

The overall pattern provided by sedimentation- 
gradient centrifugation was very similar to that pro- 
vided by differential centrifugation. Apart from 1 hr 
after injection, when the gold specific activity and 
activity profiles most closely resembled those of lac- 
tate dehydrogenase, the gold profiles most closely 
paralleled those of arysulphatase. However with in- 
creasing time intervals after the administration of 
high doses of aurothiomalate (30 mg kg~'), there was 
a progressive increase in gold associated with the 
bottom of the gradient, which was not paralleled by 
any change in enzyme profiles (Table 2). 

Isopycnic-gradient centrifugation of mixed-granule 
fractions with or without prior injection of Triton 
WR-1339 confirmed the association between gold and 
the lysosomal marker enzyme arylsulphatase. Deter- 
gent-induced flotation of gold occurred alongside flo- 
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tation of arylsulphatase, the cytochrome oxidase and 
protein profiles remaining unaltered. However with 
higher doses of aurothiomalate and at longer time 
intervals after injection, significantly less gold in the 
granule fractions could be floated by the detergent 
than arylsulphatase. For example, 24hr or less after 
30 mg aurothiomalate kg~' or 7 days or less after 
0.7 mgkg~', the increase in the proportion of gold 
on the isopycnic gradients equilibrating to a specific 
gravity less than 1.195 after Triton WR-1339 adminis- 
tration was 48.1 + 4.7 per cent (S.D., n = 4) com- 
pared to 54.7+ 13.0 per cent for arylsulphatase. 
whereas 15 days after 30 mg kg~' only 18.0 per cent 
of the gold was floated compared with 57.5 per cent 
for the arylsulphatase. 

The distribution of gold within the lysosomes was 
further investigated by lysing mixed-granule fractions, 
by freezing and thawing or various concentrations of 
Triton X-100, and measuring the distribution of gold 
between the sedimentable membranes and the super- 
natant. The results (Table 3) showed that the majority 
of the lysosomal gold was bound to the membrane 
after freezing and thawing, and increased with in- 
creasing time intervals from about 70 per cent after 
24 hr to 96 per cent after 36 days (30 mg kg~'). There 
was also a tendency for the proportion of gold mem- 
brane-bound to increase as the aurothiomalate dose 
increased. Increasing concentration of Triton X-100, 
as the lytic agent, made little difference to the intraly- 
sosomal distribution of gold, when high aurothioma- 
late doses were administered, but considerably de- 
creased the membrane bound gold when low doses 
were injected. Prior injection 4 days previously of Tri- 
ton WR-1339 made little difference to the distribution 
of gold or the lysosomal enzymes. 
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Fig. 4. Sephadex G 75 chromatography of a high-speed-supernatant fraction 7 days after injection 
of 80 mg/kg aurothiomalate (A) or 1h after incubation in vitro with 1.25 x 10~°M aurothiomalate 
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Fig. 5. Sephadex G 200 chromatography of plasma (A) or high-speed liver supernatant (B) 7 days 
after injection of 80 mg/kg aurothiomalate, or high-speed supernatant after 1 hr incubation in vitro 
with 1.25 x 10-5 M aurothiomalate (C). —— = '**Au, -—- = Azgonm- 


When a frozen-and-thawed granule fraction from 
an uninjected rat was incubated with 4.2 x 10°°M 
aurothiomalate at 37° for | hr in vitro, only 42 per 
cent of the gold was sedimentable, compared with 
70-96 per cent in the equivalent in vivo experiments 
(30 mg kg~'). Therefore adventitious binding of gold 
to the membranes during homogenisation or the frac- 
tionation procedure was unlikely to be significant. 

The non-membrane bound lysosomal gold (i.e. that 
released into the supernatant by lysis of the granule 
fractions) was fractionated by Sephadex G200 
chromatography. The elution profiles showed that, 
after freezing and thawing, the gold was spread over 
a wide range of eluate fractions, but with very little 
eluting at the total column volume (i.e. mol. wt less 
than 5,000). The increase in non-membrane-bound 
gold, when the lysosomes were lysed with 1% Triton 
X-100 after administration of 0.7 mg aurothiomalate 
kg~', could. be entirely accounted for by the appear- 
ancé of a large peak of gold eluting at the void 
volume on Sephadex G200. This was accompanied 
by a large increase in protein (Ajgo,m) in this fraction. 

Cell debris fraction. Attempts to elucidate the sub- 
cellular localisation of the gold in the cell-debris frac- 


tion were made by purifying the nuclei from this frac- 
tion. On assumption that all the gold in the purified 
nuclear fraction was ‘n fact associated with the nuclei, 
a maximum level of gold in the nuclei of the total 
liver could be calculated (Table 4). This value ranged 
from 0.8 per cent (7 days after 0.7 mg aurothiomalate 
kg~') to 32 per cent (36 days after 80mgkg™') of 
the total homogenate gold. The increase of gold in 
the purified nuclear fraction with increasing aurothio- 
malate dose and increasing time after injection was 
not accompanied by any consistent increase in cyto- 
plasmic marker enzyme contamination. 


DISCUSSION 


The fact that most of the gold in rat plasma was 
bound to albumin (Table 1), after the intraperitoneal 
administration of sodium aurothiomalate, agrees with 
the results obtained when rat serum was incubated 
with sodium aurothiomalate in vitro[27], as well as 
rabbit serum in vivo[28] and human serum in 
vitro [27,29] and in vivo (C. J. Danpure, in prep- 
aration). The extremely low levels of “free” gold are 
compatible with the very low dissociation constant 
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Table 2. Distribution of gold and marker enzymes (as per cent of total gradient activity) on sucrose 
sedimentation gradients at various timés after injection of 30 mg kg~' aurothiomalate* 





Parameter Gradient fractions 


Time after injection 





24hr 7 days 15 days 





Gold 14 
5-12 
13-15 
14 
5-12 
13-15 
14 
5-12 
13-15 
1-4 
5-12 
13-15 
1-4 
5-12 
13-15 


Cytochrome oxidase 


Arylsulphatase 


Lactate dehydrogenase 


Protein 


21.8 
54.9 
23.3 
S73 67.0 
32:7 30.6 
10.0 2.4 
255 22.6 
59.0 66.9 

10.5 

14.2 

18.4 


67.4 
22.4 


38.6 
46.3 
15.1 





* Fraction | = botton of gradient. 


for the reaction between serum albumin (human, at 
least) and aurothiomalate [30]. 

The strongly negative correlation between the pro- 

portion of plasma gold bound to the globulins (except 
for the extremely long time intervals of 36 days) and 
total plasma gold concentration or time after injec- 
tion (Table 1) is unique to the in vivo situation, as 
experiments in vitro (C. J. Danpure, unpublished 
results) showed that there was no such correlation 
with incubation time or aurothiomalate concentra- 
tion (over the ranges found in the present experiment). 
It is interesting to note that a similar correlation has 
been found in the plasma of patients undergoing 
aurothiomalate therapy for rheumatoid arthritis (C. 
“J. Danpure, in preparation). On the basis of gold- 
isotopic exchange, the interaction between aurothio- 
malate and albumin has been found to be reversible 
(C. J. Danpure, unpublished results). Therefore, on 
the assumption that the reaction with the globulins 
is either irreversible or less reversible, the present 
results could be explained by the selective removal 
of gold from the albumin as a result of tissue uptake 
or excretion. 

The rate of clearance of gold from the plasma, 
found in the present experiment is difficult to com- 
pare with the results of other workers. In rats pre- 
loaded with aurothiomalate by intramuscular admin- 
istration, Block et al.[31] found an initial rate of 
removal of gold from the plasma with a half-time 
of about 7 days, a result that agrees with data 
obtained from humans [32,33]. Harth[34] found 
that the serum half-time of gold in humans was 43 hr 
over the first 1-2 days with half-time of 6 days subse- 
quently. When rabbits were injected intramuscularly 
with aurothiomalate, with or without preloading, the 
plasma half-time was about 40 hr [28]. In the present 
experiments, the plasma half-time of gold was similar 
to the latter, although the aurothiomalate was admin- 
istered intraperitoneally. The effect of the route of ad- 
ministration is uncertain, but Freyberg et al. [35] 
found that, at least for some gold drugs, there was 
no difference in plasma gold kinetics whether injected 
intraperitoneally or intramuscularly. 


The amount of gold taken up by the liver is similar 
to the findings of other workers with rats [4, 31] and 
humans [3], (in the latter case using aurothioglucose). 
Although it has been implied that liver uptake of gold 
is a consequence of the activity of the reticuloendo- 
thlial system in this organ [13], no unequivocal evi- 
dence to that effect is available. Penneys et al. [13] 
found that, whereas the concentration of gold per unit 
of protein in the Kupffer cells was twice that in the 
hepatocytes the majority of liver gold was in the hepa- 
tocytes. Gold has been detected histologically in 
hepatocytes as well as Kupffer cells [8] after auro- 
thiomalate administration. In addition, a significant 
proportion of gold administered is chronically 
excreted in the faeces [4, 34-36] and if this is indica- 
tive of biliary excretion, the role of the hepatocytes 
in the liver uptake of gold may be important. 

Investigations into the intracellular distribution of 
gold in rat liver cells at various time intervals after 
a variety of doses of sodium aurothiomalate by a 
number of different techniques, show unequivocally 
that gold was concentrated in lysosomes, as demon- 
strated by the marker enzyme arysulphatase. The 
results obtained from the differential fractionation, 
sedimentation-gradient and isoycnic-gradient centri- 
fugation together indicate that, under some con- 
ditions, for example 7 days after 14mgkg™' to 
17 mg kg~' aurothiomalate, probably more than 90 
per cent of the cytoplasmic gold (more than 70 per 
cent of the homogenate gold) was associated with 
lysosomes. 

The intracellular distribution of gold became con- 
siderably less clear when the time interval and/or the 
injection dose of aurothiomalate was increased, due 
to the increased amounts of gold found in the cell 
debris and partially-purified nuclear fractions, the in- 
creased proportion of gold sedimenting to the denser 
fractions in the sucrose sedimentation gradients, and 
the decreased ability of prior injection of Triton 
WR-1339 to decrease the density of gold-containing 
organelles. These changing characteristics in the dis- 
tribution of gold were not consistently paralleled by 
arylsulphatase. 
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Distribution of gold in rat liver cells 


Table 4. The estimated maximum per cent of liver gold in the nuclei 





Time 
Aurothiomalate 


RSA 





after injection 


(mg kg~') (days) 


Au Max % Au in N 





30-80 


0.7 


0.9 4.05 
3.3 19.6 
1.7 21.4 
9.6 31.6 


0.16 0.82 





N= nuclei, RSA = relative specific activity compared to homogenate. 
j 


These results could possibly be explained by the 
actual redistribution of gold into other subcellular 
compartments, such as the nuclei. However, as both 
the sedimentation and isopycnic gradients were essen- 
tially free of nuclear contamination, it is more prob- 
able that the gold becomes concentrated into telo- 
lysosomes, a process that is more noticeable after long 
time intervals or high doses of aurothiomalate. In the 
present study, a large proportion of gold was found 
bound to the lysosomal membrane. It is possible that 
gold-induced changes in the characteristics of the 
lysosomal membrane could result in changes of mem- 
brane permeability leading to increased lysosome size 
and/or density and decreased ability to equilibrate 
with lysosomes containing Triton WR-1339. Many 
lysosomal enzymes are known to be inhibited by aur- 
othiomalate [37-39], which may explain why the pro- 
posed sequestration of gold into telolysosomes was 
not accompanied by arylsulphatase, especially when 
it is considered that these telolysosomes are likely to, 
either contain a higher concentration of gold, or have 
contained the gold for a longer period of time, than 
the lysosomes still demonstrating their normal sedi- 
mentation and equilibrium characteristics. Support 
for this concept comes from the work of Yarom et 
al.[8], who showed, histologically, gold-like inclu- 
sions in what appeared to by lysosomes but did not 
stain for lysosomal enzymes. 

Over the concentration range used in the present 
experiments, the majority of gold associated with the 
lysosomes was probably membrane bound. The 
dependency of the proportion of gold bound to the 
membrane on the quantity of aurothiomalate injected 
and the time after injection could be due to the gold 
exposing additional binding sites on the membrane, 
or the exhaustion of interaction sites in the lysosomal 
lumen. The specific activity of the ['°°Au] aurothio- 
malate administered was such as to preclude investi- 
gations into the distribution of gold after injection 
of smaller amounts of drug. However extrapolation 
of the data obtained after higher doses indicates that 
the majority of the lysosomal gold would be bound 
to molecules in the lysosomal lumen. 

On the basis of G200 chromatography, the gold 
complexes in the lysosomal lumen covered a wide 
range of molecular weights, except that there was vir- 
tually no low molecular weight (less than 5000) gold 
species. This is not surprising if gold is assumed to 
react with other protein thiols as avidly as it does 
with that of albumin [30]. 

The increased solubilisation of gold, when lysis was 
effected by Triton X-100, was probably a result of 


solubilisation of high-molecular weight (more than 
300,000) membrane protein—gold complexes. 

It has been suggested previously [37,38] that at 
least part of the anti-inflammatory action of aurothio- 
malate may be due to the inhibition of lysosomal 
enzymes. These are known to be partly sequestered 
on to the lysosomal membrane and partly free in the 
lysosomal lumen [40]. The distribution of gold in the 
G200 eluate, found in the present study, compared 
with the equivalent distributions of some lysosomal 
hydrolases [41], indicates that gold in the lysosomal 
lumen, at least, could be bound to lysosomal enzymes. 

The significance of the high proportion (50.4-64.9 
per cent) of the cytoplasmic gold in the high-speed 
supernatant fraction (S), 1 hr after injection, is difficult 
to assess. The absolute amount of gold this represents 
is very low (0.1-0.4 per cent of the injected dose). 
Although by 24hr the proportion of the cytoplasmic 
gold located in the S fraction had decreased consider- 
ably (7.9-12.3 per cent), no consistent changes in the 
absolute amount of gold in the §S fraction (0.2-0.3 
per cent of the injected dose) were observed. 

This gold is unlikely to represent plasma contami- 
nation as the livers were perfused prior to removal. 
In addition gold in the plasma was almost entirely 
bound to albumin (Table 1 and Fig. 5) whereas that 
in the S fraction, at least after 7 days, was bound 
to proteins other than albumin (Fig. 5). It is also un- 
likely to be due to adventitious redistribution as a 
result of lysosomal rupture during homogenisation, 
because, firstly, only low levels of arylsulphatase were 
found in the S fraction, and secondly, the distribution 
of gold among the proteins of the S fraction was quite 
different to that in the lysosomal lumen. Gold associ- 
ated with micropinocytic vesicles is also unlikely to 
be responsible for the gold in the S fraction, as in 
these the gold would be expected to be bound either 
to membrane proteins or plasma proteins, neither of 
which fits the gold distribution actually feund. 

Although only a small proportion of the total liver 
gold is found in the S fraction, it may play an impor- 
tant role in the ultimate fate and toxicity of the drug. 
The proteins to which gold is bound to in this frac- 
tion have not been definitively characterised, but it 
is interesting to note that a significant proportion 
eluted with the total column volume of Sephadex G200 
(mol. wt less than 5000), whereas the gold in both 
the plasma and the lysosomal lumen appeared to be 
bound to proteins of much higher molecular weight. 

The low molecular weight (less than 5000) gold in 
the S fraction may be due to the formation of gold 
complexes with low molecular weight thiols, such as 





2426 K. J. Lawson, C. J. DANpuRE and D. A. FYFE 


glutathione and cysteine, which are known to have 
a relatively high concentration in the cytosol of cells. 
These mercaptide metabolites may be very complex 
in nature [42] and may be the forms in which gold 
is réleased back into the blood from tissues and 
organs such as the liver [43]. 

The possibility that gold in the S fraction is bound 
to ligandin (Y protein) is interesting with respect to 
the known role of this protein in the uptake and bili- 
ary excretion of a wide variety of drugs and physio- 
logical products of catabolism [44]. 
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Abstract—Myocardial and liver uptake and subcellular distribution in the two organs of [*H]Deslana- 
toside C, [*H]Ouabain and [*H]Digitoxin (100 ug/kg, i.v.) were investigated in conscious guinea-pigs. 
Myocardial uptake, the specific concentrations in its pellet fractions and the ventricle/plasma concen- 
tration ratio observed with Deslanatoside C and Ouabain were higher than those observed with Digi- 
toxin, this being the inverse behaviour of that observed in vitro. This suggests that myocardial uptake 
depends on plasma protein in unbound glycoside, which is 100 per cent with Ouabain, about 70-80 
per cent with Deslanatoside C and only about 10 per cent with Digitoxin. The liver uptake of Digitoxin 
was much higher than that of Ouabain and Deslanatoside C. Plasma protein binding thus seems 
to not interfere with the liver mechanism uptake. Subcellular distribution of the three glycosides in 
the liver did not differ. 

In conclusion, for a given glycoside a substantial difference can be observed between uptake in 
perfused and in in situ hearts as well as between heart and liver uptake mechanisms, heart uptake 
provoking contractility and liver uptake biliary excretion. 


A standardized method for quantitative measure- 
ment of the subcellular distribution of labelled cardiac 
glycosides in isolated perfused hearts by ultracentrifu- 
gation has been worked out by Dutta et al. [!]. Using 
this method Dutta et al. [2] studied the cardiac distri- 
bution of Ouabain, Digoxin, Digitoxin, Convallo- 
toxol, Dihydroouabain and Proscillaridin, and Marzo 
et al. [3, 4] studied the cardiac distribution of K-stro- 
phanthoside and Deslanatoside C in isolated guinea 
pig hearts. 

This paper reports quantitative results on the sub- 
cellular distribution of Deslanatoside C, Ouabain and 
Digitoxin in in situ hearts and livers of conscious 
guinea pigs. 


MATERIAL AND METHODS 


Ouabain (515 pwC/mg), Deslanatoside C(457puC/ 
mg) and Digitoxin (650 wC/mg) general labelled* 
were used. Their chemical and radioactive purity 
were ascertained by the TLC technique as de- 
scribed previously [4]. Ouabain, Deslanatoside C and 
Digitoxin were dissolved in an ethylene glycol-saline 
solution (NaCl9 g/l), 25:75 (v/v), at a concentration 





*The randomly labelled glycosides were supplied by 
New England Nuclear Corporation, 575 Albany Street, 
Boston, MA 02118, U.S.A. 

+ Ouabain, 171 nmoles/kg; Deslanatoside C, 160 nmo- 
les/kg; Digitoxin, 131 nmoles/kg. 

Reprints should be requested from: Dr. Antonio Marzo, 
Laboratorio di Biochimica, Istituto Simes di Cardiologia 
Sperimentale, P.O. Box 3888, 20161—Milan, Italy. 


of 100 ug/ml. Male guinea pigs weighing 250-300 g 
were given i.v. 100 yg/kgt of each glycoside solution 
through the posterior paw vein. For each glycoside 
the animals were divided into 5 groups each consist- 
ing of 8 animals. The animals were rendered uncon- 
scious by cervical distorsion, the first group 30 min, 
the second 90 min, the third 3 hr, the fourth 5 hr and 
the last 24 hr after administration. A sample of blood 
and the whole heart were quickly removed from each 
animal. The liver was also removed, but only from 
the animals of the first group (30 min after injection). 
The heart were perfused through the aorta and the 
livers through the porta vein for 8 min in order to 
wash the glycosides from the extracellular spaces 
using preoxygenated K-H Medium at 28°[5]. The 
perfusion rate was 3 ml/min in the case of the hearts 
and 5 ml/min in the case of the livers. In previous 
experiments 8 min had been enough to remove all 
the glycoside from the extracellular spaces in both 
hearts [1-4] and livers. A sample of the right and 
left atria, another of the right and left ventricles and 
one of the liver (50-100 mg for sample) were taken 
from each heart and liver, carefully weighed, dissolved 
in Packard Soluene TM 100 and counted as total 
radioactivity in the liquid scintillation spectrometer 
(LSS). Tne remainder of the heart and liver were 
pooled in groups of two. The whole of two hearts 
were used whereas only about 2 g from the two livers 
were taken. The pooled hearts and livers were care- 
fully weighed and homogenized in 9 vol./g of sucrose 
0.32M, EDTA (Ethylenediamino tetraacetic acid) 
10° M, MgSO, 10~° Mand Tris (trihydroxymethyl- 
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Fig. 1. Ventricle and atria concentrations of Ouabain, Deslanatoside C and Digitcxin in conscious 
guinea pigs treated i.v. with 100 ug/kg of each glycoside. Mean values of 8 findings + SE. 


aminomethane) 5-10~°M buffered at pH 7.2 (Medium 
I) according to De Robertis et al. [6]. The homo- 
genate was filtered through a sheet of surgical gauze. 
The filtered homogenate was centrifuged for 10 min 
at 906 g. The nuclear pellet obtained was resuspended 
in Medium I and recentrifuged for 10 min at 900g. 
The latter washing operation was then repeated. The 
pooled supernates were centrifuged for 20min at 
12,000 g. The mitochondrial pellet was again resus- 
pended in Medium I and recentrifuged for 20 min at 
12,000g. The latter washing operation was then 
repeated. The pooled supernates were centrifuged for 
1 hr at 166,000g. The microsome pellet was resus- 
pended in Medium I and recentrifuged for 1 hr at 
166,000 g. Aliquots of the filtered homogenate, the 
final supernate of 166,000 g (supernate) and each of 
the three resuspended pellets (nuclear, mitochondrial, 
and microsomal) were taken to evaluate radioactivity 
content, as described previously, and protein content 
according to Lowry et al. [7]. 

A few samples of each particulate fraction were 
fixed in buffered 2% glutaraldehyde, postfixed in 


osmium tetroxide, dehydrated in a series of alcohols 


Table 1. Plasma concentration of Ouabain, Deslanatoside 


and then embedded in epoxy resin. These sections 
were poststained with uranyl acetate and lead citrate 
for electron microscope observation. Fragments of the 
endoplasmatic reticulum and ribosomes were seen in 
the microsome fraction together with marginally 
lesser amounts of mitochondrial fragments. On the 
other hand, both the mitochondrial and nuclear frac- 
tions were contaminated by each other and cell frag- 
ments. Similar findings have been obtained previously 
by Dutta et al. [1] and Marzo et al. [3, 4]. 

The mean recovery of radioactivity calculated in 
all the experiments was 103 + 2 per cent (SE); the 
mean recovery of the protein in the same 44 cases 
was 92 + | per cent (SE). For this evaluation, radio- 
activity and the protein content in the filtered homo- 
genate were assumed to be 100 per cent. 

In order to rule out the possibility of any intracellu- 
lar redistribution of the glycosides during the analysis 
procedure, in glycoside-free filtered homogenates of 
guinea pig heart and liver a trace of each labelled 
glycoside was added. The homogenates were then 
treated as described above. According to previous in- 
vestigations [1-4], 95 per cent or more of the added 


C and Digitoxin injected i.v. to conscious guinea pigs* 





Plasma levelst 


30 min 90 min 3 hr 


Linear correlation 
coefficients between 
plasma and ventricles 
concentrations 


Shr 24 hr 





21.42 
+1.49 
(36.6) 
25.20 
+1.67 
(26.7) 
19.32 
+0.55 
(25.2) 


65.00 
+11.00 
(111.1) 
83.30 
+7.48 
(88.3) 
39.14 
+2.83 
(51.2) 


42.66 
+2.29 
(72.9) 
47.55 
+2.86 
(50.4) 
33.99 
+2.65 
(44.4) 


Ouabain 

100 ng/kg = 

171 nmoles/kg 
Deslanatoside C 
100 ng/kg = 

106 nmoles/kg 
Digitoxin 

100 ug/kg = 

131 nmoles/kg 


0.945 
(P < 0.05) 


2.51 
+0.24 
(4.3) 
6.52 
+0.16 
(6.9) 
8.24 
+0.45 
(10.8) 


13.64 
+1.42 
(23.3) 
14.24 
+1.97 
(15.1) 
8.17 
+0.30 
(10.7) 


0.986 
(P < 0.01) 


0.841 
(P < 0.05) 





* Mean values of 8 findings + SE. Coefficients of linear 
reported. 
+ Values in ng/ml. In parentheses values in pmoles/ml. 


regression between plasma and ventricles levels are also 





Subcellular distribution of cardiac glycosides 


radioactivity was found in the supernatant and only 
traces in the pellet fractions. 


Metabolite studies were carried out on bile and 
urine of each glycoside investigated. The TLC tech- 
nique was used to evaluate the unchanged glycoside 
and the percentage of more and less polar metabolites 
present. This technique is described in our previous 
paper [8]. Ouabain was recovered as such in both 
bile and urine. Bile and urine of guinea pigs treated 
with Deslanatoside C contained about 55% of un- 
changed glycoside, 11° of less polar metabolites and 
about 34% of more polar metabolites. In the case 
of Digitoxin about 10% was found as such, another 
10% was found in the form of less polar metabolites 
while 70-80% were more polar metabolites. 


Plasma protein bindings of the three glycosides were 
investigated as described previously [1, 3,4] by using 
a Sephadex G-25 glass column. No plasma protein 
bindings were found in the case of the Ouabain, about 
20-30% of Deslanatoside C and about 90% or more 
of Digitoxin were bound with the plasma proteins. 
The same technique applied to the supernatant 
(166,600 g) of guinea-pig hearts and livers revealed no 
protein bindings with any of the three glycosides. 


RESULTS 


Figure | shows ventricle and atria concentrations 
of the three glycosides. Both ventricles and atria levels 
decrease in time in all cases. Ouabain and Deslanato- 
side C show the highest levels in both atria and ven- 
tricles and in all times, those of Ouabain being mar- 
ginally higher than Delanatoside C. Digitoxin shows 
levels in atria and ventricles 3 or more times lower 
than the previous two glycosides. The t3 of those 
levels (evaluate by extrapolating the slope from 5 to 
24hr to 0 time) were as follows: 8hr for atria and 
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ventricles in the case of Ouabain, 14 hr for the ventri- 
cles and 17 hr for the atria with Deslanatoside C and 
11-12 hr for atria and ventricles with Digitoxin. 

Table | shows plasma levels measured with the 
three glycosides in time. These levels decreased in 
time from 30 min to 24hr. Plasma levels in the case 
of Ouabain and Deslanatoside C were 2-3 times 
lower than ventricle levels, whereas in the case of 
Digitoxin they were nearly the same and in some 
cases higher than the ventricle levels. The t} evaluated 
from 5 to 24hr as described above were 8hr with 
QOuabain and 17 hr with Deslanatoside C. In the case 
of Digitoxin this value is infinity because the values 
measured at the Sth hour are about the same as those 
observed at the 24th hour. The correlation between 
plasma and ventricle levels, measured by the linear 
correlation method, was good with all three glyco- 
sides, including Digitoxin, to a statistical significant 
degree (P < 0.05—< 0.01). 

Table 2 shows the concentrations of the glycosides 
measured in the supernatant and in whole pellet of 
the guinea pig myocardium. Ouabain in the superna- 
tant shows a peak at 90 min, after which it decreases. 
In the pellets, Ouabain decreased from the highest 
value observed at 30 min to the lowest at 24hr. The 
supernatant/pellet (S/P) ratio was 0.53 at 30 min, and 
increased to around | subsequently. In the case of 
Deslanatoside C and Digitoxin both supernatant and 
pellet levels decreased from 30 min to 24hr. The S/P 
ratio in the case of Deslanatoside C was 0.33 at 
30 min and more than | at the subsequent times. In 
the case of Digitoxin this ratio was 1.12 at the 30th 
min, increased to 1.48 at the Sthhr and 1.17 at the 
24th hr. Among the pellet fractions the highest specific 
concentrations were observed in the microsomes, 
those in the nuclei and mitochondria being substan- 
tially lower with all three glycosides (Fig. 2). Among 
the three glycosides, Ouabain and Deslanatoside C 


Table 2. Concentration of three cardiac glycosides in supernatant and in pellets of conscious guinea 


pig hearts treated i.v. with 


100 yg/kg of each glycoside* 





30 min 


90 min 3 hr Shr 24 hr 





Ouabain 
Supernatant (ng/g) 25.56 
+1.83 
50.57 
+5.14 
0.53 


+0.08 


Pellet (ng/g) 
S/P 
Deslanatoside C 


27.96 
+6.15 

67.19 
+4.70 

0.33 
+0.06 


Supernatant (ng/g) 
Pellet (ng/g) 
S/P 


Digitoxin 
Supernatant (ng/g) 21.90 
+0.92 
20.33 
+2.03 
1.12 


+0.15 


Pellet (ng/g) 


S/P 


8.78 
+1.06 
9.19 
+1.06 
0.96 
+0.04 


23.86 
+1.64 
27.24 
+2.91 
0.91 
+0.11 


41.76 
+3.91 
35.26 
+2.45 
1.21 
+0.15 


17.23 
+1.31 

13.35 
+0.75 

1.31 
+0.15 


14.16 
+1.22 

15.83 
+1.47 

1.02 
+0.12 


27.87 
+77 
22.82 
+2.41 
1.12 
+0.12 


2.89 
+0.29 
2.45 
+0.12 
1.17 
+0.08 


8.11 
+0.94 
4.32 
+0.28 
1.86 
+0.12 


11.03 
+1.07 
6.48 
+0.59 
1.70 
+0.04 





* Supernatant/pellet ratio (S/P) of the amount 
findings + SE. 
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Fig. 2. Specific concentrations (ng/mg of protein) of Ouabain, Deslanatoside C and Digitoxin in micro- 
somes, mitochondria and nuclei of conscious guinea pig hearts treated i.v. with 100 wg/kg of each 
glycoside. Mean values of 4 findings + SE. 


showed the highest microsomal specific concen- 
trations, whereas in the case of Digitoxin these 
specific concentrations were 2-3 times lower or more 
(Fig. 2). The t5 of the microsome specific concen- 
tration was 15 hr with Ouabain, 37 hr with Deslana- 
toside C and 16hr with Digitoxin. 

Concentration of Deslanatoside C and Ouabain in 
the whole liver was around 54-60 ug/g, whereas in 
the case of Digitoxin this value was 108 ug/g. The 
S/P ratio was around | with Ouabain and Deslanato- 
side C, but 4.61 with Digitoxin. Specific concen- 
trations in microsome, nuclei and mitochondria did 
not greatly differ (Table 3). 


DISCUSSION 


In studies on isolated guinea pig hearts perfused 
64 min with K-H Ringer, Dutta et al.[2] observed 
very high concentrations in both atria and ventricles 
with Digitoxin (700-740 ng/g) among six cardiac gly- 
cosides, whereas Ouabain showed values markedly 
lower (100-150 ng/g). Deslanatoside C, investigated by 


Marzo et al.[4] using the same method as Dutta et 
al. [1] showed concentrations of 77 ng/g in the ventri- 
cles, which is not very different from those observed 
by Dutta with Ouabain, and, consequently markedly 
lower than the values observed with Digitoxin. 
Among the particulate fractions, microsomes showed 
the highest specific concentrations in any case, being 
in 2.27 ng/mg of protein in the case of Digitoxin, 1.28 
in the case of Ouabain and 2.67 in the case of Des- 
lanatoside C. After 64 min of perfusion the S/P ratio 
were as follows: 0.73 with Digitoxin, 0.22 with Oua- 
bain and 0.43 with Deslanatoside C. 

In conscious guinea pigs, the heart uptake of Digi- 
toxin and its concentration in particulate pellet frac- 
tions were invariably lower than with Ouabain and 
Deslanatoside C. The behaviour observed in perfused 
guinea pig hearts and in hearts of conscious guinea 
pigs are thus in evident contradiction particularly in 
the case of myocardial uptake of Digitoxin. A possible 
reason for this contradiction may arise from the 
plasma protein linkages of cardiac glycosides. In 
effect, Ouabain is not bound to plasma proteins, and 


Table 3. Concentrations in the whole liver, ratio between the amounts present in supernatant and pellet, and specific 
concentrations in nuclei, mitochondria and microsomes of Deslanatoside C, Ouabain and Digitoxin in the livers of 
conscious guinea pigs treated i.v. with 100 g/kg of each drug* 





Concentrations 
in whole liver 


(ng/g) 


Supernatant/ 
pellet ratio 


Specific concentrations 
(ng/mg protein) 
Mitochondria 


Nuclei Microsomes 





Quabain 


Deslanatoside C 


59.79 + 5.33 
53.66 + 2.10 


Digitoxin 108.01 + 8.83t 


0.94 + 0.06 
1.02 + 0.15 


4.61 + 0.42t 


0.35 
+0.02 
0.35 
+0.06 
0.22 
+0.01 


0.29 + 0.03 0.42 + 0.05 


0.26 + 0.02 0.40 + 0.03 


0.24 + 0.03 0.39 + 0.05 





* Mean vaiues of 4 findings + SE. 
+P <0.0i. 


¢ P < 0.001, related to the comparison of Digitoxin with both Deslanatoside C and Ouabain. 





Subcellular distribution of cardiac glycosides 


Deslanatoside C is bound only in small amounts 
(20-30%), whereas Digitoxin is almost entirely linked 
to plasma proteins. These data on piasma protein 
linkages are consistent with the findings of Kolenda 
et al. [9, 10]. Myocardial uptake of cardiac glycosides 
does in fact seem to be related only, or principally, 
to free glycoside which is whole with Ouabain, 
70-80% with Deslanatoside C and only about 10% 
with Digitoxin. This hypothesis is in agreement with 
the findings of Rieger and Kuschinsky[11] working 
in isolated perfused guinea pig hearts, who observed 
that the addition of albumin to the perfusion medium 
was able to shift the dose-response curve of the posi- 
tive inotropic effect induced by Digitoxin to the right 
by a factor of about ten, while the Ouabain-induced 
effects were not significantly altered. The same 
Authors also observed a marked decrease in myocar- 
dial uptake of Digitoxin, but not of Ouabain in the 
presence of albumin. Another possible reason may 
account for the different behaviour of myocardial 
uptake observed as between conscious guinea pigs 
and their perfused hearts. In effect the metabolization 
of glycosides which is nil with Ouabain, significant 
but not very high with Deslanatoside C and marked 
with Digitoxin in conscious animals, in isolated hearts 
it does not occur [8]. However the main reason for 
the different myocardial uptake of Digitoxin in vivo 
and in vitro is, in our opinion, plasma protein binding. 

The behaviour of liver uptake of the three glyco- 
sides observed in conscious guinea pigs was different 
from myocardial uptake. Liver uptake of Digitoxin 
is two times higher than both Ouabain and Deslana- 
toside C (P < 0.01). All the particulate pellet fractions 
of the liver showed specific concentrations of the three 
glycosides not greatly different from each other, rang- 
ing from 0.22 and 0.42 ng/mg of protein. The S/P 
ratio is near 1 with Ouabain and Deslanatoside C 
and more than 4 times higher with Digitoxin, i.e., 
4.61 ng/mg protein. High liver/plasma or bile/plasma 
ratios have been encountered with Digitoxin by 
Marzo and Ghirardi[8], Russell and Klaassen [12] 
and Kolenda et al. [10]. This fact allows considerable 
biliary excretion of this glycoside, i.e. 68.50% Shr 
after iv. injection in anaesthetized guinea pigs, 
whereas this value was 14.92 with Deslanatoside C 
and 3.87% with Ouabain [8]. Digitoxin specific con- 
centrations in the particulate fraction do not greatly 
differ from Ouabain or Deslanatoside C; Digitoxin 
concentration in the whole liver is about two times 
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higher than the other glycosides, and the S/P ratio 
of Digitoxin is more than 4 times higher than that 
of Ouabain and Deslanatoside C. The high biliary 
excretion of Digitoxin seems not to be correlated with 
subcellular distribution of this glycoside in the liver, 
but seems to depend only on the degree of liver 
uptake. 

In conclusion this investigation shows that the 
uptake of the perfused heart may be different from 
that of in situ heart of living animals in which the 
drug can be bound to plasma proteins; conversely 
the plasma protein bindings of cardiac glycosides do 
not seem to reduce their liver uptake; biliary excre- 
tion of cardiac glycosides does not depend on subcel- 
lular distribution of glycoside in the liver, but only 
on the degree of its liver uptake; in the same glycoside 
it is possible to observe a higher heart uptake 
together with poor liver uptake, as well as the oppo- 
site behaviour. 
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Abstract—The effect of three cholestatic steroids (norethandrolone, 17-f-estradiol and progesterone) 
on hepatocellular uptake and secretion of taurocholate was studied in isolated rat liver cells. The 
steroids decreased the rate of taurocholate uptake. Norethandrolone inhibited uptake noncompetitively 
with a K; of 18 uM, but had no effect on the activation energy of uptake. 17-f-estradiol and progester- 
one reduced taurocholate uptake by 50 per cent at concentrations between 40 uM and 50 uM. The 
secretion of taurocholate from taurocholate-loaded cells was slightly increased by all three steroids 
at concentrations below 100 uM. A 60 per cent inhibition of secretion was observed in the presence 
of 500 uM norethandrolone. Interference of cholestatic steroids with hepatocellular bile acid uptake 
may be an important step in the pathogenesis of intrahepatic cholestasis. 


A variety of drugs[1] cause intrahepatic cholestasis, 
which, like any form of cholestasis, is characterized 
by reduced bile flow and high concentrations of bile 
acids in the liver and in the serum. The primary event 
of drug-induced cholestasis is still unknown. Several 
different mechanisms have been implicated in the 
pathogenesis of this disease, such as altered bile acid 
synthesis [2, 3], precipitation of lithocholate or drugs 
in the canaliculi or pericanalicular space (4, 5], alter- 
ations of the canalicular membrane[6] and of the 
microfilaments [7]. 

In the course of enterohepatic circulation each bile 
acid molecule passes through the liver about 20 times 
before being finally eliminated [8,9]. Interference 
with the transport rate of either uptake from the sinu- 
soidal side or secretion into the canaliculi could there- 
fore lead to reduced bile flow and accumulation of 
bile acids. 

To study whether cholestatic steroids interfere with 
bile acid transport, isolated rat liver cells were used. 
Isolated hepatocytes allow independent measure- 
ments of uptake and secretion; we have recently 
shown that both processes are carrier-mediated, ener- 
gy-dependent, and saturable [10, 11]. 

Three steroid hormones of different cholestatic 
potencies were tested for their interference with tauro- 
cholate transport: Norethandrolone, an anabolic drug 
which causes jaundice [12], 17-B-estradiol, which may 
be responsible for cholestasis during pregnancy, and 
progesterone, of which involvement in cholestasis is 
uncertain [13]. 

Taurocholate is the major bile acid in the rat, and 
was therefore used in the experiments. This bile acid 
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has the additional advantage of passing through the 
liver cell virtually unmetabolized. 


MATERIALS AND METHODS 

Materials. Tauro[carbonyl-'*C]cholic acid, 50 
mCi/m-mole was from Radiochemical Center (Amer- 
sham, England), [carboxyl-'*C]dextran, molecular 
weight 75000, 1.3 mCi/g from NEN Chemicals 
(Dreieichenhain, Germany). Collagenase grad 2 (from 
Clostridium histolyticum) and antimycin A were deli- 
vered by Boehringer (Mannheim, Germany). Hyalur- 
onidase type 1 (from bovine testes) was purchased 
from Sigma (St Louis, U.S.A.), taurocholic acid and 
trypan blue were from Serva (Heidelberg, Germany). 
Carbonylcyanide-m-chlorophenylhydrazone was deli- 
vered from Calbiochem (Los Angeles, U.S.A.). Sili- 
cone oils, types AR 200 and AR 20, were from 
Wacker Chemie (Miinchen, Germany). Norethandro- 
lone (17a-ethyl-178-hydroxyestr-4-en-3-on) was a gift 
from Searl (Chicago, U.S.A.). 17-f-Estradiol, pro- 
gesterone and all other chemicals were purchased 
from Merck (Darmstadt, Germany) at the highest 
purity available. 

Isolation of rat liver cells. Hepatocytes were pre- 
pared from male Sprague-Dawley rats (300 g) (Tier- 
zuchtanstalt Ivanovas, Kisslegg). Standard laboratory 
diet and water were given ad lib. 

Isolated liver cells were prepared according to the 
method of Berry and Friend[14], as modified by 
Seglen [15] and Baur[16]. A cannula was inserted 
into the portal vein under ether anesthesia, and per- 
fusion was started with Ca?*-free Hanks medium at 
7. 

After excision of the liver, perfusion was continued 
with a recirculating medium supplemented with 
0.5 mM Ca?*, 0.1% hyaluronidase and 0.05% colla- 
genase. After 10-15 min the portal vein became leaky, 
and perfusion was continued via the vena cava. After 
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another 30 min the liver was minced and poured in 
a round-bottomed flask, where dissociation of cells 
was allowed to continue by slow rotation for 15 min. 
During the entire procedure the medium was aerated 
with carbogen. After washing, the cells were stored 
at 0° as a suspension (about 40 mg cell protein/ml) 
in a standard medium which consisted of 137mM 
NaCl, 5.2 mM KCL, 0.9 mM MgSO,, 0.12 mM CaCl,, 
5 mM glucose, buffered with 3mM phosphate and 
10 mM Tris to pH 7.3. 

Viability of liver cells. Viability of the cell prep- 
arations was tested according to the criteria recently 
published [16, 17], ie. trypan blue staining (less than 
8°%), stimulation of oxygen consumption by succinate 
(less than 20%) and the respiratory control ratio (at 
least 1.9). 

Transport of taurocholate. To measure uptake of 
taurocholate, aliquots of the cell suspension were 
diluted with the standard medium to a final concen- 
tration of about 2 mg cellular protein/ml. After 5 min 
preincubation at 37°, 10 ul of 60nCi ['*C]taurocho- 
late were added to | ml suspension and various con- 
centrations of unlabeled taurocholate. The cell sus- 
pensions were slowly stirrred throughout the experi- 
ments. 

To measure secretion of taurocholate, cells (6-7 mg 
cellular protein/500 ul) were incubated with 


90 nCi ['*C]taurocholate and various amounts of un- 
labeled taurocholate. The oxygen supply was main- 
tained by streaming oxygen over the surface of the 
cell suspension. After 15 min, 100 pl of the ceil suspen- 





“1-1 


n) 


rot: mi 


-| 


Vv(nmol-mg p 











iL iL 


i. L 
0.2 04 { 08 
/{Taurocholate} (uM) 





Fig. 1. Lineweaver-Burk plot for the uptake of taurocho- 
late showing inhibition by norethandrolone. Liver cells 
(2 mg cellu!ar protein) from the stock suspension were 
preincubated at 37° in | ml standard medium at pH 7.3 
for 5 min. Norethandrolone was added to the cell suspen- 
sion 10sec before the addition of taurocholate. 200 ul 
samples were withdrawn and immediately centrifuged at 
the times described in the Methods section. Uptake of 
taurocholate was linear for | min. From the slope of the 
straight lines the initial velocity of uptake was calculated. 
Concentrations of norethandrolone: 0 uM (QO), 10 uM (0), 
25 uM (@), 50 uM (Mf), 100 uM (A). 
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sion (“loaded cells”) were transferred to 2ml of 
medium, free from bile acids. 

In the uptake as well as in the secretion studies 
norethandrolone, progesterone and _ 17-f-estradiol 
were dissolved in ethanol and added in all experi- 
ments in a volume of 10 yl to the cell suspensions. 
10 ul ethanol alone did not affect taurocholate trans- 
port. 

Termination of transport reactions. Both uptake and 
efflux reactions were stopped by separating the cells 
from the medium by centrifugal filtration as described 
earlier [8, 10]. 200 ul samples of the cell suspension 
were placed in centrifuge tubes which contained at 
the bottom 50 yl 3 M KOH covered by 100 yl silicone 
oil. The density of this silicone layer is higher than 
that of the medium and lower than that of the 
3M KOH. On centrifugation the cells pass through 
the silicone and are denatured in the KOH layer. In- 
itia! rates of uptake were obtained from measure- 
ments at 15, 30, 45 and 60sec after the addition of 
taurocholate. Initial rates of secretion were obtained 
from the values 15, 30, 45, 60, 75, 90, 120 and 180 sec 
after transferring the “loaded” cells into a medium 
free of bile acids. Radioactivity in the cell precipitate 
and the supernatant was analysed in Bray’s solution 
in a Berthold liquid scintillation counter. 

Special analytical methods. Cellular protein was 
determined by a modified biuret method [19]. For the 
trypan blue exclusion test, equal volumes of the cell 
suspension and of a trypan blue solution (0.4% w/v 
in the incubation medium) were mixed. Oxygen con- 
sumption was measured with a Clark electrode at 
pH 7.3 and 37°. 


RESULTS 


Inhibition of taurocholate uptake. The anabolic drug 
norethandrolone, which causes. cholestasis in 
vivo [12, 20], inhibits uptake of taurocholate by iso- 
lated liver cells (Fig. 1). The inhibition is noncompeti- 
tive, as demonstrated by the common intercept on 
the abscissa in the Lineweaver—Burk plot. To deter- 
mine the inhibitor constant the reciprocal velocity 
was plotted versus concentration of the inhibitor 
according to Dixon (Fig. 2). The inhibitor constant 
(K;) for norethandrolone is 18 uM. 

In these experiments norethandrolone was added 
to cell suspensions 10 sec before the addition of the 
bile acid. To test whether the length of preincubation 
with norethandrolone alters the inhibitory effect, cells 
were preincubated with 25 uM norethandrolone for 
20 min prior to taurocholate addition. This extension 
of the preincubation period did not increase the inhi- 
bition of uptake. 

In Fig. 3 the temperature dependency of taurocho- 
late uptake is plotted according to Arrhenius. The 
parallel shifting of the lower line indicates that the 
velocity of uptake is reduced in the presence of nor- 
ethandrolone. Norethandrolone did not alter the 
value for the activation energy of uptake (about 
28 kcal/mole) which was calculated from the slopes 
of the straight lines. 

Taurocholate uptake is also inhibited by 17-f-estra- 
diol and progesterone. Both drugs cause a 50 per cent 
inhibition at 40 to 50 uM (Table 1) at an extracellular 
taurocholate concentration of 10 uM. 





Cholestatic steroid hormones inhibit taurocholate uptake 
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Fig. 2. Dixon plot for inhibition of taurocholate uptake 

by norethandrolone. The reciprocal velocities of Fig. 1 

were plotted against the concentrations of norethandro- 

lone. Concentrations of taurocholate: 1 uM (@), 2 uM (0), 
5 uM (A), 10 uM (A). 


Effect of cholestatic compounds on secretion. When 
cells are loaded with various amounts of taurocholate 
and then transferred to a medium free of bile acid, 
taurocholate is released at a constant rate for 
2-3 min [11]. 

The effects of norethandrolone on secretion of 
taurocholate are complex. At low concentrations 
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Fig. 3. Arrhenius plot: effect of temperature on taurocho- 
late uptake after the addition of norethandrolone. Noreth- 
androlone (50 uM) was added 10sec before taurocholate 
(10 uM) to the cell suspension at various temperatures. In- 
itial rates of uptake were measured as described in Fig. 
1. Vis expressed in nmoles/mg cellular protein x min and 
plotted against 1/T. (O) without norethandrolone, (@) with 
norethandrolone. Calculations based on the slopes of the 
straight lines indicate an activation energy of about 
28 kcal/mole. 
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Table 1. Inhibition of taurocholate uptake by steroid 
hormones 





Steroid hormone I5o-value (uM) 





Norethandrolone 
17-B-Estradiol 
Progesterone 





* The initial rates of uptake were measured as described 
in the legend to Fig. 1. The steroids were added to the 
cell suspension (2.2 mg protein/ml) 10 sec before the addi- 
tion of taurocholate. The data represent the steroid con- 
centrations at which 50 per cent inhibition is observed and 
are the means of 4 measurements. The taurocholate con- 
centration was 10 uM. 


(5-10 uM), the rate of excretion is not decreased, but 
shows a small increase of about 10 to 15 per cent. 
At the much higher concentration of 500 uM noreth- 
androlone strongly inhibits secretion (Table 2, Fig. 
4). 

17-B-estradiol and progesterone similarily to nor- 
ethandrolone slightly increased secretion at low con- 
centrations up to 100 uM. Higher concentrations than 
100 uM were not used on account of the low solu- 
bility of these two steroids. 


DISCUSSION 


Norethandrolone, 17-f-estradiol and progesterone 
inhibited taurocholate uptake into isolated liver cells 
(Table 1). This impairment of transport does not seem 
to require metabolism of the steroids, because they 
all exerted their effect immediately and, as shown for 
norethandrolone-inhibition, independently of the 
duration of the preincubation period. Direct interfer- 
ence of the steroids with the active site of the carrier 
protein appears unlikely in view of the noncompeti- 
tive type of inhibition which has been shown for nor- 
ethandrolone (Fig. 1). The inhibition may rather be 
due to the capacity of the lipophilic steroids to enter 
the plasma membrane and to thereby affect the moti- 
lity of the fatty acid chains [21]. Such changes in the 
lipid environment have been shown to alter the ac- 
tivity of membrane carriers [22]. 

The daily dosage of norethandrolone in man is 
10-30 mg[23]; assuming uniform distribution 


Table 2. Effect of steroid hormones on secretion of 
taurocholate* 





Steroid concentration (uM) 
Steroid hormone 5 20 50 100 500 





Norethandrolone 101. 107 115 82 41 
17-B-Estradiol 9% 1133 #1199 HT — 
Progesterone 104 «114 —~=«sI111 9 — 





* Cells were loaded with 10 uM taurocholate for 15 min. 
The steroid hormones were dissolved in 10 yl ethanol and 
were added to the cellular suspension (0.3 mg protein/ml) 
immediately after the 20-fold dilution of the cells. Ethanol 
(10 pl) alone did not affect secretion of taurocholate. The 
data represent the rates of secretion during the first 3 min 
as per cent of control at various steroid concentrations 
and are the mean of duplicate measurements from two 
cell preparations. 17-f-estradiol and progesterone are in- 
soluble at 500 uM. 
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Fig. 4. Influence of norethandrolone on secretion of tauro- 
cholate. Liver cells (6 mg cellular protein) were preincu- 
bated at 37° in 500 yl standard medium for 3 min. The 
cells were subsequently “loaded” with 10 uM taurocholate 
for 15min. To measure the secretion of taurocholate, 
100 yl of the cell suspension were transferred to 2 ml stan- 
dard medium free of bile acids. Norethandrolone dissolved 
in 10 yl ethanol was added to the cell suspensions at a 
final concentration of: 0 uM (@), 50 uM (A), 500 uM (0). 
Samples of 200 yl were withdrawn and immediately centri- 
fuged at the times described in the Methods section. 





throughout the body, the concentration would reach 
approximately 2 uM. This represents about one-tenth 
of the concentration required for 50 per cent inhibi- 
tion in vitro. Even during pregnancy serum concen- 
trations of 17-f-estradiol and progesterone may 
approach | uM only. However, simultaneous interac- 
tions of several endogenous steroids and drugs at the 
membrane in vivo must be considered. Therefore, 
levels of single steroids added in vitro can hardly be 
compared with those found in vivo, which add to the 
sum of other steroids already being present. 

In contrast to the hepatocellular uptake of tauro- 
cholate secretion has been little affected by the 
steroids. The V,,,, of taurocholate secretion in the 
absence of steroids [11] corresponds to the T,,-value 
both in vivo and in the isolated perfused 
liver [24,25]. This strongly suggests that isolated 
hepatocytes used in the present study maintain their 
physiological function to secrete bile acids. Intactness 
of the plasma membrane of enzymatically prepared 
hepatocytes is also indicated by the presence of gluca- 
gon, epinephrine, and insulin receptors on the surface 
of the free cells [26]. Furthermore Wisher and Evans 
could show that the uneven distribution of hydrolytic 
surface enzymes at the different faces of the plasma 
membrane, i.e. the blood sinusoidal, the bile canalicu- 
lar and the contiguous (lateral) face is still preserved 
in isolated liver cells [27]. The small increase of the 
secretion rates in the presence of low steroid concen- 
trations may be ascribed to inhibition of reuptake 
of previously secreted taurocholate. Secretory inhibi- 
tion in the presence of very high norethandrolone 
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concentrations (500 1M) may be due either to interfer- 
ence with the plasma membrane or to the known in- 
hibition of the mitochondrial respiratory chain by 
steroids [28, 29]. Considering that intrahepatic cho- 
lestasis is caused by much lower steroid concen- 
trations in vivo, it is doubtful whether the effect of 
500 uM norethandrolone in vitro has any relevance 
to the genesis of intrahepatic cholestasis. 

Inhibition of bile acid uptake in vivo could promote 
intrahepatic cholestasis in the following way. Inhibi- 
tion of bile acid uptake by cholestatic steroids impairs 
transcellular bile acid transport from blood into 
bile [30]. Consequently, the intracellular bile acid 
concentration decreases. Since bile acid synthesis is 
regulated by a feedback mechanism, a lowered intra- 
hepatic bile acid concentration releases product inhi- 
bition of bile acid formation, thus increasing bile acid 
synthesis [31]. Quantitatively, de novo synthesis may 
be insignificant, since it restores only a small portion 
of the bile flow. However, qualitative aspects may be 
important, since steroid hormones shift the pattern 
of bile acid synthesis to the production of hepatotoxic 
mono- and dihydroxylated bile acids by inhibition of 
microsomal hydroxylation reactions [3, 32,33]. Such 
hepatotoxic bile acids may change the properties of 
the canalicular membrane, and lead to failure of bile 
acid secretion. This has been recently reported in the 
case of lithocholate [34]. 
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Abstract—It has been reported that certain reproductive hormones exert a regulatory function on 
vitamin D metaboism in avian species. More specifically, we and others have demonstrated that admin- 
istration of estrogen enhances renal 25-hydroxyvitamin D,-!-hydroxylase activity. The present work 
is aimed at further elucidating this regulatory function of estrogen by studying the effects of an anti- 
estrogen, tamoxifen, on renal 1-hydroxylase activity. Female Japanese quail, maintained on either a 
lew calcium or a normal calcium diet, were injected with tamoxifen (10 and 30 mg/kg, im. three 
times weekly for 4 weeks) and renal 1-hydroxylase activity in vitro was determined. The higher dose 
of tamoxifen significantly inhibited 1-hydroxylase activity when compared with control birds injected 
with vehicle alone; this inhibitory effect was observed whether the birds were maintained on a normal 
or a low calcium diet. Tamoxifen at the lower dose significantly inhibited 1-hydroxylase only in those 
birds maintained on a low calcium diet. Plasma calcium concentrations and oviduct weights were 
significantly decreased by tamoxifen at both dose levels and under both dietary conditions. The 1-hy- 
droxylase data, coupled with the previously reported stimulatory effects of exogenous estradiol and 
the inhibitory effects of ovariectomy, support the concept that estrogens can influence renal 1-hydroxy- 
lase activity in avian species. Nevertheless, when estradiol was administered (1 and 3 mg/kg, i.m., 
three weekly for 4 weeks) concurrently with tamoxifen, it did not reverse, but tended to add to, the 
blocking effect of tamoxifen. This indicates that the regulatory function of estrogen is not simple. 
Estradiol may have a latent inhibitory component with respect to renal 1-hydroxylase activity, a com- 


ponent which may be unmasked by the presence of an antiestrogen. 


Vitamin D, (cholecalciferol) is metabolized in the 
animal body, first in the liver producing 25-hydroxy- 
vitamin D, [25-(OH)D;], which is then further hy- 
droxylated at the 1-position in the kidney to 1,25-di- 
hydroxyvitamin D, [1,25-(OH),D;]. This dihydroxy 
metabolite is the most active form and has been desig- 
nated as a hormone. The kidney also hydroxylates 
25-(OH)D; to a lesser active metabolite, 24,25-di- 
hydroxyvitamin D, [24,25-(OH),D,]. These two hy- 
droxylations in the kidney are normally regulated so 
that only one product is predominantly formed, 
depending on the need. The exact physiological role 
of 24,25-(OH),D, is not clearly understood, but it 
is now largely accepted that 1,25-(OH),D,j is the final 
active form of vitamin D, in the body [1]. 

The factors which regulate the synthesis of this 
metabolite in the kidney are not known with cer- 
tainty. Various factors such as vitamin D status [2, 3], 
calcium [4,5] and phosphate [6,7] have been re- 
ported to be the regulator of 1,25-(OH),D, synthesis 
in the kidney. The role of parathyroid hormone has 
been investigated [3, 8,9] but certain authors do not 
agree that parathyroid hormone is such a regulator 
[7, 10,11]. Kenny et al. have reported that ovulation 
in Japanese quail [12-14] and chickens [15] results 
in enhanced 1,25-(OH),D,; production in kidney 
homogenates in vitro. These studies indicated the 
possible existence of a physiological regulation of 


1,25-(OH),D, production during increased need for 
calcium such as in egg laying. 

The possibility that gonadal hormones, which are 
elevated during the egg-laying cycle, might also be 
a factor which can regulate the synthesis of 1,25- 
(OH)2D, led us to study the effect of gonadal hor- 
mones on the regulation of vitamin D,; metabolism. 
We have previously reported [16] that estradiol injec- 
tion in male Japanese quail markedly increases renal 
production of 1,25-(OH),D, in vitro. Recently Tanaka 
et al.[17] have also reported similar findings. The 
present investigation was designed to study further 
this regulatory function of estrogen by investigating 
the effects of an estrogen antagonist (ICI, 46, 474, 
tamoxifen citrate) on renal 25-hydroxyvitamin D,-1- 
hydroxylase activity. In addition, the influence of cal- 
cium deprivation on these responses was also studied. 
Vitamin D metabolism was monitored in vitro using 
kidney homogenates and tritiated 25-(OH)D, as sub- 
strate. A preliminary report of this work has appeared 
elsewhere [18]. 


EXPERIMENTAL 


Animals and diets 

Four-week-old female Japanese quail (Coturnix 
coturnix japonica), hatched and bred in the animal 
quarters of either the University of Texas Medical 
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Table 1. Experimental groups, diets and treatments in female Japanese quail 





Group Treatment* 


Age (weeks) 


No. of Birds Start End 





Normal calcium diett 
Control (corn oil) 
ICI (10 mg/kg) 


ICI (10 mg/kg) + estradiol (1 mg/kg) 


ICI (30 mg/kg) 


ICI (30 mg/kg) + estradiol (3 mg/kg) 


ICI (30 mg/kg) 
calcium diets 

Control (corn oil) 

ICI (10 mg/kg) 


ICI (10 mg/kg) + estradiol (1 mg/kg) 


ICI (30 mg/kg) 


ICI (30 mg/kg) + estradiol (3 mg/kg) 


ICI (30 mg/kg) 


7 (immature) 
8 (immature) 
7 (immature) 
6 (immature) 
5 (immature) 
5 (laying) 


7 (immature) 
5 (immature) 
5 (immature) 
6 (immature) 
5 (immature) 
5 (laying) 1 1 





* Injections were given intramuscularly three times weekly in corn oil; ICI: tamoxi- 
fen citrate (ICI 46,474); estradiol: estradiol benzoate. 

+ Normal Ca diet: Purina Game Bird Breeder Layena (2.3 to 3.3% Ca). 

t Mature egg-laying quail; normal females start laying around 6 weeks. 

§ Low Ca diet: Teklad modified Special Quail Test Diet (0.2% Ca). 


Branch or Texas Tech University School of Medicine, 
were used. The birds were maintained on a 14-hr light 
and 10-hr dark cycle, and were fed Purina Game Bird 
Startena (Ralston Purina, St. Louis, MO) from hatch- 
ing until 4 weeks of age. Other husbandry procedures 
have been described elsewhere [14]. The birds had 
free access to tap water at all times. Six groups of 
birds (five to eight per group) were placed on a low 
calcium diet containing 0.2% calcium. This low cal- 
cium diet was obtained from Teklad Mills (Chagrin 
Falls, OH) and is a modification of their Special 
Quail Test Diet T-109 (Cat. No. 170630) by omission 
of the CaHPO, and CaCO, ingredients. Six more 
groups were placed on Purina Game Bird Breeder 
Layena (Ralston Purina, St. Louis, MO) beginning 
at 4 weeks of age and continuing until the time of 
sacrifice. The Layena diet consists of 2.3 to 3.3% cal- 
cium and is designated for the purpose of this report 
as a normal calcium diet. Two groups of mature 
layers were also used and were placed either on low 
or normal calcium diets for 4 weeks. The birds were 
caged individually during the experimental periods. 
All birds were weighed before and after the experi- 
ment. Their oviduct weights were recorded at the time 
of sacrifice. 


Drugs 


The antiestrogen, tamoxifen citrate (ICI 46,474 and 
kindly supplied by the Stuart Pharmaceuticals Divi- 
sion of ICI United States, Wilmington, Del.), used 
in this study is a derivative of triphenylethylene, of 
which clomiphene is another analog. The compound 
was dissolved in stock alcoholic solution and appro- 
priate aliquots were dissolved in the required volume 
of corn oil after evaporation of the alcohol. Estradiol 
benzoate (f-estradiol-3-benzoate, U.S.P., General Bio- 
chemicals, Chagrin Falls, OH) was dissolved in the 
required volume of corn oil. Two dose levels of anties- 
trogen and estradiol were used. Antiestrogen and 
estradiol injections were given intramuscularly three 
times each week. Control groups received equal 
volumes of corn oil. The drugs were given for 4 weeks. 
The experimental groups and dose schedules are 
given in Table 1. 


Kidney incubation in vitro 


All birds were anesthetized with halothane (kindly 
supplied by Ayerst Laboratories through the courtesy 
of Dr. J. B. Jeweil) after 4 weeks on a specific diet 
and treatment schedule and were bled by cardiac 
puncture to obtain heparinized plasma for calcium 
and inorganic phosphate analysis. The preparation of 
the kidney homogenates, the incubation with tritiated 
25-(OH)D, and subsequent extraction and separation 
of the metabolites were performed according to the 
method described by Kenny [14], with one exception: 
0.25-ml aliquots of kidney homogenate were added 
to 4.75 ml of incubation mixture containing 50 pmoles 
25[26,27-°H Jhydroxyvitamin D, (dissolved in 25 yl of 
95% ethanol), and incubated for 10 min only. The 
concentration of substrate used in this study is not 
saturating [2], so that maximal enzymatic activity is 
not being compared between the groups. Metabolite 
production is expressed in terms of pmoles min™' g~! 
kidney as the mean value together with the standard 
error of the mean. 


Analytical methods - 


Plasma calcium and phosphate were determined by 
the automated methods of Kessler and Wolfman [19] 
and Fiske and Subbarow [20] respectively. Protein 
was determined by the method of Lowry et al. [21] 
as automated by Waite [22]. 


Medullary bone 

Femurs were removed at the end of the experiment, 
cleaned of soft tissue, and defatted with ethanol and 
ether as described by Kenny et al. [23]. Two-cm sec- 
tions of the diaphysis were cut from the dry bones 
with a fine saw and weighed as an index of the devel- 
opment of medullary bone. 


RESULTS 
Normal calcium diet experiments 


Immature birds. The birds were treated beginning 
at 4 weeks of age until they were 8 weeks old. The 
data are summarized in Fig. 1. Control birds (group 1) 
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Fig. 1. Effect of an antiestrogen (ICI 46,474) with and with- 
out estradiol treatment on vitamin D metabolism in female 
Japanese quail on a normal calcium diet. Drug treatments 
were initiated in 4-week (groups 1-5) and 12-week (group 
6) birds and continued for 4 weeks. Both 1,25-(OH),D, 
(upper panel) and 24,25-(OH),.D, (lower panel) production 
were determined after incubation of kidney homogenates 
with [°H-25]-(OH)D, and were expressed in terms of 
pmoles min~' g~' kidney. Antiestrogen treatment signifi- 
cantly inhibited 1,25-(OH),D, production but only at the 
30 mg/kg dose. Very little 24,25-OH),D, was produced 
in any of the groups. 


all of which had an egg in the oviduct at the time 
of sacrifice, produced only 1,25-(OH),D, (8.8 + 1.2 
pmoles min™='g~' kidney) and none of the 
24,25-(OH),D, metabolite. Those birds which 
received the antiestrogen at 10 mg/kg (group 2) aiso 
produced 1,25-(OH),D, predominantly (8.9 + 3.1) 
with little 24,25(OH),D, metabolite (0.54 + 0.50). 
The higher dose of antiestrogen (30 mg/kg) com- 
pletely inhibited the production of _ either 
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1,25-(OH),D, or 24,25-(OH),D, (group 4). When the 
antiestrogen-treated birds were injected concomi- 
tantly with estradiol (groups 3 and 5), the 3 mg/kg 
dose of estradiol failed to break through the blockade 
induced by the antiestrogen at 30 mg/kg. In fact, in 
group 3 (birds treated with the lower doses of agonist 
and antagonist), the production of 1,25-(OH),D, 
metabolite (5.8 + 1.1) was slightly less than, although 
not significantly so, that produced by the birds (group 
2) receiving the lower dose of the antagonist alone 
(8.9 + 3.1). Mature laying birds receiving the higher 
dose of the antagonist (group 6) produced predomi- 
nantly 1,25-(OH),D, but at a markedly reduced rate 
(1.1 + 0.09 pmoles min~! g~! kidney). 

All groups which received the estrogen antagonist, 
whether they were treated with estradiol or not, did 
not lay eggs, whereas the control (group 1) birds layed 
regularly and had an egg in the oviduct at the time 
of sacrifice. All antiestrogen-treated birds (groups 
2-6), whether they received estradiol treatment or 
not, showed a significant (P < 0.05) reduction in body 
weight, plasma calcium, oviduct and femur weights. 
Plasma phosphate levels, however, were not signifi- 
cantly different except in the birds (group 4) treated 
with 30 mg/kg of antiestrogen along (Table 2). 

Laying birds. A 4-week treatment with antiestrogen 
alone at a dose of 30 mg/kg (group 6) stopped egg 
laying within 1 week after start of the treatment. 
Renal production of 1,25-(OH),D, (1.1 + 0.09 pmoles 
min~ ' g~' kidney) was significantly (P < 0.05) less in 
these birds than in (group 1) egg-laying birds 
(8.8 + 1.2) which reached maturity at the end of the 
experiment. Production of 24,25-(OH),D,; was unde- 
tectable in both groups. Treatment of mature birds 
with the antiestrogen at the 30 mg/kg dose level sig- 
nificantly (P < 0.05) reduced plasma calcium, oviduct 
and femur weights (Table 2). 


Low calcium diet experiments. 

Immature birds. Control birds, when placed on a 
low calcium diet (group 7) exhibited, as expected, a 
greater production of 1,25-(OH),D, (25.4 + 3.80 
pmoles min~' g~' kidney) than similar birds (Fig. 1, 
group 1) maintained on a normal calcium diet 
(8.8 + 1.20). Under these circumstances, antiestrogen 


Table 2. Effects of antiestrogen (ICI 46,474) and estradiol in immature and laying female Japanese quail* 





Body weights 
Initial 
(g) 


Final 


Group Treatment (g) 


Plasma concs 


Ca P 
(mg/dl) (mg/dl) 


Tissue weights 
Oviduct 
(g/100 g) 


Femur 
(mg/cm) 





Normal calcium diet 
Control 
ICI (10 mg/kg) 
ICI (10 mg/kg) + E(1 mg/kg) 
ICI (30 mg/kg) 
ICI (30 mg/kg) + E(3 mg/kg) 


©ovoys 


135+5 
115 + 4t 
121 + 4t 
106 + 3t 
116 + 4t 


22.5 + 2.0 
13.2 + 1.3t 
14.5 + 1.7¢ 
8.9 + 0.3t 
8.6 + 0.3t 


716411 
8.5 +13 
714+0.7 
6.0 + 0.3t 
5.8 + 0.7t 


49+04 
1.3 + 0.5t 
3.0 + 0.3¢ 
0.01 + 0.001t 
0.01 + 0.001t 


101 + 2.3 
85.9 + 5.6t 
93.7 + 5.4t 
83.5 + 3.4¢ 
81.9 + 3.0t 


323 

ww wl & 
HHH HH EH 
AUNwevwes 


0.08 + 0.002 


_ 


ICI (30 mg/kg) 107 + 3 10.0 + 0.4 5.7+ 09 88.6 + 4.0 
118 +3 
109 + 3 
11844 
111 +3 
11642 


122 +3 


11.0 + 1.3 
85414 
97414 
7.5 + 08t 
6.7 + 1.0t 
84+09 


5.8 + 06 
5.1 + 0.6 
712 +09 
58 +05 
719 +09 
5.6 + 1.0 


39+04 
0.4 + O.1t 
1.1 + 0.6¢ 
0.01 + 0.001¢ 
0.01 + 0.001¢ 
0.7 + 0.2 


74.6 + 2.4 
80.6 + 2.1 
81.9 + 4.0 
75.9 + 3.3 
76.9 + 1.7 
88.9 + 2.1 


Control 

ICI (10 mg/kg) 

ICI (10 mg/kg) + E(1 mg/kg) 
ICI (30 mg/kg) 

ICI (30 mg/kg) + E(3 mg/kg) 
ICI (30 mg/kg) 


SRSS8S 
He He He HE H+ He 
wk wWNN WD 


- 





* Results shown are expressed as mean + standard error of mean. See Table 1 for details of experimental groups; 
groups 1-5 and 7-11 were immature females, while groups 6 and 12 were laying birds at the start of the experiment. 

+ P < 0.05, when compared with appropriate control group. 

t P < 0.01, when compared with appropriate control group. 
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Fig. 2. Effect of an antiestrogen (ICI 46,474) with and with- 
out estradiol treatment on vitamin D metabolism in female 
Japanese quail on a low @lcium diet. See legend to Fig. 
1 for other details. Antiestrogen treatment significantly in- 
hibited 1,25-OH),D, production at both the 10 and 30 
mg/kg dose levels. Estradiol treatment (groups 9 and 11) 
not only failed to reverse this inhibition but actually con- 
tributed to it. 


treatment significantly inhibited 1,25-(OH),D; pro- 
duction at both the 10 and 30 mg/kg doses (Fig. 2, 
groups 8 and 10). Estradiol treatment (Fig. 2, groups 
9 and 11) not only failed to reverse this inhibition 
but actually. contributed further to it. Concomitant 
with this inhibition of 1,25-(OH),D, synthesis, estra- 
diol increased the production of 24,25-(OH),D3, so 
that, at the higher doses of combined antiestrogen 
and estradiol (group 11), the production of 
24,25-(OH),D, (8.4 + 1.9 pmoles min~' g~' kidney) 
was even greater than that of 1,25-(OH),D, 
(1.0 + 0.13). This is interesting in view of the fact that 
those birds (group 10) which were treated with the 
high dose (30 mg/kg) of antiestrogen alone produced 
predominantly 1,25-(OH),D, (6.9 + 0.48) with no de- 
tectable synthesis of 24,25-(OH),D3. Treatment of the 
birds on a low calcium diet with either antiestrogen 
alone (groups 8 and 10) or with combined anties- 
trogen and estradiol (groups 9 and 11) significantly 
(P < 0.05) lowered both plasma calcium and oviduct 
weight. On the other hand, plasma phosphate and 
femur weight were not significantly different in any 
of the treated groups (Table 2). All birds placed on 
a low calcium diet (groups 8-11) which were treated 
failed to lay any eggs. 

Laying birds. When laying birds were placed on 
a low calcium diet and injected with the high dose 
(30 mg/kg) of antiestrogen, they stopped laying within 
1 week after the start of the treatment. Unlike the 
similar group of birds (Fig. 1, group 6) maintained 


on a normal calcium diet, these birds (Fig. 2, group 
12) produced both 1,25-(OH),D, (4.6 + 1.7 pmoles 
min~' g~' kidney) and 24,25-(OH),D,; (5.9 + 2.0), 
although the latter metabolite slightly predominated. 
When these birds are compared with the group 
receiving no treatment (Fig. 2, group 7), it is found 
that both the plasma calcium and oviduct weight 
were significantly reduced but the femur weight was 
significantly higher (Table 2). The groups receiving 
no treatment (Fig. 1, group 1, and Fig. 2, group 7) 
served as controls for the antiestrogen-treated laying 
birds (groups 6 and 12), which were otherwise similar 
in age and development. 


DISCUSSION 


It is well known that the gonadal hormones, par- 
ticularly estrogens, play an important role in avian 
calcium metabolism [24]. Medullary bone, which is 
formed under the influence of estrogens and 
androgens prior to egg laying, has intrigued many 
physiologists since it was reported several decades 
ago [25]. However, the role of gonadal hormones in 
vitamin D metabolism and its relationship with cal- 
cium metabolism are not precisely known. That 
estrogen can stimulate the renal production of 
1,25-(OH),D, in vitro in Japanese quail on a normal 
calcium diet was first reported by us [16, 26]. Tanaka 
et al.[17] have also reported similar findings. Prior 
to these studies, Kenny [14] had shown a physiologi- 
cal regulation of 1,25-(OH),D, synthesis in the kidney 
of reproductively active Japanese quail. 

In the present study we have been able to reveal 
that, by blocking the action of both endogenous and 
exogenous estrogen, regulation of 1,25-(OH).D, pro- 
duction is thereby inhibited if the dietary calcium is 
adequate. However, this antagonism of 1,25-(OH).D, 
production by an antiestrogen is partially overridden 
if the dietary calcium is low. This indicates that if 
the estrogens, either directly or indirectly, influence 
the activity of the 25-hydroxyvitamin D,-1-hydroxy- 
lase enzyme, this influence is not absolute. It is, how- 
ever, also possible that the antiestrogen compound 
might have influenced the 25-hydroxyvitamin D,-1- 
hydroxylase enzyme by some actions unrelated to its 
antiestrogenic effect. The present siudy does not clar- 
ify this. Imposition of a low calcium diet can partially 
override the inhibition of the 1-hydroxylase enzyme 
by an antiestrogen. 

The inability of estradiol to overcome the inhibi- 
tory effect of the antiestrogen on the 1-hydroxylase 
enzyme deserves a comment. It is of course possible 
that a higher dose of estradiol, particularly in those 
birds on a normal calcium diet, would have broken 
through the blockade and restored the activity of the 
1-hydroxylase enzyme. However, the oviduct response 
in the group 3 birds (antiestrogen 10 mg/kg; estradiol, 
1 mg/kg) did show evidence of blockade break- 
through (in Table 2, groups 2 and 3 were significantly 
different); this was not accompanied by a similar re- 
sponse in 1,25-(OH),D, production (Fig. 1, group 3). 
In fact the contrary was noted. Whenever estrogen 
treatment of the antiestrogen-treated birds had a sig- 
nificant effect on 1,25-(OH),D,; metabolism, it was 
always in the direction of an inhibition of production. 





Vitamin D metabolism 


This can be readily seen if the comparison is made 
between groups 2 and 3 (Fig. 1), between groups 8 
and 9 (Fig. 2), and between groups 10 and 11 (Fig. 
2). In all three instances, 1,25-~OH),D, production 
was inhibited by the treatment with estradiol. This 
effect of estrogen under these circumstances is para- 
doxical when viewed in the context of our previous 
finding that estrogen enhances 1-hydroxylase activity 
in male [16] and female [26] quail and that ovari- 
ectomy inhibits 1-hydroxylase activity [27]. One 
explanation is that the influence of estrogen on 1-hyd- 
roxylase activity is indirect rather than direct. If, for 
example, estrogen is mediating its effect on vitamin 
D metabolism through a pituitary hormone such as 
prolactin, then it is understandable that the relation- 
ship would be much more complicated than if 
estrogen were acting directly on the 1-hydroxylase 
enzyme. Recently, prolactin has been reported to 
stimulate 1,25-(OH),D, production § in_ the 
chicken [28, 29]; we have confirmed this finding in 
the immature Japanese quail (S. N. Baksi and A. D. 
Kenny, unpublished observations). Studies aimed at 
delineating the role of the pituitary in this relation- 
ship between estrogen and vitamin D metabolism 
have been initiated in our laboratory in Japanese 
quail. Other studies in amphibia and fishes are being 
done in collaboration with Dr. Peter K. T. Pang et 
al. [30], who have previously noted the hypercalcemic 
properties of prolactin in lower vertebrates. 
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SHORT COMMUNICATIONS 


Comparative warfarin binding to albumin from 
various species 


(Received 18 November 1976; accepted 25 February 1977) 


Variations. in drug binding to plasma proteins among 
species may determine differences in pharmacologic 
potency, drug distribution and elimination rates [1]. Dif- 
ferences in species binding for diazoxide [2], digitalis gly- 
cosides [3], dipenylhydantoin [4], imipramine [5], salicy- 
lates [6] and sulfonamides[7] have been reported. There 
is considerable variation in the anticoagulant effect of cou- 
marins among animal species [8-10]. The human, rat and 
mouse are most sensitive; guinea pigs, cats and dogs inter- 
mediate; and the rabbit, cow and chicken least affected. 
To what extent these variations can be accounted for by 
differences in free plasma water coumarin concentrations 
is not known. To determine the extent of variation, we 
have studied the binding of warfarin to albumins from 
eight species. 

The binding of warfarin (Endo Laboratories, Garden 
City, NY) to albumins from various species was studied 
by equilibrium dialysis[11,12]. Albumin solutions (ap- 
proximately | g/100 ml) (Pentex Corp., Kankakee, IL) were 
prepared from non-defatted purified fraction V albumins. 
The calculations of binding isotherms were based on the 
actual albumin concentration in the protein solution of 
each species. Binding was assumed to be only to albumin. 
All experiments were done at 37° in 0.067 M, phosphate 
buffer, pH 7.4. Three replicates for each of eight different 
warfarin concentrations (0.6, 0.8, 1.0, 1.5, 2.0, 3.0, 5.0, and 
7.0 x 10~° M) were studied. Each equilibrium dialysis tube 
consisted of 2.0ml of protein solution (approximately 
0.3 umole albumin) contained in the dialysis tubing im- 
mersed in 10.0 ml of buffered drug solution (maximum 
0.007 umole drug). 

Experiments were done to determine the binding iso- 
therm for rac-warfarin to the test tube glass and dialysis 
tubing. At free warfarin concentrations of 1 x 10~° M, ap- 
proximately 2 x 10~'° moles of drug were lost to these 
sites. This represents <0.1 per cent of the total warfarin 
added initially and no corrections for loss of drug to these 
sites were applied. Binding results were analyzed by fitting 
a logistic function [11, 12]. 


E = M-(D)?/[(D)? + (K)"] 


to the experimental points by a minimization of least 
squares differences of observed and expected values 
(E = moles of drug bound/mole of albumin, D = free drug 
concentration). This mathematical form indicates a curve 
with a maximum M, a position K along the abscissa at 
M/2 and a slope determined by the power P. The computer 
program first fits N curves independently to N sets of bind- 
ing results, then tests the parallelism amongst curves and 
finally tests for differences in position between any two 
parallel curves, with the variance ratio test [11]. This tech- 
nique provides an objective curve fitting procedure, incor- 
porates a statistical test of differences and presents plotted 
data in an easily understood fashion. 

The best fit lines for the binding of rac-warfarin to rat, 
human, sheep and dog albumin are shown in Fig. 1. At 
all free warfarin concentrations, rat albumin binds warfarin 
more than the other three albumins. A Scatchard plot 
yields identical conclusions, but the extent of the differ- 
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ences and relation to free warfarin concentration are not 
as readily appreciated. Figure 2 presents only the fitted 
lines for the experimental results and shows the ratio of 
the number of moles of warfarin bound/mole of albumin 
for each non-human albumin compared to the number of 
moles of warfarin bound to human albumin. This represen- 
tation emphasizes that the relative binding of warfarin to 
other albumins changes as a function of free drug concen- 
tration and that the binding curves are not parallel to the 
isotherm for human albumin. Table 1 summarizes the 
values for the calculated parameters P and K and gives 
the assigned value for M. All binding isotherms differ sig- 
nificantly from that for warfarin binding to human albu- 
min. Other studies with whole serum show that warfarin 
binding characteristics for dog and rabbit are different 
from the purified albumin binding, since binding is greater 
to whole serum (Table 1). 

There is marked inter-species variation in warfarin bind- 
ing. Rat albumin binds more warfarin than human, 
whereas binding to horse albumin is minimal. The lesser 
binding to canine albumin is in accord with a previous 
report [13]. Since the binding isotherms are not parallel 
(Fig. 2), the number of apparent sites participating in bind- 
ing are different among albumins. The extent of these 
qualitative and quantitative differences in binding among 
species is frequently ignored [1-8]. In fact, free drug con- 
centrations in plasma water are measured so seldom that 
the importance of species variation in binding among and 
within species is not known. In humans, free diazepam 


moles warfarin bound/mole albumin 








Free warfarin x 


ig. 1. Binding of warfarin to albumin from four different 
species. 
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Free warfarin x 10°’M 


Fig. 2. Relative binding of warfarin to human and non- 
human albumins. For the ratio, r = moles warfarin bound/ 
mole of albumin. 


concentrations vary considerably among individuals with 
identical serum albumin concentrations [14]. The extent 
of nortriptyline binding to serum albumin varies consider- 
ably among individuals and is under genetic influence 
. (5, 15]. 

The data in Fig. 2 show not only that binding is depen- 
dent on free warfarin concentration but also that the bind- 
ing isotherms are not necessarily symmetrical or parallel 
among species. Hence, experiments that fail to study bind- 
ing over a wide range of free drug concentrations can result 
in divergent estimates of the numbers of binding sites or 
affinity. Entirely contradictory results could occur when 


isotherms of two different species binding intersect. Free 
drug concentrations less than the point of intersection 
would predict greater binding for the albumin that would 
give lower binding at concentrations greater than the point 
of intersection. In vivo, drug dose-effect curves in two dif- 
ferent species might not be parallel because of differences 
in albumin binding. 

If free warfarin concentration were the major deter- 
minant of drug potency, then rabbit, horse and pig with 
least binding should be most sensitive to the drug. How- 
ever, there is no apparent inverse relationship between 
degree of albumin binding and anticoagulant sensiti- 
vity [8-10]. In fact, the species with the most extensive 
binding (human and rat) are most sensitive, suggesting that 
differences in affinity at the site of action among species 
and not free warfarin concentration account for differences 
in response. There is considerable other evidence that 
receptor affinity is the most important determinant of anti- 
coagulant response to coumarins. Evidence for this can 
be deduced from studies of human kindreds that require 
10-fold greater doses of warfarin for a_ therapeutic 
effect [16]. The S-isomer of warfarin is most highly bound 
to human albumin [12], yet it is more potent and more 
rapidly metabolized than the R-isomer, suggesting that dif- 
ferences in potency of the two isomers are due primarily 
to differences in “receptor” site affinity and not differences 
in albumin binding [17]. The inverse relationship of rate 
of metabolism and potency with free drug concentration 
is particularly interesting if shown to be true for other 
highly bound drugs, e.g. benzodiazepines, since this would 
imply that receptor affinity differences account for inter- 
individual differences and that free drug concentration 
measurements may correlate poorly with pharmacologic 
response except within the same individual. More wide- 
spread measurement of free drug concentrations will be 
necessary to determine whether warfarin is unique in this 
respect. Recently published studies indicate that free pro- 
pranolol concentrations correlate significantly better than 
does propranolol dose, total concentration or red cell con- 
centration with degree of B-receptor blockade [18]. 

An alternate explanation for “greater sensitivity” with 
greater binding is that the “reservoir function” of an albu- 
min-bound drug leads to slower elimination and in the 
case of oral anticoagulants a more prolonged inhibition 
of vitamin K clotting factor synthesis [1]. Therefore, for 


Table 1. Calculated binding parameters* 





Maximum Slope 
(M) (P) 


Ratio 
position 


Variance 
slope 


Position 
(K) x 10°°M 





Albumin 
Rat 
Human 
Sheep 
Dog 
Bovine 
Porcine 
Rabbit 
Horse 


NK MINN N NM YY 


Serum 
Dog 
Cat 
Rabbit 


8.24 

8.7 
0.124 
0.193 
0.351 
0.0149 
0.00249 
0.0849 


9.26 
0.145 
0.136 





* Degrees of freedom for slope (1,22) and position (1,23). Comparisons are to human albumin. See text for description 


of binding parameters. 
+P <0O0l. 
t Not significant. 
§ P < 0.005. 
P < 0.05. 
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some drugs difference in serum protein binding and free 
drug concentration may account for variation within and 
among species. 
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Interactions between phiosphatidylcholines and 
trihexyphenidyl and benztropine 


(Received 13 December 1976; accepted 6 May 1977) 


In principle, drugs can block the action potential in nerve 
by affecting any of the conductance parameters that con- 
trol the nerve excitability. In practice, many local anaes- 
thetics block the action potential by blocking the sodium 
current. The major probiem in accounting for this effect 
is that it is surprisingly unselective, with many neutral, 
negatively charged and positively charged molecules acting 
as local anaesthetics [1]. This can be explained if the site 
of action of the anaesthetics is the lipid component of the 
nerve membrane, but it is then necessary to explain the 
connection between action on lipids and the blockage of 
sodium current. A general increase in fluidity will not do, 
since any changes in fluidity for the bulk lipids of the mem- 
brane will be insignificant at the relevant drug concen- 
trations [2, 3]. A more specific effect has to be postulated, 
as in the annular transition model [4]. In this model, the 
sodium channels in nerve membranes are postulated to 
be surrounded by lipid molecules in a rigid or gel-like 
state. Addition of local anaesthetics triggers a change in 
the surrounding lipids to a fluid or liquid crystalline state, 
allowing the sodium channel to relax to an inactive con- 
figuration, in which the sodium current is reduced or 
blocked. 

In previous publications it has been shown that for alco- 
hols [5], amines [6], barbiturates [7], chlorpromazine [3] 
and B-blockers [3] the concentrations required to produce 
blocking of the sodium current in nerve also cause a de- 
crease of ca 3° in the temperatures of the gel to liquid 
crystalline phase transition in phospholipids. In order to 
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extend the correlation to further classes of compounds, the 
effects of the anti-Parkinsonian drugs, trihexyphenidyl (I) 
and benztropine (II), on the phase transition temperatures 
of lipids have now been studied. In a recent paper Wu 
and Narahashi [8] have shown that these compounds act 
as local anaesthetics, blocking the sodium current. 

The temperatures of the gel to liquid crystalline phase 
transitions in dipalmitoyl phosphatidylcholine were 
measured using chlorophyll a as a fluorescence probe, as 
described elsewhere [5]. Liposomes were prepared from 
lipid (6 x 10~7 moles) in 4 ml 0.01 M Tris-HCI containing 
0.1 M NaCl at a final pH 7.2, the anaesthetic being first 
dissolved at the required conceniration in the buffer. The 
anaesthetics were obtained as trihexyphenidylhydrochlor- 
ide and benztropine mesylate. 
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Fig. 1. The effect of benztropine on the phase transition 

temperature of dipalmitoyl phosphatidylcholine (solid line) 

and dipalmitoyi phosphatidylcholine plus 11 mole % myr- 
istic acid (broken line). 


Figure | shows the effect of addition of benztropine on 
the mid-point transition temperature of the main gel to 
liquid crystalline phase transition of dipalmitoyl phospha- 
tidylcholine. The effects of increasing concentration of 
benztropine were non-linear, presumably because of a 
build-up of positive charge on the liposomes. Similar 
effects have been observed with other positively charged 
drugs [3, 6]. Incorporation of negatively charged lipid into 
the bilayers should neutralize some of this charge, and thus 
increase the effect of the benztropine. Figure 1 shows that 
incorporation of 11 mole % of myristic acid into liposomes 
of dipalmitoyl phosphatidylcholine caused a slight increase 
in the temperature of the transition to 41°, but also caused 
an appreciable increase in the effect of benztropine on the 
phase transition temperature. Very similar results were 
obtained with trihexyphenidyl, and these are presented in 
Fig. 2. 

These experiments have therefore shown that both tri- 
hexyphenidyl and benztropine interact with phosphatidyl- 
choline bilayers causing a decrease in the temperatures of 
the lipid phase transition. Further, benztropine is the more 
potent of the two: the concentration of benzotropine 
required to produce a 3° drop in transition temperature 
is ca 0.5mM and the concentration of trihexyphenidyl 
required for the same effect is ca 1.1 mM. These figures 
compare very favourably with those found by Wu and 
Narahashi to give the maximum observable blocking (80 
per cent) of the sodium current in squid axon: ca 0.3 mM 
for benztropine and | mM for trihexyphenidyl [8]. 

In view of the very different structures of these two com- 
pounds, it seems very unlikely that they could be affecting 
sodium currents by direct binding to the sodium channel. 
The conclusion seems inevitable that their effects are 
mediated through the lipid component of the membrane. 
The smaller effect of trihexyphenidyl could then be due 
either to a less favourable partitioning into the membrane, 


3.0 








°30 35 40 


Temperature, °C 


Fig. 2. The effect of trihexyphenidyl on the phase transi- 

tion of dipalmitoyl phosphatidylcholine (solid line) and 

dipalmitoyl phosphatidylcholine plus 11 mole % myristic 
acid (broken line). 


or to a slightly different effect on the lipids when in the 
membrane. Jain et al. [9] have shown for a series of ada- 
mantane derivatives that there is no simple correlation 
between effects on lipid transition temperatures and calcu- 
lated partition coefficients. 

Whether the postulated transition in the lipid annulus 
around the sodium channel should be likened to a normal 
gel to liquid crystalline phase transition, or whether it is 
a more gradual transition of the second-order type is not 
clear: this point is discussed at length elsewhere [10]. How- 
ever, both benztropine and trihexyphenidyl have been 
observed to trigger a change in lipid state from rigid or 
gel-like to fluid at concentrations causing local anaesthesia, 
so that they fit into the model for local anaesthetic action 
described above. 
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Hypocholesterolemic agents—VI. Serum cholesterol lowering activity of 
B-hydroxy-£-methylglutaryl coenzyme A reductase inhibitors in rats 


(Received 18 August 1975; accepted 8 March 1977) 


Correlation between atherosclerosis and serum cholesterol 
levels has been discussed for many years. In order to lower 
serum cholesterol levels (and presumably the risk of athero- 
sclerotic complications), drugs and modification of diet 
have been investigated. Since the enzyme f-hydroxy-f- 
methylglutaryl CoA reductase (EC 1.1.1.34) (HMG-CoA 
reductase) has been identified as an early physiological 
rate-controlling step in cholesterogenesis [1,2] inhibition 
of this step would possibly be effective in decreasing cho- 
lesterol synthesis. Earlier reports [3,4] from these labora- 
tories have dealt with inhibition in vitro of this enzyme 
in rat liver microsomes. The present paper is concerned 
with the effect in vivo of inhibitors of HMG-CoA reductase 
on serum cholesterol in rats. Since a significant effect on 
the normocholesterolemic animal may not be reflected 
rapidly in the serum level, the Triton hypercholesterolemic 
animal was chosen. It has been reported [5] that Triton 
administration increases both HMG-CoA reductase activity 
and incorporation of acetate into cholesterol in vivo. A 
screening test for hypolipidemic drugs based on the admin- 
istration of Triton has been developed [6]. 

The chemicals used in this study were: Triton WR-1339, 
Ruger Chemical Co., Irvington, NJ; sodium methohexital, 
Eli Lilly & Co., Indianapolis, IN; Stable Cholesterol Re- 
agent, Hycel, Inc., Houston, TX; and propylene glycol, 
Fisher Scientific Co., Fair Lawn, NJ. 

1-(4-Biphenyl)pentyl hydrogen succinate (I) was synthe- 
sized as described elsewhere[7]. 1-(4-Biphenylyl)pentyl 
hydrogen 3-hydroxy-3-methylglutarate (II), 1-(4-bipheny- 
lyl)pentyl hydrogen fumarate (III), and 1-(4-biphenylyl)pen- 
tyl hydrogen maleate (V) were synthesized as previously 
described [3]. The preparation of 4-[1-(4-biphenylyl)pen- 
tyloxy]butyric acid (IV) has also been described elsewhere 
[8]. 2-(4-Chlorophenoxy)isobutyric acid (CPIB) was 
obtained in a 89 per cent yield by saponification of clofi- 
brate.* 

The effectiveness of hypocholesterolemic drugs was 
determined according to Paoletti [9] with minor modifica- 
tions. 

Male Sprague-Dawley rats of 250-260 g were obtained 
from Holtzmann Co., Madison, WI, and given free access 
to Purina laboratory chow and water for approximately 
1 week prior to beginning the experiment. The rats were 
then fasted for 18 hr and the fasted weights were 220-280 g. 
A solution of Triton WR-1339 (69 mg/ml in 0.9% aqueous 
NaCl) was injected into the tail vein of each rat at a dosage 
of 225 mg Triton/kg body weight. Hypo-cholesterolemic 
agents (as sodium salts) were dissolved in 25% propylene 
glycol—water (v/v) and administered by i.p. injection. Triton 
control rats received an equal volume of the vehicle by 
ip. administration. Eight hr after injection, the rats were 
anesthetised by i.p. injection of sodium methohexital 
(45 mg/kg weight). The chest cavity was opened, and blood 
was obtained directly from the heart. The blood was 
allowed to clot in the refrigerator, and the serum was ana- 
lyzed for cholesterol by use of Stable Cholesterol Re- 





*Ethyl 2-(4-chlorophenoxy)isobutyrate (clofibrate), 


Ayerst Laboratories, Inc., New York, NY. 


agent [10] (a direct Libermann-Burchard reagent) without 
extraction. This method was quite satisfactory over the 
cholesterol range involved. 

It may be seen from Table | that the administraton of 
Triton WR-1339 elevated serum cholesterol levels (from 
the normal value of about 70 mg/100 ml) at 8hr. The 
simultaneous administration of any of our four half acid- 
esters of dicarboxylic acids (compounds I, II, III and V) 
and the ether analog (compound IV) decreased this eleva- 
tion at a dose level of 40 mg/kg. The compounds were 
devoid of activity at 20 mg/kg. The solubility of the com- 
pounds in the vehicle precluded doses above the reported 
levels without introducing other factors, i.e. dissolution 
rates of the compounds. For purposes of comparison, the 
known hypolipidemic agent, CPIB [11], was included. 

Comparisons of the results in vivo of this paper and 
the previously described results in vitro are shown in Table 
2. Compounds I and IV exhibit equivalent activity in vitro 
and in vivo. The results in vitro suggest that inhibition of 
HMG-CoA reductase does not require the ester group. The 
results in vivo indicate that there is no significant ester 
hydrolysis during the 8-hr time period. Bizzi et al. [12] 
have previously reported a 39 per cent decrease in serum 
cholesterol with 100 mg/kg of compound I in a slightly 
different 18-hr test. 

Compound II was previously reported to be seven times 
more active than compound I in the system in vitro [3]. 
Incorporation of the f-hydroxyl and f-methy!l functions 
into the inhibitor affords compound II which more closely 
resembles the natural substrate, HMG-CoA. Thus, it was 
expected that compound !1 would be more active in vivo 
than compound I. This is, however, not the case. This find- 
ing presently cannot be explained; however, the possibility 
exists that the tertiary B-hydroxyl group of compound II 
undergoes elimination to form a variety of unsaturated 
products. 

Compound III (trans) is approximately 70 per cent more 
active than compound V (cis) in the system in vitro. Para- 
doxically compound V is about 60 per cent more active 
in vivo than compound III. This reversal of comparative 
activity may be related to differences in metabolism, distri- 
bution and protein binding of the two isomers. 

In this study, compounds I, III, IV and V were found 
to be about three times more active than CPIB on a weight 
basis in vivo (or about five times more active on a molar 
basis). [Although 40 mg/kg of compound III lowered 
serum cholesterol a mean of 12.1 per cent compared to 
a lowering of 17.3 per cent by 120 mg/kg of CPIB, the 
difference in lowering exhibited by these two treatments 
was not statistically significant (P < 0.1)]. In the system 
in vitro, the least active of our inhibitors reported, com- 
pounds I and IV, were nine times more active than CPIB. 

In summary, we have demonstrated the hypocholestero- 
lemic activity in vivo of a series of inhibitors of HMG-CoA 
reductase. All of these inhibitors are more active in vivo 
as hypocholesterolemic agents and more active as inhibi- 
tors of HMG-CoA reductase in vitro than CPIB. 
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Table 1. Cholesterol lowering activity of HMG-CoA reductase inhibitors in Triton-induced hypercholesterolemic rats 





Treatment Structure* 


No. of 
animals 


Serum 
cholesterolt 
(mg/100 ml) 


° 


Inhibitor 


dose (mg/kg) Decreaset 





Triton control 


Oo 


Compound I C—CH,CH,CO; Na* 


CH, 


Compound II “H- "—CH,—C—CH,CO; Na* 


| 
OH 


oO 


<—CH=CH—CO; Na* 
(trans) 


Compound Il 


Compound IV CH,CH,CH,CO; Na* 
oO 


O—C—CH=CH—CO; Na* 
(cis) 


Compound V 


Triton control 
Compound I 
Compound II 
Compound III 
Triton control 
Compound IV 
Compound V 
CPIB 

CPIB 


10 197 + 3 


193 +5 


16.5 +14 
17.3 + 2.3 
28.7 + 2.5 


ERSS 888 





*R, -O-~O): R, = CH,(CH,)5. 


+ Values are mean + S. E. M. 


t Student’s t-test was applied to compare the test group 


differences are indicated by NS. 


Table 2. Comparison of activity of inhibitors in vitro and 
in vivo 





Compound No. % Decrease (dose mg/kg)t 





15.4 (40) 
9.2 (40) 
12.1 (40) 
15.4 (40) 
16.5 (40) 
17.3 (120) 





* Molar ratio of inhibitor to substrate to produce a 50 
per cent inhibition of rat liver microsomal HMG-CoA 
reductase, in vitro, as described [3]. 

+ Per cent decrease in serum cholesterol in the Triton 
hypercholesterolemic rat. 

t Data taken from Ref. 3. 

§ Data taken from Ref. 8. 

Data obtained as described in Ref. 3. 
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Characterization of ketamine induction of 
hepatic microsomal drug metabolism* 


(Received 18 October 1976; accepted 8 March 1977) 


The pretreatment of rats with ketamine [2-(0-chloro- 
phenyl}-2-(methylamino) cyclohexanone] has been shown 
to decrease the plasma half-life of intravenously adminis- 
tered ketamine and to enhance its rate of N-demethylation 
in vitro [1]. Therefore, the following study was undertaken 
to characterize this apparent induction of hepatic micro- 
somal enzyme activity by ketamine. The influence of keta- 
mine pretreatment on levels of hepatic microsomal cyto- 
chrome P-450 and NADPH-cytochrome c reductase ac- 
tivity were assessed, as well as the rates of hepatic metabo- 
lism in vitro of benzphetamine and 3,4-benzo(a)pyrene, two 
agents used commonly to examine hepatic microsomal 
metabolism. The binding interaction between ketamine 
and cytochrome P-450 was determingd spectrally. Finally, 
the N-demethylation of ketamine by hepatic microsomal 
fractions of pretreated rats was evaluated kinetically and 
for purposes of comparison similar studies were carried 
out using microsomal fractions prepared from the livers 
of rats pretreated with phenobarbital. 

Microsomal fractions used were freshly prepared from 
the livers of male Sprague-Dawley rats (110-150 g) pre- 
treated with ketamine (40 mg/kg twice daily* for 3 days) 
or phenobarbital (35 mg/kg twice daily for 3 days) using 
the procedure described previously [1]. Control animals 
were injected twice daily for 3 days with equal volumes 
of isotonic saline. To study the microsomal N-demethyla- 
tion of ketamine in vitro at 37°, each 2.5-ml incubation 
mixture contained: microsomal protein (2.4 mg) glucose 
6-phosphate (12.5 m-mole), MgCl, (25 m-mole), glucose 
6-phosphate dehydrogenase (2 IE.U.), and NADP 
(1 m-mole) buffered with 160 mM KCI—S0 mM Tris-HCl, 
PH 7.40. The 15-min reaction was initiated by the addition 
of ketamine to the reaction vessel. Ketaming.. concen- 
trations were between 3 x 10-° and 1 x 10L3M for 
microsomal fractions from control animals and ranged 
from 5x 10-5 to 1.5 x 10°3M and 1x 10~* to 
1.5 x 10-3M in the case of microsomes prepared from 
the livers of ketamine- and phenobarbital-pretreated ani- 
mals respectively. Samples were collected and assayed for 
parent compound and its N-demethylated metabolite as 
previously described [1]. Under these conditions, the rate 
of demethylation of ketamine (measured as norketamine 
formed) was linear with time. 

The N-demethylation of benzphetamine was determined 
by measuring the rate of formaldehyde formation [2]. 
Assay conditions for the 10-min incubation, which was in- 
itiated by the addition of benzphetamine (12.5 m-mole), 
were identical to those described above. 

Hydroxylation of 3,4-benzo(a)pyrene was assayed using 
a modification of the method described by Nebert and 
Gelboin [3]. Glucose 6-phosphate (5 m-mole), MgCl 
(3 m-mole), NADP (1 m-mole), glucose 6-phosphate (0.7 
LE.U.), and microsomal protein (1.0 mg) were added to 
the reaction vessel. The final reaction volume of 1.0 ml 
was buffered to a pH of 6.80 using 0.1 M sodium phos- 
phate buffer, and the 10-min incubation was carried out 
at 37° in a room darkened except for a yellow light source. 





*This is publication No. 77 from the Department of 
Pharmacology, University of California, San Francisco, 
CA. 


The reaction was initiated by the addition of 3,4-benzo(a} 
pyrene (0.24 umole in 0.02 ml acetone), and the concen- 
tration of the hydroxylated metabolite, 3-hydroxybenzo(a)} 
pyrene, was determined using an SPF 2 Aminco—Bow- 
man spectrophotometer with excitation and emission 
wavelengths of 386 and 515 nm respectively. 

Cytochrome P-450 was determined at room temperature 
(20-23°) with a Shimadzu model MPS-5OL spectrophot- 
ometer using the diothionite difference method of Omura 
and Sato [4]. Final microsomal suspensions had a protein 
concentration of | mg/ml and were buffered to pH 7.70 
with 0.1 M potassium phosphate buffer. For determination 
of the K, of binding of ketamine to cytochrome P-450, 
difference spectra were recorded using an Aminco DW-2 
dual wavelength spectrophotometer by the method of 
Schenkman [5]. 

NADPH-cytochrome c reductase activity was deter- 
mined by the method of Masters et al. [6]. The rate of 
reduction of cytochrome c, initiated by the addition of 
100 m-moles NADPH to the 1.0-ml spectrophotometric 
cuvette, was followed at 500nm and 25° with a Gilford 
2000 recording spectrophotometer during the initial linear 
phase of the reaction. 

Student’s t-test for unpaired data was used to analyze 
differences between rates of drug metabolism, levels of 
cytochrome P-450, and NADPH-cytochrome c reductase 
activity. Kinetic data were analyzed from a weighted 
regression line plotted using a FORTRAN program [7]. 

As seen from data in Table 1, ketamine pretreatment 
doubled the maximal rate (V,,,,) of ketamine N-demethyia- 
tion, whereas phenobarbital retreatment increased the 
rate of ketamine metabolism by 4- to 5-fold. Pretreatment 
with ketarnine had no influence on the apparent Michaelis 
constant (K,,,) for the N-demethylation of ketamine; how- 
ever, the K,, for the rate of ketamine N-demethylation in 
phenobarbital-pretreated rats was greater (P < 0.05) than 
that of control animals. This may represent an effect of 
phenobarbital pretreatment in altering the pathways of 
ketamine metabolism perhaps by an action on enzymes 
responsible for ring oxidation of norketamine. Alterna- 
tively, phenobarbital could stimulate the production of 
P-450 species with changed affinity for the substrate, keta- 
mine. 

Figure 1 shows that the addition of ketamine to washed, 
nonreduced hepatic microsomal fractions from untreated 
rats produces a characteristic type I shift in the absorbence 
spectrum (Amax, 385M; Amin, 420nm). The K, value for 
interaction between ketamine and cytochrome P-450 was 
1 x 10°°M. 

As can be seen from data presented in Table 2, in addi- 
tion to increasing levels of hepatic cytochrome P-450 and 
NADPH-cytochrome c reductase activity (P < 0.05), both 
pretreatments also significantly enhanced the hepatic 
microsomal metabolism of benzphetamine and 3,4-ben- 
zo(a)pyrene (P < 0.01). However, in all cases, the effects of 
the ketamine pretreatment on cytochrome P-450 levels and 
rates of drug metabolism were less than those of phenobar- 
bital. It should be noted that the increases in rates of 
demethylation and hydroxylation caused by ketamine pre- 
treatment are not stoichiometric with the observed increase 
in level of cytochrome P-450. A possible explanation for 
this is that the newly synthesized cytochrome P-450 has 
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Table 1. Kinetic analyses of the hepatic microsomal N-demethylation of ketamine 
in phenobarbital- and ketamine-pretreated rats* 





Vinax t+ S. E. M. 
(nmoles N-demethylated/mg 
of protein/hr) 


K,, + S. E. M. 


Pretreatment (mM) 





Control 
Ketamine 
Phenobarbital 


0.127 + 0.010 
0.149 + 0.015 
0.218 + 0.028t 


207 + 16 
435 + 33t 
894 + 45+ 





* The hepatic microsomal metabolism of ketamine was estimated and analyzed as 
detailed in Materials and Methods. Each pretreatment group consisted of six rats 
which were randomly assigned to subgroups consisting of two animals. Kinetic con- 
stants were calculated from duplicate samples of the microsomes prepared from the 


pooled livers of each subgroup. 
+P value < 0.01. 
¢P value < 0.05. 


= oe 


i AA=0.005 


| 
| 





Absorbance 


| 
7% 


410 





Wavelength, nm 
Fig. 1. Difference spectrum for binding of ketamine to 
hepatic microsomes. Ketamine (0.14 mM) was added to a 
suspension of nonreduced microsomes (1.1 mg/ml of pro- 
tein) in 160mM KCIl—SOmM Tris-HCl buffer, pH 7.4. 
Difference spectra were recorded for the wavelength inter- 
val 350-480 nM at 20-23°. 


changed properties and exhibits a higher turnover rate for 
the substrates benzphetamine and 3,4-benzo(a)pyrene than 
the enzyme present in microsomal fractions from untreated 
animals. Remmer [8] has listed several general properties 
that chemical compounds must have if they are to display 
a potential hepatic microsomal enzyme-inducing capacity. 
Ketamine fulfills the requirements of a high lipid to water 


partition ratio [9] as well as a type I cytochrome P-450 
binding spectrum (Fig. 1). In addition to increasing levels 
of hepatic microsomal cytochrome P-450 and NADPH- 
cytochrome c reductase activity, ketamine pretreatment 
also stimulates the hepatic microsomal metabolism of two 
substrates used conventionally for the study of hepatic 
metabolism in vitro, 3,4-benzo(a)pyrene and benzphetamine 
(Table 2). However, the relatively short plasma half-life of 
ketamine [10] probably limits its potential as an inducing 
agent. 

Inducers of drug metabolism have been classified 
according to their effects on various components of the 
electron transport system associated with liver microsomes 
[11]. Phenobarbital-like inducing agents cause increases 
in NADPH-cytochrome c reductase, cytochrome P-450, 
and the rate of metabolism of a large number of drugs, 
including type I substrates such as benzphetamine and 
ketamine. In contrast, pretreatment of rats with the poly- 
cyclic hydrocarbons, such as 3-methylcholanthrene and 
3,4-benzo(a)pyrene, does not increase NADPH-cyto- 
chrome c reductase activity or the metabolism of type I 
binding compounds. Therefore, ketamine appears to be 
similar to phenobarbital in its induction of the hepatic 
microsomal metabolizing enzymes of the rat. 
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Table 2. Effect of ketamine and phenobarbital pretreatments on hepatic microsomal cytochrome P-450 levels, NADPH- 
cytochrome c reductase activity, benzphetamine N-demethylation, and 3,4-benzo(a)pyrene hydroxylation* 





Control 
(X + S. E. M.) 


Phenobarbital 
(X + S. E. M.) 


Ketamine 
(X + S. E. M.) 





Cytochrome P-450 (nmoles/mg protein) 
Cytochrome c reductase 

(nmoles cytochrome c reduced/mg protein/min) 
Benzphetamine N-demethylation 

(nmoles HCHO formed/mg protein/min) 
(nmoles HCHO formed/nmole P-450/min) 
3,4-Benzo(a)pyrene hydroxylation 

(nmoles/mg protein/min) 

(nmoles/nmole P-450/min) 


5.86 


0.142 


0.38 + 0.03 
50.23 + 4.23 


2.23 + 0.16 


0.054 + 0.006 


0.57 + 0.4t 1.13 + 0.03} 


70.27 + 3.6S5t 86.19 + 12.08F 


9.45 + 0.85t 
8.36 


6.03 + 0.59t 
10.58 


0.119 + 0.003t 
0.208 


0.197 + 0.018f 
0.174 





* Cytochrome P-450 levels, NADPH-cytochrome c reductase activity, benzphetamine N-demethylation, and 3,4-ben- 
zo(a)pyrene hydroxylation were determined using hepatic microsomes prepared from pooled livers of phenobarbital- 
and ketamine-pretreated rats as detailed in the text. Values represent duplicate assays as described in the legends 


of Table 1. 
+P value < 0.05 by Student’s paired t-test. 
tP value < 0.01 by Student’s paired t-test. 
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Effects of ethanol and phenobarbital on the metabolism of 
propranolol by 9000 g rat liver supernatant 


(Received 8 October 1976; accepted 15 March 1977) 


Results from previous studies have suggested that pro- 
pranolol might be of value in the treatment of alcoholism 
[1,2]. In addition, propranolol is widely used in the treat- 
ment of cardiac disorders and it might be expected that 
many patients consume significant amounts of ethanol 
while on propranolol. It is possible that ethanol might alter 
propranolol metabolism. Studies were undertaken to deter- 
mine the effects of ethanol and phenobarbital administra- 
tion on propranolol metabolism. 

Male Sprague-Dawley rats (175-300 g) were used in all 
studies except where indicated. All rats were decapitated, 
the livers quickly removed and a 25% w/w homogenate 
was prepared. The 9000g supernatant was prepared by 
centrifugation of the homogenate at 4° for 25 min. This 
preparation was selected as the source of propranolol- 
metabolizing enzymes since previous studies have shown 
that the 9000 g supernatant is as active as the microsomal 
fraction [3]. Aliquots of the 9000g supernatant (1.5 ml) 
derived from 480 mg wet weight of rat liver were incubated 
in air at 37° with 500 nmoles propranolol and the following 
cofactors: NADP + (0.5 umole), MgCl, (150 umoles), nico- 
tinamide (100 umoles), glucose 6-phosphate (50 umoles) 
and 0.2M phosphate buffer (pH 7.4) in a total volume 
of 4 ml as described by Shand and Oates [3]. After 15 min 
of incubation, the reaction was terminated by the addition 
of 1 ml of 2N NaOH. The unchanged drug was extracted 
into 1.5% isoamyl alcohol in heptane (12 ml). Propranolol 
was extracted from the organic layer (10 ml) with 0.1 N 
HCI (3 ml), and the fluorescent intensity of the aqueous 
layer was measured as described by Shand et al. [4]. The 
initial amount of propranolol added was determined from 
control samples prepared in the same manner except that 
1 ml of 2 N NaOH was added before incubation. The 
amount of propranolol metabolized was the difference 
between the amount of propranolol present at zero time 
and that following incubation. Initial experiments estab- 
lished that the concentration of propranolol used was suffi- 
cient to saturate the enzyme system. 

Aniline hydroxylase activity of the 9000g supernatant 
fraction was measured as described by Imai and Sato [5] 
since previous studies have shown this enzyme activity to 
be induced by phenobarbital [6]. 

After phenobarbital pretreatment (75 mg/kg, i.p., once 
daily for 3 days), the rate of propranolol metabolism was 
increased to 142 per cent of control values (Table 1). There- 


fore, phenobarbital pretreatment enhances hepatic micro- 
somal propranolol metabolism. In addition, phenobarbital 
pretreatment increased hepatic microsomal aniline hy- 
droxylase activity by 279 per cent of control values (Table 
1). 

In order to study the effects of short-term administra- 
tion of ethanol on the metabolism of propranolol, ethanol 
(2 g/kg, i.p., twice daily) was given to groups of rats for 
3 and 7 days. Weight losses averaging 3-5 g/day were 
observed during the period of ethanol administration. The 
rats were sacrificed 24hr after the last dose of ethanol. 
No significant decrease in the rate of propranolol metabo- 
lism was observed (Table 1). In contrast, a significant 
reduction in the activity of aniline hydroxylase was noted. 
This observation differs from that reported by Tobon and 
Mezey [7]. These workers found a significant increase in 
microsomal aniline hydroxylase activity after daily admin- 
istration of ethanol (4 g/kg) either by gastric intubation 
(3 days) or in the diet (7 days) as an ethanol solution. 
An explanation for this descrepancy is not readily apparent 
but could be related to differences in route of administra- 
tion of ethanol, in dietary intake, and in the source of 
aniline hydroxylase (9000g supernatant versus washed 
microsomes). 

To study the effect of chronic ethanol administration 
on propranolol metabolism, female Sprague-Dawley rats 
(initially weighing 60g) were made chronically alcoholic _ 
by employing an adaptation of the Ratcliff method [8]. 
Drinking water was replaced by ethanol in 10% sucrose 
in tap water. The initial concentration of ethanol was 2.5%, 
gradually increasing to 25% during week 7 (the final week 
of the study). Only 10% sucrose in tap water was given 
to the control group. There was no significant difference 
between the weight of control and ethanol-treated rats at 
the end of the study period. Chronic ethanol administra- 
tion enhanced the rate of propranolol metabolism to 206 
per cent above control values. In contrast, no significant 
change in the activity of aniline hydroxylase activity was 
observed, suggesting that propranolol metabolism and ani- 
line metabolism by the hepatic microsomes of the rat pro- 
ceed via different mechanisms. The absence of change in 
aniline hydroxylase activity in these chronically treated 
animal is in agreement with the results of Tobon and 
Mezey [7]. These workers found an initial rise in aniline 
hydroxylase activity up to 7 days when ethanol was added 
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Table 1. Metabolism of propranolol and aniline by rat hepatic microsomes before and after treatment with phenobarbital 
and ethanol. 





Rate of propranolol metabolism 


Rate of aniline hydroxylase metabolism 





(nmoles/g wet liver/hr) 
N (mean + S. E. M.) 


Per cent of 
control 


Per cent of 
control 


(nmoles/g wet liver/hr) 
(mean + S. E. M.) 





Control 5 1077 + 109 
Phenobarbital 

(3 day) 6 
~thanol 

(3 day) 3 
Ethanol 

(7 day) 6 
Control* 5 
Ethanol* 

(7 weeks) 5 


1529 + 43+ 
1032 + 88 


917 
642 


101 
169 


= 
z= 


1324 + 126t 


100 298 + 34 
833 + 46t 
178 + 30t 


146 + 28¢ 
494 + 14 


525 + 84 





* Controls received rat chow ad lib. and 10% sucrose as a source of water. Ethanol-treated rats received the same 
diet except that increasing amounts of ethanol were administered in the 10% sucrose drinking solution. In these chronic 
studies, female Sprague-Dawley rats instead of males were used. 


+P < 0.01. 


to the diet. However, by 14 days, the aniline hydroxylase 
activity had returned to control levels even though the 
rats continued to receive ethanol. In contrast Dobbins et 
al. [9] found an increase in aniline hydroxylase activity 
after the addition of ethanol in the diet for 5 weeks. It 
is of interest to note that our ethanol-treated animals con- 
tinued to receive the same amount of sucrose as the control 
group, whereas the ethanol-treated rats in the above study 
did not receive additional carbohydrate in the form of 
sucrose as they report for their control rats. The presence 
of sucrose might have suppressed the increased activity 
of aniline hydroxylase produced by ethanol. Carbohydrate 
repression of mammalian enzyme induction has been pre- 
viously described [10-12]. 

In summary, phenobarbital and chronic ethanol admin- 
istration to rats significantly enhanced the hepatic micro- 
somal metabolism of propranolol. It is conceivable that 
phenobarbital and ethanol might cause enhanced pro- 
pranolol metabolism in man. However, further studies are 
required to answer this question. 
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Effects of dipyridamole on nucleotide synthesis from 
adenine in murine tumor cells* 


(Received 20 January 1977; accepted 25 March 1977) 


Dipyridamole  (2,6-bisethanolamino-4,8-dipiperidinopyri- 
mido[5,4-d]pyrimidine, Persantin) is a well-known inhibi- 
tor of nucleoside uptake into a variety of animal cells 
[1-13]. Recently, Zylka and Plagemann [14] reported that 
dipyridamole also inhibits the uptake of adenine, guanine 
and hypoxanthine into cultured Novikoff hepatoma cells, 
and this group has used these observations to support the 
hypothesis that purine base uptake in general is a mediated 
process [12]. In contrast, other workers previously had 
reported that dipyridamole had no effect or only slight 
effects on purine base uptake into primary cultures of chick 
fibroblasts [2], perfused guinea pig heart [4], human 
platelets [6] and murine leukemia L1210 cells [9]. 

In view of the importance of this point for understanding 
mechanisms of purine base uptake, we have investigated 
the effects of dipyridamole on nucleotide synthesis from 
adenine (i.e. adenine “uptake”) in seven transplantable 
murine ascites tumor lines, when these cells were incubated 
in vitro. 

Sources of most materials, methods of tumor cell prep- 
aration and incubation, and procedures for the separation 
and measurement of radioactivity in purine bases, ribonuc- 
leosides and ribonucleotides have been reported previously 
[15,16]. Ehrlich ascites tumor cells (Ehrlich) were carried 
in Swiss mice, Sarcoma 180 ascites tumor cells (S180) and 
Adenocarcinoma 755 ascites tumor cells (CA755) in BDF1 
mice, 6C3HED lymphosarcoma ascites tumor cells 
(6C3HED) and Hepatoma 134 ascites tumor cells (H134) 
in C3H mice, leukemia L1210 ascites tumor cells (L1210) 
in DBA mice, and Mecca lymphosarcoma ascites tumor 
cells (Mecca) in AKDF1 mice. Dipyridamole was a gift 
of Drug Research and Development, National Cancer 
Institute, Bethesda, MD. 

Inasmuch as intracellular pools of free purine bases and 
nucleosides usually have been found to be infinitesimal, 
studies of the effects of dipyridamole on purine base and 
nucleoside “uptake” usually have involved measurement 
of the incorporation of radioactive precursor into acid- 
soluble nucleotides, into nucleic acids, or both. Whether 
entry of adenine into the cell (“transport”) is rate-limiting 
for the overall process of intracellular nucleotide formation 
(“uptake”) is not established. Zylka and Plagemann [14] 
noted that more than 95 per cent of intracellular metabo- 
lites of adenine, hypoxanthine and guanine were nucleo- 
tides, and that vitually all of the nucleotide radioactivity 
was in ATP, GTP or both. Therefore, we have measured 
the incorporation of ['*C] adenine into acid-soluble purine 
ribonucleotides in the presence and absence of dipyrida- 
mole. In some experiments, radioactivity in all the purine 
ribonucleotides (ATP, ADP, GTP, GDP, adenylate, in- 
osinate, xanthylate and guanylate) was measured, but since 
more than 96 per cent of the nucleotide radioactivity was 
in adenine nucleotides, in other experiments only radioac- 
tivity in ATP, ADP and adenylate was measured. Under 
the conditions used, less than 10 per cent of total cellular 
radioactivity was acid insoluble; therefore, little error is 
made by neglecting these data. At all concentrations of 
['*C]adenine used, incorporation of radioactivity into 
acid-soluble nucleotides was linear during the 20-min 
period used. 





* This work was supported by the National Cancer In- 
stitute of Canada. 


As Zylka and Plagemann [14] had emphasized the com- 
petitive nature of the inhibition of purine base “uptake” 
by dipyridamole, our studies were carried out using a fixed, 
relatively high concentration of dipyridamole (100 uM) and 
either a range of concentrations of ['*C]adenine 
(1-100 uM) or a single low concentration (10 uM) of 
('*C] adenine. Because of the low precursor concentrations 
that sometimes were used, and to evaluate the possibility 
that effects of dipyridamole might not be linear with time, 
nucleotide synthesis was measured at three or four time 
points. Cells were incubated with dipyridamole for 20 min 
prior to addition of the radioactive adenine. 

Table | (upper half) shows the effect of 100 uM dipyrida- 
mole on nucleotide synthesis from ['*C] adenine in Ehrlich 
ascites tumor cells both as a function of time and of 
adenine concentration. Inhibition by dipyridamole varied 
between 6 and 25 per cent. Inhibition did not seem to 
vary in a consistent way with time of incubation, and hence 
a mean of the separate values has been calculated. 
Although there was a general tendency toward less inhibi- 
tion at the higher concentrations of adenine, it seems un- 
likely that such differences are of statistical significance. 
Thus, in contrast to the results of Zylka and Plagemann 
[14] with cultured hepatoma cells, the effects of dipyrida- 
mole in Ehrlich ascites tumor cells were slight, not pro- 
gressive with time, and not competitive. 

Less detailed studies were carried out using six other 
lines of transplanted ascites tumors (Table | lower half). 
In these cases a drug:adenine ratio of 10 was maintained 
throughout (Zylka and Plagemann [14] usually used 
20 uM dipyridamole and 2.5 uM radioactive purine). Again 
inhibition was not progressive with time and was not great 
in magnitude. However, individual tumors exhibited differ- 
ent responses to dipyridamole with Mecca being the most 
sensitive (37 per cent inhibition) and L1210 the least sensi- 
tive (8 per cent inhibition). In other experiments, $180 and 
L1210 cells were also studied using 25, 50 and 100 uM 
['*C]adenine, 100 uM dipyridamole, and a single incuba- 
tion time (20 min). The results (not shown) were essentially 
the same as those shown in Table 1. 

Especially because dipyridamole has been shown to be 
an inhibitor of mitochondrial electron transport [17,18], 
the possibility was considered that it might have induced 
nucleotide breakdown, leading to misleading results when 
only radioactivity in nucleotides was being measured. To 
test this possibility, radioactivity in adenosine, inosine and 
hypoxanthine was measured in the experiments using Ehr- 
lich ascites tumor cells, as these compounds are produced 
only by the breakdown of nucleotides synthesized from 
the ['*C]adenine. In control cells incubated for 20 min 
with 5, 10, 25, 50 or 100 uM ['*C]adenine, radioactivity 
in adenosine, inosine and hypoxanthine accounted for 
between 1.7 and 2.6 per cent of total nucleotide synthesis. 
Dipyridamole increased this percentage by between 1.5- 
and 2.8-fold, which indicates a small effect on energy 
metabolism. However, this slight acceleration in nucleotide 
breakdown could not account for the inhibition of nucleo- 
tide accumulation produced by dipyridamole. 

We conclude that dipyridamole is not a potent inhibitor 
of adenine uptake in the seven ascites tumor lines used 
in this study, and that its slight effects were not competitive 
with respect to adenine; however, some differences were 
observed in the responses of individual cell lines to dipyri- 
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Table 1. Effects of dipyridamole on nucleotide synthesis from ['*C]adenine* 





Nucleotide synthesis (per cent of control) 





Time (min) 
['*C]adenine 
(uM) , 5 





Tumor 





81.5 
83.7 
70.4 
81.3 
82.9 
84.6 
89.5 
83.6 
73.4 
76.9 
64.2 
61.1 


Ehrlich 


91.4 
72.7 
98.3 
82.9 
775 
78.6 
68.4 


$180 
L1210 
6C3HED 
CA755 
H134 
Mecca 


He He HE HE HH HE 
PAIK AKHRBWNNWOIY 
OCOwWOwWK DWOOK NaN 





* Ehrlich ascites tumor cells (2.0% suspension, v/v) were incubated in 2.0 ml of 
Fischer’s medium containing 25 mM phosphate and an air atmosphere, with and with- 
out 100 uM dipyridamole. After 20 min, ['*C]adenine was added to the concentration 
indicated, and 100-yl samples were taken at the designated times. Other tumor cells 
were incubated in the same way, but the incubation volume was 100 pl, and separate 
samples were used for each time point. Neutralized perchloric acid extracts were chro- 
matographed on polyethyleneimine-cellulose, and radioactivity was measured in indivi- 
dual purine ribonucleotides. The following are given as typical control values: Ehrlich 
ascites tumor cells incubated for 20 min with 1, 5, 10, 25, 50 and 190 uM ['*C]adenine 
synthesized 31.5, 220, 378, 601, 1185 and 1961 nmoles of radioactive nucleotides/g, 
respectively. Values reported are average of duplicate measurements and are represen- 
tative of results obtained in two to three experiments. Within each experiment, the 
average deviation of individual analyses from the mean was less than 7 per cent. 


damole. How it produces the slight inhibition observed 
is not known. These results in general correspond with 
previous studies in other systems [2,4,6,9]. Whether the 
potent effects of dipyridamole observed in the studies of 
Zylka and Plagemann [14] were due to the cell line or 
the particular experimental condition used remains to be 
elucidated. However, studies using dipyridamole cannot be 
said, in general, to support the hypothesis that purine base 
uptake invariably is a mediated process. 


J. FRANK HENDERSON 
GEORGE ZOMBOR 


University of Alberta 
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THE BILIARY EXCRETION OF BUCOLOME IN THE RAT 


A POSSIBLE CAUSE FOR CHOLERESIS 
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REIKO MIURA AND TAKASHI UESUGI* 


First Laboratory of Clinical Physiology 
Tokyo Metropolitan Institute of Gerontology 
35-2 Sakaecho, Itabashiku, Tokyo 173, Japan 

Department of Biopharmacy 
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(Received 3 August 1977; accepted 24 August 1977) 


Bucolome (BC, l-cyclohexyl-5-n-butyl-2,4,6-trioxoperhydropyrimidine), a 
nonsteroid antiinflammatory drug 1. is known to be a potent choleretic. It 
increases canalicular bile flow in rats, guinea pigs and dogs. Although it 
enhances the biliary excretion of endogenous bile salts in rats, the bile 
flow rate does not correlate with the bile salt excretion rate ah In rats 
or dogs in which the bile salt pool was depleted by an external biliary 
fistula, BC still caused a significant choleresis without increasing the bile 
salt excretion rate 253, Thus, the basic nature of this choleresis is 
classified as bile salt independent. Furthermore, BC significantly enhanced 
the biliary excretion of ouabain in the rat a: while all other anionic 
choleretics that have been tested are reported to reduce or leave ouabain 
excretion unchanged 356. The mechanism of BC induced choleresis has not been 
elucidated. The possibility that BC or its metabolite(s) excreted into the 
bile might induce osmotic choleresis has been considered to be unlikely, 
since the amount of biliary excretion of BC or its metabolite(s) has been 
reported to be very small ip However, the data in the literature regarding 
the biliary excretion of BC was not sufficient to exclude this possibility. 
The authors examined the biliary excretion of this drug in the rat by using 


14c_iabeled BC. 


Materials and Methods hes epered BC was synthetized by one of the 


newly sysnthetized 





4 
authors (TU) from C-cyanate (purchased from RCC, Amersham), the details of 


which will be published elsewhere. In brief, cyclohexylurea which was made 
from cyclohexylamine and potassium cyanate was reacted with diethyl 
butylmalonate 1. This crude product was purified by using column chromato- 
graphy (Sephadex LH-20, solvent ethanol). The sodium salt of BC was made 
from free BC by the following procedure. Both radioactive BC, and unlabeled 


2457 
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BC (supplied by Takeda Chemical Industries, Osaka, Japan) were mixed 
separatly with equivalent metalic sodium in ethanol. After evaporation of 
solvent, the residue was recrystalized from ethanol-ethylacetate. The 
examination of the purified product of the sodium salt of labeled BC using 
thin layer chromatography (solvent, benzene : ethylether : acetate 

methanol = 60:30:9:1, Silica Gel G) showed one major peak (Fig. 2,A) and one 
minor peak (Fig. 2,B). The Rf value of the major peak A was identical to 
that of the unlabeled BC preparation. The minor peak (B) corresponded to a 


hydroxylated BC described previously 7 


» which was probably produced during 
the thin layer chromatography process. The storage of the preparation for 


a month did not increase the amount of this hydroxylated BC. 


Bucolome : 0) 
i 
CH,-CH.-CH,-CH, /C—N 
| \/ \ Na BC 
C,,H,,0,N, c=0 Na BC (4c) 


C 
Jc! 


0 











MW. 266.4 





Fig. | Fig. 2 


Pie. 3. “* Cxieekedl me. 

Fig. 2. Radiochromatogram of the sodium salt of 14¢_Bc and 
thin layer chromatograms of different BC preparations. 
(from top to bottom, unlabeled sodium salt of BC, final 


preparation of sodium salt of labeled BC, and unlabeled BC) 

Ten-week-old Wistar male rats (250g, body weight on the average) were 
anesthetized with pentobarbitone sodium (4.5mg/100g i.p.). In one group of 
rats, radioactive BC mixed with carrier BC in the form of a sodiym salt in a 
saline solution was administered intraperitoneally (20mg/100g body weight ) 
before» opening the abdominal wall, approximately 0.5 pei of the isotope being 
given to each rat. Five min later, the abdominal incision was made and the 
common bile duct was cannulated with PE-10 tubing. The abdomen was then 

Bile collection began 15 min after BC administration and 7 succes- 

sive bile samples were collected every 15 min. In another group of rats, 
the common bile duct was cannulated before BC injection. After administering 
PC (10mg/100g body weight, i.p.), bile was collected every 15 min for 2 hr. 
In both groups, arterial blood samples were taken at various time intervals 
through a.femoral artery previously cannulated with PE-10 tubing. Physiologic 


saline was continuously infused through a femoral vein to compensate for the 





Preliminary Communications 


loss of water by bile collection. Fifty pl of plasma or 200 pl of biie were 
mixed with 5 ml of scintillator (Aquasol-2, NEN. Boston, USA) in a mini vial. 
The radioactivity was counted in a liquid scintillation counter by using an 
automatic external standardization for the quenching correction. 


Results and Discussion Fig. 3 shows the plasma BC levels and a 





cumulative biliary excretion of BC or its metabolite(s) as determined from 
the radioactivities of plasma and bile. The total biliary excretion of BC 
expressed as a percent of the administered dose was 24.5 + 4.0 (n=3, mean 

+ SD) in rats given 10mg/100g of BC for 2 hr and 19.0 + 4.0 (n=3) in rats 
given 20mg/100g from 15 min to 2 hr after BC administration. Fig. 4 shows 
the relationship between the bile flow rate and the biliary excretion rate 
of BC or its metabolite(s) as calculated from the radioactivity of the bile 
assuming all radioactivities in the bile have the same molar specific 
activity as the parent compound. A significant linear relationship was 
observed between the bile flow rate and the excretion rate of BC, 27 pl of 


bile being produced for each umole of BC excretion. 





pl/min/100gBW 


Y= 0.027X + 3.87 


n=60 
r=0.65 








200 





Bile excretion °/. of dose 
Bile flow 


100 
BC excretion rate nmol/min/100g BW 





Fig. 4 


Fig. 3. Plasma levels and cumulative biliary excretion of BC as 
determined by radioactive BC. Solid lines indicate the study 

on rats given 20mg/100g body weight of BC 15 min before bile 
collection. Dashed lines indicate the study on rats given 10mg/100¢g 
of BC. Each value is the mean of three rat experiments. A vertical 
bar indicates 1 SD. 

Fig. 4. Relationship between the bile flow rate and the biliary 
excretion rate of BC. Least square regression analysis shows the 
relation, Y = 0.027X + 3.87. 
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In the past literature, biliary excretion of BC was reported as 2 


percent of the dose for the first 8 hr in the rabbit ,. In rats, no 


comparable information is available, but fecal excretion was reported to be 
4 The plasma half life of BC was also stated 
7 


6 percent in the first 96 hr 
to be 7 hr in the monkey, 14 hr in the rat and 17 hr in the rabbit On 
the basis of this evidence, the biliary excretion of BC could not be 
considered a major cause for its choleretic activity. Contrary to this 
anticipation, the present data indicate that, at least in rats, BC excretion 
in bile could be a major cause of choleresis, possibly due to the osmotic 
force of the excreted BC. The value of 27 pl of bile produced by 1 pmole of 
9,10 


BC is two to three times higher than taurocholate and even higher than 


1 i2 
dehydrocholate (18p1/umole) *" or iodipamide (24u1/umole) . The absence 


of a significant correlation between bile flow rate and bile salt excretion 


¢ might be well explained 


rate in BC administered rats reported previously 
by this efficient biliary excretion of BC (and/or its metabolite(s)) and 
its very potent choleretic activity. 

The change in plasma BC levels observed in the present study was very 
slow, which agrees with previous studies reporting very long plasma half 
lives 7,8) However it should be noted that the highest plasma level of BC 
on the average was 0.47mg/ml for rats given 20mg/100g, and 0.3mg/ml for rats 
given 10mg/100g respectively. This means that less than 10 percent of the 
injected dose appeared in the plasma. In one rat where BC was given iv 
(20mg/100g), the plasma level of-BC was approximately 0.7mg/ml at 2 and 5 
min after injection, the biliary recovery for 2 hr being 24.1 percent. It 
is possible that in animals without a bile fistula the enterohepatic 
circulation of BC maintains the plasma level of BC higher and longer than 
that observed in the present study. Although the enterohepatic circulation 


was suggested unlikely as a route for BC metabolism 7 


» only this entero- 

hepatic circulation could reconcile the data given in the present study with 
a past report indicating that 72 percent of BC was excreted in the urine in 
the rat in 96 hr, while only 6 percent in the feces 8 
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EFFECTS OF INDOMETHACIN ON THE METABOLISM OF GLUCOSF BY ISOLATED RAT 


KIDNEY TUBULES 


Gregory J. Cooney and Anthony G. Dawson 
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The demonstration by Whitehouse (1) that indomethacin, a non- 
steroidal anti-inflammatory drug, uncoupled oxidative phosphorylation 
in isolated rat liver mitochondria has been amply confirmed (2 - 4) 
and the suggestion has been made that membrane sulphydryl groups are 
involved in this effect (2). In addition indomethacin can induce 
mitochondrial swelling through increasing mitochondrial permeability 
to alkali metal cations (3) and a recent report states that the drug also 
inhibits the electron transport chain at a site above cytochrome c (4). 

Such actions of indomethacin hint at the possibility that it might 
influence cell metabolism in ways which are unrelated to its role as 
an inhibitor of prostaglandin synthesis (5). A previous report by one 
of us (6) showed that acetylsalicylate, another anti-inflammatory drug, 
affected metabolism in isolated rat kidney tubules by uncoupling oxidative 
phosphorylation. It was of interest, therefore, to investigate whether 
indomethacin also affected renal tubule metabolism and, if so, whether 
the effects might be explained by its uncoupling action. 

The isolation of rat kidney tubules and their use in metabolic 
studies was essentially as described previously (6 - 8). Tubules (9mg - 
14mg protein) were suspended in 2ml of phosphate-buffered medium (6) 
and incubated at 37°C in Warburg reaction vessels shaken continuously 
at 120 oscillations/min. Substrates and 2,4-dinitrophenol (2,4-DNP) 


were added in aqueous solution but, because of its low solubility in 


water, indomethacin was routinely added in ethanolic solution to give 


a final ethanol concentration of 1% (v/v); systems containing ethanol 


but no indomethacin served as controls. A few experiments were also 
2463 
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performed in which indomethacin was introduced in aqueous solution. 
Oxygen consumption was measured manometrically (9). Enzymatic methods 
were used for the determination of lactate (10), pyruvate (11) and 
glucose (i2). Glucose measurements were not affected by indomethacin 
even though it has been reported that indomethacin inhibits peroxidase, 
one of the enzymes involved in the assay procedure (13). Possibly most 
of the indomethacin was removed during acid deproteinization of the 
incubation mixtures. **e0., evolved during the metabolism of p-Cu-!4c] 
glucose, C1-!4cJpyruvate or t-(1-!4cJiactate was trapped in 2N-NaOH and 
determined by liquid scintillation spectrometry after precipitation as 


Bat 4co on glass fibre discs (8). Protein was measured by the method 


3 
of Lowry et al.(14). 


The effects of 2,4-DNP and indomethacin on the consumption of 


oxygen by isolated kidney tubules provided with p-}4cJglucose as the 


sole exogenous substrate are shown in Fig.l. 2,4-DNP slightly increased 


protein) 





1°) 
& 
~ 


umo 


1 1 


o.3 C2 


Indomethacin (mM) 





_— a | 4 
0 0.01 0.02 


2,4-DNP (mM) 





Fric.i. Effects of indomethacin and 2,4-DNP on oxvaen 
consumption by tubules metabolizing glucose. Tubules were 
incubated for lh at 37° in 2ml of buffered medium containing 
6.1 Ci of p-cu-?4cl]giucose (lmM) and either indomethacin (0) 
or 2,4-DNP (@) as indicated. Fach point represents the mean 


value + S.E.M. for 6 - 8 separate experiments. 


the rate of oxygen uptake, an effect which was consistent with its 


uncoupling activity. In contrast, indomethacin, at concentrations 
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previously found to uncouple oxidative phosphorylation in isolated 


mitochondria (1 - 4), inhibited oxygen consumption. This strong 
inhibition did not seem to be caused by direct inhibitory effects on 
either the tricarboxylic acid cycle or the mitochondrial respiratory 
chain since respiration with 5mM 2-oxoglutarate as the added substrate 
was virtually unaffected by indomethacin though 2,4-DNP again stimulated 
oxygen consumption by about 40% (data not shown). 

The above results showed that indomethacin inhibited the ability 
of glucose to support respiration without directly affecting oxidative 
mechanisms in the mitochondria. In order to determine how this effect 
was exerted a study was made of the influence of indomethacin, and of 


2,4-DNP, on glucose metabolism; the results are presented in Fig. 2. 
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Both indomethacin and 2,4-DNP stimulated the use of c+ 4cIglucose by 
kidney tubules (Fig. 2a). With 2,4-DNP the increase in C14cIgiucose 
metabolism was accompanied by an increase in the liberation of ‘co, 
while the amount of lactate formed was small. In contrast, indomethacin 


inhibited the oxidation of C+ 4cIglucose to 14 


co. but strongly stimulated 
its conversion to lactate (Fig. 2b,c). These results indicated that, 
whereas 2,4-DNP allowed the oxidation of glycolytically-produced pyruvate, 
indomethacin promoted its reduction to lactate. Further experiments 
revealed that this effect of indomethacin was not exerted on the metab- 
olism of exogenously supplied pyruvate. Neither the oxidation of added 


14 


[1 C Jpyruvate to 400, nor its conversion to lactate was significantly 


altered by indomethacin though a slight increase in oxygen consumption 


occurred when indomethacin was present (Fig. 3). From this it was 
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Fig.3. Effect of indomethacin on pyruvate metabolism. 
Tubules were incubated for 30 min at 37° in 2ml of buffered 
14-.4pyruvate (2.5mM). 

co. produced (o) and lactate 


medium containing 0.1 uCi of [1l- 


La] oxygen consumed; [b] 14 


formed (e). Each point represents the mean value + S.E.M. 

for 8 separate experiments. 
concluded that although indomethacin inhibited the oxidation of pyruvate 
praduced from glucose, it did not do so by interfering directly with 
the mechanisms involved in pyruvate oxidation. Instead the effect of 
indomethacin had to be looked upon as a positive stimulation of pyruvate 


reduction which lowered the amount available for oxidation. 
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It may be speculated that the diversion of glycolytically-produced 
pyruvate to lactate is the consequence of an increase in the cytoplasmic 
NADH/NAD* ratio when indomethacin is present since the equilibrium 
position of the lactate dehydrogenase reaction is determined by this 
ratio (15). An increase in the NADH/NAD* ratio can not be attributed 
to any increase in ethanol oxidation since indomethacin was found to 
affect glucose metabolism in the same way whether it was added in aqueous 
or ethanolic solution. Moreover, alcohol dehydrogenase activity in the 
rat kidney cortex is low and ethanol appears not to influence carbo- 
hydrate metabolism in this tissue (16). An attractive hypothesis to 
account for an increase in the NADH/NAD* ratio is that indomethacin 
inhibits the transfer of cytoplasmic reducing equivalents, produced 
during glycolysis, to the mitochondria via the glycerol phosphate and/or 
malate "shuttles" (17). Results consistent with this idea are given 


14 


in Fig. 4. Here it can be seen that the metabolism of L-[1- “Cc Jlactate 
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Fig. 4. Effect of indomethacin on lactate metabolism. 
Tubules were incubated for lh at 37° in 2ml of buffered 
medium containing 0.1 uCi of t-(1-!4cjiactate (2.5mM) . 

[a] oxygen consumed; [b] *ea, produced (o) and lactate 
consumed (e). Each point represents the mean value + S.F.M. 


for 6 separate experiments. 


was affected by indomethacin in the same way as was the metabolism of 

glucose. Oxygen consumption by tubules metabolizing lactate was 

inhibited by indomethacin (Fig. 2a) as were the overall consumption of 
14 


lactate and its conversion to co. (Fig. 26). Since it was shown 


earlier that pyruvate oxidation was unaffected by indomethacin it 
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may be concluded that the inhibited step in lactate oxidation is its 
conversion to pyruvate. This is consistent with the hypothesis that 
indomethacin interferes with the oxidative disposal of cytoplasmically- 
produced reducing equivalents. 

In the light of the above results it seems worthwhile to pursue 
investigations into the possibility that indomethacin inhibits the 
transfer of reducing equivalents from cytoplasm to mitochondria and 
such investigations are currently under way in this laboratory. It is 


clear that despite the acknowledged uncoupler activity of indomethacin, 


its effects on glucose metabolism in kidney tubules contrast markedly 


with those of the classical uncoupler 2,4-dinitrophenol and can not, 


therefore, be explained simply in terms of an uncoupling action. 
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THE SYNTHESIS AND ANTITUMOR ACTIVITY OF ARABINOSYL-5-AZACYTOSINE 
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NCI, NIH, Bethesda, Maryland 20014 


(Received 7 September 1977; accepted 13 September 1977) 


The antitumor and antiviral activity (1) of 1-8-D-arabinofuranosylcytosine (ara-C) 
prompted us to initiate a synthetic effort to prepare the 5-aza bioisostere of ara-C. 
The arabinosyl 5-aza derivative was additionally attractive as a synthetic goal because 
of our interest (2,3) in nucleosides related to 5-azacytidine (5-AC) which is used 
clinically in the treatment of leukemia (4). In terms of chemical structure 1-8-D- 
arabinofuranosyl-5-azacytosine (ara-AC) contains elements of both ara-C and 5-AC. The 

NH NH» NH2 


na , oa 


N 


kd AS 


Oo N 


ara-C ¢ ara AC 
inherent synthetic difficulty in the preparation of ara-AC lies in the instability of the 
triazine ring with respect to reduction and nucleophilic reactions. Because 5,6-dihydro- 
5-azacytidine is much more stable to nucleophilic attack than 5-AC (2), a reasonable 
strategy for the synthesis of ara-AC would indicate utilization of the dihydro derivative 
of ara-AC as a synthetic intermediate. In a final synthetic step, dehydrogenation to give 
ara-AC might be accomplished via the novel thermal elimination reaction of a per-trimethyl- 
silylated derivative analogous to the conversion of dihydro-5-azacytidine to 5-AC (5). 


Materials and Methods. In an earlier, unsuccessful attempt to synthesize ara-AC, 





the preparation of 1-(2,3,5-tri-O-benzy1l-8-D-arabinofuranosy1)-5-azacytosine (I) was 


described (6). This intermediate seemed an appropriate starting material for the present 


synthesis which is shown in Scheme 1. Hydrogenation of I in ethanolic hydrogen chloride 


led to the reduction of the 5,6-double bond in the triazine ring as well as effecting the 
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hydrogenolysis of the benzyl protecting groups to provide 5,6-dihydro-1-$-D-arabinofurano- 
syl-5-azacytosine hydrochloride (II) in 79% yield: mp 166-169° dec.; [o}7* -26° (c 1.0, 


H,0) 5 NMR (Me,SO-d_) 6 5.77 (doublet, J = 5Hz, 1H, C, +H), 4.70 (broad singlet, 2H, CH). 


Scheme I 


NH» + HCI NH> 


be aa 
ot me ao 
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N 
HO— 6) oO | 
H2/Pd 1. BSTFA/A 
a a 
EtOH/HCI ‘ HO 2. MeOH Oo 
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Treatment of II at room temperature with bis-(trimethylsilyl)-trifluoroacetamide 
(BSTFA) in acetonitrile solution readily gave the pentakis-trimethylsilyl derivative of II 
as shown by combined gas chromatography-mass spectrometry (GC-MS) analysis . After 53 
hours reflux of the silylation solution, a complete conversion to III as the tetrakis- 
trimethylsilyl derivative was evident by GC-MS. Evaporation of the reaction solution 
gave a syrup which was boiled with methanol to remove the trimethylsilylgroups by solvo- 


lysis. Arabinosyl-5-azacytosine (III) crystallized from solution in 82% yield: mp 223- 


225° dec., [a)7*, 222" (6. Os H,0). The NMR spectrum of III in Me,SO-d solution showed 


the C-6 aromatic proton of the triazine nucleus at 6 8.22 as a sharp singlet and the Chr 
anomeric proton at § 6.03 as a doublet (J-= 4Hz). In comparison, the corresponding singlet 
due to the aromatic C-6 proton of 5-AC in the same solvent appeared at 6 8.60. In the 
spectrum of the reduced nucleoside (II), the low-field aromatic singlet, characteristic of 
III and 5-AC, was replaced by a singlet at 6 4.70 attributable to the pair of C-6 methylene 
protons. 

The UV spectrum of III in water solution showed a maximum at 243 nm (ce 6800); an hour 
later the maximum shifted to 242 nm and the extinction coefficient increased to 7200. The 
respective values recorded for 5-AC at the same time intervals in the same solvent were 
241 nm (€ 6,800) and 241 nm (€ 7,700) (8). The UV behavior of 5-AC has been explained 
(7,8) by a facile hydrolysis reaction which gives rise to a hydrolysis product that has a 
larger extinction coefficient at approximately the same wavelength. Since the arabinosyl 


derivative (III) has very similar UV characteristics, it can be assumed that III is also 





x 
The GC-MS system and operating conditions are described in reference 3 along with 
other instrumentation and procedures relevant to this report. 
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unstable with respect to hydrolysis producing a similar hydrolysis product, with enhanced 
absorptivity, at approximately the same rate as 5-AC. 

The antitumor activity of ara-AC (III) was determined in parallel experiments with 
5-AC using the murine leukemia L1210 system according to protocols (9) set forth by the 
National Cancer Institute. Dose-response assays were conducted for each compound using 
six CDF, mice to evaluate each dose level on a day 1, 5 and 9 treatment schedule. In order 
to minimize drug loss to hydrolytic decomposition, ara-AC and 5-AC were administered within 
15 min. after dissolution in physiological saline. The results of three identical experi- 
ments are recorded in Table 1. Increase in life span of test animals beyond the survival 
time of untreated control animals expressed as a percentage (ZILS) was used to evaluate 
antitumor activity. Activity is defined here as a ZILS > 25%. 


Results and Discussion. Although the optimal dose for ara-AC apparently has not yet 





been achieved, the data presented in Table 1 indicate that ara-AC has antitumor activity 

in the L1210 test system which is comparable to that produced by 5-AC. As additional 
supplies of ara-AC become available, the effect of different administration schedules 

will be investigated, in addition to the determination of the optimal dose. In order 

to reveal possible differences in the antitumor effect of ara-AC and 5-AC, further parallel 


studies will be conducted using a subline of L1210 resistant to 5-AC and tumor systems 


Table 1. Comparison of ara-AC and 5-AC Against L1210 Leukemia® 


ara-AC 5-AC 








% Lis x. aes 
control number control number 
8937 8946 8947 8937 8946 8947 














100 90 45 35 
75 82 64 83 129 
63 48 73 75 


29 49 67 49 


32 32 51 ° 17 


28 23 Zi ° 18 
20 23 19 


47 11 5 





Mice (CDF,) were given 10° L1210 cells intraperitoneally (i.p.) on Day 0. Test compounds 
in 0.9% saline were administered i.p. on Days 1, 5 and 9. Untreated animals in control 
groups 8937, 8946 and 8947 had mean survival times of 8.7, 8.5 and 8.8 days, respectively. 





Preliminary Communications 


refractory to 5-AC. Since the higher dose levels of ara-AC relative to 5-AC necessary 

to produce an equivalent response might in part be due to rapid in vivo deamination of 

the former (which calls to mind the metabolic fate of ara-C), drug combination experiments 
with the deaminase inhibitor, tetrahydrouridine, might indicate the possibility of lower 
effective ara-AC dosages. 

The high-yield dehydrogenation reaction of reduced ara-AC (II) through a per- 
trimethylsilylated derivative was central to the successful synthesis of ara-AC which 
enabled the biological evaluation of this elusive nucleoside. Other labile triazine 
nucleosides, difficult to prepare by conventional routes, might also be prepared in a 


similar way via the dihydro intermediate. 
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EFFECT OF 6-HYDROXYDOPAMINE ON ORNITHINE DECARBOXYLASE 
ACTIVITY IN CENTRAL MONOAMINERGIC SYSTEMS OF RAT 
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Recent studies have suggested that ornithine decarboxylase (ODC) could be an important regulato- 
ry enzyme in cellular metabolism. High ODC activities have been reported to be associated with cell 


] P . . , r 
snide or induction of enzymes . suggesting a role for this enzyme in the control of 


proliferation 
protein synthesis. In adult rats ODC activity has been found to be very low in various brain struc- 
tures . In a recent study we have reported that reserpine treatment could induce an important sti- 
mulation of ODC activity in certain brain nuclei 7 Destruction of catecholamine (CA) systems by 6- 
hydroxydopamine (6-OHDA) is followed by important variations of monoamine (MA) metabolism in some 


9 This preliminary study reports a possible alteration 


brain regions containing specific MA neurons 
of ODC activity in these systems after 6-OHDA treatment. 

Male rats (OFA) (180-200 g) had access to standard diet and water ad libitum until 12 hours be- 
fore 6-OHDA treatment. 20 pl Ringer solution with 0,1 2% ascorbic acid was used as the vehicle for 
drug administration. The intracisternal injection of 6-OHDA (350 pg as free base) was performed under 
slight ether anesthesia to keep the same experimental conditions previously used in our metabolic stu- 
dies . To prevent 6-OHDA effects on catecholamine (CA) neurons some rats were pretreated with an 
intra~peritoneal injection of desmethylimipramine (Pertofran, Geigy) 25 mg/kg, | h before Ringer or 
6-OHDA injections. Four groups of rats were used. Sham rats received Ringer solution alone (Group !); 
treated rats (Group 2) received 6-OHDA ; some sham rats were pretreated with DMI (Group 3) and some 
of the 6-OHDA treated rats also received DMI (Group 4). Normal rats without any treatment were used 
as control. Tissue samples were taken at 4°C from different brain areas (locus coeruleus, raphe dor- 


7 
ates i Samples from 8 rats were poo- 


salis nucleus, hippocampus and cortex) as previously described 
led and homogenized by sonification in 10 volumes of sodium potassium phosphate buffer (62.5 mM 

pH 7.2) with dithiothreitol (1.25 mM) pyridoxal phosphate (0.5 mM) and ethylenediamine tetra-acetic 
acid (62.5 pM). Aliquots of the homogenates were used for protein determination . Homogenates were 
centrifuged at 10,000 g for 10 min. The ODC assay was carried out using the supernatant fractions by 


4,13. Samples contained | pCi of pi-(1-! 4c) ornithine (ORN) (final concen- 


; 14 . 
measuring co, formation 


tration of L-ORN 47.5 py). Incubations were carried out for 60 min at 37°C. The enzymatic reaction 
was stopped by addition of 100 pl of 4N H,SO,. Supernatant boiled in water bath (60 min) was used for 
the blank. 

It was possible to detect ODC activity (1.5-2 times blank value) in every area studied by pooling 
microstructures from 8 rats (Table 1). Sham injected rats exhibited a short lasting increase of ODC 
activity in locus coeruleus and raphe dorsalis nucleus compared to controls. 5 and 8 h after injec~ 
tion, ODC activity had returned to control values. This effect could be a result of stress produced 
by our experimental condition. Both ether anesthesia and stress have been found to produce rapid me- 


14,15 


tabolic activation of monoaminergic systems and the increase in ODC activity could reflect this 


stimulation. 
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SH 8H 


Controls 100+ 9 (2) 100+ 9 (2) 
Sham + 110+ 2 (2) 120 + 10 (2) 
6 OHDA 340 + 50 w(2) | 300+ 50 (2) 


Controls 100+ 10 (2) 100 + 10 (2) 
Sham + 130+ 20 (2) 110+ 9 (2) 


60HDA | 240+ 40 w (2) | 170+ 2 (2 
Controls + 100+ 8 (2) 100+ 8 (2) 


Sham + 130 + 20 (2) 110 + 10 (2) 
6 OHDA 120+ 20 (2) 120+ 20 (2) 


Controls 100+ 9 (2) 100+ 9 (2) 
Shem 100+ 6 (2) 120+ 12 (2) 


6 OHDA + 10 100 + 10 (2) 9+ 10 (2) 
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Table | - Ornithine decarboxylase activity in locus coeruleus and raphe dorsalis nucleus,cortex and 
hippocampus in controls, shams or 6-OHDA treated rats. Rats were killed 3, 5 or 8 hours after injec- 
tion. Results are expressed as percent of control values + SD, in each experiment values of ODC acti- 
vity were the mean of duplicata determinations obtained after pooling 8 tissue samples. The numbers 
in brackets indicates the number of experiments. Values of ODC activity expressed in pmol C02 for- 
med from DL-(1-!4C) ORN per mg of protein per hour and represented in control rats 10.7 + 1 for locus 
coeruleus, 12.7 + 1.4 for raphe dorsalis nucleus, 6.1 + 0.5 for cortex, 7.2 + 0.7 for hippocampus. 
tp 0.01. 


Treatment by 6-OHDA was followed by an increase in ODC activity as compared to shams in every 
structure studied (Fig. 1). However the pattern of elevation was found to be different in the raphe 
nucleus and locus coeruleus as compared to cortex and hippocampus. In these two first structures the 
increase of ODC activity appeared 5 h and 8 h after 6-OHDA treatment whereas such an effect was only 
seen at 24 h in the telencephalic structures. These alterations seem to reflect a specific action of 


6-OHDA on CA neurons since DMI pretreatment suppressed these changes. However, it cannot be excluded 


that the effect of 6-OHDA at 5 h might be simply resulting from a role of CA neurons in delaying the 


recovery from the stress produced by the sham treatment (Table 1). 
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Fig. 1 - Ornithire decarboxylase activity in 
locus coeruleus (LC), raphe dorsalis nucleus 
(RD), cortex (Co) and hippocampus (Hc) after 
6-OHDA treatment. Rats were treated as stated 
in the text and were killed 5, 8, or 23 h af- 
ter injection. Results are expressed as percent 
of sham values + SD. The numbers in the bars 
indicate the number of experiments. Values of 
ODC activity in shams (expressed as in Table 1) 
are 11.4 + 1.5 for locus coeruleus, 13 + 2 for 
raphe dorsalis nucleus 6.3 + 0.5 for cortex and 
7.8 + 1 for hippocampus. iad 
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In previous study ° an important change in 5-hydroxytryptamine (5-HT) metabolism has been de- 
monstrated after 6-OHDA treatment. At the present time, it is not possible to determine whether these 
alterations of ODC activity occur in parallel with the changes in 5-HT metabolism produced by 6-OHDA, 
or whether these changes are a necessary prerequisite for the alteration of MA metabolism. However 
changes in ODC activity seem dependent on the destruction of CA neurons. 

Despite the very low level of normal activity of OCD in the brain, we have found that some phar- 
macological treatment such as 6-OHDA or reserpine . can induce a marked stimulation of ODC activity 
in specific structures. It is thus possible that ODC activity may be a good indicator of an activa- 


tion of some aspects of cellular metabolism. 
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